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Nature has always been a precious source of bioactive molecules which are used for
the treatment of various diseases [1]. Natural compounds such as dietary phytochemicals,
nutritional herbs, and their constitutive bioactive agents possess a great variety of chemical
scaffolds and distinct bioactivity profiles, which make them suitable for applications in
therapy or as valuable lead compounds to obtain novel potent bioactive compounds [2].
Significant advances in natural source isolation and extraction techniques have led to the
identification of novel compounds as useful starting points for the generation of optimized
molecules with enhanced therapeutic potential via semi-synthetic or synthetic processes [3].

The application of natural products in the field of chemotherapy and chemoprevention
is a valuable research topic, leading to the extensive use of plant-derived compounds as
potent antitumor molecules [4]. In addition, marine-based pharmaceuticals have been
extensively studied for their applications in the anticancer field, providing useful com-
pounds such as cytarabine and trabectedin [5]. Alternative treatments in complement with
traditional methods (radiotherapy, chemotherapy, and surgery) have been shown to be
helpful and offer very reasonable alternatives to current medicines for cancer [6]. Much
effort has also been directed towards the discovery of novel targets [7–9] in an attempt to
obtain anticancer effects via multiple mechanisms, overcoming the resistance phenomena
developed by most cancers.

Natural products effectively inhibit cell proliferation, regulate the cell cycle, and in-
terfere with several tumorigenic signaling pathways [10,11]. The anticancer properties
of polyphenols, found abundantly in plants, as flavonoids [12], terpenoids [13], and al-
kaloids [14], have been extensively reported [15]. However, important research efforts
are necessary to fully understand the mechanisms of action of natural compounds by
which these agents affect cell proliferation, differentiation, apoptosis, angiogenesis, and
metastasis; in addition, there is a need to overcome major problems such as toxicity, poor
selectivity, and unfavorable pharmacokinetics [16].

Currently, many plant-based antitumor drugs are in clinical use, such as taxanes, vin-
blastine, vincristine, and podophyllotoxin analogues. The combined use of phytochemicals
like resveratrol, curcumin, and thymoquinone with other antitumor agents has shown
significant success in preclinical studies, allowing enhanced efficacy and mitigation of side
effects [17,18]. Emerging nanotechnology applications for anticancer drug formulations
have been revolutionizing cancer therapy. Tissue-specific nanomedicines play a key role
in advanced cancer diagnostic techniques by using liposomes, micelles, and nanoparti-
cles as effective delivery vehicles [19]. Moreover, medicinal plant extracts have proven
most effective in various cancers, paving the way for developing novel therapeutic strate-
gies [20]. Many studies have been based on crude aqueous and ethanol extracts, with few
explorations of their mechanisms [21].

In this Topic, 30 original articles and 3 reviews have been collected, with a particular
focus on the isolation of bioactive compounds from natural sources, the mechanisms
of action of anticancer compounds at the cellular level, and the application of active

Int. J. Mol. Sci. 2023, 24, 16507. https://doi.org/10.3390/ijms242216507 https://www.mdpi.com/journal/ijms
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molecules against a panel of solid and hematological cancers, including melanoma, breast,
lung, colorectal, prostate, bladder, and gastric cancer. Most of the analyzed compounds
were from natural sources, whereas some semi-synthetic derivatives were also identified
and discussed.

The most recent findings on the effects of extracts and their constituents in treating
various cancers are discussed. Most works focus on the effect of water or ethanolic extracts
from natural plants or fungi, such as Viscum album var. coloratum, Drimia Maritima, Trichosan-
thes, Lupinus albus, Bryopsis plumosa, Elephantus scaber L., Paejangsan, Coix Seed, Lupinus albus,
Ocimum sanctum Linn., Euphorbia fischeriana, Moldavian dragonhead, Streptomyces ardesiacus,
Cichorium intybus, and Trichosanthes.

The extracts and the isolated components have proven effective against breast, colorec-
tal, lung, bladder, myeloma, and prostate cancer through several mechanisms, including
decreased tumor cell viability, modulation of cytokines, secretion of chemokines, modu-
lation of ROS, reduction of specific MMP subtypes, apoptosis, cell cycle inhibition, or by
downregulating MAPK.

Table 1 schematically illustrates the content of this Topic, with all the contributions
published in the six participating journals.

Table 1. Original articles and reviews collected in the six journals participating in the Topic.

Title Author Journal Year DOI

Fermented Mangosteen (Garcinia mangostana L.)
Supplementation in the Prevention of

HPV-Induced Cervical Cancer: From Mechanisms
to Clinical Outcomes

Kharaeva, Z. Cancers 2022 https://doi.org/10.339
0/cancers14194707

Scabertopin Derived from Elephantopus scaber L.
Mediates Necroptosis by Inducing Reactive

Oxygen Species Production in Bladder Cancer
In Vitro

Gao, Y. Cancers 2022 https://doi.org/10.339
0/cancers14235976

Therapeutic Potential of Deflamin against
Colorectal Cancer Development and Progression Silva, S. Cancers 2022 https://doi.org/10.339

0/cancers14246182
Design, Synthesis and Biological Evaluation of

Neocryptolepine Derivatives as Potential
Anti-Gastric Cancer Agents

Ma, Y. IJMS 2022 https://doi.org/10.339
0/ijms231911924

FOXO1 Is a Key Mediator of
Glucocorticoid-Induced Expression of

Tristetraprolin in MDA-MB-231 Breast Cancer Cells
Jeon, D. IJMS 2022 https://doi.org/10.339

0/ijms232213673

New Angucycline Glycosides from a
Marine-Derived Bacterium Streptomyces ardesiacus Anh, C. IJMS 2022 https://doi.org/10.339

0/ijms232213779
Flavones, Flavonols, Lignans, and Caffeic Acid
Derivatives from Dracocephalum moldavica and

Their In Vitro Effects on Multiple Myeloma and
Acute Myeloid Leukemia

Jöhrer, K. IJMS 2022 https://doi.org/10.339
0/ijms232214219

Anti-Cancer Effects of a New Herbal Medicine PSY
by Inhibiting the STAT3 Signaling Pathway in

Colorectal Cancer Cells and Its
Phytochemical Analysis

Han, S. IJMS 2022 https://doi.org/10.339
0/ijms232314826

Combination Therapy of Curcumin and Disulfiram
Synergistically Inhibits the Growth of B16-F10
Melanoma Cells by Inducing Oxidative Stress

Fontes, S. Biomolecules 2022 https://doi.org/10.339
0/biom12111600

Efficient Synthesis for Altering Side Chain Length
on Cannabinoid Molecules and Their Effects in
Chemotherapy and Chemotherapeutic Induced

Neuropathic Pain

Raup-Konsavage,
W. Biomolecules 2022 https://doi.org/10.339

0/biom12121869

Ent-Abietane Diterpenoids from Euphorbia
fischeriana and Their Cytotoxic Activities Zhu, Q-F. Molecules 2022 https://doi.org/10.339

0/molecules27217258

2



Int. J. Mol. Sci. 2023, 24, 16507

Table 1. Cont.

Title Author Journal Year DOI

Lactucin, a Bitter Sesquiterpene from Cichorium
intybus, Inhibits Cancer Cell Proliferation by

Downregulating the MAPK and Central Carbon
Metabolism Pathway

Imam, K. Molecules 2022 https://doi.org/10.339
0/molecules27217358

Anticancer Activity of Mannose-Specific Lectin,
BPL2, from Marine Green Alga Bryopsis plumosa Lee, J. Marine Drugs 2022 https://doi.org/10.339

0/md20120776
Ethanolic Extract of Ocimum sanctum Linn. Inhibits
Cell Migration of Human Lung Adenocarcinoma
Cells (A549) by Downregulation of Integrin αvβ3,

α5β1, and VEGF

Kustiati, U. Scientia
Pharmaceutica 2022 https://doi.org/10.339

0/scipharm90040069

Libertellenone T, a Novel Compound Isolated from
Endolichenic Fungus, Induces G2/M Phase Arrest,

Apoptosis, and Autophagy by Activating the
ROS/JNK Pathway in Colorectal Cancer Cells

Gamage, C. Cancers 2023 https://doi.org/10.339
0/cancers15020489

New Affordable Methods for Large-Scale Isolation
of Major Olive Secoiridoids and Systematic

Comparative Study of Their
Antiproliferative/Cytotoxic Effect on Multiple
Cancer Cell Lines of Different Cancer Origins

Papakonstantinou,
A. IJMS 2023 https://doi.org/10.339

0/ijms24010003

Synthesis and Anti-Proliferative Evaluation of
Arctigenin Analogues with C-9′ Derivatisation Paulin, E. IJMS 2023 https://doi.org/10.339

0/ijms24021167
Trichosanthin Promotes Anti-Tumor Immunity

through Mediating Chemokines and Granzyme B
Secretion in Hepatocellular Carcinoma

Wang, K. IJMS 2023 https://doi.org/10.339
0/ijms24021416

Camptothecin Effectively Regulates Germline
Differentiation through Bam-Cyclin A Axis in

Drosophila melanogaster
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I. Natural deep eutectic solvents as beneficial extractants for enhancement of plant extracts bioactivity. LWT 2016, 73, 45–51.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

5





Citation: Kharaeva, Z.; Trakhtman, P.;

Trakhtman, I.; De Luca, C.; Mayer, W.;

Chung, J.; Ibragimova, G.; Korkina, L.

Fermented Mangosteen (Garcinia

mangostana L.) Supplementation in

the Prevention of HPV-Induced

Cervical Cancer: From Mechanisms

to Clinical Outcomes. Cancers 2022,

14, 4707. https://doi.org/10.3390/

cancers14194707

Academic Editor: Lingzhi Wang

Received: 15 July 2022

Accepted: 21 September 2022

Published: 27 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Fermented Mangosteen (Garcinia mangostana L.)
Supplementation in the Prevention of HPV-Induced Cervical
Cancer: From Mechanisms to Clinical Outcomes

Zaira Kharaeva 1, Pavel Trakhtman 2, Ilya Trakhtman 3, Chiara De Luca 4, Wolfgang Mayer 4, Jessie Chung 5,

Galina Ibragimova 6 and Liudmila Korkina 3,6,*

1 Microbiology, Immunology, and Virology Department, Berbekov’s Kabardino-Balkar State Medical University,
Chernishevskiy Str. 176, 360000 Nalchik, Russia

2 Blood Bank, Dmitry Rogachev National Medical Research Center of Pediatric Hematology,
Oncology and Immunology, Samora Mashela Str. 1, 117988 Moscow, Russia

3 R&D Department, Swiss Dekotra GmbH, Badenerstrasse 549, CH-8048 Zurich, Switzerland
4 R&D Department, Medena AG, Industriestrasse 16, CH-8910 Affoltern-am-Albis, Switzerland
5 Natural Health Farm Ltd., 39 Jalan Pengacara U1/48, Temasya Industrial Park,

Shah Alam 40150, Selangor, Malaysia
6 Centre for Innovative Biotechnological Investigations Nanolab (CIBI-NANOLAB), Vernadskiy Pr. 97,

117437 Moscow, Russia
* Correspondence: korkina@cibi-nanolab.com or korkina@dekotra.com; Tel.: +39-3497364787

Simple Summary: Human papillomavirus (HPV) is connected with virtually all cases of cervical
cancer. The viral infection-associated chronic inflammation, oxidative stress, and alterations in
apoptosis have been considered as leading risk factors for carcinogenesis in humans. In an ob-
servational clinical study, we identified oxidative markers and the cervical/circulating ligands of
TNF-alpha-induced apoptosis involved in HPV-associated cervical carcinogenesis. In the following
clinical trial, 250 females infected with high-cancer-risk HPV16/18 (healthy and pre-cancerous) were
recruited into a placebo-controlled clinical study of supplementation with fermented mangosteen
(FM, 28g/day, daily) for three months. Our findings indicate that FM, and not a placebo, in combina-
tion with routine anti-viral therapy, could prevent, slow down, or even interrupt HPV-associated
cervical carcinogenesis, mainly through the suppression of leukocyte recruitment into infected tissue,
through anti-inflammatory effects, and through the restoration of nitric oxide metabolite-initiated
TRAIL-dependent apoptosis.

Abstract: In the observational clinical study, we identified the oxidative markers of HPV-associated
cervical carcinogenesis and the local/circulating ligands of TNF-alpha-induced apoptosis. Cervical
biopsies of 196 females infected with low-cancer-risk HPV10/13 or high-cancer-risk HPV16/18 (healthy,
pre-cancerous CIN I and CIN II, and CIN III carcinoma) were analysed for OH radical scavenging, cata-
lase, GSH-peroxidase, myeloperoxidase (MPO), nitrate/nitrite, nitrotyrosine, and isoprostane. Ligands
of TNF-alpha-dependent apoptosis (TNF-alpha, TRAIL, IL-2, and sFAS) were determined in cervical
fluid, biopsies, and serum. Cervical MPO was highly enhanced, while nitrotyrosine decreased in CIN III.
Local/circulating TRAIL was remarkably decreased, and higher-than-control serum TNF-alpha and
IL-2 levels were found in the CIN I and CIN III groups. Then, 250 females infected with HPV16/18
(healthy and with CIN I and CIN II) were recruited into a placebo-controlled clinical study of supple-
mentation with fermented mangosteen (FM, 28g/day, daily) for three months. Post-trial colposcopy
revealed normal patterns in 100% of the FM group versus 62% of the placebo group. Inflammatory
cells in cervical fluid were found in 21% of the FM group versus 40% of the placebo group. Locally, FM
drastically diminished MPO and NO2/NO3, while it remarkably increased TRAIL. Additionally, FM
supplementation normalised serum TRAIL, TNF-alpha, and IL-2.

Keywords: apoptosis; cervical carcinogenesis; fermented mangosteen; HPV; IL-2; myeloperoxidase;
nitric oxide metabolites; sFAS; TRAIL; TNF-alpha
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1. Introduction

Human papillomavirus (HPV) is connected with virtually all cases of cervical cancer.
The viral infection-associated chronic inflammation has been considered as a leading
risk factor for carcinogenesis in humans [1–3]. It has been estimated that 15–20% of
cancers worldwide are attributable to virus, bacteria, or parasite infections causing chronic
inflammation [4]. One of the characteristic features of chronic inflammation is the long-
lasting overproduction of reactive oxygen and nitrogen species (ROS and RNS, respectively)
released by inflammatory, epithelial, and endothelial cells [5–7]. From one side, ROS and
RNS play multiple essential roles in the innate immune response to infectious agents [8,9],
as well as in metabolism and the elimination of mediators of inflammation [10]. On the
other hand, their excess could negatively affect the normal structure and functions of host
cells and tissues, thus creating conditions for endogenous mutagen formation [11] and/or
carcinogenic transformations [11–13]. For example, oxidative and nitration/nitrosylation
metabolites that are formed upon the interaction of DNA with ROS and RNS are either
mutagenic [11] factors causing tumour progression [14] or can induce carcinogenesis
through the activation of proto-oncogenes and the inactivation of tumour suppressor
genes [15–17].

Oxidative imbalance has been clearly recognised as a promoting factor in HPV-initiated
carcinogenesis [18]. For example, while the expression of thioredoxin reductase 2 and
glutathione-S-transferase peaked, inducible nitric oxide synthase (iNOS) was progres-
sively reduced in dysplastic and neoplastic cervical tissue. Applying a redox proteomic
approach, De Marco et al. came to the conclusion that the HPV16 neoplastic progression
of cervical cancer is associated with the oxidative modifications (carbonylation) of DNA
and proteins involved in cell morphogenesis and terminal differentiation in dysplastic
tissues. In contrast, cancer tissues were characterised by the selective reduction of car-
bonyl adducts on detoxifying/pro-survival proteins that reflected an improved control of
oxidative alterations [18].

The cytokines of the tumour necrosis factor (TNF) ligand family, such as the cell surface
death receptor (sFAS), TNF, and TNF-related apoptosis-inducing ligand (TRAIL), are well-
known regulators of apoptosis through their corresponding receptors [Ryu]. TRAIL was
first identified as an inducer of p53-independent apoptosis in a variety of tumour cell lines
and in cervical cancer patients (reviewed in [19]).

There are several evolving preventive strategies that could substantially reduce
the burden from cervical carcinoma by the elimination of etiological factors and the
inhibition of its development. First of all, they include HPV vaccines, diets enriched
in fruits and vegetables [20–23], food supplements [23,24], and other chemopreventive
agents [25–30]. Major molecular and cellular pathways for non-medicinal anti-cervical carci-
noma preparations target the elimination/diminishing of the load of existing high-risk HPV
infection [30–32], the restoration of normal non-viral microbiota [33] and redox
balance [25,31,34–38], anti-inflammatory action [21,39], cell cycle influencers, and pro-
apoptotic effects towards infected tumour transformed cells [40,41].

One of the most promising candidates, possessing several of the indicated activi-
ties, is fermented mangosteen (Garcinia mangostana Linn., Guttiferae), a popular botan-
ical food supplement sold in large quantities around the world. Although well-known
in ethnopharmacology since ages past, mangosteen-based products have been only re-
cently studied for their phytochemical content and biological activities. Thus, the widely
claimed cancer chemopreventive and anti-cancer effects of fermented mangosteen (FM)
have been mainly attributed to the xanthons, tannins, and polyphenols of this health dietary
additive [42–45]. These biological actives are mainly concentrated in the pod (synonyms:
pericarps or rinds) [46] and seeds, non-edible parts of this delicious fruit usually referred
to as “the queen of fruits”. The blue and purple colours of the rape mangosteen skin
are associated with anthocyanines, resveratrol, quercetin, rutin, and ellargic acid, all of
them known for numerous biological activities, including chemopreventive anti-cancer
effects [26–28,40,41,47,48]. The white colour of the seed placenta, characteristic of the
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mangosteen pod, indicates the presence of beta-glucans and lignans with specific im-
munomodulating and anti-cancer actions, while the seed shells contain large amounts
of lignins, which possess anti-cancer, anti-viral, and anti-microbial properties (reviewed
in [49,50]). To increase the bioavailability of secondary plant metabolites encaged into
the fibrous skin, mesopericarp, and seeds, they are subjected to a long-lasting controlled
microbial and/or yeast fermentation.

Fermentation is the most ancient and the most natural way of plant food processing
and preservation. During the fermentation (or external digestion) of plant parts, high
molecular weight molecules, such as polysaccharides, glycolipids/glycoproteins, and nu-
cleic acids of plant cell walls, seeds, peels, or pods, are decomposed to low molecular
weight units (molecular moieties) that are readily absorbed through the gastrointestinal
barrier and immediately available for a variety of metabolic processes [51]. Fermentation
significantly enhances the cancer chemopreventive properties of non-fermented plants [52].
Moreover, fermented fruit preparations are enriched with the membrane fragments, lipogly-
copeptide complexes, and exometabolites of fermenting yeasts and lactobacilli, probiotics
that contribute to their immuno-modulating, nutritional, and physiological value [53,54].
Unfortunately, practically all research on the bioactivity of FM has been carried out in
in vitro and ex vivo experiments, while clinical data are lacking.

The primary goal of the present study was the search for oxidative markers of HPV16-
and HPV18-related cervical carcinogenesis and their possible connection with local and
circulating ligands of TNF-alpha-induced apoptosis. In the first stage of the study, we
found that the content of nitric oxide metabolites (nitrotyrosine and nitrates/nitrites) was
significantly enhanced in the dysplastic cervical intraepithelial neoplasia (CIN) of different
grades (CIN I and CIN II) groups, and the activity of MPO peaked in the invasive cervical
cancer (CIN III) group.

Based on the results obtained, the placebo-controlled clinical trial on the clinical
efficacy (the prevention and/or slowing down of carcinogenesis) of standardised FM gel,
taken orally, was carried out. The secondary outcomes of the trial were oxidative and
TNF-alpha-induced apoptosis ligand markers at systemic and cervical tissue levels in the
practically healthy and the pre-cancerous CIN I and CIN II groups of female patients
infected with HPV16/18, and in healthy females infected with low-risk HPV10/13.

2. Materials and Methods

2.1. Ethics Statement

All experiments with human material (blood, cervical biopsies, and cervical fluid)
were carried out in accordance with the Helsinki Declaration, and the protocols of two
clinical studies were reviewed and approved by the Ethical Committee of Berbekov’s
Kabardino-Balkar State Medical University, Nal’chik, Russia (Protocol No. 133-2/2018 of
21st November 2018). The recruited patients and the healthy age-matched female donors
signed an informed consent form.

2.2. Clinical Study Design and Recruitment Criteria

Two clinical studies were conducted. The first was an observational trial aimed
at identifying local tissue oxidative markers of papillomavirus (HPV)-connected cervi-
cal carcinogenesis and their possible connection with local and circulating ligands of
TNF-alpha-induced apoptosis. During the period from January 2019 to December 2019,
196 women attending the Gynaecology Department of Kabardino-Balkar Berbekov’s State
University, Nal’chik, Russia, and presenting HPV infections of low (HPV10 and HPV13,
n = 42; age range: 21-44 years) and high (HPV16 and HPV18, n = 154; for age range see
Table 1) risk of cervical carcinogenesis, were recruited into the study after obtaining their
informed consent. Fifteen age-matched females, not infected with HPV or other common
viruses, such as cytomegalovirus (CMV) or herpes virus (HV1 and HV2), were invited to
participate in the study as healthy controls. The demographic features, HPV infections, and
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clinical diagnoses of the participants in the first stage of the clinical observational study are
collected in Table 1.

Table 1. Demographic and clinical data of women—participants in the observational study on the
oxidative markers and TNF-alpha apoptosis ligands in HPV infections associated with cervical
carcinogenesis.

Group Number of Subjects Age Range

HPV10, HPV13, healthy 42 21–44 year
HPV16, HPV18, CIN I + CIN II 75 24–45 year

HPV16, HPV18, CIN III 45 28–53 year
Healthy female controls 15 25–47 year

Women infected with HPV16 and HPV18 were diagnosed colposcopically and histo-
logically on the basis of dysplastic lesions of different histological grades (n = 75; age range:
24–45 years; the pre-cancerous well-differentiated CIN I and moderately differentiated
CIN II groups) or with clinically, histologically, and immunologically confirmed invasive
cervical cancer (n = 45; age range: 28–53 years; the poorly differentiated CIN III group).
The inclusion criteria were as follows: (a) patients older than 18 years; (b) not pregnant;
(c) not infected with any other common viruses; (d) not bearing or have had any tumour
apart from invasive cervical cancer in order to be included in the CIN III group; (e) not
treated with any immune response-modulating or anti-viral drug for the last three months.

At the first visit, all participants were subjected to a full gynaecological examination.
Cervical fluid containing ectopic cervical cells was collected and processed for cytological,
immunological, and virological analyses. Biopsies were taken for standard histological
evaluation, as well as for oxidative marker and apoptosis ligand assays. Of note, in the
cases of dysplastic and neoplastic lesions, biopsies were taken from the area in a close
vicinity (5 mm from the lesion border). All participants donated their venous blood for
immunological analyses, as well. Any decision about the diagnostic procedures, treatment
protocols, and follow-up period was based exclusively on the objective clinical picture,
irrespective of any need of the observational trial.

Taking into account the outcome that several definite oxidative markers and TRAIL
levels (in plasma and cervical fluid) corresponded to the severity of HPV-associated cervical
dysplasia/neoplasia, we proceeded with a randomised, double-blind, placebo-controlled
single-centre trial on the clinical efficacy and effects towards redox and apoptosis param-
eters of the FM food supplementation on HVP-infected patients with cervical dysplasia
(CIN I and CIN II). A 5% honey solution in mineral water was used as the placebo. Fe-
males infected with HPV16 and HPV18 without clinical and colposcopic evidence of
dysplasia (n = 152; age range: 25–45 years; practically healthy controls) and presenting
clinical/colposcopic features of cervical dysplasia of different grades (CIN I or CIN II,
n = 98; age range: 25–52 years) were invited to participate in the trial and signed informed
consent forms. The inclusion criteria (a)–(c) and (e) were similar to those for the first obser-
vational clinical study. The criteria (d) were re-formulated as “not bearing or have had any
tumour”. One more criterium was added: (f) no antioxidant and mineral supplementation
for at least three months before entry to the trial. During the period from January 2019 to
November 2019, two hundred and fifty women were enrolled and randomly placed into
four groups: Group 1—practically healthy, placebo (n = 70); Group 2—practically healthy,
FM supplementation (n = 82); Group 3—CIN I and CIN II, placebo (n = 48); Group 4—CIN I
and CIN II, FM supplementation (n = 50). All patients with clinical symptoms of dysplasia
received surgical removal of lesions. All the participants were prescribed conventional
anti-viral therapy per os and in vaginal lavages. The patients’ demographic distribution
and clinical data are summarised in Table 2.
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Table 2. Demographic and clinical data of women—participants in placebo-controlled trial on the
clinical efficacy, oxidative markers, and TNF-alpha ligand levels of fermented mangosteen (FM)
supplementation.

Group Number of Subjects Age Range

HPV16, HPV18, no dysplasia
Group 1—placebo
Group 2—fermented mangosteen (FM)

152
70
82

25–45 year

HPV16, HPV18, CIN I + CIN II
Group 3—placebo
Group 4—fermented mangosteen (FM)

98
48
50

25–52 year

Healthy controls without viral infections 30 27–42 year

In addition, patients from Groups 2 and 4 received FM supplementation as a standard-
ised syrup (14 mL × 2 times a day at meal time for three months). The patients assigned
to Groups 1 and 3 received 5% honey diluted in mineral water (14 mL × 2 times a day at
mealtime for three months). FM was kindly provided free of charge by Carica Ltd., Manila,
the Philippines.

As positive controls, the serum and cervical fluid of 30 healthy age-matching females
without serum antibodies to HPV, herpes simplex types I and II, and cytomegalovirus
(CMV), as well as free of HPV and CNV DNA in the cervical fluid, were used.

2.3. Food Supplement in Question

Standardised syrup of fermented mangosteen (FM) manufactured by Carica Ltd.
(Manila, the Philippines), approved as a food supplement and distributed locally and
abroad, was a kind gift of the manufacturer. The FM was produced from fruits collected
from wild (non-cultivars and non-genetically modified) species of tropical Garcinia man-
gostana Linn. grown in remote, non-industrial parts of the Philippines. In brief, pods of
rape fruit were separated from the edible flesh, washed, and mashed. The mash underwent
the process of controlled fermentation by a food-quality culture of Saccharomyces cerevisia
yeasts and Lactobaccilus casei within a 6-month period. Controlled enzymatic splitting was
reached due to the strictly regulated temperature, oxygen, and nutrient supply, as well
as frequent in-process quality tests. The fermentation process was stopped by adding
the honey of wild bees (5%), followed by pasteurisation at 55 ◦C and filtration under
pressure. The final FM product was a sour-sweet thick gel that was reddish-brown in
colour. Post-fermentation analyses showed a high concentration of phenolics, fruit acids
(pH 5.2), unsaturated fatty acids, sitosterols, macroelements, such as calcium, magnesium,
and potassium, and microelements, such as copper, zinc, and iron. The ready FM product
was free from pathogenic microorganisms and toxic elements, i.e., Sr, As, and Pb.

2.4. Clinical Diagnosis

All participants were subjected to a scrupulous gynaecological examination. The
extended colposcopy with a magnification ×15 was carried out by a Letsegang colposcope
(Germany) with video registration in order to identify and register the state of cervical
epithelia. The cytological screening of cells that were collected from eczo- and endo-cervices
by a spatula was performed by a conventional Papanicolaou smear test (Pap smear test).

2.5. Viral Analyses

Different types of HPV were determined by a type-specific PCR assay, using corre-
sponding primers [55–57]. Total RNA was isolated using the GenElute Mammalian Total
RNA kit (Sigma-Aldrich, Milan, Italy) and was reverse-transcribed using the iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA, USA). cDNA was amplified with IQ SYBR green
Supermix (Bio-Rad, Hercules, CA, USA), using the MiniOpticon Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA).
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Herpes (HSV1 and HSV2) and cytomegalovirus (CMV) infections were assessed by
real-time PCR, using the following primers: HSV1 fwd: CCT-TCG-AAC-AGC-TCC-TGG;
rev: ATG-ACG-CCG-ATG-TAC-TTT-TTC-TT. HSV2 fwd: TCC-ATT-TTC-GTT-TTG-TGC-
CGG; rev: ATG-ACG-CCG-ATG-TAC-TTT-TTC-TT. CMV fwd: ATG-ACG-CCG-ATG-TAC-
TTT-TTC-T; rev: 5′-ACT-GGT-CAG-CCT-TGC-TTC-TAG-TCA-CC [Fax].

2.6. Biological Material Sampling and Processing
2.6.1. Blood Sampling and Processing

Venous blood (6 mL) was taken into two hermetically sealed tubes and left for 1 h at
room temperature for blood cell sedimentation. Serum was collected, aliquoted, and stored
at −70 ◦C until the ELISA and PCR assays.

2.6.2. Cervical Tissue Sampling and Processing

Biopsies were taken for standard histological pathological evaluation, as well as for
oxidative marker and apoptosis ligand assays, in a colposcopy-guided manner. Of note,
in the cases of dysplastic and neoplastic lesions, biopsies were taken from the area in
a close vicinity (5 mm from the lesion border). The biopsies were placed in an ice-cold
0.1 M potassium phosphate buffer (pH 7.4) and thoroughly homogenised. The homogenates
were centrifuged at 900× g and +4 ◦C for 40 min. The supernatants were collected and
stored at −80 ◦C until they were analysed. The protein content in the supernatants was
determined by Lowry’s method, which is described elsewhere.

2.6.3. Cervical Fluid Collecting and Processing

Fluid containing ectopic cervical cells was collected from the walls of the cervical
channel after its opening by a spatula, was centrifuged at 230× g for 10 min, and then
the supernatant was stored for immunological analyses. The cervical cell sediment was
washed twice with a potassium phosphate buffer and used for differential counting with
an automatic Coulter counter (Beckman Coulter Inc., High Wycombe, UK) and for the HPV
type-specific PCR assay.

2.7. Assays for Oxidative Markers
2.7.1. Enzymatic Activities

The activities of pro- and antioxidant enzymes were measured by spectrophotometric
methods: for MPO, the absorbance at 560 nm was recorded after the reaction with ortho-
dianizidine; for catalase, the absorbance at 240 nm was recorded during the reaction
with hydrogen peroxide; and for glutathione peroxidase, the absorbance at 412 nm was
measured after the reaction with GSH in the presence of t-butyl peroxide. Homogenates
were added to the reaction mixture at a concentration of 1 mg protein per mL, and the
results were expressed in % of the control mixtures without homogenates.

2.7.2. Hydroxyl Radical Scavenging

Hydroxyl radical scavenging capacity was assessed by luminol-dependent chemilumi-
nescence in a Fenton reaction. In brief, the reaction was initiated by the addition of 17.7 μM
FeSO4 to 0.01 M potassium phosphate buffer containing 17.7 μM hydrogen peroxide and 0.2
mM luminol. The integral square under the chemiluminescence spike was calculated and
plotted against the value obtained in the absence of homogenate. The data were expressed
in arbitrary units.

2.7.3. Nitrotyrosine Determination

The levels of nitrotyrosine were measured in accordance with methods described
previously [58,59]. The supernatants were assayed for 3-nitrotyrosine using a Nitrotyrosine
ELISA kit (Northwest/AMS Biotechnology, Manchester, UK), following the manufacturer’s
instructions. Briefly, the samples were incubated in the wells coated with a captured
nitrotyrosine antibody and a biotinylated secondary tracer antibody. The addition of
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streptavidine-peroxidase, followed by tetra-methyl benzidine, resulted in colour develop-
ment proportional to the nitrotyrosine levels, which were quantified spectrophotometrically
at 450 nm. Total nitrate/nitrite levels were measured by Griess reaction using the analytical
kit “Nitrate/nitrite Assay Kit Colorometric” (Sigma Co., Milan, Italy).

2.7.4. Isoprostane Determination

The isoprostane content in the cervical tissue was determined as described in [60].
The homogenates were prepared on ice and the supernatants were diluted with distilled
and de-ionised water. The solutions were acidified to below pH 4.0 and used for the
further determination of free 15-F2t-IsoP by enzyme immunoassay (EIA) (Northwest
NWLSSTM). Briefly, 15-F2t-IsoP in the samples or standards was allowed to compete with
15-isoprostane F2t conjugated to horseradish peroxidase (HRP) for binding to a polyclonal
antibody specific for 15-isoprostane F2t coated on a micro plate. Subsequent tetra-methyl
benzidine additions resulted in a blue colour development that was inversely proportional
to the quantity of 15-isoprostane F2t in the original samples or standards. After the addition
of a stop solution, the absorbance was read at 450 nm.

2.8. Assays for Ligands of Apoptosis

The ligands of TNF-dependent apoptosis were quantitatively determined in serum,
circulating leukocytes, cervical fluid, and cervical wall cells. The protein levels of sFAS, TRAIL,
TNF-alpha, and IL-2 were measured by the ELISA method, using corresponding kits and
following the manufacturer’s instructions (BCM Diagnostics, Woodland, CA, USA).

Gene expression for sFAS and TRAIL in cervical biopsies was determined by quan-
titative real-time PCR, using TaqMan technology in accordance with the protocols of the
European Anti-Cancer Program (EAC 2003). In brief, cervical tissue was soaked in an
RNA-stabilising solution (RNA-later, Ambion, Austin, TX, USA) and stored at −20 ◦C
for a period of not more than 3 months. The samples were homogenised on ice, and
total RNA was isolated using an iPrepPureLink TM Total RNA kit (Invitrogen, Waltham,
MA, USA). The primers for sFAS were: fwd: AAGCGGTTTACGAGTGACT; rev: TG-
GTTCCAGGTATCTGCTTC [Itoh]. Primers for TRAIL were: fwd: TGAAATCGAAAGTAT-
GTTTGGGAATAGATG; rev: TGACGAAGAGAGTATGA ACAGCCCCTGCTG [61,62].

2.9. Statistics

Statistical analysis was performed using the STATISTICA 6.0 program from StatSoft
Inc. The reported values were treated as continuous. The normality of the data was
checked using the Shapiro–Wilk test. Since the distribution of the data was significantly
different from normal, non-parametric statistics were used. The results were expressed as
the mean ± SD. In some cases, values were presented as median, lower and upper quartiles,
and minimum and maximum. The Mann–Whitney U test was employed for compari-
son between independent groups of data. To evaluate the difference between connected
data, the two-tailed Student’s t-test was applied, and p values < 0.05 were considered to
be significant.

Correlations between different oxidative markers, as well as between oxidative mark-
ers and ligands of TNF-alpha-induced apoptosis, were evaluated by the Pearson linear
correlation coefficient. A p value < 0.05 was considered to be statistically significant. If
necessary (comparison among three groups or more), p-values were adjusted for multiple
comparisons, using the Bonferroni adjustment.

3. Results

3.1. Local Cervical Oxidative and Nitrosative Markers in HPV-Infected Female Patients at
Different Stages of Cervical Carcinogenesis

The measurement of selected markers of oxidative and nitrosative stress in the cervical
biopsies (Figure 1) revealed a significant increase in MPO activity in the CIN III group
as compared to the CIN I-II HPV16/18 group, and to the low oncogenic HPV10/13 non-
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dysplastic group. The levels of nitrotyrosine were significantly reduced in the CIN III group
as compared to the CIN I-II and the HPV10 and HPV13 groups.

Figure 1. Markers of oxidative stress and antioxidant defence in cervical tissue of females infected
with different types of human papillomavirus and at different stages of the disease. Sample size of
groups: HPV10/13, n = 42; HPV16/18 CIN I and CIN II, n = 75; HPV16/18 CIN III, n = 45. * p < 0.05
versus HPV10/13 group; ## p < 0.05 versus HPV16/18 CIN I-II group; ** p < 0.01 versus HPV10/13
and HPV16/18 CIN I-II groups.

14



Cancers 2022, 14, 4707

In the CIN I-II group, a strongly significant (p < 0.01) negative correlation between
nitrotyrosine and MPO activity levels was found, as well as a positive significant (p < 0.05)
correlation between nitrate/nitrite levels and nitrotyrosine, as shown in Figure 2.

Figure 2. Correlations between redox parameters in cervical tissue of HPV-infected females with CIN
I and CIN II (n = 75). (A) Correlation between MPO activity and nitrotyrosine content; (B) correlation
between nitrotyrosine and nitrate/nitrite levels.

3.2. Cervical and Circulating Ligands of TNF-Alpha Apoptosis in HPV-Infected Female Patients at
Different Stages of Cervical Carcinogenesis

The data on TNF-alpha-induced apoptosis ligands in the serum and the cervical fluid
are shown in Figure 3. The TRAIL levels were found significantly (p < 0.01) reduced in the
cervical fluid of the HPV16 and HPV18 groups, both with CINI-II dysplasia and with CIN
III cancerous lesions. Non-significant changes could be observed among the study groups
for the TNF-alpha and sFAS ligands. The analysis of the serum levels of the circulating
ligands of TNF-alpha-induced apoptosis revealed significant differences between the CIN
I-II dysplastic group and both the healthy donors and the low oncogenic HPV-infected
groups for sFAS, IL-2, and TRAIL (p < 0.05), and even more marked (p < 0.01) in the case of
TNF-alpha. The difference versus healthy donors was highly significant (p < 0.01) for all
ligands in the CIN III group.

At the same time, the analysis of the mRNA expression of sFAS and TRAIL in cervical
tissue (biopsies) showed a significant (p < 0.01) decrease in the expression of sFAS in the
groups infected with high oncogenic HPV strains, both without dysplasia and with CIN
I-II, as well as a marked (p < 0.01) reduction in TRAIL mRNA expression in the CIN I-II
pre-cancerous group (Figure 4).
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(a) (b) 

Figure 3. Serum (a) and cervical (b) ligands of TNF-alpha-induced apoptosis in females at different
stages of HPV-associated carcinogenesis. Sample size of groups: HPV 10/13, n = 42; HPV 16/18
and healthy, n = 152; HPV 16/18 CIN I and CIN II, n = 75; healthy donors, n = 15. * p < 0.05 vs.
healthy donors and low oncogenic HPV infection; ** p < 0.01 vs. healthy donors and low oncogenic
HPV infection.

Figure 4. Cont.
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Figure 4. sFAS and TRAIL mRNA expression (arbitrary units) in cervical biopsies of females with
HPV infection and of healthy donors. Sample size of groups: HPV 10/13, n = 42; HPV 16/18 and
healthy, n = 152; HPV 16/18 CIN I and CIN II, n = 75; healthy donors, n = 15. * p < 0.05 ** p < 0.01
vs. healthy donors, and low and highly oncogenic HPV infection.

3.3. Effects of FM Supplementation on Macro-Histological Symptoms of Cervical Dysplasia

The post-trial colposcopic examination revealed normal patterns in 100% of the FM
group versus 62% of the placebo group. A sample of macro-histological effects of FM
supplementation is shown on Figure 5, where the (a) panel photos were taken in the
beginning of the trial, and the panel (b) photos were taken at the cessation of it. Before the
administration of FM, ectopic transformed areas, squamous cell metaplasia, and mosaics
marked by the iodine-negative areas were evident. After a three-month course of FM,
we observed normal tissue basis, the shrinkage of iodine-negative areas, and cervical
coagulation. Inflammatory cells in cervical fluid were found in 21% of the FM group versus
40% of the placebo group.

(a) 

Figure 5. Cont.

17



Cancers 2022, 14, 4707

(b) 

Figure 5. Typical colposcopy of CIN I and CIN II lesions before (a) and after (b) administration
of antioxidants. (a) Before administration of antioxidants (ectopic transformed areas, squamous
cell metaplasia, and mosaics marked by the iodine-negative areas). (b) After a three-month course
of antioxidants (normal tissue basis, shrinkage of iodine-negative areas, and cervical coagulation).
Left panels are colposcopic images without iodine staining. Right panels are colposcopic images
after iodine staining.

3.4. Effects of FM Supplementation on Oxidative and Nitrosative Markers in Cervical Tissue

The cervical tissue markers of oxidative and nitrosative stress appeared to be selec-
tively modified by the FM treatment of the CIN I-II patients (Table 3). After 3 months, MPO
activity was significantly (p < 0.01) decreased, as well as nitrate/nitrite and nitrotyrosine
levels (p < 0.05). Catalase activity showed a trend toward reduction, whilst isoprostane
and GSH-peroxidase differences, before and after FM treatment, were not detected at the
cervical level.

Table 3. Oxidative markers in cervical tissue of CIN I and CIN II patients (n = 50) treated with
fermented mangosteen for 3 months. * p < 0.05; ** p < 0.01.

Marker Before Treatment After Treatment

Myeloperoxidase, nmol/mg 76 ± 12 5.9 ± 1.3 **
Nitrates/Nitrites, nmol/mg 207 ± 18 147 ± 30 *

Catalase, U/mg 20 ± 1.8 15 ± 3
Isoprostanes, ng/mg 1.1 ± 0.2 0.9 ± 0.2

Nitrotyrosine, nmol/mg 1.1 ± 0.2 0.5 ± 0.3 *

3.5. Effects of Fermented Mangosteen Supplementation on Systemic and Topical (Cervical) Ligands
of TNF-Alpha Apoptosis

The results of the three-month-long course of FM supplementation are collected in
Figures 6 and 7. The FM treatment remarkably affected circulating ligands of TNF-alpha-
induced apoptosis in both experimental groups with HPV16- and HPV18-infected females,
with or without clinical features of cervical carcinogenesis. In these groups, highly enhanced
serum levels of TNF-alpha and IL-2 went down to normal values (Figure 6B,C).
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Figure 6. Effects of FM supplementation (AO) or placebo on serum content of the apoptosis ligands
(A—sFAS; B—TNF-alpha; C—IL-2; D—TRAIL) in groups of practically healthy HPV16- and HPV18-
infected females (n = 152), and in groups of HPV16- and HPV18-infected females with pre-cancerous
cervical lesions (CIN I and CIN II) (n = 98). * p < 0.05 vs. donors; ** p < 0.05 vs. before treatment.

At the same time, strongly suppressed serum content of TRAIL was statistically signif-
icantly restored, although TRAIL levels did not reach the normal values (Figure 6D). The
FM supplementation did not induce any significant change in circulating sFAS ligands; we
also did not observe any effects on circulating ligands in both placebo groups (Figure 6A).

Regarding the cervical levels of the same ligands, the course of FM, and not of the
placebo, led to the statistically significant enhancement of TRAIL, while, again, it did
not affect suppressed levels of sFAS (Figure 7A,D). At the cervical level, the background
concentrations of TNF-alpha and IL-2 did not differ in HPV-infected females with and
without pre-cancerous lesions. They remained within the background range after the
cessation of the clinical trial with FM (Figure 7B,C).
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Figure 7. Effects of fermented mangosteen (FM) supplementation on cervical fluid content of the
apoptosis ligands (A—sFAS; B—TNF-alpha; C—IL-2; D—TRAIL) in groups of practically healthy HPV16-
and HPV18-infected females (n = 152) and in groups of HPV16- and HPV18-infected females with
pre-cancerous cervical lesions (CIN I and CIN II) (n = 98). * p < 0.05 vs. donors; ** p < 0.05 vs. before trial.

4. Discussion

Clinical and epidemiological studies have revealed that certain pathogens causing
persistent infections and chronic inflammation were associated with cancer [1,9,63]. The
oncogenic action seems to be induced, maintained, and mediated by chronic inflammation
and/or by alterations in host cells caused by the microbial genome [9,64]. Here, we
observed (Figure 1) two molecular markers of chronic inflammation, MPO and nitrotyrosine,
which were significantly changed in the cervical fluid of the females with cervical cancer
(CIN III). As expected, there was a strong positive correlation between NO2

−/NO3
− and

nitrotyrosine, the latter being formed under nitration of the amino acid by these nitrative
species (Figure 2A). At the same time, we found a quite significant negative correlation
between MPO and nitrotyrosine (Figure 2B). Human granulocytes release MPO from intra-
cytoplasmic granules being challenged by microbes or viruses [17]. At the same time, they
contain very low levels of inducible nitric oxide synthase [14]. Hence, they do not generate
reactive nitrogen species intracellularly [65]. Instead, human granulocytes are likely to use
nitrite (NO2

−) from other sources, thus forming nitrating oxidants and, as a consequence,
nitrotyrosine in the extracellular environment [13]. Nitrating oxidants are implicated in
the host defence and pathogenesis of many diseases [13,15,16]. Nitrative stress contributes
to asbestos-induced carcinogenesis [10] through myeloperoxidase (MPO), which plays a
crucial role in the asbestos-derived inflammatory response and following asbestos-induced
carcinogenesis [11–13]. In the cystic fibrosis airways, MPO acts as a phagocyte-derived
NO oxidase that diminishes NO bioavailability and, consequently, its immune protective
(anti-bacterial and anti-viral) and anti-inflammatory properties [66]. On these grounds, it
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has been suggested that MPO could be a target for therapeutic intervention to attenuate the
oxidative burden and preserve essential physiological functions of NO. The inflammatory
environment in HPV-infected cervical tissue provides all the factors necessary for the
generation of nitrating agents by MPO, granulocyte invasion, and a high local level of
NO2

− [13,15,16].
Irreversible tyrosine modifications by inflammatory oxidants such as peroxynitrite

include the formation of characteristic markers 3-nitrotyrosine and 3,3′-dityrosine [67,68].
These modifications of critical tyrosine residues in proteins inactivate a variety of en-
zymes [67] and affect their structures [69]. Of great importance, tyrosine nitration may
interfere with signal transduction pathways involving both the kinase-dependent and
auto-phosphorylation of tyrosine. Thus, in epidermoid carcinoma cells, tyrosine nitra-
tion altered the epidermal growth factor receptor (EGFR) activation through irreversible
dimerisation [70]. An alteration of EGFR-mediated signalling pathways in epithelial cells
would inevitably affect cell proliferation or differentiation, which may bear implications on
carcinogenesis [71–73].

Solid tumours (human gastric, colorectal, cervical, and bronchoalveolar carcinomas, as
well as epithelial ovarian cancer) frequently contain inflammatory cells, such as neutrophils,
macrophages, and T-lymphocytes [74–77]. Their recruitment is mainly explained by C-X-C
chemokines, namely IL-8 (a potent chemoattractant for neutrophils) or C-C chemokines
(MCP-1) [63]. The inflammatory cells recruited to tumours become an important additional
source of the chemokines [14]; thus, a vicious cycle is formed. It is well-established that
activated neutrophils induce prolonged DNA damage in neighbouring cells [78], mainly
through the genotoxic effects of ROS and RNS [79,80]. These species are widely recognised
as key carcinogenic agents, causing tumour transformation, progression, and metastasis.

As per comprehensive review [81], HPV-encoded intracellular proteins can reshape
signalling pathways in a mode that facilitates carcinogenesis through escaping immune
surveillance and the impairment of TRAIL-mediated apoptosis. In the present study, we
found that circulating levels of two cytokines (TNF-alpha and IL-2) and two ligands (sFAS
and TRAIL) contributing to TRAIL-mediated apoptosis were significantly compromised
versus normal values in females infected by highly oncogenic HPV forms without any
symptoms of cervical pre-cancerous lesions as yet (Figure 3A). The impairment was aggra-
vated in females with pre-cancerous CIN I and CIN II stages, while no differences were
seen between healthy non-infected HPV females and those infected by low-risk HPV 10,13.
When TNF-alpha, sFAS, and TRAIL proteins were measured in the cervical fluid, there
were no differences between groups in the content of sFAS and TNF-alpha; however, local
levels of TRAIL were dramatically diminished in all HPV16/18-infected groups of females
(with no lesions, CIN I-II, and CIN-III stages) (Figure 3B). At the level of mRNA for sFAS
and TRAIL in cervical tissue, the remarkable suppression of both was observed in the
group with pre-cancerous states (CIN I-II). In the groups with no dysplasia, infected either
by low- or high-risk HPV, mRNA expression was practically at normal levels.

A new approach to target and kill circulating tumour cells has been proposed re-
cently [82]. The method is based on the coating of circulating leukocytes with liposomes
loaded by TRAIL. The coated leukocytes could be considered as “un-natural killer cells”,
because they resemble natural killers activated by IL-2, which overexpresses TRAIL to
attack and induce apoptosis in cancer cells. Applying the immunohistochemical approach,
Carrero and co-authors [77] showed that in the advanced stage of pre-malignant lesions
of the cervix, a progressive stage-dependent CD3/VEGF-positive lymphocyte infiltration
correlated with the increased number of superoxide-producing cells, while tissue levels
of nitrites and nitrates remained unchanged. However, in this work, only 16% of patients
with CIN were infected with HPV; hence, one cannot estimate the impact of oxidative stress
on virus-associated carcinogenesis.

Nutritional paradigms and dietary active components in the chemoprevention of
carcinogenesis and in the potentiation of anti-cancer therapies have drawn a lot of attention
recently (reviewed in [9,20–25]). Resveratrol has been shown to potentiate the apoptotic
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effects of TRAIL and other death cytokines, as well as chemotherapeutic agents and gamma
irradiation [47,83,84]. On these grounds, a novel strategy to enhance the efficacy of TRAIL-
targeting chemoprevention/therapies has been suggested. However, recent publications
raised serious concerns about the feasibility of resveratrol in anti-cancer therapy and
possibly in cancer chemoprevention due to its poor pharmacokinetics, low potency, and
nephrotoxicity [84]. The publication of our group [85] clearly showed the strong photo-
toxicity of resveratrol, which is widely promoted for the prevention of UV-induced skin
tumours. The anti-proliferative effect of the dietary anti-carcinogenic compound phenyl
ethyl isothiocyanate in human cancer stem cells, derived from the human cervical tumour-
derived HeLa cell line, partially resulted from the up-regulation of death receptors DR4 and
DR5 of the TRAIL-mediated apoptotic pathway [86]. The dietary substances cucurbitacins,
glycosylated triterpenes [87], luteolin [88], and epigallocatechin gallate [89] have been shown
to regulate DNA repair systems and TRAIL-driven signalling in a number of cancer cells.

FM has been suggested as an effective chemopreventive/anti-cancer dietary product
on the basis of phytochemical analyses [42], the in vitro and in vivo experiments [40,43–45]
showing that its active components, such as polyphenols, terpenes, and xanthons, acted
by different mechanisms, i.e., mTOR, deranged cell cycle, autophagy, and p53-dependent
apoptosis. Direct antioxidant effects have been shown, as well [44,45]. Clinical data
on the anti-cancer or cancer chemopreventive efficacy are completely lacking. In the
present placebo-controlled clinical study, we showed, for the first time, that a 3-month-long
supplementation with FM in females infected by HPV16/18 of high oncogenic risk, with
the first symptoms of cancerous dysplasia (CIN I-II), resulted in the normalisation of macro-
histological patterns in cervical tissue (100% of patients) and diminished the invasion of
inflammatory neutrophils into the cervix (Figure 5). Along with the observed clinical
efficacy, FM supplementation significantly suppressed the MPO presence, nitrative agents
NO2

−/NO3
−, and nitrotyrosine in cervical tissue (Table 3). All these species are known for

their carcinogenic action (see above). The most impressive findings were on the effects of
FM supplementation on the TRAIL protein, circulating as well as localised, in the cervical
fluid (Figures 6 and 7). This TNF-alpha-related apoptosis-inducing ligand, an inducer
of cancer cell apoptosis through death receptors [84], was initially greatly suppressed in
HPV16/18-infected females without symptoms of dysplasia; gradually, its suppression
became deeper in HPV16/18-induced cervical dysplasia (CIN I and CIN II) and cervical
cancer (CIN III) (Figure 4). Supplementation with FM, and not with the placebo, led to
the significant restoration of circulating and local TRAIL levels. Unusually low TRAIL
levels in the cervical fluid in the beginning of the study were not accompanied by any
significant change in the three other cytokines and ligands (TNF-alpha, IL-2, and sFAS),
while the circulating TNF-alpha and IL-2 in serum were highly increased in all HPV16/18-
infected females with or without signs of pre-cancer. That, in our opinion, could reflect
the generalised chronic inflammatory response to viral infection. Of great importance, FM
supplementation completely normalised the circulating levels of both pro-inflammatory
cytokines, thus diminishing the burden from chronic inflammation.

On the grounds of the results described here and the literature data, we assumed
that FM could exert preventive effects on HPV-induced cervical cancer through several
pathways, where one or another of its numerous active ingredients could:

• theoretically diminish the load of high-risk HPV [28];
• regulate neutrophil chemotaxis and the degranulation of MPO-containing granules at

sites where the virus is harboured;
• increase the bioavailability of NO to fight viruses that would also lead to diminished

levels of potentially carcinogenic nitrative agents and nitrotyrosine;
• down-regulate the overexpression of inflammatory cytokines involved in chronic

general inflammation;
• deeply affect TRAIL-related events, such as the apoptosis of HPV-infected cells, pre-

venting them from cancerous transformation;
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• the presence of numerous active compounds derived from the plant and fermenting
microbes in the natural matrix of FM could attenuate their potential individual toxicity,
increase bioavailability, and exhibit a synergy between them.

5. Conclusions

Our findings indicate that FM, in combination with anti-viral therapy, could prevent
or slow down HPV-associated cervical carcinogenesis, mainly through the suppression of
leukocyte recruitment into infected tissue, suppression of general virus-associated chronic
inflammation, and restoration of nitric oxide metabolite-initiated TRAIL-dependent apoptosis.

Much more research is needed to elucidate the mechanism(s) of FM’s cancer-preventive
effects. There are still many critical issues in the wide acceptance of fermented fruits as
remedies for health problems, such as the lack of reliable clinical evidence, as well as
scarce data on individual active components in fermented fruits and on the molecular
mechanisms of their cancer chemopreventive effects. There is also an urgent need to
optimise/standardise technologies of fermentation and to develop drugs based on the
actives of fermented products.
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Simple Summary: Scabertopin is one of the major sesquiterpene lactones from Elephantopus scaber L.
Sesquiterpene lactones are thought to have fairly strong anti-cancer efficacy. However, there has not
been any research report on the efficacy and mechanism of Scabertopin in the treatment of bladder
cancer. The aim of this study is to evaluate the antitumor activity of scabertopin in bladder cancer
and its potential molecular mechanism in vitro. In this study, we found that scabertopin can induce
necroptosis in bladder cancer cells by promoting the production of mitochondrial reactive oxygen
species, and also inhibit the migration and invasion ability of bladder cancer cells. At the same time,
we also demonstrated that the half-inhibition rate of scabertopin on various bladder cancer cell lines
is much lower than that on human ureteral epithelial immortalized cells. This shows that scabertopin
is a safe and effective anti-bladder cancer drug.

Abstract: Bladder cancer remains one of the most common malignant tumors that threatens human
health worldwide. It imposes a heavy burden on patients and society due to the high medical costs
associated with its easy metastasis and recurrence. Although several treatment options for bladder
cancer are available, their clinical efficacy remains unsatisfactory. Therefore, actively exploring new
drugs and their mechanisms of action for the clinical treatment of bladder cancer is very important.
Scabertopin is one of the major sesquiterpene lactones found in Elephantopus scaber L. Sesquiterpene
lactones are thought to have fairly strong anti-cancer efficacy. However, the anticancer effect of
sesquiterpenoid scabertopin on bladder cancer and its mechanism are still unclear. The aim of
this study is to evaluate the antitumor activity of scabertopin in bladder cancer and its potential
molecular mechanism in vitro. Our results suggest that scabertopin can induce RIP1/RIP3-dependent
necroptosis in bladder cancer cells by promoting the production of mitochondrial reactive oxygen
species (ROS), inhibit the expression of MMP-9 by inhibiting the FAK/PI3K/Akt signaling pathway,
and ultimately inhibit the migration and invasion ability of bladder cancer cells. At the same time,
we also demonstrated that the half-inhibition concentration (IC50) of scabertopin on various bladder
cancer cell lines (J82, T24, RT4 and 5637) is much lower than that on human ureteral epithelial
immortalized cells (SV-HUC-1). The above observations indicate that scabertopin is a potential
therapeutic agent for bladder cancer that acts by inducing necroptosis and inhibiting metastasis.

Keywords: scabertopin; bladder cancer; reactive oxygen species; necroptosis; Elephantopus scaber L.

1. Introduction

Bladder cancer is one of the most common malignant tumors of the urinary system.
The cancer statistics released in 2022 state that, in the United States, bladder cancer has
an estimated incidence of 81,800 cases and a mortality rate of 17,100 cases [1]. These
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rates are slightly lower than those reported in 2021 [2]. In China, bladder cancer had an
incidence of approximately 80,500 and a mortality rate of 32,900 in 2015 [3]. Uroepithelial
cancer is the main pathological type of bladder cancer. Approximately 75% and 25% of
the cases of this type of cancer are non-muscle-invasive bladder cancer (NMIBC) and
muscle-invasive bladder cancer (MIBC), respectively. The current clinical treatment of
bladder cancer remains based on surgery combined with postoperative radiotherapy [4,5].
Mitomycin C, epirubicin, adriamycin, methotrexate, vincristine, pirarubicin, and cisplatin
are used as the first-line chemotherapeutic agents for bladder cancer in clinical practice [6].
However, the use of these drugs is greatly limited by their unsatisfactory efficacy, the widely
reported drug tolerance of bladder cancer, and their adverse effects. Although the rapid
development of molecular biology and genetics research has provided new therapeutic
tools for the clinical development of immunotherapy, gene therapy, and targeted therapy,
these approaches fail to exert an ideal treatment effect on bladder cancer because they use
a large number of chemically synthesized drugs. This approach results in high treatment
costs, drug side effects, hepatotoxicity, and drug resistance. Therefore, the search for new
drugs with low toxicity and side effects has been a hot issue in tumor treatment.

In recent years, many natural compound products have played an important role in the
treatment of tumors. Finding compounds with significant tumor-inhibiting activity from
natural products is an important approach and means for the research and development
of anticancer drugs [7]. Scabertopin is a sesquiterpene lactone compound that is mainly
derived from the chemical constituents of Elephantopus scaber L. It is a kind of herbaceous
plant belonging to the phylum Angiosperm, class Dicotyledonous, order Campanulaceae,
family Asteraceae, and genus Elephantopus [8], which is widely distributed worldwide,
particularly in East Asia, Southeast Asia, Africa, Australia, India, and South America, and
has been reported to have various pharmacological properties, such as anti-bacterial, anti-
diabetic, anti-inflammatory, and anti-cancer efficacy [9,10]. An increasing number of studies
have shown that the antitumor activity of Elephantopus scaber L. is attributed to sesquiter-
pene lactones, which execute significant antitumor activities in nasopharyngeal [11,12],
cervical [13], breast [14], colon [15,16], and hepatocellular carcinomas [17]. For example,
in HCT116 and RKO cells, deoxyelephantopin (DET), another sesquiterpene lactone com-
pound derived from Elephantopus scaber L. can significantly increase reactive oxygen species
(ROS) levels, thereby activating the JNK signaling pathway and triggering cell death. In
the mouse breast cancer cell line TS/A, DET can inhibit TNF-α-induced NF-κB activity and
down-regulate the NF-κB regulated gene products of matrix metalloproteases (MMP)-2
and MMP-9, thereby inhibiting the migration and invasion in vitro and in vivo [14]. In
addition, sesquiterpenoids exhibit different cytotoxicities toward tumor cells and normal
cells, whereby they selectively target tumor cells and show little systemic toxicity [18,19].
However, the research on the anticancer effect and mechanism of scabertopin in bladder
cancer has not been reported.

Necroptosis is a unique form of programmed cell death, which is characterized by
caspase-independent activation and is morphologically accompanied by the swelling of or-
ganelles and the rupture of cell membranes, resulting in the spillage of the cellular contents
into the surrounding cells and, consequently, triggering inflammatory response [20,21].
Various drugs and active sites of traditional Chinese medicine have been confirmed to
exert their anticancer activity through necroptosis [22,23]. Receptor-interacting protein
(RIP)1, RIP3, and mixed lineage kinase-like (MLKL) are three key factors in the regulation
of necroptosis; RIP3 has been well-established to recruit MLKL and induce its phosphoryla-
tion. Phosphorylated-MLKL (p-MLKL) then undergoes oligomerization and translocates to
the plasma membrane to execute cellular necrosis [24–26]. However, the pathway through
which RIP1 undergoes autophosphorylation remains controversial. ROS have been recently
reported to act as upstream cell signaling molecules to activate and drive necroptosis [27].
RIP1 can sense ROS by modifying three key cysteine residues (C257, C268, and C586) and,
subsequently, induces their autophosphorylation at the S161 site, which in turn results
in the recruitment of RIP3 to form a necrosome [28]. Previous studies have also shown
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a correlation between necroptosis and drug-induced ROS. For example, artesunate can
inhibit the proliferation of renal cancer cell lines in vitro by inducing elevations in ROS
levels and, thus, promoting RIP1-dependent necrotic apoptosis [29]. In addition, emodin
promotes the occurrence of necrotic apoptosis in renal cell carcinoma (RCC) cell lines,
thereby restricting tumor development by inducing the production of ROS that promote
increases in the levels of RIP1 and MLKL phosphorylation [30]. In conclusion, the positive
correlation of necroptosis with ROS implies that regulating ROS to induce necroptosis in
tumor cells is a potential strategy for cancer therapy.

In this study, we aimed to evaluate the inhibitory effects and potential molecular
mechanisms of scabertopin on bladder cancer cells in vitro. Scabertopin is one of the four
sesquiterpene lactones with the highest content in Elephantopus scaber L. Since DET has
shown a good anti-tumor effect in a variety of tumor cell lines, we speculated that scaber-
topin would also have similar efficacy. Therefore, we determined our research objective
was to study the effect of scabertopin on bladder cancer cell lines and explore its way to
promote the death of bladder cancer cell lines. Our results showed that scabertopin with
antitumor properties inhibited the growth, migration, and invasion of the bladder cancer
cell line J82. Further in-depth studies demonstrated that the above effects of scabertopin
may be related to the promotion of ROS generation, the induction of focal adhesion kinase
(FAK) phosphorylation, and the activation of necroptotic signaling pathways.

2. Materials and Methods

2.1. Main Reagents

Scabertopin (PS1863-0010) was purchased from Chengdu Push Biotechnology Co., Ltd.
(Chengdu, China). DMEM basal medium (10569010) and trypsin-EDTA (25200056) were
purchased from Gibco (Grand Island, NY, USA). RPMI 1640 (PM150110) was purchased
from Procell Life Science & Technology Co., Ltd (Wuhan, China). Fetal bovine serum (FBS)
(1907301) was purchased from Biological Industries (BI) (Kibbutz Beit Haemek, Israel).
Cell Counting Kit-8 (CK04) was purchased from Dojindo Laboratories (Kumamoto, Japan).
LIVE/DEAD cell viability assay kit (L3224) was purchased from Invitrogen (Carlsbad,
CA, USA). The cell cycle assay kit (KGA512) and the apoptosis assay kit (KGA1018) were
purchased from KeyGen BioTECH (Shanghai, China). ROS detection kit (S0033S) was
purchased from Beyotime Biotechnology (Shanghai, China). B cell lymphoma-2 (Bcl-
2, ab182858), Bcl-2-associated X (Bax, ab32503), phospho-PI3K (Y607, ab182651), AKT
(ab179463), phospho-AKT (S472, S473, S474, ab192623), and GAPDH (ab181602) antibodies
were purchased from Abcam (Cambridge, MA, USA). Gasdermin D (97558), GPX4 (59735),
FAK (71433), phospho-FAK (Y397, 8556), MMP-9 (13667), PI3K (4257S), caspase-3 (14220),
caspase-8 (9746), caspase-9 (9508), MLKL (14993), phospho-MLKL (S358, 91689), RIP1
(3493), phospho-RIP1 (Ser166, 65746), RIP3 (13526), and phospho-RIP3 (Ser227, 93654)
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).

2.2. Material Preparation

Scabertopin (10 mg) was dissolved in 1 ml of dimethyl sulfoxide DMSO (Beyotime
Biotechnology, ST2335-100 mL) and configured into a master batch with a concentration
of 40 μM such that the maximum concentration of DMSO in the cell culture medium was
0.143%. In the subsequent experiment, in order to exclude the effect of DMSO on cells,
0.143% DMSO was contained in all negative control group media as control. A total of
10 μL of scabertopin and deoxyelephantopin solution was applied evenly on KBr-pressed
plates, evaporated and dehydrated using an infrared lamp, and analyzed using a Fourier-
transform infrared (FTIR) spectroscopy and KBr-pressed plates. KBr (P116274-100 g) was
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

2.3. Infrared Spectroscopy

A Fourier-transform infrared tester (Nexus-670 produced by Nexus, Madison, WI,
USA) was used to conduct IR spectrum test on the scabertopin powder: the wavelength
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range was 400–4000 cm−1, the number of scans was 32, and the resolution was 4 cm−1. The
operation was as follows: grind KBr dried under vacuum for 8 h at 140 ◦C, take 10 mg and
press into tablets to obtain background tablets, and grind another 10 mg of KBr and 1 mg
of scabertopin powder in an agate mortar evenly. The IR spectroscopy was performed on
the obtained background pieces (only KBr) and the samples (KBr and scabertopin powder).

2.4. UV Absorption Assay

The mixed solution of scabertopin and DMEM medium was tested using an UV-Vis
spectrophotometer (UV9100B from Beijing LabTech Instrument Co., Ltd., Beijing, China),
with a wavelength range of 200–360 nm and a resolution of 2 nm.

If the chemical structure of the substance were stable, its UV maximum absorption
wavelength would not change. It could be seen from the UV spectrum that the UV maxi-
mum absorption peak of scabertopin is around 214 nm, which is consistent with the UV
spectrum of the α,β-unsaturated carbonyl moiety. There was no change at 0, 24, and 48 h,
and it could be inferred from the Beer–Lambert law that, when the length of the absorption
cell, the light source, and the type of the substance to be tested are the same, the absorbance
is strictly proportional to the substance concentration.

Abs = lg
(

1
T

)
= Kcl (1)

Abs: Absorbance; T: transmittance; K: molar extinction coefficient, cm2·mol; c: molar
concentration, mol/L; and l: the length of the absorption cell, cm.

2.5. Cell Lines and Culture

Human bladder cancer cell lines (J82 and T24) and human ureteral epithelial immor-
talized cells (SV-HUC-1) were purchased from the ATCC cell bank, and 5637 and RT4
cell lines were purchased from the China Centre for Type Culture Collection (Shanghai,
China). All cell culture media and FBS (30044333) were obtained from Gibco. J82 cells were
cultured in DMEM (10% FBS) medium, T24 and 5637 cells were cultured in RPMI 1640
(10% FBS), RT4 cells were cultured in McCoy’s 5A (Gibco, 16600082) (10% FBS) medium,
and SV-HUC-1 cells were cultured in F-12K (Gibco, 21127022) (10% FBS) medium. All cell
lines were grown in a cell culture incubator at 37 ◦C and 5% CO2 to maintain cell growth.
The cells were revived and passaged two times for subsequent experiments.

2.6. CCK-8 Assay

The human bladder cancer cells (J82 and T24) and human ureteral epithelial immortal-
ized cells (SV-HUC-1) were inoculated into 96-well plates (100 μL per well). Subsequently,
after being added with different concentrations of drugs, the plates were incubated in an
incubator at 37 ◦C and 5% CO2 for 24–48 h. A total of 10 μL of CCK-8 reagent (Dojindo
Laboratories, CK04) was added to each well, and incubation was continued in the incubator
for 1–4 h. Finally, absorbance was detected at 450 nm by using an enzyme marker (Bio-Rad,
Hercules, CA, USA). The experimental data (mean ± standard deviation) were plotted
in the form of histograms. Dose–response curves were generated using GraphPad Prism
7 (GraphPad Software, San Diego, CA, USA) software, and the absolute 50% inhibitory
concentration (IC50) was determined.

2.7. LIVE/DEAD Cell Activity Assay

The J82 cells were inoculated at a density of 1 × 104 cells/mL into 96-well plates and
treated with gradient concentrations of scabertopin for 24–48 h. Subsequently, the cells
were washed with phosphate buffered saline (PBS) in accordance with the instructions
of the LIVE/DEAD cell vitality assay kit (Invitrogen), and each group was incubated for
30 min at room temperature with 5 μL of the supplied 4 mM calcein AM stock solution to
the 10 mL ethidium dimers (EthD-1). The cells were observed and photographed with an
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inverted fluorescence microscope, which showed live cells in green (AM) and dead cells in
red (EthD-1).

2.8. Scanning and Transmission Electron Microscopy

The human bladder cancer J82 cells were inoculated at a density of 2 × 104 cells/mL
on slides attached to a 24-well plate, and then treated with the drug at a concentration
of 10 μM. After being cultured in the incubator for 24 h, the cells were taken out and
washed with precooled PBS twice. The scabertopin-treated cells were fixed with 4%
paraformaldehyde (Beyotime Biotechnology, P0099-500 mL) at room temperature and
dehydrated with alcohol. Then, their morphology was observed using a scanning electron
microscope (SEM) (Regulus8100, HITACHI, Tokyo, Japan).

The J82 cells were inoculated into 6-well plates and then treated with gradient concen-
trations of scabertopin for 24 h. The culture medium was discarded. The cells were treated
with an electron microscope fixative (Servicebio Technology, Wuhan, China, G1102-100 mL)
for 2–4 h at 4 ◦C, collected, and then centrifuged at low speed until green bean-sized clumps
of cells could be seen at the bottom of the tubes. After further wrapping, postfixation, de-
hydration, permeabilization, embedding, sectioning, and staining, the cells were observed
under a transmission electron microscope (TEM) and images were collected for analysis.

2.9. Measurement of Reactive Oxygen Species

Intracellular ROS levels were measured using an intracellular ROS assay kit (Solarbio
Science & Technology, Beijing, China, CA1420). The J82 cells were treated with gradient
concentrations of scabertopin for 24–48 h. In the rescue experiments, the cells were in-
cubated with scabertopin for 2 h with 5 mM of ROS scavenger N-acetylcysteine (NAC)
(MedChemExpress, Monmouth Junction, NJ, USA, HY-B0215). The cells were washed
three times with PBS and treated with 10 μM of dichlorofluorescein diacetate probe for
20–30 min. Subsequently, the cells were washed three times with a serum-free medium, and
their fluorescence intensity was measured using a fluorescence microplate reader (BioTek,
Winooski, VT, USA, Synergy H1).

In order to determine the type of ROS, the J82 cells were treated with gradient con-
centrations of scabertopin and then loaded with dihydroethidium (DHE) probe (KeyGEN
BioTECH, KGAF019) at a concentration of 25 μM and incubated at 37 ◦C for 60 min in
the darkness. After the incubation, the cells were washed with a fresh culture medium
and their fluorescence intensity was measured using a fluorescence microplate reader
(BioTek, Winooski, VT, USA, Synergy H1). The cells were then imaged under an inverted
fluorescence microscope.

2.10. Mitochondrial Membrane Potential Assay

The effect of scabertopin on mitochondrial membrane potential (ΔΨ) was detected us-
ing the Mitochondrial membrane potential assay kit JC-1 (Beyotime Biotechnology, C2006).
The cells were treated with gradient concentrations of scabertopin, washed with PBS, added
to a cell culture medium, mixed with the JC-1 solution, and incubated at 37 ◦C for 20 min
according to the manufacturer’s instructions. The fluorescence intensity of the cells was
measured using a fluorescence microplate reader (BioTek, Winooski, VT, USA, Synergy
H1), and the cells were imaged under an inverted fluorescence microscope. Whereas green
fluorescence is an indicator of depolarized mitochondria, intact mitochondria produce
red fluorescence.

When ΔΨ is at higher levels, JC-1 aggregates in the matrix of mitochondria to form
polymers and produce red fluorescence. When ΔΨ is at a lower level, JC-1 cannot aggregate
in the mitochondrial matrix. At this time, JC-1 is monomer and can produce green fluo-
rescence. The ratio of monomer/polymer represents the ratio of green fluorescence/red
fluorescence, which can be used to measure the proportion of mitochondrial depolarization
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2.11. GSH Assay

The GSH (reduced glutathione) and GSSG (oxidized glutathione disulfide) assay kit
(Beyotime Biotechnology, S0053) is a simple and easy-to-use assay that can detect the
contents of GSH and GSSG, respectively. Briefly, total GSH and GSSG levels were measured
at a wavelength of 412 nm after the cells were treated with gradient concentrations of
scabertopin. The level of reduced GSH was calculated according to the following formula:

GSH = total glutathione (GSH + GSSG)− 2 × GSSG (2)

2.12. Wound Healing Assay

A total of 70 μL of J82 cells were inoculated at a density of 8 × 105 cells/mL into
each insert of a Culture-Insert 2 Well (ibidi, Grafelfing, Germany, 80206) in the middle of
a dish. After the cells were attached, the insert was removed with forceps and the old
medium was aspirated off. The cells were washed gently 1–2 times with PBS, treated with
different concentrations of the drugs, placed in the incubator for further incubation, and
removed at 0 and 24 h for fluorescent inverted microscopy (IX71, Olympus, Tokyo, Japan) to
observe whether the peripheral cells had migrated to the central scratch area. The cells were
photographed and recorded. The percentage of wound healing was analyzed using ImageJ
software and calculated as the ratio of the initial scratch area minus the partially healed
area that had healed at a certain time to the initial area, according to the following formula.

initial area − area at a certain time point
initial area

(3)

2.13. Transwell Assay

The J82 cells treated with different concentrations of drugs for 24 h were collected and
their density was adjusted to 5 × 104 cells/well. The cells were inoculated into the upper
chamber of a transwell plate and the lower chamber was supplemented with 10% FBS
medium. The plate was placed in the incubator for 24 h, washed twice with PBS, and fixed
with methanol. Then, the cells were treated with 0.1% Giemsa staining solution, washed
three times with PBS, and allowed to air dry. The number of migrated cells was recorded
by photography under multiple high-magnification fields using a microscope (Etaluma,
Inc., San Diego, CA, USA, LS720) and by counting the number of migrated cells.

2.14. Cell cycle Assays

The J82 cells were treated with different concentrations of drugs for 24 h, digested
with tryspin, collected, and washed 1–2 times with PBS. The cells were fixed by adding
precooled 70% ethanol and then washed with PBS to remove the fixative. The cells were
administered with a RNase/propidium iodide (PI) staining working solution and incubated
for 30 min at room temperature under protection from light. The samples were subjected to
flow cytometry (FACSCanto, Becton, Dickinson and Company, Franklin Lakes, NJ, USA),
and Modfit software was used to analyze the results.

2.15. Cell Apoptosis Analysis

The J82 cells were treated with different concentrations of drugs for 24 h, digested by
using EDTA-free trypsin, collected, washed and resuspended with PBS, and centrifuged to
collect cell precipitates. The precipitates were resuspended again with a small amount of
a binding buffer, mixed with an Annexin-V-FITC working solution, incubated for 5 min
at room temperature under protection from light, and mixed with a PI reagent and PBS.
The samples were analyzed using flow cytometry and the results were analyzed using
Modfit software.
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2.16. Western Blot Analysis

A total of 10 μL of ProteinSafe™ Phosphatase inhibitor cocktail (DI201, TransGen
Biotech, Beijing, China) and ProteinSafe™ Protease inhibitor cocktail (DI101, TransGen
Biotech, Beijing, China) was added to every 1 ml of ProteinExt® Mammalian total protein
extraction kit (TPEB) (DE101, TransGen Biotech, Beijing, China). The TPEB mixed reagents
were made by mixing the above three reagents according to the protocols. The cells were
mixed with the TPEB mixed reagents on ice after 24 h of scabertopin treatment. The lysates
were collected and centrifuged at 14,000× g for 10 min at 4 ◦C. Protein concentrations were
analyzed using a Bicinchoninic acid (BCA) kit (P0010, Beyotime Biotechnology). Equal
amounts of protein samples were separated through electrophoresis on a 10% precast
gel (M00664, GenScript Biotech, Nanjing, China). The proteins were then transferred
to PVDF membranes. The membranes were blocked with 5% skimmed milk at 4 ◦C
overnight. Afterward, the membranes were incubated for 2 h at room temperature with
different primary antibodies, including Bax (1/10,000), Bcl-2 (1/10,000), caspase-9 (1/1000),
caspase-3 (1/1000), caspase-8 (1/1000), GAPDH (1/10,000), MMP-9 (1/500), PI3K (1/1000),
p-PI3K (1/1000), AKT (1/1000), p-AKT (1/1000), glutathione peroxidase 4 (GPX4, 1/1000),
gasdermin-D (GSDMD, 1/1000), RIP (1/1000), p-RIP (1/1000), MLKL (1/1000), p-MLKL
(1/1000), RIP3 (1/1000), and p-RIP3 (1/1000). The membranes were washed three times
with TBST and incubated with the secondary antibodies (1/2000–1/20,000) for 1 h at room
temperature. The target protein lane was imaged using an iBright 1500 (Invitrogen) with en-
hanced chemiluminescent substrates (Merck Millipore, Darmstadt, Germany, WBKLS0500).
Original blots see Supplementary File S1.

2.17. Statistical Analysis

Statistics and bar graphs were analyzed using the Xiantao Academic Online Tools
(https://www.xiantao.love/products) (accessed on 30 August 2022), which is based on
R and the ggplot2 R package. The means of two groups were considered significantly
different if * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

3.1. Bladder Cancer Cells Are Sensitive to Scabertopin

The chemical structure of scabertopin is shown in Figure 1A. The two boxes show the
α-methylene-γ-lactone and butenolide moieties that confer the drug activity. The FTIR
spectrum of scabertopin is shown in Figure 1B, and the UV absorption peaks of scabertopin
in the DMEM medium at 0, 24, and 48 h are shown in Figure 1C. According to the Beer–
Lambert law, when the length of the absorption cell, the light source, and the type of
the substance to be measured are the same, the absorbance is strictly proportional to the
concentration of the substance. Since the intensity of the UV maximum absorption peaks of
scabertopin at 0, 24, and 48 h were all around 0.55, the concentration of scabertopin did
not change. In conclusion, it can be considered that scabertopin can maintain stability in a
DMEM medium. The viability of scabertopin-treated bladder cancer cells (T24, J82, RT4,
and 5637) and human ureteral epithelial immortalized cells (SV-HUC-1) was determined
using the CCK-8 assay. The results showed that scabertopin significantly inhibited the
viability of the human bladder cancer cells (J82, T24, RT4, and 5637) in a dose-dependent
manner (Figure 1D). The 24 h IC50 of scabertopin for the bladder cancer cell lines was
approximately 20 μM, and the 48 h IC50 was even lower (approximately 18 μM). However,
the IC50 values of scabertopin for the SV-HUC-1 cells at 24 and 48 h were 59.42 and 55.84 μM,
which were considerably higher than those for the bladder cancer cells (Figure 1D). Next,
the J82 cell line was arbitrarily selected for further study. In the following section, if the
treatment time of scabertopin is not explicitly mentioned, it defaults to 24 h.
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Figure 1. Chemical structure, stability, and efficacy of scabertopin against bladder cancer cells.
(A). Chemical structure scabertopin. The two boxes show the structure of the molecule with the
drug activity of α-methylene-γ-lactone and butenolide. (B). Infrared spectrum of scabertopin. The
stretching vibration of =CH2 exists at 3080 cm−1, and the carbonyl stretching vibration of α-methylene-
γ-lactone structure exists at 1760 cm−1. The peak at 1710 cm−1 is the carbonyl stretching vibration
of another non-lactone α,β-unsaturated ester, and the C=C stretching vibration exists at 1650 cm−1.
(C). The UV absorption peak of scabertopin in the DMEM medium at 0, 24, and 48 h. (D). 24 and 48 h
IC50 of bladder cancer cell lines (J82, T24, 5637, and RT4) and human ureteral epithelial immortalized
cells (SV-HUC-1) (n = 4).

3.2. Increased Mitochondrial ROS Levels in J82 Cells Treated with Scabertopin

We detected the cells treated with scabertopin for 24 and 48 h using a DCF fluorescent
probe and found that scabertopin treatment could significantly increase the content of
intracellular ROS (Figure 2A). To determine the mechanism of ROS production caused by
scabertopin, we used a JC-1 assay to observe the changes of ΔΨ in the J82 cells treated with
scabertopin. The results showed that ΔΨ decreased (red fluorescence decreased while green
fluorescence increased) after scabertopin treatment (Figure 2C,D). In conclusion, the ΔΨ of
the scabertopin treatment group decreased significantly compared to the control group.

The ROS in mitochondria are usually in the form of hydrogen peroxide (H2O2) and
superoxide anions (O2

−). However, H2O2 is hardly able to escape through the mitochon-
drial membrane and be detected in the cytoplasm, and, thus, superoxide anion produced in
the mitochondria and transported to the cytoplasm has become a key signaling factor for
mitochondrial ROS [31]. Therefore, we used a DHE fluorescent probe to detect the content
of superoxide anion in the cells treated with scabertopin. The results showed that the level
of superoxide anion in the scabertopin treatment group was significantly higher than that
in the control group (Figure 2B).
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Figure 2. Increased mitochondrial ROS and reduced mitochondrial membrane potential in J82 cells
treated with scabertopin. (A) Scabertopin induces ROS production in a dose- and time-dependent
manner. (B) The DHE probe assay shows that superoxide anion is positively correlated with the
scabertopin dose. (C) The JC-1 assay shows that, after 24 h treatment, scabertopin decreases the
mitochondrial membrane potential in J82 cells in a dose-dependent manner. (C) The JC-1 assay shows
that NAC treatment can restore the mitochondrial membrane potential reduced by 24 h treatment
of scabertopin to some extent. (D) The DHE probe assay shows that superoxide anion is positively
correlated with the scabertopin dose. (E) A 24 h treatment with 10 μM of scabertopin is efficient in
depleting GSH through a dose-dependent mechanism in J82 cells, which can be reversed with NAC
treatment. A total of 5 μM of NAC was used in the experiments. Data represent the mean ± standard
error of mean (s.e.m.) of the three independent experiments. ** p < 0.01, *** p < 0.001, ns: no
significance vs. 0 μM scabertopin-treated group. NAC: N-acetylcysteine; SA: scabertopin.

In addition, GSH is an important antioxidant in cells, and we also detected the changes
in intracellular GSH after scabertopin treatment (Figure 2E). The results showed that
scabertopin treatment could deplete GSH, which is one of the reasons for the accumulation
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of intracellular ROS, and the efficacy of scabertopin depleting GSH could be blocked by
NAC (Figure 2E).

3.3. Cell Death Induced by Scabertopin Treatment Was Not Apoptosis and Ferroptosis

We utilized a scanning electron microscope to observe the effects of scabertopin treat-
ment on cell morphology. The results showed that the cells without scabertopin treatment
had strong three-dimensionality and thick and long pseudopodia; after scabertopin treat-
ment, the cell spreading area increased and the pseudopodia shortened and thinned out
(Figure 3A). To preliminarily elucidate the potential mechanism of scabertopin cytotoxicity
in bladder cancer cells, we analyzed the effect of scabertopin treatment on the potential
disruption of cell cycle phases using flow cytometry. The results showed that scabertopin
treatment induced a significant increase in the percentage of cells both in the S and G2/M
phases in a concentration-dependent manner (Figure 3B). Meanwhile, we detected the
effect of scabertopin on the apoptosis and necrosis of J82 cells using the AnnexinV-FITC/PI
double-staining method. The transfer of the cell membrane phospholipid phosphatidylser-
ine from the inner to the outer layer of the plasma membrane is one of the early features
of apoptosis. A single positive for AnnexinV-FITC is considered a typical cell in early
apoptosis, i.e., the fourth quadrant (Q4), whereas AnnexinV-FITC and PI double-positive
cells are considered to be in the end stage of apoptosis, necrosis, or are already dead, i.e.,
the second quadrant (Q2). The results in Figure 3C showed that, under the treatment with
gradient concentrations of scabertopin, the number of early apoptotic cells was relatively
small. Under scabertopin treatment, the number of necrosis cells significantly increased in a
dose-dependent manner. In addition, water-soluble tetrazolium salts and green-fluorescent
calcein-AM were deployed to determine whether scabertopin had an effect on the viability
of bladder cancer cells. The results showed that, in contrast to the control treatment, scaber-
topin increased cytotoxicity in a concentration- and time-dependent manner, thus resulting
in cell death (Figure 3D). However, scavenging of ROS with NAC significantly rescued
scabertopin-induced cell death (Figure 3E). To reveal the mechanism of scabertopin-induced
J82 cell death, we verified apoptosis-related caspase proteins Bcl-2 and Bax (Figure 3F), on
the one hand, and ferroptosis-related GPX4 and pyroptosis-related GSDMD, on the other
hand, using WB (Figure 3G). The results showed that scabertopin-treated J82 cells did not
die by apoptosis, ferroptosis, or pyroptosis.

3.4. Necroptosis Is a Type of Cell Death Induced by Scabertopin and can Be Inhibited by NAC

To further investigate the extent to which cell organelles were altered by scabertopin
treatment and to further determine the manner in which scabertopin induces death in
bladder cancer cells, we performed TEM. The results showed that, in contrast to the control
group cells, the scabertopin-treated cells were swollen with vacuolated cytoplasm, had
severely swollen mitochondria, had a lack of membrane blebbing, had partially dissolved
or absent organelles, and showed perforation of cell membranes (Figure 4A). These mor-
phological changes are consistent with the characteristics of necroptosis [32]. We examined
the expression of necroptosis-related proteins using Western blotting, and the expressions
of phosphorylated RIP1, RIP3 and MLKL significantly increased in the J82 cells treated
with scabertopin (Figure 4B). NAC significantly inhibited the expressions of phospho-RIP1,
phospho-RIP3, and phospho-MLKL (Figure 4C).

3.5. Scabertopin Inhibits the Migration and Invasion of Bladder Cancer Cells

We performed wound healing and transwell assays to characterize how scabertopin
affected the migratory and invasive abilities of bladder cancer cells. To this end, 24 h
treatment with scabertopin inhibited the wound healing ability of J82 cells in a dose-
dependent manner (Figure 5A). Similarly, the results of the transwell assays also showed
that, after scabertopin treatment, the invasive ability of cells significantly reduced. This
effect was negatively correlated with the concentration of scabertopin (Figure 5B). In
addition, we further detected the expressions of motor-related molecules p-FAK, FAK,
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p-PI3K, PI3K, p-AKT, AKT, and MMP-9 after scabertopin treatment by performing Western
blot analysis. The results showed that the expressions of phospho-FAK (Tyr397), phospho-
PI3K (Tyr607), phospho-AKT (Ser472, Ser473, Ser474), and MMP-9 decreased significantly
after scabertopin treatment in a dose-dependent manner (Figure 5C). Therefore, we suggest
that scabertopin can downregulate the expression of MMP-9 by inhibiting the activation of
the FAK/PI3K/Akt signaling axis and, ultimately, inhibit the invasiveness of bladder cancer
cells. Similarly, we sought to understand the role of ROS in this process. We found that the
expressions of phospho-FAK, phospho-PI3K, phospho-Akt, and MMP-9 were significantly
inhibited by NAC (Figure 5D). This indicated that ROS played a very important role in
scabertopin-mediated invasion and metastasis of J82 cells. These results suggested that
scabertopin may be a multifunctional inhibitor for the treatment of bladder cancer.

Figure 3. Cell death induced by scabertopin treatment can be rescued by NAC. (A) SEM images show
that, in J82 cells treated for 24 h with 10 μM of scabertopin, the cell spreading area increases and
the cell pseudopods shorten and thin out. The 24 h scabertopin treatment induces cell cycle arrest
(B) and death (C) in J82 cells in a concentration-dependent manner (the black arrowheads in Figure 3B
indicate the values of the peaks). The live/death cell assay shows scabertopin inhibits the viability
of J82 cells after 24 and 48 h of treatment (D), and this effect can be reduced by NAC treatment (E,F).
The expression levels of the apoptosis-related proteins caspase-9, caspase-8, caspase-3, Bax, and Bcl-2
in J82 cells do not significantly change after 24 h of scabertopin treatment. (G). Scabertopin does not
significantly alter the expression of the ferroptosis- and pyroptosis-related proteins GPX4 and GSDMD,
respectively, in J82 cells after 24 h treatment. A total of 5 μM of NAC was used in the experiments,
* means nonspecific bands. Data represent the mean ± s.e.m. of the three independent experiments.
* p < 0.05; ** p < 0.01; *** p < 0.001, ns: no significance vs. 0 μM scabertopin-treated group. The grayscale
values are normalized to GAPDH. Bax: Bcl-2-associated X; Bcl-2: B cell lymphoma-2; GPX4: glutathione
peroxidase 4; GSDMD: Gasdermin-D; NAC: N-acetylcysteine; PE-A: phycoerythrin area; PerCP-Cy5-5-A:
Peridinin-Chlorophyll-Protein Complex-Cyanine5.5 area; SA: scabertopin.
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Figure 4. Scabertopin-treated J82 cells undergo necroptosis, which can be rescued by NAC. (A) TEM
images are shown for the control group (CON) and the J82 cells treated with 10 μM of scabertopin
(SA) for 24 h. The image on the right is an enlarged image of the left image, and the red arrow
points to the perforation on the cell membrane during necroptosis; at least three independent samples
were observed in each group. (B) Scabertopin can significantly increase the phosphorylation of the
necroptosis-related proteins RIP1, RIP3, and MLKL (n = 3) after 24 h of treatment; (C) Scabertopin-
induced phosphorylation of RIP1, RIP3, and MLKL can be reversed by NAC in the group treated with
10 μM of scabertopin for 24 h. A total of 5 μM of NAC was used in the experiments. The grayscale
values are normalized to GAPDH. Data represent the mean ± s.e.m. of the three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significance vs. 0 μM scabertopin-treated
group. MLKL: mixed lineage kinase like; NAC: N-acetylcysteine; p-: phosphorylated; RIP1: receptor-
interacting protein.
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Figure 5. Scabertopin treatment inhibits the migratory and invasive ability of J82 cells by inhibiting the
FAK/PI3K/Akt/MMP-9 signaling pathway, which can be rescued by NAC. Scabertopin significantly
inhibits the migration ability (difference in area reduction between red lines) (n = 3) (A) and invasion
of (n = 5) (B) of J82 cells treated with gradient concentrations of scabertopin for 24 h. (C) Phospho-
FAK, phospho-PI3K, phospho-Akt, and MMP-9 expression levels significantly decrease in J82 cells
after 24 h of scabertopin treatment. (D) Scabertopin-induced phosphorylation of p-FAK, p-PI3K,
p-Akt, and MMP-9 expression can be reversed by NAC. A total of 5 μM of NAC was used in the
experiments. The grayscale values are normalized to GAPDH. Data are presented as the mean ± s.e.m.
of the three independent experiments (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, ns: no significance
vs. 0 μM scabertopin-treated group. AKT: Akt-protein kinase B; CON: control group; FAK: focal
adhesion kinase; MMP-9: matrix metalloprotease-9; NAC: N-acetylcysteine; p-: phosphorylated;
PI3K: phosphoinositide 3-kinase; SA: scabertopin.

4. Discussion

Despite extensive advances in the treatment of bladder cancer, it remains one of the
most recurring and life-threatening tumors. Natural herbs are an important source of
potential anticancer compounds in the field of drug discovery and development [33]. Natu-
ral compounds themselves contain unique structurally diverse molecules with multiple
targets, making them ideal candidates for drug discovery and development.

Scabertopin, a sesquiterpene compound extracted from E. scaber L, has attracted inter-
est because of its promising antitumor effects. In the present study, the anti-proliferative
ability of scabertopin against various bladder cancer cell lines and human ureteral ep-
ithelial immortalized cells (SV-HUC-1) was assessed using the CCK-8 assay. Our results
showed that scabertopin significantly inhibited the viability of bladder cancer cells in a
dose-dependent manner but had a weak effect on the viability of noncancerous SV-HUC-1
cells. The above results suggested that scabertopin may be a potentially useful agent for
bladder tumor treatment. In addition, we also found that J82 cells treated with scabertopin
displayed a decrease in ΔΨ and an increase in superoxide anion production. ROS are a dif-
ferent class of molecular oxygen derivatives produced during normal aerobic metabolism.
They include peroxides, superoxides, singlet oxygen, and free radicals. ROS levels are
higher in different types of cancer cells than in normal cells. However, further elevation
of ROS levels increases the susceptibility of cancer cells to oxidative stress-induced cell
death [34,35]. Natural active ingredients and their derivatives are one of the main sources
of antitumor drugs [7], and studies have shown that natural products can exert antitumor
effects by increasing ROS levels. For example, isoalantolactone induces the elevation of
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ROS levels in human pancreatic ductal epithelial carcinoma PANC-1 cells, arrests these cells
in the S phase, thereby inhibiting cell proliferation and inducing apoptosis [36]. We used
flow cytometry to detect the effect of scabertopin on the cell cycle of J82 cells. Our results
demonstrated that scabertopin could induce cell cycle arrest at the S and G2/M phases in a
concentration-dependent manner. In addition, ROS can act as signaling molecules and play
a key role in the drug-induced inhibition of tumor invasion and metastasis. In the present
study, we likewise observed that scabertopin significantly inhibited cell migration and
invasive ability. Cell migration and invasion are key phenotypes that affect the metastasis
of tumors. FAK is a cytoplasmic nonreceptor protein tyrosine kinase, a member of the
adhesion patch complex family, and an important regulator that mediates cell adhesion
to the extracellular matrix (ECM) [37]. The upregulation and hyperphosphorylation of
FAK expression have been shown to increase the invasive capacity of several malignancies,
including gastric and breast cancers, whereas the inhibition of FAK activity significantly
reduces the migration capacity of breast cancer cells [38]. Tyr397 is the major phospho-
rylation site of FAK and phosphorylation of FAK leads to tumor metastasis and disease
progression by promoting migration and invasion [39]. We found that scabertopin could
inhibit the expression of MMP-9 in J82 cells by inhibiting the FAK/PI3K/Akt signaling
pathway, and the inhibition could be rescued by NAC. MMP-9 is a member of the MMP
family and a key enzyme necessary for the degradation of the ECM. The ECM is the first
barrier that restricts tumor cells from undergoing migration. Activated MMP-9 can degrade
the ECM and basement membrane components, allowing tumor cells to break through
the primary site and become invasive and metastatic [40]. Therefore, we propose that
scabertopin inhibits the pathway of FAK/PI3K/Akt/MMP-9 axis, which in turn inhibits
cell migration and invasion.

In the present study, we found that scabertopin could induce the production and
accumulation of ROS in J82 cells, which was identified as superoxide anion-dominated
mitochondrial ROS (Figure 2). ROS is one of the important mechanisms that cause ferrop-
tosis in cells, and the level of intracellular ROS accumulation is often positively correlated
with the severity of ferroptosis [41]. However, in this study, although we found an in-
crease in ROS, there was no difference in the expression of ferroptosis-related molecules
(Figure 3). This phenomenon may be related to the type of ROS. They can cause cell death
by damaging DNA, RNA, and lipid molecules [42]. During ferroptosis, the accumulation
of lipid peroxides, especially phospholipid peroxides, is considered to be a landmark
event of ferroptosis and also a prerequisite for ferroptosis [43]. Accordingly, some schol-
ars refer to lipid peroxides that can specifically cause ferroptosis, such as arachidonoyl
(AA)-phosphatidylethanolamine (PE) and adrenoyl (AdA)-PE, as ferroptosis-specific lipid
peroxidation [44]. However, this is not rigid, because hydrogen peroxide in the pres-
ence of iron ions can be converted into hydroxyl radicals through the Fenton reaction,
which in turn oxidizes lipids to form lipid peroxides [45]. While levels of iron, iron-
containing proteins [46], and lipid peroxides [47] also promote necroptosis, GPX4 can
prevent RIP3-dependent necroptosis in erythroid precursor cells by avoiding lipidic ROS
accumulation [48]. Another major difference between ferroptosis and necroptosis is that
the cellular morphology of ferroptosis is very unique. Unlike apoptosis or necroptosis,
the morphological features of ferroptosis are mainly changes in mitochondrial structure
without the shrinkage, rupture, and perforation of the plasma membrane [32]. In tumor
cells, the original level of ROS is higher than that of ordinary cells, but abnormally high
levels of ROS can also induce different forms of cell death [49]. The occurrence of necropto-
sis is closely related to the overproduction of ROS [44]. Although the mechanism of ROS
in necroptosis is not fully understood, there is a lot of evidence that ROS play a crucial
role in many drugs-induced necroptosis [50,51], which is accompanied by mitochondrial
injury and decreased expression of MMPs [52]. The key molecules in necroptosis, RIP1
and RIP3, are most closely related to mitochondrial ROS. For example, mitochondrial ROS
can mediate the autophosphorylation of RIP1, which subsequently induces necroptosis
by recruiting and promoting the phosphorylation of RIP3, suggesting that mitochondrial
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ROS are the initiators of necroptosis [28]. On the other hand, it has been observed in
hepatic stellate cells that the activation of RIP1/RIP3 not only promotes necroptosis, but
also increases ROS production via a positive feedback loop [22]. Mediating necroptosis
by drug-induced ROS has emerged as a potential approach for tumor therapy because
the occurrence of necroptosis not only bypasses apoptosis [53,54], but also causes death in
apoptosis-resistant cancer cells. Second, this mechanism of necroptosis induced by ROS
can occur in most common cancers. This is consistent with the phenomena we observed,
such as membrane perforation and mitochondrial shrinkage, in the scabertopin-treated J82
cells using TEM. Flow cytometry showed that the treatment of scabertopin could increase
the number of late apoptotic, necrotic, and dead J82 cells in the Q2 region. However, the
expression of apoptosis-related caspase protein, Bcl-2, and Bax displayed no significant
difference, which was the same as for ferroptosis. However, necroptosis-related phospho-
RIP1, phospho-RIP3, and phospho-MLKL were significantly upregulated by scabertopin
treatment and could be inhibited by NAC. Therefore, we believe that scabertopin can pro-
mote the increase of mitochondrial ROS by causing a decrease in mitochondrial membrane
potential, thereby stimulating the phosphorylation and activation of RIP1/RIP3/MLKL
and, finally, triggering necroptosis (Figure 6).

Figure 6. Mechanism of scabertopine inhibiting invasion and promoting necroptosis in human
bladder cancer J82 cells. Scabertopin can reduce mitochondrial membrane potential and stimulate
mitochondrial ROS production, thereby activating RIP1/RIP3/MLKL phosphorylation, mediating J82
cell necroptosis, and inhibiting the FAK/PI3K/Akt/MMP-9 signaling pathway. This in turn inhibits
the migration and invasive potential of J82 cells. Akt: Akt-protein kinase B; FAK: focal adhesion
kinase; MLKL: mixed lineage kinase like; MMP-9: matrix metalloprotease 9; NAC: N-acetylcysteine;
PI3K: phosphoinositide 3-kinase; p-: phosphorylated; RIP: receptor-interacting protein.

In fact, previous studies have reported the phenomenon of sesquiterpenoid-induced
ROS increase. For example, Verma et al. found that isodeoxyelephantopin and deoxyele-
phantopin can inhibit the activation of NF-κB by inducing the production of ROS and
inhibit the growth of breast cancer [55]. Xanthatin, a sesquiterpenoid derived from Xan-
thium strumarium L, may induce the elevation of ROS, mitochondrial injury, and apoptosis
in non-small cell lung cancer (NSCLC) [56]. The ability of sesquiterpenes to induce ROS
generation may stem from the fact that they both have α-methylene-γ-lactone and [57]
a cyclopentenone ring-like structure (butenolide in scabertopin) (Figure 1A) [58]. The
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most direct mechanism of sesquiterpenoid-induced ROS elevation may be related to its
ability to change the mitochondrial ΔΨ [59]. In fact, there are a variety of ROS inducers
that directly act on the mitochondrial voltage-dependent anion channel, resulting in a
change in ΔΨ, a decrease in glycolysis, and an increase in ROS [60,61]. From this, we
speculate that these unique structures of sesquiterpenes, namely α-methylene-γ-lactone
and cyclopentenone ring-like structures, may affect the changes in mitochondrial ΔΨ and
cause the increase in ROS. Scabertopin not only has the capacity to trigger this mechanism
owing to its unique structure but also meets the rules of five in terms of pharmacokinetics.
Since the molecular weight (MW) of SA is 358.4 Da, the logarithm of lipid water parti-
tion coefficient (LogP) is 2.6, the hydrogen bond donor count is 0, the hydrogen bond
acceptor count is 6, and the rotatable bond count is 3 [62]. These characteristics of SA well
meet the Lipinski rules, which requires the MW to be less than 500 Da, the LogP to be
between −2 and 5, the hydrogen bond donor count to be less than 5, and the count of
hydrogen bond acceptor and the rotatable bond to be less than 10 [63]. In our study, we
found that scabertopin significantly reduced ΔΨ, promoted ROS generation, and increased
intracellular ROS accumulation by depleting GSH in J82 cells. ROS-induced necroptosis is
likely to be associated with decreased GSH [64]. The decrease in GSH, the most important
antioxidant-reduction factor in cells, is the result of ROS-induced GSH oxidation, and ROS
production is further enhanced by depleting GSH [65]. NAC can supplement GSH by
donating cysteine, thereby exerting anti-ROS effect [66]. NAC-treated cells also promote
mitochondrial integrity through multiple mechanisms, maintain mitochondrial function,
and reduce ROS production, thereby protecting cells from necroptosis [67].

However, we did not evaluate the therapeutic efficacy of scabertopin in vivo, and
its pharmacokinetics and pharmacodynamics in vivo remain unclear. Therefore, further
studies are needed to provide additional evidence for the use of scabertopin as a chemother-
apeutic agent or adjuvant in the chemotherapy of bladder cancer.

5. Conclusions

We demonstrate that scabertopin can deplete GSH in bladder cancer cells and cause
ROS elevation and accumulation by reducing ΔΨ. It also inhibits bladder cancer cell
migration and invasion by targeting the FAK/PI3K/Akt/MMP-9 axis. Furthermore, scaber-
topin can mediate necroptosis of bladder cancer cells by activating the RIP1/RIP3/MLKL
pathway through phosphorylation and inhibit the proliferation and viability of bladder
cancer cells. Using the ROS scavenger NAC can not only reduce cell death caused by
scabertopin but also rescue J82 cells from scabertopin-mediated necroptosis and limit their
invasive and migratory ability by inhibiting the phosphorylation activation of the two
abovementioned signaling pathways. In conclusion, our study provides new insights into
the anti-bladder cancer mechanisms of scabertopin, suggesting that scabertopin may be a
potential alternative drug for bladder cancer therapy.
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Simple Summary: We have previously identified deflamin, an oligomeric protein isolated from
the white lupine seeds (Lupinus albus) with anti-MMPs and anti-inflammatory properties. Given
the involvement of MMPs and inflammation in the carcinogenesis process, we aimed to assess
deflamin’s role in cancer development and progression. Using colorectal cancer cell lines and
zebrafish xenotransplant models, we found that deflamin exhibits anti-MMP-2 and anti-MMP-9
activity, being able to reduce tumor size and metastasis formation in vivo. Deflamin was shown
to impair cancer cell migration and invasion, as well as collagen remodeling and angiogenesis in
the tumor microenvironment, highly impacting cancer behavior. Overall, our results unravel the
nutraceutical potential of deflamin in colorectal cancer treatment.

Abstract: Matrix metalloproteinases (MMPs) are proteolytic enzymes that play a crucial role in
tumor microenvironment remodeling, contributing to inflammatory and angiogenic processes, and
ultimately promoting tumor maintenance and progression. Several studies on bioactive polypeptides
isolated from legumes have shown anti-migratory, anti-MMPs, and anti-tumor effects, potentially
constituting novel strategies for both the prevention and progression of cancer. In this work, we inves-
tigated the anti-tumor role of deflamin, a protein oligomer isolated from white lupine seeds (Lupinus
albus) reported to inhibit MMP-9 and cell migration in colorectal cancer (CRC) cell lines. We found
that deflamin exerts an inhibitory effect on tumor growth and metastasis formation, contributing to
increased tumor apoptosis in the xenotransplanted zebrafish larvae model. Furthermore, deflamin
resulted not only in a significant reduction in MMP-2 and MMP-9 activity but also in impaired cancer
cell migration and invasion in vitro. Using the xenograft zebrafish model, we observed that deflamin
inhibits collagen degradation and angiogenesis in the tumor microenvironment in vivo. Overall, our
work reveals the potential of deflamin as an agent against CRC development and progression.

Keywords: deflamin; colorectal cancer; MMP-2; MMP-9

1. Introduction

Colorectal cancer (CRC) is the third most common and the second leading cause of
death by cancer worldwide [1]. As CRC patients die of metastatic disease, prevention of
the development of metastasis is essential to improve cure rates.

To metastasize, a tumor cell has to invade the surrounding tissue, enter the blood-
stream, survive in circulation, and extravasate and colonize the distant organ, a process
that requires multiple interactions between the malignant cell and its microenvironment [2].

Cancers 2022, 14, 6182. https://doi.org/10.3390/cancers14246182 https://www.mdpi.com/journal/cancers
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Matrix metalloproteinases (MMPs) comprise a large family of homologous zinc-dependent
endoproteases, several of which play critical roles in this process, not only by degrading the
extracellular matrix (ECM), allowing tumor dissemination and seeding but also by promot-
ing angiogenesis and inflammation [3]. Therefore, increased MMP expression was detected
in malignant tissues and was correlated with metastatic spread and unfavorable prognosis
in multiple types of cancer [4,5]. Expectedly, MMPs were seen as ideal pharmacological
targets for cancer therapy with preclinical studies of synthetic MMP inhibitors (MMPIs)
holding great promise [6,7]. However, clinical trials developed during the late 1990s and
early 2000s were unsuccessful in showing MMPIs effect in reducing tumor burden or
improving overall survival, in addition to demonstrating severe side effects [8–10]. Further
studies led to the conclusion that some MMPs, such as MMP-8, have anti-tumor effects,
therefore the broad-spectrum of MMPIs was shown to be counter-productive, ultimately
resulting in tumor progression and overall intense toxicity [11]. Thereby, it has now become
apparent that to successfully target MMPs in the setting of cancer therapy, in situ inhibi-
tion of specific MMPs is essential. In particular, inhibition of the gelatinases MMP-2 and
MMP-9 is envisaged, given their involvement in the degradation of the ECM and basement
membrane, but also due to their role in the proteolysis of cell adhesion molecules and other
bioactive proteins. In this context, old drugs and common natural products are now being
explored for their potential to inhibit MMP-2 and MMP-9. Importantly, compounds derived
from foods have been showing encouraging results in this regard, for example, curcumin,
a component of the South Asian spice turmeric, has been shown to decrease MMP-2, -9,
and -14 expression in various cancers, leading to decreased MMP activity and decreased
cancer cell migration and invasion [12–14]. Similarly, antioxidant polyphenols in common
foods, such as trans-resveratrol and quercetin from grapes and wine, as well as oleuropein
and hydroxytyrosol from olive oil have also been shown to decrease the expression and
activity of MMP-9 and decrease cancer cell migration, invasion, and angiogenesis [15–17].
Experimental studies of animal models fed with legume seeds have shown to reduce both
the incidence and the number of colon tumors by 50% [18] and clinical studies have now
started to provide evidence that legume consumption can decrease the risk of CRC [19].
In agreement with these reports, the World Cancer Research Fund/American Institute
for Cancer Research recognized the potential of legume consumption in CRC prevention,
supporting the need for additional research in this area.

We have recently discovered deflamin (patent WO/2018/060528), an oligomeric
polypeptide isolated from the edible seeds of white lupin (Lupinus albus), that reduces
MMP-2 and MMP-9 activity in CRC cell lines, in a dose-dependent manner and with an
IC50 of 10 μg/mL. Being of food origin, and an oligomer of two storage proteins in legume
seeds, deflamin isolated from white lupine was found to be safe for consumption, with-
out impairing gene expression nor exerting cytotoxicity [20–23]. Its gelatinase inhibitory
features suggested that it can be used in pathologies related to enhanced gastrointestinal
MMP-9 activity, namely cancer, and inflammatory diseases. So far, deflamin was only suc-
cessfully tested as a nutraceutical in inflammatory bowel disease models. In mice models
of colitis, it significantly inhibited colonic MMP-9 activities, whilst reducing inflammation
and colitis-induced lesions, when administered orally as a lupin seed extract or as a food
additive to wheat cookies [21,24]. These works showed that deflamin is not only an efficient
MMP-9 and MMP-2 inhibitor, but it also is highly resistant to digestion and not absorbed
by the digestive tract (our unpublished results). These features infer that deflamin holds
the potential to act locally in the intestinal path, bypassing the problem of systemic toxicity
associated with common MMPIs [20–24]. Moreover, since it is water-soluble and rather
effortlessly isolated [20], deflamin can easily become a novel nutraceutical for pathologies
related to aberrant MMP-9 activities, particularly in the digestive system, such as CRC [22].
However, despite its potential against this disease, deflamin has never been tested in more
realistic cancer models. In this context, we sought to explore the nutraceutical anti-tumor
potential of this polypeptide in CRC progression. Not only this is the first report of deflamin
in CRC models, but it also opens a door to novel approaches to tackle this disease.
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2. Materials and Methods

2.1. Cell Lines

The following colorectal carcinoma cell lines were used in this work: HT-29 (ECACC,
no. 91072201), HCT116 (ATCC® CCL-247), and SW480 (ATCC® CCL-228). All cell
lines were cultivated in DMEM media supplemented with 10% (v/v) FBS and 1% peni-
cillin/streptomycin at 37 ◦C and 5% CO2, in a humidified atmosphere. Cells were main-
tained at a low passage and routinely tested for mycoplasma contamination by qPCR. Cell
lines were validated by short tandem repeat (STR) profile.

2.2. Lentiviral Infection

For transduction of HCT116, SW480 and HT29 with tdTomato fluorescent protein,
cells were infected with lentiviral particles containing FUdtTW plasmid. 2 × 105 cells
were seeded in 6-well plates and incubated overnight at 37 ◦C. The next day, a mixture
containing complete growth medium with 5 μg/mL polybrene, and lentiviral particles was
added to the cells. The medium was replaced 24 h after infection and cells were expanded
and then sorted in BD FACSAria III with a 98% purity.

2.3. Deflamin Purification

Deflamin was isolated from mature and dried white lupin seeds (Lupinus albus) as
described previously [20] Briefly, lupin seeds were milled to a fine powder and extracted
using 50 mM of Tris-HCl buffer, pH 7.5 (1:10, w/v). The homogenate was centrifugated
at 12,000× g for 30 min at 4 ◦C. The supernatant was collected, boiled for 10 min, and
centrifugated at 12,000× g for 20 min at 4 ◦C. The supernatant was then made to pH 4.0
and centrifugated at 12,000× g for 20 min at 4 ◦C. The resulting pellet was resuspended
in 40% (v/v) ethanol containing 0.4 M NaCl, and centrifugated at 13,500× g, 30 min,
4 ◦C. The supernatant was made to 90% (v/v) ethanol and left overnight at −20 ◦C. The
following day, the mixture was centrifugated at 13,500× g for 30 min at 4 ◦C and the
pellet, containing isolated deflamin, was resuspended in the smallest possible volume of
milli-Q water. Desalting was performed with PD-10 Columns (GE Healthcare Life Science,
Uppsala, Sweden) according to manufacturer recommendations and the final solution was
collected, frozen at −20 ◦C, and lyophilized. The obtained deflamin reached 98% purity
and the integrity of the protein was detected by polyacrylamide gel electrophoresis and
subsequent Coomassie brilliant blue staining [20]. Deflamin was diluted in PBS for in vitro
and in vivo experiments.

2.4. Cellular Viability Assay

CRC cells were seeded at a density of 1–2 × 104 cells in 96-well plates. A total of
24 h after seeding, cells were treated with 0, 25, 50, or 75 μg/mL of deflamin. Every day,
for 5 consecutive days, 1:10 of AlamarBlue reagent (Invitrogen, Waltham, MA, USA) was
added to each well, and fluorescence was measured 2 h after (excitation 560 nm; emission
590 nm) in Infinite M200 Plate Reader (Tecan).

2.5. Cellular Apoptosis Assay

For apoptosis analysis, cells were seeded at a density of 1–2 × 104 cells in 96-well
plates. 24 h after seeding, cells were treated with 0, 25, 50, or 75 μg/mL of deflamin
for 48 h. The measurement of caspase 3/7 activity was performed using the Apo-ONE®

Homogeneous Caspase-3/7 Assay kit (G7790, Promega, Madison, WI, USA) following
manufacture instructions.

2.6. Zymography

In order to determine the anti-MMP role of deflamin in cancer cells, a zymographic
analysis was performed as previously described [22]. Briefly, 12.5% polyacrylamide-SDS
gels (v/v) were co-polymerized with 1% gelatin (w/v). CRC cell lysates (without and with
deflamin treatment at 20 μg/mL, 40 μg/mL, 80 μg/mL) were treated with a nonreducing
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buffer containing 62.6-mM Tris–HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol and 0.01%
(w/v) bromophenol blue were loaded into each well of the SDS-gel. Electrophoresis was
carried out vertically at 100 V and 20 mA per gel. Subsequently, gels were washed three
times in 2.5% (v/v) Triton X-100 for 90 min each, to remove the SDS and incubated with
a solution of 50-mM Tris–HCl pH 7.4, 5-mM CaCl2, 1-μM ZnCl2, and 0.01% w/v sodium
azide, for 48 h at 37 ◦C. After incubation, gels were stained with Coomassie Brilliant Blue G-
250 0.5% (w/v) in 50% (v/v) methanol and 10% (v/v) acetic acid, for 30 min, and destained
with a solution of 50% (v/v) methanol, 10% (v/v) acetic acid. The gelatin degradation bands
(white bands against a blue background), denoting relative MMP gelatinolytic activity,
were analyzed according to their intensity with UN-SCAN-IT gelTM 6.1 software (Silk
Scientific Corporation, Orem, UT, USA) and the relative values expressed in % of untreated
lysate control.

2.7. Wound Healing Migration Assay

The effect of deflamin on cancer cell migration was analyzed by the wound healing
assay. CRC cell lines were seeded in a 24-well plate at a density of 1 × 105 cells/well and
cultured until a monolayer of ~85% confluence was reached. A central scratch-like gap was
created with a pipette tip and a medium containing increasing concentrations of deflamin
(0, 20, 40, or 80 μg/mL) was added to each well. The migration ability of the cancer cells
was assessed by the capacity to close the “wound” after 48 h of deflamin treatment. The
cell-free area in the well was calculated with the Fiji/ImageJ software, and the relative
values were calculated in percentage of control condition area values.

2.8. 3D Cell Invasion Assay

The 3D invasion assay was performed as previously described [25]. Briefly, for the gen-
eration of spheroids, we combined 1/4 of the final volume of methylcellulose (6 mg/mL),
10% (w/v) FBS, 20 to 40 μg/mL collagen, 1 μg/mL mitomycin in DMEM medium. Five hun-
dred cancer cells were then suspended in 50 μL of this spheroid formation medium and
plated into a non-adherent 384-well plate. Cells were incubated for 24 h to allow the
formation of an individual spheroid per well. The medium was then replaced by 50 μL of
collagen matrix composed of two parts of collagen (3 mg/mL), 15% (w/v) FBS, 1 μg/mL
mitomycin, 2% (w/v) NaOH (1 M) and DMEM. Deflamin, at a concentration of 50 μg/mL
and 100 μg/mL, was added to the treated cells. After 1 h incubation, imaging of the
spheroids was performed by fluorescence microscopy in a Zeiss LSM710 confocal micro-
scope. This time point was accounted as 0 h. The next images were taken at the time points
of 24, 48, and 72 h. Images were analyzed using the FIJI/ImageJ software. Invasive cells
were counted between the inner perimeter (spheroid external border at 0 h) and the outer
perimeter (the furthest invasive cell at each time point).

2.9. Cell Labeling

CRC cell lines at 70% confluence were stained with lipophilic dye Vybrant™ DiI cell
labeling solution (V22885 from Invitrogen) at 4 μL/mL in PBS 1X for 10 min at 37 ◦C.

2.10. In Vivo Zebrafish Xenograft Model

Wild-type and transgenic Tg(kdrl:EGFP) zebrafish (Danio rerio) [26] embryos were
provided by the zebrafish facility of Instituto de Medicina Molecular (iMM). For husbandry,
adult zebrafish were maintained at 28.5 ◦C in a 10/14 h dark-light cycle, according to
standard protocols of the European Animal Welfare Legislation, Directive 2010/63/EU
(European Commission, 2016), following the Federation of European Laboratory Animal
Science Associations (FELASA) guidelines and recommendations. All procedures in this
study were performed in early life forms of zebrafish development, with embryos up
to 120 h post-fertilization (hpf), that do not yet show the ability to feed themselves and
are, therefore, considered unprotected under the European Animal Welfare Legislation,
Directive 2010/63/EU (European Commission, 2016).
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For zebrafish injection, HCT116 cells expressing dTomato fluorescent protein or la-
beled with DiI were used as indicated. 2.5 × 105 cells/mL (approximately 800 cells per
injection) were microinjected into the perivitelline space (PVS) of 48 hpf larvae previously
anesthetized with tricaine 1.5% (w/v; Pharmaq), as described before [27]. Microinjections
were performed under a stereo microscope (Leica S8 APO) using borosilicate glass mi-
crocapillaries attached to a microinjector (World Precision Instruments, Pneumatic Pico
pump PV820) coupled with a micromanipulator (Narishige MN-153). At 24 h post-injection,
successfully injected xenografts were treated with 100 μg/mL deflamin in E3 medium or
E3 with PBS (controls) and incubated at 34 ◦C. The medium was replaced daily for three
days. After this period, animals were fixed in 4% (w/v) paraformaldehyde overnight and
stored at −20 ◦C in 100% (v/v) methanol.

2.11. Immunofluorescence

Frozen xenografts were re-hydrated in methanol series (75% > 50% > 25%) and then
permeabilized in acetone at −20 ◦C. Xenografts were then washed in a buffer containing
1x PBS, 0.5% (v/v) Tween 20, 0.5% TritonX-100, and 100 mM glycine for 1 h at room tempera-
ture (RT), followed by blocking in 1x PBS, 1% w/v BSA, 1% v/v DMSO, 1% v/v TritonX-100
and 1.5% w/v FBS, for 1 h at RT. Next, xenografts were incubated with primary antibodies:
rabbit monoclonal anti-cleaved caspase-3 (Asp175) (1:100, #9661 from Cell Signaling); and
mouse monoclonal anti-GFP (1:100, #11814460001 from Roche) for 1 h at RT and overnight
at 4 ◦C. The following day, secondary antibody incubation with goat Anti-rabbit IgG H&L
Alexa Fluor® 488 (1:400, #A-11008 from Invitrogen) and 50μg/mL DAPI was performed
for 1 h at RT and then overnight at 4 ◦C. Xenografts were mounted with Vectashield®

mounting media between two coverslips and stored at 4 ◦C for subsequent analysis.
Xenografts were imaged in a confocal microscope Zeiss LSM 710 with a Z-stack interval

of 5 μm. Images were analyzed in FIJI/ImageJ software using the plugin cell counter. For
tumor size calculation, three representative slices of the tumor from the top (Zfirst), the
middle (Zmidle), and the bottom (Zlast) were analyzed and the number of cells calculated
as the sum of cells in Zfirst, Zmidle, Zlast/total number of Z stacks × 1.5. The 1.5 correction
number was estimated for these CRC cells that have nuclei with an average of 10–12 μm of
diameter. The number of mitotic figures and activated caspase-3 were counted in every
slice of the tumor (from Zfirst to Zlast) and the percentage was obtained by dividing the
value by the total number of cells in tumor size.

Metastasis was counted in the caudal hematopoietic tissue and in the gills of ze-
brafish larvae.

For the analysis of angiogenesis, all images were obtained with a 7 μm interval Z-stack
and two parameters were measured: vessel density (VD) and vessel infiltration (VI). Vessel
density and vessel infiltration were assessed through Z-projections of corresponding images
using the ImageJ Z-Projection tool and the area of eGFP fluorescent signal per tumor was
quantified. To analyze the vessel infiltration, the superficial slices of the images were not
considered (about 20% of total stacks).

VD =
eGFP area

Tumour area
× 100, VI =

eGFP area in tumour core
core of the tumour area

× 100

For degraded collagen analysis, the 5-FAM fluorescence area corresponding to collagen
degradation points per tumor was measured, using Z-projections of corresponding images
with ImageJ Z-projection tool. The value was normalized by the total tumor area.

Degraded collagen =
eGFP area

Tumour area
× 100

2.12. Statistical Analysis

GraphPad Prism 8 software (Dotmatics, San Diego, USA) was used for the statistical
analysis of in vivo experiments. Pared, unpaired t-test and one-way ANOVA were used to
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analyze in vitro and in vivo data, as indicated in figure legends. Results are presented as
average ± standard error of the mean (SEM). The level of statistical significance was set as
non-significant (NS); *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. For all the
statistical analysis p value as a confidence interval of 95%.

3. Results

3.1. Deflamin Exhibits Anti-Tumor Activity in Zebrafish CRC Xenotransplanted Tumors

In previous studies, we found that deflamin had anti-MMP-2 and -MMP-9 activities
in CRC cell line HT-29, as well as anti-inflammatory role in mouse models of induced-
intestinal colitis [21]. Therefore, we sought to investigate deflamin’s role in cancer de-
velopment using the zebrafish larvae CRC xenograft model. This is a well-established
tumorigenesis model that displays several advantages: it is a quick assay with cellular
resolution and allows the evaluation of crucial hallmarks of cancer, such as tumor prolifera-
tion, and metastatic and angiogenic potentials [27]. Therefore, CRC cell line HCT116 was
labeled with a lipophilic dye (DiI) and injected into the periviteline space (PVS) of 48 hpf
zebrafish embryos (Figure 1A). The day after injection (1 dpi), xenotransplanted zebrafish
larvae were either treated with 100 μg/mL deflamin (the highest tolerable dose) or left
untreated. Deflamin was extracted, isolated, purified, and concentrated from dry Lupinus
albus seeds as previously described [20]. E3 medium, containing or not containing deflamin
was refreshed every day for a total of 3 days of treatment. At 4 dpi, animals were fixed
and stained, and analyses of tumor size, apoptosis (activated caspase3), and proliferation
(mitotic figures) were performed by confocal microscopy (Figure 1A). Results showed
that deflamin treated tumors were on average four times smaller than untreated tumors
(Figure 1B,C, *** p < 0.001). Importantly, analysis of cell death suggests that deflamin in-
duces approximately a four-fold increase in apoptosis when compared to untreated tumors
(Figure 1B,D, **** p < 0.0001). Tumor proliferation was not significantly affected by deflamin
treatment (Figure 1B,E).

Moreover, this zebrafish xenograft model provides the opportunity to analyze metas-
tasis formation given that at 4 dpi human fluorescently labeled tumor cells can be found
in distant sites such as the brain, optic cup, gills, and caudal hematopoietic tissue (CHT).
To assess the value of deflamin in metastasis formation, the number of xenografted ze-
brafish with micrometastasis was assessed. Results revealed that under deflamin treatment,
HCT116 tumors had a reduced capacity to colonize secondary tissues (about 40% reduction
in micrometastasis formation, Figure 1F,G).

Taken together, these results indicate that deflamin has an anti-tumor and anti-
metastatic role in CRC development, suggesting important applications for cancer therapy.

3.2. Deflamin Does Not Play a Direct Role in Cancer Cell Proliferation or Apoptosis

To further investigate the mechanism of action of deflamin, we explored the direct
effect of this molecule on cancer cell proliferation and apoptosis in vitro. To accomplish
this, we treated HCT116, HT-29, and SW480 CRC cell lines with increased concentrations of
deflamin (25 μg/mL, 50 μg/mL, and 75 μg/mL) for 5 days. The results showed no effect of
this oligomeric protein on cancer cell proliferation rates, suggesting that deflamin does not
play a direct role in cell cycle regulation (Figure 2A). Moreover, deflamin did not induce
apoptosis of the HCT116, HT-29, and SW480 cells when caspase 3/7 activity was measured
in vitro (Figure 2B), indicating that it does not hold a direct cytotoxic effect on cancer cells
either. To further validate the absence of toxicity of deflamin in live organisms, we treated
72 hpf zebrafish larvae for three days with increased concentrations of deflamin (50 μg/mL
and 100 μg/mL). Figure S1 shows no mortality associated with zebrafish treatments under
the conditions tested.
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Figure 1. Zebrafish xenotransplant model of HCT116 cells exposed to deflamin: (A) Human cancer
cell line HCT116 was fluorescently labeled with DiI (red) and injected into the perivitelline space
(PVS) 2 days post-fertilization (dpf) nacre/casper zebrafish larvae. Zebrafish xenografts were treated
in vivo with deflamin for 72 h and compared with untreated controls regarding tumor size, cell death,
cell proliferation, and metastasis formation; (B) At 4 days post-injection (dpi), zebrafish xenografts
were imaged on PVS by confocal microscopy; (C) Analysis of tumor size (***, p ≤ 0.001); (D) Analysis
of activated caspase 3 (apoptosis, ****, p ≤ 0.0001); (E) Analysis of mitotic figures (proliferative cells,
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(ns); F) Zebrafish xenografts were also imaged over the entire body by confocal microscopy. Repre-
sentative images of HCT116 micrometastasis in gills and caudal hematopoietic tissue (CHT); (G) % of
zebrafish exhibiting metastasis. The number of xenografts analyzed is indicated in the representative
images. In the graphs, each dot represents one zebrafish xenograft. Statistical analysis was performed
as described in the Statistical Analysis section (*, p ≤ 0.05, ***, p ≤ 0.001, ****, p ≤ 0.0001). Scale bars
represent 50 μm. All images are anterior to the left, posterior to the right, dorsal up, and ventral down.

Figure 2. Effect of Deflamin on viability and MMPs of CRC cell lines HCT116, HT-29, and SW480:
(A) Viability of human CRC cell lines when exposed to deflamin; (B) Analysis of cell death by
apoptosis of human CRC cell lines treated with deflamin; (C) Zymographic analysis of the anti-
gelatinases activity of deflamin. Statistical analysis was performed as described in the Statistical
Analysis section (*, p ≤ 0.01; **, p ≤ 0.01, ***, p ≤ 0.001).

Overall, deflamin appears as a safe polypeptide oligomer to be administered in vivo.
Furthermore, these results suggest that the increased apoptosis seen in the zebrafish model,
was not caused by a direct effect of deflamin on cancer cells, but rather an indirect role,
possibly through MMPs inhibition.

3.3. Deflamin Inhibits MMP-2 and MMP-9, Contributing to Impaired Cancer Cell Migration
and Invasion

Although deflamin was not found to have a direct effect on cancer cell viability,
gelatinases MMP-2 and MMP-9 are known to be critical for the ability of cancer cells to
migrate and invade since they act not only on the degradation of the ECM (contributing to
the rearrangement of the matrix and release of growth factors) but also on the degradation
of cell–cell and cell–matrix adhesion molecules [3]. Zymographic analysis of MMPs from
HCT116, HT-29, and SW480 CRC cell lines showed that deflamin exerts an inhibitory role on
the activity of both MMP-2 and MMP-9 in all cell lines tested, displaying the greatest effect
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on SW480 cell line (a reduction of about 75% of MMPs activity at a deflamin concentration
of 80 μg/mL, *** p < 0.001, Figure 2C). Therefore, we investigated the effect of deflamin
on cancer cell migration using the wound healing in vitro assay (Figure 3A). Migration of
cancer cells was shown to be impaired by the addition of deflamin to all cell lines tested,
with the SW480 cell line showing the highest inhibition of cellular migration (about 77%
reduction in migration at 80 μg/mL of deflamin concentration upon 72 h of treatment,
** p < 0.01, Figure 3A). We further tested the role of deflamin on cancer cell invasion using
a 3D matrix of collagen (Figure 3B). MMP-2 and MMP-9 degrade collagen types III and
I, respectively, being both able to cleave collagen types IV and V [28]. Therefore, analysis
of 3D spheroids of the same cell lines showed a dose-dependent inhibition of invasion of
3D spheroids on a collagen matrix, being once more SW480 the cell line with the highest
inhibition of invasive cells (reduction of about 40% invasiveness after 72 h of exposure to
deflamin, *** p < 0.001, Figure 3B).

Overall, these results indicate that deflamin exerts an inhibitory effect on the activity
of both MMP-2 and -9, as well as on cancer cell migration and invasion, with important
implications for cancer development and progression.

3.4. Deflamin Inhibits Collagen Degradation and Angiogenesis In Vivo

For a tumor to continue to grow and start migrating/invading, two processes need
to occur: (1) elimination of the physical barriers by ECM degradation; (2) generation of
pro-angiogenic factors to allow the formation of new blood vessels. MMP-2 and MMP-9
are particularly important for both these processes since they increase the bioavailability of
important factors such as vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF) and transforming growth factor β (TGF-β) by degrading ECM components
such as collagen type IV and perlecan [29]. Thus, we investigated the role of deflamin
in both of these processes through analysis of the extracellular collagen degradation and
tumor angiogenesis in the zebrafish xenotransplant model. For that, HCT116 cells were
stably transduced with a fluorescent dtTomato expressing vector and xenotransplanted into
the PVS of wild type AB and Tg(kdrl:EGFP) zebrafish larvae (Figure 4A). For the analysis
of collagen degradation in vivo, we used the collagen hybridizing peptide (CHP) which is
a 5-FAM conjugated synthetic peptide that specifically binds to denatured collagen strands
through hydrogen bonding (Figure 4B). CHP is an extremely specific probe for unfolded
collagen molecules, while showing negligible affinity for intact collagen molecules due
to a lack of binding sites [30]. In order to investigate blood vessel formation in the tumor
area, the zebrafish Tg(kdrl: EGFP) model, which has the vessels labeled with GFP, was
used [31] (Figure 4C). Using these models, our results show an inhibitory role of deflamin
on collagen degradation when compared to control tumors in vivo (about 85% reduction
in collagen degraded area, * p < 0.05, Figure 4D). Furthermore, analysis of tumor blood
vessel formation showed about an 80% reduction in infiltrating vessels per tumor area
(*** p < 0.001, Figure 4F).

Overall, our results indicate that, by inhibiting MMP-2 and -9 functions, deflamin im-
pairs ECM remodeling through inhibition of collagen degradation and tumor angiogenesis,
important processes for cancer progression, rather than having a direct action on cancer
cell proliferation and apoptosis.
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Figure 3. Migration and invasion of CRC cell lines HCT116, HT-29, and SW480 upon treatment with
deflamin: (A) Analysis of migration by the wound healing assay of human CRC cell lines HCT116,
HT-29 and SW480 treated with deflamin for 48 h and its corresponding quantification (%) (n = 3).
(B) 3D spheroid invasion assay of human CRC cell lines HCT116, HT-29, and SW480 treated with
deflamin and the corresponding quantification (number of absolute invasive cells). The number of
spheroids analyzed is indicated in the graphs. Statistical analysis was performed as described in the
Statistical Analysis section (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).
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AA. 

Figure 4. Cancer microenvironment analysis of HCT116 zebrafish xenotransplants: (A) Human
cancer cell line HCT116 was stably transduced with FUdtTW plasmid (tdTomato expression marker)
and injected into the perivitelline space (PVS) of 2 days post-fertilization (dpf) nacre/casper zebrafish
larvae. Zebrafish xenografts were treated in vivo with deflamin for 72 h and compared with
untreated controls regarding collagen degradation and vessel density; (B,C) At 4 days post-injection
(dpi), zebrafish xenografts were imaged on PVS by confocal microscopy; (D) Quantification of
degraded collagen area by analysis of CHP staining (5-FAM stained area); (E) Total vessel density
analysis by EGFP marker; (F) Tumor vessel infiltration analysis by EGFP marker. The number of
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xenografts analyzed is indicated in the representative images. In the graphs, each dot represents one
zebrafish xenograft. Statistical analysis was performed as described in the Statistical Analysis section
(*, p ≤ 0.05; ***, p ≤ 0.001). Scale bars represent 50 μm. All images are anterior to the left, posterior to
the right, dorsal up, and ventral down.

4. Discussion

Over the past decade, cancer pharmaceutics has been facing the challenge of maxi-
mizing the effectiveness and specificity of treatments, as well as minimizing the toxicity
and resistance of therapeutic regimens. The increase in MMPs activity detected in a wide
range of cancers has been taken as evidence for their implication in the cancer invasive
and metastatic potential, therefore marking MMPs as important targets for both diagnostic
and therapeutic purposes [5]. This feature has been well demonstrated in several works,
comprising selective inhibition and MMP-9-deficient mice, all of which pointed to MMP-9
as an important target of neoplastic diseases [32]. Indeed, in recent years a substantial
amount of research has been made, attempting to develop synthetic, low-molecular-weight
inhibitors of MMPs (MMPIs) for the potential treatment of diseases in which they play a
major role. However, technical difficulties, side effects, and dose-dependent toxicity have
greatly limited the success of these anti-MMP drugs [8–11]. Nevertheless, interesting results
have been obtained with natural compounds with anti-inflammatory and anti-tumoral
activity. Currently, studies on molecules of natural origin have shown promise in inhibiting
MMPs, especially MMP-9, in inflammatory and oncogenic pathological processes [12–17].
Deflamin is a natural food component extracted from white lupine seeds (Lupinus albus) that
shows anti-MMP-2 and MMP-9, as well as anti-inflammatory activities [20–23]. Importantly,
deflamin has the advantage of being a water-soluble molecule easily extracted and isolated
in vitro, that shows resistance to boiling and to digestive enzymatic reactions and has the
potential to act locally in the intestinal system (without being absorbed into circulation),
likely bypassing the problem of systemic toxicity associated with common MMPIs [20–23].
In this sense, this work aimed to explore deflamin therapeutic potential, using 3D cellular
systems and zebrafish larvae models. Even though drug pharmacodynamics in zebrafish
may differ from mammals, many compounds have been shown to block disease in a similar
way in both organisms [33]. Therefore, this work corroborated that deflamin does not hold
a cytotoxic effect on the CRC cell lines and zebrafish embryos, providing evidence for its
safety as a potential therapeutic strategy. Moreover, deflamin showed inhibitory activity
of the invasive process both in cellular systems and in zebrafish cancer models. Impor-
tantly, deflamin was effective in inhibiting MMP-2, MMP-9, and general ECM remodeling,
favoring spatial constraints of tumor growth/progression and limited nutrient/oxygen
supply, due to decreased angiogenesis. In agreement with this work, our previous studies
have suggested that deflamin’s mode of action involves direct inhibition of MMP-9 and
-2, due to its biochemical features [21]. Hence, rather than inhibiting any of the regular
pathways of MMP activation or expression, deflamin reduces gelatinase activity, without
inducing direct alterations in the cell cycle or in gene expression. However, by limiting
ECM remodeling, deflamin prevents the angiogenic process, as well as the degradation
of the physical barriers necessary for tumor growth. In this context, physical constraint
renders tumors unable to proliferate and metastasize, finishing by becoming apoptotic.
Thus, by reducing gelatinase activities in situ, deflamin provides a simple manner to restrict
the tumor and render it unable to progress.

Although the present work has some limitations as the zebrafish model is limited in
terms of its similarity to mammal models, our results, paired with our previous findings
on deflamin, bring a novel view on the use of MMP-2 and -9 inhibitors in cancer models.
Indeed, despite MMP-9 being known for decades as an attractive target for anticancer
therapies, the development of effective and safe MMP9 inhibitors as anticancer drugs
has been shown to be extremely difficult. Recently, therapies have been aiming at more
specificity through blocking antibodies that selectively inactivate MMP9, and these are
currently in clinical trials [34]. It seems however that the feature of being able to reduce
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gelatinolytic activity directly and in situ by a food component such as deflamin might be a
similar and simpler approach for tackling cancer disease via MMP inhibition.

Overall, although MMP9 has been well established as an important target in anticancer
treatments, there is still a need for selective, safe, and effective MMP-9 inhibitors. This is the
first report on an effective food protein gelatinase inhibitor that reduces cancer development
via a constriction of the tumor’s 3D space distribution. Added to the fact that it is of food
origin and easy to isolate, this work revealed the nutritional potential of deflamin as a
co-adjuvant therapeutic agent in the treatment of CRC, as a nontoxic dietary supplement.
Further work using more complex animal models of cancer and pre-clinical trials will, with
no doubt, bring novel insights into the effectiveness of deflamin against CRC.

5. Conclusions

The work presented here demonstrated that deflamin was able to impair CRC angio-
genesis and tumor microenvironment remodeling, via gelatinase inhibition, which led to
a constriction and limitation of the tumor’s spatial distribution and nutrient and oxygen
supply. This type of mechanism seems to be a good depiction of what a specific MMP
inhibitor should attain by reducing gelatinase activity, angiogenesis is efficiently impaired
limiting tumor growth and inducing cancer cell apoptosis.

Our results suggest that being a natural compound, non-toxic, and resistant to diges-
tion, deflamin holds the potential to be a novel nutraceutical, adjuvant or even a functional
food to be used in treating and preventing CRC via a specific, in situ, gelatinase inhibition.
Further studies of the use of this oligomeric protein are needed to assess its clinical and
commercial value, but it seems plausible to infer that using this type of gelatinase inhibition
could be a novel and effective approach to tackling gastrointestinal cancer disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14246182/s1, Figure S1: Zebrafish lethality curves of the acute
toxicity assay. At 72 hpf zebrafish embryos were exposed to increased concentrations of deflamin
(n = 20) and mortality was evaluated during 72 h of treatment.
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Abstract: Natural products play an important role in drug development and lead compound synthesis.
Neocryptolepine is a polycyclic quinoline compound isolated from Cryptolepis sanguinolent. The
cytotoxicity of neocryptolepine to gastric cancer cells AGS, MKN45, HGC27, and SGC7901 was not
very strong, and it also had certain toxicity to gastric mucosa cells GES-1. Therefore, a series of
neocryptolepine derivatives were synthesized by the modification of the structure of neocryptolepine,
and their cytotoxicity was evaluated. The results showed that compounds C5 and C8 exhibited strong
cytotoxicity to AGS cells. The cell colony formation and cell migration experiments suggested that
compounds C5 and C8 could inhibit the proliferation and cell migration of AGS and HGC27 cells.
Cell cycle and apoptosis experiments showed that compounds C5 and C8 did not cause the apoptosis
of AGS and HGC27 cells but, mainly, caused cell necrosis. Compound C5 had no significant effect
on AGS and HGC27 cell cycles at low concentration. After treatment with AGS cells for 24 h at
high concentration, compound C5 could significantly arrest the AGS cell cycle in the G2/M phase.
Compound C8 had no significant effect on the AGS and HGC27 cell cycles. The results of molecular
docking and Western blot showed that compounds C5 and C8 might induce cytotoxicity through the
PI3K/AKT signaling pathway. Therefore, compounds C5 and C8 may be promising lead compounds
for the treatment of gastric cancer.

Keywords: neocryptolepine derivatives; AKT; AGS cell; HGC27 cell; PI3K/AKT signaling pathway

1. Introduction

Cancer is the second leading cause of human death after cardiovascular disease, and
cancer of the digestive system accounts for about 50% of all cancers [1]. According to the
global cancer statistics in 2018, gastric cancer is the most common cancer of digestive
system tumors, with about 1.03 million new cases of gastric cancer worldwide, ranking
fifth in the incidence of malignant tumors and becoming the third leading cause of can-
cer death [2]. The five-year survival rate of gastric cancer is less than 25%, and we are
often powerless for patients with advanced gastric cancer [3,4]. The methods of cancer
treatment mainly include radiotherapy, chemotherapy, surgery, and gene therapy, but
chemotherapy is a necessary means to treat solid tumors at present. Compared with other
cancer treatments, oral chemotherapy drugs have the advantages of low cost and strong
patient compliance. However, chemical drugs have large side effects, and drug resistance is
difficult to solve [5,6]. Therefore, in order to overcome these obstacles, it is very necessary
to develop new and less toxic chemical drugs to treat gastric cancer.

Among natural products, alkaloids are one of the main natural products. Alkaloids
were discovered and used as early as 4000 years ago, and alkaloids and their derivatives
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have been used as drug sources to treat various diseases around the world, including the
development of anticancer drugs [7]. Traditional alkaloids extracted from plants have
played a huge role in the past [8], and more than 5000 alkaloids have been reported since
the discovery of the first alkaloid, morphine, in 1805 [9]. A large number of studies have
also shown that alkaloids performed excellent cytotoxicity to different cancers, including
human melanoma, breast cancer, pancreatic cancer, colorectal cancer, oral cancer, liver
cancer, and gastric cancer [10–15]. Cryptolepis sanguinolenta is a vine that grows in some
African countries, and the roots of this plant have proven to be a rich source of indoline-
quinoline alkaloids [16]. In recent years, neocryptolepine, a promising natural quinoline
indole alkaloid, has attracted much attention. Some neocryptolepine derivatives have
strong cytotoxicity to leukemia cells MV4-11, with an IC50 of 42 nM and also to lung
cancer cells with an IC50 of 197 nM [17]. Neocryptolepine and its derivatives have a wide
range of biological activities, and compounds containing this ring system have antifungal,
antibacterial, antiviral, and cytotoxic activity [18–21]. In fact, indolequinoline alkaloids
have good anticancer activities, and semi-synthetic analogues of these neocryptolepine can
be prepared, which have shown great potential effects of cytotoxic agents [22]. Therefore,
indolequinoline alkaloids are considered as a promising framework for drug development
and can be further developed as effective anticancer drugs [8,22].

Due to the complex structure of natural products, different chemical components
have different anticancer mechanisms [23]. Studies have shown that some alkaloids can
induce apoptosis and cell cycle arrest [24]. The activation of cancer signaling pathways
is common in the occurrence of cancer [25]. Multiple signaling pathways are involved
in the occurrence of gastric cancer [26]. Phosphatidylinositol 3-kinase (PI3K)/protein ki-
nase B (AKT) is an important signaling pathway in cells. When the PI3K/AKT signaling
pathway is abnormally activated, it may cause the activation of downstream signaling
molecules, thus affecting the development of gastric cancer, lung cancer, and other malig-
nant tumors [27–29]. Studies have shown that the development of gastric cancer is related
to excessive cell proliferation and inhibition of apoptosis, and activation of the PI3K/AKT
cell signaling pathway often prevents programmed cell death [30]. The PI3K/AKT cell
signaling pathway plays an important role not only in tumor development but also in
tumor therapy, and many new targeted agents are realized by acting on relevant targets of
the PI3K/AKT signaling pathway [31,32].

In the previous studies, in addition to numerous activity tests and mechanistic stud-
ies on the parent structure of neocryptolepine, a great deal of work has been done on the
derivatives with the C11 position substitution of neocryptolepine. Some studies have found
that neocryptolepine derivatives have good antibacterial, anti-proliferative, and antifungal
activities [33–35]. For example, in 2009, Ibrahim El Sayed et al. introduced a long amino-
alkyl chain substitution at the C11 position of neocryptolepine. A series of derivatives were
prepared and further tested for their inhibitory activity against Plasmodium. Among them,
the IC50 of the most active compound was 0.043 μM [36]. In 2012, Li Wang et al. reported
the effects of derivatives obtained by modifying the C11 position with a variety of amino
alkyl chains on the human leukemia MV4-11 cell line in anti-proliferation experiments. The
experimental results showed that most of the derived molecules had good anti-proliferation
activity, but they also had high cytotoxicity [35,37]. Therefore, after performing the cytotox-
icity study of 8-chloroneocryptolepine, the substitution at C11 might be ideal to improve
the inhibitory activity of 8-chloroneocryptolepine on cancer cells.

As a result, we aimed to perform the modification of the C11 position of 8-chloroneocryptolepine,
and a series of neocryptolepine derivatives were synthesized. The cytotoxic effects of
neocryptolepine derivatives on liver cancer SMMC7721 and gastric cancer AGS cells were
evaluated in vitro. The results showed that compounds C5 and C8 exhibited strong cyto-
toxicity against gastric cancer cells and may be promising lead compounds in the treatment
of gastric cancer.
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2. Results and Discussion

2.1. Chemistry

As shown in Scheme 1, in previous work, the structure of neocryptolepine was opti-
mized by structural modification, and 8-chloroneocryptolepine performed good anti-fungal
effects. The active functional group piecing strategy has been widely used in the field
of derivative synthesis and structure optimization of antitumor compounds [24]. More-
over, the introduction of amino long-chain alkanes at the C11 position of neocryptolepine
could improve the cytotoxic effect of the compound [36,37]. Therefore, the cytotoxicity
evaluation of a series of derivatives, by introducing an active functional group to C11 of
8-chloroneocryptolepine, is a promising strategy for the development of a lead compound
with anti-tumor drugs.

 
Scheme 1. Design strategy of target compounds in this study.

The synthesis of neocryptolepine derivatives and intermediates was shown in Scheme 2.
Intermediate I was easily obtained with a yield of more than 80%. Indoles, trichloroacetyl
chloride, and tetrahydrofuran were acylated to obtain intermediate I. Subsequently, in-
termediate II was obtained with the reaction of intermediate I and N-methylaniline, and
the yield was more than 60%. Intermediate III was obtained by the reaction of interme-
diate II with diphenyl ether, and intermediate IV was obtained by the interaction with
phosphorus oxychloride, with a yield of more than 60%. Intermediate IV reacted with the
corresponding alcohol hydroxyl compound in N, N-dimethylformamide (DMF) to obtain
the corresponding compounds A1–A10, and with the corresponding phenylhydrazine com-
pound to obtain compounds B1–B9, with the corresponding amide compound to obtain
compounds C1–C10, D1–D6. The structures of these compounds can be found in Table 1.
It is important to note that the commercially available raw materials were obtained through
the synthesis of intermediates and final products with a good yield. The structures of the
target compounds were confirmed by 1H and 13C NMR and MS.
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Scheme 2. Synthetic route of a series of neocryptolepine derivatives. Reagents and conditions:
(a) trichloroacetyl chloride, pyridine, KOH, 85% (b) N-chlorosucccinimide, 1,4-dimethylpiperazine,
CH2Cl2, 0 ◦C, 2 h; trichloroacetic acid, RT, 2 h, 64%; (c) diphenyl ether, reflux, 1.3 h; (d) POCl3, toluene,
reflux, 6–12 h, 70%; (e) amino derivatives or hydroxyl, DMF; (f) KOH; (g) ethanol, heat.

Table 1. Chemical structures of neocryptolepine derivatives.

 

Compound R Compound R Compound R

A1
 

B3 C6

A2
 

B4 C7

 

A3 B5 C8

 

 

A4

 

 
B6 C9

 

A5

 
B7

 

C10
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Table 1. Cont.

Compound R Compound R Compound R

A6

 

B8

 
D1

A7
 

B9

 
D2

A8 C1
 

D3

A9
 

C2 D4

A10
 

C3

 

 
D5

 

B1 C4 D6
 

B2 C5 E1  

2.2. Cytotoxic Activity In Vitro and Structure-Activity Relationship (SAR)

The cytotoxicity of intermediate IV and neocryptolepine derivatives on gastric cancer
AGS cells and hepatoma SMMC7721 cells was determined by MTT assay. Based on our
results of cytotoxicity, the structure–activity relationship was studied for neocryptolepine
derivatives (as shown in Figure 1). Firstly, the C11 position of 8-chloroneocryptolepine was
substituted with ether groups. However, in Table 2, the results suggest that the IC50 of
compounds A1–A10 was greater than 50 μM for SMMC7721, but some of the compounds
had a strong cytotoxicity on AGS cells. According to the cytotoxicity results, the para-site
substitution of F atom (A4) is better than the meta-site (A3) and ortho-site (A2) substitution,
and the methoxy ortho-site (A5) substitution is more cytotoxic than the meta (A6) and
para-site (A7) substitution, as well as the dimethoxy (A8) substitution, on benzene ring.

 

Figure 1. Structure-activity relationship analysis of neocryptolepine derivatives. Different colours
indicated different substituted functional groups, and different arrows indicated different cytotoxic
activities after functional group substitution.
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Table 2. Antiproliferative activities (IC50, μM) of compounds A1–A10 on SMMC7721 and AGS cells
for 48 h.

Compound
IC50 (μM)

SMMC7721 AGS

A1 >50 >50
A2 >50 14.7 ± 6.7
A3 >50 26.1 ± 0.7
A4 >50 12.6 ± 7.0
A5 >50 8.9 ± 0.6
A6 >50 29.6 ± 5.6
A7 >50 27.8 ± 0.0
A8 >50 >50
A9 >50 9.3 ± 0.6
A10 >50 14.3 ± 4.7

In 2016, Masashi Okada et al. performed an anti-proliferative activity assay on breast
cancer MDA-MB-453 cells, colorectal cancer WiDr Cells, and ovarian cancer SKOv3 cells by
introducing amino long-chain alkanes at the C11 position. The experimental results showed
that the introduction of amino long-chain alkanes at the C11 position was beneficial to the
improvement of anti-proliferative activity [38]. Based on the above structural modification
and cytotoxicity, the C11 position of 8-chloroneocryptolepine was substituted by hydrazine
group to obtain compounds B1–B9. According to the cytotoxicity results in Table 3, the sub-
stitution of hydrazine group (B1–B9) was more cytotoxic than that of ether group (A1–A10).
The results show that, in hydrazine group substitution, the substitution of F or methyl
group increased its activity. Moreover, mono-substituted (B2–B4) F atom on benzene rings
was more cytotoxic than disubstituted (B5) F atoms, and meta-substituted (B3) F atom was
more cytotoxic than para-substituted (B4) F atom. The substitution of ortho (B6) methyl
groups on benzene rings was better than that of meta (B7) and para (B8) groups.

Table 3. Antiproliferative activities (IC50, μM) of compounds B1–B9 on SMMC7721 and AGS cells
for 48 h.

Compound
IC50 (μM)

SMMC7721 AGS

B1 38.7 ± 13.46 4.5 ± 0.6
B2 23.3 ± 1.90 1.5 ± 1.4
B3 14.7 ± 6.24 2.2 ± 0.3
B4 27.1 ± 5.83 3.5 ± 0.7
B5 28.9 ± 7.60 26.5 ± 17.6
B6 15.2 ± 1.23 3.3 ± 1.6
B7 38.3 ± 12.54 7 ± 0.6
B8 >50 (898.4) 9.9 ± 0.0
B9 40.9 ± 9.19 16.4 ± 0.0

Compounds C1–C10 were synthesized by substituting C11 sites with amide groups
through electron iso-arrangement. In Table 4, by comparison and verification of experimen-
tal results, compounds C5 and C8 were found to be more active against AGS cells, and their
possible mechanisms were studied at the cellular level. Moreover, as shown in Table 5, the
cytotoxic effects of compounds C5 and C8 were significantly better than the positive drug
cisplatin and the parent nucleus 8-chloroneocryptolepine. According to the cytotoxicity re-
sults in Table 4, the para-F (C5) atomic substitution of benzene ring was more cytotoxic than
the ortho (C3) and meta-position (C4), and the meta-position (C7) and para-methoxy (C8)
substitution were better than the ortho-substitution (C6). The increase in alkyl side chain
(C9 and C10) showed better cytotoxicity against AGS cells than compounds A1–A10. The
structure–activity relationship of compounds C1–C10 can also be found in Figure 1.
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Table 4. Antiproliferative activities (IC50, μM) of compounds C1–C10 on SMMC7721 and AGS cells
for 48 h.

Compound
IC50 (μM)

SMMC7721 AGS

C1 >50 5.1 ± 0.0
C2 >50 7.3 ± 4.4
C3 >50 >50
C4 >50 4.2 ± 3.1
C5 40.4 ± 18.08 2.9 ± 0.1
C6 >50 >50
C7 151.2 ± 90.86 4.7 ± 0.5
C8 12.2 ± 0.51 4.5 ± 2.5
C9 >50 5.7 ± 1.2
C10 >50 6.4 ± 0.0

Table 5. Antiproliferative activities (IC50, μM) of compounds D1-D6 and E1 on SMMC7721 and AGS
cells for 48 h.

Compound
IC50 (μM)

SMMC7721 AGS

D1 >50 15.0 ± 0.0
D2 >50 3.9 ± 0.0
D3 >50 4.7 ± 0.0
D4 >50 10.4 ± 2.0
D5 >50 >50
D6 >50 >50

Intermediate IV >50 >50
8-chloroneocryptolepine 27.0 ± 0 >50

CIS >50 22.4 ± 3.8

Further evaluation of the cytotoxicity of 8-chloroneocryptolepine on gastric cancer
AGS and liver cancer SMMC7721 cells revealed that its cytotoxicity was not ideal (as shown
in Table 5). Finally, the C11 position of 8-chloroneocryptolepine was substituted with a
sulfonamide group to obtain compounds D1–D6. However, in Table 5, the cytotoxicity
results suggested that the cytotoxicity for SMMC7721 cells was very weak. Therefore, the
substitution of the sulfonamide group at the C11 position was not an ideal choice. However,
in the cytotoxicity results of AGS cells, the meta-positional (D2) substitution of F atom was
less potent (or less cytotoxic) than ortho- (D1) and para-substitutions (D3). The ortho-methyl
substitution (D4) in benzene ring was more cytotoxic than the para-methyl (D5) substitution.

2.3. Preliminary Cytotoxic Mechanism of Compounds C5 and C8 against AGS and HGC27 Cells
2.3.1. The Cytotoxic Effect of Compounds C5 and C8 on Gastric Cancer Cells

The cytotoxicity of compounds C5 and C8 were systematically evaluated by an MTT
assay. As shown in Figure 2, we performed cytotoxicity experiments on five gastric can-
cer cell lines—AGS, HGC27, MKN45, MGC803, and SGC7901—using neocryptolepine
and cisplatin as the control. The results showed that the IC50 values of neocryptolepine
were 20, 18, 19, 40, and 37 μM on AGS, HGC27, MKN45, MGC803, and SGC7901 cells,
after 48 h, respectively. Compared with the cytotoxicity of the parent nucleus of neocryp-
tolepine, we found that compounds C5 and C8 had stronger cytotoxicity by structural
modification. The IC50 values of compound C5 on AGS, HGC27, MKN45, MGC803, and
SGC7901 cells, for 48 h, were 9.2, 6.6, 5.9, 13, and 8.7 μM, respectively. The IC50 val-
ues of compound C8 on AGS, HGC27, MKN45, MGC803, and SGC7901 cells, after 48 h
treatment, were 6.9, 4.3, 3.5, 10, and 10 μM, respectively. Compared with the positive
drugs, compounds C5 and C8 showed significantly stronger cytotoxicity than cisplatin.
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In Figure 2G, it was found that the cytotoxic effects of compounds C5 and C8 to nor-
mal cells (IC50 = 12.8 and 12.6 μM, respectively) were relatively weaker than gastric cancer
cells. We also performed concentration-dependent and time-dependent experiments on
the cytotoxicity of compound C8 and cisplatin to AGS, and the results showed (Figure 2)
that compound C8 and cisplatin could inhibit the growth of gastric cancer cell lines AGS,
HGC27, and MKN45 in a concentration-dependent and time-dependent manner. Moreover,
compound C8 showed strong cytotoxicity to gastric cancer cells at 5 μM, while cisplatin
was weak. Therefore, the results of the MTT assay showed that we improved the cytotox-
icity of the parent nuclear structure of neocryptolepine by structural modification, and
compounds C5 and C8 showed stronger cytotoxicity effects compared with the positive
drug cisplatin.

 

Figure 2. Cytotoxicity evaluation of neocryptolepine (NC), compounds C5, C8, and CIS on gastric
cancer cell lines. (A–F) The cytotoxic effects of NC, compound C5, compound C8, and CIS at different
concentrations on AGS, HGC27, MKN45, MGC803, GES-1, and SGC7901 cells, at 48 h, respectively.
(G) IC50 comparison of NC, compound C5, compound C8, and CIS on gastric cancer cell lines at
48 h. (H) Chemical structure of compounds C5 and C8. (I–K) The cytotoxic effects of compound C8

with different concentrations on AGS, HGC27, and MKN45 cells at 24 h, 48 h, and 72 h, respectively.
(L–N) Cytotoxic effects of CIS at different concentrations on AGS, HGC27, and MKN45 cells at 24 h,
48 h, and 72 h. Values are shown as the means ± standard, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001
compared to negative DMSO control group.
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2.3.2. Compounds C5 and C8 Inhibited the Proliferation and Migration of AGS and
HGC27 Cells

To study the effects of compounds C5 and C8, on the proliferation of AGS and HGC27
cells, the colony formation assays were performed. The results showed that, as shown
in Figure 3A, compound C8 at 1 μM and 2 μM, as well as compound C5 at 2 μM and
4 μM, could inhibit the proliferation of AGS HGC27 cells. When the concentration of
compound C8 was 4 μM and compound C5 was at 6 μM, the proliferation of AGS and
HGC27 cells was completely inhibited, and no cell clones were formed. Therefore, our
results showed that compounds C5 and C8 had a certain inhibitory effect on the prolifer-
ation of AGS and HGC27 cells, and the proliferation of AGS and HGC27 cells could be
completely inhibited when compounds C5 and C8 reached a certain concentration.

 

Figure 3. The proliferation and migration of AGS and HGC27 cells were inhibited after treatment
compounds C5 or C8 for 48 h. (A) The proliferation of AGS and HGC27 cells were inhibited for
treatment of different concentrations of compounds C5 or C8 for 48 h. (B) Statistical analysis of AGS
and HGC27 cell migration numbers. (C) The proliferation of AGS and HGC27 cells was inhibited after
the treatment of compounds C5 and C8 for 8–10 days. (D) Statistical analysis of AGS and HGC27 cell
proliferation numbers. Values are shown as the means ± standard. * p < 0.05, ** p < 0.01, *** p < 0.001
compared to negative DMSO control group.

The migration of tumor cells is an important embodiment of the lethal effect of
tumor. Therefore, cell migration experiments were performed to study the effects of
compounds C5 and C8 on the migration ability of AGS and HGC27 cells. Results are

71



Int. J. Mol. Sci. 2022, 23, 11924

shown in Figure 3C, after treatment with compound C8 at 1.25 μM for 48 h, and the
migrating ability of AGS and HGC27 cells was significantly inhibited. As the concentration
of compound C8 increased, the number of AGS cells decreased from 243 to 28, and the
number of HGC27 cells decreased from 170 to 47. Similarly, compound C5 inhibited the
migration of HGC27 cells in a concentration-dependent manner. However, our results
showed that compound C5 did not have an obvious effect on the migration of AGS cells. It
may be that the tumor specificity caused the different inhibitory effect of compounds on
AGS and HGC27 cells. In conclusion, different concentrations of compound C8 inhibited
the migration of AGS and HGC27 cells, and compound C5 also inhibited the migration of
HGC27 cells at certain concentrations.

2.3.3. The Effects of Compounds C5 and C8 on AGS and HGC27 Cell Cycle

Cell cycle regulation plays an important role in anti-tumor drugs. Therefore, to
evaluate the effect of neocryptolepine derivatives on cell cycle, flow cytometry was used to
test the changes of AGS and HGC27 cell cycle after neocryptolepine derivatives treatment.
Results are shown in Figure 4A, AGS cells were treated with 2.5 μM and 5 μM compound C8

for 24 h, and there was no significant change in AGS and HGC27 cell cycles. After the AGS
and HGC27 cells were treated with different concentrations of compound C5 for 24 h, it
was found that HGC27 cells died when treated with 10 μM of compound C5. Therefore, we
reduced the concentration of compound C5. The results showed that compound C5 had no
significant change in the HGC27 cell cycle when treated with 2.5 μM and 5 μM. However,
the AGS cells were treated with 10 μM compound C5 for 24 h, the AGS cells were mainly
arrested in the G2/M phase. In the apoptosis experiment, although compound C5 caused
the necrosis of most AGS cells after treatment for 48 h, AGS cells did not die completely
after treatment with compound C5 for 24 h in the cell cycle. The cell cycle experiments
suggested that compounds C5 and C8 had no significant effect on the cell cycles of AGS
and HGC27 cells at low concentration, while compound C5 could significantly block AGS
cells in G2/M phase at high concentration.

Figure 4. Cont.
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Figure 4. Effects of different concentrations of compounds C5 or C8 on AGS cell cycle and cell apopto-
sis after treatment for 24 h or 48 h. (A) Effects of different concentrations of compounds (C5) and C8

on AGS and HGC27 cell cycle after 24 h treatment. (B) Analysis of the proportion of AGS and HGC27
cells, at different cell stages, before and after treatment with compounds C5 or C8. (C) Statistical
analysis of apoptosis percentage of AGS and HGC27 cells. (D) Treatment of AGS or HGC27 cells,
with different concentrations of compound C5 or C8 for 48 h, caused cell necrosis.

2.3.4. The Effects of Compounds C5 and C8 on Apoptosis of AGS and HGC27 Cells

Apoptosis is a common characteristic of most chemotherapeutic drugs that can exert
antitumor effects. To investigate whether the neocryptolepine derivatives exert cytotoxic
effects by cell apoptosis, we detected the effects of compounds C5 and C8 on the apoptosis
of AGS and HGC27 cells by flow cytometry. The results (Figure 4C) showed that, when
the concentration of compound C8 was 2.5 μM, it did not cause the apoptosis or necrosis
of AGS and HGC27 cells, but when the concentration reached 5 μM, compound C8 had
caused the necrosis of AGS and HGC27 cells, and when the concentration reached 10 μM,
all AGS and HGC27 cells had apoptosis or necrosis. Similarly, compound C5 showed
the same effect in AGS and HGC27 cells, but it should be noted that, after treatment
with 10 μM compound C5 for 48 h, most AGS cells died. Moreover, cell cycle results
also showed that compound C5 treatment of AGS cells, at a concentration of 10 μM for
24 h, did not completely cause the death of AGS. Therefore, it can be concluded that
compound C5 and C8 do not exert cytotoxic effects, mainly, through apoptosis but directly
lead to cell necrosis.

2.3.5. Molecular Docking of Compounds C5 and C8 with AKT Protein

The activation of carcinogenic signaling pathway is very frequent in the occurrence
of cancer, and multiple signaling pathways are involved in the development of gastric
cancer [25,26]. To find the cause of cytotoxicity of neocryptolepine derivatives to gastric can-
cer cell lines, that is, the intracellular targets of compounds C5 and C8, a series of proteins re-
lated to cancer cell signaling pathways were docked with compounds C5 and C8 by molec-
ular docking experiments. The results (Figure 5) showed that both compounds C5 and C8

had the best scores with the AKT protein. Its scores with the AKT protein were −8.529 and
−8.359 kcal/mol, respectively. The side of the benzene ring in the small molecule is
close to the hydrophobic region consisting of LEU210, TYR263, LEU264, VAL270, and
TYR272, forming hydrophobic interactions with the receptor. The benzene ring of the
small molecule forms a Π–Π interaction with the pyrrole of tryptophan 80. Therefore, the
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molecular docking results suggested that AKT may be a potential intracellular target of
compounds C5 and C8.

 

Figure 5. Molecular docking between compounds C5 or C8 and AKT proteins. Different colours in
A and D indicated different types of amino acids, and different colours in B, C, E and F indicated
different structures of the protein. (A) 2D diagram of AKT interacting with small molecule ligand
compound C5. (B) Diagram of compound C5 binding interaction with AKT protein. (C) Overall
view of compound C5 binding to the AKT protein. (D) A 2D diagram of AKT interacting with small
molecule ligand compound C8. (E) Diagram of compound C8 binding interaction with AKT protein.
(F) Overall view of compound C8 binding to the AKT protein.

2.3.6. Compounds C5 and C8 Inhibited AGS and HGC27 Cell Growth by Regulating
PI3K/AKT Signaling Pathway

A variety of cell signaling pathways are involved in the occurrence of gastric cancer [26].
PI3K/AKT is an important signaling pathway, and when this pathway is abnormally acti-
vated, it affects the expression of downstream related proteins, thus affecting the occurrence
and development of gastric cancer [39]. To further verify the results of molecular docking,
Western blot experiments were performed to study the effects of compounds C5 and C8 on
PI3K/AKT signaling pathway-related proteins in AGS and HGC27 cells. Results are shown
in Figure 6, after AGS and HGC27 cells were treated with 5 μM compounds C5 and C8 for
48 h, and the expression levels of PI3KCA, AKT, and p-Akt proteins in the PI3K/AKT sig-
naling pathway were down-regulated. The results further confirmed the molecular docking
results: compounds C5 and C8 may act as AKT inhibitors to play an anti-proliferation role
in gastric cancer. In conclusion, compounds C5 and C8 may inhibit the proliferation of
gastric cancer AGS and HGC27 cells through the PI3K/AKT signaling pathway.
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Figure 6. Changes of PI3K/AKT signaling pathway related proteins in AGS and HGC27 cells treated
with compounds C5 or C8 for 48 h. (A) The expression of PI3KCA, AKT, and p-AKT of AGS or
HGC27 cells was inhibited after treatment with compound C5 or C8 for 48 h at 5 μM. (B) Changes
of PI3KCA, AKT, and p-AKT protein expression levels on AGS and HGC27 cells, after treatment
with 5 μM of compounds C5 and C8, for 48 h. ** p < 0.01, *** p < 0.001 compared to negative DMSO
control group.

3. Materials and Methods

3.1. Reagents

All chemical reagents and solvents were of reagent grade or purified according to
standard methods before use. The 1H NMR and 13C NMR spectra were recorded using
JNM-ECS-400 MHz and 100 MHz. Mass spectrometry was performed using a Bruker Micro
TOF ESI-TOF mass spectrometer. During the experiment, all pH values were measured by
PH-10C pH meter. The purity of the synthesized derivatives was characterized by a purity
test (as shown in Figures S1–S42).

3.2. Synthesis
3.2.1. Synthesis Method of Intermediate I

The indole (10.88 mmol) was added to the mixture of pyridine (14.2 mmol) and
tetrahydrofuran (40 mL) at 0 ◦C, and the reaction was stirred at 0 ◦C for 0.5 h. Then, the
mixed solution of trichloroacetyl chloride (14.2 mmol) and tetrahydrofuran (30 mL) was
added slowly. After the reaction was raised to room temperature and stirred continuously
for 16 h, 10% HCl solution was added to the reaction system at 0 ◦C, and the organic
phase was extracted with ethyl acetate (300 mL), washed with salt water, and dried with
anhydrous magnesium sulfate. The solvent was removed on the rotary evaporator, and
the solid product was directly dissolved in anhydrous methanol (150 mL). Then, 10%
KOH solution (20 mL) was added, the reaction mixture was heated and reflux for 5 h,
and, then, concentrated in the rotary evaporator, the solvent was removed, and the large
solid product was extracted with ethyl acetate (200 mL). The organic phase was washed
with salt water, dried with anhydrous magnesium sulfate, and the solvent was removed.
The crude product was purified by silica gel column chromatography with the eluent of
n-hexane/ethyl acetate (4/1). Finally, Intermediate I was obtained.
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Methyl 6-chloro-1H-indole-3-carboxylate (Intermediate I)

Yield, 85%; white solid, m.p. 182–185 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.05 (s, 1H), 8.14 (d, J = 3.0 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H),
7.22 (d, J = 8.5 Hz, 1H), 3.82 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 164.89, 137.24, 133.90,
127.51, 124.86, 122.20, 122.09, 112.51, 107.03, 51.25. MS-ESI m/z: calcd for C10H8ClN2O[M + H]+:
210.0244; found: 210.1683.

3.2.2. Synthesis Method of Intermediate II

Under the protection of inert gas, intermediate I (2.5 mmol) was dissolved in dichloromethane
(5 mL) and N-chlorosuccinimide (NCS, 2.75 mmol), and N, N-dimethylpiperazine (1.25 mmol)
dichloromethane (1 mL) solution was added drop-by-drop at 0 ◦C. The reaction system
was stirred continuously at 0 ◦C for 2 h. Then, a mixed solution of trichloroacetic acid
(0.63 mmol) and N-methylaniline (5 mmol) dichloromethane (2 mL) was added. The
reaction was then heated to room temperature and stirred continuously for 3.5 h at room
temperature. At the end of the reaction, the reaction mixture was washed with saturated
sodium bicarbonate aqueous solution, 1N concentration of hydrochloric acid, and salt
water, and then, the separated organic phase was dried by anhydrous magnesium sulfate
and condensed under pressure on a rotary evaporator. Finally, the solid product was
purified by column chromatography with the eluent of n-hexane/ethyl acetate (7/1), and
the intermediate II was finally obtained.

Methyl 6-chloro-2-(methyl(phenyl)amino)-1H-indole-3-carboxylate (Intermediate II)

Yield, 64%; white solid, m.p. 154–156 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.08 (s, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.34 (d, J = 1.9 Hz, 1H), 7.28–7.20 (m, 2H),
7.17 (d, J = 8.5 Hz, 1H), 6.86 (t, J = 7.3 Hz, 1H), 6.83–6.77 (m, 2H), 3.65 (s, 3H), 3.37 (s, 3H).
13C NMR (100 MHz, DMSO-d6) δ 163.77, 148.66, 147.76, 133.48, 129.46 (2C), 126.94, 125.51,
122.26, 121.79, 120.10, 115.75 (2C), 111.38, 97.10, 50.93, 40.15. MS-ESI m/z: calcd for
C17H15ClN2O2[M + H]+: 315.0822; found: 315.1015.

3.2.3. Synthesis Method of Intermediate III

An appropriate amount of diphenyl ether was added to the round bottom flask, and
then, the reactor temperature was heated to about 60 ◦C, until the diphenyl ether was in
the molten state, and then, intermediate II was added to the diphenyl ether. Then, the tem-
perature increased to 250 ◦C reflux for 1–3 h, the end of the reaction, until the temperature
was reduced to room temperature, and reactants were dumped into a large quantity of
petroleum ether. The intermediate III was obtained by collecting precipitated precipitation.

3.2.4. Synthesis Method of Intermediate IV

Under nitrogen protection, Dry intermediates III was added to the phosphorus oxy-
chloride, reflux, under 110 ◦C for about 12 h of reaction. After the reaction is cooled to room
temperature, phosphorus oxychloride was removed on the rotary evaporator. Then, ice
water was added to the residue, the pH was adjusted to 9.0 with sodium bicarbonate, and
the temperature during the period did not exceed 40 ◦C. The organic phase was extracted
with dichloromethane, and the crude product was concentrated on a rotary evaporator. The
crude product was first purified by silica gel column chromatography with the eluent of
petroleum ether/ethyl acetate (2/1) to remove other impurities and, then, purified with the
eluent of dichloromethane/methanol (40/1) to obtain orange–red product Intermediate IV.

8,11-dichloro-5-methyl-5H-indolo[2,3-b]quinoline (Intermediate IV)

Yield, 64%; white solid, m.p. 227–229 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.29 (d, J = 8.2 Hz, 1H), 8.11 (d, J = 8.2 Hz, 1H), 7.75 (t, J = 7.8 Hz, 1H), 7.61 (d, J = 8.6 Hz,
1H), 7.52 (d, J = 1.8 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 4.21 (s, 3H).
13C NMR (100 MHz, Chloroform-d) δ 155.82, 155.77, 136.71, 136.06, 135.13, 131.24, 125.94,
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124.16, 123.75, 122.53, 122.01, 120.23, 119.06, 117.64, 114.31, 33.17. MS-ESI m/z: calcd for
C16H10Cl2N2 [M + H]+: 301.0221; found: 301.1502.

3.2.5. Synthesis Method of Intermediate Phenylhydrazine

The purchased phenylhydrazine hydrochloride was dissolved in dichloromethane,
and 3 M potassium hydroxide was added to carry out the reaction at room temperature,
with attention to the whole process to avoid light, and the reaction lasted for about 1–3 h.
The organic phase was extracted with dichlorohexane, and the solvent was removed on a
rotary evaporator at low pressure. The temperature of solvent removal was not more than
40 ◦C. When the solvent was removed by rotary evaporation, the white solid product was
phenylhydrazine.

3.2.6. Synthesis Method of Target Compounds A1–A10

The Intermediate IV was dissolved in N, N-dimethylformamide (DMF), and then,
the corresponding alcohol hydroxyl compounds were added, and the reaction was re-
flux at 110 ◦C for 3 h. After the reaction was over, the organic phase was extracted with
dichloromethane and, then, washed with salt water. After that, the organic phase was dried
with anhydrous magnesium sulfate, and the solvent was removed at low pressure on the
rotary evaporator. The crude product was first purified by silica gel column chromatogra-
phy with the ratio of petroleum ether/ethyl acetate (2/1) eluent to remove other impurities,
and then, it was purified with the ratio of dichloromethane/methanol (40/1). Finally, the
target compound was obtained.

8-chloro-5-methyl-11-phenoxy-5H-indolo[2,3-b]quinoline (A1)

Yield, 81%; brown solid, m.p. 195–196 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-
d) δ 8.23–8.18 (m, 1H), 7.81 (d, J = 6.3 Hz, 2H), 7.66 (s, 1H), 7.43 (d, J = 8.1 Hz, 1H),
7.32 (d, J = 2.4 Hz, 1H), 7.24–7.17 (m, 1H), 7.12–7.07 (m, 1H), 7.01 (d, J = 1.3 Hz, 1H),
7.00–6.94 (m, 2H), 6.93–6.89 (m, 1H), 6.89–6.83 (m, 1H), 4.36 (s, 3H). 13C NMR (100 MHz,
Chloroform-d) δ 161.65, 157.40, 156.01, 153.26, 150.68, 137.10, 133.47, 130.50, 129.16, 128.51,
123.61, 123.44, 122.30, 121.43, 119.47, 119.40, 118.76, 116.40, 116.25, 114.56, 114.50, 113.53,
32.46. MS-ESI m/z: calcd for C22H15ClN2O[M + H]+: 359.0873; found: 359.1959.

8-chloro-11-(2-fluorophenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A2)

Yield, 73%; orange solid, m.p. 325–328 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.23 (d, J = 8.2, 1.4 Hz, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.60 (s, 1H),
7.51 (d, J = 8.1 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.31–7.25 (m, 1H), 7.11–7.04 (m, 1H),
7.00 (d, J = 8.3 Hz, 1H), 6.92–6.86 (m, 1H), 6.65 (t, J = 8.3 Hz, 1H), 4.37 (s, 3H). 13C NMR
(100 MHz, Chloroform-d) δ 158.24, 156.33, 154.27, 152.54, 151.37, 148.13, 140.16, 133.84,
132.32, 131.82, 124.99, 124.30, 121.73, 119.94, 117.85, 117.11, 116.63, 116.14, 115.10, 114.68,
113.32, 34.09. MS-ESI m/z: calcd for C22H14ClFN2O[M + H]+: 377.0779; found: 377.1835.

8-chloro-11-(3-fluorophenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A3)

Yield, 82%; orange solid, m.p. 250–252 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.18–8.10 (m, 1H), 8.01 (s, 1H), 7.88–7.77 (m, 2H), 7.66 (d, J = 1.8 Hz, 1H), 7.44 (d, J = 8.1 Hz, 1H),
7.39 (d, J = 8.2 Hz, 1H), 7.01 (d, J = 8.2 Hz, 1H), 6.85–6.80 (m, 1H), 6.80–6.68 (m, 2H),
4.37 (s, 3H). 13C NMR (100 MHz, Chloroform-d) δ 164.92, 162.59, 158.43, 154.66, 150.84,
138.14, 134.78, 131.62, 131.09 (d, J = 9.7 Hz), 130.21 (d, J = 10.2 Hz), 124.31 (d, J = 4.4 Hz),
122.55, 120.60, 120.27, 117.51, 117.00, 114.64, 111.15, 111.12, 110.33 (d, J = 21.2 Hz), 103.70
(d, J = 25.7 Hz), 33.45. MS-ESI m/z: calcd for C22H14ClFN2O[M + H]+: 377.0781; found:377.1899.

8-chloro-11-(4-fluorophenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A4)

Yield, 76%; yellow solid, m.p. 255–256 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.21–8.15 (m, 1H), 7.86–7.77 (m, 2H), 7.66 (s, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H),
7.03–6.92 (m, 5H), 4.38 (s, 3H). 13C NMR (100 MHz, Chloroform-d) δ 158.63, 157.54,
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156.22, 153.76, 152.03, 150.41, 137.15, 133.56, 130.49, 123.44, 123.33, 121.34, 119.38, 116.52,
116.13, 115.80, 115.72, 115.70, 115.62, 115.57, 115.52, 113.52, 32.34. MS-ESI m/z: calcd for
C22H14ClFN2O[M + H]+: 377.0763; found: 377.1875.

8-chloro-11-(2-methoxyphenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A5)

Yield, 78%; yellow solid, m.p. 244–247 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.25 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 3.5 Hz, 2H), 7.67 (s, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.36
(d, J = 8.2 Hz, 1H), 7.13 (d, J = 8.2 Hz, 1H), 7.10–7.04 (m, 1H), 6.98 (d, J = 8.2 Hz, 1H), 6.69
(t, J = 7.8 Hz, 1H), 6.58 (d, J = 8.1 Hz, 1H), 4.39 (s, 3H), 4.05 (s, 3H). 13C NMR (100 MHz,
Chloroform-d) δ 157.89, 154.14, 151.28, 148.00, 145.27, 137.12, 133.27, 130.27, 123.68, 123.37,
122.94, 121.14, 120.07, 119.84, 119.19, 116.46, 116.26, 115.49, 114.58, 113.34, 111.91, 55.27,
32.17. MS-ESI m/z: calcd for C23H17ClN2O2[M + H]+: 389.0979; found: 389.2214.

8-chloro-11-(3-methoxyphenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A6)

Yield, 83%; orange solid, m.p. 223–224 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.21–8.16 (m, 1H), 7.80 (d, J = 6.2 Hz, 2H), 7.67 (s, 1H), 7.45–7.36 (m, 2H), 7.17 (t, J = 8.3 Hz, 1H),
7.00 (d, J = 8.2 Hz, 1H), 6.64 (d, J = 8.2 Hz, 1H), 6.60 (t, J = 2.4 Hz, 1H), 6.52 (d, J = 8.1 Hz, 1H),
4.37 (s, 3H), 3.74 (s, 4H). 13C NMR (100 MHz, Chloroform-d) δ 161.22, 158.58, 158.11, 154.72,
151.35, 138.14, 134.47, 131.41, 130.59, 124.59, 124.48, 122.32, 120.60, 120.41, 117.42, 117.33,
116.80, 114.47, 108.52, 107.70, 102.27, 55.45, 33.35. MS-ESI m/z: calcd for C23H17ClN2O2[M + H]+:
389.0961; found: 389.2096.

8-chloro-11-(4-methoxyphenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A7)

Yield, 76%; yellow solid, m.p. 197–200 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.22 (d, J = 8.1 Hz, 1H), 7.80 (d, J = 7.5 Hz, 2H), 7.65 (s, 1H), 7.42 (d, J = 8.2 Hz, 1H),
7.30 (d, J = 8.2 Hz, 1H), 6.94 (d, J = 9.1 Hz, 2H), 6.86–6.79 (m, 3H), 6.75 (d, J = 8.8 Hz, 1H),
4.35 (s, 3H), 3.75 (s, 3H). 13C NMR (100 MHz, Chloroform-d) δ 158.64, 155.43, 154.49, 152.22,
151.18, 138.15, 134.31, 131.43, 124.71, 124.60, 122.31, 120.59, 120.36, 117.49, 117.30, 116.52 (2C),
116.16, 115.12 (2C), 114.78, 114.49, 58.36, 33.38. MS-ESI m/z: calcd for C23H17ClN2O2[M + H]+:
389.0975; found: 389.2216.

8-chloro-11-(3,4-dimethoxyphenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A8)

Yield, 63%; dark brown solid, m.p. 245–249 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d) δ
8.23 (d, J = 8.3 Hz, 1H), 7.86–7.75 (m, 2H), 7.68 (s, 1H), 7.44 (d, J = 8.1 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H),
7.00 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 2.9 Hz, 1H), 6.67 (d, J = 9.1 Hz, 1H), 6.31 (d, J = 8.8 Hz,
1H), 4.37 (s, 3H), 3.83–3.76 (m, 6H). 13C NMR (100 MHz, Chloroform-d) δ 158.51, 154.32,
151.96, 151.31, 150.30, 145.13, 138.15, 134.42, 131.49, 124.70, 124.64, 122.37, 120.57, 120.49,
117.45, 117.32, 114.52, 112.45, 111.72, 105.91, 105.89, 101.05, 56.30, 56.16, 33.47. MS-ESI m/z:
calcd for C24H19ClN2O3[M + H]+: 419.1084; found: 419.2344.

8-chloro-5-methyl-11-(p-tolyloxy)-5H-indolo[2,3-b]quinoline (A9)

Yield, 74%; brown solid, m.p. 219–220 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-d)
δ 8.23–8.18 (m, 1H), 7.82–7.78 (m, 2H), 7.66 (s, 1H), 7.41 (d, J = 8.1 Hz, 1H), 7.33 (d, J = 8.3 Hz,
1H), 7.09 (d, J = 8.5 Hz, 2H), 6.97 (d, J = 8.2 Hz, 1H), 6.92–6.85 (m, 2H), 4.36 (s, 3H), 2.30
(s, 3H). 13C NMR (100 MHz, Chloroform-d) δ 158.56, 155.07, 154.44, 151.97, 138.14, 134.33,
132.76, 131.44, 130.56 (2C), 129.91, 124.69, 124.54, 122.34, 120.56, 120.37, 117.49, 117.26,
116.44, 115.36 (2C), 114.51, 58.27, 18.36. MS-ESI m/z: calcd for C23H17ClN2O[M + H]+:
373.1029; found: 373.2255.

8-chloro-11-(4-chlorophenoxy)-5-methyl-5H-indolo[2,3-b]quinoline (A10)

Yield, 85%; yellow solid, m.p. 258–262 ◦C (DMSO); 1H NMR (400 MHz, Chloroform-
d) δ 8.19–8.12 (m, 1H), 7.83 (d, J = 6.2 Hz, 2H), 7.67 (s, 1H), 7.45 (d, J = 8.1 Hz, 1H),
7.37 (d, J = 8.1 Hz, 1H), 7.28 (s, 1H), 7.02 (d, J = 8.2 Hz, 1H), 6.97–6.92 (m, 2H), 6.89–6.81
(m, 1H), 4.38 (s, 3H). 13C NMR (100 MHz, Chloroform-d) δ 158.40, 155.54, 154.57, 151.09,
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134.79, 131.63, 130.16, 129.40, 128.38, 124.39, 124.33, 122.54, 120.63, 120.26, 117.52, 117.07,
116.91, 116.78, 114.64, 33.48. MS-ESI m/z: calcd for C22H14Cl2N2O[M + H]+: 393.0483;
found: 393.1729.

3.2.7. Synthesis Method of Target Compounds B1–B9

The Intermediate IV was dissolved in N, N-dimethylformamide (DMF). Then, the
corresponding phenylhydrazine compounds were added and reflux at 110 ◦C for 3–6 h.
After the reaction, dichloromethane, ethyl acetate and salt water were added to the reaction
system for washing, and solids were collected to obtain the target compounds B1–B9.

8-chloro-5-methyl-11-(2-phenylhydrazineyl)-5H-indolo[2,3-b]quinoline (B1)

Yield, 70%; gray solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 13.86
(s, 1H), 10.96 (s, 1H), 9.16 (s, 1H), 8.82 (d, J = 8.6 Hz, 1H), 8.50 (d, J = 8.9 Hz, 1H), 8.16
(d, J = 8.7 Hz, 1H), 8.04 (t, J = 7.9 Hz, 1H), 7.91–7.74 (m, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.62
(s, 1H), 7.21 (m, 2H), 6.86 (m, 2H), 4.57 (s, 1H), 4.26 (s, 3H). 13C NMR (100 MHz, DMSO-d6)
δ 152.82, 149.05, 148.47, 138.82, 137.00, 133.67, 130.70, 130.58, 129.77(2C), 124.76, 124.34,
122.34, 120.90, 120.28, 117.30, 113.87, 113.60(2C), 111.69, 97.44, 36.14. MS-ESI m/z: calcd for
C22H17ClN4[M + H]+: 373.1142; found: 373.2594.

8-chloro-11-(2-(2-fluorophenyl)hydrazineyl)-5-methyl-5H-indolo[2,3-b]quinoline (B2)

Yield, 56%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, Methanol-d4)
δ 8.87–8.71 (m, 1H), 8.51 (d, J = 8.9 Hz, 1H), 8.20 (d, J = 8.8 Hz, 1H), 8.07 (t, J = 8.0 Hz, 1H),
7.72 (t, J = 7.8 Hz, 1H), 7.59 (s, 1H), 7.29–7.18 (m, 2H), 7.00 (t, J = 7.7 Hz, 1H), 6.93–6.82
(m, 2H), 4.24 (s, 3H). 13C NMR (100 MHz, Methanol-d4) δ 153.54, 149.86, 139.43, 137.74,
136.47, 134.43, 131.86, 126.02, 125.55, 123.16, 121.01, 117.82, 116.68, 116.50, 116.18, 114.74,
112.40, 98.61, 57.28, 36.21. MS-ESI m/z: calcd for C22H16ClFN4[M + H]+: 391.1048; found: 391.2159.

