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Preface to ”New Mechanisms of Action of Natural

Antioxidants in Health and Disease”

The current understanding of the complex role of ROS in the organism, and pathological

sequelae of oxidative stress, points to the necessity of comprehensive studies of antioxidant

reactivities and interactions with cellular constituents. Many of the protective actions of natural

antioxidants in health and diseases have been ascribed to their antioxidant properties, but in

recent years, many studies have suggested that their classic hydrogen-donating antioxidant activity

is unlikely to be the sole explanation for their effects. First of all, natural antioxidants are

broadly metabolized in vivo, resulting in significant modifications. Moreover, the concentrations

of natural antioxidants and their metabolites in vivo are lower than those usually utilized in vitro.

Consequently, natural antioxidants do not exert their biological action in vivo via simply reacting

with ROS. Accumulating evidence suggests that the cellular effects of natural antioxidants may

be mediated by their interactions with specific proteins that are central to intracellular signaling

cascades, modulating the expression and activity of key proteins, influencing epigenetic mechanisms,

or modulating gut microbiota. This Special Issue includes 10 peer-reviewed papers, including eight

original research papers and two reviews. Together, they represent the most recent advances in the

state-of-the-art of new mechanisms of action of natural antioxidants, in both health and disease.

The reviews include overviews on the function and mechanisms of cyanidin-3-glucoside and its

phenolic metabolites in maintaining intestinal integrity, and on hormetic and mitochondria-related

mechanisms of the antioxidant action of phytochemicals. The research papers present data on

the antioxidant potential of seaweed extracts, fermented papaya preparation, and peptides from

fermented milk. The neuroprotective activities of Rosmarinus officinalis essential oil in a zebrafish

model and the neuroprotective effect of three phytochemicals (sulforaphane, epigallocatechin gallate,

and plumbagin), alone or in combination, in a 3D neuroblastoma cell culture model, were reported.

Moreover, the anti-atherosclerotic effect of Hibiscus leaf polyphenols in vascular smooth muscle

cells was investigated. Finally, the skin whitening effect of ectoine was studied in keratinocytes,

promoting antioxidant application in the cosmetic field. We would like to thank all the authors for

their valuable contributions and all the reviewers for their availability to review the papers and their

suggestions to improve scientific quality. Thank you also to the journal’s publishing team for their

help in disseminating the call for papers and in every step of the publishing process.

Silvana Hrelia, Cristina Angeloni

Special Issue Editors
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Natural antioxidants have been proposed to have beneficial effects on health and on different
disease states, such as neurodegenerative and cardiovascular diseases, diabetes and cancer [1–4].
The use of natural plant antioxidant products to handle different diseases has very ancient roots;
well before the development of modern medicine with synthetic drugs and antioxidants. A lot
of the biological activities of natural antioxidants have been ascribed to their ability to scavenge
reactive oxygen species (ROS) that counteract oxidative stress. In the last years, a multitude of studies
have suggested that their classical hydrogen-donating antioxidant activity is unlikely to be the sole
explanation for their effects [5]. First of all, natural antioxidants are subjected to an extensive metabolism
in vivo that modifies their redox potentials. Moreover, the concentration of natural antioxidants and
their metabolites in vivo are lower than that usually utilized in vitro. Accumulating evidence suggests
that the cellular effects of natural antioxidants may also be mediated by their interactions with specific
proteins central to intracellular signaling cascades [6–8], their modulation of the expression and activity
of key proteins [9–11], their influencing of epigenetic mechanisms [12,13] or their modulation of the
gut microbiota [14,15].

This special issue, concerning new mechanisms in the action of natural antioxidants in health
and disease, contains nine contributions, seven research articles and two reviews, and details recent
advances on this topic.

In recent years, increasing attention has been paid to natural dietetic antioxidants and their
potential effect on human health.

Corsetto et al. [16] focused on edible brown seaweeds, a rich source of natural antioxidants,
extensively investigated for their ability to prevent and/or counteract different diseases [17,18].
In particular, the authors studied the possible mechanisms of Fucus vesiculosus’s antioxidant action and
considered its bioactivity during the production of enriched rye snacks. They used a multiple-method
approach, including chemical assays and cell-based bioassays, to characterize the potential mechanisms
of the antioxidant action of seaweed extracts. They demonstrated that the antioxidant action of
Fucus vesiculosus extracts is due to their high level of polyphenols, but also to their high Fe2+-chelating
activity. Moreover, rye snacks enriched with Fucus vesiculosus showed a higher antioxidant potential,
suggesting the use of these extracts to design functional foods.

Fermented foods are considered prominent constituents of the human diet because of their
content in health-promoting compounds [19]. Fermentation is one the most ancient methods of food
preparation, which increases the shelf life and improves the flavor of food matrices like soy, milk, meat,
fruit and vegetables.

Fermented Papaya Preparation (FPP®) is a product obtained from the yeast fermentation of
non-genetically modified Carica Papaya Linn, and has been shown to represent a valuable approach
in obtaining systemic antioxidant effects. The study of Logozzi et al. [20] was aimed at verifying
FPP®’s in vivo anti-aging effect, together with the modulation of the intracellular antioxidant system.

Antioxidants 2020, 9, 344; doi:10.3390/antiox9040344 www.mdpi.com/journal/antioxidants1
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Mice (C57BL/6J) were treated daily with FPP® from either the 6th week or the 51st week of age. After a
10 month treatment, FPP® led to an increase in telomeres length in the bone marrow and ovary, together
with an increase in the plasmatic levels of telomerase activity and antioxidant levels, and a decrease of
ROS. Interestingly, the treatment started at six weeks of age was more effective, suggesting a potential
preventive role of FPP® against molecular damages induced by age when started precociously.

Tonolo et al. [21] studied the antioxidant activity of different peptides extracted from fermented
milk proteins. Bioactive peptides generated from milk can originate both from whey proteins and
from caseins. Fermented milk was produced using Lactobacillus acidophilus NCFM®, Lactobacillus
delbrueckii subs. bulgaricus and Streptococcus thermophilus. The authors identified four peptides,
N-15-M, E-11-F, Q-14-R, and A-17-E, as the most effective against oxidative stress, and demonstrated
that these bioactive peptides exert their antioxidant activity through the activation of the Keap1/
erythroid 2-related factor 2 (Nrf2) pathway.

Cardiovascular diseases are the leading cause of death in the world, and atherosclerosis, a chronic
inflammatory process that involves a complex of pathophysiological effects, is one of the major risk
factors. The development of atherosclerosis is related to the proliferation and migration of vascular
smooth muscle cells (VSMCs) following stimulation with proinflammatory cytokines [22]. In recent
years, phytochemicals have attracted considerable attention in the prevention and/or counteraction
of atherosclerosis. The paper of Chou et al. [23] reported that a polyphenol-rich extract of Hibiscus
sabdariffa leaves was able to inhibit matrix metalloproteinase expression and cell migration in VSMC
A7r5 cells pretreated with TNF-a, by modulating protein kinase B (PKB) and inducing cell cycle G0/G1
arrest by inducing the expression of p53 and its downstream factors. The extract could also trigger a
decrease in ROS production following TNF-a stimulation. In a well-established atherosclerotic New
Zealand white rabbit model, the authors confirmed the in vitro data on the anti-atherosclerotic effect of
Hibiscus sabdariffa leaf extract, suggesting that this extract could contribute to the protection against
atherosclerosis and consequently against cardiovascular diseases.

Neurodegenerative disorders, like Alzheimer’s disease (AD), affect millions of people in the world
and cause important memory impairment. Presently, there is no drug able to treat dementia-related
afflictions, so phytochemical bioactive compounds are acquiring importance as a source of anti-AD
agents. Capatina et al. [24], using a zebrafish (Danio rerio) model treated with 100 μM scopolamine
(a muscarinic acetylcholine receptor blocker known to induce amnestic effects), investigated the
potential antidepressant-like and cognitive-enhancing effect of Rosmarinus officinalis essential oil
(REO). The authors demonstrated that REO prevents the anxiogenic-like effect of scopolamine, in a
dose-dependent manner, and that it exhibited an anxiolytic and memory-enhancing profile. Moreover,
REO treatment significantly reduced acetylcholinesterase activity, as compared to the scopolamine
treated group, and counteracted the scopolamine-induced reduction in antioxidant enzyme activities
in the zebrafish brain. Therefore, REO could be considered as a promising bioactive source for fighting
cognitive performance-decrease and anxiety increase.

As previously underlined, the use of natural plant antioxidant products has very ancient origins,
but nowadays research has made many steps forward, and the evolution of separative techniques has
made it possible to identify specific active antioxidants compounds in natural sources, and develop
them as potential therapeutic agents.

In their review, Tan et al. [25] analyzed the function and mechanisms of cyanidin-3-glucoside and
its phenolic metabolites in maintaining intestinal integrity. Cyanidin-3-glucoside is an anthocyanin,
naturally present in black rice, black bean, purple potato and many berries. Cyanidin-3-glucoside is
extensively metabolized in the gastrointestinal tract and gives rise to a series of secondary phenolic
metabolites, including protocatechuic acid, phloroglucinaldehyde, vanillic acid and ferulic acid.
Those metabolites have multiple effects, as they regulate the gut’s microbiota and modulate Nrf2
antioxidant and inflammatory pathways. Thanks to these effects, cyanidin-3-glucoside and its
metabolites play a key role in maintaining intestinal integrity and function.
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In recent years, a lot of studies have underlined the synergic effect of different natural compounds
when administered in combination [26]. On these bases, Marazzo et al. [27], using a three-dimensional
neuronal cell culture, investigated the protective effect of three natural antioxidants (sulforaphane,
epigallocatechin gallate, and plumbagin) alone or in combination, focusing on their activity against
hydrogen peroxide-induced oxidative stress. Interestingly, the treatment with the combination of
the three natural antioxidants was more effective than the treatments with the single compounds.
In particular, the combined treatment positively modulated reduced glutathione (GSH), antioxidant
enzymes (heme oxygenase 1, glutathione reductase and thioredoxin reductase) and insulin-degrading
enzymes, and downregulated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 1 and
2, in respect to peroxide-treated cells.