8-chloro-11-(2-(3-fluorophenyl)hydrazineyl)-5-methyl-5H-indolo[2,3-b]quinoline (B3)

Yield, 73%; gray solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 8.77
(s, 1H), 8.47 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 8.8 Hz, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.71
(t, J = 7.8 Hz, 1H), 7.57 (s, 1H), 7.32–7.19 (m, 2H), 6.76 (d, J = 8.1 Hz, 1H), 6.66 (m, 2H),
4.22 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 152.56, 138.53, 136.91, 133.54, 131.32, 131.23,
131.09, 124.68, 122.46, 120.00, 116.89, 113.85, 111.50, 109.38, 107.29, 107.07, 100.53, 100.27,
97.70, 35.27. MS-ESI m/z: calcd for C22H16ClFN4[M + H]+: 391.1045; found: 391.2103.

8-chloro-11-(2-(4-fluorophenyl)hydrazineyl)-5-methyl-5H-indolo[2,3-b]quinoline (B4)

Yield, 71%; yellow solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 8.73 (s, 1H), 8.55 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 8.8 Hz, 1H), 8.06 (t, J = 7.9 Hz,
1H), 7.70 (t, J = 7.8 Hz, 1H), 7.58 (s, 1H), 7.27–7.20 (m, 1H), 7.05 (t, J = 8.7 Hz, 2H), 6.94
(d, J = 9.0 Hz, 2H), 4.25 (s, 3H). 13C NMR (100 MHz, DMSO) δ 153.54, 144.97, 138.62, 135.38,
134.13, 131.84, 129.43, 127.46, 125.78, 125.61, 122.51, 121.45, 117.37(2C), 116.74(2C), 116.51,
115.73, 115.64, 114.31, 111.99, 33.53. MS-ESI m/z: calcd for C22H16ClFN4[M + H]+: 391.1061;
found: 391.2028.

8-chloro-11-(2-(2,4-difluorophenyl)hydrazineyl)-5-methyl-5H-indolo[2,3-b]quinoline (B5)

Yield, 56%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, Methanol-d4)
δ 8.76 (s, 1H), 8.50 (d, J = 8.8 Hz, 1H), 8.20 (d, J = 8.7 Hz, 1H), 8.12–8.01 (m, 1H), 7.72
(t, J = 7.7 Hz, 1H), 7.60 (s, 1H), 7.24 (m, 2H), 6.90 (m, 2H), 4.25 (s, 3H). 13C NMR (100 MHz,
CD3OD_SPE) δ 153.30, 152.37, 150.85, 149.28, 141.92, 139.78, 138.11, 134.37, 131.96, 128.69,
127.04, 125.50, 123.72, 120.55, 118.96, 116.90, 115.40, 114.75, 113.19, 107.73, 104.57, 36.00.
MS-ESI m/z: calcd for C22H15ClF2N4[M + H]+: 409.0953; found: 409.2040.
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8-chloro-5-methyl-11-(2-(o-tolyl)hydrazineyl)-5H-indolo[2,3-b]quinoline (B6)

Yield, 74%; white solid, m.p. 255–256 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 8.82 (s, 1H), 8.46 (d, J = 9.3 Hz, 1H), 8.20 (d, J = 8.7 Hz, 1H), 8.07 (t, J = 8.0 Hz, 1H),
7.72 (t, J = 7.7 Hz, 1H), 7.59 (s, 1H), 7.22 (d, J = 16.6 Hz, 2H), 7.04 (t, J = 7.7 Hz, 1H), 6.83
(t, J = 7.4 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H), 4.24 (s, 3H), 3.51 (s, 3H). 13C NMR (100 MHz,
DMSO) δ 153.17, 148.78, 145.56, 138.03, 133.49, 133.00, 131.11, 130.93, 129.97, 127.17, 124.35,
123.54, 122.84, 122.11, 120.95, 119.56, 117.02, 114.44, 113.76, 112.53, 111.60, 33.86, 20.16.
MS-ESI m/z: calcd for C23H19ClN4[M + H]+: 387.1298; found: 387.2787.

8-chloro-5-methyl-11-(2-(m-tolyl)hydrazineyl)-5H-indolo[2,3-b]quinoline (B7)

Yield, 80%; gray solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 8.78
(s, 1H), 8.55 (d, J = 8.8 Hz, 1H), 8.18 (d, J = 8.8 Hz, 1H), 8.09–8.02 (m, 1H), 7.70 (t, J = 7.8 Hz,
1H), 7.57 (s, 1H), 7.22 (d, J = 9.0 Hz, 1H), 7.13 (t, J = 7.8 Hz, 1H), 6.76 (d, J = 2.3 Hz, 1H), 6.72
(d, J = 7.5 Hz, 2H), 4.23 (s, 3H), 2.23 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 152.79, 148.12,
139.19, 138.44, 136.94, 133.49, 130.94, 129.46, 124.61, 122.38, 121.90, 120.24, 116.85, 114.06,
113.85, 111.40, 110.85, 97.50, 56.51, 35.17, 18.18. MS-ESI m/z: calcd for C23H19ClN4[M + H]+:
387.1291; found: 387.2803.

8-chloro-5-methyl-11-(2-(p-tolyl)hydrazineyl)-5H-indolo[2,3-b]quinoline (B8)

Yield, 71%; light yellow solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 8.76 (s, 1H), 8.57 (d, J = 8.8 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.70
(m, 1H), 7.57 (s, 1H), 7.21 (d, J = 8.9 Hz, 1H), 7.06 (d, J = 8.1 Hz, 2H), 6.88–6.78 (m, 2H), 4.23
(s, 3H), 2.21 (s, 3H). 13C NMR (100 MHz, DMSO) δ 152.81, 148.40, 145.69, 138.41, 136.92,
134.11, 130.93, 130.85, 129.94(2C), 128.38, 124.58, 122.35, 120.18, 116.79, 113.71(2C), 111.35,
100.65, 98.74, 97.10, 33.57, 19.93. MS-ESI m/z: calcd for C23H19ClN4[M + H]+: 387.1285;
found: 387.2360.

8-chloro-11-(2-(4-methoxyphenyl)hydrazineyl)-5-methyl-5H-indolo[2,3-b]quinoline (B9)

Yield, 70%; brownish red solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 8.77 (s, 1H), 8.59 (d, J = 8.8 Hz, 1H), 8.21 (d, J = 8.8 Hz, 1H), 8.16 (d, J = 8.9 Hz, 1H), 8.04
(t, J = 8.0 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.56 (s, 1H), 7.31 (d, J = 8.7 Hz, 0H), 7.26–7.17
(m, 1H), 6.93–6.80 (m, 4H), 4.42 (s, 1H), 4.22 (s, 3H), 3.68 (s, 3H). 13C NMR (100 MHz,
DMSO) δ 154.59, 151.36, 148.39, 147.17, 141.69, 139.42, 138.20, 136.66, 133.47, 130.83, 127.22,
124.56, 122.82, 120.59, 116.85, 115.21(2C), 114.96(2C), 113.84, 111.08, 54.29, 34.56. MS-ESI
m/z: calcd for C23H19ClN4O[M + H]+: 403.1247; found: 403.2404.

3.2.8. Synthesis Method of the Target Compounds C1–C10, D1–D6

The Intermediate IV was dissolved in N, N-dimethylformamide (DMF). Then, the
corresponding amide compound was added, and the reaction was reflux at 110 ◦C for
3–6 h. After the reaction, dichloromethane, ethyl acetate, and salt water were added to the
reaction system to wash, and solids were collected to obtain the target compound.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)acetamide (C1)

Yield, 83%; yellow solid, m.p. 324–325 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 8.25 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.7 Hz, 1H), 7.86 (t, J = 7.6 Hz, 1H), 7.75 (d, J = 8.2 Hz,
1H), 7.55 (s, 1H), 7.53 (s, 1H), 7.14 (d, J = 8.1 Hz, 1H), 4.29 (s, 3H), 2.32 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 169.34, 157.58, 155.96, 137.63, 132.79, 131.55, 126.10, 125.27, 122.69,
122.23, 120.05, 119.93, 119.20, 118.92, 116.85, 115.74, 33.40, 23.88. MS-ESI m/z: calcd for
C18H14ClN3O[M + H]+: 324.0825; found: 324.1824.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)benzamide (C2)

Yield, 89%; yellow solid, m.p. 275–277 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.96 (s, 1H), 8.57 (d, J = 8.5 Hz, 1H), 8.46 (d, J = 8.8 Hz, 1H), 8.30 (d, J = 7.6 Hz, 2H),
8.20 (t, J = 8.0 Hz, 1H), 7.86 (s, 1H), 7.81–7.74 (m, 4H), 7.74–7.64 (m, 2H), 7.51 (d, J = 8.5 Hz,
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1H), 4.58 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 166.35, 149.50, 143.45, 141.47, 137.27,
134.48, 134.27, 133.44, 133.12, 129.36 (2C), 129.03 (2C), 126.96, 126.22, 126.08, 123.81, 121.10,
118.86, 117.74, 116.96, 113.04, 37.82. MS-ESI m/z: calcd for C23H16ClN3O[M + H]+: 386.0982;
found: 387.2003.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-2-fluorobenzamide (C3)

Yield, 64%; brownish red solid, m.p. 361–362 ◦C (DMSO); 1H NMR (400 MHz,
DMSO-d6) δ 11.94 (s, 1H), 8.54 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 8.8 Hz, 1H), 8.15 (m, 1H), 8.01
(t, J = 7.4, 1H), 7.90 (d, J = 8.4 Hz, 1H), 7.85 (t, J = 7.7 Hz, 1H), 7.81 (s, 1H), 7.79–7.72 (m, 1H),
7.51 (m, 3H), 4.55 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 163.70, 161.20, 158.71, 141.87,
137.34, 134.39, 134.33, 134.25, 133.87, 130.97, 126.41, 126.14, 125.72, 125.46 (d, J = 3.3 Hz),
123.07, 121.71, 120.41, 119.44, 117.52, 117.17, 116.95, 113.78, 37.14. MS-ESI m/z: calcd for
C23H15ClFN3O[M + H]+: 404.0888; found: 404.1265.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-3-fluorobenzamide (C4)

Yield, 77%; light yellow solid, m.p. > 400 ◦C; 1H NMR (400 MHz, DMSO-d6) δ 11.98
(s, 1H), 8.66–8.49 (m, 1H), 8.43 (d, J = 8.9 Hz, 1H), 8.28–8.00 (m, 3H), 7.92–7.68 (m, 5H),
7.56 (d, J = 62.1 Hz, 1H), 4.55 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.07, 159.83,
155.64, 143.30, 137.30, 134.49, 134.85, 134.50, 131.56, 129.78, 126.86, 126.07, 125.89, 125.19
(d, J = 5.4 Hz), 123.50, 122.07, 120.84, 118.93, 117.57, 115.95, 115.71, 113.50, 37.26. MS-ESI
m/z: calcd for C23H15ClFN3O[M + H]+: 404.0876; found: 404.1280.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-4-fluorobenzamide (C5)

Yield, 71%; yellow solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.98 (s, 1H), 8.57 (d, J = 8.4 Hz, 1H), 8.46 (d, J = 8.9 Hz, 1H), 8.39 (d, J = 8.6 Hz, 2H), 8.21
(t, J = 8.0 Hz, 1H), 7.88 (t, J = 7.9 Hz, 1H), 7.84 (s, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.59–7.45
(m, 3H), 4.57 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 165.28, 159.56, 149.61, 143.39, 143.26,
137.27, 134.53, 134.30, 131.97 (2C, d, J = 9.7 Hz), 129.63, 126.97, 126.18 (d, J = 9.1 Hz), 123.82,
121.05, 118.85, 117.74, 116.98, 116.49 (2C), 116.27, 113.06, 37.73. MS-ESI m/z: calcd for
C23H15ClFN3O[M + H]+: 404.0891; found: 404.1273.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-2-methoxybenzamide (C6)

Yield, 65%; orange solid, m.p. 250–252 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.51 (s, 1H), 8.52 (d, J = 8.3 Hz, 1H), 8.38 (d, J = 8.8 Hz, 1H), 8.15 (t, J = 7.9 Hz, 1H),
8.00 (d, J = 8.4 Hz, 1H), 7.87 (t, J = 7.0 Hz, 2H), 7.80 (s, 1H), 7.66 (t, J = 7.9 Hz, 1H), 7.53
(d, J = 8.4 Hz, 1H), 7.36 (d, J = 8.4 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 4.54 (s, 3H), 4.08 (s, 3H).
13C NMR (100 MHz, DMSO-d6) δ 165.38, 157.34, 141.73, 137.27, 134.21, 133.74, 133.53,
130.50, 129.15, 126.55, 126.44, 125.66, 124.01, 123.05, 121.30, 120.61, 119.69, 117.45, 113.64,
112.73, 104.16, 99.82, 56.61, 37.11. MS-ESI m/z: calcd for C24H18ClN3O2[M + H]+: 416.1088;
found: 416.1328.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-3-methoxybenzamide (C7)

Yield, 69%; yellow solid, m.p. 240–241 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.95 (s, 1H), 8.59–8.51 (m, 1H), 8.44 (d, J = 8.8 Hz, 1H), 8.19 (t, J = 8.7, 7.1, 1.5 Hz,
1H), 7.90–7.84 (m, 3H), 7.82 (s, 1H), 7.74 (d, J = 8.4 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.51
(d, J = 8.4 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 4.57 (s, 3H), 3.92 (s, 4H). 13C NMR (100 MHz,
DMSO-d6) δ 166.06, 159.98, 140.92, 137.28, 134.45, 134.20, 133.12, 130.56, 128.73, 126.94,
126.07, 125.39, 124.34, 123.70, 121.23, 121.02, 119.37, 117.68, 113.97, 113.20, 105.64, 99.99,
56.04, 37.67. MS-ESI m/z: calcd for C24H18ClN3O2[M + H]+: 416.1081; found: 416.1336.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-4-methoxybenzamide (C8)

Yield, 52%; brown solid, m.p. 310–312 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.76 (s, 1H), 8.55 (d, J = 8.5 Hz, 1H), 8.45 (d, J = 8.8 Hz, 1H), 8.28 (d, J = 8.4 Hz, 2H),
7.99–7.84 (m, 1H), 7.83 (s, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.49 (d, J = 9.3 Hz, 1H), 7.22
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(d, J = 8.4 Hz, 3H), 4.56 (s, 3H), 3.92 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 164.13, 159.40,
141.21, 137.57, 134.20, 134.09, 133.57, 131.17 (2C), 128.24, 126.53, 126.38, 124.10, 122.41,
121.53, 119.93, 117.15, 114.62 (2C), 113.74, 105.36, 99.87, 56.15, 37.66. MS-ESI m/z: calcd for
C24H18ClN3O2[M + H]+: 416.1063; found: 416.1347.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)hexanamide (C9)

Yield, 73%; white solid, m.p. 284–286 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 11.64 (s, 1H), 8.54 (d, J = 8.4 Hz, 1H), 8.40 (d, J = 9.0 Hz, 1H), 8.16 (t, J = 8.1 Hz, 1H),
7.92–7.70 (m, 3H), 7.51 (d, J = 8.6 Hz, 1H), 4.53 (s, 3H), 2.83 (t, J = 8.0 Hz, 2H), 1.77 (m, 2H),
1.40 (m, 4H), 0.94 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 172.28, 155.32, 141.07,
137.62, 135.13, 130.64, 129.75, 127.92, 126.73, 126.48, 125.11, 123.61, 120.74, 117.65, 113.30,
102.48, 36.16, 31.52, 24.93, 22.40, 14.42. MS-ESI m/z: calcd for C22H22ClN3O[M + H]+:
380.1451; found: 380.1520.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-3-methylbutanamide (C10)

Yield, 81%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 11.56
(s, 1H), 8.49 (d, J = 8.3 Hz, 1H), 8.41 (d, J = 8.9 Hz, 1H), 8.17 (t, J = 8.0 Hz, 1H), 7.88 (m, 2H),
7.80 (s, 1H), 7.52 (d, J = 8.4 Hz, 1H), 4.51 (s, 3H), 2.82–2.61 (m, 2H), 2.33–2.17 (m, 1H),
1.08 (d, J = 6.7 Hz, 6H). 13C NMR (100 MHz, DMSO-d6) δ 171.64, 156.39, 142.78, 137.24,
134.07, 131.54, 129.15, 128.32, 126.71, 126.48, 124.85, 123.35, 120.63, 119.24, 117.69, 100.58,
45.12, 34.61, 25.83, 22.93 (2C). MS-ESI m/z: calcd for C21H20ClN3O[M + H]+: 366.1295;
found: 366.1364.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-2-fluorobenzenesulfonamide (D1)

Yield, 73%; yellow solid, m.p. 302–305 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.82 (s, 1H), 8.85 (d, J = 8.3 Hz, 1H), 8.12 (d, J = 8.3 Hz, 1H), 8.01 (d, J = 8.8 Hz, 1H), 7.96
(t, J = 5.2 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H), 7.59 (t, J = 7.3 Hz, 1H), 7.56–7.50 (m, 1H), 7.50
(s, 1H), 7.32 (m, 2H), 7.13 (d, J = 8.4 Hz, 1H), 4.16 (s, 3H). 13C NMR (100 MHz, DMSO-d6)
δ 162.75, 159.84, 157.34, 155.04, 148.19, 138.47, 138.30, 133.46 (d, J = 8.0 Hz), 132.61, 129.91,
129.63, 128.09, 124.54 (d, J = 3.5 Hz), 123.88, 123.20, 121.82 (d, J = 5.0 Hz), 117.30, 117.09,
116.32, 111.58, 107.23, 35.20. MS-ESI m/z: calcd for C22H15ClFN3O2S[M + H]+: 440.0547;
found: 440.1713.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-3-fluorobenzenesulfonamide (D2)

Yield, 69%; white solid, m.p. 321–323 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.73 (s, 1H), 8.87 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 8.6 Hz, 1H),
7.88 (t, J = 7.9 Hz, 1H), 7.72 (d, J = 7.7 Hz, 1H), 7.63–7.56 (m, 2H), 7.53 (t, J = 7.6 Hz, 1H),
7.48 (s, 1H), 7.40 (t, J = 8.6, 2.7 Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 4.15 (s, 3H). 13C NMR
(100 MHz, DMSO-d6) δ 163.31, 160.86, 154.96, 149.91 (d, J = 6.0 Hz), 147.97, 138.32, 132.65,
131.36 (d, J = 7.9 Hz), 129.95, 129.66, 124.02, 123.27, 122.12, 121.88 (d, J = 2.6 Hz), 121.56,
117.84 (d, J = 20.9 Hz), 116.39, 112.69, 112.46, 111.51, 107.10, 35.25. MS-ESI m/z: calcd for
C22H15ClFN3O2S[M + H]+: 440.0558; found: 440.1708.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-4-fluorobenzenesulfonamide (D3)

Yield, 75%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 12.71
(s, 1H), 8.96 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 7.99 (d, J = 8.7 Hz, 1H), 7.93 (m, 2H),
7.87 (d, J = 8.3 Hz, 1H), 7.53 (t, J = 7.7 Hz, 1H), 7.48 (s, 1H), 7.36 (t, J = 8.8 Hz, 2H), 7.15
(d, J = 8.4 Hz, 1H), 4.14 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 164.65, 162.19, 153.50,
149.74, 147.83, 144.10, 138.42, 137.97, 132.63, 129.84 (d, J = 7.4 Hz), 128.40 (d, J = 9.0 Hz, 2C),
124.02, 123.18, 121.96, 121.37, 116.38, 116.06 (2C), 115.84, 111.45, 35.20. MS-ESI m/z: calcd
for C22H15ClFN3O2S[M + H]+: 440.0543; found: 440.1703.
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N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-2-methylbenzenesulfonamide (D4)

Yield, 67%; yellow solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6) δ 12.64
(s, 1H), 9.05 (d, J = 8.4 Hz, 1H), 7.98 (m, 3H), 7.88 (t, J = 7.9 Hz, 1H), 7.54 (t, J = 7.6 Hz, 1H),
7.49 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 13.3 Hz, 2H), 7.07 (d, J = 8.4 Hz, 1H),
4.14 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 154.98, 147.81, 145.37, 138.55, 136.23, 132.58,
132.25, 131.23, 130.11, 129.55, 126.33, 126.10, 124.72, 123.57, 123.00, 122.47, 121.73, 121.33,
116.34, 111.50, 106.04, 35.09, 20.48. MS-ESI m/z: calcd for C23H18ClN3O2S[M + H]+:
436.0808; found: 436.1984.

N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)-4-methylbenzenesulfonamide (D5)

Yield, 84%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.67 (s, 1H), 9.02 (d, J = 8.2 Hz, 1H), 8.10 (d, J = 8.3 Hz, 1H), 7.97 (d, J = 8.6 Hz, 1H),
7.87 (t, J = 7.8 Hz, 1H), 7.79 (d, J = 7.8 Hz, 2H), 7.52 (t, J = 7.8 Hz, 1H), 7.47 (s, 1H), 7.34
(d, J = 7.8 Hz, 2H), 7.13 (d, J = 8.3 Hz, 1H), 4.13 (s, 3H), 2.40 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) δ 155.02, 147.63, 144.82, 140.83, 138.48, 137.78, 132.57, 130.07, 129.59, 129.42 (2C),
125.76 (2C), 124.13, 123.06, 122.36, 121.88, 121.32, 116.33, 112.41, 111.34, 99.99, 35.14, 21.41.
MS-ESI m/z: calcd for C23H18ClN3O2S[M + H]+: 436.0804; found: 436.1940.

4-(tert-butyl)-N-(8-chloro-5-methyl-5H-indolo[2,3-b]quinolin-11-yl)benzenesulfonamide (D6)

Yield, 61%; white solid, m.p. > 400 ◦C (DMSO); 1H NMR (400 MHz, DMSO-d6)
δ 12.73 (s, 1H), 9.01 (d, J = 9.9 Hz, 1H), 8.06 (d, J = 8.3 Hz, 1H), 8.02 (d, J = 8.7 Hz,
1H), 7.91 (t, J = 7.8 Hz, 1H), 7.80 (d, J = 8.1 Hz, 2H), 7.57–7.53 (m, 3H), 7.51 (s, 1H), 7.09
(d, J = 8.4 Hz, 1H), 4.16 (s, 3H), 1.33 (s, 9H). 13C NMR (100 MHz, DMSO-d6) δ 156.71, 148.30,
144.72, 141.53, 138.53, 137.83, 132.58, 130.04, 129.60, 125.74 (2C), 125.53 (2C), 124.22, 123.05,
122.44, 121.60, 118.08, 116.34, 110.53, 99.61, 35.14, 34.73, 31.46 (3C). MS-ESI m/z: calcd for
C26H24ClN3O2S[M + H]+: 478.1278; found: 478.2500.

3.3. Cell Culture

The human gastric cell lines AGS was obtained from the American Type Culture
Collection (ATCC), AGS(LOT:70012225). The human gastric cancer cell lines HGC27,
MKN45, SGC7901, MGC803, liver cancer cell SMMC7721, and gastric mucosa GES-1
were obtained from the genetic resource reserve of our laboratory. The AGS, HGC27,
MKN45, and SMMC7721 cells were cultured in RPMI medium (Solarbio Invitrogen Corp.,
Beijing, China), and the SGC7901, MGC803, and GES-1 cells were cultured in a DMEM (high
glucose) medium (Solarbio Invitrogen Corp., Beijing, China) containing 10% heat-inactivated
fetal bovine serum and 1% penicillin/streptomycin at 37 ◦C in humidified atmosphere of
5% CO2 in air.

3.4. MTT Assay

The cells were seeded in 96 well plates at the density of 8000 per well. Then, the cells
were incubated in the cell incubator for about 24 h. The experiment included the treatment
group, negative DMSO group, and positive group. Each group was set with 4–8 repeated
wells. After the cells were incubated in the cell incubator for the corresponding time, 10 μL
MTT solution of 5 mg/mL was added. The plates were incubated in the cell incubator for
another 4 h. The formazan was solved in DMSO, and the absorbance value at 490 nm was
measured with a microplate reader.

3.5. Colony Formation Assay

When AGS and HGC27 cells were in the logarithmic growth phase, AGS and HGC27
cells were inoculated into 24-well plates at a density of 1000 cells/well, and incubated
in a cell incubator for 24 h. Cells were treated with compound C5 or C8 for 8–10 days.
The cells were washed twice with PBS buffer, fixed in 4% paraformaldehyde solution for
40 min, and then stained with 1% crystal violet solution for 20 min. After staining, the cells
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were washed twice with fresh PBS buffer solution. The photos were taken, and Image J
(National Institutes of Health, Bethesda, MD, USA) was used for counting analysis.

3.6. Migration Assay

A 600 μL complete medium, containing 20% fetal bovine serum, was added to the
lower chamber of the transwell chamber. The cells were counted, and compounds with dif-
ferent concentrations were prepared using 1% complete medium. There was 150 μL cells sus-
pension added into the upper chamber of transwell with a cell density of 50,000 cells/well.
The suspension was placed in a cell incubator for further incubation for 48 h. The cells were
washed twice with PBS and were fixed with 4% paraformaldehyde solution for 40 min,
followed by staining with 1% crystal violet solution for 20 min. The cells in the upper
transwell cells were carefully erased with cotton swabs. The number of migrating cells
of the lower compartment were observed under a microscope and analyzed by Image
J counting.

3.7. Cell Cycle Analysis

The AGS or HGC27 cells were seeded in six-well plates at a density of 800,000 cells/well.
The plates were incubated in a cell incubator for about 24 h and treated with different
concentrations of compounds. After 24 h, cells were collected and fixed with 1 mL of
precooled 70% anhydrous ethanol for overnight. Additionally, 100 μL RNase A were added
and incubated at 37 ◦C for 30 min. Then, the cells suspension was transferred to flow tube,
and 400 μL PI solution was added and incubated at 4 ◦C for 30 min. The cells proportion of
different cell cycles were detected by A BD FACSCanto II (BD LSRFortessa, USA). Modfit is
used to process and analyze data.

3.8. Cell Apoptosis Analysis

AGS and HGC27 cells were seeded out in six-well plates with a cell density of
700,000 cells/well and incubated in a cell incubator for 24 h. Then, the cells were treated
with different concentrations for 48 h. The supernatant was collected, the cells were washed
with PBS twice, and the washing solution was collected. Then, the cells were digested
and collected with trypsin without EDTA, centrifuged at 1000 r/min for 5 min, the cells
were washed with PBS twice, and the cells were collected. The cell density was adjusted to
1 − 5 × 106 cells/mL. Then, 100 μL cell suspension was added into the flow tube, and 5 μL
Annexin V/Alexa Fluor 488 solution was added. After incubation for 5 min, 10 μL PI and
400 μL PBS solution were added. A BD FACSCanto II (BD Biosciences, USA) was used for
detection, and Flowjo was used for statistical analysis.

3.9. Molecular Docking Analysis

Schrödinger 10.1 software (Schrödinger, USA) was used for molecular docking cor-
relation analysis. The crystal structure of AKT protein binding to the molecule during
docking was obtained from the PDB database (PDB: 6hhf). In this experiment, we used
the Prime module in the Schrödinger software to fill in the missing side chains and loops
in the protein, processed the protein by protonation, dehydration, hydrogenation, etc.,
and then minimized and initially optimized the protein under the OPLS2005 force field.
The compound was then docked with the protein AKT appropriately. During the docking
process, the small molecular center bound to the protein was used as the docking site of
the compound to complete the whole docking process. The crystal structures of all proteins
bound to molecules in docking were obtained from the PDB database, and their PDB ID,
resolution, and sources could be obtained in Supplementary Information Tables S1 and S2.

3.10. Western Blotting Assay

When AGS or HGC27 cells grew to about 80–90%, they were inoculated in six-well
plates at a density of 500,000 cells/well and, then, incubated in cell incubator for 24 h. The
cells were treated with a certain concentration of compounds for 48 h and DMSO was
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used as a negative control group. Cells were lysed with a high-potency tissue cell lysate
containing 1% protease inhibitor PMSF and phosphatase inhibitor RIPA on ice for 30 min.
Cell suspension was suspended every 10 min. After centrifugation, the supernatant was
collected, and 5× protein denaturation buffer was added. The supernatant was placed in a
constant temperature dry metal bath at 100 ◦C for denaturation for 10 min. The supernatant
was stored at −20 ◦C. The protein was isolated with 10% separation gel and 5% concentrate
gel. The total protein content was 25 μg per well. After electrophoresis, the protein was
transferred to 0.22 μm PVDF membrane and blocked on a 5% skim milk shaker for 2 h. Then,
the PVDF membrane was washed three times on the shaker with TBST buffer solution,
10 min each time, and blocked with primary antibody overnight at a ratio of 1:2000 at 4 ◦C.
The PVDF membrane was washed with TBST buffer solution and incubated with a second
antibody, at the ratio of 1:10,000, at room temperature for about 1 h. BCL luminescence
system was used to record the photo, and the recorded protein bands were saved. Image J
was used for statistical analysis of gray values.

3.11. Statistical Analysis

All the data were made with SPSS 22.0 (IBM, Armonk, NY, USA), GraphPad PriM 8.0
(Insightful Science, Boston, MA, USA), and AI 2020 (Adobe Systems, San Jose, CA, USA), and
the error bars of all data results were represented by mean ± standard deviation. One-way
ANOVA and t-test were used to test the differences between the analyzed data.

4. Conclusions

In summary, we designed and synthesized 36 neocryptolepine derivatives, based on
8-chloroneocryptolepine-based, and performed an in-depth structure-activity relationship
study on five human gastric cancer cells, as well as evaluated toxicity on human normal
gastric mucosa cells. Compounds C5 and C8 showed strong cytotoxicity to AGS and HGC27
cells. Moreover, compound C8 inhibited the proliferation of AGS and HGC27 cells in a
concentration-dependent and time-dependent manner. Cell colony formation and cell
migration experiments showed that compound C8 could inhibit the proliferation and mi-
gration of AGS and HGC27 cells, and compound C5 could also inhibit the proliferation of
AGS and HGC27 cells. Compound C5 had a significant inhibitory effect on HGC cell migra-
tion. However, compound C5 did not significantly affect the migration of AGS cells. In cell
cycle and apoptosis experiments, the results showed that compounds C5 and C8 did not
induce apoptosis of AGS and HGC27 cells but, mainly, caused cell necrosis. Compound C5

had no significant effect on AGS and HGC27 cell cycle at low concentration. After treatment
with 5 μM compound C5 for 24 h, the AGS cell cycle could be significantly arrested in
the G2/M phase. Compound C8 had no significant effect on AGS and HGC27 cell cycles
at 2.5 μM and 5 μM concentrations. The results of molecular docking and Western blot
showed that compounds C5 and C8 might produce cytotoxic effects by the PI3K/AKT
signaling pathway. Compounds C5 and C8 showed the best scores with AKT protein in
molecular docking results. The experimental results showed that AKT might be the target
of the compounds C5 and C8 acting on gastric cancer cells. In conclusion, by structural
modification of neocryptolepine, two neocryptolepine derivatives with good activity were
obtained, compounds C5 and C8, which provided a lead compound for the development
of drugs for the clinical treatment of gastric cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms231911924/s1.

Author Contributions: P.C. conceived the project and contributed to the experimental designs.
Conceptualization, Y.M. and Y.T.; methodology, Z.Z.; software, Y.T., H.L. and S.C.; validation, K.D.,
H.Z. (Hao Zhang) and X.J.; formal analysis, J.L.; investigation, Y.N.; resources, Y.L.; data curation, L.T.;
writing—original draft preparation, Y.M.; writing—review and editing, Y.M. and P.C.; visualization,
J.W. and H.Z. (Hongmei Zhu); supervision, P.C. and Y.L. All authors have read and agreed to the
published version of the manuscript.

85



Int. J. Mol. Sci. 2022, 23, 11924

Funding: This work was supported by the Key Research and Development Program of Gansu Province
(Grant No. 21YF5FA112), the Technological Innovation Guidance Program of Gansu Province (Grant
No. 21CX6QA127), the Key Program for International S&T Cooperation Projects of China Gansu
Province (18YF1WA115), National College Students’ Innovation and Entrepreneurship Training
Program (Grant No. 202210730011), the College Students’ Innovation and Entrepreneurship Training
Program of Lanzhou University, China (Grant No. 20220260010) and Innovation and Entrepreneur-
ship Training Program of Lanzhou University, China (Grant No. cxcy202207).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to all lab members for their useful suggestions, support
and encouragement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Herszényi, L.; Tulassay, Z. Epidemiology of gastrointestinal and liver tumors. Eur. Rev. Med. Pharmacol. Sci. 2010, 14, 249–258.
[PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

3. Van Cutsem, E.; Sagaert, X.; Topal, B.; Haustermans, K.; Prenen, H. Gastric cancer. Lancet 2016, 388, 2654–2664. [CrossRef]
4. Ding, M.; Wang, H.; Qu, C.; Xu, F.; Zhu, Y.; Lv, G.; Lu, Y.; Zhou, Q.; Zhou, H.; Zeng, X.; et al. Pyrazolo[1,5-a]pyrimidine TRPC6

antagonists for the treatment of gastric cancer. Cancer Lett. 2018, 432, 47–55. [CrossRef]
5. Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. J. Mol. Sci. 2020, 21, 3233.

[CrossRef]
6. Tao, C.; Chen, J.; Huang, X.; Chen, Z.; Li, X.; Li, Y.; Xu, Y.; Ma, M.; Wu, Z. CT1-3, a novel magnolol-sulforaphane hybrid suppresses

tumorigenesis through inducing mitochondria-mediated apoptosis and inhibiting epithelial mesenchymal transition. Eur. J. Med.
Chem. 2020, 199, 112441. [CrossRef]

7. Amirkia, V.; Heinrich, M. Alkaloids as drug leads–A predictive structural and biodiversity-based analysis. Phytochem. Lett. 2014,
10, xlviii–liii. [CrossRef]

8. Bracca, A.B.J.; Heredia, D.A.; Larghi, E.L.; Kaufman, T.S. Neocryptolepine (Cryprotackieine), A Unique Bioactive Natural Product:
Isolation, Synthesis, and Profile of Its Biological Activity. Eur. J. Org. Chem. 2014, 2014, 7979–8003. [CrossRef]

9. Shang, X.F.; Morris-Natschke, S.L.; Yang, G.Z.; Liu, Y.Q.; Guo, X.; Xu, X.S.; Goto, M.; Li, J.C.; Zhang, J.Y.; Lee, K.H. Biologically
active quinoline and quinazoline alkaloids part II. Med. Res. Rev. 2018, 38, 1614–1660. [CrossRef]

10. Yoo, E.U.N.; Choo, G.; Kim, S.; Woo, J.; Kim, H.; Park, Y.; Kim, B.; Kim, S.; Park, B.; Cho, S.; et al. Antitumor and Apoptosis-
inducing Effects of Piperine on Human Melanoma Cells. Anticancer Res. 2019, 39, 1883–1892. [CrossRef]

11. Bhagya, N.; Chandrashekar, K.; Prabhu, A.; Rekha, P.D. Tetrandrine isolated from Cyclea peltata induces cytotoxicity and
apoptosis through ROS and caspase pathways in breast and pancreatic cancer cells. In Vitro Cell. Dev. Biol.-Anim. 2019,
55, 331–340.

12. Zhang, Y.; Goto, M.; Oda, A.; Hsu, P.-L.; Guo, L.-L.; Fu, Y.-H.; Morris-Natschke, S.; Hamel, E.; Lee, K.-H.; Hao, X.-J. Antiprolif-
erative Aspidosperma-Type Monoterpenoid Indole Alkaloids from Bousigonia mekongensis Inhibit Tubulin Polymerization.
Molecules 2019, 24, 1256. [CrossRef] [PubMed]

13. Son, Y.; An, Y.; Jung, J.; Shin, S.; Park, I.; Gwak, J.; Ju, B.; Chung, Y.-H.; Na, M.; Oh, S. Protopine isolated from Nandina domestica
induces apoptosis and autophagy in colon cancer cells by stabilizing p53. Phytother. Res. 2019, 33, 1689–1696. [CrossRef] [PubMed]

14. Sun, G.-C.; Chen, H.-H.; Liang, W.-Z.; Jan, C.-R. Exploration of the effect of the alkaloid colchicine on Ca2+ handling and its
related physiology in human oral cancer cells. Arch. Oral Biol. 2019, 102, 179–185. [CrossRef] [PubMed]
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Abstract: The mRNA destabilizing factor tristetraprolin (TTP) functions as a tumor suppressor
by down-regulating cancer-associated genes. TTP expression is significantly reduced in various
cancers, which contributes to cancer processes. Enforced expression of TTP impairs tumorigenesis
and abolishes maintenance of the malignant state, emphasizing the need to identify a TTP inducer
in cancer cells. To search for novel candidate agents for inducing TTP in cancer cells, we screened
a library containing 1019 natural compounds using MCF-7 breast cancer cells transfected with a
reporter vector containing the TTP promoter upstream of the luciferase gene. We identified one
molecule, of which the enantiomers are betamethasone 21-phosphate (BTM-21-P) and dexamethasone
21-phosphate (BTM-21-P), as a potent inducer of TTP in cancer cells. We confirmed that BTM-21-P,
DXM-21-P, and dexamethasone (DXM) induced the expression of TTP in MDA-MB-231 cells in a
glucocorticoid receptor (GR)-dependent manner. To identify potential pathways linking BTM-21-P
and DXM-21-P to TTP induction, we performed an RNA sequencing-based transcriptome analysis
of MDA-MB-231 cells at 3 h after treatment with these compounds. A heat map analysis of FPKM
expression showed a similar expression pattern between cells treated with the two compounds.
The KEGG pathway analysis results revealed that the upregulated DEGs were strongly associated
with several pathways, including the Hippo signaling pathway, PI3K-Akt signaling pathway, FOXO
signaling pathway, NF-κB signaling pathway, and p53 signaling pathway. Inhibition of the FOXO
pathway using a FOXO1 inhibitor blocked the effects of BTM-21-P and DXM-21-P on the induction
of TTP in MDA-MB-231 cells. We found that DXM enhanced the binding of FOXO1 to the TTP
promoter in a GR-dependent manner. In conclusion, we identified a natural compound of which the
enantiomers are DXM-21-P and BTM-21-P as a potent inducer of TTP in breast cancer cells. We also
present new insights into the role of FOXO1 in the DXM-21-P- and BTM-21-P-induced expression of
TTP in cancer cells.

Keywords: tristetraprolin; FOXO1; dexamethasone; betamethasone; cancer cells

1. Introduction

Tristetraprolin (TTP, ZFP36) is an RNA binding protein that binds to AU-rich ele-
ments (AREs) within the 3′-untranslated region (3′-UTR) of mRNAs and promotes the
degradation of these mRNAs [1,2]. AREs are found within the 3′-UTR of many short-lived
mRNAs, such as cytokines and proto-oncogenes mRNAs [3]. TTP functions as a tumor
suppressor by destabilizing the mRNA of critical genes implicated in both tumor onset
and progression [4,5]. TTP is widely expressed, with particularly high levels in spleen,

Int. J. Mol. Sci. 2022, 23, 13673. https://doi.org/10.3390/ijms232213673 https://www.mdpi.com/journal/ijms
89



Int. J. Mol. Sci. 2022, 23, 13673

lymph nodes, and thymus [6]. However, TTP expression is significantly decreased in vari-
ous cancers [7]; its downregulation correlates with increased expression of proto-oncogenes
and may contribute to cancer processes. Re-expression of TTP in cancer cells has a growth
inhibitory effect [8–10]. The expression of TTP in cancer cells is induced by p53 [11] and
inhibited by Myc [12]. Notably, nearly all types of cancers have abnormalities in the p53
pathway [13], and c-Myc is often activated in human cancers [14]. Together, these features
may lead to a widespread decrease in the expression of TTP in human cancers. Thus,
enforced expression of TTP may represent a new therapeutic avenue for cancer prevention
and treatment.

Previously it has been reported that glucocorticoids (GCs) induce the expression of
TTP in cells [15–18]. However, the mechanisms underlying the GC-mediated TTP induction
in cancer cells remain unclear. GCs are steroid hormones synthesized and released by the
adrenal glands in response to physiological cues and stress [19]. GCs regulate fundamental
body functions in mammals, including control of cell growth, development, metabolic
homeostasis, cognition, mental health, immune homeostasis, and apoptosis [20–23]. Vari-
ous synthetic GCs (e.g., prednisolone, aldosterone, dexamethasone, and betamethasone)
have been developed by the pharmaceutical industry and serve as treatments for various
diseases. Both natural and synthetic glucocorticoid hormones exert their biological effects
predominantly via the glucocorticoid receptor (GR; NR3C1) [24], a ligand-activated tran-
scription factor that is constitutively and ubiquitously expressed throughout the body [25].
GR functions by regulating the expression of GC responsive genes in a positive or nega-
tive manner. Upon ligand binding, GR shuttles into the nucleus [22] and binds to DNA
sequences called glucocorticoid response elements (GREs) as a homodimeric complex [26].
The binding of GR homodimers to GRE sequences leads to an enhancement of gene ex-
pression [27]. GR also interacts with DNA as a monomer by binding to GRE half-sites and
positively or negatively influences the transcription of target genes by interacting with
promoter-bound STAT5, activator protein 1 (AP-1), or NF-κB transcription factors [28,29].
Independent of binding to GRE, monomeric GR can also regulate gene expression in a
mechanism known as tethering, which involves physical interaction of monomeric GR
with another transcription factor, such as AP-1 and NF-κB [30]. GCs also exert rapid
non-genomic effects that do not require transcription processes or protein synthesis [31].
Interestingly, GCs not only increase the expression of FOXO [32–34] but also increase FOXO
activity [35,36] in a variety cells.

The FOXO family of transcription factors comprises four closely related members—
FOXO1, FOXO3, FOXO4, and FOXO6—that are direct downstream targets of AKT [37,38].
FOXOs play central roles in regulating normal hematopoiesis and are integral mediators of
AKT actions in cellular growth and survival [38,39]. In the absence of active AKT, FOXOs
localize to the nucleus, where they regulate the transcription of genes involved in cell-
cycle arrest, apoptosis, and reactive oxygen species (ROS) detoxification. Previous studies
have reported that GCs increase FOXO1 level in a variety of cells, including hepatocytes,
cardiomyocytes, and tenocytes [32–34]. A reduction in FOXO1 protein protects against beta
cell death induced by the synthetic GC dexamethasone, suggesting that FOXO1 activation
mediates the pro-apoptotic effects of GCs [40].

Several compounds and cytokines have been identified to induce TTP expression [4,5].
However, until now, there has been no report regarding the identification of compounds
from library screening. The purpose of this study was to identify natural compounds that
induce the expression of TTP in cancer cells by screening a natural compound library using
a cell-based reporter assay. Among the 1019 natural compounds in the library, we identified
one molecule, of which the enantiomers are betamethasone 21-phosphate (BTM-21-P) and
dexamethasone 21-phosphate (DXM-21-P), as the best inducer of TTP in the cell-based
reporter assay. We show here, for the first time, that GCs such as BTM-21-P, DXM-21-P, and
DXM induce the expression of TTP in a FOXO1-dependent manner, even in p53 mutant
breast cancer cells. The inhibition of GR or FOXO1 by inhibitors abrogated the effects of
GCs with respect to TTP induction. We also found that GC-induced TTP is required for
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the growth inhibitory effect of GC on breast cancer cells. Together, these studies identify
a novel signaling pathway by which GCs induce TTP expression in a FOXO1-dependent
manner, representing a possible novel pharmacological approach to treat p53 mutant breast
cancer cells.

2. Results

2.1. Screening of a Natural Compound Library Identified an Enantiomer of Betamethasone
21-Phosphate and Dexamethasone 21-Phosphate as a Potent Inducer of TTP in Cancer Cells

To perform cell-based screening for compounds that induce TTP expression in
breast cancer cells, we used a library containing 1019 natural compounds and MCF-7
cells transiently transfected with the pGL3/TTPp-1343 construct containing the TTP
promoter upstream of a luciferase reporter gene. Each natural compound was added to
the transfected cells, and the effect of the compound on TTP induction was measured at
24 h post-treatment by luciferase assay. After three rounds of screening, we identified
five compounds that induced a greater than two-fold increase in luciferase activity
(Tables S1 and S2). To determine whether the selected compounds enhanced TTP promoter
activity in p53 mutant breast cancer cells, we conducted luciferase reporter assays with
the reporter vector in MDA-MB-231 cells that express mutant p53. Among the five
identified compounds, three increased the luciferase activity in a dose-dependent manner
(Table S2 and Figure 1A). We next tested these three compounds for their effect on the
expression of endogenous TTP in MDA-MB-231 cells. Among the three compounds,
compound 05-A06 was the most potent inducer of endogenous TTP at low volume (5 μL)
in MDA-MB-231 cells (Figure 1B–D). At 50 μL, compounds 01-G05 and 05-A06 were toxic
to MDA-MB-231 cells, which might lead to a decrease in TTP expression (Figure 1C,D).
Compound 05-A06 is an enantiomer of betamethasone 21-phosphate (BTM-21-P) and
dexamethasone 21-phosphate (DXM-21-P) (Figure 1E).

2.2. Betamethasone 21-Phosphate, Dexamethasone 21-Phosphate, and Dexamethasone Induce the
Expression of TTP in MDA-MB-231 Cells

We next tested whether BTM-21-P and DXM-21-P, enantiomers of the identified com-
pound, induced the expression of endogenous TTP in MDA-MB-231 TNBC cells. DXM-21-P
is a prodrug that is converted to DXM. We also used dexamethasone (DXM) to compare
its TTP-inducing ability with those of BTM-21-P and DXM-21-P. All three compounds
induced the expression of endogenous TTP in MDA-MB-231 cells at 24 h post-treatment
(Figure 2A). To determine the optimal concentration for TTP induction, MDA-MB-231 cells
were treated with various concentrations of BTM-21-P for 48 h, and TTP mRNA expression
was examined by by qRT-PCR. TTP mRNA expression was highest in response to 500 nM
of BTM-21-P in MDA-MB-231 cells (Figure 2B). TTP protein level in MDA-MB-231 cells
also was increased by treatment with 500 nM of BTM-21-P for 48 h (Figure 2C). We next
treated MDA-MB-231 cells with 500 nM BTM-21-P and collected cells from 3 h to 30 h post-
treatment at 3-h intervals and at 48 h post-treatment. TTP expression level fluctuated with
time after BTN-21-P treatment and peaked at 3 h and 48 h post-treatment (Figure 2D). These
data suggest that BTM-21-P may induce TTP expression earlier than 3 h post-treatment. We
thus analyzed TTP expression at 30-min intervals after BTM-21-P treatment. As shown in
Figure 2E, TTP expression level reached a peak at 1 h after BTM-21-P treatment (Figure 2E).
We further analyzed the effect of BTM-21-P on TTP expression in other breast cancer cell
lines such as HCC-1143, BT20, HCC-1187, MCF-7, BT-474, and T47D. BTM-21-P induced
TTP expression in all breast cancer cell lines except the T47D cell line (Figure 2F). MDA-
MB-231 cells treated with 500 nM DXM expressed a similar level of TTP as cells treated
with 500 nM BTM-21-P at 3 h and 48 h post-treatment (Figure 2G).
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Figure 1. Dose-dependent induction of TTP in MDA-MB-231 cells by three compounds selected from
the fourth screening of the natural compound library. (A) Dose-dependent changes in luciferase
activity. MDA-MB-231 cells were transfected with pGL3/TTPp-1343 luciferase reporter vector
containing the human TTP promoter, followed by stimulation with different concentrations of three
selected compounds solubilized in DMSO for 48 h. The same volume of DMSO was added to the
cells as controls. For each compound, the fold change in luciferase activity of stimulated cells was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Two-way ANOVA). Black bars, control; red bars, 01-E10; green bars, 01-G05; violet
bars, 05-A06. (B–D) Dose-dependent changes in endogenous TTP level. MDA-MB-231 cells were
stimulated with different concentrations of compounds (B) 01-E10, (C) 01-G05, and (D) 05-A06
for 48 h. The expression level of TTP mRNA was analyzed by qRT-PCR. For each compound, the
fold change in expression level was calculated relative to that of the DMSO control. The graphs
are mean ± SD of three independent experiments (one-way ANOVA, * p < 0.01). (E) Structure of
compound 05-A06, an enantiomer of BTM-21-P and DXM-21-P.

GCs exert their biological effects predominantly via GR [24]. Mifepristone is a potent
antagonist of progesterone receptors and GR and has been used as an abortifacient. To
determine whether BTM-21-P and DXM induce TTP expression via GR, we pretreated
MDA-MB-231 cells with the GR inhibitor mifepristone and tested the effects of BTM-21-P
and DXM on TTP expression. The inhibition of GR using mifepristone blocked the BTM-
21-P- and DXM-induced expression of TTP in a dose-dependent manner in MDA-MB-231
cells (Figure 2H).
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Figure 2. Induction of TTP expression by BTM-21-P, DXM-21-P, and DXM in breast cancer cells in a
glucocorticoid receptor (GR)-dependent manner. (A,B) Dose-dependent changes in TTP expression
level in MDA-MB-231 cells. MDA-MB-231 cells were stimulated with the indicated concentration
of BTM-21-P, DXM-21-P, or DXM for 48 h. The expression level of TTP was analyzed by qRT-PCR.
For each compound, the fold change in expression level was calculated relative to that of the DMSO
control. The graphs are mean ± SD of three independent experiments (one-way ANOVA, * p < 0.01).
(C) Western blotting analysis for TTP in MDA-MB-231 cells stimulated by 500 nM BTM-21-P for 48 h.
(D,E) Time-dependent changes in TTP expression level in MDA-MB-231 cells. MDA-MB-231 cells
were stimulated with 500 nM BTM-21-P for the indicated times. The expression level of TTP mRNA
was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of the
DMSO control. The graphs are mean ± SD of three independent experiments (one-way ANOVA,
*** p < 0.001). (F) Effects of BTM-21-P on TTP expression in several breast cancer cell lines (MDA-
MB-231, HCC-1143, BT20, HCC-1187, MCF-7, BT-474, and T47D) stimulated with 500 nM BTM-21-P
for 3 h. The expression level of TTP was analyzed by qRT-PCR. Fold change in expression level was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Student’s t test, * p < 0.01; ** p < 0.005; *** p < 0.001). ns, not significant. (G) Comparison
of the effects of BTM-21-P and DXM on TTP expression in MDA-MB-231 cells. MDA-MB-231 cells
were stimulated with 500 nM BTM-21-P or 500 nM DXM for 3 h or 48 h. The expression level of TTP
mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of
the DMSO control. The graphs are mean ± SD of three independent experiments (Student’s t test,
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*** p < 0.001). ns, not significant. Blue bars, BTM-21-P; red bars, DXM. (H) The effect of the GR
inhibitor on the BTM-21-P- and DXM-mediated induction of TTP expression in MDA-MB-231 cells.
MDA-MB-231 cells were treated with indicated concentrations of the GR inhibitor mifepristone for
30 min, followed by stimulation with 500 nM BTM-21-P or 500 nM DXM for 3 h. The expression level
of TTP mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated relative to
that of the DMSO control. The graphs are mean ± SD of three independent experiment (one-way
ANOVA, *** p < 0.001). (I) The effect of dimerization-defective GR (GRdim) on the DXM-mediated
induction of TTP expression in MDA-MB-231 cells. MDA-MB-231 cells were transfected with empty
vector, pGR, or pGRdim, followed by 500 nM DXM for 3 h. The expression level of TTP mRNA
was analyzed by qRT-PCR. Fold change in expression level was calculated relative to that of the
DMSO control. The graphs are mean ± SD of three independent experiments (two-way ANOVA,
*** p < 0.001). ns, not significant.

GR regulates gene expression as either a homodimer or monomer [27–29]. To deter-
mine whether GR dimerization is required for TTP induction, we transfected MDA-MB-231
cells with plasmid expressing wild-type GR or dimerization-defective GR (GRdim) and
analyzed the expression of TTP after DXM treatment. In the absence of DXM treatment,
ectopic expression of either wild-type GR or GRdim did not induce the expression of TTP
(Figure 2I). DXM treatment significantly increased TTP expression in both wild-type GR–
and GRdim-transfected cells, and there was no significant difference in TTP expression lev-
els (Figure 2I). This result indicates that GR dimerization is not required for TTP induction
by DXM.

2.3. RNA-Seq Transcriptome Analysis of Betamethasone 21-Phosphate and Dexamethasone-Treated
MDA-MB-231 Cells

To gain insights into the molecular mechanism underlying the DXM-mediated in-
duction of TTP in MDA-MB-231 cells, we performed RNA-seq analysis of DXM-treated
MDA-MB-231 cells. To determine whether the gene expression profiles of DXM-treated
cells were similar to those of BTM-21-P-treated cells, we also performed an RNA-seq
analysis of BTM-21-P-treated MDA-MB-231 cells. We collected cells at 3 h post-treatment,
as both DXM and BTM-21-P induced TTP expression in MDA-MB-231 cells at this time
point. Non-treated cells were used as controls. We determined differential gene expression
between non-treated and BTM-21-P- or DXM-treated cells by comparing the three groups
using EdgeR [41]. A total of 1260 differentially expressed genes (DEGs) (FDR < 0.01) with
an absolute log2fold change of 0.3 or greater was detected in BTM-21-P-treated cells and
DXM-treated cells compared with non-treated cells (Table S3). In the comparison of BTM-
21-P-treated cells with non-treated cells, 927 DEGs were identified, with 544 up-regulated
and 383 down-regulated DEGs, as shown in the volcano plot (Figure 3A). Similarly, in
the comparison of DXM-treated cells with non-treated cells, 1107 DEGs were identified,
with 655 up-regulated and 452 down-regulated DEGs (Figure 3B). Two-way unsupervised
hierarchical clustering of the union of the DEGs showed a clear separation of BTM-21-
P-treated cells (B1–B4) and DXM-treated cells (D1–D4) from non-treated cells (N1–N4)
(Figure 3C). However, no recognizable clustering pattern from BTM-21-P-treated cells (B1–
B4) and DXM-treated cells (D1–D4) was detected in unsupervised hierarchical clustering
(Figure 3C), suggesting a high degree of similarity among them. The DEGs were separated
into two clusters of 729 up-regulated and 531 down-regulated DEGs, both in BTM-21-P-
and DXM-treated cells (Figure 3D). DEGs identified in biological replicates clustered to-
gether, indicating good reproducibility of the treatments (Figure 3D). DEGs identified in
BTM-21-P-treated cells and DXM-treated cells showed no significant intergroup differences
(Figure 3D), suggesting that BTM-21-P and DXM affect similar signaling pathways in
MDA-MB-231 cells.
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Figure 3. RNA-Seq data analysis and KEGG pathways. (A,B) Volcano plots for the differentially
expressed genes (DEGs) in BTM-21-P-treated and DXM-21-P-treated cells compared with untreated
cells. The y-axis corresponds to the significance level represented with -log10p value, and the x-axis
displays the log2 (FC) value. The red dots represent the significant (p ≤ 0.01 and |FC| ≥ 0.3) DEGs in
(A) BTM-21-P-treated cells and (B) DXM-21-P-treated cells. The dotted horizontal line means p = 0.01,
and the dotted vertical lines mean |FC| = 0.3. (C) Unsupervised hierarchical clustering of RNA-Seq
data from untreated (N1–N4), BTM-21-P-treated (B1–B4), and DXM-21-P-treated (D1–D4) MDA-MB-
231 cells. The similarities were calculated by Ward’s criterion for 1-(Pearson’s correlation coefficient).
(D) Unsupervised hierarchical clustering and heatmap of DEGs clustered into up-regulated and
down-regulated DEGs. (E,F) The p values and names of the 5 most over-represented KEGG pathways,
calculated on the basis of (E) the top 729 up-regulated DEGs and (F) the top 531 down-regulated
DEGs after treatment with BTM-21-P and DXM-21-P.

To identify pathways modulated by BTM-21-P and DXM, we analyzed the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways of 729 upregulated and 531 down-
regulated DEGs in BTM-21-P- and DXM-21-P-treated cells. The KEGG pathway analysis
results showed that the upregulated DEGs were associated with several signaling pathways,
including the Hippo signaling pathway, PI3K-AKT signaling pathway, FOXO signaling
pathway, NF-κB signaling pathway, and p53 signaling pathway (Figure 3E). The down-
regulated DEGs were associated with the TNF signaling pathway, IL-17 signaling pathway,
AGE-RAGE signaling pathway, NOD-like receptor signaling pathway, and NF-κB signaling
pathway (Figure 3F).
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2.4. FOXO1 Mediates Dexamethasone- and Betamethasone 21-Phosphate-Induced TTP Expression
in MDA-MB-231 Cells

To further uncover the signal pathways involved in DXM- and BTM-21-P-induced
expression of TTP in MDA-MB-231 cells, and to determine whether any of the up-
regulated KEGG pathways mediated the DXM- and BTM-21-P-induced expression of
TTP in MDA-MB-231 cells, we analyzed the effects of inhibitors against PI3K (Wort-
mannin) (Figures 4A and S1A), NF-κB (QNZ) (Figures 4B and S1B), AKT (MK2206)
(Figures 4C and S1C), and FOXO1 (AS1842856) (Figures 4D and S1D) on the DXM- and
BTM-21-P-induced expression of TTP in cancer cells. Only the FOXO1 inhibitor blocked
the effects of both DXM and BTM-21-P on the induction of TTP in MDA-MB-231 cells
(Figures 4D and S1D).

Figure 4. FOXO1 mediates DXM-induced TTP expression in MDA-MB-231 cells. (A–F) MDA-MB-231
cells were incubated with the indicated concentrations of inhibitors against (A) PI3K (Wortman-
nin) (B) NF-κB (QNZ), (C) AKT (MK2206), (D) FOXO1 (AS1842856), (E) MDM2 (Idasanutlin), and
(F) MST1/2 (XMU-MP-1) for 12 h, followed by stimulation with 500 nM DXM for 3 h. The expression
level of TTP mRNA was analyzed by qRT-PCR. Fold change in expression level was calculated
relative to that of the DMSO control. The graphs are mean± SD of three independent experiment
(one-way ANOVA, ** p < 0.005; *** p < 0.001). ns, not significant. (G) MDA-MB-231 cells were
incubated in the presence of the indicated concentration of inhibitors against MST1/2 (XMU-MP-1)
and MDM2 (Idasanutlin) for 12 h. The expression level of TTP mRNA was analyzed by qRT-PCR.
Fold change in expression level was calculated relative to that of the DMSO control. The graphs are
mean ± SD of three independent experiments (one-way ANOVA). ns, not significant.
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To determine the involvement of the p53 and Hippo pathways in the induction of TTP
expression in MDA-MB-231 cells, we treated MDA-MB-231 cells with inhibitors against
MDM2 (Idasanutlin) and MST1/2 (XMU-MP-1) to activate the p53 and the Hippo pathways,
respectively. Neither inhibitor enhanced the expression of TTP in MDA-MB-231 cells, either
in the presence of DXM (Figure 4E,F) or BTM-21-P (Figure S1E,F) or in the absence of DXM
(Figure 4G). These results, combined with the inhibitor results, suggest that the FOXO1
pathway may mediate the DXM- and BTM-21-phosphate-induced expression of TTP in
MDA-MB-231 cells. Since both BTM-21-P and DXM induced TTP expression in MDA-MB-
231 cells through the FOXO1 pathway, we used DXM to induce TTP expression in further
experiments. qRT-PCR was performed to examine the expression of six genes involved in
the FOXO signaling pathway in KEGG analysis: CDKN1A, GADD45A, BCL6, IRS2, SGK1
and S1PR1. Consistent with the RNA-seq results, all six genes were significantly increased
by DXM treatment in MDA-MB-231 cells (Figure 5A).

The mammalian FOXOs have four members: FOXO1, FOXO3, FOXO4, and FOXO6 [42].
Interestingly, none of the four FOXO members was involved in the upregulated FOXO
signaling pathway, and we could not detect them from upregulated DEGs in BTM-21-P
and DXM-treated cells (Table S3). qRT-PCR and western blot analyses also confirmed that
DXM did not increase the expression of FOXO1 in MDA-MB-231 cells (Figure 5B). However,
DXM increased the phosphorylation of GR (Figure 5B). We also found that overexpression
of FOXO1 did not induce the expression of TTP in the absence of DXM and did not affect
the DXM-induced expression of TTP in MDA-MB-231 cells (Figure 5C). In addition, the
treatment of cells with a GR inhibitor, mifepristone, blocked the DXM-induced expression
of TTP, even in FOXO1-overexpressing cells (Figure 5C). Collectively, our results suggest
that even though DXM induces the expression of TTP in a monomeric GR-FOXO1 pathway-
dependent manner, the induction of FOXO1 expression is not required for DXM-induced
expression of TTP.

The mammalian FOXO family has four members: FOXO1, FOXO3, FOXO4, and
FOXO6 [35]. Notably, none of the FOXO members was involved in the upregulated FOXO
signaling pathway, and none was not detected from upregulated DEGs in BTM-21-P-
and DXM-treated cells (Table S3). qRT-PCR analyses also confirmed that DXM did not
increase the expression of FOXO1 in MDA-MB-231 cells (Figure 5B). We also found that
overexpression of FOXO1 did not induce the expression of TTP in the absence of DXM
and did not affect the DXM-induced expression of TTP in MDA-MB-231 cells (Figure 5C).
In addition, the treatment of cells with the GR inhibitor mifepristone blocked the DXM-
induced expression of TTP, even in FOXO1-overexpressing cells (Figure 5C). Collectively,
our results suggest that while DXM induced the expression of TTP in a monomeric GR-
FOXO1 pathway–dependent manner, the induction of FOXO1 expression is not required
for DXM-induced expression of TTP.

Inhibition of GR (Figure 2H) or FOXO1 (Figure 4D) abrogated the DXM-induced ex-
pression of TTP, indicating the requirement for GR and FOXO1 in DXM-induced expression
of TTP in MDA-MB-231 cells. A search for transcription factor binding sites using online
software (JASPAR) revealed the presence of putative FOXO1 binding sites within the TTP
promoter, but no putative binding sites for FOXO3, FOXO4, FOXO6, and GR were found
(Figure S2), indicating that DXM may enhance FOXO1 binding to the TTP promoter in a
GR-dependent manner in MDA-MB-231 cells.
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Figure 5. DXM induces TTP expression without induction of FOXO1 expression. (A) Validation
of the DEGs in the FOXO signaling pathway in KEGG analysis by qRT-PCR analysis. MDA-MB-
231 cells were stimulated with 500 nM DXM for 3 h. The mRNA expression levels of CDKN1A,
BCL6, GADD45A, S1PR1, IRS2, and SGK1 were analyzed by qRT-PCR. Fold change in expression
level was calculated relative to that of the DMSO control. The graphs are mean ± SD of three
independent experiments (Student’s t test, * p < 0.05; ** p < 0.005; *** p < 0.001). (B) Effect of DXM
on the expression of the FOXO1 in MDA-MB-231 cells. MDA-MB-231 cells were stimulated with
500 nM DXM for 3 h. The expression level of FOXO1 was analyzed by qRT-PCR and western blot
analysis. In addition, phosphorylation of GR was determined by western blot. Fold change in
expression level was calculated relative to that of the DMSO control. The graphs are mean ± SD of
three independent experiments (Student’s t test). (C) Effect of ectopic expression of FOXO1 on the
DXM-induced expression of TTP in MDA-MB-231 cells. MDA-MB-231 cells were transfected with
pFOXO1 plasmid. After 24 h incubation, cells were stimulated with 500 nM DXM in the presence or
absence of mifepristone for 3 h. Expression of FOXO1 and phosphorylation of GR were determined
by western blot analysis. The expression level of TTP mRNA was analyzed by qRT-PCR. Fold
change in expression level was calculated relative to that of the DMSO control. The graphs are
mean ± SD of three independent experiments (Student’s t test and one-way ANOVA, *** p < 0.001).
ns, not significant.

2.5. Dexamethasone-Induced TTP Down-Regulates ARE-Containing Genes in Cancer Cells and
Mediates the Anti-Viability Effect of Dexamethasone

TTP contributes to the down-regulation of ARE-containing genes [1,2]. We next
determined whether dexamethasone-induced TTP down-regulated the expression of ARE-
containing genes. After treatment with DXM, cells were analyzed for the expression level
of TTP-target genes, including VEGF, COX2, and Myc [9,10,12]. DXM treatment led to a
decrease in ARE-containing genes in MDA-MB-231 cells (Figure 6A–C).
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Figure 6. DXM-induced TTP mediates the anti-viability function of DXM in MDA-MB-231 cells.
(A–C) DXM treatment decreases expression of ARE-containing genes in MDA-MB-231 cells. MDA-
MB-231 cells were stimulated with 500 nM DXM, and the expression of ARE-containing genes such
as (A) Myc, (B) VEGF, and (C) COX2 was analyzed by qRT-PCR. Fold change in expression level was
calculated relative to that of the DMSO control. The graphs are mean ± SD of three independent
experiments (Student’s t test, * p < 0.05). (D) TTP mediates the anti-viability function of DXM
in MDA-MB-231 cells. MDA-MB-231 cells were transfected with TTP-specific siRNA (siTTP) or
control scrambled siRNA (scRNA) and stimulated with 500 nM DXM. Viability of MDA-MB-231 cells
was assessed using MTS assays. Graphs show relative cell viability. Data are mean ± SD of three
independent experiments (one-way ANOVA, ** p < 0.01).

GCs have been reported to exert anti-tumorigenic effects [43]. To determine whether
DXM exhibited anti-viability effects in MDA-MB-231 cells, we incubated cells with 500 nM
DXM and analyzed viability using MTS assays. Consistent with previous reports [44,45],
DXM (500 nM) significantly inhibited the viability of MDA-MB-231 cells (Figure 6D).
TTP exerts anti-viability functions by destabilizing the mRNAs of genes involved in cell
viability [4,5]. Thus, we speculated that TTP induced by DXM may mediate the anti-
viability effects of DXM in cancer cells. We next tested whether TTP was required for the
anti-viability activity of the combined treatment with these compounds. The inhibition of
TTP using siRNA against TTP (TTP-siRNA) attenuated the inhibitory effects of DXM on
the viability of MDA-MB-231 cells (Figure 6D). These results suggest that TTP mediates the
anti-viability functions of DXM in breast cancer cells.

3. Discussion

Approximately 16% of human genes have ARE motifs within their mRNA 3′UTR [46],
and many of them are implicated in immune response and tumorigenesis [47,48]. TTP can
bind to ARE and enhance the degradation of ARE-containing mRNA by recruiting protein
components of P-body to the TTP-mRNA complexes [49,50]. By post-transcriptional down-
regulation of the genes involved in tumor onset and progression (4, 5), TTP functions as a
tumor suppressor. However, the expression of the TTP tumor suppressor is significantly
decreased in various cancers [7]. Thus, inducers of TTP in cancer cells with low TTP
expression may be good candidates for new therapeutic drugs for cancer treatment.

Compounds derived from natural products can demonstrate structural diversity and
have the potential to act via diverse mechanisms. Until now, there has been no report of the
identification of compounds from a natural compound library that induce TTP expression
in cancer cells. The natural compound library provided by the Korea Chemical Bank
(http://www.chembank.org/. accessed on 26 January 2017) contains 1019 pure natural
compounds from medicinal plants. In this study, we used this library in conjunction with a
cell-based reporter assay to discover novel compounds to induce TTP expression in cancer
cells. By screening the library, we identified one molecule of which the enantiomers are

99



Int. J. Mol. Sci. 2022, 23, 13673

the GCs BTM-21-P and DXM-21-P as a potent inducer of TTP in cancer cells. Further
characterization revealed that BTM-21-P and DXM-21-P induce TTP expression in breast
cancer cells in a GR-dependent manner.

Both natural and synthetic GC hormones exert their biological effects predominantly
via the GR, a ligand-activated transcription factor that is expressed in nearly all cells [24,25].
DXM, DXM-21-P, and BTM-21-P induced TTP expression in a GR-dependent manner in
MDA-MB-231 cells. Both monomeric and homodimeric GRs regulate gene expression [27–29].
In our study, MDA-MB-231 cells transfected with either wild-type or dimerization-defective
GR (GRdim) induced similar levels of TTP after DXM treatment, indicating that monomeric
GR is involved in the DXM-induced expression of TTP in MDA-MB-231 cells.

Upon ligand binding, the GR becomes localized in the cell nucleus and binds to
DNA sequences called glucocorticoid response elements (GREs) to either inhibit [51,52]
or enhance [27,53,54] the expression of numerous genes. However, when predicting tran-
scription factor binding sites, we did not identify GREs within the promoter region of the
TTP gene, suggesting that GR may induce the expression of TTP in a GRE-independent
manner. GR can regulate gene expression without direct binding to GRE by interacting
with promoter-bound transcription factors, such as NF-κB, STAT5, and AP-1 [29,30], in a
mechanism known as tethering. To better understand the signaling pathways involved
in the TTP induction in DXM- and BTM-21-P-treated cells, we performed whole genome
transcriptome analysis of MDA-MB-231 cells treated with DXM or BTM-21-P for 3 h using
RNA-Seq. Both unsupervised hierarchical clustering and DEG clustering in a heat map
showed no significant difference between DXM- and BTM-21-P-treated cells, suggesting
that they affect similar signaling pathways in MDA-MB-231 cells. A KEGG pathway analy-
sis of up-regulated DEGs in DXM- and BTM-21-P-treated cells revealed upregulation of
the FOXO signaling pathway, and inhibition of FOXO1 blocked the DXM- and BTM-21-
P-mediated induction of TTP expression in MDA-MB-231 cells. In addition, the JASPAR
prediction revealed the presence of putative FOXO1 binding sites within the TTP promoter.
These results suggest that FOXO1 may mediate the effect of GCs on TTP expression in
cancer cells. In this study, DXM treatment induced TTP expression without increasing
FOXO1 level. The over-expression of FOXO1 without DXM stimulation did not enhance
TTP expression in MDA-MB-231 cells. Collectively, these results suggest that the GC/GR
signal pathway does not increase FOXO1 expression but may increase FOXO1 binding to
the TTP promoter, which leads to induction of TTP expression in MDA-MB-231 cells.

GCs have been reported to inhibit the growth of cells [43–45], and TTP also inhibits
the growth of cancer cells by down-regulation of ARE-containing genes involved in cell
proliferation [9,10,12]. In our study, TTP expression was induced in MDA-MB-231 cells.
This suggests that GC-induced TTP may inhibit the growth of cancer cells through down-
regulation of ARE-containing genes. Indeed, GC treatment down-regulated the expression
of ARE-containing TTP target genes such as Myc, VEGF, and COX-2 and inhibited the
viability of MDA-MB-231 cells. Inhibition of TTP by siRNA against TTP attenuated DXM-
induced inhibition of cell viability, indicating that DXM-induced TTP plays a role in the
anti-viability effect of DXM. Even though we found that GCs increased the TTP expression
and inhibited viability of MDA-MB-231 cells, it is not likely that all kinds of breast cancer
cells will show a similar response to GCs. GCs can promote metastasis of certain type of
breast cancer cells [55,56], and TTP inhibits the migration of cancer cells by suppressing the
expression of Twist1 and Snail1 [57]. Further study is required to determine whether GCs
induces TTP expression in breast cancer cells in which metastasis is promoted by GCs.

4. Materials and Methods

4.1. Cells and Chemicals

The human MCF-7, MDA-MB-231, HCC-1143, HCC-1187, BT20, BT-474, and T47D
breast cancer cell lines were purchased from the Korean Cell Line Bank (Seoul, Korea).
Cells were cultured in RPMI 1640 media supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Welgene, Korea) and were maintained at 37 ◦C in a humidified 5%
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CO2 atmosphere. Dexamethasone (DXM), dexamethasone 21-phosphate (DXM-21-P),
betamethasone 21-phosphate (BTM-21-P), mifepristone (Sigma Aldrich, St. Louis, MO,
USA), Wortmannin, QNZ, MK2206, idasanutlin, AS1842856, XMU-MP-1 and p38 MAPK
inhibitor (Selleckchem, Houston, TX, USA) were used in this study.

4.2. Cell Viability

For the MTS assay, cells were plated in triplicate at 1.0 × 104 cells/well in 96-well
culture plates in culture media. At 24 h after plating, CellTiter 96 AQueous One Solution
reagent (Promega, Madison, WI, USA) was added to each well according to the manufac-
turer’s instructions, and absorbance at 490 nm was determined for each well using a Victor
1420 Multilabel Counter (EG&G Wallac, Turku, Finland).

4.3. Plasmids, Small Interfering RNAs, Transfections, and Dual-Luciferase Assay

The pGL3/TTPp-1343 plasmid containing the human TTP promoter was described
previously [11]. The pGR-wt, pGRdim, and pFOXO1-Flag plasmids were purchased from
Addgene (Watertown, MA, USA).

Small interfering RNAs (siRNAs) against human TTP (TTP-siRNA, sc-36761) and
control siRNA [scrambled siRNA (scRNA), sc-37007] were purchased from Santa Cruz
Biotechnology (Santa Cruz, Santa Cruz, CA, USA). Cells were transfected 24 h after plating
using LipofectamineTM RNAiMAX (Invitrogen, Carlsbad, CA, USA) and harvested at 48 h
after transfection. The expression levels of TTP mRNA were analyzed by qRT-PCR.

4.4. Screening of the Natural Product Library and Luciferase Assay

Natural compounds have been used to develop drugs for cancer and infectious dis-
eases, since they are structurally optimized by evolution to serve particular biological
functions, and their use in traditional medicine provides insights regarding efficacy and
safety [58]. Thus, in this study, we used a natural product library to select natural com-
pounds which can induce TTP expression in cancer cells. A library containing 1019 natural
products was provided by the Korea Chemical Bank (http://www.chembank.org/. ac-
cessed on 26 January 2017) of the Korea Research Institute of Chemical Technology. MCF-7
cells in culture dishes (100 mm diameter) were co-transfected with the pGL3/TTPp-1343-
luciferase reporter construct and pRL-SV40 Renilla luciferase construct using TurboFectTM
in vitro transfection reagent (Fermentas, Waltham, MA, USA). After incubation for 24 h,
cells were harvested and seeded in 96-well plates at a density of 4 × 103 cells per well in
100 μL and cultured with 30 μL of natural compounds diluted in fresh culture media. After
further incubation for 24 h, cells were lysed with lysis buffer and mixed with luciferase
assay reagent (Promega, Madison, WI, USA). Cells were also treated with the same volume
of DMSO to detect luciferase activity induced by the native signal pathway. The chemi-
luminescent signal was measured using a SpectraMax L Microplate (Molecular Devices,
Sunnyvale, CA, USA). Firefly luciferase was normalized to Renilla luciferase in each sample.
All luciferase assays reported in this study represent at least three independent experiments,
each consisting of three wells per transfection. We selected compounds that induced a
greater than two-fold increase in luciferase activity.

4.5. Quantitative Real-Time PCR and Semi-qRT-PCR

DNase I–treated total RNA (3 μg) was reverse transcribed using oligo-dT and Super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed by monitoring
in real-time the increase in fluorescence of SYBR Green dye (QIAGEN, Hilden, Germany)
using the StepOnePlusTM real-time PCR system (Applied Biosystems, Waltham, MA, USA).
Semi-qRT-PCR was performed using Taq polymerase (Solgent, Daejeon, Korea) and the
PCR primer pairs (Table 1).
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Table 1. PCR primers used in this study.

Genes Primer Sequences (5′-3′)

Gene
expression

analysis

β-actin
F ATCGTGCGTGACATTAAGGAGAAG

R AGGAAGGAAGGCTGCAAG

BCL6
F CATGCAGAGATGTGCCTCCACA

R TCAGAGAAGCGGCAGTCACACT

CDKN1A
F AGGTGGACCTGGAGACTCTCAG

R TCCTCTTGGAGAAGATCAGCCG

FOXO1
F CTACGAGTGGATGGTCAAGAGC

R CCAGTTCCTTCATTCTGCACACG

GADD45A
F CTGGAGGAAGTGCTCAGCAAAG

R AGAGCCACATCTCTGTCGTCGT

GAPDH
F AATCCCATCACCATCTTCCAG

R AAATGAGCCCCAGCCTTC

IRS2
F CCTGCCCCCTGCCAACACCT

R TGTGACATCCTGGTGATAAAGCC

S1PR1
F CCTGTGACATCCTCTTCAGAGC

R CACTTGCAGCAGGACATGATCC

SGK1
F GCTGAAATAGCCAGTGCCTTGG

R GTTCTCCTTGCAGAGTCCGAAG

TTP
F TCTTCGAGGCGGGAGTTTTT

R TGCGATTGAAGATGGGGAGTC

4.6. SDS-PAGE and Immunoblotting

Proteins were resolved by SDS-PAGE and transferred onto Hybond-P membranes
(Amersham Biosciences Inc., Amersham, UK). The membranes were blocked and then
probed with appropriate dilutions of the following antibodies: rabbit anti-human TTP
(T5327, Sigma, St. Louis, MO, USA) and anti-β-actin (A2228, Sigma, St. Louis, MO, USA).
Immunoreactivity was detected using an ECL detection system (Amersham Biosciences
Inc., Amersham, UK). Films were exposed at multiple time points to ensure that the images
were not saturated.

4.7. RNA Preparation and RNA-Seq

We performed RNA-Seq on total RNA samples (RIN above 8.5) collected from MDA-
MB-231 cells at 4 h after treatment with growth media control, 500 nM DXM-21-P or 500 nM
BTM-21-P. Residual DNA from each sample was removed using the RNeasyMinElute-
Cleanup Kit (Qiagen, Hilden, Germany). The cDNA library was prepared with 1.0 μg
of total RNA using the TrueSeq RNA library Preparation Kit (Illumina, San Diego, CA,
USA) following manufacturer’s recommendations, followed by paired-end sequencing
(2 × 100 bp) using the HiSeq1500 platform (Illumina, San Diego, CA, USA). cDNAs were
amplified according to the RNAseq protocol provided by Illumina and sequenced using an
Illumina HiSeq 2500 system to obtain 150-bp paired-end reads. The sequencing depth for
each sample was >20 million reads. RNA-seq reads were mapped using STAR 2.7.9a [59]
to the human genome GRCh38. Gene expression counts were measured using multicov
implemented in bedtools [60]. Differentially expressed genes (DEGs) were obtained by
comparing groups (Control, Beta, and Dexa) using EdgeR [41]. Genes with false discovery
rate (FDR) <0.01 and log2fold change >0.3 were selected as DEGs. The DEGs were clustered
using hierarchical clustering implemented in R. Ward’s criterion. Pearson’s correlation
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coefficient was used as a distance measure. A clustering heatmap was drawn using a
z-score scaled across samples for each gene. The enriched KEGG pathway terms were
obtained from Enrichr software [61].

4.8. Statistical Analysis

Differences in the expression of genes were evaluated by Student’s t-test or one-way
ANOVA. A p value less than 0.05 was considered statistically significant.

5. Conclusions

Herein, we have reported that GC compound, an enantiomer of BTM-21-P and
DXM-21-P, identified from a natural compound library, induces TTP expression in a GR-
dependent manner in breast cancer cells. Furthermore, we found that GR does not induce
FOXO1 expression but may stimulate FOXO1 to bind to the TTP promoter and thus to
induce TTP expression. Importantly, GC-induced TTP down-regulated ARE-containing
TTP target genes and mediated the anti-viability function of GCs. The inhibition of TTP by
siRNA attenuated the anti-viability effect of GCs. Thus, our data indicate that GCs induce
TTP expression in a FOXO1-dependent manner, and that GC-induced TTP mediates the
anti-viability activity of GCs in breast cancer cells.
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Abstract: Chemical investigation of the ethyl acetate extract from the culture broth of the marine-
derived actinobacterium Streptomyces ardesiacus 156VN-095 led to the isolation of three hitherto
undescribed angucycline glycosides, including urdamycins W and X (1 and 2) and grincamycin U (9),
as well as their seven known congeners. The structures of the new compounds were elucidated by
means of spectroscopic methods (HRESIMS, 1D and 2 D NMR) and comparison of their experimental
data with literature values. Compounds 1–3 and 9 were evaluated for their anti-Gram-positive
bacterial effect and cytotoxicity against six cancer cell lines. Compound 1 displayed significant
cytotoxicity against all the tested cell lines with GI50 values of 0.019–0.104 μM. Collectively, these
findings highlight the potential of angucycline glycosides as leading structures for the development
of new anti-cancer drugs.

Keywords: Streptomyces ardesiacus; urdamycin; grincamycin; anti-bacterial; cytotoxicity

1. Introduction

The genus Streptomyces are renowned as the largest contributor of currently used
antibiotics [1]. Over the past decades, the most important classes of antimicrobial drugs
have been isolated from this genus, such as tetracyclines, aminoglycosides, macrolides,
and lypopeptides [2]. However, bioassay-guided screening of common actinomycetes,
particularly the genus Streptomyces, often led to the rediscovery of known compounds
and it is not an efficient approach to identifying new natural scaffolds [3]. Over the last
decades, several dereplication strategies in natural product research were conducted to
search for novel chemical structures from natural resources, such as bioactivity-guided
fractionation, chemical profiles of crude extract collections and target compounds, and
taxonomic identification of microbial strains [4]. Since terrestrial microbes have been
well studied, several different approaches, including the investigation of unexploited
habitats such as marine and extreme environments, have been employed to yield novel
chemistry [5].

Polyketides are one of the largest classes of natural products isolated from the genus
Streptomyces [6,7]. Among them, polycyclic aromatic polyketides, which are called “cyto-
toxic antibiotics”, are one of the chemically richest classes of secondary metabolites and
possess various biological activities, predominantly anticancer and antibacterial, and some
of them are currently used as anti-cancer or anti-bacterial drugs, such as doxorubicin,
epirubicin, and tetracycline [8–10]. The angucycline group is the largest group of type II
PKS-engineered natural products, and is abundant in biological activities and chemical
scaffolds [8], and the majority of angucycline producers were classified to be Streptomycetes
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of various species [11]. Besides possessing an interesting cytotoxicity, some of the an-
gucyclines act as hydroxylase and/or mono-oxygenase inhibitors, some potentially inhibit
blood platelet aggregation and others demonstrate antibacterial or antiviral activity [11].
Therefore, angucyclines may serve as leading structures for new drug discovery.

As part of our ongoing studies on bioactive secondary metabolites isolated from
marine-derived microorganisms, an actinomycetal strain was isolated near Nha Trang
Bay, Vietnam, and identified as Streptomyces ardesiacus 156VN-095 by 16S rRNA gene
sequence analysis. NMR and HPLC profiling of the ethyl acetate (EtOAc) extract from the
culture broth of the strain showed characteristic signals of polycyclic aromatic polyketides.
Chemical investigations of a large-scale culture of the strain were carried out and resulted
in the isolation of three previously undescribed angucycline polyketides (1, 2, and 9) and
their seven known congeners. Herein, we describe the isolation, structure elucidation, and
their anti-Gram-positive bacterial and cytotoxic activities.

2. Results and Discussion

The strain Streptomyces ardesiacus 156VN-095 cultured on Bennett’s agar medium
produced dark purple pigments. A small-culture test in Bennett’s modified broth led to the
isolation of urdamycins A and B as major metabolites (Figure S1). To further discover other
unknown chemical constituents, a large-scale culture was conducted, and consequently,
three unreported congeners were isolated. The structures and biological activities of these
compounds are described below.

Compound 1 was isolated as a dark red powder, and the molecular formula of 1 was
determined as C38H48O15S based on its HRESIMS peak at m/z 799.2612, [M + Na]+ (calcd.
for C38H48O15SNa, 799.2612, Figure S8). The 1H NMR spectrum of 1 showed signals of
three aromatic protons at δH 7.73 (d, J = 7.6 Hz, H-10), 7.42 (d, J = 6.8 Hz, H-11), and
6.42 (s, H-6); two anomeric protons at δH 4.96 (s, H-1′ ′) and 4.57 (d, J = 9.6 Hz, H-1′ ′ ′); nine
oxygenated methines at δH 2.91–4.75; twelve methylene protons at δH 1.22–2.85; and signals
of five methyl groups at δH 1.17–2.49 (Figure S2). The 13 C NMR data, in combination with
HSQC spectrum, demonstrated signals of 13 sp2 carbons including three ketones at δC
206.6 (C-1), 190.1 (C-7), and 183.1 (C-12); three protonated aromatic carbons at δC 134.4
(C-10), 119.7 (C-11), and 106.5 (C-6); and seven non-protonated sp2 carbons at δC 115.3–
165.8 (Figures S3 and S4). In addition, the 13C NMR spectrum also revealed signals of two
anomeric carbons at δC 102.8 (C-1′ ′ ′) and 95.2 (C-1′ ′); nine protonated oxygenated methines
at δC 67.8–78.4; three tertiary alcohols at δC 84.2 (C-4a), 79.5 (C-12b), and 77.3 (C-3); six
methylenes at δC 25.4–53.3; and five methyl groups at δC 14.6–30.3. The 1H NMR spectrum
of 1 was quite similar to that of urdamycin E (3), except for the obvious missing signals
for a sugar moiety attached to C-12b, indicating 1 was a new derivative of 3 with one
less sugar unit [12] as shown in Figure 1. Further detailed analysis of HMBC and COSY
data (Figure 2 and Figures S5 and S6) confirmed the planar structure of 1. The relative
configuration of trisaccharide moiety was deduced by analysis of 3 JH,H coupling constants
and NOESY data. The strong NOESY correlations from H-1′ to H-3′ and H-5′ indicated
H-1′, H-3′, and H-5′ had a co-facial relationship, and H-4′ was observed at δH 3.12 (t), with
a large coupling constant (J = 8.9 Hz), indicating H-4′ had a diaxial relationship with H-3′
and H-5′ (Figure 3 and Figure S7). Thus, the first sugar was determined as D-olivose and,
similarly, the third sugar was also determined as D-olivose. The strong NOESY correlation
between H-4′ ′ and H3-5′ ′ and the lack of NOESY correlation from H-1′ ′ to H-5′ ′ identified
the second sugar as L-rhodinose. Urdamycins are a group of angucycline glycosides firstly
isolated from Streptomyces fradiae and the absolute stereochemistry of urdamycin A (5) was
unambiguously determined by an X-ray analysis [13]. Urdamycin E (3) with an additional
thiomethyl group (CH3S-) at C-5 position of urdamycin A (5) was also isolated from the
same strain, and 3 was transformed into 5 by treatment with Raney nickel reagent [14].
Hydrolysis of 3 yielded urdamycinone E (4) [14]. These studies revealed that urdamycin
A (5) and its congeners (3 and 4) have the same absolute stereochemistry. Therefore, the
absolute stereochemistry of 1 was determined by comparison experimental ECD between
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1 and 4 (Figure 4 and Figure S28), and by considering the similarity of 1H and 13C NMR
data and biosynthetic correlation of 1 and 4. Thus, the structure of 1 was determined as
12b-desrhodinosyl urdamycin E and named urdamycin W.

Figure 1. Structures of 1–10 isolated from Streptomyces ardesiacus 156VN-095.

Figure 2. Key COSY and HMBC correlations for 1, 2, and 9.

Figure 3. (A). Key NOESY correlations for trisaccharide moiety of 1 and 9. (B). Key NOESY correla-
tions for 2.
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Figure 4. Experimental ECD spectra of 1–4.

Compound 2 was also isolated as a dark red powder, the molecular formula of 2

was determined as C32H38O12S based on its HRESIMS peak at m/z 669.1984, [M + Na]+

(calcd. for C32H38O12SNa, 669.1982, Figure S15). The 1H NMR spectrum of 2 revealed
signals of three aromatic protons at δH 7.84 (d, J = 7.8 Hz, H-10), 7.57 (d, J = 7.8 Hz, H-11),
and 6.49 (s, H-6); an anomeric proton at δH 5.28 (s, H-1b); six oxygenated methines at
δH 3.03–4.89; ten methylene protons at δH 1.38–2.78; and signals of four methyl groups
at δH 0.55–2.48 (Figure S9). The 13C NMR data, in collaboration with HSQC spectrum,
showed signals of 13 sp2 carbons including three ketocarbonyls at δC 204.7 (C-1), 190.3
(C-7), and 183.9 (C-12); three protonated aromatic carbons δC 134.4 (C-10), 120.1 (C-11), and
106.0 (C-6); and seven non-protonated sp2 carbons at δC 115.5–165.8 (Figures S10 and S11).
Additionally, the 13C NMR spectrum also showed signals of an anomeric carbon at δC 95.7
(C-1b), six protonated oxygenated methines at δC 67.8–78.8, three tertiary alcohols at δC 84.7
(C-4a), 83.5 (C-12b), and 76.8 (C-3), five methylenes at δC 24.2–55.0, and four methyl groups
at δC 14.6–30.0 (Figure S10). The 1H NMR spectrum of 2 was similar to that of urdamycin V,
except for the obvious missing signals of a doublet anomeric proton at δH 4.98 and a doublet
methyl group at δH 1.14 in urdamycin V, indicating 2 was a new derivative of urdamycin
V with a missing sugar moiety attached to C-3′ position [12]. Further detailed analysis
of HMBC and COSY data confirmed the planar structure of 2 as depicted in Figure 1
(Figures S12 and S13). Two sugar units were determined as D-olivose and L-rhodinose by a
similar procedure for 1 (Figure S14). The absolute stereochemistry of 2 was determined
by comparison of its experimental ECD spectrum with that of 3 (Figure 4 and Figure S29).
Thus, the structure of 2 was determined as 3′-desrhodinosyl urdamycin V and named
urdamycin X.

Compound 9 was isolated as an orange powder. The molecular formula of 9 was
determined as C37H46O15 based on its HRESIMS peak at m/z 753.2734, [M + Na]+ (calcd.
for C37H46O15Na, 753.2734, Figure S27), with two hydroxy groups (-OH) more than that
of 6 (urdamycin B). The 1H NMR spectrum of 9 showed a similar pattern to that of 6,
and the obvious differences were the upfield-shifted chemical shift values of H-5 and
H3-13 (Figures S16 and S22)). The 13C NMR spectrum of 9 showed an additional carbonyl
signal at δC 175.7 and a missed ketone signal at δC 196.7 [14], indicating 9 was a new
derivative of 6 with a ring-opening type of ring A and the ketone was hydrolyzed to
a carboxylic acid (grincamycin type, Figures S17 and S23) [15]. The planar structure of
9 was further confirmed by detailed analysis of HSQC, 1H-1H COSY, and HMBC data
(Figures S18–S20 and S24–S26). The relative configuration of the trisaccharide moiety was
determined to be the same as that of 1 by analysis of NOESY data and 3JH,H coupling
constants (Figures S21). The absolute configuration of 9 was the same as that of other
gricamycin derivatives by considering the biosynthetic correlation and comparison of
experimental ECD spectra of 9 with grincamycin L (Figure S30) [15]. Thus, the structure of
9 was determined as depicted in Figure 1 and named grincamycin U [16].

The structures of known compounds were identified as urdamycin E (3) [12], urdamy-
cinone E (4) [14], urdamycin A (5) [13], urdamycin B (6) [14], 5-hydroxyurdamycin B (7) [17],
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urdamycinone B (8) [14], and urdamycin F (10) [14] by comparison of their spectroscopic
data with those reported in the literature (Figures S31–S37).

Since previously described angucyline glycosides showed anti-Gram-positive bacterial
or cytotoxic activities [9], the new compounds (1, 2, and 9) were primarily evaluated for
their anti-bacterial activity against three Gram-positive bacterial strains (Table 1). The
tested compounds showed selective anti-microbial activity, and of them, 1 showed the
strongest activity against Bacillus substilis (KCTC 1021) with a MIC value of 8.0 μg/mL.

Table 1. Antibacterial activity of 1, 2, and 9.

MIC (μg/mL)

B. subtilis
KCTC 1021

Micrococcus luteus
KCTC 1915

Staphylococcus aureus
KCTC 1927

1 8.0 64.0 32.0
2 >128 64.0 64.0
9 32.0 >128 >128

Kanamycin 0.25 1.0 0.5

Compounds 1–3 and 9 were also tested for their cytotoxicity against six cancer cell lines
(PC-3 (prostate), NCI-H23 (lung), HCT-15 (colon), NUGC-3 (stomach), ACHN (renal), and
MDA-MB-231 (breast)). All compounds showed cytotoxic effect with a different tendency
(Table 2 and Figure S38). Compound 1 showed the strongest cytoxicity against all tested
cell lines, which was more potent than the positive control (adriamycin). The cytotoxic
and anti-bacterial results indicated that a longer saccharide chain at C-3′ could enhance
the activities (1 and 2) and ring-opening type (9) led to a significant reduction in their
biological effects.

Table 2. Growth inhibition (GI50, μM) of 1–3, and 9 against human cancer cell lines.

Compounds 1 2 3 9 Adr.

ACHN 0.104 ± 0.012 0.093 ± 0.004 0.060 ± 0.001 3.422 ± 0.357 0.140 ± 0.009
HCT-15 0.075 ± 0.012 0.150 ± 0.015 0.095 ± 0.037 3.886 ± 0.351 0.162 ± 0.012

MDA-MB-231 0.033 ± 0.008 0.077 ± 0.017 0.093 ± 0.005 3.500 ± 0.472 0.162 ± 0.000
NCI-H23 0.031 ± 0.002 0.050 ± 0.004 0.036 ± 0.002 3.245 ± 0.179 0.145 ± 0.003
NUGC-3 0.019 ± 0.003 0.028 ± 0.006 0.030 ± 0.006 3.037 ± 0.045 0.151 ± 0.014

PC-3 0.022 ± 0.006 0.103 ± 0.002 0.062 ± 0.012 2.750 ± 0.344 0.148 ± 0.005
Adr., Adriamycin as a positive control. GI50 values are the concentration corresponding to 50% growth inhibition.

3. Materials and Methods

3.1. General Experimental Procedures

The 1D and 2D NMR spectra were recorded using a Bruker AVANCE III 600 spectrom-
eter with a 3 mm probe operating at 600 MHz (1H) and 150 MHz (13C). HRESIMS data
were acquired by a Waters SYNPT G2 Q-TOF mass spectrometer at the Korea Basic Science
Institute (KBSI) in Cheongju, Korea. UV spectra were measured by a Shimadzu UV-1650PC
spectrophotometer. ECD spectra were obtained on a JASCO J-1500 polarimeter at the Cen-
ter for Research Facilities, Changwon National University, Changwon, Korea. IR spectra
were recorded on a JASCO FT/IR-4100 spectrophotometer. HPLC was carried out using a
PrimeLine binary pump coupled with a Shodex RI-101 refractive index detector and S3210
variable UV detector. Columns used for HPLC were YMC-Triart C18 (250 mm × 10 mm,
5 μm and 250 mm × 4.6 mm, 5 μm). Reversed-phase silica gel (YMC-Gel ODS-A, 12 nm,
S-75 μm) was used for open-column chromatography. Mass culture was conducted using a
Fermentec 100 L fermenter. All solvents were either HPLC grade or distilled prior to use.

3.2. Bacterial Strain, Fermentation, and Isolation of 1–10 from Streptomyces
ardesiacus 156VN-095

The strain 156VN-095 was isolated from an unidentified sponge collected near Nha
Trang Bay, Vietnam, in June 2015. The strain was identified as Streptomyces ardesiacus based
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on 16S rRNA gene sequence analysis (GenBank accession number OP604346) by Macrogen
Inc. (Seoul, Korea). The seed and mass cultures of the strain were conducted in Bennett’s
modified medium (BN broth, 0.5% glucose, 0.05% yeast extract, 0.1% tryptone, 0.05% beef
extract, 0.25% glycerol, and 3.2% sea salt). The strain was grown on BN agar plates at 28 ◦C
for 7 days. The bacterial spores were then inoculated into BN broth medium (50 mL) in a
100 mL flask and incubated in a rotation shaker (140 rpm) at 28 ◦C for 4 days. An aliquot
(10 mL) of the seed culture was then transferred into the BN broth medium (1.0 L) in a
2.0 L flask and grown under the same afore-mentioned conditions. The culture was then
inoculated into a 100 L fermenter filled with 70 L of BN medium and cultured for 11 days
and then harvested. The culture broth and the cells were separated by centrifugation
and the broth was extracted with an equal volume of EtOAc, twice. The organic layer
was evaporated under reduced pressure to yield a crude extract (6.0 g). The extract
was fractionated into 10 fractions (F1 to F10) by liquid vacuum chromatography on an
OSD column using a stepwise elution of 10 to 100% MeOH in H2O. The F6 fraction was
subjected to a semi-preparative HPLC (YMC-PackODS-A, 250 × 10 mm i.d., 5 μm, flow
rate 2.0 mL/min) with an isocratic elution of 53% MeOH in H2O to obtain compounds
1 (3.0 mg, tR = 48.5 min), 3 (4.0 mg, tR = 54.0 min), 5 (4.2 mg, tR = 33.2 min), 6 (5.0 mg,
tR = 75.0 min), and 7 (1.0 mg, tR = 80.3 min) and subfraction F6-1. The subfraction F6-1 was
repurified by a semi-preparative HPLC (YMC-PackODS-A, 250 × 10 mm i.d., 5 μm, flow
rate 2.0 mL/min) with an isocratic elution of 23% MeCN in H2O to obtain compounds 10

(1.3 mg, tR = 26.5 min), 8 (7.0 mg, tR = 37.0 min), 4 (1.0 mg, tR = 40.2 min), and 2 (3.0 mg,
tR = 50.6 min). Compound 9 (3.2 mg, tR = 30.1 min) was isolated from the F8 fraction by a
semi-preparative HPLC (YMC-PackODS-A, 250 × 10 mm i.d., 5 μm, flow rate 2.0 mL/min)
with an isocratic elution of 75% MeOH in H2O.

Urdamycin W (1): dark red powder; IR νmax 3398, 2929, 1632, 1515, 1430, 1367, 1293,
1063 cm−1; UV (MeOH) λmax (log ε) 291 (4.7), 475 (4.2) nm; HRESIMS m/z 799.2612,
[M + Na]+ (calcd. for C38H48O15SNa, 799.2612), 1 H NMR (CD3OD, 600 MHz) and 13 C
NMR (CD3OD, 150 MHz) see Table 3.

Table 3. 1H and 13C NMR spectroscopic data of 1, 2, and 9 (600 MHz for 1H and 150 MHz for 13C).

1 a 2 a 9 b

Pos.
δH, Mult
(J in Hz)

δC Pos.
δH, Mult
(J in Hz)

δC Pos.
δH, Mult
(J in Hz)

δC

1 206.6 1 204.7 1 175.7

2 2.85, d (13.0)
2.66, d (13.3) 53.3 2 2.78, d (13.1)

2.56, dd (13.1, 2.6) 55.0 2 3.00, m 47.0

3 77.3 3 76.8 3 72.4

4 2.13, s 46.6 4 2.21, d (14.9)
2.06, dd (15.0, 2.6) 46.1 4 3.44, m 41.4

4a 84.2 4a 84.7 4a 136.6

5 165.8 5 165.8 5 8.03, d (7.6) 140.6

6 6.42, s 106.5 6 6.49, s 106.0 6 7.88, d (7.6) 119.3

6a 139.6 6a 138.7 6a 132.3

7 190.1 7 190.3 7 188.9

7a 115.3 7a 115.5 7a 116.3

8 158.7 8 158.7 8 159.5

9 138.5 9 138.6 9 139.4

10 7.73, d (7.6) 134.4 10 7.84, d (7.8) 134.4 10 8.09, d (7.8) 134.1

11 7.42, d (6.8) 119.7 11 7.57, d (7.8) 120.1 11 7.98, d (7.8) 119.7
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Table 3. Cont.

1 a 2 a 9 b

Pos.
δH, Mult
(J in Hz)

δC Pos.
δH, Mult
(J in Hz)

δC Pos.
δH, Mult
(J in Hz)

δC

11a 132.3 11a 132.6 11a 132.7

12 183.1 12 183.9 12 188.8

12a 134.7 12a 135.4 12a 116.3

12b 79.5 12b 83.5 12b 162.3

13 1.24, s 30.3 13 1.21, s 30.0 13 1.69, s 28.1

14 2.49, s 14.6 14 2.48, s 14.6 14

1′ 4.75, d (11.1) 72.3 1′ 4.89, d (11.0) 72.4 1′ 5.11, d (11.2) 72.1

2′ 2.45, m
1.22, m 37.6 2′ 2.40, dd (12.7, 4.7)

1.38, m 41.1 2′
2.81, dd

(12.0, 3.1)
1.61, m

37.7

3′ 3.73, m 77.8 3′ 3.69, m 73.6 3′ 4.21, m 78.2

4′ 3.12, t (8.9) 76.8 4′ 3.03, t (8.9) 78.8 4′ 3.64, m 76.4

5′ 3.45, m 77.7 5′ 3.44, dq (12.2, 6.1) 77.8 5′ 3.81, m 77.8

6′ 1.38, d (5.9) 18.9 6′ 1.37, d (6.2) 18.6 6′ 1.69, d (6.3) 19.4

1′ ′ 4.96, s 95.2 1b 5.28, s 95.7 1′ ′ 5.27, s 95.1

2′ ′ 2.05, m
1.44, m 25.6 2b 1.86, m 24.2 2′ ′ 2.38, m

2.25, m 25.7

3′ ′ 2.05, m
1.94, m 25.4 3b 2.01, m

1.58, dd (2.5, 13.2) 26.5 3” 2.25, m
1.62, m 25.7

4′ ′ 3.55, s 77.7 4b 3.35, s 67.8 4′ ′ 3.67, s 76.9

5′ ′ 4.24, q (6.4) 67.8 5b 3.64, q (6.5) 68.3 5′ ′ 4.67, q (6.0) 67.3

6′ ′ 1.17, d (6.4) 17.4 6b 0.55, d (6.6) 17.0 6′ ′ 1.38, d (6.4) 17.9

1′ ′ ′ 4.57, d (9.6) 102.8 1′ ′ ′ 4.80, d (9.6) 102.9

2′ ′ ′ 2.20, dd (12.3, 4.9)
1.55, m 40.6 2′ ′ ′

2.66, dd
(12.1, 4.3)
2.17, m

41.4

3′ ′ ′ 3.50, m 72.3 3′ ′ ′ 4.08, m 72.5

4′ ′ ′ 2.91, t (9.0) 78.4 4′ ′ ′ 3.56, t (8.7) 78.9

5′ ′ ′ 3.23, dq (12.5, 6.1) 73.2 5′ ′ ′ 3.64, m 73.4

6′ ′ ′ 1.26, d (6.0) 18.4 6′ ′ ′ 1.61, d (6.1) 19.2

a measured in methanol-d4;
b measured in pyridine-d5.

Urdamycin X (2): dark red powder; IR νmax 3417, 2929, 1632, 1515, 1430, 1299,
1088 cm−1; UV (MeOH) λmax (log ε) 298 (4.9), 470 (4.3) nm; HRESIMS m/z 669.1984, [M
+ Na]+ (calcd. for C32H38O12SNa, 669.1982), 1H NMR (CD3OD, 600 MHz) and 13C NMR
(CD3OD, 150 MHz) see Table 3.

Grincamycin U (9): orange powder; IR νmax 3396, 2929, 1628, 1430, 1371, 1257,
1070 cm−1; UV (MeOH) λmax (log ε) 230 (4.8), 255 (3.9), 442 (3.2) nm; HRESIMS m/z
753.2734, [M + Na]+ (calcd. for C37H46O15Na, 753.2734), 1H NMR (pyridine-d5, 600 MHz)
and 13C NMR (pyridine-d5, 150 MHz) see Table 3.

3.3. Antibacterial Assay

The antimicrobial assay of 1, 2, and 9 was conducted using a standard broth dilution
assay. DifcoTM Mueller–Hinton broth (BD, 275730) was used for determination of MIC
values. Compounds 1, 2, and 9 were tested against three Gram-positive bacteria including,
Staphylococcus aureus (KCTC 1927), Micrococcus luteus (KCTC 1915), and Bacillus subtilis
(KCTC 1021). The tested compounds were prepared in the range of 0.5–256 μg/mL in
96-microtiter plates by a serial double dilution. An overnight culture broth of each strain
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was dispensed in sterilized 0.9% saline to an inoculum density of 5 × 105 cfu by comparison
with a McFarland standard [18]. The diluted culture broth (100 μL) was added to each dilu-
tion of the tested compounds (1, 2, and 9, 100 μL), in the plate to yield final concentrations
from 0.25 to 128 μg/mL. The plates were maintained for 24 h at 37 ◦C. The MIC value is
the lowest concentration at which the microorganism did not demonstrate visible growth,
as indicated by the presence of turbidity. Kanamycin was used as a positive control. All
experiments were conducted twice to check reproducibility.

3.4. Cytotoxicity Test by SRB Assay

The SRB cytotoxicity test for 1–3, and 9 was performed as previously described [19].
Cancer cell lines were obtained from Japanese Cancer Research Resources Bank (JCRB)
(NUGC-3, JCRB Cell Bank/Cat. #JCRB0822) and American Type Culture Collection (ATCC)
(PC-3, ATCC/Cat. #CRL-1435; MDA-MB-231, ATCC/Cat. #HTB-26; ACHN, ATCC/Cat.
#CRL-1611; NCI-H23, ATCC/Cat. #CRL-5800; HCT-15, ATCC/Cat. #CCL-225).

3.5. Statistical Analysis

Statistical analysis was evaluated by one-way ANOVA followed by Dunnett’s t-test
and the GI50 values were determined by the software of GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA).

4. Conclusions

In conclusion, we have isolated 10 angucycline glycosides from the culture broth
of Streptomyces ardesiacus 156VN-095 and three of them were new compounds (1, 2, and
9). The structures of the new metabolites were elucidated by spectroscopic analysis and
comparison of their experimental data with those reported in the literature. The new
compounds showed selective anti-bacterial effects against three Gram-positive bacterial
strains and significant cytotoxicity against a panel of cancer cell lines with a different
potency. Among them, 1 showed the strongest activities against all the tested cell lines with
GI50 values of 0.019–0.104 μM. These results expanded biochemical diversities of naturally
occurring angucycline glycosides.
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Abstract: Phenolic plant constituents are well known for their health-promoting and cancer chemo-
preventive properties, and products containing such constituents are therefore readily consumed.
In the present work, we isolated 13 phenolic constituents of four different compound classes from
the aerial parts of the Moldavian dragonhead, an aromatic and medicinal plant with a high diver-
sity on secondary metabolites. All compounds were tested for their apoptotic effect on myeloma
(KMS-12-PE) and AML (Molm-13) cells, with the highest activity observed for the flavone and
flavonol derivatives. While diosmetin (6) exhibited the most pronounced effects on the myeloma cell
line, two polymethylated flavones, namely cirsimaritin (1) and xanthomicrol (3), were particularly
active against AML cells and therefore subsequently investigated for their antiproliferative effects at
lower concentrations. At a concentration of 2.5 μM, cirsimaritin (1) reduced proliferation of Molm-13
cells by 72% while xanthomicrol (3) even inhibited proliferation to the extent of 84% of control. In
addition, both compounds were identified as potent FLT3 inhibitors and thus display promising
lead structures for further drug development. Moreover, our results confirmed the chemopreventive
properties of flavonoids in general, and in particular of polymethylated flavones, which have been
intensively investigated especially over the last decade.

Keywords: hematologic cancer; FLT3 inhibitor; natural product; cytotoxicity; apoptosis;
structure-activity relationship; apigenin; luteolin; quercetin; kaempferol

1. Introduction

Multiple myeloma (MM) is a hematologic malignancy where mature B-cells, i.e.,
plasma cells, proliferate extensively within the bone marrow [1]. Myeloma cells display a
variety of genetic aberrations and, especially upon treatment, resistant clones are selected
which finally leads to disease relapse in most patients. Likewise, acute myeloid leukemia
(AML) is a heterogenous hematologic disorder caused by multiple genetic abnormalities
that occur in the myeloid precursor cells within the bone marrow [2]. Both diseases
predominantly affect the bone marrow of patients. Although several treatment lines are
available for myeloma and AML, relapses are usual and most patients finally succumb to
their disease. Thus, novel therapies are urgently needed.

In our ongoing search for new lead compounds in the treatment of hematologic
cancers [3–5], we investigated the aerial parts of Dracocephalum moldavica L. (Lamiaceae), one
of 74 accepted species of the dragonhead genus [6]. D. moldavica can be found on mountains
and in semiarid areas of Europe and Asia, where it has been used as a folk medicine for
treating various chronic diseases, such as cardiac disease, hypertension, atherosclerosis,
asthma, and other oxidative-stress related disorders [7–10]. Extensive phytochemical
studies on its metabolome revealed a plethora of chemical constituents from different
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compound classes, including alkaloids, coumarins, cyanogenic glucosides, flavonoids,
phenylpropanoids, polysaccharides, and terpenoids, which showed anti-inflammatory,
antioxidant, and antitumor activities [10–15]. The variety of potential drug candidates and
the activity of a crude acetone extract against Molm-13 and KMS-12-PE cells prompted us
to further investigate this interesting plant species. In the present work, 13 constituents
from four different compound classes were isolated and subsequently evaluated for their
effects on the above-mentioned myeloma and AML cell lines.

2. Results and Discussion

2.1. Isolation and Identification

Exhaustive extraction followed by liquid–liquid partitioning and repeated chromato-
graphic separation led to the isolation of six flavones (1–6), two flavonols (7 and 8), two
lignans (9 and 10), and three caffeic acid derivatives (11–13) (Figures 1 and S1). After
comparison of MS and NMR data and optical rotation values (see Supporting Information)
with the values reported in the literature, the compounds were identified as cirsimaritin
(1) [16], 5-desmethylsinensetin (2) [17], xanthomicrol (3) [18], apigenin (4) [19], luteolin
(5) [20], diosmetin (6) [21], kaempferol (7) [19], quercetin (8) [22], (+)-piperitol (9) [23],
(+)-9α-hydroxysesamin (10) [24], caffeic acid (11) [25], (R)-(+)-rosmarinic acid (12) [26], and
(R)-(+)-3′-O-methylrosmarinic acid (13) [27].

Figure 1. Chemical structures of compounds isolated from D. moldavica.

2.2. Biological Activity

All isolated substances were tested at different concentrations for their potential to in-
duce programmed cell death (apoptosis) in myeloma cells and AML cells (Figure 2, Table 1).
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Figure 2. Apoptosis of cancer cells after treatment with isolated compounds. Percentage of cells alive
after treatment with compounds 1 to 13: (a) KMS-12-PE and (b) Molm-13 cells were treated with
indicated concentrations (50 μM/25 μM/12.5 μM) of compounds for 48 h. Gilteritinib (2.5 μM) was
used as positive control. Cell survival was measured by calculating cells which did not stain with
AnnexinV/PI in comparison to untreated controls. Mean +/− SD of 2–4 independent experiments in
duplicates are shown.

While no cytotoxic effect was found for lignans and caffeic acid derivatives, five out
of six flavones (1 and 3–6) and both flavonols (7 and 8) induced apoptosis in both cancer
cell types in a dose-dependent and time-dependent manner. In the KMS-12-PE cell line,
the effects were more pronounced for the flavone compounds (except 2) generally being
more apoptotic than the flavonols, which were not active at the lowest concentration. With
an EC50 value of 26 μM, diosmetin (6) was the most potent compound on the KMS-12-PE
cell line.
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Table 1. Results of apoptosis measurements on KMS-12-PE and Molm-13 cells after treatment with
different compounds and concentrations for 48 h. Results are given in percentage of cells alive of
control. Number of independent experiments is given in parentheses. EC50 values were calculated
using the “best-fit” model and are given in μM.

KMS-12-PE Molm-13

Compound Concentration % Alive EC50 % Alive EC50

1

50 μM 58.9 ± 28.6 (4) 12.9 ± 4.1 (4)
25 μM 76.6 ± 25.6 (4) >50 48.4 ± 12.0 (4) 21.74

12.5 μM 86.8 ± 14.5 (4) 77.3 ± 9.0 (4)

2

50 μM 93.1 ± 10.2 (3) 88.6 ± 1.8 (2)
25 μM 93.4 ± 9.3 (3) >50 90.9 ± 0.4 (2) >50

12.5 μM 94.6 ± 10.2 (3) 91.1 ± 3.4 (2)

3

50 μM 55.4 ± 13.1 (4) 47.0 ± 2.7 (4)
25 μM 62.6 ± 13.1 (4) 45.39 53.5 ± 1.0 (4) 27.98

12.5 μM 69.5 ± 16.0 (4) 56.4 ± 9.1 (4)

4

50 μM 59.6 ± 16.1 (4) 58.4 ± 14.2 (4)
25 μM 69.4 ± 31.3 (4) >50 89.5 ± 3.9 (4) >50

12.5 μM 85.5 ± 10.6 (4) 98.0 ± 1.6 (4)

5

50 μM 50.3 ± 18.4 (4) 30.2 ± 13.7 (4)
25 μM 70.5 ± 5.6 (4) >50 72.4 ± 4.0 (4) 42.31

12.5 μM 80.3 ± 5.4 (4) 86.5 ± 5.2 (4)

6

50 μM 31.1 ± 5.3 (4) 39.8 ± 5.8 (4)
25 μM 44.2 ± 19.0 (4) 25.65 76.2 ± 6.7 (4) >50

12.5 μM 77.3 ± 6.9 (4) 91.5 ± 2.8 (4)

7

50 μM 76.3 ± 17.3 (3) 50.2 ± 11.4 (4)
25 μM 91.2 ± 15.0 (3) >50 83.1 ± 5.7 (4) >50

12.5 μM 98.0 ± 2.7 (3) 93.1 ± 5.1 (4)

8
50 μM 43.7 ± 8.3 (3) 79.8 ± 10.2 (4)
25 μM 79.0 ± 4.8 (3) >50 94.4 ± 3.9 (4) >50

12.5 μM 96.6 ± 2.7 (3) 100.1 ± 2.2 (4)

9

50 μM 97.1 ± 4.1 (2) 97.5 ± 2.4 (2)
25 μM 100.1 ± 0.8 (2) >50 100.0 ± 2.1 (2) >50

12.5 μM 102.8 ± 0.8 (2) 101.8 ± 1.3 (2)

10

50 μM 89.4 ± 0.8 (2) 98.7 ± 1.7 (2)
25 μM 96.7 ± 0.5 (2) >50 100.2 ± 2.0 (2) >50

12.5 μM 99.0 ± 0.6 (2) 101.1 ± 1.4 (2)

11

50 μM 102.6 ± 0.5 (2) 98.8 ± 2.8 (2)
25 μM 102.5 ± 0.9 (2) >50 98.1 ± 3.8 (2) >50

12.5 μM 102.3 ± 1.8 (2) 96.9 ± 4.6 (2)

12

50 μM 98.2 ± 1.5 (2) 100.8 ± 0.6 (2)
25 μM 101.6 ± 1.5 (2) >50 98.5 ± 3.6 (2) >50

12.5 μM 100.2 ± 0.9 (2) 97.6 ± 3.2 (2)

13

50 μM 100.7 ± 3.4 (2) 97.8 ± 4.0 (2)
25 μM 101.3 ± 1.8 (2) >50 99.4 ± 1.9 (2) >50

12.5 μM 101.5 ± 1.6 (2) 99.6 ± 2.6 (2)

For the AML cell line Molm-13, the overall picture was similar, also showing stronger
apoptotic effects for the flavone components. However, even more evident was the higher
activity of the two polymethylated derivatives, cirsimaritin (1) and xanthomicrol (3), com-
pared to the other flavone (and flavonol) derivatives, with EC50 values of around 22 μM (1)
and 28 μM (3). The latter two compounds were further investigated at lower concentrations
in proliferation assays (Figure 3).
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(a) (b) 

Figure 3. Proliferation of cancer cells after treatment with selected compounds. Percentage of prolif-
eration after treatment with different compounds for 48 h was measured with a modified MTT assay.
(a) KMS-12-PE and (b) Molm-13 cells were treated with indicated concentrations
(10 μM/5 μM/2.5 μM) of compounds 1 and 3 and gilteritinib (2.5 μM) as positive control.
Percentage of proliferation was calculated compared to untreated (set at 100%). Mean +/− SD of 3
(AML)—2 (MM) independent experiments are shown.

At concentrations ranging from 10 to 2.5 μM, cirsimaritin (1) and xanthomicrol (3)
induced an inhibition of proliferation, which was marginally in the myeloma cell line but
clearly induced in AML cells. Here, cirsimaritin (1) was inhibiting proliferation to an extent
of 88 to 72% compared to untreated cells, while xanthomicrol (3) showed an inhibition of
up to 93% (and of still 84% at a concentration of 2.5 μM). The FLT3 inhibitor gilteritinib
was added as a positive control and showed high effect on AML cells but not on myeloma
cells. These clear anticancer effects on AML cells at reasonably low and certainly further
titratable concentrations are promising and warrant further testing.

Polymethylated flavones were previously found to inhibit the FLT3 pathway in a study
on 45 natural and synthetic flavonoids using AML cell lines Molm-13 and MV-4-11 [27].
This specific potential to inhibit FLT3 is of major interest for AML. Cells harboring an
activating mutation in FLT3 represent approximately one third of the AML cases, and
activation of FLT3 is a risk factor for high relapse and bad prognosis [28,29]. Gilteritinib,
a second-generation FLT3 inhibitor, is approved for relapsed/refractory FLT3 + AML.
However, the FLT3 pathway can also play an important role in multiple myeloma.

In our previous work [30], we found that MM patients with advanced disease showed
high levels of FLT3 ligand in the blood and bone marrow. In addition, we could show that
the FLT3-receptor is overexpressed in a subgroup of MM patients and this overexpression
correlated with inferior prognosis [31]. Inhibitors of FLT3 (midostaurin, gilteritinib) demon-
strated anti-myeloma activity in vitro. Therefore, we are especially interested in novel
inhibitors of FLT3 and further testing of xanthomicrol (3) and cirsimaritin (1) on primary
myeloma cells is guaranteed. The lack of significant effects of compound 1 and the smaller
effect of compound 3 on the tested MM cell line (KMS-12-PE) compared to AML cells might
be explained by its lower dependence on the FLT3 pathway. This is corroborated by the fact
that also second generation FLT3 inhibitor, gilteritinib, had a lower effect on this myeloma
cell proliferation.

Regarding the structural requirements for FLT3 inhibition, Yen et al. investigated five
subclasses of flavonoids [27]. Thereby, the average inhibitions were highest for flavonols,
flavones, and chalcones, all of which show a planar chromone substructure. In contrast, the
tested flavanones and prenylflavanones were not effective. Apart from the planar structure,
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several other necessary structural features for FLT3 inhibition were identified by molecular
docking studies, such as a carbonyl group in position 4, a hydroxy group in position 3 or 5,
a hydroxy or methoxy group in position 4′, as well as a hydroxy group in position 7.
Except for the last point, all of these structural features are fulfilled by cirsimaritin (1) and
xanthomicrol (3). Therefore, we investigated both compounds on their potential to reduce
FLT3 kinase activity. Cirsimaritin (1) and xanthomicrol (3) effectively inhibited FLT3 kinase
at concentrations of 25 to 6.25 nM, with inhibition rates of 81% (1) and 88% (3) of 20 ng
protein at the lowest concentration.

With the results of our study, we could identify two novel FLT3 inhibitors of flavonoid
origin. Moreover, additional findings can now be added to the structural requirements
for FLT3 binding. One such finding becomes evident while looking at the structure of
compound 2, which differs from salvigenin, the second most active compound in the
study of Yen et al. [27], by only one methoxy group in position 3 and which showed no
effects in any of the tested cell lines. The negative effect of this additional methoxy group is
corroborated by the results of the other flavonoids with this feature in the study of Yen et al.,
which also showed much lower activities.

An even more interesting structural feature is indicated by xanthomicrol (3), which
possesses an additional methoxy group in position 8. This specific feature did not seem to
reduce the cytotoxic effects and therefore the structure of xanthomicrol (3) might as well
be proposed as a valuable lead compound for further optimization. Not only because this
specific structural feature was missing in the study by Yen et al., but because methoxylated
flavonoids are not as common as their unmethoxylated counterparts, and those bearing
several methoxy groups are even more rare [32].

This particular subgroup of flavonoids, which is also referred to as polymethy-
lated or polymethoxylated flavonoids (PMFs), became of increased interest over the last
decade [32,33]; firstly, because many PMFs exhibit pronounced cancer chemopreventive
properties and secondly, because they show a dramatically increased bioavailability com-
pared to unmethylated flavonoids [34,35]. The higher bioavailability of PMFs results from
a lower polarity and thus an elevated membrane penetration, as well as an increased
metabolic stability caused by hindered glucuronidation and sulfation processes [35].

Nevertheless, unmethylated or monomethylated flavonoids, such as diosmetin (6),
also contribute towards cancer chemoprevention. Even though they may show lower effects
in vitro and decreased bioavailability, they are much more abundant in the plant kingdom
and in our daily nutrition and are therefore consumed in significantly higher amounts.
Thus, not only the discovery of a new potent lead structure for AML treatment (3), but also
the results obtained for the more common flavonoids (4 to 8) are of interest. Following our
report on the activity of apigenin (4) and luteolin (5) and some of their glycosides against
myeloma cell lines NCI-H929, U266, and OPM2 [5], our present study demonstrates their
activity against KMS-12-PE cells and the AML cell line Molm-13. In addition, cytotoxic
effects of the highly abundant flavonols kaempferol (7) and quercetin (8) are presented in
our study.

Due to their high abundance and availability, these compounds have been the target
of repeated investigations for their cytotoxic and anticancer effects [36]. Apart from their
antioxidant properties, apigenin (4) and quercetin (8) were found to modulate a number of
signaling pathways involved in carcinogenesis, with apigenin also being suggested as a
general cancer medication [37–39]. In addition, for luteolin (5), interesting antitumor effects
have been discovered, which showed the compound to suppress metastasis in breast and
colorectal cancer cells [40,41].

Summarizing, our study reveals new data for the chemopreventive effects of several
prominent and some more particular flavonoids against multiple myeloma and acute
myeloid leukemia. While diosmetin (6) was effective against myeloma cell line KMS-12-PE,
two compounds (1 and 3) showed pronounced effects on AML cell line Molm-13, also
at lower concentrations. Thereby, the latter two compounds, namely cirsimaritin (1) and
xanthomicrol (3), were identified as novel FLT3 inhibitors.
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3. Materials and Methods

3.1. Plant Material, Reagents and Experimental Procedures

Dried aerial parts (leaves and flowers) of D. moldavica were obtained from Dr. Vasil-
ica Onofrei of the University of Agricultural Sciences and Veterinary Medicine, Faculty
of Agriculture, in Iaşi, Romania. LC–MS grade acetonitrile and water and other (an-
alytical grade) solvents and reagents were purchased from VWR International GmbH
(Darmstadt, Germany). LC–MS grade formic acid was obtained from Sigma Aldrich Co.
(St. Louis, MO, USA). Water used for isolation was twice distilled in-house. DMSO-d6
(99.80%, Lot S1051, Batch 0119E) and MeOH-d4 (99.80%, Lot P3021, Batch 1016B) for NMR
spectroscopy were purchased from Euriso-top GmbH, Saarbrücken, Germany. TLC was
performed on silica gel 60 F254 plates (VWR International, Darmstadt, Germany) using
toluene-ethyl acetate-formic acid (5.5:3.5:1) as the mobile phase and vanillin-sulphuric
acid for detection. Flash chromatography was carried out with a Büchi PrepChrom C-
700 chromatograph using a FlashPure EcoFlex Silica Gel SL cartridge (100 g/135 mL,
irregular 40–63 μm particle size, Büchi Labortechnik GmbH, Essen, Germany). Column
chromatography was performed with Sephadex LH-20 (GE Healthcare AB, Uppsala, Swe-
den). Semi-preparative HPLC was carried out on a Waters Alliance e2695 Separations
Module coupled to a 2998 Photodiode Array detector and a WFC III fraction collector
using a Phenomenex Aqua column (5 μm. 250 × 10.0 mm). Extracts, fractions, and pure
compounds were analyzed on a Shimadzu Nexera 2 liquid chromatograph connected to
an LC–MS triple quadrupole mass spectrometer with electrospray ionization (Shimadzu,
Kyoto, Japan). A Phenomenex Luna Omega C18 column (100 × 2.1 mm, 1.6 μm particle
size, Phenomenex, Aschaffenburg, Germany) was used for separation. 1D (1H, 13C) and
2D (HSQC, HMBC, COSY) NMR spectra were recorded on a Bruker Avance III 400 NMR
spectrometer operating at 400 MHz for the proton channel and 100 MHz for the 13C channel
with a 5 mm PABBO broad band probe with a z gradient unit at 298 K (Bruker BioSpin
GmbH, Rheinstetten, Germany). Reference values were 2.50 (1H) and 39.51 ppm (13C) for
dimethyl sulfoxide as well as 3.31 (1H) and 49.15 ppm (13C) for MeOH, respectively. Struc-
ture elucidation and spectra simulations were performed using the Topspin 3.6 software
(Bruker Biospin GmbH, Rheinstetten, Germany). 5 mm NMR sample tubes were obtained
from Rototec-Spintec GmbH, Griesheim, Germany. The specific rotation of compounds
was measured on a Jasco P-2000 polarimeter (Jasco, Pfungstadt, Germany).

3.2. Extraction and Isolation

1140 g of dried plant material were ground and extracted five times with 6 L of an 85%
aqueous acetone solution using ultrasonication followed by 24 h of maceration. The acetone
was evaporated under reduced pressure and the remaining aqueous solution (2224 mL)
was extracted five times with 500 mL of dichloromethane to afford 9.021 g of extract. The
extract was subjected to flash chromatography using silica gel as the stationary phase and
a mixture of n-hexane (A) and acetone (B) as the mobile phase with the following gradient:
1%B to 2%B in 10 min, to 5%B in 10 min, to 10%B in 10 min, to 20%B in 10 min, to 33%B
in 10 min and to 50%B in 40 min. Of the resulting ten fractions (A–J), fractions H (1389 mg)
and J (1097 mg) were further processed. Fraction H was subjected to Sephadex LH-20 chro-
matography (100 × 3 cm) and methanol as the solvent to give eleven fractions (H1–H11).
Fraction H9 (30.74 mg) was subjected to semi-preparative chromatography using a mixture
of 0.025% formic acid and acetonitrile (55:45) to give 3.30 mg of 5-desmethylsinensetin (2),
11.99 mg of xanthomicrol (3), and 3.69 mg of (+)-piperitol (9). Fraction H10 (16.58 mg)
was chromatographed in the same manner to yield 3.46 mg of cirsimaritin (1), 8.6 mg of
9α-hydroxysesamin (10), and another 2.93 mg of xanthomicrol (3). Fraction J was also
subjected to Sephadex LH-20 chromatography (100 × 3 cm) and methanol as the solvent to
give 16 fractions (J1–J16). Fraction J12 (30.80 mg) was subjected to semi-preparative chro-
matography using a mixture of 0.025% formic acid and acetonitrile (70:30) to give 4.06 mg
of caffeic acid (11), 3.31 mg of rosmarinic acid (12), and 5.44 mg of 3-methylrosmarinic
acid (13). Fraction J14 (25.19 mg) was subjected to semi-preparative chromatography using
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a mixture of 0.025% formic acid and acetonitrile (65:35) to yield 3.02 mg of apigenin (4),
2.86 mg of luteolin (5), and 4.85 mg of diosmetin (6). Fraction J15 (12.74 mg) was subjected
to semi-preparative chromatography using a mixture of 0.025% formic acid and acetonitrile
(55:45) to give 3.25 mg of kaempferol (7) and another 4.38 mg of luteolin (5). Fraction J16
(16.29 mg) was subjected to Sephadex LH-20 chromatography (100 × 1 cm) using methanol
as the solvent yielding 11.47 mg of quercetin (8).

3.3. Cytotoxicity Assays, Proliferation Assays, and FLT3 Kinase Assay

Cytotoxicity was measured as induction of apoptosis in myeloma cell line KMS-12-PE
and AML cell line Molm-13, staining the cells with AnnexinV-fluorescein isothiocyanate
(AnnexinV-FITC) and propidium iodide (PI). Cell lines were purchased from DSMZ (Braun-
schweig, Germany) and routinely fingerprinted and tested for mycoplasma negativity. All
cell lines were grown in RPMI-1640 medium (Life Technologies, Paisley, UK), and sup-
plemented with 10% fetal calf serum (FCS; PAA, Linz, Austria), L-glutamine 100 μg/mL,
and penicillin-streptomycin 100 U/mL. Compounds were dissolved in DMSO at a stock
concentration of 50 mM and stored at −20 ◦C. Briefly, 0.5 × 106 cancer cells/mL were
incubated for 24 h and 48 h with or without the tested compounds at indicated concen-
trations. Analyses were performed in duplicates and a solvent control was included. The
extent of non-apoptotic cells (AnnexinV/propidium iodide negativity) was calculated as
the percentage of viable cells in respect to the untreated control. Data are shown as the
mean percentage of viable cells +/− standard deviation (SD) (error bars).

Proliferation was measured using a modified MTT assay (EZ4U kit, Biomedica, Vienna,
Austria) according to the manufacturer’s instructions. In brief, 2.5 × 104 (Molm-13)—
5.0 × 104 cells (KMS-12-PE cells) were seeded in 96-well plates and substances were added
as indicated. Different concentrations are due to the different doubling time of the cells
(24 h vs. 48 h). Cells were incubated for 48 h and during the last 7 h of incubation,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was added as a substrate.
Reduction of the tetrazolium salt to formazan by the mitochondrial activity of the growing
cells was measured as optical density at 492 nm (with 620 nm as reference) on a plate
reader. Proliferation (mean +/− SD) was calculated as the percentage of control (without
substances). Concentrations used were 10 μM/5 μM/2.5 μM for all substances. Gilteritinib
was used as a positive control at 2.5 μM.

FLT3 inhibitory activity of compounds 1 and 3 was determined using the Z’-LYTE
screening protocol. Z’-LYTE Kinase Assay—Tyrosine 2 Peptide Kit and FLT3 were pur-
chased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). The assay was performed
according to the manufacturer’s instructions using a kinase buffer (50 mM HEPES pH 7.5,
0.01% BRIJ-35, 10 mM MgCl2, 1 mM EGTA) containing 0.01 to 20 ng of FLT3. Compounds
were measured at concentrations of 50 nM/25 nM/12.5 nM/6.25 nM using gilteritinib as a
positive control.

4. Conclusions

In the present study, a series of phenolic compounds was studied for their activity
against myeloma cell line KMS-12-PE and AML cell line Molm-13. Of the 13 tested com-
pounds, five out of six flavones (1, 3–6), and the two investigated flavonols, kaempferol
(7) and quercetin (8), induced apoptosis in a dose-dependent manner, confirming once
more the broad chemoprotective potential of flavonoids in carcinogenesis. The two poly-
methylated flavones, cirsimaritin (1) and xanthomicrol (3), were further examined for their
antiproliferative effects at lower concentrations and showed clear impact on the AML cell
line. Subsequent experiments revealed both compounds to effectively inhibit FLT3 kinase
activity, which will be further examined in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232214219/s1.
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Abstract: Colorectal cancer (CRC) is an inflammation-associated common cancer worldwide. Paejang-
san and Mori Cortex Radicis have been traditionally used for treating intestinal inflammatory diseases
in Korea and China. In the present study, we developed a new herbal formula as an alternative
to CRC treatments, which is composed of two main components of Paejangsan (Patriniae Radix
(Paejang in Korean) and Coix Seed (Yiyiin in Korean)), and Mori Cortex Radicis (Sangbekpi in Korean)
based on the addition and subtraction theory in traditional medicine, hence the name PSY, and
explored the potential therapeutic effects of the new formula PSY in human CRC cells by analyzing
viability, cell cycle and apoptosis. We found that PSY ethanol extract (EtOH-Ex), but not water extract,
significantly suppressed the viability of human CRC cells, and synergistically decreased the cell
proliferation compared to each treatment of Patriniae Radix and Coix Seed extract (PY) or Mori
Cortex Radicis extract (S), suggesting the combination of PY and S in a 10-to-3 ratio for the formula
PSY. PSY EtOH-Ex in the combination ratio reduced cell viability but induced cell cycle arrest at the
G2/M and sub-G1 phases as well as apoptosis in CRC cells. In addition, the experimental results of
Western blotting, immunofluorescence staining and reporter assays showed that PSY also inhibited
STAT3 by reducing its phosphorylation and nuclear localization, which resulted in lowering STAT3-
mediated transcriptional activation. In addition, PSY regulated upstream signaling molecules of
STAT3 by inactivating JAK2 and Src and increasing SHP1. Moreover, the chemical profiles of PSY from
UPLC-ESI-QTOF MS/MS analysis revealed 38 phytochemicals, including seven organic acids, eight
iridoids, two lignans, twelve prenylflavonoids, eight fatty acids, and one carbohydrate. Furthermore,
21 potentially bioactive compounds were highly enriched in the PSY EtOH-Ex compared to the
water extract. Together, these results indicate that PSY suppresses the proliferation of CRC cells by
inhibiting the STAT3 signaling pathway, suggesting PSY as a potential therapeutic agent for treating
CRC and 21 EtOH-Ex-enriched phytochemicals as anti-cancer drug candidates which may act by
inhibiting STAT3.

Keywords: Patriniae Radix; Mori Cortex Radicis; Coix Seed; PSY; colorectal cancer; STAT3

1. Introduction

Colorectal cancer (CRC) is the third most common cancer in the world, the third most
diagnosed cancer among men, and the second most common among women. Overall,
CRC ranks third in terms of incidence but second in terms of mortality [1]. Incidence rates
have steadily risen in many countries in eastern Europe, southeastern and south-central
Asia, and South America. Risk factors include the consumption of red or processed meat
and heavy alcohol consumption, whereas adequate consumption of whole grains, fiber,
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and dairy products decreases the risk [2]. Primary prevention remains a key strategy
for reducing the increasing global burden of CRC. The largest proportion of CRC cases
has been linked to environmental mutations rather than heritable genetics [2]. Inflam-
matory bowel disease (IBD) is an important risk factor for colon cancer. In this regard,
colitis-associated cancer is a CRC subtype associated with IBD, is challenging to treat,
and has high mortality [3]. Moreover, CRC exhibits constitutive activation of NF-κB and
STAT3, transcription factors that influence interactions between tumor cells and tumor
microenvironment and play integrated roles in cancer-promoting inflammation [4]. Further,
inflammation is associated with tumor cell proliferation, survival, metastasis, angiogenesis,
and chemoresistance and may also affect the efficacy of CRC therapies, including STAT3
inhibitors [4,5]. However, NF-κB is also involved in anti-tumor immune responses, and
in contrast, STAT3 restrains the NF-κB-mediated anti-tumor immunity [4]. Thus, STAT3
has been suggested as a more promising target for cancer therapy by redirecting inflamma-
tion [4,5]. Recent studies have also indicated that CRC progression occurs by activating
tumorigenic JAK/STAT3 signaling [5,6].

Although many cancer medications such as oxaliplatin for treating CRC are available,
better options have been requested for cancer patients because of the low efficacy and
severe side effects of conventional chemotherapies [7,8]. Thus, medicinal plants and dietary
phytochemicals have attracted great attention due to strong beliefs that as these substances
are edible they have minimal toxicity [9].

Roots of Patrinia scabiosaefolia Fisch. (Patriniae Radix (PR)) and seeds of Coix lacryma-
jobi L. var. ma-yuen Stapf (Coix Seed (CS)) are the main components of Paejangsan which
has been traditionally used to treat intestinal inflammatory diseases in Korea and China [10].
The root bark of Morus alba L. (Mori Cortex Radicis (MCR)) has been used for inflammation-
related diseases in the intestine and lungs in traditional Korean and Chinese medicine [10].
Recent studies have also shown that the extract of each medicinal plant inhibits the prolif-
eration of CRC cells [11–16]. Moreover, a basic theory of herbal combination in traditional
medicine is the addition and subtraction theory that adds or/and removes one or more
herbal medicines or dosages from an original foundational formula, thus generating an-
other new formula for personalized medicine or better therapeutic effects [17]. Based on
the information, we hypothesized that the addition of MCR to the main components of
Paejangsan generating a new herbal formula might have anti-cancer properties for CRC.
Therefore, we have in the present study developed a new herbal formula as an alternative
to CRC treatments, which is comprised of PR (Paejang in Korean), MCR (Sangbekpi in
Korean), and CS (Yiyiin in Korean), hence the name PSY, and have investigated whether
this formula could be a potential therapeutic intervention for treating CRC.

2. Results and Discussion

2.1. PSY Synergistically Suppresses Cell Viability in Human CRC Cells

Since we aimed to develop PSY as a potential therapeutic intervention for CRC based
on the addition and subtraction theory, we first examined whether PSY ethanol extract
(EtOH-Ex) would synergistically affect the viability of human CRC cells compared to
two main components of Paejangsan (PR and CS combination: PY) and MCR (S). Human
CRC cells were treated with PY EtOH-Ex for 72 h, and cell viability was determined.
As shown in Figure 1a, PY decreased cell viability in a dose-dependent manner in all
CRC cell lines, but IC50 values in each cell line were quite high. In addition, the results
indicated that HT-29 cells are quite resistant to PY (Figure 1a). We then performed the
combination of IC30 (125 μg/mL) and IC50 (200 μg/mL) concentrations of PY in HCT116
with various concentrations of S EtOH-Ex to evaluate the potential effect of the combination
and determine the best combination ratio. As shown in Figure 1b, an increase of S together
with 125 μg/mL or 200 μg/mL of PY reduced cell viability in a dose-dependent manner in
all CRC cell lines including HCT116. In addition, combinations of 37.5 μg/mL of S with
125 μg/mL of PY and 60 μg/mL of S with 200 μg/mL of PY were the lowest concentrations
showing significant effects in all CRC cells including HT-29 (Figure 1b). These results
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suggested the combination of PY and S in a 10-to-3 ratio for the formula PSY. Additionally,
the increase of PSY in the combination ratio (PY:S = 10:3) dramatically and synergistically
suppressed the cell viability of all CRC cell lines tested compared to PY or S treatment
(Figure 1c). However, PSY water extract (Water-Ex) did not show any significant effect
(Figure 1d). These results indicated that PSY is potent to suppress the viability of CRC cells,
and we further evaluated PSY EtOH-Ex in the combination ratio (PY:S = 10:3) as a potential
anti-CRC agent.

Figure 1. Effects of PSY extracts on the viability of human CRC cells. (a) Human CRC cells were
treated with ethanol extract (EtOH-Ex) of Patriniae Radix and Coix Seed (PY) for 72 h as indicated.
Cell viability was determined by MTT assays. IC50 values of PY EtOH-Ex in CRC cell lines were
determined. (b) CRC cells were treated with five concentrations of Mori Cortex Radicis (S) EtOH-Ex
in combination with PY EtOH-Ex (125 and 200 μg/mL) for 72 h. The ratio of PY and S was from
10-to-1 to 10-to-5. (c) CRC cells were treated with PSY EtOH-Ex in a 10-to-3 combination ratio and
compared to each treatment of PY or S EtOH-Ex. (d) CRC cells were treated with PSY water extract
(Water-Ex) in the combined ratio as indicated. Data are presented as the mean ± standard error
of the mean (SEM) of results from at least three independent experiments performed in triplicates.
*, p < 0.05, **, p < 0.01, ***, p < 0.001.

2.2. PSY Induces Cell Cycle Arrest in the G2/M Phase and Apoptosis in Human CRC Cells

As cell viability is regulated by cell proliferation and death, we investigated the effect
of PSY on the cell cycle. As shown in Figure 2a, PSY increased the number of human CRC
cells in the G2/M phase while gradually decreasing the number of cells in the G0/G1 phase.
Accordingly, PSY decreased the expression levels of CDK1 and cyclin B1 in HCT116 cells
and increased the phosphorylation of CDK1 in SW480 cells (Figure 2b), indicating that the
inactivation of CDK1 leads to G2/M arrest. At the same time, PSY increased the CRC cell
population in the sub-G1 phase (Figure 2a), suggesting the induction of apoptotic cell death.
To further confirm whether PSY induces apoptosis, we stained PSY-treated CRC cells with
annexin V-FITC and PI, and the proportion of apoptotic cells was determined. As shown
in Figure 3a, PSY increased the number of annexin V-positive cells, indicating apoptosis.
These results were also confirmed by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays and examination of increased cleaved PARP, another apoptosis
marker (Figure 3b,c). These results indicate that PSY decreases the viability of human CRC
cells by inducing cell cycle arrest at the G2/M phase and apoptosis.
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Figure 2. Effects of PSY on cell cycle in human CRC cells. CRC cells were treated with PSY EtOH-
Ex for 48 h. (a) The treated cells were stained with PI, and the staining was analyzed using flow
cytometry. The representative analysis is shown in the left panel. Every PI staining and analysis was
performed at least three times in duplicate or triplicate. Cells were quantitated as a percentage of
cells in each phase. Data in the right panel represent the mean ± SEM (*, p < 0.05; **, p < 0.01 and
***, p < 0.001 versus control). (b) Whole lysates of the treated cells were prepared, and Western blot
analysis for CDK1, CDK4, CDK6, Cyclin B1, and phospho (p)-CDK1 was performed, and β-actin was
used as an internal control. Data represent the mean ± standard deviation (SD) of three independent
experiments (*, p < 0.05; **, p < 0.01 and ***, p < 0.001 versus control).

2.3. PSY Inhibits the STAT3 Pathway in Human CRC Cells

In the next step of the study, we attempted to determine the mechanism by which PSY
induced cell cycle arrest and apoptosis in human CRC cells. The CRC development and
progression are closely related to inflammation and the key molecule STAT3 [4]. Therefore,
we prepared PSY with PR, MCR, and CS, each of which was traditionally used for treating
inflammatory diseases. In this regard, we explored the effect of PSY on STAT3 expression.
As shown in Figure 4a, PSY effectively reduced the phosphorylation of STAT3 in human
CRC cells. PSY also inhibited the nuclear translocation of STAT3 (Figure 4b). Furthermore,
PSY significantly decreased luciferase expression of the heterologous promoter system,
which is regulated by STAT3 transcriptional activation in HCT116 cells (Figure 4c). STAT3
is constitutively activated in various types of human cancers and is associated with adverse
clinical outcomes and poor prognosis in human CRC [18,19]. Recent studies have shown
that PR and MCR induce apoptosis by inhibiting STAT3 in human multiple myeloma and
CRC cells, respectively [15,16,20]. These results suggested that PSY induces apoptosis by
inhibiting STAT3 in human CRC cells. Considering that JAK2, Src, and protein tyrosine
phosphatases (PTPs), including SHP1 and SHP2, have been associated with STAT3 acti-
vation [6], we further examined the upstream signaling molecules of STAT3. As shown
in Figure 5a, PSY decreased the phosphorylation of JAK2 and Src in HCT116 cells, while
it only reduced the phosphorylation of JAK2 in SW480 cells. PSY also increased the ex-
pression of SHP1, a negative regulator of the JAK-STAT pathway, but not SHP2 in CRC
cells (Figure 5b). In addition, pervanadate reversed PSY-mediated inhibition of STAT3 in
HCT116 cells (Figure 5c), indicating a crucial role of SHP1 in the PSY mechanism of action.
Accordingly, these results suggest that PSY suppresses human CRC cell proliferation by
inducing cell cycle arrest and apoptosis via inhibiting the STAT3 signaling pathway.
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Figure 3. Effects of PSY on apoptosis in human CRC cells. CRC cells were treated with PSY EtOH-Ex
for 48 h. (a) The cells were double-stained with FITC-Annexin V and PI and analyzed using flow
cytometry (left panel). (b) The TUNEL and DAPI staining of the PSY (50 μg/mL)-treated cells were
analyzed by confocal microscopy (left panel). Scale bar, 50 μm. Apoptotic cells were quantified as a
percentage of Annexin V-positive and TUNEL-positive cells (right panel in a,b, respectively). Data
present the mean ± SEM of three independent experiments (*, p < 0.05 and ***, p < 0.001 versus
control). (c) Whole lysates of the treated cells were subjected to Western blotting for PARP and
cleaved PARP (c-PARP). β-actin was used as an internal control.
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Figure 4. Effects of PSY on STAT3 in human CRC cells. (a) CRC cells were treated with PSY EtOH-Ex
for 24 h, and cell lysates were subjected to Western blot analysis for STAT3 and p-STAT3. β-actin was
used as an internal control. Data in the graphs represent the mean ± SD to that of the mock-treated
cells taken as 1 (**, p < 0.01 and ***, p < 0.001 versus control). (b) Immunofluorescence staining of
p-STAT3 and DAPI in the PSY (50 μg/mL)-treated CRC cells were analyzed by confocal microscopy.
Scale bar, 12.5 μm. (c) HCT116 cells transfected with pSTAT3-Luc plasmid were treated with PSY
for 24 h to analyze the transcriptional activity of STAT3. Data in the graphs are presented as the
mean of fold-normalized luciferase (Luc) activities ± SEM to that of the untreated cells taken as 100%
(**, p < 0.01 and ***, p < 0.001 versus control).

Figure 5. Effects of PSY on the STAT3 signaling pathway in human CRC cells. Whole lysates of
CRC cells treated with PSY EtOH-Ex for 24 h were subjected to Western blot analysis for JAK2,
p-JAK2, Src, and p-Src (a), and SHP1 and SHP2 (b). In addition, lysates of HCT116 cells treated with
pervanadate (5 μM) and PSY (50 μg/mL) for 24 h were subjected to Western blot analysis for STAT3
and p-STAT3 (c). β-actin was used as an internal control. Data in graphs present the mean ± SD to
that of the untreated cells taken as 1 (*, p < 0.05 and **, p < 0.01 versus control).

2.4. Chemical Identification in PSY Extracts

The chemical compositions of PSY EtOH-Ex and Water-Ex were characterized using
UPLC-ESI-QTOF MS/MS in positive and negative ion modes. Representative base peak
chromatograms (BPCs) of PSY Water-Ex and EtOH-Ex are shown in Figure 6a,b, and
the identified minor or overlapping peaks on the BPCs are divided in the extracted-ion
chromatograms (XICs) (Figure 6c,d). Detailed chemical and chromatographic information
on the identified peaks (Figure 6) are summarized in Table 1, and their chemical profiles
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revealed 38 compounds of PSY, 7 organic acids, 8 iridoids, 2 lignans, 12 prenylflavonoids,
8 fatty acids, and 1 carbohydrate.

Figure 6. Chemical identification in PSY extracts. Representative BPCs of the Water-Ex (a) and
EtOH-Ex (b) and expanded XICs from the Water-Ex (c) and EtOH-Ex (d) are presented. The scale of
Y axis for intensity (CPS) on the chromatograms indicate that 1.6e5 equals 1.6 × 105.

Quinic acid (peak 2) was identified using molecular networking (MN) analysis through
Global Natural Products Social Molecular Networking (GNPS), and its derivatives, neochloro-
genic acid (3), chlorogenic acid (5), cryptochlorogenic acid (6), 1,4-dicaffeoylquinic acid
(15), 1,3-dicaffeoylquinic acid (16), and 4,5-dicaffeoylquinic acid (17), were identified by
comparison with the retention time and fragmentation patterns of the reference standard
in both positive and negative ion modes. Peaks 2, 5, 15, 16, and 17 have been reported as
constituents of P. scabiosaefolia and Partinia [21,22].

Eight iridoids were identified in the PSY extracts. Loganic acid (4) and loganin
(8) were identified using the reference standard and MN analysis on the GNPS. The lo-
ganic acid yielded its quasi-molecular ion [M−H]− at m/z 375.1287 (mass error = −1.72),
and its fragment ions were m/z 213.0762 [M−H−Glc]−, 169.0864 [M−H−Glc−CO2],
151.0757 [M−H−Glc−CO2−H2O], 113.0243 [M−H−Glc−C3O4], and 69.0369 (C5H9, iso-
prenyl moiety). The precursor ion at m/z 359.1344 was putatively identified as a deoxylo-
ganic acid isomer (9 and 11) in MN analysis (Figure 7a). The mass difference (15.9943 Da,
oxygen) of the precursor ion between loganic acid and deoxyloganic acid was found at
m/z 197.0823, 135.0823, and 153.0915 from the fragment ions of 9 and 11, respectively. The
precursor ions of deoxyloganic acid were detected at peaks 9 (RT 11.1 min) and 11 (RT
12.9 min) on BPC and XIC (Figure 6). Although compounds 9 and 11 were identified as
deoxyloganic acid isomers, they could not be clearly classified as 7-deoxyloganic acid or
8-epideoxyloganic acid. Geniposide (7) was putatively identified through MN analysis on
the GNPS (Figure 7b). Patrinalloside (10) and patrinoside isomers (13 and 14) have been
identified in the literature [23–26]. Some iridoids (4, 8, 9, 10, and 11) are representative
components of P. scabiosaefolia [21,22].
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Figure 7. Cont.
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Figure 7. The representative MS/MS spectral network of identified phytochemical compounds in PSY
extracts. Spectral nodes indicating identified compounds are noted with numbers (yellow nodes with
peak numbers in Table 1). Annotated candidates for selected spectral nodes (yellow nodes without
numbers) show compound name, GNPS library spectrum matching (in bold), and chemical class and
subclass (in italic with blue). Molecular networks of representative chemical classes or biosynthetic
pathways of natural products in PSY extracts. (a) iridoid class, (b) shikimate pathway including
cinnamic (or quinic) acid derivatives, iridoid, furofuranoid lignan subclass in lignan, and stilbene
class, (c) lignan class, (d) prenylflavone subclass in prenylflavonoid class, and (e) prenylisoflavanone,
prenylflavanone, and prenylflavone subclasses in prenylflanoid class. Further information can be
found at the GNPS job link (https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=e4406e69e619467b9
a347a905d6c383a accessed on 31 March 2022).
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Eleutheroside E (12) and nortrachelogenin (18) were detected and putatively identified
as lignans by matching the MS/MS fragment ions with the MN analysis on the GNPS
(Figure 7b,c). Nortrachelogenin has been previously isolated from PR [27].

Twelve prenylflavonoids originating from MCR were detected, and 23 and 31 were
identified as kuwanon G and morusin [28,29], representative components in MCR with
each reference standard, respectively. Peak 23 is the Diels-Alder (DA)-type adduct of a
chalcone and prenylflavone and exhibited an [M−H]− ion at m/z 691.2182. In negative ion
mode, fragment ions were observed at m/z 581.1820 [M−H−resorcinol (C6H6O2, 110 Da)]−,
353.1029 [M−H−resorcinol−C14H12O3]−, 419.1501, 379.1189 [M-H-2resorcinol−C4H8O−H2O]−,
and 539.1719 [M−H−resorcinol−C3H6]−. Morusin exhibited characteristic fragment ions
at m/z 297.1134, 191.0716, 309.1139 [M−H−resorcinol]−, and 350.04804 [M−H−isoprenyl]−.
The fragment ion at m/z 191.0716 lost one CO and received two hydrogens at C-10 from
m/z 217.0507, produced by retro-DA cleavage [30]. Peak 25 was detected and putatively
identified as Kuwanon C through MN analysis and clustered with 31 as prenylflavones
(Figure 7d). The mass difference (2 Da, two hydrogens) between the precursor ions of
peaks 31 and 25 was found in the characteristic fragmentation patterns (Table 1). Peaks
28 and 30 were putatively identified as Kuwanon E and Kuwanon T using PeakView 2.2,
using exact mass and isotope patterns. Kuwanon E was further identified by fragmentation
patterns in FooDB. Additionally, 28 and 30 (prenylflavones) were clustered by MN analysis,
with two isoflavanones (not shown in Table 1) identified by library matching (Figure 7e).
Mulberrofuran G, kuwanon G, kuwanon T, sanggenon F, and morusin, found in MCR,
are known to exert anti-inflammatory and anti-cancer activities [15,31]. Kuwanon G also
ameliorates lipopolysaccharide-induced disruption of the gut epithelial barrier [32,33].
In addition, morusin induces autophagy and apoptosis by regulating various signaling
molecules, including STAT3, in several types of cancer cells [31,32].

Peaks 27, 29, and 32–37 were identified as fatty acids (Table 1), and linoleic (34) and
oleic (37) acids are known to be present in CS [34]. Moreover, Linolenic, linoleic, and oleic
acids are known to have various pharmacological activities, including anti-inflammatory,
anti-cancer, and anti-microbial activities [35,36].

2.5. Identification of Potential Bioactive Phytochemicals in PSY EtOH-Ex

To investigate the potential bioactive candidates in EtOH-Ex, due to its potent anti-
cancer activity compared to that of Water-Ex, the fold change in the peak area of every com-
pound in EtOH-Ex versus Water-Ex was calculated and compared because the fold change
reflects the degree of differences in chemical concentration. As shown in Figure 8, the com-
parison of ploidy area variation was significant for 21 phytochemicals (fold change > 2),
including 12 prenylflavonoids, two iridoids, and seven fatty acids. All prenylflavonoids
were significantly enriched in EtOH-Ex. Intriguingly, four fatty acids (32, 35, 36, and 37)
and one iridoid (13) were found only in the EtOH-Ex. These results suggest that the EtOH-
Ex-enriched compounds could be potential bioactive molecules, indicating the PSY effect
to suppress CRC cell proliferation, and could be a useful source for developing anti-cancer
drugs. Additionally, other phytochemicals remain unknown. Since these candidates may
also contribute to anti-cancer effects, further identification of novel compounds, evaluation
of their anti-cancer effects, and further investigation of their mechanisms of action seem to
be necessary.
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Figure 8. Identification of PSY EtOH-Ex-enriched phytochemicals. Peak area fold change of
38 compounds from PSY EtOH-Ex and Water-Ex. Fold change > 0 means that the relative con-
tent of chemical compounds in EtOH-Ex is higher than Water-Ex. The fold changes in peak area were
calculated using the formula log2 for the ratio of peak area values of the phytochemicals extracted by
different solvents.

Although many early stage CRC patients undergo surgery such as colectomy or proc-
tectomy without chemotherapy, most patients, especially those suffering from metastatic
CRC require chemotherapy with or without surgery and radiotherapy [37]. Conventional
combinatorial strategies, FOLFOX (folinic acid, 5-fluorouracil (5-FU), and oxaliplatin) or
FOLFIRI (folinic acid, 5-FU, and irinotecan) have been the most appropriate first-line
chemotherapy options for CRC patients since their development in the early 2000s [38,39].
The recent addition of molecular-targeted drugs such as cetuximab and encorafenib has
been a major improvement with more effective therapeutic options [39]. These therapeutic
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advances have resulted in clinically relevant survival improvements, but the five-year
survival rate is still less than 15% for stage IV disease and most survivors suffer from
severe side effects including neuropathy, bowel and bladder dysfunction, and sexual dys-
function [1,38,39]. Therefore, novel therapeutic strategies are still required for this fatal
disease. We, thus, have focused on medicinal plants which have been traditionally used for
thousands of years and are edible, expecting at least fewer adverse effects, and found the
combination of PSY in the present study.

Altogether, these results demonstrate that PSY likely suppresses CRC cell proliferation
by inducing cell cycle arrest and apoptosis via inhibiting oncogenic STAT3 signals. Further,
we found 21 EtOH-Ex-enriched PSY phytochemicals, suggesting further studies investi-
gating the potential anti-cancer activities of these compounds and their mechanisms of
action involved in STAT3 (Figure 9). In conclusion, these results suggest that PSY could be
a potentially effective therapeutic for patients with CRC. More research about the potential
combination of PSY or an EtOH-Ex-enriched PSY phytochemical with any conventional
drug including 5-FU, oxaliplatin, and irinotecan would be also interesting and facilitate
the development of a more effective and therapeutic strategy with less adverse effects for
CRC patients.

 

Figure 9. A schematic representation of the molecular mechanism by which PSY suppresses human
CRC cell proliferation. CTK: cytokine, CTKR: cytokine receptor, GF: growth factor, GFR: growth
factor receptor, PTP: protein tyrosine phosphatase, CRC: colorectal cancer.
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3. Materials and Methods

3.1. PSY Preparation

Dried PR, MCR, and CS were purchased from Omniherb (Daegu, Republic of Korea),
regulated in herbal Good Manufacturing Practices (hGMP), and each voucher specimen
was deposited in the herbarium of the Korean Medicine Clinical Trial Center, Kyung Hee
University Korean Medicine Hospital (Seoul, Republic of Korea). For EtOH-Ex preparation,
37.5 g of PR, 22.5 g of MCR, and 37.5 g of CS were extracted with 877.5 mL of ethanol by
refluxing at room temperature sonication. Similarly, for the preparation of PSY Water-Ex,
the amount of PR, MCR, and CS was extracted with 877.5 mL of distilled water by refluxing
at 100 ◦C for 1.5 h. Each extract was filtered through vacuum filter paper and concentrated
in a rotary evaporator (Eyela N-1200 system, Tokyo, Japan) at 40 ◦C under lower pressure.
The extracts were lyophilized, and the yields of dried EtOH-Ex and Water-Ex were 3.21%
and 10.13%, respectively. Each extract was dissolved in dimethyl sulfoxide (DMSO) to
obtain a 500 mg/mL stock solution.

3.2. Chemicals and Reagents

Standard references, including neochlorogenic acid, loganic acid, cryptochlorogenic
acid, loganin, kuwanon G, and 3-Oxo-olean-12-en-28-oic acid, were purchased from Chem-
Faces (Wuhan, China). Linoleic and palmitic acids were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Morusin and chlorogenic acid were obtained from Biopurity Phyto-
chemicals, Ltd. (Chengdu, China). Further, mixed references were prepared by dissolving
the references in a 50% methanol in water (v/v) solution for qualitative analysis using
UPLC-ESI-QTOF MS/MS.

3.3. Cell Lines and Culture Condition

HCT116, HT-29, and SW480 human CRC cell lines were acquired from the Korean Cell Line
Bank (Seoul, Republic of Korea) and were cultured according to the manufacturer’s instructions.

3.4. Cell Viability Assays

CRC cells (3–5 × 103 cells/well) were seeded in 96-well plates and incubated overnight.
Then, the cells were treated with PSY for 72 h. After the treatment, cell viability was mea-
sured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assays as
previously described [40]. After dissolving formazan crystals with DMSO, the absorbance
was monitored at 570 nm using a microplate reader (Molecular Devices, CA, USA Data are
presented as standard error of means (SEM) from at least three independent experiments
in triplicate.

3.5. Cell Cycle Analysis

CRC cells (2–3 × 105 cells/well) in 6-well plates were treated with PSY for 48 h. Then,
the cells were harvested by trypsinization, rinsed twice with cold PBS, and pelleted by
centrifugation at 1200 rpm for 3 min. Pellets were re-suspended in 70% ice-cold EtOH for
30 min at 4 ◦C to perform cell fixation. Then, samples were rinsed twice with PBS and
stained using a solution containing 100 μg/mL of RNase A, 50 μg/mL propidium iodide
(PI) in PBS for 30 min in the dark ([31]). Then, the cell cycle of the treated cells was analyzed
using a BD FACS Canto™ II (Franklin Lakes, NJ, USA).

3.6. Apoptosis Analysis

Apoptosis of CRC cells was analyzed using a fluorescein isothiocyanate (FITC) An-
nexin V apoptosis detection kit (Biovision, Inc. K101-100, Waltham, MA, USA). Cells
(2–3 × 105 cells/well) in 6-well plates were treated with PSY for 48 h. After the treatment,
both adherent and floating cells were harvested by centrifugation, washed with PBS, and
resuspended in 1× binding buffer at 1 × 106 cells/mL. Then, 100 μL of the cell suspension
was transferred to a 5 mL culture tube and incubated with 5 μL FITC Annexin V and 5 μL
PI for 15 min at room temperature in the dark. Then, 400 μL of 1× binding buffer was
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added in the 5 mL culture tube. Fluorescence intensity was analyzed using a BD FACS
canto II (Franklin Lakes, NJ, USA). In addition, TUNEL assays were performed using a
DeadEnd™ Fluorometric TUNEL assay kit (Promega, Madison, WI, USA) according to the
manufacturer’s protocol.

3.7. Immunofluorescence Staining

Cells were seeded in 8-well chamber slides and treated with PSY for 24 h. After the cells
were fixed and permeabilized, the cells were stained with rabbit polyclonal anti-phospho
(p)-STAT3 (1:100), Alexa Flour 488 goat anti-rabbit antibody (1:1000) (Invitrogen, Carlsbad,
CA, USA) and 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) as described ([31].
Images were obtained using an iRiSTM Digital Cell Imaging System (Logos Biosystems,
Anyang, Republic of Korea).

3.8. Transient Transfection and Luciferase (Luc) Assays

Transient transfection and Luc assays were performed to measure STAT3 activity in
PSY-treated cells as previously described ([31]). Cells were transfected with pSTAT3-Luc
reporter containing STAT3 binding sites to measure STAT3 activity (Clontech, Palo Alto, CA,
USA) in a 60 mm plate using Lipofectamine 2000 (Invitrogen). One day after transfection,
cells were re-plated into a 48-well plate. Then, the cells were treated with PSY for 24 h. Luc
assays were performed using a Luc assay system (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. Luc activity was normalized by protein concentration.

3.9. Western Blotting Analysis

Whole-cell lysates were prepared, and Western blotting was performed as previously
described ([31]). Primary antibodies against STAT3, p-STAT3 (Tyr705), JAK2, Src, p-Src
(Tyr416), CDK4, CDK6, and p-CDK1 (Tyr15) were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Additionally, p-JAK2 (Tyr1007/1008), CDK1, cyclin B1, PARP,
SHP1, SHP2, and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and HRP-conjugated anti-mouse IgG and anti-rabbit (Cell Signaling Biotechnology)
were used. Densitometric analysis of each band was performed using the ImageJ software
(https://imagej.nih.gov/ij accessed and downloaded the updated software on 27 Septem-
ber 2021). Data are presented as the mean± standard deviation (SD) from at least three
independent experiments.

3.10. Ultra-Performance Liquid Chromatography Quadrupole Time of Flight Mass Spectrophotometry
(UPLC-ESI-QTOF MS/MS) Analysis

Chromatographic analysis of the extract was performed to identify and assess the
quality of the chemical components of the EtOH-Ex and Water-Ex. The LC-MS/MS system
consisted of a Thermo Scientific Vanquish UHPLC system (Sunnyvale, CA, USA) with
an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm; WatersTM,, Milford,
MA, USA) and a Triple TOF 5600+ MS system (QTOF MS/MS, SCIEX, Foster City, CA,
USA). The QTOF MS was equipped with an ESI source and used to complete the
high-resolution experiment.

3.11. Phytochemical Identification in PSY

Raw data detected by UPLC-QTOF MS/MS were analyzed using PeakView 2.2, in-
cluding MasterView software (SCIEX) for peak identification and matching with the ref-
erence standard and in-house MS/MS library, and the chemical structural information
was analyzed using the GNPS website (http://gnps.ucsd.edu, accessed on 31 March
2022). Subsequently, accurate MS/MS fragmentation information was queried in Mass-
Bank (https://massbank.eu/MassBank), FooDB (https://foodb.ca), and Metlin databases
(http://metlin.scripps.edu/website) to screen and identify potential compound information.
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3.12. Statistical Analysis

All experiments were performed at least thrice. Data were analyzed using GraphPad
Prism software (version 5.03; GraphPad Software, Inc., La Jolla, CA, USA) and expressed as
mean ± SEM or SD. Differences between groups were assessed using analysis of variance,
followed by ANOVA-Tukey’s post hoc test, and p < 0.05 was considered to indicate a
statistically significant difference.
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Abstract: Oxidative stress plays a central role in the pathophysiology of melanoma. Curcumin (CUR)
is a polyphenolic phytochemical that stimulates reactive oxygen species (ROS) production, while
disulfiram (DSS) is a US FDA-approved drug for the treatment of alcoholism that can act by inhibiting
the intracellular antioxidant system. Therefore, we hypothesized that they act synergistically against
melanoma cells. Herein, we aimed to study the antitumor potential of the combination of CUR with
DSS in B16-F10 melanoma cells using in vitro and in vivo models. The cytotoxic effects of different
combination ratios of CUR and DSS were evaluated using the Alamar Blue method, allowing the
production of isobolograms. Apoptosis detection, DNA fragmentation, cell cycle distribution, and
mitochondrial superoxide levels were quantified by flow cytometry. Tumor development in vivo was
evaluated using C57BL/6 mice bearing B16-F10 cells. The combinations ratios of 1:2, 1:3, and 2:3
showed synergic effects. B16-F10 cells treated with these combinations showed improved apoptotic
cell death and DNA fragmentation. Enhanced mitochondrial superoxide levels were observed
at combination ratios of 1:2 and 1:3, indicating increased oxidative stress. In vivo tumor growth
inhibition for CUR (20 mg/kg), DSS (60 mg/kg), and their combination were 17.0%, 19.8%, and
28.8%, respectively. This study provided data on the potential cytotoxic activity of the combination
of CUR with DSS and may provide a useful tool for the development of a therapeutic combination
against melanoma.

Keywords: curcumin; disulfiram; melanoma; apoptosis; oxidative stress

1. Introduction

Melanoma is one of the most aggressive forms of malignant skin neoplasms and one
of the main causes of cancer mortality. Although it represents only 4% of dermatological
cancers, it is responsible for 80% of skin cancer deaths due to its high metastatic capacity
and high refractoriness to chemotherapy [1–4]. The 5-year survival rate of patients with
metastatic melanoma is less than 20% [5]. Dacarbazine, an alkylating agent, is the main
treatment for advanced melanoma. However, serious side effects have been observed, and
the therapeutic response rate is approximately 10% [5,6]. These results indicate that new
therapies for melanoma are urgently required.

Oxidative stress plays a central role in the pathophysiology of melanoma since the
generation of melanin leads to the generation of hydrogen peroxide and consumption
of reduced glutathione (GSH) [7,8]. Consequently, melanoma maintains high baseline
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ROS levels compared to normal cells, which makes melanoma cells more susceptible to
oxidative stress [7,9].

Curcumin (CUR) is a polyphenolic phytochemical isolated from turmeric, a food spice
made from the rhizome of Curcuma longa L. [10]. Turmeric is traditionally used in many
South Asian countries, both in traditional medicine and cooking, and has been used for over
2000 years as a medicine in China and India [11]. Curiously, many studies have reported
that CUR causes cell death by stimulating reactive oxygen species (ROS) production in
fibroblasts [12], leukemia [13], lymphoma [14], melanoma [15], and colon cancer [16].

Disulfiram (DSS) is a thiocarbamate drug approved by the United States Food and
Drug Administration (US-FDA) for the clinical treatment of alcoholism and has been used
for over 60 years [17]. DSS is an irreversible inhibitor of aldehyde dehydrogenase (ALDH).
Interestingly, ALDH can decrease intracellular oxidative stress due to its ROS scavenger
action. Consequently, DSS can act by inhibiting the intracellular antioxidant system [18,19].

Importantly, both DSS and CUR not only have antitumor activities but can also poten-
tiate the action of anticancer chemotherapy drugs by blocking drug efflux pumps [20–26].
Furthermore, these compounds have been reported as agents capable of reducing the
adverse reactions of highly toxic chemotherapeutic agents [27,28].

Therefore, we hypothesized that CUR, an oxidative stress inducer [29], combined with
DSS, which acts as an antagonist of the intracellular antioxidant system [22], will have a
synergistic effect, providing greater sensitization of cancer cells and resulting in cell death.
Herein, we aimed to study the antitumor potential of the combination of CUR with DSS in
B16-F10 melanoma cells using in vitro and in vivo models.

2. Material and Methods

2.1. CUR and DSS Obtaining

CUR and DSS were purchased from Sigma-Aldrich (Sigma-Aldrich Co., Saint Louis,
MO, USA).

2.2. In Vitro Assays
2.2.1. Cells

The mouse melanoma B16-F10 cell line and human lung fibroblast MRC-5 cell line
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and were cultured as recommended by the ATCC animal cell culture guide. All cell lines
were tested for mycoplasma using a mycoplasma staining kit (Sigma-Aldrich Co.) and
were free from contamination. Cell viability was examined using the trypan blue exclusion
method for all experiments. Over 90% of the cells were viable at the beginning of culture.

2.2.2. Alamar Blue Method

The quantification of cell viability was carried out by the Alamar Blue method, as
previously described in refs. [30–32]. Briefly, the cells were seeded in 96-well plates and
incubated for 72 h. CUR and DSS were tested on a concentration-response curve obtained
by serial dilution of a stock dissolved in dimethyl sulfoxide (DMSO; Vetec Química Fina
Ltd.a, Duque de Caxias, RJ, Brazil), with concentrations based on previous studies [33–35].
Doxorubicin (DOX, doxorubicin hydrochloride, purity ≥ 95%, Laboratory IMA S.A.I.C.,
Buenos Aires, Argentina) was used as a positive control. At the end of the treatment, 20 μL
of a stock solution (0.312 mg/mL) of resazurin (Sigma-Aldrich Co.) were added to each
well. Absorbances at 570 and 600 nm were measured using a SpectraMax 190 Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA).

2.2.3. Flow Cytometry Assays

To quantify cell death, the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences,
San Jose, CA, USA) was used, and the analysis was performed according to the manufac-
turer’s instructions. Cell fluorescence was determined by flow cytometry.
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DNA fragmentation and cell cycle distribution were determined using 2 μg/mL
propidium iodide (PI) in cells permeabilized with 0.1% Triton X-100, 0.1% sodium citrate
and 100 μg/mL RNAse (all from Sigma-Aldrich Co.), as previously described in ref. [36],
and cell fluorescence was assessed by flow cytometry.

Detection of superoxide levels was performed using MitoSOX™ Red reagent, a fluo-
rogenic dye specifically targeted to mitochondria in living cells (Thermo Fisher Scientific,
Waltham, MA, USA), and the analysis was performed according to the manufacturer’s
instructions. Cell fluorescence was determined by flow cytometry.

For all analyses using flow cytometry, 10,000 events were recorded per sample with
a BD LSRFortessa cytometer and analyzed with BD FACSDiva Software (BD Biosciences,
San Jose, CA, USA) and FlowJo Software 10 (Flowjo LCC, Ashland, OR, USA), and cellular
debris was omitted from the analysis.

2.3. In Vivo Assay
2.3.1. Animals

A total of 50 specific pathogen-free C57BL/6 mice (males, 25–30 g) were obtained and
maintained at the animal facilities of the Gonçalo Moniz Institute-FIOCRUZ (Salvador, BA,
Brazil). Animals were housed in cages with free access to food and water. All animals
were kept under a 12:12 h light–dark cycle (lights on at 6:00 a.m.). The animals were
treated according to the ethical principles for animal experimentation of SBCAL (Brazilian
Association of Laboratory Animal Science), Brazil. The Animal Ethics Committee of the
Oswaldo Cruz Foundation (Salvador, BA, Brazil) approved the experimental protocol
(number 01/2013).

2.3.2. In Vivo B16-F10 Melanoma Model

The in vivo antitumor effect was evaluated in C57BL/6 mice inoculated with B16-F10
melanoma cells, as previously described in ref. [37]. Tumor cells (2 × 106 cells per 500 μL)
were implanted subcutaneously into the left hind groin of mice. The compounds were
dissolved in 5% DMSO and provided to the mice intraperitoneally once a day for 15 consec-
utive days. Mice were divided into five groups at the beginning of the experiment: Group
1 (negative control, n = 10): animals treated with vehicle (5% DMSO); Group 2 (positive
control, n = 10): animals treated with DOX (1 mg/kg/day); Group 3: animals treated with
CUR (20 mg/kg/day, n = 10); Group 4: animals treated with DSS (60 mg/kg/day, n = 10);
Group 5: animals treated with CUR (20 mg/kg/day) plus DSS (60 mg/kg/day) (n = 10).
The treatments were initiated one day after tumor injection. On day 16, the animals were
anesthetized (thiopental, 50 mg/kg), and samples of peripheral blood were collected from
the brachial artery for hematological analyses, as described below. The animals were eutha-
nized by anesthetic overdose (thiopental, 100 mg/kg), and the tumors were excised and
weighed. Drug effects are expressed as the percentage inhibition in relation to the control.

2.3.3. Systemic Toxicological Evaluation

Systemic toxicological effects were also investigated, as previously described in ref. [37].
The mice were weighed at the beginning and end of the experiment. The animals were
observed for signs of abnormalities throughout the study. Hematological analyses were per-
formed using an Advia 60 hematology system (Bayer, Leverkusen, Germany). Their livers,
kidneys, lungs, and hearts were removed, weighed, and examined for any signs of gross
lesions or color changes and hemorrhage. Following macroscopic analysis, representative
tissue sections of the tumors, livers, kidneys, lungs, and hearts were fixed in 4% buffered
formalin and embedded in paraffin. Tissue sections with a thickness of 4 μm were stained
with hematoxylin and eosin, and the analyses were performed under light microscopy.

2.4. Statistical Analysis

Inhibitory concentrations of 50% (IC50) values and their 95% confidence intervals
(CI 95%) were obtained via nonlinear regression. The fractional inhibitory concentration

147



Biomolecules 2022, 12, 1600

(FIC) was calculated following the formula FIC(a) = effect (a) of the compound in combi-
nation/effect (a) of the compound alone where (a) are the effects of 25%, 50%, and 75%
inhibition resulting in FIC25, FIC50, and FIC75. Isobolograms were constructed using the
coordinates formed by the FIC (CUR + DSS) of the 25%, 50%, and 75% effects. The line
linking the number 1 in both axes was used. Points below this line indicate synergistic
results of combination, and points above the line indicate antagonism. Points upon the line
indicate an addictive effect [38].

Data are presented as the means ± SEMs or IC50 values. Differences between ex-
perimental groups were compared using ANOVA (analysis of variance) followed by the
Student Newman-Keuls test (p < 0.05). Statistical analyses were performed using GraphPad
software (GraphPad Software, Inc., San Diego, CA, USA).

3. Results

3.1. Combination Therapy of CUR and DSS Synergistically Inhibits the Growth of B16-F10
Melanoma Cells

CUR and DSS showed cytotoxic effects on B16-F10 and MRC-5 cells in a concentration-
dependent manner after 72 h of incubation, as evaluated using the Alamar Blue method
(Figure 1). The IC50 values found in B16-F10 cells were 9.69, 16.49, and 0.19 μg/mL
for CUR, DSS, and DOX, respectively, while those in MRC-5 cells were 3.60, 13.63, and
1.60 μg/mL, respectively.
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Figure 1. Effect of CUR and DSS on the viability of B16-F10 (A,C,E) and MRC-5 (B,D,F) cells measured
by the Alamar Blue method after 72 h of incubation. DOX was used as a positive control. Data are
shown as the mean ± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05
compared with control (untreated cells) by ANOVA followed by the Student Newman-Keuls test.
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Next, we tested the combination of CUR with DSS in five different ratios: 1:2, 1:3, 1:4,
2:3. and 1:10 (Figures S1–S5). Although these combinations were also toxic to noncancerous
MRC-5 cells, enhanced cytotoxicity was observed in B16-F10 cells. The effect on B16-F10
cells was evaluated using FIC25, FIC50, and FIC75, revealing the magnitude of the con-
centration of each compound in relation to the same compound alone (Table S1). These
data were also observed in isobolograms (Figure 2), where we found synergic effects for
the combinations 1:2, 1:3, and 2:3 in FIC50. Therefore, these combinations were selected for
further studies.

 
Figure 2. Isobolograms of the effects of the combination of CUR with DSS at ratios of 1:2 (A),
1:3 (B), 1:4 (C), 2:3 (D), and 1:10 (E) on the viability of B16-F10 cells. The fractional inhibitory
concentration (FIC) values were calculated following the formula FIC(a) = effect (a) of the compound
in combination/effect (a) of the compound alone, where (a) are the effects of 25%, 50%, and 75%
inhibition resulting in FIC25, FIC50, and FIC75, respectively. Isobolograms were constructed using
the coordinates formed by the FIC (CUR + DSS) of the 25%, 50%, and 75% effects. The line linking the
number 1 in both axes was used. Points below this line indicate synergistic results of combination,
and points above the line indicate antagonism. Points upon the line indicate an addictive effect.

3.2. Combination Therapy with CUR and DSS Causes Apoptotic Cell Death in B16-F10
Melanoma Cells

In a new set of experiments, apoptosis quantification was evaluated in B16-F10 cells
by annexin-V/PI double staining using flow cytometry after 48 and 72 h incubation. The
numbers of viable (annexin-V/PI double-negative cells), apoptotic (all annexin-V-positive
cells), and necrotic cells (annexin-V-negative/PI-positive cells) were quantified. The IC50
values of each compound were used (CUR 10 μg/mL and DSS 18 μg/mL). The ratios of
1:2 (CUR 2 μg/mL and DSS 4 μg/mL), 1:3 (CUR 2 μg/mL and DSS 6 μg/mL), and 2:3
(CUR 2 μg/mL and DSS 3 μg/mL) were also tested.

In B16-F10, CUR treatment led to 56.6% and 71.5% apoptosis after 48 and 72 h incuba-
tion, respectively, whereas DSS caused 39.7% and 36.3% apoptosis (Figures 3 and S6). The
combinations tested significantly increased apoptosis after 72 h of incubation. Combina-
tion 1:2 led to 32.0% apoptosis in B16-F10 cells (Figures 4 and S7), while combination 1:3
caused 22.7% apoptosis (Figures 5 and S8), and combination 2:3 caused 31.6% apoptosis
(Figures 6 and S9) after 72 h of incubation. A statistically significant proportional reduction
in the viable cells was also observed.
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Figure 3. Effect of CUR and DSS on the viability of B16-F10 cells measured by annexin V-FITC/PI
staining after 48 (A) and 72 (B) h of incubation. DOX was used as a positive control. Data are shown
as the mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared
with control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 4. Effect of the combination of CUR with DSS at a ratio of 1:2 on the viability of B16-F10 cells
measured by annexin V-FITC/PI staining after 48 (A) and 72 (B) h of incubation. Data are shown as
the mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared
with control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 5. Effect of the combination of CUR with DSS at a ratio of 1:3 on the viability of B16-F10 cells
measured by annexin V-FITC/PI staining after 48 (A) and 72 (B) h of incubation. Data are shown as
the mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared
with control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 6. Effect of the combination of CUR with DSS at a ratio of 2:3 on the viability of B16-F10 cells
measured by annexin V-FITC/PI staining after 48 (A) and 72 (B) h of incubation. Data are shown as
the mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared
with control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Next, the DNA content was measured by flow cytometry to quantify the internu-
cleosomal DNA fragmentation and cell cycle distribution in B16-F10 cells treated with
CUR and DSS alone or in combination after 48 and 72 h incubation. All DNA that was
subdiploid (sub-G0/G1) was considered fragmented. CUR induced 33.5% and 34.4% DNA
fragmentation in B16-F10 cells, while DSS caused 34.0% and 32.7% DNA fragmentation
after 48 and 72 h of incubation, respectively (Figures 7 and S10). After 72 h of incubation,
the 1:2 combination induced 24.9% DNA fragmentation in B16-F10 cells (Figures 8 and S11),
while the 1:3 (Figures 9 and S12) and 2:3 (Figures 10 and S13) combinations caused 23.4%
DNA fragmentation. No significant changes were observed after 48 h of incubation. A pro-
portional reduction in the cell cycle phase was also observed. An increase in the cell cycle
phase G2/M was found after 48 h of incubation with CUR, as well as in the combination
1:2 after 72 h of incubation. DOX caused cell cycle arrest at the G2/M phase, which was
followed by DNA fragmentation in B16-F10 cells.

μ μ μ μ μ μ μ μ μ μ μ μ

μ μ μ μ μ μ μ μ μ μ μ μ

 
Figure 7. Effect of CUR and DSS on DNA fragmentation and cell cycle distribution of B16-F10 cells
after 48 (A) and 72 (B) h of incubation. DOX was used as a positive control. Data are shown as the
mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared with
control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.

3.3. Combination Therapy with CUR and DSS Induces Oxidative Stress in B16-F10
Melanoma Cells

MitoSOX™ Red was used to quantify mitochondrial superoxide levels in B16-F10 cells
treated with CUR and DSS alone or in combination after 24 h of incubation (Figure 11).
CUR or DSS significantly increased MitoSOX™ Red staining in B16-F10 cells, showing
an MFI of 3313 ± 204.3 for CUR and 3532 ± 661.9 for DSS, against 1641 ± 292.6 found
for the negative control, indicating increased oxidative stress. A significant increase in
oxidative stress was also observed in B16-F10 cells treated with the combinations 1:2 (MFI
of 3168 ± 156.7) and 1:3 (MFI of 3571 ± 360.1).
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Figure 8. Effect of the combination of CUR with DSS at a ratio of 1:2 on DNA fragmentation and
cell cycle distribution of B16-F10 cells after 48 (A) and 72 (B) h of incubation. Data are shown as the
mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared with
control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 9. Effect of the combination of CUR with DSS at a ratio of 1:3 on DNA fragmentation and
cell cycle distribution of B16-F10 cells after 48 (A) and 72 (B) h of incubation. Data are shown as the
mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared with
control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 10. Effect of the combination of CUR with DSS at a ratio of 2:3 on DNA fragmentation and
cell cycle distribution of B16-F10 cells after 48 (A) and 72 (B) h of incubation. Data are shown as the
mean± S.E.M. of three independent experiments carried out in duplicate. * p < 0.05 compared with
control (0.5% DMSO) by ANOVA followed by Student Newman-Keuls test.
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Figure 11. Effect of CUR and DSS (A) and their combinations at ratios of 1:2 (B), 1:3 (C), and 2:3
(D) on the mitochondrial superoxide level of B16-F10 cells measured by MitoSOX™ Red staining
after 24 h of incubation. Data are shown as the mean± S.E.M. of three independent experiments
carried out in duplicate. * p < 0.05 compared with control (0.5% DMSO) by ANOVA followed by
Student Newman-Keuls test. MFI = Mean Fluorescence Intensity.
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3.4. Combination Therapy with CUR and DSS Inhibits B16-F10 Melanoma Cells Grown In Vivo

The antitumor activities of CUR and DSS alone and in combination were evaluated
in C57BL/6 mice bearing B16-F10 cells (Figure 12). The treatment was performed by
intraperitoneal injection of 20 mg/kg CUR, 60 mg/kg DSS and their combination at a ratio
of 1:3 (20 mg/kg CUR + 60 mg/kg DSS) for 15 days. DOX was used as a positive control at
1 mg/kg. At the end of treatment, the mean tumor mass weight of the control group was
6.9 ± 0.3 g. CUR and DSS showed mean tumor mass weights of 5.7 ± 0.5 and 5.6 ± 0.3 g,
respectively, while an average tumor mass of 4.9 ± 0.6 g was found for the combination of
CUR with DSS. Tumor mass inhibition rates were 17.0%, 19.8%, and 28.8% for CUR, DSS,
and the combination, respectively. DOX (1 mg/kg) reduced tumor weight by 43.9%.

Figure 12. Effect of CUR and DSS and their combination at a ratio of 1:3 on the in vivo development
of B16-F10 cells measured by tumor weight (A) and tumor inhibition (B). DOX was used as a positive
control. Data are shown as the mean± S.E.M. of 7–10 animals. * p < 0.05 compared with control (5%
DMSO) by ANOVA followed by Student Newman-Keuls test.

In the histological analysis of tumors (Figure 13), a highly proliferative tumor exhibit-
ing rounded and disrupted cells was observed. Atypical mitosis, apoptosis, and necrosis
were frequent features. In CUR-treated animals, we observed more delimitated and less
vascularized tumors.

 

Figure 13. Representative histological analysis of B16-F10 tumor tissues stained with hematoxylin and
eosin and analyzed by light microscopy. The animals were treated with 5% DMSO (A), 1 mg/kg DOX
(B), 20 mg/kg CUR (C), 60 mg/kg DSS (D), or 20 mg/kg CUR + 60 mg/kg DSS (E). Bars = 20 μm
(A,D), 50 μm (B), 200 μm (C), or 100 μm (E).
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The systemic toxic effect of the CUR and DSS treatments or their combination was
also evaluated. Three animals died in the combination group, and one animal died in each
group, with the exception of the control group. No significant changes were found in the
relative mass of the organs or body weights (Table S2). In the hematological parameter
analyses, an increase in erythrocytes, hemoglobin, MCV, and platelets was found in the
groups treated with DOX and DSS compared to the control (Table S3).

The histopathological examinations of hearts and kidneys showed well-preserved
structures in all experimental groups (Figures S14 and S15). In the liver, areas of hydropic
degeneration, vascular hyperemia and inflammation were frequent in the control groups,
although swelling of hepatocytes was seen in the CUR and DSS groups (Figure S16).
Single treatment with CUR or DSS resulted in mild inflammation and areas of fibrosis
in the kidney and liver. In the combination treatment group, mild edema was identified.
Focal areas of microgoticular steatosis were observed in some animals of the control and
groups treated with DOX, CUR, and the combination treatment. In the lungs, areas of
inflammation, vascular hyperemia, and alveolar septal thickening were observed in all
groups (Figure S17).

4. Discussion

The treatment for patients with melanoma usually shows low response rates associated
with the development of resistance and side effects with low overall survival [1–6]. In this
work, we demonstrated for the first time that CUR and DSS inhibit the in vitro and in vivo
development of melanoma B16-F10 cells and, when combined, presented synergistic action.
Induction of apoptosis and oxidative stress was also found.

Repositioning clinically approved drugs has been considered a viable approach to
building new anti-cancer drugs. The repositioning allows prior knowledge of safety factors,
bioavailability, and formulations, offering advantages such as shorter development time
and lower research costs, providing agility in accessing new therapeutic options for cancer
patients [39,40]. The time between new drug development and clinical trials averages
9 years, with a success rate of less than 10% and an average patient cost per drug of
several hundred million dollars. In contrast, drug repositioning can take 3 to 4 years for
clinical trials and costs only a fraction of the amounts needed to test a new class of drug
in patients [41].

CUR is a nutraceutical drug, and DSS is an FDA-approved drug, both of which are used
long-term by humans. This indicates that their combination can be safe, even if it has an
effect on noncancerous MRC-5 cells. Nevertheless, drug repositioning may be accompanied
by side effects that have not been previously identified and described [42]. Therefore, more
experiments are required to validate the safety of the CUR and DSS combination.

Apoptosis has been reported as a mechanism of programmed cell death in the presence
of cytotoxic agents with chemotherapeutic potential. Treatment with high concentrations
of CUR has been described as capable of inducing apoptosis, depending on the cell and
tissue type, by both extrinsic and intrinsic pathways, as well as by increased endoplasmic
reticulum stress [43]. The intrinsic induction of apoptosis by CUR is activated in response to
cellular signals, including stress or DNA damage [34,44]. DSS is responsible for activating
the extrinsic pathway of apoptosis [35]. In this work, we showed that B16-F10 cells treated
with the combination of CUR with DSS for a period of 72 h showed increased externalization
of phosphatidylserine, suggesting cell death by apoptosis.

Considering that the redox mechanism of melanocytes is extremely important for
tumor progression, our result here was obtained by the combination of the pro-oxidant
profile, favored by the use of CUR, and by the antagonistic action of the antioxidant
system performed by DSS, resulting in increased oxidative stress in tumor cells, which
was confirmed by the presence of superoxide radicals in B16-F10 cells. In addition, other
targets, including the inhibition of the ubiquitin-proteasome system, were reported for
these compounds and may contribute to their cytotoxicity [45,46].
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The antitumor activities of CUR have been demonstrated in melanoma cells [15]
and animal models [47]. DSS has been shown to exert protective effects on organs in
experimental studies, preventing myocardial damage [48], in addition to sensitizing tumor
cells to radiotherapy and increasing the cytotoxicity of antineoplastic drugs, which can
be used as adjuvant therapy [49]. In our in vivo experiment, we also observed that lower
doses of the combined drugs led to a significant reduction in the progression of B16F10
cells in mice.

This study provided data on the potential cytotoxic activity of the combination of
CUR with DSS and may provide a useful tool for the development of novel therapeutic
combinations against melanoma.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biom12111600/s1, Figure S1. Effect of the combination
of CUR and DSS at a ratio of 1:2 on the viability of B16-F10 (A) and MRC-5 (B) cells measured by
the alamar blue method after 72 h of incubation. Figure S2. Effect of the combination of CUR and
DSS at a ratio of 1:3 on the viability of B16-F10 (A) and MRC-5 (B) cells measured by the alamar
blue method after 72 h of incubation. Figure S3. Effect of the combination of CUR and DSS at a
ratio of 1:4 on the viability of B16-F10 (A) and MRC-5 (B) cells measured by the alamar blue method
after 72 h of incubation. Figure S4. Effect of the combination of CUR and DSS at a ratio of 2:3 on
the viability of B16-F10 (A) and MRC-5 (B) cells measured by the alamar blue method after 72 h of
incubation. Figure S5. Effect of the combination of CUR and DSS at a ratio of 1:10 on the viability
of B16-F10 (A) and MRC-5 (B) cells measured by the alamar blue method after 72 h of incubation.
Figure S6. Representative dotplots of the effect of CUR and DSS on the viability of B16-F10 cells
measured by annexin V-FITC/PI staining. Figure S7. Representative dotplots of the effect of the
combination of CUR with DSS at a ratio of 1:2 on the viability of B16-F10 cells measured by annexin
V-FITC/PI staining. Figure S8. Representative dotplots of the effect of the combination of CUR with
DSS at a ratio of 1:3 on the viability of B16-F10 cells measured by annexin V-FITC/PI staining. Figure
S9. Representative dotplots of the effect of the combination of CUR with DSS at a ratio of 2:3 on
the viability of B16-F10 cells measured by annexin V-FITC/PI staining. Figure S10. Representative
histograms of the effect of CUR and DSS on DNA fragmentation and cell cycle distribution of B16-F10
cells. Figure S11. Representative histograms of the effect of the combination of CUR with DSS at
a ratio of 1:2 on DNA fragmentation and cell cycle distribution of B16-F10 cells. Figure S12. Rep-
resentative histograms of the effect of the combination of CUR with DSS at a ratio of 1:3 on DNA
fragmentation and cell cycle distribution of B16-F10 cells. Figure S13. Representative histograms of
the effect of the combination of CUR with DSS at a ratio of 2:3 on DNA fragmentation and cell cycle
distribution of B16-F10 cells. Figure S14. Representative histological analysis of hearts stained with
hematoxylin and eosin and analyzed by light microscopy. Figure S15. Representative histological
analysis of kidneys stained with hematoxylin and eosin and analyzed by light microscopy. Figure S16.
Representative histological analysis of livers stained with hematoxylin and eosin and analyzed by
light microscopy. Figure S17. Representative histological analysis of lungs stained with hematoxylin
and eosin and analyzed by light microscopy. Table S1. Inhibitory concentrations of CUR and DSS
alone and in combination. Table S2. Effect of CUR and DSS and their combination on body and
relative organ weight from C57BL/6 mice bearing B16-F10 cells. Table S3. Effect of CUR and DSS
and their combination on hematological parameters of peripheral blood from C57BL/6 mice bearing
B16-F10 cells.
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42. Antoszczak, M.; Markowska, A.; Markowska, J.; Huczyński, A. Old wine in new bottles: Drug repurposing in oncology. Eur. J.
Pharmacol. 2020, 866, 172784. [CrossRef]

43. Laubach, V.; Kaufmann, R.; Bernd, A. Extrinsic or intrinsic apoptosis by curcumin and light: Still a mystery. Int. J. Mol. Sci.
2019, 20, 905. [CrossRef]

44. Mortezaee, K.; Salehi, E.; Mirtavoos-Mahyari, H.; Motevaseli, E.; Najafi, M.; Farhood, B.; Rosengren, R.J.; Sahebkar, A. Mechanisms
of apoptosis modulation by curcumin: Implications for cancer therapy. J. Cell Physiol. 2019, 234, 12537–12550. [CrossRef]

159



Biomolecules 2022, 12, 1600

45. Meraz-Torres, F.; Plöger, S.; Garbe, C.; Niessner, H.; Sinnberg, T. Disulfiram as a therapeutic agent for metastatic malignant
melanoma-old myth or new logos? Cancers 2020, 12, 3538. [CrossRef]

46. Banerjee, S.; Ji, C.; Mayfield, J.E.; Goel, A.; Xiao, J.; Dixon, J.E.; Guo, X. Ancient drug curcumin impedes 26S proteasome
activity by direct inhibition of dual-specificity tyrosine-regulated kinase 2. Proc. Natl. Acad. Sci. USA 2018, 115, 8155–8160.
[CrossRef]

47. Odot, J.; Albert, P.; Carlier, A.; Tarpin, M.; Devy, J.; Madoulet, C. In vitro and in vivo anti-tumoral effect of curcumin against
melanoma cells. Int. J. Cancer 2004, 111, 381–387. [CrossRef]

48. Sonawane, V.K.; Mahajan, U.B.; Shinde, S.D.; Chatterjee, S.; Chaudhari, S.S.; Bhangale, H.A.; Ojha, S.; Goyal, S.N.; Kundu, C.N.;
Patil, C.R. A chemosensitizer drug: Disulfiram prevents doxorubicin-induced cardiac dysfunction and oxidative stress in rats.
Cardiovasc. Toxicol. 2018, 18, 459–470. [CrossRef] [PubMed]

49. Jiao, Y.; Hannafon, B.N.; Ding, W.Q. Disulfiram’s anticancer activity: Evidence and mechanisms. Anticancer Agents Med. Chem.
2016, 16, 1378–1384. [CrossRef] [PubMed]

160



Citation: Raup-Konsavage, W.M.;

Sepulveda, D.E.; Morris, D.P.; Amin,

S.; Vrana, K.E.; Graziane, N.M.; Desai,

D. Efficient Synthesis for Altering

Side Chain Length on Cannabinoid

Molecules and Their Effects in

Chemotherapy and

Chemotherapeutic Induced

Neuropathic Pain. Biomolecules 2022,

12, 1869. https://doi.org/10.3390/

biom12121869

Academic Editors: Marialuigia

Fantacuzzi, Barbara De Filippis and

Alessandra Ammazzalorso

Received: 3 October 2022

Accepted: 9 December 2022

Published: 13 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Efficient Synthesis for Altering Side Chain Length on
Cannabinoid Molecules and Their Effects in Chemotherapy and
Chemotherapeutic Induced Neuropathic Pain

Wesley M. Raup-Konsavage 1,†, Diana E. Sepulveda 1,2,†, Daniel P. Morris 1, Shantu Amin 1, Kent E. Vrana 1,

Nicholas M. Graziane 1,2,* and Dhimant Desai 1,*

1 Department of Pharmacology, Penn State College of Medicine, Hershey, PA 17033, USA
2 Department of Anesthesiology & Perioperative Medicine, Penn State College of Medicine,

Hershey, PA 17033, USA
* Correspondence: ngraziane@pennstatehealth.psu.edu (N.M.G.); ddesai@pennstatehealth.psu.edu (D.D.)
† These authors contributed equally to this work.

Abstract: (1) Background: Recently, a number of side chain length variants for tetrahydrocannabinol
and cannabidiol have been identified in cannabis; however, the precursor to these molecules would
be based upon cannabigerol (CBG). Because CBG, and its side chain variants, are rapidly converted
to other cannabinoids in the plant, there are typically only small amounts in plant extracts, thus
prohibiting investigations related to CBG and CBG variant therapeutic effects. (2) Methods: To
overcome this, we developed an efficient synthesis of corresponding resorcinol fragments using
the Wittig reaction which, under acid catalyzed coupling with geraniol, produced the desired side
chain variants of CBG. These compounds were then tested in an animal model of chemotherapeutic-
induced neuropathic pain and to reduce colorectal cancer cell viability. (3) Results: We found that all
side-chain variants were similarly capable of reducing neuropathic pain in mice at a dose of 10 mg/kg.
However, the molecules with shorter side chains (i.e., CBGV and CBGB) were better at reducing
colorectal cancer cell viability. (4) Conclusions: The novel synthesis method developed here will be of
utility for studying other side chain derivatives of minor cannabinoids such as cannabichromene,
cannabinol, and cannabielsoin.

Keywords: cannabigerol; neuropathic pain; colorectal cancer; cannabinoid synthesis

1. Introduction

In the United States, 150,000 new cases of colorectal cancer will be diagnosed in 2022
with an estimated 55,000 deaths caused by the disease [1]. Cisplatin, a commonly used
chemotherapeutic agent, is used to treat colorectal cancer, albeit with negative side effects,
including chemotherapeutic-induced peripheral neuropathy (CIPN), for which there is a
lack of treatment options [2–4]. The prevalence of CIPN is agent-dependent, with reported
rates varying from 19% to more than 85% [5] and is the highest in the case of platinum-
based drugs (70–100%), including cisplatin [6]. This outcome results in an impaired quality
of life for affected patients. Therefore, there is a need to identify alternative treatments for
colorectal cancer, as well as identify anti-nociceptive agents capable of treating CIPN in
patients undergoing cisplatin-based chemotherapy for colorectal cancer.

A number of cannabinoids have been found to reduce cancer cell growth with
Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD)—the two most often studied
cannabinoids for anti-cancer activity [7–12]. In addition to anti-cancer effects, evidence
suggests that cannabinoids (e.g., cannabigerol (CBG), THC, and CBD) have anti-nociceptive
properties, resulting in ongoing clinical investigations related to cannabinoid effects on
pain [13–18]. The mechanisms by which cannabinoids reduce cancer cell growth as well as
mitigate pain are currently under investigation. However, it is known that cannabinoids
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are promiscuous molecules with the ability to bind to a number of receptors involved in
pain processing and inflammation (e.g., CB1, CB2, 5-HT1A, α2-adrenergic receptor) as well
as induce immunogenic cell death [15,18–20].

Cannabis produces a number of bioactive compounds that are of pharmaceutical
interest. Broadly, these molecules fall into one of three classes: terpenes, flavonoids, and
cannabinoids (which are unique to the genus Cannabis). Over 100 different types of cannabi-
noids are produced by cannabis, with CBD and THC being the two most abundant and
most well studied. The predominant cannabinoids in Cannabis cultivars have a 5-carbon
side chain off of the aromatic ring; however, shortly after the discovery of the major
5-carbon phytocannabinoids, CBD and THC, two additional variations of these molecules
were described with a shorter, 3-carbon, side chain, cannabidivarin (CBDV) and tetrahy-
drocannabivarin (THCV) [21]. More recently, CBD and THC variants with carbon side
chains of 4, 6, and 7 carbons have been isolated from cannabis, albeit in much lower
concentrations [22–24].

The biosynthesis of all cannabinoids begins with geranyl pyrophosphate and a ben-
zoic acid, olivetolic acid in the case of the 5-carbon cannabinoids, by the enzyme geranyl-
pyrophosphate-olivetolic acid geranyltransferase (GOT) [25]. This reaction produces CBG,
and the respective variations, which serve as the precursor molecules to all other cannabi-
noids produced in the plant. However, in most cultivars, CBG is found at low levels
because this precursor is efficiently converted to downstream products, which means that
the variant molecules will therefore be present in trace amounts. Novel and trace side
chain length variants of CBD and THC have previously been isolated from plant mate-
rial [22]. Here, we set out to develop a novel synthetic mechanism to produce side-chain
variants of CBG. Additionally, we tested CBG and CBG variants for potential anti-cancer
activity in colorectal cancer cell lines, as well as anti-nociceptive properties in a model of
chemotherapy-induced neuropathic pain (CIPN).

2. Materials and Methods

Thin-layer chromatography (TLC) was performed on aluminum-supported, precoated
silica gel plates (EM Industries, Gibbstown, NJ, USA). Flash column chromatography
was performed using silica gel SI 60. 1H NMR spectra were recorded on a 500 MHz
Bruker mass spectrometer (Billerica, MA, USA). Proton chemical shifts are reported in
parts per million (δ). The following abbreviations were used to designate chemical shift
multiplicities: s = singlet, d = doublet, dd = double doublet, t = triplet, dt = doublet of triplet,
m = multiplet. Mass spectrometry analysis was performed on a 4000 Q-trap hybrid triple
quadrupole/linear ion trap instrument (Applied Biosystems/MDS Sciex, Waltham, MA,
USA) at the proteomic facility of the Penn State College of Medicine, Hershey, PA. High
Resolution Mass Spectrometry (HRMS) was performed on AB Sciex TripleTOF 5600 mass
spectrometer (Farmington, MA, USA) with electrospray ionization (ESI) in positive-ion
mode at the metabolomics core at Penn State University, University Park, PA. The sample
was analyzed by flow infusion with a Prominence UFLC system (Shimadzu, Kyoto, Japan)
at flow 300μL/min rates of 0.1% formic acid in a mixture of methanol and water 60:40. MS1
and MS2 data were acquired using a declustering potential (DP) of 80 V. MS2 data were
collected in IDA mode with collision energy (CE) of 40 V and collision energy spread (CES)
20 V. During the analysis, an ion spray voltage (IS) of 5500 V, curtain gas (CUR) of 35 psi,
nebulizer gas (GS1) of 50 psi, heater gas 2 (GS2) of 55, and heater temperature of 550 C
were applied. CBG was purchased from a commercial source (Cayman Chemical, Ann
Arbor, MI, USA). 3,5-dimethoxybenzyltriphenylphosphonium bromide (1) was prepared as
reported in the literature [26]. Briefly, 3,5-dimethoxybenzylbromide (10 g, 43.2 mmol) was
heated under reflux with triphenyl phosphine (12.6 g, 47.6 mmol) in toluene (60 mL) for
6 h to give a quantitative yield of compound 1. All starting materials were obtained from
Aldrich Chemical Co. (Milwaukee, WI) and used without further purification. Synthesis of
5-alkyl substituted-1,3-dihydroxybenzene precursors was conducted as described below
(and illustrated in Scheme 1).
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Scheme 1. Synthesis of 5-alkyl substitute-1,3-dihydroxybenezene.

(E/Z) 1,3-Dimethoxy-5-(Prop-1-en-1-yl) benzene (2)

3,5-dimethoxylbenzyltriphenylphosphonium bromide (1) (2 g, 4 mmol) in aqueous
K2CO3 solution (0.1 M, 50 mL) and acetaldehyde (0.264 g, 0.337 mL, 6 mmol) were refluxed
for 24 h, cooled to room temperature and cyclohexane (50 mL) was added and vigorously
shaken for 30 min. The mixture was filtered, and the aqueous layer was extracted with
cyclohexane (2 × 50 mL). Combined organic layers were dried over MgSO4, filtered, and
evaporated. The crude olefin, 2 was purified on a silica gel column using Hexane: EtOAc
(95:0.5) as an eluent to give mixture of olefins, 2 in 50% yield. 1H NMR (500 MHz, CDCl3):
δ 6.50 (d, 2H, aromatic, J = 2.0 Hz), 6.39–6.30 (m, 1H), 6.28–6.11 (m, 2H), 3.80 (s, 6H, OCH3),
and 1.87 (dd, 3H, CH3, J = 6.5 Hz).

(E/Z) 1,3-Dimethoxy-5-(Butyl-1-en-1-yl) benzene (3)

A mixture of olefins (E/Z)—3 was prepared as described for olefin 2 using 3,5-
dimethoxybenzyltriphenylphosphonium bromide (1) (4.0 g, 8 mmol) and propionaldehyde
(0.69 g, 0.86 mL, 12 mmol) to give 3 in 91% yield. 1H NMR (500 MHz, CDCl3): δ 6.51 (d,
2H, aromatic, J = 2.5 Hz), 6.33 (d, 1H, aromatic, J = 2.5 Hz), 5.95–5.75 (m, 2H, CH), 3.80 (s,
6H, OCH3), 2.70–2.50 (m, 2H, CH2), 1.57–1.12 (m, 4H, CH2) and 1.12–1.00 (m, 3H, CH3).

(E/Z) 1,3-Dimethoxy-5-(Heptyl-1-en-1-yl) benzene (4)

Olefins (E/Z)—4 was prepared as described for 2 using 3,5-dimethoxybenzyltriphenyl-
phosphonium bromide (1) (4.0 g, 8 mmol) and hexanaldehyde (1.2 g, 1.48 mL, 12 mmol) to
give 4 in 56% yield. 1H NMR (500 MHz, CDCl3): δ 6.41–6.20 (m, 2H, aromatic), 5.95–5.75
(m, 2H, CH), 3.97 (s, 6H, OCH3), 3.97 (s, 6H, OCH3), 2.32 (m, 2H, CH2), 1.46 (q, 2H, CH2,
J = 7.5 Hz), 1.41–1.20 (m, 4H, CH2), and 0.96–0.88 (m, 3H, CH3).

(E/Z)-1,3-Dimethoxy-5-(nonyl-1-en-1-yl) benzene (5)

A mixture of olefins (E/Z)—5 was prepared as described for 2 using 3,5-dimethoxyben-
zyltriphenylphosphonium bromide (1) (2.0 g, 4 mmol), and octanaldehyde (0.77 g, 0.94 mL,
6 mmol) to give olefin 5 in 95% yield. 1H NMR (500 MHz, CDCl3): δ 6.54 (d, 1H, J = 2.0 Hz)
6.47 (d, 1H, J = 2.0 Hz), 6.39–6.30 (m, 2H), 6.28–6.20 (m, 1H), 3.82 (s, 6H, OCH3), 2.40–2.32
(m, 1H), 2.25–2.20 (m, 1H),1.55–1.25 (m, 10H, CH2), and 0.92 (dd, 3H, CH3, J = 13.5 Hz and
6.5 Hz).

1,3-Dimethoxy-5-propylbenzene (6)

A mixture of 2 (1.00 g, 5.62 mmol) in EtOH (60 mL) and 10% Pd/C (100 mg) under
40psi of H2 atmosphere were shaken in Parr Hydrogenation apparatus for 24 h. The
catalyst was removed by filtration over Celite and the solvent was evaporated under
reduced pressure to give compound 6 in 88% yield; 1H NMR (500 MHz, CDCl3): δ 6.38 (d,
2H, aromatic, J= 2.0 Hz), 6.34 (t, aromatic, J = 2.0 Hz), 3.81 (s, 6H, OCH3), 2.57 (q, 2H, CH2,
J = 7.5 Hz), 1.69–1.62 (m, 2H, CH2), and 0.97 (t, 3H, CH3,J′ = 7.5 Hz).

1,3-Dimethoxy-5-butylbenzene (7)

Compound 7 was prepared as described for compound 6 using a solution of 3 (576 mg,
3.0 mmol) in EtOH (30 mL) and 10% Pd/C (58 mg) to give 7 in 86% yield. 1H NMR
(500 MHz, CDCl3): δ 6.39–6.38 (m, 2H, aromatic), 6.34 (bs,1H, aromatic), 3.81 (s, 6H, OCH3),
2.7–2.53 (m, 2H, Ph-CH2), 1.70–1.11 (m, 4H, CH2), and 0.97 (m, 3H, CH3).

1,3-Dimethoxy-5-heptylbenzene (8)

Compound 8 was prepared as described for compound 6 using a solution of 4 (702 mg,
3 mmol) in EtOH (50 mL) and 10% Pd/C (70 mg) to give 8 in 86% yield: 1H NMR (500 MHz,
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CDCl3): δ 6.38 (d, 2H, aromatic, J = 2.0 Hz), 6.34 (d, 1H, aromatic, J = 2.5 Hz), 3.81 (s, 6H,
OCH3), 2.58 (t, 2H, CH2, J = 7.5 Hz), 1.64 (t, 2H, CH2, J = 7.5 Hz), 1.36–1.31 (m, 8H, CH2),
and 0.92 (t, 3H, CH3, J = 7.5 Hz).

1,3-Dimethoxy-5-nonylbenzene (9)

Compound 9 was prepared as described for compound 6 using a solution of 5 (792 mg,
3.00 mmol) in EtOH (30 mL) and 10% Pd/C (83 mg) to give 9 in 93% yield. 1H NMR
(500 MHz, CDCl3): δ 6.38 (d, 2H, aromatic, J = 2.0 Hz), 6.33 (t, 1H, aromatic, J = 2.0 Hz), 3.81
(s, 6H, OCH3), 2.58 (t, 2H, CH2, J = 8.0 Hz), 1.64 (m, 2H, CH2), 1.35–1.30 (m, 12H, CH2),
and 0.92 (t, 3H, CH3, J = 7.0 Hz).

1,3-Dihydroxy-5-propylbenzene (10)

A stirring solution of 6 (200 mg, 1.11 mmol) in CH2Cl2 was cooled to −10 ◦C for 30 min.
To this cold reaction solution, BBr3 (1 M solution in CH2Cl2, 2.78 mL, 2.78 mmol) was added
dropwise. After the addition, the mixture was allowed to warm up to room temperature and
stirred for an additional 24 h. The mixture was cooled to 0 ◦C and quenched with saturated
NaHCO3 and stirred for an additional 30 min at room temperature. The aqueous layer
was extracted with CH2Cl2 (2 × 25 mL), combined organic layers were dried over MgSO4,
filtered, and evaporated. Purification on a silica gel column by using CH2Cl2:MeOH (98:2)
as an eluent gave 79% yield of 10 [27]. 1H NMR (500 MHz, CDCl3): δ 6.28 (d, J = 2.0 Hz, 2H,
aromatic), 6.21 (S, 1H, aromatic), 2.47 (q, 2H, CH2, J = 9.0 Hz), 1.59 (q, 2H, CH2, J = 8.0 Hz),
and 0.93 (t, 3H, CH3, J = 7.5 Hz).

1,3-Dihydroxy-5-butylbenzene (11)

Compound 11 was prepared as described for 10 using compound 7 (0.5 g, 2.58 mmol)
and BBr3 (1 M solution in CH2Cl2, 5.16 mL, 5.16 mmol) to give compound 11 in 68%
yield [28,29]. 1H NMR (500 MHz, CDCl3): δ 6.28 (s, 2H, aromatic), 6.20 (d, 1H, aromatic,
J = 2.0 Hz), 4.89 (bs, 2H, OH), 2.60–2.40 (m, 2H, CH2), 1.63–1.10 (m, 4H, CH2), and 0.92 (t,
3H, CH3, J = 7.0 Hz).

1,3-Dihydroxy-5-heptylbenzene (12)

Compound 12 was prepared as described for 10 using compound 8 (0.98 g, 4.15 mmol)
and BBr3 (1 M solution in CH2Cl2, 9.5 mL, 9.5 mmol) to give compound 12 in 91% yield [30].
1H NMR (500 MHz, CDCl3): δ 6.27 (d, 2H, aromatic, J = 2.0 Hz), 6.20 (d, 1H, aromatic,
J = 2.0 Hz), 2.51 (t, 2H, CH, J = 7.5 Hz), 1.59 (q, 2H, CH2, J = 7.5 Hz), 1.39–1.22 (m, 14H,
CH2), and 0.91 (t, 3H, CH3, J = 6.5 Hz).

1,3-Dihydroxy-5-nonylbenzene (13)

Compound 13 was prepared as described for 10 using compound 9 (0.76 g, 2.88 mmol),
and BBr3 (1 M solution in CH2Cl2, 5.8 mL, 5.8 mmol) to give compound 13 in 84% yield [31].
1H NMR (500 MHz, CDCl3): δ 6.27 (d, 2H, aromatic, J = 2.0 Hz), 6.20 (bs, 1H, aromatic),
4.72 (bs, OH), 2.51 (t, 2H, CH2, J = 7.5 Hz), 1.61–1.58 (m, 2H, CH2), 1.33–1.28 (m, 12H, CH2),
and 0.91 (t, 3H, CH3, J = 7.0 Hz).

Syntheses of the CBG analogs of varying side chain lengths were conducted as de-
scribed below and illustrated in Scheme 2.

 
Scheme 2. Synthesis of CBG analogs, 14–17.
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Cannabigerovarin (CBGV, 14):

To a stirred cold solution of geraniol (203 mg,1.32 mmol) in anhydrous chloroform
(20 mL) was added (over a period of 20 min) a solution of 1,3-dihydroxy-5-ethylbenzene (10)
(131 mg, 0.73 mmol) and p-toluenesulfonic acid (14 mg) in anhydrous chloroform (15 mL)
at 0 ◦C and under a positive pressure of nitrogen. After stirring in the same conditions for
14 h, the reaction was quenched with saturated of NaHCO3 (5 mL). The reaction mixture
was extracted with EtOAc (3 × 15 mL) and the combined organic layers were washed with
water, dried (MgSO4) and evaporated. The residue was purified on silica gel column by
eluting with hexane:CH2Cl2 (1:1) to give 21% yield of CBGV (14) [32]. 1H NMR (500 MHz,
CDCl3): δ 6.26 (s, 2H, aromatic), 5.33–5.28 (m, 1H, CH), 5.14 (bs, 2H, OH), 5.08 (t, 1H, CH,
J = 7.0 Hz), 3.42 (d, 2H, Ph-CH2, J = 7.0 Hz), 2.56 (t, 2H, Ph-CH2, J = 7.5 Hz), 2.18–2.0 (m,
6H), 1.84 (s, 3H, CH3), 1.70 (S, 3H, CH3), 1.63 (s, 3H, CH3), 0.95 (t, 3H, CH3, J = 7.5 Hz);
HRMS calculated for C19H28O2 + H: 289.2169; the observed value was 289.2091.

Cannabigerobutol (CBGB, 15):

Compound 15 was prepared as described for 14 using compound 11 (250 mg, 1.50 mmol)
and geraniol (416 mg, 2.7 mmol) to give compound 15 in 18% yield. 1H NMR (500 MHz,
CD3OD): δ 6.16 (d, 2H, aromatic), 5.26 (t, 1H, CH, J = 7.0 Hz), 5.09 (t, 1H, CH, J = 7.0 Hz),
3.27 (d, 2H, J = 7.5 Hz, Ph-CH2), 2.50–2.35 (m, 2H, Ph-CH2), 2.10–1.90 (m, 4H), 1.77 (s, 3H,
CH3), 1.67 (S, 3H, CH3), 1.58 (s, 3H, CH3), 1.40–1.30 (m, 4H), 0.92 (t, 3H, CH3, J = 6.5 Hz);
HRMS calculated for C20H30O2 + H: 303.2326; the observed value was 303.1941.

Cannabigerophorbol (CBGP, 16):

Compound 16 was prepared as described for 14 using compound 12 (208 mg, 1.0 mmol)
and geraniol (278 mg, 1.8 mmol) to give compound 16 in 26% yield [33]. 1H NMR (500 MHz,
CDCl3): δ 6.27 (S, 2H, aromatic), 5.30 (t, 1H, CH, J = 7.0 Hz), 5.08 (t, 1H, CH, J = 6.0 Hz), 5.02
(bs, 2H, OH), 3.42 (d, 2H, Ph-CH2, J = 7.0 Hz), 2.48 (t, 2H, Ph-CH2, J = 8.0 Hz), 2.19–2.10 (m,
4H), 1.84 (s, 3H, CH3), 1.70 (S, 3H, CH3), 1.62–1.57 (m and S, 5H, CH2 and CH3), 1.33–1.24
(m, 10H), 0.91 (t, 3H, CH3, J = 7.0 Hz); HRMS calculated for C23H36O2 + H: 344.2715; the
observed value was 344.2657.

Cannabigerononol (CBGN, 17):

Compound 17 was prepared as described for 14 using compound 13 (307 mg, 1.5 mmol)
and geraniol (417 mg, 2.7 mmol) to give compound 17 in 29% yield. 1H NMR (500 MHz,
CDCl3): δ 6.27 (S, 2H, aromatic), 5.30 (t, 1H, CH, J = 7.0 Hz), 5.08 (t, 1H, CH, J = 6.5 Hz),
5.00 (bs, 2H, OH), 3.42 (d, 2H, Ph-CH2, J = 7.0 Hz), 2.48 (t, 2H, Ph-CH2, J = 7.5 Hz), 2.15–2.10
(m, 4H), 1.84 (s, 3H, CH3), 1.70 (S, 3H, CH3), 1.62 (s, 3H, CH3), 1.62–1.57 (m, 2H), 1.33–1.24
(m, 12H), 0.91 (t, 3H, CH3, J = 7.0 Hz); HRMS calculated for C25H40O2 + H: 373.3108; the
observed value was 373.3089.

Animals

All experiments were performed in accordance with procedures approved by the
Pennsylvania State University College of Medicine Institutional Animal Care and Use
Committee (protocol 202001327). Wild-type C57BL/6 (The Jackson Laboratory, Bar Harbor,
ME, USA) male mice (n = 35) were used for all experiments. Animals were grouped housed
with a 12-h light/dark cycle with ad libitum food and water.

Cisplatin-induced peripheral neuropathy was induced as previously described [13,15,34].
Mice were injected with 4% sodium bicarbonate solution (1 mL, s.c.) administered just
prior to cisplatin (5 mg/kg, i.p.) to prevent neurotoxicity and to minimize damage to renal
function. Cisplatin was administered once a week for four weeks [15,35]. Mechanical
allodynia was assessed before and after cisplatin treatment to confirm neuropathic pain
state as described below.

Mechanical hypersensitivity was assessed using an electronic von Frey anesthesiome-
ter (IITC Life Sciences Inc., Woodland Hills, CA, USA) with a semi-flex tip (IITC Life
Sciences Inc., Woodland Hills, CA, USA), which was applied to the plantar surface of the
right hind-paw with increasing force to prompt a paw withdrawal response. Mice were
placed in one of eight small acrylic chambers placed on a wire mesh table (IITC Life Sciences
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Inc., Woodland, CA, USA), and acclimated to the chamber for 20 min before testing. The
average of three tests were calculated with each test separated by at least 3 min.

To measure the effects of test compounds, 35 neuropathic male mice were randomly
assigned to 7 groups (5 mice/group). During week 1, mice were injected with vehicle
(DMSO, Tween 80, saline (1:1:18), i.p.), CBGV, CBGB, CBG, CBGP, CBGN, or the non-
steroidal anti-inflammatory drug indomethacin (10 mg/kg, i.p., based upon our previous
work with CBG [15]). Mice were then given a one-week washout period, and during week 2
were again randomly assigned to one of the 7 groups and injected with the test compounds.
All von Frey experiments were performed by experimenters blinded to treatments.

Cell lines

The human CRC cell lines SW480, SW620, HT29, DLD-1, HCT115, LS174, and RKO
were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and
cultured as previously described [7]. Briefly, cells were grown in Dulbecco’s Modified
Eagle’s Media supplemented with 10% fetal bovine serum, 2 mM Glutamax, 10 U/mL
penicillin, 10 μg/mL streptomycin, and 0.25 μg/mL Amphotericin B at 37 ◦C in 5% CO2.
RKO cells were grown under the same conditions except that RPMI was used in place of
Dulbecco’s Modified Eagle’s Media.

CRC cell lines were treated as previously described, except cells were seeded at a
density of 10,000 cells/well [7] and 16 h later treated with vehicle (DMSO), CBGV, CBGB,
CBG, CBGP, CBGN at 10 μM for 48 h. In all treatments, the DMSO was maintained
at a constant 1%. Results in two cell lines (HCT116 and SW480) were confirmed by
trypan blue staining. Cells were plated and treated as described above and after 48 h
adherent and nonadherent cells were collected and stained with 0.2% trypan blue; cells
were counted on a Countess 3 automated cell counter (ThermoFisher, Pittsburgh, PA, USA).
For dose effect curves, cells were seeded as described above and then treated with Vehicle
(DMSO, CBGV, CBGB, CBG, CBGP, or CBGN at concentrations of 333 nM, 1 μM, 3.3 μM,
10 μM, 18.56 μM, 33 μM, and 56μM. Cell viability for all experiments was measured using
the MTT ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium), Biovision; Milpitas, CA). MTT (0.5 mg/mL, 15μL) was added to each well
and incubated for 2 h at 37 ◦C in 5% CO2. Formazan crystals were solubilized by adding
stop solution (10% Triton X-100, 0.05% HCl in isopropanol) and vigorously pipetting the
mixture. Absorbance was measured at 570 nm on a FlexStation 3 (Molecular Devices, San
Jose, CA, USA). For each experiment, the cell line/treatment was measured from triplicate
wells and the average was determined. Data are presented as the signal normalized to
vehicle control.

Statistics

All results are shown as mean ± standard deviation. Statistical significance was
determined using GraphPad Prism Software (9.3.1, San Diego, CA, USA) using a one-way
ANOVA with Dunnett’s multiple comparison post hoc tests.

3. Results

First, to generate CBG and CBG variants, we synthesized corresponding resorcinol
fragments. Several approaches have been reported in the literature for the synthesis of resor-
cinol derivatives [33,35]. We have developed an efficient method to generate the resorcinol
fragments as shown in Scheme 1. This was accomplished in three steps involving: (1) prepa-
ration of corresponding olefins, 2–5 using 3,5-dimethoxybenzyl triphenylphosphonium
bromide (1) and the corresponding aldehyde (Wittig reaction); (2) hydrogenation of the
resultant E/Z-olefin mixture in Parr-hydrogenation apparatus to give compounds, 6–9; and
(3) deprotection of methoxy group of compounds, 6–9 by using BBr3 gave corresponding
substituted resorcinol derivatives, 10–13. All of these operations overall gave moderate
yields (40–80%).

Each of these corresponding substituted resorcinol derivatives, 10–13, were coupled
with geraniol in the presence of catalytic amounts of p-toluenesulfonic acid monohydrate
as shown in Scheme 2 to give the corresponding CBG analogs, 14–17, in 20–30% yields [36].
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The solubility of CBGV and CBG is between 25–50 mg/mL or around 80–180 mM in
pure DMSO; the solubility drops by 100-fold or more when the compounds are in 25%
DMSO [37].

Given the potential of cannabinoids to evoke cancer cell death, we next investigated the
effects of the CBG side-chain variants on cancer cell viability at 10 μM for 48 h. Following the
48-h timepoint, cell viability was assessed using the MTT assay. Our results show that CBGV,
across all cell lines, demonstrated the greatest reduction in cell growth (Figure 1A–G).
Additionally, we found that the 4-carbon variant, CBGB, decreased cancer cell viability,
although not to the same extent as CBGV. Moreover, we found that the effects of CBG were
dependent upon the cell lines tested, as CBG only reduced colorectal cancer cell viability
in 4 of the cell lines tested (HT-29, DLD-1, LS174, and RKO, Figure 1C,D,F,G). Even in cell
lines sensitive to CBG, CBGV remained more efficacious, except in DLD-1 cells where the
CBG and CBGV had a similar effect on cell viability (Figure 1D). The longer 7 and 9 carbon
variants (CBGP and CBGN) did not significantly influence cell viability in any of the cell
lines tested. The results of the MTT assay were confirmed in HCT116 and SW480 cell lines
by trypan blue staining (data not shown).

Figure 1. Effect of CBG side-chain variants on colorectal cancer cell viability. Colorectal cancer cell
lines were treated with 10 μM of cannabinoid for 48 h and then viability was measured using the
MTT assay. (A) SW480, (B) SW620, (C) HT29, (D) DLD-1, (E) HCT116, (F) LS174, and (G) RKO. n = 5
experiments per group. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005 vs. vehicle.
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To better examine the impact of these compounds on colorectal cancer cell growth, we
performed dose effect curves. Consistent with our data at 10 μM, we found that CBGV had
the lowest IC50 value across all cell lines, except DLD-1 cells (Figure 2A–G, Table 1). We
also found that only in DLD-1 cells was the IC50 value of CBG similar to that found with
CBGV (Figure 2D, Table 1). The highest IC50 values were found for the molecules with the
longer side chains (Figure 2, Table 1). In general, the IC50 values for CBGB and CBG were
found to be between those observed for CBGV and the larger chain molecules (CBGP and
CBGN) (Figure 2, Table 1).

Figure 2. Dose response curves of CBG side-chain variants on colorectal cancer cell viability. Col-
orectal cancer cell lines were treated with varying doses of cannabinoid for 48 h and then viability
was measured using the MTT assay. Representative dose response curves are shown for (A) SW480,
(B) SW620, (C) HT29, (D) DLD-1, (E) HCT116, (F) LS174, and (G) RKO cell lines.

Next, we investigated the anti-nociceptive properties of CBG variants in a model of
CIPN. Previously, we have demonstrated, using the von Frey test, that CBG (10 mg/kg
i.p.) was effective at significantly reducing mechanical hypersensitivity in a preclinical
model of CIPN [15]. Using this model, we investigated and compared the anti-nociceptive
properties of the CBG side chain variants, CBGV, CBGB, CBG, CBGP, and CBGN. Neuro-
pathic male mice were treated with vehicle control, a CBG variant, or the positive control
indomethacin each at 10 mg/kg i.p. Mice then underwent von Frey testing of the hind-paw,
1 h following injections, to measure the force required to elicit a paw withdrawal response.
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Our results show that all variants were equally as effective as CBG and the positive control,
indomethacin, in reversing CIPN (F(6,63) = 9.56, p < 0.0001; one-way ANOVA with Tukey’s
post-test). (Figure 3).

Table 1. IC50 values for CBG variants in Colorectal Cancer Cell Lines.

Cell Line CBGV CBGB CBG CBGP CBGN

SW480 12.3 ± 2.5 ** 15.5 ± 2.1 * 22.8 ± 3.4 23.9 ± 5.0 24.5 ± 6.0

SW620 8.1 ± 0.6 * 13.6 ± 1.7 16.2 ± 1.3 20.6 ± 3.6 23.4 ± 7.8

HT29 5.6 ± 3.3 ** 12.5 ± 4.7 16.6 ± 3.3 25.2 ± 4.1 * 20.8 ± 3.6

DLD-1 8.3 ± 1.6 15.4 ± 1.4 ** 7.9 ± 1.2 20.2 ± 3.9 *** 19.4 ± 3.7 ***

HCT116 9.3 ± 1.6 **** 15.8 ± 1.6 *** 21.6 ± 1.4 22.9 ± 0.1 22.3 ± 1.0

LS174 9.4 ± 1.1 *** 14.0 ± 3.1 16.7 ± 2.3 18.2 ± 1.1 17.3 ± 1.9

RKO 9.1 ± 2.9 ** 13.1 ± 0.7 14.7 ± 0.5 17.5 ± 1.6 19.0 ± 1.6 *
IC50 values are from 3–4 independent dose effect curves and are presented as mean ± standard deviation,
concentrations are in μM. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001 vs. CBG.

Figure 3. Effect of CBG side-chain variants on mechanical sensitivity. Neuropathic male mice were
treated with 10 mg/kg of vehicle, side-chain variant of CBG, or indomethacin as a positive control and
mechanical sensitivity was assessed using von Frey filaments. n = 10 mice per group, **** p ≤ 0.0001.

4. Discussion

Recently, a variant of CBD and THC has been identified in which the 5-carbon side
chain is two carbons longer, these molecules were termed CBDP and THCP [22]. The
authors went on to show that THCP binds to cannabinoid receptors with a higher affinity
and was more effective at reducing pain than THC. In contrast, we did not see any impact of
side-chain length on the ability of CBG to reduce pain in a mouse model of CIPN. However,
we did find a significant anti-nociceptive effect of CBG and all CBG variants in a model
of CIPN.

Our data indicate that side-chain length plays a role in the ability of CBG to reduce
colorectal cancer cell growth in vitro. We found that, molecules with shorter side chains
are more efficacious at reducing cell growth compared to longer side chains. Our findings
with CBG are in contrast with previous work on CBDV and THCV which did not find a
significant difference between these compounds and the more common 5-carbon variant
(CBD and THC) [38–40]. Furthermore, neither the 4 or 7 carbon variants of CBD was found
to have any greater impact on breast cancer cell growth than the 5-carbon molecule [41].
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This could be due to the unique nature of CBG, which has been found to be an agonist of
α2-adrenogeric receptors [42] and peroxisome proliferator-activated receptors (PPAR) α
and γ [43–46], and the activation of these receptors has previously been reported to inhibit
colorectal cancer cell growth.

It has been shown that side chain length can influence receptor binding for cannabi-
noids. For example, THCP has been shown to bind to CB1 receptors with a higher affinity
than THC [22]. In contrast, THCV acts as an antagonist of the CB1 receptor, the opposite
activity of THC, THCB, and THCP [24,47]. It is known that CBG binds with differing
affinities and activities to a variety of receptors compared to THC and CBD [25]. One
possible explanation for the differences we observe between the pain assay and cytotoxicity
effects of these molecules is that different receptors mediate the analgesic and cytotoxic
effects of CBG. Alternatively, the varying side chain lengths may create differing pharma-
cokinetics in vivo, thus normalizing their effects. Further studies on the binding of these
novel molecules at known CBG receptors and additional studies on the mechanism that
leads to cytotoxicity may provide useful insights into the mechanism by which CBGV and
CBGB are slightly more cytotoxic but not more analgesic. These studies would also provide
novel insights into how CBG interacts with known receptors.

5. Conclusions

We have developed a unique and adaptable process for generating cannabinoids with
varying side chain lengths. Several recent reports have identified variants of CBD and THC
with 3, 4, 6, and 7 carbon side chains; however, such side chain variants also likely exist for
other cannabinoids such as cannabichromene (CBC) and must exist for CBG since this is
the precursor molecule for the other cannabinoids. Surprisingly, we did not observe any
effect of side-chain length regarding the ability to reduce neuropathic pain, which is in
contrast to the data regarding THCP. However, we did find that CBG variants, such as CBG,
produced significant anti-nociceptive effects in a murine model of CIPN. Importantly, we
found that shorter side-chain variants of CBG were better able to reduce colorectal-cancer
cell viability compared to longer-side chains.
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Abstract: The roots of Euphorbia fischeriana have been used as a traditional Chinese medicine for the
treatment of tuberculosis and ringworm. In the current study, diterpenoids from the ethyl acetate
extract of the roots E. fischeriana and their cytotoxic effects against five cancer lines were investigated.
Two new ent-abietane diterpenoids, euphonoids H and I (1–2), as well as their two analogues (3–4)
were first isolated from this source. The structures of the two new compounds were elucidated on
the basis of spectroscopic data and quantum chemical calculation. Their absolute configurations
were assigned via ECD spectrum calculation. The isolated compounds were evaluated for their
antiproliferative activities against five cancer cell lines. Compounds 1 and 2 exhibited significant
inhibitory effects against human prostate cancers C4-2B and C4-2B/ENZR cell lines with IC50 values
ranging from 4.16 ± 0.42 to 5.74 ± 0.45 μM.

Keywords: abietane-type; diterpenoid; Euphorbia fischeriana; antiproliferative activities

1. Introduction

Natural products are promising sources for the discovery of novel agents/active tem-
plates for the development of effective agents against a variety of human diseases [1]. Due
to their great structural diversity and wide range of bioactivities [2], diterpenoids have been
a constant focus of drug discovery. Among the naturally occurring cyclic diterpenoids (e.g.,
abietane, labdane and clerodane diterpenoids), tricyclic abietane diterpenoids are of partic-
ular significance. These diterpenoids were reported to be present in species of Lamiaceae,
Cupressaceae, Pinaceae and Euphorbiaceae as well as in several higher plants [3,4] and were
shown to possess antitumor, antioxidant, antibacterial and anti-inflammatory effects [5].
Sugiol, an abietane diterpenoid previously isolated from Metasequoia glyptostroboides (Cu-
pressaceae), has been developed as an advanced multimodal anti-inflammatory disease
targeting tool [6]; Euphelionolides A, D, I and L, four ent-abietane diterpenoids isolated
from Euphorbia helioscopia (Euphorbiaceae), were demonstrated to be effective free-radical
scavengers acting via various reaction pathways [7]; 6-hydroxy-5,6-dehydrosugiol, a deriva-
tive of sugiol isolated from the stem bark of Cryptomeria japonica, was shown to be a potent
androgen receptor antagonist in PCa cells [8].

The roots of Euphorbia fischeriana Steud have been used as a traditional Chinese
medicine for the treatment of lymphoid tuberculosis and ringworm [9]. Previous phyto-
chemical studies showed that polycyclic diterpenoids including ent-abietanes, ent-atisanes,
ent-kauranes, ent-isopimaranes and ent-pimaranes possessing a common 6/6/6-tricyclic
ring are the major constituents of E. fischeriana [10,11]. In our earlier study, a series of ent-
abietane diterpenoids with significant cytotoxicity have been isolated from this plant [12].
As part of our continuing efforts toward novel antitumor diterpenoids, the chemical con-
stituents of the roots of E. fischeriana were reinvestigated. As a result, two previously
undescribed ent-abietanes and two known analogues were isolated from the roots of E.
fischeriana. The new compounds showed significant cytotoxicity against human prostate
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cancer C4-2B and C4-2B/ENZR cell lines. Herein, the details of isolation, structure elucida-
tion and cytotoxicity of these compounds are described.

2. Results and Discussion

The dry roots of E. fischeriana were repeatedly extracted with 95% EtOH at room
temperature and the extract was successively partitioned with petroleum ether, ethyl
acetate (EtOAc) and n-butanol. The EtOAc fraction was subjected repeatedly to column
chromatography over silica gel, ODS gel, Sephadex LH-20 and semipreparative HPLC to
yield two previously undescribed ent-abietane diterpenoids (1–2). In addition to the above
new compounds, two known diterpenoids (Figure 1) were also obtained: raserranes A (3)
and B (4). The structures of all compounds were well-characterized by NMR analysis and
quantum chemical calculation.

Figure 1. The structures of compounds 1–4.

2.1. Structure Elucidation of Compounds 1 and 2

Euphonoid H (1) was obtained as a colorless oil and was shown to possess a molecular
formula of C23H34O7 based on its HRESIMS ion at 445.2213 [M + Na]+ (calcd 445.2197). The
1H spectrum (Supplementary Material) showed signals for an olefinic hydrogen (δH 6.71,
H-14), one methoxyl (δH 3.68, 16-OCH3) and four methyl groups (δH 2.02, 0.91, 0.79 and
0.69). The 13C and HSQC NMR showed resonances assignable to one ketone (δC 196.0),
two ester (δC 170.8 and 171.1), two olefinic carbons (δC 133.7 and 154.2), four methyl (δC
34.0, 22.1, 17.8 and 21.0), one methoxyl group (δC 34.0), three oxygenated carbons (δC 72.0,
69.5 and 62.5) and ten additional sp3 carbons (δC between 18.5 and 60.4). Comprehensive
analysis of the 1D and 2D-NMR data (Table 1) revealed that compound 1 possessed, except
for an acetoxyl group and a methoxy group, an abietane diterpene skeleton similar to that
of methyl-8β,11β-dihydroxy-12-oxo-ent-abietadi-13,15(17)-ene-16-oate previously isolated
from this plant [13]. However, the 13C NMR data for the Δ15(17) (δC 137.3 for C-15 and
128.8 for C-17) of the latter were replaced by signals for a methine (δC 45.1, C-15) and
an oxymethylene (δC 62.5, C-17). These observations implied that compound 1 was a
hydrogenated derivative of the known compound.

Table 1. 1H (400 MHz) and 13C (100 MHz) NMR data for 1 and 2 in CDCl3.

Position
1 2

δH (J in Hz) δC, Type δH (J in Hz) Δc, Type

1 1.88 (1H, d, J = 13.0 Hz)
1.21–1.16 (1H, m) 39.7, CH2

1.92 (1H, d, J = 12.5 Hz)
1.37–1.29 (1H, m) 39.2, CH2

2 1.55 (1H, d, J = 13.5 Hz)
1.51–1.45 (1H, m) 18.5, CH2

1.63–1.55 (1H, m)
1.56–1.51 (1H, m) 18.5, CH2

3 1.43 (1H, d, J = 12.7 Hz)
1.26–1.19 (1H, m) 41.6, CH2

1.47–1.43 (1H, m)
1.29–1.20 (1H, m) 41.4, CH2

4 33.3, C 33.6, C

5 1.08 (1H, dd, J = 12.9,
2.6 Hz) 54.4, CH 1.12 (1H, dd, J = 12.3,

2.5 Hz) 53.6, CH
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Table 1. Cont.

Position
1 2

δH (J in Hz) δC, Type δH (J in Hz) Δc, Type

6 1.71–1.65 (1H, m)
1.16–1.12 (1H, m) 19.2, CH2

1.88–1.80 (1H, m)
1.56–1.51 (1H, m),

overlapped
20.9, CH2

7 2.13–2.03(1H, m)
1.74–1.72 (1H, m) 41.4, CH2

2.08–1.97 (1H, m)
1.51–1.48 (1H, m),

overlapped
35.8, CH2

8 69.5, C 71.7, C
9 2.13–2.03(1H, s) 60.4, CH 2.33 (1H, s) 48.1, CH
10 37.7, C 39.4, C
11 4.23 (1H, s) 72.0, CH 4.15 (1H, s) 64.8, CH
12 196.0, C 85.4, C
13 133.7, C 166.2, C
14 6.71 (1H, s) 154.2, CH 4.48 (1H, s) 55.3, CH
15 3.77 (1H, t, J = 7.2 Hz) 45.7, CH 127.5, C
16 170.8, C 165.8, C
17 4.41 (2H, d, J = 7.2 Hz) 62.5, CH2 9.97 (1H, s) 185.0, CH
18 0.91 (3H, s) 34.0, CH3 0.94 (3H, s) 33.6, CH3
19 0.79 (3H, s) 22.1, CH3 0.85 (3H, s) 22.0, CH3
20 0.69 (3H, s) 17.8, CH3 0.80 (3H, s) 15.6, CH3

16-OCH3 3.68 (3H, s) 52.4, CH3
1′ 171.1, C
2′ 2.02 (3H, s) 21.0, CH3

Detailed 2D-NMR (1H-1H COSY, HSQC, HMBC and NOESY) data analysis further
confirmed the above deduction and fulfilled the structural assignment. The 1H-1H COSY
revealed four spin systems, CH2-1/CH2-2/CH2-3, H-5/CH2-6/CH2-7, H-9/H-11 and H-
15/CH2-17 (Figure 2). HMBC correlations from H3-20 (to C-1 and C-10), H2-1 (to C-9),
H3-18 (to C-3, C-4 and C-5), H2-6 (to C-4 and C-10), H-11 (to C-8 and C-13) and H-14 (to
C-7, C-9 and C-12) to their corresponding carbons not only connected the former three
fragments, but suggested that compound 2 shared the same ABC rings with methyl-8β,11β-
dihydroxy-12-oxo-ent-abietadi-13,15(17)-ene-16-oate. In addition, HMBC correlations from
H-15 to C-12, C-13 and C-14 and from H2-17 to C-13 located the Δ15(17) double bond at
C-13. HMBC correlations from the methoxyl group to C-16 suggested the presence of
a methoxyformyl group, while the HMBC correlation from H2-17 to C-16 revealed its
position at C-15. The acetoxyl group was connected to the abietane skeleton at C-17 by the
key HMBC cross-peaks from H2-17 and H3-2′ to C-1′. Thus, the gross structure of 1 was
established as depicted.

Figure 2. Key 1H-1H COSY ( ) and HMBC ( ) correlations of 1 and 2.

The NOESY correlations (Figure 3) of H-5/H-9 indicated that these protons were
cofacial and were arbitrarily assigned to be β-oriented, while the NOESY correlation of
H3-20/H-11 indicated that these protons were α-oriented. However, the NOESY spectrum
did not give useful signals to determine the relative configuration of C-8 and C-15. To
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establish the relative configuration, the chemical shifts of four conformers were predicted
at the B3LYP/6-311+G (d, p) level in chloroform (Figure 4). The results showed that the
calculated chemical shifts of conformer 1b was in the best agreement with the experimental
values among those predicted for 1a, 1b, 1c and 1d. Further DP4+ analyses verified that
conformer 1b was assigned with a 99.99% probability among all the conformers (Figure 4).
These results suggested that compound 1 had the structure of conformer 1b with the
relative stereochemistry of 5R*, 8R*, 9R*, 10R*, 11R*, 15S*.

Figure 3. Key NOE correlations ( ) of compounds 1 and 2.

 
(a) (b) 

Figure 4. 13C NMR calculation results of compound 1 at the mPW1PW91/6-311+G(d,p) level.
(a) Structures of conformer 1a–1d. (b) Key parameters of the calculated chemical shifts of conformers
1a–1d.

The absolute configuration of 1 was established by comparing its experimental ECD
spectrum with those calculated at the CAM-B3LYP/6-31+G(d) level in acetonitrile. As
shown in Figure 5, the experimental ECD curve of 1 showed first negative and second
positive Cotton effects around 250 and 213 nm, respectively, which matched well the
calculated ECD spectrum of 5R, 8R, 9R, 10R, 11R, 15S-1 (Figure 5a). Thus, compound 1, as
an ent-abietane diterpenoid, was established as depicted and named euphonoid H.

The molecular formula of 2 was determined to be C20H24O5 by the HRESIMS ion peak
at m/z 343.1550 ([M − H]−, calcd 343.1551). The 1H NMR data (Table 1) of 2 indicated the
presence of three methyls [δH 0.98 (3H, Me-18), 0.85 (3H, Me-19), 0.80 (3H, Me-20)] and
one aldehyde [δH 9.97 (s, H-17)]. The 13C NMR (Table 1) and HSQC data of 2 revealed
the presence of three methyls, five methylenes, five methines (including two oxygenated
ones at δC 64.8 and 55.3 and seven quaternary carbons (including two olefinic ones at δC
166.2 and 127.5). The above NMR characteristic features of 2 resembled those of jolkinolide
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B [14], the major differences being the replacement of the 17-CH3 group in jolkinolide
B by an aldehyde group (δC 185.0) in 2. HMBC correlations from H-17 (δH 9.97, s) to
C-13 (δC 166.2) and C-15 (δC 127.5) further confirmed the above deduction. The NOESY
correlation H-5/H-9 suggested that H-5 and H-9 were β-oriented, whereas the NOESY
correlations H3-20/H-11 and H3-20/H-14 indicated that H-11, H-14 and CH3-20 were
α-oriented. Subsequently, quantum chemical calculation of NMR chemical shifts was run
on the proposed structure of 2. As indicated by R2 (13C: 0.9979), CMAD (13C: 1.88 ppm)
and CLAD (13C: 4.79 ppm) good consistency was observed between the theoretically
predicted and experimental chemical shifts, which validated the proposed structure for 2

(Figure 6). Subsequently, ECD calculation (Figure 5b) of the two enantiomers of 2 enabled
the establishment of the absolute configuration of 2 to be 5S, 8S, 9R, 10R, 11R, 12R, 14R. The
structure of 2 was therefore established as depicted and named euphonoid I.

 
(a) (b) 

Figure 5. (a) Experimental and calculated ECD spectra of 1; (b) Experimental and calculated ECD
spectra of 2.

Figure 6. Linear correlation plots of predicted versus experimental 13C NMR chemical shifts.

The other two known diterpenoids (3–4) were identified to be ent-abietane diter-
penoids raserranes A (3) and B (4) by comparison of their NMR data with those reported
in the literature, these four diterpenoids were discovered for the first time from this
species [15].
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2.2. Biological Activity of Isolated Compounds

The anticancer effects of the isolates 1–4 were evaluated against human breast cancer
cells MDA-MB-231, human colon cancer cells HCT-15 and RKO and human prostate
cancer cells C4-2B and C4-2B/ENZR (enzalutamide-resistant C4-2B cells). The IC50 values
(Table 2) indicated that the two new compounds exhibited varying degrees of growth
inhibition against the five cancer cell lines. Compound 1 showed significant inhibitory
activities against C4-2B and C4-2B/ENZR cell lines with IC50 values of 5.52 ± 0.65 μM and
4.16 ± 0.42 μM, respectively. Compound 2 exhibited marked inhibitory activity towards
the five human cancer cell lines (IC50 values ranging from 4.49± 0.78 to 12.45± 3.24 μM)
and was particularly active against C4-2B and C4-2B/ENZR cell lines (IC50 values: 4.49 ±
0.78 and 5.74 ± 0.45, respectively).

Table 2. IC50 data of compounds 1–4 for the indicated cell lines.

Compound
IC50

1 (μM)

MDA-MB-231 HCT-15 RKO C4-2B C4-2B/ENZR

1 21.80 ± 2.35 28.57 ± 1.16 20.46 ± 1.43 5.52 ± 0.65 4.16 ± 0.42
2 7.95 ± 0.82 12.45 ± 3.24 8.78 ± 2.45 4.49 ± 0.78 5.74 ± 0.45
3 >50 >50 >50 34.09 ± 7.78 >50
4 >50 >50 >50 23.34 ± 2.18 36.98 ± 6.18

DOX 2 0.34 ± 0.16 0.72 ± 0.09 0.59 ± 0.29 0.11 ± 0.08 0.22 ± 0.18
1 Each IC50 value was the mean ± standard deviation from three experiments; 2 Positive control: doxorubicin.

Macrocyclic and polycyclic diterpenes were usually encountered in the genus of
Euphorbia and macrocyclic diterpenes were characteristic components of Euphorbia plants,
while polycyclic diterpenes were nonspecific in this genus. Although polycyclic diterpenes
were not the characteristic components of Euphorbia plants, some polycyclic diterpenes
showed great potential in the development of anticancer drugs [16–18]. Jolkinolide B, a
typical ent-abietane diterpene first isolated from Euphorbia jolkini, induced apoptosis and
sensitized bladder cancer to mTOR inhibitors [19,20]; 17-hydroxy-jolkinolide B, a potent
inhibitor of JAK/STAT3 signaling, is a promising anticancer drug candidate [21]. In this
study, compounds 1–2 sharing the same abietane diterpene skeleton (6/6/6 carbon ring
system) were shown to be promising anti-prostate cancer candidates. Among the four
compounds isolated, compound 2 that possessed an α,β-unsaturated γ-lactone ring at
C-12 and C-13, was very active against almost the test cancer cells. This observation was
consistent with our previous discovery that such an α,β-unsaturated γ-lactone ring was
beneficial for the anticancer activity of this type of diterpenoids [12]. Despite the fact that
several antitumor abietane diterpenoids were reported in recent years, the pharmacophores
and structure-activity relationship of abietane diterpenoids as anticancer agents were rarely
investigated. Thus, synthesis of these diterpenoids and study of their structure–activity
relationship and potential molecular mechanisms were of great significance for the design
and development of anticancer agents.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were carried out on a Rudolph Autopol I automatic polarimeter
(Rudolph Research Analytical, Hackettstown, NJ, USA). The UV spectra were measured
at a Shimadzu UV-2450 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). IR
spectra were determined on a Bruker Tensor 37 infrared spectrophotometer (Bruker Optics,
Ettlingen, Germany) with KBr disk. ECD spectra were measured on an Applied Photo-
physics Chirascan spectrometer (Applied Photophysics Ltd., England). NMR spectra were
measured on Bruker AM-400 spectrometer with tetramethylsilane (TMS) as the internal
standard. HR-ESIMS data were determined using a Waters Micromass Q-TOF spectrometer
(Waters Corporation, Milford, MA, USA). The semi-preparative HPLC was performed on
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an Essentia LC-16 (Shimadzu, Suzhou, China). Column chromatography (CC) was used
using silica gel (200–300 mesh, Qingdao Marine Chemical Factory, Qingdao, China).

3.2. Plant Material

The roots of E. fischeriana were collected in August 2015 from Tie ling city, Liaoning
Province, P. R. China and identified by Prof. Qing-De Long (Guizhou Medical University).
The specimens were deposited in School of Pharmaceutical Sciences, Guizhou Medical
University (specimen no. 20150805).

3.3. Extraction and Isolation

The dried roots (10 kg) of E. fischeriana were crushed, extracted with 95% ethanol
(50 L) at room temperature for three times (each for 24 h), the solvent was recovered
under reduced pressure to obtain the crude extract. The crude extract was suspended in
water (3 L) and then partitioned sequentially with petroleum ether, EtOAc and n-BuOH
(saturated with water) and dried under reduced pressure to give their corresponding
extracts (178.36, 220.82 and 205.43 g, respectively). The EtOAc fraction was subjected
to CC (chromatographic column) on silica gel (1.3 kg, 100–200 mesh) using petroleum
ether-CH2Cl2 (1:0 to 0:1) and CH2Cl2-MeOH (200:1 to 10:1) as eluents to give fractions
1–3 and 4–10, respectively. Fr. 5 (12.15 g) showed obvious brick-red spots in the TLC
and was subjected to ODS CC eluted with MeOH-H2O (40–100%) to obtain 6 fractions
(Fr. 5A to Fr. 5F). Fr. 5C (2.42 g) was subsequently loaded on a Sephadex LH-20 column
using CH2Cl2-MeOH (1:1) as eluent to obtain 3 fractions (Fr. 5C-a to Fr. 5C-c). Fr. 5C-a
(0.69 g) was purified by semipreparative HPLC (ACN-H2O, 87%, 3 mL/min) to obtain
compound 3 (6.8 mg, tR = 12.0 min). Compound 1 (4.3 mg, tR = 18.5 min) was isolated from
Fr. 5C-b (0.75 g) by preparative HPLC (ACN-H2O, 85%, 3 mL/min). Fr. 5D (1.87 g) was
firstly separated by silica gel CC (PE/EtOAc, 5:1) and then by semi-HPLC (ACN-H2O, 90%,
3 mL/min) to afford 2 (3.5 mg, tR = 13.2 min) and 4 (7.2 mg, tR = 16.7 min), respectively.

Euphonoid H (1): colorless oil; [α]20
D −43.2 (c 0.10, CHCl3); UV (MeOH) λmax (log ε)

230 (3.68) nm; IR (KBr) νmax 3400, 2932, 1738, 1217, 1033 cm−1; HRESIMS m/z 445.2213
(calcd. for C23H34O7Na+ [M + Na]+, 445.2197); 1H and 13C NMR data see Table 1.

Euphonoid I (2): colorless oil; [α]20
D + 2.8 (c 0.37, CHCl3); UV (MeOH) λmax (log ε) 266

(4.39) nm; IR (KBr) νmax 2938, 1788, 1636, 1256, 968 cm−1; HRESIMS m/z 343.1550 (calcd.
for C20H23O5

- [M − H]−, 343.1551); 1H and 13C NMR data see Table 1.
Raserrane A (3): colorless oil; [α]20

D −42.8 (c 0.10, CHCl3); HRESIMS m/z 339.2291
(calcd. for C21H32O2Na+ [M + Na]+, 339.2295).

Raserrane B (4): colorless oil; [α]20
D −133.4 (c 0.25, CHCl3); HRESIMS m/z 287.2362

(calcd. for C20H31O+ [M + H]+, 287.2369).

3.4. Quantum Chemical NMR and ECD Calculations of Compound 1–2

The random conformational searches were performed by SYBYL X 2.1.1 program using
MMFF94s molecular force field. The obtained conformers were subsequently optimized
by using Gaussion09 software at the B3LYP/6-31G(d) level in gas phase. The optimized
stable conformers were selected for further NMR calculations at the mPW1PW91/6-311 +
G(d,p) level in chloroform and ECD calculations at the CAM-B3LYP/6-31 + G(d) level in
acetonitrile. The overall theoretical NMR data were analyzed by using linear regression
and DP4+ probability. The overall ECD data were weighted by Boltzmann distribution and
produced by SpecDis version 1.70.1 software (T. Bruhn; A. Schaumlöffel; Y. Hemberger; G.
Pescitelli, Berlin, Germany).

3.5. Cell Culture

Five cancer cell lines, including human prostate cancer cells (C4-2B), enzalutamide-
resistant C4-2B cells (C4-2B/ENZR), human breast cancer cells (MDA-MB-231) and human
colon cancer cells (HCT-15 and RKO) used in this study were purchased from the Laboratory
Animal Service Centre at Sun Yat-sen University (Guangzhou, China). Cell lines were
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cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS) and antibiotics (100 units/mL penicillin and 100 g/mL streptomycin). These cells
were incubated at 37 ◦C in an atmosphere of 5% CO2.

3.6. Cytotoxicity Assay

The cells in logarithmic growth phase were seeded a in 96-well plates at a density of
5 × 103 cells/well for 24 h. Then, cells were treated with different concentrations of the
compounds for an additional 48 h. Subsequently, 10 μL MTT (5 mg/mL) (Sigma, Saint
Louis, MO, USA) were added to each well. After incubation in the incubator for 4 h, the
suspension was discarded and the dark blue crystals were solubilized in dimethyl sulfoxide
(DMSO). The absorbance of the solution was detected by a multifunction micro-plate reader
(Molecular Devices, Flex Station 3, Molecular Devices, San Francisco, USA) at 450 nm. IC50
value was used to express the cytotoxic effect on the tested compounds.

4. Conclusions

In summary, two new highly oxygenated ent-abietane diterpenoids euphonoids H and
I (1–2), together with two known analogues raserranes A (3) and B (4) were separated and
identified from the EtOAc-soluble partition of the roots of E. fischeriana. Their structures
were elucidated by comprehensive spectroscopic analysis, quantum chemical calculation
and ECD calculations. All the compounds were isolated from E. fischerian for the first
time. The two new compounds exhibited strong antiproliferative potency against the
human prostate cancer cells C4-2B and C4-2B/ENZR, with IC50 values less than 10 μM.
This study not only enriches the chemical diversity of ent-abietane diterpenoids in the
Euphorbia species but also forms a basis for the discovery of bioactive natural products from
Euphorbiaceae herbs.

The current results, together with others’ previous discoveries, suggested that ent-
abietane diterpenoids with certain structural motifs might possess very strong anticancer
activity against prostate cancer cell lines and this type of diterpenoids provided a promising
skeleton for the development of anti-cancer agents for the treatment of prostate cancers.
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Figure S8: The IR spectrum of compound 1, Figures S9–S14: The 1D and 2D NMR (400 MHz) spectra
of compound 2 in CDCl3, Figure S15: The HRESIMS spectrum of compound 2, Figure S16: The
IR spectrum of compound 2, Figures S17 and S18 and Tables S1–S9: NMR and ECD calculation
method of compound 1, Figures S19–S21 and Tables S10–S12: NMR and ECD calculation method of
compound 2, Figures S22–S25: 1H NMR and HRESIMS spectra of compound 1–2, Table S13: NMR
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Abstract: Lung cancer, especially adenocarcinoma, is the second most occurring and highest fatality-
causing cancer worldwide. Many natural anticancer compounds, such as sesquiterpene lactones
(SLs), show promising anticancer properties. Herein, we examined Lactucin, an SL from the plant
Cichorium intybus, for its cytotoxicity, apoptotic-inducing, cell cycle inhibiting capacity, and associated
protein expression. We also constructed a biotinylated Lactucin probe to isolate interacting proteins
and identified them. We found that Lactucin stops the proliferation of A549 and H2347 lung adenocar-
cinoma cell lines while not affecting normal lung cell MRC5. It also significantly inhibits the cell cycle
at G0/G1 stage and induces apoptosis. The western blot analysis shows that Lactucin downregulates
the MAPK pathway, cyclin, and cyclin-dependent kinases, inhibiting DNA repair while upregulating
p53, p21, Bax, PTEN, and downregulation of Bcl-2. An increased p53 in response to DNA damage
upregulates p21, Bax, and PTEN. In an activity-based protein profiling (ABPP) analysis of A549 cell’s
protein lysate using a biotinylated Lactucin probe, we found that Lactucin binds PGM, PKM, and
LDHA PDH, four critical enzymes in central carbon metabolism in cancer cells, limiting cancer cells
in its growth; thus, Lactucin inhibits cancer cell proliferation by downregulating the MAPK and the
Central Carbon Metabolism pathway.

Keywords: lung cancer; adenocarcinoma; NSCLC; apoptosis; cell cycle; ABPP

1. Introduction

Lung cancers are the second most occurring cancers and the primary cause of cancer-
related death among both men and women worldwide [1]. In 2018, out of 9.6 million
cancer-related deaths, 1.76 million were caused by lung cancers [2]. Non-Small Cell Lung
Cancer (NSCLC) accounts for 85% of all lung cancers [3], and adenocarcinoma is the
principal subtype makeup for 75–85% of lung cancer and related deaths [4].

Rapid metastasis of lung adenocarcinomata [5] are primarily responsible for their
late diagnosis, significantly affecting patient survival [6]. Common causes of lung cancers
include smoking, air pollution, occupational exposure, and genetics [6]. However, diet
also plays a crucial chemoprophylactic role in lung cancers [7–9]. It is more evident from
the increasing number of novel anticancer compounds discovered in common foods and
drinks [10]. Besides rapid metastasis, the aggressive chemotherapeutic regimen often asso-
ciated with late-stage lung cancer treatment also contributes to poor patient survival [11].
Natural products used as adjuvant therapy have promoted patient survival and quality of
life [12,13]. These have created a demand for natural chemopreventive, chemoprotective,
and adjuvant compounds in cancer treatment [3,12–14].

Natural products are an abundant source of novel therapeutics [14]. More than 67% of
novel anticancer and antitumor drugs are natural compounds or their analog [14,15], and
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more than 200 compounds and derivatives are at different stages of drug development and
trials [15]. Chicory (Cichorium intybus L.) is a widely distributed plant used as medicine,
food, drink, and fodder [16]. It has been the subject of many pharmacological studies [16].
Recently, we reviewed the cytotoxic of Chicory [16], where 31 out of 87 C. intybus metabo-
lites possess anticancer, antitumor, and related bioactivities. Lactucin is a phytometabolite
from Chicory, phytochemically categorized as bitter Sesquiterpene Lactones (SLs). SLs have
been a subject of interest in cancer research for decades, and many have reached clinical
trials [15]. As indicated in Ghantous, Gali-Muhtasib, Vuorela, Saliba, and Darwiche [15]
reviews, SLs bioactivity is strictly linked to three conserved structural features, e.g., (i) alky-
lating center reactivity, (ii) side chain and lipophilicity, and (iii) molecular geometry and
electronic features. Since many of the structural features that lactucin shares with other
SLs have shown antitumor bioactivity against NSCLC [15], Lactucin will likely possess
these properties.

Some plants of the Asteraceae family commonly synthesize Lactucin. It is one of
the ingredients of lactucarium, a milky white liquid secreted by several lettuce species,
e.g., Lactuca serriola, L. saligna, L. viminea, L. glareosa, L. sativa, [17–19], etc. In 1970 Chicory
root water extract was reported as a light-sensitive, highly potent antimalarial compound.
Later Bischoff et al. [20] attributed it to Lactucin, making Chicory the most famous source
of Lactucin. Besides antimalarial properties, Lactucin also exerts or potentially exerts
anti-inflammatory [21], sedatives [17], anti-adipogenic [22], and anthelmintics [23] effects.
Zhang et al. [24] reported Lactucin induces apoptosis and sub-G1 cell cycle arrest in
HL-60 (human leukemia cancer) cells. Ren et al. [25] reported similar effect on KB (human
epidermoid carcinoma; IC50 = 75 μM), and Bel 7402 (human hepatocellular carcinoma;
IC50 = 55 μM) cells. Apart from these reports, the anticancer effect of Lactucin, especially on
lung cancer, remains largely unexplored. A structural activity study (SAR) by Ren, et al. [25]
revealed the importance of an ester group (γ-butyrolactone) and one exocyclic methylene
group for the antitumor activity of Lactucin-like Guanolides. Wang, et al. [22] reported
that Lactucin inhibits adipogenesis by downregulating the JAK2/STAT3 signaling pathway
and subsequent clonal expansion. However, the cellular target protein of Lactucin and
the affected pathway in antitumor activity is still unknown. Herein, we evaluated the
anticancer potency of Lactucin using A549 and H2347 lung adenocarcinoma cell lines
in vitro to identify interacting proteins and underlying molecular mechanisms.

2. Results

2.1. Lactucin Inhibits Lung Adenocarcinoma Cells Proliferation

The effect of incrementing concentrations of Lactucin on normal lung cells and
lung adenocarcinoma cells upon 24 h exposures was evaluated by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Compared to respective control
groups, higher Lactucin doses significantly inhibit A549 (IC50 = 79.87 μM) and H2347
(IC50 = 68.85 μM) lung adenocarcinoma cells’ proliferation in a dose-dependent manner
while not affecting MRC-5 cells’ proliferation, Figure 1A. However, at different exposure
periods (12, 24, and 28 h), Lactucin showed significant inhibitory activity on A549 cell
proliferation at 24 h and 48 h exposures at higher doses only, Figure 1B. Given that Lactucin
can significantly inhibit lung adenocarcinoma cell proliferation at 24 h, exposure at a higher
amount without affecting normal lung cells, we used respective IC50 concentrations of
Lactucin for treating A549 and H2347 cells in further cytological experiments. A549 and
H2347 cells treated with incrementing doses of Lactucin for 24 h showed a significant
dose-dependent increase in the expression of LC3-II (17 kDa) in H2347 cells; and LC3-I
(19 kDa) in A549 and H2347 cells, Figure 1C,D.
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Figure 1. Lactucin significantly inhibits the proliferation of A549 and H2347 lung adenocarcinoma,
while it doesn’t inhibit MRC-5 normal lung cell growth in a dose (A) and time (B) dependent manner.
Lactucin significantly induces dose-dependent expression of LC3-II in H2347 cells (C,D), detected
by WB analysis. Here * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate significantly
different from control.

2.2. Effects of Lactucin on Cell Cycle Progression in Lung Adenocarcinoma Cells

Since Lactucin inhibited lung cancer cell proliferation, its cell cycle inhibitory prop-
erty and related markers were analyzed. Cytometric analysis of DNA Content of 24 h
lactucin treated (with respective IC50 concentrations) lung adenocarcinoma cells A549
and H2347 were performed. It revealed that Lactucin inhibits the cell cycle at the G0/G1
phase, Figure 2A. It was further supported by the western blot (WB) analysis of Lactucin-
treated (24 h) adenocarcinoma (A549 and H2347) cell’s protein, Figure 2B. Both cyclins
(cyclin B1 and cyclin D1) and cyclin-dependent protein kinases (CDKs) (CDK2 and CDK4),
which regulate the cell cycle through mutual interactions, were dose-dependently down-
regulated, Figure 2C,D. However, p21 and p53, the two CDKs inhibitors we tested, were
dose-dependently upregulated. This result suggests Lactucin inhibits the cell cycle of lung
adenocarcinoma cells at the G0/G1 phase by upregulating CDKs inhibitor p21 and p53,
downregulating cyclins and CDKs expression.

2.3. Effects of Lactucin on Apoptosis in Lung Adenocarcinoma Cells

The apoptosis-inducing capacity of Lactucin was measured by flow cytometry analysis
of treated A549 and H2347 cells. As shown in Figure 3A, after 24 h incubation with
respective IC50 concentrations of Lactucin, A549 cell’s apoptosis increased from 1.93% to
13.42%, and H2347 cell’s apoptosis rose from 1.42% to 40.70%. We also observed significant
induction of early apoptosis in A549 (from 3.86% to 18.35%) and H2347 (6.07% to 17.36%)
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cells, Figure 3A. Apoptosis-related indicators such as Bax, Bcl-2 expression; and Caspase-3,
and PARP activation, were also compared through WB, Figure 3B. We observed that
Lactucin induced a dose-dependent increase in the concentration of both peptides of cleaved
Caspase-3, Figure 3C, cleavage of PARP, expression of Bax, and inhibited the expression of
Bcl-2, Figure 3D. The upregulation of Bax, downregulation of Bcl-2, and cleavage induction
of Caspase-3 and PARP indicate that Lactucin has apoptosis-inducing properties.

 

Figure 2. Lactucin and equivalent volume of vehicle (DMSO) exposure (24 h) induced cell cycle
inhibition of lung adenocarcinoma A549 (80 μM), and H2347 (70 μM) cells (A) were measured by
flow cytometry. WB analysis of cyclin B1, cyclin D1, CDK2, CDK4, p21, and p27 protein expression
in A549 and H2347 cells after exposure to Lactucin at 0, 20, 40, and 80 μM for 24 h (B). Lactucin
significantly downregulates Cyclin B1 and Cyclin D1 (C), CDK4, and CDK2 (D) and downregulates
the p21 and p53 (E) expression in both A549 and H2347 cells in a dose-dependent manner. Data
are expressed as the means ± standard deviation of triplicate experiments. * p < 0.05, ** p< 0.01,
*** p < 0.001, and **** p < 0.0001 were considered significant.

2.4. Lactucin Affects the MAPK Signaling Pathway by Downregulating MEK,
ERK Phosphorylation

Effects of Lactucin on metabolic markers of lung cancer cells were observed through
WB, Figure 4A. Protein lysate from 24 h 80 μM Lactucin-treated A549 cells showed a
different level of expression of metabolic markers, Figure 4B. Lactucin dose-dependently
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increased the expression of PTEN, a tumor suppressor protein that negatively regulates the
activation of Akt to p-Akt, Figure 4 [26]. Dose-dependent MEK 1/2 and ERK activation
inhibition indicate that Lactucin inhibits A549 cell proliferation by downregulating the
MAPK/ERK pathway. We used a biotinylated Lactucin probe to confirm this and isolated
Lactucin interaction proteins from A549 cells.

 

Figure 3. Effect of Lactucin on apoptosis induction of lung cancer cells. Lactucin and equivalent
volume of the vehicle (DMSO) exposure (24 h) induced apoptosis of lung adenocarcinoma A549
(80 μM) and H2347 (70 μM) cells (A) were measured by flow cytometry. WB analysis of c-Caspase-3,
c-PARP, Bax, and Bcl-2 protein expression was performed after A549 and H2347 cells were exposure
to Lactucin at 0, 20, 40, and 80 μM for 24 h (B–D). Data are expressed as the means ± standard
deviation of triplicate experiments. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate result’s
significant difference from the control.

2.5. Lactucin Inhibits A549 Cell Proliferation by Downregulating MAPK/ERK and Central Carbon
Metabolism Pathways

Natural Lactucin was conjugated with Propargylamine through Michael’s addition
reaction. Structure of resulting Lactucin-Propargylamine conjugate [(3aR,4S,9aS,9bR)-4-
hydroxy-9-(hydroxymethyl)-6-methyl-3-((prop-2-yn-1-ylamino)methyl)-3,3a,4,5,9a,9b-
hexahydroazuleno[4,5-b]furan-2,7-dione] was confirmed using 1H Nuclear Magnetic Reso-
nance (NMR), Figure 5A. The yield of the probe was estimated at 50% using High Perfor-
mance Liquid Chromatography (HPLC). Cytotoxicity of the Lactucin probe and Propargy-
lamine showed that the Lactucin probe exerts similar antiproliferation activity on A549 cells
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as natural Lactucin does both, doses dependent (Figure 5B) and time-dependent (Figure 5C)
manners. In contrast, Propargylamine does not exert any significant bioactivity.

 

Figure 4. Lactucin inhibits A549 lung cancer cells by downregulating the MAPK/ERK pathway.
(A) WB analysis of PTEN, Akt, p-Akt, MEK 1/2, p-MEK, ERK, and pERK 1/2 protein expression
in A549 cell after exposure to Lactucin at 0, 20, 40, and 80 μM for 24 h. (B) Data are expressed as
the means ± standard deviation of triplicate experiments. * p < 0.05, ** p< 0.01, and **** p < 0.0001
indicate result’s significant difference from the control.

During the Activity-Based Protein Profiling (ABPP) assay, after Co-Immunoprecipitation
(Co-IP), isolated protein lysate resolved on the Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE) showed five distinct bands in the treatment column
after coomassie blue staining (Figure 6B). After testing these five bands using Liquid
Chromatography with tandem Mass Spectrometry (LC-MS/MS) and analyzing them using
MASCOT against 2019 human proteins. Many probable matches were found. Functional
annotation clustering of LC-MS/MS results with the metabolic markers (upregulated and
downregulated) data using DAVID Bioinformatics resources showed Lactucin interacts
with several key enzymes of the “Central carbon metabolism in cancer” pathway (Kyoto
Encyclopedia of Genes and Genomes, KEGG). These interacting proteins were identified as
L01 = Phosphoglycerate mutase 1/2/4 (PGM, 70 kDa), L02 = Pyruvate kinase M1/2 (PKM,
58 kDa), L03 = Pyruvate dehydrogenase E1 subunit alpha 1/2 (PDH, 43 kDa), L04 = Lactate
dehydrogenase A (LDHA, 37 kDa), but L05 was not identified. At the beginning of this
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manuscript, we defined cancer and tumor as proliferation disorders. However, they often
show increased glucose and glutamine consumption, lactate secretion rate, glycolysis rate,
and modified use of metabolic enzyme isoforms [27]. KEGG “Central carbon metabolism in
cancer” pathway (Supplementary Material Figure S1 and Figure 6C) shows the difference
in carbon metabolism between normal and malignant cells. Lactucin binding to PGM and
PKM lower pyruvate synthesis, which binds to LDHA to lower Lactucin synthesis. Lactucin
also binds to PDH, limiting the availability of Acetyl CoA entering the Tricarboxylic Acid
(TCA) cycle and ultimately reducing lactate production, a hallmark of a metastasized
tumor. Reducing PGM, PKM, and LDHA overexpression is attributed to the upregulation
of p53 in response to DNA damage. From the KEGG pathway for NSCLC (Supplementary
Material Figure S2 and Figure 6C), we see several oncogenes, such as p53, p21, and Bax,
were upregulated; Cyclin D1, Akt, MEK, ERK, and CDK4 were downregulated.

Figure 5. The structure of Lactucin-Propargylamine conjugate was confirmed using 1H NMR (A).
Inset showing schematics of synthesis of Lactucin probe where reagents and conditions for synthesis
were (a) propargylamine, pyridine, 0 ◦C, 36 h. Upon cytotoxicity evaluation on A549 cells, the
Lactucin probe showed similar bioactivity as natural Lactucin compared to Propargylamine in
incremental dose (B) and progressive dosing time (C) experiments.
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Figure 6. Lactucin downregulates Raf-MEK-ERK by inhibiting upstream trans-membrane peptides.
Biotinylated Lactucin probes bound to targeted proteins are immobilized to streptavidin agarose
through biotin, azide, and a linker molecule (A). Visualizing SDS resolved A549 protein lysate
showed biotinylated Lactucin probe binds five peptides (B). Lactucin downregulates A549 lung
adenocarcinoma cells Raf-MEK-ERK pathway and Central Carbon Metabolism in Cancer cells (C).

3. Discussion

In the present experiment, we observed that Lactucin has significant antiprolifera-
tive, G0/G1 cell cycle arrest, and apoptosis-inducing properties on A549 and H2347 lung
adenocarcinoma, not on MRC-5 normal lung cells. Firstly, Lactucin-induced time and
dose-dependent inhibition of A549 and H2347 cells were observed, and then their IC50
values were determined to be 79.87 μM and 68.85 μM, respectively. According to WHO [28],
for L-6 (rat skeletal myoblast) cells, compounds with an IC50 above 90 μM are not cytotoxic,
IC50 between 2–80 μM is moderately cytotoxic, and IC50 below 2 μM is cytotoxic. For
natural compounds, Ren, et al. [25] described an IC50 below 100 μM to be cytotoxic and
reported Lactucin inhibits KB and Bel 7402 cells with an IC50 value of 75 μM and 55 μM,
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respectively. Lima, et al. [29] considered IC50 of <40 μg/mL and <4 μg/mL for plant extract
and pure compounds respectively to be cytotoxic. According to American National Cancer
Institute (NCI), except for fibroblast, an IC50 of ≤30 μg/mL of plant extract is cytotoxic, but
they did not specify pure natural compounds. IC50 values we observed in adenocarcinomas
can thus be considered cytotoxic. The LC3-II and LC3-II/LC3-I ratio increase is a classic
sign of autophagy [30]. However, this is not always the case due to the lower sensitivity
of LC3-I than LC3-II in WB and the higher degradation rate of LC3-II in the presence of
lysosomal protease inhibitor [30,31]. We observed a dose-dependent increase of LC3-II
in H2347 and LC3-I in A549 and H2347 cells. It was probably due to the concomitant
increase in LC3 production and LC3I to LC3II conversion, rapid degradation of LC3-II, or
lower detection of LC3-I in WB. In conclusion, LC3 WB results didn’t sufficiently indicate
that Lactucin directly induces autophagy. LC3-I and LC3-II increase was probably due to
autophagosome increase by some other means [30].

We found Lactucin induces G0/G1 cell cycle arrests from cell cycle analysis. Spe-
cific cell cycle-related proteins, such as cyclins and CDKs, positively upregulate the cell
cycle, whereas CDKs inhibitors stop the Cyclins and CDKs unit assembly [32]. In this
experiment, we observed the downregulation of Cyclin B1, Cyclin D1, CDK2, and CDK4,
and the upregulation of p21 and p53. Downregulation of Cyclin D1 and upregulation
of p53 were associated with G0/G1 cell cycle arrest and apoptosis [32], which coincides
with our findings. Lactucin-induced inhibition of cell proliferation was also reported by
Zhang, et al. [24] in human HL-60 leukemia cancer cells and by Wang, et al. [22] in mouse
3T3-L1 fibroblast cells. Though in 3T3-L1 G0/G1 cell cycle arrest was reported, [22] in
HL-60 cells, Sub-G1 cell cycle arrest was reported [24].

We also observed an increase in early and late apoptosis in A549 and H2347 cells
induced by Lactucin. Lactucin induces apoptosis by upregulating the expression of mito-
chondrial apoptosis-related proteins, such as c-Caspase, c-PARP, and Bax, while downreg-
ulating the expression of Bcl-2. Zhang, et al. [24] reported Lactucin induces apoptosis in
HL-60 cells by swelling up mitochondria and endoplasmic reticulum (ER) on the transition
electron microscope (TEM). Jang, et al. [33] reported that Lactucin induces ROS-mediated
apoptosis in human renal cancer cell Caki-1 by downregulating Bcl-2 expression and
CFLARL stability where Bcl-2 downregulation was at a transcriptional level caused by
inactivation of the NF-κB pathway. However, we observed concurrent upregulation of
PTEN and downregulation of Akt, MEK, and ERK phosphorylation narrowed down the
Lactucin-influenced NSCLC pathway to PI3K/Akt and MAPK/ERK. McCubrey, et al. [34]
suggested that ERK can activate the NF-κB transcription factor (nuclear factor immunoglob-
ulin κ chain enhancer-B cell) by phosphorylating and activating inhibitor κB kinase (IKK)
through an indirect mechanism. We also performed an ABPP assay on A549 protein lysate
using a Lactucin-Propargylamine probe. Structural activity relationship (SAR) studies by
Ren, et al. [25] revealed that in SL, the position 8 ester group (γ-butyrolactone) and the
methylene group at exocyclic position 11 (α), play a significant role in antitumor activities
of Lactucin-like guaianolides (Figure 5A) [16]. α methylene γ lactone, the’ enone’ or unsat-
urated carbonyl system (O=C–C=CH2) was also reported to increase the toxicity towards
tumor cells [15]. While synthesizing the Lactucin-Propargylamine probe, we avoided the
8-ester group and 11 methylene group positions mentioned earlier. However, adding the
alkynyl group to 11 (α), exocyclic methylene didn’t hinder its cytotoxicity against A549 cells
(Figure 5B,C). It also suggests that Lactucin may simultaneously exert its activity through
different groups. Proteins isolated using this probe were analyzed in LC-MS/MS and
combined with WB results for functional enrichment. In the DAVID functional enrichment
of western blot and ABPP peptides, four were identified as key enzymes in central carbon
metabolism in the cancer cell (Figure 6C). Overexpressed and modified central carbon
metabolism enzymes are essential to support the exponential growth of the metastasized
tumor. Regulating their expression will limit the available energy and thus control or seize
tumor growth.
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In anticancer therapy, oncogenes and tumor suppressors are two likely targets for
inhibiting cancer cells [26]. From the KEGG pathway of NSCLEC by Kanehisa Laboratories,
we know that in the case of NSCLC like A549 or H2347, we know the potential oncogene
and tumor suppressors targets. DAVID enrichment results showed that in the NSCLC,
Lactucin downregulates MEK-ERK pathway, resulting in the downregulation of CyclinD1,
CDKs, and upregulation of the p53. p53, in turn, upregulates p21 and Bax. It doesn’t show
interaction with any of the upstream components of NSCLC. When DAVID enrichment
for the KEGG pathway “Central Carbon Metabolism in Cancer” was plotted, it showed
four Lactucin interacting enzymes besides the western blot findings. Downregulation of
MAPK/ERK observed in Figure 6C also lowers the expression of c-Myc, a proto-oncogene
involved in cell cycle progression, apoptosis, and cellular transformation. Low c-Myc
inhibits uncontrolled DNA synthesis associated with cancer and thus lowers the expression
of PGM, PKM, and LDHA, and eventually downregulates carbon consumption needed to
sustain malignancy. Lactucin also binds to PDH, reducing its concentration, and decreas-
ing Pyruvate to Acetyl CoA conversion, thus downregulating the TCA cycle and lactate
production. Thus, Lactucin inhibits cell proliferation and simultaneously increases cell
cycle arrest in lung adenocarcinoma by reducing the MAPK/ERK and lowering carbon
metabolism-related enzyme availability.

4. Materials and Methods

Firstly, we tested the Lactucin for its cytotoxicity, cell cycle inhibiting, and apoptosis-
inducing properties on lung adenocarcinoma cell lines. Then, its effect on cell cycle,
apoptosis, and other related protein expression, was evaluated by WB analysis. Finally, we
constructed a biotinylated Lactucin probe to extract Lactucin-interacting proteins, identified
them using LC-MS/MS, and elucidated the molecular mechanisms.

4.1. Cell Materials

In the present study, we observed the effect of Lactucin (Shanghai Yuanye Biological
Technology Co., Ltd., Shanghai, China) on two lung adenocarcinoma cell lines, namely,
A549 (Cell Bank of Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences,
Shanghai, China), and H2347 (Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China), as well as one normal lung cell line MRC-5 (National
Infrastructure of Cell Line Resource, Beijing, China).

4.2. Cell Culture

Frozen (liquid-vapor) cell lines were cultured in complete growth media [A549
and H2347 cells in Roswell Park Memorial Institute 1640 (RPMI-1640) with 10% Fetal
Bovine Serum (FBS) (Biological Industries, Kibbutz Beit Haemek, Israel) and 1% Peni-
cillin/Streptomycin (Caisson Laboratories, Smithfield, VA, USA); MRC-5 in Minimum Es-
sential Medium (MEM HyClone, Chicago, IL, USA), with 10% FBS, 1% Penicillin/Streptomycin,
and 1% Nonessential Amino acids (10 mM 100×, Solarbio Biotechnology, Beijing, China)
(EMEM)] [26]. For freezing A549, H2347, and MRC-5 cell line, 10% Dimethyl sulfoxide
(DMSO, MP Biomedicals, Shanghai, China) in FBS, RPMI-1640, and MEM complete growth
medium, respectively, was used. Adherent cells were detached using 1–3 mL of 0.25%
Trypsin EDTA (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for 2–4 min at room
temperature (RT).

4.3. Cell Viability Assay

Subconfluent cells (<90%) were aseptically trypsinized and diluted to 5 × 104 cell/mL
using complete growth media RPMI-1640 (for A549 and H2347) or EMEM (for MRC-5).
Cells were then seeded aseptically in 96 welled plates at 1 × 104 cells/well (200 μL/well)
and incubated for 12 h at 37 ◦C in a 5% CO2 incubator before dosing. After 12 h, we exposed
the cells to different concentrations of Lactucin for 24 h. All Lactucin concentrations
were prepared using complete growth media and contained equal vehicle volume DMSO
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(v/v). Cell viability was determined using a MTT cell proliferation kit (M1020, Solarbio
Biotechnology, Beijing, China) following the manufacturer’s instructions. UV absorbance
was scanned at 490 nm using a Spark microtitration plate reader (Tecan, Männedorf,
Switzerland). Each experiment was repeated three times, the viability of the control group
was set to 100%, and cell viability and IC50 values were calculated.

4.4. DNA Content/Cell Cycle Assay

Subconfluent A549 and H2347 cells (<90%) were cultured at 1 × 105 cell/mL con-
centration using complete growth media RPMI-1640 for 12 h at 37 ◦C in 5% CO2. Cells
were then treated with respective IC50 Lactucin solution or equivalent volume DMSO (v/v)
solution and incubated for 24 h. After treatment, cells were trypsinized, washed, and
fixed for 24 h. Fixed cells were washed and stained using a Propidium Iodide (PI) Flow
Cytometry kit (Abcam, Cambridge, UK) following manufacturer instructions. The DNA
contents were scanned using a flow cytometer (CytoFLEX, Beckman Coulter Inc., Miami,
FL, USA).

4.5. Apoptosis Assay

Subconfluent A549 and H2347 cells (<90%) were cultured at 1 × 105 cell/mL con-
centration using complete growth media RPMI-1640 for 12 h at 37 ◦C in 5% CO2. Cells
were then treated with respective IC50 Lactucin solution or equivalent volume DMSO
(v/v) solution and incubated for 24 h. After treatment, cells were trypsinized and washed.
Following manufacturer instructions, cells were double-stained using the FITC Annexin V
Apoptotic kit (BD Pharmingen, San Diego, CA, USA). Samples were filtered (70 μM Nylon
cell strainer, Falcon, Corning, Durham, NC, USA) and scanned using a flow cytometer.

4.6. Protein Extraction

5 × 106 cell/mL untreated [A549 for Co-IP] and treated (Lactucin and DMSO in A549
and H2347 for WB) cells were washed (1× PBS chilled), scraped (cell scraper, Corning,
Durham, NC, USA), collected in 1.5 mL centrifuge tubes, and then washed again twice
(1× PBS chilled). Between each washing, cells were centrifuged at 600× g for 5 min at
4 ◦C. After the final centrifuge, 300–500 μL of chilled modified RIPA buffer (1% PMSF + 1%
SDS in RIPA) was added to each tube, briefly vortexed and then homogenized using probe
sonicator at 30% power of 3 × 5 s with a 10 s gap in between. Homogenized cells were then
left to chill on ice for 1 h. After 1 h, cells were centrifuged at 14000× g at 4 ◦C for 10 min,
and intact cells and nuclear materials were separated by pipetting the supernatant into
new centrifuge tubes and stored at −20 ◦C. The protein concentrations were determined
using the Bicinchoninic Acid (BCA) protein assay kit (Solarbio Biotechnology, Beijing,
China) following manufacturer instructions. UV absorbance was scanned at 562 nm using
a microtitration plate reader.

4.7. Western Blot Assay

Western blot was performed using the method adopted from Lu. et al. [26]. A549
and H2347 cells protein (10 μg/lane) along with a pre-stained page ruler (5 μg/lane) were
resolved using 8, 10, and 12% SDS-PAGE, along with pre-stained protein ladder (#26617;
Thermo Fisher Scientific, Carlsbad, CA, USA) and transferred to polyvinylidene fluoride
(PVDF) transfer membrane (Immobilon®-P, Billerica, MA, USA) by wet transfer at 350 mA
for 70–110 min (depending on targeted proteins molecular weight). PVDF membranes
were washed thrice using Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) (10
min each) and blocked using 5% Bovine Serum Albumin (BSA) in TBST (10 mM Tris-HCl,
150 mM NaCl, 0.1% tween 20) at room temperature (RT) for 1 h. The PVDF was then
washed thrice using TBST (10 min each), cut, and probed using primary antibodies at
4 ◦C overnight. The primary antibodies include anti-Akt (AA326), anti-Bax (AB026), anti-
cleaved Caspase-3 (AC033), anti-CDK-4 (AC251-1), anti-Cyclin D1 (AC853-1), anti-p53
(AF0255), anti-ERK1/2 (AF1051), anti-MEK1/2 (AF1057), anti-cleaved-PARP-1 (AF1567),
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anti-mTOR (AF1648), anti-Ki67 (AF1738), anti-p-ERK (AF1891), anti-p-Akt1/2/3(Thr 308)
(AF5734), anti-p21 (AP021-1), anti-PTEN (AP686) from Beyotime Biotechnology (Shanghai,
China); anti-LC3B (NB100-2220) from Novus Biologicals (Littleton, CO, USA); anti-β-actin
(SC47778), anti-Cdk-2 (SC6248), anti-Cyclin B1 (SC245), anti- p-MEK1/2 (SC81503), anti-
Bcl-2 (SC7882) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Next, the PVDF
was washed thrice using TBST (10 min each) and probed with appropriate goat anti-mouse
(ab150113) or anti-rabbit (ab97051) secondary antibodies (Abcam, Cambridge, UK) for 1 h at
RT. Finally, the PVDF was washed (thrice for 10 min each), exposed using luminol reagents
(Millipore, Billerica, MA, USA), and photographed using the CLiNX Chemiluminescence
imaging system (Shanghai, China).

4.8. Synthesis of Lactucin Probe

To synthesize the biotinylated Lactucin probe, Lactucin was conjugated with an
alkynyl group through Michael’s addition reaction, Figure 6A. To a solution of lactucin
(5.0 mg, 0.018 mM) in dry pyridine (0.3 mL), Propargylamine (1.5 mg, 0.027 mM) (inno-
chem, Beijing, China) was added and stirred at 0 ◦C for 36 h under N2 air. The reaction
was monitored by thin-layer chromatography (TLC). The solvent was concentrated and
purified through column chromatography (Dichloromethane-CH3OH, 15:1) and dried.
For structural confirmation, the probe was analyzed using 1H-NMR at 600 MHz (Oxford
NMR AS600, Abingdon, UK) in deuterated DMSO (d-DMSO, Merck KGaA, Darmstadt,
Germany), Figure 5A. The yield of the probe was estimated using HPLC.

4.9. Cytotoxicity Test and Protein Labelling by Lactucin Probe

Cytotoxicity of the Lactucin probe and Propargylamine was examined by incubating
A549 cells with incriminating (0 to 150 μM) concentrations and incubation periods (12,
24, and 48 h) of each. The total A549 protein lysate was prepared using the method
described in Section 4.6. The Lactucin binding proteins were labeled and pulled out
using a biotinylated Lactucin probe following the ABPP method adopted from the method
described by Speers and Cravatt [35]. Two 400 μL of protein lysate (2 mg/mL in PBS) were
aliquoted into a 1.5mL microcentrifuge tube, and Lactucin-probe or Propargylamine was
added (final concentration 100 μM). Both tubes were incubated at RT overnight in a shaker.
It was followed by the addition of biotin-azide (Institute of Medicinal Plant Development,
Beijing, China) (final concentration 100 μM), then Tris (2-carboxyethyl) phosphine (TCEP,
T1656) (final concentration 1 mM), and Tris [(1-benzyl-1H-1,2,3-triazole-4-yl)methyl]-amine
(TBTA, T2993) (final concentration 100 μM) (Tokyo Chemical Industry, Japan), and Copper
sulfate pentahydrate (CuSO4·5H2O) (final concentration 1 mM) (Merck KGaA, Darmstadt,
Germany) to each tube with vortex after each addition. Both tubes were incubated at
room temperature for 1 h with a vortex every 30 min. Then the tubes were centrifuged
at 12,000× g for 10 min at 4 ◦C, and the supernatant was removed. Protein precipitate
was dissolved by adding 750 μL of pre-cooled methanol and sonicating for 3–4 s at 4 ◦C
using a probe sonicator (~30% power level). It was followed by methanol wash thrice with
centrifugation (12,000× g, 4 ◦C for 10 min) in between.

4.10. Streptavidin Enrichment

Streptavidin enrichment was by method adopted from the method described by Speers
and Cravatt [35]. Probed protein precipitates were dissolved in PBS using 600 μL of 0.2%
SDS. Then 100 μL of streptavidin agarose resin (Pierce™ 20347, Thermo Fisher Scientific,
Waltham, MA, USA) was added and mixed for 1 h in a shaker at RT. It is followed by
washing with 1 mL of 1× PBS with centrifugation (for 1 min at 2500× g) in between and
each time collection of supernatants. Finally, the streptavidin beads were eluted by adding
100 μL of 2× SDS-loading buffer, boiling in a water bath for 10 min. Cooling at 4 ◦C and
centrifuging at 2500× g for 1 min. The supernatants were collected and stored at −20 ◦C
until use.
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4.11. SDS-PAGE and Staining

Protein samples collected from the previous step were resolved in 10% SDS-PAGE
gel and visualized by boiling in 0.25% Coomassie Brilliant Blue (CBB) stain for 5 min [26].
The blue-stained gel was washed twice by boiling it with distilled water for 5–10 min.
Protein bands from sample columns were cut and stored (at −20 ◦C) until the
identification experiment.

4.12. LC-MS/MS Analysis

Resolved protein samples were analyzed using QTRAP® 6500 LC-MS/MS System
(AB Sciex LLC, Framingham, MA, USA). Mass spectrometric data were searched against
the NCBI database with a taxonomy restriction to 2019 human proteins (172,061 sequences;
53,783,369 residues, 27 July 2020) using MASCOT V2.0 (Matrix Sciences, London, UK).

4.13. Data Analysis

A bar diagram was plotted for the cytotoxicity test to visualize the “mean percent of
inhibition ± standard error” of cell proliferation using Microsoft® Excel 2019 software. The
significance of the lactucin doses was compared with control sample data and calculated
by “one-way ANOVA” using “IBM® SPSS® Statistics 26”. Significant difference at p 0.05,
0.01, 0.001, and 0.0001 was calculated and expressed with different Asterix “*” numbers
on the chart or the data table legend. IC50 was calculated by plotting the Log10 dose on
X-axis versus the Normalized response on the Y-axis in Graph Pad Prism 7. Cell cycle
cytometry data were analyzed using ModFit LT™ (Version 5.0.9). Apoptosis compensation
calculation and data analysis were done using CytExpert™ (Version 2.3.0.84). Protein
concentrations were calculated in Microsoft® Excel 2019. WB bands were quantified using
ImageJ® (Version 1.52a) and analyzed using Graph Pad Prism 7. NMR data was analyzed,
the structure was predicted using MestReNova™, and the chemical structure was made
using ChemDraw® Professional. LC-MS/MS results analyzed in MASCOT were combined
with WB markers data, and functional enrichment was performed to predict the involved
molecular pathway using DAVID Bioinformatics resources [36,37].

5. Conclusions

In developing anticancer therapy, discovering natural compounds and their mecha-
nisms are the new frontier. They can concurrently affect multiple cell lines, and are helpful
in attending to metastasized cancers, while still possessing molecular specificity towards
different oncogenes and tumor suppressors. Herein, we reported cytotoxic, cell cycle in-
hibitory, and apoptosis-inducing properties of Lactucin in A549 and H2347 cells for the first
time. We also narrowed down Lactucin’s potential target in the A549 cell as MAPK/ERK
pathway. Lactucin exerts its effect by lowering the carbon metabolism necessary for metas-
tasized tumor development. To the best of our knowledge, this study was the first attempt
at identifying Lactucin’s anticancer mechanism in the lung cancer cell line.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27217358/s1, Figure S1: Functional enrichment of
ABPP and WB peptides using DAVID Bioinformatics resources predicted Lactucin’s interaction with
several "Central carbon metabolism in cancer" pathways enzymes (the chart is from KEGG database);
Figure S2: Downregulation of the MEK-ERK signaling pathway in NSCLC leads to upregulation of
p53 and DNA repair, which downgrade increased carbon consumption-related enzymes (the chart is
from KEGG database, red star p < 0.05).
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Abstract: Lectin is a carbohydrate-binding protein that recognizes specific cells by binding to cell-
surface polysaccharides. Tumor cells generally show various glycosylation patterns, making them
distinguishable from non-cancerous cells. Consequently, lectin has been suggested as a good an-
ticancer agent. Herein, the anticancer activity of Bryopsis plumosa lectins (BPL1, BPL2, and BPL3)
was screened and tested against lung cancer cell lines (A549, H460, and H1299). BPL2 showed high
anticancer activity compared to BPL1 and BPL3. Cell viability was dependent on BPL2 concentration
and incubation time. The IC50 value for lung cancer cells was 50 μg/mL after 24 h of incubation
in BPL2 containing medium; however, BPL2 (50 μg/mL) showed weak toxicity in non-cancerous
cells (MRC5). BPL2 affected cancer cell growth while non-cancerous cells were less affected. Further,
BPL2 (20 μg/mL) inhibited cancer cell invasion and migration (rates were <20%). BPL2 induced the
downregulation of epithelial-to-mesenchymal transition-related genes (Zeb1, vimentin, and Twist).
Co-treatment with BPL2 and gefitinib (10 μg/mL and 10 μM, respectively) showed a synergistic
effect compared with monotherapy. BPL2 or gefitinib monotherapy resulted in approximately 90%
and 70% cell viability, respectively, with concomitant treatment showing 40% cell viability. Overall,
BPL2 can be considered a good candidate for development into an anticancer agent.

Keywords: mannose-binding lectin; BPL2; Bryopsis plumosa; anticancer; lung cancer

1. Introduction

Lectin is a carbohydrate-binding protein that can agglutinate erythrocytes and cells
by specifically binding to carbohydrate moieties on cells [1]. Owing to its carbohydrate-
binding properties, it is often suggested for pharmacological applications such as antiviral,
antimicrobial, and anticancer therapeutics [2–4].

Cancer has high death rates when compared to other human diseases, with over a mil-
lion people globally newly diagnosed with the condition every year [5]. Although many re-
searchers and countries have invested in anticancer agents, it remains an intractable disease.

Anticancer agents are most commonly developed from antibodies (based on the
human immune system) [6], natural products (primarily secondary metabolites) [7], and
proteins or peptides [8]. Chemotherapy is the most commonly used anti-cancer approach;
however, it has some limitations, such as toxicity [9].

Tumor cells have shown various glycosylation patterns as a common feature, making
them distinguishable from non-cancerous cells. Cellular glycosylation mechanisms are
associated with physiological and pathological functions [10]. The alteration of glycans
on the cancer cell surface affects the invasion and migration of cancer cells. Glycan is also
involved in signal transduction, cell adhesion, and cell-substrate interactions [11]. Owing
to this, biomarkers for diagnosis have been developed based on the glycosylation pattern
of tumor cells [12].

Lectin can recognize tumor cells by binding to cell surface-altered carbohydrates [13].
Therefore, some lectins have been studied as diagnostic agents against tumor cells. Because
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lectins are also regulators of inflammation and the immune response toward tumor cells [10],
they have been investigated as anticancer agents [14]. Lectin is a well-known protein that
can inhibit tumor growth and induce cancer cell death. In the last several decades, several
lectins with anticancer activities have been reported (e.g., ConA) [15]. Mistletoe (Viscum
album) lectin is a well-known lectin that is effective against various neoplastic cells [16].
It induces apoptosis in colorectal cancer cells [17]. Moreover, RCA-I specifically binds to
metastasis-associated cell surface glycans and inhibits cell invasion and migration [18].

Many marine algal lectins have been reported to be novel proteins. They are believed
to have a unique feature compared with other lectins because marine algae have different
carbohydrate complexes [19]. To date, various lectin or hemagglutination activities have
been reported from the marine algal group [3,20], with various biomedical applications
being proposed [21].

Bryopsis plumosa is a well-known coenocyte marine green alga containing abundant
lectins involved in algal cell regeneration [22]. To date, Bryopsis plumosa lectins (BPLs),
which specifically bind to different carbohydrates, have been reported. BPL1, 3, and 4 bind
to GlcNAc and GalNAc, while BPL2 binds to D-mannose [22–25]. All Bryopsis plumosa
lectins in literature were purified, and their amino acid sequences were determined. To date,
the potential anticancer effect of Bryopsis plumosa lectin has been suggested [25]; however,
few studies confirming this postulation have been reported.

In this study, the anticancer activity of BPLs (BPL1, 2, and 3) against lung cancer cell
lines and their regulation of epithelial-to-mesenchymal transition (EMT) pathway-related
genes were demonstrated.

2. Results

2.1. Preaparation of Bryopsis Plumosa Lectins

Bryopsis lectin was successfully isolated from the crude extract of Bryopsis plumosa.
Combining GalNAc and D-Man affinity chromatography was performed to separate each
lectin. Stepwise elution of lectins as different monosaccharides was effective in separating
BPL1 and BPL3 (Figure 1). The flow-through fraction contained BPL2, which was suc-
cessfully isolated using mannose affinity chromatography (Figure 1). The purity of each
BPL was more than 95%. All the lectins showed similar hemagglutination activities, as
previously reported [22–25].

 
Figure 1. Purification of Bryopsis plumosa lectins (BPLs). M, Molecular weight marker; lane 1, crude
extract; lane 2, BPL1; lane 3, BPL2; lane 4, BPL3.

2.2. Cell Viability of Lung Cancer Cells and Non-Cancerous Cells against BPLs

BPL2 inhibited the viability of lung cancer cell lines, whereas BPL1 and BPL3 did not
show the inhibitory activity of the tested cell lines at any concentration (Supplementary
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Figure S1). Cell viability was dependent on the BPL2 concentration and exposure time.
BPL2 activity was most effective in the A549 and H1299 lung cancer cell lines, with cell
viability being approximately 40% at 100 μg/mL of BPL2 after exposure for 24 h. How-
ever, weak toxicity towards non-cancerous cell lines (MRC5, HEK293T, and HaCaT) was
observed at 100 μg/mL (~60–70% viability) (Figure 2A). The increase in the exposure
time of BPL2 affected cell viability; cell viability was reduced to approximately 20% after
72 h of exposure (Figure 2B). Based on the cytotoxicity results in non-cancerous cell lines,
subsequent experiments were performed at a BPL2 concentration of fewer than 25 μg/mL.

Figure 2. Effect of BPL2 on the viability of cell lines using MTT assays. (A) After 24 h of exposure
to various cell lines, (B) After 24 (white bar) and 72 h (black bar) of exposure to the A549 cell line.
Results are represented as the mean± standard error.

According to the colony-forming assay, BPL2 was effective at low concentrations. All
cancer cell lines disappeared after treatment with 20 μg/mL of BPL2. In addition, half of
the colonies did not survive at 20 μg/mL BPL2 (Figure 3).

Figure 3. Colony-forming assay for the anticancer activity of BPL2. A549, H460, and H1299 cancer
cell lines were used for these studies.

2.3. Determination of Migration and Invasion of Cancer Cells following BPL2 Treatment

BPL2 strongly inhibited the invasion and migration of lung cancer cells in the various
cell lines (A549, H460, and H1299). A concentration-dependent effect was observed in both
the cell migration and invasion assays. The migration of all cancer cell lines was reduced to
less than 10% following treatment with 20 μg/mL of BPL2. The cell invasion rate of lung
cancer cells also decreased to 20% at the same treatment conditions (Figure 4).
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Figure 4. Effect of BPL2 on migration and invasion of cancer cells. Transwell migration (Upper
images) and invasion assays (Bottom images) for A549, H460, and H1299 cell lines were performed
using different concentrations of BPL2. Representative graphs are shown with the quantification of
the randomly selected fields.

The expression levels of EMT-related genes (N-cadherin, E-cadherin, ZEB1, vimentin,
and Twist) were investigated to understand the involvement of BPL2 in the EMT pathway.
BPL2 induced the downregulation of ZEB1, Twist, vimentin, and N-cadherin and upregu-
lated E-cadherin expression. Gene expression levels showed similar regulation in all tested
cancer cell lines, viz. A549, H460, and H1299 (Figure 5A). The levels of EMT-related proteins
(N-cadherin, ZEB1, vimentin, and snai1) showed the same trends as their corresponding
gene expressions (Figure 5B).

Figure 5. Levels of (A) EMT gene and (B) protein expression. (A) Gene expression in A549, H460, and
H1299 cell lines following treatment with BPL2. (B) The protein expression in A549 cells following
treatment with BPL2. β-actin was used as the control.
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The levels of EGFR signaling-related protein expression were determined. EGFR in
A549 and H460 cells decreased significantly upon BPL2 treatment. Activation of ERK and
AKT, important downstream targets of the EGFR signaling pathway, reduced significantly
(Figure 6).

Figure 6. Levels of EGFR signaling-related protein expression. Level of proteins in A549 and H460
cell lines following treatment with BPL2 as determined by Western blot analysis. β-actin was used as
the control.

2.4. Analysis for Apoptosis in BPL2-Treated Lung Cancer Cell Lines

To evaluate whether treatment with BPL2 induced apoptosis, an Annexin V/PI stain-
ing assay was performed. After treatment with BPL2 at 20 μg/mL for 48 h, significant
apoptosis induction was observed. The apoptosis rate increased to 17.1% (early: 0.1%, late:
17.0%) in A549, 9.5% (early: 1.5%, late: 7.0%) in H460, and 18.8% (early: 9.7%, late: 9.1%) in
H1299 cells after treatment with BPL2. Necrotic cell death was observed at 2.7% in A549
and 0.5% in H460 and H1299 cells (Figure 7).

Figure 7. Analysis of apoptosis rates in BPL2-treated lung cancer cell lines. Lung cancer cells were
incubated for 48 h with BPL2 and stained with Annexin V/PI for flow cytometric analysis. The upper
left panel indicates necrotic cell death; the lower left panel indicates live cells; the upper right panel
indicates late apoptosis, and the lower right panel indicates early apoptosis.
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2.5. Effect of Concomitant Treatment with Gefitinib and BPL2 on Cell Viability

Concomitant treatment with gefitinib and BPL2 (10 μM and 10 μg/mL, respectively)
showed a synergistic effect on the cancer cell lines compared with monotherapy. BPL2 or
gefitinib monotherapy showed approximately 90% and 70% A549 cell viability, respectively,
while concomitant therapy showed approximately 40% viability in the same cell line
(Figure 8A). H460 cells treated with a combination of gefitinib-BPL2 did not show as much
decrease in viability compared to A549 cells (Figure 8B). An increase in incubation time
with the treatment agents led to a further 10% reduction in cell viability in both cell lines.

Figure 8. Concomitant treatment or monotherapy using gefitinib (10 μM) and BPL2 (10 μg/mL) on
lung cancer cell lines. (A) A549, (B) H460. Con shows untreated cell lines. B+G shows cells treated
with both agents.

3. Discussion

Similar to all other medicines, a lectin that is to be investigated for its therapeutic activ-
ity must be purified from its source [26]. Stepwise purification using two different affinity
chromatographic techniques were successful in separating Bryopsis plumosa lectins. As
previously reported [23,25], both GalNAc binding lectins (BPL1 and BPL3) were isolated by
GalNAc affinity chromatography using a two-step elution method, and then the mannose-
binding lectin (BPL2) was purified using D-mannose affinity chromatography [25]. The
purity of the isolated lectins was sufficient to determine their effectiveness and mechanisms
of action in cancer cell lines.

Several anticancer lectins from plants and animals have been reported in recent
decades, such as galectin, C-type lectins, sialic acid binding, and Mistletoe lectin [14].
It is known that these lectins recognize carbohydrates on the cell surface and inhibit the
survival of cancer cells by various mechanisms. A plant lectin has also been reported to
affect apoptosis and autophagy by regulating a signal transduction pathway [14]. The spe-
cific binding of lectin to the cancer cell was well reported in targeting and imaging cancer
cells. The alternation of cancer cell surface glycan was a well-known phenomenon and the
carbohydrate recognition properties of lectin were often applied to cancer cell imaging [27].
Although the direct binding of BPL2 was not determined in this study, the binding of BPL2
on cancer cells could be assumed. The glycan binding specificity of BPL2 has been deter-
mined by hemagglutinating inhibition assay and it was specific to the α-methyl-D-mannose
(Minimum inhibitory concentration, 3.9 mM), D-mannose (1.9 mM), L-fucose (7.8 mM),
and D-glucose (125 mM) [25]. The abundance of high-mannose N-glycan or fucosylated
on cancer cells has been reported [28,29]. Owing to the binding properties, lectins have
been suggested as potential therapeutic agents that recognize the high-mannose N-glycans
occurring at the membrane of various cancer cells [29]. Therefore, mannose-specific algal
lectins such as Bryopsis lectin may have anti-cancer and anti-viral activity [29,30].

As expected, the D-mannose-specific lectin, BPL2, showed anticancer activity. How-
ever, GlcNAc- and GalNAc-binding lectins did not show any anticancer effects. It may
be assumed that different lectins show specific cytotoxic effects against certain cancer cell
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lines and that the latter two lectins could have anticancer activity in other cancer cells (e.g.,
cutaneous cancer). The specificity of lectins for distinct cancer cells is a well-known phe-
nomenon. Tian et al. reported the binding affinity and specificity of 27 different lectins in
four distinct colorectal cancer cell lines. In addition to the different interactions of 27 lectins
with colorectal cancer cell lines, the same lectin displayed differences in four distinct cell
lines [31].

The viability of lung cancer cell lines was greatly decreased after exposure to BPL2.
The IC50 value was approximately 50 μg/mL for A549 and H1299 cells. This is quite a low
concentration compared with that of the red alga Kappaphycus striatus lectin, KSL, which was
reported to have an IC50 value in the range of 0.80–1.94 μM (0.22–0.54 mg/mL) [32]. Owing
to the cytotoxicity of BPL2 against non-cancerous cell lines, the minimum concentration of
BPL2 (<20 μg/mL) for other experiments was determined based on the cell viability results
that did not show cell toxicity.

Although the mechanisms underlying the anticancer activity of BPL2 were unclear,
the molecule clearly showed effective inhibition of cell growth in a colony-forming assay at
a low concentration (20 μg/mL). The reduction in cell growth may have been mediated by
binding to the surface carbohydrates of cancer cells and inducing cytotoxicity. Mannose-
binding plant lectin from Remusatia vivipara exhibits a strong glycan-mediated cytotoxic
effect and inhibits the growth and motility of human breast cancer cells [33]. Cancer cells
often exhibit alterations in the cell surface of polysaccharides that act as tumor-associated
antigens. Lectin recognizes altered cell surface carbohydrates and inhibits cell growth
through several mechanisms, such as the reactive oxygen species-dependent pathway [34]
and an apoptosis-inducing mechanism [35]. Owing to this, BPL2 may have mechanisms
that are similar to those of other plant lectins.

Inhibition of cancer invasion and migration is a priority in cancer therapy because
most cancer deaths are caused by metastasis [36]. BPL2 clearly inhibited the invasion and
movement of cancer cells in all the tested lung cancer cell lines. In general, cancer cell
invasion and migration are affected by several mechanisms. For example, a lectin from
Bandeiraea simplicifolia seeds (BS-I) inhibited cancer cells, hepatocellular carcinoma, inva-
sion, and migration, mediated by inhibiting the activation of the AKT/GSK-3β/β-catenin
pathway [37]. AKT/GSK3β/β-catenin signaling contributes to cell migration and the EMT
pathway [38], which affects EMT gene expression patterns. EMT is a program of cells
that are vital for embryonic development, wound healing, and the malignant progression
of cancer [39]. Three of the EMT marker genes, viz. zinc-finger E-box binding protein 1
(ZEB1), vimentin, and Twist, among the reported genes (i.e., ZEB1, Snail, and Twist) for the
EMT marker [40] were selected, and the gene expression patterns after or without exposure
to BPL2 were determined. All the analyzed genes in the three tested lung cancer cell lines
were downregulated following treatment with BPL2, which corresponds to cell migration
and invasion experiments. The protein expression at the same conditions correlated sig-
nificantly with the corresponding gene expression level, although, for vimentin, the trend
was unclear. Therefore, the gene expression could be assumed to reflect the corresponding
protein levels.

ZEB1 is a well-known transcription factor that is upregulated in various tumor cell
lines and is related to the invasion and migration of cells in patients with lung cancer [41].
It is also a critical regulator of cell plasticity, DNA damage, cancer cell differentiation,
and metastasis [42]. BPL2 suppresses ZEB1 gene regulation in lung cancer cell lines
and induces cell death. Signal transduction and activation of ZEB1 in EMT plays an
important role in embryonic development and malignant progression. It is also associated
with resistance to cancer therapies [43]. Suppression of ZEB1 gene expression decreases
cancer angiogenesis while eliciting continuous cancer vascular normalization [44]. BPL2
diminished ZEB1 expression, and it could be assumed that it inhibits cancer cell migration
via the same mechanisms.

Twist and snail, key transcription factors, are involved in the EMT pathway and play
an essential role in cell migration, invasion, and metastasis [45,46]. Although a slight
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difference was observed among the tested cancer cell lines, downregulation of the Twist
and snail genes was clearly defined. Therefore, we assumed that the anticancer ability of
BPL2 was related to the inhibition of the EMT pathway.

Vimentin expression is affected by the downregulation of ZEB1, in turn constraining
tumor migration [47,48]. The regulation of Twist is also associated with the expression of
membrane proteins (N-cadherin, fibronectin, and vimentin) involved in cell adhesion in
cancer cells [49]. Because of the downregulation of transcription factors ZEB1 and Twist, a
reduction in vimentin expression after treatment with BPL2 was expected. The expression
of vimentin was reduced in the tested cell lines, although different expression levels were
observed in each tested cell line. The membrane protein vimentin is widely distributed in
the fibroblasts, white blood cells, and vascular endothelial cells. It supports cell membranes
and organelles, and a lack of vimentin induces cell migration. BPL2 appears to affect the
transcription factor of EMT, disturbs vimentin expression, and ultimately inhibits cancer
cell growth, invasion, and migration. Therefore, BPL2 appears to be a candidate inhibitor
of the EMT pathway. However, the mechanisms of BPL2 in cancer cell lines are still unclear,
whether it is directly or indirectly related; therefore, further comprehensive studies are
required to understand the inhibition mechanisms.

The regulation of N-cadherin and E-cadherin is switched during EMT signaling by
a complex network of signaling pathways and transcription factors. Downregulation of
E-cadherin is often observed in malignant epithelial cancers and is accepted as a tumor
suppressor. In contrast to E-cadherin, N-cadherin is downregulated in tumor cells [50].
Similar to the regulation of N-cadherin and E-cadherin in the inhibition of tumor cell
lines, treatment with BPL2 led to the upregulation of E-cadherin and downregulation of
N-cadherin. The results of the EMT pathway involving marker gene regulation following
treatment with BPL2 were well aligned with the suppression of the EMT pathway in tumor
cell lines.

Cell surface glycan alteration during the EMT process has been observed in various
cancer models. It has been reported that modification of the glycan on the cell surface plays
a pivotal role in metastasis [51].

The mannan-binding lectin in the reduction of EMT has been reported to be related to
the calcium entry machinery [52]. BPL2 does not require a divalent ion for its activity [25];
therefore, it could be assumed that BPL2 is not associated with calcium channels. There
are few reports on the involvement of lectin in the EMT pathway. Although BPL2 has not
been confirmed to directly contribute to the suppression of the EMT pathway, it could
be assumed to inhibit the migration of cancer cells by recognizing the cell surface glycan
alternations (high-mannose N-glycan) on cancer cells with metastatic ability.

Gefitinib, an epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI),
is a well-known drug used for the treatment of non-small cell lung cancer [53]. Concurrent
treatment with anticancer agents to attain therapeutic success is accepted as a common
regimen. Simultaneous treatment with BPL2 and gefitinib resulted in synergistic effects.
We confirmed that the level of total EGFR expression decreased following BPL2 treatment.
BPL2 decreased the activation of ERK and AKT in A549 and H460 cells, followed by the
downregulation of cellular EGFR levels. Similarly, a study reported decreased expres-
sion of EGFR by lectin protein from Pseudomonas fluorescens in gastric cancer cells [54,55].
Consistently, BPL2 significantly reduced the expression of EGFR along with the activa-
tion of ERK and AKT, downstream of the EGFR signaling pathway in lung cancer cells.
Similarly, the synergistic effect of a combination treatment of gefitinib and docetaxel in
EGFR-TKI-sensitive cells has been reported [56].

Polygonatum odoratum lectin elicits apoptosis and autophagy in cancer cells. Apoptosis
is induced by the Akt-NF-κB pathway in lung cancer cells [57], and the EGFR-mediated
Ras-Raf-MEK-ERK pathway in breast cancer cells [55]. Similar to Polygonatum odoratum
lectin, BPL2 treatment resulted in differential expression of EGFR and EMT pathway-related
proteins. Based on the results, it could be concluded that BPL2 could induce apoptosis by
similar mechanisms.
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The main role of gefitinib is to inhibit tyrosine kinase, involved in cellular prolifera-
tion [58] and promotes apoptosis [59]. Based on the results of the Annexin V/PI staining
assay, BPL2 was found to induce apoptosis rather than necrosis in lung cancer cell lines.
Like BPL2, induction of apoptosis by lectin has been reported, like mistletoe lectin [14,60],
a lectin from Dioclea lasiocarpa [61], and lectin from Sophora flavescens [62]. The synergetic
effect may have led to the induction of apoptosis. The combination of mistletoe lectin with
other compounds showed a synergistic anti-cancer effect in breast cancer cells [63].

The anticancer activity of BPL2 was determined in this study, and it was related to
the inhibition of the EMT pathway and induction of apoptosis. Furthermore, concurrent
treatment with another anticancer agent, gefitinib, showed a synergistic effect in two lung
cancer cell lines (A549 and H460). Therefore, the mannose-binding lectin, BPL2, could be a
good candidate for drug development in anticancer therapeutics.

4. Materials and Methods

4.1. Preparation of Bryopsis plumosa Lectins (BPLs)

Bryopsis plumosa cultured in our laboratory was used to extract BPLs. BPLs were
isolated following a previously reported method by Han et al. [23–25]. Bryopsis plumosa was
harvested and washed with 1× Tris-buffered saline (TBS, pH 7.5) containing 1 mM CaCl2
and 1 mM MgCl2. The harvested samples were ground into a fine powder, after exposure
to liquid nitrogen, using a mortar and pestle. Five volumes of ice-cold 1× TBS were added
to the ground samples and incubated for 3 h at 4 ◦C. The incubated sample was centrifuged
at 25,000× g for 30 min at 4 ◦C, and the cell debris was removed. The crude extract was
loaded directly onto an affinity chromatography column. A Bio-Rad NGC FPLC system
(Bio-Rad Laboratories, Hercules, CA, USA) was used for chromatographic analysis at a
flow rate of 1 mL/min. First, GalNAc-agarose was used to purify BPL1, BPL3, and BPL4
using a stepwise elution method. The affinity column was washed with 10 volumes of
1× TBS. BPL3 and BPL4 were eluted using 0.2 M of GlcNAc in 1× TBS and then BPL1 was
eluted using 50 mM GalNAc in 1× TBS. The flow-through from GalNAc-agarose, which
contained mannose-binding lectin, was loaded onto the mannose-agarose. BPL2 was eluted
with 0.5 M D-mannose dissolved in 1× TBS.

All lectins were confirmed using SDS-PAGE and UV spectrophotometry. The BPLs
were dialyzed using 1× PBS and stored at −20 ◦C until use.

4.2. Cell Culture and Viability Assay (Determination of Viability of Tumo Cells)

Metastatic lung cancer cell lines (A549, H460, and H1299) were used to determine
tumor cell viability. Non-cancerous and immortalized cells (MRC5, HEK293T, and HaCaT
cells) were used as controls (Supplementary Table S1). All cells used for the cell viability
test were cultured at 37 ◦C under atmospheric conditions of 5% CO2 in fetal bovine serum
(FBS) containing antibiotics (penicillin and streptomycin). The growth rate of the cells was
determined by CCK-8 analysis. Aliquots of each cell line were added to 96-well plates to
achieve a cell number of 5 × 103 cells per well and incubated in a 5% CO2 atmosphere
at 37 ◦C for 24 h. BPLs (BPL1, 2, and 3) at concentrations of 25, 50, and 100 μg/ml,
respectively, were added to the cells and then incubated for 24–72 h. After incubation,
the culture medium was removed and the cells were incubated in a fresh culture medium
containing CCK-8 solution for 3 h. Cell viability was determined by measuring absorbance
at 450 nm using a 96-well plate reader (Spectramax i3x; Molecular Devices, San Jose, CA,
USA). Live cells were calculated as a percentage. All experiments were repeated at least
three times.

4.3. Determination of Cell Growth Rate Based on BPL Treatments

The cell lines were cultured in the same manner as for the cell viability test. A colony-
forming test was performed to compare the growth rate among cell lines treated with
different concentrations of BPLs. Each cell line was divided into 1 × 103 cells per 30 mm
dish and cultured at 37 ◦C in a CO2 incubator for 24 h. The cell lines were treated with
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BPLs at concentrations of 10 and 20 μg/mL. After being cultured for 7 days, the culture
medium was discarded and stained with 0.5% crystal violet solution for 10 min. The stained
cells were washed several times with 1× PBS and the growth rate was observed under
a microscope.

4.4. Determination of Migration and Invasion of Cancer Cells

The migration and invasion assays were performed using a Transwell (Falcon, BD
labware, Bedford, MA, USA) with a 0.8 μm pore size. The EMT protein marker was used to
analyze the migration ability. The lung cancer cell lines were incubated at 37 ◦C for 48 h
after inoculation into the migration well to obtain a density of 1 × 105 cells/well, which
were stained using crystal violet solution.

4.5. Comparison of the Expression Level of Cell Migration and Invasion-Related Genes, and
EGFR-Related Proteins

The expression levels of cancer cell-related genes (ZEB1, vimentin, and Twist) were
analyzed using RT-PCR. Total RNA from each cell was isolated using the TRIzol RNA
extraction solution. RNA quality was determined by gel electrophoresis using a UV-
spectrophotometer. First-strand cDNA was synthesized using the Transcriptor First Strand
cDNA Synthesis Kit (Roche Diagnostics, Penzberg, Germany). One microgram of total
RNA was used for first-strand cDNA synthesis. Primer information for the RT-PCR is listed
in Supplementary Table S2. Amplification was performed using an Applied Science PCR
machine under the following conditions: pre-denaturation at 94 ◦C for 5 min, 30 cycles of
denaturation at 94 ◦C for 5 min, annealing at 56 ◦C for 1 min, extension at 72 ◦C for 1.5 min;
and final extension at 72 ◦C for 5 min. The relative expression levels of target genes were
analyzed by gel electrophoresis.

For analysis of EMT-related protein levels, Western blot analysis was performed.
Cells were lysed in a buffer with protease inhibitor cocktails (Sigma-Aldrich). Protein
concentrations were determined by the Bradford assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide
gel (SDS-PAGE) and transferred onto NC membranes. Membranes were incubated with
each antibody in a blocking solution overnight. After washing with Tris-buffered saline,
membranes were incubated with mouse secondary antibody (Abcam, Cambridge, MA,
USA) and visualized using a Supersignal west atto ultimate sensitivity substrate (Thermo
Scientific, A38555). Antibodies specific for N-cadherin (59987), ZEB1 (515797), Vimentin
(6260), Snai1 (271977), and β-actin (47778) were purchased from Santa Cruz Biotechnology.

The analysis of EGFR-related proteins was performed by the same procedure as for
EMT-related proteins. The antibodies for EGFR (377547), pERK (7383), ERK (514302), AKT
(5298), and pAKT (271966) were obtained from Santa Cruz Biotechnology.

4.6. The Effect of Concurrent Treatment (Gefitinib and BPL2) on Lung Cancer Cell Viability

Human cancer cell lines (A549 and H460) were used to determine the effect of con-
comitant drug administration. Cell lines were prepared following the method described
above for cell viability. Concomitant gefitinib-BPL2 or BPL2 (10 μg/mL) and gefitinib
(10 μM) monotherapy were used to treat the cell lines. The treated cancer cell lines were
incubated for 24 or 48 h, and viability was measured using CCK-8 analysis kits.

4.7. Flow Cytometric Analysis for Apoptosis in BPL2-Treated Lung Cancer Cells

A549 and H1299 cell lines were treated with 20 μg/mL of BPL2 and incubated for
48 h in a CO2 incubator. The cells were double stained using the AnnexinV/PI apop-
tosis detection kit (556547; BD Biosciences, San Jose, CA, UAS) following the manufac-
turer’s instructions. Apoptosis was determined using a flow cytometer (Accuri C6 Plus;
BD Biosciences.
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5. Conclusions

The anticancer activity of algal lectins has been studied for several decades. Lectins
from Bryopsis plumosa have been suggested as candidate antitumor agents. Herein, the
anticancer activity of BPL2 was demonstrated in lung cancer cell lines, and the inhibition
of cell migration and invasion by BPL2 was presumed to be related to the EMT pathway.
Concurrent treatment with BPL2 and gefitinib had a synergetic effect on investigated lung
cancer cell lines. Therefore, BPL2 could be a good candidate anticancer agent for lung
cancer therapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md20120776/s1: Table S1: Cancer and non-cancerous cell lines used for the anticancer assay,
Table S2: Primer sequences used for RT-PCR analyses. Figure S1: Effect of BPL on the viability of
A549 and H460 cell lines using MTT assays.
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8. Karpiński, T.; Adamczak, A. Anticancer activity of bacterial proteins and peptides. Pharmaceutics 2018, 10, 54. [CrossRef]
9. Gewirtz, D.A.; Bristol, M.L.; Yalowich, J.C. Toxicity issues in cancer drug development. Curr. Opin. Investig. Drugs 2010,

11, 612–614.
10. Pinho, S.S.; Reis, C.A. Glycosylation in cancer: Mechanisms and clinical implications. Nat. Rev. Cancer 2015, 15, 540–555.

[CrossRef]
11. Rodrigues, J.G.; Balmaña, M.; Macedo, J.A.; Poças, J.; Fernandes, Â.; De-Freitas-Junior, J.C.M.; Pinho, S.S.; Gomes, J.; Magalhães,

A.; Gomes, C.; et al. Glycosylation in cancer: Selected roles in tumour progression, immune modulation and metastasis. Cell.
Immunol. 2018, 333, 46–57. [CrossRef] [PubMed]

12. Liu, S.; Yu, Y.; Wang, Y.; Zhu, B.; Han, B. COLGALT1 is a potential biomarker for predicting prognosis and immune responses for
kidney renal clear cell carcinoma and its mechanisms of ceRNA networks. Eur. J. Med. Res. 2022, 27, 122. [CrossRef]

13. Rodrigues Mantuano, N.; Natoli, M.; Zippelius, A.; Läubli, H. Tumor-associated carbohydrates and immunomodulatory lectins
as targets for cancer immunotherapy. J. Immunother. Cancer 2020, 8, e001222. [CrossRef] [PubMed]

14. Yau, T.; Dan, X.; Ng, C.; Ng, T. Lectins with Potential for Anti-Cancer Therapy. Molecules 2015, 20, 3791–3810. [CrossRef]
15. Shi, Z.; Chen, J.; Li, C.; An, N.; Wang, Z.; Yang, S.; Huang, K.; Bao, J. Antitumor effects of concanavalin A and Sophora flavescens

lectin in vitro and in vivo. Acta Pharmacol. Sin. 2014, 35, 248–256. [CrossRef] [PubMed]
16. Saha, C.; Das, M.; Stephen-Victor, E.; Friboulet, A.; Bayry, J.; Kaveri, S. Differential effects of Viscum album preparations on the

maturation and activation of human dendritic cells and CD4+ T cell responses. Molecules 2016, 21, 912. [CrossRef] [PubMed]
17. Twardziok, M.; Kleinsimon, S.; Rolff, J.; Jäger, S.; Eggert, A.; Seifert, G.; Delebinski, C.I. Multiple active compounds from Viscum

album L. synergistically converge to promote apoptosis in Ewing sarcoma. PLoS ONE 2016, 11, e0159749. [CrossRef]

209



Mar. Drugs 2022, 20, 776

18. Zhou, S.-M.; Cheng, L.; Guo, S.-J.; Wang, Y.; Czajkowsky, D.M.; Gao, H.; Hu, X.-F.; Tao, S.-C. Lectin RCA-I specifically binds to
metastasis-associated cell surface glycans in triple-negative breast cancer. Breast Cancer Res. 2015, 17, 36. [CrossRef]

19. Maliki, I.M.; Misson, M.; Teoh, P.L.; Rodrigues, K.F.; Yong, W.T.L. Production of lectins from marine algae: Current status,
challenges, and opportunities for non-destructive extraction. Mar. Drugs 2022, 20, 102. [CrossRef]

20. Mu, J.; Hirayama, M.; Sato, Y.; Morimoto, K.; Hori, K. A novel high-mannose specific lectin from the green alga Halimeda renschii
exhibits a potent anti-influenza virus activity through high-affinity binding to the viral hemagglutinin. Mar. Drugs 2017, 15, 255.
[CrossRef]

21. Singh, R.S.; Thakur, S.R.; Bansal, P. Algal lectins as promising biomolecules for biomedical research. Crit. Rev. Microbiol. 2015,
41, 77–88. [CrossRef] [PubMed]

22. Kim, G.H.; Klochkova, T.A.; Yoon, K.-S.; Song, Y.-S.; Lee, K.P. Purification and characterization of a lectin, bryohealin, involved in
the protoplast formation of a marine green alga Bryopsis plumosa (Chlorophyta) 1. J. Phycol. 2006, 42, 86–95. [CrossRef]

23. Han, J.W.; Yoon, K.S.; Klochkova, T.A.; Hwang, M.S.; Kim, G.H. Purification and characterization of a lectin, BPL-3, from the
marine green alga Bryopsis plumosa. J. Appl. Phycol. 2011, 23, 745–753. [CrossRef]

24. Han, J.-W.; Yoon, K.-S.; Jung, M.-G.; Chah, K.-H.; Kim, G.-H. Molecular characterization of a lectin, BPL-4, from the marine green
alga Bryopsis plumosa (Chlorophyta). Algae 2012, 27, 55–62. [CrossRef]

25. Han, J.W.; Jung, M.G.; Kim, M.J.; Yoon, K.S.; Lee, K.P.; Kim, G.H. Purification and characterization of a D-mannose specific lectin
from the green marine alga, Bryopsis plumosa. Phycol. Res. 2010, 58, 143–150. [CrossRef]

26. Jiang, Q.-L.; Zhang, S.; Tian, M.; Zhang, S.-Y.; Xie, T.; Chen, D.-Y.; Chen, Y.-J.; He, J.; Liu, J.; Ouyang, L.; et al. Plant lectins, from
ancient sugar-binding proteins to emerging anti-cancer drugs in apoptosis and autophagy. Cell Prolif. 2015, 48, 17–28. [CrossRef]
[PubMed]

27. Wang, S.; Yin, D.; Wang, W.; Shen, X.; Zhu, J.-J.; Chen, H.-Y.; Zhen, L. Targeting and imaging of cancer cells via monosaccharide-
imprinted fluorescent nanoparticles. Sci. Rep. 2016, 6, 22757. [CrossRef]

28. Shan, M.; Yang, D.; Dou, H.; Zhang, L. Fucosylation in cancer biology and its clinical applications. Prog. Mol. Biol. Transl. Sci.
2019, 162, 93–119.

29. Barre, A.; Simplicien, M.; Benoist, H.; Van Damme, E.J.; Rougé, P. Mannose-specific lectins from marine algae: Diverse structural
scaffolds associated to common virucidal and anti-cancer properties. Mar. Drugs 2019, 17, 440. [CrossRef]

30. Hwang, H.-J.; Han, J.-W.; Kim, G.H.; Han, J.W. Functional expression and characterization of the recombinant N-acetyl-
glucosamine/N-acetyl-galactosamine-specific marine algal lectin BPL3. Mar. Drugs 2018, 16, 13. [CrossRef]

31. Tian, R.; Zhang, H.; Chen, H.; Liu, G.; Wang, Z. Uncovering the binding specificities of lectins with cells for precision colorectal
cancer diagnosis based on multimodal imaging. Adv. Sci. 2018, 5, 1800214. [CrossRef] [PubMed]

32. Hung, L.D.; Trinh, P.T.H. Structure and anticancer activity of a new lectin from the cultivated red alga, Kappaphycus striatus.
J. Nat. Med. 2021, 75, 223–231. [CrossRef]

33. Sindhura, B.R.; Hegde, P.; Chachadi, V.B.; Inamdar, S.R.; Swamy, B.M. High mannose N-glycan binding lectin from Remusatia
vivipara (RVL) limits cell growth, motility and invasiveness of human breast cancer cells. Biomed. Pharmacother. 2017, 93, 654–665.
[CrossRef] [PubMed]

34. Panda, P.K.; Mukhopadhyay, S.; Behera, B.; Bhol, C.S.; Dey, S.; Das, D.N.; Sinha, N.; Bissoyi, A.; Pramanik, K.; Maiti, T.K.; et al.
Antitumor effect of soybean lectin mediated through reactive oxygen species-dependent pathway. Life Sci. 2014, 111, 27–35.
[CrossRef] [PubMed]

35. Liu, B.; Li, C.; Bian, H.; Min, M.; Chen, L.; Bao, J. Antiproliferative activity and apoptosis-inducing mechanism of Concanavalin A
on human melanoma A375 cells. Arch. Biochem. Biophys. 2009, 482, 1–6. [CrossRef] [PubMed]

36. Yilmaz, M.; Christofori, G.; Lehembre, F. Distinct mechanisms of tumor invasion and metastasis. Trends Mol. Med. 2007,
13, 535–541. [CrossRef]

37. Jian, Q.; Yang, Z.; Shu, J.; Liu, X.; Zhang, J.; Li, Z. Lectin BS-I inhibits cell migration and invasion via AKT/GSK-3β/β-catenin
pathway in hepatocellular carcinoma. J. Cell. Mol. Med. 2018, 22, 315–329. [CrossRef]

38. Song, N.; Zhong, J.; Hu, Q.; Gu, T.; Yang, B.; Zhang, J.; Yu, J.; Ma, X.; Chen, Q.; Qi, J.; et al. FGF18 enhances migration and the
epithelial-mesenchymal transition in breast cancer by regulating Akt/GSK3β/B-catenin signaling. Cell. Physiol. Biochem. 2018,
49, 1060–1073. [CrossRef]

39. Huang, Z.; Zhang, Z.; Zhou, C.; Liu, L.; Huang, C. Epithelial–mesenchymal transition: The history, regulatory mechanism, and
cancer therapeutic opportunities. MedComm 2022, 3, e144. [CrossRef]

40. Jung, A.R.; Jung, C.-H.; Noh, J.K.; Lee, Y.C.; Eun, Y.-G. Epithelial-mesenchymal transition gene signature is associated with
prognosis and tumor microenvironment in head and neck squamous cell carcinoma. Sci. Rep. 2020, 10, 3652. [CrossRef]

41. Larsen, J.E.; Nathan, V.; Osborne, J.K.; Farrow, R.K.; Deb, D.; Sullivan, J.P.; Dospoy, P.D.; Augustyn, A.; Hight, S.K.; Sato, M.; et al.
ZEB1 drives epithelial-to-mesenchymal transition in lung cancer. J. Clin. Investig. 2016, 126, 3219–3235. [CrossRef] [PubMed]
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Abstract: Adenocarcinoma lung cancer is a type of non-small cell lung carcinoma (NSCLC), which
accounts for 85% of lung cancer incidence globally. The therapies that are being applied, both
conventional therapies and antibody-based treatments, are still found to have side effects. Several
previous studies have demonstrated the ability of the ethanolic extract of Ocimum sanctum Linn.
(EEOS) as an ethnomedicine with anti-tumor properties. The aim of this study was to determine
the effect of Ocimum sanctum Linn. ethanolic extract in inhibiting the proliferation, angiogenesis,
and migration of A549 cells (NSCLC). The adhesion as well as the migration assay was performed.
Furthermore, enzyme-linked immunosorbent assay (ELISA) was used to measure the expression
of αvβ3 integrins, α5β1 integrins, and VEGF. The cells were divided into the following treatment
groups: control (non-treated/NT), positive control (AP3/inhibitor β3 80 μg/mL), cisplatin (9 μg/mL),
and EEOS at concentrations of 50, 70, 100, and 200 μg/mL. The results showed that EEOS inhibits the
adhesion ability and migration of A549 cells, with an optimal concentration of 200 μg/mL. ELISA
testing showed that the group of A549 cells given EEOS 200 μg/mL presented a decrease in the
optimal expression of integrin α5β1, integrin αvβ3, and VEGF.

Keywords: EEOS; A549 cell line; integrin α5β1; integrin αvβ3; VEGF

1. Introduction

Lung cancer is one of the biggest causes of death around the world. The results of
the International Agency for Research on Cancer Global Cancer Observatory related to
Cancer Incidence and Mortality Worldwide in 2018 showed that 58.5% of the world’s lung
cancer cases occurred in Asia. More than 85% of all lung cancers are non-small cell lung
carcinoma (NSCLC). Adenocarcinoma is one type of NSCLC and is the most common type
of lung cancer, in all patients and among non-smokers, globally [1]. Surgery, radiotherapy,
and chemotherapy are conventional therapies that are still applied to reduce or delay
deaths from NSCLC [2]. In the last few decades, despite advances in antibody-based
NSCLC treatment technology, applied in combination with conventional therapies, such as
pembrolizumab, nivolumab, and ipilimumab, the administration of therapy has not been
optimal [3,4].

The side effects of therapy have prompted scientists to find innovative sources of
new anti-cancer compounds from natural sources, including traditional herbal plants [1,5].
Herbal plants can provide beneficial effects through natural bioactive compounds found
in tumor cases, including helping to overcome side effects or intrinsic radioresistance,
preventing metastases, and improving quality of life and patient survival rates [6]. Holy
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basil (Ocimum sanctum Linn.) is a native Indonesian plant that is often found in the yards
of houses, and it is widely consumed by the community as a complement to cuisine.
Previous research on the ethanolic extract of Ocimum sanctum Linn. showed its ability to
induce in vitro apoptosis in A-549 cells (human lung adenocarcinoma) [7,8] and inhibit
angiogenesis [9]. In vivo, the ethanolic extract of Ocimum sanctum Linn. was shown to
induce apoptosis [7] and inhibit metastasis [10] in Lewis lung carcinoma (LLC) cells.

2. Materials and Methods

2.1. Preparation of Ocimum sanctum Linn. Ethanolic Extract (EEOS)

The leaves of Ocimum sanctum Linn. simplisia were obtained from CV. Merapi Herbal,
Yogyakarta, Indonesia, and the species was identified at the Department of Biology, Gadjah
Mada University (Yogyakarta, Indonesia). The ethanolic extract was obtained by a mac-
eration technique. A total of 4000 mL of 96% ethanol (Merck, Darmstadt, Germany) was
added to 300 g simplicia Ocimum sanctum Linn. The filtration results were concentrated
using a vacuum rotary evaporator (Heidolph, Schwabach, Germany), and 8.82% w/w of
Ocimum sanctum Linn. ethanol extract was obtained in the form of a paste.

2.2. Cell Maintenance

A-549 cells were grown in DMEM high-glucose medium (Gibco, Oslo, Norway) with
10% FBS (Gibco, Oslo, Norway) supplementation, penicillin–streptomycin 2% (Gibco, Oslo,
Norway), and amphotericin B 0.5% (Gibco, Oslo, Norway) in T25/T75 flasks (Greiner,
Frickenhausen, Germany) and then stored in an incubator (Sanyo, Tokyo, Japan) at 37 ◦C,
with 5% CO2. The medium was changed every three days and subcultured when in
confluent conditions. Cells were harvested by accutase cell detachment (0.5 mM EDTA.4Na)
(Gibco, Oslo, Norway) and grown in new flasks. Confluent cells that were not used for the
experiment were stored frozen with a composition of 10% DMSO (Santa Cruz Biotechnology,
Dallas, TX, USA) and 90% medium in a 1 mL cryo-vial, and then stored in a −80 ◦C freezer
or cryotank.

2.3. Adhesion Assay Using Cell Counting Kit-8 Assay

The CCK test was carried out according to the manual of the CCK-8 Kit (Abbkine,
Hubei, China). A quantity of 1.5 × 104 A-549 cells/100 mL was grown on a culture test
96-well plate (Greiner, Frickenhausen, Germany). Cells were incubated for 24 h, then
divided into five groups, including the non-treated group (NT); AP3 80 μg/mL; ethanol
extract of Ocimum sanctum Linn. (EEOS) at 50, 70, 100, or 200 g/mL; and cisplatin 9 g/mL.
Each treatment was replicated three times. The treatments were incubated for 24 h, then
100 mL of water-soluble tetrazolium (WST-8) reagent was added to each sample and
incubated for 4 h (in the dark). Then, the reaction was stopped by adding 100 mL/well
of DMSO (Santa Cruz Biotechnology, Dallas, TX, USA). The results were read using an
ELISA Reader (BioRad, Hercules, CA, USA) at a wavelength (λ) of 460 nm. The absorbance
results obtained were then calculated using the following formula to obtain the percentage
of viability.

cell viability(%) =
treatment absorbsion − media absorbsion

absorbsion cell control − media absorbsion
× 100%

The final data were analyzed via one-way ANOVA using GraphPad Prism 7 software
(La Jolla, CA, USA).

2.4. A549 Cell Lysate Preparation

A-549 cell lysate preparation was carried out according to the kit manual (Biomol,
Hamburg, Germany). A total of 5 × 105 A-549 cells/mL were grown in each well on a
tissue culture test 6-well plate and then incubated for 1 hour. The treatments in each well
consisted of non-treatment (NT); AP3 80 μg/mL; ethanol extract of Ocimum sanctum Linn.
(EEOS) at 50, 70, 100, or 200 g/mL; or cisplatin 9 g/mL, all followed by incubation for
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24 h. The medium was aspirated and the plate was washed using Dulbecco’s PBS (Gibco,
Oslo, Norway), then 900 L of RIPA lysis buffer was added (Santa Cruz Biotechnology,
Dallas, TX, USA), and the plate was shaken for 15 min. A cell scraper was used to remove
the cells from the bottom of the plate. The lysate was transferred to 1.5 mL microtubes
(Eppendorf, Hamburg, Germany). The lysate was centrifuged at 10,000× g for 10 min at
4 ◦C. The supernatant was transferred to 1.5 mL microtubes.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)
2.5.1. Integrin Human ITG αvβ3 dan VEGF

This test was carried out using sandwich ELISA for both human integrin αvβ3 and
VEGF (Fine Test, Wuhan, China). The procedure was performed according to the manual in
the kit (Fine Test, Wuhan, China). The plate was washed twice before adding the sample in
the form of lysate, along with the negative control, to a 96-well plate. A total of 100 mL of
sample and standard was added to each well and incubated for 90 min at 37 ◦C. The plate
then washed for 2 times. A volume of 100 uL of biotin-labeled antibody was added to each
well and incubated for 60 min at 37 ◦C. The plate then washed 3 times. Working solution
of 100 mL HRP–streptavidin conjugate (SABC) was added to each well and incubated for
30 min at 37 ◦C, and the plate was then washed for 5 times. TMB substrate (90 mL) was
added and incubated for 15–30 min at 37 ◦C. A 50 mL stop solution was added, and the
well plates were immediately read at a wavelength of 450 nm (BioRad, Hercules, CA, USA).

2.5.2. Integrin Human ITG α5β1

The test was performed using competitive ELISA human integrin α5β1 (MyBiosource,
San Diego, CA, USA). The procedure was carried out according to the manual in the kit
(MyBiosource, San Diego, CA, USA). A total of 100 mL of standard and lysate sample was
added to each, then 10 mL of balanced solution was added and homogenized; no bubbles
were formed. A total of 50 mL of the conjugate was added in the well, then homogenized,
and incubated at 37 ◦C for 60 min. After 60 min, we drained the liquid on the plate and
washed it with wash buffer 5 times, for 1 minute each time. Volumes of 50 mL of substrates
A and B were added to the wells. The plates were then closed tightly and incubated at
37 ◦C for 15 min. Stop solution (50 mL) was added, and the well plate was immediately
read at a wavelength of 450 nm (BioRad, Hercules, CA, USA).

2.5.3. Enzyme-Linked Immunosorbent Assay (ELISA) Data Analysis

ELISA data analysis of human ITG αvβ3, human ITG α5β1, and vascular endothelial
growth factor (VEGF) was carried out quantitatively using an ELISA reader to determine
the optical density value of each test, then the concentration values were calculated based
on the standard value. Data were analyzed via one-way ANOVA using the GraphPad
Prism 7 software (La Jolla, CA, USA).

2.6. Scratch Wound Healing Assay

The scratch wound healing assay procedure was carried out based on [11]. A-549 cells
at 2.5 × 104 cells/500 mL were grown on a culture test 12-well plate (Greiner, Frickenhausen,
Germany). Cells were incubated for 24 h. Cells were rinsed with DMEM high-glucose
three times. A sterile 200 mL pipette tip (Vertex, Boston, MA, USA) was used to make a
scratch on the cell surface, then they were treated in groups, namely non-treated (NT); AP3
80 μg/mL; ethanol extract of Ocimum sanctum Linn. (EEOS) at graded concentrations of 50,
70, 100, and 200 g/mL; and cisplatin 9 g/mL. The treatments were incubated for 24 h in a
CO2 incubator at 37 ◦C, then observed after 24 h via inverted microscopy. Data analysis of
the scratch wound healing assay to determine cell migration was carried out by measuring
the surface area of the treated cells. Areas were calculated using the free software ImageJ
(https://imagej.nih.gov/ij/, accessed on 4 April 2022) (National institute of Health-NIH,
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Bethesda, MD, USA). We then calculated the percentage of the area covered according to
the following formula:

closing area =
(area of 0th hour − 24th hour area)

area of 0th hour
× 100%

The final data were analyzed via one-way ANOVA using GraphPad Prism 7 software
(La Jolla, CA, USA).

3. Results

3.1. EEOS Inhibited the Adhesion of A549 (Non-Small Cell Lung Carcinoma)

To analyze the ability of EEOS to inhibit cell attachment, A459 cells were cultured
on a well plate and treated for 24 h with different concentrations of EEOS (50, 70, 100,
and 200 μg/mL). Cisplatin was used as a positive control and to provide a comparison
with commercial drugs. Our results show that EEOS inhibited the cell attachment of A549
cells in a dose-dependent manner. EEOS showed significant inhibition at the optimum
concentration of 200 μg/mL, but the inhibition was not significant with 50 μg/mL of EEOS
(Figure 1).

Figure 1. The ethanolic extract of Ocimum sanctum Linn. (EEOS) inhibited the adhesion of A549 cells
(non-small cell lung carcinoma). The cells were cultivated in the presence of an inhibitor (AP3) as
the positive control, cisplatin as the commercial drug comparison, and EEOS at concentrations of 50,
70, 100, and 200 μg/mL. After 24 h, EEOS’s inhibitory effect was visualized using MTT reagent at a
wavelength of 450 nm (NT: non-treated; * significant p = 0.0332; ** significant p = 0.026; **** significant
p < 0.0001; ns = not significant).

3.2. EEOS Inhibited the Cell Migration of A549 (Non-Small Cell Lung Carcinoma) after 24 h
of Treatment

The scratch wound healing assay is one of the most commonly used assays for assess-
ing therapeutic impacts on cell migration. In this study, we found that EEOS significantly
suppressed the cell migration of NSCLC (A549 cell line). We examined cell migration in
response to the mechanical scratch wound. The cells were cultured in a well plate, and
after confluence, the cells were treated with EEOS. After 24 h, the cell culture was observed
under inverted microscopy. Images of scratch areas after 24 h (Figure 2) indicate that
the untreated wounds were half closed within 24 h. To quantify the effects of putative
migration inhibitors, the percentage of the open wound area after 24 h was determined
(Figure 2). Our data clearly show that treatment with EEOS caused a significant inhibition
of cell migration in a concentration-dependent manner.
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Figure 2. (A) Photomicroscopic images of A549 cells during the scratch wound healing assay. The
cells were cultivated under normal conditions as non-treated cells (a), in the presence of an inhibitor
(AP3) as the positive control (b), with cisplatin as the commercial drug comparison (c), and with
EEOS at concentrations of 50 (d), 70 (e), 100 (f), and 200 g/mL (e). The wound healing was observed
at the 0th hour and after 24 h. (B) Ethanolic extract of Ocimum sanctum Linn. reduced the migration
ability of non-small cell lung carcinoma (A549), as shown by the scratch wound assay. The cells were
cultivated in the presence of an inhibitor (AP3) as the positive control, cisplatin as the commercial
drug comparison, and EEOS at concentrations of 50, 70, 100, and 200 g/mL. (a). The wound healing
was observed at 0 h and after 24 h. (b). The wound healing after 24 h. Statistical analysis was
performed via one-way ANOVA, followed by post hoc Tukey test (NT: non-treated; ** significant
p < 0.0060; *** significant p < 0.0009; **** significant p < 0.0001; ns = not significant).

3.3. EEOS Inhibited Cell Migration of the A549 Cell Line (Non-Small Cell Line Carcinoma) by
Suppressing the Concentrations of Integrin αvβ3, Integrin α5β1, and Vascular Endothelial Growth
Factor (VEGF)

To strengthen the evidence regarding the effect of EEOS on cell migration, we per-
formed ELISA on A549 cell lysates. The representative parameters observed were integrin
αvβ3, integrin α5β1, and VEGF. The untreated A549 cells produced the highest concen-
tration of integrin αvβ3, integrin α5β1, and VEGF. Additional treatment of A549 with
EEOS diminished the integrin αvβ3, integrin α5β1, and VEGF concentrations in a dose-
dependent manner. The integrin αvβ3 (Figure 3A), integrin α5β1 (Figure 3B), and VEGF
(Figure 3C) concentrations were significantly suppressed under the optimum concentration
of EEOS (200 μg/mL) and under cisplatin.
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Figure 3. (A) The ethanolic extract of Ocimum sanctum Linn. decreased expression of non-small cell
lung cancer (A549) integrin αvβ3, as shown by sandwich ELISA. The cells were cultivated in the
presence of an inhibitor (AP3) as the positive control, cisplatin as the commercial drug comparison,
and EEOS at concentrations of 50, 70, 100, and 200 g/mL for 24 h. A549 cells were then lysed
and analyzed via ELISA for the concentration of αvβ3 integrin (ug/mL). Statistical analysis was
performed via one-way ANOVA, followed by post hoc Tukey test (NT: non-treated; **, ***, and ****
indicate statistically significant values for the non-treated group as a negative control compared
with treatment, with p-values of 0.0085, 0.0004, and <0.0001, respectively; ns = not significant).
(B) Ethanolic extract of Ocimum sanctum Linn. decreased expression of integrin α5β1 in non-small
cell lung cancer (A549), as shown by competitive ELISA. The cells were cultivated in the presence of
an inhibitor (AP3) as the positive control, cisplatin as the commercial drug comparison, and EEOS
at concentrations of 50, 70, 100, and 200 g/mL for 24 h. A549 cells were then lysed and analyzed
via ELISA for the concentration of α5β1 integrin (ug/mL). Statistical analysis was performed via
one-way ANOVA, followed by post hoc Tukey test (NT: non-treated; *, **, and **** indicate statistically
significant values for the non-treated group as a negative control compared with treatment, with
p-values of 0.0348, 0.0027, and <0.0001, respectively; ns = not significant). (C) Ethanolic extract of
Ocimum sanctum Linn. decreased expression of the non-small cell lung cancer (A549) integrin VEGF,
as shown by sandwich ELISA. The cells were cultivated in the presence of an inhibitor (AP3) as the
positive control, cisplatin as the commercial drug comparison, and EEOS at concentrations of 50, 70,
100, and 200 g/mL for 24 h. A549 cells were then lysed and analyzed via ELISA for the concentration
of VEGF ((ug/mL). Statistical analysis was performed via one-way ANOVA, followed by post hoc
Tukey test (NT: non-treated; **, *** and **** indicate statistical significance of the non-treated group as
a negative control compared with treatment, with p-values of 0.0012, 0.0002, and <0.0001, respectively;
ns = not significant).
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4. Discussion

Cancer has properties such as evading cell death, sustaining proliferation, inducing
vasculature, and activating invasion and metastasis [12]. In the process of malignancy,
tumor cells will migrate to other organs through blood vessels and lymph vessels and grow
in the appropriate organs; this process is called metastasis. Cell–cell and cell–extracellular
matrix (ECM) adhesions play a fundamental role in governing the structural integrity of
healthy tissue and in regulating cellular morphology, migration, proliferation, survival, and
differentiation events [13]. In the classic view of malignant transformation in the epithelium,
cells lose their dependence on integrin-mediated interactions with the extracellular matrix
and the resulting signaling [14]. In the process of metastasis, tumor cells will migrate to
find the best place to maintain their function. Cell migration, invasion, and adhesion are
pivotal steps in this process [15,16].

In this study, we observed the ability of EEOS to prevent the adhesion of the A549
cell line. The CCK-8 test chart showed a decrease in the adhesion ability of A549 cells
treated with EEOS (Figure 1). The results of this study add to the information from previous
studies that EEOS can reduce the adhesion ability of A549 cells, as shown via adhesion
assay [8]. We also performed scratch wound healing assay to investigate the migration
ability of the A549 cell line. Our data show that EEOS also has the ability to inhibit A549 cell
migration (Figure 2A,B). The ability of tumor cells to adhere and migrate is closely related
to the process of tumor progression and metastasis, which is responsible for 90% of cancer-
related deaths [17]. The phytochemical compounds in EEOS were previously dialyzed
using thin-layer chromatography (TLS) and UV–vis spectrophotometry. The results of the
analysis showed that EEOS contains several active compounds, such as flavonoids, phenols,
saponins, alkaloids, tannins, terpenoids, and steroids [18]. Flavonoids and phenols have
important roles as anti-cancer and cytotoxic agents, inducing apoptosis in cancer cells [19].
In silico molecular docking was also performed to predict the chemical binding between
active compounds and protein. In silico molecular docking analysis of the flavonoid
compounds (quercetin) and flavonoids (eugenol) showed that these active compounds can
bind to the active site of integrins and VEGF, thereby inhibiting the activity of integrins
and VEGF for adhesion, cell spread, and blood vessel formation [20]. The inhibition of
active compounds with integrin complexes will have an impact on the inhibition of the
extracellular matrix (ECM) adhesion process and result in a decrease in tumor cell invasion.
In vitro results on the cell line A549 also showed consistent results that the content of active
compounds in EEOS can reduce the viability of the A549 cell line.

To elucidate this mechanism, we also examined the expression of integrin αvβ3,
integrin α5β1, and VEGF as biochemical cues for blood vessel formation, adhesion, and
migration of cancer cells. We found that EEOS reduced the concentrations of integrin αvβ3,
integrin α5β1, and VEGF in the A549 cell line (Figure 3A–C). Integrins are transmembrane
adhesion receptors for the extracellular matrix (ECM) and have essential roles, including
sensing and adhering to the extracellular environment to maintain global tissue architecture
and multicellularity [21]. Integrins are the major class of receptors in adhesive events,
acting by bi-directionally (inside-out and outside-in) transducing biochemical signals and
mechanical force across the plasma membrane [22]. Integrins play a key role in single-cell
migration and act via conformational changes in the extracellular matrix (outside-in) or
intracellular protein that are triggered by altering the affinity of integrins (inside-out).
These changes recruit cytoskeletal linker proteins to remodel nascent or focal adhesions and
generate tension; these adherent structures generate forces of cellular movement. There
are several pathways by which integrin can mediate cell spreading and migration and one
of them involves focal adhesion kinase and the capacity of tyrosine-protein kinase Src to
up-regulate integrin expression [23].
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The integrins αvβ3 and α5β1 have roles as adhesion molecules in cell-to-cell inter-
actions and motility-supporting roles that promote cell migration during nervous system
development, and they also promote metastatic spread [24]. Integrin αvβ3 is mostly ex-
pressed on angiogenic endothelial cells in remodeling and pathological tissues. Expression
of the αvβ3 integrin by endothelial cells promotes cell adhesion to the ECM, cell migration,
and angiogenesis, along with angiogenic growth factors, including VEGF/VEGFR [25].
The α5β1 integrin is also overexpressed in, and closely related with, metastatic events. In
normal endothelial cells, α5β1 will be expressed at very low levels, but this expression
will be significantly increased in endothelial cells during cancer cell angiogenesis [26].
Integrin expression and activation directly influence human malignancies. Due to their
broad impact in malignant transformations, they are considered potential targets for cancer
therapy [27]. Integrins are considered as pharmacological targets for drugs by inhibiting
several key processes in cancer development, such as cell proliferation, survival, and mi-
gration. Targeting integrins to enhance the delivery of anti-tumor agents or to delineate
cancerous lesions is a new and promising approach. Integrin-inhibiting anticancer drugs
have been conceived for their ability to impair ligand binding [28].

In addition to integrin expression, VEGF expression has been confirmed to be a critical
pathological factor in the occurrence of NSCLC by increasing vascular permeability and
increasing angiogenesis [29]. This study confirmed that EEOS has the ability to inhibit
A549 cell angiogenesis by inhibiting tube formation, as shown through the angiogenesis
assay [9] and reducing VEGF concentrations. During angiogenesis, VEGF has an associated
mechanism with integrins, as integrins are overexpressed on the endothelial cell surface to
facilitate the growth and survival of new vessels [25]. The supply of oxygen and nutrients
to cells through blood vessels is the most important aspect in the survival of cells, including
cancer cells. Vascular endothelial growth factor (VEGF) is a homodimeric glycoprotein
from the endothelial growth factor family and is an important factor in the formation
and regulation of angiogenesis processes [30]; in addition, VEGF has biological roles in
the regulation of vascular permeability, metabolism, immune system, inflammation, and
neurological function [31]. Tumors can generate their own vascular system. VEGF acts as
an angiogenic factor by promoting their proliferation, migration, adhesion, and survival.
VEGF may, thus, play a role in vascular invasion [32]. Furthermore, VEGF also play role in
targeting other cells in the tumor microenvironment, as well as initiating the function of
growth factors and integrin, mainly svb3 and a5b1 [33–35]. In recent years, the inhibition
expression of VEGF has been utilized in tumor-targeted therapy [34].

Taken together, our findings underline the ability of the ethanolic extract of Oci-
mum sanctum Linn. to prevent the migration and metastasis of human lung adenocarcinoma
cells (A549); however, more research and discussion are required, since our research was
limited only to the role of integrin αvβ3, integrin α5β1, and VEGF. Moreover, the data
derived from the in vitro analysis demonstrate the direct impact on the cells (Figure 4).
Furthermore, in vivo experiments are needed as basic data to complete the preclinical phase
of this analysis.
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Figure 4. Schematic overview of the mechanism of Ocimum sanctum Linn. ethanolic extract, inhibiting
the adhesion, proliferation, and migration of A549 human lung adenocarcinoma, mediated by the
downregulation of αvβ3, α5β1, and VEGF. Overall, inhibition by EEOS will mitigate angiogenesis
and metastasis of human lung adenocarcinoma cells.

5. Conclusions

Our findings demonstrate that EEOS disturbed the proliferation, angiogenesis, and
migration of A549 cells, which may result from the disruption of cell adhesion and migra-
tion, as shown by the CCK-8 assay and scratch wound healing assay, as a consequence of
the downregulation of αvβ3 integrins, α5β1 integrins, and VEGF. As a result, EEOS may
represent a good therapeutic candidate for the treatment of lung adenocarcinoma. Further
studies using in vivo methods are required to fully validate our findings in human lung
adenocarcinoma growth.
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Mücahit Varlı 1, Jae-Seoun Hur 3, Sang-Jip Nam 2,* and Hangun Kim 1,*

1 College of Pharmacy and Research Institute of Life and Pharmaceutical Sciences, Sunchon National
University, 255 Jungang-ro, Sunchon, Jeonnam 57922, Republic of Korea

2 Department of Chemistry and Nanoscience, Ewha Womans University, Seoul 03760, Republic of Korea
3 Korean Lichen Research Institute, Sunchon National University, 255 Jungang-ro, Sunchon,

Jeonnam 57922, Republic of Korea
* Correspondence: sjnam@ewha.ac.kr (S.-J.N.); hangunkim@sunchon.ac.kr (H.K.)

Simple Summary: Libertellenone T (B) is a natural product derived from the secondary metabolites
of the endolichenic fungus, Pseudoplectania sp. In this study, we investigated the underlying molecular
mechanisms that induce the apoptotic cell death of the colorectal cancer cell line, Caco2, in response to
B. Our findings demonstrate that B induces Caco2 cell apoptosis via G2/M phase arrest and activation
of ROS/JNK signaling. Moreover, B exhibited excellent synergistic effects when combined with the
known and novel anticancer agents 5-FU and compound D, respectively. In light of this investigation,
we propose that B is a promising potential chemotherapeutic agent against colorectal cancer.

Abstract: Colorectal cancer (CRC) is the third most deadly type of cancer in the world and continuous
investigations are required to discover novel therapeutics for CRC. Induction of apoptosis is one of the
promising strategies to inhibit cancers. Here, we have identified a novel compound, Libertellenone T
(B), isolated from crude extracts of the endolichenic fungus from Pseudoplectania sp. (EL000327) and
investigated the mechanism of action. CRC cells treated by B were subjected to apoptosis detection
assays, immunofluorescence imaging, and molecular analyses such as immunoblotting and QRT-PCR.
Our findings revealed that B induced CRC cell death via multiple mechanisms including G2/M
phase arrest caused by microtubule stabilization and caspase-dependent apoptosis. Further studies
revealed that B induced the generation of reactive oxygen species (ROS) attributed to activating the
JNK signaling pathway by which apoptosis and autophagy was induced in Caco2 cells. Moreover, B

exhibited good synergistic effects when combined with the well-known anticancer drug, 5-FU, and
another cytotoxic novel compound D, which was isolated from the same crude extract of EL000327.
Overall, Libertellenone T induces G2/M phase arrest, apoptosis, and autophagy via activating the
ROS/JNK pathway in CRC. Thus, B may be a potential anticancer therapeutic against CRC that is
suitable for clinical applications.

Keywords: CRC; Libertellenone T; G2/M phase arrest; apoptosis; autophagy; ROS/JNK signaling

1. Introduction

An abnormal cell growth that occurs in the colon or rectum is simply recognized
as colorectal cancer (CRC). A noncancerous cell growth, known as a polyp, can develop
in the mucosal layer of the colon or rectum, and may develop into CRC. Less than 10%
of polyps have a high potential to progress into invasive cancer over 10–20 years. CRC
occurs predominantly in adults aged 50 and older [1]. In 2020, CRC was recognized as
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the third most common cancer type worldwide and the second most common cause of
cancer death. Geographically, the occurrence of CRC is highest in Asian regions. The
International Agency for Research on Cancer (IARC) estimated that the global burden
of CRC will increase by 56%, and CRC related mortality will increase by 69% between
2020 and 2040 [2]. Therefore, a strong research focus on the discovery of novel anticancer
therapeutics is urgently required.

Many scientists have focused their attention on the development of innovative drugs
derived from natural sources such as plants, lichens, and micro-organisms over a few
decades. A lichen is a symbiotic living form associated with a fungus (mycobiont) and a
cyanobacterium or green alga (the photobiont), or both [2]. Some endolichenic fungi (ELF)
reside inside the lichen thalli and produce bioactive secondary metabolites with medic-
inal and economic potential. These secondary metabolites show cytotoxic, antioxidant,
antifungal, and antibacterial bioactivities, which are crucial in drug development in the
pharmaceutical industry [3,4]. Therefore, the ability of ELF to produce unique secondary
metabolites with anti-cancer properties provides a novel opportunity to identify effective
cancer therapeutics [5–7]. Libertellenone T (B) is a novel cytotoxic compound isolated from
secondary metabolites extracted from the endolichenic fungus, EL000327, from Pseudo-
plectania sp. found in the lichen Graphis, collected from Hallasan in Jeju Island, South Korea
in 2009.

Many chemotherapeutics exert cytotoxicity and trigger cancer cell death via inducing
apoptosis in cells. Apoptosis, or programmed cell death, is a cell suicide process that
activates when their continuous survival is blocked [8]. Morphological and biochemical
changes such as chromatin condensation, nuclear fragmentation, cell shrinkage, membrane
blebbing, DNA, protein breakdown, and caspase activation can be observed in apoptotic
cells. Cancer cells evade natural cell death as a result of genetic mutations acquired during
transformation from normal cells to malignant cells. Disruption of the balance between
pro-apoptotic and anti-apoptotic proteins, reduction in caspase function, and impairment
of death receptor signaling all cause apoptosis resistance in cancer cells [9]. Therefore,
restoration of these functions by therapeutics can successfully prevent cancer progression.
Furthermore, alterations that occur in cell cycle regulators at check points cause abnormal
cell proliferation in cancers [10]. Thus, the induction of G2/M phase arrest is another target
of many anti-cancer agents. Controlling cell progression through the cell cycle by regulating
related proteins or disrupting tubulin organization eventually leads cells to G2/M phase
arrest and subsequent cell death [11,12].

Autophagy (macroautophagy) mainly involves the formation of an autophagosome
by engulfing damaged organelles, fusion with lysosome, and degradation of cellular debris
by lysosomal hydrolase [13,14]. Autophagy plays a paradoxical role in cancer progression.
In the early stage of many cancers, autophagy acts as a tumor suppressor by protecting
cell homeostasis. Conversely, autophagy promotes tumor growth in more advanced stages
of cancer by increasing stress tolerance [15]. Many anticancer therapeutics are known to
activate autophagy concurrently with apoptosis. This activation of autophagy can either
promote or suppress cancer cell survival. Therefore, the role of autophagy is crucial in
anticancer drug development [16]. Furthermore, the relationship between autophagy and
apoptosis is unclear and yet to be investigated.

Reactive oxygen species (ROS) are highly reactive and short-lived small molecules in
the form of free radicals [17]. ROS support many physiological functions in cells under
optimum conditions. However, the over production of ROS can have a deleterious effect
on cells and trigger oxidative stress. The generation of ROS can be triggered by both
endogenous and exogenous sources such as mitochondrial transport chain leakage, high
metabolic rate, environmental pollutants, radiation, and drugs [18]. ROS are responsible
for activating many cellular signaling pathways that lead to cell survival or cell death
including autophagy, apoptosis, and necrosis. c-Jun N-terminal kinase (JNK) signaling is
activated in response to ER stress or activation of the mitochondrial pathway of apoptosis
by ROS [19].
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In this study, we investigated the possible mechanisms underlying the impact of B on
CRC cells. We selected four CRC cell lines, HCT116, DLD1, HT29, and Caco2, harboring
different genetic mutations and status of microsatellite instability, to evaluate the effect
of B on them. HCT116 is a microsatellite instable (MSI) cell line with KRAS and PIK3CA
mutations. DLD1 is the MSI cell line, harboring KRAS, PIK3CA, and TP53 mutations. HT29
is microsatellite stable (MSS), and BRAF and PIK3CA are muted cell lines, while Caco2
is MSS and the wild type of KRAS PIK3CA, TP53 [20]. Furthermore, we demonstrated
that B induced mitotic arrest, apoptosis, and autophagy via activating the ROS/JNK
signaling pathway. In addition, we found that B-induced autophagy promotes cell survival.
Furthermore, B exhibited synergy not only with the known anticancer drug 5-Fluorouracil
(5-FU), but also with a novel compound D. Collectively, our data suggest that B is a potential
candidate as an anticancer therapeutic with clinical application.

2. Materials and Methods

2.1. Fungal Strain

Lichen specimens of Graphis were collected from Hallasan in Jeju Island, South Korea
in 2009. Voucher specimen was deposited in the Korean Lichen Research Institute, Sunchon
National University, Korea. The endolichenic fungus EL000327 was isolated with the
surface sterilization method [21].

2.2. ITS Sequencing

EL000327 was cultured for 2–3 weeks on potato dextrose agar (PDA) medium at 25 ◦C.
The total DNA was extracted following the manufacturer’s instructions from EL000327
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Universal primers ITS1F (5’-
CTTGGTCATTTAGAGGAAGTAA-3’) [22] and LR5 (5’-ATCCTGAGGGAAACTTC-3’) [23]
were amplified with the internal transcribed spacer (ITS) region of the rDNA gene of
EL000327 and ITS sequencing was performed as described [5] (Table S1).

2.3. Preparation of Secondary Metabolite Extract of EL000327

EL000327 was cultured on potato dextrose agar (PDA) medium at 25 ◦C for approxi-
mately 2–3 weeks until visible colonies were evident. ELF mycelia grown on agar were cut
and inoculated into 200 mL potato dextrose broth (PDB) in 500 mL Erlenmeyer flasks (3 L)
and incubated at 25 ◦C in a shaking incubator at 150 rpm for approximately 3–4 weeks.
Then, 200 mL ethyl acetate (EA) was added to each flask, and the flask was shaken for
approximately 2 h. Each culture was then filtered to separate the filtrate and mycelia. The
filtrate was separated into water- and EA-soluble layers by allowing the filtrate to stand
in a separating funnel. A total of 5.8 g of crude extracts of EL000327 was obtained by
evaporating EA to dryness under a vacuum using a rotary evaporator. The crude extract
was dissolved in 100% DMSO for use in experiments.

2.4. Isolation, Purification, and Identification of Chemical Structure of Compound B

The crude extract (5.8 g) was subjected to open column chromatography purification
on a RP C18 flash column by the step gradient elution of methanol/H2O from 20% to 100%
of methanol, subsequently, to afford eight fractions (labeled 327-F1 ~ 327-F8). Fraction
327-F2 (360 mg) (H2O:MeOH = 60:40) was purified by reversed-phase HPLC (Phenomenex
Luna C-18 (2), 250 × 100 mm, 2.0 mL/min, 5 μm, 100 Å, UV = 254 nm) (Figure S8) using an
isocratic solvent system with 47% acetonitrile in water to yield 7β-9α-dihydroxy-1,8(14),15-
pimaratrien-3,11-dione (B, 95 mg, purity: 96.7%) as pink oil. 1H NMR (400 MHz, CD3OD) δ:
7.25 (d, J = 10.4 Hz, 1H), 6.02 (d, J = 2.2 Hz, 1H), 5.93 (d, J = 10.4 Hz, 1H), 5.74 (dd, J = 17.2,
10.4 Hz, 1H), 4.99 (dd, J = 17.3, 0.9 Hz, 1H), 4.95 (dd, J = 10.4, 0.9 Hz, 1H), 4.40 (m, 1H), 1.29
(s, 3H), 1.20 (s, 3H), 1.18 (s, 3H); 13C NMR (100 MHz, CD3OD) δ: 212.1, 206.3, 159.5, 145.4,
141.5, 130.9, 128.8, 69.6, 54.0, 45.7, 45.3, 43.2, 42.9, 33.2, 28.5, 28.1, 22.8, 20.8. HR-FAB-MS
m/z [M+H]+ 331.1904 (calcd. for C20H27O4, 331.1909) (Figures S6 and S7).
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2.5. Cell Culture

Human CRC cell lines HT29, HCT116, DLD1, Caco2, colon stemness cancer cell line;
CSC221, human gastric cancer cell lines; AGS, TMK1, human prostate cancer cell line; RV1,
human lung cancer cell line; A549, mouse colon cancer cell line; CT26 and canine kidney
epithelial cell line; and MDCK were purchased from the Korean Cell Line Bank (Seoul,
Korea). Cells were cultured in DMEM or RPMI culture medium (GenDEPOT, Katy, TX,
USA) supplemented with 10% fetal bovine serum (FBS) (GenDEPOT, Katy, TX, USA) and
1% penicillin–streptomycin solution, and incubated in a humidified atmosphere at 37 ◦C in
5% CO2.

2.6. Cell Viability Assay

The viability of the cells was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma-Aldrich, St. Louis, MO,
USA). The 2 × 104–4 × 104 cells/mL were seeded in 96-well plates. After the attachment,
cells were treated with different concentrations of B, EL000327, D, and 5-FU for 48 h in
the presence or absence of various inhibitors (Z-VAD-FMK (10 μM) (R&D System, Inc,
McKinley Place N.E, MN, USA), 3-MA (1mM), CQ (10 μM), NAC (5 mM) (Sigma-Aldrich,
St. Louis, MO, USA), and SP600125 (10 μM) (Cell Signaling Technology, MA, USA). Cells
treated with 0.01% of DMSO were used as the control. Next, 15 μL of the MTT reagent was
added to each well and incubated for 4 h at 37 ◦C. The medium was aspirated completely
and 150 μL of DMSO (Sigma-Aldrich, St. Louis, MO, USA) was added to the cells before
the absorbance was measured at 540 nm by a microplate reader (Bio Tek Instruments,
Winooskim, VT, USA) using Gen 5 (2.03.1) software. SPSS statistical software 23 was
used for the IC50 calculation. Synergic effects of B with D or 5-FU were assessed by
compuSyn software.

2.7. Cell Cycle Analysis by Flow Cytometry

Caco2, HCT116, DLD1, and HT29 cells were seeded in 6-well plates at the density
of 1.5–2 × 105 cells/well, incubated overnight, and treated with 0.01% of DMSO, various
concentrations of B, and 60 μg/mL of EL000327 for 24 h, 48 h, or 72 h. Cells were harvested
and washed with FACS washing buffer, incubated with trypsin solution, followed by RNase
A for 10 min at room temperature. Cells were centrifuged and pellets were collected and
stained with 100 mL of 4 mg/mL PI (Sigma-Aldrich, St. Louis, MO, USA) for 2 h in the dark
at 4 ◦C. Cell cycle analysis was performed on a CytoFLEX instrument (Beckman Coulter
Life Sciences, Indianapolis, IN, USA).

2.8. Western Blotting

Caco2 cells were cultured in 6-well plates at the density of 2 × 105 cells/well overnight
and treated with 0.01% of DMSO, different concentrations of B, and 60 μg/mL of EL000327
for 24 h or 48 h in the presence or absence of various inhibitors (Z-VAD-FMK (10 μM),
3-MA (1 mM), CQ (10 μM), NAC (5 mM), and SP600125 (10 μM). Cells were harvested and
lysed, and the protein concentrations were determined by the BCA protein assay following
the manufacturer’s instructions. Then, 25 or 50 μg of the total extract was separated by
SDS-PAGE (12%) and transferred to a blotting membrane at 1.2 A for 6 h. Membranes
were blocked with 5% of skim milk for 1 h followed by incubation with various primary
antibodies (Cyclin B1, D1, p-Cdc2, BAX, Bcl-XL, PARP, caspase-3, Beclin 1, P-62, LC3B I/II,
p-JNK, JNK, p-Akt, Akt, NF-κB, Actin purchased from Cell Signaling Technology, MA,
USA) for 2 h at room temperature (RT). Blots were washed and incubated with horseradish
peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA)
for 30 to 60 min at RT. Specific antibody binding was detected under chemiluminescence
imaging (iBright FL1000 Imaging System, Thermo Fisher Sciences, biomolecular imager,
Amersham ImageQuantTM 800 Western Blot Imaging System) and measured by Multi
Gauge 3.0. software. Relative density was calculated against the density of the actin bands.
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2.9. Tubulin Polymerization Assay

The effect of B on tubulin organization was detected using the Tubulin Polymerization
Assay Kit (Cytoskeleton, Inc., Denver, CO, USA) according to the manufacturer’s instruc-
tions. In brief, tubulin proteins (>99% pure) were suspended at a final concentration of
3.0 mg/mL in ice-cold TP, and the tubulin solution was incubated at 37 ◦C with a general
tubulin buffer with or without B (3.3, 20, 60 μg/mL). Paclitaxel and vinblastine (10 μM)
were used as positive controls for the stabilization or destabilization of the microtubules,
respectively. Tubulin polymerization was measured by continuously monitoring the change
in turbidity at 340 nm by a microplate reader using Gen 5 (2.03.1) software.