Franco et al. [28] reviewed the indirect antioxidant mechanisms of natural antioxidants, in particular
hormesis, a mechanism that triggers the upregulation of enzymes essential for the innate detox pathways
and/or the modulation of vitagenes expression [29]. Moreover, they suggested that natural antioxidants
present in the chloroplast and mitochondria of plant cells may reach the mitochondria of mammalian
cells, and make electron transport and oxidative phosphorylation more efficient. They concluded
stressing the fact that, very often, in vitro antioxidant measures do not correlate with antioxidant action
at the physiological level.

Natural antioxidants have been widely studied also as effective topical natural cosmetic agents [30].
Hseu et al. [31] focused their attention on Ectoine, a natural extremolyte produced from several species of
microorganisms under stressful conditions. Using UVA-irradiated human keratinocytes (HaCaT), they
evaluated the effect of low Ectoine concentrations (0.5–1.5 μM) on depigmenting and anti-melanogenic
parameters. They demonstrated that Ectoine treatment decreased ROS levels, α-melanocyte-stimulating
hormone production, and proopiomelanocortin expression. Ectoine mediated the nuclear translocation
of Nrf2 via p38, Akt and protein kinase C (PKC) pathways, and therefore the expression of antioxidant
enzymes heme oxygenase-1, NAD(P)H dehydrogenase [quinone 1], and γ-glutamate-cysteine ligase
catalytic subunit.

The conditioned medium, obtained from the Ectoine pre-treated and UVA-irradiated HaCaT cells,
downregulated the tyrosinase, tyrosinase-related proteins and microphthalmia-associated transcription
factor expressions in melanoma B16F10 cells, thus inhibiting melanin synthesis and evidencing
a whitening effect. The authors concluded that Ectoine could be suggested as a potential and
natural-based skin whitening agent to the cosmetic industry.

In conclusion, this special issue contributed to increasing the knowledge on the mechanisms of
action of natural antioxidants, evidencing their pleiotropic role in the prevention and/or counteraction
of degenerative diseases, and promoting also their application in the functional food and cosmetic field.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In recent years, there has been a growing interest in natural antioxidants as replacements of
synthetic compounds because of increased safety concerns and worldwide trend toward the usage
of natural additives in foods. One of the richest sources of natural antioxidants, nowadays largely
studied for their potential to decrease the risk of diseases and to improve oxidative stability of
food products, are edible brown seaweeds. Nevertheless, their antioxidant mechanisms are slightly
evaluated and discussed. The aims of this study were to suggest possible mechanism(s) of Fucus
vesiculosus antioxidant action and to assess its bioactivity during the production of enriched rye
snacks. Chemical and cell-based assays indicate that the efficient preventive antioxidant action of
Fucus vesiculosus extracts is likely due to not only the high polyphenol content, but also their good
Fe2+-chelating ability. Moreover, the data collected during the production of Fucus vesiculosus-enriched
rye snacks show that this seaweed can increase, in appreciable measure, the antioxidant potential of
enriched convenience cereals. This information can be used to design functional foods enriched in
natural antioxidant ingredients in order to improve the health of targeted consumers.

Keywords: natural antioxidant; seaweed; algae; Fucus vesiculosus

1. Introduction

Antioxidants are attractive as supplements because of their potential preventive role in several
diseases associated with oxidative stress, occurring when the balance between antioxidants and
reactive oxygen species (ROS) is disrupted because of either depletion of antioxidants or accumulation
of ROS [1–3]. There are many in vitro studies allowing speculation in this sense; however, clinical
evidences for some of these molecules are weak. For instance, a 2007 systematic review assessed the
effect of antioxidant supplements, such as β carotene, vitamins A, E and C, and selenium, on overall
mortality in primary or secondary prevention randomized clinical trials. It concluded not only that
β carotene and vitamins A and E do not have beneficial effects on mortality, but that they seem to
increase the death risk [4]. Indeed, most trials included in this review investigated the effects of
supplements administrated in higher doses than those usually found in a balanced diet, and some
of the trials used doses well above the recommended daily allowances and even above the upper
tolerable intake levels. Furthermore, very heterogeneous populations have been examined in this
review and the impact of different types of supplements was evaluated in the general population or
in patients with gastrointestinal, cardiovascular, neurological, skin, ocular, renal, endocrinological,
rheumatoid, and undefined diseases in a stable phase. However, one possible effective approach for
preventing or treating these ROS-mediated disorders is based on a diet rich in natural antioxidants,
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which is supported by many international health agencies. In this context, there is a growing interest in
natural antioxidants as replacements of synthetic compounds because of increased safety concerns and
a worldwide trend toward the usage of natural additives in foods [5]. In addition, natural antioxidants
derived from various plants and marine algae not only have demonstrated health-promoting benefits,
but have also shown a great potential for improving oxidative stability of food products [6]. Under
extreme conditions, different types of edible seaweeds, including Fucus vesiculosus (F. vesiculosus),
develop unique metabolic systems to survive leading to the synthesis of a high number of secondary
metabolites, most of which are potent antioxidant molecules [7].

Seaweeds are a rich source of nutrients and of different kinds of bioactive substances,
including sulphated polysaccharides, such as fucoidans, carotenoid pigments, such as fucoxanthin,
and phlorotannins, a subgroup of polyphloroglucinol polyphenols only found in brown seaweeds,
with potential health benefits [8]. The antioxidant activity of phlorotannins is closed to
phenol rings, which act as electron traps to scavenge ROS. Phlorotannins have been found to
possess multiple physiological activities, with anti-carcinogenic, antibacterial, antiviral, anticancer,
and anti-inflammatory properties [9–11].

Moreover, polysaccharides, such as fucoidans, are particularly abundant in seaweed, especially
in F. vesiculosus; they may act as antioxidants by either directly scavenging ROS, or induction of the
activity of cellular endogenous antioxidant defenses, including superoxide dismutase (SOD), catalase
(CAT), glutathione transferase, and glucose-6-phosphate dehydrogenase [12].

Seaweeds are also a source of dietary fibers, prebiotics, and other functional ingredients that induce
a decrease of glucose and cholesterol blood levels [13]. Indeed, seaweed consumption has been related
to a lower incidence of chronic diseases, such as dyslipidemia, and coronary heart disease [14,15].

The usage and industrial applications of seaweeds are abundant in Eastern tradition, whereas
in Western countries, seaweeds are particularly used for phycocolloids production [16]. Due to their
excellent gel properties, the polysaccharide fibers of seaweeds, especially alginic acid, have also been
used as stabilizing and water-holding agents. For this reason, seaweeds are very important industrial
components in many fields, including cosmetic and pharmaceutical/medical, but also in food industry
as thickeners, gels, emulsifiers, and stabilizers. However, since biological activities of seaweeds support
their potential role as a natural antioxidant, seaweed extracts and purified compounds may be used as
active ingredients to improve oxidative stability of functional foods and nutraceuticals [17].

On the basis of scientific and technological developments since 1997, the Regulation (EU) 2015/2283
of the European Parliament and of the Council reviews, clarifies and updates the categories of food that
constitute novel foods. For this Regulation, food consisting of fungi or algae, isolated or produced from
microorganisms, are defined as “novel food.” Then, although scientific research highlights various
bioactivity in seaweed species, marketing it as a novel or functional food with health claims requires
scientific evidences, which must be provided by an application submitted to EU, an extensive and
time-consuming procedure. In this contest, some F. vesiculosus extract or purified molecule are already
recognized as Generally Recognized As Safe (GRAS) or novel foods.

Baked foods, such as snacks, cookies, and biscuits, that are consumed and stored for extended
periods before consumption, need to preserve their quality to remain competitive on the economic
market [18]. To ameliorate shelf life, antioxidants, antimicrobials, and anti-browning additives are
mostly used by the food industry [5]. The utilization of synthetic antioxidants has been correlated to
possible toxicity and side effects, such as carcinogenesis [19], and the use of synthetic antioxidants has
declined due to consumer awareness and demand for natural protection. Only a few natural food
antioxidants are commercially available on the market. Among these, rosemary extracts have been the
most successful natural plant-based antioxidants commercialized [20].

F. vesiculosus is a brown algae species whose high antioxidant activity, in addition to other unique
properties (e.g., anti-inflammatory and anti-diabetic activities), makes it particularly attractive for its
use in various food systems [21]. Due to the strong market demand and very positive preliminary tests,
it is believed that its extracts can be highly competitive on the market and find various uses in food.
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In this paper, we describe the bioactive properties of F. vesiculosus extracts using different chemical
and cell-based methods in order to provide evidences of possible antioxidant mechanism(s). Moreover,
we present data related to the ability of extracts to increase the antioxidant potential of enriched
convenience cereals. This information can be used to define a broad range of categories of convenience
food to improve the health of targeted consumers.

2. Materials and Methods

2.1. Chemicals

All chemicals were of analytical grade and obtained from Sigma–Aldrich (St. Louis, MO, USA),
Fluka (Buchs, Switzerland) or Sigma–Aldrich (Steinheim, Germany). All the solvents used were of
HPLC grade and of analytical grade and obtained from Sigma–Aldrich (St. Louis, MO, USA and
Steinheim, Germany) or Carlo Erba Reagents (Cornaredo, Milan, Italy).

2.2. Production of Fucus Vesiculosus Extracts

The brown seaweed Fucus vesiculosus was strategically collected in the Hvassahraun coastal area,
southwestern Iceland, during peaks in bioactive content: in particular, the raw materials of batches for
this study were collected in two different periods, in July 2013 and July 2014, and the batches were
named B200314 and B290814, respectively. They were used as feedstocks for a pilot-scale extraction.
The seaweeds were stored at −18 ◦C until cleaned and shredded in preparation for extract production.
The preparation of seaweed extract was performed according to Wang et al. [22]. Briefly, the extracts
were produced as follows: the seaweeds were soaked and rinsed in cold water to remove sand and
other debris, wet-milled, mixed with water, extracted, filtered (refined), and the extracted liquid
collected and frozen at −20 ◦C until further processing. Finally, the defrosted liquid extract was spray
dried. During the process, unprocessed seaweed/water mixtures, liquid extracts, and lyophilized
extracts were analyzed for microorganisms, to exclude contamination. Two aqueous seaweed extracts
were produced.

2.3. Production of Extruded Rye Snacks

Development of prototypes of extruded rye snacks enriched with seaweed extracts was performed
by Ruislandia, a small and medium enterprises (SME) involved in the European EnRichMar project
(606023) and VTT (Finland). Several rye snack samples enriched with various amounts of seaweed
extracts and three different flavorings (garlic or basil + tomato or rosemary), have been produced by
an optimized extrusion and roasting processes. An overview of the parameters (time and temperature)
of different production phases is reported in Table S1.