2.10. Quantitative Real-Time PCR

Total RNA of 0.01% of DMSO, B (20, 60 μg/mL), and EL000327 (60 μg/mL) treated
Caco2 cells were extracted using RNAiso Plus (TaKaRa, Kusatsu, Shiga, Japan) accord-
ing to the manufacturer’s instructions. cDNA was reverse transcribed from 3 μg of to-
tal RNA of each treated group using the M-MLV Reverse Transcriptase Kit (Invitrogen,
Carlsbad, CA, USA). mRNA levels of stathmin and MAP4 was measured using stath-
min (forward) 5-GGTGGCGGCAGGACTTTCCTTATCCCAGTTGATT-3 and (reverse) 5-
TTCTCGTGCTCTCGTTTCTCAGCCAGCTGCTTC-3; MAP4 (forward) 5-CCCTTTCTGAG
GTAGCGTGCCTTGTGGAGGT -3 and (reverse) 5-CTGGCTCCCTCATGTTCTTGGCACAG
CAGA-3 primers and SYBR green (Enzynomics). qRT-PCR reaction and analysis were
performed using CFX (Bio-Rad, Hercules, CA, USA).

2.11. Immunofluorescence (IF) Imaging

Caco2 cells were cultured on cover slips at the density of 1 × 105 in a 12-well plate.
After the adherence, cells were treated with 0.01% of DMSO, different concentrations of B,
paclitaxel (100 nM), vinblastine (50 nM), and deoxyphodophyllotoxin (DPT) (25 nM) for
24 h. Cells were washed with phosphate-buffered saline (PBS) three times, followed by
fixation with 4% paraformaldehyde in PBS for 10 min, permeabilization with 0.1% Triton™
X-100 for 10 min at RT, and blocking with 1% BSA in PBS for 1 h at RT. The cells were labeled
with alpha tubulin (B-5-1-2) Alexa Fluor 488 Mouse Monoclonal Antibody, at 2 μg/mL in
0.1% BSA, and incubated for 3 h at RT. Cells were washed three times with PBS for 5 min
after every step. Then, the cells were blocked again with blocking solution containing 1%
BSA for 30–45 min at RT. Cells were stained again with fluorescent phalloidin staining
solution and incubated for 30–60 min at RT. After washing with PBS, cover slips were
mounted on glass slides with prolong gold with DAPI and left overnight at RT. Images
were taken using a K1-Fluo Confocal Laser Scanning Microscope (Nanoscope Systems,
Daejeon, Republic of Korea).

2.12. Hoechst Staining

Caco2, HCT116, DLD1, and HT29 cells were seeded in a 12-well plate containing
cover slips at a density of 1 × 105 cells/well. After overnight incubation, cells were treated
with 0.01% of DMSO, B (20, 60 μg/mL), and EL000327 (60 μg/mL) for 12 or 24 h. Cells
were washed with PBS, followed by fixation with 4% paraformaldehyde for 15 min. After
washing again with PBS, cells were permeabilized in 0.1% Triton X-100 (Sigma-Aldrich)
for 30 min, and stained with Hoechst 33258 (Sigma-Aldrich) for 1 h in the dark at room
temperature. Cells were assessed by Nikon Eclipse 400 fluorescence microscope (Nikon
Instech Co. Ltd., Kawasaki, Japan) to identify the morphological changers in the nuclei.

2.13. IncuCyte™ Caspase-3/7 and Annexin v Apoptosis Assay

Caco2 cells were seeded in a 96-well plate at a density of 2.5 × 103 cells/well. Cells
were grown overnight to 25–30% confluence at the start of the assay. Media were sup-
plemented with 5 μM of Caspase-3/7 (green) reagent (4440, Essen Bioscience, Morgan
Rd, Ann Arbor, MI, USA) or Annexin V (red) reagent (4641, Essen Bioscience, Morgan
Rd, Ann Arbor, MI, USA) diluted to 1:200 and added to the cells treated with 0.01% of
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DMSO, different concentrations of B, and EL000327 for 48 h in the presence or absence
of Z-VAD-FMK (10 μM). The apoptosis of cells was determined by fluorescence scanning
performed every 2 h for 48 h by the IncuCyte Zoom® instrument with a 10× objective and
analyzed with the Standard Scan Type.

2.14. Apoptosis Analysis by Flow Cytometry

Caco2, HCT116, DLD1, and HT29 cells were cultured in a 6-well plate at the density
of 2 × 105 cells/well until adherence. Cells were treated with 0.01% of DMSO, different
concentrations of B, and EL000327 for 48 h in the presence or absence of Z-VAD-FMK
(10 μM). Cells were harvested and washed with PBS, resuspended in 100 μL of 1x binding
buffer followed by staining with 5 μL of 50 μg/mL propidium iodide (PI; BD Biosciences,
San Jose, CA, USA) and 3 μL of Annexin V–FITC (BD, Biosciences, San Jose, CA, USA), for
30 min in the dark. Death cells were detected by flow cytometry on a CytoFLEX instrument
(Beckman Coulter Life Sciences, Indianapolis, IN, USA).

2.15. Measurement of ROS Generation

Caco2 cells were seeded in a 6-well plate at the density of 2 × 105 cells/well overnight
and treated with 0.01% of DMSO, different concentrations of B, and EL000327 for 12 h in
the presence or absence of NAC (5 mM). Cells were incubated with DCFH-DA (10 μM)
in DMEM medium without FBS for 30 min at 37 ◦C and washed three times with DMEM.
ROS generation was determined by fluorescence microscopy (K1-Fluo Confocal Laser
Scanning Microscope, Nanoscope Systems, Daejeon, Republic of Korea) and flow cytometry
(CytoFLEX; Beckman Coulter Life Sciences, Indianapolis, IN, USA) using peroxide-sensitive
fluorescence probe DCFH-DA.

2.16. Statistical Analysis

All experiments were performed at least three times. Data are expressed as means ±
standard deviation (SD). All statistical analyses were performed using Sigma Plot version
12.5. The Student’s t-test was used to compare the statistical significance between two
groups. Unless indicated otherwise, a p-value < 0.05 was considered significant.

3. Results

3.1. The Novel Compound, B, Isolated from Crude Extract, EL000327, Exerts Cytotoxicity on the
CRC Cells

The endolichenic fungus EL000327 (Figure 1a) was isolated from lichen specimen
Graphis, collected from Hallasan in Jeju Island, South Korea in 2009 using the surface
sterilization method. EL000327 was identified as a Pseudoplectania sp. according to a
BLAST search of the GeneBank Database (Table S1). The cytotoxicity of the crude extract
of EL000327 was tested against several human cancer cell lines: HT29, HCT116, Caco2,
DLD1, CSC221, AGS, TMK1, RV1, A549, a mouse colon cancer cell line CT26, and non-
cancerous cell lines HaCaT and MDCK. Among the cancer cell lines, EL000327 showed
the highest cytotoxicity toward the human CRC cell line, Caco2 (IC50 = 52.2 μg/mL)
and the mouse colon cancer cell line, CT26 (IC50 = 33.12 μg/mL). Cytotoxicity on the
spontaneously transformed human keratinocyte cell (HaCaT) was similar to that of the
Caco2 cells (IC50 = 48.7 μg/mL) (Figure 1b). The extract of EL000327 was subjected to a
purification process to isolate and identify active compounds from the crude extract. First,
the extract of EL000327 was separated into seven fractions, and Fr.2 (IC50 = 24.35 μg/mL)
was identified as the fraction with the strongest cytotoxicity against Caco2 cells. In a further
purification of Fr.2, six purified compounds (A’, A, B, B’, C, D) were isolated, as indicated
in Figure 1c.

Compound B was isolated as a pink oil, and its molecular formula was deduced as
C20H26O4, based on the HR-FAB-MS data. The chemical structure of B was determined to
be a novel compound 7β-9α-dihydroxy-1,8(14),15-pimaratrien-3,11-dione (Libertellenone
T), based on intensive interpretation of MS, UV, and NMR spectroscopic data (Figure 1d).
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Furthermore, the stereo-configurations of compound B were determined by comparing the
NMR spectroscopic data and the values of optical rotation with the literature [24].

Figure 1. Compound B isolated from the crude extract of EL000327 exhibited cytotoxicity toward the
human CRC cell line, Caco2. (a) Image of the endolichenic fungus, EL000327, belonging to Pseudo-
plectania sp. isolated from the lichen Graphis. (b) IC50 values of EL000327 in HT29, HCT116, Caco2,
DLD1, CSC221, TMK1, RV1, A549, HaCaT, CT26, and MDCK cells. (c) Schematic representation
of the process for the purification of compound B from the crude extract, EL000327. (d) Chemical
structure of the novel compound, B. (e) IC50 values of human CRC cells Caco2, HCT116, DLD1, and
HT29 after treatment with B for 48 h. (f) Comparison of IC50 values of the CRC cells Caco2 and
non-cancer cell lines HaCaT and MDCK treated with single compound B, fraction 2, or crude extract,
EL000327 for 48 h. Results are representative of three independent experiments. Data represent the
mean ± S.D. * p < 0.05, ** p < 0.01, *** p < 0.001, NS: no significant difference (p > 0.05) compared with
the Caco2 cells.
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The cytotoxicity of purified compound B on Caco2, HCT116, DLD1, HT29, HaCaT,
and MDCK cell lines was evaluated. B was toxic to the Caco2 (IC50 = 17.5 μg/mL) cell line
at much lower doses than the HCT116 (IC50 = 28 μg/mL), DLD1 (IC50 = 36.6 μg/mL), and
HT29 (IC50 = 28 μg/mL) cell lines and the non-cancer cell lines, HaCaT (IC50 = 17.6 μg/mL)
and MDCK (IC50 = 171.8 μg/mL) (Figure 1e). Furthermore, for MDCK cells, the IC50 of
B was significantly higher than those of Fr.2 (IC50 = 81.35 μg/mL) or the crude extract
EL000327 (IC50 = 102.5 μg/mL) (Figure 1f). Thus, B was identified as a novel chemical
compound, which exerted the highest cytotoxicity toward Caco2 among the tested human
CRC cell lines, and was suitable for further investigation of its mechanism of action.

3.2. B Induces G2/M Phase Arrest in CRC Cells as a Result of Microtubule Stabilization

To determine whether B inhibits CRC cell growth by regulating the cell cycle, the
cell cycle distribution of Caco2, HCT116, DLD1, and HT29 cells was analyzed by flow
cytometry after treatment with B. Caco2 cells were treated with cytotoxic concentrations of
B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 24 h, 48 h, and 72 h. B markedly increased the
proportion of cells at the G2/M phase in a dose-dependent manner after 24 h of treatment.
At 48 h and 72 h after treatment, the proportion of cells at the G2/M phase decreased in a
time-dependent manner, accompanied by an increase in the sub G1 population, indicating
cell death after G2/M phase arrest. Treatment with EL000327 caused some accumulation of
cells in the G2/M phase, but to a lesser extent than the treatment with B (Figures 2a and
S1a). Analysis of the expression of known cell cycle regulatory proteins by Western blotting
demonstrated that the expression of Cyclin B1, Cyclin D1, and p-Cdc2 was upregulated
after treatment with B or EL000327 for 48 h (Figures 2b and S5a). To compare the effect of
B on cell cycles of other CRC cell lines, the HCT116, DLD1, and HT29 cells were treated
with 20 μg/mL of B for 24 h and the distribution of the cell cycle was analyzed. Cells
accumulated in the G2/M phase was increased in all cell lines compared to the control
(Figure S1b,c).

The dynamics of microtubules play a vital role in the progression of the cell cycle
through the G2/M phase because microtubules form mitotic spindles, which provide
structural support for chromosome segregation during mitosis. Therefore, tubulin polymer-
ization assays were performed to evaluate the effect of B on tubulin polymerization in vitro.
Treatment with the well-known microtubule stabilizer paclitaxel (10 μM) enhanced tubulin
polymerization, whereas the microtubule destabilizer, vinblastine (10 μM) impaired tubulin
polymerization. In untreated conditions, microtubules self-assembled to form tubulin
polymers in a time dependent manner. Treatment with B (3.3, 20, 60 μg/mL) had a similar
effect to paclitaxel and enhanced tubulin polymerization in a dose- and time-dependent
manner (Figure 2c). qRT-PCR analysis demonstrated that the tubulin destabilizing gene
Satathmin was significantly downregulated upon treatment with B or EL000327 (Figure 2d).
The changes in mitotic spindle organization in Caco2 cells seen after treatment with B were
visualized by immunofluorescence staining to confirm the results described above. Im-
munofluorescence microscopy demonstrated that B had a similar effect on the microtubules
to paclitaxel (100 nM) by inducing multipolar mitotic spindles as a result of enhanced
tubulin polymerization. Treatment with high concentrations of B (20, 60, 100 μg/mL)
increased the bundling and stabilization of microtubules in Caco2 cells in a dose dependent
manner. In contrast, the known microtubule destabilizers, vinblastine (50 nM) and DPT
(25 nM), resulted in disrupted microtubule organization (Figure 2e). These data suggest that
B induced G2/M phase arrest by regulating the cell cycle related protein and by stabilizing
the microtubules. Furthermore, B was identified as a microtubule stabilizing agent, which
has a functional effect that is similar to that of paclitaxel.
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Figure 2. B induces G2/M phase arrest in Caco2 cells by inducing tubulin polymerization. (a) The
cell-cycle distribution of Caco2 cells treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for
24 h, 48 h, and 72 h as assessed by flow cytometry. (b) Western blot analysis of cell cycle regulating
proteins, Cyclin B1, D1, and p-Cdc2 after treatment with B (20, 60 μg/mL) or EL000327 (60 μg/mL)
for 24 h, 48 h, and 72 h. (c) Effect of B on tubulin polymerization in vitro, at concentrations of 20,
60, and 3.3 μg/mL. DMSO, paclitaxel, microtubule stabilizer (10 μM), and vinblastine microtubule
destabilizer (10 μM) were used as the controls. (d) Relative mRNA levels of stathmin and MAP4,
which are associated with microtubule destabilization and stabilization, respectively, after treatment
with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 48 h. (e) Immunofluorescence microscopy of the
microtubule organization in the Caco2 cells after treatment with B (20, 60, 100 μg/mL), paclitaxel
(100 nM), vinblastine (50 nM) or DPT microtubule destabilizer (25 nM) for 24 h. Actin was stained
with Alexa Fluor 568 phalloidin (red), microtubules were stained with α-tubulin antibodies (green),
and DNA was stained with DAPI (blue). Results are representative of three independent experiments.
Data represent the mean ± S.D. * p < 0.05, ** p < 0.01, *** p < 0.001, NS: no significant difference
(p > 0.05) compared with the DMSO-treated control group.
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3.3. B Induces Apoptotic Cell Death in CRC Cells

We next wished to determine whether the cytotoxicity exerted by B on CRC cells
was due to the induction of apoptosis. Thus, Caco2, HCT116, DLD1, and HT29 cells were
stained with Hoechst 33258 after treatment with cytotoxic concentrations of B or EL000327
for 12 h or 24 h to examine the morphological changes in the nuclei of cells. Cells treated
with both B and EL000327 exhibited condensed chromatin, indicative of the initiation of
apoptosis (Figures 3a and S2a,b). The number of condensed nuclei significantly increased in
all CRC cell lines (Figures 3b and S2c). Furthermore, cell death induced by treatment with
B was analyzed using the IncuCyteTM apoptosis assay, which employs Caspase 3/7 (green)
and Annexin V (red) dyes, in the presence or absence of the caspase inhibitor, Z-VAD-FMK.
The level of Caspase-3/7 fluorescent green signal in Caco2 cells was markedly increased
upon treatment with B or EL000327 for 48 h (Figure 3c,d). In this assay, the Annexin V
dye emits a red fluorescent signal upon binding to the exposed phosphatidylserines (PS)
of apoptotic cells. The number of red-labeled apoptotic cells increased after exposure to
B in a dose-dependent manner. However, the suppression of caspases by Z-VAD-FMK
significantly decreased the number of apoptotic cells detected by Annexin V staining
(Figure 3e,f). To confirm the induction of caspase dependent apoptosis by B in Caco2 cells,
flow cytometric analysis of apoptosis was also carried out. Cells were double stained with
PI and Annexin V following treatment with B or EL000327 in the presence or absence of
Z-VAD-FMK. Dose-dependently increasing numbers of apoptotic cells were observed after
48 h of treatment. Moreover, the inhibition of caspase significantly decreased apoptosis in
the Caco2 cells (Figures 3g,h and S3a). In addition, the flow cytometric analysis revealed
that B significantly induced the apoptosis of other CRC cell lines HCT116, DLD1, and HT29
as well as at the concentration of 20 μg/mL (Figure S3b,c). Taken together, both B and
EL000327 induced apoptotic cell death in CRC cells.

Figure 3. Cont.
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Figure 3. B induces caspase dependent apoptosis in Caco2 cells. (a) Nuclei condensation of Caco2 cells
upon treatment with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 12 h, as determined by Hoechst
staining. Arrowheads indicate nuclear condensation in cells. (b) Quantification of condensed nuclei
in Caco2 cells treated with indicated concentrations of B or EL000327. (c) Caspase 3/7 (green) staining
of Caco2 cells treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 48 h. (d) Quantification of
apoptotic cells stained with Caspase 3/7 after treatment with the indicated concentrations of B or
EL000327. (e) Annexin V staining of Caco2 cells treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL)
for 48 h in the presence or absence of the caspase inhibitor Z-VAD-FMK (10 μM). (f) Quantification
of apoptotic cells stained with Annexin V after treatment with the indicated concentrations of B or
EL000327 in the presence or absence of Z-VAD-FMK (10 μM). (g) Flow cytometric analysis of dead
cells stained by Annexin v-FITC (apoptotic cells) and PI (necrotic cells) upon the treatment of B (20,
60 μg/mL) or EL000327 (60 μg/mL) for 48 h in the presence or absence of Z-VAD-FMK (10 μM). (h)
Quantification of the percentage of apoptotic cells treated with indicated concentrations of B and
EL000327 and analyzed by flow cytometry in the presence or absence of Z-VAD-FMK (10 μM). Results
are representative of three independent experiments. Data represent the mean ± S.D. ** p < 0.01,
*** p < 0.001; compared with the DMSO-treated control or Z-VAD-FMK treated group.

3.4. B Induces Caspase-Dependent Apoptosis and Autophagy in Caco2 Cells

Activation of the caspase dependent apoptosis by B in Caco2 cells was further con-
firmed by Western blot analysis in the presence or absence of Z-VAD-FMK. The level of the
pro apoptotic protein BAX was significantly increased upon treatment with B or EL000327
at cytotoxic concentrations for 12 h. However, a significant change in the levels of BAX
were not observed in cells that had been pretreated with Z-VAD-FMK. In contrast, the
expression level of the anti-apoptotic protein Bcl-xL was decreased in the Caco2 cells after
treatment with B or EL000327 for 24 h, but no change in the presence of Z-VAD-FMK
(Figure 4a,b). Clear cleavage of the main apoptotic markers PARP and caspase-3 was
detected after treatment with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 48 h in the
absence of Z-VAD-FMK (Figure 4c). The effect of B and EL000327 on the activation of the
JNK/c-jun and Akt signaling pathways was assessed, as these pathways eventually lead
to the induction of apoptosis as well as autophagy in cells. Phosphorylation of JNK and
c-jun was markedly induced upon treatment with B at IC50 concentrations for 48 h and
decreased the phosphorylation of Akt. However, no significant changes in protein levels
were detected in cells treated with EL000327 (Figure 4d). Regulation of the autophagy
related proteins Beclin 1, p62, and LC3BI/II was also examined in the presence or absence
of Z-VAD-FMK. Upregulation of Beclin 1 and LC3BI/II and downregulation of the p62
protein levels were observed in Caco2 cells upon treatment with cytotoxic concentrations
of B or EL000327, indicating the inhibition of autophagosome degradation in these cells.
However, consistent regulation patterns were not observed for these autophagy markers in
the presence of Z-VAD-FMK (Figure 4e,f).

In order to confirm the major cell death pathway induced by B and crude extract
EL000327, cell viability was assessed after pretreatment with apoptotic and autophagic
inhibitors. Treatment with Z-VAD-FMK significantly increased the cell viability in Caco2
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cells in response to treatment with B or EL000327. In contrast, the application of 3MA
(3-methylladenine), a blocker of autophagosome formation, and CQ (chloroquine), an
inhibitor of lysosomal acidification and autophagosome degradation, resulted in a dose
dependent decrease in cell viability, indicating that the inhibition of autophagy enhanced
the cytotoxicity of B toward Caco2 cells (Figure 4g). Of the autophagy blockers, CQ had a
more potent effect on the induction of cell death than 3MA. Application of CQ markedly
increased the levels of cleaved PARP and caspase-3 and decreased the level of Bcl-xL in
the cells treated with B for 48 h (Figures 4h and S5b). These data suggest that B induced
caspase dependent apoptosis mainly via the activation of the JNK/c-jun pathway in Caco2
cells. Furthermore, the observed induction of autophagy by B may activate the protective
mechanism in cells.

Figure 4. Inhibition of B induced autophagy increases apoptosis in Caco2 cells. (a) Western blot
analysis of the pro-apoptotic protein BAX and the anti-apoptotic protein Bcl-xL treated by B (20 or
60 μg/mL) or EL000327 (60 μg/mL) for 12 or 24 h in the presence or absence of Z-VAD-FMK (10 μM).
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(b) Quantification of BAX and Bcl-XL protein expressions. (c) Western blot of apoptotic proteins; PARP,
Caspase-3treated by B (20 or 60 μg/mL) or EL000327 (60 μg/mL) for 48 h in the presence or absence
of Z-VAD-FMK. (d) Expressions of the apoptotic signaling pathway related proteins p-JNK, JNK,
p-c-jun, c-jun, p-AKT, and AKT in Caco2 cells treated with B (20 μg/mL) or EL000327 (60 μg/mL)
for 48 h, as analyzed by Western blotting. (e) Western blot of autophagy related proteins; Beclin 1
(12 h), p62 (24 h), and LC3BI/II (48 h) in Caco2 cells pre-incubated with or without Z-VAD-FMK, and
treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL). (f) Quantification of Beclin 1 and p62 protein
expressions. (g) The relative percentage cell viability of Caco2 cells treated with B (20, 60 μg/mL) or
EL000327 (60 μg/mL) for 48 h, with or without Z-VAD-FMK (10 μM) and autophagy inhibitors 3 MA
(1 mM) and CQ (10 μM). (h) Expression levels of PARP, caspase-3, and Bcl-xL determined by Western
blot analysis after treatment with B (20, μg/mL) or EL000327 (60 μg/mL) for 48 h in the presence or
absence of CQ (10 μM). Data represent the mean ± S.D. * p < 0.05, ** p < 0.01, *** p < 0.001; NS: no
significant difference (p > 0.05), compared with the Z-VAD-FMK, 3MA, and CQ treated groups or the
DMSO-treated control.

3.5. B Activates JNK/c-Jun Signaling Pathway via Triggering ROS Generation

Intracellular ROS play a vital role in activating cellular apoptotic and autophagic
functions. To assess the effect of B on ROS generation, cells were treated with B or EL000327
at toxic concentrations for 12 h in the presence or absence of the antioxidant N-acetyl
cysteine (NAC), and ROS were detected by staining cells with DCFH-DA, followed by
fluorescence microscopy or flow cytometry. While exposure of Caco2 cells to B dramatically
increased the green fluorescent signals indicative of ROS generation, pretreatment with
NAC significantly reduced the fluorescent signals, suggesting a block in ROS generation
(Figure 5a). The number of fluorescently labeled cells decreased upon treatment with NAC,
as detected by flow cytometry. No significant change in fluorescence emission was detected
in the EL000327 treated cells after 12 h compared to the control cells (Figure 5b,c). Thus,
pretreatment with NAC decreased the expression of apoptotic and autophagy markers and
rescued cells from B-induced apoptosis and autophagy. Furthermore, NAC reversed the
phosphorylation of JNK and c-jun in cells treated with IC50 concentrations of B (Figure 5d,e).
Collectively, these results indicate that B activates the ROS/JNK signaling pathway in
Caco2 cells.

Figure 5. Cont.
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Figure 5. B induces ROS generation and activates JNK signaling in Caco2 cells. (a) Intracellular
ROS generation was detected by fluorescence microscopy using DCFH-DA (10 μM) in Caco2 cells
treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 12 h with or without the ROS inhibitor
NAC (5 mM). (b) Flow cytometric analysis of the fluorescence intensity of Caco2 cells preincubated
with DCFH-DA (10 μM) and treated with B (20, 60 μg/mL) or EL000327 (60 μg/mL) for 12 h
with or without NAC (5 mM). (c) Quantification of the mean fluorescence intensity of Caco2 cells
preincubated with DCFH-DA (10 μM) and treated with the indicated concentrations of B for 12 h in
the presence or absence of NAC. (d) Western blot analysis of PARP, caspase-3, Bcl-xL, p62, LC3BI/II,
p-JNK, JNK, p-c-jun, and c-jun protein expression after treatment with B (20, μg/mL) or EL000327
(60 μg/mL) for 24 or 48 h, with or without NAC (5 mM). (e) Quantification of Bcl-XL and p62 protein
expressions in the presence or absence of NAC. Data represent the mean ± S.D. * p < 0.05, ** p < 0.01,
*** p < 0.001; NS: no significant difference (p > 0.05) compared with the NAC-treated group or the
DMSO-treated control.

3.6. B Induces Apoptosis and Autophagy in Caco2 Cells by Activating ROS/JNK
Signaling Pathways

The involvement of ROS and JNK activation for the induction of apoptosis and au-
tophagy by B and EL000327 was further investigated. Pretreatment of Caco2 with NAC
or the JNK inhibitor SP600125 significantly reduced the sensitivity to B and EL000327
compared to the cells treated with B or EL000327 in the absence of inhibitors (Figure 6a).
Flow cytometric analysis detected very low numbers of apoptotic cells in the presence of
NAC or SP600125, confirming that ROS and JNK inhibitors rescued B-induced cell death in
the Caco2 cells (Figures 6b,c and S4a). Moreover, the application of SP600125 significantly
decreased the expression of apoptotic and autophagy markers as well as JNK pathway
related proteins, as analyzed by Western blotting after treatment with B for 24 or 48 h
(Figure 6d,e). Taken together, these results reveal that triggering the generation of ROS by
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B activates JNK/c-jun signaling and leads to the induction of apoptosis and autophagy in
Caco2 cells.

Figure 6. B activates ROS/JNK mediated apoptosis and autophagy in Caco2 cells. (a) The relative
percentage cell viability of Caco2 cells detected after treatment with B (20 μg/mL) or EL000327
(60 μg/mL) for 48 h, with or without NAC (5 mM) or the JNK inhibitor SP600125 (10 μM). (b) Flow
cytometric analysis of dead cells stained by Annexin V-FITC and PI after treatment with B (20 μg/mL)
or EL000327 (60 μg/mL) for 48 h, with or without NAC (5 mM) or SP600125 (10 μM). (c) Quantification
of the percentage of apoptotic cells after treatment with the indicated concentrations of B or EL000327
for 48 h with or without NAC and SP600125 and analyzed by flow cytometry. (d) Western blot analysis
of apoptosis, autophagy, and the JNK signaling pathway related protein expression in Caco2 cells
treated with B (20 μg/mL) or EL000327 (60 μg/mL) for 24 or 48 h, with or without SP600125 (10 μM).
(e) Quantification of Bcl-XL and p62 protein expressions in the presence or absence of SP600125. Data
represent the mean ± S.D. *** p < 0.001 compared with the NAC- and SP600125-treated groups or the
DMSO-treated control. NS: no significant difference.
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3.7. B Exhibits Synergy with 5-FU and Compound D on CRC Cells

To investigate the potential of B as an anticancer therapeutic drug in the clinic, we ana-
lyzed its effect when used in combination with 5-FU, a well-known chemotherapeutic that is
used to treat several types of cancers including colorectal cancers, and D (IC50 = 10 μg/mL),
another cytotoxic compound isolated from EL000327 (Figure 1c). The chemical structure of
D is yet to be determined. Caco2 were treated with B, 5-FU, and D singly or 5-FU combined
with B or D, and the HCT116 cells were treated with B, and 5-FU singly or 5-FU combined
with B at various concentrations for 48 h; cell survival was analyzed using a MTT assay,
The Chou–Talalay method was used to calculate the combination index (CI) of synergy
using compuSyn software. Anti-cancer agents with synergism have a CI value of <1, and
those with the smallest CI value are considered to be more suitable for cancer therapy. The
combination of 2 μg/mL of B with 4 μg/mL (1; CI = 0.4) or 6 μg/mL of 5-FU (2; CI = 0.6),
the combination of 4 μg/mL of B with 4 μg/mL of 5-FU (3; CI = 0.41), and the combination
of 6 μg/mL of B with 2 μg/mL of 5-FU (3; CI = 0.23) all produced CI values of less than 1 on
Caco2 cells. Furthermore, B exhibited good synergism with 5FU on HCT116 cells as well as
when combined with 2 μg/mL of B with 4 μg/mL of 5-FU (1; CI = 0.96), 4 μg/mL of B with
2 μg/mL (2; CI = 0.52), or 4 μg/mL of 5-FU (3; CI = 0.54) and 6 μg/mL of B with 2 μg/mL
of 5-FU (4; CI = 0.45) (Figure 7a). Western blot analysis demonstrated that the combination
of B and 5-FU at the concentrations that provided a CI value of <1 considerably increased
the cleaved PARP and Caspase-3expressions and decreased the level of anti-apoptotic
protein Bcl-XL compared to treatment with B and 5-FU individually. Decreased level of p62
was observed after the combination treatments (Figure 7b,c). Furthermore, 2 μg/mL of B

combined with 5 μg/mL (1; CI = 0.27), 5 μg/mL of B with 5 μg/mL of D (2; CI = 0.47), and
10 μg/mL of B with 1 μg/mL of D (3; CI = 0.19) (Figure 7d). Expression of cleaved PARP,
caspase-3, and LC3BI/II was elevated when the cells were subjected to combined B and D
treatments, as demonstrated by Western blotting. Furthermore, the levels of anti-apoptotic
protein Bcl-XL and autophagy related protein p62 were downregulated by the combination
treatment with B and D (Figure 7e,f). These results suggest that B acts synergistically with
both 5-FU and compound D to significantly increase its cytotoxic effects on CRC cells at
low concentrations. Therefore, B shows a high potential to act synergistically with other
anticancer therapeutics to enhance their effect by increasing the cytotoxicity.
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Figure 7. B shows synergy with 5-FU and with D, a compound isolated from the crude extract of
EL000327 on the CRC cells. (a) Fa-CI plot of combination treatment with 5-FU (2, 4 or 6 μg/mL) and
B (2, 4 or 6 μg/mL) on the Caco2 cells and the Fa-CI plot of combination treatment with 5-FU (2 or
4 μg/mL) and B (2, 4 or 6 μg/mL) on the HCT116 cells. (b) Expression of apoptosis and autophagy
related protein in Caco2 cells after combination treatment with 5-FU (4 or 6 μg/mL) and B (2 or
4 μg/mL) or B (2 or 4 μg/mL) or 5FU (4 or 6 μg/mL) individually for 48 h, as detected by Western
blotting. (c) Quantification of Bcl-XL and p62 protein expression after the treatment with B+5FU
or B or 5FU at the indicated concentrations. (d) Fa-CI plot of combination treatment with D (5 or
1 μg/mL) and B (2, 5 or 10 μg/mL) on the Caco2 cells. (e) Western blot analysis of apoptosis and
autophagy related protein expression in the Caco2 cells after combination treatment with D (5 or
1 μg/mL) and B (2 or10 μg/mL) or B (10 μg/mL) or D (1 or 5 μg/mL) individually for 48 h. (e)
Quantification of Bcl-XL and p62 protein expression after the treatment with B + D or B or D at the
indicated concentrations. Data represent the mean ± S.D. * p < 0.05, ** p < 0.01, *** p < 0.001; NS: no
significant difference (p > 0.05) compared with the NAC-treated group or the DMSO-treated control.
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4. Discussion

Natural products have been highly recognized as rich reservoirs of bioactive com-
pounds with the potential to lead to the discovery of novel anticancer therapeutics. As a
result of the tremendous efforts by scientists, many naturally derived anticancer agents have
been discovered and successfully developed into drugs within the last 30 years. Such com-
pounds account for approximately 25% of newly approved anticancer drugs [25]. Lichen
substances and the secondary metabolites of endolichenic fungi have also been proven
to have a wide range of anticancer activities against various types of cancers [5,26–31].
Therefore, it is essential to carry out a thorough investigation of bioactive compounds
derived from the rich bioresources of lichens. Libertellenone T (B) is a novel cytotoxic
compound, isolated as a pink oil from a secondary metabolite extract of the endolichenic
fungi EL000327. Its molecular formula was determined to be C20H26O4, based on HR-FAB-
MS, coupled with the analysis of the NMR data. As the crude extract of EL000327 exerted
comparatively high cytotoxicity on CRC, which is considered to be the second most lethal
cancer type in the world [32], the cytotoxicity of B on CRC was assessed. Interestingly, the
effect of B on the CRC cells was much stronger than EL000327 and the Caco2 cells were
highly sensitive to the treatment of B compared to the HCT116, DLD1, and HT29 cells.
Furthermore, the effect of B on the non-cancerous cell line Madin–Darby canine kidney
epithelial cells (MDCK) was very low and the human non-cancerous cell line HaCaT was
similar to the Caco2 cells. In the current study, the mechanisms underlying B-induced
cell death were comprehensively investigated. We found that B induced mitotic arrest in
CRC cells by stabilizing microtubules and preventing their depolymerization. Moreover,
B activated apoptosis and autophagy via the ROS/JNK signaling pathway. B-induced
autophagy had a protective effect on Caco2 cells. Most importantly, B showed synergy with
the well-known chemotherapeutic 5-FU and another novel compound D isolated from the
same crude extract of EL000327. Here, we mainly used Caco2 cells to study the mechanism
of action of B, but our results revealed that B has an effect on other CRC cells such as
HCT116, DLD1, and HT29. The induction of apoptosis in these cells upon the treatment of
B was confirmed by the results of Hoechst staining and flow cytometry.

Check points prevent cells with damaged DNA from entering the next phase of the
cell cycle. This phenomenon is highly regulated by a series of proteins, and the G2/M
transition is mainly regulated by the Cyclin B/Cdc2 (Cdk1) complex. Phosphorylation
of Cdc2 negatively regulates cell cycle progression from the G2 phase to M phase [11].
Furthermore, the Cyclin B/Cdk1 complex is highly activated in the metaphase as it supports
the assembly of the mitotic apparatus and chromosome alignment. Once chromosomes
are properly attached to spindles, the APC/C is activated and promotes progression
to anaphase.

Degradation of cyclin B by the activation of the APC/C complex leads to Cdk1 inacti-
vation [33]. Flow cytometric analysis of cell cycle progression in our study indicated a clear
accumulation of Caco2 cells in the G2/M phase than other CRC cell lines HCT116, DLD1,
and HT29 after treatment with B for 24 h. However, increasing G2/M cell populations com-
pared to the control indicated that HCT116, DLD1, and HT29 cells require longer treatment
to induce G2/M phase arrest. Furthermore, treatment with B resulted in the upregulation
of Cyclin B1 and p-Cdc-2 expression. Therefore, we continued our studies to investigate
whether B affected the microtubule dynamics in cells. According to the results of our
in vitro tubulin polymerization assay, B stabilized microtubules in a manner similar to the
clinically approved microtubule stabilizer, paclitaxel. These results were further confirmed
by the immunofluorescence staining of cells treated with B and paclitaxel. Microtubule
targeting agents in anticancer therapy can be classified into two groups based on their
mode of action. Microtubule destabilizers prevent microtubule formation by inhibiting
tubulin dimerization. In contrast, microtubule stabilizers promote tubulin dimerization
and stabilize microtubules [34]. Both the stabilization and destabilization of microtubules
lead to mitotic catastrophe followed by cell death due to failure to form the spindle required
for chromosome segregation in the M phase of the cell cycle. Similarly, our compound, B,
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induced cell death after prolonged mitotic arrest, as shown by the appearance of a sub G1
population in cell cycle analysis.

Apoptosis is the process of programmed cell death and the most popular target of
many anticancer therapies. Dysregulation of apoptosis signals in cancers promotes ab-
normal cell growth and tumorigenesis [9]. Restoring the lost apoptotic function in cancer
cells is the main objective of much of the research into cancer treatments. The initiation of
apoptosis in cells can be identified by morphological changes such as nuclear fragmenta-
tion, chromatin condensation, cell shrinkage, and membrane blebbing [35,36]. Hoechst,
Caspase 3/7, and Annexin V staining demonstrated the initiation of apoptosis in CRC
cells upon treatment with B. Apoptosis can be classed as either caspase-dependent or
caspase-independent. Many anticancer agents mainly activate the caspase-dependent
mitochondrial pathway. In addition, the death receptor mediated, and endoplasmic retic-
ulum pathways also activate caspases at the final phase of apoptosis. Disruption of the
mitochondrial membrane potential followed by translocation of AIF and endonuclease
G to the nucleus induces caspase-independent apoptosis [37]. Data from the IncuCyte
apoptosis assay and flow cytometric analysis of apoptosis demonstrated that treatment
with the caspase inhibitor Z-VAD-FMK significantly reduced the extent to which B induced
apoptosis in cells, indicating that apoptosis induced by B is caspase-dependent. Further-
more, Western blot analysis showed the activation of the proapoptotic protein BAX, the
anti-apoptotic protein Bcl-xL, and eventually, Caspase-3and PARP cleavage in response
to B treatment. Caspase-3 is the executioner caspase in all caspase dependent apoptosis
pathways. Caspase-3 can be cleaved and activated by the upstream caspase, caspase-8,
in the extrinsic pathway as well as by caspase-9, an initiating caspase, in the intrinsic
pathway [38]. Cleavage of PARP by caspases is considered as a hallmark of apoptosis
and an indicator that caspase dependent apoptosis has been accomplished [39]. Here,
as predicted, Z-VAD-FMK treatment significantly impaired the expression of apoptotic
markers in cells treated with B. Interestingly, the expression of the autophagic proteins
Beclin 1 and LC3BI/II slightly decreased while p62 expression slightly increased upon
treatment with B in the presence of Z-VAD-FMK. However, this result is not sufficient to
assess the action of B toward autophagy in the presence of Z-VAD-FMK.

Autophagy plays a dual role in cancer treatment by either supporting or preventing
cancer cell survival. In the current study, B induced autophagy in the Caco2 cells. Moreover,
treatment with the autophagy inhibitors 3MA and CQ significantly increased B-induced
cell death, suggesting that the activation of autophagy promotes CRC cell survival. Western
blot analysis further confirmed that the inhibition of autophagy enhanced the activation of
apoptosis, as demonstrated by elevated cleaved caspase-3 and PARP levels in the presence
of CQ. Beclin 1, P62, and LC3BI/II are key regulators of the autophagic process. Beclin 1
regulates autophagosome formation at the beginning of autophagy. During autophagosome
formation, cytosolic LC3B-I is converted to the membrane-bound LC3B-II form. Binding of
LC3B to the adapter protein p62/SQSTM1 facilitates autophagic degradation [40]. In the
present study, we observed increased the expressions of Beclin 1 and, LC3B-II and decreased
p62 upon treatment with B. While elevated expression of Beclin 1 and, LC3B is indicative
of the activation of autophagy in CRC cells, generally, activation of autophagy results in
reduced expression of p62. However, under some circumstances, p62 expression can be
elevated by upregulation of p62 transcription during starvation of cells, regardless of the
effect of autophagy. Under prolonged starvation, p62 expression is restored to basal levels
by transcriptional regulation, even, when its expression has been decreased by autophagic
activities at earlier time points [41,42]. Furthermore, p62 transcription is modulated by
oxidative stress (Nrf2), the Ras/MAPK pathway, and the JNK/c-Jun pathway as well
as some chemicals, including autophagy inducers [43]. Following treatment with B, cell
viability was lower in the presence of CQ than 3MA. Furthermore, the level of LC3B-II
was significantly increased upon treatment with CQ in western blot analysis. CQ inhibits
autophagy by inhibiting fusion of the autophagosome and lysosome, and by degradation
of the autophagolysosome [44]. These results suggest that B may induce autophagy by
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promoting late phase autophagy, fusion, and degradation. Moreover, the expression of
autophagy related proteins was decreased when apoptosis was suppressed by Z-VAD-FMK.
In contrast, expression of apoptotic markers was increased when autophagy was blocked
by CQ. This leads to the hypothesis that B predominantly induces apoptosis in CRC cells,
and that autophagy is activated as a counter mechanism to protect the cells from apoptosis.
However, this potential interconnection between activation of apoptosis and autophagy by
B needs further, detailed investigation.

Our study revealed that ROS generation is highly induced upon the treatment with
B. Excess levels of ROS can be deleterious to cells due to the induction of oxidative stress
within cells. Blocking ROS generation using the antioxidant NAC decreased expression of
both apoptotic and autophagy markers in response to treatment with B, as demonstrated
by western blot analysis. Furthermore, NAC significantly decreased the phosphorylation
of JNK and expression of c-JUN. Given that ROS generation began after 12 h of treatment
with B, while apoptotic markers were detected after 48 h, it seems likely that B induced
apoptosis is initiated by ROS. ROS activate many signaling pathways (PI3K/Akt, MAPK,
Nrf2) and transcription factors (NF-κB, p53) that eventually induce apoptosis, autophagy,
or necrosis. Oxidants like OH•, ONOO−, and H2O induce apoptosis and/or necrosis, while
O2

•− and H2O2 induce autophagy and mostly trigger cell survival.
Cell viability upon treatment with B was markedly increased in the presence of the

NAC and JNK inhibitor, SP600125, while apoptosis was significantly decreased, according
to flow cytometric and western blot analysis. Furthermore, levels of LC3B were also reduced
in the presence of SP600125, indicating that autophagy was inhibited. Taken together, this
suggests that JNK plays a significant role in the apoptosis and autophagy activated by
treatment with B. Induction of c-jun/JNK signaling by ROS blocks the antiapoptotic protein,
Bcl-2, and activates the proapoptotic proteins in the Bcl-2 family, which are critical for the
release of cytochrome c to the cytosol. Activation of caspase-9 and the effector caspase-3 by
cytochrome c eventually leads to cell death via the mitochondrial apoptotic pathway. ROS
can also activate the extrinsic apoptotic pathway by directly causing damage to DNA [45].
Taken together, the above results suggest that B induces apoptosis and autophagy in CRC
via activation of ROS/JNK signaling (Figure 8).

EL000327 is the crude extract from which B was isolated. This crude extract contained
six compounds, including B and another highly cytotoxic compound, D. In our study, we
compared the effect of our isolated compound on CRC cells with that of the crude extract,
EL000327. Initiation of apoptosis upon treatment with EL000327 was detected by Hoechst
staining, the incucyte apoptosis assay, and flow cytometric analysis of apoptosis. However,
apoptotic markers were not clearly detected by western blot analysis at the same time
points as B. Induction of cell cycle arrest, activation of autophagy, or the ROS/JNK pathway
related proteins in Caco2 cells were also not observed upon treatment with EL000327. These
results suggest that interactions between different compounds in the crude extract may
alter the activity of EL000327. Alternatively, the effects of EL000327 and B may have been
detected at different time points because EL000327 was either faster or slower to act than B.

5-Fluorouracil (5-FU) is a first-line treatment for many cancers, including CRC. 5-FU
leads cells to death by preventing DNA replication and RNA synthesis through inhibition
of cellular thymidylate synthase (TS) [46,47]. Combination treatments in which 5-FU is
combined with different anticancer agents, enhance the anticancer effect and response rate
of these treatments. Similarly, combination of B with 5-FU enhanced the cytotoxicity of
B toward Caco2 and HCT116 cells at significantly lower treatment concentrations [48,49].
Combination of B and 5-FU induced apoptosis in Caco2 cells by enhancing the expression
of cleaved caspase-3and PARP. Further investigations are required to understand the mech-
anism by which cytotoxicity is increased in the synergy between B and 5-FU. Furthermore,
B exhibited excellent synergic effects with compound D. A combination of B and D induced
apoptosis and autophagy in the Caco2 cells at comparatively low concentrations. These
results provide evidence that B may act synergistically with a range of different anticancer
agents to enhance their cytotoxic effect.
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Figure 8. Schematic representation of the proposed mechanism for B-induced apoptosis and au-
tophagy in the Caco2 cells. B induces apoptosis in Caco2 cells through the induction of G2/M phase
arrest caused by tubulin stabilization. Simultaneously, B induces apoptosis and autophagy in Caco2
cells via the ROS/JNK signaling pathway. Inhibition of ROS, JNK, and caspases by NAC, SP600125,
and Z-VAD-FMK, respectively, decreases B induced caspase-dependent apoptosis in Caco2 cells. 3MA
and CQ inhibit autophagy in the Caco2 cells. The inhibition of autophagy by preventing the fusion of
lysosomes with autophagosomes by CQ significantly increases the induction of caspase-dependent
apoptosis by B in the Caco2 cells.

B is a novel naturally-derived compound, and this is the first study of the activity of B

on CRC cells. We thoroughly investigated the mechanisms by which B induces apoptotic
cell death and have laid the groundwork for a detailed analysis of the clinical usefulness
of B. Moreover, we have demonstrated that the combination of B with known and novel
anticancer agents may provide effective new treatment options for patients with CRC,
which warrants further investigation.

5. Conclusions

The results of this study demonstrate that B induced caspase dependent apoptosis
and autophagy in Caco2 cells via activating the ROS/JNK signaling pathway in vitro. In
addition, B stabilized the microtubule dynamics and disrupted cell cycle progression by
inducing G2/M phase arrest. Moreover, B exhibited synergism with known chemothera-
peutic 5FU and novel compound D on the CRC cells. Together, B shows great potential as a
novel drug candidate that can be used for further research to develop into an anticancer
therapeutic against CRC.
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Cielecka-Piontek, J.; Krajka-Kuźniak, V. Lichen Secondary Metabolites Inhibit the Wnt/β-Catenin Pathway in Glioblastoma Cells
and Improve the Anticancer Effects of Temozolomide. Cells 2022, 11, 84. [CrossRef]

8. Gerl, R.; Vaux, D.L. Apoptosis in the development and treatment of cancer. Carcinogenesis 2005, 26, 263–270. [CrossRef]
9. Wong, R.S.Y. Apoptosis in cancer: From pathogenesis to treatment. J. Exp. Clin. Cancer Res. 2011, 30, 87. [CrossRef]
10. Kasibhatla, S.; Tseng, B. Why target apoptosis in cancer treatment? Mol. Cancer Ther. 2003, 2, 573–580.
11. Choi, Y.H.; Yoo, Y.H. Taxol-induced growth arrest and apoptosis is associated with the upregulation of the Cdk inhibitor,

p21WAF1/CIP1, in human breast cancer cells. Oncol. Rep. 2012, 28, 2163–2169. [CrossRef]
12. Arora, S.; Wang, X.I.; Keenan, S.M.; Andaya, C.; Zhang, Q.; Peng, Y.; Welsh, W.J. Novel microtubule polymerization inhibitor with

potent antiproliferative and antitumor activity. Cancer Res. 2009, 69, 1910–1915. [CrossRef]
13. Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The role of autophagy in cancer: Therapeutic implications. Mol. Cancer Ther.

2011, 10, 1533–1541. [CrossRef]
14. Sun, K.; Deng, W.; Zhang, S.; Cai, N.; Jiao, S.; Song, J.; Wei, L. Paradoxical roles of autophagy in different stages of tumorigenesis:

Protector for normal or cancer cells. Cell Biosci. 2013, 3, 35. [CrossRef]
15. Grácio, D.; Magro, F.; Lima, R.T.; Máximo, V. An overview on the role of autophagy in cancer therapy. Hematol. Med. Oncol. 2017,

2, 1–4. [CrossRef]
16. Sui, X.; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W.; Lou, F.; Yang, J.; Zhang, Q.; et al. Autophagy and

chemotherapy resistance: A promising therapeutic target for cancer treatment. Cell Death Dis. 2013, 4, e838. [CrossRef]
17. Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,

363–383. [CrossRef]
18. Cosentino, G.; Plantamura, I.; Cataldo, A.; Iorio, M.V. MicroRNA and Oxidative Stress Interplay in the Context of Breast Cancer

Pathogenesis. Int. J. Mol. Sci. 2019, 20, 5143. [CrossRef]

246



Cancers 2023, 15, 489

19. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.
Acta-Mol. Cell Res. 2016, 1863, 2977–2992. [CrossRef]

20. Ahmed, D.; Eide, P.W.; Eilertsen, I.A.; Danielsen, S.A.; Eknæs, M.; Hektoen, M.; Lind, G.E.; Lothe, R.A. Epigenetic and genetic
features of 24 colon cancer cell lines. Oncogenesis 2013, 2, e71. [CrossRef]

21. Guo, L.D.; Huang, G.R.; Wang, Y.; He, W.H.; Zheng, W.H.; Hyde, K.D. Molecular identification of white morphotype strains of
endophytic fungi from Pinus tabulaeformis. Mycol. Res. 2003, 107, 680–688. [CrossRef] [PubMed]

22. Gardes, M.; Bruns, T.D. ITS primers with enhanced specificity for basidiomycetes-application to the identification of mycorrhizae
and rusts. Mol. Ecol. 1993, 2, 113–118. [CrossRef] [PubMed]

23. Vilgalys, R.; Hester, M. Rapid genetic identification and mapping of enzymatically amplified ribosomal DNA from several
Cryptococcus species. J. Bacteriol. 1990, 172, 4238–4246. [CrossRef] [PubMed]

24. Seca, A.M.L.; Pinto, D.C.G.A.; Silva, A.M.S. Structural Elucidation of Pimarane and Isopimarane Diterpenoids: The 13C NMR
Contribution. Nat. Prod. Commun. 2008, 3, 1934578X0800300317. [CrossRef]

25. Huang, M.; Lu, J.J.; Ding, J. Natural Products in Cancer Therapy: Past, Present and Future. Nat. Products Bioprospect. 2021, 11,
5–13. [CrossRef] [PubMed]

26. Nguyen, T.T.; Yoon, S.; Yang, Y.; Lee, H.B.; Oh, S.; Jeong, M.H.; Kim, J.J.; Yee, S.T.; Crişan, F.; Moon, C.; et al. Lichen secondary
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30. Yang, Y.; Bhosle, S.R.; Yu, Y.H.; Park, S.-Y.; Zhou, R.; Taş, I.; Gamage, C.D.B.; Kim, K.K.; Pereira, I.; Hur, J.-S.; et al. Tumidulin, a
lichen secondary metabolite, decreases the stemness potential of colorectal cancer cells. Molecules 2018, 23, 2968. [CrossRef]

31. Zhou, R.; Yang, Y.; Park, S.-Y.; Nguyen, T.T.; Seo, Y.-W.; Lee, K.H.; Lee, J.H.; Kim, K.K.; Hur, J.-S.; Kim, H. The lichen secondary
metabolite atranorin suppresses lung cancer cell motility and tumorigenesis. Sci. Rep. 2017, 7, 8136. [CrossRef]

32. Xie, Y.H.; Chen, Y.X.; Fang, J.Y. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct. Target. Ther.
2020, 5, 22. [CrossRef]

33. Zachos, G. Regulating Cytokinesis. In Encyclopedia of Cell Biology; Bradshaw, R.A., Stahl, P.D., Eds.; Academic Press: Waltham,
MA, USA, 2016; pp. 494–503. ISBN 978-0-12-394796-3.

34. Rohrer Bley, C.; Furmanova, P.; Orlowski, K.; Grosse, N.; Broggini-Tenzer, A.; McSheehy, P.M.J.; Pruschy, M. Microtubule
stabilising agents and ionising radiation: Multiple exploitable mechanisms for combined treatment. Eur. J. Cancer 2013, 49,
245–253. [CrossRef]

35. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
36. Hassan, M.; Watari, H.; AbuAlmaaty, A.; Ohba, Y.; Sakuragi, N. Apoptosis and Molecular Targeting Therapy in Cancer. Biomed.

Res. Int. 2014, 2014, 150845. [CrossRef]
37. Lee, T.J.; Kim, E.J.; Kim, S.; Jung, E.M.; Park, J.W.; Jeong, S.H.; Park, S.E.; Yoo, Y.H.; Kwon, T.K. Caspase-dependent and

caspase-independent apoptosis induced by evodiamine in human leukemic U937 cells. Mol. Cancer Ther. 2006, 5, 2398–2407.
[CrossRef]

38. Liu, P.-F.; Hu, Y.-C.; Kang, B.-H.; Tseng, Y.-K.; Wu, P.-C.; Liang, C.-C.; Hou, Y.-Y.; Fu, T.-Y.; Liou, H.-H.; Hsieh, I.-C.; et al.
Expression levels of cleaved caspase-3 and caspase-3 in tumorigenesis and prognosis of oral tongue squamous cell carcinoma.
PLoS ONE 2017, 12, e0180620. [CrossRef]

39. Chaitanya, G.V.; Alexander, J.S.; Babu, P.P. PARP-1 cleavage fragments: Signatures of cell-death proteases in neurodegeneration.
Cell Commun. Signal. 2010, 8, 31. [CrossRef]

40. Park, J.M.; Huang, S.; Wu, T.T.; Foster, N.R.; Sinicrope, F.A. Prognostic impact of Beclin 1, p62/sequestosome 1 and LC3 protein
expression in colon carcinomas from patients receiving 5-fluorouracil as adjuvant chemotherapy. Cancer Biol. Ther. 2013, 14, 100.
[CrossRef]

41. Sahani, M.H.; Itakura, E.; Mizushima, N. Expression of the autophagy substrate SQSTM1/p62 is restored during prolonged star-
vation depending on transcriptional upregulation and autophagy-derived amino acids. Autophagy 2014, 10, 431–441. [CrossRef]

42. Duran, A.; Amanchy, R.; Linares, J.F.; Joshi, J.; Abu-Baker, S.; Porollo, A.; Hansen, M.; Moscat, J.; Diaz-Meco, M.T. p62 is a key
regulator of nutrient sensing in the mTORC1 pathway. Mol. Cell 2011, 44, 134–146. [CrossRef] [PubMed]

43. Liu, W.J.; Ye, L.; Huang, W.F.; Guo, L.J.; Xu, Z.G.; Wu, H.L.; Yang, C.; Liu, H.F. p62 links the autophagy pathway and the
ubiqutin–proteasome system upon ubiquitinated protein degradation. Cell. Mol. Biol. Lett. 2016, 21, 29. [CrossRef] [PubMed]

44. Mulcahy Levy, J.M.; Thorburn, A. Autophagy in cancer: Moving from understanding mechanism to improving therapy responses
in patients. Cell Death Differ. 2020, 27, 843–857. [CrossRef] [PubMed]

45. Zhou, Y.Y.; Li, Y.; Jiang, W.Q.; Zhou, L.F. MAPK/JNK signalling: A potential autophagy regulation pathway. Biosci. Rep. 2015, 35,
e00199. [CrossRef]

247



Cancers 2023, 15, 489

46. Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-Fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3,
330–338. [CrossRef]

47. Ghafouri-Fard, S.; Abak, A.; Tondro Anamag, F.; Shoorei, H.; Fattahi, F.; Javadinia, S.A.; Basiri, A.; Taheri, M. 5-Fluorouracil: A
Narrative Review on the Role of Regulatory Mechanisms in Driving Resistance to This Chemotherapeutic Agent. Front. Oncol.
2021, 11, 1210. [CrossRef]

48. Sethy, C.; Kundu, C.N. 5-Fluorouracil (5-FU) resistance and the new strategy to enhance the sensitivity against cancer: Implication
of DNA repair inhibition. Biomed. Pharmacother. 2021, 137, 111285. [CrossRef]

49. T, igu, A.B.; Toma, V.-A.; Mot, , A.C.; Jurj, A.; Moldovan, C.S.; Fischer-Fodor, E.; Berindan-Neagoe, I.; Pârvu, M. The Synergistic
Antitumor Effect of 5-Fluorouracil Combined with Allicin against Lung and Colorectal Carcinoma Cells. Molecules 2020, 25, 1947.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

248



Citation: Papakonstantinou, A.;

Koumarianou, P.; Rigakou, A.;

Diamantakos, P.; Frakolaki, E.;

Vassilaki, N.; Chavdoula, E.; Melliou,

E.; Magiatis, P.; Boleti, H. New

Affordable Methods for Large-Scale

Isolation of Major Olive Secoiridoids

and Systematic Comparative Study

of Their Antiproliferative/Cytotoxic

Effect on Multiple Cancer Cell Lines

of Different Cancer Origins. Int. J.

Mol. Sci. 2023, 24, 3. https://doi.org/

10.3390/ijms24010003

Academic Editors: Barbara De

Filippis, Marialuigia Fantacuzzi and

Alessandra Ammazzalorso

Received: 25 October 2022

Revised: 12 December 2022

Accepted: 14 December 2022

Published: 20 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

New Affordable Methods for Large-Scale Isolation of Major
Olive Secoiridoids and Systematic Comparative Study of Their
Antiproliferative/Cytotoxic Effect on Multiple Cancer Cell
Lines of Different Cancer Origins

Aikaterini Papakonstantinou 1,2, Petrina Koumarianou 1,3,†, Aimilia Rigakou 2,†, Panagiotis Diamantakos 2,

Efseveia Frakolaki 4,‡, Niki Vassilaki 4, Evangelia Chavdoula 5, Eleni Melliou 2,6, Prokopios Magiatis 2,*

and Haralabia Boleti 1,3,*

1 Intracellular Parasitism Laboratory, Microbiology Department, Hellenic Pasteur Institute,
11521 Athens, Greece

2 Laboratory of Pharmacognosy and Natural Products Chemistry, Department of Pharmacy, National and
Kapodistrian University of Athens, Panepistimiopolis Zografou, 15771 Athens, Greece

3 Light Microscopy Unit, Hellenic Pasteur Institute, 11521 Athens, Greece
4 Molecular Virology Laboratory, Microbiology Department, Hellenic Pasteur Institute, 11521 Athens, Greece
5 Biomedical Research Division, Institute of Molecular Biology and Biotechnology, Foundation for Research and

Technology, 45110 Ioannina, Greece
6 World Olive Center for Health, Imittou 76, 11634 Athens, Greece
* Correspondence: magiatis@pharm.uoa.gr (P.M.); hboleti@pasteur.gr (H.B.); Tel.: +30-210-7274052 (P.M.);

+30-210-6478879 (H.B.)
† These authors contributed equally to this work.
‡ Deceased.

Abstract: Olive oil phenols (OOPs) are associated with the prevention of many human cancers.
Some of these have been shown to inhibit cell proliferation and induce apoptosis. However, no
systematic comparative study exists for all the investigated compounds under the same conditions,
due to difficulties in their isolation or synthesis. Herein are presented innovative methods for large-
scale selective extraction of six major secoiridoids from olive oil or leaves enabling their detailed
investigation. The cytotoxic/antiproliferative bioactivity of these six compounds was evaluated
on sixteen human cancer cell lines originating from eight different tissues. Cell viability with half-
maximal effective concentrations (EC50) was evaluated after 72 h treatments. Antiproliferative
and pro-apoptotic effects were also assessed for the most bioactive compounds (EC50 ≤ 50 μM).
Oleocanthal (1) showed the strongest antiproliferative/cytotoxic activity in most cancer cell lines
(EC50: 9–20 μM). The relative effectiveness of the six OOPs was: oleocanthal (1) > oleuropein aglycone
(3a,b) > ligstroside aglycone (4a,b) > oleacein (2) > oleomissional (6a,b,c) > oleocanthalic acid (7). This
is the first detailed study comparing the bioactivity of six OOPs in such a wide array of cancer cell lines,
providing a reference for their relative antiproliferative/cytotoxic effect in the investigated cancers.

Keywords: olive oil phenols; olive secoiridoids; oleocanthal; oleacein; antiproliferative bioactivity;
cytotoxic bioactivity; pro-apoptotic effect; human cancer cells; health protection

1. Introduction

Epidemiological data support the hypothesis that the Mediterranean diet (MD) may
have an important role in preventing several types of cancer [1–4]. Furthermore, a clinical
trial in which the diet was modified toward an improved adherence to MD showed a re-
duced total mortality and cancer risk after a 4-year follow-up [2]. A particular characteristic
of the MD is that olive oil is the primary source of dietary lipids. The importance of olive oil
in cancer prevention began to be highlighted by several epidemiological studies initiated
in the mid-nineties which showed a decreased risk of cancer in different sites associated
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with the uptake of olive oil [5]. Although these results have to be confirmed by extensive
clinical trials, a recent pilot clinical trial with patients suffering from chronic lymphocytic
leukemia demonstrated, for the first time, the anti-cancer therapeutic properties of olive oil
containing high amounts of the polyphenols oleocanthal (1) and oleacein (2) [6]. Although
the term polyphenols is not chemically accurate when used for olive oil phenols, it is widely
used in the formal legislation regarding the health claims of olive oil in the EU and for this
reason it is also used herein.

The cancer-preventive capacity of olive oil could be mediated at least in part by the
presence of minor components which include more than 230 chemical compounds present
in a small amount (about 2% of oil weight). Among these components, of particular
interest are the different classes of phenolic compounds represented by phenolic acids,
phenolic alcohols, flavonoids, secoiridoids and lignans. In particular, the phenolic alcohols
hydroxytyrosol and tyrosol are abundantly present in olives, olive leaves and olive oil as
both free compounds and linked to either elenolic acid (EA) or its dialdehydic form (EDA)
giving rise to the secoiridoid derivatives oleuropein aglycone (3,4, DHPEA-EA) (3a,b),
ligstroside aglycone (p-HPEA-EA) (4a,b), oleocanthal (p-HPEA-EDA) (1) and oleacein (3,4,
DHPEA-EDA) (2) [7]. These compounds are not generally present in other types of oil
and in other foods of vegetable origin. Their concentration in olive oil varies and depends
upon several factors such as the variety of the olive tree, the agronomic conditions during
cultivation and the maturity of the fruit during harvesting as well as the technological
aspects of olive oil production, especially the time and temperature of malaxation [8].
Moreover, although compounds (1–4) are also found in other plants, olive oil is the only
edible source providing them. The polyphenols found in olive oil have well-established
beneficial effects on human health and metabolism [9–12].

A cancer chemo-preventive activity of olive oil has been attributed to hydroxyty-
rosol and tyrosol and their secoiridoid derivatives oleocanthal (1), oleacein (2), oleuropein
aglycone (3a,b) and ligstroside aglycone (4a,b) [7,9,13–19]. Several studies have demon-
strated that certain of these compounds can inhibit proliferation and induce apoptosis in
different tumor cell lines and most animal studies have confirmed the ability of certain
olive oil polyphenols (OOPs) to inhibit carcinogenesis both in the initiation and in the
promotion/progression phases [19–33]. However, further investigations are necessary
to clarify the real chemo-preventive potential of OOPs in humans, such as performing
intervention studies on populations at high cancer risk [7]. This shows the urgency of
performing in-depth investigations on the mechanism(s) of action of OOPs, in cell- and
animal-based cancer models. Additionally, it is important to investigate the safety/toxicity
issues of all the main phenolic ingredients of olive oil.

Recent advances in the development of a simple and rapid methodology for the direct
identification and concentration measurement of each phenol in olive oil using quantitative
1H-nuclear magnetic resonance spectroscopy (qNMR) have offered a new perspective on
the quality control of the health-protecting properties of olive oil [34,35]. During the last few
years, several chromatographic techniques have been established for the isolation of each
OOP, enlarging the spectrum of these natural products identified in olive oil [30,34–41].
In addition, several methods for their chemical synthesis have been published [42,43].
However, at present, there are no available methods based on selective extraction that
could override the need for chromatographic purification. All existing methods are quite
complicated or expensive for large-scale application, thus limiting the availability of OOPs
as material for research or commercial purposes. In the present work, a variety of new
methods for OOPs’ isolation are presented which are easily applicable on a large scale,
permitting the compounds’ acquisition at appropriate amounts for further investigation of
their bioactivities or for the production of commercial products.

Most studies concerning the cytotoxic or antitumor properties of OOPs have been
performed so far with olive oil extracts, [16,25,44] hydroxytyrosol and tyrosol [13,45,46]
and their secoiridoid derivatives oleocanthal (1) [20,24,29,31,47–49], oleacein (2) [19,26,50],
oleuropein aglycone (3a,b) [17,27,51] and ligstroside aglycone (4a,b) [23,52,53]. No stud-
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ies have been performed with the other polyphenols available today in pure form (i.e.,
oleokoronal (5a,b,c), oleomissional (6a,b,c) and oleocanthalic acid (7) [34,40]). Moreover,
all these studies have been conducted with only one or a maximum of two compounds
on one or up to very few cancer cell lines from one or a maximum of two cancer types
by the same research team. Interestingly, all studies on the bioactivity of OOPs on cancer
cell lines have been performed under the atmospheric O2 tension (20% (v/v)) used in cell
culture and traditionally applied in drug screening. The O2 tensions, which in the body
tissues and tumors are <5% (v/v) (tissue normoxia and hypoxia), have important effects
in the bioenergetic metabolism of the cells affecting the sensitivity/response of tumors to
anti-cancer agents [54–63].

The present study contributes to the current knowledge and fills gaps in the under-
standing of the potential antiproliferative/cytotoxic properties of OOPs by studying six
different representatives of these phenols. These in turn are produced in the same labo-
ratory specializing in the isolation and characterization of OOPs from olive oil or olive
leaves coming from Greek varieties of olive trees, ensuring thereby the reproducibility
of results for each tested compound [34,40,64,65]. Moreover, herein are presented results
from the analysis of the antiproliferative/cytotoxic effects of six OOPs on a large number
of cancer cell lines from eight different tissue origins and at conditions resembling the
tumor microenvironment (i.e., hypoxia and serum starvation). This allows a systematic
and reliable comparative analysis of their bioactivity on different tumors since the same
methodology was applied and the OOPs were isolated by the same laboratory following
standardized protocols. Finally, the test results of the antiproliferative/cytotoxic OOPs’
action on non-tumorigenic cell lines are presented, contributing thereby to the search for
the most effective ones with the fewest side effects on non-cancer cells.

2. Results and Discussion

2.1. Large-Scale Isolation of OOPs

The property of secoiridoid phenolic aldehydes such as oleocanthal (1) that allows
them to react with water and generate water-soluble hydrates such as oleocanthadiol
(8) [66] was used to develop methods of selective extraction without the application of a
final chromatographic purification. The avoidance of chromatography is a very important
advantage in comparison with the known methods of isolation [30,34–41], permitting the
easy and cost-effective scale-up of the isolation procedure.

2.2. Isolation of Oleocanthal (1)

Oleocanthal (1) can be easily extracted from olive oil using water [30,67]. Oleocantha-
diol (8), the product of oleocanthal’s (1) reaction with water, is a water-soluble compound
while the rest of the olive oil’s lipophilic ingredients remain in the oil-containing phase.
Evaporation of the aqueous phase as a next step in the procedure provided pure oleocan-
thal (1). It is important to note that successful application of this method requires that the
starting material of olive oil does not contain secoiridoid phenolic aldehydes other than
oleocanthal (1). Screening of thousands of olive oil samples using qNMR [35] led to the
identification of an olive fruit variety (i.e., the Kalamon variety), which under appropriate
milling conditions gives olive oil containing only oleocanthal (1) as secoiridoid phenolic
aldehyde [8,68]. Starting with this type of olive oil, the described method provides pure
oleocanthal (1) in one extraction step. When the starting material is an olive oil containing
additional secoiridoid phenolic aldehydes, the water extraction step leads to a mixture of
oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b) and ligstroside aglycone (4a,b) that
can be further purified using classic chromatographic methods, as previously reported [35].

2.3. Isolation of Oleacein (2)

The above-described property of the secoiridoid phenolic aldehydes of reacting re-
versibly with water led us to investigate the possibility of extracting secoiridoid phenolic
aldehydes from olive leaves using cold water at temperatures ranging between 15 and 25
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◦C. In contrast to the common extraction using hot water at boiling temperature that leads
to extracts with oleuropein (9) as the main phenolic ingredient [69,70], the cold-water ex-
traction led to pure oleacein (2). In fact, when the intact leaves are shredded in the presence
of cold water, the enzymes of oleuropein glucosidase [71] and demethylase [72] come into
contact with their substrate oleuropein (9) and transform it to oleacein (2). When hot water
is used, the enzymes are deactivated and oleuropein (9) remains intact. The cold-water
extract contains oleaceinediol (10) together with several other hydrophilic ingredients such
as sugars (i.e., mannitol, glucose, etc.). However, among them, only oleaceinediol (10) can
be reversibly transformed back to the dialdehyde form of oleacein (2) when it comes in
contact with solvents such as ethyl acetate (EtOAc) or dichloromethane (CH2Cl2). A simple
re-extraction step of the cold-water extract led directly to pure oleacein (2) (purity > 95%).

2.4. Isolation of Oleomissional (6a,b,c)

Surprisingly, when intact olive leaves or olive fruits came in contact with organic sol-
vents such as CH2Cl2, the obtained extract contained only oleomissional (6a,b,c) together
with lipophilic triterpenoids. Oleomissional (6a,b,c) is the enolic form of the open-ring type
of oleuropein aglycone (6a), which is in equilibrium with two isomeric oleuropeindials
(6b,c) and is the first product arising from the action of oleuropein glucosidase on oleu-
ropein. Solvents such as CH2Cl2 disrupt the cell membranes permitting the partial activity
of glucosidase, which is a very resistant enzymatic system, but do not permit the action
of the demethylase. The obtained oleomissional (6a,b,c) can be easily separated from the
rest of the lipophilic compounds based on its ability to react with water and be reversibly
transformed into a hydrophilic diol (oleomissionadiol). Re-extraction of the water solution
using EtOAc or CH2Cl2 led to pure oleomissional (6a,b,c).

2.5. Conversion of Oleomissional (6a,b,c) to Closed-Type Oleuropein Aglycone (3a,b)

Oleomissionadiol (11a,b) in aqueous solutions is stable only when the pH is slightly
acidic. When the pH becomes slightly alkaline then the molecule rearranges from the open
form to the closed-ring form of the oleuropein aglycone (3a,b). This molecule exists as a
mixture of two isomers (R, S) which can be easily obtained by a simple extraction of the
alkaline aqueous solution using organic solvents.

2.6. Effect of Six OOPs on the Proliferation/Viability of Cancer Cells

The potential anticancer properties of OOPs have been extensively investigated during
the last two decades, mainly for tyrosol, hydroxytyrosol and less often with oleocanthal (1)
or other OOPs. The establishment of the aforementioned new methods for OOPs’ isolation
has enabled further studies on the biological properties of each one of them on a wide
array of cancer cell models. The present study investigated the antiproliferative and/or
cytotoxic effect of oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b), ligstroside
aglycone (4a,b) and the newly identified major phenolic ingredients oleomissional (6a,b,c)
and oleocanthalic acid (7) [34,40] (Figure 1). The six compounds analyzed in this study
were isolated as described in the Experimental Section. Their bioactivity was evaluated
on sixteen human tumor-derived cell lines, sensitive or resistant to certain chemotherapy
agents, from eight different tissue origins. Moreover, the bioactivity of the six OOPs was
tested on five non-tumorigenic cell lines (Table S1).

The antiproliferative/cytotoxic effects of the selected OOPs on each cell line were
assessed by measuring the cellular ATP levels after 72 h treatments using an ATP-based
luminescence assay [73]. This assay, initially developed as a tumor chemosensitivity assay,
has shown considerable promise as a general in vitro toxicity assay due to its high sensitivity
that allows the detection of a small number of cells. Consequently, it can be applied to
both cancer cell lines and primary tissue cells. To evaluate the dose–response effect of each
OOP, concentrations of 1–100 μM were used and the bioactivity strength of the six OOPs
was compared on the basis of their effective concentration (EC50s; i.e., concentrations that
inhibited the proliferation of the cell population by 50% as compared to control cells treated
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just with the solvent (i.e., DMSO)). The EC50 values were calculated by nonlinear regression
(curve fit) using a sigmoidal dose–response equation (Figures 2A and S2).

Figure 1. Structures of the studied OOPs and related compounds: oleocanthal (1), oleacein (2), oleu-
ropein aglycone (3a,b), ligstroside aglycone (4a,b), oleomissional (6a,b,c), oleokoronal (7a,b,c), oleocan-
thalic acid (7), oleocanthadiol (8), oleuropein (9), oleaceinediol (10) and oleomissionadiol (11a,b).

The relative antiproliferative/cytotoxic activity of OOPs on cancer cells after 72 h
treatment was: oleocanthal (1) > oleuropein aglycone (3a,b) > ligstroside aglycone (4a,b)
> oleacein (2) > oleomissional (6a,b,c) > oleocanthalic acid (7) (Figure 2B and Table 1).
The calculated EC50 values ranged between 9.1–100 μM (Table 1). The bioactivity of the
oleocanthalic acid (7), studied here for the first time for its antiproliferative/cytotoxic
activity, was initially evaluated systematically in the three breast cancer cell lines using a
concentration range of 10–100 μM. In all cases, the viability measured was ≥80%, predicting
EC50 values > 100 μM. Since this study was focused on OOPs with EC50 values < 100 μM,
which would be promising for future use in cancer prevention or cancer treatment, the
range of concentrations tested for all six compounds analyzed was below 100 μM. For this
reason, oleocanthalic acid (7) was excluded from the rest of this study.
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Figure 2. OOPs reduce cell numbers/viability of several cancer cell lines. (A) The effect of different
concentrations of oleocanthal on four cancer cell lines is shown as sigmoidal dose–response curves in
two representative panels. Cell numbers/viability was measured using the ATP-based luminescence
assay after 72 h treatment. The results shown are from two or three independent experiments
performed in triplicates. Data are represented as mean cell count ± SE in each treatment group
normalized to the control group (i.e., cells treated only with 0.2% (v/v) DMSO). (B) Effects of different
concentrations of oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b), ligstroside aglycone (4a,b)
and oleomissional (6a,b,c) on cell numbers/viability. Bar graphs representing the mean EC50 values
for the studied compounds on the cell numbers/viability of a panel of sixteen cancer cell lines from
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eight different tissue origins. Mean EC50 values ± SE are from two or three independent experiments
performed in triplicate. The EC50 values were calculated using the GraphPad Prism software.

Table 1. EC50 values of OOPs (i.e., oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b), ligstroside
aglycone (4a,b), oleomissional (6a,b,c) and oleocanthalic acid (7)). Their effect on the proliferation or
the viability of cancer and non-tumorigenic transformed cell lines or normal cell lines was determined
by the ATP assay. EC50 values were calculated after 72 h treatments for each experiment using
GraphPad Prism software and were then used to calculate the average and the SE values. The results
presented are from two or three independent experiments performed in triplicate.

EC50 Values of Olive Oil Polyphenols

Cell Origin Cell Line 1 2 3a,b 4a,b 6a,b,c 7

Human Breast cancer
cell lines

MDA-MB 231 10.4 ± 0.8 37.7 ± 2.2 25.4 ± 0.8 31.6 ± 2.7 52.0 ± 7.6 >100

SK-BR-3 13.0 ± 0.6 45.6 ± 2.2 17.7 ± 1.4 21.5 ± 2.5 53.4 ± 2.0 >100

MCF-7 24.6 ± 2.6 >100 32.2 ± 1.1 61.8 ± 1.2 >100 >100

Skin melanoma cell lines
SK-MEL-28 10.4 ± 1.1 33.4 ± 2.4 15.1 ± 0.9 22.2 ± 1.2 45.1 ± 0.5 –

A2058 18.4 ± 0.4 55.7 ± 3.4 37.2 ± 0.8 63.6 ± 1.6 74.9 ± 1.4 –

Colon and gastric cancer
cell lines

HT-29 26.3 ± 2.0 >100 50.1 ± 1.5 98.2 ± 8.4 >100 –

Caco-2 34.3 ± 4.1 >100 24.5 ± 0.9 24.4 ± 1.6 58.9 ± 4.6 –

AGS 18.3 ± 1.0 46.2 ± 2.3 35.9 ± 1.4 48.5 ± 2.5 75.2 ± 5.2 –

MKN-45 10.2 ± 0.4 25.0 ± 2.1 16.4 ± 1.6 24.0 ± 1.2 43.7 ± 1.5 –

Liver cancer cell lines
Huh-7 20.2 ± 1.5 49.6 ± 0.5 13.0 ± 0.1 36.0 ± 0.9 44.9 ± 1.6 –

HepG-2 40.0 ± 5.3 82.8 ± 0.7 17.7 ± 0.5 45.8 ± 3.4 45.5 ± 3.5 –

Pancreatic cancer cell line PANC-1 14.9 ± 0.9 30.9 ± 0.2 19.1 ± 0.6 45.7 ± 1.4 34.8 ± 0.1 –

Lung Cancer cell lines
H1437 26.5 ± 1.1 74.6 ± 2.1 11.9 ± 0.6 11.6 ± 1.1 32.1 ± 1.1 –

H1299 18.2 ± 0.9 61.7 ± 1.3 24.1 ± 0.9 83.3 ± 1.9 73.4 ± 4.5 –

Cervical Cancer cell lines
ME-180 9.1 ± 0.3 25.2 ± 0.2 25.5 ± 0.5 51.1 ± 2.2 51.9 ± 1.5 –

Hela 44.6 ± 0.4 46.3 ± 4.9 27.6 ± 0.3 47.6 ± 1.8 69.0 ± 1.6 –

Non cancer cell line
derived from lung MRC-5 2.0 ± 0.1 7.0 ± 0.9 8.6 ± 0.4 13.2 ± 0.9 24.2 ± 1.2 –

Spontaneously
transformed aneuploidy
immortal keratinocytes

HaCaT 19.3 ± 0.3 51.8 ± 4.2 36.6 ± 0.0 55.6 ± 1.0 63.7 ± 4.6 –

Human non-tumorigenic
epithelial cell MCF 10A 7.0 ± 0.3 24.7 ± 2.7 9.5 ± 0.4 55.8 ± 2.7 35.4 ± 1.9 –

Mesenchymal Cells WJ-MSC 19.1 ± 5.6 28.2 ± 11.1 28.7 ± 0.3 39.3 ± 3.8 92.7 ± 38.5 –

Normal Human Dermal
Fibroblasts NHDF 24.7 ± 0.4 49.0 ± 1.2 42.7 ± 0.5 46.5 ± 5.0 64.2 ± 1.9 –

Oleomissional (6a,b,c), which was also studied here for the first time, presented
EC50s > 50 μM for the cell lines from breast cancer (i.e., MDA-MB 231, MCF-7 and SK-BR-3),
skin melanoma (i.e., A2058), colon and gastric epithelium cancer (i.e., HT-29, Caco-2, AGS)
and cervical cancer (i.e., ME-180, Hela). However, for the MKN-45 gastric cancer, SK-MEL-
28 melanoma, liver and pancreas cancer cell lines (i.e., Huh-7, HepG-2 and PANC-1) and
the H1437 lung cancer cell line, the EC50 values exhibited by oleomissional (6a,b,c), were
<50 μM (Table 1). Significant variation was observed in the OOPs’ EC50 values for cancer
cell lines with different tissue tumor origin but also amongst cell lines of the same tissue
origin but with different genetic identities (Figure 3, Table 1).
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Figure 3. Bioactivity range of OOPs on several cancer cell lines from eight different tissue origins.

With respect to breast cancer, the MDA-MB-231, SK-BR-3 and MCF-7 cell lines were
selected as representative for this study. The highly metastatic, triple-negative MDA-
MB-231 cells lack the expression of estrogen receptor (ERα)—the target for hormonal
therapy—and overexpress c-Met—a breast cancer molecular target of oleocanthal (1). The
SK-BR-3 cell line overexpresses human epidermal growth factor receptor 2 (HER2) while
the MCF-7 cells express ERα and c-Met [28,47,74]. Oleocanthal (1) was the most effective
OOP on all three breast cancer cell lines (EC50 = 10.5–24.6 μM) and oleuropein aglycone
(3a,b) followed in potency (EC50 = 17.7–32.2 μM). The MCF-7 cancer cells proved to be the
most resistant to oleocanthal (1) of all three cell lines, with EC50s > 25 μM.

The cytotoxic effect of oleocanthal (1) on breast cancer cells and its potential mechanism of
action have been investigated under different conditions in several studies, mostly on MDA-MB
231 and MCF-7 cells. Until now, the reported EC50 values for oleocanthal (1) in the three breast
cancer cell lines used in this study have varied between 10–18.5 μM for MDA-MB 231 and
18–40 μM for MCF-7 estimated after 48 or 72 h treatment with the OOP in different culture
conditions (i.e., serum-free, FBS 0.5% (v/v), HGF-supplemented media and EGF-supplemented
media) [28,47,74,75]. The corresponding EC50 values calculated in this study were close to the
lowest values of these ranges. Siddique et al. (2019) determined the EC50 value of oleocanthal
(1) on SK-BR-3 cells to be 27.3 μM (after 48 h treatment in HGF- and EGF-supplemented media),
while in this study, the EC50 value was calculated to be 13 μM [76].

Similar studies on the oleuropein aglycone (3a,b) bioactivity are still limited. Menendez et al.
(2007) reported that the concentration of oleuropein aglycone (3a,b) reducing cell viability by
50% after five days of treatment was 47 μM for the SK-BR-3 cells and >100 μM for the MCF-
7 cells [17]. A very recent study by Mazzei et al. (2020) showed that the calculated EC50
values for MCF-7/TR (tamoxifen-resistant) and MDA-MB 231 cells were 70 μM and 53 μM,
respectively [27]. These EC50 values are twice to three times higher than the values calculated
in the present study (i.e., for MDA-MB 231, EC50 = 24.5 μM; for SK-BR-3, EC50 = 17.7 μM;
for MCF-7, EC50 = 32.2 μM). The differences in these results may be due to variations in the
experimental conditions or differences in the purity of the compound used.

As for ligstroside aglycone (4a,b), Busnena et al. (2013) reported an EC50 value for MDA-
MB 231 of approximately 80 μM after 48 h treatment, while in the present study ligstroside
aglycone (4a,b) was found to be much more effective (EC50 = 31.6 μM) [23]. Moreover, similar
to the results presented herein, previous studies have shown that SK-BR-3 cells were sensitive
to ligstroside aglycone (4a,b) (EC50 = 26 ± 6 μM after 5 day treatment) [53].

With respect to skin cancer, A2058 and SK-MEL-28 melanoma-derived cell lines were
included in the present study. The calculated EC50 values for oleocanthal (1) were 10.4 μM
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and 18.4 μM in the SK-MEL-28 and A2058 cells, respectively. These EC50 values are similar
to those observed for the breast cancer cell lines. The EC50 values for oleuropein aglycone
(3a,b) were 15.1 μM and 37.2 μM, respectively, for the two cell lines. Interestingly, SK-
MEL-28 cells were more sensitive to all OOPs than the A2058. To our knowledge, no data
have been reported until now for the antiproliferative/cytotoxic effect of these two OOPs
(1 and 3a,b) on the aforementioned cancer cell lines. However, oleocanthal (1) has been
shown to inhibit cell viability in several human melanoma cell lines, including the A375,
501Mel and G361 cells at low concentrations [21,22]. Moreover, for oleocanthal (1) and
oleacein (2), much higher EC50 values were reported recently on A375 cells (i.e., 67.5 ± 1.9
and 112.9 ± 4.9 μM, respectively) after 72 h treatment [50].

In the hepatic cancer cell lines, oleuropein aglycone (3a,b) was almost twice as effective
than oleocanthal (1), with the Huh-7 being more sensitive to all OOPs than the HepG-2 cells.
It is noteworthy that in two previous reports on the antiproliferative/cytotoxic activity of
oleocanthal (1) against hepatocellular carcinoma [29,48], the calculated EC50 values were
similar to those presented in this study; however, in one study, the Huh-7 cells were found
to be more resistant than HepG-2 to treatment with oleocanthal (1) while in another they
responded similarly [29]. Moreover, the pancreatic cancer cell line PANC-1 was almost
equally sensitive to oleocanthal (1) and oleuropein aglycone (3a,b) but more sensitive to
the rest of OOPs than the hepatic cancer cell lines.

The Caco-2 colon cancer cells were more sensitive to oleuropein (3a,b) and ligstroside
(4a,b) aglycones than to oleocanthal (1) while for the HT-29 colon cancer cells the opposite
was observed. It is worth noting that while in this study oleocanthal (1) was found to
have moderate activity (EC50 = 33.4 μM, after 72 h treatment), others have reported that it
had no cytotoxic effect on Caco-2 cells (EC50 > 150 μM) [75]. For the stomach cancer cell
lines oleocanthal (1) was the most effective OOP, with oleuropein aglycone (3a,b) being the
second most effective in both cell lines. Moreover, MKN-45 stomach cancer cells were more
sensitive to all OOPs than the AGS cells.

The two lung cancer cell lines showed different sensitivities to oleocanthal (1) and
the two aglycones (3a,b and 4a,b). While oleocanthal (1) and oleuropein aglycone (3a,b)
were the most effective OOPs on H1299 cells, the H1437 cells were more sensitive to the
two aglycones (3a,b and 4a,b) with oleocanthal (1) following in effectiveness. Moreover,
they were more sensitive to the rest of the OOPs than the H1299 cells. Until now, only
oleocanthal (1) has been shown in one report to inhibit the cell viability of several human
lung cancer cell lines, including A549 and NCI-H322M cells [31].

Finally, the ME-180 cervical cancer cells were more sensitive than the Hela to all OOPs
with oleocanthal (1) the most effective and oleuropein aglycone (3a,b) the second. Once more,
the EC50 value reported in the present study for the activity of oleocanthal (1) on Hela cells was
44.6 μM, while in another study, an EC50 value >150 μM was calculated for oleocanthal [75].

To summarize, for most cancer cell lines tested herein, oleocanthal (1) was the most
effective OOP in its antiproliferative/cytotoxic effect while oleuropein aglycone (3a,b)
ranked second. The only exceptions where oleuropein or ligstroside aglycones (3a,b and
4a,b) were more effective than oleocanthal (1) were on (a) the two hepatic cell lines, Huh-7
and HepG-2 ((3a,b) > (1)), and (b) on the H1437 lung cells (both aglycones (3a,b and 4a,b) >
(1))—results that merit further investigation. A detailed analysis of the bioactivity of the six
OOPs highlighted their differential activity on cells of different cancer origin but also on
cell lines of the same tissue origin but with different genetic backgrounds. With respect to
the EC50 values of the OOPs studied until now, the majority of the EC50 values calculated
in this study were either considerably lower or similar to the values already reported.

2.7. Effect of Six OOPs on the Viability of Non-Tumorigenic Human Cells Lines; Selectivity of
OOPs’ Bioactivity

The OOPs analyzed above, except oleocanthalic acid (7), were also tested for their
antiproliferative/cytotoxic effect on non-cancer immortalized or normal human cell lines
of different tissue origins. Human mesenchymal stem cells derived from umbilical cord
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(Wharton’s jelly stem cells (WJSCs)) were also used as an alternative cell model [77–79].
Two out of the five cell types (i.e., MRC-5 derived from lung and MCF-10A non-tumorigenic
breast epithelial cells) were more sensitive than the cancer cell lines of similar tissue origin
in all OOPs tested (Table 1). However, the skin-derived cells (i.e., HaCaT spontaneously
transformed immortal keratinocytes and the NHDF Normal Human Dermal Fibroblasts)
were either as sensitive as the A2058 melanoma cells (i.e., the HaCaT cells) or more resistant
to oleocanthal (1) treatment than both the A2058 and SK-MEL-28 melanoma cell lines tested
(i.e., the NHDF cells). The WJSCs were found to be as sensitive as NHDF to oleocanthal
treatment, but more sensitive to oleacein (2) and the two aglycones (3a,b and 4a,b).

To evaluate the anti-cancer potential of a compound, its cytotoxicity against non-tumorigenic
cell lines must be determined in order to calculate the selectivity index value (SI). Comparison of
the OOPs’ selectivity indexes for the cell lines (cancer and non-tumorigenic transformed cells)
of the same tissue origin (i.e., the ratio of EC50 for non-tumorigenic cells/EC50 for cancer cells)
summarized in Table S3 indicated that the SIs ranged between 0.1–2.8 [80]. Oleocanthal (1) and
the two aglycones (3a,b and 4a,b) displayed SI > 2 for the melanoma cell line SK-MEL-28 (2.4,
2.8 and 2.1, respectively) while ligstroside aglycone (4a,b) showed moderately good selectivity
for some breast cancer cell lines, as well (Table S3). According to Weerapreeyakul et al. (2012), a
SI value ≥3 is required for classifying a compound as prospectively anti-cancer [81], but others
consider SI values >2 as a positive indication for further investigation of a compound’s anti-cancer
potential [82,83]. The results presented in this study concerning the sensitivity of MCF-10A
and HaCaT cells to treatment with OOPs do not correlate with previously reported studies in
which the MCF-10A cells were found resistant to treatment with oleocanthal (1), ligstroside
aglycone (4a,b) and oleuropein aglycone (3a,b) at concentrations of 40 μM, 50 μM and 150
μM, respectively [23,27,28,30]. Moreover, other studies have demonstrated that the HaCaT
cells were resistant to treatment with oleocanthal (1) and oleacein (2), while EGF-stimulated
HaCaT cells were found to be more sensitive to these OOPs [22,50]. Since we obtained the
MCF-10A cells directly from the ATCC cell bank and evaluated their sensitivity to OOPs
in parallel with the respective cancer cell lines using the same methodology and the same
compounds, the results reported herein bear validity. The HaCaT cells were found as sensitive
to A2058 melanoma cells. More specifically, they were more sensitive to oleocanthal (1) and
oleuropein aglycone (3a,b) treatment, but the EC50 values of oleacein (2), ligstroside aglycone
(4a,b) and oleomissional (6a,b,c) were higher than 50 μM.

Therefore, the above results, although encouraging with respect to the selectivity
indexes estimated for oleocanthal (1) and the two aglycones (3a,b and 4a,b) for some cancer
types, raise questions concerning the validity of using transformed/immortalized cell lines
to evaluate the potential use of OOPs or other natural products for anticancer treatments.
They may not be representative cell models of normal tissues. Two-dimensional or 3D cell
culture systems utilizing human primary cells from different tissues may provide more
physiologically relevant information and more predictive data in in vitro assays testing the
selectivity of OOPs’ anti-cancer effect [84,85].

2.8. Kinetics of Antiproliferative/Cytotoxic Effect of OOPs

To examine the time dependence of the OOPs’ effect on cancer cell lines, treatments were
performed for different time lengths and the reductions in cell numbers were compared. The
MDA-MB 231 and SK-MEL-28 breast cancer and melanoma cell models, respectively, were
treated for 24, 48 and 72 h with OOP concentrations lower, higher or close to the EC50 values of
the most active compounds (i.e., oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b) and
ligstroside aglycone (4a,b)). Cell numbers were assayed using the ATP assay.

As expected, the highest cell numbers in the treated cultures (i.e., the weakest effect
of OOPs) were observed at 24 h, while the lowest (i.e., the strongest effect of OOPs) at
72 h treatments. Interestingly, treatments with some OOPs (i.e., ligstroside aglycone (4a,b)
and oleacein (2)) had a similar effect to that observed at 24 h independently of the OOPs
concentration used. By contrast, others ((i.e., oleocanthal (1) and oleuropein aglycone
(3a,b)) acted earlier than 48 h, but reached the highest levels of effect at 72 h, when the used
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concentrations in the treatments were close to or higher than their EC50 values. Apparently,
some OOPs exert their antiproliferative/cytotoxic effect earlier than 48 h while others act
slower (Figure 4). On the basis of these results, it was decided to determine the EC50 values
for all of OOPs tested in all the cell lines at 72 h of treatment.

Figure 4. Time- and dose-dependent effect of OOPs on MDA-MB231 and SK-MEL 28 cell lines. Cells
were treated with different concentrations (2.5–70 μM) of oleocanthal (1), oleacein (2), oleuropein
aglycone (3a,b), ligstroside aglycone (4a,b) and oleomissional (6a,b,c). Cell viability was measured
using the ATP-based luminescence assay at the end of 24, 48 and 72 h treatment. Results from two
independent experiments performed in triplicate. Bar graphs represent the mean cell count ± SE in
each treatment group normalized to the control group (i.e., cells treated only with 0.2% (v/v) DMSO).
* p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (t-test) comparing viability in the treatments for 48 h and 72 h.

2.9. Effect of the OOPs’ Stability in the Calculation of EC50 Values

A very important observation made in this study pertains to the instability of oleocanthal
(1) in the cell culture medium. Representative results from the treatment of SK-BR-3 cells for
48 h with two different concentrations of oleocanthal (1) added to the cells directly or after a
15 min pre-incubation in a culture medium are shown in Figure 5. Oleocanthal (1) was partially
deactivated when its addition was delayed by the 15 min pre-incubation step and this was
time- and dose-dependent (Figure S3A). The other OOPs tested were not affected similarly
(Figure S3B). The low stability of oleocanthal (1) in the culture medium resulted in a strong local

259



Int. J. Mol. Sci. 2023, 24, 3

antiproliferative/cytotoxic effect (i.e., in the vicinity of the positions where it was added) while
cells located in the tissue culture wells distant from the site of oleocanthal (1) addition were
less affected. These results raised questions about the chemical form of the active oleocanthal
(1) and the ways of handling it in our assays. It was therefore decided for all the experiments
presented in this manuscript and the assays performed to calculate the EC50 values to add
all the OOPs tested directly to the culture medium. A recent study showed that oleocanthal
(1) spontaneously reacts with amino acids, with high preferential reactivity to glycine, which
is found in abundance in culture media. A glycine derivative with a tetrahydropyridinium
skeleton was identified as the product of this reaction and was called oleoglycine [66]. This type
of reaction with amino acids or generally peptides and proteins may be one of the reasons for
the variations observed in the EC50 values reported for oleocanthal (1) by different laboratories
for the same cancer cell lines.

Figure 5. Partial deactivation of oleocanthal (1) in culture medium. SK-BR-3 cells were treated with two
different concentrations of oleocanthal (1) at two different concentrations (20 and 40 μM) for 48 h. Viable
cell numbers were determined using the ATP-based luminescence assay after 48 h of treatment. The
compound was added to the cells either directly or after incubation with the culture medium for 15 min.
The results presented are from four independent experiments performed in triplicate. Bar graphs represent
the mean cell count ± SE in each treatment group normalized to the control group (i.e., cells treated only
with 0.2% (v/v) DMSO). * p < 0.05; ** p ≤ 0.01 (t-test) comparing the two different treatment methods.

2.10. Correlation of EC50 Values with the Doubling Times of the Cell Lines

Examination of the EC50 values for each OOP showed significant variations in the
analyzed cancer cell lines of different tissue origin but also amongst cell lines of the same
tissue origin but with different genetic characteristics (Table 1) To examine if the speed of
proliferation of each cell line correlated to these results, the doubling time of each cell line
was calculated (Table S2A) using the MTT assay (Experimental Section) which gave similar
results to those obtained with the ATP assay (Figure S4). Overall, no clear correlation was
detected between the EC50 values for each OOP and the doubling time of the cell lines.

In more detail, for the breast cell lines presented as representative examples (Table
S2B), the slower-growing cell line SK-BR-3 was more sensitive to treatment with all OOPs
as compared to the MCF-7 cell line with approximately the same doubling time. However,
when compared with the faster-growing MDA-MB 231 cell line, the SK-BR-3 cells seemed
to be more resistant to oleocanthal (1) and oleacein (2) treatment and more sensitive to
treatment with the aglycones (i.e., (3a,b), (4a,b)). As for the skin cell lines, although
they had comparable doubling times, the SK-MEL-28 was the most sensitive. It is worth
mentioning that for the stomach cancer cell lines studied (i.e., the AGS and MKN-45 cells),
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the slower-growing cell line (i.e., AGS) seemed to be more resistant to treatment with
all OOPs (higher EC50 values) as compared to the MKN-45 cells. The same trend was
followed in the results for the colon cancer cell lines, but only for the treatment with the
two aglycones ((3a,b) and (4a,b)) and oleomissional (6a,b,c) while for oleocanthal (1) and
oleacein (2) the opposite trend was observed (Table 1 and Table S2). Moreover, the exact
opposite trend was observed with regard to the lung cancer cell lines. Specifically, the
H1437 cells growing faster than the H1299 cells seemed to be more resistant to treatment
with oleocanthal (1) or oleacein (2) than the H1299 cell line. On the other hand, the H1437
cells were more sensitive to treatment with the other three OOPs (i.e., ligstroside aglycone
(4a,b), oleuropein aglycone (3a,b) and oleomissional (6a,b,c)) in comparison to the other
cell line of the same tissue origin. Finally, concerning the cervical cancer cell lines, it seemed
that Hela, a highly proliferative cell line, is more resistant to OOPs treatment as compared
to the ME-180 cancer cervical cells.

In summary, the above-commented results indicated that the EC50 values calculated
in this study for each OOP tested (Table 1 and Figure 3) were cell type-specific and did not
correlate with the doubling time of the cell lines (Table S2B).

2.11. Effect of O2 Concentration on the OOPs’ Antiproliferative/Cytotoxic Activity

The effects of drugs on cancer cell lines are usually tested under atmospheric conditions
(20% (v/v) O2). However, the O2 content in tissues (normoxia) and solid tumors (hypoxia) is
≤ 5% (v/v). In some tumors (i.e., pancreatic tumors) the % O2 is even ≤ 1% (v/v) [54,86,87].
This affects cell metabolism and signaling pathways which depend on the hypoxia-induced
Factor 1A (HIF1A) and it could affect the activity of certain drugs [59,63,88–90]. To examine
if low O2 levels modify the activity of OOPs, oleocanthal (1), oleuropein aglycone (3a,b)
and ligstroside aglycone (4a,b) were tested under low O2 concentration (i.e., 1% (v/v)
(hypoxia)) in comparison to 20% (v/v) (atmospheric O2 levels in tissue culture) at three
different concentrations close to the EC50 value for each OOP for the cell lines analyzed
(Figure 6). The effects of these three OOPs were tested on the MDA-MB 231, SK-BR-3 and
MCF-7 breast cancer and on the AGS stomach cancer cell lines.

O2 concentration did not affect in the same way the antiproliferative/cytotoxic bioac-
tivity of the three OOPs on all four cancer cell lines tested (Figure 6). Treatment with
oleuropein or ligstroside aglycones (3a,b and 4a,b) at low oxygen O2 tension (i.e., 1% (v/v)
(hypoxia)) rendered some cell lines more resistant. Ligstroside aglycone (4a,b) appeared
to be less effective under hypoxic conditions on the AGS stomach cancer cells, while the
bioactivity of oleocanthal (1) and oleuropein aglycone (3a,b) in the same cells was similar.
Similarly to AGS cells, the MDA-MB 231 cells in hypoxia were more resistant to treatment
with both aglycones ((3a,b), (4a,b)). Finally, the MCF-7 cells and SK-BR-3 breast cancer
cells appeared to respond similarly to treatment with the three OOPs under hypoxic and
atmospheric O2 conditions. These results indicated once more the variability observed
in the bioactivity of each OOP in each cell line, as described in the previous paragraphs.
Overall, oleocanthal (1), oleuropein aglycone and ligstroside aglycone (3a,b and 4a,b) were
equally or less effective at low oxygen O2 tension (i.e., 1% (v/v) (hypoxia)) as compared to
atmospheric O2 levels. This is an important piece of information for the design of future
in vivo experiments aiming at the evaluation of the OOPs’ anti-tumor properties.
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Figure 6. Effect of O2 concentration on the antiproliferative/cytotoxic effect of OOPs. The effect of
three different concentrations close to the EC50 value of oleocanthal (1), oleuropein aglycone (3a,b)
and ligstroside aglycone (4a,b) was evaluated after 72 h treatment under either 1% (v/v) O2 or 20%
(v/v) O2. Cell viability was determined on (A) AGS, (B) MDA-MB 231, (C) MCF-7 and (D) SK-BR-3
cell lines using ATP-based luminescence assay. The results presented are from two independent
experiments performed in triplicate. Bar graphs represent the mean cell count ± SE in each treatment
group normalized to the control group (i.e., cells treated only with 0.2% (v/v) DMSO). * p < 0.05;
** p ≤ 0.01; *** p ≤ 0.001 (t-test) comparing the two different conditions.

2.12. Anti-Proliferative Effect of OOPs on Different Cancer Cell Lines

The ATP and MTT assays utilized to assess cell viability in the experiments described
above do not provide information about the OOPs’ mechanism(s) of action. To distinguish
if the observed reduction in cell numbers upon treatment with OOPs was due to a prolifer-
ation arrest or to a cytotoxic effect, the levels of DNA replication arrest were evaluated after
treatment with each of the five OOPs (i.e., oleocanthal (1), oleacein (2), oleuropein aglycone
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(3a,b), ligstroside aglycone (4a,b) and oleomissional (6a,b,c)). DNA replication, as a key
determinant of chromosome segregation and stability in eukaryotes, is directly related to
cell proliferation [91].

For this purpose, ten cancer cell lines (i.e., MDA-MB 231, SK-BR-3, MCF-7, A2058,
SK-MEL-28, AGS, HepG-2, PANC-1, H1299 and Hela) originating from breast, melanoma,
stomach, hepatic, pancreatic, lung and cervical tumors were analyzed in parallel with
control samples (i.e., the same cells treated only with 0.2% (v/v) DMSO). They were treated
for 24 h with OOPs having EC50 values ≤ 50 μM at concentrations equal to the EC50
of each one. Subsequently, the treated cells were allowed to incorporate 5-ethynyl-2′-
deoxyuridine (EdU) into replicating DNA according to the protocol described in detail
in the Experimental Section. EdU, a thymidine analog, can be incorporated into DNA
in vivo and detected later by using copper-catalyzed azide–alkyne cycloaddition (click
reaction) without prior DNA denaturation [91]. The pool of cells in the S phase can be
then easily detected by fluorescence (FL) microscopy or by flow cytometry by analyzing
the incorporation of EdU in replicating DNA of single cells [92]. In this study, after EdU
incorporation, the nuclei of the entire cell population were stained with Hoechst and
imaged by confocal microscopy (Experimental Section). EdU-positive nuclei, marked by
green FL, as well as the total number of nuclei, marked by blue FL, were enumerated
by applying the Icy image analysis algorithm on the digital images acquired by confocal
microscopy. Treatment of the cell lines analyzed for 24 h with OOPs as single compounds
(i.e., oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b), ligstroside aglycone (4a,b)
or oleomissional (6a,b,c)) resulted in inhibition of proliferation ranging from 4.7–47.8%
(Figure 7 and Figure S5, Tables 2 and 3). Oleacein (2), oleuropein aglycone (3a,b) and
oleomissional (6a,b,c) appeared as the most effective OOPs in the SK-MEL-28 melanoma
cells (20.3–27.6% inhibition of proliferation), with (3a,b) and (6a,b,c) demonstrating very
significant (p < 0.0001) inhibition of cell proliferation (Tables 2 and 3). Oleocanthal (1),
oleacein (2) and the two aglycones (3a,b and 4a,b) were the strongest proliferation inhibitors
in the AGS stomach cancer cells (28.9–31.6% inhibition of proliferation), giving statistically
significant results (p < 0.01) as compared to control samples (Tables 2 and 3). The strongest
antiproliferative effect (47.0–47.8% inhibition) was observed in the treatment of H1299 lung
cancer cells with oleocanthal (1) and oleacein (2), while in the PANC-1 pancreatic cancer
cells, oleacein (2), oleuropein aglycone (3a,b), ligstroside aglycone (4a,b) and oleomissional
(6a,b,c) had a similar effect (21.9–23.7% inhibition of DNA replication) (Tables 2 and 3).

Table 2. OOPs’ antiproliferative effect. S-phase cells (i.e., % EdU +ve) are presented for each OOP
treatment in each cell line. The effect of the most effective OOPs (EC50 ≤ 50 μM) on cell proliferation
was evaluated on all the breast cancer (i.e., MDA-MB 231, SK-BR-3 and MCF-7) and skin melanoma
(SK-MEL-28, A2058) cell lines. Moreover, the antiproliferative effect of OOPs was tested on the most
resistant cell line of the other tissue origins (i.e., AGS, HepG-2, PANC-1, H1299 and Hela cells). For
this, the Cell proliferation kit III (EdU-488; FM) was used after 24 h treatments with the OOPs. The
doubling times for each cell line are presented as well. The results are means ± SE from two (or three)
independent experiments (total no. of cells ≥ 300). * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001
(t-test) compared to the corresponding control samples (i.e., cells treated with 0.2% (v/v) DMSO).

Compounds DMSO 1 2 4a,b 3a,b 6a,b,c

Cell Line
Doubling Time
(Hours ± SE)
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% EdU +ve
± SE
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MDA-MB 231 a 26.2 ± 3.7 41.2 ± 1.8 29.1 ± 2.3 * 25.5 ± 4.1 * 33.0 ± 2.8 ns 19.7 ± 3.1 ** - -

SK-BR-3 40.0 ± 4.2 23.5 ± 1.8 9.5 ± 3.9 ns 7.4 ± 0.7 * 18.8 ± 1.3 ns 6.6 ± 3.5 * 8.3 ± 0.9 *

MCF-7 34.5 ± 2.8 40.4 ± 1.6 21.6 ± 4.0 * - - - - 21.1 ± 2.0 * - -

A2058 28.6 ± 2.8 38.8 ± 4.5 25.5 ± 5.3 ns - - - - 23.7 ± 5.8 ns - -

263



Int. J. Mol. Sci. 2023, 24, 3

Table 2. Cont.

Compounds DMSO 1 2 4a,b 3a,b 6a,b,c

Cell Line
Doubling Time
(Hours ± SE)
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SK-MEL-28 27.9 ± 0.7 25.4 ± 1.0 a 15.0 ± 4.8 a ns 1.8 ± 0.4 ** 20.8 ± 5.1 a ns 0.7 ± 0.3 a **** 2.8 ± 1.0 a ****

AGS 33.7 ± 0.4 47.3 ± 2.5 a 16.2 ± 4.4 a ** 14.7 ± 0.4 ** 14.0 ± 0.5 ** 18.4 ± 1.5 a *** - -

HepG-2 37.2 ± 2.0 39.0 ± 3.2 26.4 ± 1.5 ns - - 12.0 ± 2.0 * 10.6 ± 3.1 * 31.7 ± 4.9 ns

PANC-1 16.4 ± 0.7 45.5 ± 4.5 23.6 ± 5.8 ns 37.6 ± 7.1 ns 22.1 ± 7.2 ns 21.9 ± 5.3 ns 21.7 ± 2.2 *

H1299 20.2 ± 6.4 61.0 ± 0.7 14.0 ± 1.9 ** 13.2 ± 3.5 ** - - 31.9 ± 5.9 * - -

Hela 15.5 ± 2.4 45.3 ± 1.4 - - 21.7 ± 6.5 ns 31.2 ± 4.9 ns 20.9 ± 3.5 * - -

a Results from three independent experiments. The rest of values are from two independent experiments.

Figure 7. Cont.
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Figure 7. OOPs’ effect on cell proliferation. (A) Confocal microscopy images of SK-MEL-28 cells
evaluated for proliferation 24 h after treatment with oleuropein aglycone (3a,b) and oleomissional
(6a,b,c) using concentrations equal to EC50 values (μM) for each cell line. S-phase cell nuclei were
stained with EdU (green fluorescence) and all nuclei with Hoechst (Blue fluorescence, grey pseudo-
color). Bar graphs represent the % of cells in S Phase (proliferating) calculated by the quantification
of the EdU-positive cells divided by the number of Hoechst-positive cells. (B) Cell proliferation was
determined after 24 h treatment with the EC50 values (μM) of oleocanthal (1), oleacein (2), oleuropein
aglycone (3a,b), ligstroside aglycone (4a,b) and/or oleomissional (6a,b,c) on MDA-MB 231, SK-BR-3,
SK-MEL-28, AGS, H1299 and HepG-2. Graphs represent the quantification of EdU incorporation
by counting the number of EdU +ve cells/Hoechst +ve cells. The results are means ± SE from two
or three independent experiments (total no. of cells ≥ 300). * p < 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001 (t-test) compared to the corresponding control samples (i.e., cells treated with 0.2%
v/v DMSO).
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Table 3. OOPs’ antiproliferative effect. The data from Table 2 expressed as levels of % inhibition
of cell proliferation after normalization with the control. The doubling times for each cell line are
presented as well. The results are means ± SE from two (or three) independent experiments (total no.
of cells ≥ 300).

% Inhibition ± SE

Cell Line
Doubling Time
(Hours ± SE)

1 2 4a,b 3a,b 6a,b,c

MDA-MB 231 a 26.2 ± 3.7 12.1 ± 1.0 15.7 ± 2.4 8.2 ± 1.8 21.5 ± 2.1 -

SK-BR-3 40.0 ± 4.2 14.1 ± 2.1 16.2 ± 2.4 4.8 ± 3.1 16.9 ± 1.7 14.8 ± 0.5

MCF-7 34.5 ± 2.8 19.1 ± 2.1 - - 19.3 ± 0.5 -

A2058 28.6 ± 2.8 13.3 ± 0.8 - - 15.0 ± 10.3 -

SK-MEL-28 27.9 ± 0.7 10.4 ± 5.7 a 20.3 ± 4.0 4.7 ± 4.6 a 24.7 ± 0.7 a 22.6 ± 1.3 a

AGS 33.7 ± 0.4 31.2 ± 4.5 a 31.0 ± 3.5 31.6 ± 2.6 28.9 ± 1.5 a -

HepG-2 37.2 ± 2.0 12.7 ± 1.7 - 27.0 ± 1.1 28.4 ± 0.1 7.3 ± 1.7

PANC-1 16.4 ± 0.7 21.9 ± 1.3 7.9 ± 2.6 23.4 ± 2.7 23.6 ± 0.8 23.7 ± 6.7

H1299 19.4 ± 5.4 47.0 ± 2.5 47.8 ± 4.1 - 29.1 ± 6.5 -

Hela 15.5 ± 2.4 - 23.6 ± 7.9 14.1 ± 6.3 24.3 ± 2.1 -
a Results from three independent experiments. The rest of values are from two independent experiments.

In summary, all OOPs analyzed in this study with EC50 ≤ 50 μM exert antiproliferative
effect already detectable at 24 h treatment in all cell lines tested. Interestingly, each OOP
caused different levels of cessation in DNA replication in each cell line.

Antiproliferative effect in vitro has mainly been reported for oleocanthal (1) and less
for oleacein (2) and oleuropein aglycone (3a,b). Oleocanthal (1) was shown to suppress
breast cancer cell proliferation detected by G0/G1 cell cycle arrest via inhibition of HGF-
induced phosphorylation of c-Met and by modulating Ca2+ entry through TRPC6 [20,28].
Moreover, oleocanthal (1) was described to act as a dual inhibitor of c-MET and COX-2
on lung cancer cells [31]. As for melanoma and hepatocellular carcinoma cells it has been
reported that oleocanthal (1) suppressed cell growth by inhibiting the phosphorylation
of STAT3 (signal transducer and activator of transcription 3) [22,29]. On the other hand,
oleacein (2) treatment induced G1/S phase arrest and downregulated the expression of
pro-proliferative proteins (i.e., c-KIT, K-RAS, PIK3R3, mTOR) [26]. Moreover, oleacein (2)
was found to suppress the proliferation of neuroblastoma cells by blocking the cell cycle
in the S phase [19]. With respect to breast cancer cell lines, oleuropein aglycone (3a,b)
induced cell cycle arrest in the G0/G1 phase and reduction of cells in the S phase as well as
a significant down-regulation of cyclin D1 and cyclin E expression [27]. No reports were
retrieved on the mechanisms by which ligstroside aglycone (4a,b) or oleomissional (6a,b,c)
exert antiproliferative action.

2.13. Pro-Apoptotic Activity of OOPs on Different Cancer Cell Lines

Oleocanthal (1) has been shown to cause apoptosis in several cancer cell lines [21,28,29,38,48,93].
Moreover, a few studies have also reported the pro-apoptotic effect of oleacein (2), ligstroside
aglycone (4a,b) and oleuropein aglycone (3a,b) [19,27,53].

To discern whether cell death triggered by OOPs treatment occurred via apoptosis or
necrosis under the experimental conditions applied in this study, live cells treated with
OOPs were stained simultaneously with FITC-conjugated annexin V and propidium iodide
(PI). Annexin V binds to phosphatidylserine (PS) translocating from the inner to the outer
leaflet of the plasma membrane in apoptotic cells. Therefore, annexin V-FITC binding to PS
labels live apoptotic cells with green FL. PI stains DNA only in late apoptotic or necrotic
cells since it does not permeate the intact membrane of live cells [94]. PS exposure to the
extracellular space and cell membrane permeability were analyzed by flow cytometry as
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described in detail in the Experimental Section. Single OOPs with EC50s ≤ 50 μM were
used to treat cells from nine cancer cell lines for 48 h (i.e., SK-BR-3, MDA-MB 231, MCF-7,
SK-MEL-28, A2058, AGS, HT-29, PANC-1 and H1299) originating from breast, melanoma,
stomach, pancreatic and lung tumors. OOP concentrations used were equal to the EC50
values for each cell line (Table 1). annexin V and PI staining discriminated between early-
(i.e., annexin V +ve and PI −ve) and late-apoptotic cells (i.e., annexin V +ve and PI +ve), as
well as between necrotic (i.e., annexin V −ve and PI +ve) and live (i.e., annexin V −ve and
PI −ve) cells (Table 4) [95].

Table 4. OOPs’ apoptotic effect on a panel of cancer cell lines. Flow cytometry analysis of apoptotic
cells after 24 and 48 h treatment with specific OOPs (EC50 values). Live cells were labelled with
annexin V-FITC and PI as described in the Experimental Section. Control samples (i.e., treated only
with 0.2% (v/v) DMSO) were analyzed in parallel. The percentage cell population of annexin V +ve
cells (early apoptotic) and that of both annexin V and PI +ve cells (late apoptotic) over the whole cell
population were determined using the FlowJo software. The results are the means% ± SE from two
or three independent experiments. L.A. = late apoptotic.

Cell Lines OOP
Treatment

Duration (h)
Early Apoptotic

(% ± S.D.)
Late Apoptotic

(% ± S.D.)
Total Apoptotic

(%)
% Cell

Viability

Breast cancer cells

SK-BR-3

1

48

7.45 ± 4.4 1.26 ± 0.7 8.71 ± 5.1 59

2 5.78 ± 0.9 No L.A. 5.78 ± 0.9 60

3a,b 7.63 ± 1.9 No L.A. 7.63 ± 1.9 59

4a,b 1.30 ± 0.3 No L.A. 1.30 ± 0.3 87

6a,b,c 3.13 ± 0.7 No L.A. 3.13 ± 0.7 68

MDA-MB 231

1 48 1.19 ± 0.01 1.38 ± 0.1 2.56 ± 0.1 85

2
48 1.89 ± 0.03 1.49 ± 0.3 3.38 ± 0.2 73

72 3.65 ± 0.5 1.64 ± 0.5 5.29 ± 1.0 70

3a,b 48 4.17± 0.4 3.87 ± 3.7 8.04 ± 4.1 69

MCF-7
1

48
6.30 ± 2.3 3.77 ± 0.8 10.07 ± 3.1 65

3a,b 7.03 ± 0.3 1.29 ± 0.8 8.31 ± 1.2 69

Melanoma cells

SK-MEL-28

1 48 4.10 ± 0.2 2.47 ± 0.7 6.57 ± 0.5 68

2
48 5.87 ± 1.1 No L.A. 5.87 ± 1.1 76

72 6.70 ± 1.0 1.34 ± 0.3 8.04 ± 0.7 72

3a,b
48

8.33 ± 1.9 4.91 ± 1.7 13.24 ± 3.7 68

4a,b 1.86 ± 0.8 No L.A. 1.86 ± 0.8 82

6a,b,c
48 10.06 ± 0.7 1.31 ± 0.9 11.37 ± 0.3 76

72 12.72 ± 0.6 2.23 ± 1.1 14.95 ± 0.4 63

A2058
1

48
5.05 ± 2.7 2.35 ± 1.7 7.40 ± 4.4 36

3a,b 11.88 ± 2.3 7.26 ± 1.6 19.14 ± 0.7 24

Gastrointestinal
cancer cells

AGS

1

48

18.42 ± 4.4 4.94 ± 3.1 23.36 ± 1.4 33

2 10.00 ± 1.3 4.55 ± 1.8 14.55 ± 3.1 41

3a,b 19.40 ± 0.6 8.08 ± 2.0 27.48 ± 1.4 31

4a,b 16.03 ± 0.8 7.77 ± 1.8 23.79 ± 2.6 36
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Table 4. Cont.

Cell Lines OOP
Treatment

Duration (h)

Early
Apoptotic (%

± S.D.)

Late Apoptotic
(% ± S.D.)

Total
Apoptotic

(%)

% Cell
Viability

HT-29
1

48
5.53 ± 1.1 6.10 ± 4.3 11.63 ± 5.4 66

3a,b 6.95 ± 1.5 1.55 ± 1.5 8.50 ± 1.8 a 41 a

Pancreatic
cancer cells

PANC-1

1

48

4.47 ± 0.8 No L.A. 4.47 ± 0.8 60

2 4.39 ± 1.8 No L.A. 4.39 ± 1.8 58

3a,b 8.52 ± 2.3 3.01 ± 2.0 11.52 ± 4.3 40

4a,b 12.37 ± 2.7 4.42 ± 0.4 16.78 ± 3.1 34

6a,b,c 3.38 ± 1.3 No L.A. 3.38 ± 1.3 49

Lung cancer
cells

H1299

1

48

4.77 ± 0.9 7.27 ± 0.2 12.04 ± 1.1 57

2 5.96 ± 1.6 3.07 ± 1.8 9.03 ± 0.2 40

3a,b 9.14 ± 3.1 5.44 ± 2.2 14.58 ± 5.3 40
a Results from one experiment.

As shown in Figure 8A for the breast cancer cell lines, the apoptotic events increased
as a result of treatment with OOPs, a result reflected in the decrease in live cell numbers
(Table 4). In more detail, treatment of the breast cancer cell lines SK-BR-3, MDA-MB-231 and
MCF-7 with oleuropein aglycone (3a,b) for 48 h resulted in similar levels of apoptotic events
in all three cell lines (Table 4). Oleocanthal (1) was most effective in the SK-BR-3 and MCF-7
cells and triggered a similar percentage of apoptotic cells as oleuropein aglycone, while
oleacein (2) had a low pro-apoptotic effect on SK-BR-3 and MDA-MB 231 cells (Table 4). In
the melanoma cells, oleuropein aglycone (3a,b) was highlighted to induce higher levels of
apoptosis than oleocanthal (1) at 48 h treatments. Most interestingly, oleomissional (6a,b,c)
exerted a significant pro-apoptotic effect only in the SK-MEL-28 cells (p < 0.01, Table 4).

Among all the cancer cell lines studied, the highest amount of apoptotic cells was
observed in the stomach cancer AGS, with the strongest pro-apoptotic effect (34.2% ±
2.7 cells of the total population) induced by oleocanthal (1) treatment (Figure 8A,B). The
two aglycones (i.e., (3a,b) and (4a,b)) also caused the highest numbers of apoptotic events
in AGS as compared to the other cell lines tested (Table 4, Figure 8A). Moreover, both
aglycones had the most prominent pro-apoptotic action in the PANC-1 pancreatic cancer
cells compared to the rest of the OOPs (Table 4). Observing the effect of oleocanthal (1)
in the colon-originated HT-29 and the lung H1299 cancer cells (Table 4), it appeared that
around 12% of the total cell population were apoptotic in both, including similar levels
of early and late apoptotic events. Comparing the action of oleuropein aglycone (3a,b)
between the two lines, a stronger apoptotic effect was observed in the H1299 cells than the
effect of oleocanthal (1) and oleacein (2) (Table 4).

In summary, treatment with all five OOPs induced apoptotic events in all the cancer
cells analyzed after 48 h treatment at concentrations equal to the EC50 of each compound for
each cell line. Only the cases where OOPs had EC50s ≤ 50 μM were selected for this analysis.
Not all OOPs were analyzed in each cell line and not all OOPs caused similar levels of
apoptosis in the same cell line within the time window of analysis. The results presented in
Table 4 confirmed the data already reported for the pro-apoptotic activity of oleocanthal
(1), oleacein (2) and oleuropein aglycone (3a,b) but they additionally highlighted for the
first time the significant pro-apoptotic activity of oleomissional (6a,b,c) in the SK-MEL-28
melanoma cells. Moreover, oleuropein aglycone (3a,b) appeared to have the strongest
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pro-apoptotic effect in all cell lines tested in the time window within which the apoptotic
events were analyzed. The pro-apoptotic effect was more pronounced in the AGS cells,
and it was also confirmed by morphological alterations characteristic of apoptotic cells
observed by BF brightfield microscopy (Figure S6). Cell changes at early apoptosis include
membrane blebbing, cell shrinkage and pyknosis while necrotic cells appear as round or
oval masses with nuclear fragmentation and chromatin condensation [94].

Figure 8. Treatment with OOPs generate apoptotic events in AGS stomach cancer cells. AGS cells
were either left untreated (control) or treated with oleocanthal (1), oleuropein aglycone (3a,b), oleacein
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(2) and ligstroside aglycone (4a,b) at concentrations of EC50 values for 48 h. At the end of the
treatments, cells were stained with annexin V-FITC and propidium iodide (Experimental Section)
and were analyzed by FACS. (A) The results are presented in bar diagrams as mean values of %
annexin V-negative (−ve) for the viable cells and positive (+ve) for the apoptotic cells ± SE The
results are from two or three independent experiments performed in duplicate. Differences compared
to untreated cells were considered significant at p < 0.01 (**) and p < 0.001 (***). (B) Representative
flow cytometry dot plots demonstrating the % of necrotic (upper left), late apoptotic (upper right),
early apoptotic (lower right) or viable (lower left) cell populations in the respective quadrants.

It is worth noting that the scope of this study was to systematically investigate if the
treatment of the cancer cell lines with the five OOPs under the experimental conditions
used in this study could result in detectable apoptotic events. The mechanisms by which
the different OOPs analyzed herein cause apoptosis were not the focus of this work.

Most reports on the pro-apoptotic effect of OOPs have mainly focused on oleocanthal
(1) and breast cancer cell lines and less on cancer cell lines originating from other tissues.
Several mechanisms have been proposed as the cause of apoptosis in the studied cell lines
which in some cases coincide but in others differ [21,22,28,38,48,75]. Interestingly, in two
reports by Legendre et al. and Goren et al., oleocanthal (1) induced lysosomal membrane
permeabilization (LMP), thus compromising lysosomal integrity in a variety of cancer
cells lines [96,97]. These results suggested that the apoptotic and necrotic events detected
in oleocanthal-treated (1) cells are downstream of the observed LMP and depend on the
corresponding degree of LMP [97]. The pro-apoptotic effects of oleacein (2) and oleuropein
aglycone (3a,b) have been much less studied. Both OOPs were reported to trigger apoptosis
by altering signaling events exerted by members of the BCL-2 protein family due to the up-
regulation of pro-apoptotic factors (i.e., BAX protein) and down-regulation of anti-apoptotic
ones (i.e., BCL2 and MCL1) [19,26,27].

3. Materials and Methods

3.1. Chemicals and Culture Media

The Dulbecco’s modified Eagle’s medium (DMEM) (LM-D1109), fetal bovine serum
(FBS) (FB-1001), trypsin-EDTA 0.05% (w/v) in PBS without (w/o) calcium and magnesium
with phenol red (LM-T1705), Dulbecco’s phosphate-buffered saline (PBS) w/o calcium and
magnesium (LM-S2041), HEPES buffer (LM-S2030/100) and penicillin/streptomycin (P/S)
(LM-A4118) were purchased from Biosera (Nuaillé, France). RPMI 1640 GlutaMAX (LMR
1640/500), DMEM GlutaMAXTM (21885025), DMEM/F12 with GlutaMAXTM supplement
(31331028), MEM Alpha Media (22561-021) and Horse Serum (HS) heat-inactivated New
Zealand origin (26050088) were obtained from Gibco/Thermo Fisher Scientific (Waltham,
MA, USA). The Mammary Epithelial Cell Growth Medium BulletKit was from Promega
(C21110, Madison, WI, USA). Sodium pyruvate solution 100 mM (SH30239.01), L-Glutamine
200 mM (SH30034.01) and non-essential amino acids (SH30238.01) were purchased from
Hyclone (Logan, UT, USA). Thiazolyl blue tetrazolium bromide (MTT, M5655) and dimethyl
sulfoxide for cell culture (DMSO, D2650) were from Sigma-Aldrich (Darmstadt, Germany).
The Vialight Plus Assay Kit used for the determination of cell viability was purchased
from Lonza (Basel, Switzerland). The Cell Proliferation Kit III (EdU-488; FM) was from
Promocell (PK-CA724-488FM, Heidelberg, Germany). Annexin V-FITC (#640945) and
propidium iodide (PI) (#421301) were from Biolegend (San Diego, CA, USA). Hoechst was
from Thermofisher (H3570, Waltham, MA, USA). Bovine Pituitary Extract (BPE), epidermal
growth factor (EGF), insulin and hydrocortisone were purchased from Promega (C21110,
Madison, WI, USA).

3.2. Isolation and Characterization of OOPs

The OOPs used in this study were purified by the methodology described in the
sections below. The identity and purity of all the isolated compounds were confirmed
using NMR spectroscopy with a Bruker Avance DRX 400 MHz. The 1H NMR spectra of
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the isolated OOPs are presented in Figure S1 and the NMR data in Table S4. The 1H NMR
spectra were processed using either the MNova 6.0.2 (Mestrelab Research) or the TOPSPIN
4.1.4 software (Bruker, Billerica, MA, USA). The MS spectra and the optical rotation values
are presented in Figure S7 and Table S5 respectively. The purified compounds were
dissolved in DMSO and stored at −20 ◦C until use.

3.3. Isolation of Oleomissional (6a,b,c) from Unripe Intact Olive Fruits

Oleomissional (6a,b,c) was isolated from unripe (green) intact olive fruits collected in
September–October. More specifically, 15 Kg of intact olive fruits (Lianolia Corfu variety)
were immersed into 15 L of CH2Cl2 for thirty minutes and then the liquid phase (15 L)
was collected and evaporated to dryness under vacuum in a rotary evaporator affording
80 g of a mixture which comprised mainly oleomissional (6a,b,c) and triterpenes. After
that, 2.8 L of distilled water (pH = 6) was added, and the mixture was agitated for one
hour. The mixture was heterogeneous and comprised the aqueous liquid phase and the
solid terpenes, mainly oleanolic and maslinic acid, which could not be dissolved in water.
The mixture was filtered, and the liquid aqueous phase (2.8 L) was collected and further
extracted with 5.6 L of EtOAc. The organic phase was collected and evaporated to dryness
under vacuum. The residue consisted of oleomissional (6a,b,c) (15 g) with >95% purity
as measured by 1H-NMR in CDCl3 and NMR data in accordance with those previously
described [34].

3.4. Conversion of Oleomissional (6a,b,c) to Closed-Type Oleuropein Aglycone (3a,b)

Oleomissional (6a,b,c) (3.5 g) isolated using the procedure described above was added
to 2.5 L of water which contained NaHCO3 for the adjustment of pH to 7.8. After 24
h stirring at room temperature, the mixture became a homogenous solution that was
further subjected to extraction by EtOAc (5 L). The organic phase was collected, washed
with distilled water and evaporated to dryness under vacuum. The residue consisted of
pure closed-type oleuropein aglycone (mixture of two isomers (3a and 3b) as revealed by
1H-NMR in CDCl3 and NMR data in accordance with those previously described [35].

3.5. Isolation of Oleacein (2) from Olive Tree Leaves

Freshly dried olive tree leaves (1 Kg of Kalamon variety) with moisture content <10%
(v/v) were mixed with water (10 L) at 25 ◦C and cut into small pieces in the presence
of water using a blender. The mixture was allowed to stand for 30 min. Then, it was
filtered, and the aqueous phase was collected and extracted with EtOAc (8 L). The organic
phase was collected and evaporated using a rotary evaporator under reduced pressure
affording a viscous liquid (10 g) containing oleacein (2) (purity 95% (w/w)) with NMR data
in accordance with those previously described [98].

3.6. Isolation of Oleocanthal (1) from Olive Oil

Olive oil (10 kg) produced from olives of Kalamon variety, specifically selected to
contain only oleocanthal (1) (1 g/kg) without other phenols, was mixed with distilled and
deionized water (10 L) and stirred mechanically for 24 h. Subsequently, the mixture was
left to stand for 24 h and the two layers were separated by gravity. The heavier aqueous
layer was collected, filtered to remove insoluble substances, and re-extracted with EtOAc (1
L). The organic layer was collected and evaporated, affording oleocanthal (1) 7.5 g (purity >
95%) with NMR data in accordance with those previously described [98].

3.7. Isolation of Ligstroside Aglycone (4a,b) and Oleocanthalic Acid (7)

Both compounds were isolated from olive oil extracts as previously described by
Karkoula et al. [35] and Tsolakou et al. [40].
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3.8. Cell Lines, Cell Culture Conditions and Treatment Protocols with OOPs

The human breast cancer cell line MDA-MB-231 was kindly donated by Dr. P. Lymberi
(Hellenic Institute Pasteur, Athens, Greece) and the MCF-7 cell line by Dr. Kletsas (Institute
of Biosciences and Applications, NCSR Democritus, Athens, Greece). The lung cancer
cell lines H1437 and H1299 were kindly provided by Prof. E. Kolettas (University of
Ioannina Medical School & IMBB, Ioannina, Greece). The human gastric cancer cell lines
MKN-45 and AGS as well as the human colon cancer cell lines HT-29 and Caco-2 were
donated by Dr. D. Sgouras (Hellenic Institute Pasteur, Athens, Greece). The Huh-7 cells
(Registry No. JCRB0403) were kindly provided by Prof. R. Bartenschlager (Heidelberg
University, Germany) [99]. The HepG-2 hepatocarcinoma cells were a gift from Professor
George Notas (University of Crete School of Medicine and University Hospital of Heraklion
Emergency Department) and the PANC-1 human pancreatic epithelioid carcinoma cells
from Dr. Ioannis Papasotiriou (Research Genetic Cancer Centre, RGCC SA, Florina, Greece).
The non-tumorigenic epithelial cell line MCF 10A, and the human skin melanoma cell
lines SK-MEL-28 and A2058 were purchased from ATCC (Manassas, VA,USA), while
the human immortalized keratinocytes HaCaT were from CLS (Eppelheim, Germany)
(https://www.clsgmbh.de/p800_HaCaT.html, accessed on 6 August 2019). The NHDF
human dermal fibroblasts isolated from human adult skin were obtained from Dr. Sophia
Letsiou (APIVITA R&D department, Athens, Greece), the human mesenchymal stem
cells derived from umbilical cord (Wharton’s jelly stem cells (WJSCs)) were provided by
Dr. Zoumpourlis (Institute of Chemical Biology, National Hellenic Research Foundation
(NHRF), Athens, Greece) and the MRC-5 human fetal lung fibroblasts from Dr. Vassilis
Aidinis (Institute of Immunology, Biomedical Sciences Research Center Alexander Fleming,
Athens, Greece).

All cell lines were incubated at 37 ◦C and 5% (v/v) CO2 and supplemented with 1%
(w/v) antibiotic (final concentrations 100 U/mL penicillin and 100 μg/mL streptomycin).
MDA-MB 231, MCF-7, SK-BR-3, A2058, NHDF, Huh-7 and AGS were cultured in high
glucose (4500 mg/L) DMEM supplemented with 10% (v/v) FBS, 1 mM sodium pyruvate
and non-essential amino acids, according to the manufacturer’s recommendations (Dilution
1:100)—henceforth called “DMEM complete medium”. The HaCaT cells were cultured in
the same above-mentioned medium without the addition of sodium pyruvate and non-
essential amino acids. Caco-2 cells were maintained in DMEM high glucose with 20% (v/v)
FBS supplemented with 1 mM sodium pyruvate. PANC-1 cells were cultured in DMEM
high glucose with 10% (v/v) FBS and 2 mM glutamine. SK-MEL-28, ME-180, H1437 and
H1299 cells were cultured in RPMI GlutaMAX with 10% (v/v) FBS and 1 mM sodium
pyruvate, while MKN-45 and HT-29 were maintained in RPMI GlutaMAX just with 10%
(v/v) FBS. DMEM GlutaMAX with 10% (v/v) FBS plus 1 mM sodium pyruvate was used for
the Hela and HepG-2 cell lines. MCF 10A was cultured in Mammary Epithelial Cell Growth
Medium supplemented with 5% (v/v) HS, 0.004 mL/mL BPE, 10 ng/mL EGF, 5μg/μL
insulin and 500 ng/mL hydrocortisone. WJSCs were cultured in DMEM/F12 GlutaMAXTM

supplemented with 10% (v/v) FBS, non-essential amino acids (Dilution 1:100) and HEPES
buffer at a final concentration of 15 mM. Finally, the MRC-5 cell line was cultured with
MEM Alpha Medium with 10% FBS.

The OOPs tested in this study were first dissolved in an appropriate DMSO volume
such as to prepare a final stock solution of 50 mM, which was further used to prepare various
compound concentrations in DMSO-based solutions. The final DMSO concentration in the
cell culture was maintained constant in all treated groups of any given experiment and
never exceeded the value of 0.2% (v/v). For the treatment experiments, cells were plated in
96-well culture plates, in 100 μL of complete medium at a seeding density of 5000–10,000
cells/well—depending on cells’ size and doubling time—and were allowed to adhere
overnight (~16 h). The next day, 150 μL of complete medium was added to each well and
the cells were treated with various concentrations of OOPs. Each concentration was tested
in triplicate and was repeated 2–3 times. To prepare the final concentration solutions, 0.5
μL of a 500× stock of each tested compound in DMSO was added directly into each well in
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a final volume of 250 μL culture medium and was gently mixed by pipetting. Control wells
were prepared under the same experimental conditions by adding only DMSO at a final
concentration of 0.2% (v/v). Compounds were not renewed during the entire period of cell
exposure. All cells were cultured at 37 ◦C in a 5% (v/v) CO2 for 24, 48 or 72 h.

3.9. Cell Viability Assays and Determination of the OOPs’ EC50 Values

For the determination of the EC50 values, cell viability was assayed after 72 h treatment
using the ViaLightTM Cell Proliferation and Cytotoxicity BioAssay Kit according to the
supplier’s protocol with slight modifications. Briefly, after the treatment with OOPs, the
adapted medium was removed from the dish wells and the cells were washed twice with
medium without FBS. Then, the C-lysis (LT27-076) was diluted in PBS (1:2) and a volume of
50 μL was added to each well. Cells were incubated with C-lysis for at least 10 min. Finally,
an equal volume of lysed cells from each well and ATP monitoring reagent (AMR; LT27-212)
was transferred to the wells of a white-walled illuminometer plate (Greiner bio-one; 655074).
Cell viability was quantified by measuring luminescence using a multi-mode microplate
reader Safire2 Tecan (software Magellan V6.00 STD.2PC WIN.20000/XP). EC50 values were
calculated after 72 h treatment using the GraphPad Prism 6 software.

For the assessment of cell viability after treatment with OOPs the 3-(4, 5-dimethylthiazol-
2yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay was also used. MTT solu-
tion was added in cells at a final concentration of 0.5 mg/mL and the cells were incubated
for 3 h. The MTT solution was subsequently discarded, and a 100 μL volume of DMSO was
added into each well to dissolve the generated formazan crystals. Each sample’s optical
density was measured at 570 nm on a microplate reader (Dynatech Laboratories MRX Mi-
croplate Reader, Chantilly, VA, USA). Results from two or three independent experiments
performed in triplicate were presented either in tables or in bar graphs as mean cell count
± SE for each treatment group normalized to the control group (cells treated with 0.2%
(v/v) DMSO).

3.10. Cell Proliferation Assay—Cell Preparation and Staining

Human cancer cells were plated onto sterile glass coverslips (10-mm diameter, 5161063,
ThermoFisher Scientific, Waltham, MA, USA) in 24-well tissue culture plates, at a density
5 times the density of cells seeded in 96-well plate and at a final medium volume of 500
μL. In order to obtain homogeneous plating, 250 μL of the medium was added directly
to the wells already containing coverslips. Using a tip perpendicularly, coverslips were
pressed in order to ensure their attachment to the bottom of the well. The cells were
then seeded by adding 250 μL of single-cell suspension drop by drop following a cross
path. Immediately after seeding, the plate was shaken back and forth at least ten times to
achieve homogeneous plating. The cells were allowed to adhere overnight (~16 h) at 37
◦C and 5% (v/v) CO2. The next day, a volume of 500 μL fresh medium was added to each
well and the treatment with OOPs was initiated by adding directly to the wells 2 μL of
OOPs from the 500× stock in DMSO and immediately mixed afterward by pipetting. The
concentration of each OOP used was its EC50 value and the treatment lasted 24 h. Control
cells were prepared under the same experimental conditions using DMSO instead of the
OOPs’ solutions in DMSO at the same final concentration (0.2% (v/v) DMSO). Only the
compounds with EC50 ≤ 50 μM were tested for antiproliferative effect. Each condition
was performed in duplicate. After treatment with the OOPs, live proliferating mammalian
cells were labeled with 5-ethynyl-2’-deoxyuridine (EdU), a nucleoside analog of thymidine,
using the Cell proliferation kit III (EdU-FM, PK-CA724-488FM, Promokine, Heidelberg,
Germany). More specifically, a 20 μM EdU solution from a 10 mM stock in DMSO was
prepared in a fresh culture medium. Culture supernatant was removed from treated cells
to leave only 250 μL. An equal volume of 20 μM EdU solution was added and mixed with
the medium to obtain a 10 μM EdU final concentration. The treated cells were incubated
for the desired time of pulse length (2–4 h) under conditions optimal for each cell type
depending on each cell line’s doubling time. Following incubation, cells were washed
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twice with PBS, then fixed with 4% (w/v) paraformaldehyde in PBS for 15 min at room
temperature (RT), and subsequently washed twice with 3% (w/v) BSA for 5 min each time.
Cells were permeabilized by incubation (20 min, RT, in the dark) with 0.5% (v/v) Triton-X
100 in PBS. Following permeabilization the cells were washed twice with 3% (w/v) BSA in
PBS and incubated for 30 min with the reaction cocktail, according to the instructions of the
Cell proliferation kit III (EdU-488; FM). After staining for replicating DNA, the cells were
washed three times with 3% (w/v) BSA in PBS, and were then incubated (10 min, at RT)
with Hoechst 33342 in PBS (1:10.000) to visualize all the nuclei. The treated and stained cells
on coverslips were washed twice with PBS, mounted on glass coverslips with Mowiol at
RT and stored protected from light at 4 ◦C until analyzed by confocal microscopy imaging.
Before imaging, glass slides with mounted coverslips were allowed to warm up at RT for
proper emission of fluorophores. Additionally, the coverslips were carefully cleaned with
70% (v/v) EtOH in order to eliminate remaining mounting medium that could damage the
objective lenses upon contact.

3.11. Image Acquisition by Confocal Microscopy and Digital Image Analysis

Cells were imaged with “sequential z scan” and “tile scan” modes of an SP8 confocal
microscope using a 20× objective and a 512 × 512 pixel resolution format. The solid-state
laser lines 405 and 488 nm were used in order to image the fluorescence of Hoechst and
Alexa 488 emission signals respectively. Fluorescence signals for each fluorophore were
collected separately. The same laser intensity and detector acquisition parameters of gain
and offset were used in the OOP-treated and untreated samples. The Gain [V] was adjusted
so that the brightest areas fall just below the limit for signal saturation. Each field size
imaged consisted of 45 (9 × 5) tiles “stitched” with “seams smoothed” using the “Merge
images” application after completion of the image acquisition. The z-stack was acquired
‘Between Stacks’ with a z-step size of 1 μm.

For further quantitative analysis of the digital images, a series of data from z-stacks
were processed as follows: Eleven out of forty-five acquired series (25%) were analyzed
using the open source image analysis software Icy Version 2.4.2.0 [100]. A Maximum Z
Projection was applied to all of them and the HK-Means segmentation plugin [101] was
used to extract objects corresponding to nuclei labeled with Hoechst (total cell population)
and to proliferating cells’ nuclei labeled with EdU488. Segmentation was performed
simultaneously for both channels, or separately depending on the set-up for the channels.
The number of Hoechst- and EdU-labelled nuclei was used to calculate the % of proliferating
cells as the % of EdU positive/total number of nuclei labelled with Hoechst (% EdU +ve).
At least 180 cells (181–2500) from two or three independent experiments were observed for
each experimental group in most cases.

3.12. Annexin V/PI Staining and Analysis by Flow Cytometry

Apoptosis and necrosis were assessed by double staining with annexin V-FITC and
propidium iodide (PI) and were analyzed using flow cytometry (FACS). Human cancer
cells were plated in 96-well culture plates in 100 μL of complete medium and were allowed
to adhere overnight (~16 h). The next day, 150 μL of fresh complete medium was added
to each well and the cells were treated with OOPs at their EC50 concentration for 48 h
(compounds with EC50 ≤ 50 μM were tested). In detail, 0.5 μL of a 500× stock of each
tested compound in DMSO was added directly into each well in a final volume of 250
μL culture medium and was gently mixed by pipetting. Control wells were prepared
under the same experimental conditions by adding only DMSO at a final concentration of
0.2% (v/v). At the end of the treatment, the cells were detached by trypsinization, media
with serum was added to deactivate trypsin, and the cells from three wells were pooled
together by centrifugation (1000 rpm, 5 min, 24 ◦C), washed with cold PBS, centrifuged
(1000 rpm, 5 min, 24 ◦C) and finally resuspended in cold 1× annexin V binding buffer (10
mM HEPES pH = 7.4, 150 mM NaCl, 2.5 mM CaCl2) at a density of 104 cells/mL. Staining
was performed by incubating with annexin V- FITC and propidium iodide (PI; BioLegend)
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for 15 min at room temperature in the dark, according to the manufacturer’s instructions.
Negative control samples consisted of cells treated only with 0.2% (v/v) DMSO for the
same incubation time length (i.e., 48 h). Cells treated with Triton X-100 (0.25% (v/v)) for
5 min at 4 ◦C were used as controls for 100% permeabilization of the plasma membrane
and maximum fluorescence staining with PI (positive control for cells in necrosis). The
presence of live, apoptotic or necrotic cells was assessed with the FACS Calibur (Becton–
Dickinson, San Jose, CA, USA). In total, 10,000 cells were analyzed per measurement and
the acquired data were analyzed using the FlowJo V.10.0.8 software (Tree Star Inc., Ashland,
OR, USA). Each condition was analyzed in duplicate, and the results presented are from 2
or 3 independent experiments.

3.13. Statistical Analysis

All data were derived from multiple experiments conducted at least in triplicate.
Statistical analysis was performed using the GraphPad Prism v8 (GraphPad Software
Inc., San Diego, CA, USA) and Office Excel 365 (Microsoft, Redmond, WA, USA). For the
cell-viability assays, the data obtained from cells treated with OOPs were normalized to the
average luminescence of the control group treated with the vehicle compound (i.e., DMSO),
which was considered 100% viability, and the EC50s were calculated using the GraphPad
Prism algorithm.

Data showing OOPs’ antiproliferative effect as the percentage of S-phase cells were de-
rived from two or three independent experiments and were presented as mean values ± SE
(Excel Formula applied for three experiments: SE = STDEV (A1, A2, A3)/SQRT(COUNT(A1,
A2, A3)). Differences in proliferation levels between treated and untreated control cells
were analyzed for significance using the unpaired two tailed Student’s t-test, and p values
were estimated using the GraphPad algorithm. Values were considered significant at a 0.05
level of confidence. The levels of antiproliferative effect shown as % inhibition of cell prolif-
eration are presented as means ± SE after normalization, with the average proliferation
levels of the control cells.

Data showing OOPs’ apoptotic/necrotic effect were derived from two or three inde-
pendent experiments and were presented as the means ± SE of the percentage (%) of both
annexin V-positive cells (early apoptotic events) and % of annexin V/PI positive cells (late
apoptotic events) over the whole cell population normalized to the corresponding events
of the control cells, as determined using the FlowJo software.

4. Conclusions

The present work is the first systematic comparative ex vivo study evaluating the
anti-cancer potential of extra virgin olive oil phenols. It was performed with secoiridoid
phenols isolated in pure form (i.e., oleocanthal (1), oleacein (2), oleuropein aglycone (3a,b),
ligstroside aglycone (4a,b), oleomissional (6a,b,c) and oleocanthalic acid (7)) using new
methods for large-scale selective extraction from different olive plant parts. EC50 values of
these OOPs’ bioactivity on multiple cancer and non-cancer cell lines from different tissue
origins were calculated. For this, the same experimental protocols were followed enabling
thereby valid comparisons between the effects of all tested OOPs in either the same cell
line or amongst different cell lines. The variability in the activity of the analyzed OOPs in
different cell lines and different cancer types was clearly highlighted. The antiproliferative
and pro-apoptotic bioactivity was confirmed for OOPs studied before, i.e., oleocanthal
(1), [28–33] oleuropein aglycone (3a,b) [17,27,53], ligstroside aglycone (4a,b) [53] and olea-
cein (2) [19], and for the first time for oleomissional (6a,b,c). Important information was
generated, encouraging further in vivo investigations of the OOPs presenting strong bioac-
tivity in several cancer cell lines. Moreover, the important antiproliferative cytostatic effect
of oleuropein and ligstroside aglycones ((3a,b) and (4a,b)) in the H1437 lung cancer and
Caco-2 colon carcinoma cells, stronger than that of oleocanthal (1), which has been the most
effective and well-studied OOP until now, highlights the selectivity in the action of the
different OOPs on different cancer types.
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To conclude, this study, besides the new methodologies for the isolation of olive oil
secoiridoids, provides important information about the methodology of handling them
for in vitro analysis of their bioactivity in cell culture models. The major messages from
already performed studies converge to a conclusion that the analyzed secoiridoid phenols
hold significant potential for further analysis in in vivo studies evaluating their anti-tumor
properties [7]. However, a large variability exists in results already generated by others
with respect to the EC50 values of each phenol as well as its activity in different cancer
cell models. This is perhaps due to the fact that each compound was tested in one or very
few cell lines, or in cell lines of only one cancer type. Moreover, the bioactivity of new
phenols recently isolated (i.e., oleomissional (6a,b,c) and oleocanthalic acid (7)) had not been
studied until now [34,40]. The present study aspires to fill gaps in knowledge such as the
above-mentioned, and to become a reference report for the EC50 values of oleocanthal (1),
oleacein (2), oleuropein aglycone (3a,b), ligstroside aglycone (4a,b), oleomissional (6a,b,c)
and oleocanthalic acid (7) in the large array of cell lines analyzed herein, forming thereby
a base for further in vivo studies in animal cancer models investigating their potential
anti-tumoral effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24010003/s1. Refs [99,102] are cited in supplementary files.

Author Contributions: Conceived and designed the experiments: H.B., P.M., E.M., A.P., P.K. and
N.V.; performed the experiments: A.P., P.K., A.R., P.D., E.F. and E.C.; analyzed the data: A.P., P.K.,
A.R., P.M. and H.B.; contributed reagents/materials/analysis tools: H.B., P.M. and E.M.; wrote the
paper: A.P., P.K., P.M. and H.B.; edited the paper: E.C. and N.V. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Program «Human Resources Development, Education and Lifelong
Learning 2014-2020» in the context of the project “In vitro study of anticancer properties of olive oil
polyphenols” (MIS 5048983).

Acknowledgments: The authors acknowledge the help of the World Olive Center for Health (https:
//worldolivecenter.com) and Leventis Foundation for the scholarship provided to A.P. and A.R. The
authors also thank Evangelia Xingi at the Light Microscopy facility of the Hellenic Pasteur Institute
for her assistance with the use of the SP8 confocal microscope, as well as all the scientists listed in
the Experimental Section who donated cell lines used in this study, and Panagiotis Georgiadis at the
National Research Foundation in Greece for the permission to use the multi-mode microplate reader
Safire2/Tecan in his laboratory.

Conflicts of Interest: The authors P.M., E.M., A.R. and P.D. are inventors of the patents: “Method
For Obtaining Oleocanthal Type Secoiridoids And For Producing Respective Pharmaceutical Prepa-
rations” WO/2020/165614 and “Method for obtaining of oleacein and oleomissional secoiridoids
and method of producing pharmaceutical preparations thereof” WO/2020/165613. The remaining
authors declare no conflicts of interest.

References

1. Morze, J.; Danielewicz, A.; Przybylowicz, K.; Zeng, H.; Hoffmann, G.; Schwingshackl, L. An updated systematic review and
meta-analysis on adherence to mediterranean diet and risk of cancer. Eur. J. Nutr. 2021, 60, 1561–1586. [CrossRef]

2. Schwingshackl, L.; Schwedhelm, C.; Galbete, C.; Hoffmann, G. Adherence to Mediterranean Diet and Risk of Cancer: An Updated
Systematic Review and Meta-Analysis. Nutrients 2017, 9, 1063. [CrossRef]

3. Mahamat-Saleh, Y.; Cervenka, I.; Al Rahmoun, M.; Savoye, I.; Mancini, F.R.; Trichopoulou, A.; Boutron-Ruault, M.C.; Kvaskoff, M.
Mediterranean dietary pattern and skin cancer risk: A prospective cohort study in French women. Am. J. Clin. Nutr. 2019, 110,
993–1002. [CrossRef] [PubMed]

4. Couto, E.; Boffetta, P.; Lagiou, P.; Ferrari, P.; Buckland, G.; Overvad, K.; Dahm, C.C.; Tjonneland, A.; Olsen, A.; Clavel-Chapelon,
F.; et al. Mediterranean dietary pattern and cancer risk in the EPIC cohort. Br. J. Cancer 2011, 104, 1493–1499. [CrossRef] [PubMed]

5. Psaltopoulou, T.; Kosti, R.I.; Haidopoulos, D.; Dimopoulos, M.; Panagiotakos, D.B. Olive oil intake is inversely related to cancer
prevalence: A systematic review and a meta-analysis of 13,800 patients and 23,340 controls in 19 observational studies. Lipids
Health Dis. 2011, 10, 127. [CrossRef]

276



Int. J. Mol. Sci. 2023, 24, 3

6. Rojas Gil, A.P.; Kodonis, I.; Ioannidis, A.; Nomikos, T.; Dimopoulos, I.; Kosmidis, G.; Katsa, M.E.; Melliou, E.; Magiatis, P. The
Effect of Dietary Intervention With High-Oleocanthal and Oleacein Olive Oil in Patients With Early-Stage Chronic Lymphocytic
Leukemia: A Pilot Randomized Trial. Front. Oncol. 2021, 11, 810249. [CrossRef]

7. Fabiani, R. Anti-cancer properties of olive oil secoiridoid phenols: A systematic review of in vivo studies. Food Funct. 2016, 7,
4145–4159. [CrossRef]

8. Diamantakos, P.; Giannara, T.; Skarkou, M.; Melliou, E.; Magiatis, P. Influence of Harvest Time and Malaxation Conditions on
the Concentration of Individual Phenols in Extra Virgin Olive Oil Related to Its Healthy Properties. Molecules 2020, 25, 2449.
[CrossRef]

9. Han, X.Z.; Shen, T.; Lou, H.X. Dietary polyphenols and their biological significance. Int. J. Mol. Sci. 2007, 8, 950–988. [CrossRef]
10. Cicerale, S.; Conlan, X.A.; Sinclair, A.J.; Keast, R.S. Chemistry and health of olive oil phenolics. Crit. Rev. Food Sci. Nutr. 2009, 49,

218–236. [CrossRef]
11. Cicerale, S.; Lucas, L.; Keast, R. Biological activities of phenolic compounds present in virgin olive oil. Int. J. Mol. Sci. 2010, 11,

458–479. [CrossRef]
12. Boss, A.; Bishop, K.S.; Marlow, G.; Barnett, M.P.; Ferguson, L.R. Evidence to Support the Anti-Cancer Effect of Olive Leaf Extract

and Future Directions. Nutrients 2016, 8, 513. [CrossRef]
13. Emma, M.R.; Augello, G.; Di Stefano, V.; Azzolina, A.; Giannitrapani, L.; Montalto, G.; Cervello, M.; Cusimano, A. Potential Uses

of Olive Oil Secoiridoids for the Prevention and Treatment of Cancer: A Narrative Review of Preclinical Studies. Int. J. Mol. Sci.
2021, 22, 1234. [CrossRef]

14. Moral, R.; Escrich, E. Influence of Olive Oil and Its Components on Breast Cancer: Molecular Mechanisms. Molecules 2022, 27, 477.
[CrossRef]

15. Casaburi, I.; Puoci, F.; Chimento, A.; Sirianni, R.; Ruggiero, C.; Avena, P.; Pezzi, V. Potential of olive oil phenols as chemopreventive
and therapeutic agents against cancer: A review of in vitro studies. Mol. Nutr. Food Res. 2013, 57, 71–83. [CrossRef] [PubMed]

16. Corona, G.; Deiana, M.; Incani, A.; Vauzour, D.; Dessi, M.A.; Spencer, J.P. Inhibition of p38/CREB phosphorylation and COX-2
expression by olive oil polyphenols underlies their anti-proliferative effects. Biochem. Biophys. Res. Commun. 2007, 362, 606–611.
[CrossRef]

17. Menendez, J.A.; Vazquez-Martin, A.; Colomer, R.; Brunet, J.; Carrasco-Pancorbo, A.; Garcia-Villalba, R.; Fernandez-Gutierrez,
A.; Segura-Carretero, A. Olive oil’s bitter principle reverses acquired autoresistance to trastuzumab (Herceptin) in HER2-
overexpressing breast cancer cells. BMC Cancer 2007, 7, 80. [CrossRef]

18. El Haouari, M.; Quintero, J.E.; Rosado, J.A. Anticancer molecular mechanisms of oleocanthal. Phytother. Res. PTR 2020, 34,
2820–2834. [CrossRef]

19. Cirmi, S.; Celano, M.; Lombardo, G.E.; Maggisano, V.; Procopio, A.; Russo, D.; Navarra, M. Oleacein inhibits STAT3, activates
the apoptotic machinery, and exerts anti-metastatic effects in the SH-SY5Y human neuroblastoma cells. Food Funct. 2020, 11,
3271–3279. [CrossRef]

20. Diez-Bello, R.; Jardin, I.; Lopez, J.J.; El Haouari, M.; Ortega-Vidal, J.; Altarejos, J.; Salido, G.M.; Salido, S.; Rosado, J.A. (-)-
Oleocanthal inhibits proliferation and migration by modulating Ca(2+) entry through TRPC6 in breast cancer cells. Biochim. Et
Biophys. Acta. Mol. Cell Res. 2019, 1866, 474–485. [CrossRef]

21. Fogli, S.; Arena, C.; Carpi, S.; Polini, B.; Bertini, S.; Digiacomo, M.; Gado, F.; Saba, A.; Saccomanni, G.; Breschi, M.C.; et al.
Cytotoxic Activity of Oleocanthal Isolated from Virgin Olive Oil on Human Melanoma Cells. Nutr. Cancer 2016, 68, 873–877.
[CrossRef] [PubMed]

22. Gu, Y.; Wang, J.; Peng, L. (-)-Oleocanthal exerts anti-melanoma activities and inhibits STAT3 signaling pathway. Oncol. Rep. 2017,
37, 483–491. [CrossRef] [PubMed]

23. Busnena, B.A.; Foudah, A.I.; Melancon, T.; El Sayed, K.A. Olive secoiridoids and semisynthetic bioisostere analogues for the
control of metastatic breast cancer. Bioorganic Med. Chem. 2013, 21, 2117–2127. [CrossRef] [PubMed]

24. Unsal, U.U.; Mete, M.; Aydemir, I.; Duransoy, Y.K.; Umur, A.S.; Tuglu, M.I. Inhibiting effect of oleocanthal on neuroblastoma
cancer cell proliferation in culture. Biotech. Histochem. Off. Publ. Biol. Stain Comm. 2020, 95, 233–241. [CrossRef]

25. Polini, B.; Digiacomo, M.; Carpi, S.; Bertini, S.; Gado, F.; Saccomanni, G.; Macchia, M.; Nieri, P.; Manera, C.; Fogli, S. Oleocanthal
and oleacein contribute to the in vitro therapeutic potential of extra virgin oil-derived extracts in non-melanoma skin cancer.
Toxicol. Vitr. Int. J. Publ. Assoc. BIBRA 2018, 52, 243–250. [CrossRef]

26. Carpi, S.; Polini, B.; Manera, C.; Digiacomo, M.; Salsano, J.E.; Macchia, M.; Scoditti, E.; Nieri, P. miRNA Modulation and
Antitumor Activity by the Extra-Virgin Olive Oil Polyphenol Oleacein in Human Melanoma Cells. Front. Pharmacol. 2020, 11,
574317. [CrossRef]

27. Mazzei, R.; Piacentini, E.; Nardi, M.; Poerio, T.; Bazzarelli, F.; Procopio, A.; Di Gioia, M.L.; Rizza, P.; Ceraldi, R.; Morelli, C.; et al.
Production of Plant-Derived Oleuropein Aglycone by a Combined Membrane Process and Evaluation of Its Breast Anticancer
Properties. Front. Bioeng. Biotechnol. 2020, 8, 908. [CrossRef]

28. Akl, M.R.; Ayoub, N.M.; Mohyeldin, M.M.; Busnena, B.A.; Foudah, A.I.; Liu, Y.Y.; El Sayed, K.A. Olive Phenolics as c-Met
Inhibitors: (-)-Oleocanthal Attenuates Cell Proliferation, Invasiveness, and Tumor Growth in Breast Cancer Models. PLoS ONE
2014, 9, e97622. [CrossRef]

29. Pei, T.; Meng, Q.; Han, J.; Sun, H.; Li, L.; Song, R.; Sun, B.; Pan, S.; Liang, D.; Liu, L. (-)-Oleocanthal inhibits growth and metastasis
by blocking activation of STAT3 in human hepatocellular carcinoma. Oncotarget 2016, 7, 43475–43491. [CrossRef]

277



Int. J. Mol. Sci. 2023, 24, 3

30. Siddique, A.B.; Ebrahim, H.; Mohyeldin, M.; Qusa, M.; Batarseh, Y.; Fayyad, A.; Tajmim, A.; Nazzal, S.; Kaddoumi, A.; El Sayed,
K. Novel liquid-liquid extraction and self-emulsion methods for simplified isolation of extra-virgin olive oil phenolics with
emphasis on (-)-oleocanthal and its oral anti-breast cancer activity. PLoS ONE 2019, 14, e0214798. [CrossRef]

31. Siddique, A.B.; Kilgore, P.C.S.R.; Tajmim, A.; Singh, S.S.; Meyer, S.A.; Jois, S.D.; Cvek, U.; Trutschl, M.; El Sayed, K.A. (-)-
Oleocanthal as a Dual c-MET-COX2 Inhibitor for the Control of Lung Cancer. Nutrients 2020, 12, 1749. [CrossRef]

32. Siddique, A.B.; Ayoub, N.M.; Tajmim, A.; Meyer, S.A.; Hill, R.A.; El Sayed, K.A. (-)-Oleocanthal Prevents Breast Cancer
Locoregional Recurrence After Primary Tumor Surgical Excision and Neoadjuvant Targeted Therapy in Orthotopic Nude Mouse
Models. Cancers 2019, 11, 637. [CrossRef]

33. Qusa, M.H.; Abdelwahed, K.S.; Siddique, A.B.; El Sayed, K.A. Comparative Gene Signature of (-)-Oleocanthal Formulation
Treatments in Heterogeneous Triple Negative Breast Tumor Models: Oncological Therapeutic Target Insights. Nutrients 2021, 13,
1706. [CrossRef]

34. Diamantakos, P.; Killday, K.; Gimisis, T.; Melliou, E.; Velkou, A.; Magiatis, P. Oleokoronal and oleomissional: New major phenolic
ingredients of extra virgin olive oil. Olivae 2015, 122, 22–33.

35. Karkoula, E.; Skantzari, A.; Meliou, E.; Magiatis, P. Quantitative Measurement of Major Secoiridoid Derivatives in Olive Oil
Using qNMR. Proof of the Artificial Formation of Aldehydic Oleuropein and Ligstroside Aglycon Isomers. J. Agric. Food Chem.
2014, 62, 600–607. [CrossRef] [PubMed]

36. Adhami, H.R.; Zehl, M.; Dangl, C.; Dorfmeister, D.; Stadler, M.; Urban, E.; Hewitson, P.; Ignatova, S.; Krenn, L. Preparative
isolation of oleocanthal, tyrosol, and hydroxytyrosol from olive oil by HPCCC. Food Chem. 2015, 170, 154–159. [CrossRef]

37. Agalias, A.; Magiatis, P.; Skaltsounis, A.L.; Mikros, E.; Tsarbopoulos, A.; Gikas, E.; Spanos, I.; Manios, T. A new process for
the management of olive oil mill waste water and recovery of natural antioxidants. J. Agric. Food Chem. 2007, 55, 2671–2676.
[CrossRef]

38. Khanal, P.; Oh, W.K.; Yun, H.J.; Namgoong, G.M.; Ahn, S.G.; Kwon, S.M.; Choi, H.K.; Choi, H.S. p-HPEA-EDA, a phenolic
compound of virgin olive oil, activates AMP-activated protein kinase to inhibit carcinogenesis. Carcinogenesis 2011, 32, 545–553.
[CrossRef]

39. Paiva-Martins, F.; Gordon, M.H. Isolation and characterization of the antioxidant component 3,4-dihydroxyphenylethyl 4-formyl-
3-formylmethyl-4-hexenoate from olive (Olea europaea) leaves. J. Agric. Food Chem. 2001, 49, 4214–4219. [CrossRef]

40. Tsolakou, A.; Diamantakos, I.P.; Kalaboki, I.; Mena-Bravo, A.; Priego-Capote, F.; Abdallah, I.M.; Kaddoumi, A.; Melliou, E.;
Magiatis, P. Oleocanthalic Acid, a Chemical Marker of Olive Oil Aging and Exposure to a High Storage Temperature with
Potential Neuroprotective Activity. J. Agric. Food Chem. 2018, 66, 7337–7346. [CrossRef]

41. Abuznait, A.H.; Qosa, H.; Busnena, B.A.; El Sayed, K.A.; Kaddoumi, A. Olive-oil-derived oleocanthal enhances beta-amyloid
clearance as a potential neuroprotective mechanism against Alzheimer’s disease: In vitro and in vivo studies. ACS Chem. Neurosci.
2013, 4, 973–982. [CrossRef] [PubMed]

42. Sarikaki, G.; Christoforidou, N.; Gaboriaud-Kolar, N.; Smith, A.B., 3rd; Kostakis, I.K.; Skaltsounis, A.L. Biomimetic Synthesis of
Oleocanthal, Oleacein, and Their Analogues Starting from Oleuropein, A Major Compound of Olive Leaves. J. Nat. Prod. 2020, 83,
1735–1739. [CrossRef] [PubMed]

43. Guzmán, J.M.F.-B.; Castilla, I.M.; Benjumea., A.G. Use of Dmso for the Synthesis of Oleacein and Oleocanthal. WO2018162769, 9
March 2018.

44. Reboredo-Rodriguez, P.; Gonzalez-Barreiro, C.; Cancho-Grande, B.; Forbes-Hernandez, T.Y.; Gasparrini, M.; Afrin, S.; Cianciosi,
D.; Carrasco-Pancorbo, A.; Simal-Gandara, J.; Giampieri, F.; et al. Characterization of phenolic extracts from Brava extra virgin
olive oils and their cytotoxic effects on MCF-7 breast cancer cells. Food Chem. Toxicol. 2018, 119, 73–85. [CrossRef] [PubMed]

45. Imran, M.; Nadeem, M.; Gilani, S.A.; Khan, S.; Sajid, M.W.; Amir, R.M. Antitumor Perspectives of Oleuropein and Its Metabolite
Hydroxytyrosol: Recent Updates. J. Food Sci. 2018, 83, 1781–1791. [CrossRef] [PubMed]

46. Lu, H.Y.; Zhu, J.S.; Zhang, Z.; Shen, W.J.; Jiang, S.; Long, Y.F.; Wu, B.; Ding, T.; Huan, F.; Wang, S.L. Hydroxytyrosol and
Oleuropein Inhibit Migration and Invasion of MDA-MB-231 Triple-Negative Breast Cancer Cell via Induction of Autophagy.
Anti-Cancer Agent Me 2019, 19, 1983–1990. [CrossRef] [PubMed]

47. Elnagar, A.Y.; Sylvester, P.W.; El Sayed, K.A. (-)-Oleocanthal as a c-Met inhibitor for the control of metastatic breast and prostate
cancers. Planta Med. 2011, 77, 1013–1019. [CrossRef]

48. Cusimano, A.; Balasus, D.; Azzolina, A.; Augello, G.; Emma, M.R.; Di Sano, C.; Gramignoli, R.; Strom, S.C.; McCubrey, J.A.;
Montalto, G.; et al. Oleocanthal exerts antitumor effects on human liver and colon cancer cells through ROS generation. Int. J.
Oncol. 2017, 51, 533–544. [CrossRef]

49. Pang, K.L.; Chin, K.Y. The Biological Activities of Oleocanthal from a Molecular Perspective. Nutrients 2018, 10, 570. [CrossRef]
50. Kugic, A.; Dabelic, S.; Brala, C.J.; Dabelic, N.; Barbaric, M. Extra Virgin Olive Oil Secoiridoids Modulate the Metabolic Activity of

Dacarbazine Pre-Treated and Treatment-Naive Melanoma Cells. Molecules 2022, 27, 3310. [CrossRef]
51. Menendez, J.A.; Joven, J.; Aragones, G.; Barrajon-Catalan, E.; Beltran-Debon, R.; Borras-Linares, I.; Camps, J.; Corominas-Faja, B.;

Cufi, S.; Fernandez-Arroyo, S.; et al. Xenohormetic and anti-aging activity of secoiridoid polyphenols present in extra virgin olive
oil: A new family of gerosuppressant agents. Cell Cycle 2013, 12, 555–578. [CrossRef]

52. Kikuchi, M.; Mano, N.; Uehara, Y.; Machida, K.; Kikuchi, M. Cytotoxic and EGFR tyrosine kinase inhibitory activities of aglycone
derivatives obtained by enzymatic hydrolysis of oleoside-type secoiridoid glucosides, oleuropein and ligustroside. J. Nat. Med.
2011, 65, 237–240. [CrossRef] [PubMed]

278



Int. J. Mol. Sci. 2023, 24, 3

53. Menendez, J.A.; Vazquez-Martin, A.; Garcia-Villalba, R.; Carrasco-Pancorbo, A.; Oliveras-Ferraros, C.; Fernandez-Gutierrez,
A.; Segura-Carretero, A. tabAnti-HER2 (erbB-2) oncogene effects of phenolic compounds directly isolated from commercial
Extra-Virgin Olive Oil (EVOO). BMC Cancer 2008, 8, 377. [CrossRef] [PubMed]

54. Knowles, H.J.; Harris, A.L. Hypoxia and oxidative stress in breast cancer. Hypoxia and tumourigenesis. Breast Cancer Res. BCR
2001, 3, 318–322. [CrossRef]

55. Jing, X.; Yang, F.; Shao, C.; Wei, K.; Xie, M.; Shen, H.; Shu, Y. Role of hypoxia in cancer therapy by regulating the tumor
microenvironment. Mol. Cancer 2019, 18, 157. [CrossRef] [PubMed]

56. Byrne, M.B.; Leslie, M.T.; Gaskins, H.R.; Kenis, P.J.A. Methods to study the tumor microenvironment under controlled oxygen
conditions. Trends Biotechnol. 2014, 32, 556–563. [CrossRef] [PubMed]

57. Yao, M.; Walker, G.; Gamcsik, M.P. A multiwell plate-based system for toxicity screening under multiple static or cycling oxygen
environments. Sci. Rep. 2021, 11, 4020. [CrossRef]

58. Nam, H.; Funamoto, K.; Jeon, J.S. Cancer cell migration and cancer drug screening in oxygen tension gradient chip. Biomicrofluidics
2020, 14, 044107. [CrossRef]

59. Vassilaki, N.; Frakolaki, E. Virus-host interactions under hypoxia. Microbes Infect 2017, 19, 193–203. [CrossRef]
60. Wheaton, W.W.; Chandel, N.S. Hypoxia. 2. Hypoxia regulates cellular metabolism. Am. J. Physiol. Cell Physiol. 2011, 300,

C385–C393. [CrossRef]
61. Solaini, G.; Baracca, A.; Lenaz, G.; Sgarbi, G. Hypoxia and mitochondrial oxidative metabolism. Biochim. Et Biophys. Acta 2010,

1797, 1171–1177. [CrossRef]
62. McKeown, S.R.; Cowen, R.L.; Williams, K.J. Bioreductive drugs: From concept to clinic. Clin. Oncol. 2007, 19, 427–442. [CrossRef]

[PubMed]
63. Shannon, A.M.; Bouchier-Hayes, D.J.; Condron, C.M.; Toomey, D. Tumour hypoxia, chemotherapeutic resistance and hypoxia-

related therapies. Cancer Treat. Rev. 2003, 29, 297–307. [CrossRef] [PubMed]
64. Karkoula, E.; Skantzari, A.; Melliou, E.; Magiatis, P. Direct Measurement of Oleocanthal and Oleacein Levels in Olive Oil by

Quantitative H-1 NMR. Establishment of a New Index for the Characterization of Extra Virgin Olive Oils. J. Agric. Food Chem.
2012, 60, 11696–11703. [CrossRef] [PubMed]

65. Rigakou, A.; Diamantakos, P.; Melliou, E.; Magiatis, P. S-(E)-Elenolide: A new constituent of extra virgin olive oil. J. Sci. Food
Agric. 2019, 99, 5319–5326. [CrossRef]

66. Darakjian, L.I.; Rigakou, A.; Brannen, A.; Qusa, M.H.; Tasiakou, N.; Diamantakos, P.; Reed, M.N.; Panizzi, P.; Boersma, M.D.;
Melliou, E.; et al. Spontaneous In Vitro and In Vivo Interaction of (-)-Oleocanthal with Glycine in Biological Fluids: Novel
Pharmacokinetic Markers. ACS Pharmacol. Transl. Sci. 2021, 4, 179–192. [CrossRef]

67. Magiatis, P.; Melliou, E.; Diamantakos, P.; Rigakou, A. Method for Obtaining Oleocanthal Type Secoiridoids and for Producing
Respective Pharmaceutical Preparations. WO/2020/165614, 11 February 2020.

68. Diamantakos, P.; Ioannidis, K.; Papanikolaou, C.; Tsolakou, A.; Rigakou, A.; Melliou, E.; Magiatis, P. A New Definition of the
Term "High-Phenolic Olive Oil" Based on Large Scale Statistical Data of Greek Olive Oils Analyzed by qNMR. Molecules 2021, 26,
1115. [CrossRef]

69. Agalias, A.; Melliou, E.; Magiatis, P.; Mitaku, S.; Gikas, E.; Tsarbopoulos, A. Quantitation of oleuropein and related metabolites in
decoctions of Olea europaea leaves from ten Greek cultivated varieties by HPLC with diode array detection (HPLC-DAD). J. Liq.
Chromatogr. Relat. Technol. 2005, 28, 1557–1571. [CrossRef]

70. EMA. Assessment Report on Olea europaea L., Folium; EMA: London, UK, 2017.
71. Koudounas, K.; Thomopoulou, M.; Rigakou, A.; Angeli, E.; Melliou, E.; Magiatis, P.; Hatzopoulos, P. Silencing of Oleuropein

beta-Glucosidase Abolishes the Biosynthetic Capacity of Secoiridoids in Olives. Front. Plant Sci. 2021, 12, 671487. [CrossRef]
72. Volk, J.; Sarafeddinov, A.; Unver, T.; Marx, S.; Tretzel, J.; Zotzel, J.; Warzecha, H. Two novel methylesterases from Olea europaea

contribute to the catabolism of oleoside-type secoiridoid esters. Planta 2019, 250, 2083–2097. [CrossRef]
73. Cree, I.A.; Andreotti, P.E. Measurement of cytotoxicity by ATP-based luminescence assay in primary cell cultures and cell lines.

Toxicol. Vitr. 1997, 11, 553–556. [CrossRef]
74. Ayoub, N.M.; Siddique, A.B.; Ebrahim, H.Y.; Mohyeldin, M.M.; El Sayed, K.A. The olive oil phenolic (-)-oleocanthal modulates

estrogen receptor expression in luminal breast cancer in vitro and in vivo and synergizes with tamoxifen treatment. Eur. J.
Pharmacol. 2017, 810, 100–111. [CrossRef] [PubMed]

75. Khanfar, M.A.; Bardaweel, S.K.; Akl, M.R.; El Sayed, K.A. Olive Oil-derived Oleocanthal as Potent Inhibitor of Mammalian
Target of Rapamycin: Biological Evaluation and Molecular Modeling Studies. Phytother. Res. PTR 2015, 29, 1776–1782. [CrossRef]
[PubMed]

76. Siddique, A.B.; Ebrahim, H.Y.; Akl, M.R.; Ayoub, N.M.; Goda, A.A.; Mohyeldin, M.M.; Nagumalli, S.K.; Hananeh, W.M.; Liu, Y.Y.;
Meyer, S.A.; et al. (-)-Oleocanthal Combined with Lapatinib Treatment Synergized against HER-2 Positive Breast Cancer In Vitro
and In Vivo. Nutrients 2019, 11, 412. [CrossRef]

77. Christodoulou, I.; Goulielmaki, M.; Kritikos, A.; Zoumpourlis, P.; Koliakos, G.; Zoumpourlis, V. Suitability of Human Mesenchy-
mal Stem Cells Derived from Fetal Umbilical Cord (Wharton’s Jelly) as an Alternative In Vitro Model for Acute Drug Toxicity
Screening. Cells 2022, 11, 1102. [CrossRef]

78. Christodoulou, I.; Goulielmaki, M.; Devetzi, M.; Panagiotidis, M.; Koliakos, G.; Zoumpourlis, V. Mesenchymal stem cells in
preclinical cancer cytotherapy: A systematic review. Stem Cell Res. Ther. 2018, 9, 336. [CrossRef]

279



Int. J. Mol. Sci. 2023, 24, 3

79. Christodoulou, I.; Kolisis, F.N.; Papaevangeliou, D.; Zoumpourlis, V. Comparative Evaluation of Human Mesenchymal Stem
Cells of Fetal (Wharton’s Jelly) and Adult (Adipose Tissue) Origin during Prolonged In Vitro Expansion: Considerations for
Cytotherapy. Stem Cells Int. 2013, 2013, 246134. [CrossRef]

80. Indrayanto, G.; Putra, G.S.; Suhud, F. Validation of in-vitro bioassay methods: Application in herbal drug research. Profiles Drug
Subst. Excip. Relat. Methodol. 2021, 46, 273–307.

81. Weerapreeyakul, N.; Nonpunya, A.; Barusrux, S.; Thitimetharoch, T.; Sripanidkulchai, B. Evaluation of the anticancer potential of
six herbs against a hepatoma cell line. Chin. Med. 2012, 7, 15. [CrossRef]

82. Kaplanek, R.; Jakubek, M.; Rak, J.; Kejik, Z.; Havlik, M.; Dolensky, B.; Frydrych, I.; Hajduch, M.; Kolar, M.; Bogdanova, K.; et al.
Caffeine-hydrazones as anticancer agents with pronounced selectivity toward T-lymphoblastic leukaemia cells. Bioorganic Chem.
2015, 60, 19–29. [CrossRef]

83. Artun, F.T.; Karagoz, A.; Ozcan, G.; Melikoglu, G.; Anil, S.; Kultur, S.; Sutlupinar, N. In vitro anticancer and cytotoxic activities of
some plant extracts on HeLa and Vero cell lines. J. Buon. 2016, 21, 720–725.

84. Fang, Y.; Eglen, R.M. Three-Dimensional Cell Cultures in Drug Discovery and Development. SLAS Discov. 2017, 22, 456–472.
[CrossRef] [PubMed]

85. Eglen, R.; Reisine, T. Primary cells and stem cells in drug discovery: Emerging tools for high-throughput screening. Assay Drug
Dev. Technol. 2011, 9, 108–124. [CrossRef] [PubMed]

86. Yuen, A.; Diaz, B. The impact of hypoxia in pancreatic cancer invasion and metastasis. Hypoxia 2014, 2, 91–106. [PubMed]
87. McKeown, S.R. Defining normoxia, physoxia and hypoxia in tumours-implications for treatment response. Br. J. Radiol. 2014, 87,

20130676. [CrossRef]
88. Masson, N.; Ratcliffe, P.J. Hypoxia signaling pathways in cancer metabolism: The importance of co-selecting interconnected

physiological pathways. Cancer Metab. 2014, 2, 3. [CrossRef]
89. Vassilaki, N.; Kalliampakou, K.I.; Kotta-Loizou, I.; Befani, C.; Liakos, P.; Simos, G.; Mentis, A.F.; Kalliaropoulos, A.; Doumba, P.P.;

Smirlis, D.; et al. Low Oxygen Tension Enhances Hepatitis C Virus Replication. J. Virol. 2013, 87, 2935–2948. [CrossRef]
90. Frakolaki, E.G.E.; Feuillette-Cadenne, N.; Kaimou, P.; Niotis, G.; Bartenschlager, R.; Mavromara, P.; Zoidis, G.; Windisch, M.;

Neuveut, C.; Vassilaki, N. The interplay between hepatotropic viruses and liver normoxia determines viral levels and response to
therapeutics. In From Basic Science to Biomarkers and Tools in Global Health; Institut Pasteur: Paris, France, 2016.

91. Talarek, N.; Petit, J.; Gueydon, E.; Schwob, E. EdU Incorporation for FACS and Microscopy Analysis of DNA Replication in
Budding Yeast. Methods Mol. Biol. 2015, 1300, 105–112.

92. Salic, A.; Mitchison, T.J. A chemical method for fast and sensitive detection of DNA synthesis in vivo. Proc. Natl. Acad. Sci. USA
2008, 105, 2415–2420. [CrossRef]

93. Scotece, M.; Gomez, R.; Conde, J.; Lopez, V.; Gomez-Reino, J.J.; Lago, F.; Smith, A.B., 3rd; Gualillo, O. Oleocanthal inhibits
proliferation and MIP-1alpha expression in human multiple myeloma cells. Curr. Med. Chem. 2013, 20, 2467–2475. [CrossRef]

94. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
95. Brauchle, E.; Thude, S.; Brucker, S.Y.; Schenke-Layland, K. Cell death stages in single apoptotic and necrotic cells monitored by

Raman microspectroscopy. Sci. Rep. 2014, 4, 4698. [CrossRef] [PubMed]
96. LeGendre, O.; Breslin, P.A.; Foster, D.A. (-)-Oleocanthal rapidly and selectively induces cancer cell death via lysosomal membrane

permeabilization. Mol. Cell. Oncol. 2015, 2, e1006077. [CrossRef] [PubMed]
97. Goren, L.; Zhang, G.; Kaushik, S.; Breslin, P.A.S.; Du, Y.N.; Foster, D.A. (-)-Oleocanthal and (-)-oleocanthal-rich olive oils induce

lysosomal membrane permeabilization in cancer cells. PLoS ONE 2019, 14, e0216024. [CrossRef] [PubMed]
98. Montedoro, G.; Servilli, M.; Baldioli, M.; Selvaggini, R.; Miniati, E.; Macchioni, A. Simple and hydrolysable compounds in virgin

olive oil. 3. Spectroscopic characterizations of the secoiridoid derivatives. J. Agric. Food Chem. 1993, 41, 2228–2234. [CrossRef]
99. Nakabayashi, H.; Taketa, K.; Miyano, K.; Yamane, T.; Sato, J. Growth of human hepatoma cells lines with differentiated functions

in chemically defined medium. Cancer Res. 1982, 42, 3858–3863. [PubMed]
100. de Chaumont, F.; Dallongeville, S.; Chenouard, N.; Herve, N.; Pop, S.; Provoost, T.; Meas-Yedid, V.; Pankajakshan, P.; Lecomte, T.;

Le Montagner, Y.; et al. Icy: An open bioimage informatics platform for extended reproducible research. Nat. Methods 2012, 9,
690–696. [CrossRef]

101. Dufour, A.; Meas-Yedid, V.; Grassart, A.; Olivo-Marin, J.C. Automated quantification of cell endocytosis using active contours and
wavelets. In Proceedings of the 2008 19th International Conference on Pattern Recognition, Tampa, FL, USA, 8–11 December 2008.

102. Jang, J.W.; Song, Y.; Kim, K.M.; Kim, J.S.; Choi, E.K.; Kim, J.; Seo, H. Hepatocellular carcinoma-targeted drug discovery through
image-based phenotypic screening in co-cultures of HCC cells with hepatocytes. BMC Cancer 2016, 16, 810. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

280



Citation: Paulin, E.K.; Leung, E.;

Pilkington, L.I.; Barker, D. Synthesis

and Anti-Proliferative Evaluation of

Arctigenin Analogues with C-9′

Derivatisation. Int. J. Mol. Sci. 2023,

24, 1167. https://doi.org/10.3390/

ijms24021167

Academic Editors: Barbara De

Filippis, Marialuigia Fantacuzzi and

Alessandra Ammazzalorso

Received: 7 December 2022

Revised: 22 December 2022

Accepted: 4 January 2023

Published: 6 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Synthesis and Anti-Proliferative Evaluation of Arctigenin
Analogues with C-9′ Derivatisation

Emily K. Paulin 1,2, Euphemia Leung 3,4, Lisa I. Pilkington 1 and David Barker 1,2,*

1 School of Chemical Sciences, University of Auckland, Auckland 1010, New Zealand
2 The MacDiarmid Institute for Advanced Materials and Nanotechnology, Wellington 6012, New Zealand
3 Auckland Cancer Society Research Centre, University of Auckland, Auckland 1023, New Zealand
4 Department of Molecular Medicine and Pathology, University of Auckland, Auckland 1023, New Zealand
* Correspondence: d.barker@auckland.ac.nz; Tel.: +64-9-373-7599

Abstract: Dibenzylbutyrolactone lignans (DBLs) are a class of natural products with a wide variety
of biological activities. Due to their potential for the development of human therapeutic agents,
DBLs have been subjected to various SAR studies in order to optimise activity. Previous reports have
mainly considered changes on the aromatic rings and at the benzylic carbons of the compounds,
whilst the effects of substituents in the lactone, at the C-9′ position, have been relatively unexplored.
This position has an unexploited potential for the development of novel dibenzyl butyrolactone
derivatives, with previous preliminary findings revealing C-9′-hydroxymethyl analogues inducing
programmed cell cycle death. Using the core structure of the bioactive natural product arctigenin,
C-9′ derivatives were synthesised using various synthetic pathways and with prepared derivatives
providing more potent anti-proliferative activity than the C-9′-hydroxymethyl lead compound.
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1. Introduction

Lignans are a large natural product class of structurally and functionally diverse
phenylpropanoids, isolated from over 70 known families of plants worldwide [1–4]. The lig-
nan framework is derived from the oxidative dimerisation of two phenylpropane (C-6–C-3)
moieties, which produces a linkage between each monomer’s propyl side chains at the
respective C-8 carbons [1,5].

Arctigenin is a natural product belonging to the dibenzylbutyrolactone subclass of
lignans (Figure 1). These structures comprise a γ-lactone core, with dibenzyl substitution
at the C-8 and C-8’ positions in an anti-relationship [6,7]. Arctigenin possesses a range of
biological activities and consequently has been well-studied to determine structure-activity
relationships of its derivatives [6–12]. Results from previous studies have confirmed the
lignan’s biological activities, with arctigenin analogues having cytotoxic, anti-tumour
and hypoglycaemic activities, amongst others [10,12–14]. Many of these derivatives have
explored modifications of the aromatic rings, and to a slightly lesser extent the benzylic posi-
tions, [9,11,13,15,16], but there is a large underrepresentation of lactone ring modifications.

To date, only one synthetic derivative of arctigenin with C-9′ modification has been
reported—a compound containing a methylenehydroxy group at C-5 in the lactone ring
(C-9′ according to lignan nomenclature, Figure 1 right) [17,18]. This compound showed
the induction of apoptosis in Jurkat T cells with only 2% necrosis. This derivative was
accessed using an acyl-Claisen rearrangement as the key step to establish the necessary
trans relationship between C-8 and C-8’ groups. The prolific activities of arctigenin and
lack of SAR information at the C-9′ position inspired this work to synthesise additional
C-9′ analogues. Herein, we report the synthesis of 15 arctigenin derivatives with different
C-9′ substitution, and their anti-proliferative activities.
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Figure 1. Arctigenin (left) and racemic C-9′ methylenehydroxy analogue (right).

2. Results and Discussion

2.1. Retrosynthetic Analysis of C-9′ Arctigenin Analogues

The proposed pathway to access the targeted arctigenin analogues also exploited an
acyl-Claisen rearrangement [17] to introduce the correct relative stereochemistry between
benzyl groups in the morpholine pentenamide 1 and converged two parallel pathways
(Scheme 1). Cyclisation of the rearrangement product was envisaged to establish the
core DBL lactone framework and included the C-9′ substitution of a methylenehydroxy
group, from which derivatisations could be prepared. The acyl-Claisen precursors, an
acid chloride 2 and allylic morpholine 3, could be prepared from vanillin 4 and 4-allyl-1,2-
dimethoxybenzene 5, respectively, through two separate routes.

Scheme 1. Retrosynthetic approach to racemic C-9′ analogues.

2.2. Synthesis of Acid Chloride 2

Acid chloride 2 was prepared when required from the more stable carboxylic acid
6. Synthesis of 6 began from vanillin 4, which was subjected to a Wittig olefination with
(carbethoxymethylene)triphenylphosphorane, following literature methods [17] to give α,β-
unsaturated ethyl ester 7 in 80% yield (E:Z, 92:8). The newly installed alkene was reduced
by catalytic hydrogenation to give saturated ester 8 in quantitative yield (Scheme 2). With
the saturated ester 8 in hand, the phenol substituent was protected as the benzyl ether
to give 9 in 93% yield. Hydrolysis of the ester 9 gave carboxylic acid 6 in 92% yield and
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the resulting acid chloride was prepared in situ at the time of the successive step due to
its instability.

Scheme 2. Synthesis of acid 6. Reagents and conditions: (i) Ph3PCHCO2Et (1.1 equiv.), CH2Cl2, rt,
21 h, 7 80%; (ii) H2, Pd/C (10% w/w), EtOAc, rt, 20 h, 8 quant.; (iii) BnBr (3 equiv.), K2CO3 (3 equiv.),
MeCN, 80 ◦C, 46 h, 9 93%; (iv) NaOH (4.5 equiv.), MeOH, rt, 2.5 h, 6 92%.

2.3. Synthesis of Allylic Morpholine 3

To obtain allylic morpholine 3, 4-allyl-1,2-dimethoxybenzene 5 was first dehydroxy-
lated, under Upjohn conditions [19], to give diol 10 in 94% yield (Scheme 3). The newly
formed diol moiety then underwent oxidative cleavage using NaIO4 [17], to afford alde-
hyde 11 in 97% yield, which was used immediately, due to its tendency to degrade even
stored at low temperatures. Thus, 11 underwent a Horner-Wadsworth-Emmons (HWE)
reaction, forming the respective (E)-α,β-unsaturated ethyl ester 12 in 73% yield [20–22].
During repeated syntheses of α,β-unsaturated ester 12, the E-selectivity of the Horner-
Wadsworth-Emmons reaction was found to vary with the formation of both the Z-isomer
and a third regioisomer, which was determined to be a β,γ-unsaturated ester 13 (Scheme 3).
Separation of the desired E-isomer 12 on AgNO3-treated silica was possible but poor,
leading to diminished yields.

Scheme 3. Synthesis of allylic ester 12. Reagents and conditions: (i) OsO4 (2.5 mol-%), NMO
(3 equiv.), t-BuOH/H2O (1:1), rt, 4 days, 10 94%; (ii) NaIO4 (1.2 equiv.), MeOH/H2O (3:1), rt, 3 days,
11 97%; (iii) (EtO)2POCH2CO2Et (1.5 equiv.), NaH (2 equiv.), THF, 0 ◦C to rt, 18 h, E-12, 39%, Z-12

2%, 13 7%.

2.4. Prevention of Isomeric Esters

Only E-isomer E-12 was required for further steps, therefore, in order to prevent
double bond migration to form 13, different conditions were trialled for the formation
of allylic ester 12. While the mechanism of rearrangement was not confirmed, it was
proposed to be base-mediated, through abstraction of the γ-proton after formation of the
initial α,β-unsaturated product (Scheme 3), with the resulting β,γ-unsaturated product
13 stabilised by increased conjugation. As a result, different bases were screened. The
migrated isomer was observed to a lesser extent under kinetic control or with the use of
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hindered bases, such as DBU under Masamune-Roush conditions [23], but unfortunately,
these reactions still had poor E/Z stereocontrol. After reports of MeMgBr use to suppress
isomerisation in PhCH2CHO aldehydes, this was applied as a base in the HWE reaction
between triethylphosphonoacetate and aldehyde 11 [24]. As a result, neither the migrated
species 13 nor Z-isomer Z-12 were observed. On a larger scale, good selectivity was
maintained (9:1 E:Z), but unfortunately, the yield was poor (10%), so the exploration of
other methods was resumed.

2.5. Grubbs Cross Metathesis Pathway; Revised Route to 3

An alternative route which did not involve a HWE reaction was then developed by
implementing a cross metathesis [25] approach between 4-allyl-1,2-dimethoxybenzene 5

and ethyl acrylate. Using Grubb’s second-generation catalyst at a loading of 5 mol-% and
three equivalents of ethyl acrylate, full conversion to the E product E-12 took place in 91%
yield. No migrated product 13 was observed, allowing large scale synthesis of ester E-12.

Ester E-12 was then fully reduced to primary allylic alcohol 14 using DIBAL-H
(Scheme 4). The final step towards allylic morpholine 3 involved substitution of the
hydroxyl group in 14 for a morpholine moiety. The reaction was attempted using various
strategies, including via mesylation, tosylation and bromination with all giving the desired
product 3, but in poor yields.

Scheme 4. Synthetic pathway to allylic morpholine 3 using cross metathesis approach. Reagents and
conditions: (i) Ethyl acrylate (3 equiv.), Grubbs II (1.9 mol-%), CH2Cl2, rt, 24 h, 12 91%; (ii) DIBAL-H
(2.9 equiv.), PhMe, −10 ◦C to rt, 20 h, 14 quant.; (iii) Ac2O (2.2 equiv.), Et3N (3 equiv.), DMAP
(10 mol-%), CH2Cl2, 0 ◦C to rt, 25 h, 15; (iv) morpholine (1.9 equiv.), Pd(PPh3)4 (5 mol-%), THF, reflux,
5 days, 3 83% (two steps).

In an alternate approach, acetate 15 was then synthesised from alcohol 14, then sub-
jected to Tsuji-Trost allylation conditions, using palladium tetrakis Pd(PPh3)4 and morpho-
line. With the possibility of two regioisomers of the allylic amine product, thermodynamic
control was implemented to ensure the desired linear isomer was obtained over the possible
kinetic branched product [26]. Over two steps from the allylic alcohol 14, the desired allylic
morpholine 3 was achieved in 83% yield as solely the E-isomer, linear product (Scheme 4).

2.6. Synthesis of 9’-CH2OH Lactones

With 3 and 6 prepared, acid 6 was then converted to acid chloride 2 in situ using oxa-
lyl chloride, before undergoing a TiCl4.2THF induced acyl-Claisen rearrangement [17,27]
with (E)-allylic morpholine 3. One equivalent of TiCl4.2THF was required, as we have
previously shown acyl-Claisen rearrangements with aromatic substituents require stochio-
metric amounts of Lewis acid to occur [27]. The rearrangement successfully took place
to give racemic morpholine amide 1 in 85% yield as a single syn-diastereomer. Dihydrox-
ylation, again under Upjohn conditions, cyclised amide 1 in situ to γ-lactone 16 in 88%
yield (Scheme 5). The cyclisation proceeds through a diol intermediate, from which anti-17

spontaneously formed lactone 16. Syn-diol 17 was also formed in 12% yield and did not
undergo cyclisation. This allowed syn-17 to be isolated and treated with 2 M HCl to give the
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epimeric lactone 18 with a trans,cis relationship between the C-8, C-8’ and C-9′ stereocentres.
Under both sets of conditions, the respective diastereomer (16 or 18) was afforded as the
sole product. The benzyl ether in each diastereomer was deprotected to their respective
phenol, in 56% yield as trans,cis isomer 19 and trans,trans isomer 20 in quantitative yields
(Scheme 5).

Scheme 5. Acyl-Claisen rearrangement and cyclisation. Reagents and conditions: (i) TiCl4.2THF
(1 equiv.), i-Pr2NEt (1.5 equiv.), CH2Cl2, rt, 24 h, 1 85%; (ii) OsO4 (2.5 mol-%), NMO (3 equiv.),
t-BuOH/H2O (1:1), rt, 4 days, syn-17 12%, 16 88%; (iii) 2M HCl, MeOH, reflux, 4 h, 18 94%; (iv) Pd/C
(10% w/w), H2, EtOAc, rt, 19 h, 19 56%. 20 quant.

2.7. Synthesis of Lactone Derivatives

With lactone 16 successfully synthesised, a range of C-9′ functionalised derivatives were
targeted to explore the effects of modifications at this position on the anti-proliferative activity.
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2.7.1. Ester Derivatives

A series of ester derivatives was completed to add prodrug-like groups, capable of
being cleaved by cellular esterases [28]. Differing ester groups were installed using the
addition of acid chlorides to lactone 16 with Et3N and catalytic DMAP. Differing chain
lengths and aromaticity were accessed with the synthesis of acetate 21, propionate 22,
and benzoate 23 esters (Scheme 6). An additional benzoate ester 24 was synthesised from
isomer 19, in 48% yield, to provide an example of the epimeric trans,cis form. Following
derivatisation of the 9’-CH2OH functionality, the benzylic ether at C-4 was removed via
catalytic hydrogenation to give the free phenol, a directly comparable analogue of arctigenin.
The synthesis of 21–24 was achieved in yields ranging from 72–88%. Deprotection of
the benzyl ether in all the ester analogues gave C-4 phenols 25–27, in yields of 64% to
quantitative (Scheme 6).

Scheme 6. Synthesis of esters. Reagents and conditions: (i) Et3N (2 equiv.), DMAP (5 mol-%), RCOCl
(1.2 equiv.), CH2Cl2, 0 ◦C to rt, 4–23 h, 21–23 72–88%; (ii) Pd/C (10% w/w), H2, EtOAc, rt, 22–24 h,
25–27 (64%–quant.); (iii) Et3N (2 equiv.), DMAP (5 mol-%), BzCl (1.2 equiv.), CH2Cl2, 0 ◦C–rt, 21 h,
24 48%; (iv) Pd/C (10% w/w), H2, EtOAc, rt, 19 h, 28 quant.

2.7.2. Azido Derivatives

In addition to the obtained ester derivatives, it was decided to install a triazole scaffold
due to its presence in clinically used drugs, with a range of pharmacological activities
and ability to enhance solubility [29–31]. As a preliminary example of triazole derivatised
arctigenin, the simple 4-phenyl-1H-1,2,3-triazole moiety was accessed through a copper-
catalysed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) click reaction between azide-
containing arctigenin analogue 29 and phenylacetylene.

Azide 29 was afforded through a two-step approach of mesylation and subsequent
displacement using sodium azide, affording azide 29 in 78% yield over two steps (Scheme 7).
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This process also saw formation of a minor alkyl chloride side product 30 through halide
displacement.

Scheme 7. Synthesis of nitrogen-containing derivatives. Reagents and conditions: (i) MsCl
(1.5 equiv.), Et3N (1.4 equiv.), CH2Cl2, 0 ◦C to rt, 2.5 h, 31; (ii) NaN3 (3.8 equiv.), DMF, 85–100 ◦C,
27 h, 29 78% (two steps) and 30 25% (two steps); (iii) phenylacetylene (1.5 equiv.), Cu2SO4.5H2O
(0.16 equiv.), sodium L-ascorbate (0.2 equiv.), MeCN, rt, 4 days, 32 74%; (iv) Pd/C (10% w/w), H2,
EtOAc, rt, 5 days, 33 29%.

The reaction of azide 29 and phenylacetylene was achieved using sodium ascor-
bate and copper sulfate pentahydrate in acetonitrile and after four days obtained the
1,4-disubstituted triazole 32 in 74% yield (Scheme 7).

Chloride 30 was stable to catalytic hydrogenation conditions and the benzyl ether
removed cleanly through hydrogenolysis to give 33 in 29% yield. However, hydrogenation
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of triazole 32 was found to be surprisingly difficult and the desired phenol could not be
obtained even after using a variety of conditions.

2.8. Anti-Proliferative Activity

Following the synthesis of the arctigenin derivatives, their anti-proliferative activities
were evaluated against colorectal cancer HCT-116 and triple negative breast cancer MDA-
MB-231 cell lines (Table 1). Arctigenin has previously been shown to affect the growth of
MDA-MB-231 [32] whilst the HCT-116 has been used for the anti-proliferative assessment
of polyphenolic natural products [33,34]. All of the compounds showed improved activity
in the HCT-116 cell line over MDA-MB-231 cells. Five of the fifteen compounds had better
activity than the previously prepared hydroxylmethylene derivative 16 in the MDA-MB-
231 cell line, and 10 out of the 15 compounds had better activity than that reported for
arctigenin itself [32]. It was found that compounds with aromatic benzylic ethers tended to
outperform their phenol counterparts, and trans,trans stereochemistry between C-8, C-8’
and C-9′ was favourable over a trans,cis relationship. The most potent four compounds,
based upon their ability to inhibit cell growth at 10 μM, were the same across both cell lines;
24, 29, 32, and 33, and their IC50 values were determined. All of the tested compounds,
24, 29, 32 and 33 produced similar inhibition–with mean IC50 values ranging between
5.79–7.45 μM (MDA-MB-231) and 3.27–6.10 μM (HCT-116) (Table 2).

Table 1. Anti-proliferative activities when cells treated with compound (10 μM). Values are given as
the average ± standard error of three experimental replicates. Most active compounds, selected for
IC50 determination, in highlighted rows.

Compound
Relative Thymidine Uptake at 10 μM (%)
HCT-116 MDA-MB-231

16 42.70 ± 1.47 54.48 ± 2.17
18 67.44 ± 8.16 86.62 ±3.64
19 90.01 ± 0.97 100.40 ± 2.66
20 87.83 ± 1.20 92.22 ± 2.66
21 48.92 ± 1.48 60.60 ± 1.68
22 44.64 ± 1.08 50.69 ± 2.37
23 42.31 ± 0.93 60.45 ± 0.47
24 34.80 ± 0.15 44.15 ± 1.78
25 86.01 ± 0.65 104.00 ± 3.48
26 90.38 ± 2.00 105.19 ± 5.09
27 55.86 ± 0.86 75.04 ± 3.06
29 23.72 ± 1.54 36.53 ± 1.32
30 76.48 ± 3.97 96.57 ± 2.88
32 28.02 ± 2.17 44.80 ± 0.37
33 16.48 ± 0.29 34.09 ± 1.58

Arctigenin * - 84.81 ± 5.96 [32]
* = determined using MTT assay, after 24 h [32].

Table 2. IC50 values. Values are given as the average ± standard error of three experimental replicates.
Most active compounds in highlighted rows.

Compound
Mean IC50 ± Standard Error (μM)

HCT-116 MDA-MB-231

24 6.10 ± 1.53 6.90 ± 0.10
29 5.17 ± 1.13 6.23 ± 0.63
32 3.27 ± 1.13 6.89 ± 0.20
33 5.29 ± 1.17 7.45 ± 0.70
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3. Materials and Methods

3.1. Synthesis

General experimental details: All reactions were carried out under an inert atmosphere
using distilled anhydrous solvents unless otherwise specified. Triethylamine and diiso-
propylethylamine were each distilled and stored over activated 4 Å Molecular Sieves. All
NMR spectra were recorded on a Bruker Avance DRX 400 MHZ spectrometer at ambient
temperature. Chemical shifts are reported relative to the solvent peak of CDCl3 (δ 7.26 for
1H and δ 77.16 for 13C) or DMSO (δ 2.50 for 1H and δ 39.52 for 13C). 1H NMR data are
reported as position (δ), relative integral, multiplicity (s, singlet; d, doublet; dd, doublet
of doublets; ddd, doublet of doublet of doublets; dt, doublet of triplets; dq, doublet of
quartets; t, triplet; td, triplet of doublets; q, quartet; m, multiplet), coupling constant (J, Hz),
and the assignment of the atom. Proton-decoupled 13C NMR data are reported as position
(δ) and assignment of the atom. NMR assignments were performed using HMBC, COSY
and HSQC, experiments. 1H and 13C NMR spectra for all precursor and final compounds
(Figures S1–S45) are found in the supplementary material. The numbering of arctigenin ana-
logues was done according to lignan nomenclature, with the two C-6-C-3 units numbered
1–9 and 1’–9’ [18]. All melting points for solid compounds are given in degrees Celsius (◦C),
were measured using a Reicher-Kofler block, and are uncorrected. A Perkin-Elmer Spec-
trum 1000 series Fourier Transform Infrared ATR spectrometer was used to record infrared
spectra. Absorption maxima are expressed in wavenumbers (cm−1). High-resolution mass
spectroscopy (HRMS) was carried out by electrospray ionisation (ESI+) on a MicroTOF-Q II
mass spectrometer. Fétizon’s reagent was prepared following a literature procedure [35].
Unless noted, chemical reagents were used as purchased. General procedures, synthetic
experimental methods, and full characterisation data (including copies of NMR spectra for
all synthesised final compounds) can be found in the Supplementary Materials.

3.2. Cell Proliferation Assays

The synthesised arctigenin derivatives were measured for anti-proliferative activity
against colorectal cancer HCT-116 and triple negative breast cancer MDA-MB-231 cell lines
using 3H-thymidine incorporation assays. Cell lines were purchased from the American
Type Culture Collection (ATCC). The anti-proliferative assays were conducted according to
our previously reported methods. [36–38]. In short, cells were seeded in 96 well plates with
3000 cells per well and incubated with 10 μM of arctigenin-derived compounds for three
days. An amount of 0.04 μCi of 3H-thymidine was added per well and incubated for 5 h
before cells were harvested and counted. All experiments were performed in duplicate wells
on separate plates with three repeats. The percentage of cells which showed incorporation
of 3H-thymidine into the DNA relative to the control samples directly measured the cell
proliferation. Two known previously active compounds were used as positive controls [39],
alongside a negative control, with no compounded added.

4. Conclusions

In this study, fifteen novel C-9′ derivatives of arctigenin with C-9′ substitution were
successfully synthesised, and analysed for their anti-proliferative activities, for the first time.
This study demonstrated the use of acyl-Claisen rearrangement as an effective method to
access a dibenzylbutyrolactone framework as a single trans diastereomer between C-8 and
C-8’ and to provide C-9′ analogues with a trans,trans C-8, C-8’, C-9′ configuration. The
benefits of this divergent strategy are evident through the preparation of these derivatives.
Anti-proliferative testing of the synthesised compounds showed IC50 values as low as
3.27 μM in HCT-116 (compound 32) and 5.79 μM (compound 29) in MDA-MB-231 cancer
cell lines, which were improved over the natural product, arcitgenin, itself. These results
highlight that C-9′ substitution of dibenzylbutyrolactone lignans can improve the biological
activity compared to the unsubstituted natural products. Furthermore, as the C-9′ is rarely
substituted in other lignan natural products, this work suggests the potential that other
classes of lignans could be similarly modified to increase their biological activity.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24021167/s1. Synthetic procedures for all novel compounds, 1H
and 13C NMR spectra for all precursor and final compounds (Figures S1–S45). References [17,40–49]
are cited in supplementary materials.
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Abstract: Trichosanthin (TCS) is a type I ribosome-inactivating protein extracted from the tuberous
root of the plant Trichosanthes. TCS shows promising potential in clinical drug abortion, anti-tumor
and immunological regulation. However, the molecular mechanisms of its anti-tumor and immune
regulation properties are still not well discovered. In the present study, we investigated the anti-tumor
activity of TCS in hepatocellular carcinoma (HCC), both in vitro and in vivo. Both HCC cell lines and
xenograft tumor tissues showed considerable growth inhibition after they were treated with TCS. TCS
provoked caspase-mediated apoptosis in HCC cells and xenograft tumor tissues. The recruitment of
CD8+ T cells to HCC tissues and the expression of chemokines, CCL2 and CCL22, were promoted
upon TCS treatment. In addition, TCS induced an upregulation of Granzyme B (GrzB), TNF-α and
IFN-γ in HCC tissues, which are the major cytotoxic mediators produced by T cells. Furthermore,
TCS also resulted in an increase of mannose-6-phosphate receptor (M6PR), the major receptor of
GrzB, in HCC tissues. In summary, these results suggest that TCS perhaps increases T-cell immunity
via promoting the secretion of chemokines and accelerating the entry of GrzB to HCC cells, which
highlights the potential role of TCS in anti-tumor immunotherapy.

Keywords: Trichosanthin (TCS); hepatocellular carcinoma (HCC); T cell; chemokine; Granzyme B
(GrzB); apoptosis

1. Introduction

Hepatocellular carcinoma (HCC) is the second most common cause of cancer mortality
worldwide [1]. Since HCC is highly aggressive and metastatic, only about 10% of patients
have limited options, such as surgical resection, liver transplantation and local ablation [2].
HCC is also one of the most common chemotherapy-resistant tumors. The continuous
administration of conventional chemotherapeutic agents and antitumor immune agents
causes side effects, such as tumor resistance and poor prognosis. Therefore, it is imperative
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to explore new drugs or therapeutic strategies targeting HCC [3]. Researchers have identi-
fied numerous plant-derived extracts with potent antitumor properties, and representative
ones include paclitaxel [4], curcumin [5], millipedium [6], Trichosanthin [7], etc.

Trichosanthin (TCS), a single-chain ribosome-inactivating protein extracted from the
tuberous root of the traditional Chinese herb Trichosanthes, exhibits prospective application
in clinical drug abortion, anti-virus, anti-tumor and immune regulation [8]. Numerous
studies have shown that TCS could directly inhibit the proliferation and apoptosis of
cancer cells by regulating the expression of Bcl-2 [9], inducing S-phase cell cycle arrest in
cancer cells [10], inhibiting tumor dysplasia-related signaling pathways [11], increasing the
expression or activation of caspase family proteins [12–14], etc. In physiological conditions,
TCS could regulate the immune status of the body by regulating the CD4+/CD8+ T-cell ratio
and producing related immune cytokines in peripheral blood [15]. Studies have shown that
TCS could enhance the sensitivity of tumors to chemotherapeutic drug treatment [13,16].
Recombinant TCS has shown potent anti-tumor effects [17–19]. It is crucial to investigate
the anti-tumor mechanisms and potential applications of TCS.

Granzyme B (GrzB) is an extremely high anti-tumor bioactive protein produced mainly
by CD8+ T cells and NK cells [20]. Numerous studies have shown that GrzB can rapidly
activate caspase 3-related signaling pathways in target cells [21], which in turn promote
cancer cell apoptosis or inflammatory death [22]. Our previous works on immunodeficient
nude mice found that the combination of TCS and GrzB had a positive effect in inhibiting
HCC, and TCS enhanced the translocation of GrzB from mannose-6-phosphate receptors
(M6PR) to HCC cells [23]. However, whether TCS could inhibit HCC by regulating anti-
tumor immunity has not been examined yet. In this study, we used TCS to treat HCC
cells and a xenograpft tumor model to investigate the mechanism of TCS regulating the
recruitment of T cells in the host immune response against HCC.

2. Results

2.1. TCS Reduces the Viability of HCC Cells in Culture

To test if TCS was able to inhibit HCC cell growth in culture, TCS (concentration
ranged from 1.5625 to 400 μg/mL) was administered to the H22 HCC cell line for 24, 48 and
72 h. TCS inhibited H22 cell viability in a dose-dependent manner (Figure 1A). The IC50 of
HCC cells treated with TCS for 48 h and 72 h was approximately 25 μg/mL (Figure 1A).
Then, we treated HCC cells with 25 μg/mL TCS and assayed cell viability at multiple
time points, and we observed a significant decrease of cell viability after 36 h (Figure 1B).
The Calcein-AM/PI assay also showed a significant and time-dependent increase of dead
HCC cells after TCS treatment (Figure 1C). PARP, a nucleus polymerase that appears to be
involved in DNA repair and that is a common apoptosis marker cleaved by Caspase-3 [24],
was also induced by TCS in a dose-dependent manner (Figure 1F). To further confirm TCS
might impair cell viability, the apoptosis inhibitor Z-VAD-FMK was applied to treat HCC
cells for 48 h, combined with TCS at multiple concentrations. Z-VAD-FMK significantly
inhibited the cell death and PARP cleavage induced by TCS (Figure 1E,F). This suggested
that TCS triggered HCC cell death mainly by promoting caspase activities.

2.2. TCS Promoted HCC Cell Death via Apoptosis

Apoptosis and autophagy are common modes of tumor cell death [25,26]. It has
been reported that TCS can promote the death of Oral squamous cell carcinoma SCC25 by
inducing cell apoptosis [9]. In order to better understand the mechanisms of TCS-induced
cell death, HCC cells were treated with 25 μg/mL TCS, total protein was extracted and the
expression levels of apoptosis- and autophagy-related proteins were detected by Western
blot. Apoptosis usually involves the activation of a series of caspase enzymes. The upstream
caspase of the intrinsic pathway is caspase 9, while the exogenous pathway is caspase 8;
after that, internal and external pathways converge to caspase 3 [27]. Western blot analysis
showed that Caspase 9, Caspase 8 and Caspase 3 were all decreased in HCC cells after 72 h
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of TCS treatment (Figure 2A). Instead, the level of Cleaved-caspase 9, Cleaved-caspase 8
and Cleaved-caspase 3 were all elevated after 48 h of TCS treatment (Figure 2A).

 

Figure 1. Effects of TCS on the cell viability and death of HCC cells. (A) H22 HCC cells were treated
with different doses of TCS for 24 h, 48 h and 72 h. CCK-8 assay with absorbance at 450 nm was used
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to evaluate the cell viability; (B) IC50 dose of TCS (25 μg/mL) was used to treat H22 HCC cells for
12 h, 24 h, 36 h, 48 h, 60 h and 72 h. CCK-8 assay with absorbance at 450 nm was used to evaluate
the cell viability; (C) 25 ug/mL TCS treated HCC cell lines at different times with the ratio of dead
cells to live cells; (D) IC50 dose of TCS (25 μg/mL) was used to treat H22 HCC cells for 0 h, 24 h, 36 h
and 72 h. The Calcein-AM/PI method was used to detect dead or alive cells, with green as live cells
and red as dead cells. Bar = 100 μm; (E) H22 HCC cells were treated with different doses (0, 12.5, 25
and 50 μg/mL) of TCS. Meanwhile, 40 μM caspase inhibitor (Z-VAD-FMK) was used in combination.
Calcein-AM/PI assay was used to detect dead or alive cells; green is live cells, red is dead cells.
Bar = 100 μm; (F) Western blot assay for PARP and Cleaved-PARP protein expression after 48 h of
TCS and Z-VAD-FMK coadministration. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Figure 2. Effects of TCS on apoptosis and autophagy of HCC cells. (A) H22 HCC cells were treated
with 25 μg/mL TCS for 24 h, 48 h and 72 h. Western blot assayed the levels of key apoptosis proteins
Caspase 9, Cleaved-caspase 9, Caspase 8, Cleaved-caspase 8, Caspase 3 and Cleaved-caspase 3;
(B) H22 HCC cells were treated with 25 μg/mL TCS for 12 h, 24 h, 36 h and 48 h. Western blot assayed
the levels of key autophagy proteins P62 and LC3A/B. NS means no significant difference, *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

Studies have also shown that TCS can inhibit the growth of gastric cancer cell MKN-45
by inducing autophagy [28]. In the process of autophagosome formation, LC3I is lipidized
to form LC3II; therefore, LC3I/LC3-II is considered a marker of autophagosome. In
addition, the autophagic receptor p62 is also commonly used as an autophagic marker [29].
However, our results show that the level of the autophagy markers P62 and LC3I/LC3II
were not significantly different between the control and TCS-treated groups (Figure 2B).
This indicated that TCS did not induce significant autophagy in HCC cells. Therefore, TCS
induced HCC cell death, mainly via apoptosis.

2.3. TCS Inhibits HCC Tumor Growth In Vivo

To investigate the therapeutic effect of TCS on HCC in vivo, an H22 HCC xenograpft
model was established subcutaneously in BALB/c mice, which were treated with TCS at
Day 5, 7, 9, 11, 13, 15 and 17 (Figure 3A). TCS treatment significantly inhibited the growth of
HCC tumors in mice in a dose-dependent manner (Figure 3B). The application of TCS at the
highest concentration of 2 μg/g achieved a tumor volume inhibition rate of about 52.91%
(Figure 3C) and a tumor mass inhibition rate of about 55.01% (Figure 3D,E). Although the
mice treated with TCS exhibited a decreasing trend in body weight, there was no significant
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difference compared to the control group. These results suggested that TCS could inhibit
HCC cell growth in vivo.

Figure 3. Effects of TCS on apoptosis and autophagy of HCC cells. (A) Timeline schedule of mice
injected with HCC cells and treated with TCS; (B) On day 19, mice were euthanized and tumor tissues
were obtained as shown in the figure; (C–E) Quantitation of data showed the volume of tumors,
weight and the inhibition rate of TCS on the weight of tumor tissue; (F) Quantitation of data showed
the weight changes in mice treated with varying doses of TCS. ***, p < 0.001.

Next, we assayed Ki67, a tumor proliferation marker [30], by immunohistochemical
fluorescence. The number of Ki67-positive cells decreased in the TCS-treated group in a
dose-dependent manner (Figure 4A). TCS significantly promoted the activation of Caspase
9, Caspase 8 and Caspase 3 in tumor tissues. The levels of Cleaved-caspase 9, Cleaved-
caspase 8 and Cleaved-caspase 3 were significantly increased (Figure 4B). Therefore, TCS
could inhibit the progression of HCC malignancy in mice, mainly through activation of the
caspase pathway.
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Figure 4. Effects of TCS on proliferation and apoptosis of HCC in vivo. (A) Immunofluorescence
method detected nuclear proliferation factor Ki67 (Ki67: red, DAPI: blue). Bar = 100 μm; (B) Western
blot method detected the protein levels of Caspase 9, Cleaved-caspase 9, Caspase 8, Cleaved-caspase
8, Caspase 3 and Cleaved-caspase 3 in HCC tissues. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

2.4. TCS Promotes Infiltration of CD8+ T Cells into HCC

TCS promoted CD8+ T-cell infiltration in cancer tissues [15]. Therefore, we investigated
the level of the infiltration of CD8+ T cells in mouse HCC xenograft tissues. The number of
CD8+ T cells in HCC tumor tissues increased with the doses of TCS (Figure 5A). Interestingly,
enrichment of CD8+ T cells could be seen at the edge of tumor tissues (Figure 5B).

Chemokines are signaling molecules necessary for normal T-cell transport and func-
tion [31], and the interleukin family plays an important role in immune regulation and
inflammatory responses [32]. In addition, the increased secretion of TNF-α and IFN-γ
contributes to the antitumor interaction with T cells [33]. Therefore, mRNA expressions of
chemokines CCL2, CCL17 and CCL22, as well as IL-6, IL-18, TNF-α and IFN-γ, in tumor
tissues and H22 cells were detected by RT-qPCR. The results of RT-qPCR showed that the
expression levels of CCL2, CCL22, TNF-α and IFN-γ in tumor tissues were significantly
increased after TCS treatment. Additionally, CCL2, CCL17, CCL22 and TNF-α were also
increased in H22 cells after TCS treatment (Figure S1). Furthermore, according to the results
of RT-qPCR, four cytokines with significant differences, CCL2, CCL22, TNF-α and IFN-γ,
were detected for protein levels by ELISA. The results of tumor tissue samples showed
that the protein levels of chemokines CCL2 and CCL22, as well as TNF-α and IFN-γ, were
significantly increased upon TCS treatment (Figure 5C). Serum levels of CCL22, TNF-α and
IFN-γ were elevated after TCS treatment, although only IFN-γ statistically significantly
increased (Figure 5D). In addition, the expression levels of chemokines CCL2 and CCL22
in HCC cell culture fluid were also significantly increased upon TCS treatment (Figure 5E).
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These results suggested that TCS could enrich CD8+ T cells to tumor tissues and
promote the expression of chemokines in HCC cells, which would enhance the anti-tumor
immune response of the organism.

Figure 5. Effects of TCS on chemotactic enrichment. (A) Immunofluorescence method detected
CD8-positive cells in the center of HCC tissues. Bar = 100 μm; (B) Immunofluorescence method
detected CD8-positive cells at the edge of HCC tissues. Bar = 100 μm; (C) ELISA method detected the
protein levels of CCL2, CCL22, TNF-α and IFN-γ in HCC tissues treated with different doses of TCS
(0, 0.5, 1 and 2 μg/g); (D) ELISA method detected the protein levels of CCL2, CCL22, TNF-α and
IFN-γ of mouse serum; (E) ELISA method detected the protein levels of CCL2, CCL22 and TNF-α in
H22 HCC cells treated with 25 μg/g TCS after 24 h, 48 h and 72 h, GAPDH as the internal reference
gene. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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2.5. TCS Enhances the Expression of Granzyme B and M6PR

GrzB, a serine proteinase released by cytotoxic T cells and NK cells, mediates cell
apoptosis in target cells [34,35]. Since TCS could recruit CD8+ T cells to xenograft tumor
tissues, we next examined whether the expression and transportation of GrzB were affected
by TCS. As expected, GrzB was elevated in HCC tissues in TCS-treated mice in a dose-
dependent manner (Figure 6A–C). The proportion of TUNEL+/GrzB+ cells in tumor tissues
significantly increased as TCS dosages were raised (Figure 7A–C). We also confirmed
that the alterations in the number of TUNEL+ and TUNEL+/GrzB+ cells were positively
correlated with TCS dosages (Figure 7B,C). Our previous studies showed the translocation
of GrzB from mannose-6-phosphate receptors (M6PR) to HCC cells was enhanced by
TCS [23]. Therefore, we next examined the level of M6PR, both in cell lines and xenograft
tumor tissues. We showed that TCS promoted the expression level of M6PR in tumor
tissues and HCC cells (Figure 8C,D). As TCS dosages were augmented, the proportion
of TUNEL+/M6PR+ cells in tumor tissues also significantly increased (Figure 8A,B). The
number of M6PR and TUNEL double-positive cells showed a positive correlation with
the TCS dose (Figure 8A,B). These data indicated that TCS could inhibit HCC growth by
inducing the upregulation of GrzB and promote HCC cell apoptosis in vivo by encouraging
M6PR to deliver GrzB into HCC cells.

Figure 6. Effects of TCS on GrzB expression in vivo. (A,B) Immunochemical method detected GrzB
in hepatocellular carcinoma tissues. Bar = 100 μm; (C) Western blot method detected the level of
GrzB in HCC tissues treated with different doses of TCS. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 7. TCS promotes GrzB-induced apoptosis in hepatocellular carcinoma. (A) Immunochemical
method detected TUNEL and GrzB in HCC tissues after TCS treatment. Bar = 100 μm; (B) Correlation
analysis of GrzB positivity with the number of positive signals for TUNEL; and (C) Correlation
analysis of the number of simultaneous positive signals for GrzB and TUNEL with the dose of TCS.
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Figure 8. TCS promotes M6PR expression in vivo and in vitro. (A) Immunochemical method detected
GrzB and M6PR in HCC tissues upon TCS treatment. Bar = 100 μm; (B) Correlation analysis of the
number of simultaneous positive signals of GrzB and M6PR with the dose of TCS; (C) Western blot
method detected the levels of M6PR in HCC tissues treated with different doses of TCS (0, 0.5, 1
and 2 μg/g); (D) Western blot method detected the levels of M6PR in H22 HCC cells treated with
different doses of TCS (0, 12.5, 25 and 50 μg/mL). *, p < 0.05; ***, p < 0.001.
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3. Discussion

TCS is the major active ingredient of Trichosanthes Kirilowii [36]. Previous studies
reported TCS alone showed an excellent inhibitory effect on cancer cell proliferation
in vitro [9,23,37]. However, TCS alone had not significantly inhibited tumor growth in im-
munodeficient nude mice in vivo [23]. In the present study, we constructed tumor models
in BALB/c mice with a functional immune system. We found that TCS not only activated
caspase family proteins in tumor tissues, but also promoted T-cell immunity. Chemotactic
enrichment of T cells in HCC tissues and elevated levels of GrzB were observed in vivo.
This suggests that TCS has considerable promise as an immunotherapy tool and may
increase the effectiveness of anti-tumor treatments.

TCS induced cell cycle block, autophagic death and caspase-mediated apoptosis
in cancer cells [28,38]. Proper levels of autophagy remove damaged organelles from
cells and contribute to the maintenance of normal cell survival, while inducing excessive
autophagy causes cell death [39,40]. TCS induced ROS production in gastric cancer cells,
which in turn promoted the autophagic death of gastric cancer cells [28]. However, in
the present study, TCS barely promoted the autophagic death of HCC cells. Recently, Hu
et al. detected by proteomics that TCS inhibited nuclear proliferation factors in human
choriocarcinoma cell lines, mainly inducing caspase-mediated apoptosis in cancer cells [41].
Caspase 8 is a key protease in apoptosis caused by exogenous factors [42]. Caspase 9
is an endogenous apoptosis-related protease activated by damage to organelles, such as
endoplasmic reticulum or mitochondria [43]. Both cleaved-caspase 8 and cleaved-caspase
9 activate caspase 3 to form cleaved-caspase 3, which in turn degrades the DNA repair-
associated protein PARP and induces apoptosis in cancer cells [44,45]. The results of our
study showed that apoptosis inhibitor (Z-VAD-FMK) was able to inhibit TCS-induced HCC
cell death, and caspase proteins were significantly activated. Thus, TCS mainly activated
caspase-mediated endogenous and exogenous apoptotic pathways to inhibit HCC cells.

TCS can regulate the immune functions of macrophages [46], DC cells [47] and T
cells [48]. However, variable effects of TCS on the regulation of immune cell function have
been observed in different diseases, such as physiological conditions [48], inflammation [46],
HIV infection [49] and cancer [15]. Enhancement of the antitumor response of T cells would
be one of the effective ways to inhibit HCC [50]. T cells can induce cancer cell death
through both receptor and non-receptor mediated pathways [51]. TCS could enhance the
immune effect of T cells against lung cancer through the receptor pathway by enhancing
the expression of class I, restricted, T cell-associated molecules in CD8+ T cells [15]. A
recent study showed that tonics containing the Chinese herb Trichosanthes significantly
elevated the serum levels of cytokines, such as IFN-γ, IL-6 and TNF-α, which would
be beneficial in enhancing the immune effect of the lymphocyte system [52]. Numerous
immune subpopulations, including T cells, natural killer (NK) cells and B cells, can produce
IFN-γ in the tumor microenvironment [53]. CD8+ cytotoxic T lymphocytes (CTL) are
known to be the main producers of IFN-γ and one of the indicators of activation of the
T-cell antitumor function [54]. Studies have shown that IFN-γ could induce apoptosis or
scorch death of cancer cells through IFN-γ receptors on the surface of cancer cells [55,56].
TNF-α plays different roles in the pre-cancerous and cancer microenvironments. Despite a
sustained inflammatory response possibly being detrimental to suppressing precancerous
lesions, increased TNF-α in a tumor microenvironment could effectively activate TNFR1 to
trigger cancer cell suppression [57,58]. Tumor-infiltrating lymphocytes are an important
prognostic factor for cancer progression and a key player in cancer immunotherapy. CCL2,
CCL17 and CCL22 are cytokines with a role in T-cell recruitment [59,60]. Despite the role
of CCL2 in recruiting both cytotoxic T cells (CTL) and monocytes to tumor sites [61,62],
studies have shown that enhancement of the CCL2/CCR2 axis [63] or inhibition of CCL2
nitration [64] in antitumor therapy significantly promotes T-cell infiltration and exerts
antitumor effects. Binding of CCL22 with CCR4 enhances T-cell dendritic cell binding
and increases CTL activation [65], while enhancing tumor cell responses to IFN-γ [66].
GrzB, the cytokine secreted by CD8+ T cells, has the greatest killing effect on cancer cells
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by directly or indirectly activating caspases to inhibit cancer cell proliferation and induce
apoptosis [67]. GrzB could be transported by M6PR into cancer cells [68]. Previous studies
by our group demonstrated that the combination of TCS and GrzB in the treatment of nude
mice implanted with HCC significantly inhibited the growth of HCC, and TCS promoted
the transport of GrzB by M6PR into HCC cells [23]. In the present study, we examined the
anti-tumor mechanisms of TCS by facilitating the xenograft tumor model within BALB/c
mice with a functional immune system. We observed that CD8+ T cells were recruited into
the HCC tissues in the TCS-treated group in a dose-dependent manner. The expression level
of chemokines was elevated in HCC tissues, a favorable condition for T cells to kill HCC
cells through the receptor or cytokine pathway. Additionally, TCS directly elevated GrzB
levels in tumor tissues, which were significantly and positively correlated with apoptotic
cancer cells. This implies that TCS can enhance T-cell anti-tumor immunity against HCC
by encouraging T-cell enrichment, elevating the expression of chemokines in tumor cells
and promoting their production of GrzB. These results provide supporting information for
the study of TCS to enhance anti-tumor immunity.

4. Materials and Methods

Recombinant TCS protein extraction and purification: The recombinant TCS plasmid
was constructed by Tsingke Biotechnology Co., Ltd. (Guangzhou, China). The rTCS
sequence was inserted between the EcoRI site and the XhoI site of pet-28a+. E.coli BL21
(DE3) was used to induce the expression of recombinant TCS protein (when OD600 = 0.60,
add a final concentration of 2 mM IPTG). Centrifuge the prokaryotic expression induced
bacterial solution at 4 ◦C, 12,000 rpm, 2 min; discard the supernatant; then, add the lysis
buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0); blow repeatedly; and
perform ultrasonic lysis on ice (power: 30%, ultrasound: 5 s, stop: 10 s, total working
time: 30 min); and then collect the supernatant at 4 ◦C, 12,000 rpm, 30 min. After the
supernatant containing the target protein is filtered and sterilized, it is purified by the
protein purifier (GE, AKTA purifier, Boston, MA, USA). The obtained recombinant TCS
protein was freeze-dried and stored at −30 °C.

Cell culture: Mouse HCC cell line (H22) (Procell, CL-0341) was cultured in Roswell
Park Memorial Institute 1640 (RPMI-1640) medium containing 10% fetal bovine serum,
100 U/mL of penicillin and 100 μg/mL of streptomycin. HCC cells were cultured in a 5%
CO2 incubator at a constant temperature of 37 ◦C.

HCC cell viability assay: H22 cells were inoculated in 96-well plates at a density of
5 × 103, with 100 μL cell culture solution per well. For a concentration-dependent assay,
TCS (0, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200 and 400 μg/mL) was added to the treatment
for 24 h, 48 h and 72 h. For a time-dependent assay, TCS (0, 25 μg/mL) was added to the
treatment for 0 h, 12 h, 24 h, 36 h, 48 h, 60 h and 72 h. Cell viability was then determined by
the method of CCK-8. Briefly, at the end of the intervention, 10 μL of CCK-8 solution was
added to each well of the 96-well plate and mixed, and the reaction plates were incubated at
37 ◦C for 1–3 h. The absorbance of each well solution was measured, using the microplate
reader (BioTek, Epoch, Winooski, VT, USA) at 450 nm wavelength detection light.

Calcein-AM/PI staining: Unspecific esterases present in living cells can metabolize
Calcein-AM and emit green fluorescence. Propidium iodide (PI) will label the nuclei of
dead cells. H22 cells were inoculated in 6-well plates at a concentration of 1 × 105/mL
culture medium per well. Cells were treated with different doses of TCS, then Calcein-AM
and PI were added and incubated for 5 min, and fluorescent pictures were collected under
a confocal microscope. Cell death index calculation: percentage of dead cells = number of
dead cells/total number of cells.

Antibodies: The antibody information in this study is shown in Table S1.
Reagents: Z-VAD-FMK (Beyotime, Nanjing, China, cat# C1202), Calcein-AM (MCE,

Monmouth Junction, NJ, USA, cat# HY-D0041), PI (MCE, Monmouth Junction, NJ, USA,
cat# HY-D0815), DAPI (Solarbio, Beijing, China, cat# D8200) DeadEnd™ Fluorometric
TUNEL System (Beyotime, Nanjing, China, cat# C1088). IHC Reagent Kit (Solarbio, Beijing,
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China, cat# SP0021), Total Mrna Extraction Kit (Promega, Madison, WI, USA, cat# LS1040),
Hifair III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus) (Yeasen,
Shanghai, China, cat# 11141ES60), GoldenstarTM RT6 cDNA Synthesis Kit (TSINGKE,
Xi’an, China, cat# TSG302M), ELISA MAX™ Standard Set Mouse MCP-1 (BioLegend, San
Diego, CA, USA, cat# 432701), ELISA MAX™Deluxe Set Mouse IFNγ (BioLegend, San
Diego, CA, USA, cat# 430804), Mouse TNF-α ELISA kit (Jianglaibio, Shanghai, China, cat#
JL10484), Mouse MDC/CCL22 ELISA kit (Jianglaibio, Shanghai, China, cat# JL11125), etc.

Apoptosis inhibition test assay: Z-VAD-FMK is a pan-caspase inhibitor that prevents
the cleavage degradation of DNA repair enzyme PARP by Caspase family proteins [69].
H22 cells were inoculated in 6-well plates at a concentration of 1 × 105/mL culture medium
per well. Z-VAD-FMK was intervened according to the following protocol: control (no TCS),
TCS (12.5 μg/mL), TCS (25 μg/mL), TCS (50 μg/mL), TCS (12.5 μg/mL) + Z-VAD-FMK
(40 μM), TCS (25 μg/mL) + Z-VAD-FMK (40 μM), TCS (50 μg/mL) + Z-VAD-FMK (40 μM)
for 48 h of continuous intervention, and cells were analyzed by Calcein-AM/PI staining
and immune-blotting for PARP-related proteins.

Xenograft tumor model: The procedure of the animal experiments performed in the
study fulfilled the requirements of the ethical review committee. Male BALB/c mice (5-
week-old, 20 ± 2 g, Guangdong Medical Laboratory Animal Center, Guangzhou) were
housed in an SPF-grade environment with a 12 h light/dark cycle and maintained on
free diets. Mice were injected subcutaneously with 5 × 105 H22 HCC cells in the right
axilla. Beginning on the fifth day after implantation, mice with H22 HCC were randomly
divided into four groups of five mice each and treated according to the following treatment
protocols: phosphate-buffered saline (PBS) control group, 0.5 μg/g (TCS weight/mouse
body weight) TCS group, 1 μg/g body weight TCS group, 2 μg/g body weight TCS
group. Body weight TCS group. Control group was injected with 100 μL of PBS, and drug
treatment was injected on the 4, 6, 8, 10, 12, 14 and 16 days after implantation of HCC
cells. Tumor volume and body weight were measured, and tumor size was estimated
according to the following formula: tumor volume = 0.5 × maximum diameter × shortest
diameter × shortest diameter.

Immunohistochemistry (IHC) assay: Immunohistochemical staining of mouse tumor
tissues was performed using the IHC kit and GrzB polyclonal antibody. Tumor tissues
embedded in paraffin blocks were cut into 5 μm thick sections. The paraffin sections
were dewaxed and hydrated, following 3% hydrogen peroxide treatment and antigen
repair boiling in sodium citrate solution for 10 min. After incubation with normal goat
serum at room temperature for 20 min, the tissue sections were incubated with anti-GrzB
antibody (1:500) overnight at 4 ◦C. Then, samples were incubated with biotinylated goat
anti-rabbit serum immunoglobulin G (IgG) antibody (1:100) for 30 min at 37 ◦C. After
thorough washing, streptavidin-POD working solution was added and incubated for
30 min at 37 ◦C. Sections were counter-stained with hematoxylin. Morphological images
were collected using an Olympus microscope. For immunofluorescence assay, tissue
sections were incubated with antibodies against Ki67 (1:500), M6PR (1:500), GrzB (1:500)
and CD8 (1:500) overnight at 4 ◦C. Samples were then incubated with appropriate FITC,
Alexa Fluor 555 or Horseradish Peroxidase-conjugated secondary antibodies for 3 h. Nuclei
were stained with DAPI or hematoxylin, followed by observation and image capture under
a confocal microscope.

TUNEL apoptosis assay: Tumor tissues were examined using the Beyotime one-step
TUNEL apoptosis assay kit. After dewaxing and hydration of the tumor tissues, the TUNEL
staining procedure was performed, according to the manufacturer’s instructions. The nuclei
were stained with DAPI.

Western blot assay: Protein extraction and Western blot assay were performed, as
described in the previous report [23]. The following antibodies were used for detection:
anti-Caspase 3 (1:1000), anti-Caspase 8 (1:1000), anti-Caspase 9 (1:1000), anti-Cleaved-
caspase 3 (1:1000), anti-Cleaved-caspase 8 (1:1000), anti-Cleaved-caspase 9 (1:1000), anti-
GrzB (1:1000), anti-M6PR (1:1000), anti-LC3B (1:1000), anti-P62 (1:1000), anti-GAPDH
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(1:5000). They were incubated overnight at 4 ◦C and then incubated with horseradish
peroxidase (HRP)-conjugated counterpart secondary antibody (1:5000) at room temperature.
Chemiluminescence was performed using ECL Ultra HRP substrate and photographed
under the SAGECREATION ChemiMini™ Imaging System.

Quantitative real-time PCR: Total RNA from HCC cells and tumor tissues was ex-
tracted using the Total RNA Extraction Kit. Using the GoldenstarTM RT6 cDNA Synthesis
Kit, mRNA was reversed into cDNA by reverse transcription procedure. Quantitative PCR
amplification was performed using the Hifair III 1st Strand cDNA Synthesis Super Mix for
qPCR in Quantstudio™ 7 Flex Real-Time PCR System (ABI). The expression of target genes
was normalized against GAPDH using the 2−ΔΔCt assay. Primer oligos were synthesized
by TSINGKE Biological Co., Ltd. (Beijing, China) and are listed in Table S2.

Enzyme linked immunosorbent assay (ELISA): Cell culture supernatants, mouse serum
and tumor tissues were collected. Then, the levels of TNF-α, IFN-γ, CCL22 and CCL2 were
assessed using ELISA kits, according to the manufacturer’s instructions. Absorbance was
measured using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Statistical analysis: Statistical analyses were performed using SPSS 26.0 software (SPSS
Inc., Chicago, IL, USA). The error bars in the graphical data represent means ± Standard
Error of Mean (SEM). Three or more comparisons were compared using one-way ANOVA,
followed by the least significant difference (LSD) test. Unpaired two-tailed Student’s t-test
was used to compare two sets of data. A value of p < 0.05 was considered a statistically
significant difference between the data groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

5. Conclusions

In conclusion, the results of this study demonstrated that TCS inhibited HCC cells by
activating caspase, recruiting CD8+ T cells, enhancing the expression of chemokines and
up-regulating M6PR genes to transport GrzB (Figure 9). This also indicates that TCS is a
natural drug with great potential to enhance anti-tumor immunity, which is valuable for
further in-depth pharmacological studies.

Figure 9. Diagram showing the molecular mechanism of TCS on anti-tumor activity. TCS stimulated
the expression of chemokines CCL2, CCL17 and CCL22, which may encourage the enrichment of
CD8+ T cells within HCC tissue. GrzB secreted by the T cells were transported into the HCC cells by
cellular M6PR and facilitated cell apoptosis. TCS-induced caspases mediated apoptosis both in vivo
and in vitro.
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Abstract: Camptothecin (CPT), first isolated from Chinese tree Camptotheca acuminate, produces
rapid and prolonged inhibition of DNA synthesis and induction of DNA damage by targeting
topoisomerase I (top1), which is highly activated in cancer cells. CPT thus exhibits remarkable
anticancer activities in various cancer types, and is a promising therapeutic agent for the treatment
of cancers. However, it remains to be uncovered underlying its cytotoxicity toward germ cells. In
this study we found that CPT, a cell cycle-specific anticancer agent, reduced fecundity and exhibited
significant cytotoxicity toward GSCs and two-cell cysts. We showed that CPT induced GSC loss
and retarded two-cell cysts differentiation in a niche- or apoptosis-independent manner. Instead,
CPT induced ectopic expression of a differentiation factor, bag of marbles (Bam), and regulated the
expression of cyclin A, which contributed to GSC loss. In addition, CPT compromised two-cell cysts
differentiation by decreasing the expression of Bam and inducing cell arrest at G1/S phase via cyclin
A, eventually resulting in two-cell accumulation. Collectively, this study demonstrates, for the first
time in vivo, that the Bam–cyclin A axis is involved in CPT-mediated germline stem cell loss and
two-cell cysts differentiation defects via inducing cell cycle arrest, which could provide information
underlying toxicological effects of CPT in the productive system, and feature its potential to develop
as a pharmacology-based germline stem cell regulation agent.

Keywords: camptothecin; germ cells; Bam; cell cycle

1. Introduction

Camptothecin (CPT) is a pentacyclic alkaloid that was first isolated from stem wood of
Camptotheca acuminate [1]. The US National Cancer Institute screening program identified
CPT as a promising therapeutic agent for the treatment of cancers because it specifically
targets topoisomerase I (top1), which is highly activated in cancer cells [2]. CPT could
prevent the re-ligation of the nicked DNA and dissociation of top1 from the DNA by
binding to both of the top1 enzyme and the intact DNA strand through hydrogen bonding.
During replication, this CPT-involved ternary complex could act as a roadblock for the
replication fork to result in shear stress upon the intact DNA strand, and eventually leading
to breakage, DNA damage, and cell death [3–5]. Previous pharmacological studies indicated
that CPT could inhibit DNA and RNA (including ribosomal RNA) synthesis, induce DNA
damage, and arrest cell cycle at both S and G2 phases [6–8]. To this end, CPT could induce
G1/S phase arrest in oral squamous cancer cells, ovarian clear cell carcinoma, and was
found to possess a wide spectrum of antitumor activities [9–11]. However, the severe
side effects of CPT, such as nausea, vomiting, dermatitis, diarrhea, cystitis, leukopenia,
precluded its initial clinical development as a chemotherapeutic drug [12]. Despite many
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pharmacokinetic studies, it remains to be unpredictable underlying its toxicity toward
different systems.

Drosophila ovarian system has been considered as a fruitful in vivo system for studying
cell biology and dissecting the cytotoxicity of CPT in productive system [13]. In females,
the gametes are produced from a specialized tissue called germline stem cells (GSCs) [14].
As the source of gametes, the only cell type that can pass the genetic information to the
next generation, GSCs play a fundamental role in maximizing the quantity of gametes
that animals produce, while ensuring their highest quality [14]. The maintenance and
differentiation of GSC is modulated by intrinsic and extrinsic signal pathways in the ovary
to be instructive to specify cell fate [15]. As one of those identified intrinsic factors to be able
to regulate GSCs [16–19], cell cycle control serves as a critical aspect in the decision between
GSC maintenance and differentiation [20]. The new GSC daughter and the cystoblast (CB)
remain connected throughout most of the cell cycle; consequently, changes to the cell cycle
would be critical for promoting or hampering GSC differentiation [21]. For instance, loss
of cyclin B (CycB), a late-G2 phase regulator to control the G2-M phase transition, could
lead to GSC self-renewal and maintenance defects [20]. Additionally, following gamma
irradiation, GSCs briefly pause the cell cycle and become ‘quiescent’, resulting in progeny
loss [22,23]. Although a plethora of intrinsic factors have been identified for their roles
in regulating stem cell fate via affecting the cell cycle [22,24], it remains largely unclear
whether CPT, a cell cycle-specific anticancer agent, could affect GSC fate.

In this study, we unveiled the cytotoxicity of CPT in GSC loss and two-cell differen-
tiation defects. Instead of niche and apoptosis, the differentiation factor, bag of marbles
(Bam), directly received CPT signals to influence GSC numbers. In addition, CPT com-
promised germ cell differentiation by decreasing the expression of Bam and inducing cell
arrest in G1/S phase via cyclin A (CycA), resulting in two-cell accumulation. Overall,
this study demonstrates, for the first time in vivo, that the Bam–CycA axis is involved in
CPT-mediated GSC loss and two-cell differentiation defects via inducing cell cycle arrest,
and the results in this study highlight the toxicological role of CPT in germ cells and its
potential to serve as a pharmacology-based GSC regulation agent.

2. Results

2.1. The Effects of CPT on Germ Cells

CPT showed strong cytotoxicity against a variety of tumor types in vitro and in vivo;
we then sought to examine the mortality of flies following CPT treatment. We found
that although CPT-treatment did not have noticeable impact on fly survival rate, the
treated females produced significantly fewer eggs, compared to control-treated females
(Figure 1a,b), suggesting that CPT may affect fly oogenesis. Indeed, while the ovariole of the
control female contained 5–7 follicles, the CPT-treated female only possessed 1–2 follicles at
the discontinued stage (Figure 1h). In addition, some phenotypes were also observed at the
anterior tip of the ovariole—the germarial region in treated flies, which is the focus of this
study. In the germarium, two to three GSCs (identified by pMad-positive cells) resided at the
anterior tip, next to a cluster of cap cells [25], and contained an anteriorly-positioned spherical
fusome (or spectrome) (Figure 1c), but CPT treatment led to a reduction in the number
of GSCs (Figure 1d). The daughters of GSCs, namely cystoblasts (CBs), move posteriorly
as they differentiate: each CB divides four times with incomplete cytokinesis to form an
interconnected 16-cell cyst in which one of the cells adopts oocyte fate and the rest become
supporting nurse cells [26]. We found that CPT also affected the early steps of the germ cell
development process and blocked CB differentiation, resulting in accumulation of CB-like
(Figure 1e,f) and two-cell (Figure 1g,h) in the germarium. Each cyst could be surrounded by
a single layer of follicle cells to form egg chambers. However, CPT-treated flies possessed a
significantly higher ratio of abnormal phenotypes of egg chamber (apparent failure of egg
chamber budding leading to empty ovarioles) compared with control flies (Figure 1i,j). Those
observations indicated that CPT treatment led to a GSC loss and also a delay in germ cell
differentiation, consequently resulting in defects in egg production.
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Figure 1. The effects of CPT on germ cells. (a) The mortality of flies after the flies were treated by CPT.
(b) The number of eggs laid at the 9th d post CPT or DMSO solution treatment. (c) GSCs stained with
anti-pMad and anti-3A9 antibodies in germarium at the 9th day post CPT or DMSO treatment. GSCs
were indicated by white dashed circle. (d) Statistical data showing the GSC number from control
and treated groups. (e) Germ cells stained with anti-3A9 antibody in germarium at the 9th day post
CPT or DMSO treatment. CB-like cells were indicated by white arrow. (f) Statistical data showing
the CB number from control and treated groups. (g) Representative DMSO- and CPT-treated images
showing the effect of CPT on two-cell stained with anti-3A9. two-cell was indicated by yellow arrow.
(h) Statistical data showing the two-cell number from control and treated groups. (i) Representative
control and CPT-treated images showing CPT treatment blocked germ cell differentiation leading
to accumulation of CB and two-cells and stained by Hoechst (white) and 3A9 (green). The white
arrow indicated egg chamber loss. (j) The number of egg chambers showing abnormal phenotype,
including apparent failure of egg chamber budding leading to empty egg chamber. Values are the
means (±SEs) of replicates. Statistical comparisons were based on Students’ s t-tests. The level of
significance for the results was set at * p < 0.05, **** p < 0.0001. Scale bar, 10 μm.
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2.2. CPT Treatment Fails to Cause Apoptosis and Influence Niche in Ovarian GSCs

In the Drosophila ovary, extrinsic signaling from niche and intrinsic translational
machinery regulate the balance between GSC maintenance and differentiation of their
daughters [27]. We investigated whether CPT-induced GSC loss was due to apoptosis by
examining the expression of two cell death markers, including Terminal deoxynucleotidyl
transferase-mediated dUTP Nick End Labeling (TUNEL) assays and cleaved Caspase-3
activities. We found no cleaved TUNEL signals and Caspase-3 activity detected in GSCs,
CBs-like and two-cell, in both control and CPT treated ovaries (Figure 2a,b), indicating
that the defects in GSC maintenance by CPT treatment are not a result of cell death. We
next addressed whether the GSC loss is a consequence of premature differentiation. At
the anterior tip of the ovary, terminal filament (TF) cells, cap cells (Cpc), and escort cells
(ECs) could provide a physical location to house GSCs and form a GSC niche, which could
send signals to GSCs, including Decapentaplegic (Dpp), Hedgehog (Hh), and Unpaired
(Upd), to regulate their proliferation to maintain tissue homeostasis [28,29]. As the spatial
organization of the GSC niche permits direct contacts between two or three CpCs and
one GSC, which are anchored to the CpCs by adherent junctions, we then first examined
whether the GSC loss induced by CPT attributed to the defects in Dpp expression by
using dpp-lacZ in combination with anti-Engrailed (En) antibody to mark En and Dpp
expression in Cpcs. We found that neither the protein accumulation of En nor the level
of Dpp (Figure 2c) showed significant changes after CPT treatment. Since the expression
of Dpp was unaffected, the number of Cpcs was measured by using anti-lacZ staining,
and the results showed the number of Cpcs remained still after treatment (Figure 2e and
Supplementary Figure S1), indicating CPT did not induce changes in Cpc number as well.
We further confirmed the expression of dpp by in situ hybridization, which also showed no
significant changes were observed at transcript level following CPT treatment (Figure 2d).
In addition, armadillo (Arm) is concentrated at the interface between Cpcs and GSCs
in the adult ovary, which supports a role of this adhesion system in anchoring GSCs to
their niche [30,31]. Still, we found no changes in Arm expression level and pattern after
CPT treatment (Figure 2f), suggesting CPT induced decline in the number of GSCs was
independent of Arm. Together, these results suggest that CPT-induced GSC loss is likely
not a result of defective niche activity. We then investigated how CPT-treatment affected
CB and two-cell cyst differentiation. As EC-expressed Thickveins (Tkv) acts as a receptor
sink to remove excess Cpc-expressed Dpp, thereby promoting GSC differentiation [32], we
then examined Tkv expression by immunostaining with anti-Tkv to address whether the
levels of Tkv in the germarium were affected by CPT and accounted for GSC loss. The
results showed that similar fluorescence intensity and identical distribution patterns were
observed in fly ovaries with or without CPT treatment, indicating CPT treatment could
not trigger expression changes of Tkv at both protein and transcript level (Figure 2g). As
EC cellular processes are also closely associated with differentiated germ cells, and the
physical interactions between ECs and germ cells are essential for GSC differentiation [26],
and Erk signaling has an important role in generating EC shapes and protrusive activity,
we then examined the pErk activity in EC after exposure to CPT. The results showed that
pErk was readily expressed in control EC, and CPT treatment did not induce significant
changes in pErk expression. We noted that the expression of pErk increased in the early
follicular cell, which unlikely contributed to GSC loss (Figure 2h). Moreover, we further
investigated whether ECs could be influenced by CPT by using pz1444 and anti-3A9 to
identify ECs in the anterior region where GSCs are localized. For both control and CPT
treated groups, we could observe positive signals for ECs in the region 1 or 2a (n = 83),
while after CPT treatment, the localization of ECs expanded to the posterior regions (i.e.,
egg chamber) (Figure 2i). However, such abnormal phenotype of EC localization unlikely
contributed to GSC loss. We thus excluded the roles of apoptosis and niche in CPT-induced
GSC loss and differentiation defects.
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Figure 2. The roles of apoptosis and niche in CPT-induced GSCs loss. (a) Apoptotic signals from
ovaries of control and CPT treated flies labeled with TUNEL (red) and stained with anti-3A9 (green).
(b) Caspase-3 activity in CPT-treated and control germarium staining by Hoechst (white), Caspase-3
(red), and anti-3A9 (green). (c) Control and CPT-treated germaria with anti-En (green) and anti-LacZ
(red) staining. (d) In situ hybridization examining dpp expression with anti-LamC (red) staining.
(e) Control and CPT-treated germaria with anti-LacZ (red) and anti-3A9 (green) staining. (f) Arm
immunoprecipitation with or without CPT exposure with Arm (red) and anti-3A9 (green) staining.
Meanwhile, square flame indicated the expression of Arm. (g) Control and CPT-treated germaria
with anti-Tkv (red) and anti-3A9 (green) staining, and in situ hybridization showing tkv mRNA
expression in control and CPT-treated germaria. (h) Control and CPT-treated EC with anti-pErk (red)
and anti-3A9 (green) staining. White arrow indicated the signal of pErk. (i) Control and CPT-treated
EC with anti-LacZ (red) and anti-3A9 (green) staining. White dashed circle indicated ectopic location
of ECs. Newly emerged flies (1 day post emergence) were treated with 100 mg/L CPT and control
flies received equal amount of DMSO. The flies were dissected at the 9th day post treatment. Scale bar,
10 μm.
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2.3. Bam Signal Was Involved in CPT-Induced Toxicity in Germarium

As Bam serves as a key factor to regulate GSC differentiation and germline cyst
development, we then further examined whether Bam signaling was involved in CPT-
induced GSC loss and two-cell accumulation. Germaria staining with Bam indicated
that CPT treatment induced ectopic expression of Bam in GSCs, but suppressed the high
expression of Bam in differentiation cells. In some germaria, the protein expression of Bam
expanded to the posterior end of the tumorous germarium (Figure 3a). These results were
further confirmed by staining with a Bam-GFP (GFP gene driven by the Bam promoter)
reporter, which also showed ectopic GFP signals in GSCs but weaker fluorescence intensity
in differentiating germ cells in CPT-treated germarium compared with control (Figure 3b,c).
The transcriptional expression of bam was further confirmed by in situ hybridization.
Consistent with changes in protein level, CPT induced ectopic bam expression in GSCs but
decreased mRNA level of bam in differentiating germ cells (Figure 3d). To verify the role of
Bam in CPT-induced two-cell accumulation, we checked the effects of Bam mutation on
the phenotype of germaria with or without CPT treatment. Germarium bearing one copy
of bam86 mutation contained a slight increase in the number of two-cell compared with
wild type flies. Interestingly, CPT-treatment led to a drastic increase in CB and two-cell
cyst in the germarium with copy bam86 mutation, leading to typical tumor-like germarium
(Figure 4a). We thus recorded the number of two-cells, and found that CPT exposure
in bam86 mutation germarium triggered an increase in the number of two-cells by 3.2-
fold, compared with bam86 mutation germarium without CPT treatment (Figure 4b). We
speculated that CPT could induce DNA damage and cell cycle arrest in two-cell phase
by suppressing the expression of Bam to delay the differentiation of CB and two-cell
cysts. To further determine whether increasing Bam expression could promote two-cell
differentiation, we used the hs-bam transgene, in which Bam expression is under control
of the heat-shock-inducible hsp70 promoter to drive Bam expression in the ovaries, with
or without CPT treatment. CPT-treated hs-Bam transgene germaria, without heat-shock,
contained more two-cell cysts compared with DMSO-treated hs-bam transgene germaria
without heat-shock (Figure 4c), indicating that the heat shock bam construct itself does not
affect two-cell differentiation. Heat-shock-induced Bam expression with CPT treatment
can sufficiently promote the differentiation of two-cell cysts into four-cell or eight-cell
cysts, when compared with control flies of hs-Bam transgene germaria without heat shock
(Figure 4d). These results demonstrated that CPT could influence the differentiation process
by regulating Bam expression.
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Figure 3. CPT could influence differentiation process by regulating Bam expression. (a) Control and
CPT-treated germaria were labeled with Hoechst (white), anti-Bam (green) and anti-pMad (red) to
examine Bam expression. White dashed circle indicated the location of Bam in control and CPT-
treated germarium. (b) Germaria of female flies expressed GFP under the control of transcriptional of
Bam stained with GFP (green), anti-3A9 (blue), and pMad (red). (c) Germaria of female flies expressed
GFP under the control of transcriptional of Bam stained with GFP (green) and anti-3A9 (red). (d) In
situ hybridization to examine bam expression at mRNA level with anti-3A9 (red) labeling with or
without CPT treatment, white arrows indicated bam mRNA signal. Scale bar, 10 μm.
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Figure 4. Bam can significantly rescue the two-cell accumulation caused by CPT. (a) bam86 with anti-
pMad (red) and anti-3A9 (green) staining with or without CPT treatment. (b) Data summarized the
number of two-cell cysts in (a), green indicated control, blue indicated CPT treatment. (c,d) Control
and CPT-treated female flies with or without exposure to heat shock to drive bam expression and
staining with anti-pMad (red) and anti-3A9 (green). Statistical comparisons were based on Students’
s t-tests. The level of significance for the results was set at **** p < 0.0001. Scale bar, 10 μm.
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2.4. The Role of Top1 in CPT-Induced Toxicology

To examine if top1 was also required for CPT-induced toxicology in GSCs, we used
nos-gal4-driven RNAi expression to knock down top1 gene expression specifically in germ
cells. Our results showed that germline-specific top1RNAi shrunk the germarium and led to
rapid germ cell loss, and that CPT treatment could exacerbate such GSC loss phenotype,
exhibiting similar but more severe abnormal germarium and triggering almost entire
GSC and CB loss (Figure 5a,b). Control germaria maintained two or three GSCs and two
CBs, and top1RNAi germarium contained 1.4 GSCs and 1.5 CBs, respectively; however,
top1RNAi germarium with CPT treatment did not carry any GSCs or CBs (Figure 5c,d).
The severity of GSC and CB loss phenotype in top1RNAi germarium with CPT treatment
suggested that top1 and CPT work in a linear pathway. Unexpectedly, germline-specific
top1 knockdown with CPT treatment also led to significant two-cell cyst loss compared
with top1RNAi germarium without CPT treatment (Figure 5e), which might be attributed to
germ cell loss in some cases from top1RNAi germarium with CPT treatment. We recounted
the number of two-cell cysts by excluding the cases with complete germ cell loss, and found
that top1RNAi germarium with CPT treatment could lead to significant accumulation of
two-cell, compared with top1RNAi germarium without CPT treatment (Figure 5f). To further
illuminate the relationship between top1 and the aforementioned differentiation factor,
Bam, in CPT-induced GSC loss and two-cell accumulation, we examined Bam expression
in top1RNAi GSCs with or without CPT treatment. The results showed that CB and two-cell
cysts expressed readily detectable levels of Bam; however, ectopic Bam expression occurred
in a number of GSCs in top1RNAi germarium without CPT treatment, or phenocopied CPT
treatment. These data suggested that changes in top1 expression were sufficient to induce
ectopic Bam expression in GSCs. CPT exposure in a top1RNAi background also induced
ectopic expression of Bam in GSCs (Figure 5g). These results indicated that top1 was
involved in CPT-induced ectopic Bam expression, GSC loss, and two-cell accumulation. As
DNA damage might be induced by CPT treatment via targeting top1, we examined p53
activity in early germ cells as its activity in Drosophila ovarian GSCs could be activated in
response to DNA damage [33,34]. We could not find any obvious p53 signal in control of
GSC, CB, and two-cell cysts, while CPT treatment could induce significant upregulation
of p53 activities as evident by upregulated GFP signals in GSC, as well as in two-cells in
CPT-treated germarium (Figure 5h). These data suggested that different degrees of DNA
damage occurred in early germ cells in response to CPT treatment.
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Figure 5. Top1 was involved in CPT-induced toxicity in germ cells. (a) Ovarian morphology from
control and top1RNAi germarium with or without CPT treatment. (b) Control and top1RNAi germarium
with or without CPT treatment and stained with anti-pMad (red) and anti-3A9 (green). (c) GSC
quantification results are shown. (d) CB-like quantification results are shown. (e) Two-cell cysts
quantification results are shown. (f) Two-cell cysts quantification results are shown by excluding
the cases with germ cell loss. n is the number of the examined germaria; all the error bars represent
SEMs; p values were calculated by comparing between top1RNAi germarium with or without CPT
treatment using Student’s t test. Blue indicated control, yellow indicated CPT treatment in (c–f).
(g) Bam expression pattern in top1RNAi germarium with or without CPT treatment staining with
anti-3A9 (red) and anti-Bam (green). (h) Germaria of female flies expressed GFP under the control of
transcriptional of p53 stained with anti-3A9 (blue), anti-GFP (green), and anti-pMad (red). White
dash circle indicated GFP signals. The level of significance for the results was set at **** p < 0.0001.
Scale bar, 10 μm.

2.5. CPT Treatment Led to Cell Cycle Arrest

To monitor cell cycle progression of germ cells in the germarium, we used immunoflu-
orescence combined FUCCI (fluorescent ubiquitylation cell cycle indicators) to identify
cells in different phases of the cell cycle [35]. We then expressed UASp-GFP-E2f1 (1–230)
UASp-mRFP1-cycB (1–266) under control of nos-gal4 to distinguish G1, S and G2 phases of
interphase (Figure 6a). For CB in the control group, the fraction of proliferating G2/M and
S cells accounted for 94.05% and 3.57% (n = 84), and after CPT treatment, the proportion
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of G2/M and S cells changed to 55.96% and 25.69%, respectively (n = 109) (Figure 6b). The
same situation also occurred in two-cell, as the proportion of G2/M and S cells fluctuated
from 87.95% and 10.84% (n = 83) to 48.26% and 28.36% (n = 201), respectively (Figure 6b).
Additionally, the number of GSCs in phase G2/M transition accounted for 99.26% (n = 135)
in the control group, and exhibited no significant change after exposure to CPT (the propor-
tion of cells in phase G2/M was 90.48% in CPT treated group, n = 63) (Figure 6b). Consistent
with a previous study, during cell division, high intensities of green and red fluorescence
could be observed when nuclear envelope breakdown and degradation of the red probe
(mRFP-NLS-CycB1–166) occurred. Based on this fact, the intensity of the green signal (GFP-
E2F11–230) would drop dramatically (as CRL4Cdt2 is activated at the G1-S transition) after a
~10 h steadily increase. After ~1 h gap period (without signal), the red fluorescence intensity
would increase followed by reaccumulation of the green probe [35]. Our results showed that
following CPT treatment, both the CycB and E2f1 signals were absent in 17.43% and 22.89%
cells from CB-like and two-cell, significantly higher compared with control (2.38% and 1.20%
from CB and two-cell in control group) (Figure 6b), which indicated that CPT treatment
led to cells undergoing phase G1/S or S arrest, and such arrest might contribute to the
previously observed increase in the number of two-cells after CPT treatment.

Figure 6. Cell cycle was determined by FUCCI system. (a) FUCCI were applied to identify cells in
different phases of the cell cycle and stained with Hoechst (white), anti-3A9 (blue), anti-GFP (green),
and anti-RFP (red). White dashed circle indicated two-cell without signals. (b) Quantification of cells
in different phases of cell cycle.
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2.6. CycA Was Involved in CPT-Induced Differentiation Defects

To illuminate the roles of cell-cycle regulators in CPT-induced differentiation defects,
we examine the effects of CycA, cyclin B (CycB), and cyclin E (CycE) overexpression and
RNAi on germ cells following CPT exposure. The results showed that overexpression of
CycA with CPT exposure could enhance the toxicity of CPT exposure, exhibiting a higher
rate of GSC loss and more two-cell accumulation (Figure 7a). These findings were consistent
with a previous study, where ectopic expression of Bam in GSCs could be enhanced by
co-expression of CycA [36]. However overexpression of cycB (Figure 7b) or cycE RNAi
(Figure 7c) did not display expanded undifferentiated cell phenotypes. As one of the
downstream targets of Bam in GSC [24], these results suggested that CycA expression
might be involved in CPT-induced GSC loss and two-cell accumulation.

Figure 7. CycA was involved in CPT-induced GSC loss and two-cell accumulation. (a) Control
and CPT-treated female flies with or without exposure to heat shock to drive CycA expression and
staining with anti-3A9 (green). (b) Control and CPT-treated female flies with or without exposure to
heat shock to drive CycB expression and staining with anti-3A9 (green). (c) Control and CycERNAi

germarium and stained with anti-pMad (red) and anti-3A9 (green).

To further determine whether CycA is the direct cause of GSC loss and two-cell
accumulation, we used nos-gal4 to drive CycA gene overexpression specifically in germ cells.
Immunostaining showed that CycA overexpression displayed a more severe phenotype
of GSC loss in the germarium compared with CPT treatment (Figure 8a,e,f). However,
CycA overexpression did not show a significant increase in the number of two-cell cysts
(Figure 8b,e,f), which might be attributed to low efficiency of nos-gal4-driven overexpression
in two-cell cysts and phenotype of germ cell loss induced by overexpression of CycA,
overriding the two-cell accumulation phenotype. To confirm these observations, we used
nos-gal4 to drive down-regulation of the CycA gene specifically in germ cells. The genetic
experiments revealed that the decreasing of CycA with CPT treatment can significantly
restore GSC number, indicating that the down-regulation of CycA expression can rescue
GSC loss phenotype caused by CPT treatment (Figure 8c,g,h). Moreover, the decline in
the level of CycA can also abrogate two-cell accumulation induced by CPT (the number
of two-cell cysts in the control group was 3.52, and the number in CycA RNAi germarium
was 2.91) (Figure 8d,g,h). These results further confirmed that CycA participated in the
CPT-induced GSC loss and two-cell accumulation.
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Figure 8. CycA is involved in GSC loss and two-cell accumulation induced by CPT treatment.
(a) The GSC number of control and CycA overexpression germaria. (b) The number of two-cell cysts
in control and CycA overexpression germaria. (c) The number of GSCs in control and CycARNAi

germaria. (d) The number of two-cell cysts in control and CycARNAi germaria. (e,f) Control and
CycA overexpression germaria with or without CPT treatment and stained with anti-pMad (red) and
anti-3A9 (green). Blue indicated control, yellow indicated CPT treatment in (c–f). (g,h) Control and
CycARNAi germaria with or without CPT treatment and stained with anti-pMad (red) and anti-3A9
(green). Statistical comparisons were based on Students’s t-tests. The level of significance for the
results was set at * p < 0.05, **** p < 0.0001. Scale bar, 10 μm.

3. Discussion

It is well established that CPT-induced toxicity is dependent upon top1, which is
capable of introducing a transient single-strand break in DNA, through which another
strand can pass, thereby reducing DNA supercoiling [37,38]. Due to the specific function of
top1, the single-strand cleavage/rejoining activity of top1 suggests that it may serve as a
swivel for unwinding and rewinding of DNA helices associated with many critical cellular
processes, including DNA replication, transcription, repair, and recombination induction
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of cell cycle arrest [39,40]. Therefore, CPT and CPT-derived chemicals were reported to
cause severe toxicity in the hematopoietic system, lymphatic tissue, gastrointestinal tract,
and reproductive organs, and have been developed for cancer therapy [41–43]. Our data
demonstrated that CPT is deleterious to D. melanogaster germline development, and it leads
to GSC loss and concomitantly blocks CB and two-cell cyst differentiation by ectopically
inducing Bam expression and regulating CycA. Other than growing evidence on intrinsic
factors-dependent mechanisms regulating the GSC lineage in D. melanogaster [44], we re-
ported the toxicological effects of CPT on GSCs and two-cells for the first time, highlighting
the potential of its pharmacophores to be developed in stem cell-based therapies.

It is well documented that top1 is the only cellular target of CPT [2]. Top1 activity is
robust in malignant cells and correlates with disease progression in colorectal and ovarian
cancers [45], making CPT a potent agent for anticancer chemotherapy. We found that
the inhibition of the expression of top1 led to a large number of germ cell loss without
CPT treatment, and the phenotype is similar to that of CPT treatment. At the same time,
top1RNAi flies with CPT treatment could exacerbate GSC loss and two-cell accumulation
phenotypes induced by CPT treatment alone, exhibiting more severe abnormal germarium
and triggering almost the entire GSC and CB loss. Therefore, we suggested CPT affected
GSC maintenance and two-cell accumulation through inhibiting the expression of top1.
Based on the current study, it is noteworthy that we found oral ingestion of CPT led to
GSC loss in D. melanogaster probably via interfering with the cell cycle, which serves as a
critical aspect in the decision between GSC maintenance and differentiation. Our results
suggest that during germline differentiation, CPT-mediated changes in CycA expression
have a role in reprogramming self-renewal, leading to precocious GSC differentiation, and
eventually contributing to GSC loss. A previous study indicated that overexpression of
a stable form of CycA led to severe Drosophila GSCs loss [46], and stabilized CycA could
prevent exiting from the cell cycle and entering into G1 at an appropriate developmental
stage [47]. Thus, CycA plays an important role in cell cycle in Drosophila GSCs, and we
also found CycB overexpression has no detectable phenotype in GSCs. In addition, we
found CycA regulated GSC differentiation in a Bam-dependent manner, which is evident
by the results that ectopic expression of Bam in GSCs would increase the stability of CycA,
and down-regulation of CycA antagonized the function of ectopic Bam in GSCs. These
results suggested that changes in CycA level are sufficient to explain the loss of GSCs
when expressing Bam ectopically. Consistent with the previous study, they found that
ectopic expression of the stable form of CycA in germ cells caused GSC loss, which is
similar to the phenotype resulting from ectopic expression of Bam in GSCs [36,48]. Ji et al.
convincingly showed that ectopic expression of Bam in GSC could be enhanced by co-
expression of CycA, and suppressed by CycA reduction [24]. Furthermore, they found CycA
can be coimmunoprecipitated with Bam from S2 cells and ovarian extracts [24,46,49]. The
relationship between Bam and CycA might be interpreted as the way that Bam functions as
a ubiquitin-associated protein to deubiquitinate and stabilize CycA, thereby balancing GSC
self-renewal [24]. The results in this study indicated that the Bam–CycA regulatory axis
plays an important role in GSC differentiation and cell-cycle alterations in response to the
cytotoxicity of CPT, but the detailed regulatory mechanism remains to be further elucidated.

In the female germline, Bam is a key intrinsic regulator of differentiation [50] because
Bam RNA appeared shortly after the differentiation of a stem cell that produces new
CBs [51]. In the absence of Bam activity, GSC daughters failed to differentiate, and ectopic
expression of Bam in GSCs was sufficient to induce GSC loss and led to the accumulation
of undifferentiated germ cell tumors [52,53]. In our study, CPT treatment also resulted
in accumulation of two-cell cysts, and such differentiation defects were further enhanced
by the heterozygous mutation of bam. By contrast, heat-shock-induced Bam expression
can sufficiently promote the differentiation of two-cell cysts, while reducing CycA can
rescue two-cell accumulation caused by CPT treatment, indicating the Bam–CycA axis
might also contribute to the two-cell accumulation phenotype. Previous study revealed
the bam gene was required for the differentiation of CBs from the stem cells, perhaps by
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altering the cell cycle and stabilizing differentiation factors, such as CycA [51]. Moreover,
Bam-dependent deubiquitinase complex can disrupt GSC maintenance by targeting CycA,
and DNA damage could disrupt Bam-dependent differentiation pathways and cause the
accumulation of CB-like cells in a Lok-dependent manner [54]. Based on those facts, we
hypothesized that CPT treatment could regulate the expression of Bam, and the alterations
in Bam expression are sufficient to trigger the transcription program of the cysts following
differentiation, leading to cell arrest at G1/S and two-cell accumulation probably via
affecting CycA.

4. Materials and Methods

4.1. Drosophila Stocks

D. melanogaster was reared by standard Drosophila medium. All fly stocks were main-
tained at 25 ◦C and a related humidity of 60% with 1:1 (light:dark) photoperiod. For
each treatment group, newly emerged adults (<24 h) were placed into a vial containing
standard media and were applied 100 mg/L CPT for 9 days. DMSO treated flies were
considered as the control. The genotypes of the mutant lines used in this study were:
w1118 (used as wild-type control), dpp2.0-lacZ [55], Bam-GFP [50], pz1444, nos-gal4 vp16,
hs-bam (a gift from Yu Cai [Temasek Life Sciences Laboratory, National University of Singa-
pore, Singapore), uas-top1RNAi (Bloomington, BL#55314), bam86 (Bloomington, BL#5427),
FUCCI (UASp-GFP-E2F11–230; UASp-mRFP1-cycB1–266, Bloomington, BL#55101), hs-cycA
(Bloomington, BL#91660), hs-cycB (Bloomington, BL#91664), UAS-cycERNAi (Bloomington,
BL#29314). All crosses were maintained at room temperature. For heat-shock stock, crosses
were maintained at 25 ◦C. The flies were heat-shocked for 1 h at 37 ◦C following CPT
treatment for 9 days, followed by 24 h recovery at room temperature. Additionally, the
dissection and immunostaining were performed.

4.2. Survival Analysis

Twenty adult flies (male:female = 1:1, 24 h post emergence) were placed in vials with
or without CPT and maintained at 25 ◦C. The number of flies was counted every day and
the mortality was calculated after all the flies died.

4.3. Fecundity Examination

Twenty adult flies (male:female = 1:1, 24 h post emergence) were placed in vials with
or without CPT and the number of eggs laid at the 9th d post treatment was collected
and counted. The egg production was measured within 24 h and three independent trials
were performed.

4.4. Immunostaining

After the ovaries of female flies were dissected in PBS, the tissues were fixed with 4%
paraformaldehyde (PFA) for 20 min at room temperature, rinsed with PBT (0.1% Triton
X-100 in PBS) three times for 10 min each, blocked in 5% NGS (Normal goat serum) for
1 h, and incubated with primary antibodies overnight. Then, the samples were washed
three times with PBT for 10 min each. After incubation with secondary antibody for 3 h,
the tissues were stained with Hoechst for 10 min, and washed again with PBT 3 times.

The primary antibodies used in this study were listed as follows: rabbit anti-pMad
(1:800; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-Caspase 3 (1:2000, Cell
Signaling Technology, USA), rabbit anti-pErk (1:400; Cell Signaling Technology, USA)
mouse anti-lacZ (1:10,000; abcam, Cambridge, UK), and rabbit anti-LacZ (1:10,000; abcam,
UK). Other antibodies were purchased from Temasek Life Sciences Laboratory, including
mouse anti-3A9, rabbit anti-α-Spectrin [56], mouse anti-Bam, chicken anti-GFP, rabbit
anti-Tkv [32], guinea pig anti-Vasa, mouse anti-Arm, mouse anti-En, rat anti-Fluorescein
(FITC), Cy3- and Cy5-goat against rabbit, mouse, chicken, rat and guinea pig secondary
antibodies were purchased from Jackson Immuno Research Laboratories (West Grove, PA,
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USA), Inc. The DNA dye used was Hoechst 33258 (1:5000; Cell Signaling Technology, USA).
Samples were analyzed with an upright confocal microscopy.

For TUNEL (Roche, # 12156792910, Penzberg, Germany), the ovaries were dissected
in PBS, and fixed in 4% PFA for 1 h. After washing three times with PBS for 10 min each,
the tissues were incubated in Permeabilization solution for 2 min on ice. In total, 5 μL of
enzyme solution was added to the 45 μL label solution to obtain 50 μL TUNEL reaction
mixture, and this was shaken for 1 h at 37 ◦C, and then we continued with immunostaining
procedures as mentioned previously.

4.5. In Situ Hybridization

For in situ hybridization, the probes were labeled by Roche DIG RNA labeling kit
(Roche, #11175025910, Germany) following instructions of the manufacturer. Ovaries were
dissected in PBS, and then fixed in 4% PFA overnight. After washing 3 times with PBT
(PBS + 0.1% Tween 20), the tissues were again washed with methanol/PBT for 5 min
and rinsed three times with PBT. After the samples were rinsed with 1:1 hybridization
buffer/PBT for 5 min, 100% hybridization buffer for 5 min, and three times with PBT for
5 min each, respectively, the DIG-labeled RNA probes were pre-hybridized at 100 ◦C for
1 h prior to hybridization. For the hybridization, the tissues were incubated overnight with
a probe at 60 ◦C. After hybridization, to wash off the unspecific binding, the tissues were
rinsed with washing buffer four times for 30 min, and then washed with MABT buffer two
times for 10 min. After blocking with 5% blocking solution, the tissues were incubated
with anti-DIG-POD (1:200; Roche) in PBT (with 0.5% blocking solution) overnight. After
washing with MABT for 1 h, we added 1 μL diluted fluo-dye (Roche) in amplification buffer
into the tissue solution and kept it at room temperature for 1.5 h. Following the procedures
of in situ hybridization, the immunostaining was carried out as previously mentioned [28].
Observations were carried out with an upright confocal microscopy.

4.6. Statistical Analysis

The data analyses were performed using SPSS software. The differences between two
samples were analyzed by Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

5. Conclusions

In this study, we unveiled the cytotoxicity of CPT in GSC loss and two-cell differ-
entiation defects, which could provide information for its therapeutic application. CPT
could induce ectopic expression of Bam in GSCs via top1, and such a phenotype could
be enhanced by overexpression of CycA, which might contribute to the observed GSC
loss. In addition, CPT can cause DNA damage in the early germline cell by regulating
Bam expression at both transcript and protein level, thus leading to cell arrest at G1/S and
two-cell accumulation. Collectively, the results in this study provided convincing results
that CPT may have therapeutic potential as an anticancer agent in germ cells. Further study
is needed to evaluate the safety of CPT in advanced models to confirm the mechanism in
germline cells of other organisms.
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Abstract: Lung cancer is one of the most common malignant tumors and a leading cause of cancer-
related death in the worldwide. Various anticancer drugs, such as cisplatin and pemetrexed, have
been developed for lung cancer treatment but due their drug resistance and side effects, novel
treatments need to be developed. In this study, the efficacy of the natural drug JI017, which is known
to have few side effects, was tested in lung cancer cells. JI017 inhibited A549, H460, and H1299 cell
proliferation. JI017 induced apoptosis, regulated apoptotic molecules, and inhibited colony formation.
Additionally, JI017 increased intracellular ROS generation. JI017 downregulated PI3K, AKT, and
mTOR expression. JI017 increased the cytosolic accumulation of LC3. We found that JI017 promoted
apoptosis through ROS-induced autophagy. Additionally, the xenograft tumor size was smaller
in JI017-treated mice. We found that JI017 treatment increased MDA concentrations, decreased
Ki-67 protein levels, and increased cleaved caspase-3 and LC3 levels in vivo. JI017 decreased cell
proliferation and increased apoptosis by inducing autophagy signaling in H460 and H1299 lung
cancer cells. Targeting JI017 and autophagy signaling could be useful in lung cancer treatment.

Keywords: autophagy; JI017; lung cancer; ROS

1. Introduction

Lung cancer is one of the most common malignant tumors and a leading cause of
cancer-related death in the worldwide in both males and females, excluding sex-specific
cancers [1]. Lung cancer is heterogenous in terms of pathological features: small-cell lung
cancer (SCLC) accounts for ~14% of lung cancer patients and non-small cell lung cancer
(NSCLC) accounts for ~82% of lung cancer patients [2,3]. The emergence of novel therapeu-
tic methods has significantly improved the treatment of NSCLC, but the prognosis is still
not good, and the overall 5-year survival rate of NSCLC patients is only 19.3% [4,5]. Various
anticancer drugs, such as pemetrexed and cisplatin, have been used for the treatment of
lung cancer, but these anticancer drugs cause acute kidney damage through nephrotox-
icity and oxidative damage and cause side effects due to toxicity [6–9]. Therefore, the
development of new therapeutic drugs with fewer side effects is necessary.

Autophagy is the process of removing damaged proteins and organelles within cells
and recycling intracellular materials and energy, and this mechanism plays an important
role in maintaining intracellular homeostasis [10–14]. Autophagy is activated in injury
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and disease in response to stresses such as nutrient deprivation, infection, and certain
signaling pathways and contributes to cell survival [15,16]. Excessive autophagy is known
to induce apoptosis [17]. For example, combined treatment with docetaxel and curcumin
induces the apoptosis of malignant esophageal squamous cell carcinoma cells by increasing
autophagy [18]. LC3 is a major participant in autophagy, and at initiation, the protein
complex LC3-I is degraded to LC3-II, recruited into autophagosomes, and interacts with
p62 [19]. Then, the formation of the lysosomal complex then leads to total proteolysis [20].

Reactive oxygen species (ROS) are highly reactive molecules formed from diatomic
oxygen that are natural byproducts of normal oxygen metabolism, and they play an im-
portant role in homeostasis in the body [21]. Cellular stress caused by changes in the
external environment dramatically increases intracellular ROS concentrations, which can
cause severe damage to cellular structures, resulting in oxidative damage. Additionally,
increased ROS levels are accompanied by apoptosis [22–24]. Therefore, ROS are an indicator
of cellular stress and apoptosis [25,26]. Moreover, they are known to be important regulators
of autophagy activation, and targeting increased autophagy and ROS production has been
identified as a novel therapeutic approach for the treatment of several types of cancer [27,28].

Recently, studies on the anticancer effects of natural products have been conducted,
and interest in natural product-derived medicines is increasing [29–32]. According to our
previous report, Angelica gigas (Ag), Zingiber officinale Roscoe (Zo), and Aconitum carmichaeli
(Ac) showed anticancer effects in the cell lines of several cancers, including brain, breast,
prostate, colorectal, skin, and pancreatic cancer [33–38]. Furthermore, it is known that
natural treatments for various inflammatory diseases and obesity have neuroprotective
effects [39–41]. Decursin-inhibited tumor progression in head and neck squamous cell, as
well as the active compound of Ag, induces apoptosis by inhibiting the PI3K–Akt axis in
HeLa cells [42,43]. Among the active compounds of Zo, 6-gingerol suppresses tumor cell
proliferation by blocking the nuclear translocation of HIF-1α in lung cancer [44].

Although the anticancer effects of JI017 are known, the efficacy of JI017 treatment for
NSCLC has not yet been evaluated. In this study, we investigated whether JI017 exhibits
NSCLC cell death and cell growth inhibitory effects. In addition, we analyzed the protein
signaling pathway to elucidate the mechanism by which JI017 treats NSCLC.

2. Results

2.1. JI017-Induced Apoptosis and Inhibited Proliferation in Lung Cancer Cells

JI017 is known to be an effective anticancer drug for prostate, ovarian, and breast
cancer [45–48]. Therefore, we investigated the effect of JI017 treatment on cell viability
in several lung cancer cell lines. A549, H460, and H1299 cells were treated with differ-
ent concentrations of JI017 for 24 h. Cell viability was then measured by MTS assay.
We found that JI017 treatment significantly suppressed cell growth in a dose-dependent
manner (Figure 1A). Additionally, JI017 treatment significantly reduced colony formation
(Figure 1B). Moreover, cell migration was decreased in the JI017 treatment group compared
to the control group (Figure 1C).

To investigate whether JI017 induces apoptosis, we performed an annexin V-FITC/PI
assay in A549, H460, and H1299 cells. As expected, we found that the JI017 treatment group
had an increased apoptosis rate in A549, H460, and H1299 cells, with apoptotic cell ratios
of 9 to 56%, 10 to 88%, and 11 to 71%, respectively (Figure 1D). To confirm that caspase
activation is induced by JI017 and is involved in apoptosis, we measured the expression of
apoptotic molecules through Western blot analysis. We found that JI017 decreased the levels
of Bcl-2 in A549, H460, and H1299 cells. Additionally, we found that JI017 increased the
levels of Bax, cleaved caspase-3, cleaved caspase-8, cleaved caspase-9, and cleaved PARP
in A549, H460, and H1299 cells (Figure 1E). These results confirmed that JI017 induced
apoptosis through the apoptotic mechanisms of Bax, Bcl-2, caspase-3, caspase-8, and PARP
in A549, H460, and H1299 cells.
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Figure 1. Effect of JI017 on A549, H460, and H1299 cell viability. (A) Cells were treated with different
concentrations of JI017 for 24 h. (B) Cell viability was then measured using the MTS assay. H460, A549,
and H1299 cells were treated with JI017 and exposed for 7 days, then the effect on cell growth was
assessed using a colony formation assay. (C) The migration of JI017-treated cells was assessed using a
wound-healing assay. Intervals between cells are marked with red lines. Scale bar = 400 μm. (D) H460
and H1299 cells were treated with JI017 for 24 h, stained with Annexin V/PI, and analyzed by flow
cytometry. (E) Whole cell lysates were analyzed by Western blotting with anti-PARP; anti-cleaved
caspase 3, -8, and -9; and anti-Bax, anti-Bcl-2, and anti-Actin antibodies. Data are presented as the
mean ± SEM. *** p < 0.001 compared to untreated cells.

2.2. JI017 Increased the Generation of Intracellular ROS

ROS is a small molecule, and it is primarily involved in several signaling pathways,
and excessive ROS accumulation can induce lipid, nucleic acid, protein, and DNA dam-
age and affect cancer cells to promote apoptosis [23,24]. We used the fluorescent dye
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2′,7′-dichlorofluorescein diacetate (DCFH-DA) to measure ROS levels in lung cancer cells.
The cells were treated with JI017 (150 μg/mL) or pretreatment with the ROS inhibitor
NAC and JI017 for 24 h and labeled with DCFH-DA. The analysis measured signal inten-
sity using a flow cytometer. JI017 treatment increased the DCFH-DA signal intensity in
lung cancer cells. JI017 treatment combined with NAC pretreatment decreased the signal
intensity of DCFH-DA in H460 and H1299 cells (Figure 2A). As a result, we confirmed
that JI017 induced intracellular ROS generation. Additionally, we investigated whether
ROS generated by JI017 mediated apoptosis. We added JI017 (150 μg/mL) to H460 and
H1299 cells pretreated with NAC and performed MTS. JI017 treatment combined with NAC
pretreatment decreased cell death was compared with that of JI017 treatment alone in H460
and H1299 cells (Figure 2B). Moreover, the cells treated with both JI017 and NAC showed
decreased levels of the apoptosis markers cleaved caspase3 and cleaved PARP compared
with those in the cells treated with JI017 alone (Figure 2C). These results suggested that
JI017 induced apoptosis by increasing ROS production in lung cancer cells.

Figure 2. Effect of JI017 in A549, H460, and H1299 ROS accumulation. (A) Treatment with JI017
(150 μg/mL) in H460 and H1299 cells for 24 h; they were labeled with DCFH-DA (10 μM) for 30 min.
Additionally, intracellular ROS levels were determined by flow cytometry. Pretreatment with NAC
(15 mM) for 1 h was followed by treatment with various concentrations of JI017. (B) Cell viability was
measured using the MTS assay. (C) Whole cell lysates were analyzed by Western blotting with anti-
PARP, anti-cleaved caspase 3, and anti-GAPDH antibodies. Data are presented as the mean ± SEM.
* p < 0.05 and *** p < 0.001 compared to untreated cells.

2.3. JI017-Induced Autophagy by Increasing LC3 Levels in H460 and H1299 Cells

We performed Western blot analysis to evaluate the expression of the PI3K-AKT-
mTOR pathway and IF staining analysis to evaluate the expression of LC3. JI017 treatment
decreased the levels of PI3K, AKT, and mTOR in H460 and H1299 cells (Figure 3A). The
inhibition of mTOR is known to increase autophagy signaling [49]. To investigate whether
JI017 induces autophagy, Western blot analysis was used, and it was confirmed in H460
and H1299 cells. The activation of the LC3 protein is a marker of autophagy, and we found
that JI017 treatment increased the levels of LC3 A/B and p62 (Figure 3B). Additionally, the
change in the LC3 level after JI017 treatment time was examined, and it was confirmed that
both LC3 and cleaved PARP levels increased after 12 h of treatment with JI017 (Figure 3C).
Additionally, the IF staining experiments showed that the cytoplasmic accumulation of
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LC3 was increased through JI017 treatment (Figure 3D). The autophagy pathway plays an
important role in cancer cell death, and these results suggest that JI017 induces autophagy
in lung cancer cells.

Figure 3. JI017 activated autophagy by suppressing the PI3K-AKT-mTOR pathway in H460 and
H1299 cells. H460 and H1299 cells were treated with JI017 (50, 100, and 150 μg/mL) for 24 h.
(A,B) Whole cell lysates were analyzed by Western blotting. (C) H460 and H1299 cells were treated
with JI017 (150 ng/mL) for different times (4, 8, 12, and 24 h). (D) H460 and H1299 cells transfected
with the pEGFP-LC3 vector were treated with JI017 (150 μg/mL) for 8 h. The Fluorescence microscopy
analysis confirmed positive staining of LC3B puncta. LC3B puncta are indicated by white arrows.
Scale bar = 20 μm.

2.4. JI017 Induced Autophagy through Increased ROS Production in H460 and H1299 Cells

3MA is known to inhibit the autophagy pathway in the early stage, and chloroquine
and Bafilomycin in the late stage [50–52]. Therefore, we treated H460 and H1299 cells
with 3MA (2 mM) or chloroquine (100 μM) in combination with JI017 (150 μg/mL) and
performed Western blot analysis. We found that 3MA treatment reduced the elevated LC3
levels induced by JI017 administration. Moreover, cells treated with JI017 and 3MA or
chloroquine exhibited reduced levels of caspase3 cleavage and PARP cleavage compared
to cells treated with JI017 alone, confirming reduced apoptosis (Figure 4A). To investigate
whether JI017-induced apoptosis is regulated by autophagy inhibition, we compared
cell viability after treatment with 3MA, bafilomycin, and chloroquine. Compared with
JI017 treatment alone, JI017 treatment combined with 3MA or Bafilomycin or chloroquine
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decreased cell death by approximately 20% in H460 and H1299 cells (Figure 4B). Moreover,
cells treated with JI017 combined with NAC decreased the level of LC3 compared with
the cells treated with JI017 alone (Figure 2C). These results suggested that JI017 promoted
apoptosis through ROS-induced autophagy in H460 and H1299 cells.

Figure 4. JI017 induced apoptosis through an autophagy pathway and ROS generation. (A) H460
and H1299 cells were treated with 3MA (2 mM) or chloroquine (100 μM) combined with JI017
(150 μg/mL). 3MA, chloroquine, or bafilomycin treatment was followed by treatment with JI017.
(B) Cell viability was measured using MTS assay. (C) H460 and H1299 cells were treated with NAC
(15 mM) and JI017 (150 μg/mL). Whole cell lysates were analyzed by Western blotting with anti-LC3
and anti-GAPDH antibodies. Data are presented as the mean ± SEM. *** p < 0.001 compared to
untreated cells.

2.5. Effect of JI017 Suppressed Cell Growth In Vivo

To further confirm the efficacy of JI017 for inhibiting cell growth in animal experiments,
H460 cells were subcutaneously injected into nude mice. We did not find any change in
body weight in the control group and the JI017-treated group (Figure 5A). The sizes of
xenograft tumors in the JI017-treated mice were smaller compared to the xenograft tumors
in the control mice, and the tumor suppression rate was 79.2%. These results indicated
JI107 treatment slowed the tumor growth rate (Figure 5B,C). Because ROS reacts easily with
lipids, free radical formation can be confirmed through lipid peroxidation markers. The
peroxidation of membrane lipids can alter physical properties, such as lipid interaction, ion
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gradient, membrane fluidity, and permeability [53]. We found that JI017 treatment increased
MDA concentrations in vivo (Figure 5D). Moreover, the addition of JI017 increased the
levels of LC3 and cleaved caspase3 (Figure 5E). These results showed that the protein
levels of Ki-67 decreased and the protein levels of cleaved caspase-3 and LC3 increased
in the JI017-treated group compared to the control group (Figure 5F). Overall, the above
results show that JI017 induced ROS in vivo and inhibited lung cancer cell proliferation
and tumor growth.

 
Figure 5. JI017 suppressed lung cancer cell growth in mice. BALB/c nude mice were subcutaneously
injected with H460 cells. (A) The mouse body weight and (B) the tumor growth rate are shown.
(C) Representative tumor images of the control group and the JI017-treated group. (D) The MDA
concentration was assessed by a thiobarbituric reactive substance (TBARS) assay and normalized to
the protein concentration. (E) Whole tissue lysates were analyzed by Western blotting with anti-LC3,
anti-cleaved caspase 3, and anti-GAPDH antibodies. (F) The IHC staining of Ki-67 and cleaved
caspase-3 and LC3 was carried out. Scale bar = 200 μm for 20× and Scale bar = 100 μm for 40×. The
data are expressed as the mean ± SEM in all groups (n = 8–11). * p < 0.05 and ** p < 0.01 compared to
the untreated group.

3. Discussion

In this study, we found that treatment with JI017 in H460 and H1299 cells induced
apoptosis by increasing autophagy pathway signaling. Although various anticancer drugs
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have been developed to treat lung cancer, new therapies are needed due to their many side
effects. Recently, many studies have investigated anticancer effects through autophagy
activity [54,55].

Additionally, interest in natural product-derived drugs is increasing in the pharmaceu-
tical industry because of their low side effects [29,30,32]. Thus, our drug is a good suitable
candidate for the treatment of human lung cancer.

It was reported that JI017 exerts anticancer effects and, thus, has potential as a new
drug that death of cancer cells and inhibits cancer cell growth [45,48]. JI017 is a combination
of Ag, Zo, and Ac, and its anti-cancer treatment effects have been reported through various
mechanisms. Unlike simply confirming the active compound of a natural product, in a new
compound, as a natural product complex, various effects are shown, and as a result, the
treatment mechanism is multi-faceted, so there are still many areas to be studied. Therefore,
we investigated the effect of JI017 treatment on lung cancer cells. We investigated whether
JI017 treatment affected cell viability in H460 and H1299 cells and found that JI017 treatment
significantly inhibited cell growth. In addition, growth inhibition was accompanied by
the inhibition of cell migration and colony formation. We confirmed cancer cell apoptosis
using flow cytometry after staining with annexin V/PI and analyzed protein changes in the
apoptosis mechanism through Western blotting experiments. We found that JI017 treatment
decreased the levels of Bcl-2 in A549, H460, and H1299 cells. Additionally, we found that
the JI017 treatment of A549, H460 and H1299 cells increased the levels of Bax, cleaved
caspase-3, cleaved caspase-8, cleaved caspase-9, and cleaved PARP, known as the markers
of apoptosis. These results suggested that JI017 induced apoptosis in lung cancer cells.

Excessive ROS accumulation is known to promote apoptosis [56]. We evaluated the
level of ROS in lung cancer cells using the fluorescent dye 2′,7′-dichlorofluorescein diacetate
(DCFH-DA). We confirmed that JI017 treatment increased intracellular ROS generation. In
addition, pretreatment with NAC, a ROS inhibitor, and treatment with JI017 decreased the
rate of apoptosis, and we confirmed that the levels of caspase 3 and cleaved PARP, which
are markers of apoptosis, were reduced in H460 and H1299 cells. These results suggested
that JI017 induced apoptosis by ROS production in lung cancers.

We investigated the pathway by which JI017 induced ROS accumulation and apop-
tosis in H460 and H1299 cells using Western blotting. The PI3K/Akt pathway is a rep-
resentative regulator of growth, proliferation, the cell cycle, metastasis, apoptosis, and
autophagy [57–59]. The inhibition of the PI3K/AKT/mTOR pathway can result in cell sur-
vival or death via autophagy or apoptosis, respectively [60–64]. JI017 decreased the levels
of PI3K, AKT, and mTOR in H460 and H1299 cells. Therefore, we investigated whether
JI017 induced autophagy using Western blot assay and IF staining analysis. We found
that JI017 regulated LC3 A/B and p62 expression. The change in the LC3 level after JI017
treatment time was examined, and it was confirmed that the LC3 level and the cleavage
of PARP increased after 12 h of treatment with JI017. Additionally, through IF staining
results, it was confirmed that JI017 treatment increased the cytoplasmic accumulation of
LC3 in cells. These results suggest that JI017 treatment induces autophagy and results in
apoptosis in lung cancer. We treated JI017 with 3MA and chloroquine, which are autophagy
inhibitors, to verify that JI017 induced apoptosis through the autophagy pathway. We
found that 3MA reduced LC3 levels that increased with JI017 treatment. Moreover, cells
treated with JI017 combined with 3MA or Bafilomycin or chloroquine showed decreased
levels of apoptosis markers and cell death compared with those in cells treated with JI017
alone. In addition, cells treated with JI017 in combination with NAC exhibited reduced
levels of LC3 compared to those in cells treated with JI017 alone, suggesting that JI017
promoted apoptosis through ROS-induced autophagy in H460 and H1299 cells (Figure 6).
Moreover, we subcutaneously injected H460 cells into nude mice to confirm that JI017 has
an inhibitory effect on lung cancer in vivo. Compared to control mice, the xenograft tumors
in JI017-treated mice showed a lower growth rate and a TGI value of 79.2%. We found that
JI017 treatment increased the MDA concentration in tumor tissues in vivo, and as a result,
we determined that it induced ROS generation. Additionally, in the JI017 treatment group,
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the protein level of Ki-67 was decreased, and the protein levels of cleaved caspase-3 and
LC3 were increased. Collectively, these findings suggested that JI017 inhibited lung cancer
proliferation and tumor growth in vivo. JI017 clearly induced apoptosis in human lung
cancer cells, making it a useful compound in the treatment of lung cancer. Additionally,
targeting autophagy to treat lung cancer could be a useful therapeutic mechanism. Our
study clearly demonstrates that the anticancer effect of JI017 in human lung cancer cells
occurs through ROS-induced autophagy signaling. As a new natural compound anti-cancer
treatment, we think that additional research on various mechanisms should be conducted.

Figure 6. Mechanistic pathway diagram for the autophagy activation potency of JI017 through AKT,
ERK inhibition, and ROS induction in lung cancer.

4. Materials and Methods

4.1. Reagents

JI017 consists of Ag, Ac, and Zo components that were supplied by the Jaseng Hospital
of Korean Medicine (Seoul, Republic of Korea). The roots were boiled for 3 h in distilled
70% ethanol. The extract was filtrated twice through Whatman grade 2 qualitative filter
paper (GE Healthcare Life Sciences, Marlborough, MA, USA) to remove any insoluble mate-
rials. The filtrated extract was lyophilized to a powder using a freeze dryer (IlShinBioBase,
Dongducheonsi, Gyeonggi, Republic of Korea) and stored at 4 ◦C. The dried extract was
then dissolved in dimethyl sulfoxide (DMSO).

4.2. Cell Culture

A549, H460, and H1299 human lung cancer cells obtained from the American Type
Culture Collection (ATCC) were maintained in RPMI 1640 or F-12K medium supple-
mented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and 100 U/mL antibiotics–antimycotics (Invitrogen). Cells were maintained at 37 ◦C in a
humidified incubator with 5% CO2.
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4.3. Cell Viability Assay

An MTS assay was performed to determine cell viability. To accomplish this, cells
(A549, H460, and H1299 cells) were seeded into a 96-well plate at a density of 3 × 103 cells
per well and treated 24 h later with varying concentrations of JI017 (25–500 μg/mL) for an
additional 24 h. Ten microliters of MTS solution was added to each well of the plate, which
was incubated in the dark at 37 ◦C for another 1 h 30 min. Optical density was measured at
450 nm using an ELISA plate reader (Versa Max, Molecular Devices, San Jose, CA, USA).

4.4. Flow Cytometric Analysis

Flow cytometry was used to analyze cell cycle distribution. Cells were seeded in
60 mm dishes. After 24 h, cells were cultured for an additional 24 h in the absence (control)
or presence of JI017 (50–150 μg/mL). Trypsinized cells were washed with PBS and fixed
in 95% ethanol containing 0.5% Tween-20 overnight at −20 ◦C. After washing with PBS,
the cells were then incubated with 1 U/mL RNase A and 10 μg/mL PI for 30 min at room
temperature in the dark. The DNA content in each cell nucleus was determined by a
FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA), and the cell cycle was
analyzed using ModFit LT V2.0 software.

4.5. Annexin V-FITC Apoptosis Assay

Flow cytometry was used to analyze cell apoptosis. Cells were cultured in 60 mm
dishes. After 24 h, cells were cultured for an additional 24 h in the absence (control)
or presence of JI017 (50–150 μg/mL). Annexin V-FITC/PI double staining Apoptosis
Detection Kit was purchased from Invitrogen (Waltham, MA, USA), and apoptosis assay
was performed using a flow cytometer according to the manufacturer's instructions.

4.6. Colony Formation Assay

The cells were plated into 6-well culture plates at a density of 1 × 103 cells/well. After
24 h, cells were cultured for an additional 10 d in the absence (control) or presence of JI017
(25, 50, 100, and 150 μg/mL) to allow colony formation. Colonies were stained with a
1% crystal violet solution (Amersco, Solon, OH, USA).

4.7. Western Blot Analysis

Cells were harvested, lysed with cell lysis buffer (50 mM Tris-Cl pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, and protease inhibitor)
for 20 min and centrifuged at 13,000 rpm (4 ◦C) for 20 min. Twenty micrograms of protein
were separated by SDS-polyacrylamide gel electrophoresis and transferred to a nitrocel-
lulose membrane (Protran nitrocellulose membrane, Whatman, UK). The membrane was
blocked with 5% nonfat milk, probed with specific primary antibodies, incubated with HRP-
conjugated secondary IgG antibodies (Calbiochem, San Diego, CA, USA), and visualized
using an enhanced chemiluminescence detection system (Amersham ECL kit, Amersham
Pharmacia Biotech Inc., Piscataway, NJ, USA). Antibodies against cleaved caspase-8, -3,
and -9; GAPDH; p38; phospho-Akt; phospho-mTOR; phospho-PI3K; and total Akt were
obtained from Cell Signaling (Danvers, MA, USA). Antibodies against actin, Bax, Bcl-2,
Beclin, PARP/p85, phospho-Erk, phospho-p38, total Erk, and total mTOR were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The anti-PI3K antibody was obtained
from Merck Millipore (Burlington, MA, USA). The anti-LC3 antibody was obtained from
Novus Biologicals (Centennial, CO, USA). The anti-p62 antibody was obtained from Abcam
(Cambridge, UK).

4.8. Quantification of Autophagy

Autophagy was quantified by counting the percentage of cells showing the accumula-
tion of GFP-LC3 in vacuoles. Cells presenting a mostly diffuse distribution of GFP-LC3 in
the cytoplasm and nucleus were considered non-autophagic, whereas cells representing
several intense punctate GFP-LC3 aggregates with no nuclear GFP-LC3 were classified
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as autophagic. Cells were fixed with paraformaldehyde (4% w/v) for GFP-LC3 and im-
munofluorescence assays. Images were acquired using confocal microscopy (Carl Zeiss,
Oberkochen, Germany).

4.9. Lipid Peroxidation Measurement

Lipid peroxidation was measured using the Lipid Peroxidation (MDA) Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions. Exten-
sive oxidative species generation can lead to the formation of malondialdehyde (MDA) as
a result of the peroxidation of polyunsaturated fatty acids (PUFAs), which contain at least
three double bonds. MDA can react with thiobarbituric acid (TBA) to form a colorimetric,
as well a fluorescent, product, which is a well-known biomarker of the peroxidation of
polyunsaturated lipids [65]. The tissues were lysed on ice using MDA lysis buffer con-
taining 3 μL of butylated hydroxytoluene (BHT), and the samples were centrifuged at
13,000× g for 10 min. Next, a TBA solution was added and incubated at 95 ◦C for 60 min.
The samples were chilled to room temperature in an ice bath for 10 min and transferred to
a black bottomed 96-well plate. Optical density was measured at 532 nm using an ELISA
plate reader.

4.10. Animal Studies

All animal experiment procedures were approved by the Kyung Hee University
Institutional Animal Care and Use Committee (KHSASP-20-250). Five-week-old male
BALB/C nu/nu mice were obtained from Raonbio (Seoul, Republic of Korea). The mice
were maintained for 1 week under controlled temperature (23 ± 3 ◦C) and humidity
(55 ± 15%) in a 12 h light/12 h dark cycle before initiating the experiment. Then, H460 cells
were harvested and injected subcutaneously (5.0 × 106 cells in 100 μL 1:1 PBS:Matrigel
solution) into the right flank of the mice. When the xenografts reached a volume of
80–100 mm3, the animals were randomized into 2 groups (n = 6): the control group (saline)
and the JI017 treatment group (500 mg/kg). The animals in the JI017 treatment group
were treated with JI017 by oral administration every 2 days. Tumor sizes were measured
every 2 days for changes in tumor growth, and tumor volumes were calculated using
a standard formula: 1/2 (length × width2). Mice were sacrificed using carbon dioxide,
followed by cervical dislocation, and the tumor tissue was isolated for further study, such
as immunohistochemical (IHC) analyses.

4.11. IHC Analysis

To examine the protein expression of tumor-related genes in tumor tissue section
samples, each serial frozen section was dried at RT for 20 min. After hydration, the samples
were fixed with 4% paraformaldehyde and washed at 4 ◦C for 5 min. Then, the cells
were blocked with bovine serum albumin (3% BSA) and probed with primary antibodies
(1:100–1:400) overnight at 4 ◦C. Proteins were identified using anti-cleaved caspase3 and
anti-LC3 and anti-Ki67 antibodies. The next day, the samples were washed and probed with
secondary antibody for 30 min at RT. Then, the sections were incubated with Vectastain
ABC reagent (Vector Laboratories, Inc., Burlingame, CA, USA, sk4100) for 30 min. Immune
complexes were revealed via incubation with 3,3′-diaminobenzidine (DAB) at RT for 1 min
based upon the targeted antigen. The sections were counterstained with hematoxylin and
dehydrated on slides in 75%, 95%, and 100% ethanol for 1 min each, after which the sections
were cleared in xylene for 5 min. Finally, the slides were mounted using mounting medium.
Images were acquired using microscopy.

4.12. Statistical Analysis

All experimental data are expressed as the mean ± standard deviation (SD) or
mean ± standard error of the mean (SEM) of at least three separate experiments. Sta-
tistical significance was determined using a one-way analysis of variance followed by the
Tukey—Kramer multiple comparisons posttest to analyze differences between groups. A
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p value < 0.05 was considered to indicate a statistically significant difference, and p < 0.05,
p < 0.01, and p < 0.001 are assigned separate symbols in the figures. All experiments
were performed at least three times. All statistical analyses were performed using PRISM
5 software (GraphPad Software Inc., La Jolla, CA, USA).

5. Conclusions

In this study, we analyzed the effect of JI017 on human lung cancer cells. JI017
treatment induced the activation of autophagy signaling by increasing the generation of
intracellular ROS. As a result, JI017 treatment decreased cell viability and caused apoptotic
cell death in lung cancer cells. These results support JI017 as a favorable candidate drug for
the treatment of human lung cancer.
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Abstract: Proteasome inhibitors (PIs) have emerged as an attractive novel cancer therapy. However,
most solid cancers are seemingly resistant to PIs. The activation of transcription factor Nuclear
factor erythroid 2 related factor-1 (NFE2L1) has been characterized as a potential resistance response
to protect and restore proteasome activity in cancer cells. In this study, we demonstrated that
α-Tocotrienol (T3) and redox-silent analogs of vitamin E (TOS, T3E) enhanced the sensitivity of
bortezomib (BTZ), a proteasome inhibitor, in solid cancers through modulation of NFE2L1. In BTZ
treatment, all of T3, TOS, and T3E inhibited an increase in the protein levels of NFE2L1, the expression
levels of proteasome-related proteins, as well as the recovery of proteasome activity. Moreover, the
combination of one of T3, TOS, or T3E and BTZ induced a significant decrease in cell viability in solid
cancer cell lines. These findings suggested that the inactivation of NFE2L1 by T3, TOS, and T3E is
essential to potentiate the cytotoxic effect of the proteasome inhibitor, BTZ, in solid cancers.

Keywords: vitamin E; NFE2L1; proteasome inhibitor; bortezomib

1. Introduction

A proteasome is an enzyme complex that plays a role in degrading specific proteins and
unnecessary proteins in the cells [1]. Since cancer cells have high expression of proteasome
component proteins and higher proteasome activity than normal cells, proteasome may be
important for cancer survival and proliferation [2–6]. In accordance with this, proteasome
inhibitors (PIs) are known to induce effective cell death and anti-proliferation effect in
some cancer cells, with some PIs in use as anticancer drugs for blood cancers like multiple
myeloma [7]. Furthermore, PIs are also expected to have therapeutic effects against solid
cancers, and the efficacy of PIs in several solid cancers has been investigated. However,
some clinical studies have concluded that PIs are ineffectual in the treatment of solid
cancers, and it is regarded that solid cancers have PI resistance [8–13].

Recently, Nuclear factor erythroid 2-related factor-1 (NFE2L1) has been identified as
a protein involved in PI resistance in cancer cells [14–17]. NFE2L1 is initially present on
the endoplasmic reticulum membrane (~120 kDa), and it is released from the endoplasmic
reticulum to the cytoplasm by NGLY1, p97 and Hrd1 [18–20]. When proteasome activity is
sufficient, cytoplasmic NFE2L1 is generally degraded by the proteasome. However, when
the functions of proteasomes are impaired, cytoplasmic NFE2L1 is stabilized and processed
into a mature form (~110 kDa) by DDI2 [15,16]. Mature NFE2L1 translocates to the nucleus
and induces the expression of proteasome-related genes [21]. They then ultimately recover
proteasome activity. Given these facts, the finding of inhibitors of NFE2L1 may lead to
improved sensitivity to PI in solid tumors. However, the screening for inhibitors of NFE2L1
has not progressed well.
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Vitamin E is a kind of phytochemical that has a long-term historical relationship to can-
cer. While vitamin E is well regarded as useful for cancer prevention due to its antioxidant
effect, tocotrienols, a member of the vitamin E family, and redox-silent analogs of vitamin E
such as α-tocopheryl succinate (TOS) and 6-O-Carboxypropyl-alpha-tocotrienol (T3E) are
also known to exhibit anticancer effects via inhibition of specific cancer-related molecules
such as HIF, Src, and STAT3 [22–27]. Furthermore, previous studies have reported that
γ-tocotrienol and T3E modulate the expression levels of some proteasome-component
proteins regulated by NFE2L1 [28,29]. Therefore, vitamin E and its redox-silent analogs
may affect NFE2L1.

In this study, we demonstrate that α-tocotrienol (T3), TOS, and T3E enhance sensitivity
to bortezomib, a proteasome inhibitor, in solid cancer cells through modulating protein
levels of NFE2L1.

2. Results

2.1. T3, TOS, and T3E Suppressed the Increase in Protein Levels of NFE2L1 Induced by
Bortezomib Treatment

NFE2L1 is known to stabilize and translocate from cytoplasm to nucleus under protea-
some inhibition [30]. First, we confirmed the protein levels of NFE2L1 in the cytoplasm
and nucleus by immunoblotting. For solid cancer, we used the malignant pleural mesothe-
lioma, H2452, due to its reported resistance to bortezomib [13,31]. As shown in Figure 1a,
two bands were identified in the cytoplasmic fraction under bortezomib treatment, and the
lower band was clearly identified in the nuclear fraction. Therefore, we assumed that the
upper band is unprocessed NFE2L1 without transcriptional activity and the lower band is
processed NFE2L1 with transcriptional activity.

Next, we used an immunoblot to evaluate the effect of TP (α-tocopherol), T3, TOS, and
T3E on the protein levels of NFE2L1 under bortezomib treatment. As shown in Figure 1b,
bortezomib alone demonstrated a significant increase in protein levels of unprocessed
and processed NFE2L1 compared to the control group, while the combination group with
bortezomib and T3, TOS, and T3E did not show this increase. Also, TOS, and T3E alone
groups showed a trend toward a decrease in NFE2L1 protein level. These results suggest
that T3, TOS, and T3E modulate protein levels of NFE2L1 under proteasome inhibition.

2.2. T3, TOS, and T3E Suppressed the Increase in Expression Levels of Proteasome-Related
Proteins Induced by Bortezomib Treatment

It is known that the expression levels of proteasome-related proteins are increased by
NFE2L1 under proteasome inhibition [14,32]. We also speculated that T3, TOS, and T3E
might also moderate expression levels of proteasome-related proteins under proteasome
inhibition. Consequently, we next evaluated the effects of TP, T3, TOS, and T3E on the
expression levels of the proteasome-component proteins, PSMA7, PSMB7, and PSMC4, as
well as POMP, a proteasome maturing protein, under bortezomib treatment by RT-PCR
assay. As demonstrated in Figure 2a, the bortezomib alone group showed a significant
increase in the mRNA expression levels of each protein compared to the control group,
while the combination groups of bortezomib with T3, TOS, and T3E did not show as
significant an increase as that in the bortezomib alone group. These results suggest that
T3, TOS, and T3E modulate the expression levels of proteasome-related proteins under
proteasome inhibition.
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(a) 

 

(b) 

Figure 1. Effects of vitamin E on protein level of NFE2L1 in treatment of bortezomib. (a) H2452
cells were treated with bortezomib (50 nM) for 12 h and fractionated into cytoplasm and nucleus by
NE-PER™ nuclear and cytoplasmic extract reagent kit. Protein levels in both fractions were assessed
by immunoblotting. (b) H2452 cells were treated with bortezomib 50 nM or bortezomib 50 nM +TP
20 μM, T3 20 μM, TOS 20 μM, and T3E 20 μM for 12 h, and the protein levels were assessed of
NFE2L1 by immunoblotting. α-Tubulin protein levels served as the loading control. A densitometric
analysis was performed as described in the Materials and Methods section. Data are means ± SD,
n = 3. * p < 0.05, ** p < 0.01 vs. as indicated. BTZ; bortezomib, TP; α-tocopherol, T3; α-tocotrienol,
TOS; α-tocopheryl succinate, T3E; 6-O-Carboxypropyl-alpha-tocotrienol.
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Figure 2. Effects of vitamin E on mRNA level of proteasome related proteins in the treatment of
bortezomib. H2452 cells were treated with bortezomib 50 nM or bortezomib 50 nM +TP 20 μM, T3
20 μM, TOS 20 μM, T3E 20 μM for 12 h, and the mRNA levels of PSMA7, PSMB7, PSMC4, and POMP
were assessed by real-time quantitative PCR as described in the Materials and Methods section.
RPL32 mRNA levels served as the loading control. Data are means ± SD, n = 3. ** p < 0.01 vs. as
indicated. BTZ; bortezomib, TP; α-tocopherol, T3; α-tocotrienol, TOS; α-tocopheryl succinate, T3E;
6-O-Carboxypropyl-alpha-tocotrienol.

2.3. T3, TOS, and T3E Suppressed the Recovery of Proteasome Activity under and after
Bortezomib Treatment

Under or following proteasome inhibition, NFE2L1 is known to recover proteasome
activity [14]. We hypothesized that T3, TOS, and T3E might inhibit the recovery of protea-
some activity under or after proteasome inhibition. Subsequently, we next evaluated the
effects of TP, T3, TOS, and T3E on the recovery of proteasomal chymotrypsin-like activity
undergoing and following bortezomib treatment. Proteasome activity was significantly
reduced in all treatment groups compared to the control group (Figure 3a). After removing
bortezomib from each treatment group, proteasome activity recovered to approximately
60% in the bortezomib alone group, whereas it was less than 40% in the combination groups
with bortezomib and T3, TOS, T3E (Figure 3b).

Since ubiquitinated proteins are well known to accumulate under proteasome inhibi-
tion, T3, TOS, and T3E may enhance the accumulation of ubiquitinated proteins induced by
PIs via inhibition of the recovery in proteasome activity. For this reason, we next evaluated
the effect of the combination of bortezomib with TP, T3, TOS, and T3E on the accumulation
of ubiquitinated protein by an immunoblot. As seen in Figure 3c, the combination groups
with bortezomib and T3, TOS, and T3E showed a more remarkable accumulation of ubiqui-
tinated protein compared to the bortezomib alone group. These results suggest that T3, TOS,
and T3E inhibit the recovery of proteasome activity under and after proteasome inhibition.

2.4. T3, TOS, and T3E Enhanced Sensitivity to Bortezomib in H2452

We next evaluated the effect of bortezomib in combination with TP, T3, TOS, and T3E
on cell viability using a WST-8 assay. As shown in Figure 4, the combination groups with
bortezomib and T3, TOS, and T3E showed a significant decrease in cell viability compared
to the control group, bortezomib alone group, and respective alone groups, suggesting that
T3, TOS, and T3E may enhance bortezomib sensitivity.
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(a) (b) 

(c) 

Figure 3. Effects of vitamin E on proteasome activities in the treatment of bortezomib. H2452 cells
were treated with bortezomib 50 NM or bortezomib 50 nM +TP 20 μM, T3 20 μM, TOS 20 μM, T3E
20 μM for 6 h (a), and another 6 h except for bortezomib (b). After the treatment, chymotrypsin-like
activity was assessed by a chemiluminescent method, as described in the Materials and Methods
section. Data are means ± SD, n = 3. ** p < 0.01 vs. as indicated. (c) H2452 cells were treated with
bortezomib 50 nM or bortezomib 50 nM + TP 20 μM, T3 20 μM, TOS 20 μM, and T3E 20 μM for 12 h.
After the treatment, ubiquitinated protein levels in each sample were assessed by immunoblotting.
α-Tubulin protein levels served as the loading control. Results are representative of three independent
experiments. BTZ; bortezomib, TP; α-tocopherol, T3; α-tocotrienol, TOS; α-tocopheryl succinate, T3E;
6-O-Carboxypropyl-alpha-tocotrienol.

2.5. T3, TOS, and T3E Also Enhanced the Sensitivity to Bortezomib through Protein Levels of
NFE2L1 and NRF3 in Other Solid Cancer Cell Lines

Based on our results, T3, TOS, and T3E may enhance the sensitivity to bortezomib in
the H2452 cell line by modulating protein levels of NFE2L1. However, it is unclear whether
the same effect can be achieved in other solid cancer cell lines. Therefore, we performed an
evaluation of the effects of T3, TOS, and T3E on NFE2L1 and sensitivity to bortezomib in
the lung adenocarcinoma cell line, A549, and the pancreatic cancer cell line, PANC1. As a
result, the bortezomib alone group showed an increase in protein levels of unprocessed and
processed NFE2L1 and mRNA expression levels of proteasome-related proteins compared
to the control group, while the combination groups with bortezomib and T3, TOS, and
T3E did not show a similar increasing tendency as bortezomib alone group in PANC1 and
A549 (Figure 5a–d). In addition, the combination groups with bortezomib and T3, TOS,
and T3E demonstrated a significant decrease in cell viability compared to the control group,
bortezomib alone group, and the respective alone groups in PANC1 and A549 (Figure 5e,f).
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These results suggest that T3, TOS, and T3E may enhance the sensitivity to bortezomib in
different types of solid cancers by modulating protein levels of NFE2L1.

Figure 4. Effects of the combination of bortezomib and vitamin E on the viabilities. H2452 cells were
treated with bortezomib 50 nM or bortezomib 50 nM +TP 20 μM, T3 20 μM, TOS 20 μM, T3E 20 μM
for 24 h, and cell viability was evaluated by the WST-8 assay. Data are means ± SD, n = 5. * p < 0.05,
** p < 0.01 vs. as indicated. BTZ; bortezomib, TP; α-tocopherol, T3; α-tocotrienol, TOS; α-tocopheryl
succinate, T3E; 6-O-Carboxypropyl-alpha-tocotrienol.

  
(a) (b) 

 
(c) (d) 

Figure 5. Cont.
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(e) 

 
(f) 

Figure 5. Effects of vitamin E on NFE2L1 in another solid cancer cells. PANC1 (a) and A549 (b)
cells were treated with bortezomib 50 nM or bortezomib 50 nM +TP 20 μM, T3 20 μM, TOS 20 μM,
T3E 20 μM for 12 h, and NFE2L1 protein levels were assessed by immunoblotting. Results are
representative of three independent experiments. After PANC1 (c) and A549 cells (d) were treated
with bortezomib 50 nM or bortezomib 50 nM +TP 20 μM, T3 20 μM, TOS 20 μM, T3E 20 μM for
12 h, and the mRNA levels of PSMB7 were assessed by real-time quantitative PCR as described in
the Materials and Methods section. RPL32 mRNA levels served as the loading control. Data are
means ± SD, n = 3. * p <0.05 ** p < 0.01 vs. the control. PANC1 (e) and A549 cells (f) were treated with
bortezomib 50 nM or bortezomib 50 nM +TP 20 μM, T3 20 μM, TOS 20 μM, T3E 20 μM for 24 h. After
the treatment, cell viability was evaluated by the WST-8 assy. Data are means ± SD, n = 5. * p < 0.05,
** p < 0.01 vs. as indicated. TP; α-tocopherol, T3; α-tocotrienol, TOS; α-tocopheryl succinate, T3E;
6-O-Carboxypropyl-alpha-tocotrienol.

2.6. Atorvastatin Did Not Affect NFE2L1 and NRF3 under Bortezomib Treatment

Vitamin E and its derivatives are well known to have a cholesterol-lowering effect.
It also has been reported that NFE2L1 is involved in the regulation of cholesterol [33].
Based on these findings, we speculated that the cholesterol-lowering effect of T3, TOS,
and T3E could moderate the protein levels of NFE2L1. Therefore, finally, we evaluated
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the effect of atorvastatin, a cholesterol-depleting agent, on NFE2L1 under bortezomib
treatment. We observed no significant differences between the bortezomib alone group and
the combination group with bortezomib and atorvastatin in protein levels of unprocessed
and processed NFE2L1 (Figure 6a), mRNA expression levels of PSMB7 (Figure 6b) and
the accumulation of ubiquitinated proteins (Figure 6c). These results suggest that the
cholesterol-lowering effect does not affect NFE2L1 under proteasome inhibition.

 

(a) 

(b) (c) 

Figure 6. Effects of atorvastatin on NFE2L1 in treatment bortezomib. H2452 cells were treated
with bortezomib 50 nM or bortezomib 50 nM +atorvastatin 10 μM for 24 h, and NFE2L1 (a) and
ubiquitinated protein (c) levels were assessed by immunoblotting. α-Tubulin protein levels served
as the loading control. A densitometric analysis was performed as described in the Materials and
Methods section. (b) After H2452 cells were treated with bortezomib 50 nM or bortezomib 50 nM
+atorvastatin 10 μM for 24 h, and the mRNA levels of PSMB7 were assessed by real-time quantitative
PCR as described in the Materials and Methods section. RPL32 mRNA levels served as the loading
control. Data are means ± SD, n = 3. * p < 0.05 ** p < 0.01 vs. the control. BTZ; bortezomib,
statin; atorvastatin.
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3. Discussion

In this study, we initially examined the effects of TP, T3, TOS, and T3E on NFE2L1 and
proteasome homeostasis under bortezomib treatment. We observed that T3, TOS, and T3E
(but not TP) suppressed the increase in protein levels of NFE2L1, as well as the expression
levels of transcriptional target genes such as proteasome-component proteins (PSMA7,
PSMB7, and PSMC4) and proteasome maturation proteins (POMP). Furthermore, it was
observed that T3, TOS, and T3E inhibited the recovery of proteasome activity under and
after bortezomib treatment and that the combination with bortezomib and T3, TOS, and
T3E significantly reduced cell viability compared to them alone.

Under proteasome inhibition, NFE2L1 is known to synthesize new proteasomes by
promoting the transcription of proteasome-related genes to maintain proteasome home-
ostasis. It has been reported that their inhibition prevented recovery of proteasome activity
during proteasome inhibition and greatly enhanced the sensitivity to proteasome inhibitors
in solid tumor cells such as breast cancer [14]. Since similar events to these reports were
observed in the present study, T3, TOS, and T3E may also enhance sensitivity to bortezomib
in solid cancer cells by targeting NFE2L1 under proteasome inhibition. This suggests that
T3, TOS, and T3E may be candidate adjunctive agents for solid cancer treatment with
bortezomib. On the other hand, NFE2L2 and NFE2L3, which is a transcription factor
belonging to the leucine zipper family like NFE2L1, has also been reported to be involved
in the recovery of proteasome activity under proteasome inhibition [5,14,34,35]. Since T3,
TOS, and T3E strongly inhibited the recovery of proteasome activity, they may also affect
NFE2L2 and NFE2L3. However, further studies are needed to clarify the effects of T3, TOS,
and T3E on NFE2L2 and NFE2L3. We also observed the NFE2L1 inhibitory effects in T3,
TOS, and T3E but not in TP. When comparing TP and T3, it is known that T3 is more readily
taken up in cells than TP due to the presence of a double bond in the side chain [36,37].
Therefore, T3 may have a more immediate and full effect on NFE2L1 in comparison to TP.
Additionally, TOS and T3E are derivatives that block the antioxidant group in vitamin E
and are not consumed as antioxidants like TP and T3. Therefore, TOS and T3E may show
stronger inhibitory effects on NFE2L1 than TP.

This study revealed that TOS and T3E, which are vitamin E derivatives with blocked an-
tioxidant groups, also exerted inhibitory effects on NFE2L1, while atorvastatin, a cholesterol-
lowering agent, did not exert inhibitory effects on NFE2L1. This suggests that T3, TOS,
and T3E may exert inhibitory effects on NFE2L1 without implicating the antioxidant and
cholesterol-lowering effects that have been identified in vitamin E. However, in this study,
we did not confirm the effects of T3, TOS, and T3E on proteins such as NGLY, p97 and
Hrd1, which are involved in the release of NFE2L1 from the endoplasmic reticulum into
the cytoplasm, and additional investigations are needed to elucidate the mechanism of
NFE2L1 inhibition by T3, TOS, and T3E.

DDI2 is a molecule which involve in the maturation of NFE2L1, and its inhibition
suppress the function of NFE2L1 [15,16,38]. In the present study, we found that T3, TOS,
and T3E suppressed the increase in protein levels of NFE2L1 under proteasome inhibition
without affecting the protein level of DDI2 (Figure S1), suggesting that they are a new type
of NFE2L1 inhibitor. Additionally, T3, TOS, and T3E may also affect molecules involved in
NFE2L1 protein regulation, which suggests that T3, TOS, and T3E may be good tools for
investigating NFE2L1 regulation.

4. Materials and Methods

4.1. Reagents

All cultures and chemicals were purchased from Nacalai Tesque (Kyoto, Japan) unless
otherwise indicated. Fetal bovine serum (FBS) was purchased from Bio West (Nuaillé,
France). Bortezomib (a protease inhibitor) was obtained from Wako Chemicals (Osaka,
Japan). TP and TOS were purchased from Sigma Aldrich (St. Louis, MO, USA), and T3
was purchased from Tama Biochemicals (Tokyo, Japan). Antibodies for NFE2L1 (#8052),
ubiquitin (#3936) and Lamin B1 (#13435) were purchased from Cell Signaling Technology
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(Beverly, MA, USA). DDI2 antibody (sc-514004) is purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

4.2. α-T3E Synthesis

α-T3E was synthesized from T3 according to a previously reported procedure [39].
The purity of α-T3E was confirmed by GC–MS, 1H NMR, 13C NMR, and IR. NMR and IR
spectra were consistent with the structure of α-T3E. 1H NMR (CDCl3) spectrum: 1.27 (3H,
s), 1.59 (9H, s), 1.67 (3H, s), 2.00 (3H, s), 2.09 (3H, s), 2.12 (3H, s), 1.70–2.15 (16H, m), 2.57
(2H, t, J = 7.8 Hz), 2.65 (2H, t, J = 6.5 Hz), 3.68 (2H, t, J = 7.7 Hz), 4.95–5.25 (3H, m), 8.5 (1H,
broad). IR (KBr) spectrum: 3200–3400 cm−1 (carboxylic OH) and 1710 cm−1 (C6=O).

4.3. Cell Culture

H2452, PANC1, and A549 cells were purchased for ATCC (Manassas, VA, USA). PANC1
and A549 were routinely grown in RPMI1640 supplemented with 10% FBS, 50 IU/mL peni-
cillin, and 50 μg/mL streptomycin, and H2452 cells were routinely grown in RPMI1640
supplemented with 10% FBS, 6.5 mg/mL glucose, 1 mM sodium pyruvate, 10 mM HEPES,
50 IU/mL penicillin, and 50 μg/mL streptomycin at 37 ◦C in a humidified atmosphere
with 5% CO2. Exponentially growing cells were used in experiments. Cells were plated
on culture plates and cultured for 24 h to permit adherence. Cells were then cultured in
RPMI1640 supplemented with 2% FBS for the indicated period, and each parameter was
then examined.

4.4. Reagent Dissolution

TP, T3, TOS, and T3E were dissolved using ethanol. Bortezomib was dissolved with
ethanol and sonication. Also, ethanol was added to the control group in each assay.

4.5. Cellular Fractionation

H2452 cells were cultured at a density of 1 × 106 cells in a 10 cm dish for 24 h and
were then treated with each agent for 12 h. After the treatment, cells were collected and
fractionated into cytoplasm and nucleus fractions using NE-PER™ nuclear and cytoplasmic
extract reagent kit (Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Cell Viability

The WST-8 assay was performed to evaluate the effects of each reagent on the viability
of H2452, PANC1, and A549. Cells were seeded on a 96-well plate (5 × 103 cells/well),
cultured for 24 h, and subsequently treated with each reagent for the indicated period as
described in each figure legend. After each treatment, 10 μL of WST-8 solution was applied
to each well containing 100 μL of the cell suspension and incubated at 37 ◦C for a further
30 min in 5% CO2. Color development was monitored at 450 nm using a multi-well plate
reader (SUNRISE Rainbow RC-R, Tecan Japan, Kanagawa, Japan).

4.7. Proteasome Activity

H2452 cells were seeded on a 96-well white plate (5 × 103 cells/100 μL/well), cultured
for 24 h, and subsequently treated with bortezomib 50 nM or bortezomib 50 nM +TP 20 μM,
T3 20 μM, TOS 20 μM, T3E 20 μM for 6 h, and another 6 h except for bortezomib. After
the treatment, to assess chymotrypsin-like activity in cells, 50 μL of Proteasome-Glo™
Chymotrypsin-Like Cell-Based Assay Reagent (Promega Japan, Tokyo, Japan) was added
to each well, and the plate was then incubated at room temperature for 20 min. The
chymotrypsin-like activity was assessed based on estimated chemiluminescence intensity
using a luminometer (Infinite M1000 PRO, TECAN Japan).

4.8. Isolation of mRNA and Real-Time Quantitative PCR

H2452, PANC1, and A549 cells were cultured at a density of 5 × 105 cells in a 60-mm
dish for 24 h and were then treated with each agent for 12 to 24 h. After the treatment,
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cells were collected, and total RNA was isolated using the Tissue Total RNA Extraction
Mini Kit (Favorgen Biotech Corp., Ping-Tung, Taiwan). Total RNA (300 ng for each sample)
was used for cDNA synthesis with the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan).
cDNA templates were analyzed by real-time PCR using Thermal Cycler Dice Real Time
System Lite (TAKARA BIO INC., Shiga, Japan) and THUNDER-BIRD™ SYBR qPCR Mix
(Toyobo, Osaka, Japan), with the following program: at 95◦C for 10 s followed by 40 cycles
at 95 ◦C for 15 s and at 60 ◦C for 1 min. Primer sets are shown in Table 1. Gene expression
data were normalized to the expression of the reference gene ribosomal protein L32.

Table 1. List of PCR primers.

Gene Name Primer Sequence

60S ribosomal protein L32 (RPL32) Forward AACCCTGTTGTCAATGCCTC

Reverse CATCTCCTTCTCGGCATCA

Proteasome 20S Subunit Alpha 7 (PSMA7) Forward CTGTGCTTTGGATGACAACG

Reverse CGATGTAGCGGGTGATGTACT

Proteasome 20S Subunit Beta 4 (PSMB4)
Forward TCAGTCCTCGGCGTTAAGTT

Reverse GCTTAGCACTGGCTGCTTCT

Proteasome 20S Subunit Beta 7 (PSMB7)
Forward CGGCTGTGTCGGTGTATG

Reverse GCCAGTTTTCCGGACCTT

Proteasome 26S Subunit ATPase4 (PSMC4)
Forward GGAAGACCATGTTGGCAAAG

Reverse AAGATGATGGCAGGTGCATT

Proteasome maturation protein (POMP) Forward AGGCAGTGCAGCAGGTTC

Reverse GGCTCTCCCATGACTTCG

4.9. Immunoblotting

H2452, PANC1, and A549 cells were cultured at a density of 5 × 105 cells in a 60-mm
dish for 24 h and then treated with each agent for 12 to 24 h. After the treatment, cells
were harvested and lysed in ice-cold Laemmli sample buffer (Bio-Rad, Berkeley, CA,
USA) containing a protease inhibitor cocktail (Nakadai Tesque) and phosphatase inhibitor
(Nacalai Tesque). Cells were incubated on ice for 20 min following centrifugation at
12,000 rpm at 4 ◦C for 10 min. Samples were electrophoresed through a 10% or 15% SDS–
polyacrylamide gel and transferred to a polyvinylidene difluoride membrane using the iBlot
2 Dry Blotting System (Thermo Fisher Scientific, Waltham, MA, USA). Membranes were
blocked with Blocking One P (Nacalai Tesque) for 1 h, incubated with primary antibodies for
1 h, and then incubated with the secondary antibody for 1 h. Detection was accomplished
using Chemi-Lumi One Super (Nacalai Tesque) and C-DiGit (LI-COR, Lincoln, NE, USA).
A densitometric analysis of each immune band was performed using Image Studio for
C-DiGit (LI-COR). Molecular sizing was conducted using Protein Ladder One Plus, Triple-
color for SDS-PAGE (Nacalai Tesque). Protein concentrations were assessed using the DC
Protein Assay System (Bio-Rad).

4.10. Statistical Analysis

Differences among groups were analyzed by a one-way ANOVA followed by the
Tukey test. All statistical analyses were performed using Ekuseru Toukei software ver 8.0
(Social Survey Research Information Co., Ltd., Tokyo, Japan). Differences with p-values
of 0.05 or less were considered to be significant. All experiments were conducted with a
minimum of three samples from three independent experiments, and data were expressed
as means ± SD. The number of samples in each experiment is shown in the respective
figure legends.
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Abstract: Marine natural products represent a unique source for clinically relevant drugs due to their
vast molecular and mechanistic diversity. ZJ-101 is a structurally simplified analog of the marine
natural product superstolide A, isolated from the New Caledonian sea sponge Neosiphonia Superstes.
The mechanistic activity of the superstolides has until recently remained a mystery. Here, we have
identified potent antiproliferative and antiadhesive effects of ZJ-101 on cancer cell lines. Furthermore,
through dose–response transcriptomics, we found unique dysregulation of the endomembrane
system by ZJ-101 including a selective inhibition of O-glycosylation via lectin and glycomics analysis.
We applied this mechanism to a triple-negative breast cancer spheroid model and identified a potential
for the reversal of 3D-induced chemoresistance, suggesting a potential for ZJ-101 as a synergistic
therapeutic agent.

Keywords: natural product; superstolide; glycomics; transcriptomics; phenotypic analysis; 3D spheroid

1. Introduction

Neosiphonia Superstes is a species of marine sponge localized to the region of New
Caledonia in the South Pacific [1]. Originally identified during the 1874 voyage of the HMS
Challenger expedition, the sponge was resurrected in the early 1990s when D’auria et al.
isolated novel macrolides they termed superstolides A and B, which were subsequently
shown to display anticancer activity [2–4]. The unprecedented chemical structures of
this group of marine natural products suggest they might have a unique cellular target(s)
and a novel mechanism of action. However, the scarcity of natural products seriously
hampered the biological investigation. In 2013, a truncated superstolide A was designed
and synthesized (named ZJ-101) that maintains the potent anticancer activity of the original
natural product, thereby solving the supply problem of superstolide A, albeit indirectly [5].
Subsequently, several analogs were produced with enhanced potency in the single-digit
nanomolar range. However, the mechanism of action of ZJ-101 and other analogs has
remained unknown.

Employing several phenotypic assays in cancer cell lines, we identified novel activities
and phenotypes associated with ZJ-101 that have revealed a unique mechanism of action.
Notably, an anti-adhesive effect was identified, which was approximately 30-fold more
potent than the previously described anti-proliferative effect. Cell cycle and growth rate
analysis revealed a strong cytostatic effect. Transcriptomic and lectin stain imaging analyses
further converged on a dysregulation of glycosylation within the endomembrane system.
Through this analysis, we identified a selectivity for dysregulation of O-linked glycosylation,
which primarily occurs within the Golgi apparatus. The disruption of glycosylation by
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ZJ-101 leads to pleiotropic effects on proliferation and adhesion, which synergize with
etoposide in a 3D spheroid combination model. Taken together, these findings implicate a
unique mechanism of action for the family of superstolides and other related analogs [3–6].

2. Results

2.1. ZJ-101 Is Cytostatic

The anti-adhesive effects of ZJ-101 (chemical structure shown in Figure 1A) were first
observed using light microscopy. One micromole ZJ-101 overnight treatment of HEK293T
cells causes a dramatic effect on morphology, with cells rounding and dislodging from the
culture surface (Figure 1B). Although this effect is observed in every cell line tested at similar
time points, HEK293T cells provide the clearest example of this morphological change
due to their naturally spread appearance in 2D culture (Figure 1B). Treated MDA-MB-231
cells exhibiting the same morphological changes were harvested, and cell cycle analysis
via propidium iodide staining was performed. No statistically meaningful differences
between negative control and ZJ-101 treated cells were observed either at 24 or 48 h of
sustained treatment; taxol, utilized as a positive control, caused a G2-phase arrest as
expected (Figure 1C).

Figure 1. ZJ-101 is cytostatic and anti-adhesive. (A) Structure of ZJ-101. (B) Cell morphology after
treatment with ZJ-101. (C) Cell cycle analysis via propidium iodide (PI) staining in MDA-MB-231
cells. Taxol utilized as a G2-phase block control. (D) Growth rate inhibition metrics assay (GR assay)
determines that ZJ-101 is primarily cytostatic with an EC50 between 29 and 96 nM. when compared
to known cytotoxic compounds.
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To determine the extent to which ZJ-101 induced cell death, we used the growth rate
normalized inhibition metrics assay (GR assay) [7]. The GR assay counts populations of
live and dead cells using separate live-cell imaging dyes. We found that ZJ-101 acted in a
purely cytostatic manner, consistent with a GR value greater than 0, with ZJ-101 achieving
a GR of 0.5 at the highest dose after a 72 h treatment in MDA-MB-231 cells (Figure 1D). The
EC50 of 29–96 nM as measured by the GR assay is nearly identical to that of traditional
viability dyes such as resazurin (Figure S1A). Two known cytotoxic compounds, triptolide
and flavopiridol, were utilized as controls and found to pass below the GR value of 0,
indicating cytotoxicity. Additionally, the GR assay was used to evaluate the effect of ZJ-101
on isogenic p53 and p21 knockout HCT-116 cells (Figure S1B). p53−/− HCT-116 shared
nearly identical GR and EC50 values for ZJ-101 with wild-type HCT-116. However, double
knockout cells for p21 potentiated the anti-proliferative effect of ZJ-101, resulting in a lower
GR value of 0.08 at the highest dose. Despite the observed enhanced suppression of cell
growth, the EC50 for p21−/− cells is between 115 and 197 nM, compared to the WT values
of 29–96 nM.

2.2. ZJ-101 Is a Potent Inhibitor of Cell–Cell Adhesion

To discern the effects of cell–surface vs. cell–cell adhesion, we performed a three-day
3D spheroid formation assay. We selected MDA-MB-231 cells for this assay due to their
widely reported ability to form tight 3D spheroids in culture [8]. In this assay, cells are
seeded at a density of 2 × 103 cells/well in 96-well ultra-low attachment (ULA) plates.

Cells will transition from monolayers at the bottom of each well into 3D spheroids
over a period of 72 h, as noted in the negative control (Figure 2A). To measure the com-
pactness of cells into spheroids, termed spheroidicity, we utilize the overall diameter of
cellular distribution within the well. Concurrent treatment with ZJ-101 following cell
seeding had a dose-dependent effect on spheroid formation at concentrations of up to 5 μM
(Figure 2B). Measuring the overall diameter of the spheroid, relative to a negative control,
we determined the EC50 for spheroid formation inhibition was between 0.69 and 1.16 nM
(Figure 2B). We further assessed the ability of ZJ-101 to affect cell–cell contacts already
established in 3D spheroids. Using pre-formed spheroids, grown for 72 h prior to drug
addition, we observed an equally strong disruption of cell–cell adhesion. At concentrations
above 20 nM, ZJ-101 was able to fully dissolve spheroids over 72 h, leaving individual cells
to settle at the bottom of the well (Figure 2C). A rapid disassembly of spheroids can be
seen even after the first 24 h of treatment (Figure 2C). Quantitation of spheroidicity at 72 h
after addition results in an EC50 for spheroid disassembly between 2.37 and 12.05 nM. The
discrepancy between approximate EC50′s for spheroid formation versus disassembly is 4
nM. Both effects, however, remain an order of magnitude smaller than the cytostatic effect
observed in the GR assay (Figure 1D).

2.3. Transcriptome Analysis Identifies a Dysregulation of the Endomembrane System

Transcriptome analysis has recently become a powerful method to discern drug
mechanisms of action. We performed two sets of analyses with four logs of ZJ-101 dose (0.5,
5.0, 50.0, and 500 nM) each. This dose range provides the broadest context for the previously
observed phenotypes. To identify differentially expressed genes before cellular morphology
is typically affected by ZJ-101, we used a 6 h time point for 2D-cultured MDA-MB-231 cells.
Additionally, we performed a 24 h time treatment in pre-formed 3D MDA-MB-231 spheroids
to identify genes with altered expression following cell–cell adhesion loss. As previously
observed in the spheroid disassembly assay (Figure 2C), this 24 h treatment results in
moderate adhesion loss, which increases with dose. Both sets of transcriptome data
shared dose-dependent effects on genes within the endomembrane system (GO:0012505),
endoplasmic reticulum (GO:0005783), and cell adhesion (GO:0007155), as determined by
GO term enrichment analysis via g:Profiler (Figure 3A,B) [9].

The most significantly upregulated genes shared between both sets of data were
ATP6V0A1, GPRC5A, SLC3A2, EPHA2, and HSP90AA1 (Figure 3C,D) [10]. Notably,

363



Int. J. Mol. Sci. 2023, 24, 9575

ATP6V0A1, which encodes a V-type ATPase involved in endosome pH regulation, is
significantly upregulated by ZJ-101 treatment. Cellular chaperones such as HSP90AA1
and various Hsp40 family members like DNAJB9 are likewise upregulated in both cellular
contexts (Figure 3C,D). At 500 nM, the highest concentration assessed, an upregulation of
heat-shock responsive genes was observed within the 6 h time point for the 2D cultured
cells (Figure S3A). Unfolded protein response (UPR)-related target genes are simultaneously
suppressed (Figure S3B).

Broadly, genes involved in cell adhesion and extracellular matrix organization are
downregulated by ZJ-101 treatment (Figure 3C,D). These include the integrin ITGA5,
integrin ligand ICAM1, Von Willibrand factor A (VWA1), and collagen type V alpha 1
(COL5A1). Genes involved in protein glycosylation found in the Golgi apparatus, such as
B4GALT1 and GALNT1, were also suppressed (Figure 3C,D).

Figure 2. Three-dimensional cell adhesion is potently disrupted by ZJ-101. (A) MDA-MB-231
spheroid formation assay. Scale bar = 200 μm (B) Effect on spheroid formation is dose-dependent,
with an IC50 of approximately 1 nM. (C) Representative images of pre-formed spheroids (72 h old),
treated with ZJ-101 over the indicated times. (D) Effect on spheroid disassembly has an EC50 of
approximately 5 nM.
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Figure 3. Endomembrane system genes differentially regulated independent of cellular context.
(A) g:Profiler Gene Ontology (GO) term enrichment analysis after 6 h treatment of four ZJ-101 doses
(0.5, 5.0, 50, 500 nM) in MDA-MB-231 cells cultured in 2D format (n = 3 biological replicates). The
top significantly enriched GO terms from each category were selected and include the extracellular
space, endoplasmic reticulum, and endomembrane system with increasing dose. Terms which do not
reach significance at a particular dose are indicted by strikethrough (B) GO terms for 3D-cultured
MDA-MB-231 cells (n = 3 biological replicates) treated with ZJ-101 for 24 h. (C) ClustVis heatmap for
top differentially expressed genes after 6 h ZJ-101 dose–response in 2D-cultured MDA-MB-231 cells.
(D) ClustVis heatmap for the 24 h ZJ-101 dose–response in 3D-cultured MDA-MB-231 cells.

2.4. Golgi Function Is Dysregulated by ZJ-101

Following transcriptome analysis, our focus narrowed to the endomembrane system,
consisting of the ER, Golgi, and general secretory vesicles. We first performed immunos-
taining of the cis-Golgi marker GM130 in fixed HeLa cells to observe changes in Golgi
morphology at short time points. In HeLa cells, GM130 assumes a compact perinuclear
position, providing a simple marker for alterations in morphology. To minimize changes
to overall cellular morphology from the cytotoxic positive control, Brefeldin A (BFA), a
four-hour time point was chosen. As seen in Figure 4A, four hours of treatment with BFA
drastically alters Golgi morphology by redistributing GM130 to the endoplasmic reticulum,
while ZJ-101 at a dose of 1 μM does not (Figure S2A). Washout of BFA after pre-treatment
with ZJ-101 also does not alter the ability of GM130 to recover its original morphology
(Figure S2B). To interrogate Golgi function, we utilized the fluorescent conjugate of the
lectin Helix Pomatia Agglutinin (HPA), which selectively binds O-GalNAc residues local-
ized to the Golgi [11,12]. HPA lectin staining was dose-dependently suppressed by ZJ-101
following four hours of treatment in HeLa cells, with the EC50 for this effect being approxi-
mately 67 nM (Figure 4B). Other lectins, concanavalin A (ConA) and wheat germ agglutinin
(WGA), which bind selectively to N-glycans, were unaffected by the treatment (Figure 4B).
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Glycomics analysis was performed on both N- and O-glycans purified from cells
treated with 500 nM ZJ-101 for 6 h. Generally, both N- and O-glycans decreased in rela-
tive abundance upon treatment with ZJ-101 (Figure 4C). Several high-molecular-weight
N-glycans, containing complex polysialylated LacNAc chains, were increased (Table 1).
Notable O-glycans that were increased include Core-2 O-glycans and Disalyl T-Antigen
(Table 1).

Glycan incorporation was assessed using an image-based bioorthogonal click-chemistry
assay. Azido-modified GlcNAc, GalNAc, and ManNAc, as well as alkynyl-modified Fucose,
were added to the media during the 6 h treatment with increasing doses of ZJ-101. Signif-
icant decreases in GalNAz and fucose alkyne were observed at 500 nM treatment, with
reductions of 12.8% and 25.5% for each, respectively (Figure 4D). No significant changes
were observed for GlcNAz incorporation. ManNAz incorporation increased marginally by
approximately 12% (Figure 4D).

Table 1. Upregulated glycans.

N-Linked Glycans

Composition Proposed Structure Observed m/z log2FC

Hex:6 HexNAc:5
NeuAc:2 3241.6 0.579

Hex:7 HexNAc:6
Fuc:1

3142.6 0.341

Hex:6 HexNAc:5
Fuc:1 NeuAc:2 3415.7 0.249

Hex:6 HexNAc:5
NeuAc:3 3602.8 0.241

Hex:6 HexNAc:5
Fuc:1 NeuAc:1 3054.5 0.183

O-Linked Glycans

Composition Proposed Structure Observed m/z log2FC

Hex:2 HexNAc:2
NeuAc:2 1705.9 0.883

Hex:2 HexNAc:3 1228.6 0.338

Hex:1 HexNAc:1
NeuAc:2 1256.6 0.229
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Figure 4. Golgi function is dysregulated by ZJ-101. (A) Golgi structure within HeLa cells, as
visualized by GM130 immunofluorescence, is not altered by ZJ-101 treatment. Brefeldin A (BFA)
has a dose-dependent effect on GM130 redistribution to the endoplasmic reticulum (ER) (n = 3).
Scale bar: 20 μM. (B) Lectin staining imaging assay; helix pomatia agglutinin (HPA), wheat germ
agglutinin (WGA), and concanavalin A (ConA). ZJ-101 selectively and dose-dependently decreases
HPA staining intensity at 4 h of treatment. (n = 3). (C) Glycomics analysis sorted by mass for N-
and O-glycans after 6 h treatment with 500 nM ZJ-101. Most N- and O-glycans are downregulated,
notable high-molecular weight N-glycans and complex O-glycans are upregulated and noted in
Table 1. (D) Glycan incorporation imaging assay performed using biorthogonal click chemistry of
azide-modified glucosamine, galactosamine, mannosamine, and alkynyl-modified fucose. ZJ-101
treatment of 6 h results in significant decreases in alkynyl-Fuc and azido-GalNAc incorporation
(n = 3). Data represent the mean ± SEM. n.s. = not significant, ** p≤ 0.01, *** p≤ 0.001.

2.5. ZJ-101 Modulates the Endolysosome

We found no disruption of Golgi structure by ZJ-101 treatment, as judged by GM130
staining (Figure 4A), and no dysregulation of endosome pH using lysotracker dye (Figure 5).
We utilized multiple controls for the lysotracker assay to compare ZJ-101 with known mod-
ulators of the endomembrane system. Neither Kifunensine, an inhibitor of N-glycosylation,
nor Brefeldin A, a disruptor of Golgi structure and function, decreased lysosome spot
intensity relative to the negative control (Figure 5B) [13,14]. Bafilomycin A1, an inhibitor of
V-ATPases found on endosomes, potently decreases lysotracker spot intensity, indicating
increased endosome pH (Figure 5B) [15]. Although ZJ-101 does not affect lysosome staining
intensity, the average lysosome puncta area is significantly (p = 0.02) decreased (Figure 5C)
and is shared by brefeldin A and kifunensine treatments. Despite the decreased puncta size,
the percentage of total area that lysosomes occupy in the cell was not changed by ZJ-101,
indicating possible enhanced endolysosomal fission events (Figure 5D).
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Figure 5. Endolysosomes are modulated by ZJ-101. (A) Representative images of lysotracker staining
with LT dye in red, nuclei in blue. Cells were treated for 2 h with the following doses: 200 nM
bafilomycin A1, 500 nM ZJ-101, 500 nM brefeldin A, 10 μM kifunensine. (B) LT spot intensity
for each compound assessed. Bafilomycin A1 significantly decreases intensity relative to vehicle
control. (C) LT puncta average size by area. Treatment with inhibitors of various endomembrane
system components results in smaller than average LT puncta spot size, while cells treated with
bafilomycin A1 do not have significantly changed LT puncta area relative to DMSO. (D) Total LT
stained endolysosomal area within the cell. Small, but significant, increases in the total size of
endolysosomal compartments are seen with brefeldin A, kifunensine, and bafilomycin A1. ZJ-101
treatment does not result in significant changes to overall endolysosomal area. n.s. = not significant,
* p < 0.05, ** p ≤ 0.01.

2.6. ZJ-101 Reverses Etoposide Resistance in 3D Spheroid Model

Resistance to common chemotherapeutics can arise from several factors, including
cell–cell adhesion and cell–matrix interactions. To assess the potential for reversal of 3D-
induced chemoresistance, we tested ZJ-101 in combination with etoposide in MDA-MB-231
spheroids. Using a modified spheroid disassembly assay incorporating the cellular dyes
calcein AM, Hoechst 33342, and ethidium homodimer (EthD), we are able to evaluate the
effect of ZJ-101 on cell adhesion and proliferation. Similar to the GR assay, EthD allows for
the determination of cytotoxicity. Using an 8 × 8 matrix, 63 combinations of ZJ-101 and
etoposide are assessed (Figure 6A). Etoposide was found to be synergistic with ZJ-101 for
the induction of cell death, as stained by ethidium homodimer (Figure 6A,B). Synergy was
assessed using the SynergyFinder web app (https://synergyfinder.fimm.fi/ (accessed on 19
November 2020)) which calculates a ZIP synergy score for 8 × 8 combination matrices [16].
Etoposide synergizes with ZJ-101 with an average δ-score for concentrations above 10 μM
between 40 and 50, indicating 40–50% excess synergy with ZJ-101 over etoposide alone
(Figure 6D).
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Figure 6. ZJ-101 reverses resistance to etoposide in combination with matrix spheroid assay. (A) Flu-
orescent live-cell images of MDA-MB-231 3D spheroid matrix of ZJ-101 and etoposide at 1:3 dilu-
tions from their maximum concentrations of 1 μM and 100 μM respectively. (B) Ethidium homod-
imer (EthD) counts for each well shown. White–Red heatmap corresponds with increasing counts
(C) Spheroidicity—the measurement of the diameter of each spheroid normalized to untreated wells.
Lower spheroidicity indicates disruption of cell–cell adhesion caused by ZJ-101 treatment and is
indicated by the White–Blue heatmap. (D) SynergyFinder graph of combinations of ZJ-101 and
etoposide shows enhanced synergy above 10 μM etoposide. Green-Red heatmap of delta-scores
indicate negative to positive regions of synergy respectively for all dose combination pairs.

3. Discussion

Our group has identified several key phenotypes that suggest a distinct mechanism
of action for the compound ZJ-101 by acting through the endomembrane system. We first
identified the clear ability of ZJ-101 to cause cell rounding and dislodging from a growth
substrate within a few hours. Cellular adhesion occurs in primarily two modalities: cell–cell
and cell–substrate adhesion. To determine if ZJ-101 had preferential activity for either
of these, we assessed its activity in a 3D spheroid model. To our amazement, extremely
low doses of ZJ-101 could halt the formation of spheroids. At approximately 1 nM of
the compound, we observed a halt in the progression of standard spheroid formation in
the triple-negative breast cancer cell line MDA-MB-231. The disparity in EC50s for the
antiproliferative effect previously established versus anti-adhesion in the spheroid model
was approximately 30-fold. This unexpected enhancement in potency against the spheroid
model challenged our previous assumptions about the molecule.

We utilized the growth rate normalized metric assay (GR assay) to minimize variation
between experiments and dependence on cell growth rates. A major benefit of this assay
is its ability to discern cytostatic versus cytotoxic effects by comparing cell viability to
cellular proliferation. Since all cell types have their own intrinsic growth rate kinetics, we
can accurately compare responses to drugs between cell types by normalizing them to
this rate. Using this live/dead cell image-based assay, we were able to determine that the
effect of ZJ-101 on cancer cells is entirely cytostatic. In GR metrics, cytotoxic compounds
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are identified by their ability to deplete cell populations below initial seeding densities,
denoted by a GR value less than 0. At a GR value greater than 0 but less than 1, cellular
proliferation is suppressed in a cytostatic manner. ZJ-101 suppresses cellular growth with
a GR value of 0.5 at the highest concentration of 1 μM using the calcein-AM/ethidium
homodimer dye staining assay. We obtained the same EC50 value (30–90 nM) for ZJ-101
using GR metrics as we previously determined using resazurin-based viability assays
(Figure S1A). These results confirmed that one of ZJ-101′s primary novel phenotypes is
cytostatic suppression of cellular proliferation.

Cytostasis is often a temporary cellular state induced by exogenous signals or chemi-
cals that suppress cell division. Senescence, a physiological state of non-dividing cells that
can be induced by oxidative stress or DNA damage, has all the hallmarks of cellular cy-
tostasis. A key characteristic of senescence is a sharp increase in G1-phase cell populations.
Because of the lack of change in any population (G1, S, or G2) during prolonged treatment
with ZJ-101, cellular senescence could potentially be ruled out as a mechanism for the
cytostatic activity. At time points of up to 48 h, MDA-MB-231 cells remained dislodged
from their substrate under the sustained treatment of ZJ-101, further underscoring the
distinct lack of any sub-G1 populations. Typically, cells will undergo apoptosis following
sustained senescence or cell adhesion loss, a unique form of apoptosis termed anoikis [17].
To further explore senescence using GR metrics, we tested isogenic cell lines of HCT-116
containing knockouts of p21 and p53, key senescence potentiators [18]. We found no
reversal of anti-proliferative activity under treatment with ZJ-101 in these knockout lines.
Instead, p21 knockout potentiates the effect of ZJ-101′s suppression of cell proliferation.
This result runs counter to an activation of senescence by ZJ-101, given that p21 expression
is protective against cytostasis. Although the outcome of ZJ-101 treatment results in the
halting of cellular proliferation, more work is required to determine the specific pathway(s)
leading to this long-term cytostatic suppression.

To identify cellular pathways regulated by ZJ-101, transcriptome sequencing was
undertaken across four doses in two contexts: before 2D adhesion loss at 6 h, and after
adhesion loss at 24 h in 3D spheroids (Figure S4). Gene Ontology (GO) analysis iden-
tified increasing significance for the endoplasmic reticulum (GO:005783), cell adhesion
(GO:007155), and the endomembrane system (GO:0012505) as the dose of ZJ-101 increases.
Notably, endomembrane system genes represent the highest differentially expressed genes
by significance between 2D and 3D culture formats. Genes related to the endoplasmic retic-
ulum follow a paradoxical response to ZJ-101 treatment. Despite a general upregulation of
heat-shock genes such as HSP90AA1, unfolded protein response (UPR) target genes were
suppressed at 6 h. UPR-related genes remained suppressed at the 24 h time point as well,
indicating a context-independent downregulation of ER-stress-responsive genes. Likewise,
cell adhesion and extracellular matrix (ECM) genes were suppressed. Among these, several
integrins, such as ITGA5, ITGAV, and ITGB5, were downregulated. These integrins are
primarily responsible for cell–ECM adhesion and cannot solely explain the dual inhibition
of cell–substrate and cell–cell adhesion caused by ZJ-101. Due to this unique transcriptional
response, we reasoned that the stress caused by ZJ-101 may localize to a source within the
wider endomembrane system, such as the Golgi and endosomes.

Genes involved in endosome homeostasis, such as ATP6V0A1, were significantly dys-
regulated by ZJ-101. V-type ATPases, such as ATP6V0A1, regulate endosome and vesicle
pH. We compared ZJ-101 to the well-known inhibitor of V-type ATPases, Bafilomycin A1,
through lysotracker staining, which fluoresces in the acidic compartments of endosomes
and lysosomes. As observed in Figure 5B, bafilomycin A1 potently decreases lysotracker
staining intensity relative to control, while ZJ-101 does not. Additionally, ZJ-101 treat-
ment decreases endolysosome size in a similar manner to brefeldin A and kifunensine.
Brefeldin A’s unique mechanism of redistributing the Golgi membrane to the ER through
uncompetitive inhibition of the Arf1 GDP exchange cycle poses the most curious parallel
for ZJ-101′s potential mechanism of action [19]. Although ZJ-101 does not redistribute
GM130 as BFA does, they both likely enhance endolysosomal fission events, leading to the
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decreased puncta size observed after treatment. It is possible that ZJ-101 inhibits a target in
opposition to the BFA mechanism, preserving the Golgi structurally but resulting in similar
outcomes. Kifunensine also affects endolysosomal size, though it acts through inhibition of
the ER mannosidase I enzyme. By inhibiting N-glycan trimming in the ER, protein sorting
through the ER-associated degradation (ERAD) pathway is increased, leading to a loss of
successful traversal of cargo through the secretory pathway [20].

We initially identified a dysregulation of glycosylation localized to the Golgi apparatus
through lectin staining assays. Lectin staining determined a selectivity for decreasing N-
acetyl-galactosamine (GalNAc) residues, which are typically added to substrates by GalNAc
transferases within the Golgi [21]. Despite no clear structural alteration to the Golgi itself,
GalNAc accumulation was suppressed at short time points by ZJ-101. Glycomics analysis
confirmed a general downregulation of O- and N-glycan-bearing proteins (Figure S5), with
several exceptions. Poly-sialylated high-molecular-weight N-glycans, bearing N-acetyl-
lactosamine (LacNAc), were upregulated to a relatively high degree. These glycans are
produced by the enzyme βGALT4 in the trans-Golgi, which indicates this region remains
active during ZJ-101 treatment [22]. This result is counter to that of the transcriptomic
signature, where transcripts of B4GALT1 and other galactosyltransferases are found to
be suppressed by ZJ-101. It is possible this downregulation is caused by a feedback loop
from these LacNAc residues accumulating in the trans-Golgi. Additional poly-sialylated
O-glycan residues, such as the sialyl-Tn antigen, known to be processed by ST6GalNAc,
were also found to be upregulated (Table 1), indicating that sialyl-transferase activity in the
Golgi also remained. Despite the global decrease in N-glycan abundance, lectin staining
of both high-mannose and N-acetyl-glucosamine (GlcNAc) residues was unchanged by
ZJ-101 treatment. This discrepancy may stem from the long half-lives of proteins bearing
these residues, which may not yet have turned over. It’s likely that new proteins exiting
the Golgi, or held within the trans-Golgi network, bear the more complex LacNAc residues
identified in the glycomics analysis. A similar accrual of poly-sialylated N-glycans in the
trans-Golgi was recently observed by Kitano et al. following Rab11 knockdown, which
may provide a possible explanation for ZJ-101′s effect [23]. Further inquiry is required to
determine whether glycosyltransferase localization at the Golgi is affected by ZJ-101.

We performed a high-content 3D-spheroid drug combination synergy assay using
a modified spheroid disassembly assay. Our objective was to identify whether the anti-
adhesive effect of ZJ-101 could reverse a common mechanism of drug resistance mediated
by tight cellular adhesion [24,25]. In a 2D context, etoposide treatment induces high BRCA1
expression in MDA-MB-231 cells, making them naturally resistant to etoposide’s mecha-
nism of action [26]. For MDA-MB-231 spheroids in particular, ECM interactions further
limit drug accessibility, providing a key context to assess 3D-induced chemoresistance to
topoisomerase II inhibitors [27]. Broad suppression of extracellular matrix and cell adhesion
gene transcripts by ZJ-101 lends further support to a possible reversal of chemoresistance
mediated by such factors. Our combination synergy assay utilizes the zero interaction
potency (ZIP) synergy score, which evaluates individual drug combination pairs relative to
their separate dose–response curves [28]. ZIP synergy normalizes drug response to assume
a “zero interaction” or minimal shift in dose–response between combination pairs. Etopo-
side synergizes with ZJ-101 with an average δ score of 10.5 across all combination pairs,
indicating positive synergy. δ-scores describe the excess percentage at which combination
pairs are synergistic or antagonistic. For etoposide, the average δ-score for concentrations
above 10 μM is between 40 and 50, indicating 40–50% excess synergy with ZJ-101 over
etoposide alone.

In conclusion, we have identified several unique phenotypes produced by treatment
with the marine natural product-derived compound, ZJ-101. We discovered a strongly
cytostatic and antiadhesive phenotype at single-digit nanomolar concentrations, which is
unique and unprecedented. Through transcriptomic analysis, we identified dysregulation
of the endomembrane system, which was later confirmed by lectin staining and glycomics
analysis. Our work has established a potential synergistic mechanism for the reversal of
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chemoresistance mediated by 3D cell adhesion. Other mechanisms of multidrug resistance
mediated by endolysosomal trafficking provide a future direction for compounds such
as ZJ-101, which dysregulate glycosylation [29]. Recent screens for regulators of cellular
glycosylation have indicated potential use against SARS-CoV-2 viral entry, offering another
potential path for further ZJ-101 investigation [30].

4. Materials and Methods

4.1. Cell Culture

Cells were cultured in DMEM media (Gibco Cat # 11885, Billings, MT, USA) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin.

4.2. Cell Cycle Analysis

Cell cycle analysis was performed using propidium iodide staining of fixed MDA-
MB-231 cells treated with ZJ-101. Briefly, a 70% confluent 10 cm dish of MDA-MB-231
was collected via trypsinization and washed with 1× PBS. Pelleted cells were fixed by the
dropwise addition of 2 mL of ice-cold 75% EtOH. Fixed cells were washed again with PBS
and stained with 1 mg/mL propidium iodide solution prior to FACS analysis.

4.3. Growth-Rate Inhibition Metric Analysis

Control populations of MDA-MB-231 cells were prepared for growth rate normaliza-
tion at seeding densities of 50, 200, 500, and 1000 cells per well in a 384-well flat bottom
plate (Corning Inc., Corning, NY, USA). Following compound treatment, cells were stained
with 1 μM Calcein AM (for live cells), 20 μg/mL Hoechst 33342 (for nucleus), and 1 μM
ethidium homodimer (a cell membrane impermeable dye for dead cells) for 15 min at 37 ◦C
prior to imaging. Imaging was performed using the 4× objective on the ImageXpress Micro
(Molecular Devices, San Jose, CA, USA) with image-based focusing. Collected images were
assessed using the live/dead program in MetaXpress (version 6.1), and data were organized
and entered into grcalculator.org, where growth rate normalized inhibition calculations
were performed for each compound tested.

4.4. 3D Spheroid Assays

Three-dimensional spheroid formation was assessed using Corning ultra-low at-
tachment (ULA) plates. MDA-MB-231 cells were seeded in ULA plates at a density of
2 × 103 cells/well (96-well) or 5 × 102 cells/well (384-well) in DMEM media supplemented
with 10% FBS and centrifuged for 5 min at 400× g. Cells were then left undisturbed in a
37 ◦C, 5% CO2 incubator for 72 h to form spheroids. ZJ-101 was added at the indicated
concentrations and incubated for a further 72 h. Pretreatment of ZJ-101 was also performed
with basic light images taken every 24 h for up to 72 h. Spheroidicity was determined based
on the overall diameter normalized to an untreated control using ImageJ (version 1.52r).

The 3D spheroid combination assay was performed as a spheroid disassembly assay
requiring 72 h of pre-formed spheroids prior to a further 72 h of drug addition. ZJ-101
and etoposide were arranged with 1:3 dilutions in an 8 × 8 matrix format at the indicated
concentrations. Fluorescent images were acquired after staining using the same protocol
and instrumentation outlined in the GR assay. Laser-based focusing was utilized to obtain
clear spheroid images from the bottom of each well. Ten z-stack images were taken
and combined into a single maximum-intensity image. Images were processed with the
live/dead program in MetaExpress.

4.5. Cell Staining and Imaging

Basic light microscopy was performed on HEK293T cells cultured in 6-well TC-treated
plates (Greiner #657160, Kremsmünster, Austria) by capturing images through the 20X
objective of a Zeiss Axiovert 25 (Carl Zeiss Microscopy, White Plains NY, USA) with a
12.2 megapixel camera. For MDA-MB-231 spheroid light microscopy, the same protocol
was used with a 10X objective.
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For all staining assays, HeLa cells were cultured on 96-well CellView TC-treated
microplates (Greiner #655891, Kremsmünster, Austria). Cells were washed with cold PBS
prior to fixation with 4% PFA for 10 min at RT. After fixation, cells were washed twice with
PBS and permeabilized with 0.1% Triton-X for 10 min at RT. Cells were again washed twice
with PBS and blocked with cell staining buffer for 30 min. Antibodies for GM130 (Cell
Signaling #12480, Danvers, MA, USA) were added at 1:1000 in staining buffer for 1 h at
RT. After three washes with PBS, secondary anti-rabbit AlexaFluor-488, or AlexaFluor-647
(ThermoFisher, Waltham, MA, USA) were added along with the indicated fluorescent lectin
conjugates (HPA-647, WGA-488, and PNA-555 from ThermoFisher) at 1:1000 dilution for
1 h RT. Cells were again washed and stained with 1:104 Hoechst 33,342 for 3 min prior to
imaging with an OperaPhenix (PerkinElmer, Waltham, MA, USA). Images were uploaded
to the Columbus Analyzer (version 2.9.1.699) and processed for high-content analysis.

For the live cell lysotracker assay, HeLa cells were cultured as above during treatment
with the specified compounds. Cells were loaded with DMEM media containing 100 nM
Lysotracker Deep Red for 30 min at 37 ◦C. After lysotracker staining, media was exchanged
for Live Cell Imaging Solution (Invitrogen #A14291DJ, Waltham, MA, USA) containing 1:104

Hoechst 33342 for nuclei staining. Images were uploaded to the Columbus Analyzer and
processed for high-content analysis using default settings for spot detection and intensity
calculation.

4.6. Transcriptome Analysis

MDA-MB-231 cells from 10 cm dishes were harvested through scraping (for 2D) or
spheroids collected (for 3D) using a wide-gauge pipette and subjected to RNA extraction
via the RNeasy mini kit using the manufacturer’s instructions. Biological replicates of
N = 3 were used for both sets of analyses, with N = 96 spheroids representing a single
biological replicate for the 3D populations. RNA-sequencing was performed by Genewiz as
paired-end 150 bp reads following poly-A selection to enrich mRNA transcripts. Paired-end
FASTQ files were uploaded to Galaxy using the public server at usegalaxy.org (accessed
on 7 April 2021) and aligned to hg38 using HISAT2. Transcripts were assembled and
counted using htseq-count, and differential gene expression was evaluated with DESeq2
with default settings. Fold changes were assessed against the DMSO vehicle controls.
Transcripts were annotated using the most current GENCODE release. Gene Ontology
analysis was performed using g:Profiler at https://biit.cs.ut.ee/gprofiler/gost (accessed
on 8 April 2021) by inputting the top 200 significant genes for each concentration of ZJ-101
and arranging them by descending order of significance [9]. Heatmaps and PCA plots
were generated using ClustVis v1.0 at https://biit.cs.ut.ee/clustvis/ (accessed on 8 April
2021) [10].

The data discussed in this publication have been deposited in NCBI’s Gene Expression
Omnibus and are accessible through GEO accession number GSE231359 https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE231359 (accessed on 8 April 2021) [31].

4.7. Glycan Analysis
4.7.1. Glycan Incorporation Assay

Briefly, 50 μM azido-modified sugars (Invitrogen) tetraacetylated N-azidoacetylgluc-
osamine (GlcNAz), tetraacetylated N-azidoacetylgalactosamine (GalNAz), tetraacetylated
N-azidoacetyl-D-mannosamine (ManNAz), and 100 μM alkynyl-fucose (Invitrogen) were
added to 96-well plates in combination with the indicated doses of ZJ-101. Cells were
then washed, fixed, and permeabilized prior to the click reaction. Copper-catalyzed click
reactions were performed using the Click-iT Cell Reaction Buffer Kit (Invitrogen C10269)
per the manufacturer’s instructions, containing 5 μM of either Fluor alkyne-647 (Invitrogen
A10278) to label azido-incorporated sugars or Fluor Azide-488 to label incorporated alkynyl-
fucose. Plates were washed five times before Hoechst counterstaining and imaging. Glycan
incorporation was determined by the total intensity of each signal normalized to untreated
control cells.
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4.7.2. Glycome Profiling

Glycomics profiling was performed by Creative Proteomics. N-glycans were prepared
from fresh cell pellets washed with PBS, resuspended in 1 mL of lysis buffer, and sonicated
(5 pulses of 10 s). Samples were then dialyzed in 50 mM ammonium bicarbonate for
24 h at 4 ◦C, with the buffer changed three times. Following dialysis, the samples were
lyophilized. To the lyophilized powder, 1 mL of 2 mg/mL DTT was added, and the solution
was incubated at 50 ◦C for 2 h. Briefly, 1 mL of a 12 mg/mL IAA (iodoacetamide, Sigma,
St. Louis, MO, USA) solution was then added and incubated at RT in the dark for 2 h. The
DTT and IAA-treated proteins were then dialyzed against 50 mM ammonium bicarbonate
(Sigma) for 24 h at 4 ◦C. Samples were next resuspended in 1 mL of 500 μg/mL TPCK-
treated trypsin (Sigma) solution and incubated at 37 ◦C overnight. The trypsin reaction
mixture was purified over C18 Sep-Pak columns (Waters, Milford, MA, USA) by 1-propanol
elution. Fractions containing peptides were pooled and lyophilized. The lyophilized
peptides were resuspended in 200 μL of 50 mM ammonium bicarbonate, to which 3 μL of
PNGaseF (New England Biolabs, Ipswich, MA, USA) was added for a 4 h incubation at
37 ◦C. Following this initial incubation, another 5 μL of PNGaseF was added for overnight
incubation at 37 ◦C. The enzymatic reaction was stopped by the addition of two drops
of 5% acetic acid, and the released N-glycans were purified over C18 Sep-Pak columns.
Flow-through and 5% acetic acid washing fractions containing the released N-glycans were
pooled and lyophilized and were subject to permethylation. For O-glycan analysis, the
PNGaseF-treated glycopeptides were eluted from the C18 column with 1-propanol. The
lyophilized eluted peptides were subjected to O-glycan preparation.

O-glycan-containing powder was solubilized by 400 μL of a sodium borohydride
(Sigma-Aldrich) solution in 0.1 M NaOH (55 mg NaBH4/1 mL 0.1 M NaOH) and incubated
overnight at 45 ◦C. The reaction was stopped by adding drops of pure acetic acid until
the fizzing stopped. The samples were passed through a Dowex 50W X8 resin (Sigma-
Aldrich) column, and the pooled fractions were dried by lyophilization. The lyophilized
samples were next resuspended in 1 mL of an acetic acid:methanol solution (1:9 v/v) and
co-evaporated under nitrogen flow. This step was repeated 3 more times, and the dried
samples were resuspended in 200 μL of 50% methanol prior to being loaded onto the C18
Sep-Pak column. Free O-glycans were collected in the flow-through and 5% acetic acid
wash fractions. These fractions were pooled, lyophilized, and subjected to permethylation.