2.4. Bioactivity by Chemical Assays

Bioactivity evaluation was performed on seaweed extracts, raw materials, mixed flour, and
extruded snacks, by means of different chemical assays.

2.4.1. Total Polyphenol Content

Total polyphenol content (TPC) was determined according to the method of Turkmen et al. [23]
and Koivikko et al. [24] with slight modifications. For rye snacks, 100 mg was dissolved in 10 mL water
to obtain a 10 mg/mL solution. Briefly, 20 μL of sample was mixed with 100 μL of 0.2N Folin-Ciocalteu
phenyl reagent and allowed to stand at room temperature for 5 min. Then, 80 μL of 7.5% Na2CO3

was added and the solution was incubated for 10 sec at 800 W in microwave and put on a shaker for
30 min at room temperature. Absorbance was read at 720 nm with a microplate reader (POLARstar
Optima BMG labtech, Offenburg, Germany). Phloroglucinol was used as a standard, and the results
are expressed as gram of phloroglucinol equivalents (PGE) per 100 g of extract.
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2.4.2. Oxygen Radical Absorbance Capacity

The oxygen radical absorbance capacity (ORAC) assay was performed according to Ganske and
Dell [25]; the method was adapted to microplates and measurements were carried out with a microplate
reader (POLARstar OPTIMA, BMG Labtech, Offenburg, Germany). The samples were incubated for 10
min at 37 ◦C, and after incubation, 30 μL of 120 mM 2,2′-azobis(2-amidinopropane) dihydrochloride
(AAPH) solution was added rapidly using a POLARstar OPTIMA injector to trigger the oxidation
reaction. The fluorescence was recorded every minute for 100 min. The filters used were 485 nm for λ
excitation and 520 nm for λ emission. The ORAC values are expressed as μmol of Trolox Equivalents
(TE) per gram of sample, using a standard calibration curve obtained by increasing concentrations
of Trolox.

2.4.3. DPPH Radical Scavenging Activity

DPPH (2,2-DiPhenyl-1-PicrylHydrazyl, Sigma USA) radical scavenging activity was determined
as recommended by Sharma and Bhat (2009). Extracts were first dissolved in 70% methanol and
centrifuged at 2500× g for 5 min. Then, 150 μL of the supernatant was collected and mixed with 50 μL
DPPH in methanol. The blank contained 150 μL of 70% ethanol solution instead of supernatant, while
the control was prepared with 50 μL of 70% ethanol instead of DPPH solution. L-ascorbic acid was
used as reference standard. Absorbance (A) was measured for 30 min at 520 nm with a microplate
reader (POLARstar Optima BMG labtech, Offenburg, Germany). The scavenging effect is expressed as:

[(Ablank - Acontrol) − (Asample − Acontrol)]/(Ablank−Acontrol) × 100

Increasing concentrations of extracts were used to construct a linear curve, calculated plotting
extract concentrations against percentage scavenging effects, and deduce the half maximal inhibitory
concentration (IC50) of the extracts: the concentration that was able to quench 50% of the DPPH radical.

2.4.4. Ferrous Ion Chelating Ability

The Fe2+-chelating activity (FCA) was determined according to the method of Boyer (1988) [26]
with slight modifications. Samples were dissolved in water in ratio 1/1 and centrifuged at 2500× g for
5 min; 100 μL of the supernatant were mixed with 50 μL of 2 mM ferrous chloride and 100 μL of 5 mM
ferrozine for 30 min at room temperature. The absorbance was read at 560 nm using a microplate
reader (POLARStar OPTIMA, BMG Labtech, Offenburg, Germany). The metal chelating activity was
calculated as follows:

Chelating activity (%) =

(
Ablank− (Asample−Acontrol)

Ablank

)
× 100

where Ablank, Asample, and Acontrol are the absorbance of the blank, the sample, and the control at
520 nm, respectively.

2.4.5. ABTS Assay

ABTS, or 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt assay, was
performed following the Sigma manufacturer’s instructions (Sigma-Aldrich, Missouri USA). Briefly,
0.0016 g potassium persulphate was dissolved in 25 mL of water and 0.096 g ABTS was dissolved in
potassium persulfate. The solution was allowed to stabilize 12 h, stored at dark and room temperature.
Then, 0.0064 g Trolox was dissolved in 25 mL methanol, stored at 5 ◦C during the working day. Samples
were weighted, extracted with water, and solutions were centrifuged at 2500× g for 5 min. ABTS
solution was added to the blank, Trolox, and samples. The calibration curve was obtained by different
concentrations of Trolox. Results were referred to the Trolox standard curve and are expressed as μmol
of Trolox equivalent per gram of extract.
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2.5. Bioactivity by Cell-Based Assays

2.5.1. Cellular Antioxidant Activity

Cellular antioxidant assay (CAA) was performed using HepG2 cells (ATCC, USA) maintained in
Minimum Essential Medium α (MEMα), supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, penicillin (50 units/mL), and streptomycin (50 μg/mL). Cells were incubated at 37 ◦C in a
fully humidified environment under 5% CO2, and HepG2 cells at passage 80–100 were used for the
experiments. Cells were subcultured at 7 days intervals before reaching 90% confluence.

CAA assay was performed on spray dried extracts using HepG2 cells at a density of 6 × 104

cells/well seeded black 96-well plates (BD Falcon™) in 100 μL growth medium/well according to Wolfe
and Liu (2007) [27] and Samaranayaka et al. (2010) [28] with minor modifications. Briefly, 24 hours
after cell seeding, 100 μL of DCFH-DA probe (1 μM in HBSS) was added to the cells and incubated
at 37 ◦C in the dark for 30 min. Cells were then treated with different concentrations of extract and
incubated for 1 h at 37 ◦C. Subsequently, after removal of the antioxidant-tested compounds, 100 μL
of peroxyl radical initiator AAPH (750 μM in HBSS) were added to the cultured cells. Fluorescence
readings (λexcitation = 493 nm, λemission = 527 nm) were recorded using a POLARstar OPTIMA
(BMG Labtech) every 10 min for 90 min after addition of AAPH. Each plate included four replicates
of both blank and controls: the blank consisted of cells exposed to only the DCFH-DA probe, and
the control consisted of cells with the DCFH-DA probe and the AAPH added, but in the absence of
test compounds.

2.5.2. Cell Protective Effects against Induced Oxidative Stress

HepG2 cells were seeded in culture T75 flasks (16.9 × 104 cells/cm2), and after 24 h, they were
incubated with 62.5 μg/mL seaweed extract (batch B200314) for 48 h. Finally, 200 μM of tert-butyl
hydroperoxide (TBUT) (Sigma-Aldrich, Missouri, USA) was added and incubated for 3 h. Experiments
included untreated cells that were not exposed to seaweed and/or TBUT. Cells were harvested using
trypsin/EDTA and centrifuged at 1000 × g for 5 min. The supernatant was removed and the cell pellets
were subjected to enzymatic assays and glutathione extraction with 10% metaphosphoric acid.

To this aim, cells were homogenized on ice in H2O, and the supernatant was assayed for protein
content according to Lowry method (1951) [29] and used to perform enzyme assays as previously
described [30].

Briefly, catalase activity was assayed by measuring the consumption of H2O2 at 240 nm for 1 min at
30 ◦C according to Aebi (1984) [31]. The incubation mixture included: 50 μL H2O2 200 mM, 50–100 μg
of proteins of sample, and Na-phosphate buffer (50 mM pH 7.0) to reach a final volume of 1 mL. One
unit of catalase activity is defined as amount of enzyme required to catalyze the decomposition of
1 μmol H2O2 min−1.

The glutathione reductase (GR) activity was assayed according to Pinto et al. (1984) [32]. Briefly,
GSSG reduction and NADPH consumption were recorded at 340 nm. The incubation mixture included:
20 μL GSSG 125 mM, 11 μL NADPH 11 mM, 50–100 μg of proteins of sample, and K-phosphate buffer
(100 mM pH 7.0) to 1 mL final volume.

The activity of selenium-dependent glutathione peroxidase (GPx) was assayed according to
Prohaska and Ganther (1976) [33] by following the decrease in the absorbance at 340 nm for 5 min,
which corresponds to the rate of GSH oxidation to GSSG in the presence of NADPH and GR.
The incubation mixture included: 20 μL GSH 100 mM, 10 μL NADPH 11 mM, GR 1 Unit, 10 μL TBUT
20 mM, 50–100 μg of proteins of sample, and EDTA-K phosphate buffer to 1 mL final volume. One
unit of GR or GPx activity is defined as the amount of enzyme required to catalyze the oxidation of
1 mmol NADPH min−1.

Total glutathione content was assayed according to Griffith (1985) [34] with slight modifications.
Briefly, the sulfhydryl group of GSH, also generated from GSSG by adding GR, reacts with DTNB
(5,50-dithio-bis-2-nitrobenzoic acid) and produces a yellow-colored 5-thio-2-nitrobenzoic acid (TNB).
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The rate of TNB production is directly proportional to the concentration of GSH in the sample.
Measurement of the absorbance of TNB at 412 nm provides an accurate estimation of the GSH level
present in the sample.

The end product of lipid peroxidation, malonyldialdehyde (MDA) was measured in cell extracts
and quantified using an HPLC-UV system (Jasco, Japan) as previously described [35]. The MDA
standard and sample preparation was carried out according to Karatas et al. (2002) [36]. To prepare
MDA standards, 10 μL of 1,1,3,3-tetraethoxypropane (TEP) were accurately diluted to 10 mL with
0.1 M HCl in a screw-capped test tube and placed in a boiling water bath for 5 min and then rapidly
cooled on ice, producing hydrolyzed acetal. A working stock solution of MDA was prepared by
adding 1 mL of the hydrolyzed acetal to 99 mL of water; the working stock solution was 40 μM
MDA. The stock solution was further diluted and used to construct the calibration curve. MDA was
determined by HPLC (Jasco, Japan) equipped with a UV detector. A C18 column (Waters, 1.7 μm,
50 × 2.1 mm) was used at room temperature. Samples were suspended in water and HClO4 0.1 M,
centrifuged at 4500× g for 5 min and supernatants were used for HPLC analysis. The mobile phase
was KH2PO4/CH3OH/acetonitrile (72/18/11; v/v/v) and the flow rate was 1.0 mL/min. Chromatograms
were monitored at 254 nm and injection was 20 μl (0.5 × 106 cells). The retention time of MDA was
2.5–3 min.