Permethylation was performed as follows. Seven pellets of NaOH in 3 mL of DMSO
were ground with a mortar and pestle. One milliliter of this slurry solution was added to
the dry sample in a glass tube with a screw cap. Five hundred microliters of iodomethane
was then added to the slurry and shaken at RT for ~30 min. After the reaction reaches
completion, noting the formation of white solids, the cap is released slowly to relieve
the gas pressure that has built up. One milliliter of MilliQ water was added to stop the
reaction, and the sample was vortexed until all solids were dissolved. To the sample,
1 mL of chloroform and an additional 3 mL of MilliQ water were added with continuous
vortexing to mix both phases. The samples were then centrifuged briefly to separate the
chloroform and the water phases (~5000 rpm, <20 s). The aqueous top layer was discarded,
and washing was repeated twice with the addition of 3 mL of MilliQ water. The chloroform
fraction was then dried with a SpeedVac (~20–30 min). A C18 Spe-Pak (200 mg) column
was prepared with methanol, MiliQ water, acetonitrile, and MilliQ water. The dry sample
was resuspended with 200 μL of 50% methanol and loaded onto the column. The column
is then washed with 2 mL of 15% acetonitrile and eluted into a clean glass tube with 3 mL
of 50% acetonitrile. Finally, the eluted fraction was subjected to MS analysis.

MS data were acquired on a Bruker UltraFlex II MALDI-TOF mass spectrometer
instrument (Bruker Scientific LLC, Billerica, MA, USA). Reflective positive mode was used,
and data were usually recorded between 500 m/z and 6000 m/z for N-linked glycans and
between 500 m/z and 4000 m/z for O-glycans. For each MS N- and O-glycan profile, the
aggregation of 20,000 laser shots or more was considered for data extraction. Mass signals
with a signal/noise ratio of at least 2 were considered, and only MS signals matching
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an N- and O-glycan composition were considered for further analysis and annotation.
Subsequent MS post-data acquisition analysis was made using mMass [32].

4.8. Statistical Analysis

Statistical tests were performed on GraphPad Prism version 9.5. The normalized
data from n = 3 independent experiments were analyzed for significance using the Brown–
Forsythe and Welch one-way ANOVA. Statistical significance is set for * p < 0.05, ** p ≤ 0.01,
*** p ≤ 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24119575/s1.
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Abstract: 1,5-Diazacyclooctane was prepared by a simple synthetic sequence and coupled to pen-
tacyclic triterpenoic acids oleanolic acid, ursolic acid, betulinic acid, platanic acid, and asiatic acid;
these amides were activated with oxalyl chloride and reacted with rhodamine B or rhodamine 101
to yield conjugates. The conjugates were screened in SRB assays with various human breast cancer
cell lines (MDA-MB-231, HS578T, MCF-7, and T47D) and found to exert cytotoxic activity even at a
low concentration. Therefore, for an asiatic acid rhodamine 101 conjugate (28), an IC50 = 0.60 nM
was determined and found to induce apoptosis in MDA-MB-231 and HS578T cells. Extra experi-
ments showed the compound to act as a mitocan and to induce inhibition of proliferation or growth
arrest in MDA-MB-231 cells at lower doses followed by an induction of apoptosis at higher doses.
Furthermore, differential responses to proliferation inhibition and apoptosis induction may explain
differential sensitivity of mammary cell lines to compound 28.

Keywords: asiatic acid; breast cancer; mitocans; rhodamine conjugates; triterpenoic acids

1. Introduction

Breast cancer is the most common type of tumor disease and, despite recent advances
in cancer therapy, it remains the leading cause of tumor-related death in women [1–8].
While traditional treatments like surgery, chemotherapy, radiation, and hormone therapy
are effective [9], they often cause severe side effects and may not be suitable for all patients.
Therefore, there is a need to develop new and effective treatment options. One highly
promising approach is the use of natural products derived compounds as anticancer agents,
especially pentacyclic triterpenoids, which have emerged as a class of phytochemicals
with potential anticancer activity. Several studies have demonstrated their ability to cause
apoptosis, reduce clonogenic survival and migration, and enhance the radiosensitivity of
human breast cancer cells [10–13]. These effects have been attributed to their ability to
modulate various signaling pathways involved in cancer progression.

Pentacyclic triterpenoic acids linked with lipophilic cations, such as rhodamines [13–27],
are known to act as mitocans even at low nanomolar concentrations by inhibiting their
synthesis of ATP [21]. In this context, the mitochondrial targeting function of rhodamine
seems particularly worth mentioning [28–30]. Therefore, the use of an amine spacer is
crucial for enhancing their cytotoxicity, whereby secondary amines are favored over pri-
mary amines to prevent lactamization and maintain their cationic structures. Furthermore,
incorporating a homopiperazinyl spacer leads to more cytotoxic compounds than those
analogs with a piperazinyl spacer. Therefore, we have been interested in the use of a
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1,5-diazacyclooctane spacer and its influence on the cytotoxicity of different pentacyclic
triterpenoic acid conjugates of rhodamine B and rhodamine 101.

2. Results

Since the first preparation of octahydro-1,5-diazocine (1, 1,5-diazacyclooctane, a “bis-
homo-piperazine”, Scheme 1) in 1939 by W. L. C. Veer [31] several routes have been
suggested to this compound, among them the ring cleavage reaction of 1,5-diaminobicyclo
[3.3.0]octane, the condensation of propane-1,3-diamine with 1,3-dibromopropane, and the
silica-supported intramolecular cyclization of propane-1,3-diamine at 350 ◦C [32–43].

 

Scheme 1. Synthesis of octahydro-1,5-diazocine (1) and its dihydrobromide (8): Reactions and
conditions: a: NH2-NH2, EtOH, reflux, 4 h; then HBr, benzaldehyde, 7.5%; b: TosCl, no solvent, 80 ◦C,
30 min, 83%; c: TosCl, pyridine, 0 ◦C, 30 min, 87%; d: NaOMe, MeOH, DMF, 80 ◦C, 12 h, 84%; then
HBr (33% glacial AcOH), 80 ◦C, 3 h, 92%.

As an alternative, one could also imagine the reduction of the bis-lactam 1,5-diazocane-
2,6-dione; the latter compound is accessible either via Staudinger ring closure reactions and
Beckmann and Schmidt rearrangements, however, usually under very drastic conditions
(e.g., fuming sulfuric acid) [44–48]. All these routes are not very suitable, since their
mostly drastic conditions make the preparation of larger amounts on a laboratory scale
quite difficult.

Special attention, therefore, is deserved for the only recently proposed [49] route
starting from propane-1,3-diamine and propane-1,3-diol, two starting materials that are
available in larger quantities and commercially cheap. In this process, both starting ma-
terials are first tosylated and then condensed by a double nucleophilic substitution. An
alternative is the reaction of 1,3-dibromopropane (2) with hydrazine. This route would
have the advantage of yielding the desired product in a one-pot procedure. However, it
very quickly became apparent that many byproducts were formed in this reaction so that
the maximum yield of pure 1 was 7.5% only. Working with larger quantities of hydrazine
poses an additional risk.

However, the published synthesis using propane-1,3-diamine (3) and propane-1,3-diol
(4) could not be reproduced in terms of the yields obtained either, so we decided to optimize
this synthetic route on our own.

Thus, propane-1,3-diamine (3) was tosylated (Scheme 1) to yield 5 in an 83% yield,
while the tosylation of propane-1,3-diol (3) gave 87% of the di-tosylate 6. These two
compounds were condensed in the presence of sodium methoxide (which proved to
result in higher yields than using sodium ethoxide) to afford 84% of 7. De-tosylation
was performed with hydrobromic acid in the presence of thioanisole and the desired
octahydro-1,5-diazocine was obtained as di-hydrobromide (8) in a 92% isolated yield.

The starting materials for the preparation of the spacered rhodamine conjugates
were the triterpene carboxylic acids oleanolic acid (OA, Figure 1), ursolic acid (UA), and
the lupanes betulinic acid (BA) and platanic acid (PA); in previous works, asiatic acid
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(AA) had been shown to be particularly suitable with respect to cytotoxic activity and
was, therefore, included in this study as a model featuring a tri-hydroxylated triterpene
carboxylic acid [21].

 

Figure 1. Structure of triterpenoic acid oleanolic acid (OA), ursolic acid (UA), betulinic acid (BA),
platanic acid (PA), and asiatic acid (AA); for the latter, a numbering scheme is depicted.

The triterpenoic acids were acetylated to yield the acetates 9–13 (Scheme 2). Rho-
damine B and rhodamine 101 were chosen as representative examples of rhodamines.
The former compound has been shown in previous studies to be an essential compo-
nent of mitocan-acting triterpene carboxylic acid amide conjugates; the latter differs from
the former in having a somewhat higher lipophilicity (consensus log Po/w 2.21 and 3.96,
respectively; from www.swiss.adme.ch, accessed on 2 May 2023), which we consider ad-
vantageous for possible interactions with biological membranes. Thus, the reaction of
acetates 9–13 with oxalyl chloride followed by the addition of 8 furnished amides 14–18.
Rhodamine B and rhodamine 101 were transformed with oxalyl chloride in situ into their
corresponding acid chlorides that were reacted with amides 14–18 to yield rhodamine
B-derived conjugates 19–23 and rhodamine 101-derived hybrids 24–28.

Compounds 14–28 were screened in sulforhodamine B assays employing the breast
cancer cell lines MDA-MB-231, HS578T, MCF-7, and T47D (Table 1). Breast cancer could
be distinguished into different molecular subtypes: luminal-like (luminal A or B), HER2-
enriched, and basal-like, which differ in biology, treatment response, patients’ survival, and
clinical outcome. These subtypes are also found in cell lines and our investigated breast
cancer cell lines have been characterized before. Breast cancer cell lines MDA-MB-231 and
HS578T are basal and so-called triple negative, which means neither estrogen receptor (ER)
and progesterone receptor (PR) nor human epidermal growth factor receptor 2 (HER2) are
expressed. Basal breast cancers are mostly high-grade tumors and no therapeutic targeted
therapy can be applied, thus resulting in a poor prognosis for patients although they are
relatively sensitive for chemotherapy. MCF-7 and T47D breast cancer cells are luminal A
and positive for ER and PR. Breast cancers of this type are often low-grade tumors, which
are characterized by chemotherapy resistance, but hold good responses to hormone therapy,
resulting in better clinical outcomes compared to basal breast cancers.

As a result, amides of triterpenoic acids 14–18 (Table 1) show cytotoxicity at a low mi-
cromolar range for all investigated breast cancer cell lines. IC50 values of about
0.5–50 μM were determined. As expected, conjugation of rhodamine B (compounds 19–23)
or rhodamine 101 (compounds 24–28) led to increased cytotoxicity (in the nanomolar range)
in all breast cancer cell lines (Table 1). In the investigated breast cancer cell lines, the IC50
values of all homopiperazinyl-spacered rhodamine B derivatives are in a low nano-molar
range with rhodamine 101 conjugates being even more cytotoxic. An asiatic acid deriva-
tized rhodamine 101 amide (compound 28) is the most cytotoxic conjugate in all screened
breast cancer cells. The IC50 values are in a low nanomolar range (0.6–126 nM). Comparing
breast cancer cell lines, the HS578T cell line is the most resistant cell line for rhodamine B
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or rhodamine 101 conjugates (IC50 between 216 nM and 356 nM and between 126 nM and
1.3 μM). Our previous work showed that compounds of this class are also highly able to
discriminate between malignant and nonmalignant cells [13,23] and affect mitochondrial
ATP synthesis [23]. Future studies will also investigate whether changes in the expression
of programmed death ligand-1 (PD-L1) can be observed [50].

 

Scheme 2. Synthesis of the rhodamine B and rhodamine 101 conjugates; reactions and conditions: a:
Ac2O, DCM, NEt3, DMAP (cat.), 21 ◦C, 24 h; b: (COCl)2, DCM, DMF (cat.), in situ; c: DCM, 8, NEt3,
DMAP (cat.), 20 ◦C, 1 h; d: (COCl)2, DCM, DMF (cat.), then rhodamine B or rhodamine 101, 20 ◦C,
1 h.

In addition to studying the cytotoxicity of 28 in the above-mentioned cell lines, we
investigated its ability to overcome resistance. While the IC50 of 28 in A2780 cells was
0.72 nM, the resistant A2780cis cells exhibited an IC50 of 1.82 nM. Although complete
resistance reversal was not achieved, the results highlight the promising potential to
partially overcome resistance. We also assessed its selectivity by comparing the cytotoxicity
in nonmalignant fibroblasts CCD18Co. The IC50 value of 28 in CCD18Co cells was 503.2 nM,
which was approximately 800-fold higher than the IC50 value observed in the MDA-MB-
231 cells.
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Table 1. Cytotoxicity of compounds 14–28 determined by SRB assay in four different breast cancer
cell lines (MDA-MB-231, HS578T, MCF-7, and T47D). IC50 values were calculated after 96 h treatment.
The data represent values of at least three independent experiments, which were done each in
triplicate.

Compound MDA-MB-231 HS578T MCF-7 T47D

14 (μM) 2.88 ± 0.11 3.39 ± 0.92 3.03 ± 0.22 3.86 ± 0.93
15 (μM) 38.91 ± 14.08 15.18 ± 7.18 26.09 ± 10.76 49.67 ± 13.92
16 (μM) 3.36 ± 0.22 4.14 ± 0.13 3.59 ± 0.21 4.39 ± 0.88
17 (μM) 2.58 ± 0.37 2.77 ± 0.41 2.82 ± 0.57 3.78 ± 0.74
18 (μM) 0.46 ± 0.21 2.80 ± 0.16 1.53 ± 0.23 1.97 ± 0.29

19 (nM) 35.87 ± 19.42 280.06 ± 31.25 147.26 ± 68.02 190.96 ± 113.70
20 (nM) 71.76 ± 46.35 215.54 ± 96.53 155.25 ± 64.67 269.61 ± 76.07
21 (nM) 126.46 ± 40.55 351.94 ± 127.31 221.96 ± 90.61 261.83 ± 49.91
22 (nM) 134.05 ± 76.38 356.46 ± 92.90 120.63 ± 43.11 187.07 ± 60.55
23 (nM) 55.99 ± 19.44 275.88 ± 64.62 25.97 ± 21.28 32.71 ± 24.35

24 (nM) 1140.71 ± 255.22 1341.56 ± 74.91 1189.47 ± 325.25 1316.63 ± 713.38
25 (nM) 69.68 ± 8.43 341.79 ± 36.15 138.65 ± 111.56 232.17 ± 65.43
26 (nM) 135.93 ± 71.83 538.92 ± 27.80 239.90 ± 3.63 251.17 ± 56.18
27 (nM) 62.91 ± 22.03 440.34 ± 206.56 103.85 ± 19.75 129.25 ± 38.29
28 (nM) 0.60 ± 0.11 125.79 ± 7.61 3.96 ± 1.95 8.18 ± 6.51

The most cytotoxic compound, 28, was used for further investigations of proliferation
and cell death in sensitive MDA-MB-231 and resistant HS578T breast cancer cells. In
MDA-MB-231 cells, compound 28 caused a strong inhibition of proliferation (under 20%
compared to the control cells) after treatment with at least 250 nM (Figure 2). However,
in HS578T cells, treatment with 250 nM of compound 28 resulted in a less decrease of
proliferation by about 50%, but with 500 nM, compound 28 cell number was reduced by up
to 20% compared to control cells (Figure 2).

 

Figure 2. Relative cell number of MDA-MB-231 and HS578T breast cancer cells. Cells were seeded in
6-well plates and treated with different concentrations of compound 28. After 72 h the number of
viable cells was counted. Data represent mean values (±SD) of at least three independent experiments.
All data were referred to DMSO-treated cells (=100%). Significant p values are highlighted with
asterisks (** p ≤ 0.01).

Cell death analyses were done by use of FITC annexin V-Sytox Deep Red staining
in MDA-MB-231 (IC50 = 0.6 nM) and HS578T (IC50 = 126 nM) breast cancer cell lines to
discriminate apoptotic and necrotic cells. An example of the evaluation of cell death via
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annexin V-Sytox Deep Red staining in the sensitive breast cancer cell line MDA-MB-231 and
the resistant breast cancer cell line HS578T is shown in Figure 3A. Cells stained negative for
both annexin V and Sytox Deep Red were viable (Q3). Early apoptotic cells stained positive
for annexin V but negative for Sytox Deep Red (Q4), whereas late apoptotic or dead cells
stained positive for both annexin V and Sytox Deep Red (Q2). Necrotic cells are indicated
as negative for annexin V but positive for Sytox Deep Red (Q1).

 

Figure 3. FITC Annexin V (Alexa 488)-Sytox Deep Red (Alexa 700) staining of MDA-MB-231 and
HS578T cells. (A) Dot Plots of MDA-MB-231 and HS578T cell line after treatment with 250 nM
compound 28 (B–E). Quantitative analysis of cell death of MDA-MB-231 (B,C) and HS578T cells (D,E)
after treatment with different concentrations of compound 28 for 48 h (B,D) and 72 h (C,E). Data
represent mean values (±SD) of at least three independent experiments. Significant p values are
highlighted with asterisks (* p ≤ 0.05; ** p ≤ 0.01).

Analysis of subcellular localization of compound 28 (Figure 4A) compared to the
mitochondrial targeting compound BioTracker™ 488 Green Mitochondria Dye (Figure 4B)
in MDA-MB-231 cells shows an identical pattern of accumulation, indicating the mitochon-
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drial targeting of 28. Using a quantitative analysis of the respective integrated fluorescence
intensity, a mitochondrial uptake of about 56% could be determined.

 

Figure 4. (A) Analysis of subcellular localization of compound 28 (A) was performed in MDA-MB-231
cells using BioTracker™ 488 Green Mitochondria Dye; (B) Cells treated with 100 nM 28 for 6 h or
100 nM BioTracker488 for 30 min, observed: BioTracker (475 nm/514 nm), AS101 (555 nm/592 nm).
Scale bar: 50 μm.

In summary, the determination of proliferation and cell death indicates that compound
28 induces inhibition of proliferation or growth arrest at a lower dose, and with increas-
ing dose treatment with compound 28 causes an induction of apoptosis. Furthermore,
differential responses to proliferation inhibition and apoptosis induction may explain the
differential sensitivity of mammary cell lines to compound 28.

3. Discussion

1,5-Diazacyclooctane was synthesized through a straightforward synthetic pathway
and subsequently linked with pentacyclic triterpenoic acids, namely oleanolic acid, ur-
solic acid, betulinic acid, platanic acid, and asiatic acid. These resulting amides were
activated with oxalyl chloride and reacted with either rhodamine B or rhodamine 101 to
form conjugates. These conjugates were then subjected to screening using SRB assays on
various breast cancer cell lines, namely MDA-MB-231, HS578T, MCF-7, and T47D. The
findings revealed that the conjugates exhibited cytotoxic activity even at low concentrations.
Notably, the asiatic acid rhodamine 101 conjugate 28 displayed an IC50 = 0.60 nM and
demonstrated the ability to induce apoptosis in MDA-MB-231 and HS578T cells. Further
investigations demonstrated that the compound acted as a mitocan, resulting in the inhi-
bition of proliferation or growth arrest in MDA-MB-231 cells at lower doses, followed by
the induction of apoptosis at higher doses. Moreover, the differential responses observed
in terms of proliferation inhibition and apoptosis induction could potentially explain the
varying sensitivity of mammary cell lines to compound 28.

4. Materials and Methods

4.1. General

NMR spectra were recorded using the Varian spectrometers (Darmstadt, Germany)
DD2 and VNMRS (400 and 500 MHz, respectively). MS spectra were taken on an Advion
expressionL CMS mass spectrometer (Ithaca, NY, USA; positive ion polarity mode, solvent:
methanol, solvent flow: 0.2 mL/min, spray voltage: 5.17 kV, source voltage: 77 V, APCI
corona discharge: 4.2 μA, capillary temperature: 250 ◦C, capillary voltage: 180 V, sheath gas:
N2). Thin-layer chromatography was performed on precoated silica gel plates supplied
by Macherey-Nagel (Düren, Germany). IR spectra were recorded on a Spectrum 1000
FT-IR-spectrometer from Perkin Elmer (Rodgau, Germany). The UV/Vis-spectra were
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recorded on a Lambda 14 spectrometer from Perkin Elmer (Rodgau, Germany); optical
rotations were measured at 20 ◦C using a JASCO-P2000 instrument (JASCO Germany
GmbH, Pfungstadt, Germany). The melting points (m.p.) were determined using the Leica
hot-stage microscope Galen III (Leica Biosystems, Nussloch, Germany) and are uncorrected.
The solvents were dried according to the usual procedures. Microanalyses were performed
with an Elementar Vario EL (CHNS) instrument (Elementar Analysensysteme GmbH,
Elementar-Straße 1, D-63505, Langenselbold, Germany).

All dry solvents were distilled over respective drying agents except for DMF which
was distilled and stored under argon and a molecular sieve. Reactions using air- or
moisture-sensitive reagents were carried out under an argon atmosphere in dried glassware.
Triethylamine was stored over potassium hydroxide. Biological assays were performed as
previously reported. The parent triterpenoic acids were obtained from local vendors.

4.2. General Procedure for Acetylation (GP 1)

To a solution of the parent triterpenoic acid (1 equiv.) in dry DCM, acetic anhydride
(3 equiv.), dry triethylamine (3 equiv.), and DMAP (catal. amounts) were added, and
the mixture was stirred at 20 ◦C for one day. The usual aqueous work-up followed by
re-crystallization from ethanol furnished the corresponding acetates 9–13. Their respective
m.p., [α]20

D values, 1H, and 13C NMR spectra, as well as ESI MS data, correspond to the
literature values.

4.3. General Procedure for the Synthesis of Amides 14–18 (GP 2)

To a solution of acetates 9–13 (1 equiv.) in dry DCM (100 mL), oxalyl chloride (5 equiv.)
and DMF (2 drops) were added and the mixture was stirred at 20 ◦C for 2 h. The volatiles
were removed under diminished pressure and the residue was dissolved in dry DCM
(100 mL). This solution was slowly added to a solution of the corresponding amine (3 equiv.)
in dry acetonitrile (100 mL) in the presence of DMAP (catal. amounts). The mixture was
stirred at 20 ◦C for 1 day, the volatiles were removed under diminished pressure, and the
residue was subjected to column chromatography (silica gel) to afford products 14–18.

4.4. General Procedure for the Synthesis of the Rhodamine Conjugates 19–28 (GP 3)

To a solution of the rhodamine (rhodamine B or rhodamine 101, 1 equiv.) in dry DCM
(100 mL), oxalyl chloride (7 equiv.) and dry DMF (2 drops) were added, and the mixture
was stirred at 20 ◦C for 1 h. The volatiles were removed under diminished pressure and
the residue was dissolved in dry DCM (100 mL). A solution of the corresponding amine
(1 equiv.) in dry DCM (100 mL) was added, followed by the addition of catal. amounts of
triethylamine and DMAP. The mixture was stirred at 20 ◦C for 1 h (TLC showed completion
of the reaction), the solvents were removed in vacuo, and the residue was subjected to
column chromatography (silica gel, CHCl3/MeOH) to afford products 19–28.

4.5. N,N’-Ditosyl-1,3-propanediamine (5)

Tosyl chloride (40.0 g, 210 mmol) was molten in a beaker at 80 ◦C and 1,3-propanediamine
(3, 8.9 mL, 106 mmol) was added dropwise; to complete the reaction, the mixture was
stirred for an additional 30 min at 80 ◦C. After cooling to 20 ◦C, aq. HCl (2 M) was added,
and the precipitate was washed with water followed by a recrystallization from ethanol to
furnish 5 (33.7 g, 83%) as a colorless solid; m.p. 138 ◦C (lit: [49] 137–140 ◦C); Rf = 0.75 (silica
gel, hexanes/ethyl acetate, 4:6); UV-Vis (CHCl3): λmax (log ε) = 228 nm (4.16); IR (ATR):
ν = 3271w, 1595w, 1431w, 1305s, 1214w, 1154s, 1088m, 1024w, 980m, 858m, 815s, 698s, 550s,
568s, 489m cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.73 (m, 4H, 4-H, 8-H), 7.32–7.25 (m, 4H,
5-H, 7-H), 3.02 (t, J = 5.8 Hz, 4H, 2-H), 2.42 (s, 6H, 9-H), 1.67 (p, J = 6.2 Hz, 2H, 1-H) ppm;
13C NMR (101 MHz, CDCl3): δ = 143.6 (C-6), 136.8 (C-3), 129.8 (C-5, C-7), 127.0 (C-4, C-8),
39.8 (C-2), 29.9 (C-1), 21.5 (C-9) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 405.0 (100%,
[M+Na]+).
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4.6. 1,3-Propanediol Ditosylate (6)

A mixture of 1,3-propanediol (4, 16.0 g, 210 mmol) and tosyl chloride (88.0 g, 461 mmol)
in dry pyridine (70 mL) was stirred at 0 ◦C for 1 h. The product was precipitated by adding
aq. HCl (2 M), filtered off and dried. Compound 6 (69.9 g, 87%) was obtained as a colorless
solid; m.p. 92 ◦C (lit.: [51] 92–93 ◦C); Rf = 0.49 (hexanes/ethyl acetate, 6:4); UV-Vis (CHCl3):
λmax (log ε) = 225 nm (4.11); IR (ATR): ν = 2978w, 1599m, 1496w, 1470w, 1421w, 1352s, 1293m,
1254w, 1190m, 1172s, 1095m, 1029m, 1021m, 941s, 892w, 852s, 810s, 739s, 660s, 580s, 568s,
549s, 488m cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.75–7.23 (m, 8H, 4-H, 5-H, 7-H, 8-H),
4.06 (t, J = 6.0 Hz, 4H, 2-H), 2.46 (s, 6H, 9-H), 1.99 (p, J = 6.0 Hz, 2H, 1-H) ppm; 13C NMR
(101 MHz, CDCl3): δ = 145.1 (C-6), 132.6 (C-3), 130.0 (C-5, C-7), 127.9 (C-4, C-8), 65.9 (C-2),
28.7 (C-1), 21.6 (C-9) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 407.3 (100%, [M+Na]+).

4.7. 1,5-Bis (p-Toluenesulfonyl)-1,5-diazacyclooctane (7)

To a solution of sodium methanolate (8.0 g, 148 mmol) in dry MeOH (100 mL) 5

(5.0 g, 13 mmol) was added, and the mixture was heated under reflux for 4 h. The solvent
was removed, the residue was dissolved in dry DMF (100 mL) and 6 (5.0 g, 13 mmol)
was added. The mixture was stirred at 80 ◦C for 12 h. The product was precipitated by
adding aq. HCl (2 M), filtered off, and 7 (4.7 g, 84%) was obtained as a colorless solid; m.p.
214–216 ◦C (lit. [33]: 214–215 ◦C); Rf = 0.33 (hexane/ethyl acetate, 7:3); UV-Vis (CHCl3): λmax
(log ε) = 232 nm (4.32); IR (ATR): ν = 2953w, 1597w, 1456m, 1378m, 1321s, 1182m, 1150s,
1088s, 1017m, 1059s, 987s, 927m, 837m, 812s, 723s, 644s, 627m, 543s, 487m, 462m, 408m cm−1;
1H NMR (400 MHz, CDCl3): δ = 7.68 (d, J = 8.3 Hz, 4H, 5-H, 9-H), 7.33–7.30 (m, 4H, 6-H,
8-H), 3.31–3.24 (m, 8H, 1-H, 3-H), 2.43 (s, 6H, 10-H), 2.04 (p, J = 5.9 Hz, 4H, 2-H) ppm; 13C
NMR (101 MHz, CDCl3): δ = 143.4 (C-7), 135.6 (C-4), 129.8 (C-6, C-8), 127.1 (C-5, C-9), 47.0
(C-1, C-3), 30.2 (C-2), 21.5 (C-10) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 445.2 (100%,
[M+Na]+).

4.8. 1,5-Diazacyclooctane Dihydrobromide (8)
4.8.1. Procedure A

A solution of 7 (2.5 g, 6 mmol) and thioanisole (2.4 mL, 18 mmol) in HBr (33% in
glacial acetic acid, 150 mL) was stirred at 80 ◦C for 3 h. The volatiles were removed under
diminished pressure, DCM (30 mL) was added, and the solution was washed with water
(3 × 100 mL), followed by decolorization (activated charcoal). The solution was filtered,
the solvent removed, and 8 (1.5 g, 5.5 mmol, 92%) was obtained as a colorless solid.

4.8.2. Procedure B

A solution of hydrazine (75 mL, 1.5 mol) in EtOH (200 mL) was heated under reflux,
and 1,3-dibromopropane (75 mL, 0.75 mol) was added slowly within 4 h. Stirring was
continued for another hour, the solids were filtered off, washed with ethanol (3 × 50 mL),
and discarded. The pH of the filtrate [combined with the EtOH washings and additional
water (150 mL)] was adjusted to pH =3 by adding aqu. HBr (48% in water). Benzaldehyde
(60 mL, 0.6 mol) was added, and the precipitate formed upon addition was filtered off,
washed with water (3 × 50 mL), and discarded. The combined filtrates were extracted
with ether (1000 mL), and the aq. The layer was concentrated under diminished pressure
resulting in the formation of a red solid. Ethanol (250 mL) was added, and shaking of
this suspension was continued for another 5 min. The yellowish solid was filtered off,
washed with ethanol (250 mL) and ether (5 × 100 mL), and 8 (15.6 g, 7.5%) was obtained as
a colorless solid; m.p. = 220–225 ◦C (lit.: [51,52] >250 ◦C); Rf = 0.8 (CHCl3:MeOH, 95:5); IR
(ATR): ν = 2971s, 2728s, 2418m, 1577s, 1461s, 1331m, 1095s, 1027m, 890m, 696m, 547m, 491m,
cm−1; 1H NMR (400 MHz, D2O): δ = 3.36–3.31 (m, 8H, 1-H, 3-H, 4-H, 6-H), 2.22–2.16 (m,
4H, 2-H, 5-H) ppm; 13C NMR (101 MHz, D2O): δ = 43.8 (C-1, C-3, C-4, C-6), 20.8 (C-2, C-5)
ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 115.0 (100%, [M+H-2 HBr]+).
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4.9. (3ß)28-(1,5-Diazocan-1-yl)-28-oxoolean-12-en-3-yl Acetate (14)

Following GP 2 from 3-O-acetyl-oleanolic acid (9, 500 mg, 1.0 mmol), followed by
chromatography (silica gel, CHCl3/MeOH (2% → 10%), compound 14 (425 mg, 71%) was
obtained as a colorless solid; m.p. = 207–210 ◦C (decomp.); Rf = 0.52 (CHCl3/MeOH, 95:5);
[α]20

D = + 3.8◦ (c 0.088, CHCl3); IR (ATR): ν = 2954m, 1732s, 1626m, 1464m, 1368s, 1245s, 1026s,
750s, 662w cm−1; 1H NMR (400 MHz, CDCl3): δ = 5.25 (m, 1H, 12-H), 4.50 (m, 1H, 3-H),
3.67–3.11 (m, 8H, 33-H, 35-H, 36-H, 38-H), 3.03 (d, J = 13.8 Hz 1H, 18-H), 2.16–2.12 (m, 1H,
16-H), 2.04 (s, 3H, 32-H), 1.87–1.17 (m, 23H, 11-H, 34-H, 37-H, 19-Ha, 2-H, 1-Ha, 9-H, 6-Ha,
15-H, 7-H, 21-H, 6 Hb, 22-H, 19-Hb), 1.13 (s, 3H, 27-H), 1.01–0.98 (m, 1H, 1-Hb), 0.97-0.93
(s, 3H, 25-H), 0.92 (s, 3H, 30-H), 0.89 (s, 3H, 29-H), 0.85 (s, 3H, 23-H), 0.84 (s, 3H, 24-H),
0.82-0.81 (m, 1H, 5-H), 0.72 (s, 3H, 26-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 177.0 (C-28),
171.2 (C-31), 144.7 (C-13), 121.7 (C-12), 81.1 (C-3), 55.5 (C-5), 47.9 (C-33, C-35, C-36, C-38),
47.8 (C-9),47.4 (C-17), 46.6 (C-19), 43.9 (C-18), 42.6 (C-14), 39.2 (C-8), 38.2 (C-1), 37.8 (C-4),
37.1 (C-10), 34.2 (C-21), 33.1 (C-7), 33.0 (C-29), 30.5 (C-34, C-37), 30.4 (C-20),29.8 (C-22),
28.2 (C-23), 27.6 (C-15), 26.0 (C-27), 24.1 (C-30), 23.7 (C-2), 23.5 (C-11), 22.8 (C-16), 21.4
(C-32), 18.3 (C-6), 17.3 (C-26), 16.8 (C-24), 15.6 (C-25) ppm; MS (ESI, MeOH/CHCl3, 4:1):
m/z = 596.3 (100%, [M+H]+); analysis calcd. for C38H62N2O3 (594.93): C 76.72, H 10.50, N
4.71; found: C 76.47, H 10.74, N 4.50.

4.10. (3ß) 28-(1,5-Diazocan-1-yl)-28-oxours-12-en-3-yl Acetate (15)

Following GP 2 from 3-O-acetyl-ursolic acid (10, 500 mg, 1.0 mmol), followed by
chromatography (silica gel, CHCl3/MeOH (2% → 10%), compound 15 (413 mg, 69%) was
obtained as an off-white solid; m.p. = 232–235 ◦C (decomp.); Rf = 0.37 (CHCl3/MeOH,
95:5); [α]20

D = + 0.45◦ (c 0.088, CHCl3); IR (ATR): ν = 2942m, 1731m, 1627m, 1456m, 1370s,
1245s, 1026s, 750s, 662m cm−1; 1H NMR (400 MHz, CDCl3): δ = 5.18–5.13 (m, 1H, 12-H),
4.46–4.39 (m, 1H, 3-H), 3.74–3.01 (m, 8H, 33-H, 35-H, 36-H, 38-H), 2.39 (d, J = 11.3 Hz, 1H,
18-H), 1.99 (s, 3H, 32-H), 1.88–1.82 (m, 2H, 11-H), 1.74–1.67 (m, 1H, 20-H), 1.73–1.05 (m,
23H, 2-H, 6-H, 15-H, 16-H, 21-H, 7-H, 9-H, 22-H, 1Ha, 19-H, 34-H, 37-H), 1.02 (s, 3H, 27-H),
0.99–0.95 (m, 1H, 1Hb), 0.92 (s, 3H, 23-H), 0.88 (s, 3H, 30-H), 0.86 (s, 3H, 25-H), 0.81 (s, 3H,
29-H), 0.80 (s, 3H, 24-H), 0.77-0.74 (m, 1H, 5-H), 0.72 (s, 3H, 26-H) ppm; 13C NMR (101
MHz, CDCl3): δ = 174.9 (C-28), 171.0 (C-31), 125.3 (C-12), 80.9 (C-3), 55.2 (C-5), 55.0 (C-18),
48.7 (C-33, C-35, C-36, C-38), 48. 6 (C-17), 47.7 (C-9), 43.4 (C- 8), 43.5 (C-14), 39.4 (C-19),
38.7 (C-20), 38.6 (C-1), 37.6 (C-4), 37.0 (C-10), 33.9 (C-22), 32.9 (C-7), 30.6 (C-21), 28.1 (C-23),
27.3 (C-34, C-37), 27.0 (C-15), 26.4 (C-16), 23,4 (C-27), 23.5 (C-2), 23.3 (C-11), 21.2 (C-32),
21.0 (C-30), 18.3 (C-6), 16.7 (C-29), 16.39 (C-26), 15.62 (C-24), 15.40 (C-25) ppm; MS (ESI,
MeOH/CHCl3, 4:1): m/z = 596.2 (100%, [M+H]+); analysis calcd. for C38H62N2O3 (594.93):
C 76.72, H 10.50, N 4.71; found: C 76.58, H 10.76, N 4.49.

4.11. (3ß) 28-(1,5-Diazocan-1-yl)-28-oxolup-20(29)-en-3-yl Acetate (16)

Following GP 2 from 3-O-acetyl-betulinic acid (11, 500 mg, 1.0 mmol), followed by
chromatography (silica gel, ethyl acetate/MeOH (10% → 50%), compound 16 (430 mg, 72%)
was obtained as a colorless solid; m.p. 223–234 ◦C (decomp.); Rf = 0.43 (CHCl3/MeOH,
9:1); [α]20

D = −8.0◦ (c 0.064, CHCl3); IR (ATR): ν = 3408w, 2942m, 1731m, 1632s, 1455m,
1373s, 1246s, 1195m, 1026m, 979m, 882m, 730s cm−1; 1H NMR (400 MHz, CDCl3): δ = 4.68
(m, 1H, 29-Ha), 4.56–4.53 (m, 1H, 29-Hb), 4.42 (dd, J = 10.1, 6.2 Hz, 1H, 3-H), 4.02–3.19 (m,
8H, 33-H, 35-H, 36-H, 38-H), 2.85 (m, 2H, 13-H, 19-H), 2.13–2.08 (m, 1H, 16-Ha), 2.00 (s,
3H, 32-H), 1.96–1.93 (m, 1H, 22-Ha), 1.78–1.74 (m, 1H, 21-Ha1.65–1.63 (m, 5H, 1-Ha, 12-Ha,
30-H), 1.60–1.05 (m, 2-H, 16-Hb, 18-H, 6-Ha, 7-H, 21-H, 11-H, 22-Hb,34-H, 37-H, 9-H, 15-H),
0.96–0.94 (m, 1H, 1-Hb), 0.92 (s, 3H, 27-H), 0.90–0.89 (m, 1H, 12-Hb), 0.87 (s, 3H, 25-H),
0.80 (s, 3H,m 24-H), 0.79 (s, 3H, 23-H), 0.76–0.74 (m, 1H, 5-H), 0.72 (s, 3H, 26-H) ppm; 13C
NMR (101 MHz, CDCl3): δ = 175.4 (C-28), 171.0 (C-31), 150.8 (C-20), 109.4 (C-29), 80.9
(C-3), 55.5 (C-5), 55.2 (C-33, C-35, C-36, C-38), 55.0 (C-17), 52.9 (C-18), 50.7 (C-9), 45.6 (C-19),
42.0 (C-14), 40.7 (C-8), 38.8 (C-4), 38.4 (C-1), 37.8 (C-10), 37.1 (C-7), 36.9 (C-13), 36.1 (C-22),
34.3 (C-34, C-37), 32.3 (C-16), 31.4 (C-21), 30.1 (C-15), 25.5 (C-23), 23.7 (C-12), 23.7 (C-2),
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21.3 (C-32), 21.1 (C-11), 19.7 (C-30), 18.1 (C-6), 16.4 (C-24), 16.2 (C-25), 16.0 (C-26), 14.6
(C-27) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 596.1 (100%, [M+H]+); analysis calcd. for
C38H62N2O3 (594.93): C 76.72, H 10.50, N 4.71; found: C 76.46, H 10.77, N 4.53.

4.12. (3ß)28-(1,5-Diazocan-1-yl)-30-nor-20,28-dioxolup-3-yl-acetate (17)

Following GP 2 from 3-O-acetyl-platanic acid (12, 500 mg, 1.0 mmol), followed by
chromatography (silica gel, ethyl acetate/MeOH (10% → 50%), compound 17 (425 mg, 70%)
was obtained as a colorless solid; m.p. = 210–214 ◦C (decomp.); Rf = 0.44 (CHCl3/MeOH,
9:1); [α]20

D = −26.6◦ (c 0.028, CHCl3); IR (ATR): ν = 3396w, 2942m, 2866m, 1731m, 1626s,
1466m, 1411m, 1369m, 1197s, 1245m, 1120m, 1025m, 978m cm−1; 1H NMR (400 MHz, CDCl3):
δ = 4.39 (dd, J = 10.6, 5.5 Hz, 1H, 3-H), 3.78–3.06 (m, 9H, 19-H, 32-H, 34-H, 35-H, 37-H),
2.66–2.56 (m, 1H, 13-H), 2.10 (s, 3H, 29-H), 2.08–1.98 (m, 2H, 16-Ha, 18-H), 1.97 (s, 3H, 31-H),
1.94–1.90 (m, 1H, 22-Ha), 1.82–1.76 (m, 1H, 21-Ha), 1.70–1.05 (m, 19H, 1-Ha, 16-Hb, 2-H,
22-Hb, 21-Hb, 6-Ha, 11-Ha, 7-H, 6Hb, 9-H, 15-H, 11-Hb, 33-H, 36-H), 0.98–0.95 (m, 2H, 12-H),
0.92 (s, 3H, 27-H), 0.91–0.85 (m, 1H, 1-Hb), 0.83 (s, 3H, 24-H), 0.79–0.77 (m, 6H, 23-H, 25-H),
0.76 (s, 3H, 26-H), 0.72–0.71 (m, 1H, 5-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 212.5
(C-20), 175.3 (C-28), 170.9 (C-30), 80.8 (C-3), 55.4 (C-5), 55.1 (C-32, C-34, C-35, C-37), 52.7
(C-18), 50.6 (C-9), 49.9 (C-19), 46.1 (C-17), 41.8 (C-8), 40.6 (C-14), 38.3 (C-1), 37.7 (C-4), 37.1
(C-10), 35.9 (C-13), 35.8 (C-22), 34.1 (C-7), 31.8 (C-16), 30.3 (C-29), 30.0 (C-15), 28.8 (C-21),
27.9 (C-23), 27.3 (C-12), 23.6 (C-2), 21.3 (C-31), 21.1 (C-11), 18.1 (C-6), 16.4 (C-26), 16.2 (C-25),
15.9 (C-24), 14.6 (C-27) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 597.3 (100%, [M+H+);
analysis calcd. for C37H60N2O4 (596.90): C 74.45, H 10.13, N 4.69; found: C 74.21, H 10.32,
N 4.43.

4.13. (2α,3ß,4α)28-(1,5-Diazocan-1-yl)-28-oxours-12-ene-2,3,23-triyl Triacetate (18)

Following GP 2 from 2,3,24-tri-O-acetyl-asiatic acid (13, 400 mg, 0.8 mmol), followed
by chromatography [silica gel, CHCl3/MeOH (2% → 50%)], compound 18 (425 mg, 74%)
was obtained as colorless solid; m.p. = 187–190 ◦C (decomp.); Rf = 0.38 (CHCl3/MeOH,
9:1); [α]20

D = −30.2◦ (c 0.015, CHCl3); IR (ATR): ν = 2925w, 1741s, 1623w, 1368m, 1231s, 1042m,
748w cm−1; 1H NMR (400 MHz, CDCl3): δ = 5.22–5.17 (m, 1H, 12-H), 5.14–5.08 (m, 1H,
2-H), 5.04–5.01 (m, 1H, 3-H), 3.80 (m, 1H, 23-Ha), 3.51 (m, 1H, 23-Hb), 3.32–2.67 (m, 8H,
37-H, 39-H, 40-H, 42-H), 2.40–2.34 (m, 1H, 18-H), 2.03 (s, 3H, 36-H), 2.02–2.00 (m, 1H, 1-Ha),
1.97 (s, 3H, 34-H), 1.92 (s, 3H, 32-H), 1.88–1.69 (m, 5H, 11-H, 16-H 22-Ha), 1.60–1.45 (m, 4H,
22-Hb, 9-H, 21-Ha, 7-Ha), 1.53–1.45 (m, 2H, 16-Ha, 16-Hb), 1.33–1.14 (m, 10H, 19-H, 5-H,
21-Hb, 7-Hb, 15-H, 38-H, 41-H), 1.11–1.09 (m, 1H, 1-Hb), 1.05 (s, 3H, 27-H), 1.02 (s, 3H, 25-H),
0.99-0.96 (m, 1H, 20-H), 0.91 (s, 3H, 30-H), 0.84 (s, 3H, 24-H), 0.82 (s, 3H, 29-H), 0.70 (s, 3H,
26-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 176.8 (C-28), 170.8 (C-35), 170.3 (C-33), 170.3
(C-31), 138.7 (C-13), 124.9 (C-12), 74.8 (C-3), 69.8 (C-2), 65.2 (C-23), 55.6 (C-18), 47.6 (C-9),
47.5 (C-5), 46.1 (C-37, C-39, C-40, C-42), 43.7 (C-1), 42.3 (C-14), 41.9 (C-4), 39.5 (C-8), 39.3
(C-19), 38.5 (C-20), 37.8 (C-10), 34.8 (C-22), 34.7 (C-7), 31.9 (C-21), 29.6 (C-15), 23.3 (C-11),
23.2 (C-16), 22.6 (C-38, C-41), 21.2 (C-30), 21.0 (C-36), 20.8 (C-32), 20.7 (C-34), 17.8 (C-6), 17.4
(C-27), 17.3 (C-29), 17.1 (C-25), 13.9 (C-26), 8.7 (C-24) ppm; MS (ESI, MeOH/CHCl3, 4:1):
m/z = 711.8 (100%, [M+H+); analysis calcd. for C42H66N2O7 (711.00): C 70.95, H 9.36, N
3.94; found: C 70.69, H 9.51, N 3.75.

4.14. (3ß)-3-Acetyloxy-28-(5-{2-[3,6-bis(diethylamino)xanthen-10-ium-9-yl]benzoyl}-1,5-
diazocan-1-yl)-28-oxoolean-12-ene Chloride (19)

Following GP 3 from 14 (150 mg, 0.14 mmol) and rhodamine B (100 mg, 0.2 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 10% → 40%), 19 (100 mg,
72%) was obtained as a pink solid; m.p. = 211–216 ◦C; Rf = 0.44 (CHCl3/MeOH, 9:1); UV-Vis
(CHCl3): λmax (log ε) = 562 nm (4.53); IR (ATR): ν = 2926m, 2605w, 2498w, 1729w, 1587s,
1466s, 1412s, 1336, 1245s, 1180s, 1132m, 1073s, 1009m, 921w, 748m, 683m cm−1; 1H NMR
(400 MHz, CDCl3): δ = 7.67–7.57 (m, 2H, 43-H, 44-H), 7.53–7.47 (m, 1H, 42-H), 7.34–7.26 (m,
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3H, 45-H, 48-H), 7.14–6.65 (m, 4H, 49-H, 51-H), 5.25–5.15 (m, 1H, 12-H), 4.51–4.40 (m, 1H,
3-H), 3.78–3.20 (m, 16H, 33-H, 35-H, 36-H, 38-H, 53-H), 3.05–2.95 (m, 1H, 18-H), 2.07–2.02
(m, 1H, 16-Ha), 2.01–1.99 (m, 3H, 32-H), 1.89–1.81 (m, 2H, 11-H), 1.67–1.37 (m, 14H, 19-Ha,
1-Ha, 2-H, 9-H, 6-Ha, 15-Ha, 22-Ha, 21-Ha, 6-Hb, 34-H, 37-H), 1.30–1.24 (m, 12H, 54-H),
1.23–1.13 (m, 6H, 16-Hb, 7-H 22-Hb, 21-Hb, 19-Hb,), 1.08 (s, 3H, 27-H), 0.99 (m, 2H, 1-Hb,
15-Hb), 0.87 (s, 3H, 25-H), 0.86 (s, 3H, 29-H), 0.84 (s, 3H, 30-H), 0.82 (s, 3H, 23-H), 0.80 (s,
3H, 24-H), 0.79–0.76 (m, 1H, 5-H), 0.68 (s, 3H, 26-H) ppm; 13C NMR (101 MHz, CDCl3):
δ = 170.9 (C-28, C-31), 168.7 (C-39), 157.7 (C-52), 155.8 (C-46), 155.7 (C-50), 145.4 (C-13),
136.6 (C-41), 132.5 (C-49), 130.4 (C-40), 130.1 (C-42), 130.0 (C-44), 129.4 (C-43), 127.7 (C-45),
121.2 (C-129, 113.9 (C-47), 96.1 (C-48, C-51), 80.9 (C-3), 55.3 (C-5), 48.4 (C-17), 47.6 (C-9),
46.6 (C-19), 46.2 (C-53), 46.1 (C-33, C-35, C-36, C-38), 44.7 (C-18), 42.0 (C-14), 39.1 (C-8), 38.0
(C-1), 37.6 (C-4), 37.0 (C-10), 34.1 (C-21), 32.9 (C-30), 32.8 (C-22), 30.3 (C-20), 29.6 (C-7), 28.0
(C-15), 28.0 (C-23), 25.8 (C-27), 24.0 (C-29), 23.5 (C-2), 23.3 (C-11), 22.6 (C-16), 21.3 (C-32),
18.2 (C-6), 17.2 (C-26), 16.6 (C-24), 15.4 (C-25), 12.7 (C-54) ppm; MS (ESI, MeOH/CHCl3,
4:1): m/z = 1021.4 (98%, [M-Cl]+); analysis calcd. for C66H91N4O5Cl (1055.93): C 75.07, H
8.69, N 5.31; found: C 74.87, H 8.82, N 5.08.

4.15. (3ß)-3-Acetyloxy-28-(5-{2-[3,6-bis(diethylamino)xanthen-10-ium-9-yl]benzoyl}-1,5-
diazocan-1-yl)-28-oxours-12-ene Chloride (20)

Following GP 3 from 15 (150 mg, 0.14 mmol) and rhodamine B (100 mg, 0.2 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 10% → 40%), 20 (94 mg, 63%)
was obtained as a pink solid; m.p. = 194–197 ◦C (decomp.); Rf = 0.41 (CHCl3/MeOH, 9:1);
UV-Vis (CHCl3): λmax (log ε) = 560 nm (5.54); IR (ATR): ν = 2932w, 1726w, 1586s, 1465m,
1411s, 1335s, 1272m, 1245s, 1179s, 1132m, 1073m, 1009m, 921m, 823w, 746m, 683m, 663m,
498m cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.68–7.56 (m, 2H, 43-H, 44-H), 7.53–7.49 (m,
1H, 42-H), 7.32–7.25 (m, 3H, 45-H, 48-H), 7.18–6.54 (m, 4H, 49-H, 51-H), 5.24–5.11 (m, 1H,
12-H), 4.50–4.39 (m, 1H, 3-H), 4.12–2.76 (m, 16H, 33-H, 35-H, 36-H, 38-H,53-H), 2.43–2.33 (m,
1H, 18-H), 2.09–2.07 (m, 1H, 16-Ha), 2.00 (s, 3H, 32-H), 1.91–1.84 (m, 2H, 11-H), 1.77–1.36 (m,
14H, 1-Ha, 2-H, 21-Ha, 6-Ha, 9-H, 22-Ha, 19-H, 6-Hb, 16-Hb, 34-H, 37-H), 1.29 (t, J = 7.1 Hz,
12H, 54-H), 1.23 (m, 6H, 7-H, 15-H, 21-Hb, 22-Hb), 1.03 (s, 4H, 1-Hb, 27-H), 0.96–0.93 (m,
1H, 20-H), 0.90 (s, 3H, 29-H), 0.88 (s, 3H, 25-H), 0.83 (s, 3H, 30-H), 0.82 (s, 3H, 23-H), 0.81
(s, 3H, 24-H), 0.77–0.75 (m, 1H, 5-H), 0.69 (s, 3H, 26-H) ppm; 13C NMR (101 MHz, CDCl3):
δ = 170.9 (C-28), 157.7 (C-31), 157.7 (C-39), 155.8 (C-50), 155.7 (C-46) 155.6 (C-52), 136.6
(C-40), 132.9 (C-48), 130.1 (C-44), 130.0 (C-42), 129.4 (C-43), 127.0 (C-45), 125.0 (C-12), 113.9
(C-47), 96.2 (C-49, C-51), 80.9 (C-3), 55.3 (C-18), 55.3 (C-5), 49.4 (C-17), 47.5 (C-9), 46.2 (C-33,
C-35, C-36, C-38), 46.1 (C-53), 42.4 (C-14), 39.6 (C-19), 39.3 (C-8), 38.6 (C-20), 38.2 (C-1), 37.6
(C-4), 36.9 (C-10), 32.7 (C-22), 31.9 (C-7), 30.5 (C-21), 29.6 (C-15), 29.3 (C-16), 28.0 (C-23), 23.2
(C-2), 23.1 (C-11), 23.0 (C-27), 18.1 (C-6), 17.4 (C-30), 17.2 (C-26), 16.7 (C-24), 15.5 (C-25), 12.7
(C-54) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1020.4 (100%, [M-Cl]+); analysis calcd.
For C66H91N4O5Cl (1055.93): C 75.07, H 8.69, N 5.31; found: C 74.83, H 8.91, N 5.03.

4.16. (3ß)-3-Acetyloxy-28-(5-{2-[3,6-bis(diethylamino)xanthen-10-ium-9-yl]benzoyl}-1,5-
diazocan-1-yl)-28-oxolup-20(29)-ene Chloride (21)

Following GP 3 from 16 (300 mg, 0.5 mmol) and rhodamine B (200 mg, 0.4 mmol), fol-
lowed by chromatography (silica gel, CHCl3/MeOH, 9:1), 21 (3536 mg, 69%) was obtained
as a pink solid; m.p. = 212–218 ◦C; Rf = 0.49 (CHCl3/MeOH, 9:1); UV-Vis (CHCl3): λmax
(log ε) = 562 nm (4.43); IR (ATR): ν = 2936w, 1730w, 1587s, 1465m, 1411s, 1335s, 1244s, 1179s,
1132m, 1073m, 978w, 921w, 684m cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.52–7.47 (m, 2H,
43-H, 44-H), 7.43–7.37 (m, 1H, 42-H), 7.22–6.99 (m, 3H, 45-H, 48-H), 6.97–6.71 (m, 2H, 49-H),
6.64–6.57 (m, 2H, 51-H), 4.58–4.50 (m, 1H, 29-Ha), 4.42–4.37 (m, 1H, 29-Hb), 4.30 (m, 1H, 3-H),
3.73–2.93 (m, 16H, 33-H, 35-H, 36-H, 38-H, 53-H), 2.83–2.68 (m, 2H, 19-H, 13-H), 2.00–1.94
(m, 1H, 16-Ha), 1.87 (s, 3H, 32-H), 1.83–1.54 (m, 4H, 22-Ha, 15-H, 21-Ha), 1.53–1.51 (m, 2H,
12-Ha, 1-Ha), 1.50 (s, 3H, 30-H), 1.47–1.42 (m, 2H, 2-H), 1.41–1.36 (m, 1H, 18-H), 1.35–1.29 (m,
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2H, 16-Ha, 6-Ha), 1.28–1.12 (m, 21H, 11-Ha, 6-Hb, 7-H, 22-Hb, 54-H, 34-H, 37-H), 1.11–1.09
(m, 2H, 11-Hb, 9-H, 21-Hb), 0.83–0.74 (m, 8H, 1-Hb, 12-Hb, 23-H, 27-H), 0.69–0.65 (m, 9H,
26-H, 25-H, 24-H), 0.63–0.59 (m, 1H, 5-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 170.8
(C-28), 168.5 (C-39), 167.6 (C-31), 157.6 (C-50), 155.6 (C-46), 155.5 (C-52), 151.2 (C-20), 136.4
(C-40), 132.3 (C-41), 130.8 (C-48), 130.0 (C-43), 129.4 (C-42), 128.6 (C-45), 127.0 (C-44), 114.6
(C-49), 113.6 (C-47), 108.9 (C-29), 96.0 (C-51), 80.8 (C-3), 55.2 (C-5), 55.1 (C-38, C-36, C-35,
C-33), 53.0 (C-18), 50.6 (C-9), 46.1 (C-53), 45.8 (C-19), 41.9 (C-17), 40.6 (C-8), 40.6 (C-14), 38.3
(C-1), 37.7 (C-10), 37.0 (C-4), 36.8 (C-13), 36.0 (C-22), 34.2 (C-7), 32.0 (C-16), 31.3 (C-21), 30.2
(C-34, C-37), 29.8 (C-15), 27.8 (C-24), 25.5 (C-12), 25.4 (C-37, C-34), 23.6 (C-2), 21.2 (C-32),
21.0 (C-11), 19.6 (C-30), 18.1 (C-6), 16.1 (C-25), 15.9 (C-26), 14.6 (C-23), 14.5 (C-27), 12.6
(C-54) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1020.5 (100%, [M-Cl]+); analysis calcd. for
C66H91N4O5Cl (1055.93): C 75.07, H 8.69, N 5.31; found: C 74.86, H 8.90, N 5.09.

4.17. (3ß)-3-Acetyloxy-28-(5-{2-[3,6-bis(diethylamino)xanthen-10-ium-9-yl]benzoyl}-1,5-
diazocan-1-yl)-28-oxolup-20-oxo Chloride (22)

Following GP 3 from 17 (300 mg, 0.50 mmol) and rhodamine B (300 mg, 0.6 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 9:1), 22 (350 mg, 69%) was
obtained as a pink solid; m.p. = 198–201 ◦C; Rf = 0.51 (CHCl3/MeOH, 9:1); UV-Vis (CHCl3):
λmax (log ε) = 558 nm (4.73); IR (ATR): ν = 2934w, 1721m, 1585s, 1410m, 1466s, 1334s, 1272s,
1245s, 1131s, 1072s, 1009s, 977m, 921m, 823m, 755m, 682s cm−1; 1H NMR (400 MHz, CDCl3):
δ = 7.67–7.57 (m, 2H, 42-H, 43-H), 7.53–7.47 (m, 1H, 41-H), 7.35–7.27 (m, 3H, 44-H, 47-H),
7.11–6.64 (m, 4H, 48-H, 50-H), 4.46–4.36 (m, 1H, 3-H), 3.88–3.20 (m, 16H, 32-H, 34-H, 35-H,
37-H, 52-H), 3.16–3.05 (m, 1H, 18-H), 2.76–2.51 (m, 1H, 13-H), 2.11–2.04 (m, 4H, 16-Ha, 29-H),
1.98 (s, 4H, 19-H, 31-H), 1.78 (s, 2H, 21-Ha, 22-Ha), 1.62–1.48 (m, 4H, 1-Ha, 2-H, 16-Ha), 1.42
(m, 7H, 6-Ha, 22-Hb, 21-Hb, 11-H, 7-Ha, 6-Hb), 1.28 (t, J = 6.8 Hz, 14H, 7-Hb, 9-H, 53-H),
1.23–1.04 (m, 6H, 33-H, 36-H, 15-H), 0.94 (s, 2H, 12-H), 0.91 (s, 4H, 1-Hb, 24-H), 0.82 (s, 3H,
27-H), 0.78 (m, 10H, 23-H, 25-H, 26-H, 5-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 212.8
(C-20), 170.9 (C-28, C-30, C- 38), 157.7 (C-49), 155.7 (C-45), 155.6 (C-51), 136.6 (C-39), 136.5
(C-40), 132.4 (C-47), 130.1 (C-42), 129.7 (C-43), 129.4 (C-44), 127.1 (C-41), 114.5 (C-48), 113.7
(C-46), 96.2 (C-50), 80.8 (C-3), 55.4 (C-5), 55.3 (C-32, C-34, C-35, C-37), 53.0 (C-19), 50.6
(C-9), 50.3 (C-18), 49.5 (C-17), 46.2 (C-52), 41.9 (C-14), 40.6 (C-8), 38.3 (C-1), 37.7 (C-4), 37.1
(C-10), 35.8 (C-13), 35.6 (C-22), 34.2 (C-7), 31.6 (C-16), 30.1 (C-29), 29.9 (C-15), 28.8 (C-21),
27.9 (C-23), 27.4 (C-12), 23.6 (C-2), 22.6 (C-33, C-36), 21.1 (C-11), 18.1 (C-6), 16.4 (C-25), 16.2
(C-26), 14.7 (C-24), 14.0 (C-27), 12.7 (C-53) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1022.4
(100%, [M-Cl]+); analysis calcd. for C65H89N4O6Cl (1057.90): C 73.80, H 8.48, N 5.30; found:
C 73.55, H 8.67, N 5.07.

4.18. (2α,3ß,4α)2,3,23-Tris (acetyloxy)-28-(5-{2-[3,6-bis(diethylamino)xanthen-10-ium-9-
yl]benzoyl}-1,5-diazocan-1-yl)-28-oxours-12-en Chloride (23)

Following GP 3 from 18 (300 mg, 0.4 mmol) and rhodamine B (250 mg, 0.5 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 9:1), 23 (184 mg, 60%) was
obtained as a pink solid; m.p. = 225 ◦C; Rf = 0.44 (CHCl3/MeOH, 9:1); UV-Vis (CHCl3):
λmax (log ε) = 562 nm (4.50); IR (ATR): ν = 2927w, 1793m, 1587s, 1467m, 1411m, 1336s, 1244s,
1179s, 1042m, 921w, 684m, 436w cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.66–7.57 (m, 2H,
47-H, 48-H), 7.52–7.47 (m, 1H, 46-H), 7.27-7.20 (m, 49-H, 52-H), 7.17–6.63 (m, 4H, 53-H,
55-H), 5.20–5.00 (m, 3H, 12-H, 2-H, 3-H), 3.82–3.76 (m, 1H, 23-Ha), 3.73–2.93 (m, 17H, 37-H,
39-H, 40-H, 42-H, 57-H, 23-Hb), 2.44–2.33 (m, 1H, 18-H), 2.04 (s, 3H, 34-H), 2.02–1.99 (m,
1H, 1-Ha), 1.97 (s, 3H, 36-H), 1.93 (s, 3H, 32-H), 1.90–1.32 (m, 15H, 11-H, 9-H, 15-H, 16-Ha,
21-Ha, 22-Ha, 20-H, 38-H, 41-H, 6-H), 1.28 (t, J = 7.1 Hz, 13H, 5-H, 58-H), 1.25–1.10 (m, 5H,
7-H, 16-Hb, 21-Hb, 22-Hb), 1.09–1.07 (m, 1H, 1-Hb), 1.04 (s, 3H, 30-H), 1.01 (s, 3H, 27-H),
0.97–0.92 (m, 1H, 19-H), 0.88 (s, 3H, 29-H), 0.84 (s, 3H, 25-H), 0.81 (s, 3H, 26-H), 0.69 (s, 3H,
24-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 176.2 (C-43), 170.8 (C-35), 170.4 (C-31, C-33),
170.3 (C-28), 157.7 (C-54), 155.7 (C-56), 155.6 (C-50), 138.6 (C-13), 136.6 (C-45), 132.3 (C-52),
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130.1 (C-47), 130.0 (C-49), 129.3 (C-48), 127.2 (C-46), 125.9 (C-12), 113.9 (C-51), 96.2 (C-53,
C-55), 74.8 (C-3), 69.9 (C-2), 65.3 (C-23), 55.5 (C-18), 53.4 (C-37, C-39, C-40, C-42), 47.6 (C-5),
47.5 (C-9), 46.2 (C-57), 46.1 (C-17), 43.7 (C-1), 42.5 (C-4), 41.9 (C-14), 38.9 (C-8), 38.7 (C-20),
38.6 (C-19), 37.8 (C-10), 32.6 (C-22), 30.5 (C-21), 29.6 (C-7), 28.4 (C-15), 23.4 (C-27), 23.3
(C-11), 21.2 (C-29), 21.0 (C-32), 20.8 (C-36), 20.7 (C-34), 17.8 (C-6), 17.4 (C-26), 17.2 (C-30),
17.0 (C-24), 13.9 (C-25), 12.6 (C-58) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1036.5 (100%,
[M-Cl]+); analysis calcd. for C70H95N4O9Cl (1172.00): C 71.74, H 8.17, N 4.78; found: C
71.49, H 8.35, N 4.47.

4.19. 3β-Acetyloxy-28-[4-[3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-pyrido
[3,2,1-ij]pyrido[1”,2”,3”:1’,8’]quinolino[6’,5’:5,6]pyrano[2,3-f
]quinolin-4-ium-9-yl)benzoyl]1,5-diazocan-1-yl]-28-oxo-olean-12-en Chloride (24)

Following GP 3 from 14 (100 mg, 0.14 mmol) and rhodamine 101 (200 mg, 0.4 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 10% → 50%), 24 (114
mg, 75%) was obtained as a pink solid; m.p. = 205–210 ◦C; Rf = 0.41 (CHCl3/MeOH,
9:1); UV-Vis (CHCl3): λmax (log ε) = 580 nm (4.23); IR (ATR): ν = 2942w, 1727m, 1595s,
1493m, 1459m, 1362m, 1295s, 1196s, 1035m, 746m, 420m cm−1; 1H NMR (400 MHz, CDCl3):
δ = 7.81–7.61 (m, 2H, 45-H), 7.54–7.43 (m, 1H, 42-H), 7.29 (s, 1H, 44-H), 6.86–6.47 (m, 2H,
48-H), 5.27–5.21 (m, 1H, 12-H), 4.51–4.44 (m, 1H, 3-H), 3.79–3.15 (m, 16H, 33-H, 35-H, 36-H,
38-H, 52-H, 57-H), 3.09–2.90 (m, 5H, 18-H, 55-H,), 2.76–2.47 (m, 4H, 50-H), 2.15–2.06 (m, 4H,
56-H), 2.03 (s, 3H, 32-H), 1.97 (s, 5H, 16-Ha, 51-H), 1.85 (s, 2H, 11-H), 1.70–1.15 (m, 20H,
19-Ha, 21-H, 2-H, 1-Ha, 9-H, 6-Ha, 7-Ha, 6-Hb, 22-Ha, 7-Hb, 15-H, 22-Hb, 19-Hb, 34-H, 37-H),
1.12 (s, 3H, 30-H), 1.07–0.97 (m, 2H, 1-Hb, 16-Hb), 0.91 (s, 3H, 25-H), 0.90 (s, 3H, 27-H), 0.88
(s, 3H, 29-H), 0.85 (s, 3H, 23-H), 0.83 (s, 3H, 24-H), 0.81–0.79 (m, 1H, 5-H), 0.72 (s, 3H, 26-H)
ppm; 13C NMR (101 MHz, CDCl3): δ = 171.0 (C-28, C-31, C-39), 164.1 (C-53), 152.0 (C-46),
139.9 (C-58), 134.6 (C-41), 131.0 (C-40), 130.5 (C-44), 129.4 (C-45, C-42), 126.9 (C-43), 125.9
(C-48), 123.5 (C-47), 121.4 (C-12), 113.0 (C-49), 105.3 (C-54), 81.0 (C-3), 55.4 (C-5), 51.1 (C-33,
C-35, C-36, C-38), 50.5 (C-52, C-57), 48.2 (C-17), 47.6 (C-9), 46.6 (C-19), 43.7 (C-18), 43.3
(C-14), 39.1 (C-8), 38.1 (C-1), 37.7 (C-4), 37.0 (C-10), 33.9 (C-22), 33.0 (C-29), 32.9 (C-7), 30.5
(C-20), 30.3 (C-21), 29.7 (C-15), 28.0 (C-23), 27.8 (C-16), 27.6 (C-50), 25.8 (C-30), 24.1 (C-27),
23.5 (C-2), 23.4 (C-11), 21.3 (C-32), 20.6 (C-51), 19.9 (C-55), 19.7 (C-56), 18.2 (C-6), 17.2 (C-26),
16.7 (C-24), 15.4 (C-25) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1068.6 (100%, [M-Cl]+);
analysis calcd. For C70H91N4O5Cl (1103.97): C 76.16, H 8.31, N 5.08; found: C 75.81, H 8.52,
N 4.89.

4.20. 3β-Acetyloxy-28-[4-[3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-pyrido[3,2,1-
ij]pyrido[1”,2”,3”:1’,8’]quinolino[6’,5’:5,6]pyrano[2,3-f]uinoline-4-ium-9-yl)benzoyl]1,5-
diazocan-1-yl]-28-oxo-urs-12-en Chloride (25)

Following GP 3 from 15 (150 mg, 0.2 mmol) and rhodamine 101 (150 mg, 0.3 mmol),
followed by chromatography (silica gel, ethyl acetate/MeOH, 10% → 50%), 25 (94 mg, 62%)
was obtained as a pink solid; m.p. = 199–202 ◦C; Rf = 0.43 (CHCl3:Methanol, 9:1); UV-Vis
(CHCl3): λmax (log ε) = 571 nm (3.94); IR (ATR): ν = 3388w, 2925m, 1728m, 1597s, 1495m,
1459m, 1362s, 1297s, 1246s, 1195s, 1100s, 1024s, 421s cm−1; 1H NMR (400 MHz, CDCl3):
δ = 8.36–8.06 (m, 1H, 43-H), 7.75–7.63 (m, 2H, 42-H, 45-H), 7.24–7.11 (m, 1H, 44-H), 6.81–6.50
(m, 2H, 48-H), 5.26–5.16 (m, 1H, 12-H), 4.49–4.43 (m, 1H, 3-H), 3.71–3.21 (m, 16H, 33-H, 35-H,
36-H, 38-H, 52-H, 57-H), 3.17–2.90 (m, 4H, 55-H), 2.81–2.57 (m, 4H, 50-H), 2.23–2.06 (m, 4H,
56-H), 2.01 (s, 3H, 32-H), 1.98–1.84 (m, 6H, 51-H, 11-Ha, 16-Ha), 1.66–1.19 (m, 22H, 1-Ha,
11-Hb, 21-Ha, 6-Ha, 22-Ha, 19-H, 6-Hb, 21-Hb, 22-Hb, 2-H, 15-H, 7-H, 16-Hb, 18-H, 34-H,
37-H), 1.13–1.10 (m, 3H, 29-H), 1.05 (s, 3H, 27-H), 1.04–0.99 (m, 2H, 1-Hb, 20-H), 0.92 (s, 3H,
24-H), 0.85 (s, 3H, 25-H), 0.83 (s, 3H, 23-H), 0.82 (s, 3H, 30-H), 0.79–0.77 (m, 1H, 5-H), 0.72
(s, 3H, 26-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 171.0 (C-28), 169.3 (C-31, C-39), 151.2
(C-53), 150.9 (C-46), 135.2 (C-58), 132.3 (C-42), 131.3 (C-43), 130.2 (C-45), 129.1 (C-44), 127.1
(C-48), 125.1 (C-12), 112.6 (C-49), 111.6 (C-47), 105.6 (C-54), 80.9 (C-3), 55.3 (C-5), 47.7 (C-33,
C-35, C-36, C-38), 47.5 (C-18), 47.5 (C-9), 45.3 (C-17), 43.3 (C-52, C-57), 41.7 (C-14), 39.6 (C-8),
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39.5 (C-19), 38.6 (C-20), 38.2 (C-1), 37.7 (C-4), 36.9 (C-10), 33.1 (C-22), 31.9 (C-7), 30.5 (C-21),
29.7 (C-15), 28.0 (C-16), 27.8 (C-23), 27.5 (C-50), 25.0 (C-34, C-37), 23.5 (C-11), 23.4 (C-27),
23.3 (C-51), 22.6 (C-2), 21.3 (C-32), 19.9 (C-55), 19.7 (C-56), 18.7 (C-29), 18.1 (C-6), 17.3 (C-30),
16.7 (C-26), 15.5 (C-24), 14.1 (C-25) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1068.4 (100%,
[M-Cl]+); analysis calcd. for C70H91N4O5Cl (1103.97): C 76.16, H 8.31, N 5.08; found: C
75.87, H 8.59, N 4.83.

4.21. 3β-Acetyloxy-28-[4-[3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-pyrido[3,2,1-ij]
pyrido[1”,2”,3”:1’,8’]quinolino[6’,5’:5,6]pyrano[2,3-f]quinolin-4-ium-9-yl)benzoyl]
1,5-diazocan-1-yl]-28-oxo-lup-20(29)-en Chloride (26)

Following GP 3 from 16 (200 mg, 0.14 mmol) and rhodamine 101 (200 mg, 0.4 mmol),
followed by chromatography (silica gel, CHCl3/MeOH, 9:1), 26 (103 mg, 68%) was obtained
as a pink solid; m.p. = 203–206 ◦C; Rf = 0.44 (CHCl3/MeOH, 9:1); UV-Vis (CHCl3): λmax
(log ε) = 578 nm (4.33); IR (ATR): ν = 2931w, 1721w, 1595s, 1493s, 1361m, 1294s, 1246s, 1180s,
1035s, 746m, 622m, 421s cm−1; 1H NMR (400 MHz, CDCl3): δ = 7.68–7.53 (m, 2H, 43-H,
45-H), 7.52–7.45 (m, 1H, 42-H), 7.31–7.26 (m, 1H, 44-H), 6.76–6.59 (m, 2H, 48-H), 4.70–4.62 (m,
1H, 29-Ha), 4.54–4.49 (m, 1H, 29-Hb), 4.44–4.38 (m, 1H, 3-H), 3.81–3.02 (m, 16H, 33-H, 35-H,
36-H, 38-H, 52-H, 57-H), 3.00–2.89 (m, 4H, 55-H), 2.88–2.72 (m, 2H, 13-H, 18-H), 2.71–2.51
(m, 4H, 50-H), 2.16–2.01 (m, 5H, 16-Ha, 56-H), 1.99 (s, 3H, 32-H), 1.96–1.87 (m, 5H, 21-Ha,
51-H), 1.85–1.74 (m, 2H, 15-Ha, 22-Ha), 1.70–1.66 (m, 1H, 12-Ha), 1.62 (s, 4H, 1-Ha, 30-H),
1.60–1.53 (m, 2H, 2-H), 1.50–1.47 (m, 1H, 9-H), 1.47–1.40 (m, 2H, 6-Ha, 16-Hb), 1.36–1.06 (m,
13H, 11-Ha, 21-Hb, 6-Hb, 7-H, 15-Hb, 19-H, 22-Hb, 11-Hb, 34-H, 37-H), 0.94 (s, 2H, 1-Hb,
12-Hb), 0.90 (s, 3H, 24-H), 0.86 (s, 3H, 25-H), 0.81 (s, 3H, 27-H), 0.79 (s, 3H, 23-H), 0.73 (s,
3H, 26-H), 0.70–0.59 (m, 1H, 5-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 170.9 (C-28), 168.8
(C-31, C-39), 151.9 (C-53), 151.3 (C-46), 151.2 (C-20), 138.4 (C-40, C-41), 136.5 (C-58), 130.4
(C-44), 129.4 (C-45, C-42), 127.1 (C-48), 127.0 (C-43) 123.5 (C-47), 113.1 (C-49), 109.1 (C-29),
105.3 (C-54), 81.0 (C-3), 55.5 (C-5), 53.1 (C-9), 52.9, 50.9 (C-33, C-35, C-36, C-38), 50.7 (C-19),
50.5 (C-52, C-57), 49.4 (C-17), 45.9 (C-13), 42.0 (C-14), 40.7 (C-14), 40.6 (C-8), 38.4 (C-1), 37.8
(C-4), 37.1 (C-10), 36.9 (C-18), 36.1 (C-21), 34.3 (C-7), 32.1 (C-16), 31.4 (C-22), 29.9 (C-15),
27.9 (C-23), 27.5 (C-50), 25.5 (C-12), 23.7 (C-2), 22.6 (C-34, C-37), 21.3 (C-32), 21.1 (C-11), 20.6
(C-51), 19.8 (C-55), 19.6 (C-56), 18.7 (C-30), 18.2 (C-6), 16.5 (C-25), 16.4 (C-26), 14.7 (C-24),
14.6 (C-27) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1067.2 (100%, [M-Cl]+); analysis calcd.
for C70H91N4O5Cl (1103.97): C 76.16, H 8.31, N 5.08; found: C 75.98, H 8.52, N 4.83.

4.22. 3β-Acetyloxy-28-[4-[3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-pyrido[3,2,1-ij]
pyrido[1”,2”,3”:1’,8’]quinolino[6’,5’:5,6]pyrano[2,3-f]quinolin-4-ium-9-yl)benzoyl]
1,5-diazocan-1-yl]-30-nor-20,28-dioxo-lup-20(29)-en Chloride (27)

Following GP 3 from 17 (200 mg, 0.3 mmol) and rhodamine 101 (100 mg, 0.2 mmol),
followed by chromatography (silica gel, CHCl3/MeOH, 9:1), 27 (132 mg, 60%) was obtained
as a pink solid; m.p. = 208–210 ◦C; Rf = 0.49 (CHCl3:MeOH, 9:1); UV-Vis (CHCl3): λmax (log
ε) = 577 nm (4.66); IR (ATR): ν = 3350w, 1596s, 1195s, 1298s, 1197s, 1138s cm−1; 1H NMR
(400 MHz, CDCl3): δ = 7.63–7.52 (m, 2H, 41-H, 44-H), 7.50–7.43 (m, 1H, 42-H), 7.24–7.20 (m,
1H, 43-H), 6.72–6.59 (m, 2H, 47-H), 4.42–4.33 (m, 1H, 3-H), 3.86–3.01 (m, 17H, 18-H, 32-H,
34-H, 35-H, 37H, 49-H, 51-H), 2.97–2.85 (m, 4H, 54-H), 2.76–2.54 (m, 4H, 49-H), 2.52–2.43 (m,
1H, 13-H), 2.18–2.06 (m, 4H, 21-Hb, 29-H), 2.07–1.99 (m, 4H, 55-H), 1.96 (s, 4H, 19-H, 31-H),
1.94–1.64 (m, 7H, 50-H, 22-Ha, 16-Ha, 15-Ha), 1.60–1.14 (m, 18H, 1-Ha, 2-H, 21-Hb, 22-Hb,
6-Ha, 16-Hb, 11-Ha, 7-H, 6-Hb, 11-Hb, 15-Hb), 1.08–0.96 (m, 3H, 1-Hb, 12-H), 0.90 (s, 3H,
24-H), 0.85 (s, 3H, 25-H), 0.80 (s, 3H, 27-H), 0.76 (s, 3H, 23-H), 0.71 (s, 3H, 26-H), 0.69–0.65
(m, 1H, 5-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 213.2 (C-20), 170.9 (C-28, C-30, C-38),
151.9 (C-52), 151.2 (C-45), 136.6 (C-57), 136.3 (C-39, C-40), 130.4 (C-43), 129.4 (C-41, C-44),
126.8 (C-42), 126.7 (C-47), 123.5 (C-46), 113.0 (C-48), 105.2 (C-53), 80.8 (C-3), 55.4 (C-5), 53.0
(C-19), 50.9 (C-32, C-34, C-35, C-37), 50.6 (C-9), 50.4 (C-51, C-56), 50.3 (C-18), 49.8 (C-17),
44.1 (C-13), 41.8 (C-14), 40.6 (C-8), 38.3 (C-1), 37.7 (C-10), 37.1 (C-4), 35.8 (C-22), 34.2 (C-7),
31.8 (C-21), 30.1 (C-29), 29.9 (C-15), 28.8 (C-16), 27.9 (C-23), 27.5 (C-49), 27.3 (C-12), 23.6
(C-2), 22.6 (C-33, C-36), 21.2 (C-31), 21.1 (C-11), 20.6 (C-50), 19.9 (C-54), 19.6 (C-55), 18.1
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(C-6), 16.4 (C-26), 15.9 (C-25), 14.7 (C-24), 14.0 (C-27) ppm; MS (ESI, MeOH/CHCl3, 4:1):
m/z = 1070 (100%, [M-Cl]+); analysis calcd. for C69H89N4O6Cl (1105.94): C 74.94, H 8.11, N
5.07; found: C 74.73, H 8.35, N 4.81.

4.23. (2α,3ß,4α)2,3,23-Tris(acetoxy)-28-[4-[3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-
pyrido[3,2,1-ij]pyrido[1”,2”,3”:1’,8’]quinolino[6’,5’:5,6]pyrano[2,3-f]quinolin-4-ium-9-
yl)benzoyl]1,5-diazocan-1-yl]-28-oxo-olean-12-en Chloride (28)

Following GP 3 from 18 (200 mg, 0.3 mmol) and rhodamine 101 (200 mg, 0.4 mmol),
followed by chromatography (silica gel, CHCl3/MeOH, 9:1), 28 (232 mg, 64%) was obtained
as a pink solid; m.p. = 193–196 ◦C; Rf = 0.45 (CHCl3:MeOH, 9:1); UV-Vis (CHCl3): λmax (log
ε) = 578 nm (4.50); IR (ATR): ν = 2924w, 1739w, 1594s, 1493s, 1459m, 1361m, 1293s, 1195s,
1180s, 1090s, 1035s, 729m, 622m, 421s cm−1; 1H NMR (400 MHz, CDCl3): δ =7.67–7.58 (m,
2H, 47-H, 49-H), 7.52–7.48 (m, 1H, 46-H), 7.29–7.27 (m, 1H, 48-H), 6.77–6.65 (m, 2H, 52-H),
5.17–5.03 (m, 3H, 12-H, 2-H, 3-H), 3.83–3.79 (m, 1H, 23-Ha), 3.60–3.16 (m, 17H, 23-Hb, 37-H,
39-H, 40-H, 42-H, 56-H, 61-H), 3.00–2.94 (m, 4H, 59-H), 2.77–2.63 (m, 4H, 54-H), 2.46–2.36
(m, 1H, 18-H), 2.07 (s, 4H, 60-H), 2.06 (s, 3H, 36-H), 2.04–2.01 (m, 1H, 1-Ha), 1.99 (s, 3H,
34-H), 1.95 (s, 7H, 32-H, 55-H), 1.91–1.86 (m, 2H, 11-H), 1.60–1.57 (m, 1H, 9-H), 1.46–1.42 (m,
2H, 21-Ha, 22-Hb), 1.35–1.30 (m, 4H, 6-H, 19-H, 5-H), 1.26–1.22 (m, 12H, 16-Ha, 38-H, 41-H,
22-Hb, 7-H, 15-H, 21-Hb, 16-Hb), 1.11–1.09 (m, 1H, 1-Hb), 1.04 (s, 3H, 24-H), 0.98–0.94 (m,
1H, 20-H), 0.91 (s, 3H, 29-H), 0.85 (s, 3H, 25-H), 0.83 (s, 3H, 27-H), 0.82 (s, 3H, 30-H), 0.72
(s, 3H, 26-H) ppm; 13C NMR (101 MHz, CDCl3): δ = 176.3 (C-28), 170.8 (C-35, C-43), 170.4
(C-33), 170.3 (C-31), 152.0 (C-57), 151.3 (C-50), 139.1 (C-62), 136.6 (C-44), 130.3 (C-45), 129.6
(C-48), 129.2 (C-46) 129.1 (C-49), 127.0 (C-47, C-52), 124.5 (C-12), 123.4 (C-51), 113.0 (C-53),
105.2 (C-58), 74.9 (C-3), 69.9 (C-2), 65.3 (C-23), 55.6 (C-18), 51.0 (C-34, C-37, C-40, C-42), 50.5
(C-56, C-61), 47.7 (C-5), 47.5 (C-9), 46.2 (C-17), 43.7 (C-1), 41.9 (C-4, C-14), 39.5 (C-19), 38.6
(C-20), 37.8 (C-10), 32.6 (C-22), 31.9 (C-7), 30.6 (C-21), 29.7 (C-15), 29.6 (C-16), 27.6 (C-54),
23.3 (C-11), 22.6 (C-38, C-41), 22.6 (C-27), 21.2 (C-29), 21.0 (C-32), 20.8 (C-36), 20.7 (C-34),
20.6 (C-55), 19.9 (C-59), 19.7 (C-60), 17.9 (C-6), 17.4 (C-30), 17.1 (C-24), 17.0 (C-26), 14.1
(C-25) ppm; MS (ESI, MeOH/CHCl3, 4:1): m/z = 1084.3 (100%, [M-Cl]+); analysis calcd. for
C74H95N4O9Cl (1220.04): C 72.85, H 7.85, N 4.59; found: C 72.63, H 8.01, N 4.39.

4.24. Cell Culture

Breast cancer cell lines were obtained from the Department of Radiobiology (MLU
Halle-Wittenberg) and previously described. MDA-MB-231, HS578T and MCF-7, and
T47D were cultured as a monolayer in RPMI (Thermo Fisher Scientific, Waltham, MA,
USA) with 10% fetal bovine serum (Capricorn Scientific, Ebsdorfergrund, Germany), 2%
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and 1% sodium pyruvate
(Gibco, Thermo Fisher Scientific) at 37 ◦C and 5% CO2. All cell lines were regularly tested
for mycoplasma contamination.

4.25. SRB Assay

Breast cancer cells were seeded in 96 well plates with different cell numbers depending
on the cell line in triplicate and after 24 h treated with different concentrations of compounds
14–28. Treatment ended after 96 h when cells were fixed with 10% trichloroacetic acid (Carl
Roth GmbH, Karlsruhe, Germany) for 1h at 4 ◦C. Afterwards, cells were washed with
ice water four times and stained with 4.4% SRB solution (Sigma–Aldrich) for 10 min at
room temperature. After washing cells with 1% acetic acid (Carl Roth GmbH), cells were
air-dried overnight and then dissolved with 300 μL 20 mM Tris base solution (Sigma-
Aldrich). Excitation was measured at 540 nm with a Spark plate reader (Tecan Treading AG,
Männedorf, Switzerland) and IC50 values were calculated by dose-response curve fitting
using Origin 2019 (OriginLab Corp., Northampton, MA, USA).
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4.26. Cell Death

For the determination of apoptotic and necrotic cell death after treatment with com-
pound 28, Annexin V-Sytox Deep Red staining was performed. Therefore, MDA-MB-231
and HS578T cells were seeded in 6-well plates. After 24 h, the cells were treated with
different concentrations of compound 28 (10 nM, 100 nM, 250 nM, 500 nM, 1 μM, and 2 μM)
for 24 h, 48 h, and 72 h at 37 ◦C and 5% CO2. For analysis of cell death, detached cells were
collected in tubes and living cells were detached by accutase (Biowest, Nuaillé, France)
and collected in the same tube. After several washing steps cells were resuspended in 1x
annexin V binding puffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2) and stained with
5 μL Annexin V-FITC (BioLegend, San Diego, CA, USA) and 1 μL 100 μM Sytox Deep Red
Nucleic Acid Stain (Invitrogen, Thermo Fisher Scientific) for 15 min. Afterward, 400 μL
1x annexin V binding puffer were added to each tube. Gating was realized by the use of
unstained, single annexin V-FITC or single Sytox Deep Red Nucleic Acid-stained cells,
respectively. For quantification of necrotic and apoptotic cells, 10,000 cells were analyzed
by LSRFortessa™ flow cytometer (BD Biosciences, Heidelberg, Germany).

4.27. Proliferation

MDA-MB-231 and HS578T cells were seeded in 6-well plates and treated with different
concentrations (10 nM, 100 nM, 250 nM, 500 nM, 1 μM, and 2 μM) of compound 28 after
24 h. The number of dead and viable cells was measured by use of a CASY cell counter
(OMNI Life Science, Bremen, Germany) after 72 h.

4.28. Staining

Analysis of subcellular localization of compound AS101 was performed in MDA-
MB-231 cells using the mitochondrial targeting compound BioTracker™ 488 Green Mi-
tochondria Dye (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) for comparison.
Cells were seeded in a μ-Plate 96 Well Black plate (ibiTreat: #1.5 polymer coverslip bottom,
ibidi GmbH, Gräfelfing, Germany) at a cell density of 50,000 per well. After 24 h, cells
were treated with 100 nM AS101 for 6h or 100 nM BioTracker488 for 30 min, followed
by rinsing and supplementation with RPMI 1640 w/o Phenol-red (Pan-Biotech GmbH,
Aidenbach, Germany). Live-cell imaging was performed on an Axio Observer 7 (Carl Zeiss
Microscopy Deutschland GmbH, Oberkochen, Germany) using the settings for Ex/Em as
follows: BioTracker (475 nm/514 nm), AS101 (555 nm/592); Scale bar: 50 μm.
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Abstract: Cancer is a worldwide health problem and is the second leading cause of death after heart
disease. Due to the high cost and severe side effects associated with chemotherapy treatments, natural
products with anticancer therapeutic potential may play a promising role in anticancer therapy. The
purpose of this study was to investigate the cytotoxic and apoptotic characteristics of the aqueous
Drimia maritima bulb extract on Caco-2 and COLO-205 colorectal cancer cells. In order to reach such
a purpose, the chemical composition was examined using the GC-MS method, and the selective
antiproliferative effect was determined in colon cancer cell lines in normal gingival fibroblasts. The
intracellular ROS, mitochondrial membrane potential, and gene expression changes in selected
genes (CASP8, TNF-α, and IL-6 genes) were assessed to determine the molecular mechanism of the
antitumor effect of the extract. GC-MS results revealed the presence of fifty-seven compounds, and
Proscillaridin A was the predominant secondary metabolite in the extract. The IC50 of D. maritima
bulb extract on Caco-2, COLO-205, and the normal human gingival fibroblasts were obtained at
0.9 μg/mL, 2.3 μg/mL, and 13.1 μg/mL, respectively. The apoptotic effect assay indicated that the
bulb extract induced apoptosis in both colon cancer cell lines. D. maritima bulb extract was only able
to induce statistically significant ROS levels in COLO-205 cells in a dose-dependent manner. The
mitochondrial membrane potential (MMP) revealed a significant decrease in the MMP of Caco-2 and
COLO-205 to various concentrations of the bulb extract. At the molecular level, RT-qPCR was used
to assess gene expression of CASP8, TNF-α, and IL-6 genes in Caco-2 and COLO-205 cancer cells.
The results showed that the expression of pro-inflammatory genes TNF-α and IL-6 were upregulated.
The apoptotic initiator gene CASP8 was also upregulated in the Caco-2 cell line and did not reach
significance in COLO-205 cells. These results lead to the conclusion that D. maritima extract induced
cell death in both cell lines and may have the potential to be used in CRC therapy in the future.

Keywords: colorectal; Drimia maritima; anticancer

1. Introduction

Cancer can be defined as a non-communicable disease with progressive uncontrolled
cell growth/division with a probability to invade nearby and/or distant tissues and could
appear in any part of the body [1–4]. Colorectal cancer, “CRC”, is the second most common
cancer in both genders [5]. Natural products with anticancer therapeutic potential have
earned an increasing interest in recent years. Pharmacological research of plant extracts as
a source of secondary metabolites is probably the most important step in the identification
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of plant-derived compounds with therapeutic promise [6]. Plant extracts are a major source
of phenolic compounds and other secondary metabolites, which have shown potential
anticancer activities by regulating cell death pathways [7]. Furthermore, most of the
anticancer drugs in the market are plant-derived such as taxanes (e.g., paclitaxel (Taxol)
and docetaxel (Taxotere)) or synthetic compounds. Therefore, a need for basic and applied
research to find novel cancer prevention and treatment options from plants as a source for
safe and effective anticancer treatment [8].

To our knowledge, the cytotoxicity of the bulb extract of the medicinal plant D.
maritima toward CRC cell lines was not previously investigated. Therefore, this research
was initiated to study the therapeutic potential of D. maritima on CRC via assessment of
the cytotoxic activity of D. maritima bulb extract on the colorectal Caco-2 and COLO-205
cancer cell lines. In this study, we prepared an aqueous extraction of the medicinal plant
D. maritima bulb to assess the in vitro antiproliferative effects of D. maritima bulb extract
against colorectal cancer cells. We also aimed to determine the mechanism of action of
active D. maritima bulb extract against colorectal cancer cells. Finally, we aimed to examine
the gene expression of some cell growth-related genes in bulb extract-treated colorectal
cancer cells using quantitative RT-PCR.

2. Results

2.1. Identification of Chemical Constituents of D. maritima Bulb Extract by GC-MS

Analysis of the bioactive constituents of the bulb extract of D. maritima by GC-MS
demonstrated the presence of 57 compounds and their chromatogram, as shown in Figure 1
and Table 1. Major peaks determined in the GC-MS chromatogram and their corresponding
components were recognized according to NIST 20 and Willy 19 Libraries. The bulb extract
was found to include a variety of essential phytochemicals. The results of GC-MS analysis
showed that D. maritima bulb extract was rich in the phytosterol “Campesterol” containing
~14%, 2,3-Butanediol (glycol and secondary alcohol) and 5-Hydroxymethylfurfural (furans,
an arenecarbaldehyde, and primary alcohol) (~10% each), and ~8% for each of the fatty acid
derivatives “Hexadecanoic acid ethyl ester” and “9-Octadecenamide (Z)-”. Interestingly,
the cardiac glycoside “Proscillaridin” proved to be one of the predominant secondary
metabolites in the bulb extract of D. maritima with about 5% content which may play an
effective role as a pharmaceutical anticancer agent (Table 1).

2.2. Drimia maritima Bulb Extract and ProA Can Selectively Inhibit the Proliferation of
COLO-205 and Caco-2 Cancer Cells

The MTT assay was performed to evaluate the cell viability and proliferation of
COLO-205 and Caco-2 cells upon treatment with different concentrations of D. maritima
bulb extract, ProA, and Doxorubicin (positive control). The treatment of COLO-205 and
Caco-2 with different concentrations of D. maritima bulb extract showed cytotoxic effects
proportional to the concentration of D. maritima bulb extract used. The IC50 of D. maritima
bulb extract on COLO-205 cell lines was ~2.3 μg/mL and for Caco-2 cells was ~0.9 μg/mL
(Figure 2). In order to determine whether D. maritima bulb extract has cytotoxicity effects on
normal human cells, normal HGF cells were treated with the plant extract using the same
concentrations used in colon cancer cell lines and incubated for 48 h. The results showed
that D. maritima bulb extract has minimal cytotoxic effects on normal human cells at low
concentrations, and the IC50 was achieved at a relatively high concentration of 13.1 μg/mL
(Figure 2), indicating that D. maritima bulb extract potentially has selective cytotoxic effects
on cancer cells but not on normal cells. From the reported IC50s, an estimation for the
selectivity index can be found to be approximately 5.7 for the COLO-205 cells and 14.55 for
Caco-2 cells.
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Figure 1. Gas chromatography and mass spectrometry chromatogram showing the major components
of the aqueous bulb extract of Drimia maritima. * a.u.: arbitrary unit.

Table 1. Gas chromatography and mass spectrometry data of chemical components of Drimia maritima
bulb extract.

No. Component Cas # Content (%)

1 2,3-Butanediol 513-85-9 10.454

2 Furancarboxaldehyde 98-01-1 0.28

3 Isobutanoic acid 79-31-2 0.544

4 2-Furancarboxaldehyde, 5-methyl 620-02-0 1.389

5 Erythritol 149-32-6 0.267

6 Oxetane, 3,3-dimethyl 6921-35-3 0.626

7 Limonene 138-86-3 0.449

8 Methyl-3-furanthiol 28588-74-1 0.523

9 2H-Pyrazole-3-carbohydrazide 9-64-26275 1.82

10 Butanedioic acid, monomethyl ester 3878-55-5 0.379

11 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl 28564-83-2 1.333

12 (E,5S)-3,5-dimethylhept-3-en-1-yne 997029-22-6 0.219

13 2-Furancarboxaldehyde, 5-(chloromethyl)( 1623-88-7 0.142

14 4H-Pyran-4-one, 3,5-dihydroxy-2-methyl 1073-96-7 0.666

15 5-Hydroxymethylfurfural 67-47-0 9.857
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Table 1. Cont.

No. Component Cas # Content (%)

16
α-D-Glucopyranoside,
O-α-D-glucopyranosyl-(1.fwdarw.3)-β-D-fructofuranosyl 597-12-6 0.843

17
α-D-Glucopyranoside,
O-α-D-glucopyranosyl-(1.fwdarw.3)-β-D-fructofuranosyl 597-12-6 0.482

18 3-Methoxybenzyl alcohol 6971-51-3 0.538

19 5-Acetoxymethyl-2-furaldehyde 10551-58-3 0.449

20 5-Hydroxymethylfurfural 67-47-0 0.335

21 Glutaric acid, 2-naphthyl tridecyl ester 998725-55-8 0.56

22 8-Oxabicyclo[5.1.0]oct-5-en-2-ol, 1,4,4-trimethyl 58795-43-0 0.14

23 Cycloheptasiloxane, tetradecamethyl 107-50-6 0.16

24 Ethyl hydrogen succinate 1070-34-4 1.679

25 Phenol, 2,4-bis(1,1-dimethylethyl) 96-76-4 1.029

26 β-D-Glucopyranose, 1,6-anhydro 498-07-7 1.072

27
α-D-Glucopyranoside,
O-α-D-glucopyranosyl-(1.fwdarw.3)-β-D-fructofuranosyl 597-12-6 0.217

28 6Methoxy-2-amido-5,6-dihydrothiazolo[2,3-c]-1,2,4-triazole 997204-67-5 3.361

29 Myristic acid 544-63-8 0.155

30 Ethyl hydrogen succinate 1070-34-4 0.339

31 Hexadecanoic acid, 1-(hydroxymethyl)-1,2-ethanediyl ester 761-35-3 0.067

32 Palmitoleic acid 373-49-9 0.063

33 n-Hexadecanoic acid 57-10-3 0.105

34 Hexadecanoic acid, ethyl ester 628-97-7 8.057

35 Heptadecanoic acid 506-12-7 0.159

36 Octadecanoic acid 57-11-4 0.417

37 Octadecenoic acid (Z) 9 112-80-1 1.578

38 Octadecanoic acid 57-11-4 0.73

39 Hexadecanamide 629-54-9 2.309

40 Stearic acid, 2-hydroxy-1-methylpropyl ester 14251-39-9 1.497

41 9-Octadecenamide, (Z) 301-02-0 8.142

42 Octadecanamide 124-26-5 1.513

43 (Z)-(S)-Octadec-9-en-11-olide 997490-85-5 3.409

44 n-Propyl 9-octadecenoate 997641-34-3 0.439

45 Stearic acid, 2-hydroxy-1-methylpropyl ester 14251-39-9 1.569

46 Bis(2-ethylhexyl) phthalate 117-81-7 0.499

47 Elaidamide 301-02-0 0.475

48 Ethyl iso-allocholate 112-84-5 1.244

49 13-Docosenamide, (Z) 112-84-5 0.545

50 Campesterol 474-62-4 13.874

51
6,12-dimethoxy-8-methyl-5,8,9,13-tetrahydro-7H-cyclohept[b]anthracene-
5,13-dione 997713-65-8 0.723
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Table 1. Cont.

No. Component Cas # Content (%)

52 Stigmasterol 83-48-7 0.491

53 β-Sitosterol 83-46-5 0.735

54 Bufa-20,22-dienolide, 14-hydroxy-3-oxo-, (5β) 4029-65-6 2.642

55 Proscillaridin 466-06-8 4.956

56
4-(2,4-Dimethyl-phenyl)-1,7-dimethyl-4-azatricyclo[5.2.1.0(2,6)]decane-
3,5,8-trione 997597-94-2 2.78

57 Bufa-20,22-dienolide, 3-(acetyloxy)-14,15-epoxy-5-hydroxy-, (3β,5β,15β) 4029-68-9 0.766

(A) 

(B) 

Figure 2. Cont.
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(C) 

Figure 2. Cell viability MTT assay of Caco-2 and COLO-205 colon cancer cells and hGFs after
treatment with the following: (A) increasing concentration of aqueous Drimia maritima bulb ex-
tract (0.122–31.25 μg/mL); (B) Proscillaridin (0.0024–1.32 μg/mL); (C) Doxorubicin (from 50 to
0.195 μg/mL). The IC50 values were calculated using log-probit analysis. Each value is presented as
the mean ± SD of an average of three independent experiments.

On the other hand, to evaluate the cytotoxic effect of ProA, which is one of the major
active compounds of D. maritima (Table 1), COLO-205 and Caco-2 cells, as well as the normal
HGF cells, were treated with different concentrations of ProA ranging from 0.0024 μg/mL
to 1.32 μg/mL. The results, as indicated in Figure 2B, showed a significant increase in Caco-
2 and COLO-205 cell death, and the IC50 was achieved at 0.0029 μg/mL and 0.012 μg/mL,
respectively. Moreover, ProA showed a minimal cytotoxic effect on normal HGF, and the
IC50 was achieved at 0.229 μg/mL.

Doxorubicin was also used to assess the efficacy and the potential of ProA and bulb
extract as natural cancer therapeutics. Importantly, ProA showed a more powerful cytotoxic
effect than D. maritima bulb extract on both Caco-2 and COLO-205 cell lines when compared
to Doxorubicin, which was achieved at IC50 at 0.78 μg/mL for COLO-205 and 0.59 μg/mL
for Caco-2 (Figure 2C).

2.3. D. maritima Bulb Extract Can Induce Early and Late Apoptosis in Colon Cancer Cell Lines

In order to clarify whether D. maritima bulb extract can induce cell apoptosis in colon
cancer cells, D. maritima-treated and -untreated Caco-2 and COLO-205 cells were stained
with Annexin V and PI to analyze different apoptotic stages using flow cytometry. When
compared to untreated cells (control cells), D. maritima bulb extract was able to significantly
increase both the early and late cell apoptotic percentages in treated colon cancer cells in a
concentration-dependent manner. In the COLO-205 cell culture, there was a statistically
significant increase in the percentage of early and late apoptotic cells (Figure 3A). These
results clearly emphasize that D. maritima bulb extract is able to induce cell early and
late apoptosis in Caco-2 and COLO-205 cell lines in a concentration-dependent manner
(Figure 3B).
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Figure 3. Flow cytometry analysis of D. maritima (DM) bulb extract effect on COLO-205 and Caco-2
cells. (A) Representative flow cytometer plots are presented for the untreated group (control) and
DM-treated groups (4 μg/Ml, 3.5 μg/mL, 2.75 μg/mL, 2 μg/mL, 1 μg/mL and 0.5 μg/mL) in
COLO205 cells. (B) The bar graph represents the percentage of early and late apoptotic cells detected
by flow cytometer from three separate experiments (mean ± SD, n = 3). (C) Representative flow
cytometery plots are presented for the control group (Untreated) and DM treated groups (2 μg/mL,
1 μg/mL, 0.75 μg/mL, and 0.5 μg/mL) in Caco-2 cells. (D) The bar graph represents the percentage of
early and late apoptotic cells detected by flow cytometer from three different individual experiments
(mean ± SD, n = 3). ** Significant differences were observed between the DM-treated (2 μg/mL and
1 μg/mL) and untreated control group (p-values *** < 0.001, ** < 0.01 and * < 0.05).
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2.4. D. maritima Bulb Extract Induces the Production of ROS in Colon Cancer Cells

ROS generation was measured after treatment with D. maritima bulb extracts in colon
cancer cells. D. maritima bulb extract was only able to induce statistically significant ROS
levels in COLO-205 cells in a dose-dependent manner when treated with concentrations
above 2 μg/mL (i.e., 3.5, 2.75, and 2 μg/mL; p-value > 0.001) (Figure 4). Although D.
maritima bulb extract was able to induce ROS in Caco-2 cells at lower plant extract con-
centrations (0.5 and 1 μg/mL), these results were statistically non-significant (Figure 4).
Moreover, D. maritima bulb extract was not able to induce a statistically significant level
of ROS in Caco-2 cells. Perhaps, this could be referred to the lower concentrations of D.
maritima bulb extract used to treat Caco-2 cells (1.5, 1, and 0.75 μg/mL) when compared to
that used to treat COLO-205.

 

 

Figure 4. Production of reactive oxygen species (ROS) in COLO-205 and Caco-2 cells incubated for 48 h
with D. maritima (DM) bulb extract: (A,B) Histograms and bar graphs of ROS production in COLO-205
cells were obtained by flow cytometer in the FITC channel in different groups. The bar graph shows a
remarkable increase in the level of intracellular ROS in the treated group. (C,D) Representative histograms
and bar graphs from Caco-2 cells treated with indicated concentrations of D. maritima extract on intracellular
ROS levels production in comparison to control (untreated cells) detected by flow cytometer from three
separate experiments (mean ± SD, n = 3). p-values *** < 0.001, ** < 0.01.

2.5. D. maritima Bulb Extract Affects Mitochondrial Membrane Potential (ΔΨm) in Colon
Cancer Cells

The effect of D. maritima bulb extract on mitochondrial membrane potential (ΔΨm)
was assessed in colorectal cancer cells using TMRE cell-permeant red-orange dye to label
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active mitochondria. FCCP was used as a positive control, which can significantly diminish
mitochondrial membrane potential. The results showed that treatment of COLO-205 cells
concentrations of D. maritima bulb extracts above 2 μg/mL (2.75 and 3.5 μg/mL) resulted in
a statistically significant (p < 0.001) decrease in ΔΨm of COLO-205 cells (4.569 ± 0.726, and
0.666 ± 0.72, respectively) when compared to control cells (Figure 5). Although the effect of
D. maritima bulb extracts on ΔΨm in COLO-205 cells at 2 μg/mL concentration was minor, it
was statistically significant (15.38 ± 0.72; p < 0.05). However, treatment of COLO-205 with
1 μg/mL D. maritima bulb extract showed no significant reduction in their ΔΨm.

Figure 5. Assessment of the mitochondrial membrane potential (ΔΨm) in COLO-205 and Caco-2
cells after treatment with D. maritima (DM) bulb extract for 48 h: (A,B) Histograms and bar graphs
show changes in COLO-205 cells ΔΨm response to various concentrations of DM extract (3.5 μg/mL,
2.75 μg/mL, 2 μg/mL, 1 μg/mL, and 0.5 μg/mL) in comparison to untreated cells. (C,D) Histogram
and bar graphs show loss of ΔΨm following exposure to different concentrations of DM extract
(2 μg/mL, 1.5 μg/mL, 1 μg/mL, 0.75 μg/mL, and 0.5 μg/mL) compared to control (untreated cells).
All data are expressed as mean ± SD of three separate experiments. All data are expressed as
mean ± SD of three separate experiments. (p-values *** < 0.001 ** < 0.01, and * < 0.05).
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On the other hand, treatment of Caco-2 cells with different concentrations of D. mar-
itima bulb extract of 0.5, 0.75, 1, 1.5, and 2 μg/mL resulted in a statistically significant
(p < 0.001) reduction in their ΔΨm (260 ± 194.4, 250.3 ± 194.4, 290.3 ± 194.4, 326.0 ± 194.4,
and 287.7 ± 194.4, respectively) when compared to the control cells (Figure 5). These results
confirmed that D. maritima bulb extract could significantly reduce ΔΨm in COLO-205 cells
in a dose-dependent manner and also in the Caco-2 cell line.

2.6. The Impact of D. maritima Bulb Extract on Gene Expression in Colon Cancer Cell Lines

In order to figure out changes in colon cancer cell lines at the molecular level after
the observed growth-inhibitory effect of D. maritima bulb extract, RT-qPCR was applied to
assess gene expression of multiple genes: Casp8, TNF-α, and IL-6 in COLO-205 and Caco-2
cells pre-treated with different concentrations of D. maritima bulb extract.

In COLO-205 cells, there was a non-significant upregulation in Casp8 gene by when
the cells were treated with the extract at a concentration of 3.5 μg/mL (Figure 6A). More-
over, treatment with the extract for 48 h at 2.75 and 3.5 μg/mL resulted in statistically
significant elevations in the target gene TNF-α (5.59-fold and 4.8-fold, respectively). Al-
though there was an elevation in the expression of the TNF-α gene when cells were treated
with the extract at 2 μg/mL by 1.65-fold, this elevation was statistically non-significant
(Figure 6B). Furthermore, there was a non-significant elevation in the expression of the
pro-inflammatory cytokine gene IL-6 when COLO-205 was treated at extract concentrations
2, 2.75, and 3.5 μg/mL (1.2-, 1.6-, and 2.1-fold, respectively) (Figure 6C).

In comparison to the control group (untreated cells), the pro-inflammatory TNF-α
expression levels in Caco-2 cells were significantly increased by 6.5- and 6.4-fold follow-
ing treatment with 2 and 1.5 μg/mL of D. maritima bulb extracted for 48 h, respectively
(p < 0.0001), and 5.2-fold when cells were treated with 1 μg/mL (p < 0.0007) (Figure 6D).
Although the expression levels of TNF-α elevated by 3.3- and 3.6-fold when Caco-2 cells
were treated with 0.75 and 0.5 μg/mL, respectively, these elevations were not signifi-
cant. The expression of the Casp8 gene was significantly upregulated (1.5-fold) following
48 h treatment with 1.5 μg/mL (p < 0.001) in Caco-2 cells. Moreover, the expression still
elevated significantly by 1.31- and 1.3-fold when decreasing the concentration to 1 and
0.75 μg/mL (p < 0.041 and <0.014), respectively (Figure 6E). An elevation also occurred
when Caco-2 cells were treated with 0.5 μg/mL, yet, this elevation was statistically non-
significant. Furthermore, results showed that D. maritima bulb extract could induce the
activation of the effector Casp8 gene in Caco-2 cells (Figure 6E). With respect to the expres-
sion of pro-inflammatory cytokine gene IL-6, results showed that there was a statistically
significant upregulation (6.5-fold increase) when Caco-2 cells were treated with 1.5 μg/mL
(p < 0.0244) when compared to control cells (Figure 6F). Although there was an increase
in the expression of gene IL-6 (3.4-, 3.2-, and 5.5-fold) upon treatment of Caco-2 cells with
0.5, 0.75, and 1 μg/mL of D. maritima bulb extract, respectively, these elevations were
statistically non-significant.

In general, the results showed that D. maritima bulb extract could affect the expression
of cell proliferation-related genes that were examined in this study in both cell lines,
i.e., it can upregulate the expression of inflammatory cytokine genes TNF-α and IL-6 and
the apoptotic initiator gene Casp8.
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Figure 6. Gene expression analysis of apoptotic initiator gene CASP8 and two inflammatory cy-
tokine genes TNF-α and IL-6 in COLO-205 and Caco-2 cells after treatment with various concen-
trations of D. maritima (DM) bulb extract for 48 h as examined by quantitative RT–PCR: (A,D) The
graphs reveal fold changes in the expression of CASP8 in COLO-205 and Caco-2 cells, respectively.
(B,E) TNF-α gene in COLO-205 and Caco-2 cells at various extract concentrations (2.0, 1.5, 1.0, 0.75,
and 0.5 μg/mL). (C,F) IL-6 in COLO-205 and Caco-2 cells treated with different extract concentrations
(1.5, 1.0, 0.75, and 0.5 μg/mL). Fold change was calculated using the ΔΔCt method. Untreated cells
were used as the control; therefore, the fold change for untreated cells is 1 in all plots. GAPDH gene
served as an internal reference gene. The error bars indicate the standard deviation from triplicate
experiments (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Discussion

Plants are an interesting and cost-effective natural source of potential therapeutic
candidates, and their secondary metabolites, phenols, and extracts have been extensively
investigated for a mode of action on cancer cell death and their anticarcinogenic proper-
ties [9]. In the current study, the anticancer potential of a novel medicinal plant common in
Mediterranean regions, namely D. maritima was investigated. D. maritima has long been
used for the management and treatment of many pathological conditions [10–14]. In cancer
settings, several preceding in vitro studies have reported potent anticancerous and selective
cytotoxic effects of D. maritima on different cancer types, including breast, lung, lymphoma,
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and prostate cancer [10,11,13,15]. However, [16] the cytotoxic effect of D. calcarata bulb
extracts against p53 mutant HT-29 and p53 wild-type Caco-2 colorectal cancer cells has
recently been demonstrated. Herein, to our knowledge, the current study is the first to
investigate the anticancerous effect of D. maritima bulb extracts on COLO-205 and Caco-2
colorectal cancer cell lines.

In order to evaluate the potential antitumor effect mediated by D. maritima bulb extract
on the cell proliferation of colon COLO-205 and Caco-2 cancer cell lines, an MTT assay
was used to measure mitochondrial activity in viable cells. Interestingly, D. maritima bulb
extract showed a dose-dependent antiproliferative effect against both colon cancer cell
lines (Caco-2 and COLO-205). D. maritima bulb extract was able to achieve IC50 at 0.92
and 2.3 μg/mL in Caco-2 and COLO-205, respectively. In this study, ProA, which accounts
for about 5% of the D. maritima bulb extract, was one of the major active phytochemical
compounds with potent anticancer activity on different cancer types, including, but not
limited to, glioblastoma, lung, and prostate cancers [17,18]. Accordingly, it was assumed
that the cytotoxic activity of D. maritima bulb extracts on colon COLO-205 and Caco-2 cell
lines could be achieved, at least in part, through ProA as an active compound. Interestingly,
ProA was highly effective in inhibiting COLO-205 and Caco-2 cell lines and achieved IC50
at concentrations of 0.0029 μg/mL and 0.012μg/mL, respectively. Additionally, both D.
maritima bulb extract and ProA express minimal cytotoxic effects against normal HGF
when compared to cancer cells (IC50 equals 13.1 μg/mL and 0.229 μg/mL, respectively),
indicating that their cytotoxic activities are selective to colon cancer cells, with a very
attractive selectivity index of 14.6 for Caco-2 and 5.6 for COLO-205. Interestingly, the
obtained IC50 values in this study are relatively lower than the previously reported IC50
against different breast cancer cell lines. For example, Hamzeloo-Moghadam reported
that the IC50 values for the non-hemolytic ethanol extract of U. maritima against breast
cancer MCF7 cells were 11.01 μg/mL. Additionally, IC50 values for the non-hemolytic
acetone extract of U. maritima against breast cancer MCF7 cells was 6.01 μg/mL, while the
Doxorubicin drug (positive control) exhibited a cytotoxic effect with a higher IC50 value
(52.35 μg/mL) [19]. Another example is the study conducted by Obeidat and Sharan, which
found that the effective doses of D. maritima that inhibited 50% of growth (IC50) of MCF-7
and MDA-MB-468 cells were 20.48 ± 1.17 μg/mL and 25.74 ± 2.05 μg/mL, respectively.
Interestingly, Obeidat and Sharab’s study revealed that D. maritima displays significantly
lower cytotoxicity against AGO1522, a normal human fibroblast cell, with IC50 values of
43.5 ± 1.73 μg/mL [13].

Under normal physiological conditions, apoptosis “programmed cell death” is consid-
ered a mechanism to eliminate aged or abnormal cells; however, in cancer settings, cancer
cells are, in general, resistant to apoptosis and induce apoptosis “therapeutically”, which
is considered an effective way to eliminate cancer cells [20]. The findings of this study
showed that when compared to untreated cells (control), D. maritima bulb extract was able
to induce early and late cell apoptosis in a concentration-dependent manner.

D. maritima bulb extract was able to significantly (p < 0.0001) induce ROS production
in both Caco-2 and COLO-205 cancer cell lines after 48 h of treatment in a dose-dependent
manner. As aforementioned, intracellular ROS generation in large amounts is considered a
mechanism to trigger cell apoptosis, in part, through triggering the endoplasmic reticulum
stress [21], and thus, colon cancer cells apoptosis investigated in this study could be a result
of excessive intracellular ROS generation mediated by D. maritima bulb extract. On the other
hand, excessive ROS generation can cause cell cycle arrest as described previously [22],
but still, our results did not confirm the finding; at the same time, this possibility cannot
be excluded.

In order to further understand the mechanisms that promoted apoptosis in colon
cancer cells upon treatment with D. maritima bulb extract, studying the mitochondrial
membrane potential, ΔΨm, is of significant value in this context. In particular, ΔΨm has
considered one of the key markers of apoptosis [23]. Accordingly, the changes in the
ΔΨm were evaluated by tracking TMRE fluorescent signal in colon cancer cells (Caco-2
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and COLO-205 cell lines) after treatment with different concentrations of D. maritima bulb
extract for 48 h. Importantly, when compared to untreated cells (control), a significant
reduction in ΔΨm was observed in colon cancer cells (p < 0.0001), and this effect was
dose-dependent. Notably, the Colo-205 represents a metastatic colorectal cancer, as this cell
was isolated from the ascitic fluid of a 70-year-old Caucasian male with carcinoma of the
colon. The patient had been treated with 5-fluorouracil for 4–6 weeks before the removal of
the fluid specimen. Additionally, Caco-2 cells represent relatively sensitive cells toward the
5-fluorouracil. Interestingly, the extract used in this study shows a relatively higher activity
toward the colorectal Caco-2 cells. Interestingly, the apoptosis assay has also shown less
apoptosis percentage than those seen in the case of the Caco-2 cells. These results inversely
correlate with the ROS results, indicating that there is a negative correlation between ROS
generation and ΔΨm, which is consistent with the results of [24], and showed that curcumin
is able to induce apoptosis in melanoma cancer cells by increasing the production of ROS
and reducing ΔΨm

Finally, in order to track the molecular pathway through which D. maritima bulb extract
was able to induce apoptosis in colon cancer cell lines, RT-qPCR was used to quantify the
following target genes: genes encoding for pro-inflammatory cytokines, including TNF-α
and IL-6, as well as the gene encoding for caspase-8. TNF-α is an important pleiotropic
pro-inflammatory cytokine that, once produced at the site of inflammation, can mediate
a wide range of cellular responses that include but are not limited to stimulating the
production of pro-inflammatory cytokines, affecting the survival and proliferation of cells
and/or inducing cell death under certain circumstances [25]. In fact, TNF-α can positively
regulate the survival and proliferation of cells if it activates certain NF-kB-dependent genes
involved in cell survival and proliferation [26,27]. The latter can be achieved through the
activation of distinct caspase-8 activation pathways [27]. Furthermore, it has been reported
that upregulating the gene expression of TNF-α and IL-6 can participate in inducing Caco-
cell death [28]. This explains why the above-mentioned three gene targets are examined
in this study. Importantly, the results showed that upon treatment of both colon cancer
cell lines with the D. maritima bulb extract, there was a statistically significant increase
in the expression of all three gene targets tested in this study. This may indicate that D.
maritima bulb extract induces apoptosis in colon cancer cells through the TNF-α, IL-6, and
caspase-8 activation pathways [29]. The results of this study are in agreement with [13],
which showed that the expression levels of TNF-α and IL-6 gene were induced in MCF7
cells treated with fruit extracts of D. maritima.

4. Materials and Methods

4.1. Plant Collection, Classification, and Extraction

The plant D. maritima was collected in March 2021 from Princess Tasneem bint Ghazi
Technological Research Station in Al-Salt (Jordan), with coordinates: 32◦05′ N 35◦40′ E. The
collected plant was identified by a taxonomist specialist Mr. Refad Khawaldeh at Jordan
Royal Botanical Garden, where a voucher specimen (073/2021) is conserved for future
reference. Then, a powder of D. maritima bulbs was prepared after the bulbs were cleaned
with water. The grinding process was achieved manually by mortar and pestle. In the next
step, the crude powdered plant (30 g) was macerated in 100 mL water for two weeks with
continuous shaking at 150 rpm at RT. At the end of this period, the mixture was filtered
using a clean white canvas and filter papers to yield the aqueous D. maritima bulb extract.
Then, the aqueous part of the solution was dried out (evaporated) using a lyophilizer to
obtain the desired D. maritima bulbs to extract in a lyophilized form. Finally, 100 mg of
the D. maritima bulb extract was dissolved in 1 mL of DMSO to make a 100 mg/mL stock
solution for the treatment experiments.
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4.2. Identification and Characterization of D. maritima Bulb Extract by Gas Chromatography-Mass
Spectrometry (GC-MS)

Gas chromatography–mass spectrometry (GC-MS) analysis of the extracted sam-
ple was performed using an Agilent 5977B GC/MSD (Agilent, Santa Clara, CA, USA).
Gas Chromatograph was equipped and coupled to a mass detector Turbo Mass Gold,
PerkinElmer Turbo Mass 5.1 spectrometer with an Elite-1 (100% dimethylpolysiloxane),
DB-5MS, 30 m × 0.25 mm i.d., 0.25 μm film thickness of capillary column. The instrument
was set to an initial temperature of 80 ◦C and maintained at this temperature for 1 min.
At the end of this duration, the oven temperature was raised to 300 ◦C, at the rate of an
increase of 15 ◦C/min, and maintained for 9 min. The injection port temperature was
ensured at 290 ◦C, and the helium flow rate was one mL/min. The ionization voltage was
70 eV. Samples were injected in split mode as 10:1. Mass spectral scan range was set at
30–600 (m/z) [30].

4.3. Drugs Preparation

Proscillaridin A (Sigma-Aldrich, St. Louis, MO, USA) and Doxorubicin (EBEWE
Pharma, Rome, Italy) were completely dissolved in DMSO and then prepared in 20 mM
and 100 mM stock solutions, respectively. Then serial dilutions for both were prepared in
DMEM medium and stored at −20 ◦C until use.

4.4. Cell Culture

Two human colorectal carcinoma cell lines from the American Type Culture Collection
(ATCC), namely COLO-205 (ATCC® CCL-222™) and Caco-2 (ATCC® HTB-37™), were used
in this study. Additionally, normal human gingival fibroblasts (hGFs) samples prepared
at the Cell Therapy Center (CTC) were used to assess the cytotoxic effects of the plant
extract and drugs/treatments. All cells were cultured under the same conditions in 75 cm2

tissue culture flasks and maintained in cell culture media (CCM) consisting of DMEM
(Euroclone, Pero, Italy) high-glucose supplemented with 10% (v/v) heat-inactivated FBS,
1X penicillin/streptomycin, 1X non-essential amino acid, sodium pyruvate, and 1X L-
Glutamine and incubated in a humidified incubator at 37 ◦C and 5% CO2. When the
confluence of cells reached 70–80 percent, cells were passaged with 1X trypsin/EDTA
(Euroclone, Italy) and centrifuged at 1400 rpm, 25 ◦C for five min. Different characteristics
for the used cell line is listed in Table 2.

Table 2. Type of cells used in the study.

Cell Line Organism Tissue Morphology
Culture

Properties
Mutant Gene Chemoresistance

COLO-205
(ATCC®

CCL-222™) *

Homo sapiens,
human Colon Epithelial

Mixed;
adherent and
suspension

APC, BRAF
SMAD4, TP53 Cisplatin

Caco-2
(ATCC®

HTB-37™) *

Homo sapiens,
human Colon Epithelial Adherent APC, SMAD4

TP53 5-fluorouracil

*; https://www.atcc.org (accessed on 20 December 2022).

4.5. Cell Viability and Proliferation Assay

The antiproliferative effect and the median inhibitory concentration (IC50) of D. mar-
itima bulb extract and ProA was assessed on COLO-205, Caco-2, and hGF cells using an MTT
assay. In brief, cells were seeded in 96-well plates at a concentration of 8 × 103 cells/well
and incubated for 24 h at 37 ◦C. The next day, cells were treated with D. maritima bulb
extract and ProA at concentrations ranging from 0.122 μg to 500 to /mL and 2.46 to 5307
μg/mL, respectively, in a quadruplicate manner. The plates were incubated at 37 ◦C for
48 h. COLO-205, Caco-2, and hGF cells were also treated with a 2-fold serial dilution of
Doxorubicin at concentrations ranging from 0.024 to 50 μg/mL under the same conditions.
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DMSO was used as a drug solvent in minimal concentrations. Furthermore, each cell line
used in this study was treated with 1% DMSO as a control. Additionally, untreated cells
were used as a negative control. At the end of the incubation period, DMEM media were
aspirated, and 10 μL of MTT dye solution (Promega, USA) was added to each well. After
4 h of incubation at 37 ◦C, the dye solution was removed, 100 μL of DMSO was added
to each well, and the absorbance was measured using a 96-well plate reader at 560 and
750 nm wavelength. The IC50 values were determined using the logarithmic trend line of
the cytotoxicity graph using the GraphPad PRISM® 8.0 software (GraphPad Software, Inc.,
San Diego, CA, USA).

4.6. Apoptosis Assay

Cell apoptosis was determined using the Annexin V-FITC/Propidium Iodide (PI)
apoptosis detection assay Kit (Invitrogen, Waltham, MA, USA). In brief, Caco-2 and COLO-
205 cells were seeded in 6-well plates at a concentration of 3 × 105 cells/well, treated with
different concentrations of the D. maritima bulb extract, and incubated for 24 h at 37 ◦C,
5% CO2. According to the IC50, Caco-2 cells were treated with different concentrations
ranging from 0.5 to 2 μg/mL, COLO-205 cells were treated with different concentrations
ranging from 0.5 to 3.5 μg/mL, and then both cells were incubated for 48 h at 37 ◦C, 5%
CO2. The cells were harvested using 1X TrypLE Express, washed twice with PBS, and
suspended in equal volumes of Annexin V and PI reagents (2 μL each) diluted in 100 μL
of 1X binding buffer. All cells were incubated in a dark place at room temperature for
15–20 min. After that, cells were analyzed by flow cytometry BD FACSCanto software (BD
FACSCanto, Wokingham, UK)

4.7. Total Reactive Oxygen Species Measurement

Seeding and treatment conditions and cell preparation were similar to apoptosis
analyses. Cells were incubated with 1X ROS stain (Invitrogen, USA) (100 μL/sample) and
incubated for 60 min at 37 ◦C, with 5% CO2. Then the stained cells were analyzed by flow
cytometer by measuring the fluorescence emission at 520 nm.

4.8. Mitochondrial Membrane Potential (ΔΨm)

Mitochondrial membrane potential (ΔΨm) was assessed in colon cancer cell lines using
a Tetramethylrhodamine ethyl ester (TMRE) mitochondrial membrane potential assay kit
(Abcam, Boston, MA, USA). Colon cancer cells were treated as described above, and then
0.8 μL of trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) was added to the
untreated cells only (control) and incubated for 15 min at 37 ◦C, 5% CO2. Treated cells were
stained with TMRE by adding 0.8 μL of TMRE/well to the cell suspensions, and then cells
were re-incubated for an additional 30 min. Next, cells were harvested, centrifuged, and
resuspended in PBS and then analyzed by flow cytometer and measured at 549/575 nm.

4.9. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Amplification

Total RNA was extracted from cell pellets using Qiagen RNeasy Mini Kit (Qiagen,
Germany), according to the manufacturer’s instructions. Complementary DNA (cDNA)
was prepared using 1 μg RNA and PrimeScript RT Master Mix Kit (TaKaRa, Kusatsu,
Japan) according to the manufacturer’s instructions. The cDNA synthesis reaction was
performed using veriti 96 well Thermal Cycler (Thermo Fisher Scientific, Waltham, MA,
USA), under the following conditions: “37 ◦C” (reverse-transcription) for 15 min, “85 ◦C”
(heat inactivation for reverse-transcription) for 5 s, and “4 ◦C” holds. Finally, the samples
were stored at −20 ◦C until use.

cDNA samples were diluted in 1:10 using nuclease-free water. Samples were performed
in replicate. qPCR assay was performed in a 10 μL total reaction using specific primers to
amplify CASP8, TNF-α, IL-6, and GADPH genes, which are responsible for the expression
of caspase-8, tumor necrosis factor-alpha, interleukin-6, and glyceraldehyde-3-phosphate
dehydrogenase, as the following: “95 ◦C” for 2 min as initial denaturation cycle, then 40 cycles
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of 95 ◦C for 15 s (denaturation), “58 ◦C” for 60 s (annealing), and “72 ◦C” for 30 s (extension).
The primers sequences are listed in Table 3. The PCR data analysis was performed using
the ΔΔCt method (delta delta cycle threshold); the analysis was performed automatically
according to CFX Maestro Software of Bio-Rad Company (Hercules, CA, USA). The data
were normalized, across all plates, to the housekeeping gene GAPDH.

Table 3. List of primers for qPCR amplification.

Gene Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)
CASP8 CTG CTG GGG ATG GCC ACT GTG TCG CCT CGA GGA CAT CGC TCT C
TNF-a GTC AAC CTC CTC TCT GCC AT CCA AAG TAG ACC TGC CCA GA

IL-6 TTC CAA AGA TGT AGC CGC CC ACC AGG CAA GTC TCC TCA TT
GAPDH CCT GTT CGA CAG TCA GCC G CGA CCA AAT CCG TTG ACT CC

4.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software version 8.0
(GraphPad Software, San Diego, CA, USA). The comparison between different groups of
numerical variables was performed using one-way or two-way ANOVA. Homogeneity of
variances was tested using Dunnett’s and Bonferroni’s multiple comparisons tests, and a
p-value less than 0.05 (p < 0.05) was considered statistically significant.

The IC50 values were determined by using log–probit analysis; log (concentration) plotted
on the x-axis and inhibition percentage plotted on the y-axis; percent of inhibition was calculated,
after correction of the absorbance (A) measurements for the background (blank) absorbance,
according to the equation; Inhibition% = ((A control − Atreatment)/Acontrol) × 100%.

5. Conclusions

In summary, D. maritima bulb extract and ProA showed a selective inhibitory activity
on the proliferation of colorectal cancer cell lines. Such a finding was supported by the
results of the apoptosis, intracellular ROS, and mitochondrial membrane potential assays.
On the molecular level, the expression of pro-inflammatory genes TNF-α and IL-6 and the
apoptotic initiator gene CASP8 was also confirmative for the antiproliferative effect of the
D. maritima bulb extract. Taken together, the findings of this study elect D. maritima for
further investigation and validation on CRC animal cancer xenograft models.
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Abstract: Efficient and mild synthetic routes for bioactive natural product derivatives are of current
interest for drug discovery. Herein, on the basis of the pharmacophore hybrid strategy, we report
a two-step protocol to obtain a series of structurally novel oleanolic acid (OA)-dithiocarbamate
conjugates in mild conditions with high yields. Moreover, biological evaluations indicated that
representative compound 3e exhibited the most potent and broad-spectrum antiproliferative effects
against Panc1, A549, Hep3B, Huh-7, HT-29, and Hela cells with low cytotoxicity on normal cells. In
terms of the IC50 values, these OA-dithiocarbamate conjugates were up to 30-fold more potent than
the natural product OA. These compounds may be promising hit compounds for the development of
novel anti-cancer drugs.

Keywords: structural modification; oleanolic acid; natural product derivative; dithiocarbamate;
hybrid strategy; antitumor activity

1. Introduction

Natural products and their derivatives have a long history in cancer therapy and
are important for drug development. Efficient and mild synthetic routes for bioactive
natural product derivatives are of current interest for drug discovery [1–4]. Recently,
pentacyclic triterpenes have been identified as the main biologically active components in
many traditional Chinese medicines [5,6]. Among them, oleanolic acid (OA) is the most
abundant and cheap; thus, OA and its derivatives have been widely investigated for their
diverse biological activities, including their anti-cancer, anti-inflammatory, anti-HIV, anti-
bacterial, anti-diabetic, and anti-hepatotoxic effects, among others [7–11]. Derivatization
of OA has yielded a wide variety of novel compounds for anti-cancer investigations
(Scheme 1) [11–15]; however, poor pharmacokinetic properties, low cell selectivities, limited
bioavailabilities, and synthetic complexity have hindered further clinical application [7].
Therefore, methods for readily accessible modification of OA to enhance its polarity and
anti-proliferative activity are urgently required.

Dithiocarbamates are an important class of sulfur-containing organic compounds
with a wide range of applications in both academia and industry [16–27]. They serve
as fungicides and pesticides in agriculture [17–19], vulcanization agents in the rubber
industry [20], radical chain transfer agents in polymerization [21], effective ligands in
coordination chemistry [22], and, last but not least, as biologically important structural
motifs in medicinal chemistry (Scheme 2) [23–27].

Molecules 2023, 28, 1414. https://doi.org/10.3390/molecules28031414 https://www.mdpi.com/journal/molecules
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Scheme 1. Oleanolic Acid and Its Derivatization for Antitumor Medicinal Chemistry [11–15].

Scheme 2. Pharmaceutically Important Dithiocarbamates [23–27].

In recent years, the pharmacophore hybrid strategy has emerged as an essential
method for the discovery and modification of lead compounds [28–31]. Covalently com-
bining two known pharmacophores yields a novel hybrid molecule, which can possess
integrated advantages for optimizing certain biological activities and overcoming the de-
ficiencies of a single drug [32–35]. In view of the high performance of dithiocarbamate
derivatives in structural modification, the synthesis of OA-dithiocarbamate conjugates
may enhance the polarities and antitumor properties of the reaction products in a readily
accessible manner [7,23–27]. The structural modifications of OA have mainly focused
on the C-3 hydroxyl and C-28 carboxyl groups (Scheme 1) [7]. The C-28 carboxyl group
can easily be esterified by alcohols or amidated by amines; however, the preparation of
OA-dithiocarbamate conjugates has not yet been documented in the literature [7–11]. In
order to simplify the synthetic route and control the polarity of target molecules, ethylidene
was chosen as a linker between OA and dithiocarbamates.
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2. Results and Discussion

To establish the optimal reaction conditions, we prepared key intermediate 2, as pre-
viously described [36,37]. Under the “standard” conditions, the reaction of 2 with CS2 and
pyrrolidine in a one-pot manner afforded the target product 3a in an 80% isolated yield. In
the “standard” conditions, 2 equiv. of K3PO4 was shown to be essential to yield the desired
product 3a (Entries 1–4, Table 1). Lowering the loading of K3PO4 to 1.5 equiv. led to a de-
creased yield of 3a (Entry 1, Table 1), while replacement of it by K2HPO4 or Li2CO3 resulted
in no desired product (Entries 2–3, Table 1). On the other hand, in the presence of 2 equiv. of
K2CO3, product 3a could be isolated with a 62% yield (Entry 4, Table 1). Changing the reaction
temperature or using other solvents, such as DMF, CH3CN, and EtOH, did not offer better
results (Entries 5–8, Table 1). Lower amounts of CS2 or pyrrolidine resulted in a decreased
yield of 3a (Entries 9–10, Table 1).

Table 1. Optimization of Reaction Conditions.

Entry Base (equiv.) Solvent Isolated Yield of 3a (%)

1 K3PO4 (1.5) THF 72
2 K2HPO4 (2.0) THF 0
3 Li2CO3 (2.0) THF 0
4 K2CO3 (2.0) THF 62
5 K3PO4 (2.0) DMF 23
6 K3PO4 (2.0) CH3CN 19
7 K3PO4 (2.0) EtOH 34
8 a K3PO4 (2.0) THF 78
9 b K3PO4 (2.0) THF 64
10 c K3PO4 (2.0) THF 70

Variations from the “standard” conditions. a Reaction temperature was raised to 60 ◦C. b CS2 was used in 3.0 equiv.
instead of 4.5 equiv. c Pyrrolidine was used in 1.5 equiv. instead of 2.0 equiv.

With the optimal reaction conditions in hand, the substrate scope was subsequently
investigated, and the results are compiled in Figure 1. The replacement of the H-atom
of the pyrrolidine ring with other substituents, such as methyl, dimethyl, hydroxy, and
hydroxymethyl, worked well, affording the corresponding products 3b–3e in 69–85% yields.
Among them, hydroxyl containing products were obtained at slightly lower yields. This
reaction was also tolerant of fused-ring substrates, such as hexahydroisoindoline and
isoindoline, resulting in 3f and 3g with 77% and 90% yields, respectively.

To further enhance the structural diversity of products, various types of piperidine-
derived substrates were also examined, and all of them were compatible with the estab-
lished reaction conditions. First, methyl-, hydroxy-, hydroxymethyl-, hydroxyethyl-, and
phenyl-substituted piperidines reacted smoothly to give 3h–3m in 70–88% yields. Then,
methyl-, hydroxyethyl-, phenyl-, and aryl-substituted piperazines were also viable sub-
strates, affording 3n–3s in 71–89% yields. Moreover, thiomorpholine was also compatible,
leading to the formation of 3t in 72% yield. Gratifyingly, the mild reaction conditions, high
yields of products, and good functional group tolerances clearly demonstrated the advan-
tages of our pharmacophore hybrid strategy for the structural modification of OA. The

417



Molecules 2023, 28, 1414

isolated compounds 3a–3t were fully characterized by 1H and 13C NMR spectroscopy as
well as high-resolution mass spectrometry (see the Supplementary Information for details).

 
Figure 1. Synthesis of OA-Dithiocarbamate Derivatives.

Having obtained a series of structurally diverse OA-dithiocarbamates, we next per-
formed a systematic biological evaluation to examine whether introducing an extra dithio-
carbamate group could improve antitumor activities. These compounds were evaluated by
MTT assay against human pancreatic cancer (Panc1), human lung cancer (A549), human
hepatoma cell (Hep3B), human hepatoma cell (Huh-7), human colon cancer (HT-29), and
human cervical cancer (Hela) cells, with the widely used anticancer drugs fluorouracil,
docetaxel, and cisplatin as positive controls (Table 2). Most of the compounds exhibited
remarkable antiproliferative activities, and the IC50 values of ten selected compounds were
less than 50 μM on certain tumor cell lines. Among them, compounds 3e, 3i, 3j, and 3l

were shown to be excellent, with broad-spectrum antitumor activities as well as being up
to 30-fold more potent than the natural product OA and the positive controls; this might be
ascribed to the introduction of hydroxyl groups. Particularly, compound 3p was also found
to be a promising hit compound that was 20-fold more potent than the natural product OA
against HT-29 cells. Moreover, the cytotoxicities of compounds 3a-3t were also evaluated in
human normal hepatocytes (LO2) to determine whether these compounds preferred killing
tumor cells over normal cells. Excitingly, the IC50 value of compound 3e in LO2 cells was
62.8 μM, which was several times higher than that in the tumor cells.

Table 2. In Vitro Cytotoxicity Data of OA and Its Derivatives.

Compound
IC50

a (μM)

Panc1 A549 Hep3B Huh-7 HT-29 Hela LO2

OA >200 >200 >200 >200 >200 >200 140.1
5-fluorouracil 160.0 125.3 152.2 140.0 93.3 130.4 108.9
Docetaxel >200 >200 172.2 104.1 >200 135.0 139.7
Cisplatin >200 >200 >200 >200 >200 142.5 >200
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Table 2. Cont.

Compound
IC50

a (μM)

Panc1 A549 Hep3B Huh-7 HT-29 Hela LO2

3a >200 92.1 >200 144.9 ND b 89.4 113.4
3b 130.0 135.8 >200 >200 100.3 77.1 136.0
3c >200 64.3 ND >200 >200 133.7 ND
3d 15.7 42.5 26.3 64.6 ~18.3 11.9 34.1
3e 13.1 28.8 15.2 29.9 ~17.6 7.0 62.8
3f ND ND ND ND ND ND ND
3g 185.2 >200 >200 >200 121.3 >200 >200
3h >200 ND 176.5 96.9 106.7 106.2 >200
3i 16.9 24.4 ~18.7 70.6 ~18.4 7.8 30.3
3j 13.5 33.6 16.9 49.4 7.6 10.9 25.2
3k 59.0 >200 >200 106.7 >200 49.8 >200
3l 13.4 34.3 14.7 39.9 8.3 ND ND
3m >200 >200 160.1 >200 81.8 131.2 >200
3n 39.5 34.5 124.3 132.8 62.2 48.6 76.9
3o 31.1 32.6 35.8 22.9 27.5 36.4 24.1
3p 14.6 25.2 13.9 59.1 10.3 ND 20.6
3q >200 ND ND 183.1 187.4 >200 ND
3r >200 >200 161.2 >200 >200 192.0 >200
3s >200 ND >200 102.1 ND 115.4 ND
3t >200 40.3 64.5 72.9 ND 175.4 114.7

a Concentration inhibiting 50% of cell growth for 48 h exposure period of tested samples. b ND, not determined.

3. Materials and Methods

3.1. General Information

All organic solvents were dried and distilled by standard methods prior to use. 1H
and 13C NMR spectra were recorded on a Bruker AV II-400 spectrometer (BURKERT,
Ingelfingen, Germany) at 400 and 100 MHz, respectively. All chemical shifts were reported
in δ units with references to the residual solvent resonances of the deuterated solvents for
proton and carbon chemical shifts. High Resolution Mass Spectra (HRMS) were obtained on
a Thermo Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (SCIEX,
Framingham, Massachusetts, USA). All other chemicals were purchased from either Aldrich
(Sigma-Aldrich, Shanghai, China) or Aladdin Chemical Co. (Aladdin Holdings Group Co.,
Ltd, Shanghai, China) and used as received, unless otherwise specified.

The optical density at 490 nm of each well was measured using a microplate reader
(Molecular devices corporation, Sunnyvale, CA. USA) to calculate the percent of cell
viability. The inhibition rates were calculated using GraphPad Prism 7.0 software. The
seven tested cell lines were obtained from the laboratory of Molecular Pharmacology,
Department of Pharmacology, School of Pharmacy, Southwest Medical University.

3.2. Experimental Section of Synthesis

[2-bromoethyl] 3-hydroxy-12-en-28-oic acid (2) [36–38] To a mixture of oleanolic acid
(913.4 mg, 2.0 mmol), K2CO3 (552.8 mg, 4.0 mmol), and DMF (40 mL), 1, 2-dibromoethane
(513 μL, 6.0 mmol) was slowly added at room temperature, and the mixture was then stirred
at 40 ◦C for 4 h. The resulting mixture was cooled to room temperature, then quenched with
ice water (50.0 mL), and the insoluble material was removed by a Buchner funnel. The organic
layer was separated, and the aqueous layer was extracted with ethyl acetate (50 mL × 3). The
organic solutions were combined and dried over anhydrous MgSO4. After removal of the
solvent, the residue was submitted to column chromatography on silica gel (200-300 mesh)
using petroleum ether and ethyl acetate (15/1 in v/v) as eluents to give 2 (957.6 mg, 85% yield)
as a white solid. 1H NMR (400 MHz, CDCl3): δ 5.30 (s, 1H, H-12), 4.35 (m, 2H, -OCH2C-), 3.49
(t, J = 5.5 Hz, 2H, BrCH2C-), 3.20 (d, J = 6.9 Hz, 1H, H-3), 2.87 (d, J = 12.2 Hz, 1H, H-18), 1.99
(m, 1H, -OH), 1.87 (m, 2H, -CH2), 1.72 (m, 3H, H-22, -CH, -CH2,), 1.62 (m, 6H, 3 × -CH2), 1.54

419



Molecules 2023, 28, 1414

(m, 3H, H-22, -CH, -CH2), 1.33 (m, 6H, 3 × -CH2), 1.18 (s, 1H, H-9), 1.13 (s, 3H, -CH3), 1.06 (s,
1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.73
(s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 177.2 (C-28), 143.4 (C-13), 122.6 (C-12), 78.8 (C-3),
63.6 (-CO-), 55.2 (C-5), 47.6 (C-9), 46.8 (C-17), 45.7 (C-19), 41.6 (C-14), 41.2 (C-18), 39.3 (C-8),
38.7 (C-1), 38.4 (C-4), 37.0 (C-10), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 30.7 (C-20),
29.1 (-CBr), 28.2 (C-15), 27.7 (C-23), 27.1 (C-27), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16),
18.3 (C-6), 17.0 (C-26), 15.6 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for C32H51BrO3
[M+H]+: 563.3100. Found: 563.3054.

[2-((pyrrolidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3a). To a mix-
ture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF (8.0 mL),
pyrrolidine (1.0 mmol, 82 μL) was slowly added at 0 ◦C, and the reaction mixture was then
stirred at 0 ◦C for 0.5 h. To the resulting mixture another THF solution (4.0 mL) of 2 (0.4 mmol,
225.4 mg) was added dropwise. The reaction mixture was stirred for 12 h at room temperature,
then quenched with ice water (15.0 mL), and the insoluble material was removed by a Buchner
funnel. After removal of the solvent, the residue was dissolved in ethyl acetate (15.0 mL).
Water (15.0 mL) was added to the resulting solution, the organic layer was separated, and the
aqueous layer was extracted with ethyl acetate (15.0 mL × 2). The organic solutions were
combined and dried over anhydrous Na2SO4. After removal of the solvent, the residue was
submitted to column chromatography on silica gel (200–300 mesh) using petroleum ether and
ethyl acetate (2/1 in v/v) as eluents to give 3a (201.3 mg, 80% yield) as a white solid. 1H NMR
(400 MHz, CDCl3): δ 5.29 (s, 1H, H-12), 4.27 (m, 2H, -OCH2C-), 3.92 (t, J = 6.9 Hz, 2H, -SCH2),
3.66 (t, J = 6.8 Hz, 2H, -NCH2), 3.59 (m, 2H, -NCH2), 3.20 (m, 1H, H-3), 2.87 (dd, J = 13.5,
3.4 Hz, 1H, H-18), 2.10 (m, 1H, -OH), 1.97 (m, 5H, H-22, -CH, 2 × -CH2), 1.87 (m, 2H, -CH2),
1.66 (d, J = 8.4 Hz, 3H, -NCH2CH2CH), 1.59 (m, 5H, -NCH2CH2CH, 2 × -CH2), 1.53 (m, 3H,
H-22, -CH, -CH2), 1.35 (m, 6H, 3 × -CH2), 1.16 (d, J = 4.0 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.04
(s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3),
0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 191.7 (-CS2), 177.4 (C-28), 143.6 (C-13), 122.5
(C-12), 78.8 (C-3), 62.5 (-CO-), 55.2 (-NCH2), 55.1 (-NCH2), 50.6 (C-5), 47.6 (C-9), 46.7 (C-17),
45.8 (C-19), 41.6 (C-14), 41.2 (C-18), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4), 37.0 (C-10), 35.0 (-CS), 33.8
(C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.2 (C-27), 26.1
(-CH2), 25.9 (C-30), 24.3 (-CH2), 23.7 (C-2), 23.4 (C-11), 22.9 (C-16), 18.3 (C-6), 17.1 (C-26), 15.7
(C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for C37H59NO3S2 [M+H]+: 630.4015. Found:
630.3961.

[2-((2-methylpyrrolidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3b).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 2-methylpyrrolidine (1.0 mmol, 101 μL) was slowly added at 0 ◦C, and the reaction
mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol,
225.2 mg) was added dropwise to the resulting mixture. The reaction mixture was stirred for
12 h at room temperature, then quenched with ice water (15.0 mL), and the insoluble material
was removed by a Buchner funnel. After removal of the solvent, the residue was dissolved in
ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution, the organic layer
was separated, and the aqueous layer was extracted with ethyl acetate (15.0 mL × 2). The
organic solutions were combined and dried over anhydrous Na2SO4. After removal of the
solvent, the residue was submitted to column chromatography on silica gel (200–300 mesh)
using petroleum ether and ethyl acetate (10/1 in v/v) as eluents to give 3b (213.6 mg, 83%
yield) as a white solid. 1H NMR (400 MHz, CDCl3): δ 5.30 (s, 1H, H-12), 4.52 (m, 1H, -OH),
4.26 (m, 2H, -OCH2C-), 3.93 (m, 1H, -NCH), 3.73 (m, 1H, -NCH), 3.44 (m, 2H, -SCH2), 3.21 (m,
1H, H-3), 2.87 (dd, J = 13.7, 3.8 Hz, 1H, H-18), 2.25 (m, 1H, -NCH), 2.02 (m, 4H, 2 × -CH2), 1.81
(m, 3H, H-11, -CH, -CH2), 1.63 (m, 7H,-NCH2CH2, -NCH2CH2, H-22, -CH, -CH2), 1.53 (m,
3H, H-22, -CH, -CH2), 1.42 (m, 2H, -CH2), 1.35 (m, 4H, 2 × -CH2), 1.28 (m, 3H, -CH3), 1.16 (t,
J = 4.2 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.04 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3),
0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3):
δ 191.7 (-CS2), 177.5 (C-28), 143.6 (C-13), 122.5 (C-12), 78.9 (C-3), 62.6 (-CO-), 61.3 (-NCH2CH3),
58.0(-CH3), 55.2 (C-5), 50.4 (-NCH2), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19), 41.7 (C-14), 41.3 (C-18),
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39.4 (C-8), 38.8 (C-1), 38.5 (C-4), 37.0 (C-10), 34.8 (-CS), 33.9 (C-29), 33.1 (C-22), 32.4 (C-21), 31.3
(C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.2 (C-27), 25.9 (C-30), 23.7 (C-2), 22.9 (C-11), 21.6
(C-16), 18.6 (-CH2), 18.3 (C-6), 17.5 (-CH2), 17.1 (C-26), 15.6 (C-24), 15.4 (C-25). HRMS (ESI):
m/z calculated for C38H61NO3S2 [M+H]+: 644.4171. Found: 644.4116.

[2-((2,2-dimethylpyrrolidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3c).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 2,2-dimethylpyrrolidine (1.0 mmol, 120 μL) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 225.9 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). To the resulting solution was added
water (15.0 mL), the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1
in v/v) as eluents to give 3c (223.5 mg, 85% yield) as a white solid. 1H NMR (400 MHz,
CDCl3): δ 5.30 (s, 1H, H-12), 4.26 (m, 2H, -OCH2C-), 3.83 (t, J = 6.8 Hz, 1H, -NCH), 3.56 (m,
2H, -SCH2), 3.21 (m, 1H, -NCH), 2.87 (dd, J = 13.6, 3.7 Hz, 1H, H-18), 2.01 (m, 1H, -OH),
1.96 (m, 2H, -CH2), 1.88 (m, 3H, H-22, -CH, -CH2), 1.73 (s, 6H, 3 × -CH2), 1.63 (m, 8H,
4 × -CH2), 1.55 (m, 3H, -CH3), 1.46 (m, 3H, -CH3), 1.31 (m, 6H, 3 × -CH2), 1.16 (t, J = 5.6 Hz,
1H, H-9), 1.13 (s, 3H, -CH3), 1.04 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s,
6H, 2 × -CH3), 0.78 (s, 3H, -CH3), 0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 191.4
(-CS2), 177.5 (C-28), 143.7 (C-13), 122.5 (C-12), 79.0 (C-3), 69.2 (-NCCH3CH3), 62.7 (-CO-), 55.2
(-NCH2), 53.8 (C-5), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19), 43.3 (-CH2), 41.7 (C-14), 41.3 (C-18),
39.4 (C-8), 38.8 (C-1), 38.5 (C-4), 37.0 (C-10), 34.7 (-CS), 33.9 (C-29), 33.2 (C-22), 32.8 (C-21),
32.4 (C-7), 30.7 (C-20), 28.2 (C-15), 27.7 (C-23), 27.2 (C-27), 26.1 (-CH2), 25.9 (C-30), 24.8 (-CH2),
23.7 (C-2), 23.5 (C-11), 22.9 (C-16), 22.1 (-CH2), 18.4 (C-6), 17.1 (C-26), 15.7 (C-24), 15.4 (C-25).
HRMS (ESI): m/z calculated for C39H63NO3S2 [M+H]+: 658.4328. Found: 658.4303.

[2-((3-hydroxypyrrolidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid
(3d). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and
THF (8.0 mL), 3-hydroxypyrrolidine (1.0 mmol, 81 μL) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 224.7 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (2/1
in v/v) as eluents to give 3d (180.7 mg, 70% yield) as a yellowish gel. 1H NMR (400 MHz,
CDCl3): δ 5.31 (s, 1H, H-12), 4.57 (m, 1H, -OH), 4.21 (m, 2H, -OCH2C-), 4.03 (m, 2H, -SCH2),
3.82 (m, 2H, -NCH2), 3.55 (m, 2H, -NCH2), 3.20 (m, 1H, H-3), 2.86 (d, J = 12.2 Hz, 1H, H-18),
2.15 (m, 1H, -OH), 2.05 (m, 2H, -CH2), 1.89 (m, 4H, 2 × -CH2), 1.67 (m, 6H, 3 × -CH2), 1.53
(m, 4H, 2 × -CH2), 1.33 (m, 7H, -CHOH, 3 × -CH2), 1.16 (t, J = 3.8 Hz, 1H, H-9), 1.13 (s,
3H, -CH3), 1.05 (s, 1H, H-5), 0.97 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (d, J = 2.3 Hz, 6H,
2 × -CH3), 0.77 (s, 3H, -CH3), 0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 192.5
(-CS2), 177.7 (C-28), 143.5 (C-13), 122.5 (C-12), 79.0 (C-3), 70.7 (-COH), 68.8 (-NCH2CH), 63.2
(-NCH2), 62.5 (-CO-), 55.2 (C-5), 52.9 (-CH2), 48.6 (C-7), 47.6 (C-9), 46.8 (C-17), 45.8 (C-19),
41.7 (C-14), 41.3 (C-18), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4), 37.0 (C-10), 35.0 (-CS), 33.8 (C-29),
32.9 (C-22), 32.4 (C-21), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 25.9 (C-30), 23.7
(C-2), 23.4 (C-11), 22.9 (C-16), 18.3 (C-6), 17.1 (C-26), 15.7 (C-24), 15.4 (C-25). HRMS (ESI):
m/z calculated for C37H59NO4S2 [M+H]+: 646.3964. Found: 646.3917.
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[2-((3-(hydroxymethyl)pyrrolidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic
acid (3e). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg),
and THF (8.0 mL), 3-(hydroxymethyl)pyrrolidine (1.0 mmol, 103 μL) was slowly added at
0 ◦C, and the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0
mL) of 2 (0.4 mmol, 225.8 mg) was added dropwise to the resulting mixture. The reaction
mixture was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL),
and the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (1/1
in v/v) as eluents to give 3e (181.9 mg, 69% yield) as a yellowish gel. 1H NMR (400 MHz,
CDCl3): δ 5.30 (t, J = 3.2 Hz, 1H, H-12), 4.25 (m, 2H, -OCH2C-), 3.85 (m, 1H, -OH), 3.68
(m, 2H, -SCH2), 3.54 (m, 3H, -CH2OH, -NCH), 3.21 (m, 1H, H-3), 2.86 (dd, J = 13.7, 3.9
Hz, 1H, H-18), 2.55 (m, 1H, -NCH), 2.22 (m, 1H, -NCH), 2.08 (m, 1H, -NCH), 1.95 (m, 2H,
-CH2), 1.84 (m, 3H, -NCH2CH, -CH2), 1.70 (m, 1H, -OH), 1.63 (m, 6H, 2 × -CH3), 1.53 (m,
3H, -NCH2CH, -CH2), 1.42 (m, 3H, H-22, -CH, -CH2), 1.28 (m, 5H, H-22, -CH, 2 × -CH2),
1.21 (s, 1H, -CHCH2OH), 1.17 (t, J = 3.2 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5),
0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.73 (s, 3H,
-CH3). 13C NMR (100 MHz, CDCl3): δ 192.0 (-CS2), 177.6 (C-28), 143.6 (C-13), 122.5 (C-12),
79.0 (C-3), 63.6 (-COH), 62.4 (-CO-), 57.5 (-NCH2CH), 55.2 (-C‘OH), 54.5 (-NC‘H2CH), 53.1
(-NCH2CH2), 50.1 (C-5), 47.6 (C-9), 46.8 (C-17), 45.8 (C-19), 41.7 (C-14), 41.3 (C-18), 39.5
(-CCH2OH), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4), 37.0 (C-10), 35.0 (-CS), 33.8 (C-29), 33.1 (C-22),
32.7 (C-21), 32.4 (C-7), 31.5 (-NC‘H2CH2), 30.7 (C-20), 30.2 (-NCH2CH2), 28.4 (-C‘CH2OH),
28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 26.6 (-C‘CH2OH), 25.9 (C-30), 23.7 (C-2), 23.4 (C-11),
22.9 (C-16), 18.3 (C-6), 17.1 (C-26), 15.7 (C-24), 15.4 (C-25). HRMS (ESI): m/z calculated for
C38H61NO4S2 [M+H]+: 660.4120. Found: 660.4069.

[2-((octahydro-1H-isoindole-2-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid
(3f). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and
THF (8.0 mL), octahydro-1H-isoindole (1.0 mmol, 115 μL) was slowly added at 0 ◦C, and
the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 225.5 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1
in v/v) as eluents to give 3f (210.4 mg, 77% yield) as a yellowish gel. 1H NMR (400 MHz,
CDCl3): δ 5.20 (s, 1H, H-12), 4.18 (m, 2H, -OCH2C-), 3.76 (m, 2H, -SCH2), 3.52 (m, 4H, 2 ×
-NCH2), 3.10 (m, 1H, H-3), 2.77 (d, J = 11.0 Hz, 1H, H-18), 2.26 (m, 2H, -CH2), 2.09 (m, 1H,
-OH), 1.84 (m, 3H, H-22, -CH, -CH2), 1.52 (m, 8H, 4 × -CH2), 1.44 (m, 5H, H-22, -CH, 2 ×
-CH2), 1.30 (m, 8H, 4 × -CH2), 1.18 (m, 4H, 2 × -CH2), 1.07 (s, 1H, H-9), 1.04 (s, 3H, -CH3),
0.95 (s, 1H, H-5), 0.88 (s, 3H, -CH3), 0.83 (s, 3H, -CH3), 0.80 (s, 6H, 2 × -CH3), 0.67 (s, 3H,
-CH3), 0.64 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 192.3 (-CS2), 177.3 (C-28), 143.5
(C-13), 122.5 (C-12), 78.6 (C-3), 62.5 (-CO-), 58.9 (2 × -CH2), 55.2 (C-5), 54.5 (2 × -CH2), 47.5
(C-9), 46.6 (C-17), 45.7 (C-19), 41.6 (C-14), 41.2 (C-18), 39.3 (C-8), 38.7 (C-1), 37.6 (C-4), 36.9
(C-10), 35.8 (-CS), 34.9 (2 × -CH2), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.3 (C-7), 30.6 (C-20),
28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 26.9 (C-30), 25.9 (C-2), 25.6 (2 × -CH2), 23.6 (C-11),
22.6 (C-16), 18.3 (C-6), 17.1 (C-26), 15.7 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for
C41H65NO3S2 [M+H]+: 684.4484. Found: 684.4430.
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[2-((isoindoline-2-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3g). To a mix-
ture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF (8.0 mL),
isoindoline (1.0 mmol, 113 μL) was slowly added at 0 ◦C, and the reaction mixture was
then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol, 226.4 mg)
was added dropwise to the resulting mixture. The reaction mixture was stirred for 12 h at
room temperature, then quenched with ice water (15.0 mL), and the insoluble material was
removed by a Buchner funnel. After removal of the solvent, the residue was dissolved in ethyl
acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution, the organic layer was
separated, and the aqueous layer was extracted with ethyl acetate (15.0 mL × 2). The organic
solutions were combined and dried over anhydrous Na2SO4. After removal of the solvent,
the residue was submitted to column chromatography on silica gel (200–300 mesh) using
petroleum ether and ethyl acetate (10/1 in v/v) as eluents to give 3g (243.9 mg, 90% yield) as
a yellowish solid. 1H NMR (400 MHz, CDCl3): δ 7.31 (m, 4H, Ar-H), 5.30 (t, J = 3.3 Hz, 1H,
H-12), 5.20 (s, 2H, -OCH2C-), 4.99 (s, 2H, -NCH2), 4.32 (m, 2H, -NCH2), 3.66 (m, 2H, -SCH2),
3.19 (m, 1H, H-3), 2.95 (m, 1H, -OH), 2.88 (dd, J = 13.7, 4.0 Hz, 1H, H-18), 1.85 (m, 2H, -CH2),
1.69 (m, 3H, H-22, -CH, -CH2), 1.54 (m, 6H, 3 × -CH2), 1.42 (m, 3H, H-22, -CH, -CH2), 1.23
(m, 6H, 3 × -CH2), 1.17 (t, J = 4.4 Hz, 1H, H-9), 1.12 (s, 3H, -CH3), 1.04 (s, 1H, H-5), 0.95 (s,
3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 3H, -CH3), 0.86 (s, 3H, -CH3), 0.74 (s, 3H, -CH3), 0.72 (s,
3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 192.7 (-CS2), 177.5 (C-28), 143.6 (C-13), 135.2 (Ph),
134.9 (Ph), 128.1 (Ph), 127.9 (Ph), 122.8 (Ph), 122.7 (Ph), 122.5 (C-12), 78.9 (C-3), 62.3 (-CO-), 60.5
(-NCH2), 55.7 (-NCH2), 55.1 (C-5), 47.5 (C-9), 46.7 (C-17), 45.8 (C-19), 41.6 (C-14), 41.3 (C-18),
39.3 (C-8), 38.7 (C-1), 38.4 (C-4), 37.0 (C-10), 35.3 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21),
32.4 (C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11),
22.9 (C-16), 18.2 (C-6), 17.1 (C-26), 15.5 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for
C41H59NO3S2 [M+H]+: 678.4015. Found: 678.3996.

[2-((4-methylpiperidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3h).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-methylpiperidine (1.0 mmol, 100 μL) was slowly added at 0 ◦C, and the reaction
mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol,
224.6 mg) was added dropwise to the resulting mixture. The reaction mixture was stirred
for 12 h at room temperature, then quenched with ice water (15.0 mL), and the insoluble
material was removed by a Buchner funnel. After removal of the solvent, the residue was
dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution,
the organic layer was separated, and the aqueous layer was extracted with ethyl acetate
(15.0 mL × 2). The organic solutions were combined and dried over anhydrous Na2SO4.
After removal of the solvent, the residue was submitted to column chromatography on
silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1 in v/v) as eluents
to give 3h (199.8 mg, 76% yield) as a white solid. 1H NMR (400 MHz, CDCl3): δ 5.23 (s,
1H, H-12), 4.21 (m, 2H, -OCH2C-), 3.54 (m, 2H, -SCH2), 3.10 (m, 3H, -NCH2, H-3), 2.80 (d,
J = 12.2 Hz, 1H, H-18), 1.89 (m, 1H, -OH), 1.80 (m, 2H, -NCH2), 1.70 (m, 3H, H-22, -CH,
-CH2), 1.58 (m, 7H, -CHCH3, 3 × -CH2), 1.46 (m, 4H, 2 × -CH2), 1.33 (m, 5H, H-22, -CH,
2 × -CH2), 1.20 (m, 6H, 3 × -CH2), 1.10 (s, 1H, H-9), 1.06 (s, 3H, -CH3), 0.98 (s, 1H, H-5),
0.92 (s, 6H, 2 × -CH3), 0.86 (s, 3H, -CH3), 0.83 (s, 6H, 2 × -CH3), 0.71 (s, 3H, -CH3), 0.67 (s,
3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 194.8 (-CS2), 177.5 (C-28), 143.7 (C-13), 122.6
(C-12), 79.1 (C-3), 62.5 (-CO-), 55.3 (C-5), 53.6 (-NCH2, -NCH2), 47.7 (C-9), 46.8 (C-17), 45.9
(C-19), 41.8 (C-14), 41.4 (C-18), 39.4 (C-8), 38.8 (C-1), 38.5 (C-4), 37.1 (C-10), 35.8 (-CS), 34.0
(C-29), 33.2 (-NCH2CH2, -NCH2CH2), 33.1 (C-22), 32.8 (C-21), 32.5 (C-7), 31.0 (-CCH3), 30.8
(C-20), 28.2 (C-15), 27.8 (C-23), 27.3 (C-27), 26.0 (C-30), 23.7 (C-2), 23.5 (C-11), 23.0 (C-16),
21.4 (-CH3), 18.4 (C-6), 17.2 (C-26), 15.7 (C-24), 15.4 (C-25). HRMS (ESI): m/z calculated for
C39H63NO3S2 [M+H]+: 658.4328. Found: 658.4275.

[2-((4-hydroxypiperidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3i).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-hydroxypiperidine (1.0 mmol, 103.5 mg) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2
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(0.4 mmol, 225.4 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (1/1
in v/v) as eluents to give 3i (184.6 mg, 70% yield) as a yellow gel. 1H NMR (400 MHz,
CDCl3): δ 5.50 (s, 1H, -OH), 5.30 (s, 1H, H-12), 4.60 (s, 1H, -CHOH), 4.28 (m, 2H, -SCH2),
3.61 (m, 2H, -NCH2), 3.21 (m, 1H, H-3), 3.08 (s, 2H, -NCH2), 2.87 (d, J = 11.0 Hz, 1H, H-18),
2.00 (m, 1H, -OH), 1.87 (s, 2H, -CH2), 1.76 (m, 3H, H-22, -CH, -CH2), 1.62 (m, 6H, 3 × -CH2),
1.53 (m, 5H, H-22, -CH, 2 × -CH2), 1.42 (m, 4H, 2 × -CH2), 1.27 (m, 6H, 3 × -CH2), 1.16 (t,
J = 3.7 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.04 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H,
-CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz,
CDCl3): δ 194.6 (-CS2), 177.4 (C-28), 143.6 (C-13), 122.5 (C-12), 78.9 (C-3), 62.4 (-CO-), 55.2
(C-5), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19), 41.7 (C-14), 41.3 (C-18), 39.4 (C-8), 38.8 (C-1), 38.5
(C-4), 37.0 (C-10), 35.7 (-CS), 33.9 (C-29), 33.1 (C-22), 32.8 (C-21), 32.4 (C-7), 31.0 (-COH), 30.7
(C-20), 28.1 (C-15), 27.7 (C-23), 27.2 (C-27), 26.9 (-NCH2, -NCH2), 25.9 (C-30), 23.7 (C-2), 23.4
(C-11), 22.9 (C-16), 21.3 (-NCH2CH2, -NCH2CH2), 18.4 (C-6), 17.1 (C-26), 15.6 (C-24), 15.4
(C-25). HRMS (ESI): m/z calculated for C38H61NO4S2 [M+H]+: 660.4120. Found: 660.4080.

[2-((4-(hydroxymethyl)piperidine-1-carbonothioyl)thio)-ethyl] 3-hydroxy-12-en-28-oic
acid (3j). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg),
and THF (8.0 mL), 4-(hydroxymethyl)piperidine (1.0 mmol, 115.3 mg) was slowly added
at 0 ◦C, and the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution
(4.0 mL) of 2 (0.4 mmol, 225.9 mg) was added dropwise to the resulting mixture. The
reaction mixture was stirred for 12 h at room temperature, then quenched with ice water
(15.0 mL), and the insoluble material was removed by a Buchner funnel. After removal
of the solvent, the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was
added to the resulting solution, the organic layer was separated, and the aqueous layer
was extracted with ethyl acetate (15.0 mL × 2). The organic solutions were combined and
dried over anhydrous Na2SO4. After removal of the solvent, the residue was submitted
to column chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl
acetate (2/1 in v/v) as eluents to give 3j (199.3 mg, 74% yield) as a yellow gel. 1H NMR
(400 MHz, CDCl3): δ 5.57 (s, 1H, -CHCH2OH), 5.31 (s, 1H, H-12), 4.64 (s, 1H, -CHOH), 4.26
(m, 2H, -OCH2C-), 3.60 (m, 2H, -SCH2), 3.51 (m, 2H, -NCH2), 3.21 (m, 2H, -NCH2), 3.13 (m,
1H, H-3), 2.86 (dd, J = 13.5, 3.7 Hz, 1H, H-18), 1.96 (m, 1H, -OH), 1.91 (m, 2H, -CH2), 1.87
(m, 3H, -OH, -CH2), 1.63 (m, 6H, 3 × -CH2), 1.52 (m, 5H, -CHOH, 2 × -CH2), 1.38 (m, 6H,
3 × -CH2), 1.27 (m, 4H, 2 × -CH2), 1.16 (t, J = 4.4 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s,
1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3),
0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 194.8 (-CS2), 177.5 (C-28), 143.6 (C-13),
122.5 (C-12), 78.9 (C-3), 66.5 (-CH2OH), 62.4 (-CO-), 55.2 (C-5), 47.6 (C-9), 46.7 (C-17), 45.8
(C-19), 41.6 (C-14), 41.3 (C-18), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4), 38.4 (-NCH2, -NCH2), 37.0
(C-10), 36.6 (-NCH2CH2, -NCH2CH2), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4
(C-7), 31.5 (-CCH2OH), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 25.9 (C-30), 23.6
(C-2), 23.4 (C-11), 22.9 (C-16), 18.3 (C-6), 17.1 (C-26), 15.6 (C-24), 15.3 (C-25). HRMS (ESI):
m/z calculated for C39H63NO4S2 [M+H]+: 674.4277. Found: 674.4230.

[2-((2-(2-hydroxyethyl)piperidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid
(3k). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and
THF (8.0 mL), 2-(2-hydroxyethyl)piperidine (1.0 mmol, 128.1 mg) was slowly added at 0 ◦C,
and the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of
2 (0.4 mmol, 225.6 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and the
insoluble material was removed by a Buchner funnel. After removal of the solvent, the residue
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was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution,
the organic layer was separated, and the aqueous layer was extracted with ethyl acetate
(15.0 mL × 2). The organic solutions were combined and dried over anhydrous Na2SO4. After
removal of the solvent, the residue was submitted to column chromatography on silica gel
(200–300 mesh) using petroleum ether and ethyl acetate (2/1 in v/v) as eluents to give 3k

(200.7 mg, 73% yield) as a yellowish gel. 1H NMR (400 MHz, CDCl3): δ 5.93 (m, 1H, -OH), 5.30
(t, J = 3.3 Hz, 1H, H-12), 4.55 (m, 1H, -CHOH), 4.28 (m, 2H, -OCH2C-), 3.62 (m, 3H, -CHOH,
-SCH2), 3.39 (m, 1H, H-3), 3.16 (m, 3H, -NCH2, -NCH), 2.87 (dd, J = 13.7, 3.9 Hz, 1H, H-18),
2.14 (m, 1H, -OH), 1.95 (m, 2H, -CH2), 1.87 (m, 3H, -CHCH2CH2OH, H-22, -CH), 1.79 (m, 1H,
H-22, -CH), 1.70 (m, 6H, 3 × -CH2), 1.59 (m, 6H, 3 × -CH2), 1.53 (m, 4H, 2 × -CH2), 1.38 (m,
6H, 3 × -CH2), 1.17 (t, J = 4.3 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5), 0.98 (s, 3H,
-CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C
NMR (100 MHz, CDCl3): δ 196.4 (-CS2), 177.4 (C-28), 143.5 (C-13), 122.5 (C-12), 78.8 (C-3), 58.1
(-CO-), 56.0 (-NCH), 55.2 (C-5), 47.6 (C-9), 46.7 (C-17), 46.0 (C-19), 45.8 (-CH2OH), 41.6 (C-14),
41.3 (C-18), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4), 37.0 (C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.9
(C-21), 32.7 (C-7), 32.4 (-NCH2), 30.7 (C-20), 29.3 (-CH2CH2OH), 28.1 (C-15), 27.7 (C-23), 27.1
(C-27), 25.9 (C-30), 25.8 (-NCHCH2), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16), 19.2 (-NCH2CH2CH2),
18.3 (C-6), 17.1 (C-26), 17.1 (-NCH2CH2), 15.6 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated
for C40H65NO4S2 [M+H]+: 688.4433. Found: 688.4418.

[2-((4-(2-hydroxyethyl)piperidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic
acid (3l). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg),
and THF (8.0 mL), 4-(2-hydroxyethyl)piperidine (1.0 mmol, 130.8 mg) was slowly added
at 0 ◦C, and the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution
(4.0 mL) of 2 (0.4 mmol, 226.4 mg) was added dropwise to the resulting mixture. The
reaction mixture was stirred for 12 h at room temperature, then quenched with ice water
(15.0 mL), and the insoluble material was removed by a Buchner funnel. After removal
of the solvent, the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was
added to the resulting solution, the organic layer was separated, and the aqueous layer
was extracted with ethyl acetate (15.0 mL × 2). The organic solutions were combined and
dried over anhydrous Na2SO4. After removal of the solvent, the residue was submitted
to column chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl
acetate (2/1 in v/v) as eluents to give 3l (195.2 mg, 71% yield) as a yellowish gel. 1H NMR
(400 MHz, CDCl3): δ 5.23 (t, J = 3.3 Hz, 1H, H-12), 4.53 (m, 1H, -OH), 4.21 (m, 2H, -OCH2C-),
3.95 (m, 2H, -SCH2), 3.75 (m, 2H, -NCH2), 3.53 (m, 2H, -NCH2), 3.14 (m, 1H, H-3), 2.79
(dd, J = 13.6, 3.7 Hz, 1H, H-18), 2.07 (m, 2H, -CH2), 1.90 (m, 1H, -OH), 1.81 (m, 3H, -CH2,
-NCH2CH2CH), 1.61 (m, 2H, -CH2), 1.56 (m, 6H, 3 × -CH2), 1.45 (m, 4H, 2 × -CH2), 1.25 (m,
6H, 3 × -CH2), 1.10 (t, J = 4.6 Hz, 1H, H-9), 1.06 (s, 3H, -CH3), 0.98 (s, 1H, H-5), 0.91 (s, 3H,
-CH3), 0.86 (s, 3H, -CH3), 0.83 (s, 6H, 2 × -CH3), 0.70 (s, 3H, -CH3), 0.67 (s, 3H, -CH3). 13C
NMR (100 MHz, CDCl3): δ 194.5 (-CS2), 177.5 (C-28), 143.5 (C-13), 122.5 (C-12), 77.0 (C-3),
62.4 (-CO-), 60.4 (-CH2OH), 59.6 (-NCH2), 55.2 (C-5), 52.3 (-NCH2), 50.4 (-CH2CH2OH),
47.5 (C-9), 46.7 (C-17), 45.7 (C-19), 41.6 (C-14), 41.2 (C-18), 39.3 (C-8), 38.7 (C-1), 38.5 (C-4),
36.9 (C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 31.6 (-NCH2CH2), 30.7
(C-20), 28.1 (C-15), 27.6 (C-23), 27.1 (C-27), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16),
21.1 (-CHCH2CH2OH), 18.3 (C-6), 17.1 (C-26), 15.7 (C-24), 15.3 (C-25). HRMS (ESI): m/z
calculated for C40H65NO4S2 [M+H]+: 688.4433. Found: 688.4366.

[2-((4-phenylpiperidine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3m).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-phenylpiperidine (1.0 mmol, 164.7 mg) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 225.2 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
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with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate
(10/1 in v/v) as eluents to give 3m (253.2 mg, 88% yield) as a yellowish gel. 1H NMR
(400 MHz, CDCl3): δ 7.31 (m, 2H, Ar-H), 7.21 (m, 3H, Ar-H), 5.30 (t, J = 3.3 Hz, 1H, H-12),
4.32 (m, 2H, -OCH2C-), 3.63 (m, 2H, -SCH2), 3.20 (m, 3H, H-3, -NCH2), 2.88 (m, 2H, H-18,
-NCH2CH2CH), 1.99 (m, 1H, -OH), 1.96 (m, 2H, -CH2), 1.88 (m, 3H, H-22, -CH, -CH2), 1.64
(m, 8H, 2 × -NCH2, 2 × -CH2), 1.51 (m, 3H, H-22, -CH, -CH2), 1.44 (m, 4H, 2 × -NCH2),
1.28 (m, 6H, 3 × -CH2), 1.17 (t, J = 3.6 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5), 0.97
(s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 3H, -CH3), 0.89 (s, 3H, -CH3), 0.76 (s, 3H, -CH3),
0.75 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 195.1 (-CS2), 177.5 (C-28), 144.3 (Ph),
143.6 (C-13), 128.7 (Ph), 126.8 (Ph), 122.6 (C-12), 78.9 (C-3), 62.4 (-CO-), 55.2 (C-5), 47.6 (C-9),
46.8 (C-17), 45.8 (C-19), 42.6 (-NCH2), 41.7 (C-14), 41.3 (C-18), 39.4 (C-8), 38.8 (C-1), 38.5
(C-4), 37.0 (C-10), 35.9 (-CS), 34.7 (-NCH2CH2CH), 33.9 (C-29), 33.2 (C-22), 32.8 (C-21), 32.4
(C-7), 30.7 (C-20), 28.2 (C-15), 27.7 (C-23), 27.2 (C-27), 27.0 (-NCH2CH2), 25.9 (C-30), 25.3
(-NCH2CH2), 23.7 (C-2), 23.5 (C-11), 23.0 (C-16), 18.4 (C-6), 17.2 (C-26), 15.7 (C-24), 15.4
(C-25). HRMS (ESI): m/z calculated for C44H65NO3S2 [M+H]+: 720.4484. Found: 720.4450.

[2-((4-methylpiperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3n). To
a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-methylpiperazine (1.0 mmol, 112 μL) was slowly added at 0 ◦C, and the reaction
mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol,
225.0 mg) was added dropwise to the resulting mixture. The reaction mixture was stirred for
12 h at room temperature, then quenched with ice water (15.0 mL), and the insoluble material
was removed by a Buchner funnel. After removal of the solvent, the residue was dissolved in
ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution, the organic layer
was separated, and the aqueous layer was extracted with ethyl acetate (15.0 mL × 2). The
organic solutions were combined and dried over anhydrous Na2SO4. After removal of the
solvent, the residue was submitted to column chromatography on silica gel (200–300 mesh)
using petroleum ether and ethyl acetate (1/4 in v/v) as eluents to give 3n (234.3 mg, 89%
yield) as a yellowish gel. 1H NMR (400 MHz, CDCl3): 5.30 (t, J = 3.3 Hz, 1H, H-12), 4.36 (s,
2H, -OCH2C-), 4.28 (m, 2H, -NCH2), 3.96 (s, 2H, -NCH2), 3.61 (m, 2H, -SCH2), 3.21 (m, 1H,
H-3), 2.87 (dd, J = 13.6, 4.0 Hz, 1H, H-18), 2.50 (s, 4H, 2 × -NCH2), 2.34 (s, 3H, -CH3), 1.97
(m, 1H, -OH), 1.87 (m, 2H, -CH2), 1.64 (m, 6H, 3 × -CH2), 1.53 (m, 3H, H-22, -CH, -CH2), 1.40
(m, 3H, H-22, -CH, -CH2), 1.27 (m, 6H, 3 × -CH2), 1.16 (t, J = 4.3 Hz, 1H, H-9), 1.13 (s, 3H,
-CH3), 1.05 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.78 (s,
3H, -CH3), 0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 195.9 (-CS2), 177.4 (C-28), 143.6
(C-13), 122.5 (C-12), 78.9 (C-3), 62.3 (-CO-), 55.2 (C-5), 54.4 (-NCH2), 47.6 (C-9), 46.7 (C-17), 46.4
(-CH2CH2), 45.8 (C-19), 45.6 (-NCH3), 41.7 (C-14), 41.3 (C-18), 39.3 (C-8), 38.7 (C-1), 38.4 (C-4),
37.0 (C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 30.7 (C-20), 28.1 (C-15),
27.7 (C-23), 27.2 (C-27), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16), 18.3 (C-6), 17.1 (C-26),
15.6 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for C38H62N2O3S2 [M+H]+: 659.4280.
Found: 659.4239.

[2-((4-(2-hydroxyethyl)piperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic
acid (3o). To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg),
and THF (8.0 mL), 4-(2-hydroxyethyl)piperazine (1.0 mmol, 123 μL) was slowly added at
0 ◦C, and the reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution
(4.0 mL) of 2 (0.4 mmol, 224.9 mg) was added dropwise to the resulting mixture. The
reaction mixture was stirred for 12 h at room temperature, then quenched with ice water
(15.0 mL), and the insoluble material was removed by a Buchner funnel. After removal
of the solvent, the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was
added to the resulting solution, the organic layer was separated, and the aqueous layer was
extracted with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried
over anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (1/5
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in v/v) as eluents to give 3o (195.5 mg, 71% yield) as a yellowish gel. 1H NMR (400 MHz,
CDCl3): δ 5.30 (t, J = 3.1 Hz, 1H, H-12), 4.33 (s, 1H, -NCH), 4.28 (m, 2H, -OCH2C-), 3.99 (s,
1H, -NCH), 3.69 (m, 2H, -NCH2), 3.61 (m, 2H, -SCH2), 3.21 (m, 1H, H-3), 2.86 (dd, J = 13.7,
4.1 Hz, 1H, H-18), 2.63 (t, J = 5.2 Hz, 4H, 2 × -NCH2), 2.61 (s, 1H, -OH), 1.97 (m, 1H, -OH),
1.88 (m, 2H, -CH2), 1.66 (m, 2H, -CH2), 1.60 (m, 5H, H-22, -CH, 2 × -CH2), 1.53 (m, 4H, 2 ×
-CH2), 1.43 (m, 3H, H-22, -CH, -CH2), 1.33 (m, 4H, 2 × -CH2), 1.27 (m, 4H, 2 × -CH2), 1.16
(t, J = 4.4 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H,
-CH3), 0.90 (s, 6H, 2 × -CH3), 0.77 (s, 3H, -CH3), 0.73 (s, 3H, -CH3). 13C NMR (100 MHz,
CDCl3): δ 196.1 (-CS2), 177.5 (C-28), 143.6 (C-13), 122.5 (C-12), 79.0 (C-3), 62.3 (-CO-), 59.1
(-NCH2CH2OH), 57.9 (-NCH2CH2OH), 55.2 (C-5), 52.3 (-NCH2CH2), 47.6 (C-9), 46.8 (C-17),
45.8 (C-19), 41.7 (C-14), 41.3 (C-18), 39.4 (C-8), 38.8 (C-1), 38.5 (C-4), 37.0 (C-10), 35.7 (-CS),
33.9 (C-29), 33.1 (C-22), 32.4 (C-21), 31.5 (C-7), 30.7(-NCH2CH2), 30.2 (C-20), 28.1 (C-15),
27.7 (C-23), 27.2 (C-27), 25.9 (C-30), 23.7 (C-2), 23.4 (C-11), 22.9 (C-16), 18.4 (C-6), 17.1 (C-26),
15.6 (C-24), 15.4 (C-25). HRMS (ESI): m/z calculated for C39H64N2O4S2 [M+H]+: 689.4386.
Found: 689.4336.

[2-((4-phenylpiperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3p).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-phenylpiperazine (1.0 mmol, 150 μL) was slowly added at 0 ◦C, and the reaction
mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol,
226.7 mg) was added dropwise to the resulting mixture. The reaction mixture was stirred
for 12 h at room temperature, then quenched with ice water (15.0 mL), and the insoluble
material was removed by a Buchner funnel. After removal of the solvent, the residue was
dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution,
the organic layer was separated, and the aqueous layer was extracted with ethyl acetate
(15.0 mL × 2). The organic solutions were combined and dried over anhydrous Na2SO4.
After removal of the solvent, the residue was submitted to column chromatography on
silica gel (200–300 mesh) using petroleum ether and ethyl acetate (1/5 in v/v) as eluents
to give 3p (247.8 mg, 86% yield) as a yellowish solid. 1H NMR (400 MHz, CDCl3): δ 7.30
(m, 2H, Ar-H), 6.93 (m, 3H, Ar-H), 5.30 (t, J = 3.2 Hz, 1H, H-12), 4.49 (s, 2H, -OCH2C-),
4.29 (m, 2H, -NCH2), 4.10 (m, 2H, -NCH2), 3.64 (m, 2H, -SCH2), 3.30 (t, J = 4.9 Hz, 4H, 2 ×
-NCH2), 3.20 (m, 1H, H-3), 2.87 (dd, J = 13.6, 3.9 Hz, 1H, H-18), 1.97 (m, 1H, -OH), 1.88 (m,
2H, -CH2), 1.67 (m, 4H, 2 × -CH2), 1.58 (m, 4H, 2 × -CH2), 1.51 (m, 3H, H-22, -CH, -CH2),
1.35 (m, 7H, H-22, -CH, 3 × -CH2), 1.17 (t, J = 4.0 Hz, 1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s,
1H, H-5), 0.97 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 3H, -CH3), 0.89 (s, 3H, -CH3), 0.76
(s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 196.1 (-CS2), 177.4 (Ph),
150.2 (Ph), 143.6 (C-13), 129.3 (Ph), 122.5 (C-12), 120.6 (Ph), 116.3 (Ph), 78.9 (C-3), 62.2 (-CO-),
55.2 (C-5), 48.7 (-NCH2), 48.2 (-NCH2), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19), 41.6 (C-14), 41.3
(C-18), 39.3 (C-8), 38.7 (C-1), 38.4 (C-4), 37.0 (C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7
(C-21), 32.4 (C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 25.9 (C-30), 23.6 (C-2),
23.4 (C-11), 22.9 (C-16), 18.3 (C-6), 17.1 (C-26), 15.6 (C-24), 15.3 (C-25). HRMS (ESI): m/z
calculated for C43H64N2O3S2 [M+H]+: 721.4437. Found: 721.4411.

[2-((4-(o-tolyl)piperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3q).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-(o-tolyl)piperazine (1.0 mmol, 177.9 mg) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 225.9 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1
in v/v) as eluents to give 3q (246.7 mg, 84% yield) as a yellowish gel. 1H NMR (400 MHz,
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CDCl3): δ 7.17 (t, J = 7.9 Hz, 1H, Ar-H), 6.73 (m, 3H, Ar-H), 5.30 (t, J = 3.1 Hz, 1H, H-12),
4.46 (s, 2H, -OCH2C-), 4.27 (m, 2H, -NCH2), 4.10 (s, 2H, -NCH2), 3.64 (m, 2H, -SCH2), 3.28
(t, J = 5.0 Hz, 4H, 2 × -NCH2), 3.18 (m, 1H, H-3), 2.87 (dd, J = 13.6, 3.8 Hz, 1H, H-18), 2.32 (s,
3H, -CH3), 1.97 (m, 1H, -OH), 1.87 (m, 2H, -CH2), 1.69 (m, 4H, 2 × -CH2), 1.58 (m, 5H, H-22,
-CH, 2 × -CH2), 1.51 (m, 3H, H-22, -CH, -CH2), 1.35 (m, 6H, 3 × -CH2), 1.17 (t, J = 3.8 Hz,
1H, H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5), 0.97 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s,
3H, -CH3), 0.89 (s, 3H, -CH3), 0.76 (s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz,
CDCl3): δ 195.9 (-CS2), 177.4 (C-28), 150.2 (Ph), 143.5 (C-13), 139.0 (Ph), 129.1 (Ph), 122.5
(C-12), 121.5 (Ph), 117.1 (Ph), 113.4 (Ph), 78.8 (C-3), 62.3 (-CO-), 55.2 (C-5), 48.8 (-NCH2), 47.6
(C-9), 46.7 (C-17), 45.8 (C-19), 41.6 (C-14), 41.3 (C-18), 39.3 (C-8), 38.7 (C-1), 38.4 (C-4), 37.0
(C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 30.7 (C-20), 28.1 (C-15),
27.7 (C-23), 27.1 (C-27), 26.9 (-NCH2CH2), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16),
21.8 (-CH3), 18.3 (C-6), 17.1 (C-26), 15.6 (C-24), 15.4 (C-25). HRMS (ESI): m/z calculated for
C44H66N2O3S2 [M+H]+: 735.4593. Found: 735.4540.

[2-((4-(m-tolyl)piperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3r). To
a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF (8.0 mL),
4-(m-tolyl)piperazine (1.0 mmol, 174 μL) was slowly added at 0 ◦C, and the reaction mixture
was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol, 226.1 mg) was
added dropwise to the resulting mixture. The reaction mixture was stirred for 12 h at room
temperature, then quenched with ice water (15.0 mL), and the insoluble material was removed
by a Buchner funnel. After removal of the solvent, the residue was dissolved in ethyl acetate
(15.0 mL). Water (15.0 mL) was added to the resulting solution, the organic layer was separated,
and the aqueous layer was extracted with ethyl acetate (15.0 mL × 2). The organic solutions
were combined and dried over anhydrous Na2SO4. After removal of the solvent, the residue
was submitted to column chromatography on silica gel (200–300 mesh) using petroleum ether
and ethyl acetate (10/1 in v/v) as eluents to give 3r (235.0 mg, 80% yield) as a white solid. 1H
NMR (400 MHz, CDCl3): δ 7.16 (t, J = 7.9 Hz, 1H, Ar-H), 6.72 (m, 3H, Ar-H), 5.30 (s, 1H, H-12),
4.40 (s, 2H, -OCH2C-), 4.28 (m, 2H, -NCH2), 4.11 (m, 2H, -NCH2), 3.60 (m, 2H, -SCH2), 3.27 (m,
4H, 2 × -NCH2), 3.18 (m, 1H, H-3), 2.87 (dd, J = 13.5, 3.5 Hz, 1H, H-18), 2.32 (s, 3H, -CH3), 1.95
(m, 1H, -OH), 1.86 (m, 2H, -CH2), 1.62 (m, 7H, H-22, -CH, 3 × -CH2), 1.51 (m, 3H, H-22, -CH,
-CH2), 1.42 (m, 2H, -CH2), 1.32 (m, 6H, 3 × -CH2), 1.17 (t, J = 3.1 Hz, 1H, H-9), 1.13 (s, 3H, -CH3),
1.04 (s, 1H, H-5), 0.96 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 3H, -CH3), 0.89 (s, 3H, -CH3), 0.75
(s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 195.9 (-CS2), 177.4 (C-28), 150.2
(Ph), 143.5 (C-13), 139.0 (Ph), 129.1 (Ph), 122.5 (C-12), 121.5 (Ph), 117.1 (Ph), 113.4 (Ph), 78.8 (C-3),
62.3 (-CO-), 55.2 (C-5), 48.8 (-NCH2), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19), 41.6 (C-14), 41.3 (C-18),
39.3 (C-8), 38.7 (C-1), 38.4 (C-4), 37.0 (C-10), 35.6 (-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4
(C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1 (C-27), 26.9 (-NCH2CH2), 25.9 (C-30), 23.6 (C-2),
23.4 (C-11), 22.9 (C-16), 21.8 (-CH3), 18.3 (C-6), 17.1 (C-26), 15.6 (C-24), 15.4 (C-25). HRMS (ESI):
m/z calculated for C44H66N2O3S2 [M+H]+: 735.4593. Found: 735.4537.

[2-((4-(p-tolyl)piperazine-1-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3s).
To a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), 4-(p-tolyl)piperazine (1.0 mmol, 177.1 mg) was slowly added at 0 ◦C, and the
reaction mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2

(0.4 mmol, 225.8 mg) was added dropwise to the resulting mixture. The reaction mixture
was stirred for 12 h at room temperature, then quenched with ice water (15.0 mL), and
the insoluble material was removed by a Buchner funnel. After removal of the solvent,
the residue was dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the
resulting solution, the organic layer was separated, and the aqueous layer was extracted
with ethyl acetate (15.0 mL × 2). The organic solutions were combined and dried over
anhydrous Na2SO4. After removal of the solvent, the residue was submitted to column
chromatography on silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1
in v/v) as eluents to give 3s (249.6 mg, 85% yield) as a white solid. 1H NMR (400 MHz,
CDCl3): δ 7.10 (d, J = 8.3 Hz, 2H, Ar-H), 6.84 (d, J = 8.5 Hz, 2H, Ar-H), 5.30 (t, J = 3.3 Hz,
1H, H-12), 4.48 (s, 2H, -NCH2), 4.30 (m, 2H, -OCH2C-), 4.10 (s, 2H, -NCH2), 3.64 (m, 2H,
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-SCH2), 3.23 (m, 4H, 2× -NCH2), 3.19 (d, J = 4.8 Hz, 1H, H-3), 2.87 (dd, J = 13.7, 4.0 Hz, 1H,
H-18), 2.28 (s, 3H, -CH3), 1.97 (m, 1H, -OH), 1.87 (m, 2H, 2× -CH2), 1.65 (m, 6H, 3× -CH2),
1.50 (m, 4H, 2× -CH2), 1.40 (m, 4H, 2× -CH2), 1.29 (m, 4H, 2× -CH2) 1.17 (t, J = 4.1 Hz, 1H,
H-9), 1.13 (s, 3H, -CH3), 1.05 (s, 1H, H-5), 0.97 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 3H,
-CH3), 0.89 (s, 3H, -CH3), 0.76 (s, 3H, -CH3), 0.74 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3):
δ 196.0 (-CS2), 177.4 (C-28), 148.1 (Ph), 143.6 (C-13), 130.3 (Ph), 129.8 (Ph), 122.5 (C-12), 116.8
(Ph), 78.9 (C-3), 62.3 (-CO-), 55.2 (C-5), 49.4 (-NCH2), 47.6 (C-9), 46.7 (C-17), 45.8 (C-19),
41.7 (C-14), 41.5 (C-18), 41.3 (-NCH2CH2), 39.3 (C-8), 38.7 (C-1), 38.4 (C-4), 37.0 (C-10), 35.6
(-CS), 33.8 (C-29), 33.1 (C-22), 32.7 (C-21), 32.4 (C-7), 30.7 (C-20), 28.1 (C-15), 27.7 (C-23), 27.1
(C-27), 25.9 (C-30), 23.6 (C-2), 23.4 (C-11), 22.9 (C-16), 20.5 (-CH3), 18.3 (C-6), 17.1 (C-26),
15.6 (C-24), 15.3 (C-25). HRMS (ESI): m/z calculated for C44H66N2O3S2 [M+H]+: 735.4593.
Found: 735.4562.

[2-((thiomorpholine-4-carbonothioyl)thio)ethyl] 3-hydroxy-12-en-28-oic acid (3t). To
a mixture of CS2 (1.8 mmol, 108 μL), anhydrous K3PO4 (0.8 mmol, 169.1 mg), and THF
(8.0 mL), thiomorpholine (1.0 mmol, 94 μL) was slowly added at 0 ◦C, and the reaction
mixture was then stirred at 0 ◦C for 0.5 h. Another THF solution (4.0 mL) of 2 (0.4 mmol,
225.1 mg) was added dropwise to the resulting mixture. The reaction mixture was stirred
for 12 h at room temperature, then quenched with ice water (15.0 mL), and the insoluble
material was removed by a Buchner funnel. After removal of the solvent, the residue was
dissolved in ethyl acetate (15.0 mL). Water (15.0 mL) was added to the resulting solution,
the organic layer was separated, and the aqueous layer was extracted with ethyl acetate
(15.0 mL × 2). The organic solutions were combined and dried over anhydrous Na2SO4.
After removal of the solvent, the residue was submitted to column chromatography on
silica gel (200–300 mesh) using petroleum ether and ethyl acetate (10/1 in v/v) as eluents
to give 3t (190.4 mg, 72% yield) as a white gel. 1H NMR (400 MHz, CDCl3): δ 5.29 (s, 1H,
H-12), 4.61 (s, 2H, -OCH2C-), 4.26 (m, 2H, -NCH2), 3.61 (m, 2H, -SCH2), 3.21 (m, 1H, H-3),
2.86 (dd, J = 13.5, 3.6 Hz, 1H, H-18), 2.75 (m, 4H, 2 × -SCH2), 1.97 (m, 1H, -OH), 1.88 (m, 2H,
-CH2), 1.63 (m, 6H, 3 × -CH2), 1.53 (m, 3H, H-22, -CH, -CH2), 1.42 (m, 4H, 2 × -CH2), 1.35
(m, 3H, H-22, -CH, -CH2), 1.27 (m, 4H, 2 × -CH2), 1.16 (t, J = 3.6 Hz, 1H, H-9), 1.13 (s, 3H,
-CH3), 1.04 (s, 1H, H-5), 0.98 (s, 3H, -CH3), 0.93 (s, 3H, -CH3), 0.90 (s, 6H, 2 × -CH3), 0.78
(s, 3H, -CH3), 0.73 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 195.9 (-CS2), 177.5 (C-28),
143.6 (C-13), 122.6 (C-12), 79.0 (C-3), 62.2 (-CO-), 55.3 (C-5), 47.7 (C-9), 46.8 (C-17), 45.8
(C-19), 41.7 (C-14), 41.3 (C-18), 39.4 (C-8), 38.8 (C-1), 38.5 (C-4), 37.1 (C-10), 35.8 (-CS), 33.9
(C-29), 33.2 (C-22), 32.8 (C-21), 32.5 (C-7), 30.8 (C-20), 28.2 (C-15), 27.8 (C-23), 27.2 (C-27),
27.0 (-NCH2), 25.9 (C-30), 23.7 (C-2), 23.5 (C-11), 23.0 (C-16), 18.4 (C-6), 17.2 (C-26), 15.7
(C-24), 15.4 (C-25), 14.2 (-SCH2). HRMS (ESI): m/z calculated for C37H59NO3S3 [M+H]+:
662.3735. Found: 662.3673.

3.3. Preliminary Biological Study

The in vitro cytotoxic activities of the compounds were evaluated by MTT assay against
Panc1, A549, Hep3B, Huh-7, HT-29, Hela, LO2. Cell lines were obtained from the Laboratory
of Molecular Pharmacology, Southwest Medical University. Briefly, different tumor cells grew
in DMEM medium except for A549, which used 1640 medium. Cells ((3–5) × 103 cells/well)
were harvested at the log phase of growth and seeded in 96-well plates. After 24 h incubation
at 37 ◦C in 5% CO2 to allow cell attachment, cultures were exposed to various concentrations
of the isolated compounds for 48 h. Finally, the MTT solution was added. Plates were further
incubated for 4 h at 37 ◦C after adding 150 μL/well of DMSO and shaking for 10 min on
the shaker platform. The plates were read in a 96-well plate reader at 490 nm wavelength.
The results were expressed as IC50 values, and were defined as the concentration at which
50% survival of cells was obtained. Fluorouracil, docetaxel, and cisplatin were co-assayed as
positive controls.
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4. Conclusions

In summary, we have synthesized a series of OA-dithiocarbamate derivatives in a two-
step protocol at room temperature, offering a readily accessible synthetic route to obtain
novel OA derivatives in high yields. Moreover, some of the compounds were shown to be
promising hit compounds, with remarkably improved broad-spectrum antiproliferative
activities compared to the natural product OA. Mechanistic insights of their activities on
certain tumor cell lines are currently underway in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28031414/s1. Figures S1–S42: 1H and 13C NMR spectrum
of 2, 3a–t; Figures S43–S63: HRMS spectrum of 2, 3a–t.
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Abstract: Previous studies have provided evidence that genistein exerts a therapeutic effect on differ-
ent tumor cells. However, the mechanism of action of genistein against cervical cancer cells remains
largely unknown. The aim of this study was to comprehensively decipher the anti-metastatic effect
and molecular mechanism of genistein action on cervical cancer cells. We developed an integrated
strategy from genotype to phenotype, combining network pharmacology and a transcriptome screen-
ing approach, to elucidate the underlying mechanism of action of genistein against human cervical
cancer cells. In silico studies predicted that the focal adhesion pathway may be an important signaling
cascade targeted by genistein treatment. Using RNA sequencing analysis, representative genes of the
focal adhesion pathway were demonstrated to be significantly downregulated. Phenotypic studies
revealed that genistein demonstrated strong anti-proliferative and anti-metastatic activity in HeLa
cells. Moreover, genistein modulated this activity in a concentration-dependent manner. Genistein
also inhibited both the activation and gene expression of FAK (Focal Adhesion Kinase) and paxillin.
In addition, vimentin and β-catenin protein expression, and Snail and Twist gene expression, were
strongly inhibited by genistein. Our findings provide strong evidence for a pleiotropic effect of
genistein on cervical cancer cells, mediated through the focal adhesion pathway.

Keywords: genistein; cervical cancer; metastasis; network pharmacology; RNA expression profiling

1. Introduction

Cervical cancer is known to be the fourth most common malignancy, leading to a
substantial burden and threatening women’s health worldwide [1]. A persistent infection
by human papilloma virus (HPV), especially HPV16 and 18, is critical for cervical cancer
initiation and progression [2,3]. The implementation of HPV vaccines, HPV testing, and
cervical cytology has notably decreased the incidence of early-stage cervical cancer [2,4,5].
However, patients with advanced cervical cancer still have unfavorable outcomes due
to the high incidence of metastasis, which is still one of the main factors influencing the
prognosis of patients. Moreover, the clinical application of immunotherapy or adjuvant
chemotherapy approaches in advanced cervical cancer has not been as effective as once
expected [6,7]. Therefore, there is an urgent need for novel therapeutic approaches.

Cervical cancer is a complicated disease involving the disruption of normal complex
biological networks in the human body [8]. Upon HPV infection, several key molecu-
lar events are involved in the initiation and progression of cervical cancer, including the
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Toll-like receptor (TLR) pathway, the nuclear factor-kappa B (NF-κB) pathway, the Notch
signal pathway, the Hippo-Yes-associated protein (YAP1) pathway [9–11], and the focal
adhesion pathway [12]. However, drugs that act on single-molecular targets usually exert
an unsuccessful effect or show strong toxic side effects in clinical practice. Considering
the complexity of the pathogenesis of cancers, attention has switched from focusing on
single drug targets towards a more systemic view of drug targets [13]. Network pharma-
cology is considered a powerful tool in deciphering the complexity of biological systems
and provides a new concept for understanding the interplay of molecular networks of
compounds [14]. This approach is now widely used in the study of the pharmacological
effects of compounds, where it promotes new directions for efficient drug discovery.

Genistein is a well-studied natural flavone compound with a wide range of biological
effects, including tyrosine kinase inhibitory, anti-inflammatory, phytoestrogen, and anti-
cancer effects [15–20]. Several studies have already been published concerning genistein
treatment during cervical cancer development, and the reported activities of genistein
include inducing cell cycle G2-M phase arrest and apoptosis, inhibiting the action of
histone deacetylases and DNA methyltransferases, and synergizing the radiation effect by
cell cycle G2-M phase arrest and AKT (Protein Kinase B) activation [21–26]. Considering
the range of activities identified in the above-mentioned studies, the precise molecular
action of genistein against cervical cancer remains largely unknown. Therefore, in order to
investigate the molecular action of genistein against cervical cancer more comprehensively,
this study employed an integrated strategy that combined the network pharmacology
approach and RNA-seq analysis to identify critical targets related to the genistein treatment
of cervical cancer.

2. Results

2.1. Identification of Potential Genistein Targets against Human Cervical Cancer

The targets of genistein and human cervical cancer were downloaded from the Com-
parative Toxicogenomics Database (CTD). In total, 28,150 protein-coding genes were related
to the progression of human cervical cancer, and 2647 protein-coding genes were confirmed
as the effective targets of genistein. A total of 2647 genes were identified in a Venn plot
(Figure 1). Since a large number of genes were identified, we performed secondary screen-
ing using an Interaction Count (human cervical cancer target > 50; genistein target > 2).
Finally, 371 genes were selected as the core targets involved in the action of genistein (data
not shown), and the following analysis is based on these genes.

Figure 1. Venn plot of genes potentially involved in genistein’s action against human cervical cancer.
The purple color represents the targets of genistein, and the yellow color represents the genes related
to the progression of human cervical cancer.

2.2. PPI Network Construction and Identification of Hub Genes

The 371 core targets were introduced into the STRING database to build the PPI
(Protein-Protein Interaction) network of genistein’s action against human cervical cancer. A
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confidence score of protein and protein interaction of >0.9 was set, and data were collected
and visualized using Cytoscape. As shown in Figure 2, the network contained 317 nodes
and 1754 edges; the cluster coefficient was 0.33, and the network centralization value was
0.170. The top 10 hub genes in this network were subsequently identified by MCC (Maximal
Clique Centrality) algometrical analysis: FN1, TIMP1, GAS6, IL6, C3, IGFBP3, IGFBP4,
IGFBP1, CST3 and SPP1. The increasing significance of genes in the network is represented
by the color change (yellow to red) (Figure 3).

Figure 2. PPI network of the core genes in genistein’s action against human cervical cancer (dark
purple color indicates high degree; grey color indicates low degree).

Figure 3. Hub gene analysis of the PPI network. The color change from yellow to red indicates the
increasing importance of related genes in the network. The red color indicates the highest significance.
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2.3. GO Enrichment Analyses of Core Targets

The predicted core targets were further analyzed by GO (Gene Ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway enrichment in the DAVID database.
The top 20 biological processes of predicted core targets were identified (Figure 4A); the
core targets are mainly involved in the response to organic substances, regulation of
programmed cell death, regulation of cell death, regulation of apoptosis, response to
endogenous stimulus, regulation of cell proliferation, response to hormone stimulus, and
response to extracellular stimulus. The enriched KEGG pathways (Figure 4B) included the
following: pathways in cancer; the p53 signaling pathway; the cell cycle; apoptosis; the
MAPK (Mitogen Activated Protein Kinase) signaling pathway; the TLR (Toll Like Recepter)
signaling pathway; and focal adhesion. From the hub gene analysis, FN1 was selected
as the most significant hub gene in genistein’s action against the cervical cancer network.
Therefore, we predicted that the focal adhesion pathway is a novel pathway targeted by
genistein in the treatment of cervical cancer. To gain a deeper insight, all the predicted
genes in this pathway potentially regulated by genistein are highlighted in red (Figure 5).

Figure 4. GO ontology and KEGG pathway enrichment of the core targets. (A) Biological processes
and (B) KEGG pathways involved in genistein’s action against human cervical cancer.

 

Figure 5. Predicted targets of genistein’s action in the focal adhesion pathway. Proteins highlighted
in red indicate potential targets of genistein’s action against human cervical cancer.
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2.4. Genistein Attenuates Cell Viability and Growth in HeLa Cells

According to in silico studies, genistein showed multiple effects on cervical cancer.
Next, we experimentally validated these effects using human cervical cancer cells in vitro.
The high−risk HPV 16 and 18 are highly associated with the pathogenesis of cervical cancer.
Moreover, according to the literature, HeLa cells are more sensitive to genistein treatment.
Therefore, in this study, we used HeLa cells for the following experiments [27]. As shown
in Figure 6A, genistein significantly inhibited cell growth in a time- and dose-dependent
manner after 24 h and 48 h of treatment by CCK−8 (Cell Counting Kit−8) assay. Moreover,
5-fluorouracil (5−FU), clinically used as an anti-tumor drug, was used as a positive control.
The concentration of 5−FU was chosen based on the literature [28]. The result showed that
80 μM of 5−FU inhibited the viability of HeLa cells compared with the DMSO (Dimethyl
sulfoxide) control. The results indicate that genistein exerted the same inhibitory effect on
the human cervical cancer cells as the anti-cancer drug 5−FU. Moreover, we further tested
the effects of genistein on cell growth by using cell number counting. The results indicate a
prominent effect of genistein on cell growth; the cell number was significantly decreased
after genistein (12.5–100 μM) treatment for 24–48 h (Figure 6B). Furthermore, genistein strongly
inhibited the colony formation ability of cervical cells (Figure 6C). While cervical cells formed
large colonies in the control group, this colony-forming ability was significantly decreased
after genistein treatment, indicating that genistein (12.5–100 μM) strongly inhibited HeLa cells’
proliferation. Overall, these results demonstrate that 12.5–100 μM genistein strongly inhibited
HeLa cells’ viability and proliferation.

Figure 6. (A). Effects of genistein treatment on the proliferation of HeLa cells for 24–48 h were detected
by CCK−8 assay. (B). Effects of genistein treatment on cell growth were counted by hemocytometer
after 24–48 h. (C). Representative images of HeLa cell colony formation after genistein treatment
(0–100 μM). The data shown are the average of three replicates; the experiments were performed
three times independently. *** p < 0.001, ** p < 0.01, * p < 0.05 compared with solvent control. Scale
bar: 200 μm.
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2.5. Genistein Inhibits HeLa Cell Adhesion

Since adhesion is the first critical step in cancer metastasis, we initially investigated the
influence of genistein on HeLa cells’ adhesion. The data demonstrate that genistein dose-
dependently inhibited cell adhesion in cervical cancer cells (Figure 7A,B). Compared to the
control, 92%, 82%, 81%, and 71% inhibition of adhesion was observed with 12.5 μM, 25 μM,
50 μM, and 100 μM of genistein, respectively. Thus, HeLa cell adhesion was significantly
inhibited after genistein (25–100 μM) treatment (p < 0.01; p < 0.05) (Figure 7A).

Figure 7. Effects of genistein on HeLa cell adhesion. Cells were grown in the presence of different
doses of genistein for 24 h, and reseeded for 3 h. Adherent cells were then fixed by PFA (Paraformalde-
hyde) and stained with crystal violet solution. Absorbance readings were detected at OD570 nm by
microplate reader. (A). Percentage of adhesion was then calculated based on the OD value of the
adhered cells in the genistein-treated group (compared to control values (100%)). The experiment
was performed three times independently, and data shown are the average of all three replicates.
(B). Representative images from the three independent experiments. ** p < 0.01 vs. DMSO control;
* p < 0.05 vs. DMSO control. Scale bar: 200 μm.
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2.6. Genistein’s Inhibition of Cell Migration in the Wound−Healing Assay

We also assessed cell migration activities using a wound-healing assay. As shown in
Figure 8A,B, the continuous migration of HeLa cells was observed in the control group
after 8 h and 24 h. HeLa cell migration was significantly reduced in the presence of
12.5–100 μM genistein. The results indicate that genistein strongly inhibits cell migration
in a concentration-dependent manner (p < 0.01; p < 0.05).

Figure 8. Effect of genistein on the mobility of HeLa cells. (A) Representative images of wound-
healing assay. (B) Cell migration was calculated by measuring the distances from the wound edges in
each treatment group using Image J software. Cell migration activity (as a percentage) was calculated
from the migration distances in the genistein treatment group (compared to the control (100%)). The
experiment was repeated three times. ** p < 0.01 vs. DMSO control. * p < 0.05 vs. DMSO control;
Scale bar: 200 μm.

2.7. Genistein Inhibited Cell Migration and Invasion of HeLa Cells in Transwell® Assays

The inhibition of cell migration by genistein was verified using the Transwell assay. A
remarkable decrease in cell migration activity was observed with increasing concentrations
of genistein; 12.5 μM–100 μM of genistein decreased cell migration activity by 81%, 85%,
50%, and 36% compared with the solvent control, respectively (Figure 9A–C). As shown
in Figure 9B–D, genistein (12.5–100 μM) also significantly inhibited cell-invasive activity;
12.5 μM, 25 μM, 50 μM, and 100 μM of genistein decreased cell invasion activity compared
with the solvent control by 36%, 39%, 30%, and 27%, respectively. Compared with the
inhibition of cell migration activity, genistein exerted a stronger inhibitory effect on cell
invasion activity. Moreover, compared with the cell viability results, the inhibition of cell
migration and invasion was not entirely due to the inhibition of cell viability.
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Figure 9. Effect of genistein on the migration and invasion activities of HeLa cells. Cells were seeded
on membranes and co-cultured with different doses of genistein for 24 h. (A) Cells that migrated to
the lower surface of the filter were fixed and stained with crystal violet, and then photographed by an
inverted microscope at ×100. (B) Cell invasion was assessed by following cell movement through the
Matrigel to the lower surface of the filter. Invading cells were fixed, stained with crystal violet, and
photographed under an inverted microscope at ×100. (C) Cell migration was quantified from at least
three images randomly using Image J software. (D) Cell invasion was quantified from at least three
images randomly using the Image J software. The experiment was repeated three times. ** p < 0.01
vs. DMSO control. * p < 0.05 vs. DMSO control; scale bar: 200 μm.

2.8. Identification of Differentially Expressed Genes (DEGs) Associated with Genistein Treatment

To further decipher the mechanism of genistein’s action on cervical cancer cells, we
analyzed global gene expression profiles in genistein- and DMSO-treated cells by using
RNA sequencing. Approximately 59–67 million (M) clean reads from six samples (three
for genistein treatment; three for control) were obtained after deletion of the low-quality
and adaptor sequences; Q30 bases ranged from 92.72% to 93.32% (data not shown). These
results demonstrate that the samples were of good quality, and that the coverage of the
cervical cancer cell genome was high.

We previously observed significant changes in the proliferation and metastasis of
cervical cancer cells after genistein treatment. The transcriptome screening results provide
strong evidence that these changes were accompanied by significant differences in gene
expression. A total list of expressed genes was determined using RNA-Seq data (Figure 10).
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Among these, genes that were upregulated (orange) and downregulated (blue) following
genistein treatment (compared with control) were identified (p < 0.05; |log2FoldChange| > 1).

Figure 10. (A) Volcano plot of DEGs identified following genistein treatment (compared with
control). Grey dots, genes with no significant difference in expression; blue dots, downregulated
genes; and orange dots, upregulated genes. Fold-change was calculated using gene-normalized
expression of the genistein group/gene-normalized expression of the control group. Differences in
expression with a p value < 0.05 and a Log2 (fold change) > 1 were considered statistically significant.
(B,C) Gene ontology enrichment of up- and downregulated DEGs after genistein treatment. (D) KEGG
enrichment of upregulated DEGs after genistein treatment.

Gene ontology of the DEGs was analyzed by GESA (Gene Set Enrichment Analy-
sis), and the upregulated and downregulated DEGs were enriched for biological process
analysis. The upregulated DEGs are involved in morphological processes, including
cilium organization, strand displacement, and cilium morphogenesis. In contrast, the
downregulated DEGs are associated with ribosomal subunits, the ribosome, the multi-
organism metabolic process, and mitochondrial translation. GESA analysis revealed that
the gene clusters involved in the regulation of mitochondrion organization, substrate
adhesion-dependent cell spreading, and focal adhesion were significantly downregulated
(Figures 10B,C and 11A,B,E,F). Moreover, the top KEGG pathways are listed in Figure 10D.
The downregulated DEGs are involved in the spliceosome, ribosome, GAP junction, protea-
some, cell cycle, purine metabolism, glycolysis metabolism, and oxidative phosphorylation.
Previously, we predicted that the focal adhesion pathway was a promising target for genis-
tein treatment in silico (Figures 3 and 4). The RNA sequencing results validated these

441



Molecules 2023, 28, 1919

predictions, and numerous genes in the focal adhesion pathway were downregulated after
genistein treatment, including FAK, PAK, Src, Shc, Actinin, Talin, and ILK. Moreover, mito-
chondrion function was also significantly inhibited by genistein, while adhesion-related
pathways involving adherent junctions were also downregulated (Figure 11C,D,G,H). Inter-
estingly, our data provide evidence that genistein mainly exerted a downregulation effect
on cervical cancer cells.

Figure 11. (A−D) Representative enrichment of gene signatures in genistein and control group
by gene set enrichment analysis (GESA). Representative enriched gene sets are shown (FDR
q value < 0.05). (E−H). Heatmap of the representative DEGs between genistein and control group in
parallel with GESA analysis.

2.9. Genistein Inhibits Activation of the FAK–Paxillin Pathway

To investigate whether genistein inhibited cell migration and invasion through inhi-
bition of the FAK−paxillin pathway, we performed Western blot analyses to detect the
expression of the relevant proteins. As shown in Figure 12, genistein treatment strongly
decreased the phosphorylation of paxillin and FAK. In addition, the expression of β-
catenin and vimentin was inhibited by genistein. The results suggest that the molecular
mechanism of genistein on cell proliferation and metastasis involves inactivation of the
FAK−paxillin pathway.
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Figure 12. Effect of genistein on the focal adhesion protein expression in HeLa cells. (A) Cells
were grown with or without different doses of genistein for 30 min. The expression levels of
specific proteins were detected by Western blot analysis. GAPDH was used as a control. All first
antibodies were used at a dilution of 1:1000. Secondary antibodies were used at a concentration
of 1:3000. (B–E) Integrated optical intensity of the bands was determined by Image J software
(https://imagej.net, accessed on 3 January 2023). The experiment was repeated three times. ** p < 0.01
vs. DMSO control.

2.10. Genistein Inhibits Gene Expression of FAK, Paxillin, Snail, and Twist

After confirming that genistein inhibits the activation of the focal adhesion pathway,
we next investigated whether genistein inhibits FAK and paxillin gene expression levels.
qRT-PCR results indicated that 50–100 μM genistein strongly downregulated paxillin and
FAK mRNA expression. In addition, we analyzed the expression of other genes of interest.
Snail is a transcription factor that regulates the expression of E-cadherin. Twist is closely
associated with cervical cancer progression [29–31]. Our results showed that high doses of
genistein (50–100 μM) inhibited Snail and Twist expression (p < 0.01; p < 0.05) (Figure 13).
These results confirmed that genistein inhibits migration and invasion via Snail- and
Twist-mediated EMT (Epithelial Mesenchymal Transition).

Figure 13. Effect of genistein on specific gene expression in HeLa cells. (A) Genistein inhibited FAK
and paxillin, and (B) Snail and Twist mRNA expression in HeLa cells. Gene expression was analyzed
by qRT-PCR. mRNA relative expression levels were evaluated using the 2−��Ct method. GAPDH
was used as an internal control. The experiment was repeated three times. ** p < 0.01 vs. DMSO
control; * p < 0.05 vs. DMSO control.
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3. Discussion

The effects of genistein (alone or in combination with anti-cancer drugs) on growth
regulation, angiogenesis, and metastasis have been extensively investigated in several dif-
ferent tumors [32–34]. Multiple molecular mechanisms have been implicated in its actions,
including inhibition of the NF-κB, Wingless, and integration 1 beta-catenin (Wnt/beta-
catenin); mitogen-activated protein kinase (MAPK); and phosphoinositide 3 kinase/Akt
(PI3K/Akt) signaling pathways [35]. However, evidence regarding the effects of genistein
on cervical cancer is limited. Therefore, the underlying mechanism of genistein’s action
against human cervical cancer, especially its anti-metastatic potential, remains unknown.
The present study was designed to elucidate the mechanism of genistein’s action against
cervical cancer.

We first used a network pharmacological approach to predict potential targets of
genistein’s action against human cervical cancer in silico. We identified 10 hub targets of
genistein treatment: FN1; TIMP1, GAS6, IL6, C3, IGFBP3, IGFBP4, IGFBP1, CST3, and
SPP1. FN1 encodes fibronectin, which monitors proliferation and metastasis by regulating
the FAK signaling pathway in cervical cancer cells [12]. Previous in silico studies have
identified the focal adhesion pathway as a key pathway in cervical cancer [36]. Moreover,
the focal adhesion pathway is already considered a potential target in the treatment of
highly invasive cancers [37–39]. Focal adhesion kinase (FAK) is an intracellular tyrosine
kinase and plays an important role in the regulation of ECM integrin signaling [40–43].
Evidence is accumulating that demonstrates that FAK promotes tumorigenesis through a
wide range of cellular processes, including proliferation, survival, metastasis, angiogenesis,
epithelial–mesenchymal transition (EMT), cancer stem cell activities, and the metabolism
of glucose, lipids, and glutamine [12,44,45]. In our in silico study, focal adhesion was
identified using KEGG pathway enrichment analysis as one of the targeted pathways that
regulate the anti-cancer effects of genistein (Figures 4 and 11). Considering all the evidence,
the FAK pathway was selected as the main pathway for experimental validation.

Phenotypic studies revealed that genistein decreased the proliferation of HeLa cells.
This observation is consistent with a previous study indicating that genistein demonstrates
cytotoxic properties in numerous different cell types [17,20]. Moreover, genistein is reported
to inhibit the proliferation of HeLa, CaSki, and C33 cell lines, and HeLa cells are more
sensitive to genistein [27]; therefore, we used the HeLa cell line for our mechanism study.
According to our results, genistein also dose-dependently inhibited the HeLa cells’ adhesion
and metastasis. The inhibition of adhesion is consistent with genistein’s inhibition of
focal adhesion pathway activation and genistein’s inhibition of vimentin and β-catenin
expression. Thus, our results provide evidence that genistein suppresses cervical cancer cell
metastasis by regulating the FAK/paxillin pathway. Genistein has previously been shown
to influence cervical cancer by altering epigenetic modulatory signatures and inducing
apoptosis [21,23]. Our results provide strong evidence that genistein inhibits both the
activation of the FAK/paxillin pathway and FAK and paxillin gene expression in cervical
cancer cells. These results are consistent with the published data and our previously
obtained data [17]. We showed that genistein inhibited p-FAK after only 10 min treatment
and had a stable inhibitory effect after 24 h treatment in melanoma cells. In human cervical
cells, genistein exerts the same behavior. Furthermore, we have previously reported that
high concentrations of genistein strongly decrease Snail expression in melanoma cells [17].
Snail is an important transcription factor regulating the process of EMT; the overexpression
of Snail in several tumor tissues is associated with metastasis and recurrence [46]. Here, we
show that genistein also inhibits Snail expression in human cervical cancer cells.

The role of genistein in cervical cancer was also explored by RNA expression profiling.
Thus, the influence of genistein on the regulation of RNA transcription, processing, and
splicing in cervical cancer cells was elucidated. The top KEGG pathways enriched using
the downregulated DEGs included the spliceosome, ribosome, cell cycle, RNA transport,
ribosome biogenesis in eukaryotes, ubiquitin-mediated proteolysis, RNA polymerase,
steroid biosynthesis, viral carcinogenesis, central carbon metabolism in cancer, microRNAs
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in cancer, focal adhesion, cellular senescence, and thyroid hormone signaling pathways.
Using RNA sequencing analysis, we were able to confirm our in silico predictions that
focal adhesion was a target pathway. In addition to inhibiting focal adhesion, genistein
downregulated the expression of PKC, Src, Shc, Pak, Actinin, Talin, and ILK (Figure 11).
Protein kinase C (PKC) is a serine-threonine kinase found in most cell types, where it exerts
a strong influence on signal transduction events. Elevated expression of PKC has been
highly associated with several human cancers, and inhibition of PKC signaling retards
the growth and invasion of cervical cells [47]. The proto-oncogene tyrosine-protein kinase
Src (Src) is involved in cell growth, differentiation, migration, and survival. FAK and Src
are recruited upon integrin activation to form the FAK–Src complex, and this complex
phosphorylates downstream adaptor proteins such as paxillin. The activated FAK–Src
complex has an essential role in controlling cell shape and cell motility [48,49].

Our RNA profiling analysis revealed that the downregulated DEGs are involved
in the regulation of the cell cycle. This result is consistent with our earlier published
data. We previously found that genistein could block the cell cycle arrest of macrophages
in the G2/M phase [50]. In addition, genistein strongly downregulated mitochondrial
organization and disrupted several metabolic pathways, including the glucose catabolic
process, ATP (Adenosinetriphosphate) generation from ADP (Adenosinediphosphate), and
multi-organism metabolic processes. According to previous reports, genistein can trigger
anti-cancer activity against several cancer cells involved in mitochondrial apoptosis [51–53].
However, in cervical cancer, genistein’s action on mitochondrial function has not yet been
reported. Therefore, this result may herald a new direction in cervical cancer research.

In conclusion, our study provides evidence that the mode of action of genistein against
cervical cancer is comprehensive, from genotype to phenotype. Our results reveal that
genistein exerts its anti-proliferation and anti-metastatic activities against cervical cancer by
interacting with several key pathways. Genistein inhibits the FAK/paxillin pathway and
strongly regulates Twist/Snail-mediated EMT, two pathways related to the progression of
cervical cancer. Differing from the dual function of genistein in regulating the metastasis
of melanoma cells [17], the predominant inhibitory effects of genistein on cervical cancer
cells were identified based on RNA expression profiling and phenotypic studies. The
novel mechanisms of action of genistein against cervical cancer identified in this study
should prove useful in future research and in clinical applications. Overall, our study
provides strong evidence that genistein is a promising chemotherapeutic agent against
cervical cancer.

4. Materials and Methods

4.1. Prediction of Genistein’s Anti-Human Cervical Cancer Targets

All verified targets of genistein and human cervical cancer were screened in the Compara-
tive Toxicogenomics Database (CTD) (http://ctdbase.org/) (accessed on 13 June 2018) [54–57].
CTD is a unique tool in which three types of core data can be obtained, including chemical–
gene (and protein) interactions, chemical–disease relationships, and gene–disease relation-
ships. It offers the basis for testable hypotheses about the mechanisms underlying the
etiology of environmental diseases [54]. The selected genes were further selected according
to the interaction count value, compound targets ≥ 2, disease targets ≥ 50. Finally, potential
targets of genistein against human cervical carcinomas were obtained by overlapping the
compound targets and disease targets.

4.2. PPI Network Analysis and Identification of Hub Genes

The STRING database [58] was applied to build the PPI network. The confidence score
for protein–protein interactions was selected as >0.9. The PPI network for genistein against
human cervical carcinoma was visualized using Cytoscape (v3.7.1). The hub genes in the
PPI network were calculated using the CytoHubba plugin based on the MCC algorithm [59].
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4.3. GO and KEGG Pathway Enrichment Analyses of Core Targets

The Database for Annotation, Visualization, and Integrated Discovery (DAVID)
(https://david.ncifcrf.gov/) (accessed on 17 September 2018) was used for Gene Ontology
and KEGG pathway enrichment analysis of core targets. Bubble charts of BP and KEGG
pathways were produced by ggplot2, implemented in the R platform.

4.4. Experimental Verification
4.4.1. Reagent Source

Fetal bovine serum (FBS), 100× penicillin, streptomycin, and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Lonza (Verviers, Belgium). Genistein was
obtained from Selleck (Shanghai, China). Genistein was dissolved in DMSO with a stock
solution of 100 mM and diluted in culture medium to final concentrations (12.5–100 μM).
Phosphatase and protease inhibitor cocktail set I and WST-8 buffer were purchased from
Biotool (Shanghai, China). Enhanced chemiluminescence (ECL) detection buffer was pur-
chased from Beyotime Biotechnology (Shanghai, China). Antibodies used in this study were
purchased from Cell Signaling Technology (Danvers, MA, USA), and are listed in Table 1.

Table 1. List of antibodies used in the experiments.

Name Source ID

1 Paxillin Rabbit, pAb #2542 Cell signaling
2 Anti-rabbit IgG, HRP-linked antibody Goat #7074 Cell signaling
3 Phospho-Paxillin (Tyr118) Rabbit, pAb #2541 Cell signaling
4 FAK Rabbit, pAb #13430 Cell signaling
5 Phospho-FAK (Tyr925) Rabbit, pAb #9330 Cell signaling
6 Vimentin (D21H3) Rabbit, mAb #9782 Cell signaling
7 β-Catenin (D10A8) Rabbit, mAb #9782 Cell signaling
8 GAPDH-HRP Mouse mAb #: ab011 Multi Science

4.4.2. Cell Culture and CCK-8 Cell Viability Test

The human cervical cancer cell line HeLa (HPV 18 positive) was purchased from the
Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in DMEM with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL),
in an incubator at 37 ◦C with 5% CO2. The CCK-8 test was performed as previously
described [17,41]. Briefly, HeLa cells (1 × 105 cells/mL) were cultured in DMEM with
different doses of genistein and solvent control for 24–48 h. CCK-8 was then added to the
culture medium and was incubated for 1 h. The absorbance was measured at a wavelength
of 450 nm (OD450 nm) in a microtiter plate reader (BioRad, Hercules, CA, USA).

4.4.3. Colony Formation Assay

Cells (1 × 103 cells/well) were initially grown in DMEM with or without different
concentrations of genistein and solvent control. After 7–10 days, the cells were fixed with
PFA and stained with crystal violet. Images of five randomly selected fields were captured
under an inverted microscope (Nikon, Tochigi, Japan).

4.4.4. Adhesion Assay

This assay was performed according to previous protocols [60,61]. Cells (1 × 105 cells/mL)
were grown for 2 h and then cultured with or without genistein (0–100 μM) for another
24 h in a 12-well plate. Cells were collected and reseeded with the concentration of
1 × 105 cells/mL in a 96-well plate for 3 h. Afterwards, cells were washed, fixed with
PFA, and finally stained with crystal violet. Adhesion was assessed at OD570 nm using a
microplate reader. Images of five randomly selected fields were captured under an inverted
microscope. The percentage of adherent cells was calculated from the OD values of the
genistein-treated group (relative to the OD values of the control group).
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4.4.5. Wound-Healing Mobility Assay

This assay was performed according to previous protocols [17]. Briefly, cells
(1 × 105 cells/well) were grown in a 6-well plate for 24 h to achieve 90% confluency.
The medium was discarded and cell monolayers were scratched with a sterile P200 mi-
cropipette tip. After the debris was washed away, cells were allowed to grow in serum-free
medium with different doses of genistein and solvent control for 24 h. Images of the wound
areas were captured at 0 h, 8 h, and 24 h. Cell migration was calculated by measuring cell
distances from the wound edges in each treatment group. Cell migration (as a percentage)
was calculated based on the migration distances in the genistein-treated group (relative to
those of the control group).

4.4.6. Transwell Assay

The assay was performed according to previous protocols [17]. Cells were cultured
in a Transwell® cell culture chamber (8 mm pore size; Corning, Lowell, MA, USA) at a
density of 2 × 104/well. For a 24-h invasion assay, the chambers were first coated with
MatrigelTM. A cell suspension in serum-free DMEM was cultured in the upper chamber
of the Transwell® insert with or without different doses of genistein and solvent control.
The lower part was filled with DMEM containing 20% FBS as a chemoattractant. After
24 h, cells that migrated or invaded into the lower surface of the membrane were fixed
with 4% PFA and stained with crystal violet solution. Images of five random fields were
captured by an inverted microscope. Cell migration/invasion was subsequently assessed
using Image J software. Cell migration/invasion was calculated (as a percentage) from the
relative numbers of cells in the genistein-treated and control groups.

4.4.7. Western Blotting Assay

The assay was carried out according to previous protocols [17]. Briefly, cells were
grown with or without different concentrations of genistein (12.5–100 μM) and solvent
control for 30 min. Cells were then harvested and lysed in ice-cold cell lysis buffer. After
protein extraction, the total protein concentration was quantified using standard protocols.
Total protein (20 μg of protein/lane) was then separated on a 10% SDS-PAGE gel by
electrophoresis. Separated proteins were transferred onto PVDF (Polyvinylidene Fluoride)
membranes (BioRad, USA) and subsequently probed with the respective primary antibody
followed by an HRP (Horse Radish peroxidase) -conjugated secondary antibody. Finally,
the blots were developed by ECL (Electrochemiluminescence).

4.4.8. RNA Sequencing

RNA sequencing was carried out as previously reported [62,63]. Cells were grown
with DMSO and genistein (50 μM) for 5 h. Total RNA was isolated using the RNeasy Plus
Mini Kit, following the manufacturer’s instructions (Qiagen, Germantown, MD, USA).
The quality of the RNA was first confirmed, and then the RNA was sequenced using the
Illumina Hiseq X ten platform in GeneChem. Data from the sequencer were first subjected
to quality control using FastQC and trimmed using trimgalore. Data processing included
(i) trimming the Illumina adapter sequence and low-quality bases (phred score < 20) at
the 3′ end; (ii) discarding the reads with a length shorter than 20 (the paired reads were
removed if any of the two reads did not meet the minimum length). Duplicates were then
removed using Picard. For each sample, we counted the reads of individual transcripts
using htseq-count. Differential analysis between treatments (genistein) and the control
was performed using a count-based method, limma, implemented in R, and voom for
normalization [64,65]. Significantly expressed genes were first screened for BH-adjusted
p values less than 0.05 [66] and further filtered using a 2-fold-change minimum boundary
(up- and downregulated genes labeled in the volcano plot). In parallel, we used GSEA v3.0
(Broad Institute, PreRanked mode) for enrichment analysis. To ensure consistency in our
method for identifying significant genes, we used the t-statistic output from the limma as
a metric for ranking. Here, 1000 gene set permutations were set as default, and gene sets
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were obtained by collecting pathways from KEGG and biological processes from GO. A
gene set with an FDR q value less than 0.05 was considered significantly enriched. For the
heatmap, log2 transformed FPKM values (fragments per kilobase of transcript per million
mapped reads) of the significant genes were used as input for heatmap generation.

4.4.9. Quantitative Real-Time RT-PCR

Cells were grown with or without different doses of genistein and solvent control for
5 h. Total RNA was isolated using the RNeasy Plus Mini Kit. The cDNA was synthesized
using a reverse transcription reagent kit (Selleck, Shanghai, China). Target genes were
amplified with the following specific primers in the Light Cycler® 96 Real-Time PCR System
(Roche, Indianapolis, IN, USA):

GAPDH: 5′-GGAGCGAGATCCCTCCAAAAT-3′ (forward) and
5′-GGCTGTTGTCATACTTCTCATGG-3′ (reverse);
FAK: 5′-TGGTGCAATGGAGCGAGTATT-3′(forward) and
5′-CAGTGAACCTCCTCTGACCG-3′(reverse);
Paxillin: 5′-CTGCTGGAACTGAACGCTGTA-3′ (forward) and
5′-GGGGCTGTTAGTCTCTGGGA-3′ (reverse);
Snail: 5′-TCGGAAGCCTAACTACAGCGA-3′ (forward) and
5′-AGATGAGCATTGGCAGCGAG-3′ (reverse);
Twist: 5′-GTCCGCAGTCTTACGAGGAG-3′ (forward) and
5′-GCTTGAGGGTCTGAATCTTGCT-3′ (reverse).
GAPDH was used as a normalization control. Each treatment was tested in triplicate.

The relative expression levels of genes were normalized using the 2−ΔΔCt method.

4.5. Statistical Analyses

Data are reported as the mean ± S.D. from at least three independent experiments. A
p < 0.05 was used to measure statistical significance. Student’s t-tests were used to compare
statistical significance between the treated groups.
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Abstract: Epstein–Barr virus (EBV) infects 95% of the world’s population and persists latently in the
body. It immortalizes B-cells and is associated with lymphomas. LCLs (lymphoblastoid cell lines, EBV
latency III B-cells) inhibit anti-tumoral T-cell response following PD-L1 overexpression (programmed
death-ligand 1 immune checkpoint). Many cancer cells, including some DLBCLs (diffuse large B-cell
lymphomas), also overexpress PD-L1. Immunotherapies are based on inhibition of PD-L1/PD-1
interactions but present some dose-dependent toxicities. We aim to find new strategies to improve
their efficiency by decreasing PD-L1 expression. Fucoidan, a polysaccharide extracted from brown
seaweed, exhibits immunomodulatory and anti-tumor activities depending on its polymerization
degree, but data are scarce on lymphoma cells or immune checkpoints. LCLs and DLBCLs cells
were treated with native fucoidan (Fucus vesiculosus) or original very-low-molecular-weight fucoidan
formulas (vLMW-F). We observed cell proliferation decrease and apoptosis induction increase with
vLMW-F and no toxicity on normal B- and T-cells. We highlighted a decrease in transcriptional and
PD-L1 surface expression, even more efficient for vLMW than native fucoidan. This can be explained
by actin network alteration, suggesting lower fusion of secretory vesicles carrying PD-L1 with the
plasma membrane. We propose vLMW-F as potential adjuvants to immunotherapy due to their
anti-proliferative and proapoptotic effects and ability to decrease PD-L1 membrane expression.

Keywords: fucoidan; very-low-molecular-weight fucoidan; PD-L1; EBV latency III B-cells; DLBCLs;
actin network

1. Introduction

EBV is an oncogenic virus that infects about 95% of the worldwide adult population.
After primo-infection, it remains hidden in nuclei of memory B-cells, resulting in life-long
persistent infection. During infection, including transient reactivation, some infected B-
cells enter the lytic cycle or EBV latency III program (also called proliferation program),
with transcription of the full range of latent genes [1]. In an immunocompetent host, the
balance established between the immune system and the virus avoids development of
cancers. However, a rupture in equilibrium can occur, causing EBV lymphoproliferative
disorders, such as Hodgkin lymphomas (HL), Burkitt lymphomas (BL) or DLBCLs [2],
which is the most common non-Hodgkin lymphoma. This aggressive tumor affects B-
lymphocytes and has two major biologically distinct subtypes: germinal center B-cell (GCB)
and activated B-cell (ABC) [3]. ABC-DLBCL is associated with worse outcomes when
treated with chemo-immunotherapy, the standard clinical care for this pathology.

Inhibitory immune checkpoints exert inhibitory effects on adaptive and innate im-
mune systems. They are crucial for self-tolerance but also mediate immune evasion of
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cancer cells, contributing to tumor emergence and development [4]. PD-L1 (also known
as B7-H1 or CD274) is expressed on a sizeable fraction of tumor types and is one of the
most critical [5]. It can interact with its receptor, PD-1, which is expressed on numerous
cells involved in anti-tumor response (such as activated T-cells, dendritic cells or NK cells)
and leads to inhibitory signals [6]. We have previously shown that PD-L1 is also overex-
pressed on EBV latency III B-cells and strongly inhibits anti-tumoral T-cell response in an
autologous B/T model; expansion of anergic conventional and unconventional CD4+ Tregs
(regulatory T-cells) leads to inhibition of CD4+ and CD8+ effector T-cells proliferation [7].
The PD-L1/PD-1 axis is also critical for numerous B-cell lymphomas, such as HL and
non-Hodgkin lymphomas, among them follicular lymphoma and DLBCL (which variably
express PD-L1) [8,9]. PD-L1 overexpression in many cancer types and strong immune
response inhibition following interaction with PD-1 have led to development of anti-PD-
L1 and anti-PD-1 immunotherapies to block the PD-L1/PD-1 axis and restore immune
response [10,11]. However, immune checkpoint inhibitors have some limitations since
tolerance breakdown is not limited to tumors; related adverse events can affect multiple
organ systems (gut, skin, endocrine glands, liver or lung) [12–14]. While keeping the
advantage of immunotherapy, new therapeutic strategies can be considered, such as use of
adjuvants capable of decreasing PD-L1 membrane expression and consequently lowering
antibody doses [15].

Fucoidans are non-allergenic, non-irritating, biodegradable and biocompatible sulfated
fucose-based polysaccharides constituents of brown seaweeds [16,17]. Extracts from Fucus
vesiculosus algae are approved by the FDA (Food and Drug Administration) as GRAS (generally
recognized as safe). In Europe, preparations that contain fucoidans are registered by the EMA
(European Medicines Agency) for use as ingredients in food categories [17,18]. Numerous stud-
ies report bioactive properties with health benefits, predominantly dependent on the natural
source extraction method, sulfate groups content and molecular weight of polysaccharide. For
instance, fucoidans possess antioxidant, anticoagulant, anti-pathogenic and anti-inflammatory
activities [19–21]. They also exhibit in vitro and in vivo anticancer properties, almost exclusively
studied on solid tumor cells (colon, breast, lung, bladder, hepatoma or melanoma). The mecha-
nisms of action described are generally cell cycle arrest, apoptosis, anti-metastatic effects and
stimulation of macrophages, T-cells and NK cells. Nevertheless, scarce studies indicate decrease
in PD-L1 checkpoint [22,23], which can be consistent with the fact that fucoidan impairs path-
ways responsible for PD-L1 expression: PI3k/AKT, NF-κB or RAS/ERK1/2 [24–29]. Fucoidan
extracts can also protect against side effects associated with chemotherapeutic drugs and
radiation-induced damages [16,30]. As suggested by some authors who evaluated pre-clinical
safety of fucoidan extracts [31], they may become an appropriate and natural anticancer thera-
peutic as an adjunctive antitumor drug. However, more information is needed, particularly in
the field of hematological malignancies and immune checkpoints, such as PD-L1, which is the
overall objective in this study. We evaluated opportunity to use vLMW-F to decrease PD-L1
membrane expression and associated molecular mechanisms.

2. Results

2.1. Proliferation Inhibition and Apoptosis Induction of Tumoral B-Cells

Anti-cancer properties of fucoidan (mainly with extracted fucoidan of high molecular
weight) were almost exclusively studied on solid tumors and emphasized anti-proliferative
and pro-apoptotic events [32]. In order to confirm this role on lymphoma B-cells, we
performed cell cycle analysis by flow cytometry on EBV latency III B-cells (three LCLs) and
DLBCL cells (two ABCs: U2932 and OCILy10 and two GCBs: SUDHL4 and SUDHL6 cell
lines) treated with native or vLMW-F F1 and F2. Estimation of cell population percentage
in the different phases of the cell cycle highlighted significant decrease in S phase after
treatment with vLMW-F in contrast to the native form (Figure 1A, B). This was consistent
with inhibition of cell proliferation. A significant increase in subG1 peak on DNA content
histograms (subsequent to fragmentation of nuclear DNA in late apoptosis) was also
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sometimes observed, depending on cell types, for treatment by vLMW-F, especially F2
(Figure 1C).

Figure 1. vLMW-F decrease the percentage of LCLs and DLBCLs cells in S-phase. LCLs (J1209,
C0401, C1504) and DLBCLs (U2932, OCILy10, SUDHL4, SUDHL6) cells were treated or not (control)
with 100μg/mL of native fucoidan or vLMW-F (F1 and F2) for 48 h. Flow cytometry analysis was
performed to determine cell-cycle distribution in all tested conditions. Results were obtained from
three independent experiments. (A) Examples of cell cycle profiles for C0401 (LCL) and SUDHL4
(DLBCL). (B) Percentage of LCLs or DLBCLs cells in S-phase: fewer cells are in S-phase after 48
h treatment of 100 μg/mL vLMW-F in contrast with the native form and compared to the control.
(C) Percentage of LCLs or DLBCLs cells in SubG1 phase: the increase in cell percentage in SubG1
phase occasionally observed suggests apoptosis induction. NS: not significant; * p< 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001.

To refine the apoptotic response, we evaluated percentage of apoptotic cells, from
early to late stages, for the same cell lines and in the same treatment conditions. Annexin-V
binding to externalized phosphatidylserine revealed apoptosis induction only with the two
vLMW-F (Figure 2). The importance of the process depended on the cell lines (up to 50%
for J1209 and SUDHL6) and was similar for the two fractions. Our results emphasized that,
unlike the native form, vLMW-F possess anti-proliferative and pro-apoptotic properties
for EBV latency III and DLBCL tumoral cells at the tested dose. This suggests a better
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cytotoxic effect for vLMW-F. We verified that toxicity (viability and apoptosis) was due
to the formulas and not L-Fucose since it is the smallest subunit of fucoidan skeleton
(Figure S2).

Figure 2. vLMW-F induce apoptosis in LCLs and DLBCLs. LCLs (J1209, C0401, C1504) and DLBCLs
(U2932, OCILy10, SUDHL4, SUDHL6) cells were treated or not (control) with 100μg/mL of native
fucoidan or vLMW-F (F1 and F2) for 48 h, followed by apoptosis analysis (Annexin V/PI staining)
by flow cytometry. Results were obtained from three independent experiments. (A) Examples of
cell apoptosis for J1209 (LCL) and SUDHL6 (DLBCL) are shown (intact cells: green events–early
apoptotic cells: blue events–late apoptotic cells: purple events). (B) Percentage of LCLs or DLBCLs
total Annexin V+ cells. vLMW-F fractions induce similar apoptosis. NS: not significant; * p< 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.2. Absence of Toxicity for Normal B- and T-Cells

Potential use of native fucoidan or vLMW-F for biomedical application and specificity
of the treatment require that they do not display toxicity for normal cells. We chose to focus
on peripheral blood mononuclear cells and particularly on normal B-cells (for comparison
with tumoral B-cells), T-cells and activated T-cells (frequently implicated in anti-tumor
responses via the PD-L1/PD-1 axis). We performed an Annexin V-based flow cytometry
test that enables assessing simultaneously apoptosis and viability. No cytotoxic effect was
observed for either the native form or the two vLMW-F (Figure 3).
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Figure 3. Native fucoidan or vLMW-F are not toxic for normal lymphocyte cells. Normal cells
(mononuclear cells, B-cells, T-cells activated or not) were treated or not (control) with 100μg/mL
of native fucoidan or vLMW-F (F1 and F2) for 48 h. Apoptosis analysis (Annexin V/PI staining)
was realized by flow cytometry. Results were obtained from three independent experiments. An
example of each population is shown (intact cells: green events–early apoptotic cells: blue events–late
apoptotic cells: purple events) as well as the percentage of total Annexin V+ cells for each condition.
No apoptosis induction was observed. NS: not significant.

2.3. Decrease in PD-L1 Transcriptional Expression

PD-L1 transcriptional expression involves signaling pathways that can be inhibited
by fucoidan, such as PI3k/AKT, NF-κB or RAS/ERK1/2 [33–36]. Therefore, we studied
the effect of native and vLMW-F (F1 and F2) on mRNA expression of PD-L1 for the three
LCLs and four DLBCLs cell lines. We showed that it was strongly decreased in LCLs
regardless of treatment and to a lesser extent in DLBCLs (Figure 4). Our results emphasized
that transcriptional expression of PD-L1 can be strongly impaired by native fucoidan or
vLMW-F.
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Figure 4. Fucoidan downregulates transcriptional expression of PD-L1 in LCLs and DLBCLs cells.
LCLs (J1209, C0401, C1504) and DLBCLs (U2932, OCILy10, SUDHL4, SUDHL6) were treated with
100μg/mL of native fucoidan or vLMW-F (F1 and F2) for 48 h followed by RNA extraction and
RT-qPCR. Results were obtained from three independent experiments. mRNA relative expression
of PD-L1 was decreased either for the native form or the fractions. NS: not significant; * p< 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.4. Decrease of membrane, but Not of total, PD-L1 protein expression

Since mRNA expression can differ from protein expression, especially due to translational
regulation, we studied the total protein expression of PD-L1 for the same cell lines and in
the same treatment conditions. All the cell lines strongly expressed PD-L1 and, surprisingly,
despite inhibition of transcriptional regulation, total PD-L1 expression remained unchanged or
occasionally slightly modified whatever the cell line and treatment, as observed by Western
blot (Figure 5) or flow cytometry (Figure S3). This could be explained by the fact that PD-L1 is
stored in secretory lysosomes before their migration via the actin network and their fusion with
the plasma membrane, which could mask transcriptional regulation.

Figure 5. Native fucoidan or vLMW-F do not modify PD-L1 total expression. PD-L1 total expression
analysis for LCLs (J1209, C0401, C1504) and DLBCLs (U2932, OCILy10, SUDHL4, SUDHL6) by
Western blot after 48 h of 100 μg/mL native fucoidan or vLMW-F (F1 and F2) treatment. No significant
change was observed for PD-L1 total expression. Results were obtained from three independent
experiments. NS: not significant.

Since the active fraction of PD-L1 responsible for interaction with PD-1 is that at the
cell surface, we have also studied its specific expression. Cytometry analysis was carried
out on viable cells populations in order not to consider possible degradation of the protein
on dead cells. As expected, cytometry analysis showed overexpression of surface PD-L1,
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which was much higher for LCLs [37] than for DLBCLs cells [8] (Figure 6A). However,
unlike for total expression, fucoidan treatments significantly decreased PD-L1 membrane
expression for the three LCLs and four DLBCLs, with generally better results for vLMW-F
(Figure 6B). Otherwise, PD-L1 decrease was more important for LCLs than DLBCLs that
have, however, lower baseline expression. Our results emphasized a specific decrease in
PD-L1 membrane expression in the presence of fucoidan species, especially effective on
LCLs when treated with vLMW-F. Since total expression remained unchanged, this could
be due to regulation of membrane traffic. We verified that a decrease in membrane PD-L1
expression was due to the fractions of vLMW-F and not L-Fucose since it is the smallest
subunit of fucoidan skeleton (Figure S4).

Figure 6. vLMW-F decrease PD-L1 surface expression in LCLs and DLBCLs cells. LCLs (J1209, C0401,
C1504) and DLBCLs (U2932, OCILy10, SUDHL4, SUDHL6) cells were treated with 100μg/mL of
native fucoidan or vLMW-F (F1 and F2) for 48 h followed by immunofluorescent staining for PD-L1
analyzed by flow cytometry. Results were obtained from three independent experiments. (A) PD-L1
is overexpressed by LCLs compared to DLBCLs. (B) Fold change (ratio of MFI test/MFI control,
both normalized to isotypic control. MFI: mean fluorescence intensity) of PD-L1 surface expression
for LCLs and DLBCLs. vLMW-F generally decreased more efficiently than the native form, PD-L1
surface expression for LCLs and DLBCLs. NS: not significant; * p< 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

2.5. Disruption of Actin Network and Decrease in Secretory Activity

We have already shown for LCLs that PD-L1 membrane expression involved migration
of LAMP2+/PD-L1+ secretory lysosome via the densified actin network and vesicular
membrane traffic [37]. Therefore, we studied the impact of native and vLMW-F fractions
F1 and F2 on actin network. F-actin was stained by fluorescent phalloidin. We emphasized
a marked decrease in actin polymerization, especially for LCLs and to a lesser extent for
DLBCLs cells, as visualized by confocal microscopy (Figure 7A) and quantified by flow
cytometry (Figure 7B). Furthermore, we showed, by quantifying the F-actin, that, for normal
B-cells, neither native fucoidan nor vLMW-F modify actin network (Figure 7C). To assess
vesicular membrane traffic, we focused on LCLs, for which PD-L1 membrane expression
and actin network were more affected. We studied native fucoidan and vLMW-F effects
on two specific reporter molecules, which are constitutive of intracellular vesicles and
expressed at the plasma membrane following their fusion: CD63 and LAMP2. Moreover,
LAMP2 is otherwise a lysosomal-associated protein expressed by secretory lysosomes
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(storage location of PD-L1). Analysis by flow cytometry showed a decrease in the two
secretory vesicle markers at the plasma membrane for the native fucoidan and even more
for vLMW-F F1 and F2 (Figure 7D). Our results suggest that fucoidan impedes secretory
activity through the actin network and vesicle fusion with plasma membrane, which leads
to decrease in PD-L1 membrane expression.

 

Figure 7. vLMW-F decrease actin polymerization and vesicle markers expression at plasma mem-
brane. (A) LCLs (J1209, C0401, C1504) and DLBCLs (U2932, OCILy10, SUDHL4, SUDHL6) cells
were treated or not (control) with 100μg/mL of native fucoidan or vLMW-F (F1 and F2) for 48 h,
followed by phalloidin staining (F-actin, blue) and TOPRO-3 (nuclei, red) before confocal microscopy
observations. (B, C) Quantification of F-actin in the same conditions analyzed by flow cytometry
for (B) LCLs and DLBCLs or (C) normal B-cells. vLMW-F significantly decreased content of actin
polymerization strongly in LCLs and to a lesser extent in DLBCLs but not in normal B-cells. Results
were obtained for three independent experiments. (D) Flow cytometry fluorescence histograms of
surface CD63 and LAMP2 (secretory vesicle markers) for J1209 (obtained for three independent
experiments). The decrease is more efficient with vLMW-F than with the native form. NS: not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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3. Discussion

Our results show that vLMW-F decrease cell proliferation and induce apoptosis of
LCLs and DLBCLs tumoral B-cells without being toxic for normal B- and T-cells. Further-
more, these formulas decreased PD-L1 expression at transcriptional and cell surface levels.
These results may be explained by actin network alteration that could be associated with
deregulation of cells secretory activity, reducing thereby PD-L1 externalization.

Numerous studies report in vitro and in vivo anti-cancer effects (such as anti-proliferative,
pro-apoptotic, anti-angiogenic and anti-metastatic) of fucoidan extracts or their low-molecular-
weight derivatives against multiple types of solid tumors, such as colon, breast, hepatocar-
cinoma, lung or bladder [16,32,38]. On the contrary, scarce data are reported regarding their
effects on liquid tumors, especially concerning LMW derivatives of fucoidan. Few studies
have shown that native fucoidan extracted from Fucus vesiculosus can inhibit proliferation of
myeloid and monocytic leukemia cell lines by inducing their apoptosis [24,30,39] or arrest ABC-
or GCB-DLBCL cell cycle [40]. Therefore, we first confirmed these effects previously reported
on lymphocytic B lineage and demonstrated for the first time that these anti-proliferative
and pro-apoptotic activities are also extended to LCLs. We also highlighted that extremely
depolymerized formulas (< 600 Da) maintain specific anti-tumor activity with more efficiency
than native form while being non-toxic for normal B- and T-cells. This is consistent with the fact
that depolymerized forms are generally more potent [21,23] and in agreement with non-toxicity
of fucoidans [16,32,41]. Use of depolymerized form enables being more specific with fewer
unwanted effects.

We wanted to confirm the role of fucoidans since they, or derivatives, cover a wide
range of immunomodulatory effects and can participate in immune response against several
cancers and infectious diseases [42,43], sulfate and acetyl groups mainly contributing to
the activity [44]. For instance, they have been shown to enhance dendritic cell maturation,
cytotoxic T-cell activation, antibody production or memory T-cells production [45,46].
They can also increase production of TNFα by neutrophils in vitro and in vivo, delaying
their apoptosis [45,46], or induce NO synthesis [47] and activate in vitro and in vivo NK
cells [45,48]. However, scarce data exist either for solid or liquid tumors in regard to their
effects on the inhibitory immune checkpoints responsible for tumor cells escape from
immune surveillance, especially regarding the PD1/PD-L1 axis. Yet, other data have shown
that fucoidan impairs pathways responsible for PD-L1 expression, such as PI3k/AKT,
NF-κB or RAS/ERK1/2 [33–36], making them very promising candidates for immune
checkpoint modulation. To date, only two articles have reported a native fucoidan that can
decrease PD-L1 expression in tumor tissues of experimental-induced mammary cancer [22]
and a LMW one that can decrease transcriptional expression of PD-L1 and PD-L2 and
PD-L1 protein level in fibrosarcoma cells [23]. Thus, it is particularly interesting to better
understand effects on PD-L1 since it is particularly critical in immune escape and now of
great interest in clinical care/immunotherapy approaches. The decrease in transcriptional
expression that we found is in agreement with other studies that have demonstrated that
signaling pathways involved in PD-L1 expression (PI3k/AKT, NF-κB or RAS/ERK1/2)
can be inhibited by fucoidan [33–36]. Especially, our results confirm such effect for the first
time in B-lymphoma cells, whether with the native form or vLMW-F.

In tumor cells, transcriptional expression of PD-L1 is often not directly related to pro-
tein expression due to stabilizing post-translational modifications, such as N-glycosylation
and phosphorylation [49,50]. Moreover, it can be accumulated in vesicles, such as ex-
osomes [5] or secretory lysosomes, as demonstrated for LCLs [37], where we observed
cytoplasmic accumulation. The relevant fraction of PD-L1 is that expressed at cell surface
and able to interact with inhibitor receptor PD-1 expressed on anti-tumor immune cells.
As expected, we observed overexpression for LCLs [37] compared with DLBCLs cells [8].
Interestingly, we next showed a PD-L1 decrease on lymphoma B-cells after treatment by na-
tive and our two fucoidan fractions, with little more efficiency for vLMW-F than the native
form. It is of importance to note that PD-L1 decrease occurs on viable cells since it reduces
their inhibition towards anti-tumor immune cells, while some of them die by apoptosis.
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The same tests realized with L-fucose monomer showed no effect, clearly demonstrating
the real added value for these original vLMW-F.

Maintenance of high intracellular level of PD-L1 and decrease on cell surface empha-
sized that native fucoidan, as well as vLMW-F, can regulate membrane secretory traffic
of this immune checkpoint. A prerequisite for vesicle secretion is their migration close to
the plasma membrane via the actin network [51,52]. Remodeling and molecular modifi-
cation of actin network occur in tumor cells [53,54] and constitute a specific and original
therapeutic target [55,56]. We previously showed that actin network is increased in LCLs
by EBV latency III program and responsible for fusion of secretory lysosome with plasma
membrane, leading to PD-L1 overexpression at the cell surface [37]. Presently, we show that
native fucoidan, as well as vLMW-F, decrease actin polymerization for LCLs and to a lesser
extent for DLBCLs cells, which can be associated with reduction in PD-L1 membrane ex-
pression. This is also supported by decrease in LAMP2 membrane expression, particularly
after treatment with vLMW-F, which has been correlated with vesicles secretory activity
of cells. Data in the literature confirm some links between fucoidan and actin pathway,
such as decrease in expression of genes implicated in polymerization, organization and
stabilization [57] or disruption of F-actin stress fibers [58,59]. In this context and as a
first hypothesis, the difference between native and vLMW forms might be explained by
variation in the internalized amount of the different species, especially for their molecular
weight differences. No effect on normal cells, associated with lack of toxicity, suggests
very interesting specific sensitivity for tumoral actin network. Our results also suggest that
expression of other inhibitory immune checkpoints could be decreased insofar as they pass
through secretory vesicles [4], secretory lysosomes [37,60] or exosomes [61,62].

As native fucoidan is mainly composed of fucose and because the F1 and F2 fractions
present very low DP, such formulas may comprise mono-, di- or tri-saccharides of fucose
that are imputable of the effects observed on our cellular models. Results obtained with
the single L-fucose monosaccharide did not show any effect. This suggests that F1 and
F2 present other original fucoidan-derived compounds of vLMW responsible for these
bioactivities, perhaps including glucuronic acid, galactose and xylose (the other principal
sugar found in fucoidan) [63], or backbone modifications because of the depolymerization
method (opening or creation of insaturation because of H2O2-based hydrolysis) [64].

Altogether, our results suggest that efficiency of vLMW-F is correlated to their low
molecular weight (by comparison with the native form), which is consistent with the
literature [23,65]. It will be interesting to study if this can be associated with different
capacities of internalization. However, no noteworthy differences were observed between
the two fractions, F1 and F2, that differ mainly by their sulfation degree. These slight
differences in sulfation percentage could explain the different effects observed with the
two vLMW-F in some experiments. Negatively charged sulfate groups are responsible for
interaction with numerous molecules and involved in various biological process. They
contribute to fucoidan activity. However, at a very low fraction size, this parameter does
not seem to be a key factor in the bioactivities observed. Considering their very small
size, high internalization of vLMW-F could explain that a lower degree of sulfation is
sufficient for optimal activity. Establishing a complete picture of the structure (Mn and
% S)/bioactivity relationship of such a complex fucoidan molecular structure is tedious
as both parameters can differently influence the outcome of the effect according to the
bioactivity sought and the experimental model used. However, in perspective, it could
be interesting to compare the results obtained in this work with ones of desulfated native
fucoidan and/or oversulfated vLMW-F.

In translational medicine, fucoidan extracts are considered of great interest as adju-
vants for cancer therapy [66,67]; benefits are also observed with anti-PD-L1 or anti-PD-1
immunotherapies in mice models. Fucoidan extracted from Fucus vesiculosus promoted
activation of tumor-infiltrating CD8+ T-cells and strongly inhibited growth of melanoma
cells when co-administrated with anti-PD-1, particularly when applied before immunother-
apy [35]. Fucoidan extracted from three species of algae, among them Fucus vesiculosus,
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promoted proliferation and activity of ex vivo PBMCs and potentiated anti-PD-1 effects [68].
Intranasal administration of Ecklonia-cava-extracted fucoidan enhanced anti-PD-L1 medi-
ated anti-cancer activities against melanoma and carcinoma tumor growth in lungs [69].
Fucoidan of Luminaria japonica enhanced anticancer efficacy of anti-PD-L1 antibodies against
Lewis lung carcinoma [70].

Algal polysaccharides, such as fucoidan, could provide novel therapeutic alternatives
and promising supplements, especially for cancer treatments. Clinical trials are actually in
course for hepatocellular carcinoma (NCT04066660) and rectal cancer (NCT04342949). It
could be useful combined with immune checkpoint blockade therapies to treat lymphopro-
liferative malignancies.

Our results suggest that vLMW-F (<600 Da) could be effective potential adjuvants
of anti-PD-L1 or anti-PD-1 immunotherapy thanks to their favorable anti-proliferative
and pro-apoptotic effects associated with their ability to decrease membrane PD-L1 via
actin depolymerization. Since fucoidan possesses anti-inflammatory properties, which
could interfere with antitumoral functions (reduction in recruitment of antitumoral killing
cells and increase in cancer cell apoptosis and chemo-sensitivity), it will be important to
further investigate this activity for vLMW-F. Otherwise, the PD-L1/PD-1 axis plays a crucial
role in the tumor microenvironment and interactions between antitumor and cancerous
cells. Therefore, functional in vitro studies on co-culture models with autologous T-cells
or NK cells and in vivo studies on mice models are the next steps. Treatments with anti-
PD-L1 or anti-PD-1 antibodies and fucoidan (native and vLMW-F) remain to be evaluated,
independently and in combination.

4. Materials and Methods

4.1. Fucoidan Samples

Native fucoidan of Fucus vesiculosus was obtained from Sigma-Aldrich. Original for-
mulas were depolymerized by our collaborators from LIENSs laboratory (UMR CNRS
7266, La Rochelle University, France) from the native fucoidan using a radical H2O2-based
hydrolysis method previously published with other types of polysaccharides [71]. Briefly,
native fucoidan was dissolved in Milli-Q water (25 mg/mL), and then the solution was
purged with argon and heated until 60◦C. Addition of H2O2 30% (Sigma-Aldrich) at a
weight/weight ratio of 0.5 and 1.5 resulted in production of two different vLMW-F fractions,
named F1 and F2, respectively, after 96 h and 72 h of depolymerization. The chromato-
graphic profile shows that F1 and F2 fractions are practically eluted at the same time and
after the native fucoidan, which attests that the H2O2-based hydrolysis reaction worked
well (Figure S1). Number-average molecular weights (Mn), degree of polymerization (DP)
and polydispersity index (I) were estimated by SEC-HPLC according procedures already
published [71] using calibrant curves made of pullulans standards (Polymer Standards
Service GmbH, Mainz, Germany) for native fucoidan and heparin standards (Iduron, UK)
for F1 and F2 fractions. Degree of sulfation (DS) was calculated by an Azure-A-based-
colorimetric assay (Sigma-Aldrich) according to a state-of-the-art technique. Results of
these characterizations are summarized in Table 1.

Table 1. Characteristics of native fucoidan and vLMW-F (F1 and F2). Number-average molecular
weights (Mn), degree of polymerization (DP), polydispersity index (I) and degree of sulfation (DS). *:
calculated with pullulans standards. **: calculated with heparin standards.

Sample
H2O2

(w/w)
Time (h) Mn (Da) DP I

DS (%
SO3

−)

Native
fucoidan 0 0 66744 * 240.5 * 1.4 * 41.5 ± 0.7

F1 fraction 0.5 96 604 ** 3.5 ** 1.3 ** 6.0 ± 1.0

F2 fraction 1.5 72 562 ** 3.4 ** 1.1 ** 2.1 ± 0.4
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As shown in Table 1, the F1 and F2 fractions contain a mixture of different fucoidan-
derived compounds with similar very-low-mean DPs between 3.4 and 3.5 but are distinct
by their mean sulfation degree, 6% against 2.1%, respectively. Further, LC–MS (data not
shown) confirmed that these fractions contain predominantly di- and tri-oligofucoidan
with, interestingly, several unsaturated species.

4.2. Cell Culture Conditions

Lymphoblastoid cell lines (LCLs–J1209, C0401, C1504) were established and character-
ized by the Genethon (Evry, France). They were cultured in RPMI 1640 medium (Eurobio
Scientific) supplemented with 10% decomplemented FBS (PANTM Biotech). Amino acids,
vitamins, sodium pyruvate, penicillin/streptomycin and 2 mM L-glutamine were added
at 1× concentrations from 100× stock solutions (all from Gibco, ThermoFisher). Four
cell lines of DLBCLs, two ABC subtypes (U2932 and OCILy10) and two GCB subtypes
(SUDHL4 and SUDHL6), were cultured in RPMI 1640 medium supplemented with 10%
decomplemented FBS, pyruvate (1×), Penicillin/Streptomycin (1×), L-glutamine (1X) and
10 mM of HEPES buffer solution (Gibco ThermoFisher). All cell lines were maintained at 37
◦C in a humified 5% CO2 atmosphere and were mycoplasma-free (MycoAlert Mycoplasma
Detection Kit). Samples from healthy subjects were obtained from the University Hospital
Center of Limoges after their informed consent.

4.3. Cell Cycle Analysis

LCLs and DLBCLs cells were seeded in plates (5 × 105 cells/well) for 24 h and then
treated with 100 μg/mL of native fucoidan or F1/F2 fractions. After 48 h, cells were
collected, washed twice in Dulbecco’s Phosphate Buffered Saline (DPBS–Eurobio Scientific)
and fixed with ice-cold 70% ethanol overnight. For Propidium Iodide (PI–Sigma Life
Sciences) staining, fixed cells were washed twice with cold DPBS and incubated in 30μL of
RNase working solution (10 mg/mL) and 1 mL cold DPBS for 20 min at room temperature
(RT). Then, samples were stained with PI and analyzed using a BD FACSCalibur flow
cytometer and Kaluza Analysis 2.1 Software (Beckman Coulter).

4.4. Apoptosis Analysis

We followed the same protocol of seeding and treatments as described above for cell
cycle analysis. LCLs and DLBCLs (5 × 105 cells/well) cells were collected and washed
with DPBS containing Ca2+. Then, they were stained with Annexin V-FITC (Biolegend)
and PI (5μg/mL) for 15 min, in the dark, at RT. Stained cells were analyzed using a BD
FACSCalibur flow cytometer and Kaluza Analysis 2.1 Software.

4.5. Isolation of Healthy PBMC and Cell Subtypes (B- and T-Cells) for Apoptosis Assay

Isolated peripheral blood mononuclear cells (PBMCs) from all healthy donors were
obtained after written consent and were issued from the cell biological collection of the
Tissue and Cell Bank CRBioLim of the Limoges Hospital University Center, this cell col-
lection being declared to and authorized by the French Health Ministry with session n◦
“AC-2021-4790” according to French law. PBMCs were isolated from leukocyte buffy coats
by lymphocyte medium separation (MSL, Eurobio Scientific) density gradient centrifuga-
tion. T-cells were purified from PBMC by CD3/CD4 EasySepTM human T-cell isolation
kit (STEMCELL Technologies) according to the manufacturer’s instructions. Activated T
lymphocytes were obtained using T-cell activation/expansion kit (Anti-Biotin MACSiBead
Particles and biotinylated antibodies against human CD2, CD3 and CD28) according to
the manufacturer’s protocol (Miltenyi Biotec). All cell subtypes were seeded in plates
(5 × 105 cells/well) and, after 24 h, were treated or not with 100μg/mL of native fucoidan
or vLMW-F. After 48 h, Annexin V/PI staining was performed for cell apoptosis analysis
as described above for all cells groups. For flow cytometry analysis, B-cells were identified
from mononuclear cells by staining with anti-CD19 (APC) conjugated antibody (Biolegend).
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The different antibodies and conjugated fluorochromes, as well as final dilutions, are listed
in Table S1.

4.6. RNA Extraction, Reverse Transcriptase and Real-Time Quantitative PCR

Total RNA was extracted using TRIzol reagent (Life Technologies) from 106 LCLs
and DLBCLs cells treated or not. Total RNA (1 μg) was reverse transcribed using the
high capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s instructions, with 20μL of final reaction volume. Quantitative mRNA
relative expression of PD-L1 was performed in triplicate, with 50 ng cDNA, using the
Taqman Assay Gene Expression system of PD-L1 (Hs01125296_m1) or GAPDH–internal
control–(Hs02758991_g1) (both from ThermoFisher Scientific) with SensiFast Probe HiRox
Mix (Bioline), on a Quant Studio3 cycler. Each quantitative PCR was performed in triplicate.
The expression level of each gene was normalized to the GAPDH expression level. The
calculated relative mRNA expression level was equal to 2-ΔΔCt with untreated cells (control)
as reference.

4.7. Western Blot Analysis

Control or treated groups were dry pelleted after 48 h of treatment and lysed with
equal volumes of 1× lysis buffer (1 mM PMSF and 1 X protease Inhibitor Cocktail) on
ice for 30 min. Then, they were sonicated and centrifuged at 18000 G for 20 min at 4 ◦C.
Protein concentrations were determined by Bradford protein assay. Equal amounts of
proteins (30 μg) were separated by 12% SDS PAGE gel electrophoresis and then transferred
to PVDF membranes that were blocked in PBS 5% BSA containing 0.1% Tween 20 at room
temperature for 1 h. Afterward, the membranes were incubated with primary antibodies
against PD-L1 (1:200) (Santa Cruz: Biotechnology) or α-tubulin (1:5000) (Cell Signaling)
overnight at 4 ◦C. The next day, membranes were washed (PBS-0.1% Tween) and incubated
with HRP-secondary antibody (1:5000) at room temperature for 1 h. After washing, the
protein bands were detected with a chemiluminescence detection system (ChemiDocTM

Touch Gel Imaging System—Bio-Rad Laboratories), which were quantified and numerated
using Fiji software (Rasband, W.S., ImageJ). A ratio was calculated for PD-L1 expression/α-
tubulin expression, and then a second ratio was calculated for test/control to compare
expression of treated to untreated cells.

4.8. PD-L1 Expression Analysis: Immunofluorescent Staining and Flow Cytometry

For surface labeling, the same protocol of seeding and treatment as described above for
cell cycle analysis was followed. LCLs and DLBCLs cells were collected and washed with
DPBS. Then, they were labeled for 15 min in the dark at RT with anti-PD-L1-PE (Biolegend)
(Table S1). Intracellular PD-L1 staining was performed on LCLs and DLBCLs cells treated
with native fucoidan or F1/F2 fractions using the IntraPrep Permeabilization Reagent kit
(Beckman Coulter) according to the protocol recommended by the supplier. Acquisitions
were performed on FACSCalibur. Results were analyzed with Kaluza Analysis 2.1 Software.
Fold change was calculated based on the mean fluorescence intensity ratio of PD-L1 on its
isotypic control, and then normalized to the control (untreated cells).

4.9. F-Actin Cytoskeleton Immunofluorescence

Following the same experimental protocol of treatment as described above, LCLs and
DLBCLs cells were collected and washed with DPBS. After washing, they were fixed with
4% paraformaldehyde for 10 min at RT and washed with DPBS. Actin fibers were revealed
using 405-Phalloidin-iFluor reagent (Abcam) as per the manufacturer’s instructions.

Finally, after 30 min of phalloidin incubation, nuclei were stained with TOPRO-3
(1:1000—Fisher scientific) for 15 min at RT. Cells were visualized using a ZEISS LSM 900
confocal microscope (40 × oil lens). Images were constructed using the Fiji software.
For actin quantification by flow cytometry, the same experimental protocol was followed.
Intracellular actin fibers labeling (45 min of phalloidin staining) was performed after
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permeabilization (IntraPrep Permeabilization Reagent kit–Beckman Coulter) according to
the protocol recommended by the supplier. Acquisitions were performed on the Cytoflex
cytometer (Beckman Coulter). Results were analyzed with Kaluza Analysis 2.1 Software.
Fold change was calculated based on the mean fluorescence intensity ratio of phalloidin of
the test normalized to the control.

4.10. Statistical Analysis

One-way or two-way analysis of variance (ANOVA) and t-test were performed to
identify significant differences between the control and experimental groups. All exper-
imental data were acquired from at least three independent experiments. All statistical
analyses were performed with GraphPad Prism 6.05 for Windows. A probability (p) value
of <0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21020132/s1, Table S1: Antibodies used for flow cytometry;
Figure S1: SEC-HPLC analysis with refractive detector of native fucoidan with F1- and F2-produced
fractions; Figure S2: L-fucose does not induce apoptosis in LCLs and DLBCLs; Figure S3: Native
fucoidan or vLMW-F do not (or slightly) change PD-L1 total expression; Figure S4: L-fucose does not
decrease PD-L1 surface expression in LCLs and DLBCLs cells.
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Abstract: The JAK/STAT3 signaling pathway is aberrantly hyperactivated in many cancers, promot-
ing cell proliferation, survival, invasiveness, and metastasis. Thus, inhibitors targeting JAK/STAT3
have enormous potential for cancer treatment. Herein, we modified aldisine derivatives by intro-
ducing the isothiouronium group, which can improve the antitumor activity of the compounds. We
performed a high-throughput screen of 3157 compounds and identified compounds 11a, 11b, and
11c, which contain a pyrrole [2,3-c] azepine structure linked to an isothiouronium group through
different lengths of carbon alkyl chains and significantly inhibited JAK/STAT3 activities. Further
results showed that compound 11c exhibited the optimal antiproliferative activity and was a pan-
JAKs inhibitor capable of inhibiting constitutive and IL-6-induced STAT3 activation. In addition,
compound 11c influenced STAT3 downstream gene expression (Bcl-xl, C-Myc, and Cyclin D1) and
induced the apoptosis of A549 and DU145 cells in a dose-dependent manner. The antitumor effects of
11c were further demonstrated in an in vivo subcutaneous tumor xenograft experiment with DU145
cells. Taken together, we designed and synthesized a novel small molecule JAKs inhibitor target-
ing the JAK/STAT3 signaling pathway, which has predicted therapeutic potential for JAK/STAT3
overactivated cancer treatment.

Keywords: JAK/STAT3 signaling pathway; aldisine derivatives; isothiouronium; antitumor activity;
JAK inhibitor; high-throughput screening

1. Introduction

Cancer presenting as an incurable advanced or metastatic disease is common, and the
development of new targeted antitumor drugs is of great significance to human health [1].
The Janus kinase (JAK) and signal transducer and activator of transcription 3 (STAT3)
signaling pathway is aberrantly hyperactivated in many types of cancer, and such hyper-
activation is generally associated with a poor clinical prognosis [2,3]. It plays a central
role in immune response, cell proliferation, differentiation, and survival [4,5]. In the tu-
mor microenvironment, numerous cytokines, such as IL-6 and IFNα/β, can activate JAKs
by phosphorylating tyrosine residues, which in turn phosphorylate and activate STAT3
to regulate the transcription of downstream target genes [6,7]. Examples of these genes
include those which drive cell proliferation (cyclin D1), promote tumor survival BCL2-like
protein 1 (BCL-xL), and regulate immune response (IFN-γ) [2,8]. There are 11 JAK in-
hibitors approved for the treatment of various diseases that exert inhibitory effects through
competitive and non-competitive reactions with the amino acid residues in JAKs [9]. An
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example of a JAK inhibitor used in treatment is ruxolitinib, which has been approved
by the U.S. Food and Drug Administration (FDA) for the treatment of myelofibrosis and
polycythemia vera [10]. In addition, dozens of potential JAK inhibitors are under clinical
trials to further evaluate their antitumor activity; for example, DZD4205 in the treatment of
T-cell lymphoma [11]. Therefore, the JAK/STAT pathway is a potential therapeutic target
with great value for cancer treatment; among these, small molecules to inhibit JAK activity
have attracted much attention.

Marine sponges are an important source of potential natural bioactive ingredients that
have formed natural secondary metabolites with complex and unique structures to adapt
to the harsh marine survival conditions [12,13]. Aldisine (Figure 1) and its derivatives
are the secondary metabolites from sponges with unique pyrrolo [2,3-c] azepine skeleton
structural features that exhibit antitumor activity by inhibiting protein kinase [14,15].
It was reported that the oximes, oxime ethers, and hydrazones groups in aldisine can
provide numerous hydrogen bond donor and acceptor moieties, which showed antiviral,
larvicidal, and anti-phytopathogenic-fungus activities [16]. Modified aldisine at N-1 and C-
4 positions obtained compounds 1 to 3 (Figure 1), which could enhance its antiproliferative
activity [17–20]. The extensive antiproliferative properties of aldisine have made it a
significant drug for cancer therapy. Due to its promising biological activities and multi-site
modification, aldisine has become a focus of pharmaceutical chemistry as a lead compound,
especially in antitumor aspects.

 

Figure 1. The structures of aldisine and its derivatives.

These previous results guide us to put our efforts into designing and modifying ald-

isine. Isothiouronium is a positively charged group that induces G2/M cell cycle arrest
and promotes cell apoptosis [21,22]. Previous studies have shown that isothiouronium-
modified analogs may be promising anticancer agents, novel Golgi staining reagents, and
useful research tools for studying Golgi functions in normal or cancer cells [23]. Therefore,
compounds 10a, 10b, 10c, 11a, 11b, and 11c were obtained by introducing the isothiouro-
nium groups to aldisine at the N-1 and N-7 positions with different lengths of carbon
alkyl chains. The carbon alkyl chains increase their flexibility and liposolubility, and the
introduction of isothiouronium makes it easier to enter cells to enhance antitumor activity.

Therefore, we first tested the antitumor activities of aldisine and its derivatives and
found that compounds 11a, 11b, and 11c significantly reduced cell viability in the treatment
of cancer cells. In parallel, we screened tens of thousands of collected compounds in
a STAT3 binding promoter driving luciferase reporter system according to the method
reported in references [20,21], in which compounds 11a, 11b, and 11c showed remarkable
STAT3 inhibitory activity, with compound 11c showing the optimal activity. Further
experiments focused on compound 11c revealed its inhibitory efficacy against JAKs. In
addition, inhibition of JAK/STAT3 signaling by compound 11c induced substantial tumor
cell apoptosis and influenced cell proliferation. Notably, compound 11c significantly
reduced tumor growth by induced apoptosis in a mouse subcutaneous tumor implantation
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model in vivo, suggesting a potential for compound 11c to be further developed as a
JAK/STAT3 signaling inhibitor for the treatment of cancer.

2. Results

2.1. Chemistry
Design and Synthesis of Aldisine Derivatives

Considering the rotatability of different lengths of carboxyalkyl chains (n = 4,5,6)
and the positive charge of the isothiouronium group, which can easily approach the cell
membrane, we first designed and synthesized isothiouronium-modified aldisine deriva-
tives at N1 positions in two steps as outlined in Scheme 1. Compound 7 was prepared
from the 2-(trichloroacetyl) pyrrole according to the synthesis procedure of marine natural
products Stevensine [24]. Subsequently, compound 7 reacts with excessive dibromoalka-
nes (n = 4,5,6) in DMSO for 1.5 h under the basic condition of KOH to obtain bromoalkyl
derivatives 8a, 8b, 8c, 9a, 9b, and 9c, which were separated by silica gel chromatography
with a 39~56% yield. Then 8a, 8b, 8c, 9a, 9b, and 9c were reacted with thiourea reflux for
12 h in ethanol to produce the target compounds 10a, 10b, 10c, 11a, 11b, and 11c with a
yield of 57~67%.

 

Scheme 1. Synthesis of the isothiouronium-modified aldisine derivatives. Reagents and conditions:
(i) Br-(CH2)n-Br, KOH, DMSO, 25 ◦C, 1.5 h, 39–56%; (ii) Thiourea, EtOH, 80 ◦C, 12 h, 57–67%.

The general synthesized procedures for compounds 8a, 8b, 8c, 9a, 9b, 9c and 10a, 10b,
10c, 11a, 11b, 11c are in the Supplementary Materials.

2.2. Biological Activity Assessment of Compound 11c
2.2.1. Compound 11c Exhibited Antiproliferative Activity and was Identified as a
JAK-STAT3 Signaling Inhibitor

After a series of aldisine derivatives were synthesized with similar structures and
chemical properties, as shown in the chemistry section, we conducted high-throughput
screening on them and found that the compound 11c, containing two six-carbon chain
lengths of alkyl isothiourea groups at the N1 and N7 positions significantly inhibit JAK/
STAT3 activity. Whereas compounds 10a, 10b, and 10c, containing only one different
length of alkyl isothiourea at the N1 position, demonstrated lower inhibition of JAK/STAT
3 activity than 11c (Table S1; Figure S1).

Next, for further understanding of the structure-activity relationship between aldisine

derivatives, the inhibitory activities of 11a, 11b, and 11c were tested. The results showed
that compounds 11a, 11b, and 11c exhibited significant antiproliferative activity against
four human cancer cell lines: prostate cancer (DU145), non-small cell lung cancer (A549),
breast cancer (MDA-MB-231), and cervical cancer (HeLa) (Table 1), with 11c being the
most potent. Compound 11c inhibited the growth of DU145 cells with an IC50 value of
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2.37 μM (Figure 2A) and HeLa cells with an IC50 value of 5.12 μM (Figure 2B). STAT3 can
be activated in cancer cells in a constitutive or IL-6-induced manner [25,26]. In both DU145
and A549 cells, STAT3 is constitutively activated, whereas in Hela and MDA-MB231 cells,
IL-6 can induce significant STAT3 activation [27–29]. Therefore, we next evaluated whether
aldisine derivatives can inhibit STAT3 signaling. A STAT3 transcriptional activity-based
high-throughput luciferase reporter was applied [23]. Interestingly, STAT3 luciferase in-
hibitory activities as well as the antiproliferative effects were indeed observed for 11a, 11b,
and 11c (Figure S1; Figure 2C,D). The IC50 value of 11a, 11b, and 11c was generally lower
and exhibited greater inhibitory activity as the length of alkyl carbon groups increased.
Compound 11c with two six-carbon chain lengths showed the highest activity, which inhib-
ited cancer cell growth in a dose-dependent manner and could be a potential JAK/STAT3
pathway inhibitor at a relatively low concentration.

 

Figure 2. Compound 11c was indicated as a JAK/STAT3 pathway inhibitor and exhibited antipro-
liferative activity. (A,B) Cell viability assay was determined by resazurin on DU145 (A) and Hela
(B) cells after being treated with 11c for 72 h at the indicated concentrations (n = 3). (C) SKA cells
(8000 cells/well) were seeded in 96-well plates and cultured overnight. Cells were then treated with
11a, 11b, and 11c at the indicated concentrations for 24 h before the STAT3-driven luciferase activity
was measured. (D) Cell viability assay was determined by resazurin on SKA cells after being treated
with 11c for 72 h at the indicated concentrations (n = 3).

Table 1. Antiproliferative activity of aldisine derivatives against human cancer cell lines.

Compounds
IC50 value (μM) 1

DU145 A549 Hela MDA-MB231

11a 29.09 ± 4.21 8.48 ± 0.31 8.10 ± 1.27 12.59 ± 0.17
11b 7.28 ± 0.13 7.60 ± 0.08 12.14 ± 0.01 4.46 ± 0.22
11c 2.37 ± 0.09 3.62 ± 0.00 5.12 ± 0.37 3.49 ± 0.09

1 Four cancer cell lines were used to measure the antiproliferative activity of compounds 11a, 11b, and 11c by the
resazurin cell viability assay. All experiments were performed independently at least three times and the IC50
values are expressed as means ± SD.

2.2.2. 11c Inhibits Constitutive and IL-6-induced STAT3 Activation

To further determine whether 11c can inhibit the activation of STAT3, we first treated
DU145 and A549 cells with 11c at the indicated concentrations for 2 h and then analyzed
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the phosphorylation of STAT3 by Western blot (Figure 3A,B). Compound 11c inhibited
constitutively activated STAT3 at the concentration of 5 μM both in DU145 and A549 cell
lines. In consideration of IL-6 as the major cytokine participant in STAT3 activation and its
significance in cancer formation and suppressing the antitumor immune response [4,30], we
further examined the effect of 11c on IL-6-induced STAT3 activation cell lines such as Hela
and MB231 cells (Figure 3C,D). The results indicated that 11c inhibited non-constitutive
STAT3 activation at the concentration of 7 μM in a dose-dependent manner. Taken together,
the Western blot analysis results suggested that 11c treatment inhibits the constitutive and
IL-6-induced STAT3 phosphorylation in cancer cells.

Figure 3. 11c inhibited constitutive and IL6-induced activation of STAT3. (A,B) Constitutive STAT3
activation cells DU145 (A) and A549 (B) were treated with 11c at the specific concentration for 2 h.
(C,D) Hela (C) and MB231 (D) cells were pretreated with 11c at the indicated concentrations for 2 h
before treatment with IL-6 (20 ng/mL) for 10 min. Whole cell lysates were processed for Western blot
and probed with anti-p-STAT3 (Tyr 705) antibody. The relative expressions compared to the loading
control protein β-Actin were measured by ImageJ from 3 individual experiments and shown as bar
graphs on the right side of each Western blot. Error bars indicate means ± SD. p < 0.05 (*), significant,
Student’s t-test, one-way ANOVA.

2.2.3. 11c Inhibits the Phosphorylation of JAK Family Members

The activation of STAT3 is usually regulated by its upstream JAK kinases phosphory-
lation [31]. To further explore whether 11c inhibits STAT3 phosphorylation by influencing
JAK kinases, DU145 and A549 cells were treated with 11c for 1 h and JAK kinase phos-
phorylation was determined (Figure 4A,B). Phosphorylation of JAK1, JAK2, JAK3, and
TYK2 were decreased after 11c treatment at 5 μM in DU145 and 7.5 μM in A549 cells. These
data suggest that 11c is a pan-JAK inhibitor and has a higher affinity. Then, to determine
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whether 11c specifically inhibited the JAK/STAT3 pathway or not, we analyzed other
signaling kinases including IKK, AKT, NF-κB, p38, p-JNK, and GSK-3β (Figure 4C,D). The
results indicated that 11c had no substantial inhibitory effect on the phosphorylation of IKK,
AKT, and GSK-3β, with slight inhibitory activities on NF-κB at the higher concentration
and stimulatory effects on the phosphorylation of p38 and JNK. In conclusion, the above
data demonstrate that 11c inhibits the activation of JAK kinases in constitutively activated
STAT3 cancer cells.

 

Figure 4. 11c was indicated as a pan-JAK inhibitor. Constitutive STAT3 activation cells DU145
and A549 were treated with 11c at the indicated concentration for 1 h and then total protein was
analyzed by Western blot. (A,B) Phosphorylation and total expression of four JAK members were
detected. (C,D) Phosphorylation of IKKα/β, AKT, NF-κB, p38, JNK, and GSK-3β were detected. The
relative expressions compared to the loading control protein β-Actin were measured by ImageJ from
3 individual experiments and shown as bar graphs on the right side of each Western blot. Error bars
indicate means ± SD. p < 0.05 (*), significant, Student’s t-test, one-way ANOVA.

2.2.4. Molecular Docking Revealed That Hydrogen Bonding Is the Major Interaction
between 11c and JAKs

JAKs, with a total length of 120–140 kD, are essential for many biological outcomes
of cytokine signaling. The JAK family contains four members (JAK1, JAK2, JAK3, and
TYK2), with the end being a catalytic or kinase domain at the carboxyl end, and the front is
a pseudokinase (PK) or kinase-like domain. JAK binds to the Box1 and Box2 domains of cy-
tokine receptors through the amino-terminal ezrin-radixin- moesin (FERM) domain and Src
Homology 2 (SH2) domain [32–34]. Molecular docking software provides a good platform
for the interaction between molecules (ligands) and target proteins (receptors) [32]. In our
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research, molecular docking was conducted to examine the interaction between compound
11c and JAK1 (PDB number: 4EHZ), JAK2 (PDB number: 7Q7W), JAK3 (PDB number:
4Z16), and TYK2 (PDB number: 4GJ2). The data indicated that the hydrophobic fatty chain
was surrounded by a hydrophobic pocket. In addition, the isothiouronium and hydrogen
interact with amino acid residues through hydrogen bonding, forming six hydrogen bonds
with Glu-957, Met-956, Gly-1020, and Asp-1039 in JAK1 (Figure 5A). Similarly, in JAK2, it
forms four hydrogen bonds with Lys-857, Met-865, and Gln-853 residues (Figure 5B), while
in TYK2, it forms two hydrogen bonds with Asp-988 and Tyr-989 (Figure 5D). Specifically,
in JAK3, in addition to four hydrogen bonds with Asp-912 and Asp-967, a π–π interaction is
also formed with the indole ring of compound 11c (Figure 5C). Overall, molecular docking
revealed that the hydrogen bond is the main interaction between 11c and JAK members;
furthermore, the interaction intensity differences in the four JAK members were related to
the inhibition effect of 11c.

 

Figure 5. Molecular docking revealed that hydrogen bonding is the main interaction between 11c

and JAKs. (A–D) Molecular docking analysis 2D results of JAK1 (A), JAK2 (B), JAK3 (C), and TYK2
(D) with compound 11c by MOE software. The centered chemical structure is compound 11c. Each
circle represents the amino acid residue of JAK proteins. The interaction forces between the amino
acid site and the compound structure are represented by a dashed line with an arrow.

2.2.5. 11c Downregulates Anti-apoptosis Gene Expression and Induces Cancer Cell
Apoptosis In Vitro

Since JAK/STAT3 signaling plays an essential role in cell proliferation and survival by
reducing the expression of cell-cycle-related genes (Cyclin D) and anti-apoptotic genes (Bcl-
xl) [35,36], we analyzed the effect of 11c on cell-cycle-related gene expression. As shown
in Figure 6A,B, the downstream genes C-Myc, Bcl-xL, and cyclin D1 were significantly
downregulated at the 11c concentration of 7.5 μM and both DU145 and A549. Furthermore,
we investigated whether 11c induced apoptosis in vitro by flow cytometry. As the results
show, in DU145 cells, the ratio of cells in early (Annexin V+/PI−) and late apoptosis
(Annexin V+/PI+) was a total of 19.16% in the 7.5 μM 11c treatment groups and reached
52.35% in the 10 μM 11c treatment groups (Figure 6C). Similarly, in A549 cells, the ratio of
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cells in early and late apoptosis was a total of 20.49% in the 7.5 μM 11c treatment groups and
reached 52.4% in the 10 μM 11c treatment groups (Figure 6D). Therefore, we demonstrated
that 11c downregulated anti-apoptosis gene expression and induced apoptosis activities
in vitro.

Figure 6. 11c downregulates anti-apoptosis gene expression and induces cancer cell apoptosis in vitro.
(A,B) DU145 (A) and A549 (B) cells were treated with 11c at the specific concentrations for 2 h. The
levels of C-Myc, Bcl-xl, and Cyclin D1 were detected by Western blot. The relative expressions com-
pared to the loading control protein β-Actin were measured by ImageJ from 3 individual experiments
and shown as bar graphs on the right side of each Western blot. Error bars indicate means ± SD.
p < 0.05 (*), significant, Student’s t-test, one-way ANOVA. (C,D) DU145 (A) and A549 (B) cells were
treated with 11c at specific concentrations for 24 h. After that, cell apoptosis was measured by
Annexin V-FITC/PI detection assay.

2.2.6. 11c Inhibits the Growth of DU145 Cells by Inducing Apoptosis In Vivo

To further investigate the effects of 11c on cancer cell growth in vivo, we examined
the effect of compound 11c in the DU145 xenograft tumors nude model. Tumor xenograft
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animal models, especially subcutaneous tumor xenograft model in mice, is a widely used
tool to bridge basic and clinical cancer research [37,38]. After establishing the model and
drug treatment for 21 days, as shown in Figure 7A,B, 10 mg/kg 11c potently inhibited
DU145 cell growth compared to the controlled vehicle group. The tumor inhibitory effects at
the 10 mg/kg 11c (i.p.) dose reached more than 40% efficiency. The solid tumor images after
treatment are shown in Figure 7C. In addition, we investigated whether the inhibition of
11c on tumor growth in vivo also functions via induction of cell-cycle arrest and apoptosis,
which is similar to the observation obtained in the in vitro experiments (Figure 6). Ki67,
Tunel, and p-STAT3 staining were performed, as shown in Figure 7D, and the Ki67 positive
area decreased after 11c treatment, indicating inhibited tumor proliferation. Meanwhile,
an increased Tunel positive area indicated that 11c treatment caused tumor cell apoptosis
in vivo. Consistent with these observations, 11c inhibited the phosphorylation of STAT3
in vivo. The body weight of the mice (Figure 7E) suggests that all treatments exhibited high
efficacy without toxicity.

 

Figure 7. 11c inhibits the growth of DU145 cells in vivo. Nude mice with DU145 xenograft tumors
were treated with vehicle, Gefitinib (100 mg/kg, p.o., q.2d.) or 11c (5 or 10 mg/kg, i.p., q.2d.) for
21 days. On the last day, nude mice were sacrificed. (A) The tumor volumes before excision were
calculated every three days. (B) The tumor weights were measured on the day before the nude mice
sacrifice. (C) Tumors were excised and photographed. (D) Immunohistochemical (IHC) analysis of
tumor slices by Ki67, Tunel, and p-STAT3 staining. (E) The body weights were recorded every three
days. Error bars indicate means ± SEM. p < 0.05 (*), significant, Student’s t-test, two-way ANOVA.
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3. Discussion

The JAK/STAT3 is a classical intracellular signaling pathway in the regulation of
tumor cell proliferation, survival, invasiveness, and metastasis [2,4,39]. Therefore, the
JAK/STAT3 signaling pathway was considered as an effective therapeutic target for nu-
merous cancers [40]. In the current study, we synthesized aldisine derivatives named
compounds 11a, 11b, and 11c, and their inhibitory effect on JAK/STAT3 signaling was
explored in a STAT3 transcriptional activity driven luciferase reporter cell line. In particular,
compound 11c with the longest carbon atom links exhibited the highest biological activity.
The Western blot analysis results elucidated that 11c inhibits the phosphorylation of STAT3
and its upstream JAKs. Compound 11c was identified as a new pan-JAK kinase inhibitor.
Moreover, the introduction of two isothiouronium groups contains a stronger film-breaking
property with a positive charge that is superior to a single group. In addition, compound
11c induced the apoptosis of A549 and DU145 cancer cells by decreasing cell cycle and
anti-apoptosis gene expression. Further in vivo antitumor studies showed that apoptosis
also plays an important role in 11c suppressed xenograft tumor growth. Taken together, we
have identified a novel compound 11c that inhibits the phosphorylation of JAKs that induce
cell apoptosis to decrease cell proliferation based on the JAK/STAT3 signaling pathway.

The improved understanding of the JAK/STAT3 signaling participation in cancer
treatment has led to the increasing discovery of therapeutic intervention with JAK in-
hibitors [41]. Previous reports have indicated that JAK inhibitors can be used to treat
rheumatoid arthritis, cancer, hemophagocytic lymphohistiocytosis, atopic dermatitis, and
so on [42–44]. Nowadays, several JAK inhibitors have been developed, but the clinical use
of pan-JAK inhibitors in cancer therapy is still limited, perhaps due to the selectivity of JAK
inhibitors [45,46]. Recent research has focused on more selective JAK inhibitors because
specific JAK inhibitors may reduce side effects while increasing safety and efficacy [47,48].
Our molecular docking data showed that the hydrogen bond is the major interaction route
between 11c and the JAK’s amino acid residues. In addition, the hydrogen bond interaction
intensity, which was different in the four JAK members, was related to the inhibitory effect
of 11c. This discovery may provide evidence for the further modification of compound 11c

to improve its selectivity of JAK members. At the same time, there are some therapeutic
interests in the future; for example, which JAK structural motif the 11c is targeting and how
it works concretely.

In conclusion, our research identified compound 11c as a novel antitumor drug by
specifically targeting the JAK/STAT3 signaling pathway. Compound 11c exhibited in-
hibitory activity on JAKs activation, and efficiently inhibited cancer cell growth in vitro
and in vivo. The synthesis and modification route of compound 11c provides the potential
for marine drug development in cancer treatment. In the future, compound 11c may serve
as a new skeleton molecule for further development into a JAKs’ inhibitor, which has great
potential for cancer treatment in clinical applications.

4. Materials and Methods

4.1. Chemical Design and Synthesis Materials

All raw materials required in this article were purchased from commercial channels.
All reactions were tracked by thin-layer chromatography (TLC) and observed under 254 nm
ultraviolet light using precoated silica gel plates. The specification of silica gel used for
column chromatography is 200–300 mesh. 1H NMR and 13C NMR spectra were recorded
with a Jeol JNM-ECP 600 MHz spectrometer (Celes Automation Technology Co., Ltd.,
Tianjin, China), using TMS as an internal standard. Chemical shifts were reported on the δ

scale and J values were given in Hz. High resolution mass spectra (HRMS) were recorded
on a Q-TOF Global Mass Spectrum (Agilent, Beijing, China). The following abbreviations
are used: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd = double-doublet.
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4.2. Antibodies and Reagents

Antibodies against STAT3, p-STAT3 (Tyr705), JAK1, JAK2, JAK3, TYK2, Bcl-xl, C-
Myc, CyclinD1, p-JAK1 (Tyr1022/1023), p-JAK2 (Tyr1007/1008), p-TYK2 (Tyr1054/1055),
p-JAK(Tyr980/981), p-IKK-α/β(Ser176/180), p-NF-κB p65(Ser536)(93H1), p-Akt (Ser473)
(D9E) XP®, p-GSK-3β(Ser9)(D85E12), p-p38 (Thr180/Tyr182), p-JNK (Thr183/Tyr185), and
β-Actin were all obtained from Cell Signaling Technology (Danvers, MA, USA). Obtained
recombinant human IL6 (Cat. 216-16) was from PeproTech. Protease and phosphatase
inhibitors A and B were purchased from Millipore (Billerica, MA, USA). Bioactive drugs and
compounds used for high-throughput screening were provided by TargetMol (Shanghai,
China). Aldisine derivatives were obtained as mentioned in the chemical part.

4.3. Cell Culture

A549, DU145, MDA-MB231, and Hela were purchased from the American Type Cul-
ture Collection (Manassas, VA, USA). SKA cells were established by transfected A549 cells
with a vector containing STAT3-based luciferase reporter gene as in previously reported
methods [49]. The DU145 cells were cultured in RPMI 1640 complete medium (Gibco,
Grand Island, NY, USA), the others were cultured in DMEM complete medium (Gibco,
Grand Island, NY, USA). Prepared complete medium with added 1% streptomycin, 1%
penicillin, and 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA). Cells were
incubated in a 37 ◦C temperature incubator with 5% CO2.

4.4. Animals

Nude mice (male, six-week-old, weight 17–20 g) were purchased from Beijing Vi-
tal River Laboratory Animal Technology (Beijing, China). Mice were bred in a specific
pathogen-free environment with controlled temperature and humidity and 12 h light and
dark alternate. The Committee of Experimental Animals of the Ocean University of China
(OUC-SMP-2020-11-01) has approved the animal experiments.

4.5. Luciferase Reporter Assay

SKA cells (8000 cells/well) were bedded into white 96-well plates (Corning, NY, USA)
and incubated in an incubator at 37 ◦C containing 5% CO2 overnight and then treated with
the vehicle or indicated concentrations of compounds. Twenty-four hours later, luciferase
activity was detected by adding a luciferase substrate (Cat. E2510, Promega, Beijing,
China) and read by a SpectraMax® L microplate reader (Molecular Devices, Shanghai,
China) [49,50].

4.6. Western Blot Analysis

After stimulating with compounds, we washed the cells twice with phosphate-buffered
saline (PBS) and lysed the cells with the RIPA buffer including 1% phosphatase and 1%
protease inhibitors. Protein lysis was quantified by a BCA kit (Solarbio, Beijing, China) and
separated by 10% SDS-PAGE. Later they were transferred onto nitrocellulose membranes
(GE Healthcare) at 90v for 2 h and incubated with primary antibodies at 4 ◦C overnight.
After that, they were incubated with anti-rabbit horseradish peroxidase (HRP)-conjugated
secondary antibodies at room temperature for 1 h, detected with chemiluminescence
HRP substrate (Millipore, Billerica, MA, USA) and photographed by Chemiluminescence
Imaging System (Tanon 5200, Shanghai, China).

4.7. Cell Viability and Antiproliferation Activity Assay

Cell viability and antiproliferation activity was evaluated by the resazurin indica-
tor [51]. Cells (3500 cells/well) were seeded into 96-well plates overnight and treated with
the vehicle or indicated drug concentrations for 72 h. An amount of 10 μL of 1 mg/mL
resazurin solution was added per well and, after incubating for 3 h, relative cell viabil-
ity was detected using a SpectraMax Mode Plate Reader (Molecular Devices, Shanghai,
China) at a 595-nm emission wavelength and a 549-nm excitation wavelength. The half-
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maximal inhibitory concentration value (IC50) of 11c was determined using GraphPad
Prism 8 software.

4.8. Molecular Docking

The docking results of compound 11c (ligand) and JAK proteins (receptor) were
calculated by the MOE (version 2020) molecular docking program. Crystal structures of
all JAK proteins were obtained from the RCSB Protein Data Bank (RCSB PDB). Firstly,
compound 11c was subjected to an energy minimization processing through Chemdraw
3D software (version, 14.0.0.17). Secondly, the water molecules of the receptor protein and
the existing small molecule ligands in the crystal were removed. Finally, compound 11c

was introduced into the protein structure and docked in the pocket of the original ligand.
Based on the scores calculated by GBVI/WSA combined with free energy, the top 5 results
were analyzed using MOE.

4.9. Flow cytometry Analysis of Apoptosis

A549 and DU145 cells (5 × 105 cells/well) were bedded into 6-well plates and
treated with 11c at the indicated concentrations. After 24 h incubation, the cells were
washed with phosphate-buffered saline (PBS) twice followed by incubating with the
eBioscience™ Annexin VFITC Apoptosis Kit (Invitrogen, City, Carlsbad, California, USA)
according to the manufacturer’s instructions. Finally, cell apoptosis was analyzed by flow
cytometry and the results were processed by flowjo software(version 10.6.2).

4.10. Subcutaneous Tumor Xenograft Model and Antitumor Assay In Vivo

Nude mice were randomly divided into 4 treatment groups (n = 5/group) before
being implanted with subcutaneous tumor xenograft cells. DU145 cells were harvested,
counted, and reserved on ice. About 15 × 106 cells were injected to establish a tumor
transplantation nude mouse model. The four groups were treated as follows: vehicle
group, Gefitinib (100 mg/kg) group, and 11c (5 mg/kg or 10 mg/kg) group. Tumor size
(1/2 × length × width2) and body weight were measured every 3 days for 21 days. On the
last day the mice were sacrificed, and the tumor weight was determined [6].

4.11. Immunohistochemical (IHC) Analysis

The xenograft model tumor of mice was collected and fixed with 4% paraformaldehyde
(PFA) for 72 h at 4 ◦C and then embedded in paraffin and cut into slices. After, the slices
were baked, dewaxed in xylene, gradients ethanol, and boiled in a microwave to repair
antigen [31]. The inactivation of endogenous peroxidase was blocked by incubating with
fresh 3% H2O2. The slices were blocked with fat free milk and incubated with the primary
antibody (1:3000) at 4 ◦C overnight. After that, they were washed with PBS followed by
incubation with the HRP-conjugated secondary antibody at room temperature (Boster,
Wuhan, China). Finally, slices were dyed by DAB/H2O2 reaction, brown color in the cell
membrane indicated positive staining. Images were captured using an upright fluorescence
microscope (Olympus BX53, Tokyo, Japan) [6,52].

4.12. Statistical Analysis

The data were presented as mean ± SD. GraphPad prism (version 8.0.2) was used for
statistical analysis. p-value < 0.05 (*) was considered a significant difference, which was
calculated by t-test, one and two-way ANOVA (analysis of variance).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md21040218/s1, The general procedures for compounds
8a, 8b, 8c, 9a, 9b, 9c, 10a, 10b, 10c, 11a, 11b, and 11c. The data of 1H and 13C NMR of all the com-
pounds are shown in Supplementary Materials. Table S1: The high-throughput-screen result of
aldisine derivatives. Figure S1: The high-throughput screen of compounds graph.
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Abstract: The semisynthesis of renieramycin-type derivatives was achieved under mild and facile
conditions by attaching a 1,3-dioxole-bridged phenolic moiety onto ring A of the renieramycin
structure and adding a 4′-pyridinecarbonyl ester substituent at its C-5 or C-22 position. These were
accomplished through a light-induced intramolecular photoredox reaction using blue light (4 W)
and Steglich esterification, respectively. Renieramycin M (4), a bis-tetrahydroisoquinolinequinone
compound isolated from the Thai blue sponge (Xestospongia sp.), served as the starting material. The
cytotoxicity of the 10 natural and semisynthesized renieramycins against non-small-cell lung cancer
(NSCLC) cell lines was evaluated. The 5-O-(4′-pyridinecarbonyl) renieramycin T (11) compound
exhibited high cytotoxicity with half-maximal inhibitory concentration (IC50) values of 35.27 ± 1.09
and 34.77 ± 2.19 nM against H290 and H460 cells, respectively. Notably, the potency of compound 11

was 2-fold more than that of renieramycin T (7) and equal to those of 4 and doxorubicin. Interestingly,
the renieramycin-type derivatives with a hydroxyl group at C-5 and C-22 exhibited weak cytotoxicity.
In silico molecular docking and dynamics studies confirmed that the mitogen-activated proteins,
kinase 1 and 3 (MAPK1 and MAPK3), are suitable targets for 11. Thus, the structure–cytotoxicity
study of renieramycins was extended to facilitate the development of potential anticancer agents for
NSCLC cells.

Keywords: Xestospongia sp.; cytotoxicity; renieramycins; semisynthesis; light-induced intramolecular
photoredox reaction; non-small-cell lung cancer; bis-tetrahydroisoquinoline; molecular docking;
molecular dynamics
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1. Introduction

Renieramycins, bis-tetrahydroisoquinolinequinone marine alkaloids, along with
ecteinascidins and jorunnamycins, have been reported to exhibit significant anticancer
activity (Figure 1) [1,2]. Trabectedin (also known as ecteinascidin 743, 1), which was isolated
from the Caribbean tunicate (Ecteinascidia turbinate), was approved by the United States
Food and Drug Administration in 2015 for the treatment of advanced soft tissue sarcoma
and ovarian carcinoma [3–5]. Lurbinectedin (PM01183, 2), a bis-tetrahydroisoquinoline
analog of 1, was approved for the second-line treatment of metastatic small-cell lung cancer
in 2020 [6,7]. Compounds 1 and 2 are chemotherapeutic drugs that covalently bind specif-
ically to the N2 position of guanine in the DNA minor groove, leading to double-strand
breaks and apoptosis in cancer cells [3,6].

Figure 1. Structures of the bis-tetrahydroisoquinoline alkaloids as anticancer drugs and promising
drug leads.

Renieramycins are isolated from marine sponges, such as genera Reniera [8,9], Cribrochalina [10],
and Xestospongia [11,12], and they possess a pentacyclic bis-tetrahydroisoquinolinequinone
moiety as the core scaffold (Figure 1). Several renieramycins containing an angelate ester
at the C-22 position display potent bioactivities, including antimicrobial [8], antileishma-
nial [13], and anticancer [11,12,14,15] activities. Interestingly, renieramycins M (4) and N
(5) have been successfully isolated in the gram scale of the Thai blue sponge (Xestospongia
sp.) [11]. Renieramycins M, N, and O (4–6) have been demonstrated to exhibit potent
cytotoxicity against colon (HCT116) and lung carcinoma (QG56) [11,12]. Additionally, com-
pound 4 has been reported to display strong cytotoxicity against various human cancer cell
lines, including colon (DLD1), lung (NCI-H460), pancreatic adenocarcinoma (AsPC1), and
ductal breast epithelial (T47D) cells [11,12,14]. Renieramycins T (7) and U (8), renieramycin–
ecteinascidin hybrid marine natural alkaloids containing a 1,3-dioxole ring that is similar
to the left-side carbon framework of trabectedin, exhibit strong in vitro anticancer activity
against non-small-cell lung cancer (NSCLC) cells [14]. Furthermore, the cytotoxicity mecha-
nisms of the renieramycin–ecteinascidin hybrid derivatives against NSCLC cells have been
revealed. Compound 7 was discovered to enhance apoptosis induction via the degradation
of the myeloid cell leukemia 1 (Mcl-1) protein in NSCLC [16,17]. Further, it suppressed
mouse melanoma (B16F10) cell metastasis and migration through the downregulation of
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NF-E2-related factor 2 [18]. Moreover, the 5-O-ester derivatives of 7, which possess acetyl
and N-Boc-L-alaninoyl substituents, induced apoptosis and suppressed cancer stem cell
markers via protein kinase B (AKT) inhibition in NSCLC cells [19,20].

According to the structure–activity relationship (SAR) study, nitrogen-containing hete-
rocyclic ester substituents, particularly 4′-pyridinecarbonyl ester derivatives, as side chains
on the renieramycin framework have a remarkable effect on the cytotoxicity of renieramycin
against various cancer cells (Figure 2). The 22-O-(4′-pyridinecarbonyl) jorunnamycin A
compound (9) exhibited significantly better cytotoxicity than jorunnamycin A (3), its parent
compound, against human colon (HCT116), breast (MDA-MB-435), and NSCLC (H292
and H460) cell lines [21,22]. Furthermore, hydroquinone 5-O-(4′-pyridinecarbonyl) renier-
amycin M (10) was prepared from 4 by a two-step process, including hydrogenation and
Steglich esterification. The resulting derivative (10) exhibited cytotoxicity against the highly
metastatic H292 and H460 NSCLC cell lines at inhibitory concentration (IC50) values in the
nanomolar range [15].
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Figure 2. Semisynthetic derivatives of the renieramycin-type derivatives containing a 4′-
pyridinecarbonyl ester substituent.

Regarding the continuous structure–cytotoxicity relationship study of the renieramycin-
type derivatives, the semisynthesis of the renieramycin–ecteinascidin hybrid derivatives of
natural bis-tetrahydroisoquinolinequinones (4–6) was conducted via a facile, light-induced
intramolecular photoredox reaction to transform quinone ring A into the 1,3-dioxole-
bridged phenolic moiety. The mild photoredox reaction enables the selective one-step
modification of the methoxy-substituted quinone unit located on ring A of renieramycins,
resulting in the formation of 5-hydroxy-tetrahydroisoquinol-1,3-dioxoles with excellent
yields [23]. This transformation yields a series of renieramycin–ecteinascidin deriva-
tives that closely resemble the structure of ring A found in Trabectedin and Lurbinecte-
din, well-known tetrahydroisoquinoline-based chemotherapeutic drugs. Next, a series
of 4′-pyridinecarbonyl esters for the renieramycin-type derivatives were prepared by
mild and selective Steglich esterification. The new 4′-pyridinecarbonyl esters, 11 and
12, were obtained (Figure 2). The in vitro cytotoxicity of the compounds against human
H292 and H460 NSCLC cell lines was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Additionally, the in silico prediction of
the target genes and molecular pathways associated with the activity of the compounds
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was achieved by virtual network pharmacology study, including molecular docking and
molecular dynamics studies.

2. Results and Discussion

2.1. Light-Induced Intramolecular Photoredox Reaction of Renieramycins

Renieramycins 4–6 were isolated from the Thai blue sponge (Xestospongia sp.) by
pretreatment with 10% potassium cyanide following a previously reported protocol [11,12].
The photoredox reactions occurring through the light-induced radical formation and in-
tramolecular cyclization of the natural bis-tetrahydroisoquinolinequinone alkaloids (4–6)
were investigated (Scheme 1 and Table 1) [23]. To determine the optimal reaction condi-
tions, we experimented with compound 4, along with various solvents and light sources.
Through irradiation by an 18-W fluorescent lamp (white light) in dichloromethane (CH2Cl2)
for 24 h, compound 4 was smoothly transformed into compound 7 in 64% yield (Table 1,
entry 1). The application of chloroform (CHCl3) and tetrahydrofuran (THF) as solvents
for the photoredox reaction of compound 4 furnished compound 7 in 46% and 47% yields,
respectively (Table 1, entries 2 and 3). Further improvement in the yield was achieved
when the reaction solution was exposed to irradiation by a 4-W light-emitting diode (LED)
lamp (blue light) in CH2Cl2, affording 7 in excellent yield (81% yield, entry 4). However,
using CHCl3 and THF with blue light irradiation decreased the yields of 7 to 51% and 54%,
respectively (Table 1, entries 5 and 6). Thus, optimized photoredox reactions using blue
light and CH2Cl2 were further performed with natural alkaloids 5 and 6 (Table 1, entries 7
and 8).

Scheme 1. Photoredox reaction of the natural renieramycins.

Table 1. Optimization of the conditions for the photoredox of natural renieramycins.

Entry
Starting
Material

Light Source a Solvent
Renieramycin

Product
Isolated

Yield (%)

1 4 18 W CH2Cl2 7 64
2 4 18 W CHCl3 7 46
3 4 18 W THF 7 47
4 4 4 W CH2Cl2 7 81
5 4 4 W CHCl3 7 51
6 4 4 W THF 7 54
7 5 4 W CH2Cl2 6:8 = 1:2 b 18:37 c

8 6 4 W CH2Cl2 8 48
a 18 W refers to the white light fluorescent lamp, and 4 W refers to the blue LED lamp. b Ratio was determined
based on the proton signal of H-3 by nuclear magnetic resonance (NMR) spectroscopy analysis. c The yield of the
major product was determined after column chromatographic purification.
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Unexpectedly, the photoredox reaction of compound 5 yielded a mixture of bis-
tetrahydroisoquinolinequinones 6 and 8 (Table 1, entry 7). Compound 8 was obtained
as the major product in 37% yield, two times higher than the yield of compound 6 (18%
yield). Meanwhile, the photoredox reaction of compound 6 under the optimized condition
yielded compound 8 in 48% yield (Table 1, entry 8). Therefore, the light-induced radical
formation and intramolecular cyclization of compound 5 to yield compounds 6 and 8 were
proposed to occur via stepwise transformations. The mechanism involved air oxidation to
convert the unstable 1,4-hydroquinone into the 1,4-quinone moiety, followed by the pho-
toredox reaction [24] (Scheme 2). The results of the light-mediated transformation highlight
the chemical diversity of the natural renieramycins found around the blue Xestospongia
sponge habitat.
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Scheme 2. Proposed transformation mechanism of 5 into 6 and 8.

2.2. Semisynthesis of 4′-Pyridinecarbonyl-Substituted Renieramycin-Type Derivatives

The semisynthesis of the 4′-pyridinecarbonyl-substituted renieramycin–ecteinascidin hy-
brid derivative (11) started with the photoredox transformation and esterification (Scheme 3).
The irradiation of 4 under the 4-W LED light in CH2Cl2 furnished 7. Subsequently, a
4′-pyridinecarbonyl motif of 7 was installed by Steglich esterification using isonicotinoyl
chloride as an acylating agent, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI)
as a coupling reagent, and 4-dimethylaminopyridine (DMAP) as a nucleophilic base cat-
alyst to obtain the desired product (11) in acceptable yield. The semisynthesis protocol
of the renieramycin-type derivative (12) was envisioned. Compound 3 was prepared
from compound 4 by hydrogenation, hydride reduction, and air oxidation [21,24]. Ester
compound 12 was obtained in excellent yield by attaching the 4′-pyridinecarbonyl sub-
stituent to the C-22 position of renieramycin by Steglich esterification, followed by the
formation of the 1,3-dioxole-bridged phenolic moiety via light-induced radical formation
and intramolecular cyclization.

The chemical structures of all semisynthetic renieramycin-type derivatives were char-
acterized by spectroscopic techniques (see Supporting Information for the spectra, Figures
S1–S15). The spectral data of compounds 7–9 were consistent with previous reports [14,22].
Regarding the 4′-pyridinecarbonyl-substituted renieramycin–ecteinascidin hybrid deriva-
tives (11 and 12), the characteristic chemical shift of the methylene moiety (–CH2–) at
the newly constructed 1,3-dioxole ring showed a proton signal as a pair of doublets at
5.95 ± 0.07 ppm and a carbon signal at 101.6 ± 0.3 ppm. Moreover, the C-7 and C-8 quater-
nary carbon signals of both compounds 11 and 12 shifted upfield, compared with the signals
of the parent compound 4. The carbonyl carbon signals of the resulting 4′-pyridinecarbonyl
ester were confirmed at 167.0 and 164.2 ppm for 11 and 12, respectively. Moreover, the
chemical shifts of the carbonyl carbon at C-15 and C-18 for both 11 and 12 are located at
186.0 ± 0.2 ppm and 182.5 ± 0.1 ppm, respectively, indicating the presence of the quinone
group on ring E.
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The heteronuclear multiple bond correlations (HMBCs) between the methylene proton
at the 1,3-dioxole ring and the quaternary aromatic carbons at C-7 and C-8 clearly confirmed
the fused ring structure at ring A in compounds 11 and 12 (Figure 3). The key HMBCs of
compound 11 included the correlations between the C-5 quaternary carbon and both the
C-4 methylene protons and the C-6 methyl protons, along with those of the C-1′ pyridine
carbon, all the protons at the C-2′ and C-3′ position of pyridine, and C-6 methyl motifs.
Compound 12 exhibited significant HMBCs between the C-24 carbonyl carbon and both
the C-22 methylene protons and the C-2′ pyridine proton.

Figure 3. HMBCs (blue arrows) for the 4′-pyridinecarbonyl-substituted derivatives (11 and 12).

2.3. Cytotoxicity of Compounds 3–12 against NSCLC Cell Lines

The in vitro cytotoxic activities of the series of semisynthesized renieramycin-type
derivatives and the natural renieramycins analogs were analyzed by MTT assay against
the human H292 and H460 NSCLC cell lines (Table 2). The positive controls were cisplatin
and doxorubicin, which were the first-line chemotherapeutic drugs. The results showed
that compound 3, which has a primary alcohol at the C-22 position, and renieramycins
5–8, which possess unique structures (1,4-quinone or 1,3-dioxole-bridged phenol at ring A,
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methylene or secondary alcohol at C-14 of ring D, and 1,4-quinone or 1,4-hydroquinone
at ring E), exhibited weak cytotoxicity against both H292 and H460 NSCLC cell lines at
the IC50 values of 72.64–183.37 nM (Table 2, entries 1 and 3–6). However, compound 4

exhibited the strongest cytotoxicity among the series of natural renieramycins at the IC50
values of 35.36 and 33.86 nM against H292 and H460 cells, respectively (Table 2, entry 2).
The semisynthesized renieramycin-type derivatives (9–11) exhibited substantially high cy-
totoxic activity at nanomolar concentrations against both cell lines (Table 2, entries 7–9). The
known semisynthesized alkaloid (9), which possesses bis-tetrahydroisoquinolinequinone
and 4′-pyridinecarbonyl moieties, exhibited the strongest cytotoxicity among all the re-
nieramycin derivatives in this study. The compound 9 was approximately 10-fold and
9-fold more potent than the parent compound (4) against H292 and H460 NSCLC cell
lines, respectively [22]. Both compound 10, the known 8-hydroquinone, and compound 11,
the renieramycin–ecteinascidin hybrid derivative, contained the 5-O-(4′-pyridinecarbonyl)
ester. They exhibited significant cytotoxicity, similar to those of 4 and docxorubicin, at
the same IC50 level. Moreover, compound 11 was 3-fold and 2-fold more potent than 7,
the parent compound, against the H292 and H460 cell lines. Interestingly, compound 12,
a renieramycin-type derivative with a hydroxyl group at C-5, lost its cytotoxic activity
and inhibited both the H292 and H460 cell lines at micromolar IC50 values (Table 2, en-
try 10). However, compound 12 exhibited 3-fold and 2-fold stronger potency than cisplatin
against the H292 and H460 NSCLC cell lines, respectively. Therefore, the presence of
the 4′-pyridinecarbonyl ester and the chemical structure of ring A constitute the essen-
tial pharmacophore controlling the cytotoxic potency [15,22,25]. The cytotoxicity of the
renieramycin-type derivatives having a hydroxyl group at either the C-5 or C-22 position
was weak.

Table 2. Cytotoxicity of the natural renieramycins and semisynthesized renieramycin derivatives
against non-small-cell lung cancer cell lines.

Entry Compound 5-O-Substituents 22-O-Substituents
IC50 ± S.D. (nM)

H292 H460

1 3 carbonyl OH 97.85 ± 6.75 157.53 ± 6.65
2 4 carbonyl angeloyl 35.36 ± 4.51 33.86 ± 2.16
3 5 carbonyl angeloyl 170.03 ± 10.07 104.36 ± 22.02
4 6 carbonyl angeloyl 111.74 ± 12.94 99.74 ± 0.13
5 7 OH angeloyl 72.64 ± 2.55 83.32 ± 4.72
6 8 OH angeloyl 183.37 ± 37.04 167.97 ± 3.53
7 9 carbonyl 4′-pyridinecarbonyl 3.52 ± 0.62 3.98 ± 0.38
8 10 4′-pyridinecarbonyl angeloyl 33.79 ± 0.40 35.77 ± 2.11
9 11 4′-pyridinecarbonyl angeloyl 35.27 ± 1.09 34.77 ± 2.19

10 12 OH 4′-pyridinecarbonyl 1.27 ± 0.20 μM 1.83 ± 0.83 μM
11 Cisplatin 4.23 ± 0.40 μM 3.86 ± 0.46 μM
12 Doxorubicin 37.54 ± 4.41 43.37 ± 5.60

2.4. In Silico Prediction of the Target Genes and Molecular Pathways

The series of the 4′-pyridinecarbonyl ester of the renieramycin-type derivatives
(10 and 11) exhibited significant cytotoxicity against NSCLC cells. The anticancer mech-
anisms of compounds 10 and 11 were not investigated because of their limited quantity.
Regarding data mining from several databases, pharmaco-mapping, and computational
strategies, network pharmacology has recently emerged as a comprehensive tool for elu-
cidating the putative biomolecular targets, signaling pathway complexities, and protein–
protein interactions (PPIs) of potential leads [26,27]. Therefore, the inhibition mechanism
and molecular pathways of both 10 and 11 against NSCLC were investigated by molec-
ular docking and molecular dynamics studies, enabling the identification of the primary
target genes.
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2.4.1. Investigation of the Potential Targets against NSCLC

The Swiss Target Prediction online tool was employed to compare the renieramycin-
type derivatives (10 and 11) to a massive internal pharmacophore model database to
identify prospective drug targets using reverse pharmacophore alignment (Figure 4) [28].
One hundred and sixteen potential targets related to 10 and 11 were found. From the fol-
lowing four databases: GeneCards, Therapeutic Targets Database (TTD), Online Mendelian
Inheritance in Man (OMIM), and DisGeNET, 6431 genes were found in association with
NSCLC. Overlapping the corresponding genes using a Venn diagram, 94 prospective targets
of 10 and 11 against NSCLC were generated (Figure 4C).

Figure 4. Structure and putative analysis of 10 and 11 against NSCLC. (A) Structure of 10. (B) Struc-
ture of 11. (C) Venn diagram analysis showing both 10 and 11 associated with 116 targets, whereas
the NSCLC cells are associated with 6431 targets. The interception analysis showing 94 overlapping
targets between 10/11 and NSCLC.

2.4.2. Protein–Protein Interaction Network Construction and Core Target Identification

To envision the relationship between the 94 prospective targets matched with 10 and
11 against NSCLC, a PPI network was retrieved and visualized using Cytoscape v3.9.1
after the resulting putative targets were loaded into the STRING platform (Figure 5A). The
PPI network illustrates the interactions between the targets, with highly linked proteins in
the network having a comparatively high number of interactions. CytoHubba, a plugin
for Cytoscape, was employed to perform a topological analysis, which revealed the top
10 proteins linked to the number of degrees (Figure 5B). The colors from yellow to red
represent small to large degrees. The results revealed several proteins, including signal
transducer and activator of transcription 3 (STAT3), mitogen-activated protein kinase 1
(MAPK1), mitogen-activated protein kinase 3 (MAPK3), cyclin-dependent kinase 4 (CDK4),
cyclin-dependent kinase 1 (CDK1), cyclin-dependent kinase 2 (CDK2), 90 kDa heat shock
protein (HSP90AA1), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
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alpha (PIK3CA), cyclin D1 (CCND1), and cyclin E1 (CCNE1), as the 10 core hub proteins
serving as potential therapeutic targets against NSCLC. Regarding the previous virtual
study, gene ontology and KEGG pathway enrichment analyses depicted that MAPKs were
potential targets of 9 toward the induction of NSCLC apoptosis [29]. Thus, we focused on
MAPK1 and MAPK3 for further analysis due to the structural similarities between 9 and 11,
which are the 4′-pyridinecarbonyl esters of the tetrahydroisoquinolinequinone alkaloids.

Figure 5. Protein–protein interaction (PPI). (A) The main cluster of the PPI obtained from the
94 overlapping targets and visualized using Cytoscape 3.9.1. (B) Top 10 targets based on the number
of degrees visualized by the CytoHubba plugin. More than 10 degrees are displayed for all the
main targets. The intensity of the colors represents the degree values, where red, orange, and yellow
correspond to large, medium, and small values, respectively. Red arrow indicates the MAPK family.

2.4.3. Molecular Docking of MAPK1 and MAPK3

To explore the binding relationships between the MAPK1 and MAPK3 proteins, com-
pounds 10 and 11 were docked in comparison with Ravoxertinib, a known inhibitor of both
MAPK1 and MAPK3 (see Supporting Information, Figure S16). From the binding energy
calculations, 11 exhibited the lowest binding energies of −9.8 kcal/mol and −9.9 kcal/mol,

495



Mar. Drugs 2023, 21, 400

respectively, for MAPK1 and MAPK3, which was better than those of 10 and Ravoxertinib
(Figure 6A). Furthermore, docking studies were conducted for the protonated forms of
compounds 10 and 11, specifically protonated at the nitrogen at position 12, as shown
in the Supporting Information (Figure S17). Both the neutral and protonated forms of
compounds 10 and 11 exhibited similar binding energy values. Docking with MAPK-1 re-
vealed that both the neutral and protonated forms of compounds 10 and 11 predominantly
displayed comparable binding interactions with amino acid residues. Interestingly, the
protonated forms of compounds 10 and 11 exhibited hydrogen bonding interactions rather
than hydrophobic interactions. Docking with MAPK-3 demonstrated that the protonated
forms of compounds 10 and 11 could engage in additional interactions at the enzyme site.
However, these additional interactions primarily resulted from hydrophobic interactions,
which are generally weaker compared to hydrogen bonding interactions. Upon consider-
ing the binding interactions of amino acid residues at the enzyme active site, the neutral
forms of compounds 10 and 11 exhibited a closer match with the known ligand, Ravox-
ertinib, compared to the protonated forms. Specifically, for MAPK-1, the neutral forms
of compounds 10 and 11 demonstrated interactions with amino acid residues, including
ASP111, ILE31, ILE103, and LEU156. For MAPK-3, the neutral forms of compounds 10
and 11 displayed interactions with LEU173 and VAL56. The number of interacting bonds
involving hydrogen, hydrophobic interactions, and electrostatic interactions demonstrated
the stability of both 10 and 11 in the binding pocket of both MAPK1 and MAPK3. However,
compound 11 interacted with both MAPK1 and MAPK3 with stronger hydrogen binding
than that of 10 (Figure 6B,C). Regarding the amino acid residues of MAPK1 that interacted
with 11, the key binding site of MAPK1 comprised ALA52, ASN154, ASP111, CYS166,
GLU71, and ILE103. The interactions between 11 and MAPK3 at the specific amino acid
residues involved ASN171, GLN122, ILE48, LEU173, LYS71, and TYR130. Interestingly,
compounds 10 and 11, along with compound 9, had similar binding sites, which confirmed
that MAPK1 and MAPK3 are the biomolecular targets. The docking conformations of 11

with MAPK1 and MAPK3 demonstrated stable ligand–receptor binding and increased
interaction, thereby affirming the necessity of validating the interaction stability through
molecular dynamics simulation.

2.4.4. Molecular Dynamics Analysis of MAPK1 and MAPK3 with 11

To gain an in-depth understanding of the protein–ligand interaction of 11, a molecular
dynamics study was conducted on the core proteins of MAPK1 and MAPK3, utilizing the
protein–ligand complexes obtained from the results of the molecular docking simulations.
When the trajectory exhibits steep changes, it indicates that the system has undergone a
significant transition, whereas a smooth trajectory signifies that the system has reached
equilibrium. One crucial parameter in molecular dynamics simulations is the root mean
square deviation (RMSD), which serves as a measure of the stability of the trajectory. In this
simulation, the conformation and movement of the ligand were analyzed using the RMSD
value. The RMSD (Å) values of the ligand conformations for MAPK1 and MAPK3 were
found to be 2.38 ± 0.15 and 1.79 ± 0.19, respectively, as depicted in Figure 7A. The ligand
conformation analysis revealed that both MAPK1 and MAPK3 maintained consistent prox-
imity throughout the entire 15 ns duration of the experiment. However, when comparing
the RMSD values, the interaction between 11 and MAPK3 exhibited greater stability in
the ligand conformation, and both protein targets did not show significant differences in
terms of their interactions. Additionally, the RMSD (Å) of the ligand movement between
11 and these targets was assessed. The results indicated that the average RMSD values for
MAPK1 and MAPK3 were 5.68 ± 0.52 and 5.63 ± 2.04, respectively (Figure 7B). A relatively
small RMSD of the ligand movement indicates good proximity between the ligand and
the targets. The stability of the interaction between compound 11 and MAPK3 showed a
greater tendency to fluctuate at 5, 7.5, and 13.2 ns compared to the interaction with MAPK1,
particularly at 5 ns intervals.
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Figure 6. Molecular docking of 10 and 11 with both MAPK1 (ERK2) and MAPK3 (ERK1). (A) Binding
energies indicate that the interactions of 10 and 11 with both MAPK1 and MAPK3, compared to
Ravoxertinib, a known inhibitor. (B) Interactions between the amino acid residues of MAPK1 and
both 10 and 11. (C) Interactions between the amino acid residues of MAPK3 and both 10 and 11.
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Figure 7. Molecular dynamics study of the interactions between 11 and MAPK1 and MAPK3. Green
line shows the interaction with MAPK1, whereas the red line shows the interaction with MAPK3.
(A) The ligand conformation and (B) ligand movement interaction of 11 with MAPK1 and MAPK3.

Considering all these findings, we hypothesized that 11 interacts with multiple targets
in the MAPK family. Among these targets, MAPK1 demonstrated the highest potential and
consistently engaged in strong interactions with 11, aligning with our previous investiga-
tion. According to previous studies investigating the structure-cytotoxicity relationship,
which employed both in vitro and in silico approaches, the mechanistic pathways underly-
ing the anti-lung cancer effects of marine alkaloids from the tetrahydroisoquinolinequinone
family have been elucidated. Specifically, compounds such as 5-O-(N-Boc-L-alanine)-
renieramycin T, a renieramycin-ecteinascidin derivative [20], (1R,4R,5S)-10-(benzyloxy)-9-
methoxy-8,11-dimethyl-3-(thiazol-5-ylmethyl)-1,2,3,4,5,6-hexahydro-1,5-epimi- nobenzo
[d]azocine-4-carbonitrile (DH_25), a right-half C–E ring analog of renieramycins [30], and
22-O-(4′-pyridinecarbonyl) jorunnamycin A, a 4′-pyridinecarbonyl substituted renieramycin-
type derivative [29], have demonstrated efficacy against non-small cell lung cancer (NSCLC)
cells through modulation of the protein kinase B (Akt), myeloid cell leukemia-1 (MCL-1),
and mitogen-activated protein kinase (MAPK) signaling pathways, leading to the induction
of apoptosis. The proteins Akt, MCL-1, and MAPK are interconnected targets of cellular
signaling networks involved in the regulation of apoptosis. While the MAPK pathway
exerts pro-apoptotic effects, Akt signaling generally promotes cell survival. Furthermore,
MCL-1, functioning as an anti-apoptotic protein, is influenced by both the MAPK and Akt
pathways, thereby contributing to the delicate balance between cell survival and apoptosis
in cancer cells [31,32]. Therefore, targeting these signaling pathways and their interactions
holds promise for therapeutic interventions aimed at inducing apoptosis in cancer therapy.

3. Materials and Methods

3.1. General Experimental Procedures

All commercial reagents were purchased from Tokyo Chemical Industry, Tokyo, Japan.
The glassware was dried in an oven (105 ◦C) before the experiment. Photochemical reac-
tions were carried out using a commercially supplied LED (4W LED Filament GLS Blue,
220–240 V, EVE) and 18-W fluorescent light (100 V, HATAYA, Tokyo, Japan). All reactions
were monitored by thin-layer chromatography (TLC) using aluminum silica gel 60 F254
(Merck, Darmstadt, Germany), and the TLC chromatogram was recorded under UV light at
254 and 365 nm. Flash column chromatographic purification was performed with silica gel
(230–400 mesh) using a mixture of ethyl acetate and hexane as the mobile phase. Moreover,
1H and 13C NMR spectra were recorded on a Bruker ADVANCE NEO NMR spectrometer
(Bruker, Massachusetts, MA, USA) at 400 and 100 MHz, respectively. Deuterated chloro-
form (CDCl3) was used as the internal standard for the 13C (77.0 ppm) and 1H (7.27 ppm)
spectroscopic analyses. Infrared spectra were measured using a Perkin Frontier Fourier-
Transform Infrared Spectrometer (PerkinElmer, Massachusetts, MA, USA). High-resolution
mass spectrometry was conducted using a microTOF Bruker Daltonics mass spectrometer.
Optical rotations were measured with a JASCO P-2000 polarimeter using a 1-mL cell with a
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cell path length of 1 dm. The spectra of electronic circular dichroism were obtained using a
JASCO J-815 CD spectrometer (JASCO, Maryland, MD, USA).

3.2. Extraction and Isolation

With assistance from the Aquatic Resources Research Institute, Chulalongkorn Uni-
versity and approval from the Department of Fisheries, Ministry of Agriculture and Coop-
eratives, Thailand (0510.2/8234, Date: 28 October 2019), a Thai blue sponge (Xestospongia
sp.) was collected during a SCUBA diving mission at a depth of 3–5 m at Sichang Island,
the Gulf of Thailand. The fresh blue sponge was mashed and subsequently pre-treated
with 10% potassium cyanide solution in a phosphate-buffered solution at pH 7. Next, the
suspension was macerated with methanol. The extraction process was repeated three times.
The methanolic extracts were filtered, combined, and concentrated at reduced pressure.
The condensed aqueous-methanolic extract was partitioned with hexane and ethyl acetate.
The ethyl acetate extract was further concentrated and purified by silica gel column chro-
matography using hexane and ethyl acetate as the eluent. Natural renieramycins, including
renieramycin M (4), renieramycin N (5) [11], and renieramycin O (6) [12], were obtained.
Thereafter, compound 4 was transformed into Jorunnamycin A (3) under a three-step
semisynthesis including hydrogenation, hydride reduction, and air oxidation [21,24].

3.3. Screening of the Photoredox Reaction Conditions with the Renieramycins

Natural renieramycins 4–6 were employed as the starting material for the light-induced
intramolecular photoredox reaction. A solution of the renieramycin alkaloid (15 mg) with
20 mL of the selected solvent (CH2Cl2, CHCl3, and THF) was stirred vigorously under a
light source comprising white light (18 W fluorescent) and blue light (4 W LED) for 24 h at
room temperature under a nitrogen atmosphere. The reaction was monitored by TLC using
a solution of ethyl acetate and hexane (1:1 v/v) as the mobile phase. After the completion
of the reaction, the solvent was evaporated under reduced pressure. The resultant crude
product was purified by flash column chromatography using silica gel as the stationary
phase and the mixed solvents of ethyl acetate and hexane as the mobile phase to afford the
corresponding products, 7 and 8.

3.4. Procedure for the Semisynthesis of Compound 11

Compound 4 (15 mg, 0.03 mmol) in dry CH2Cl2 (20 mL) was irradiated by a 4 W
LED lamp (blue light) at room temperature under a nitrogen atmosphere for 24 h. The
reaction was monitored by TLC using a hexane and ethyl acetate solution (1:1 v/v) as
the mobile phase. After the completion of the reaction, the solvent was removed under
reduced pressure. The crude product was precipitated using hexane, affording 7 as a
yellow amorphous solid. Compound 7 was employed in the next step without further
purification. Next, compound 7 (21 mg, 0.04 mmol), 4-dimethylaminopyridine (DMAP)
(5 mg, 0.04 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
(8 mg, 0.04 mmol), and isonicotinoyl chloride hydrochloride (32 mg, 0.18 mmol) were
dissolved in CH2Cl2 (20 mL). The mixture was stirred for 24 h at room temperature under
a nitrogen atmosphere. After the completion of the reaction, as determined by TLC,
the reaction mixture was quenched by adding distilled H2O (20 mL) and extracted with
CH2Cl2 (20 mL, three times). The organic layers were combined and dried over anhydrous
magnesium sulfate (MgSO4), filtered, and concentrated under reduced pressure. After
purification by silica gel flash chromatography using the hexane and ethyl acetate solution
as the eluent, 5-O-(4′-pyridinecarbonyl) renieramycin T (11) was obtained in 20% yield as a
yellow amorphous powder.

3.5. Procedure for the Semisynthesis of Compound 12

Jorunnamycin A (3) (25 mg, 0.05 mmol) was placed into an oven-dried, round-
bottomed flask and dissolved in dry CH2Cl2 (10 mL). Thereafter, DMAP (31 mg, 0.25 mmol),
EDCI (49 mg, 0.25 mmol), and isonicotinoyl chloride hydrochloride (45 mg, 0.25 mmol)
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were added. The mixture was stirred for 24 h at room temperature under a nitrogen atmo-
sphere and monitored by TLC using a mixture solvent of ethyl acetate and hexane (1:1 v/v)
as the mobile phase. After completion, the solution was concentrated under reduced
pressure. Next, the resultant crude product was purified by flash column chromatography
using silica gel as the stationary phase and the mixed solvent of ethyl acetate and hexane
as the mobile phase to yield a yellow product (9) in 72% yield. Subsequently, compound
9 (6 mg, 0.01 mmol) was dissolved in CH2Cl2 (15 mL) and irradiated by a 4 W LED lamp
(blue light) at room temperature under a nitrogen atmosphere for 24 h. The reaction mixture
was monitored by TLC and further purified following the procedure described above to
obtain 22-O-(4′-pyridinecarbonyl) renieramycin T (12) as an amorphous yellow powder in
83% yield.

3.6. Cytotoxic Evaluations against NSCLC Cell Lines

The in vitro cytotoxicity of compounds 3–12 against H292 and H460 NSCLC cell lines
was determined by MTT colorimetric assay. The H292 and H460 cultured cell lines were
obtained from the American Type Culture Collection (Manassas, VA, USA). The Roswell
Park Memorial Institute (RPMI) medium 1640, fetal bovine serum (FBS), L-glutamine, a
penicillin/streptomycin solution, and Albumax I were purchased from Gibco (Gaithers-
burg, MA, USA). Dimethyl sulfoxide (DMSO) was acquired from Merck Millipore (Billerica,
MA, USA) or Sigma-Aldrich. All cell lines were cultured in the RPMI 1640 medium, supple-
mented with 10% FBS, 2 mM L-glutamine, and 100 units/mL of penicillin/streptomycin,
and the temperature was maintained at 37 ◦C under 5% CO2. Cells were trypsinized and
seeded at a density of 5000 cells/well with the RPMI media for 24 h in a 96-well plate. A
10 mm stock solution of each test compound in DMSO was prepared and diluted into the
serial concentrations at 1–250 nM, with a DMSO concentration of less than 0.2% v/v. The
cells were treated with various concentrations of each derivative for 72 h. Next, the cells
were incubated with 0.5 mg/mL of MTT for 2 h. After solubilizing the resulting formazan
salt with 100 μL of DMSO, the absorbance of the formed formazan was measured by a
spectrophotometric microtiter plate reader (Perkin Elmer Victor 3 1420 Multilabel Plate
Counter, Massachusetts, MA, USA) at 570 nm. The experiment was performed in three
replicate wells with at least five concentrations of the tested compounds. The cell viability
was determined using the GraphPad Prism software (version 5), calculated as a percentage
of non-treated control cells and the mean of the half-maximal inhibitory concentration (IC50)
values. Cisplatin and doxorubicin were used as the positive controls, and 0.2% DMSO was
used as the negative control.

3.7. Network Pharmacology Study
3.7.1. Database Mining and Identification of 10, 11, and NSCLC-Related Targets

The Swiss Target Prediction database (http://www.swisstargetprediction.ch), which
was accessed on 14 January 2023, was utilized to gather information on the probable
targets of 10 and 11. To identify potential targets associated with NSCLC cells, various
human genetic databases, such as GeneCards, TTD, OMIM, and DisGeNET, were screened.
A Venn diagram illustrating the overlapping targets between 10 and 11 with respect to
NSCLC can be viewed at this link (https://bioinfogp.cnb.csic.es/tools/venny/, accessed
on 15 March 2023). The Venn diagram was generated using Venny 2.1.0 (Centro Nacional
de Biotecnología, Madrid, Spain), https://bioinfogp.cnb.csic.es/tools/venny/, accessed
on 15 March 2020.

3.7.2. Construction of Protein–Protein Interaction Network and Identification of Potential
Core Targets

The overlapping targets derived from the Venn diagram were inputted into the
STRING database. For STRING analysis, the organism parameter was set to Homo sapi-
ens with the highest confidence level of 0.900. The obtained results were gathered and
imported into Cytoscape v3.9.1 (The Cytoscape Consortium, San Diego, CA, USA) for
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visualization and further analysis. To examine the top 10 core targets, the CytoHubba
plugin was employed, using the number of degrees as the primary parameter.

3.8. Molecular Docking Study

The ligand structures (10, 11, and Ravoxertinib) were prepared using ChemDraw Ultra
15.0 (Perkin Elmer, MA, USA). The protonation state of 10 and 11 were prepared using
Open Babel GUI and Command Prompt with pH 7.4. To predict the potential binding
interactions between the compounds and the core targets, an in silico assay was conducted
using PyRx Virtual Screening Tools v0.8. The X-ray crystal structures of the proteins were
obtained from the Protein Data Bank (https://www.rcsb.org/, accessed on 16 March 2023),
e.g., 6GES for MAPK3 (ERK1) and 1WZY for MAPK1 (ERK2). Prior to the analysis, the
proteins were prepared by removing water molecules and any other ligands attached to
the main protein using Pymol v2.5 (https://pymol.org/2/, accessed on 16 March 2023).
The free binding energies (ΔG), interaction types, and amino acid residues were calculated
and analyzed using BIOVIA Discovery Studio Visualizer 2022 (Biovia, CA, USA).

3.9. Molecular Dynamics Study

The stability of the interactions between ligand 11 and the proteins was assessed
using Yasara Dynamic, following the previously described methodology [29]. In summary,
the optimal binding between ligand 11 and the proteins was selected for further analysis,
incorporating the AMBER14 force field with standard parameters. The simulation was
conducted at a temperature of 298 K and a pH of 7.4 for 15 ns. Two RMSD parameters
were employed: RMSD ligand conformation and RMSD ligand movement. The evaluation
utilized the default scripts: md_run.mcr and md_analyse.mcr. The RMSD plots were
generated using the Rstudio program (https://posit.co/products/open-source/rstudio/,
accessed on 17 March 2023).

4. Conclusions

Here, 4′-pyridinecarbonyl-substituted renieramycin-type derivatives were prepared
from compound 4 using light-induced intramolecular photoredox reactions and Steglich
esterification. The optimal conditions for the photoredox reaction were achieved by employ-
ing 4 W blue light and dichloromethane. The natural renieramycins (4–6) were successfully
transformed into their corresponding derivatives (7 and 8, which contained a 1,3-dioxole-
bridged phenolic moiety on ring A) in excellent–moderate yields (yields: 81%–37%). The
attachment of the 4′-pyridinecarbonyl ester at the C-5 and C-22 positions was accomplished
smoothly. Cytotoxicity study revealed that compounds 4 and 9 exhibited the most po-
tent cytotoxicity against the human H292 and H460 NSCLC cell lines among the natural
renieramycins and semisynthesized renieramycin-type derivatives, respectively. Interest-
ingly, compound 11, which contained both the 4′-pyridinecarbonyl ester at C-5 and the
1,3-dioxole-bridged phenolic motifs on ring A, showed better cytotoxicity than its parent
compound (7). In addition, the renieramycin-type derivatives with a hydroxyl group at
C-5 and C-22 lost their cytotoxicity against the NSCLC cells. Thus, the conformation of
ring A featuring the 4′-pyridinecarbonyl ester at C-5 is crucial for the cytotoxic activity of
renieramycins. Due to the limited quantity of the compound, a virtual network pharmacol-
ogy study was conducted to simulate the target genes and molecular pathways. Molecular
docking and dynamics studies predicted that the target proteins of compound 11 were
MAPK1 and MAPK3. In future studies, the renieramycin-type derivatives will be further
explored for their potential as anti-lung cancer agents.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21070400/s1, Figures S1–S15: 1H NMR, 13C NMR and 2D NMR
spectra of compounds 7–9 and 11–12, Figures S16 and S17: Molecular docking of Ravoxertinib and the
protonated 10 and 11 with both MAPK1 (ERK2) and MAPK3 (ERK1), Tables S1 and S2: Theoretical
level of minimization of the 3D structures of 10 and 11.
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Abstract: Korean mistletoe (Viscum album var. coloratum) has been traditionally used as a remedy for
cancer, diabetes, and hypertension. This study investigated the immuno-modulatory effects of Korean
mistletoe water extract, specifically on MDA-MB-231 cells, a highly metastatic breast cancer cell line,
when co-cultured with THP-1 human macrophage cells. When compared to MDA-MB-231 cells
cultured alone, the co-culture of MDA-MB-231/THP-1 cells treated with mistletoe extract showed a
significant reduction in IL-6 secretion. Additionally, these co-cultures exhibited elevated levels of
IL-4, TGF-β, and IFN-y. These results suggest that water extracts from mistletoe have the potential
to induce mitochondria-targeted apoptosis in MDA-MB 231 cells stimulated by THP macrophages.
Regarding apoptosis, in MDA-MB-231 cells co-cultured with THP-1 macrophages, mistletoe water
extract treatment triggered a significant increase in Bax/Bcl-2 ratio, caspase-3 activation, and PARP
inactivation. In addition, there was a significant increase in E-cadherin and a decrease in N-cadherin.
Treatment of Korean mistletoe also led to significant reductions in both MMP-2 and -9. Furthermore,
inhibition of cell migration in MDA-MB-231/THP-1 co-cultured cells was observed. In summary,
this study highlights the potential of Korean mistletoe as a prospective drug for the treatment of
triple-negative breast cancer, particularly through its ability to regulate human immunity.

Keywords: MDA-MD-231; breast cancer; THP-1; macrophage; mistletoe

1. Introduction

European mistletoe (Loranthaceae) grows parasitically on trees, including oaks and
apples, across Europe and Asia [1]. This semi-parasite has been used for generations as
a medicinal plant in Germany and Switzerland to treat hypertension, arterial sclerosis,
and cancer [2,3]. Several studies are proving its pharmacological effects. Various active
components isolated from mistletoe have been demonstrated to possess anti-cancer effects
in extensive detail [4,5]. The active ingredients responsible for these effects are lectin
(a glycoprotein), viscotoxin (a protein component), and oleanolic acid (a triterpenoid).
Scientific evidence suggests that these components not only possess anti-cancer properties
but also play a vital role in enhancing the immune system’s activity [2,6–9]. For example,
among the pharmacological components of mistletoe, polysaccharides, oligosaccharides,
amines, and alkaloids have a lesser direct killing effect on cancer cells than lectin, but they
can activate macrophages to induce cell-mediated immunity [10]. In particular, a variant of
European mistletoe, Korean mistletoe (Viscum album L. var. coloratum), has been reported
to have superior immune cell stimulation activity compared to European mistletoe [11].
Korean mistletoe is a domestically native plant distinct from European mistletoe, and it has
been used as a medicine for back pain, high blood pressure, and toothache in private and
oriental medicine [12,13]. Recently, researchers have actively investigated the anti-cancer
activity of Korean mistletoe extract. Most studies on chemotherapy with mistletoe use
mistletoe water extract [14]. The anti-cancer activity of mistletoe extract is produced not
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only by the direct cytotoxic effects of its constituents but also by inducing tumor-specific
cell-mediated immune enhancement. This occurs due to the activation of immune cells
(such as macrophages) against tumor cells [15].

Clinically diverse phenotypes characterize breast cancer, with different subtypes
classified into progesterone receptor (PR), estrogen receptor (ER), and human epithelial
growth factor receptor 2 (HER2) based on immunohistochemical staining expression [16].
Triple-negative breast cancer, a subtype in which PR, ER, and HER2 are not expressed,
represents 10–20% of all breast cancer patients [17–19]. Therapeutic effects are noticeably
lower in triple-negative breast cancers compared to other hormone receptors or treatments
targeting HER2-positive subtypes. Consequently, treatment for triple-negative breast
cancer still relies heavily on non-specific measures such as surgery, radiation therapy, and
chemotherapy, despite their associated side effects [19,20]. Furthermore, triple-negative
breast cancer aggressively metastasizes to major organs such as the bone, liver, lung, and
brain throughout the course of the tumor. Doctors identify metastasis as a significant
obstacle in effectively treating triple-negative breast cancer, which consequently results in a
clinically poor prognosis [21–26].

Breast cancer encompasses an intricate microenvironment within the tumor, involving
blood vessels, immune cells, fibroblasts, cytokines, and extracellular matrices. These com-
ponents interact with each other, playing significant roles at every stage of metastasis [27].
Macrophages, integral to innate immunity, function differently within the tumor microen-
vironment compared to general macrophages. Specifically, in breast cancer microenviron-
ments, they transform into tumor-associated macrophages (TAMs) upon activation [28].
TAMs constitute around 50% of the total cell population in this microenvironment, making
them the most abundant component. They secrete stimulatory or inhibitory signaling
molecules that manipulate growth during solid tumor progression [29–31].

The human immune response and inflammation lead to the secretion of inflammatory
mediators from cells to protect against external stimuli like infections or tissue damage.
However, this process can also promote chronic cancer cell death by inhibiting inflammatory
mediators like interleukin (IL)-4, IL-6, interferon (IFN)-γ, and transforming growth factor
(TGF)-β [13,32]. Tumor cells secrete matrix metalloproteases (MMPs) and proteolytic
enzymes, along with inflammatory cytokines, that degrade the extracellular matrix forming
the cellular scaffold and modulate the intra-tumoral environment [33,34].

Moreover, an inflamed microenvironment leads to the persistent activation of signal
transducer and transcription (STAT) proteins within cells, triggering further inflamma-
tion along with metastasis and neovascular synthesis in cancerous cells, exacerbating the
tumor [35]. Under normal conditions, STAT proteins play crucial roles in cell develop-
ment, differentiation, and survival. However, excessive activation of these same proteins
often underlies cancer development. An illustrative case of this phenomenon is the active
pathway of STAT3, extensively studied due to its overexpression across various cancer
cell types [36]. In an inflammatory microenvironment, tumor cells interact with IL-6 via
IL-6 receptors, leading to their conversion into phospho-STAT3 (p-STAT3), an activated
form [37]. P-STAT3 infiltrates the nucleus of tumor cells, upregulating metastasis and
neovascularization-related genes [38]. While advancements in early diagnosis technology
and anti-cancer drugs have led to a decrease in cancer mortality rates [39], cancer cell metas-
tasis remains the primary cause of death in cancer patients [40]. Thus, the development of
anti-cancer drugs inhibiting STAT3 activation is anticipated to offer therapeutic benefits by
curbing cancer cell metastasis and new blood vessel synthesis.

In addition, the activation of Bcl-2 family proteins such as Bax and Bcl-2 triggers the
direct apoptosis of tumor cells [41]. These activated Bax protein oligomers bind to the
mitochondrial outer membrane, inducing mitochondrial outer membrane permeabilization
(MOMP) [42,43]. This process allows apoptosome leakage from the mitochondria, subse-
quently activating cysteine-aspartic proteases (caspases) [44]. Among these, caspase-3 acts
as an effector caspase, inducing apoptosis by deactivating poly ADP-ribose polymerase
(PARP) in the nucleus of tumor cells, thereby hindering DNA repair [45]. Apoptosis is
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genetically regulated by infection and DNA damage, setting it apart from necrosis. In
the study of anti-cancer drugs, inducing apoptosis is crucial; unlike necrosis, it avoids
triggering additional inflammatory reactions. Consequently, only tumor cells are selectively
eliminated without causing harm to normal tissues [46].

Furthermore, cancer cell metastasis is a sequential process, progressing from primary
tumors to the development of new tumors in distant organs. Epithelial–mesenchymal
transition (EMT) is a theory closely associated with the early stages of this metastasis
process [47]. The initiation phase occurs when MMP-2 and MMP-9 are secreted by the pri-
mary tumor, enabling the infiltration of local tissues and blood vessels [48]. Consequently,
these infiltrated cancer cells gradually undergo a phenotypic change from epithelial to
mesenchymal cells, characterized by a decrease in the expression of the cell adhesion
molecule E-cadherin and an increase in the expression of N-cadherin, which weakens cell
adhesion [49,50]. EMT transforms solid tumor cells into mesenchymal cells, endowing
these newly transformed cells with enhanced mobility. This mobility allows detached
cancerous epithelial cells to enter circulatory systems like blood vessels and metastasize
to other organs. A notable feature of EMT is the conversion of cadherins, in particular an
increase in N-cadherin accompanied by a loss of E-cadherin [51].

Recent studies have actively pursued immuno-cancer research, with a focus on inves-
tigating anti-cancer activity by meticulously examining and enhancing tumor microenvi-
ronments. However, no research has reported on how mistletoe water extract activates
macrophages to improve the tumor microenvironment. Therefore, in this experiment, we
aimed to explore the potential of Korean mistletoe extract as an immune enhancer. We
sought to compare and investigate whether activated macrophages induce apoptosis more
effectively in triple-negative breast cancer cells while concurrently inhibiting EMT and
neovascular synthesis.

2. Materials and Methods

2.1. Reagents and Antibodies

The antibodies used in this study were obtained from multiple providers: Cell Sig-
naling Technology (CST, Danvers, MA, USA), Thermo Fisher Scientific (Waltham, MA,
USA), and BD Biosciences (Franklin Lakes, NJ, USA). The biotin anti-human IL-6 detection
antibody used for the enzyme-linked immunosorbent assay (ELISA) was procured from BD
Biosciences. For Western blot experiments, primary antibodies were supplied by CST, in-
cluding anti-mouse Bcl-2 (1:1000, Cat#15071), anti-rabbit Bax (1:1000, Cat#5023), anti-rabbit
caspase-3 (1:1000, Cat#9664), anti-rabbit cleaved caspase-3 (1:1000, Cat#9664), anti-rabbit
PARP (poly ADP-ribose polymerase, Cat#9532) (1:1000), anti-rabbit cleaved PARP (1:1000,
Cat#5625), anti-mouse STAT3 (Tyr705, 1:1000, Cat#9138), anti-mouse p-STAT3 (1:1000,
Cat#9145), anti-rabbit MMP-2 (1:1000, Cat#40994), anti-rabbit MMP-9 (1:1000, Cat#13667),
anti-rabbit E-cadherin (1:1000, Cat#3195), and anti-rabbit N-cadherin (1:1000, Cat#13116).
Cleaved caspase-3 (1:1000, Cat#700182) and β-actin antibodies (Cat#MA1-744) were ob-
tained from Thermo Fisher Scientific. For Western blot experiments, secondary antibodies
including anti-mouse IgG and horseradish peroxidase (HRP)-linked antibodies (Cat#7056)
as well as anti-rabbit IgG and HRP-linked antibodies (Cat#7074), were procured from
CST. In the immunofluorescence experiment, Alexa Fluor™ 488 goat anti-rabbit IgG (H+L)
served as the secondary antibody and was acquired from Thermo Fisher Scientific.

2.2. Manufacturing Mistletoe Water Extract

Korean mistletoe was harvested from oak trees in Kangwon-do, Korea. The botanical
verification was conducted by Professor Jon-Suk Lee from Seoul Women’s University, Korea,
and a voucher specimen (VCA101) was deposited at the College of Pharmacy, Sunchon
National University, Korea. Initially, 100 g of crushed samples containing dried mistletoe
leaves, stems, and branches (EV-MC6000, Everyhome Co., Busan, Republic of Korea)
were combined with distilled water in a proportion of four times the weight of the dried
sample. This mixture was gently agitated for a day within a shaking incubator operating at
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120 rpm and maintained at a temperature of 4 ◦C. Subsequently, the resulting supernatant
was separated via filtration using cotton material. The remaining residue underwent
two additional extraction cycles using the same quantity of distilled water, followed by
shaking. The obtained supernatant was then subjected to centrifugation at 4 ◦C for 20 min
at 4500 rpm utilizing a centrifuge (VS-550, Vision Co., Daejeon, Republic of Korea), and
then filtered using filter paper (No. 2, Advantec Toyo Roshi Kaisha, Ltd., Tokyo, Japan).
The filtered supernatant was freeze-dried and stored at −20 ◦C until it was ready for use.

2.3. Cell Culture

Human breast cancer cells (MDA-MB-231) and human mononuclear cells (THP-1)
were procured from the Korean Cell Line Bank (Seoul, Republic of Korea). Both cell lines
were cultivated in a RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS,
Gibco Co., Grand Island, NY, USA), 2.05 mM L-glutamine, and 1% antibiotics (100 U/mL
penicillin-100 μg/mL streptomycin). The cells were maintained in a controlled environment
at 37 ◦C in a 5% CO2 incubator (Sanyo, Osaka, Japan).

2.4. Cell Viability

The MTT (3-(4,5-dimethylthiazol-2-yl) assay was employed to evaluate the effect of
mistletoe extract on the viability of MDA-MB-231 cells and THP-1 cells. The MTT reagent
used for this assay was procured from Duchefa Biochemie (Haarlem, Netherlands). For
the MDA-MB-231 cells, a concentration of 1 × 104 cells/well was added to 96-well plates
(SPL Life Sciences Co., Ltd., Pocheon-si, Republic of Korea) and subsequently cultured at
37 ◦C for 24 h within a humidified 5% CO2 incubator (Sanyo) without mistletoe extract.
After removing the supernatant, mistletoe water extract was introduced, and the cells were
further cultured for either 24 h or 48 h. In the case of THP-1 cells, differentiation into
macrophages was achieved by treating the cells with phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich, St. Louis, MO, USA). The differentiated macrophages were then distributed
into a 100 mm cell culture dish and incubated at 37 ◦C for 48 h within a humidified
5% CO2 incubator (Sanyo). Afterward, the differentiated macrophages were washed
with phosphate-buffered saline (PBS, VWR Life Science, Radnor, PA, USA), followed
by an additional 48 h incubation with the same medium. The cells were subsequently
seeded into a 96-well plate at a concentration of 1 × 104 cells/well and exposed to various
concentrations (0.1–500 μg/mL) of mistletoe extract. To measure cell viability, 50 μL of MTT
solution (5 mg/mL) prepared in PBS was added to each well and allowed to incubate at
37 ◦C for 4 h. After the supernatant was removed and the formazan crystals were dissolved
using with 200 μL of dimethyl sulfoxide (DMSO), absorbance was assessed at 570 nm using
a microplate reader (Sunrise Technologies, Männedorf, Zürich, Switzerland).

2.5. MDA-MB-231/THP-1 Co-Culture Model

The co-culture of MDA-MB-231 cells and THP-1 macrophages was performed using
a Transwell system (Corning, NY, USA), utilizing both 6-well and 24-well plates. THP-1
cells, previously differentiated into macrophages, were introduced into the upper chamber
of the Transwell insert, which had a pore size of 0.4 μm. On the other hand, MDA-MB-
231 cells were added to the lower chamber of the Transwell system. The cells added to
their respective compartments were cultured and allowed to attach for a period of 24 h at
37 ◦C within a humidified 5% CO2 incubator (Sanyo). Following the attachment phase,
mistletoe water extract at various concentrations was introduced, and the co-culture was
continued for an additional 24 and 48 h. Subsequently, the MDA-MB-231 cells that were
attached to the lower chamber were recovered, and the supernatants were collected for use
in the subsequent experimental procedures. A schematic representation of the co-culture of
MDA-MB-231 and M0 macrophages is provided in Figure 1.
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Figure 1. MDA-MB-231/THP-1 M0 macrophage co-culture model using Transwell system. THP-1
monocytes were differentiated with PMA (10 ng/mL) for 48 h before being plated in the upper insert.
MDA-MB-231 cells were plated in the bottom chamber. Subsequently, both cell types were incubated
in the presence or absence of mistletoe water extracts.

2.6. Wound Healing Assay

MDA-MB-231 cells were plated in a 24-well plate at a concentration of 2 × 105 cells/mL.
They were then allowed to culture for 24 h, reaching a cell density of approximately 90%.
Following this incubation period, a gap of a certain size was created by gently scratching
the central portion of the cell monolayer on the plate using a sterile 200 μL pipette tip. The
scratched monolayer was subsequently washed twice with phosphate-buffered saline (PBS).
After the creation of the scratch, various concentrations of mistletoe water extract were
added to the wells, and the cells were further cultured for 24 and 48 h. During this time,
the extent of cell movement into the scratched area was observed and documented using
an optical microscope (Nikon, Tokyo, Japan). The resulting gaps caused by the migration
of cells were then quantified using Image J software (version 1.53e, National Institutes of
Health, Bethesda, MD, USA).

2.7. Migration Assay

To assess the migration of MDA-MB-231 cells, a 24-Transwell plate with an 8.0 μm pore
size was employed. Initially, M0 macrophages or RPMI with 10% FBS were introduced into
the Transwell chamber and incubated for 24 h at 37 ◦C in a 5% CO2 incubator (Sanyo). The
mistletoe water extract was diluted with serum-free RPMI, and 100 μL of the diluted extract
was added to the Transwell insert. MDA-MB-231 cells were suspended in the serum-free
RPMI 1640 medium and placed in the Transwell insert, where they were incubated for
either 24 or 48 h. For the visualization of cells that migrated through the filter and reached
the bottom surface of the insert, Giemsa staining was employed. Briefly, the residual
medium within the insert was removed, and the insert was washed twice with PBS (pH 7.4).
The cells were fixed at room temperature for 2 min using 3.7% formaldehyde. After two
washes with PBS to remove the formaldehyde, 100% methanol was added and incubated
for 20 min at room temperature. Following this, the insert was washed twice with PBS,
and a 0.4% Giemsa solution (Sigma-Aldrich) was added. The insert was further incubated
for 15 min at room temperature. After removing excess reagents with PBS, the cells on
the top surface of the insert were gently wiped away using a cotton swab. The insert was
then dried, and an optical microscope (Nikon) was used to count the number of cells that
had migrated.

2.8. ELISA

The quantification of secreted IL-6 from MDA-MB-231 cells and THP-1 M0
macrophages was performed using an ELISA kit (BD Biosciences), following the pro-
vided instructions. Initially, 100 μL of the capture antibody diluted in a coating buffer
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(0.1 M sodium carbonate, pH 9.0) was added to each well of a 96-well EIA/RIA plate
(Corning), and the plate was incubated at 4 ◦C for 24 h. Subsequently, the plate was washed
three times with a washing buffer containing PBS and 0.05% Tween-20. Then, a blocking
buffer consisting of PBS with 1% bovine serum albumin (BSA) was added to the wells
and allowed to incubate at room temperature for 1 h. After another three washes, the
cell supernatant and the standard solutions were added to the wells and incubated at
room temperature for 2 h. After an additional five washes with the washing buffer, the
detection antibody was added to the wells, and the plate was incubated in darkness for
1 h. Following this, equal volumes of 3,3′,5,5′-Tetramethylbiphenyl-4,4′-diamine (TMB)
Solution (0.4 g/L, Thermo Scientific, Cat#34021) and Peroxide Solution (0.02% hydrogen
peroxide in citric acid buffer, Thermo Scientific, Cat#34021) were mixed, and 100 μL was
added to each well; the plate was once again placed in darkness for an incubation of
30 min. After this incubation, 100 μL of 2 M sulfuric acid was introduced into the wells to
stop the reaction, and the absorbance was measured at a wavelength of 450 nm.

2.9. Cytokine Array

The qualitative analysis of human inflammatory cytokines was carried out following
the provided instructions using the Multi-analyte ELISArray kit (MEH-003A, QIAGEN,
Hilden, Germany). In this assay, each well of the ELISArray plate was loaded with the
assay buffer and 50 μL of the cell supernatant. The plate was then allowed to incubate at
room temperature for a period of 2 h. Following the incubation, the plate was subjected
to a series of washing steps, performed three times using a washing buffer to remove any
residual contents from the wells. Subsequently, 100 μL of the detection antibody was added
to each well, and the plate was once again incubated at room temperature for 1 h. After this
incubation, the plate was washed three times to ensure proper removal of excess detection
antibody. Next, 100 μL of avidin-HRP conjugate antibody was introduced to the wells,
and the plate was incubated in darkness for 30 min. Following this incubation, the plate
underwent four additional washing steps. Subsequently, 100 μL of the developing solution
was added to each well, and the plate was placed in darkness for an additional incubation
of 15 min. To stop the reaction, an equal volume of stop solution was added to each well.
The absorbance of the samples was measured at a wavelength of 450 nm using a microplate
reader (Sunrise Technologies).

2.10. Western Blotting

Cells were washed twice with PBS. To each well, 180 μL of radio-immuno preservation
assay (RIPA) buffer (Thermo Scientific) and 1.8 μL of protease and phosphatase inhibitor
cocktail (×100) (Thermo Scientific) were added. Centrifugation was performed at 4 ◦C for
20 min at 14,000 rpm. The total protein content was determined using the bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Scientific) following the manufacturer’s protocol.
The sample was mixed with sample loading dye (×5) (Chembio, Medford, NY, USA)
and heated at 100 ◦C for 5 min. The mixture was loaded into the wells of a 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) setup. The protein was
transferred from the gel to a polyvinylidene fluoride (PVDF) membrane filter (Merck
Millipore Ltd., Middlesex, MA, USA). The membrane was washed with tris-buffered saline
(TBS) containing 50 mM tris-Cl and 150 mM NaCl (pH 7.5) for 5 min. The membrane was
blocked with a solution of 5% (w/v) bovine serum albumin (BSA) (VWR Life Science) at
room temperature. The membrane was washed three times with TBS-T (TBS with 0.1%
Tween-20), and 10 μL of the primary antibody was diluted in 10 mL of blocking buffer,
added to the membrane, and incubated at 4 ◦C for 24 h. The membrane was washed
three times with TBS-T. The membrane was exposed to a horseradish peroxidase (HRP)-
conjugated secondary antibody at room temperature for 1 h. The membrane was washed
three times with TBS-T and the expressed protein was visualized using the Western Bright
ECL kit (Advansta Inc., San Jose, CA, USA).

510



Sci. Pharm. 2023, 91, 48

2.11. Immunofluorescence

MDA-MB-231 cells were attached to a 24-well plate containing a coverslip (12 mm,
SPL Life Sciences), and various concentrations of mistletoe water extract were added and
incubated for 48 h at 37 ◦C in a humidified 5% CO2 incubator (Sanyo). After washing
three times with PBS, 500 μL of 4% formaldehyde (pH 7.4) was added and incubated at
37 ◦C for 10 min to fix the cells. After washing three times, 0.1% Triton X-100 was added
and incubated for 15 min at room temperature. After washing three times, 500 μL of 2%
(w/v) BSA (VWR Life Science) was added and incubated at room temperature for 1 h. The
primary antibody was added and incubated at 4 ◦C for 24 h. After washing three times,
the secondary antibody was added and incubated for 45 min at room temperature. After
washing three times, DNA was stained with 4,6-diamidino-2-phenylindole (DAPI) for
20 min in the dark and observed with a fluorescence microscope (Nikon).

2.12. Statistical Analysis

All experiments were conducted in triplicate, and the results are presented as
means ± standard deviation (S.D.). Statistical analysis of the data was performed using
GraphPad software (version 7.00). Significant differences between groups were determined
using a one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison
tests for post hoc analysis. Statistical significance was defined as p < 0.05, p < 0.01, and
p < 0.001, indicating the level of significance for the observed differences between groups.

3. Results

3.1. Cell Viability

Different concentrations of mistletoe extract were introduced to the MDA-MB-231
human triple-negative breast cancer cell line and THP-1 human mononuclear cells that had
been differentiated into macrophages. Subsequently, the cells were incubated for either
24 h or 48 h, and their viability was assessed using the MTT assay (Figure 2). Through this
analysis, we determined that THP-1 macrophages exhibited a survival rate of over 80%
when treated with concentrations of 2 μg/mL or lower for both the 24 and 48 h groups. As
a result, we selected two specific doses for further experimentation.

(a) (b) 

Figure 2. Cytotoxic effect of mistletoe water extracts in (a) MDA-MB-231 and (b) THP-1 cells for 24
and 48 h. Both cell lines were exposed to various concentrations of mistletoe water extracts. Cell
viability was assessed using the MTT assay. Untreated control cell viability was set at 100%. Results
represent the means ± standard deviation (S.D.) of triplicate experiments.

3.2. Wound Healing and Migration Assay

For the wound healing assay, we first cut an arbitrary wound into the plate, treated it
with mistletoe water extract, then monitored cell movement towards the wounded area
over time (Figure 3). As a result, 61.1 ± 3.4% and 74.8 ± 3.8% of the wound area were
moved in the MDA-MB-231 cells treated with mistletoe at 0.1 μg/mL concentrations for
24 and 48 h, respectively, whereas the MDA-MB-231/THP-1 co-culture group was signifi-
cantly inhibited by 38.2 ± 3.4% and 57.9 ± 4.4% at 24 and 48 h, respectively. In addition,
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57.6 ± 3.3% and 68.9 ± 2.9% of the wound area were moved in the MDA-MB-231 group
treated with 2 μg/mL mistletoe for 24 and 48 h, respectively, whereas the MDA-MB-
231/THP-1 co-culture group was significantly inhibited by 36.7 ± 1.6% and 45.9 ± 4.8%
at 24 and 48 h, respectively (Figure 3d). Using the Transwell migration assay method, the
MDA-MB-231 or MDA-MB-231/THP-1 groups were added into the insert membranes with
pore sizes that cells can penetrate, and the number of breast cancer cells moving through
the membranes under mistletoe extract treatment was observed (Figure 4). As a result,
when mistletoe at a concentration of 0.1 μg/mL was treated for 48 h, 71.5 ± 5.3% of cells mi-
grated through the membrane in the MDA-MB-231 group compared to the control, whereas
60.0 ± 3.2% of cells migrated through the membrane in the MDA-MB-231/THP-1 co-culture
group compared to the control. When 2 μg/mL mistletoe was added for 48 h, 64.4 ± 2.8% of
cells migrated through the membrane in the MDA-MB-231 group compared to the control,
whereas 48.3 ± 2.4% of cells migrated through the membrane in the MDA-MB-231/THP-1
co-culture group.

  
(a) (b) 

 

(c) (d) 

Figure 3. Effects of Korean mistletoe water extracts on wound healing assay in MDA-MB-231 and
MDA-MB-231/THP-1 co-cultured cells. Following the creation of scratches on both cell groups,
various concentrations of Korean mistletoe water extracts (a) 0, (b) 0.1, and (c) 2 μg/mL were applied
immediately. Representative images from the wound healing assay were captured at 0, 24, and
48 h post-treatment. The closure of the wound area was observed under a light microscope (×40).
Additionally, (d) a quantitative bar graph of the closed wound area was generated using an image
analysis software (Image J). The results are represented as the mean ± standard deviation (S.D.). The
p-value indicates significant differences between MDA-MB-231 and MDA-MB-231/THP-1 co-cultured
cells (*** p < 0.001, ** p < 0.01, * p < 0.001).
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(a) (b) 

Figure 4. Effect of Korean mistletoe water extracts on Transwell migration assay in (a) MDA-MB-231
and (b) MDA-MB-231/THP-1 co-cultured cells. Mistletoe water extracts were applied at various
concentrations (0, 0.1, and 2 μg/mL) for 24 and 48 h. Migrated cells were observed using a light
microscope (magnification, ×100; scale bar, 100 μm). The number of migrated cells was quantified
using Image J software. Scale bars: 20 μm. The results are represented as the mean ± standard
deviation (S.D.). The p-value indicates significant differences between MDA-MB-231 and MDA-MB-
231/THP-1 co-cultured cells (** p < 0.01, * p < 0.001, ns: not significant).