2.6. Statistical Analysis

The data were analyzed by one way-ANOVA (Graphpad-Prism 6.0) with multiple comparisons
by Fisher’s Least Significant Difference (LSD) test; the level of statistical significance was set to p < 0.05.
Data are reported as mean ± standard deviation (SD).

3. Results

3.1. Bioactive Properties of Fucus Vesiculosus Extracts

The antioxidant potential and the potential mechanism(s) of antioxidant action of seaweed extracts
were characterized by a multiple-method approach, which include well-documented chemical assays
and cell-based bioassays.

3.1.1. Total Polyphenol Content and Antioxidant Activity

The evaluation of total polyphenol content (TPC) is a reference assay largely used to measure
polyphenols in foods. The TPC of the two batches of seaweed extracts (B200314 and B290814) was
0.26 and 0.30 g PGE/g extract, respectively (Table 1). The secondary metabolite composition of the
F. vesiculosus was already studied in our laboratories, by HPLC-DAD-ESI-MS [21]. In accordance with
the literature, we have described several phlorotannin compounds in seaweed extracts. In particular,
we have detected phlorotannin tetramers, whose proposed structures were fucodiphlorethol A,
and hexamer compounds at m/z 729, 622/621, and at m/z 462, whose proposed structures were
trifucodiplorethol isomers. The lack of standards represents a limitation of the analytical method for
these compounds.

The antioxidant capacity of the seaweed extracts was assessed by mean of ORAC, DPPH radical
scavenging activity, and ferrous ion-chelating ability. The oxygen radical absorbance capacity expressed
by ORAC value, a reference to compare the antioxidant value of foods, was 1545 μmol TE/g extract in
B200314 and 1840 μmol TE/g extract in B290814 (Table 1). DPPH IC50 values of the extracts were 0.614
mg/mL for B200314 and 0.608 mg/mL for B290814 (Table 1). The ability of the extracts, B200314 and
B290814, to chelate transition metal ions, especially Fe2+ and Cu2+, demonstrated that their ferrous
ion chelating ability (FCA) was higher (59% and 53%) at a concentration of 10 mg/mL, respectively
(Table 1).

11



Antioxidants 2020, 9, 249

Table 1. Bioactive properties of the Fucus vesiculosus extracts assessed by different chemical assays.

Extract TPC 1 ORAC 2 DPPH IC50 3 FCA
1.0 mg/mL

FCA
5.0 mg/mL

FCA
10 mg/mL

B200314 0.26 ± 0.02 1545 ± 220 0.614 15.0 ± 4.5 49.7 ± 5.3 59.2 ± 2.1

B290814 0.30 ± 0.01 1840 ± 3 0.608 21.5 ± 2.8 50.4 ± 6.7 53.0 ± 3.8

TPC, total polyphenol content; ORAC, oxygen radical absorbance capacity; DPPH. 2,2-DiPhenyl-1-PicrylHydrazyl
radical scavenging activity, FCA, Fe2+-chelating activity. 1 g PhloroGlucinol Equivalents/g extract; 2 μmol Trolox
Equivalents/g extract; 3 mg extract/mL.

3.1.2. Cellular Antioxidant Activity of the Fucus Vesiculosus Extracts

To obtain a better prediction of the antioxidant activity of seaweed extracts we measured their
ability to prevent the radical formation by CAA assay using HepG2 cells. The results, presented in
Figure 1, indicate that both seaweed extracts were able in vitro to scavenge 50–60% of the AAPH-induced
radicals. The extracts were active at very low concentrations (62.5 μg/mL and 31.3 μg/mL for B200314
and B290814, respectively); Trolox (50 μM = 12.5 μg/mL), used as a positive control, exhibited 98%
cellular antioxidant activity.

 
Figure 1. Cellular antioxidant activity (CAA) in HepG2 cells as a % of the control. The control consisted
of cells with the DCFH-DA probe and the AAPH peroxyl radical initiator, but in the absence of samples;
the blank consisted of cells exposed to only the DCFH-DA probe. The values shown are the mean ± SD
of three independent experiments.

3.1.3. Cell Protective Effects of Seaweed Extract against Induced Oxidative Stress

To assess the preventive capacity of seaweed extracts to protect cells from oxidative stress we
assayed the activities of the major antioxidant enzymes in HepG2 cells pre-treated with seaweed
extract and then stimulated with TBUT. Cells were exposed to 62.5 μg/mL B200314, the batch that was
further implemented in the rye-snacks.

The results, shown in Figure 2, demonstrate that at this concentration, the seaweed extract
displayed a protective effect on hepatic cells. In fact, the pretreatment with seaweed (Sw) extract
determines a significant reduction of GSH reductase activity induced by TBUT exposure (Sw + TBUT
vs. TBUT p < 0.05). Moreover, we observed a slight decrease of catalase activity induced by TBUT
stress in cells pretreated with seaweeds, although this was not statistically significant. GSH peroxidase
activity and total glutathione content remained to the level of stressed cells. No effects were observed
in malonyldialdehyde (MDA) levels, the typical marker of lipid peroxidation, which were slightly
increased by TBUT treatment.
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Figure 2. Protective effects of seaweed extract assessed in HepG2 cells exposed to oxidative stress (TBUT)
with or without 62.5 μg/mL seaweed extract (Sw). The main antioxidant enzymes are represented
together with glutathione (GSH) and malonyldialdehyde (MDA) cell content. Values are expressed as
mean ± SD of three independent experiments. * vs. Ctrl (* p < 0.05, *** p < 0.001); § vs. Sw (§§: p < 0.01,
§§§: p < 0.001) and # vs. TBUT (#: p < 0.05, ###: p < 0.001).

3.1.4. Development and Test of Enriched Rye Snacks

To test the ability of F. vesiculosus to increase snack antioxidant power, several rye snack samples
enriched with various amounts of seaweed extract B200314 were produced by an optimized extrusion
process (Table S1). This study included a rye snack model, as it was: (1) suitable due to uniformity of
product; (2) interesting with regard to production process/heat treatment; and (3) interesting for its
improved nutritional profile (iodine) and stability (potential antioxidant activity).

Several rye snack samples enriched with various amounts of seaweed extract were produced
by extrusion, and the extrusion process was optimized. In spite of their health promoting impact,

13



Antioxidants 2020, 9, 249

seaweeds cause an off-flavor to some extent in rye snacks. Thus, several experiments aiming to mask
the off-flavor perceived in the snacks were also conducted.

To this aim, sensorial tests were performed and numerous snack samples were screened by a
trained sensory expert panel (n = 5) by scoring and/or go/no go assessments. Promising samples
were assessed by VTT’s trained sensory panel. The test method used in sensory assessments was
descriptive profiling. VTT’s trained sensory panel (n = 10 or n = 2 × 10, i.e., duplicate session of the
10-member panel) evaluated the intensities of the sensory attributes on a linear scale 0–10, which
was verbally anchored from both ends (0 = the attribute not perceived, 10 = the attribute very clearly
perceived). In addition, the panelists gave verbal descriptions on the samples. The Compusense
software collected data.

From these analyses, suitable snack options for the study were found. The most effective flavorings
were garlic (G), basil+tomato (B/T), and rosemary (R). To increase the palatability of the snacks, roasting
was also utilized. The development of prototypes of extruded rye snacks enriched with seaweed
powder for production by Ruislandia were performed in parallel. The list of the produced and analyzed
snacks, roasted and unroasted, is reported in Tables S2 and S3.

The antioxidant activity of the prototype snacks was firstly analyzed by chemical assays, taking
into account the single components (raw materials) and their mixtures (mix of flour) before and after
the extrusion process.

As shown in Figure 3, an appreciable increase of antioxidant activity, correlated to the increase of
seaweed concentration, is evident in both the mix of flour and extruded snacks, even if the extract
displays less activity compared to the same concentration of pure seaweed extract, showed in the raw
material panel.

 
(A) 

 
(B) 

Figure 3. Cont.
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(C) 

Figure 3. Trolox equivalent antioxidant capacity (TEAC) values for raw materials, mix of flour and
extruded snacks with (A) 1% Garlic (G), (B) 0.5% Basil (B) + 3% Tomato (T), and (C) 0.5% Rosemary
(R) powders and increasing concentration of seaweed extract (Sw). Ctrl consists in rye mix. Data are
expressed as mean ± SD of three independent experiments.

Interestingly, the different flavorings, when added to mix of flour, showed an increment of TEAC
value also in the absence of seaweed. Additionally, flavored extruded samples, without seaweed,
showed an antioxidant potential in particular for rosemary and basil + tomatoes. Moreover, in a mix
of flour and extruded snacks with different concentrations of seaweed, the antioxidant activity was
similar, suggesting that the extrusion process did not modified the biological activity.

As regard to the palatability of the snacks, the 2% seaweed-enriched snack was considered the
more interesting product, with a TEAC above 10 μmol/g sample.

In the final development of the products, extruded rye snacks were produced with 2.1% seaweed
extract, corresponding to a theoretical 2500 ORAC value per portion (60 g), and flavored with garlic,
basil+tomato, and rosemary, in roasted and unroasted conditions.

On these prototypes (Supplemental Table S3), we have evaluated the total polyphenol content and
the oxygen radical absorbance capacity (Figure 4). The control snacks contained only 0.8% Himalayan
salt as all other prototypes.
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(A) 

 
(B) 

Figure 4. (A) TPC and (B) ORAC values (μmol TE in 100 g sample) of roasted (R) and unroasted (U)
rye snacks containing different flavorings, i.e., 1% garlic (G), 0.5% basil (B) + 3% tomato (T) or 0.5%
rosemary (R) powder. All groups contained rye mix, 0.8% Himalayan salt and 2.1% seaweed extract
(Sw, batch B200314), except the control group, which only contained rye mix and 0.8% Himalayan salt
(Ctrl). Data are expressed as mean ± SD of four independent experiments. * p < 0.05 vs. Sw-U and
Sw-R groups.

The addition of basil (0.5%) + tomato powder (3%) (B/T) or rosemary (0.5%) (R) to the seaweed
enriched rye snack resulted in significantly (p < 0.05) higher TPC compared to other groups (Figure 4A).
Similar trend was evident in the ORAC measures (Figure 4B) with significantly higher values in rye
snacks containing the same flavorings. No changes were observed for different roasting processes.

4. Discussion

Seaweeds are a rich source of nutrients, but they are also an important source of different kinds of
bioactive substances, including sulphated polysaccharides, carotenoid pigments, and phlorotannins,
with potential health benefits. In particular, phlorotannins, derived primarily from brown algae, have
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been recently found to possess multiple physiological activities, such as antioxidant, antibacterial,
and anti-inflammatory [37].

Moreover, seaweeds provide health benefits due to biological effects attributed to some poly-
and/or oligosaccharides. These include prebiotic effects, immunomodulation, affecting the ability of
white blood cells to attack tumor cells, reduction of the symptoms of respiratory tract infections, and
protection against infectious diseases [30].

The link between the tissue oxidative damage caused by the increase of intracellular content
of ROS and several pathophysiological conditions, such as aging, obesity, non-alcoholic fatty liver
disease (NAFLD), type 2 diabetes mellitus, and cognitive decline, is highlighted by many preclinical
and clinical studies [38–40]. However, an intracellular basal content of ROS, physiologically generated
from both normal mitochondria and peroxisomes metabolism and different cytosolic enzyme systems,
is important for some physiological processes. Therefore, the maintenance of intracellular redox
homeostasis is fundamental. It depends on efficient antioxidant systems that provide a decrease of
ROS production and scavenging free radicals. This antioxidant system includes antioxidants and
antioxidant enzymes, such as vitamin E, vitamin C, glutathione, superoxide dismutase, glutathione
peroxidase, and catalase [41].

Moreover, oxidative stress is also associated with lipid accumulation and peroxidation. High ROS
levels induce the production of lipid peroxyl radicals, which can generate other extremely reactive
products as malonyldialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and 4-hydroxy-2-hexenal
(4-HHE), typically used as markers of lipid oxidation [42]. Since the Western diet notably involves
increased fat intake, thereby resulting in oxidative stress and impaired inflammation status, antioxidant
compounds are frequently added into food.

In the last decades, the food industry has been focused in replacing synthetic antioxidants with
natural compounds; of current interest are those related to bioactive compounds extracted from the
edible seaweeds. Among these marine algae, F. vesiculosus is the most well-known species from the
Fucus genus [25], representing an abundant and widely distributed kind of brown, perennial and edible
seaweed. It is present in the cold-temperate waters of the northern hemisphere and can counteract
oxidative stress. In fact, several studies have shown that it may act as an antioxidant either by direct
scavenging ROS or stimulating the activity of endogenous antioxidant enzyme system [43]. Moreover,
some of these studies confirmed the antioxidant effects of seaweed extracts, related to their significant
polyphenol content.

The phlorotannins represent the major polyphenolics present in brown seaweed. These compounds
are a subgroup of tannins, which are formed by the polymerization of phloroglucinol units. F. vesciculosus
contains low molecular weight (LMW) phlorotannins between 4 and 8 phloroglucinol units, but also
phlorotannins highly polymerized of up to 16 phloroglucinol units. In fact, Iceland colleagues
have isolated in F. vesiculosus extracts both oligomeric and polymeric phlorotannins that have more
antioxidant activity than monomeric compounds.

In our study, biochemical assays have confirmed that F. vesiculosus extracts, produced for healthy
snack supplementation, have efficient antioxidant properties and a high content of polyphenols.

Moreover, both seaweed extracts, B200314 and B290814, prevent ROS formation in cell-based
assays. Indeed, catalase and GSH reductase activities, measured in HepG2 cells, pre-incubated with
seaweed extract B200314, do not increase in stress condition induced by TBUT exposure.

Other antioxidant mechanisms are rarely evaluated and discussed. In our study, we have observed
the seaweed extracts capability to chelate Fe2+ ions, and only one report from the literature [44] until
now has suggested that seaweeds are metal-chelating agents, removing the metals and reducing their
redox potential.

Essential heavy metals are cofactors in several biological processes: Cu, Zn, Fe, and Co are involved
in oxygen utilization, cell growth, enzymatic reactions, biomolecular metabolism, and immunity system.
Essential heavy metals homeostasis is wisely regulated through protein transporters responsible for
their uptake, distribution, storage, and excretion. Metal accumulation in the human body leads to
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damage to many organs, especially the nervous, respiratory, and reproductive systems [45]. In fact,
metal accumulation induces ROS production, which results in membrane lipid peroxidation. Moreover,
Fe and Cu ions catalyze hydroxyl radical’s formation via Fenton-like reactions and react with DNA and
proteins, resulting in their functional impairment. Finally, radicals can impact on mitochondria electron
transport and metal excess in the cytoplasm can modify intracellular redox equilibrium, changing pH
and protein conformation, which can lead to cellular dysfunction and apoptosis/necrosis.

Seaweeds, with their multiple polyphenols and oligo/polysaccharides enriched in a hydroxyl
group and carbonyl group on ring C, have several sites for metal complexation able to chelate metal
ions. Thus, F. vesiculosus may be considered a good chelating agent because it forms chemically inert
and non-toxic complexes with metal ions.

This study was part of the VII PQ European project, EnRichMar, aimed not only at screening of
the bioactivity of seaweed extracts, but also at increasing the value of convenience foods by adding
functional ingredients, produced from underutilized marine based raw materials and by-products
(waste) from fish processing, with confirmed bioavailability. The focus has been placed on ingredients
such as powder of fish oil and seaweed extracts, which may enhance positive health effects and stability,
enhance flavor, and, consequently, contribute to salt reduction of the products to meet market demand.

Our results indicate that seaweed extract can be used in convenience food to increase their stability
and antioxidant potential. Data also show the ability of flavorings to enhance with their polyphenol
composition the effects of F. vesiculosus extracts [23]. The functional properties of the enriched products
have been studied also via dietary intervention.

The results collected in the EnRichMar project, and partially illustrated in this study, also suggest
that rye snacks containing seaweed extracts show a higher polyphenol content and maintain antioxidant
activity despite roasting process.

In conclusion, our preliminary approach suggest that seaweed-based ingredients are potential
natural antioxidants that could be used as active ingredients in functional food products as well as
improving oxidative stability of healthy food products for targeted consumers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/3/249/s1,
Table S1. Overview of time and temperature during the production of the rye snack: Mixing, extrusion, drying,
cooling, packaging, Table S2. List of raw materials, mix of flour, and extruded rye snacks utilized to study the
antioxidant action of different flavorings and different amounts of seaweed extracts, Table S3. List of snack
prototypes produced to study the effect of different flavorings and roasting on antioxidant properties of rye snacks
enriched with Fucus vesiculosus extracts.
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Abstract: In recent decades much attention has been paid to how dietary antioxidants may positively
affect the human health, including the beneficial effects of fermented foods and beverages. Fermented
Papaya Preparation (FPP®) has been shown to represent a valuable approach to obtain systemic
antioxidants effect. In this study, we wanted to verify whether FPP® had a clear and scientifically
supported in vivo anti-aging effect together with the induction of a systemic antioxidant reaction.
To this purpose we daily treated a mouse model suitable for aging studies (C57BL/6J) with
FPP®-supplemented water from either the 6th weeks (early treatment) or the 51th weeks (late
treatment) of age as compared to mice receiving only tap water. After 10 months of FPP® treatment,
we evaluated the telomerase activity, antioxidants and Reactive Oxygen Species ROS plasmatic levels
and the telomeres length in the bone marrow and ovaries in both mice groups. The results showed
that the daily FPP® assumption induced increase in telomeres length in bone marrow and ovary,
together with an increase in the plasmatic levels of telomerase activity, and antioxidant levels, with
a decrease of ROS. Early treatment resulted to be more effective, suggesting a potential key role of
FPP® in preventing the age-related molecular damages.

Keywords: FPP®; nutraceutical supplementation; C57BL/6J; anti-aging effect; antioxidant effect;
telomeres; telomerase; SOD-1; GSH

1. Introduction

Fermentation is one the most ancient methods of food preparation that exploits the growth and
metabolic activities of microorganisms to preserve and transform food materials [1,2]. During this
process, growth of spoilage and pathogenic organisms is inhibited by secondary metabolites produced
by fermenting organisms, preserving and extending the storage of perishable foods [3,4]. Beyond
conservation, fermentation gives to food a characteristic aroma and taste and enhance their organoleptic
profiles and palatability, digestibility of proteins and carbohydrates, and the bioavailability of vitamins
and minerals [4–7]. Since ancient times, fermented foods and beverages have been a fundamental part
of human diet and their beneficial effects in reducing cholesterol levels and blood pressure, boosting
immune system, protecting from toxic pathogens and in the prevention of carcinogenesis, osteoporosis,
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diabetes, cardiovascular and hepatic diseases have been widely characterized [8]. Moreover, fermented
foods and beverages have a strong impact on human gut microbiota. It is well established that intestinal
bacteria modulate the metabolic profile of the host, also influencing the immune system [9,10] and
maintaining the structure and function of the intestinal tract [11,12]. The interactions between ingested
fermented food and microbiota constitute a rapidly expanding field of study, focusing in particular on
human health impact [12–16].

More than 100 years ago Metchnikoff, Nobel prize winner for the discovery of macrophages,
already claimed that the longevity of some populations of Eastern Europe was due to the high quantity
of fermented food in their diet [17] and more recently it has been shown that microbiota in the
elderly is strongly influenced by diet, opening up that healthy ageing is associated with microbial
diversity [18,19].

Fermented Papaya Preparation (FPP®, Immun’Âge®) is one of the fermented foods that have
proven positive effects on brain health; FPP® is a product resulting from yeast fermentation of
non-genetically modified Carica Papaya Linn, which is marketed as a natural dietary functional health
supplement under the brand name of Immun’Âge® [20,21]. FPP® is a powerful antioxidant and
nutraceutical adjuvant in combined therapies against various diseases [22–29], including cancer [22,25,
30]. The FPP® more documented actions are as a free radical regulator [31], as immunomodulator [32–
36] and as antioxidant [37,38]. In fact, FPP® has shown a powerful in vitro anti-oxidative activity on
brain cells [39], as well on in vivo experimental model of epilepsy consistently reducing neural release of
epileptogenic monoamine [40]. Moreover, FPP® showed a clear action in reducing the derangement of
oxidant/antioxidant balance at the brain level in elderly rats and in experimental ischemia-reperfusion
model [20,41,42]; FPP® modulates oxidative DNA damage, protecting brain from oxidative damage
in hypertensive rats and reducing genotoxic effect of H2O2 [43], and protecting the body from the
aging-related diseases [44–47], including neurodegenerative diseases [47–49]. However, a clear in vivo
action of FPP® on the molecular signature of aging, such as telomerase activity and telomeres length
has not been provided yet.