3.3. Secretion of Inflammatory Cytokines

A quantitative and qualitative study was conducted by ELISA and cytokines array to
investigate if Korean mistletoe water extract may modulate the release of inflammation-
related cytokines produced by triple-negative breast cancer cells by activating macrophages.
Initially, MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured cells underwent treat-
ment with or without 100 ng/mL lipopolysaccharides (LPS); this process served to induce
the expression of inflammatory cytokines in MDA-MD-231 cells. Following treatment
with 0.1 and 2 μg/mL concentrations of Korean mistletoe water extracts for a period of
48 h, MDA-MB-231 cells, THP-1 macrophages, and MDA-MB-231/THP-1 co-cultured
cells underwent testing to quantify IL-6 expression through ELISA. Consequently, when
cells were not stimulated with LPS, MDA-MB-231 cells secreted 1501.5 ± 110.6 pg/mL
and MDA-MB231/THP-1 co-cultured cells secreted 1418.5 ± 80.4 pg/mL of IL-6. How-
ever, after exposure to 100 ng/mL LPS, MDA-MB-231 cells and MDA-MB-231/THP-1
co-cultured cells showed an elevated IL-6 expression of to1987.6 ± 65.7 pg/mL and
1847.9 ± 120.5 pg/mL, respectively. There was no significant difference in IL-6 expression
between the MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured cells. Following
this, when 0.1 μg/mL mistletoe water extract was administered to MDA-MB-231 cells, we
confirmed an IL-6 secretion level of 2053.1 ± 77.9 pg/mL, whereas MBA-MB-231/THP-1
co-cultured cells showed an IL-6 secretion level of 1503.2 ± 89.8 pg/mL. Additionally,
treatment of MDA-MB-231 cells with 2 μg/mL mistletoe water extract resulted in an IL-6
secretion of 1993.1 ± 71.6 pg/mL. However, in MDA-MB-231/THP-1 co-cultured cells, the
expression of IL-6 was significantly inhibited to 1447.6 ± 74.5 pg/mL (Figure 5). Moreover,
through qualitative analysis aimed at determining the regulation of cytokine expression, it
was observed that there was an increase in the expression levels of IL-4, TGF-β, and IFN-γ
in MDA-MB-231/THP -1 co-cultured cells compared to the MDA-MB-231 group (Figure 6).
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Figure 5. Effects of mistletoe water extracts on pro-inflammatory cytokine (IL-6) production in
LPS-stimulated MDA-MB-231 and MDA-MDA-MB-231/THP-1 co-cultured cells. Cells were treated
with or without various concentrations of mistletoe water extracts (0, 0.1, and 2 μg/mL) and LPS
(100 ng/mL) for 48 h. Cell supernatant was collected and assessed using an ELISA kit. The results
are represented as the mean ± standard deviation (S.D.). The p-value indicates significant differ-
ences between MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells (*** p < 0.001, ** p < 0.01,
ns: not significant).

 

(a) (b) 
 

(c)  

Figure 6. Effects of Korean mistletoe water extracts on (a) IL-4, (b) TGF-β, and (c) IFN-γ secre-
tion in MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells. Both cell groups were treated
with or without mistletoe water extracts (0 or 2 μg/mL) and LPS (100 ng/mL) for 48 h. Cell
supernatants were then collected and qualitative relative profiling of cytokine levels was mea-
sured using the Multi-Analyte ELISArray kit according to the manufacturer’s protocol. The results
are represented as the mean ± standard deviation (S.D.). The p-value indicates significant differ-
ences between MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells (*** p < 0.001, * p < 0.001,
ns: not significant).
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3.4. Expression of Apoptosis-Related Proteins

The apoptosis-related protein expressions were assessed in triple-negative breast
cancer cells upon administration of Korean mistletoe extract. Mistletoe water extract was
administered to MDA-MB-231 cells and MDA-MB-231 cells co-cultured with THP-1 cells for
a duration of 48 h, followed by conducting Western blot and immunofluorescence assays.
Western blot analysis measured the ratio of Bax and Bcl-2 proteins, which are proteins
that induce MOMP in mitochondrial outer membranes. When treated with 0.1 μg/mL
mistletoe extract, MBA-MB-231 cells and MBA-MB-231/THP-1 co-cultured cells showed no
significant difference in Bax/Bcl-2 protein ratio, compared to the controls. However, when
treated with 2 μg/mL mistletoe extract, the MDA-MB-231/THP-1 co-culture group showed
a protein ratio of 2.1 ± 0.1 times (Figure 7c). To determine if MOMP induced the activation
of caspase-3 protein to cleaved caspase-3, we measured the ratio of cleaved caspase-3 and
caspase-3 proteins via Western blot. Upon treatment with 0.1 μg/mL Korean mistletoe
water extract, no significant differences were shown in either group when compared to the
control. However, when treated with 2 μg/mL mistletoe extract, MDA-MB-231 cells and
MDA-MB-231/THP-1 co-cultured cells showed a cleaved caspase-3/caspase-3 protein ratio
of 1.6 ± 0.1 and 2.7 ± 0.1 times, respectively (Figure 7d). Therefore, the ratio of cleaved
caspase-3/caspase-3 protein was significantly increased in MDA-MB-231 cells co-cultured
with THP-1 cells compared to single-cultured MDA-MB-231 cells. We also assessed the
influence of cleaved caspase-3 on PARP protein deactivation through its transformation into
cleaved PARP. As a result, when treated with 0.1 μg/mL mistletoe extract, the expression
of cleaved PARP protein was 0.9 ± 0.1 times and 1.2 ± 0.1 times that of the control in
MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured cells, respectively. In addition,
when treated with 2 μg/mL mistletoe extract, the expression of cleaved PARP protein
was 0.9 ± 0.2 times and 1.4 ± 0.2 times that of the control in MDA-MB-231 cells and
MDA-MB-231/THP-1 co-cultured cells, respectively (Figure 7e). The immunofluorescence
staining confirmed the expression level of apoptosis proteins Bax, cleaved caspase-3, and
cleaved PARP; interestingly, the protein expression of Bax and cleaved-caspase-3 increased
dose-dependently in MDA-MB-231/THP-1 co-cultured cells (Figure 8a,b). However, there
were no significant differences in cleaved PARP expression in both MDA-MB-231 cells and
MDA-MB-231/THP-1 co-cultured cells, compared to the controls (Figure 8c).

3.5. Inhibition of STAT3 Activation

Unregulated STAT3 protein activation is frequently seen in cancer cells, and it is
involved in cell proliferation and differentiation, which leads to tumor malignancy [52].
Therefore, to confirm whether Korean mistletoe extract can inhibit STAT3 protein activation
in triple-negative breast cancer cells in the breast cancer microenvironment, Western blot
assay was performed by treating MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured
cells for 48 h with 0.1 and 2 μg/mL of Korean mistletoe extract (Figure 9a,b). The ra-
tio of the expression of the total STAT3 protein and the phosphorylated and activated
p-STAT3 protein was calculated and compared. When 0.1 μg/mL mistletoe was treated,
p-STAT3/STAT3 protein was expressed 0.9 ± 0.1 times and 1.13 ± 0.1 times more than
the control in the MDA-MB-231 and MDA-MB-231/THP-1 co-culture group, respectively,
and no significant difference was observed between the two groups. However, when
2 μg/mL mistletoe was treated, p-STAT3/STAT3 protein was expressed 1.2 ± 0.1 times and
0.7 ± 0.1 times in the MDA-MB-231 and MDA-MB-231/THP-1 co-culture group, respec-
tively, showing a significant difference in inhibiting the activation of the STAT3 protein
(Figure 9c).
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(a) (b) 

 
(c) (d) 

 

 

(e)  

Figure 7. Effects of Korean mistletoe water extracts on apoptosis-related protein expression in
(a) MDA-MDA-231 and (b) MDA-MB-231/THP-1 co-cultured cells using Western blot analysis. Both
cell groups were treated with mistletoe water extracts (0, 0.1 and 2 μg/mL) for 48 h, and their relative
protein expression levels (c) Bax/Bcl-2, (d) cleaved caspase-3/caspase-3, and (e) cleaved PARP were
quantified and presented using a bar graph. The results are represented as the mean ± standard
deviation (S.D.). The p-value indicates significant differences between MDA-MB-231 and MDA-MB-
231/THP-1 co-cultured cells (*** p < 0.001, ** p < 0.01, * p < 0.001, ns: not significant).
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(a) 

 
(b) 

 

 
 

(c) 

Figure 8. Representative images and quantitative bar graph of pro-apoptosis proteins using im-
munofluorescence staining. MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells were treated
with various concentrations of Korean mistletoe water extracts (0, 0.1, and 2 μg/mL) for 48 h. The
expressed proteins (a) Bax, (b) cleaved caspase-3, and (c) cleaved PARP were labeled with Alexa
Fluor™ 488 (green), while nuclear DNA was counterstained with DAPI (blue) then observed using
fluorescence microscope (magnification ×200). Fluorescence intensity was quantified using Image J
software. Scale bars: 20 μm. The results are represented as the mean ± standard deviation (S.D.). The
p-value indicates significant differences between MDA-MB-231 and MDA-MB-231/THP-1 co-cultured
cells (*** p < 0.001, ** p < 0.01, * p < 0.001, ns: not significant).
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(c)  

Figure 9. Inhibitory effects of Korean mistletoe water extract on STAT3 activation in (a) MDA-MB-
231 and (b) MDA-MB-231/THP-1 co-cultured cells. After treatment with Korean mistletoe water
extracts at concentrations of 0, 0.1, and 2 μg/mL for 48 h, Western blot analysis was conducted.
(c) The quantification bar graph represents the ratio of p-STAT3/STAT3 protein expression. Each bar
represents the mean ± standard deviation (S.D.) of experiments performed in triplicates. The p-value
indicates significant differences between MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells
(** p < 0.01, ns: not significant).

3.6. Inhibition of MMP-2 and -9 Expression

MMP-2 and MMP-9 are enzymes released by the metastatic cancer cell line MDA-
MB-231 that tear down the extracellular matrix, a barrier surrounding the cell that allows
tumor cells to migrate to neighboring organs [53]. We confirmed the suppression of MMP-2
or MMP-9 expression through Western blot and immunofluorescence assays after treat-
ing MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured cells for 48 h with 0.1 and
2 μg/mL of mistletoe extract (Figure 10a,b). As a result, when MDA-MB-231 and MDA-MB-
231/THP-1 co-culture groups were treated with 0.1 g/mL mistletoe extract, no significant
difference in MMP-2 protein expression was found. However, when 2 μg/mL mistle-
toe was treated, MMP-1 protein was expressed 0.9 ± 0.1 times and 0.4 ± 0.2 times less
in the MDA-MB-231 and MDA-MB-231/THP-1 co-culture group, respectively, showing
a significant difference in inhibiting the MMP-1 protein expression (Figure 10a). Simi-
larly, when MDA-MB-231 and MDA-MB-231/THP-1 co-culture groups were treated with
0.1 g/mL mistletoe extract, no significant difference in MMP-9 protein expression was
found. On the other hand, when 2 μg/mL mistletoe was treated, MMP-1 protein was
expressed 0.7 ± 0.1 times and 0.4 ± 0.1 times less in the MDA-MB-231 and MDA-MB-
231/THP-1 co-culture group, respectively, showing a significant difference in inhibiting
the MMP-9 protein expression (Figure 10b). In addition, immunofluorescence revealed
a significant inhibition of expression in the MBA-MB-231/THP-1 co-culture group upon
treatment with 2 μg/mL mistletoe water extract (Figure 11).
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(a) (b) 

Figure 10. Inhibitory effects of mistletoe water extract on MMP-2 and MMP-9 expression in (a) MDA-
MB-231 and (b) MDA-MB-231/THP-1 co-cultured cells. Both groups were treated with mistletoe
water extracts (0, 0.1, and 2 μg/mL) for 48 h, and their relative protein expression levels were
quantified and presented using a bar graph. Each bar represents the mean ± standard deviation
(S.D.) of experiments performed in triplicates. The p-value indicates significant differences between
MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells (*** p < 0.001, * p < 0.001, ns: not significant).

 
(a) (b) 

Figure 11. Representative images from immunofluorescence staining of (a) MMP-2 and (b) their
quantitative bar graph. MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells were treated with
various concentrations of Korean mistletoe water extracts (0, 0.1, and 2 μg/mL) for 48 h. The expressed
proteins were labeled with Alexa Fluor™ 488 (green), while nuclear DNA was counterstained with
DAPI (blue) then observed using a fluorescence microscope (magnification ×200). Fluorescence
intensity was quantified using Image J software. Scale bars: 20 μm. The results are represented
as the mean ± standard deviation (S.D.). The p-value indicates significant differences between
MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells (* p < 0.001, ns: not significant).
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3.7. Effect on EMT Marker Expression

Through the regulation of related proteins, epithelial–mesenchymal transition (EMT)
converts epithelial cells into an invasive and metastatic state. E-cadherin and N-cadherin
are recognized as the markers for this transformation, where E-cadherin is a suppressor and
N-cadherin an activator [54]. To evaluate whether mistletoe could inhibit the metastasis of
breast cancer cells by modulating the expression of cadherin protein, 0.1 and 2 μg/mL of
mistletoe extract was added to MDA-MB-231 cells and MDA-MB-231/THP-1 co-cultured
cells and incubated for 48 h. As a result, E-cadherin, an EMT-inhibiting protein, was
expressed 1.7 ± 0.2 times more than the control in MDA-MB-231/THP-1 co-cultured cell
when treated with 0.1 μg/mL mistletoe extract; however, there was no significant difference
in MDA-MB-231 cells. When 2 μg/mL of mistletoe was treated, E-cadherin protein was
expressed 1.4 ± 0.1 times and 2.5 ± 0.3 times more than the control in the MDA-MB-231
and MDA-MB-231/THP-1 co-culture group, respectively, showing a significant difference
between the two groups (Figure 12).

 
(a) (b) 

Figure 12. Effects of Korean mistletoe water extracts on regulating EMT markers in (a) MDA-MB-
231 and (b) MDA-MB-231/THP-1 co-cultured cells using Western blot analysis. Both cell groups
were treated with mistletoe water extracts (0, 0.1, and 2 μg/mL) for 48 h, and their relative protein
expression levels were quantified and presented using a bar graph. The results are represented
as the mean ± standard deviation (S.D.). The p-value indicates significant differences between
MDA-MB-231 and MDA-MB-231/THP-1 co-cultured cells (*** p < 0.001, ** p < 0.01, * p < 0.001).

In addition, the expression of N-cadherin, a protein that induces EMT, was confirmed
via Western blot. When 0.1 μg/mL of mistletoe was treated, N-cadherin protein was
expressed 1.3 ± 0.2 times and 0.9 ± 0.1 times more compared to the control in the MDA-
MB-231 and MDA-MB-231/THP-1 co-culture group, respectively, showing a significant
difference between the two groups. In the case of 2 μg/mL mistletoe treatment, N-cadherin
protein was expressed 1.2 ± 0.1 times and 0.4 ± 0.1 times more compared to the control
in the MDA-MB-231 and MDA-MB-231/THP-1 co-culture group, respectively, showing a
significant difference between the two groups (Figure 12).
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4. Discussion

Breast cancer is a major problem for women worldwide, accounting for around one-
quarter of all female cancer cases [39,55,56]. Breast cancer treatment often entails targeting
particular receptors such as ER, PR, and HER2, inducing pharmacological reactions that
result in cell death. Developing medications that successfully attack triple-negative breast
cancer, on the other hand, provides a distinct difficulty. This subtype, which affects around
10% to 20% of patients, lacks the typical receptors ER, PR, and HER2 [16]. The only ther-
apy presently approved by the Food and Medication Administration (FDA) in the United
States is a medication that inhibits the expression of programmed death-ligand 1 (PD-L1)
in triple-negative breast cancer [48]. To make things worse, triple-negative breast can-
cer is notorious for its high recurrence rates and disease spread to distant organs, both
of which contribute considerably to death rates [40]. To prevent any further complica-
tions, the primary treatment for triple-negative breast cancer involves surgical surgery,
radiation therapy, and non-specific chemotherapy [20]; however, these chemotherapeutic
procedures—utilizing highly cytotoxic drugs—are associated with a wide range of side
effects. These adverse reactions in turn diminish the quality of life among patients suffering
from triple-negative breast cancer [18]. Therefore, discovering medications that precisely
suppress triple-negative breast cancer without causing adverse effects is emerging.

Mistletoe, a medicinal plant widely distributed throughout Europe and Asia, serves
as a complementary agent for anti-cancer drugs that increase apoptosis in cancer cells,
decrease cancer mortality, and lessen drug adverse effects [1,3]. Recent studies have
shown that mistletoe water extract promotes cell-mediated immunity to tumor cells by
protecting monocytes DNA and stimulating immune cells such as macrophages as well
as direct cytotoxicity to cancer cells [57]. The bone marrow produces monocytes, which
then differentiate into macrophages; these macrophages undergo further differentiation,
dependent on various environmental factors, which enable them to perform dual functions
within the tumor microenvironment. In general, macrophages use cell-mediated immune
responses to kill cancer cells, mediate phagocytosis, and cause vascular damage and
necrosis of tumors; however, in a malignly established tumor microenvironment, cancer
cells survive, proliferate angiogenesis, and their immune avoidance contributes to cancer
progression and metastasis [58]. In recent immuno-cancer studies using macrophages,
methods of manipulating macrophages to enhance anti-cancer activity or blocking the
access of macrophages to tumors have been mainly proposed. This study confirms that
mistletoe water extract holds potential as an immuno-cancer drug for treating triple-
negative breast cancer by manipulating the function of macrophages.

When we treated mistletoe extract on MDA-MB-231 cells, a triple-negative breast
cancer cell, for 48 h, the 50% inhibitory concentration (IC50) was 20 μg/mL. According to
the plant screening system of the National Cancer Institute (NCI) in the United States, the
crude extract of plants is considered to be cytotoxic in vitro when IC50 is less than 20 μg/mL
after 24–72 h culture [59]. Our results are similar to those of Goda et al., who conducted
prior studies on the cytotoxicity of mistletoe extracts in MDA-MB-231 cells [60]. Therefore,
we considered mistletoe water extract as a potential cytotoxic drug for triple-negative
breast cancer. Furthermore, when mistletoe extracts were treated on THP-1 cells (human
mononuclear cell lines), our findings revealed a survival rate of more than 80% at dosages
less than 2 μg/mL. Mishra et al. confirmed that the mistletoe water extract for THP-1
cells showed a survival rate of about 60% at 2 g/mL [61], which differed slightly from our
findings. However, this might be because Mishra et al. employed Viscum articulatum and
did not differentiate THP-1 cells into macrophages, which differs from our work.

Cancer cells secrete inflammatory mediators; these are a significant factor in tumor
progression [32]. For instance, in the case of triple-negative breast cancer-secreting cytokines
such as IL-4, IL-6, IFN-, and TGF-β, it is these that cause chronic inflammation within this
specific microenvironment. The over-expression of such inflammatory cytokines results
in accelerated metastasis, alongside neovascularization and cancer cell infiltration [62].
The inflammatory cytokine, IL-6, which plays a pivotal role in cancer progression through
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the activation of the JAK2/STAT3 signaling pathway [48], has been found to associate
STAT3-activated cancer cells with survival and differentiation, metastasis, and infiltration,
as well as an increase in EMT [18]. This study’s results revealed that when THP-1 cells
(differentiated into macrophages) and MDA-MB-231/THP-1 co-cultured cells were treated
with 0.1 and 2 μg/mL Korean mistletoe water extract, there was a significant reduction
in IL-6 secretion compared to that seen in MDA-MB-231 cells. Additionally, we studied
the JAK2/STAT3 signaling pathway using Western blotting. When we treated the MDA-
MB-231/THP-1 co-cultured cells with mistletoe extract at a concentration of 2 μg/mL, it
significantly reduced p-STAT3 protein expression. Choi et al. reported through their studies
on complex plant extracts that they inhibit STAT3 activation within MDA-MB-231 cells;
such inhibition further suppresses IL-6 production in cancer cells [17]. Based on this report,
we can assume that Korean mistletoe extract actively reduces the secretion of IL-6 in MDA-
MB231 cells by inhibiting the activation of STAT3 between tumor cells and macrophages.
Faggioli et al. [63] observed an increase in IL-6 expression within MDA-MB231 cells via
nuclear factor kappa (NF-kB)-light-chain enhancer pathway in parallel studies [63], and
Suarez-Crevo et al. [64] suggested that the increase in p38, which is a mitogen-activated
protein kinase (MAPK) signaling subgroup, and extracellular signal-regulated kinases
(ERK1/2) mediated IL-6 expression in MDA-MB-231 cells [64]. However, since this study
cannot confirm whether mistletoe water extract affects IL-6 expression in MDA-MB-231
cells by targeting molecules other than STAT3 in MDA-MB-231 cells, it is necessary to
study other signaling proteins closely related to inflammatory cytokines. In addition,
expressions of IL-4, TGF-β, and IFN-γ were qualitatively analyzed using the Multi-Analyte
ELISArray kit (Qiagen) to find out what immune regulation Korean mistletoe extract is
involved in between MDA-MB-231 and macrophages. As a result, the expression of the anti-
inflammatory cytokines IL-4 and TGF-β increased in the MDA-MB-231/THP-1 co-culture
group compared to the MBA-MB-231 cell culture group. It was reported that TGF-β reacts
with TGF-β receptor 1 to activate the formation of reactive oxygen specifications (ROS) in
cells through the TGF-β/Smad pathway, which activates the suppressor of mothers again
(Smad) protein, resulting in the activation of mitochondria, cytochrome c, caspase-9, and
finally caspase-3 [65,66]. Since ELISArray confirmed that TGF-β increased expression in the
MDA-MB-231/THP-1 co-culture group compared to the MDA-MB-231 cell culture group,
we expected that apoptosis targeting mitochondria in triple-negative breast cancer cells
would increase in the co-culture group. Also, it was reported that IFN-γ is involved when
M0 macrophages are differentiated into M1 macrophages [67]. Based on these facts, we
can assume that Korean mistletoe extract can differentiate M0 macrophages into M1 via
initiating IFN-γ expression. However, a follow-up study is needed.

Aside from direct apoptosis, the mechanism of tumor cell death produced by the
component of mistletoe water extract is linked to immune cell activation, namely natural
killer cells (NK cells), lymphocytes, and macrophages [67–69]. Clinical investigations
have indicated that immune cells triggered by mistletoe water extracts react directly or
indirectly to tumor cells, inhibiting tumor cell proliferation and improving patient survival
rates [12,70]. Therefore, we investigated whether the activation of human macrophage
THP-1 by Korean mistletoe water extract could induce apoptosis in MDA-MB-231 cells
through cell-mediated immunity. MDA-MB-231 cells and the MDA-MB-231/THP-1 co-
culture group were each exposed to Korean mistletoe water extracts at concentrations of
0.1 and 2 μg/mL for a duration of 48 h. It was observed that in the MDA-MB-231/THP-1
co-culture group at a concentration of 2 μg/mL, there was a significant augmentation in
the Bax/Bcl-2 protein expression ratio compared to the MDA-MB-231 cell culture group,
indicating a significant increase in the initiation of apoptosis.

Additionally, we hypothesized that mistletoe could release apoptosomes into the
mitochondria’s cytoplasm, through Bcl-2 family regulation, which leads to caspase-3 acti-
vation. Typically, caspase-3 exists in the cytoplasm in an inactive form, and when cleaved
by caspase-9 or other proteases, it is activated when the active site is exposed [71]. To
compare and analyze the degree of activation of caspase-3 in this study, the ratio of cleaved
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caspase-3 was confirmed. When 2 μg/mL mistletoe extract was treated, the expression of
cleaved caspase-3 increased significantly in the MDA-MB-231/THP-1 co-culture group.
From this result, it can be said that mistletoe can regulate Bax and Bcl-2 proteins leading to
an increase in MOMP, resulting in caspase-3 activation.

Apoptosis is caused when cleaved caspase-3 cuts and inactivates PARP, which aids
in the repair of damaged DNA in tumor cells’ nuclei. Therefore, increasing cleaved PARP
induces apoptosis in tumor cells [72].

In this study, cleaved PARP expression increased in both the 0.1 and 2 μg/mL mistletoe-
treated MDA-MB-231/THP co-culture group. However, the expression of cleaved caspase-3
increased only in the 2 μg/mL mistletoe-treated MDA-MB-231/THP-1 co-culture group.
There was a correlation between the increase in cleaved caspase-3 and cleaved PARP, but it
was not proportional. This could be explained by a previous study indicating that cleaved
caspase-3 enters the nucleus through active transport in the nuclear pore complex rather
than through simple diffusion. Furthermore, active nuclear transport of cleaved caspase-
3 is dependent on morphological changes in the nucleus caused by various apoptotic
triggers and transport proteins that carry out active nuclear transport [73]. Also, Cui
et al. reported that the cutting of PARP during apoptosis was performed by calpain, a
calcium-dependent protease, rather than caspase-3, by inducing p53 genes and caspase-9
in breast cancer cell lines [74]. Based on the findings, it is possible to explain why there
was an increase in cleaved PARP expression even though there was no significant rise in
cleaved caspase-3 when mistletoe water extract at 0.1 g/mL was treated. The mechanism
by which mistletoe extract induces apoptosis in MDA-MB-231 cells is likely to cleave PARP
and trigger apoptosis through pathways other than caspase-3.

At each stage of metastasis, breast cancer epithelial cells are polarized into endothelial
cell phenotypes through the progress of EMT, increasing mobility, and a loss of E-cadherin
and an increase in N-cadherin are observed at the molecular level [75,76]. In addition,
MMPs are involved in the process of cancer cells breaking down and invading the extra-
cellular matrix. Among various types of MMPs, MMP-2 and MMP-9, with the activity of
breaking down gelatin, are secreted to the cell surface and locally decompose the extra-
cellular matrix that binds to the cell membrane, making the cell motile [77]. Because the
findings imply that the mobility of cancer cells is connected to the level of MMP expression,
investigations on cancer metastasis inhibition targeting MMPs are being conducted [78–80].
Therefore, in this study, when mistletoe water extract was treated on MDA-MB-231 cells
and MDA-MB-231/THP-1 co-cultured cells, the difference in mobility inhibition between
the two groups was compared via wound healing and Transwell migration assay. Also, to
validate the suppression of metastasis of triple-negative breast cancer cells, the regulation
of E-cadherin and N-cadherin, and the inhibition of MMP-2 and MMP-9 expression, were
confirmed. Firstly, the MDA-MB-231 cell culture group and the MDA-MB-231/THP-1 co-
culture group were attached to a plate or membrane insert, and then the mobility inhibition
of MDA-MB-231 cells was observed after they were treated with mistletoe extract. It was
confirmed that the co-culture group significantly inhibited the movement to the wound
area compared to the MDA-MB-231 cell culture group. The mobility of MDA-MB-231
attached to the insert membrane was inhibited by mistletoe extract, dose-dependently.

To compare the inhibition of metastasis between the two groups due to the regulation
of cell movement-related protein expression at the molecular level, an EMT marker that
regulates the mobility of cancer cells within the tumor microenvironment was observed
through Western blot analysis. First, when the expression of E-cadherin, an EMT inhibitor,
was observed, there was a significant increase in expression in the MDA-MB-231/THP-1
co-culture group compared to the MDA-MB-231 cell culture group. In addition, expres-
sion of the EMT product, N-cadherin, was considerably reduced in the co-culture group
compared to the single culture group. Therefore, it was confirmed that mistletoe water
extract can inhibit the EMT of MDA-MB-231 cells at the molecular level by activating THP-1
macrophages. Furthermore, the comparison of Western blot results between the two groups
revealed a significant inhibition in the expression of MMP-2 and MMP-9. Following 48 h of
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treatment with mistletoe water extract at a dosage of 2 μg/mL, both MMP-2 and MMP-9
were considerably suppressed in the MDA-MB-231/THP-1 co-culture group. Therefore, it
was confirmed at the molecular level that mistletoe water extract can inhibit metastasis by
inhibiting the stage of local infiltration of tissue by activating THP-1 macrophages and in-
hibiting the expression of MMP-2 and MMP-9 in MDA-MB-231 cells through cell-mediated
immunity. The observed effects on EMT markers and MMPs provide valuable insights
into the potential mechanisms underlying mistletoe water extract’s anti-metastatic proper-
ties. These findings align with previous research indicating the anti-cancer properties of
mistletoe extracts and highlight its potential as a therapeutic agent in the field of metastatic
breast cancer [81].

According to the findings of this research, Korean mistletoe water extract inhibits
triple-negative breast cancer cells by enhancing the human immune system via activating
macrophages. In particular, we could confirm apoptosis which induced MOMP in triple-
negative breast cancer cells through cell-mediated immunity of activated macrophages.
In addition, we looked into the STAT3 pathway and also the regulation of cancer cell mo-
bility by controlling numerous inflammation-related cytokines. However, further studies
are needed to determine whether mistletoe can influence the immunity of breast cancer
subtypes other than triple-negative breast cancer cells. We also need to determine how
macrophages were activated and which component in mistletoe extract contributes to this
activation. Lastly, the subject of whether mistletoe influences other immune cells in the
human body, such as natural killer (NK) cells, remains unanswered, thus further study
is needed.
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Abstract: Prostate cancer (PCa) is the most common malignant tumor of the male urinary system
in Europe and America. According to the data in the World Cancer Report 2020, the incidence rate
of PCa ranks second in the prevalence of male malignant tumors and varies worldwide between
regions and population groups. Although early PCa can achieve good therapeutic results after
surgical treatment, due to advanced PCa, it can adapt and tolerate androgen castration-related drugs
through a variety of mechanisms. For this reason, it is often difficult to achieve effective therapeutic
results in the treatment of advanced PCa. Tanshinone is a new fat-soluble phenanthraquinone
compound derived from Salvia miltiorrhiza that can play a therapeutic role in different cancers,
including PCa. Several studies have shown that Tanshinone can target various molecular pathways
of PCa, including the signal transducer and activator of transcription 3 (STAT3) pathway, androgen
receptor (AR) pathway, phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) pathway, and mitogen-activated protein kinase (MAPK) pathway, which
will affect the release of pro-inflammatory cytokines and affect cell proliferation, apoptosis, tumor
metabolism, genomic stability, and tumor drug resistance. Thus, the occurrence and development of
PCa cells are inhibited. In this review, we summarized the in vivo and in vitro evidence of Tanshinone
against prostate cancer and discussed the effect of Tanshinone on nuclear factor kappa-B (NF-κB),
AR, and mTOR. At the same time, we conducted a network pharmacology analysis on the four main
components of Tanshinone to further screen the possible targets of Tanshinone against prostate cancer
and provide ideas for future research.

Keywords: prostate cancer; Tanshinone; mTOR; Apoptosis; NF-κB

1. Introduction

1.1. Current Status of PCa

PCa is the most common malignant tumor in the urinary system of men in Europe
and the United States. According to the data of the World Cancer Report 2020, the number
of new cases of PCa registered globally was 1,414,259, ranking second in the prevalence
of male malignant tumors [1], with the highest incidence in Oceania and North America,
followed by Europe. Rates in Africa and Asia are lower than in developed countries. In
PCa, the incubation period is very long and is usually diagnosed in older men. At the
time of diagnosis, about 90% of PCa is organ-confined or locally advanced [2,3]. Localized
PCa is treated with active monitoring and local radiotherapy or resection of the prostate to
achieve good treatment effects, but with the progression of the disease, advanced PCa can
only be treated with surgery or chemical castration of androgen deprivation therapy (ADT),
but most patients develop ADT resistance and progress to castration-resistant PCa (CRPC)
in about 18 to 36 months, and once progress to CRPC is made, existing drugs and methods
are often difficult to obtain effective results [4]. At the same time, the treatment of advanced
PCa is still troubled by the highly toxic side effects of synthetic drugs [5]. Therefore, there
is an urgent need to develop a new drug that is safe, effective, affordable, and easy to
manufacture to treat androgen-independent PCa (AIPC). In recent years, natural products
from fungi, plants, and animals for medical trends are emerging. Medicinal plants used for
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the purpose of health care in the world have increased dramatically. This is mainly because
they have definite efficacy and low toxicity. In fact, more than half of the currently available
drugs come from natural products [6].

1.2. The Basic Introduction of Tanshinone

Tanshinone is the fat-soluble component of the active ingredient of Salvia miltiorrhiza.
Since the Japanese scholar Nakao first isolated Tanshinone IIA from salvia miltiorrhiza
and identified its chemical structure in 1934, with the development of clinical applica-
tion of salvia miltiorrhiza and the progress of extraction and separation technology in
traditional Chinese medicine, the specific composition of Tanshinone has gradually be-
come clear. So far, more than 40 Tanshinones have been isolated from salvia miltiorrhizae,
among which the most important ones are Tanshinone I (TsI), Tanshinone II A (Ts II A),
Dihydrotanshinone I (DHTI) and Cryptotanshinone (CYT) (Figure 1) [7,8]. The main pre-
cursor of Tanshinone biosynthesis is geraniyldiphosphate (GPP), which is derived from
mevalproic acid and the 2-c-methyl-d-erythritol 4-phosphate pathway. GPP is eventually
converted into Tanshinone through a series of downstream enzymes involved in various
steps of catalytic biosynthesis [9,10]. Tanshinone has powerful pharmacological effects with
anti-inflammatory, antioxidant stress, and anti-metabolic syndrome, and its water-soluble
derivative, Tanshinone SODIUM IIA sulfonate, has been widely used in the clinical treat-
ment of cardiovascular diseases [11]. Interestingly, more and more studies have reported
the anti-tumor potential of Tanshinone, and previous studies have shown that Tanshinone
can inhibit the proliferation, metastasis, and progression of various cancer cells (includ-
ing PCa) by regulating transcription and growth factors, inflammatory cytokines, and
intracellular signaling pathways [12,13]. Interestingly, a growing number of studies report
the effects of Tanshinone on PCa cells. These studies shed light on their mechanisms of
action and their potential as anti-PCa drugs. Here, we review the available evidence for
Tanshinone against PCa and the molecular targets of its action.

 

Figure 1. Chemical structures of four Tanshinone monomers.

1.3. Comparison of Main Components of Tanshinone

Tanshinones are uniquely characterized by the presence of 14,16-ether D rings, such
as CYT and DHTI, but this heterocycle is usually further converted to furan, as in TsI
and TsIIA [14,15]. Tanshinone generally consists of four rings, including naphthalene or
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tetrahydronaphthalene rings A and B, a normal or paraquinone or lactone ring C, and a
furan or dihydrofuran ring D [15,16]. Just as A, B, C, and D rings as shown in the above
figure (Figure 1). Obviously, although the molecular skeleton of the four main components
of Tanshinone is similar, the groups, group positions, and double bond positions are
slightly different.

Secondly, there are some differences in the pharmacokinetics of Tanshinone in vivo,
but generally speaking, all Tanshinones, whether oral administration, intravenous adminis-
tration, subcutaneous injection, or conventional delivery, all have the characteristics of short
half-life and low bioavailability [17,18]. Interestingly, there seems to be a certain synergistic
effect among the components of Tanshinone. Multiple components of Tanshinone given
together can improve the bioavailability of some components, such as Tanshinone IIA
and Tanshinone I, which indicates that drug interactions occur among the components of
Tanshinone [19]. Tanshinone pharmacokinetics have been well summarized in previous
work [20,21]. In addition, the metabolism of different types of Tanshinone in vivo is also
different. It is reported that the metabolism of Tanshinones mainly depends on their satura-
tion and substituents in their skeletons. For example, the main metabolic pathway of CYT
with saturated A and D rings is dehydrogenation; DHTI with saturated D rings is mainly
metabolized by D ring hydrolysis; and hydroxylation is the main metabolic pathway of
TsIIA with saturated A rings [22].

In addition, there are differences among Tanshinone components in terms of antitu-
mor pharmacological characteristics, and the conformational relationships show that the
pharmacological effects of Tanshinone depend mainly on its D-ring (furan/dihydrofuran)
and steroidal structure [14,23], and it has been reported that during the antitumor response,
DNA molecules bind to the phenanthrene ring structure of Tanshinone, which in turn
affects the synthesis of tumor DNA, while the furan ring and steroidal structure also gener-
ate free radicals, which in turn impede DNA synthesis in tumor cells [24,25]. In addition,
the antioxidant effect of Tanshinone is also dependent on the D-ring, and changes in the
structure of the D-ring can often affect the antioxidant capacity of Tanshinone. For example,
Tanshinone containing the dihydrofuran D-ring has a stronger antioxidant capacity than
those containing the furan D-ring [26], which is also reflected in the antitumor pharma-
cological effect. TsIIA’s tumor suppressive effect, for example, is primarily dependent on
the PI3K/AKT/mTOR signaling pathway and the JNK pathway, whereas CYT is more
dependent on State3-mediated anti-tumor effects and has stronger immunomodulatory
effects than the other three components [27–29].

In addition, the antitumor potency of Tanshinone components differed among them,
and the potency (either induction of apoptosis, inhibition of invasion, or inhibition of
proliferation) among the components of Tanshinone was reported to be TsI > TsIIA > CYT
in all three prostate cancer cell lines, whether DU145, PC3, or LNCaP [30], which may be
partly due to the stronger anti-vascular activity of TsI. In addition, CYT appears to have a
stronger anti-androgenic effect, but interestingly, the toxic effect of CYT on DU145 is more
enhanced than that of LNCaP [31], suggesting that CYT may be more dependent on other
pathways in prostate cancer.

1.4. Tanshinone and PCa

In a recent population-based retrospective study of 40,692 men diagnosed with PCa,
the protective effect of salvia miltiorrhiza on PCa was confirmed by a 5–10% increase in
survival rates among men who took salvia miltiorrhiza compared with those who did not.
This protective effect is positively correlated with the dose and time of salvia miltiorrhiza
use [32]. However, unfortunately, there is only one study on clinical evidence of salvia
miltiorrhiza and PCa at present, and in this study, the experimenters also did not further
verify whether the intake of salvia miltiorrhiza could inhibit the occurrence of castration-
resistant PCa, the occurrence of biochemical recurrence of PCa after radical prostatectomy,
and the increase in the aggressivity of PCa.
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However, there are many in vitro studies on Tanshinone and PCa cell lines. Human
PCa cells: LNCaP, PC3, DU145, and 22RV1, which are commonly used as cell models for
PCa in vitro experiments, have different characteristics, respectively. For example, LNCaP
has functional ARs, so it is sensitive to androgen and secretes prostate-specific antigen
(PSA). 22RV1 cells were androgen-sensitive but not androgen-dependent and showed low
aggressiveness.PC3 cells do not depend on androgens, are highly invasive, and have a
strong potential for metastasis.DU145 cells are also androgen-independent cells with strong
proliferation ability but only moderate metastasis ability [33]. In these in vitro experiments,
the researchers pretreated PCa cell lines with varying biological characteristics with a
specific concentration of Tanshinone and then used various modern molecular biological
methods to identify proteins involved in the cell cycle, apoptosis, growth, and metastasis.
Finally, they confirmed that Tanshinone in vitro by adjusting the related protein expression
and signaling pathway in PCa cells induced the stagnation of the cell cycle and apoptosis,
inhibiting metastasis and invasion of tumor cells (Figure 2). We put the current relevant
Tanshinone in vitro effect on Pca-related research summarized in Table 1.

 

Figure 2. Effect of Tanshinone on prostate cancer. induced by Tanshinone are noted by using →,
while the inhibition represented by � symbol.

Similarly, in vivo experiments with Tanshinone against PCa are also under way. In
the experiments, the researchers transplanted human PCa cells (LNCaP, PC3, and 22Rv1)
subcutaneously or in situ into immunodeficient mice that did not reject human cells to
establish animal models. Finally, it was confirmed that Tanshinone could effectively inhibit
the growth of tumors in vivo, whether injected orally or subcutaneously/intraperitoneally.
It is worth noting that in the current animal experiment, it has not been observed that the
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activity of Tanshinone on other organs and tissues, except tumor tissues, has toxic effects.
Table 2 summarizes the current state of Tanshinone and PCa in vivo research.

Table 1. Tanshinone and PCa in vitro.

Compound Dose Cell Mechanism Reference

TsIIA 0, 1.25, 2.5, 5,
10 uM LNCaP Cell cycle arrest and apoptosis are induced by the activation

of P53 (dose-dependent). [34]

TsIIA 5 μM PC-3 Induced autophagy and apoptosis [35]
TsIIA 20 umol/L LNCaP, PC3 enhancing the effect of the anti-tumor activity of cisplatin. [36]

TsIIA 0, 40, 80 μM PC-3 Inducing autophagy by up-regulated expression of
microtubule-associated protein light chain 3 (LC3) II [37]

TsIIA 10, 25, 50 uM LNCaP, PC-3 inducing mitochondrial-dependent cell apoptosis by
inhibiting PIK3/AKT [38]

TsIIA 2.5, 5 μg/ml LNCaP Induced apoptosis and induced cell cycle arrest by
endoplasmic reticulum stress [39]

TsIIA — LNCaP Cell proliferation was inhibited by inhibiting the AR signal. [40]

TsIIA — — Maspin expression was induced, AR expression was
inhibited, and apoptosis was induced. [41]

TsIIAD 2.5 μM PC3 Binding NQO1 protein causes cell cycle arrest and apoptosis. [42]

CYT 10 umol/L DU145 Apoptosis was induced and the expression of isomucin was
inhibited by inhibiting the PI3K/AKT signaling pathway. [43]

CYT 10 μM LNCaP, 22Rv1,
and PC3

The activity and expression of AR were inhibited by
inhibiting LSD1-mediated H3K9 demethylation. [44]

CYT 1.0 ug/ml DU145 To activate Fas-mediated apoptosis [45]

CYT 0.5 μM LNCaP, 22Rv1 Cell proliferation was inhibited by inhibiting AR expression
and activity. [46]

CYT 1.5 μM LNCaP Tumor-initiating cells are influenced by down-regulating dry
gene expression. [47]

CYT 5, 10 μM DU145, LNCaP,
and PC-3

Inhibiting HIF-1 and AEG-1 inhibits angiogenesis and
induces cell cycle arrest and apoptosis. [31]

CYT 10 μM PC3 Cell proliferation is inhibited by decreasing the stability and
expression of DNA topoisomerase 2. [48]

CYT 5 uM 22Rv1 and PC-3 AR expression and activity were reduced, and MMP9
secretion was also reduced. [49]

CYT 0–40 μM DU145 Apoptosis was induced by inhibiting phosphorylation of
mTOR and Rb. [50]

CYT 7 μmol/L DU145 Inhibition of STAT3Tyr705 and its upstream tyrosine kinase
induces cell cycle arrest and apoptosis. [51]

TsI 20, 40, 80 μM PC-3, DU145 Apoptosis is induced by upregulation of microRNA135A-3p
and death receptor 5. [52]

TsI 3–6 μM PC-3, LNCaP, and
DU-145

inhibiting angiogenesis and inducing apoptosis by
down-regulating AuroraA expression. [30]

DHT 5–10 μM PC-3, DU145, and
22Rv1 inhibiting EMT by inhibition of the CCL2/STAT3 axis [34]

DHT 0.1 ug/mL and
1.5 ug/mL DU145 Inducing cell cycle arrest by activating the ER pathway [53]

TsD 3, 6, 12 μM PC3, LNCAP Inducing cell cycle arrest and apoptosis [54]

TsD 2 μM LNCaP, C4-2 AR expression and activity were reduced, and cell
proliferation was slowed. [55]

SME 3.125, 12.5, 25 and
50 μg/mL DU-145 Cell cycle arrest and apoptosis are mediated by P53 [56]

SME 20 μg/ml PC-3, LNCaP, and
DU-145 Inducing cell cycle arrest and apoptosis [57]

TsIIAN — PC-3 and DU145 Induction of apoptosis [58]
SMEN — LNCap Inducing apoptosis and up-regulating ROS in cells [59]
NCDT — LNCaP Enhancing toxicity of doxorubicin [60]
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Table 2. In animal study of Tanshinone and PCa.

Animal Models Dose Delivery Way Result Reference

22Rv1 allograft
mouse model

CYT (5 mg/Kg) and
CYT (25 mg/Kg)

Intraperitoneal injections were
given every two days for

four weeks.

Tumor growth was inhibited in
both the low-dose and

high-dose groups.
[46]

PC-3 allograft
mouse model TsI (150 mg/kg) Tube feeding, once a day, for

2 weeks

Tumor weight (67%) and
intratumor blood vessels (80%)

were reduced.
[30]

PC-3 allograft
mouse model SME (100 mg/kg) Oral and tube feeding, once a

day, for 6 weeks
The incidence and weight of

tumors were reduced. [57]

LNCaP allograft
mouse model TsIIA (25 mg/kg) Orally, once daily for 6 weeks Tumor growth and the expression

of AR were inhibited. [40]

PC-3 allograft
mouse model CYT (10 mg/kg) Intraperitoneal injection, once

a day

Tumor weight (46.4%) and
intratumor blood vessels

were reduced.
[31]

DU-145 allograft
mouse model SME (500 mg/kg) Orally, once daily for 2 weeks Tumor growth was inhibited [56]

PC-3 allograft
mouse model TsD (60 mg/kg)

Subcutaneous injections were
given every two days for

18 days
Tumor growth was inhibited [54]

LNCaP allograft
mouse model TsIIA (60 or 90 mg/kg)

Subcutaneous injections were
given every two days for

13 days

Tumor weight (86.4%)
was reduced. [39]

CWR22Rv1
allograft mouse

model
CYT (25 mg/kg)

Intraperitoneal injections were
given 3 times per week for

4 weeks
Tumor metastasis is inhibited. [49]

LNCaP allograft
mouse model NCDT (5 mg/Kg) It was injected once every two

days for 18 days.
To enhance the toxicity of

Doxorubicin [60]

Note: Tanshinone I (TsI), Tanshinone II A (TsIIA), Tanshinone II B (TsIIB), Dihydrotanshinone I (DHT), Cryptotanshinone
(CYT), Tanshinone derivatives (TsD), Tanshinone IIA derivatives (TIIAD), TsIIA nanoparticles (TsIIAD), Nanoparticles
containing doxorubicin and Tanshinone (NCDT), Nanoparticles synthesized from salvia miltiorrhiza extract (SMED).

2. Tanshinone as a Potential Anti-Cancer Agent for PCa

2.1. Tanshinone-Induced Stagnation of the PCa Cell Cycle

A normal cell cycle is essential for homeostasis and normal development of an organ-
ism, and dysregulation of this system often leads to uncontrolled cell proliferation, leading
to the occurrence of tumors [61]. The progress of the cell cycle depends on the regulation
of various cyclins, cell cycle-dependent protein kinases (CDK), and CDK inhibitors. In
mammals, the normal progress of the cell cycle is carefully edited with the expression of
different cyclin proteins in characteristic cell cycle stages as the center of the molecular
mechanism, and they are assembled with specific CDKs to promote the phosphorylation
of the retinoblastoma tumor suppressor (Rb) so as to promote the cell cycle to the next
stage [62,63]. Therefore, in order to maintain their own biological characteristics (uncon-
trolled proliferation), tumor cells induce protein expression of cell cycle progression and
the genes encoding the cell cycle inhibitors are missing, or there is inactivation of cell
cycle regulators such as Rb and P53 [64,65]. Interestingly, current publications suggest that
Tanshinone can significantly inhibit PCa proliferation by inducing PCa cell cycle arrest. The
mechanism is that Tanshinone can significantly reduce cyclinD1, A, and E (cyclinD1, A, and
E) in PCa cells [34,51,54,56], which seems to be partly due to Tanshinone’s ability to directly
inhibit the phosphorylation of the pro-proliferative signaling pathway STAT3Tyr705 in
PCa cells [51]. Tanshinone also has a significant ability to relate to CDK family-relative
proteins in PCa cells. Previous studies have shown that Tanshinone can not only inhibit
the expression of CDK in PCa cells but also increase the activation and expression of CDK
inhibition (P21, P27, p16) by promoting the phosphorylation of Ser15 residues of p53 [34,59].
It can also significantly inhibit the hyperphosphorylation of Rb in PCa cells [54], which
seems to be caused to some extent by Tanshinone increasing ROS in PCa cells [35,66]. In
addition, the normal of the cell cycle also depends on other factors of the adjustment.
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These factors are not only for genomic stability and integrity maintenance, which is very
important, but they also participate in the spindle and maintain normal mitosis of the
structure of the adjustment. It is interesting to note that, according to the existing literature,
Tanshinone and its derivatives in PCa cells also show the effect on the regulation of these
factors. including: stasis and DNA damage-inducing protein (GADD45A), polo-like kinase
1 (PLK1), and checkpoint-related protein [54].

2.2. Tanshinone-Induced Apoptosis of PCa Cells

According to reports, tumor progression frequently means apoptosis and proliferation
imbalances, which are related to apoptosis signaling molecules and proteins that scientists
are concerned about [67,68]. Interestingly, previous studies have shown that Tanshinone in-
duces apoptosis in PCa cells by altering the balance between the expression of pro-apoptotic
and anti-apoptotic proteins in the b-cell lymphoma-2 (bcl-2) family [34,35,38,50,51,55–58].
Secondly, caspase containing cysteine is a key enzyme for performing apoptosis, and
caspase-3 is a key executor of apoptosis in mammalian cells [68]. Studies have shown that
Tanshinone can significantly induce its expression and phosphorylation in PCa. It also
significantly increases the activation and expression of caspase-8 or-9 upstream promot-
ers [34,35,38,50,51,55–58]. The regulation of these proteins by Tanshinone is partly due to
the inhibition of the pi3k/akt pathway and MAPK pathway and the expression of hypoxia
stress factor 1 (HIF-1) in PCa cells [38,45]. In fact, Tanshinone also has a significant effect on
the regulation of ROS and LC3II in PCa cells for the process [36]. In addition, Tanshinone
induces apoptosis of PCa cells by other mechanisms. As the report goes, Tanshinone
activates mitochondrial-dependent apoptosis of PCa cells by inhibiting the expression of
mitochondrial protective Bcl-2 family protein Mcl-1 by inducing the cleavage of ADP ribose
polymerase (PARP), promoting the release of cytochrome c from the mitochondria to the
cytoplasm and reducing mitochondrial membrane potential. which seems to be partly
due to the inhibition of pik3/Akt in PCa cells [38]. Similarly, Tanshinone derivatives also
have the same pharmacological effects. In the experiments conducted by Wang et al., they
found that Tanshinone derivatives induce PCa cell apoptosis by regulating p53, ERK1, BAX,
P38, Bcl-2, caspase-8, cleavedcaspase-8, and PARP1, and significantly affect the phospho-
rylation of ERK1 and P38 in P38 [54]. Second, Tanshinone has been shown to induce ER
stress pathway apoptosis in PCa cells by increasing the expression of key proteins of ER
stress pathway apoptosis, such as glucose regulatory protein 78 (BIP/GRP78), ER stress
sensor (IRE1-) and its downstream target CAAT/enhancer binding protein homologous
protein/growth arrest and DNA-damage-inducing gene 153 (gadd153/cho) [48,53]. In
addition, Tanshinone has been reported to up-regulate Fas sensitivity of PCa cells and
promote Fas (APO1/CD95) mediated apoptosis of PCa cells by inhibiting phosphorylation
of Janus kinase (JAK) and p38MAPK [45]. In addition, Tanshinone has been shown to be an
effective sensitizer of tumor necrosis factor-associated apoptosis-inducing ligand (TRAIL)
to enhance TRAIL-mediated apoptosis, which seems to be related to Tanshinone activation
of mir135A-3p mediated up-regulation of death receptor 5 (DR5) in PCa cells [52].

2.3. Tanshinone-Induced Motility Inhibition of PCa Cells

Metastasis of tumor cells is often one of the main causes of death in patients. Previous
studies have shown that prostate cancer can metastasize through a variety of mechanisms.
Among these are the secretion of matrix metalloproteinases (MMPs) to dissolve the ex-
tracellular matrix, the promotion of angiogenesis, the recruitment of some cytokines and
chemokines, and so on [69,70], which pose significant challenges to clinicians’ diagnosis
and treatment. Fortunately, existing literature shows that Tanshinone can act as an effective
inhibitor of the metastasis and invasion of PCa cells. In the experiment of WuCY et al.,
Tanshinone inhibits the translocation of phosphorylated STAT3 and protein expression
of P-STAT3 and Skp2 in PCa cells in a dose-dependent manner, resulting in inhibition of
the translation and transcription of RhoA and SNAI1 genes in PCa cells, which results in
reduced invasiveness of PCa cells [35]. Interestingly, inhibition of this pathway also has a
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significant impact on the ability of PCa cells to recruit macrophages. Inhibition of this path-
way will lead to reduced secretion of related cytokines in PCa cells [32], including CCL2,
CCL5, interleukin-1 receptor antagonists (il-1ra) and intercellular adhesion molecule-1,
which are significantly associated not only with PCa metastasis but also with the ability to
recruit macrophages of Pca [71,72]. In addition, literature has shown that Tanshinone has
a significant pharmacological effect of inhibiting angiogenesis in PCa cells, which seems
to be related to the inhibition of hif-1 expression induction of vascular endothelial growth
factor and its receptor in PCa cells by Tanshinone intervention [30,31]. Similarly, Tanshi-
none derivatives also have significant inhibitory effects on the metastasis and invasion of
PCa cells. In the experiment of Wang et al., they found that Tanshinone derivatives can
reduce the expression of protein molecules related to metastasis and invasion in PCa cells,
including MMP-1, MMP-9, and VEGF-1 [54].

2.4. Tanshinone Maintains Gene Stability of PCa Cells

Tanshinone also regulates the expression of epigenetic-modification-related genes
in PCa cells. Among 84 epigenetic-modification-related genes in PCa cells treated with
Tanshinone (mainly TsI), the expression of 32 genes was down-regulated [30], including
AuroraA kinase, DNA methyltransferase, histone acetyltransferase, histone deacetylase,
Lysine (K)-specific demethylase, and protein arginine methyltransferase. The PCa cells
treated with CYT and TsIIA only had the expression of AuroraA kinase inhibited. However,
previous studies have shown that epigenetic disorders such as histone modification and
DNA methylation contribute to the initiation and progression of PCa. AuroraA kinase is a
key mitotic regulator required to maintain chromosome stability [73], and its overexpression
often indicates a higher degree of malignancy in tumors. In addition, Tanshinone has been
reported to be significantly associated with the down-regulation of astrocyte elevating
gene 1 (AEG-1) in PCa cells [31], which is involved in the regulation of multiple signaling
pathways in cancer cells, including PI3K/Akt, NF-κB, Wnt/-catenin, and MAPK. They
synergistically promote the oncogenic and metastatic potential of transformed cells [74].
In addition, Tanshinone can reduce the transcription and translation of topoisomerase
2A in PCa cells [52], which is critical for genomic stability and replication. Interestingly,
Tanshinone has been reported to regulate the activity and elongation of the RNA-binding
protein HuR and telomerase. This coordinates mRNA stabilization and translation [75–78],
which is critical for inflammation and tumor progression.

In fact, the antioxidant capacity of Tanshinone also plays a significant role in main-
taining the genetic stability of prostate cancer cells. Although this has not been confirmed,
studies have shown that oxidative stress can often damage DNA molecules, leading to the
occurrence of tumors [79]. However, the specific antioxidant activity of Tanshinone is that
it can effectively inhibit the interaction between DNA and intracellular lipid peroxidation
products, thereby stabilizing DNA molecules [80]. However, the current research does not
pay attention to the influence of Tanshinone on the factors and pathways related to oxida-
tive stress in prostate cancer cells. Secondly, the special skeleton structure of Tanshinone
also has an effect on the stability of DNA. It is reported that the Tanshinone D ring can
bind to the small grooves in DNA molecules, thereby stabilizing DNA molecules [23,25]. In
addition, the regulatory effect of Tanshinone on microRNAs in prostate cancer cells seems
to be involved in this process. After all, microRNAs are closely related to gene expression
and synthesis, and mutations of microRNAs often lead to cancer [81,82]. Unfortunately,
although Tanshinone has been proven to be able to regulate microRNAs in other cancer
cells [27,83], the current study has not confirmed the regulatory effect of Tanshinone on
microRNAs in prostate cancer cells. Based on the fact that microRNA not only plays a key
role in the process of gene expression and synthesis but also has significant significance
in maintaining the malignant behavior of cancer cells, future research should also pay
attention to the regulatory effect of Tanshinone on microRNA in prostate cancer cells. In
conclusion, the current research is limited. Although laboratory data have confirmed that
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Tanshinone has the ability to stabilize the genetic stability of prostate cancer cells, there is
no exact evidence and the corresponding mechanism is not clear.

2.5. Tanshinone Reverses Multidrug Resistance in PCa

Tanshinone also has a regulatory effect on multidrug resistance (MDR) of tumor cells,
and MDR is the main factor for clinical chemotherapy failure. Although chemotherapy
is not recommended as a first-line treatment for PCa in the early stages of the disease,
it is often recommended as a first-line treatment for PCa in the advanced stages [84,85].
Existing literature shows that Tanshinone can adjust the genes associated with MDR
(P glycoprotein, topoisomerase, lung resistance protein expression) to reverse the drug
resistance of tumor cells to chemotherapy drugs [86]. Although this has not been confirmed
in PCa, it is interesting to note that after Tanshinone pretreatment, the toxic effects of
cisplatin and azithromycin on PCa increased [36,60]. In addition, tumor stem cells are also
considered to be one of the key factors in the occurrence of MDR [87]. It is noteworthy
that Tanshinone has also shown a regulatory effect on tumor-initiating cells in PCa. In
an experiment, YingZhang et al. found that Tanshinone can regulate the expression of
prostatic cancer cell globogenesis and stem cell genes (Nanog, OCT4, SOX2, -catenin,
CXCR4) and simultaneously change the cell proliferation, cell cycle state, migration, and
colony formation of prostate tumor-initiating cells (CD44 + CD24-population) [57]. This
could be because Tanshinone significantly reduced Bmi1 gene expression and protein levels
(key regulators of stem cell self-renewal and malignant transformation) [88].

Tanshinone can prevent the occurrence of MDR in prostate cancer cells by down-
regulating the genes related to the occurrence of MDR and inhibiting the tumor-initiating
cells closely related to the occurrence of MDR. It is worth noting that Tanshinone can also
greatly improve the adverse reactions caused by radiotherapy and chemotherapy [89].
Research shows that Tanshinone can significantly improve the organ nerve loss caused
by radiotherapy and chemotherapy [89,90]. Therefore, based on the current research, we
believe that Tanshinone combined with radiotherapy and chemotherapy in the treatment
of drug-resistant prostate cancer will become a possibility. However, the current research
is limited, and the specific mechanism of Tanshinone enhancing the toxic reaction of
chemotherapy drugs to prostate cancer is still unclear, so further research is needed.

2.6. Tanshinone Changes the Metabolic Process of PCa

Tanshinone has also been reported to regulate the metabolic process of PCa. Existing
publications show that the expression of some genes related to steroid and cholesterol
biosynthesis in PCa cells treated with Tanshinone (mainly Tanshinone IIA) is significantly
reduced [91], including methylsterol monooxygenase 1 (MSMO1/SC4MOL), squalene
monooxygenase (SQLE), ATP-binding box subfamily G member 1 (ABCG1) and preprotein
invertase subtilin kexin9 (PCSK9s). Although this has not been proven to be associated
with tanshoneinhibition of PCa, it is worth mentioning that Tanshinontong changes the way
tumor cell metabolism works, including down-regulating the enzymes involved in glucose
uptake and metabolism in cancer cells (especially those related to glycolysis), affecting the
energy metabolism of tumor cells, and then inducing apoptosis of cancer cells [92,93].

It is reported that in the process of progression, tumors often change their metabolism
to quickly obtain energy or synthesize substances they need [94]. This process is critical
for prostate cancer. Previous studies have shown that advanced prostate cancer may be
more dependent on lipid metabolism. The expression of genes related to lipid synthesis
in advanced prostate cancer cells is significantly higher than that in early prostate cancer
cells [95,96]. Prostate cancer increases the synthesis of its own lipids in this way, thereby
providing more abundant raw materials for androgen synthesis so as to tolerate the low
level of androgen brought on by castration treatment [96,97]. Therefore, regulating the
metabolism of prostate cancer has significant significance for the treatment of prostate
cancer. As evidenced based on appeal, the metabolic rearrangement of Tanshinone on
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prostate cancer cells should also be paid attention to in future research. The molecular
mechanism involved should also be further explored.

3. Molecular Targets of Tanshinone Action

3.1. Tanshinone and NF-κB

NF-κB is a multipotent transcription factor responsible for regulating cell signaling and
various biological processes, such as immune response, inflammation, cell transformation,
cell proliferation, angiogenesis, cancer invasion, and metastasis [98]. This factor can be
activated by a variety of signals, including growth factors, protein kinases, oxidative stress
inducers, mitogens, pro-inflammatory cytokines, and chemokines (TNF-, Il-1, Il-8, Il-6,
CXCL12), and environmental stress factors [98,99]. In addition, NF-κB has been proven to
be significantly related to the occurrence and progression of PCa. During the development
of PCa, NF-κB can promote the survival, invasion, angiogenesis, metastasis, and chemical
resistance of cancer cells by inducing pro-survival genes (such as bcl-2 and bcl-xl), pro-
inflammatory cytokines, and vascular growth factors [100,101]. Second, IκB kinase -α
(IKKα) and IκB kinase -β (IKKβ) signaling molecules upstream of the NF-κB signaling
pathway can directly affect AR activity via phosphorylation and induce the expression
of the constitutive active AR splicing form (AR-v7), which is one of the key factors in
PCa castration resistance and drug resistance [102,103]. Interestingly, available laboratory
data have long shown that Tanshinone inhibits cancer cell growth and progression by
inhibiting the overactivation of NF-κB in cancer cells [104,105], although this has not yet
been demonstrated in PCa cells. Tanshinone has been shown to inhibit the secretion of NF-
κB activating factors such as interleukins, vascular cell adhesion molecule-1 (VCMM-1), and
intercellular adhesion molecule-1 (ICAM-1) as well as monocyte chemoattractant protein 1
(MCP-1) and tumor necrosis factor (TNF-α). It can also directly inhibit the phosphorylation
of upstream molecules by IB kinase-IKK and IKK and simultaneously induce degradation
of IKK and IKK. It can also inhibit the NF-κB pathway by decreasing the expression
levels of toll-like receptor (TLR), myeloid differentiation factor 88 (MyD88), transferrin 6
(TRF6), and other proteins involved in the NF-κB signaling pathway and directly inhibiting
the activation and expression of NF-κB [106–108]. It is noteworthy that Tanshinone can
inhibit the activity of COX2 and play a significant inhibitory role in the transcription and
expression of COX2 by acting similarly to non-steroidal anti-inflammatory drugs [108–110],
while the prostaglandins generated by COX2-mediated production not only have a direct
nourishing effect on PCa cells [111]. It also acts as an effective activator of NF-κB

Inflammation is essential for the occurrence and development of all kinds of cancers,
including prostate cancer. The signal pathway most closely associated with the inflamma-
tory response is NF-κB. It not only promotes the onset and progression of prostate cancer
but also has a clear crosstalk relationship with androgen receptor signals. In fact, it has
crosstalk with most signal molecules in the cell. Therefore, based on the current laboratory
data, targeting NF-κB is probably a promising treatment [112]. Tanshinone can inhibit the
occurrence and progression of prostate cancer by virtue of its excellent ability to regulate
inflammation and NF-κB. Unfortunately, current studies have not confirmed the effects of
Tanshinone on inflammatory cytokines and the NF-κB pathway in prostate cancer cells.
Therefore, future studies should pay attention to the regulation of inflammation-related
molecules and signaling pathways in prostate cancer.

3.2. Tanshinone and AR

Androgen is very important for PCa. It is reported that testosterone, after binding
to hormone ligands, is transferred to the nucleus and combined with androgen response
elements (ARE) located in the promoter region of genes involved in cell proliferation
and escape from apoptosis to promote the growth and development of PCa cells. It
can also promote the growth and development of PCa by activating other extracellular
signaling pathways that crosstalk with androgen signaling pathways [113,114]. Androgen
deprivation therapy (ADT) is widely used as a first-line treatment method for metastatic
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androgen-dependent PCa. However, accept the ADT after treatment of PCa, often in
about two years into a more aggressive PCa (CRPC) [4]. Previous views that CRPC
does not depend on the nourishment effect of androgens; however, recent laboratory
evidence suggests that CRPC still relies on androgen to nourish them either by synthesizing
more bioactive androgen through themselves and the adrenal cortex or by increasing the
expression of ARs and inducing them to mutate into a more active form to tolerate low
androgen levels induced by castration therapy [115–117]. Therefore, inhibition of androgen
nourishing effects is of great significance for the treatment of PCa.

Interestingly, Tanshinone inhibits androgen signaling through a variety of mecha-
nisms. Cryptotanshinone has been reported to have a chemical structure similar to di-
hydrotestosterone (DHT), the most effective androgen for AR activation, and can bind
to AR receptors as a competitive antagonist of DHT, thereby inhibiting DHT-mediated
AR trans-activation [46]. Tanshinone also has a significant regulatory effect on the ex-
pression and activity of AR. According to current published reports, Tanshinone can not
only directly inhibit the expression of AR [34,40], but also increase the monomethyl and
dimethylation of lysine 9 (H3K9) of histone H3 by targeting the lysine-specific demethylase
1 (LSD1) complex. In addition, AR activity and expression can be inhibited by inhibiting
AR N and C terminal dimerization and the formation of an AR-regulator complex [46,55],
and reducing the availability of AR by overexpressing heat shock protein (Hsp90) can be
changed [30], and it also has a regulatory effect on ARE [46]. Tanshinone, by regulating
ARE, can inhibit the transcriptional regulation of AR signaling to its target genes. In addi-
tion, Tanshinone also regulates AR receptor mutations. In a study by Liu et al., Tanshinone
IIA and its derivatives not only significantly inhibited AR expression but also acted as
effective inhibitors of AR receptor mutations, thereby inhibiting AR receptor mutations [41].
Furthermore, it also has a certain regulatory effect on androgen secretion. Previous studies
have shown that Tanshinone can not only regulate the expression of key enzymes related
to androgen biosynthesis but also regulate extracellular signal-regulated kinase (ERK)/C-
FOS/17, 20-lyase (CYP17), leading to androgen biosynthesis levels being down [118,119].
However, it is worth noting that, in addition to having similar pharmacological effects,
Tanshinone has other advantages over existing anti-male drugs. As reported, Tanshinone
derivatives can significantly inhibit AR trans-activation mediated by 17-estradiol (E2) and
androgen-5–Δene-3, 7-diol (Δ5-androstenediol or Adiol) [55]. E2 and Adiol are natural
hormones in PCa cells. Because current adt-related drugs do not target these two natural
hormones, and because they have the characteristics of converting to testosterone and even
acting as effective activators of the AR signaling pathway, they are significantly associated
with drug resistance and castration resistance in PCa [120,121]. Secondly, in a clinical trial,
LinTH et al. found that although the use of enzaluamide and bicaluamide could lead to
the reduction of the primary tumor and PSA, the invasion of PCa cells was significantly
enhanced, while the use of Tanshinone could not only achieve the reduction of the primary
tumor and PSA but also inhibit PCa cell invasion to a certain extent [53]. Similarly, for
other steroid receptors present in PCa, Tanshinone has been reported to inhibit prostatic
stromal and epithelial proliferation by down-regulating estrogen receptorα (ERα) [122].
Interestingly, ER is limited to basal cells and stromal cells of the prostate epithelium [123].
It is associated with mitogen-activated protein kinase (MAPK) activity and maintenance of
the phosphoinositol 3-kinase (PI3K) signaling pathway in PCa [124].

In short, the occurrence and progression of prostate cancer are inextricably linked to
the nourishing effect of androgens. Even if it is CCRP, inhibiting the nourishing effect of
androgen in prostate cancer is still the primary purpose of endocrine therapy for prostate
cancer. Therefore, as previously described, Tanshinone has a significant inhibitory effect not
only on androgen biosynthesis but also on the expression and synthesis of various proteins
and genes related to the androgen pathway. Tanshinone has been shown to be more effective
than some anti-androgenic drugs because, when compared to these anti-androgenic drugs,
Tanshinone not only achieves the same effect but also inhibits prostate cancer cell metastasis.
In fact, compared with traditional antiandrogenic drugs, the inhibition of the androgen-
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mediated signaling pathway by Tanshinone is multi-pathway and multi-target. These data
once again confirm the possibility of Tanshinone as an anti-prostate drug.

3.3. Tanshinone and mTOR

mTOR is a conserved and universally expressed serine-threonine kinase. In mammals,
it is usually assembled with Raptor, rictor, lst8, and msin1 to form two catalytic subunits
of different protein complexes (mTORC1 sensitive to rapamycin and mTORC2 insensitive
to rapamycin) and participates in a variety of signal pathways in vivo to regulate cell
proliferation, autophagy, and apoptosis. Among them, mTORC1 is the most important.
mTORC1 not only consists of three core components: mTOR, regulatory-associated protein
of mTOR (raptor), and mammalian lethal with SEC13 protein 8 (mlst8), but also contains
two inhibitory subunits: 40 kDa proline-rich Akt substrate (PRAS40) and regulatory-
associated protein of mTOR (deptor) [125,126]. Here, we mainly review the regulatory
effect of Tanshinone on mTORC1.

In terms of assembly, Tanshinone can not only directly inhibit the expression and
phosphorylation of mTOR so that it interferes with the assembly of the mTORC1 sub-
unit [23], but also inhibit the promotion of mTORC1 assembled catalyst and stabilizer (heat
shock protein 90) [30,127,128]. In terms of activity, the activity of mTORC1 is regulated by
growth factors, cell energy, stress, and nucleotides, and the lysosome is the main site of
its activation [126,129]. In fact, the activity of mTORC1 is mainly related to the tuberous
sclerosis complex (TSC), which can inactivate Ras homolog enriched in the brain (rheb) (an
important activator of mTORC1), thereby inhibiting mTORC1 [130]. Interestingly, the exist-
ing literature shows that Tanshinone can inhibit not only the expression of growth factors
and their receptors [131] but also the expression of rheb [132]. In addition, the activity of
mTORC1 is also regulated by the energy sensor AMP-dependent kinase (AMPK). AMPK
can promote the inhibition of rheb by TSC by stimulating the gap activity of TSC, resulting
in the down-regulation of mTORC1 [133,134], which means that activating AMPK in cancer
cells can affect mTORC1 to a certain extent. Interestingly, Tanshinone has been shown to
inhibit the mTORC1-mediated signal pathway by activating the AMPK-TSC2 axis [135].
Sestrins negatively regulate mTORC1 signaling through GATOR2/Rag and its components,
SESN1 and SESN2, can directly bind to complex and AMPK, resulting in AMPK activation
and autophosphorylation in a p53-dependent manner. This stimulates AMPK-mediated
TSC2 phosphorylation to negatively regulate mTORC1 signaling [136,137]. Previous liter-
ature shows that Tanshinone induces the expression of BECN1 and SESN2 proteins in a
dose-dependent manner and then induces autophagy in osteosarcoma cells [138]. It also
regulates the upstream gene p53 of the SESN2 protein. Secondly, the down-regulation of
pyruvate dehydrogenase kinase 4 (PDK4) has also been reported to lead to the inactivation
of mTORC1 [139], and Tanshinone is known as an inhibitor of PDK4, which means that
the inhibition of mTORC1 activity by Tanshinone may be partly due to the inhibition
of PDK4 [140]. In addition, mitogen-activated protein kinase (MAPK) downstream of
the growth factor receptor can also up-regulate mTORC1 activity. MAPK-related signal
molecules can promote the activation of mTORC1 through the phosphorylation of Rap-
tor. For example, MEK1/2 can not only phosphorylate Raptor but also promote Raptor
phosphorylation through ERK1/2 and P90 ribosomal S6 kinase (RSK1/2). This increases
mTORC1 activity [141,142]. Secondly, RAS and RAF kinases, key molecules in the MAPK-
mediated signal pathway, also regulate the activation of its upstream signal molecule,
PI3K [143,144]. In fact, MAPK and mTOR-mediated signaling pathways have mutual
crosstalk in many aspects. They not only receive the activation of various growth factors
but also have the same downstream molecules, such as Src kinase, FOXO (forkhead box o),
c-myc transcription factor, and various metabolism-related enzymes [143]. This means that
inhibition of this pathway can inhibit the activation of mTORC1 and its related pathways
to a certain extent. Tanshinone not only directly inhibits the expression and phosphory-
lation of MAPK but also inhibits the activation and expression of related molecules of its
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mediated signal pathway, including ERK, JNK, p38 MAPK, Ras, etc. [45,54,145,146]. It can
also indirectly affect MAPK by up-regulating ROS in cancer cells [66].

PI3K is a large class of lipid kinases and one of the most important upstream molecules
of mTORC1-mediated related pathways. At present, it is mainly divided into three cate-
gories: class I (subdivided into classes IA and IB), class II, and class III, of which class I is the
most important [142], and class IA PI3K is a heterodimer that consists of a catalytic subunit
(P110α, p110β or P110δ) and a regulatory subunit (p85α/p55α/p50α, p85β, or p55γ). It is
activated by various growth factors. After being activated, class IA PI3Ks synthesize lipid
secondary messenger phosphatidylinositol 3,4,5 triphosphate (PIP3) from phosphatidyli-
nositol 4,5 diphosphate (PIP2), which recruits protein kinase Akt to the plasma membrane,
where it is activated by 3-phosphoinositide dependent kinase 1 (PDK1), Subsequently,
activated Akt phosphorylates TSC2 and inhibits the TSC complex, eventually leading to the
activation of mTORC1 [142,147]. However, as described above, Tanshinone can inhibit the
expression of various growth factors and their receptors. In fact, Tanshinone can weaken
or even inhibit the induction of PI3K protein expression and phosphorylation by these
factors, which is partly because Tanshinone directly inhibits PI3K protein expression and
phosphorylation [148–150]. Secondly, Tanshinone also showed the pharmacological action
of inhibiting the phosphorylation and expression of catalytic subunit P110α/γ and subunit
p85 (down-regulating the expression of its gene) [38,151–153]. In addition, Tanshinone
has the pharmacological effect of promoting the expression of phosphatase and tensin
homologue (PTEN), a negative regulatory gene of PI3K [133,154,155], which negatively
regulates PI3K Akt mTOR signal transduction by transforming PIP3 back to PIP2 [156] and
the deletion of this gene usually occurs with the progression of prostate cancer [157,158].
In addition, the expression and phosphorylation of PDK1 and Akt downstream of PI3K
were also inhibited by Tanshinone [148–150,159].

The two most important molecules in mTORC1-mediated cell activity are P70S6 kinase 1
(S6K1) and eIF4E binding protein (4E-BP) 1 [160]. The phosphorylation of S6K1 by mTORC1
leads to increased protein and nucleotide synthesis [125,126,160]. 4ebp is a negative regulator
of 5′cap dependent mRNA translation, and mTORC1 induces the separation of 4E-BP1 from
eIF4E so as to reduce its inhibition of protein synthesis [125,126,160]. By targeting these two
molecules, mTORC1 synthesizes proteins required for cell growth, cell cycle process, and
cell metabolism, and then induces tumor growth and progression. Tanshinone also has
a regulatory effect on these two molecules. As shown in previous literature, Tanshinone
can not only prevent the binding of S6K1 to mTORC1 [161] but also significantly inhibit
the expression and phosphorylation of S6K1 and 4E-BP1 [159,162]. It is worth mentioning
that Tanshinone also regulates the key downstream molecule PKC of mtorc2 [128]. Protein
kinase C (PKC) is considered to be the main downstream molecule of mtorc2. Mtorc2
completes various cell activities by targeting the special type of this molecule [126].

This laboratory evidence shows that Tanshinone can inhibit mTOR-mediated tumor
malignant behavior in prostate cancer cells by regulating the expression and phosphory-
lation of upstream and downstream protein molecules of the mTOR-mediated signaling
pathway or by regulating other molecular pathways with obvious crosstalk with mTOR.
It is worth noting that although Tanshinone is similar to rapamycin in structure, the reg-
ulation of mTOR does not directly inhibit the synthesis of mTOR like rapamycin, which
means that Tanshinone has fewer side effects on normal tissue and is safer [163,164]. In
short, Tanshinone has a significant inhibitory effect on prostate cancer. its pharmacological
mechanism. As previously described, it depends on the regulation of the mTOR-mediated
signaling pathway, but the current research is still limited, The regulatory mechanism of
some Tanshinones on mTOR has only been confirmed in other tumor cells. Therefore, a
large number of studies are still needed to further clarify the effect of Tanshinone on the
mTOR-mediated signaling pathway in prostate cancer cells. Furthermore, State3 [27] is
another key molecule of Tanshinone that exerts an anti-tumor effect. Although it has been
confirmed to be involved in the inhibitory effect of Tanshinone on prostate cancer, the
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current research is very lacking and should be given enough attention in the future. We
plotted the relevant regulation of Tanshinone on the mTOR pathway in Figure 3

Figure 3. Effect of Tanshinone on mTOR. induced by Tanshinone are noted by using →, while the
inhibition represented by � symbol.

4. Dilemma of Clinical Application of Tanshinone

Tanshinone, as a secondary metabolite, accumulates mainly in the roots of Salvia
miltiorrhiza, but in very low yields. Currently, Tanshinone relies on traditional chemical
isolation and purification from Salvia divinorum roots [8]. However, traditional methods
are characterized by low efficiency, high energy consumption, and unfriendliness to the
environment and plant resources [8,165], and secondly, due to the increasing demand for
Tanshinone in the market, wild salvia has been over-harvested and the resources are on the
verge of extinction [8,165]. Although artificial domestication of salvia has been cultivated
since the 1970s, due to the low yield of secondary metabolites and the long growth period
of cultivated plants, the production of Tanshinone from cultivated salvia cannot meet the
rapidly growing market demand [17]. Therefore, both the reform of the purification process
of Tanshinone and the improvement of yield through modern biotechnology have received
great attention. Various in vitro culture systems of Salvia divinorum, including suspension
cells, guard tissues, adventitious roots, hairy roots, and new techniques such as the use of
endophytic fungi and transgenic plants, have been reported to significantly increase the
yield of Tanshinone [18,166]. However, these efforts are still insufficient for the increased
demand for Tanshinone in the market, and therefore a new technique with a higher yield is
urgently needed to provide the supply.

In recent years, the discovery of key genes for the biosynthesis of pharmaceutical ac-
tive ingredients and the use of synthetic biology strategies to design and modify microbial
strains to produce natural products are considered to be promising resource acquisition
methods [167]. It is reported that at present, with Saccharomyces cerevisiae as the chassis
cell, a high-yield engineering strain of miltiradiene, an important intermediate of Tanshi-
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none, with a yield of up to 488 mg/L has been constructed through functional module
design, and cloned the modifying enzyme gene CYP76AH1 of the Tanshinone biosynthesis
pathway, which successfully converted miltiradiene into ferruginol [17,168]. However, due
to the limited understanding of the transcription genes of Salvia miltiorrhiza, the further
elucidation of Tanshinone biosynthesis has been hindered [167,169]. It is worth mentioning
that the formation of the furan ring, which has puzzled scientists for a long time, has been
gradually decoded [170]. However, there is still a long way to go. It is still necessary to pay
more attention to and explore genes and enzymes related to Tanshinone biosynthesis in
the future.

Second, like most natural drugs, Tanshinone also has the characteristics of low water
solubility, poor stability, large first-pass elimination, and low bioavailability [17,171], which
greatly limits the clinical application of Tanshinone. It is reported that when Cryptotan-
shinone is administered at a body weight of 100 mg/kg (mg/kg), the bioavailability of
oral and intraperitoneal injection in rats is 2.1% and 10.6%, respectively. In fact, most of
the studies on Tanshinone have pointed out the nanomolar to lower micromolar after oral
administration. The maximum/peak concentration (Cmax) value within the range [17,18]
greatly limits the clinical application of Tanshinone. Although the currently prepared
new formulations of Tanshinone for injection, such as microemulsion, microspheres, solid
dispersion, liposomes, and nanoparticles, can significantly improve the bioavailability of
Tanshinone, the complexity of the process, high cost, and low tissue specificity still limit
the clinical application of these formulations [166,171]. However, it is worth noting that in
previous studies, researchers greatly enhanced the specificity of Tanshinone nanoparticles
for prostate cancer tissue by combining them with prostate-specific membrane antigen [60],
which provides a way for the development of Tanshinone anti-prostate cancer-related
nanoparticles in the future. However, the clinical trials of Tanshinone nanoparticles are
still lacking, and the clinical application of Tanshinone nanoparticles is still making lit-
tle progress. In addition, Tanshinone derivatives by changing the Tanshinone skeleton
group also seem to be a promising solution, but in most cases, the anti-tumor effect of
Tanshinone derivatives will be reduced or even lost, for example, sodium Tanshinone sul-
fonate [172,173]. Although previous studies have found some Tanshinone derivatives with
significantly increased bioavailability and anti-tumor efficacy [42,54,55], due to the lack of
in vivo experiments and related toxicological experiments, the safety of these Tanshinone
derivatives is also a worrying problem and is also limited by the lack of raw materials.
Therefore, future research should not only explore new Tanshinone derivatives but also
focus on the safety of Tanshinone derivatives.

In addition, the safety of Tanshinone is also an aspect of concern for scientists. Al-
though the experiments of Wang et al. confirmed that in both acute and subchronic toxicity
studies, no abnormalities of other organs were observed in Sprague Dawley rats treated
with Tanshinone injection, except that it caused focal inflammation at the injection site [174],
which is consistent with the conclusions drawn from the in vivo experiments of Tanshinone
and prostate cancer. In fact, limited studies pointed out that high concentrations of TsIIA
and CYT showed serious growth inhibition, developmental malformation, and cardiotoxic-
ity to zebrafish embryos [175,176]. Similarly, high concentrations of TsIIA were also toxic
to normal human endothelial cells. It was reported that high concentrations of (25 uM)
TsIIA could kill endothelial cells within 24 h [177]. Therefore, future research should focus
on the toxic reaction of Tanshinone to normal tissues to confirm the safety and stability of
Tanshinone, which is crucial for the development of clinical drugs.

5. Conclusions and Prospects

It is well understood that blocking the products of a single signal pathway or gene is
frequently insufficient to prevent or treat malignant tumors. Tanshinone is expected to be a
candidate drug for the treatment of prostate cancer because it can regulate the proliferation,
survival, migration, and metabolism of prostate cancer through multiple targets, links,
and pathways. Although the current experiments have confirmed the significant anti-
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prostate cancer effect of Tanshinone, there are still some problems with the current research.
First, the current research on the anti-prostate cancer effect of Tanshinone is still limited,
and most of the studies remain to verify the expression of proteins and genes related to
apoptosis, cell cycle, and invasion in prostate cancer cells. In order to further explore the
specific molecular mechanism that causes these changes, more research is still needed
to explore the specific mechanism of Tanshinone against prostate cancer in the future.
In addition, as described above, TsI and DHT have stronger anti-prostate cancer effects.
However, current research is mostly focused on TsIIA and CYT. TsI and TsIIA should be
given sufficient attention in the future. In addition, Tanshinone can significantly regulate
the tumor immune microenvironment, which is more important for prostate cancer with
poor immunotherapeutic efficacy. In the future, we should also pay attention to the effect
of Tanshinone on the immune microenvironment of prostate cancer.

Although Tanshinone has been widely reported to be beneficial to health, its clinical
application is still subject to many restrictions. First, as a secondary metabolite, Tanshinone
mainly comes from the root of Salvia miltiorrhiza. Due to the characteristics of the long
growth cycle and low yield of cultivated plants, the supply of Tanshinone is difficult to
meet the market demand, although the current research on Tanshinone biosynthesis has
made good progress. However, there are many key conversion processes that we are not
clear about. Hence, it is still necessary to further explore the genes and enzymes related
to Tanshinone biosynthesis. Secondly, like most natural drugs, Tanshinone also has the
characteristics of low water solubility and low bioavailability. Fortunately, the currently
prepared Tanshinone injection microemulsions, microspheres, solid dispersions, liposomes,
nanoparticles, and other new dosage forms can greatly improve the bioavailability of
Tanshinone. However, it is still subject to the limitations of complex processes, high costs,
and low tissue specificity. Therefore, further preclinical and clinical studies are needed to
explore new preparations with low cost, simple processes, and high tissue specificity. It
was previously reported that Tanshinone nanoparticles developed in combination with
prostate-cancer-specific membrane antigen can significantly enhance the tissue specificity
of Tanshinone nanoparticles for prostate cancer. Therefore, future research will continue
to consider the development of drug nanoparticles in combination with tumor-specific
antigens. Secondly, Tanshinone derivatives synthesized by the Tanshinone skeleton should
also be a focus of future research. Although the anti-tumor effect of these derivatives is
significantly lower than that of Tanshinone in most cases, some Tanshinone derivatives with
increased bioavailability and anti-tumor effects have been found in the current research.
Secondly, the current research on the toxic reaction of Tanshinone and Tanshinone deriva-
tives to normal tissues is limited and cannot confirm the safety and stability of Tanshinone
and its derivatives. Therefore, more attention should be paid to the study on the toxic
reaction of Tanshinone and its derivatives to normal tissues in the future to further clarify
the safety of Tanshinone and its derivatives. Finally, in order to better guide future research
and verify the possibility of Tanshinone as an anti-prostate cancer drug, we conducted a
bioinformatics analysis on the four components of Tanshinone to further determine the
possible anti-prostate cancer targets of Tanshinone.

First, after determining the structural formulas of four Tanshinone components (TsI,
TsIIA, DHTI, and CYT) through Pubchem (https://pubchem.ncbi.nlm.nih.gov (accessed
on 10 July 2022)), we screened drug targets using the Swiss target prediction database
(http://www.swisstargetprediction.ch/ (accessed on 10 July 2022)) and the traditional
Chinese Medicine System Pharmacology database (https://www.tcmsp-e.com/ (accessed
on 10 July 2022)), and submitted the collected targets to the UniProt database (https:
//www.uniprot.org/ (accessed on 10 July 2022)), limiting the species to “Homo sapiens”,
converting the protein targets into official gene names, select gene targets with probability
greater than 0 in the Swiss target prediction database, and obtain drug target genes: TsI (53),
TsIIA (145), DHTI (80), CYT (94) after excluding duplicate genes. Secondly, we searched
the Genecards (https://www.genecards.org/ (accessed on 10 July 2022)) and Disgenet
databases (https://www.disgenet.org/ (accessed on 10 July 2022)) by using the keyword
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“prostate cancer” to obtain disease targets, and obtained 12,555 disease target genes after
excluding duplicate targets in the two databases. Then, we input the drug target genes and
disease target genes obtained by the above methods into the online Venny 2.1 mapping
platform (https://www.bioinformatics.com.cn/ (accessed on 10 July 2022)) to obtain the
cross-target genes of “prostate cancer” and “four Tanshinone components” (Figure 3), TsI
(49), TsIIA (126), DHTI (68) and CYT (85) were obtained (Figure 4).

 
Figure 4. Venny of four components of Tanshinone ((a): Tanshinone I and Prostate Cancer; (b): Tanshi-
none IIA and Prostate Cancer; (c): Dihydrotanshinone I and Prostate Cancer; (d): Cryptotanshinone
and Prostate Cancer).

These cross genes are considered possible targets of Tanshinone against prostate
cancer, and we analyzed them through a range of methods. First, we uploaded these
genes to the String online database (https://string-db.org/ (accessed on 10 July 2022)) to
form a protein-protein interaction map. The species is “human” and the comprehensive
score > 0.4 is the critical value for inclusion in the network. We further visualized these
results with the help of Cytoscape 3.9.1 (Figure 5), To find the key targets of four Tanshinone
components. At the same time, we also carried out the Gene Ontology (GO) function and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. After inputting
these gene data into the David data platform (https://david.ncifcrf.gov/tools.jsp (accessed
on 10 July 2022)) and setting the species as “Homo species”, we further analyzed the
enrichment analysis of four Tanshinone components on prostate cancer-related biological
processes (BP), cellular components (CC), molecular functions (MF) and signal pathways.
For the obtained information, we met the p-value < 0.05; sorted according to the number
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of genes; selected the top 10 enrichment information of BP, CC, and MF, and the top 20
enrichment information of KEGG; and used the bioinformatics online platform (https:
//www.bioinformatics.com.cn/ (accessed on 10 July 2022)) to visualize the analysis results
(Figures 6 and 7).

Figure 5. Protein network analysis of four Tanshinone components ((a): Tanshinone Ir; (b): Tanshi-
none IIA; (c): Dihydrotanshinone I; (d): Cryptotanshinone).

Finally, our results show that the target of TsIIA is significantly more than the other
three components. Among them, cellular tumor antigen p53 (TP53), myc proto-oncogene
protein (MYC), transcription factor AP-1 (JUN), Src, Caspase-3 (CASP3), and EGFR play
a key role in the anti-prostate cancer process of TsIIA, followed by CYT, which has more
targets than the other two components. EGFR, TNF, STAT3, prostaglandin G/H synthase 2
(PTGS2,), Transcription factor p65 (RELA), and other targets are the key targets of CYT, The
second is DHTI, STAT3, receptor tyrosine-protein kinase erbB-2 (ERBB2), CASP3, EGFR,
PTGS2, etc. are the key targets of DHTI, and finally, TsI, Vascular endothelial growth
factor A(VEGFA), EGFR, MAPK14, protein tyrosine phosphatase receptor type C (PTPRC),
enhancer of zeste homolog 2 (EZH2), etc. are the key targets. These key targets are essential
for various biological processes of prostate cancer, and these components participate in
regulating multiple signaling pathways.
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Figure 6. Go enrichment analysis of four components of Tanshinone((a): Tanshinone Ir; (b): Tanshi-
none IIA; (c): Dihydrotanshinone I; (d): Cryptotanshinone).

Secondly, our results also show that the biological processes of the four Tanshinone
components mainly occur in the cell and participate in the activation and binding of a
series of cell receptors and cascade downstream signaling pathways. KEGG analysis shows
that PI3K Akt signaling pathway, MAPK signaling pathway, Ras signaling pathway, and
rap signaling pathway play a key role in the anti-prostate cancer process of Tanshinone,
which is consistent with previous studies, These pathways have significant significance for
the metastasis, progression, and angiogenesis of prostate cancer. In addition, as mentioned
above, Tanshinone has a significant effect on the regulation of immune pathways. we
note that the four Tanshinone components have a regulatory effect on the PD-1/PD-L1
signaling pathway, T cell-related pathways, and immune helper cells and related factors
mediated signaling pathways. Although these results are not in our screening results,
they are statistically different (p-value < 0.05). This is consistent with the protein network
analysis, which may have more significant significance for immunotherapy-insensitive
prostate cancer. In addition, our results also show that Tanshinone has a regulatory effect
on microRNAs in prostate cancer cells, and these small molecules are also essential for
tumor survival and metastasis. In conclusion, our results and the existing laboratory data
show that Tanshinone can inhibit the metastasis, invasion, and progression of prostate
cancer through multiple targets and pathways. However, the current research is limited.
Therefore, more research should be carried out in the future to further clarify the relevant
mechanisms and molecular pathways of Tanshinone against prostate cancer, and more
attention should be paid to the bioavailability and toxicological experiments of Tanshinone.
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Figure 7. KEGG enrichment analysis of four components of Tanshinone ((a): Tanshinone Ir;
(b): Tanshinone IIA; (c): Dihydrotanshinone I; (d): Cryptotanshinone).
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Abstract: Cancer is the leading cause of death and has remained a big challenge for the scientific
community. Because of the growing concerns, new therapeutic regimens are highly demanded
to decrease the global burden. Despite advancements in chemotherapy, drug resistance is still a
major hurdle to successful treatment. The primary challenge should be identifying and developing
appropriate therapeutics for cancer patients to improve their survival. Multiple pathways are
dysregulated in cancers, including disturbance in cellular metabolism, cell cycle, apoptosis, or
epigenetic alterations. Over the last two decades, natural products have been a major research interest
due to their therapeutic potential in various ailments. Natural compounds seem to be an alternative
option for cancer management. Natural substances derived from plants and marine sources have
been shown to have anti-cancer activity in preclinical settings. They might be proved as a sword to
kill cancerous cells. The present review attempted to consolidate the available information on natural
compounds derived from plants and marine sources and their anti-cancer potential underlying
EMT mechanisms.

Keywords: epithelial-mesenchymal transition; cancer EMT; natural chemical entities; cancer;
anticancer therapy; chemotherapy

1. Introduction

Cancer is the leading cause of death globally [1]. According to the global demographic
characteristics, it is expected to increase by approximately >20 million by 2025 [2]. The
treatment paradigm improved in the past decade with the advancement in cancer research.
Breast cancer (BC), colorectal cancer (CRC), lung cancer (LC), and prostate cancer (PC)
are the most common types of cancers [1,3]. Various cellular pathways are involved in
cancer development and progression. Several drug candidates are approved to target these
pathways for their management [4]. One reason behind drug resistance is the process
of Epithelial-mesenchymal transition (EMT) involved in cancer progression. EMT is an
extremely regulated physiological process that has a significant role in tissue repair and
embryogenesis [5]. During EMT, the cells undergo multiple morphologic, biological, and
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genetic rearrangements, leading to their mesenchymal phenotypes [6]. EMT is pathologi-
cally associated with fibrosis and cancer, leading to their progression. EMT has been linked
to the formation of invasive and cancer stem cells in carcinomas [7].

EMT is initiated by EMT activating transcription factors (EMT-TFs), including SNAIL
(SNAI1) and SLUG (SNAI2), the basic helix–loop–helix factors TWIST1 and TWIST2. As
proven for SNAIL, TWIST, Zinc figure E-box binding homeobox 1 (ZEB1), and Zinc figure
E-box binding homeobox 2 (ZEB2), these features can repress epithelial genes like the
E-cadherin-producing CDH1 by binding to E-Box in their cognate promoter regions. Si-
multaneously, EMT-TFs activate genes associated with a mesenchymal phenotype, such as
Vimentin (VIM), Fibronectin 1 (FN1), and N-Cadherin (CDH2). Several activities, however,
are not common and are carried out by separate EMT- transcription factors (TFs) due
to differences in coding sequences or protein size and structure [8]. An overview of the
EMT pathway is shown in Figure 1. In other words, EMT is a biotic mechanism in which
epithelial cells become polarized.

 
Figure 1. Hypoxia, growth factor, cytokines, and ECM activate the pathways that can trigger the EMT
by activating EMT transcription factors (EMT-TFs), including SNAIL, SLUG, and the basic helix–loop–
helix factors TWIST. As proven for SNAIL, TWIST, Zinc figure E-box binding homeobox 1 (ZEB1),
and ZEB2, these features can repress epithelial genes like the E-cadherin-producing CDH1 by binding
to E-Box in their cognate promoter regions. Simultaneously, EMT-TFs activate genes associated
with a mesenchymal phenotype, such as Vimentin (VIM), Fibronectin 1 (FN1), and N-Cadherin
(CDH2), etc. [8].

The heterogeneous mixture of cells like fibroblasts, endothelial cells, noncellular con-
stituents, immune cells, extracellular matrix, cytokines, growth factors, and basement
membrane is known as a tumor microenvironment (TME) [9]. EMT is essential for develop-
ing and initiating tumors and their recurrence and progression. In TME, the most abundant
cells are cancer-associated fibroblasts (CAFs), which cross-talk with tumor cells, extracellu-
lar matrix (ECM), immune cells, and endothelial cells for cancer progression [9–13]. Several
therapeutic agents are now being designed to target these CAFs [12,14]. Many natural
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agents have been identified to target CAF by altering the key signaling pathways, epigenet-
ics, kinases, and enzymes. Targeting CAFs and altering the pathways affect cancer-stroma
association in TME, resulting in decreased cancer progression. The natural compounds
might have promised anti-cancer activity and are worth investigating against different
tumors. The characteristic feature of carcinogenesis is ECM stiffness that supports the
tumor cells. The crosslinking of ECM components like collagen with the tumor cells occurs
via CAFs [15]. LOX-lysyl oxidase, the enzyme highly overexpressed in tumors derived
from CAFs, acts as a collagen crosslinking initiator in several cancers like breast and gastric
cancers, ultimately enhancing EMT, cell survival, invasion, drug resistance, and angiogen-
esis [16]. The ECM degrading enzymes like matrix metalloproteases (MMPs) and tissue
inhibitors of metalloproteinase (TIMPs) inhibitors are altered by CAFs during angiogenesis
and invasion, causing modulation of TME. The MMP2 and 9 are well investigated and
highly associated with cancer growth and development [17,18]. The enzymes like metal-
loproteinases and disintegrin, associated with the MMPs super-family, are increased by
CAFs, promoting cancer progression [19]. The CAFs also apply physical forces to pull out
the epithelial basement membrane, causing the promotion of EMT in enzyme independent
manner [20]. The CAFs promote EMT remolding and are promising therapeutic targets
in halting EMT to prevent cancer metastasis. Natural compounds have proven to be the
best alternatives to the current therapies against cancer. Many noteworthy examples are in
front of us, where natural compounds have proven better than existing standard therapies
against different ailments, such as cancer or infectious diseases. It is worth investigating
the potential of natural compounds, whether from the marine, plant, or animal, against
different types of cancers to find the solution for the growing deadly ailment in the world.
Due to growing concerns regarding cancer metastasis, most therapies fail to cure, and the
patients suffer greatly due to high toxicity. Cancer resistance is another challenge against
current therapies, making cancer more complicated to manage. The natural compounds
could be a game changer as anti-cancer therapy that specifically targets the EMT process
and halts the process of cancer progression.

2. Cross-Talk between TGF-β and Other Signaling Pathways Mediating EMT

The signaling pathways cross-talk to form complex networks. Due to several cellular
processes like apoptosis, differentiation, proliferation, and homeostasis, the Transforming
growth factor β (TGF-β) cross-talk with various other signaling pathways during the EMT
process (Figure 2) [21,22]. One of the mechanisms in which Akt activation and the phos-
phatase and tensin homolog (PTEN) dissociation from β-catenin are mainly responsible
for the TGF-β mediated EMT process, where the displacement of β-catenin from adherent
junctions occurs [23]. The other signaling pathway that cross-talks with TGF-β is Notch;
Notch synergizes with TGF-β signals to enhance/inhibit its signaling activity depending on
the input signal [21]. TGF-β signals activate the migration and inhibit the cell proliferation
of endothelial cells. However, the Notch signals block the migration of bone morphogenetic
protein (BMP) [24]. BMP stimulates the cell migration of endothelial cells; however, in the
presence of Notch signaling, the migratory potential gets inhibited [24].

Interestingly, Notch signaling plays a crucial cross-talk in regulating migration by
inducing gene expression. Notch dominates the BMP signaling; when the cell-to-cell
contact is not there, endothelial cells are not in contact with the nearby cells to migrate
until the new cell-to-cell attachment is set [21,24]. The TGF-β requires Notch signaling for
the growth arrest in the epithelium; over thirty percent of the genes induced by TGF-β
require Notch signaling [25]. The classy EMT marker, the TGF-β, also cross-talks with
several other signaling pathways like Extracellular signal-regulating kinase (Erk), c-Jun
N-terminal kinase (JNK), and p38. Erk, JNK, and p38 are indirectly regulating the TGF-β
during EMT. However, TGF-β activates MAPK and Erk1/2 signaling pathways [26]. The
cross-talk of TGF-β versus EGF signaling is the reason for activating Smad-dependent
signaling and MAPK-mediated Erk1/2 [27]. The nuclear translocation of MAPK mediated
by TGF-β is downregulated by the MAPK-Erk pathway that mediates nuclear exclusion
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and phosphorylation of Smad-2/3 [27]. During the initiation of EMT, the Akt and PTEN
are also regulated by TGF-β. In addition, TGF-β cross-talk with ErbB signaling during the
EMT development of breast cancer [28]. The TGF-β also regulates the phosphoinositide
3-kinase (PI3k)-Akt signaling pathways. Akt’s activity increases due to the induction
of TGF-β-mediated functional activities like cell migration, epithelial to mesenchymal
shift, cell survival, and cell growth [27–29]. Human epidermal growth factor receptor 2
(HER2)/RAS opposes the TGF-β-induced programmed cell death and cell arrest; however,
it promotes migratory and invasive activities of TGF-β [30]. The EMT-associated cross-talk
is validated by pharmacological inhibition of insulin-like growth factor-1R (IGF-1R), which
prevents TGF-β-mediated EMT protein signatures [31]. The cross-talk of different pathways
involved in EMT is demonstrated in Figure 2.

 

Figure 2. Illustrates the different pathways involved in initiating epithelial-mesenchymal transition
(EMT) [32].

3. Natural Chemical Agents as Potential Leads against Cancer

Among approved chemotherapeutic medications, 80% are bioactive natural com-
pounds [33,34]. 70% of disease conditions, including cancer, are treated with the help of
natural products [35]. The natural compounds induce cytotoxicity by targeting various
oncogenic signaling [36]. Several marine-derived metabolites show anti-cancer activity in
preclinical and clinical settings [37]. Marine-derived compounds include sulfated polysac-
charides, sterols, carotenoids, and chitosan. Sulfated polysaccharides and carotenoids
have effectively worked against cancer, acquired immune deficiency syndrome (AIDS),
CVDs, and other acute and chronic disorders [35]. Various effective marine-derived com-
pounds are summarized in Table 1. Plants, bacteria, animals, insects, and marine life are
some of the key sources of natural chemicals with pharmacological and cytotoxic actions
such as anti-proliferative, anti-angiogenic, apoptosis-generating, necrosis-inducing, and
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anti-inflammatory [38]. Secondary metabolites (Alkaloids, tannins, saponins, flavonoids,
steroids) are molecules produced by plants at very minute levels that are therapeutically
beneficial in various illnesses [39]. Animals and insects are also rich suppliers of enzymes
with various pharmacological applications. Researchers have recently focused on natural
substances to investigate their possible use in cancer treatment with lesser side effects.
Still, they have only identified a few molecules with clinical efficacy demonstrated in
Table 2 [40]. Compounds with anti-proliferative, anti-inflammatory, anti-angiogenic, and
apoptotic-inducing properties can treat cancer and reduce the side effects of conventional
cancer chemotherapy. They also have a high potential for future use as anti-cancer drugs.

Natural products can offer new hope in fighting EMT and increase therapeutic op-
tions worldwide. Drugs of natural origin, like traditional and Chinese medicine, are
currently being investigated for various ailments [41]. The cost-effectiveness and richness
of good therapeutic efficacy and safety were natural compounds’ true and popular features,
considering them promising candidates against cancer [42]. The drugs against cancer at
present share 1/3rd position share against cancer, meaning it is important to investigate
more drugs from the natural origin against cancer [43]. Natural compounds have a high
level of rigidity, enhancing the protein cross-talk more than synthetic drugs. They have
diversity and versatile structure complexity, a unique natural feature making them the
right candidates against cancer [43,44]. The signaling pathways that are responsible for
cancer cell survival and TME maintenance are being halted by many natural compounds.
The natural compounds have a comprehensive role in inhibiting tumor progression by
blocking the survival pathways involved in EMT [9]. Many drugs have been used along
with natural compounds, producing efficacious outcomes like decreasing drug resistance
and toxicity [42,45]. Natural products can remold the TME [41]. Here we will show various
candidates of natural origin demonstrating pharmacological activities against EMT and its
associated factors.

Table 1. Marine and plants-derived compounds for anti-cancer activity.

Sr. No Drug Product
Source

(Marine
Origin)

Mechanism of Action Indication FDA Status Reference

Marine Source

1 Eribulin mesylate
Sponge

Halichondria
okadai

Keeps the
cytoskeleton’s growth
cycle away from core

aggregates tubulin

Metastatic breast
cancer

Approved
(Spain) [46]

2
Brentuximab

Vedotin

Sea hare
Dollabella

Auricularia/
cyanobacteria

Cell cycle arrest from
G2 to M phase

Hodgkin
lymphoma

Approved
(USA.) [47]

3
Cytarabine,

Ara-C

Sponge
Cryptotheca

crypta

Inhibition of DNA
Synthesis

Acute
lymphoblastic

leukemia

Approved
(USA.) [46]

4
Halichondramide

(HCA)

Marine sponge
Chondrosia

corticata

Phosphatase of
regenerating liver-3

(PRL-3) and its
downstream signaling

pathway are
suppressed.

Prostate Cancer Approved [48]
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Table 1. Cont.

Sr. No Drug Product
Source

(Marine
Origin)

Mechanism of Action Indication FDA Status Reference

Plant Source

4 Ixabepilone Soragium
cellulosum

Cell-cycle arrest and
apoptosis-inducer

Hand-foot
syndrome Approved [49]

5 Romidepsin Chromobacterium
violaceum

Histone deacetylase
inhibitors

Hematological
toxicities like

anemia
Approved [50]

6 Podophyllotoxins Podophyllum
(Berberidaceae)

Inhibit the
polymerization

of tubulin, arresting
the cell cycle in the

metaphase

Ovarian cancer,
immunosuppressive

ability
Approved [51]

7 Ligustrazine
Rhizome of
Ligusticum
wallichii.

Inhibit SK-OV-3 and
OVCAR-3 cell viability,

proliferation,
migration,

and invasion.

Ovarian cancer Approved [52]

Table 2. Potential NCEs with therapeutic effects against cancer.

Sr. No NCE. Source
Mechanism and

Outcomes
Method of Validation Potential Use Reference

1 Oregonin

Alnus sibirica (AS)
Anti-proliferative activity,

Inhibition of NF-κB,
induction of apoptosis,

DNA Methylation

MTT Assay, Western
blotting, Flow,

methylation-specific
PCR, cytometry

Prostate cancer
[53]

2 Hirsutenone

3 Hirsutanonol

4 Chelerythrine chloride Chelidonium majus
and Macleaya cordata

cytotoxicity and
anti-proliferative activity Cell viability assays NSCLC. [39]

5 Thioholgamide Streptomyces sp.
MUSC 136T.

Caspase 3/7 Activation,
membrane permeability MTT assay Colon, breast, liver,

and lung cancers [54]

6
7-deoxy-trans-

dihydronarciclasin
Scadoxus

pseudocaulus Apoptosis inducer Cytotoxicity assay Follicular
lymphoma [55]

7
4-(4-hydroxy-3-
methoxyphenyl)

curcumin

Anti-proliferative,
apoptosis-inducing

MTT assay,
Western blotting analysis

Hepatic, colon,
chronic myeloid
leukemia, and

lung cancer

[56–58]

4. Potential NCE to Target EMT

4.1. Artemisinin (ATM)

ATM is a sesquiterpene lactone isolated from sweet, warm wood, Artemisia annua. It is
an antimalarial agent to treat multidrug-resistant falciparum malaria strains, mediated by
producing organic peroxides [59]. ATM also has potent anti-cancer activity against CRC,
BC, gastric cancer (GC), and cervix cancer (CC). Its anti-carcinogenic action is similar to
antimalarial action in that free iron cleaves its endoperoxide bridge, releasing free radicals
that cause cytotoxicity. ATM’s low toxicity and high specificity for cancer cells led to
its development as an anti-cancer molecule. Dihydroartemisinic acid (DHA), an ATM
derivative, reduced inflammation in a rat arthritis model by downregulating Interleukin-6
(IL-6). Additionally, DHA has anti-cancer properties. It can induce apoptosis in leukemic
cells via noxa-mediated mechanisms [60].

Moreover, it inhibits GC cell invasion, migration, and proliferation by inhibiting
the activation of phosphoinositide 3-kinase/protein kinase B and SNAIL. According to
Sun et al., DHA’s anti-inflammatory and anti-cancer activities are mediated via microRNAs
(miRNAs). DHA, for example, inhibits inflammation in vascular smooth muscle cells by
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regulating the miR-376b-3p/KLF pathway. The Jumonji and AT-rich interactive domain2
(ARID-2)/miR-7/miR-34a pathway inhibit prostate cancer cells by downregulating AXL
tyrosine. In laryngeal cancer, miRNAs, in particular, play a function in EMT. For example,
miR-217 inhibits EMT while miR-10b promotes it. miR-130b-3p is a tumor suppressor be-
cause it inhibits laryngeal cancer development, angiogenesis, migration, and invasion [61].
FoxM1, a member of the conserved forkhead box transcription factor family, is involved
in cell cycle regulation, DNA damage repair, and apoptosis and has been associated with
the development of breast, pancreas, and liver carcinomas. Nandi et al. hypothesized that
FoxM1 was a critical inhibitory target of ATM in hepatocellular carcinoma (HCC) and that
FoxM1 may play a role in the cell cycle triggered by DHA ATM-inhibited HCC cell survival
and proliferation by attenuating FoxM1 and its transcription targets and interfering with
FoxM1 trans-activation [62].

4.2. Strychnine/Brucine

Brucine is an alkaloid related to strychnine obtained from the Strychnic Nux-vomica tree.
It has analgesic, anti-cancer, anti-inflammatory, antioxidant, and anti-venom properties [63].
In vitro, it inhibits the proliferation of Hela and K562 cell lines. Brucine also showed
anti-metastasis action in MDA-MB-231 and Hs578-T-cells and inhibited invasive capacity
and adhesion of MDA-MB-231 and Hs578-T-cells Matrigel, and preventing mRNA of E-
cadherin, catenin, VIM, FN1, MMP-2, and MMP-9 in MDA-MB-231 cells [64]. These data
collectively suggest that brucine might be a potential anti-cancer molecule; in vivo studies
are still needed to confirm its anti-cancer potential.

4.3. Eugenol

A polypropanoid group of compounds is found in seeds of many plants, such as cloves,
cinnamon, nutmeg, and bay leaves. It has antioxidant, anti-bacterial, anti-inflammatory,
and anti-cancer activity and is widely used as a cosmetic, perfume, and culinary ingredient.
It has anti-cancer potential due to its ability to increase reactive oxygen species (ROS)
formation and apoptotic action, increase Cyt C’s release, and inhibit the EMT process,
limiting the cells’ ability to metastasize [65]. It has shown anti-cancer activity against
malignancies, including leukemia, lung, colon, colorectal, skin, gastric, breast, cervical, and
prostate cancer, through the processes described below in Table 3.

Table 3. Mechanisms of Eugenol for anti-apoptotic in various cancers.

Type of the Tumor Study Type Effective Dose Mechanism References

Lung cancer In vitro 1000 μM
Decrease cycloxygenase-2 activity, which

leads to cell cycle arrest in the S phase
followed by cell death

[66]

Colon cancer In vitro 800 μM Boosts the cytotoxic effects of cisplatin and
doxorubicin synergistically. [67]

Gastric cancer In vitro Low conc.

Inhibits cancer growth by upregulating
preinvasive and angiogenic molecules and
favoring apoptosis via the mitochondrial

pathway via altering Bcl-2 family proteins.

[68]

Cervical cancer In vitro 50–200 μM Prevents the cell cycle and causes apoptosis,
and inhibits DNA synthesis. [69]

Breast cancer In vitro 2 μM
Suppresses breast cancer-related oncogenes

by downregulating E2F1 and its
downstream anti-apoptotic target

[70]

4.4. Resveratrol

Resveratrol (RES) chemically trihydroxy stilbene is a polyphenol in grapes, berries,
peanuts, and wine. RES has been shown to have cardioprotective, anti-inflammatory, and
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anti-aging effects. Studies also suggest that it also has anti-cancer properties. Moreover,
RES has a regulatory role in EMT and the hedgehog (Hh) signaling pathway, which is
critical for vertebrate development, homeostasis, and cancer. Hh is abnormally activated
in breast, prostate, and pancreatic cancer (PC) and has a role in metastasis and invasion
of GC via induction of the EMT. Hence, Hh signaling pathway is the center of attraction
for anti-cancer activity. RES suppresses the Hh pathway, thus inhibiting cancer invasion
and metastasis.

Moreover, RES has also been shown to block the Hh signaling pathway and EMT in
malignancies [71]. A study proved that RES inhibited EMT in Glioblastoma (GBM) cells, as
evidenced by morphological changes in the RES-treated G.B.M. cells. RES also inhibits EMT-
mediated migration and invasion of GBM cells and EMT-induced stem cell-like properties
in GBM cells [72]. A TGF-β/Smad signaling pathway is associated with the proliferation,
differentiation, and migration of the cells and promotes results in invasion and metastasis.
RES inhibited the penetration and metastasis by EMT-induced phosphorylation of Smad2
and Smad3 in a dose-dependent manner, suggesting the function of RES on EMT is related
to Smad-dependent signaling [72].

4.5. Polyphyllin 1

Polyphyllin 1 (PP 1) demonstrated its anti-cancer activity via its apoptotic action and
several pathways effectively against various cancers. Polyphyllin I induces apoptosis in
HepF-2-Cells, and neural progenitor cells (NPC) cell lines [73]. The natural herb Paris
polyphylla makes PP1 and has anti-cancer properties against various malignancies, in-
cluding drug-resistant tumors. Paris polyphylla was recently found to inhibit CRC cells
by activating autophagy and improving the efficiency of chemotherapy (Doxorubicin).
By decreasing CIP2A/PP2A/Akt signaling, PP1 also reduced cisplatin-resistant GC cells.
Liu et al. demonstrated that PP 1 has potent anti-cancer action on human non-small cell
lung cancer (NSCLC) mediated by CHOP stabilization. PP1 induces ROS, and ER stress
inhibits unfolded protein response (UPR) in cancer cells, subsequently increasing the levels
of CHOP Via, accelerating CHOP gene expression. The UPR chaperone GRP78, restrained
by PP1, is the main mechanism for CHOP stabilization [74].

4.6. Paeoniflorin (PF)

Paeoniflorin (PF) is a monoterpene glycoside derived from the root of Paeonia lactiflora.
In the past, this plant’s roots were utilized in eastern medicine for pain, muscle spasms,
inflammation, menstruation dysfunction, and degenerative illnesses for a long time [75–78].
Studies indicated that PF inhibits tumor growth, invasion, and metastasis in vivo and
in vitro. In hypoxia-induced EMT in MDA-MB-231 BC cells, PF treatment resulted in a
considerable increase in E-cadherin levels and a drop in CDH2 and Vimentin levels in the
cells. Subsequently, it suppressed the EMT process by altering the expression of HIF-1,
which is involved in hypoxia-driven EMT [79]. The hippo pathway plays a significant role
in the progression of GC. This pathway is said to be dysregulated and thus contributes
to gastric oncology and metastasis. Two important factors, yes associated protein (YAP1)
and Transcriptional coactivator with PDZ-binding motif (TAZ), produce their metastatic
effect via crosslinking with Notch, TGF-β, and Wnt/ β-catenin in GC. In GC, PF exerts its
anti-cancer effect via regulation of the hippo signaling pathway and downregulating the
effect of TAZ [80]. Further, there is a need to explore its potential in other cancers.

4.7. Halicondramine

Halicondramine (HCA) is a trisoxazole-containing macrolide from the marine sponge
Chondrosia corticata [81]. It possesses antifungal and cytotoxic properties. It also has
anti-proliferative activity against cancerous cells [82,83]. Modulation of the EMT is a key
target for their action. Treatment with HCA significantly reduced the expression of MMP2
and 9, and CDH2. On the contrary, E-cadherin expression was significantly increased.
HCA also inhibits the expression of PRL-3, a metastasis-associated marker, and PI3 kinase
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subunits p85 and p110 (PRL-3’s downstream targets). These findings imply that HCA
inhibits EMT in human adenocarcinoma prostate cancer cells by modulating PRL-3 and
downstream targets, such as PI3 kinase [48].

4.8. Ligustrazine

Ligustrazine (LSZ) is obtained from the rhizome of Ligusticum wallichii [84]. LSZ is
shown to have anti-inflammatory, anti-fibrotic, antioxidant activity, and tumor-suppressing
properties in numerous cancers, including LC, GC, BC, and melanoma [85]. LSZ showed
anti-proliferative and anti-metastatic action [6]. LSZ increased E-cadherin expression while
decreasing the mesenchymal indicators CDH2 and VIM expression. LSZ inhibits EMT in
SK-OV-3 cells via modulating miR-211 expression [86].

4.9. Fucoidan

The Fucoidan (FC) is a polysaccharide obtained from brown seaweeds and has shown
anti-proliferative action on BC cells, such as 4T1 and MDA-MB-231. It also lowered
metastatic lung nodules in female Balb/c mice with 4T1 xenografts. The TGFRs molecular
network is critical in controlling EMT in cancer cells. It was observed that FC efficiently
reverses TGFR-induced EMT morphological alterations, increases epithelial markers, de-
creases mesenchymal markers and transcriptional repressor expression Twist, Snail, and
Slug. Furthermore, fucoidan suppresses migration and invasion during EMT, implying
that TGFR-mediated signaling is involved in BC cells [87].

4.10. Penisuloxazin A

Penisuloxazin A (PNSA) is a fungal mycotoxin that belongs to a new epipolythiodike-
topiperazines (ETPs) possessing a rare 3H-spiro[benzofuran-2,2′-piperazine] ring system.
PNSA prevented MDA-MB-231 cell adhesion to coated Matrigels containing several ECM
components. Furthermore, after PNSA therapy, there is a transition from spindle-shaped or
polygonal mesenchymal to flat polygonal epithelial-like cell morphology. These suggest
that PNSA can prevent EMT in MDA-MB-231 cells [88]. PNSA is also considered a potent
heat shock protein 90 (HSP90) inhibitor, a well-known N-terminal inhibitor binding to the
ATP pocket of HSP90 in preventing BC cell metastasis. Multiple signaling pathways critical
for cancer cell proliferation and metastasis can be disrupted by inhibiting HSP90 [89].

4.11. Sophocarpine

Sophocarpinr (SC) is one of the most active components of Sophora alopecuroides L, a
tetracyclic quinolizidine alkaloid. SC has shown various pharmacological actions, including
immunoregulatory, anti-inflammatory, and anti-nociceptive [90]. SC has also been shown
to preserve heart function from ischemic reperfusion by inhibiting NF-kB and reducing
hepatocyte steatosis via activation of the AMPK signaling pathway. Furthermore, in head
and neck squamous cell carcinoma (HNSCC) cells, SC has shown anti-proliferative and anti-
metastatic by inhibiting dicer-catalyzed miR-21 maturation and activation of the p38MAPK
signaling pathway. SC also reduced the HNSCC tumor’s growth in vivo by reversing the
EMT in cancer cells. In UM-SCC-22B and UM-SCC-47 cells, SC treatment reduced the
expression of the Ki-67 and VIM while increasing E-cadherin’s expression [91]. These
findings suggest that SC could be a promising lead drug for HNSCC.

4.12. Renieramycin M

Renieramycin M (RM) (22-Boc-Gly-RM), produced by Xestospongia sp., is a semi-
synthetic amino ester derivative of the bistetrahydroisoquinoline alkaloid. Studies sug-
gested RM-mediated inhibition of anchorage-independent development and sensitiza-
tion of detachment-induced cell death in human lung cancer cells [92]. A semi-synthetic
derivative of RM with a hydroquinone amino ester extension was synthesized to retain
cytotoxicity with increase cancer selectivity [93]. It hinders the phosphorylation of FAK and
Akt molecules, which upregulate TIMP2 and TIMP3 and downregulate MMPs expression.
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The inhibition of the p-FAK/p-Akt signal also marks the downregulation of CDH2 and
Rac1-GTP and the upregulation of E-cadherin, where the regulation of cytoskeleton regula-
tory protein (Rac1-GTP), MMP-associated molecules (TIMP2, TIMP3) [94]. The mechanism
of action of RM is demonstrated in Figure 3.

Figure 3. Inhibition of the FAK/AKT signaling pathway and subsequently decrease EMT markers,
CDH2 MMPs, etc., and increases epithelial marker, E-cadherin, which reduces cell invasion and
migration by Renieramycin M and Carnosic Acid [94,95].

4.13. Luteolin

Luteolin (LT) (3,4,5,7-tetrahydroxy flavone) is a flavonoid in many plants includ-
ing broccoli, carrots, perilla leaves, seeds, and celery. It possesses anti-allergy, anti-
inflammatory, anti-cancer, antioxidant, and anti-microbial properties [96–98]. In various
cancers (including lung, GBM, BC, CRC, PC), LT inhibits cell proliferation and tumor
growth, promotes cancer cell apoptosis and cell cycle arrest, reduces drug resistance, and
reduces cancer cell invasiveness and metastasis [99]. LT can also stop EMT from occurring,
shrinking in the cytoskeleton, increasing the expression of E-cadherin, and decreasing the
expression of CDH2, Snail, and VIM [100]. LT inhibits the Smad 2/3 pathway and the
Wnt/-catenin pathway by inhibiting the synthesis of Snail and Slug by downregulating
the production of β-catenin. Doing so prevents metastasis by upregulating CDH2, Zo 1,
and claudin 1 and downregulating CDH2, fibronectin, VIM, and MMP-2 [99,101]. The
mechanism of the action of LT is demonstrated in Figure 4.
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Figure 4. Possible mechanisms of luteolin, Carnosic acid, and N-Phenethylacetamide inhibit EMT via
different pathways [94,95].

4.14. Carnosic Acid

Carnosic acid (CA), a polyphenolic diterpene found in rosemary (Rosmarinus offici-
nalis), has anti-cancer, anti-viral, and anti-inflammatory activities. CA suppresses cancer
cell migration and proliferation while lowering vascular endothelial growth factor expres-
sion. In leukemia and CRC cells, CA also causes cell cycle arrest at the G2/M phase by
downregulating cyclin expression and has been shown to trigger apoptotic cell death in
human NB and PrC cells [102]. CA inhibits EMT and cell migration in B16F10 cells in a
dose-dependent manner. It prevents Src/AKT phosphorylation and, therefore, activation.
It decreases the secretion of uPAc, MMP-9, and TIMP-1, whereas it increases the secretion of
TIMP-2 and has no effect on the secretion of MMP-2 and plasminogen activator inhibitor-1
(PAI-1). It is also responsible for the decrease in the expression of Snail and Slug but does
not affect the expression of Twist in B16F10 melanoma cells [95]. The mechanism of action
of CA is demonstrated in Figures 3 and 4.

4.15. N-Phenethylacetamide

N-Phenethylacetamide (NPA) is found in the Aquamarina Sp. (MC085). Three com-
pounds, two diketopiperazines [cyclo(L-Pro-L-Leu) (1) and cyclo(L-Pro-L-Ile) (2), and one
NPA (3)] isolated with anti-cancer activity. By altering TGF-induced E.M.T., NPA inhibits
the TGF/Smad pathway and suppresses A549 cell metastasis. It prevents Snail and Slug ex-
pression by inhibiting Smad 2/3 phosphorylation. It also suppresses Snail and Slug, which
upregulates the epithelial markers E-cadherin, Zo-1, and claudin-1 while downregulating
VIM, FN1, CDH2, and MMP-2 expression, preventing metastasis [101]. The mechanism of
NPA is shown in Figure 4.

4.16. α-Solanine

α-Solanin (AS), a steroidal glycoalkaloid obtained from nightshade (Solanum nigrum
Linn.), suppresses tumor cell growth and causes apoptosis in colon, liver, cervical, lym-
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phoma, and stomach cancer cells. However, the mechanism by which it blocks cancer
cell metastasis remains unknown. An animal model of BC induces cell death and inhibits
cell proliferation and angiogenesis, resulting in chemotherapeutic actions [103,104]. It
also increases E-cadherin expression, reducing VIM expression and cell invasion, which
inhibits EMT. It also decreases extracellular inducer of matrix metalloproteinase (EMM-
PRIN), MMP-2, and MMP-9, increasing Cysteine-rich protein with Kazal motifs (RECK),
TIMP-1, and TIMP-2 mRNA expression levels. It downregulated the phosphorylation of
Akt, ERK1/2, and PI3K. Furthermore, it increases tumor suppressor miR-138 expression
while decreasing oncogenic miR-21 expression [6,105].

4.17. Baicalein, Wogonin (WG), and Oroxylin-A (ORA)

Baicalein (BAI), wogonin (WG), and oroxylin-A (ORA) are present in a plant, namely
Scutellaria baicalensis [105]. It has been reported that the extract of Scutellaria baicalensis
has anti-tumor activity. A study reported that using the combination of BAI (65.8%), WG
(21.2%), and ORA (13.0%) compounds against A549 lung adenoma cancer cells inhibited
the EMT process significantly [105]. The Total Flavonoid Aglycones Extract (TFAE) isolated
from Scutellaria baicalensis has shown inhibition against tumors by inducing apoptosis,
mainly BAI, WG, and ORA [106]. It was reported that the TFAE of Scutellaria baicalensis has
inhibited the EMT of A549 cells via PI3K/AKT-TWIST1 axis [105].

4.18. Coptidis Rhizoma

It was reported that the extract of Coptidis Rhizoma (CR) could inhibit the EMT
process via the TGF-β signaling pathway [107]. It has been shown that 30% ethanol extract
of Coptidis Rhizoma can inhibit cell migration and invasion via blocking E-cadherin and
decreasing expression of vimentin, Snail, and ZEB2 [107]. It has a potential anti-metastatic
effect and can be a candidate against cancer. The different pathways and proteins targeted
by all natural products discussed in the present review are summarized in Figure 5.

Figure 5. Illustration of the different pathways targeted by the natural products discussed in the
present review.

5. Advantages of Targeting EMT

EMT is recognized as playing a key role in developing cancer, metastasis, and chemother-
apy resistance, and its crucial roles throughout cancer progression have recently been

568



Molecules 2022, 27, 7668

discovered and investigated. Although there is still debate about whether EMT causes
cancer metastasis, its importance in cancer chemoresistance is becoming more widely
recognized, with many EMT-related signaling pathways implicated in cancer cell chemore-
sistance [39]. Targeted cancer treatments have been an emerging field in the recent decade.
Several monoclonal antibody therapies and small chemicals, particularly kinase inhibitors,
have been discovered/synthesized and undergo clinical trials with improved anti-cancer
effectiveness. While many targeted therapeutic medications demonstrated encouraging
preliminary clinical outcomes, such as enhanced overall survival, a significant percentage
of patients who received targeted therapy acquired drug resistance following long-term
treatment [108]. As a result, cancer drug resistance will determine the success of forthcom-
ing targeted treatment medications. Drug resistance can be caused by various mechanisms,
including drug efflux, drug metabolism, and drug target mutations [1,109]. The func-
tion of EMT in cancer therapy resistance has recently been explored. In the early 1990s,
a relationship between EMT and cancer cell treatment resistance was proposed. Heck-
ford et al. discovered that EMT occurred in two Adriamycin-resistant MCF-7 cells and
vinblastine-resistant ZR-75-B cells [110]. Attempts have been devoted to targeting the ABC
transporters to overcome drug resistance [111,112]. When it became obvious that EMT
plays a critical role in drug resistance, scientists began exploring drugs targeting EMT
to overcome drug resistance. Gupta et al. created EMT cells using E-cadherin shRNA
and used this cell line to develop CSC-selective small molecule inhibitors. Using high-
throughput screening, they discovered an antibiotic named Salinomycin that eliminated
breast CSCs preferentially [113]. Salinomycin also reduced EMT caused by doxorubicin
exposure and improved doxorubicin sensitivity in HCC cells [114]. It inhibited the expres-
sion and operation of drug efflux pumps in BC cells, resulting in a considerable reduction
in doxorubicin resistance [115]. In addition to Salinomycin, several minor pharmacologic
inhibitors of EMT have been discovered and tested in vitro and in vivo cancer treatment
resistance models. Mocetinostat, a histone deacetylase (HDAC) inhibitor that restored
miR-203 and decreased ZEB1 (EMT-TF) expression, reversed EMT in drug-resistant cancer
cells and sensitized them to the chemotherapeutic agent docetaxel [116]. Curcumin, a
component of curry, was discovered to sensitize 5-fluorouracil-resistant colorectal cancer
cells via inhibiting EMT via miRNA [117]. According to Namba et al., EMT mediated by
the Akt/GSK3/Snail1 pathway was a critical signaling event in acquiring gemcitabine
resistance in PC cells. The anti-viral zidovudine inhibited these signaling pathways, restor-
ing gemcitabine sensitivity in cancer cells. Co-administered zidovudine with gemcitabine
reduced tumor growth and prevented cancer cells from establishing the EMT phenotype
in mice with a gemcitabine-resistant pancreatic tumor xenograft [118]. Oncologists have
recently focused on metformin since it has anti-cancer and chemopreventive qualities
independent of anti-hyperglycemic effects [119,120]. Hirsch et al. later discovered that
metformin targets BCSCs [121]. According to follow-up studies, metformin lowers CSCs by
targeting EMT Metformin triggered transcriptional re-programming of BCSCs by lowering
major EMT-TFs such as SNAIL2, Twist1, and ZEB1, according to Vazquez-Martin and
colleagues [121]. Metformin has been shown to prevent EMT in lung cancer by inhibiting
the IL-6/STAT3 axis in lung adenocarcinoma [122]. Although the direct molecular target
of metformin in suppressing EMT is unknown, the Stimulation of AMPK may play a
significant role in the drug’s anti-EMT activity [123,124]. Metformin is being studied in
over 200 human clinical studies for cancer therapy because of its possible CSC, anti-cancer
properties, and favorable safety profile [125]. As a result, targeting EMT has been viewed
as a unique strategy for combating cancer treatment resistance. In addition to the small
compounds that have been created, a lot of pharmacological screening is being done to
find new EMT inhibitors. Chua et al. created an EMT spot migration recognition method
that can be utilized for high-content screening to screen small molecule EMT inhibitors
that target certain growth factors. Scientists could undertake high throughput screening of
small compounds utilizing enhanced screening platforms thanks to advancements in EMT
and CSC biology [126]. Aref et al. also created a microfluidic device that mimics the 3D
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tumor microenvironment by including tumor cell spheroids and an adjacent endothelial
monolayer. This approach is very beneficial in identifying EMT medicines active in a
complex in vivo tumor microenvironment with several cell kinds interacting [127,128].
As a result, targeting EMTs with the natural chemical entity is viewed as a unique and
innovative approach to combating cancer treatment resistance.

6. Targeting EMT Process by Molecular Docking (MD)

MD is a promising approach for estimating the interaction between biological molecules,
such as proteins and ligands [129,130]. In the last decade, MD has emerged as a promising
tool in identifying lead molecules against different ailments. MD is applied to cancer stem
cells (CSC) associated metabolic and signaling pathways. Different metabolic pathways
participate in CSC survival concerning cancer progression and alterations [130]. This is
why metabolic re-programming is considered one of the cancer symbols [131].

Natural products are considered the grounds of multi-targeting molecules. Alkaloids,
a class of natural producers, are one of the promising molecules that have the strength to
combat CSCs via MD [130,131]. The drugs like salasonine and tylophorine have shown that
they altered the Hedgehog (Hh) pathways and exerted anti-cancer effects on CSCs [130,131].
The targeting of overexpressed receptors in cancer tissues has demonstrated anti-cancer po-
tential by natural products earlier through MD and experimental approaches [130,131]. It is
reported that natural products represent a rich source of therapeutically active compounds
which can interact with numerous cellular targets and minimize the side effects [132]. MD
may help us find the natural lead molecules against the EMT process. Different recep-
tors play a role in the EMT process, so it will be more important to screen out natural
compounds against those receptors to find lead molecules.

7. Future Prospective

EMT has long been suspected of contributing to cancer therapy resistance. It became
clear when scientists observed strong parallels in gene expression profiles and marker
expression between EMT cells and CSCs. The resistance of CSCs against pharmacother-
apy is a major challenge and poses a significant threat to cancer patients. The pathways
involved in EMT have been deciphered by scientists, and have developed several method-
ologies to investigate the phenotypes in EMT. These understandings form the basis for
drug screening against EMT-mediated cancer. The miRNA and some chemical agents
demonstrate inhibitory activity against EMT, but no currently available miRNAs in clinical
settings can solve this problem. So natural compounds showing good results can be the
game changers in mitigating the EMT process. Several small chemical agents have been
discovered to help drug-resistant cancer cells targeting EMT become more chemo-sensitive.
Many of these, including Ligustrazine Penisuloxazin A, Halichondramide, Sophocarpine,
Fucoidan, and Diketopiperazines, were investigated in human clinical trials with standard
chemotherapies or targeted treatments.

Furthermore, EMT inhibitors’ long-term safety is unknown. This is especially true
if EMT inhibitors activate the MET pathway, which has been linked to cancer metastasis.
Moreover, studies need to be conducted to investigate the link of EMT with different
pathways involved in Cancers. There is a need to develop nanoformulations targeting
the cancerous to avoid off-target side effects. Moreover, with the advancement of the
compounds screening assays, more novel natural compounds need to be explored to find a
more potent EMT inhibitor. Novel in vitro and in vivo approaches should be developed to
reduce translational failure [133].

8. Conclusions

The part of EMT-MET in cancer cell dispersion and distant metastasis has been ac-
knowledged. Recent research suggests that EMT may not be required for cancer cell metas-
tasis despite its importance in chemoresistance. However, this is controversial because of
the EMT phenotype’s variability and adaptability. Only a fraction of EMT populations may
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be controlled by Fsp1. Finally, EMT is a critical cancer cell characteristic contributing to
medication resistance. Inhibitors of this biological mechanism will be suitable “partners”
for chemotherapy or targeted therapy medications, allowing current cancer therapies to
achieve better clinical outcomes. Natural products play a dynamic role in controlling the
process of EMT in cancer; many assays have been performed to prove their activity. EMT is
a progression where cells can lose their epithelial properties like E-cadherin and a few more
and gain mesenchymal properties like CDH2, VIM, FN1, etc. EMT has long been investi-
gated for its involvement in cancer treatment resistance and metastasis. Assay techniques
to analyze EMT phenotypic and drug screening have been created based on a better knowl-
edge of natural chemicals and critical signaling pathways in EMT. Natural compounds that
downregulate EMT phenotype and, as a result, drug resistance and metastasis have been
identified, allowing scientists to discover natural compounds as EMT inhibitors capable
of improving chemosensitivity of drug-resistant cancer cells while inhibiting metastasis.
However, additional research is needed to fully comprehend the significance of EMT in
cancer treatment resistance, cell proliferation, invasion, metastasis, and natural chemicals
and their involvement in blocking EMT.
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Simple Summary: Ceramide and associated enzymes play a substantial role in cell function such as
in cell proliferation, differentiation, and apoptosis processes. Knowing the enzymatic pathway and
targeting particular enzymes from that pathway can lead to a very successful therapeutic outcome. As
such, this review is focused on the elaboration of the natural products and small inhibitor molecules
that can target important enzymes such as ceramidase and ceramide synthase that participate in the
central lipid ceramide pathway, as well as the outcome when those pathways are disturbed during
disease progression. In addition, this paper also discusses cancer that is associated with the imbalance
of ceramide enzymes.

Abstract: Molecular targeting strategies have been used for years in order to control cancer progres-
sion and are often based on targeting various enzymes involved in metabolic pathways. Keeping this
in mind, it is essential to determine the role of each enzyme in a particular metabolic pathway. In
this review, we provide in-depth information on various enzymes such as ceramidase, sphingosine
kinase, sphingomyelin synthase, dihydroceramide desaturase, and ceramide synthase which are
associated with various types of cancers. We also discuss the physicochemical properties of well-
studied inhibitors with natural product origins and their related structures in terms of these enzymes.
Targeting ceramide metabolism exhibited promising mono- and combination therapies at preclinical
stages in preventing cancer progression and cemented the significance of sphingolipid metabolism in
cancer treatments. Targeting ceramide-metabolizing enzymes will help medicinal chemists design
potent and selective small molecules for treating cancer progression at various levels.

Keywords: natural products and related small molecules; sphingolipids; ceramide; ceramide synthase;
anticancer therapies

1. Introduction

Sphingolipids (SLs) are key modulators of physiological processes including the
cell cycle, apoptosis, angiogenesis, stress, and inflammation [1]. Among SLs, ceramides
(Cers) and sphingosine-1-phosphate (S1P) are the most studied (Figure 1) and often exert
opposing biological functions. Cancer cells show a shift in the balance between proapoptotic
ceramide (Cer) and cancer-promoting S1P. This phenomenon is associated with pancreatic
cancer progression and poor therapeutic outcomes [2,3]. Biochemical dysregulation of SL
metabolism can be used as a biomarker and prognostic factor in pancreatic cancer [4–6].
Further studies suggest that Cer generation and accumulation are critical determinants
facilitating apoptosis in pancreatic cancer cells in response to cytotoxic agents, including
gemcitabine (GMZ) [7], which highlights the significance of manipulating these pathways
to overcome resistance of pancreatic cancer to current therapies. Cer and its biosynthetic
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derivatives are important to rapidly dividing cells such as cancer cells because Cer is a basic
unit of stable lipid membranes that supports transmembrane functionality and integrity [8].
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Figure 1. Ceramide biosynthesis and metabolism pathway.

The polarity in the structure of SLs makes them a basic unit of a membrane or vesicle.
These are biosynthesized not only in the mammalian system but also in other eukaryotic
and prokaryotic organisms, and in marine plants. Most notable are the ones that are
secondary metabolites from fungi. The metabolites from fungi are a survival strategy in the
ecosystem of vertebrates [9]. These secondary metabolites are a source of hits for medicinal
chemistry approaches towards developing drugs involving sphingolipid biochemistry. This
review is focused on ceramide-metabolizing enzymes, which have the capacity to control
ceramide flux. Most of these natural products have attracted the attention of research
groups with the aim of accomplishing total synthesis, as well as others that perform SAR
studies. Some of these have resulted in the identification of small molecule hits. A list of
natural products and small molecules for each of the ceramide-metabolizing enzymes, as
well as their clinical relevance, is provided in the following sections. The synthesis of small
molecules targeting these enzymes strengthened the application of a chiral pool strategy
involving diastereoselective and enantioselective syntheses. Fingolimod, an FDA-approved
medication, is used for treating relapsing forms of multiple sclerosis. Fingolimod was
developed from the fungal metabolite myriocin. Fingolimod has a structural resemblance
to sphingosine. Miglustat is another FDA-approved medication targeting glucosylceramide
synthase. Miglustat is prescribed to treat Gaucher disease [10]. Miglustat has a structural
resemblance to the enzyme substrate. These properties have encouraged academia and the
pharma industry to probe these pathways further in recent years.
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Given the broad biological significance of SLs, this review has focused on updating
the knowledge of medicinal chemistry approaches used to increase cellular Cer levels.
The pharmacological goal is to inhibit enzymatic functions that increase cytotoxic Cer,
thus inducing cellular apoptosis. Knowledge of the pathway and its associated enzymes
paves the way for identifying medicinal chemistry approaches targeting these enzymes,
which could help overcome chemotherapy-resistant cancer cells by exploring combination
therapies that target the Cer metabolism pathway. A brief discussion about the effect of the
natural products, small molecules, on the catalysis of these enzymes is also discussed.

2. The Ceramide Biosynthesis Pathway

Central to SLs is Cer, which constitutes the hydrophobic backbone of all complex SLs
(e.g., glycosphingolipids (GS), sphingomyelin (SM), cerebrosides, and gangliosides) and
structurally consists of a fatty acyl of variable chain lengths bound to an amino group of a
sphingoid base. The fatty acyl chains are, in general, saturated or monounsaturated and
can contain an OH group linked to C-2 or to the terminal carbon atom (α- and ω-hydroxy
fatty acids, Figure 1). Among ceramide-containing SLs, those containing long (C16–20) and
very long (C22–24) acyl chains are the most abundant in mammalian cells, but Cers with
longer acyl chains (C26–36) are also found in epidermal keratinocytes and male germ cells
during their differentiation and maturation [8].

Cer is biosynthesized starting from L-serine in the de novo synthetic pathway (Figure 1).
Cer biosynthesis involves cellular serine palmitoylation using the cofactor-activated palmi-
toyl CoA by serine palmitoyl transferase, resulting in 3-keto sphingosine. This is a rate-
determining step in the biosynthesis of SLs. A cellular enantioselective reduction in the
ketone catalyzed by ketosphingosine reductase allows the required 1,2 anti-amino alcohol
system to be formed. N-palmitoylation of ketosphingosine followed by desaturation results
in the trans-alkene Cer. The structural and stereochemical core of Cer has the inherent
chirality of L-serine, N-palmitoylation, and lipophilic alkyl chain modifications. There are
different types of Cers based on the side chain substitutions on the polar head group—both
N-alkyl and the alkyl side chains.

The Cer metabolic pathway is very dynamic and can result in various SLs being
synthesized to accommodate cellular needs and enhance cell signaling pathways. Cer-
metabolizing enzymes are cell fate specific and expressed based on the physiological role
of the cell. Cancer cells tend to upregulate enzymes that promote the production of SLs
and cell membrane stability. The remainder of this review will highlight the importance
of six different classes of SL-metabolizing enzymes: ceramidase, sphingosine kinase (SK),
sphingomyelin synthase (SMS), 3-ketosphinganine reductase, dihydroceramide desaturase,
and ceramide synthases.

3. Ceramidase

Ceramidases (CDases) are a group of ceramide-metabolizing enzymes that hydrolyze
Cer to produce sphingosine. Sphingosine is then further metabolized into S1P by SK1
or SK2. In humans, there are five known CDases genes. The CDases expressed by these
genes can be divided into three categories depending on the pH required for their optimal
catalytic activity: (i) acid ceramidase (encoded by the ASAH1 gene), (ii) neutral ceramidase
(encoded by the ASAH2 gene), and (iii) alkaline ceramidase (encoded by the ACER1, ACER2,
and ACER3 genes) [11].

3.1. Acid Ceramidase

Acid ceramidase (AC)/ASAH1 is also called N-acylsphingosine amidohydrolase. AC
has a molecular weight of 50 kDa and requires a pH of 4.2–4.3 for its optimal activity [12].
Under these acidic conditions, the byproduct, sphingosine amine, exits as an ammonium
species providing the active site tolerance for this charged functional group. The 3D crystal
structure of AC is generated using EzCADD utilizing PDB file (Figure 2) [13,14]. After
performing EZ pocket calculation, one of the binding pockets is shown with Cys143 [13].
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AC hydrolyzes the amide bond in unsaturated ceramides with C6–C16 acyl chains [15]. It
is mainly localized in lysosomes and maintains intralysosomal Cer homeostasis [16]. AC
is expressed ubiquitously and has a higher expression in the heart and kidneys [17]. The
KM value of AC was determined to be 389 to 413 μM by using 14C-labeled and BODIPY-
conjugated C-12 Cer substrate, N-lauroylsphingosine [18]. An SL activator protein, Saposin
D, is responsible for the enzymatic activity of AC, as evidenced by the Cer accumulation
that occurs in the absence of Saposin D [19]. Further studies narrated the activator protein
Saposin D having binding interactions with the polar head group of monomeric SL, em-
bedded in intracellular lysosomal membrane, in close proximity to AC in order to perform
catalysis [14,20]. This model shows evidence of a multimeric complex lipid–protein interac-
tions for AC catalysis. The altered function of a mutated AC, the overexpression of normal
AC, and the dysregulation of activity of AC have highlighted the importance of its role
in SL metabolism. The dysregulation of AC is associated with a wide range of diseases,
thereby suggesting that AC could be an attractive therapeutic target for drug discovery.

Figure 2. 3D crystal structure of human acid ceramidase (ASAH1, aCDase). PDB ID: 5U7Z. Chain A
is red, chain B is teal, and dashed lines indicate hydrogen bonding. The active site is located near
Cys143 and a binding pocket near the active site was generated using ezPocket with fconv at 89.4,
−3.53, and 203.26 (x, y, z), respectively.

3.2. Role of AC in Pathological Conditions

Lysosome architecture involves the basic unit, SL. Both Farber disease (FD) and spinal
muscular atrophy with progressive myoclonic epilepsy (SMA-PME) are rare lysosomal
storage disorders. They are caused by a missense mutation in the ASAH1 gene resulting in
the absence or decrease in the AC enzyme. There have been fewer than 200 cases of FD and
SMA-PME. With no cure for AC deficiency, gene therapy and enzyme replacement therapy
is under development [21]. Asah1 knockout in mice results in embryonic lethality [22].
Examples of AC inhibitors are shown in Figure 3. All the inhibitors exhibit a polar head
group with a lipophilic tail. The calculated logP is congruent with the observation that these
molecules are more lipophilic. AC is implicated in several cancers, as discussed below.
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Figure 3. Examples of AC inhibitors.

3.2.1. Prostate Cancer (PC)

The role of AC in tumor proliferation and resistance to treatment has been studied
in depth in regard to PC. PC cells develop resistance by upregulating AC. Clonogenicity
and cytotoxicity assays confirm that radio sensitization can be established by the genetic
downregulation of AC with small interfering RNA (siRNA). Also, the radiation-induced
AC upregulation creates cross-resistance to chemotherapy. The use of the small molecule
AC inhibitor, LCL385, sensitizes primary prostatic carcinoma cell line (PPC-1) cells to
radiation [23]. In addition, the same cell line preferentially upregulates AC, resulting in
increased radiation resistance and proliferation. The use of an AC inhibitor, LCL521, acts
as a radiosensitizer preventing relapse [24]. This was validated with immunohistochemical
studies in these tissues, where higher levels of AC were observed after radiation treatment
failure than in irradiation-naïve cancer, intraepithelial neoplasia, or benign tissue.

In addition, AC inhibition prevented relapse in an animal xenograft model by produc-
ing radio sensitization. Higher IHC expression of AC in primary PCs is associated with a
more advanced disease stage. In a model derived from PC-3 cells, the highly tumorigenic,
metastatic, and chemo-resistant PC-3/Mc clone expressed higher levels of AC than the
non-metastatic PC-3/S clone. Stable knockdown of ASAH1 in PC-3/Mc cells resulted in an
accumulation of Cer, a reduction in clonogenic potential, and the inhibition of tumorigene-
sis and lung metastases [25]. Treatment of DU-145 cells with the AC inhibitor LCL204, a
lysosomotropic analog of B13, induces apoptosis in a cathepsin-dependent manner. Upon
treatment with this inhibitor, destabilization of membranous lysosomes and the release
of lysosomal proteases into the cytosol lead to mitochondria depolarization and caspase
activation, resulting in apoptosis [26]. Both PC-3 and DU 145 are hormone-refractory
human PC cell lines. In both of these cell lines, combination treatment with fenretinide
(4-HPR), a ceramide-generating anticancer agent, and DM102, a novel synthetic AC in-
hibitor, resulted in a considerable decrease a cell viability and the combination therapy
was more effective than either treatment alone. In the PC-3 cell line, the treatment induces
apoptosis through ROS generation. However, another AC inhibitor, N-oleoylethanolamine
(NOE), in combination with 4-HPR, does not result in synergistic activity [27]. In another
study using PPC1 and DU145 PC cells, AC overexpression was shown to result in increased
lysosomal density and autophagy and increased expression of the motor protein KIF5B,
contributing to lysosomal stability. AC overexpression, in addition to increasing radiation
and chemotherapy resistance, increases stress resistance. Although increased lysosomal
density in these cells makes them more sensitive to therapeutic agents targeting lysosomes,
the overexpression of AC provides a new therapeutic target [28].
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3.2.2. Head- and Neck Cancer (HNC)

AC was overexpressed in four of six primary tumor tissues and six of nine cell lines
in HNC. AC also contributed to decreased cisplatin sensitivity. Pharmacological (with
N-oleoyl-ethanolamine) or genetic (with short hairpin RNA) inhibition of AC enhanced
cisplatin-induced HNC cell death by increasing Cer and activating other proapoptotic
proteins [29]. In mouse squamous cell carcinoma SCCVII, the inhibition of AC with the
small molecule inhibitor LCL521 significantly decreased the survivability after photody-
namic therapy by effectively restricting regulatory T lymphocytes and myeloid-derived
suppressor cell activity [30]. The combination of photodynamic therapy and dasatinib
also decreases SCCVII cell survivability by decreasing AC, leading to increased Cer acti-
vating caspase-3-induced apoptosis [31]. In SCC-1, overexpression of AC increased the
resistance to Fas-induced cell death, which was reversible using specific AC siRNA. The
AC inhibitor LCL 204 sensitizes HNSCC cell lines to Fas-induced apoptosis both in vitro
and in a xenograft model in vivo, providing an option for combination therapy [32].

3.2.3. Melanoma

The largest organ of the human body, the skin, has a very complex structure with four
main layers. SLs are found throughout each layer, and maintain the functions of this organ.
AC expression is significantly higher in normal human melanocytes and proliferative
melanoma cell lines, compared with other skin cells (keratinocytes and fibroblasts) and non-
melanoma cancer cells. Melanoma cells exhibit lower amounts of Cer by downregulating
the de novo synthesis pathway. The AC inhibitor ARN14988 in combination with 5-Fluoro
Uracil increases cytotoxicity in the proliferative melanoma cell lines by increasing Cer and
reducing S1P levels [33]. In human A375 melanoma cells, dacarbazine (DTIC) decreases
ACdase activity through reactive-oxygen-species-dependent activation of cathepsin B-
mediated degradation of the enzyme. Downregulating AC expression increased Cer
level and sensitivity to DTIC, providing a therapeutic tool for the treatment of metastatic
melanoma [34]. The deletion of ASAH1 in human A375 melanoma cells using CRISPR-
Cas9-mediated gene editing showed a significantly greater accumulation of long-chain
saturated Cers that are substrates for AC in ASAH1-null cells. The cells lose the ability to
undergo self-renewal [35]. Our hypothesis on this observation correlates with Cer flux and
its function.

3.2.4. Myeloid Leukemia

Primary acute myeloid leukemia (AML) cells have a higher expression of AC, which is
essential for AML blast survival. In AML cell lines, increased levels of AC induced a higher
expression of antiapoptotic Mcl-1 protein, increased S1P, and decreased Cer. Treatment
with the AC inhibitor, LCL204, induces Cer accumulation and decreases Mcl-1. The overall
survival of C57BL/6 mice engrafted with leukemic C1498 cells increased significantly with
LCL204 treatment, while the treatment significantly decreased the disease burden in NSG
mice engrafted with primary human AML cells [36]. IFN regulatory factor 8 (IRF8) is
a key transcription factor for myeloid cell differentiation. Without IRF8, hematopoietic
cells in human myeloid leukemia patients rapidly proliferate and remain undifferentiated.
Thus, acting as a tumor suppressor by promoting cell differentiation, IRF8 expression is
frequently lost in myeloid leukemias. One of the repressive transcriptional targets of IRF8
is AC; consequently, as IRF8 is lost, AC expression increases, solidifying its role as a tumor
suppressor. In chronic myelogenous leukemia (CML), overexpression of IRF8 repressed
AC expression, resulting in C16 Cer accumulation and increased sensitivity of CML cells
to FasL-induced apoptosis. AC expression is significantly higher in cells derived from
IRF8-deficient mice. In these cells, inhibition of AC activity or application of exogenous
Cer sensitizes the cells to FasL-induced apoptosis [37].
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3.2.5. Non-Small Cell Lung Cancer (NSCLC)

In NSCLC cells with acquired resistance to ChoKα inhibitors, these cells also display
increased levels of ASAH1. Inhibition of AC synergistically sensitizes lung cancer cells to
the antiproliferative effect of ChoKα inhibitors, which opens up a new therapeutic option
for combinatorial treatments of ChoKα inhibitors and AC inhibitors [38].

3.2.6. Breast Cancer

Higher expression of AC has been observed in ER-positive and luminal-A-like breast
cancer. High expression of AC in invasive breast cancer is associated with improved
prognosis and reduced incidence of recurrence in preinvasive ductal carcinoma in situ
(DCIS) [39]. The effect of AC inhibitors (DM102 and NOE) in combination with C6-Cer
(C6-cer), a cell-permeable analog of Cer, has been studied in three different breast cancer
cell lines MDA-MB-231, MCF-7, and BT-474 cells. Although as single agents, both C6-cer
and DM102 are moderately cytotoxic, their combination induced synergistic decreases in
viability. In MDA-MB-231 cells, apoptosis is induced by caspase 3/7 activation and poly
(ADP-ribose) polymerase (PARP) cleavage. In the same cell line, C6-cer/DM102 increases
ROS levels and results in mitochondrial membrane depolarization. Furthermore, the C6-
cer/DM102 combination is antagonistic in BT-474 cells, suggesting different molecular
mechanisms being cell-type-specific. AC expression is correlated to the human epidermal
growth factor receptor 2 (HER2) status [40]. Another study shows that an AC inhibitor,
ceranib-2, induces apoptosis in MDA-MB-231 and MCF-7 by activating stress-activated
protein kinase/c-Jun N-terminal kinase and mitogen-activated protein kinase apoptotic
pathways by inhibiting the antiapoptotic pathway [41]. Ceranib-2 exhibits similar effects in
PC cell lines too [42].

3.2.7. Ovarian Cancer (OC)

In an immunohistochemical analysis study of 112 OC patients, low AC expression
has been correlated with tumor progression. This analysis contradicts the concept of AC
being a cancer progression promoter, suggesting AC is involved in alternative pathways in
different cancers, which requires further investigation [43].

3.2.8. Hepatobiliary Cancers

AC is downregulated using the chemotherapeutic agent daunorubicin in human
(HepG2) and mouse (Hepa1c17) hepatoma cell lines, as well as in primary cells from murine
liver tumors, but not in cultured mice. Genetic (small interfering RNA) or pharmacological
inhibition of AC with N-oleoylethanolamine (NOE) sensitized the cell lines to daunorubicin-
induced cell death, preceded by structural mitochondrial changes, stimulation of reactive
oxygen species generations and cytochrome c release followed by caspase-3 activation.
In vivo siRNA treatment targeting AC reduced tumor growth in liver tumor xenografts of
HepG2 cells and enhanced daunorubicin therapy, providing a potential therapeutic target
for liver cancer [44].

The key chemotherapeutic agent in pancreatic cancer, gemcitabine, exhibits different
efficacy due to polymorphism in the expression of enzymes that regulate its metabolism [41,45].
Deoxycytidine kinase (dCK), which phosphorylates gemcitabine, activates the drug, while
cytidine deaminase (CDA) inactivates gemcitabine by deamination [6]. In MIA PaCa-2
and PANC-1 pancreatic cancer cell lines, the novel Cer analog, AL6, inhibits cell growth,
induces apoptosis, and synergistically enhances the cytotoxic activity of gemcitabine. AL6
also increases the gene expression of the gemcitabine-activating enzyme deoxycytidine
kinase (dCK), improving the efficacy of gemcitabine. This study suggests the use of AL6
and gemcitabine combination therapy for pancreatic cancer [45].

3.2.9. Colon Cancer

Colorectal adenocarcinoma tissues have higher ASAH1 expressions when compared
with the adjacent normal colonic mucosa. In HCT116 colon cancer cells, there is an inverse
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correlation between the AC expression and the p53 functional activity. Inhibition of AC
using carmofur in HCT116 CELLS significantly increased the antiproliferative, proapoptotic,
antimigratory, and anticlonogenic effects of oxaplatin [46]. In the human colon cancer cell
line, the AC inhibitor ceranib-2 increases apoptosis by increasing ASAH1 mRNA expression
and reducing TNFR1 expression [47].

4. Sphingosine Kinase

Sphingosine-1-phosphate (S1P) is a bioactive SL that regulates the growth, survival,
and migration of several cell types. S1P is a ligand for five transmembrane G-protein-
coupled receptors, S1P1-5, and for several intracellular targets such as histone deacetylases
1 and 2 [48]. Cellular biosynthesis of S1P occurs through phosphorylation of Sphingosine
(Sph) catalyzed by SKs. Sphingosine, an effector molecule is biosynthesized by ceramidase
activity on the central lipid Cer. SKs exist in two isoforms, SK1 and SK2, encoded by
unlinked genes.

The crystal structure of SK1 from the Protein Data Bank is shown in Figure 4, and was
generated using ezCADD [13,49]. The active site has the ligand D-erythro-sphingosine.
Using ezCADD computer modelling software, we have identified the surrounding amino
acids around this ligand. The polar head group is closer to Asp341 and Asp178. The
lipophilic tail portion is surrounded by nonpolar amino acids [13]. Pharmacologically, Cer
and Sph are associated with growth arrest and apoptosis. On the contrary, S1P is associated
with prosurvival roles [50]. SKs and S1P have been implicated in a variety of disease states
including cancer [51,52], sickle cell disease [53,54], atherosclerosis [55,56], asthma [57,58],
diabetes, fibrosis [59], etc.

Although SK1 and SK2 share a high degree of homology, they differ in size, localization,
distribution, and intracellular roles [60,61]. While double-knockout studies in mice suggest
that SKs are the sole source of S1P, some functional redundancy exists, as SK1 or SK2 null
mice are viable and fertile [62].

The biological significance of SKs has encouraged academia and pharmaceutical com-
panies to target SKs for their therapeutic value. Initial drug discovery efforts resulted
in SK1 potent inhibitors, complimented by the availability of the SK1 crystal structure.
Based on a Protein Data Bank search, no crystal structure for SK2 has been reported. Po-
tent, selective SK2 inhibitors have been developed through homology modeling of SK1.
Competitive inhibition strategies have been reported, and strategies aimed toward compet-
itive inhibition remain a focus. Shown in Figure 5 are the representative SK 2 inhibitors
with moderate potency and selectivity. ABC294640 was the first SK2 inhibitor with Ki
10 μM [63] that has been deployed in a variety of disease models, which include ulcerative
colitis [64] Crohn’s disease [65] ischemia/reperfusion injury [66] osteoarthritis [65] colon
cancer [67] and colorectal cancer [68]. However, ABC294640 has recently been reported
to have an off-target effect of acting as a tamoxifen-like molecule with the estrogen re-
ceptor [69]. A recent study has shown that the sensitivity of BRAFV600E mutant colon
cancer cells to Vemurafenib can be increased by reducing the AKT-mediated expression of
nucleophosmin and translationally controlled tumor protein [70]. This study highlights
the significance of sphingolipid biochemistry and targeting multiple pathways in combina-
tion in order to achieve effective cancer therapies. ABC294640 was the first SK2 inhibitor,
and when utilizing this as a biological probe, several outcomes were reported in terms of
S1P-mediated signaling. For example, mitophagy-mediated apoptosis was unraveled in a
multiple myeloma cell line [71]. Other inhibitors, namely SG-12 [72], ®-FTY720-OMe [73],
K145 [74], and VT-ME6 [75] exhibited optimal potency and selectivity. K145 has a lipophilic
phenoxy ether with a polar head group exhibiting structural similarity to R-FTY720-OMe.
K145 is an SK2 inhibitor under investigation for treating leukemia.
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Figure 4. Crystal structure of Sphingosine Kinase 1. PDB ID: 3VZB. Protein is shown in rainbow
color scheme, the ligand D-erythro sphingosine is shown in element color scheme with gray, red, and
blue for carbon, oxygen, and nitrogen, respectively, and sulfur ion is also shown in crystal structure
with element color scheme yellow for sulfur. Active site is located near α8 and 9 helix and β10 sheet.

Based on structure–activity relationship (SAR) studies, isoform-selective SK2 inhibitors
with improved potency and half-life in mice were developed. These inhibitors include
SLR080811, [76] SLP120701, [77] SLM6031434, [78] SLC5091592 [79], and VT 20dd [80] and
are depicted in Figure 6. SLR080811, with a Ki of 13.3 μM and 1.3 μM for SK1 and SK2,
respectively, is under study for colorectal cancers with resistance to 5-fluorouracil. [76].
An important finding from these studies was the observation of elevated S1P levels in
the mice upon pharmacological inhibition of SK2. Extensive SAR studies of SLR080811
resulted in an azetidine, SLP120701, with an improved half-life of 8 hours in mice [77].
Modifications in the tail region further improved SK2 selectivity as seen with the analog
SLM6031434 [78], and a lipophilic-tail-substituted naphthalene-oxy analog, as seen with
SLC5091592 [79]. These analogs showed improved SK2 selectivity and potency, comparable
to second-generation SK2 inhibitors presented in Figure 6.
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Figure 5. Sphingosine Kinase 2 inhibitors.

 

Figure 6. Other Sphingosine Kinase inhibitors.

As evidenced, sphingosine kinase tail regions can be modified to improve kinase
specificity and selectivity. This statement is highlighted by a study that took scaffold
of aminothiazole and developed the SK2 inhibitor 20dd (Figure 6). 20dd demonstrated
improved potency, selectivity, and in vivo outcomes [80]. A PubMed search for probes of
the anticancer potential for these analogs has not been reported so far, but with favorable
pharmacological features such as selectivity and specificity towards SKs, further exploration
into 20dd and its analogs is warranted.

5. Sphingomyelin Synthase

Sphingomyelin Synthase (SMS) is responsible for generating SM and diacylglycerol
(DAG) by transferring the phosphocholine from phosphatidylcholine onto the primary
hydroxyl group of Cer [81,82]. Thus, SMS is also biologically important as it regulates the
levels of Cer and DAGs, resulting in bioactive lipids [83]. In the de novo synthesis pathway,
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Cer biosynthesis starts with L-serine and palmitoyl CoA to give 3-Ketosphinganine, which
then undergoes a series of enzymatic reactions to yield Cer on the cytoplasmic side of
the endoplasmic reticulum (ER) membrane. Cer is then transferred to the Golgi compart-
ment in a non-vesicle way by the Cer transfer protein (CERT). There, SMS transfers the
phosphocholine headgroup from phosphatidylcholine to Cer, yielding SM and DAG. The
SM produced in this step is then sorted into cell membranes by either vesicle traffic or
protein-facilitated transportation [84]. It is noteworthy that SM is the basic component
of lipid rafts. Lipid rafts are important microdomains of cell membranes that provide a
platform for many receptors and transport proteins. The SMS gene family consists of three
members—sphingomyelin synthase 1 (SGMS1), sphingomyelin synthase 2 (SGMS2), and
sterile alpha motif domain containing 8 (SAMD8), which encode their respective proteins:
SMS1, SMS2, and SMS-related protein (SMSr). Even though SMSr displays high homology
with SMS1 and SMS2, it does not have any SM synthase activity [82]. SMS1 and SMS2
are localized in the trans-Golgi network, where SM is synthesized from Cer, which is
transported from the ER to the Golgi by the CERT [1]. SMSs are present in all tissues, and
SMS1 is the principal contributor to the SMS activity in most cells. Both isoforms share 57%
of sequential identity and are conserved in mammals [82]. In SMS1, a sterile alpha motif
(SAM) is present, which takes part in protein–protein interactions, and which is not present
in SMS2. SMSs contain six transmembrane regions with both N- and C-termini exposed
into the cytosol.

Biological Significance of Sphingomyelin Synthase

The formation of SM is essential for cell growth and survival. In a mouse lymphoid
cell line deficient in SM synthase activity, loss of SMS activity halted cell growth in serum-
free conditions, which could, however, be restored by supplemental exogenous SM or
heterologous expression of SMS1 [85]. Different studies have correlated the up- and
downregulation of SM synthase activity to mitogenic and proapoptotic signaling in different
mammalian cell types [86–88]. Although the cellular pathway for the effects of SMS is
unclear, it can exert its effect through the following mechanisms: (1) SM accumulation
in the plasma membrane, and its affinity for sterols, contributes to the rigidity of the cell
membrane; and (2) SM accumulation in the plasma membrane acts as a source of a number
of other SLs, which are catalyzed by acidic or neutral sphingomyelinases (SMases) [89,90].
Cer, sphingosine, and sphingosine 1-phosphate are all potential SM metabolites and have
proven to be significant regulators of cellular functions like cell proliferation, differentiation,
and apoptosis [2,91,92]. The microdomain formation of SM in the Golgi apparatus plays a
role in the sorting process of different SLs [93]. SM synthesis can act as a source of DAG
in the trans-Golgi network, thus facilitating the protein kinase D recruitment leading to
the formation of transport carrier proteins [94]. SM synthesis regulates the cellular levels
of both the proapoptotic factor Cer and the mitogenic factor DAG, directly impacting cell
proliferation [88,95]. Some of the SMS inhibitors are natural products which originate
from the marine environment; these molecules and their synthetic analogs resemble SMS
substrates and are depicted in Figure 7.
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Figure 7. Sphingomyelin Synthase inhibitors.

6. 3-Ketosphinganine Reductase

3-Ketosphinganine reductase (KSR) mediates the reduction of ketosphinganine into
sphinganine (Sa). In certain cancer cells (HGC27, T98G, and U87MG), 3-ketosphinganine
(KSa) and its deuterated analog at C4 (d2KSa) are metabolized to produce high levels of
dihydrosphingolipids [96]. Although the function of KSR has been studied in yeast and
plants, the role in human pathology lacks supportive findings.

7. Dihydroceramide Desaturase

Dihydroceramide Δ4-desaturase (DES) is the member of the desaturase family which
converts the dihydrosphingosine backbone within ceramide into a sphingosine back-
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bone [97]. The first step is utilizing molecular oxygen to introduce a hydroxyl group
into the C4 position of the dihydrosphingosine backbone, which is then followed by a
dehydration reaction producing a double bond in the C4–C5 position of dihydroceramide,
with the aid of NADPH [98–100]. The only difference between dihydroceramide and Cer is
that Cer has a trans double bond at the C4–C5 position. In mammals, two gene isoforms
named DES1 and DES2 have been identified [101]. The DES1 gene contains multiple
transmembrane domains, and a recent study shows that it requires myristoylation on its
N-terminus for full activity [101,102]. DES1 is localized in the ER membrane where it has
access to newly synthesized dihydroceramide species [97]. 4-hydroxyceramide is an inter-
mediate reaction product in the conversion of dihydroceramide to ceramide, which is also
known as phytoceramide. In plants and yeast, it is the predominant ceramide species. In
mammals, DES1 is found in all tissues and only converts dihydroceramide species into fully
desaturated Cer, whereas DES2 is capable of creating either phytoceramide or ceramide
from dihydroceramide precursors [103,104]. DES2 is highly expressed in skin, intestines,
and kidneys [103]. The deletion of DES1 and DES2 shifts the SL synthesis pathway toward
the SL, lacking the double bonds introduced by DES1 and DES2, such as dhS1P, dhSph,
dhsphingomyelin (dhSM), and especially DhCer [105]. In Des1−/− mice, the inability to
form Cer leads to highly elevated dihydroceramide, low levels of Cer, multi-organ dys-
function, and failure to thrive [106]. Cer has signaling properties that are distinct from
dihydroceramide and phytoceramide, suggesting that most cells have evolved to recognize
Cer as a more significant determinant for initiating a cellular response [107].

7.1. Role of Dihydroceramides in Various Diseases
7.1.1. DhCer in Brain Diseases

Increased DhCer levels have been observed after hypoxia and subarachnoid hem-
orrhage [108,109]. Both studies suggest the involvement of DhCer in the mechanisms
of disease in oxygen deprivation states such as stroke. Altered DhCer levels have also
been noted in studies related to certain neuronal diseases such as leukodystrophia [110],
Alzheimer’s [111], and Huntington’s disease (HD) [112]. The association of DhCer with
the progression of degenerative brain diseases and other brain-related diseases makes it a
potential target as a biomarker or diagnostic tool.

7.1.2. DhCer in Cardiovascular Disease

DhCers were found to be increased in both human atherosclerotic plaques and rat mod-
els of hypercholesterolemia [113,114]. DhCer also correlates with the release of macrophage
inflammatory protein 1β (MIP-1β). However, the role of DhCer in plaque stability is de-
batable, because the extracellular addition of DhCer to human aortic smooth muscle cells
did not cause apoptosis, whereas the addition of Cer did [115]. Apart from these studies,
increased DhCer levels have been found in patients with rheumatoid arthritis [116] and in
doxorubicin-induced cardiac toxicity [117]. All these studies suggest the role of DhCer as a
marker for cardiac pathology.

7.1.3. DhCer in Cancer Therapy

As Cer has been studied for its apoptotic property, in most of these studies, DhCer
has been considered as a precursor to Cer [114,118,119]. Some studies have focused on
DhCer’s potential role in cancer cell autophagy [120–122] in cancer-induced bone pain [123],
and in cell cytotoxicity [124]. The fluctuation in the DhCer and Cer levels in cancer cells
seems to differ according to the site of origin of the cancer. For example, in cancerous
tissue of human endometrial cells, the level of DhCer was increased 3- to 4.6-fold, and
Cer and S1P were increased 1.6- to 1.9-fold [125]; whereas in melanoma cells, DhCers and
Cers were significantly lowered compared with non-malignant melanocytes [33]. Recent
studies have focused on the gatekeeper enzyme dihydroceramide desaturase 1 (DES1),
a new target for cancer therapy, for a better understanding of the pathological effects of
DhCer in cancer. DES1 performs desaturation resulting in olefinated functionality in Cer.
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4-HPR-fenretinide, a DES1 inhibitor, is currently being studied for different types of cancers
including peripheral T-cell lymphomas and solid tumors. In SMS-KCNR neuroblastoma
cells, 4-HPR-fenretinide directly inhibits DES1 with an IC50 of 2.32 μM. Inhibition of
SK sensitizes cells to 4-HPR-fenretinide’s cytotoxic effects due to an increased level of
DhCers [126]. The possible interaction between 4-HPR-fenretinide’s inhibition of DES1 and
SK activity has been supported by a few other studies [122,127–129]. In cancer cell lines
like HEK293, MCF 7, A549, and SMS-KCNR cells, oxidative stress can also inhibit DES1,
which is followed by an increased level of DhCers [130]. Increasing the exogenous DhCer
levels induced autophagy in T98G, U87MG glioblastoma cells [121], and DU145 cells [120]
and reduced proliferation in castration-resistant PC cells [131]. In the human gastric cancer
cell line, HGC-27, DhCers exerted autophagic effects when DES1 was inhibited by XM462
and resveratrol, resulting in higher levels of DhCer [122]. DhCer only induced autophagy
when the de novo SL biosynthesis pathway was altered; in studies where both DhCers and
Cers levels were increased, apoptosis occurred instead of autophagy [132]. DES1 assisted
with the advancement of metastasis in PC cells [133] and esophageal carcinoma, possibly
through increased cyclin D1 expression as a result of NF-кB activation [134]. These studies
suggest the potential of increasing DhCer levels to increase autophagy and inhibiting
metastasis through DES1 inhibition as promising targets for cancer therapy. A list of DES1
inhibitors that consist of natural products and related molecules that resemble SL structures,
are shown in Figures 8 and 9, respectively [103].

Figure 8. Natural products and small molecules of non-Sphingolipid analogs reported as dihydroce-
ramide desaturase inhibitors.
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Figure 9. Chemical structure of sphingolipid analogs reported as dihydroceramide desaturase inhibitors.

8. (Dihydro)ceramide Synthase

Dihydrosphingosine (DHSph) is further acylated by six different (dihydro)ceramide
synthases. In mammals, six distinct (dihydro)ceramide synthases, abbreviated as CerS1-6,
have been identified and are encoded by six distinct genes [135,136]. In SL metabolism, no
other step has as many genes devoted to it as (dihydro)ceramide synthesis, suggesting that
each different CerS has distinct functions.

9. Ceramide Synthases

Ceramide synthases are a group of enzymes which play a central role in SL metabolism
by catalyzing the formation of Cers from sphingoid bases and acyl-CoA substrates. So far,
six CerSs (CerS1–CerS6) have been identified and each of them has a unique characteristic
which will be discussed below.

9.1. Ceramide Synthase 1

Studies have shown Ceramide Synthase 1 (CerS1) to prefer stearoyl CoA as a substrate
for producing the long-chain C18-ceramide [137]. In humans, CerS1 expression has been
detected in glioblastoma cells [138], lung cells [138], and brain tissue [137]. Studies have
shown an upregulated expression of CerS1 in the anterior cingulate cortex in post-mortem
brain tissue from Parkinson’s disease patients [139]. In Parkinson’s disease patients, the
C16:0-, C18:0-, C20:0-, C22:0-, and C24:1-ceramides concentration level is elevated in plasma,
indicating the involvement of other CerS isoforms in the development of the disease [140].
CerS1 is also linked to the autoimmune disorder multiple sclerosis, a neuronal disease
characterized by the demyelination of neurons. In the spontaneous relapse-remitting EAE
(experimental autoimmune encephalomyelitis), CerS1 expression in the lumber spinal
cord is decreased [141]. CerS1 is also associated with the development of obesity. In
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liver microsomes of high-fat, diet-induced obese (DIO) mice, an upregulation of CerS1
expression is shown due to a high-fat diet [142].

CerS1 has been identified to play a role in the pathogenesis of head- and neck squa-
mous cell carcinoma (HNSCC). Studies have substantiated correlations between reduced
C18-ceramide in HNSCC tumors and increased lymphovascular invasion, nodal metastasis,
and higher tumor stages [143]. In A549 human lung adenocarcinoma cells, C18-Cer that is
generated by overexpressed CerS1 represses the promoter activity of human telomerase
reverse transcriptase (hTERT) [143]. Human breast tumors exhibit increased CerS1 mRNA
levels when compared with normal breast tissue, and this was correlated with poor progno-
sis of the patients [144]. In human colorectal cancer (CRC) tissue compared with nontumor
colonic tissue, elevated CerS1 mRNA levels were observed; however, this was accompanied
by a reduction in C18-ceramide levels [145].

In neuroblastoma cells, CerS1 downregulation results in ER stress and proapoptotic
signaling [146]. In human glioma tissue, C18-ceramide levels are lower than in control
tissue, and overexpression of CerS1 or exogenous C18-ceramide triggers ER stress, lethal
autophagy, and cell death in glioma cell lines [147]. These studies stipulate that CerS1 and
its product C18-ceramide can exhibit antiproliferative effects in different cancer cell lines
and tissues.

9.2. Ceramide Synthase 2

Ceramide Synthase 2 (CerS2) utilizes C20–C26 acyl CoA species and is responsible
for long-chain ceramide species [148]. CerS2 has a substrate specificity towards C20:0-,
C22:0-, C24:0-, C24:1-, and C26:0-acyl-CoAs. Its KM towards sphinganine is 4.8 ± 0.4 μM.
In humans, CerS2 is expressed in the kidneys, liver, brain, heart, placenta, and lungs, and
in breast tissue, skeletal muscle, testis, intestines, and adipose tissue [148–151]. This broad
and quantitatively strong tissue distribution of CerS2 indicates its prominent role among
the CerS isoforms and the importance of CerS2-derived long-chain Cers for basal cellular
SL metabolism. Due to its wide distribution and distinct genomic features, the CERS2
gene has been described as a potential housekeeping gene in mammalian cells. The CerS2
protein is localized in the ER.

CerS2 is strongly associated with the development of multiple sclerosis. In the experi-
mental autoimmune encephalomyelitis (EAE) model, CerS2 knockdown has a protective
effect, possibly due to an impaired migration of neutrophils into the CNS [152]. In the
spontaneous relapse-remitting EAE mouse model, CerS2 expression decreased in the lum-
bar spinal cord [141]. CerS2 is also linked to the chronic neurodegenerative Alzheimer‘s
disease. In an Alzheimer’s disease model, there was increased expression of CerS2 in brain
tissue, which led to apoptosis in glial cells [153]. In progressive myoclonic epilepsy (PME)
patients, heterozygous deletions of CerS2 in fibroblasts have been observed, which suggests
that a reduced CerS2 level led to PME development [154]. CerS2 plays a significant role in
CNS development and pathological conditions.

Several studies have supported the role of CerS2 as a tumor suppressor protein
and in maintaining cell- and tissue integrity. In human HCC tissue, a low expression
of CerS2 correlates with tumor progression and poor prognosis [155]. In breast cancer
patients, inverse relationships between CerS2 expression and tumor progression, lymph
node metastasis, and HER2 expression were discovered [156]. CerS2 overexpression inhibits
proliferation and triggers cell cycle arrest and apoptosis in a p21/p53-dependent manner
in papillary thyroid cancer cells [157]. A decreased level of CerS2 inhibits tumor growth
and metastasis in meningioma, [158] bladder cancer [159–161], and PC [162,163].

9.3. Ceramide Synthase 3

CerS3 prefers middle- and long-chain acyl CoAs and generates C18:0-ceramide and
longer-chain Cers [164,165]. In human tissue, CerS3 is expressed in keratinocytes, and
shows high expression in the kidneys and liver with moderate expression in the brain,
heart, skeletal muscle, placenta, and lungs [166,167].
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Mutation of CerS3 has been reported as a reason for autosomal recessive congenital
ichthyosis (ARCI), a keratinization disorder [168]. CerS3 mRNA is reduced to 70% in these
patients’ skin. Another study supported this cause by showing a splice mutation in CerS3
leading to a reduced number of very long chain Cers in the skin, which are essential for
epidermal differentiation, an essential process for the maintenance of epidermal barrier
function [164,169]. There are a lack of data on CerS3 expression in cancer, possibly due to a
restricted expression of CerS3 in the mammalian body, the limited availability of specific
antibodies, and the lethality of CerS3 knockout mice. One study reported decreased CerS3
mRNA levels in human breast tumors compared with normal breast tissue. CerS3 is the
only ceramide synthase which is downregulated compared with significantly upregulated
CerS2, 4, 5, and 6 [144].

9.4. Ceramide Synthase 4

Ceramide Synthase 4 (CerS4) exhibits a substrate specificity towards C18:0- and C20:0-
acyl-CoAs. In humans, it is expressed in kidney tissue (renal papillae, medulla, and
cortex) [170] and breast tissue [151].

In an Alzheimer’s disease mouse model, upregulation of CerS4 expression and in-
creased C20:0- and C24:0-ceramide in the hippocampal brain tissue was observed [148,153].
In human liver cancer tissue, CerS4 is upregulated at the mRNA- and protein level and
promotes liver cancer cell proliferation associated with NF-κB signaling [166,171]. In hu-
man breast cancer tissue, there is higher CerS4 mRNA expression compared with healthy
breast tissue [151]. CerS4 expression is higher in estrogen receptor (EsR)-positive tumors
than in EsR-negative tumors [172]. It is possible that the increase in the ceramide synthesis
by CerS and other CerSs might promote breast and colorectal cancer cell growth through a
disturbed cellular SL homeostasis. Moreover, breast cancer patients with higher mRNA
expression of CerS4, along with CerS1 and CerS5, show a worse prognosis than those with
low CerS expression levels [144].

9.5. Ceramide Synthase 5

Ceramide Synthase 5 (Cers5) prefers palmitoyl CoA as substrate, generates predom-
inantly C16-ceramide species [173], and is expressed in human lung, [150] kidney (renal
papillae, medulla, and cortex) [170], and breast tissue [151]. The KM towards sphinganine
is 1.8 ± 0.4 μM and is expressed in the moth ER and nucleus. A study has shown a mild
upregulation of CerS5 in the lumber spinal cord in the spontaneous relapse-remitting EAE
mice model [141]. In addition, CerS5 mRNA expression is elevated in patient-derived
colorectal cancer (CRC) tissue in comparison to normal colonic mucosa [174–176], and
CerS5 can be used as a marker for CRC [176]. Another study where data from a reverse-
phase protein microarray using epithelium-enriched, human CRC tissue samples were used
revealed that high CerS5 protein expression is associated with the autophagy-regulating
protein signaling network, in contrast to low CerS5 levels that are associated with an
apoptosis-related proteomic network [177]. In human neuroglioma tissue, elevated ex-
pressions of CerS5 mRNA and protein levels were observed when compared with normal
nervous ganglion tissue [178]. These studies suggest the correlation between high CerS5
expression and tumor cell proliferation and cancer progression in CRC, breast cancer, and
other malignancies.

9.6. Ceramide Synthase 6

Ceramide Synthase 6 (CerS6) has a substrate specificity for C14:0- and C16:0 acyl-CoAs
and its KM towards sphinganine is about 2.0 ± 0.6 μM. It is mainly localized at the ER. In
humans, it is expressed in kidney (renal papillae, medulla, and cortex) [170] and breast
tissue [151].

Increased CerS6 expression is observed in neutrophils isolated from blood [152] and
in macrophages and astroglia in the lumbar spinal cord [179] in a progressive, chronic
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experimental autoimmune encephalomyelitis (EAE) mouse model. In spontaneous relapse-
remitting EAE, overexpression of CerS6 in macrophages was observed [141].

When comparing with corresponding healthy tissues, an abnormal higher CerS6 level
is observed in colorectal cancer (CRC) [174,175] and breast cancer [144,151,180,181]. Also,
CerS6 expression is higher in estrogen receptor (EsR)-positive breast tumors than in EsR-
negative tumors [151,172,182]. A similar kind of pattern was observed in gastric cancer.
CerS6 overexpression corelates with poor patient survival and CerS6 knockdown decreases
proliferation, migration, and invasion of gastric cancer cells. The proposed mechanism is
the downregulation of the suppressor of cytokine signaling 2 (SOCS2) by overexpressed
CerS6, leading to the activation of JAK-STAT signaling, followed by enhanced expression
of genes involved in cell cycle progression (cyclins A and B) and metastasis (MMP-2 and
-9) [183,184].

10. Natural Product Inhibitors and Their Analogs

To provide a review of inhibitors targeting ceramide-metabolizing enzymes, represen-
tative natural products and small molecules were discussed for each enzyme. Several of
these analogs have been tested in vitro and in vivo. Table 1 summarizes these molecules.

Table 1. Summary of some of the selected inhibitors targeting ceramide-metabolizing enzymes and
their mechanism of action.

Enzyme Inhibitors Mechanism of Action and Binding Characteristics Ref #

Acid Ceramidase

 
(Carmoflur)

Carmoflur decreases the growth of glioblastoma cell
lines and cells isolated from
glioblastoma-patient-derived xenografts. It covalently
binds to the active site of ASAH1 to inhibit its function,
resulting in increased C14:0, C16:0, and C18:0
ceramide.

[185]

Acid Ceramidase

(Fenretinide)

Fenretinide treatment results in a cellular ceramide
increase in tumor cells. The MOA involves ROS
accumulation, cytochrome C release from
mitochondrial membrane resulting in mitochondrial
membrane depolarization, and cell apoptosis.

[186]

Sphingomyelin synthase

(jaspine B)

In vitro studies in cancer cells demonstrated that
mitochondrial membrane bound cytochrome C release,
resulting in apoptosis.

[187]

Sphingosine Kinase

(ABC294640)

Sphingosine Kinase II specific competitive inhibitor.
SphKII binding models suggest ABC294640 binding in
a J-channel of the active site.

[188]

Sphingosine Kinase II

(SG-12)

SG-12 is a synthetic analogue of sphingosine that acts
as an SKII inhibitor. It induces apoptosis via
phosphorylation by SKII.

[72]
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Table 1. Cont.

Enzyme Inhibitors Mechanism of Action and Binding Characteristics Ref #

Sphingosine Kinase II

(FTY720-OMe)

(R)-FTY720-OMe helps block DNA synthesis and actin
rearrangement induced by sphingosine 1-phosphate
(S1P) in MCF-7 breast cancer cells. It can also reduce
sphingosine kinase 2 (SK2) expression and prevent
DNA synthesis in HEK 293 cells.

[73]

Sphingosine Kinase II

(K145)

Apoptotic effects in U937 cells, possibly through
inhibition of the phosphorylation of downstream RK
and Akt signaling pathways.

[74]

Sphingosine Kinase I

(PF—543)

Despite being SK1 selective, PF-543 demonstrates poor
anticancer activity in several cancer cells. [189]

Dihydroceramide desaturase
 

(Curcumin)

In a model of lipid trafficking impairment in C6 glial
cells, curcumin stimulated ceramide synthesis by
increasing the intracellular concentration of
ceramide-dihydroceramide.

[190]

Dihydroceramide desaturase

(XM462)

Inhibition studies in rat liver microsomes proved
XM462 as mixed type inhibitor by a dose dependent
inhibition of DES1.

[191]

Dihydroceramide desaturase

(GT11)

A Cyclopropene ring mimics the ceramide double
bond, the natural 2S,3R stereochemistry, a free
hydroxyl group, amide, and alkyl chains.

[191]

11. Conclusions

Fingolimod and Miglustat are FDA-approved medications related to the biochemistry
of endogenous SLs. Targeting enzymes involved in SL biosynthesis, metabolism, and
catabolism show promising hits for drug discovery efforts based on sphingolipidomics.
Currently, there are several molecules in clinical studies that push our understanding of
the SL biology in several disease states, mainly cancer. As discussed, a functional lipid raft
is made of SLs. Small molecules and biologics targeting the signaling proteins embedded
in these lipid rafts and the relevance of these proteins in terms of sphingolipid flux is
fertile for future investigations. So far, the strategies aimed at increasing cellular Cer have
opened up an avenue for perturbing cellular ceramide biosynthesis and metabolism. Of
the several hallmarks of cancer that promote chemoresistance, targeting Cer-metabolizing
enzymes appears to be a promising drug target. The molecular objective is to increase
cellular Cer, and this has opened a new avenue of targeting resistant cancers based on
membrane trafficking. Using a combination approach along with FDA-approved regimens
has promising applications.
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Abbreviations

SL Sphingolipid
S1P Sphingosine-1-phosphate
CDases Ceramidases
AC Acid ceramidase
AML Acute myeloid leukemia
HNC Head- and Neck Cancer
SMS Sphingomyelin synthase
DES Dihydroceramide desaturase
DHSph Dihydrosphingosine
CerS Ceramide synthase
GMZ Gemcitabine
FD Farber disease
siRNA Small interfering RNA
PPC-1 Primary prostatic carcinoma cell line
NOE N-oleoylethanolamine
DTIC Dacarbazine
IRF8 IFN regulatory factor 8
NSCLC Non-Small Cell Lung Cancer
DCIS Ductal carcinoma in situ
HER2 Human Epidermal Growth Factor Receptor 2
OC Ovarian cancer
dCK Deoxycytidine kinase
CDA Cytidine deaminase
CERT Ceramide transfer protein
KSR 3-Ketosphinganine reductase
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