In this study we investigated the role of in vivo FPP® administration in the induction of an
antioxidant action together with an anti-aging effect. The experimental design provided that the mice
received the FPP® in water either from 6 weeks (ET-FPP® group: early treatment with FPP®), or from
51 weeks of life (LT-FPP® group: late treatment with FPP®), as compared to mice receiving FPP®-free
tap water (CTR group). For both treatment groups, at the end of treatment period (10 months), we
evaluated antioxidants (Total Antioxidant Capacity, SOD-1 and GSH), ROS and telomerase activity
levels in blood samples, and telomeres length in single cell suspensions from the bone morrow and the
ovaries of the mice. Our results showed the effect of FPP® in inducing a clear systemic antioxidant
reaction (higher of SOD-1 and GSH plasma levels) along with an increased telomerase activity and
longer telomeres in both the bone marrow and the ovaries of the treated mice. Lastly, FPP® was more
effective when it starts at an early age as compared to late treatment.

2. Materials and Methods

2.1. Immun’Âge®-FPP® (Fermented Papaya Preparation)

The FPP® (Immun’Âge®, patent number 6401792, Osato Research Institute, Gifu, Japan), used
in the present study was obtained from Carica papaya L. cultivated in Hawaii, followed by yeast
fermentation for 10 months and batch-to-batch checking at the Osato Research Institute. FPP® was
dissolved in tap water and administrated every day without interruption.

2.2. In Vivo Studies

For our analysis, we have chosen an aging female mouse model (C57BL/6J), in order to have
available cells from organs with either gender-independent (i.e., the bone marrow) or gender-dependent
(i.e., ovaries) functions, and divided mice into two groups: FPP® was daily administered to the first
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group for 10 months from 6 weeks old (6 to 51 weeks of age) (ET-FPP®: early treatment with FPP®) and
to the second group for 10 months from 51 weeks old (51 to 96 weeks of age) (LT-FPP: late treatment
with FPP®); in both conditions a control group was included receiving tap water only (ET-CTR and
LT-CTR). Each group consisted of 10 animals for statistical significance. To compare the mice treatment
groups to the human age, ET treatment corresponded to women starting FPP®at 13 years and ending
FPP® at 41 years of age; while LT treatment starting at 41 years and ending at 63 years of age. (Figure 1).

Figure 1. Equivalence between mice age and human age. Early treatment of mice from 6 weeks to
51 weeks of age corresponds to treatment in humans from 13- to 41-years old. Late treatment of mice
from 51 weeks to 96 weeks of age corresponds to treatment in humans from 41- to 63-years old.

Each treated mice drank 1 mL of FPP®-supplemented water every day, corresponding to
6 mg/mouse/day of FPP®. Just before mice sacrifice, blood was withdrawn from mice eyes. Immediately
after the sacrifice, bone marrow was isolated from both tibias and femurs of the mice hind legs, while
ovaries were retrieval from reproductive system. Blood, bone marrow cells and ovarian germ cells
were used for subsequent experimental analysis of aging parameters.

All the studies were approved by the ethical committee of the Italian National Institute of
Health (Rome, Italy) and were conducted in accordance with the current Italian Law (Law 26/2014),
authorization n◦792/2017-PR (prot. D9997.49 27/06/2017), that regulates experiments in laboratory
animals. 40 C57BL/6J female mice between 16 and 20 g (4 weeks of age) were purchased from Charles
River Laboratories Italia s.r.l., (Calco, Lecco, Italy), and housed in the animal facility of the Italian
National Institute of Health. Mice had 10 and 14 h periods of light and darkness respectively, were
housed in a different number of animal cages, depending on the experiment, with ad libitum mice
chow (Mucedola, Settimo Milanese (MI), Italy) and water intake. Accordingly to the guidelines for
a correct laboratory practice and signs of poor quality of life, a veterinarian responsible for animal
welfare checked mice twice a week, to monitor signs of sufferance such as weight loss, decreased water
and food consumption, poor hair coat, decreased activity levels and tumor ulcerations

2.3. Total Antioxidant Power Assay (PAO Test Kit)

Detection and quantification of Total Antioxidant Power was performed in FPP®-supplemented
water using a colorimetric assay: PAO Test kit for Total Antioxidant Capacity (JaICA, Japan). The assay
can detect not only hydrophilic antioxidants such as Vitamin C, glutathione, but also can detect
hydrophobic antioxidants such as Vitamin E. The determination of the antioxidant power is carried
out using the reduction of the cupric ion (Cu++ to Cu+). Briefly, samples were incubated for 3 min at
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room temperature with Cu++ solution, Cu++ are reduced by antioxidants to form Cu+ that reacts with
chromatic solution (bathocuproine), and can be detected by absorbance at wavelength 480 to 490 nm.
Antioxidant capacity can be calculated from the Cu+ formed. Absorbance was recorded at 490 nm.

2.4. Ascorbic Acid Assay

Detection and quantification of Ascorbic Acid in FPP®-supplemented water was performed using
a fluorometric Ascorbic Acid Assay Kit (Abcam, Cambridge, UK). Samples were diluted in ascorbic
acid buffer in 96-well plate and subsequently to each well was added catalyst and then reaction mix.
After 3 min of incubation, fluorescence was read in microplate reader at Ex/Em = 535/590 nm.

2.5. Collection and Processing of Murine Plasma from Blood Samples

Blood samples collection from each group mice was performed by retro-orbital bleeding (ROB)
immediately before the sacrifice. This safe phlebotomy technique allowed to obtain high-quality
samples of adequate volume (500 μL/mouse) for analysis [50]. Blood samples were collected in
K3-EDTA-coated collection tubes. To obtain plasma samples, EDTA-treated whole blood from each
mouse was centrifuged at 400 g for 20 min. Plasma samples (250 μL/mouse) were then collected and
immediately analyzed or stored at −80 ◦C until analysis.

2.5.1. Total Antioxidant Power Assay (PAO Test kit)

Detection and quantification of Total Antioxidant Power was in mice plasma obtained before
the sacrifice using a colorimetric assay: PAO Test kit for Total Antioxidant Capacity (JaICA). After
centrifugation of blood at 400× g for 20 min, supernatant was collected and immediately analyzed.
Briefly, samples were incubated for 3 minutes at room temperature with Cu++ solution, subsequently
Stop Solution was added to each well. Absorbance was recorded at 490 nm.

2.5.2. Superoxide Dismutase (SOD) Activity Assay

The Superoxide Dismutase Activity kit (Thermo Fisher, Waltham, MA, USA), a colorimetric assay,
was used for detection and quantification of superoxide dismutase activity in mice plasma preparations.
Plasma samples were incubated for 20 min at room temperature after the addition of the sample and
substrate and chromogenic detection reagent. The optical densities were recorded at 450 nm.

2.5.3. Reduced Glutathione (GSH) Detection and Quantification Assay

Glutathione Colorimetric Detection Kit (Thermo Fisher), a colorimetric assay, was used for
detection and quantification of reduced glutathione (GSH) levels in plasma preparations. Detection
reagent and reaction mixture were added to samples and after 20 min of incubation at room temperature
the optical densities were recorded at 405 nm.

2.5.4. Total Reactive Oxygen Species (ROS) Assay

Total Reactive Oxygen Species (ROS) Assay Kit 520 nm (Thermo Fisher) was used to analyze the
total ROS levels in mice plasma preparations. 10 μl of each plasma sample were added to 100 μL of 1×
ROS Assay Stain. After for 60 min of incubation at 37 ◦C and 5% CO2, signals were analyzed using a
fluorescent microplate reader off the 488 nm (blue laser) in the FITC channel.

2.5.5. Detection of telomerase by ELISA Assay

Quantitative determination of mouse telomerase concentrations was performed in plasma
preparations using a colorimetric sandwich-ELISA assay, Mouse TE(telomerase) ELISA Kit
(Elabsciences®, Houston, TX, USA. The optical density (OD) was measured at 450 ± 2 nm.
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2.6. Bone Marrow Cells Recovery from Mice

Immediately after the sacrifice of CTR, ET-FPP® and LT-FPP® mice, bone marrow was obtained
from both tibias and femurs of the hind legs of mice [51–54]. Bone marrow was then placed in
physiological solution (NaCl) and disrupted with the blunt end of a 5-mL syringe plunger. Bone
marrow cells were isolated using a Falcon® 100 μm cell strainer (Corning, Corning, NY, USA), obtaining
a uniform single-cell suspension from bone marrow. The single-cell suspensions were washed twice in
PBS and immediately processed for following analysis.

2.7. Ovarian Germ Cells Recovery from Mice

Immediately after the sacrifice of CTR, ET-FPP® and LT-FPP® mice, ovaries were
dissected [51–53,55], placed in physiological solution (NaCl) with 1% of trypsin and 0.1 μM of
EDTA, separated from the remaining reproductive system with a cutter and disrupted with the
blunt end of a 5-mL syringe plunger. Ovarian germ cells were isolated using a Falcon® 100 μm cell
strainer (Corning), connective tissue and debris were allowed to settle, obtaining a uniform single-cell
suspension from ovarian tissue. The single-cell suspensions were washed twice in PBS and immediately
processed for following analysis.

2.8. Detection of Telomeres by PNA Kit/FITC for Flow Cytometry

Detection of telomeres was performed in bone marrow cells and in ovarian germ cells of CTR,
ET-FPP® and LT-FPP® mice obtained immediately after the sacrifice. To this purpose a Telomere
PNA Kit/FITC for Flow Cytometry (Dako-Agilent, Santa Clara, CA, USA) was used. The kit allows
detection of telomeres in nucleated haematopoietic cells using a fluorescence in situ hybridization and
a fluorescein-conjugated peptide nucleic acid (PNA) probe. Results were evaluated by flow cytometry
using a light source with excitation at 488 nm.

2.9. Statistical Analysis

Results in the text are reported as means ± standard error (SE), and calculation were done using
the GraphPad Prism software (San Diego, CA, USA). Unpaired t-test (Student’s t-test) was applied to
analyze the results. Statistical significance was set at p < 0.05.

3. Results

3.1. Evaluation of FPP®-Supplemented Water Effectiveness

The experimental design has been set up in order to evaluate in vivo the effectiveness of FPP®

supplementation on redox balance and molecular signature of aging. Although the greater efficacy of
FPP® was proven when taken sublingually [28], we found that this administration was very stressful
for mice [30], so we decided to dissolve FPP® in the daily water.

In order to verify the real in vivo effectiveness of the non-orthodox FPP® administration following
dissolution in water, we have first evaluated the papaya antioxidant capacity when dissolved in
water by a colorimetric test. Each day a sachet of FPP® (3 g) was dissolved in 500 mL of water
and administered to mice; each FPP® mouse drank about 1 mL a day, with the resulting dose of
6 mg/mouse/day FPP® taken every day. Therefore, same doses of papaya dissolved in water (500 mL
for each cage) and taken by each mouse were analyzed for quantification of antioxidant power. We used
a test that allowed us to estimate the total content of both hydrophilic (for example Ascorbic Acid) and
hydrophobic antioxidants. As shown in Table 1, FPP® in 500 mL of water had a Total Antioxidant
Power of 6.7 ± 0.6 M, and in 1 mL taken by each FPP-treated mouse 13.48 ± 0.9 mM. Ascorbic acid is
one of the hydrophilic antioxidants that can be quantified and, as for the Total Antioxidant Power, we
measured ascorbic acid concentrations of a FPP® sachet dissolved in 500 mL and of FPP® dose taken
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by the mouse daily by fluorimetric assay. The papaya sachet in 500 mL of water had an ascorbic acid
content equal to 192.2 ± 3.5 ng, while the mouse daily dose was 0.4 ± 0.03 ng (Table 1).

Table 1. Total Antioxidant Power and Ascorbic Acid quantification in FPP®-supplemented water.

FPP® in 500 mL Water (the Amount
in a Bottle for Each Cage)

FPP® Drank by Mice Daily

Total Antioxidant Power 6.7 ± 0.6 M 13.48 ± 0.9 mM
Ascorbic Acid 192.2 ± 3.5 ng 0.4 ± 0.03 ng

Data are expressed as mean ± SE of three experiments.

3.2. Early Treatment with FPP®: from 6 to 51 Weeks of Age

3.2.1. Oral Administration of FFP® Increases Plasma Levels of Antioxidants

To the purpose of evaluating comparable effect in our experimental model, we first measured
the Total Antioxidant Power in plasma samples of FPP® in both treated and untreated mice; this
test allows to detect both hydrophilic and hydrophobic antioxidant in blood samples. The results
showed that mice daily treated with FPP® (Figure 2A) had an increased antioxidant power (ET- FPP®

11.9 ± 1.4 mM, p < 0.05) as compared to the control group (ET-CTR 7.6 ± 0.4 mM).

Figure 2. Antioxidant effect of FPP® in C57BL/6J female mice by measuring the plasma antioxidant
levels (antioxidant power, GSH and SOD-1). Plasma samples collected from both untreated (ET-CTR
group) and treated (ET-FPP®group) mice were analyzed. (A) Analysis of the quantification and
detection of the total antioxidant power (mM). (B) Analysis of the quantification and detection of
GSH activity (μM). (C) Analysis of the quantification and detection of SOD-1 activity (U/mL). Data are
normalized on total plasma and expressed as means ± SE. * p < 0.05, *** p < 0.001, **** p < 0.0001.
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Thus, we measured the enzymatic activities of superoxide dismutase-1 (SOD-1) and plasmatic
levels of reduced glutathione (GSH). SOD-1 is an enzymatic antioxidant responsible for the dissociation
of superoxide anion into hydrogen peroxide and dioxygen; glutathione is a non-enzymatic antioxidant
as represented by the glutathione reduced form (GSH), that plays the important role of protector
against oxidative stress neutralizing reactive oxygen species.

The results showed that ET-FPP® -treated mice presented a significant increase of GSH plasmatic
levels (p < 0.0001) of about 7.5-fold higher as compared to control plasma samples (ET-FPP®

21558 ± 1100 μM, ET-CTR 2896 ± 574 μM) (Figure 2B). Comparable results were obtained with
SOD-1 analysis, where SOD-1 plasmatic levels in FPP® treated mice were significantly higher (ET-FPP®

361 ± 9 U/mL, p < 0.001) as compared to control mice (ET-CTR 282 ± 13 U/mL) (Figure 2C). These
results supported a potentially powerful in vivo antioxidant action exerted by FPP® administered to
mice from 6 weeks of age (early treatment), even when administered as dissolved in the water.

3.2.2. Oral Administration of FFP® Reduces Plasma Levels of ROS

Although Reactive Oxygen Species (ROS) and ROS-induced oxidative damage are not considered
as the sole cause of aging, it is believed that ROS play a key role in the molecular mechanisms regulating
longevity. For this reason, we evaluated and determined the effect of FPP® supplementation on
plasmatic levels of ROS in our experimental model. The results in Figure 3 showed a significant
decrease (p < 0.005) of plasmatic ROS levels in ET-FPP® mice (7737 ± 331 a.u.) as compared to ET-CTR
group (10962 ± 692 a.u.).

Figure 3. Effect of FPP® on total ROS blood levels in C57BL/6J female mice. Analysis of the total ROS
levels (arbitrary units, a.u.) on the plasma samples collected from both ET-CTR and ET-FPP®. Data are
normalized on total plasma and expressed as means ± SE. ** p < 0.005.

3.2.3. Oral Administration of FFP® Increases Plasmatic Telomerase Activity

Telomerase (TE) is an enzyme that adds repetitive sequences of DNA to the chromosomal ends
(telomeres); at each DNA replication, the telomeres undergo shortening and the task of telomerase is
to maintain their integrity. In fact, in the absence of telomerase, the telomeres progressively shorten
until they reach a threshold value where cell division stops, thus inducing cell senescence. Telomerase
activity and telomeres length are currently considered the molecular signature of aging. To this
purpose, we first determined and quantified the telomerase activity in the plasmas of FPP®-treated
mice (ET-FPP®) as compared to the control group (ET-CTR).

As shown in Figure 4, we observed an increase in telomerase concentration of mice daily treated
with FPP® as compared to mice drinking tap water. More in details, ET-FPP® mice had a concentration
of TE 1.6-fold higher (p < 0.005) as compared to ET-CTR (ET-FPP® mice: 88.5 ± 4.5 ng/mL, ET-CTR
mice: 55.9 ± 6.6 ng/mL).

27



Antioxidants 2020, 9, 144

Figure 4. Effect of FPP® on telomerase (TE) activity in plasma samples from C57BL/6J female mice.
Quantitative determination of mouse telomerase (TE) activity (ng/mL) was performed on plasma
samples obtained from both ET-CTR and ET-FPP® groups immediately before the sacrifice. Data are
normalized on total plasma and expressed as means ± SE. ** p < 0.005.

3.2.4. Oral Administration of FFP® Increases Telomeres Length in Bone Marrow Cells and Ovarian
Germ Cells

In order to evaluate the effect of FPP® treatment on telomeres length, we analyzed single
cell suspensions obtained from both bone marrow and ovaries of either FPP® treated or untreated
mice. To this purpose bone marrow and ovaries were obtained from each mouse and the single cell
suspensions were isolated as described in the Materials and Methods section; subsequently bone
marrow and ovarian germ cells were counted by trypan blue exclusion under optical microscope.
In ET-FPP® mice bone marrow and ovarian germ cells were respectively almost 4-fold and 2-fold more
than the ET-CTR cells (data not shown).

Comparable numbers of cells obtained from both organs were analyzed by hybridization of a
fluorescein-conjugated probe (PNA) recognizing the sequence of six nucleotides (TTAGGG) repeated
in the telomeres. The results, expressed as mean intensity of fluorescence (M.I.F.), are summarized in
Figure 5. TTAGGG sequence in telomeres correlated with the value of the M.I.F.

Figure 5. Effect of FPP® on telomeres length in bone marrow cells and in ovarian germ cells from
C57BL/6J female mice. The analysis of telomeres length was performed on nucleated haematopoietic
cells from (A) bone marrow and (B) on ovarian germ cells. Cells were retrieved from both ET-CTR
and ET-FPP® groups immediately after the sacrifice. Data are expressed as mean ± SE of M.I.F. (Mean
Intensity Fluorescence) normalized on total cells. **** p < 0.0001.
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The results showed that ET-FPP® mice had an impressive increase of telomeres length than
ET-CTR in both organs. In details the telomeres lenght in bone marrow cells was 4-fold higher than in
control group (ET-FPP®: 5020 ± 542 M.I.F, ET-CTR: 1228 ± 88 M.I.F., p < 0.0001) (Figure 5A), while
in ovarian germ cells the telomeres length was 2.7-fold higher as compared to controls (ET-FPP®:
91 ± 5 M.I.F., ET-CTR 33 ± 3 M.I.F., p < 0.0001) (Figure 5B).

3.3. Late Treatment with FPP®: from 51 to 96 Weeks of Age

This set of experiments was aimed at evaluating the FPP® anti-aging effect in a group of mice that
started the treatment later in their life (10 months) (LT-FPP®). As for ET-FPP® mice, we measured
antioxidants and ROS levels and telomerase in the blood and the telomeres length in single cell
suspensions obtained from the bone marrow and the ovaries of the mice.

3.3.1. Oral Administration of FFP® Increases Plasma Levels of Antioxidants

The results showed that Total Antioxidant Power levels in LT-FPP® (8± 0.17 mM) were comparable
(p > 0.05, not significant) to LT-CTR (7.5 ± 0.13 mM) (Figure 6A); similarly to previous results in
ET-FPP® mice, GSH plasmatic levels resulted to be 279.5 ± 24.9 μM in LT-FPP® mice (p < 0.05) and
208.9 ± 11.2 μM in LT-CTR (Figure 6B), and SOD-1 levels 89.9 ± 1.5 U/mL in LT-FPP® mice (p < 0.05)
and 78.3 ± 4.3 U/mL in LT-CTR group (Figure 6C). It is clear from the figures that while the significant
increase in the SOD-1 and GSH plasma levels in the FPP® -treated mice, the absolute values are lower
than in the group of mice that started the FPP® treatment earlier in their life (Figure 2).

Figure 6. Antioxidant effect of FPP® in C57BL/6J female mice by measuring the plasma antioxidant
levels (antioxidant power, GSH and SOD-1). Plasma samples collected from both untreated (LT-CTR
group) and treated (LT-FPP® group) mice were analyzed. (A) Analysis of the quantification and
detection of the total antioxidant power (mM). (B) Analysis of the quantification and detection of
GSH activity (μM). (C) Analysis of the quantification and detection of SOD-1 activity (U/mL). Data are
normalized on total plasma and expressed as means ± SE. * p < 0.05.
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3.3.2. Oral Administration of FFP® Reduces Plasma Levels of ROS

This set of results did not show significant difference in the plasmatic ROS levels between the
FPP®-treated and untreated mice (p > 0.05, not significant). In fact, LT-FPP® mice had ROS levels of
10727 ± 157 a.u. and LT-CTR mice 11266 ± 198 a.u. (Figure 7).

Figure 7. Effect of FPP® on total ROS blood levels in C57BL/6J female mice. Analysis of the total ROS
levels (arbitrary units, a. u.) on the plasma samples collected from both LT-CTR and LT-FPP®. Data
are normalized on total plasma and expressed as means ± SE. p = NS (>0.05).

3.3.3. Oral Administration of FFP® Increases Plasmatic Telomerase Activity

Analysis of telomerase activity was performed also for LT-FPP® mice LT-CTR controls. As for the
early treatment, in this case the mice that received water supplemented with FPP® showed a higher
telomerase concentration (LT-FPP®: 124.0 ± 9.0 ng/mL, p < 0.05) than the mice that drank only tap
water (LT-CTR: 92.5 ± 6.5 ng/mL) (Figure 8).

Figure 8. Effect of FPP® on telomerase (TE) activity in plasma samples from C57BL/6J female mice.
Quantitative determination of mouse telomerase (TE) activity (ng/mL) was performed on plasma
samples obtained from both LT-CTR and LT-FPP® groups immediately before the sacrifice. Data are
normalized on total plasma and expressed as means ± SE. * p < 0.05.

3.3.4. Oral Administration of FFP® Increases Telomeres Length in Bone Marrow Cells and Ovarian
Germ Cells

As previously described, bone marrow and ovarian germ cells were obtained from each mouse
and hybridizated of with a fluorescein-conjugated probe (PNA) for telomeres length analysis. As for the
previous group of experiments cells were counted by trypan blue exclusion under optical microscope
and the results showed that the number of bone marrow and ovarian germ cells in LT-FPP® mice
was increased 1.8-fold and 2-fold, respectively, as compared to cells obtained from LT-CTR mice.
The results on telomeres length showed that cells from the bone marrow of LT-FPP® treated mice had
2-fold longer telomeres (121 ± 6 M.I.F., p < 0.0005) as compared to LT-CTR 59 ± 9 M.I.F. (Figure 9A).

30



Antioxidants 2020, 9, 144

Similarly, telomeres analyzed from ovarian germ cells of LT-FPP® mice were significantly longer
(8.69 ± 0.25 M.I.F., p < 0.05) than telomeres from untreated mice (7.29 ± 0.44 M.I.F.) (Figure 9B).
Consistent with the anti-oxidant reaction the M.I.F. signals in both bone marrow and ovarian germ
cells were significantly decreased in LT-FPP® as compared to ET-FPP®.

Figure 9. Effect of FPP® on telomeres length in bone marrow cells and in ovarian germ cells from
C57BL/6J female mice. The analysis of telomeres length was performed on nucleated haematopoietic
cells from (A) bone marrow and (B) on ovarian germ cells. Cells were retrieved from both LT-CTR
and LT-FPP® groups immediately after the sacrifice. Data are expressed as mean ± SE of M.I.F. (Mean
Intensity Fluorescence) normalized on total cells. * p < 0.05, *** p < 0.0005.

3.4. Comparison of FPP® Effectiveness between Early Treatment and Late Treatment Supplementation

We thus wanted to compare the early to the late FPP® treatment in terms of percentage of ratio
between FPP® -treated mice and untreated controls. As shown in Table 2, the most beneficial effects
are observed with the early treatment.

Comparing ET-FPP® and LT-FPP® values with their respective control, we could observe that the
early treatment with FPP® was impressively more effective in increasing the plasmatic levels of the
antioxidant power (increase of 56%) as compared to the late treatment (1%) that was in fact comparable
to CTR.

In the case of GSH the differences between early and late treatment were straightforward: in the
case of ET mice GSH plasmatic level was increased of 640% compared to control, while we observed
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only 34% of increase in the LT group. Also SOD-1 levels were higher in the early treated mice (30%), as
compared to the late treatment (15%). Moreover, FPP® showed a greater effect in decreasing total ROS
levels when administered early (30% of decrease) than in LT-FPP® group (5% of decrease).

Comparable results were obtained with telomerase levels (58% increase in ET-FPP® mice and 34%
in LT-FPP®) as compared to controls, and telomeres length in bone marrow and ovarian germ cells
(length increase of 300% and 174% in ET-FPP® and 101% and 19% in LT-FPP®, respectively). All in all
this analysis allows to conclude that the early treatment with FPP® starting from 6 weeks of life was
the most effective.

Table 2. Comparison between ET- and LT-treatment.

ET-FPP® LT-FPP®

Total Antioxidant Power +56% +1%
GSH +640% +34%

SOD-1 +30% +15%
Total ROS −30% −5%

Telomerase +58% +34%
Telomeres length of bone marrow cells +300% +101%
Telomeres length of ovarian germ cells +174% +19%

Results are expressed as percentage ratio between value of FPP® mice and respective control.

4. Discussion

The improved living conditions, reduced rate of child mortality and advances in the medical
field have led to an increased life expectancy compared to past decades. Despite this, aging and in
particular age-related diseases are still major causes of mortality worldwide. Aging is characterized by
a loss of fitness over time, with a series of molecular and macromolecular damages over the course of a
lifetime. Faulty regulation of cellular processes could damage physiological integrity of cells and let to
accumulation of damaged bioproducts. Among the various phenomena associated with aging, there is
oxidative stress, characterized by the loss of balance of antioxidants/reactive oxygen species, with an
accumulation of ROS at the cellular level. At the molecular level, there is a progressive shortening of
the telomeres that, reached a threshold level, lead to cellular senescence and/or apoptosis. Crucial
is the role of telomerase, a polymerase that can elongate telomeres by de novo addition of TTAGGG
sequence repeated in telomeres.

In this study, we evaluated the effect of FPP® on redox balance (antioxidant and ROS levels)
together with an anti-aging effect on telomerase concentration and telomeres length in a mice model
of aging treated with FPP®-supplemented water from 6 weeks of age (early treatment) and from
51 weeks of age (late treatment). Interestingly, we showed that FPP® dissolved in water had a higher
Total Antioxidant Power and it contains measurable amount of Ascorbic Acid and we were able to
measure the daily dose of ascorbic acid taken by the FPP®-treated mice. The dual action of ascorbic
acid as scavenging antioxidant and pro-antioxidant and the direct correlation between ascorbic acid
dietary intake and the increased amount of antioxidants levels (i.e. glutathione) have been previously
demonstrated [56–60].

Our data are consistent with previous works, where the correlation between dietary antioxidants
from fruits and vegetables and the effects on the increase of antioxidant levels in the treated subjects
has been extensively studied [9,10]. Our results showed that the daily intake of FPP® significantly
increased the levels of antioxidants in the blood (Total Antioxidant Power, GSH and SOD-1) and
decreased the levels of total ROS, together with a clear anti-aging effect as shown by the length of
telomeres and telomerase quantification in FPP® treated mice. These results are consistent with
previous studies where the crucial role of FPP® in reducing oxidative stress and inducing the
antioxidant defense response have been extensively investigated [22–29,37,38,61]. Previous reports
have shown that FPP® is able to modulate characteristic phenomena of elderly people, such as the
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pro-inflammatory profile [31] and the oxidative damage [44,45]. Moreover, FPP® supplementation
induced several beneficial effects in patients with neurodegenerative diseases and Electromagnetic
Field Intolerance Syndrome [21,43,47,48]. Supporting these reports we have shown that plasmatic
telomerase concentration and the telomeres length in bone marrow and ovarian germ cells, are
significantly increased by the daily FPP® administration. In our experiment, we have shown that
although papaya has an effect even in beginning treatment later in life, the early treatment is far more
effective. This is conceivably due to the fact that the anti-aging action of FPP® in maintaining telomeres
length and mitigating progressive age-related shortening, is reduced when at a later age the telomeres
have reached a shorter length. These results are consistent with previous reports on the attenuation
of telomere length by antioxidants during aging [62,63] and on FPP® action in modulating aging
mechanisms [44–47,49].

Similarly considering the redox balance, in ET-FPP® mice we have much higher antioxidants
levels and a greater reduction of ROS than in LT-FPP® mice. The plasma levels of antioxidants, in
particular GSH and SOD-1, usually decrease with increasing age [64–67], therefore in the case of
LT-FPP® mice, FPP® induces an increase in GSH and SOD-1, but starting from lower basal levels, thus
failing to trigger a minimally comparable anti-aging action.

5. Conclusions

Our results showed the beneficial effect of FPP® on the redox balance and anti-aging effect in mice
drinking daily FPP® dissolved in water. Furthermore, our data showed that early treatment induced
greater effects than late treatment. Lastly, while administered in a non-orthodox way (i.e., dissolved in
water, rather than sublingually) the daily FPP® intake has shown to be highly effective in increasing
the body anti-oxidant reaction and in improving the molecular signatures of aging.
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Abstract: Due to their beneficial properties, fermented foods are considered important constituents
of the human diet. They also contain bioactive peptides, health-promoting compounds studied for
a wide range of effects. In this work, several antioxidant peptides extracted from fermented milk
proteins were investigated. First, enriched peptide fractions were purified and analysed for their
antioxidant capacity in vitro and in a cellular model. Subsequently, from the most active fractions,
23 peptides were identified by mass spectrometry MS/MS), synthesized and tested. Peptides N-15-M,
E-11-F, Q-14-R and A-17-E were selected for their antioxidant effects on Caco-2 cells both in the
protection against oxidative stress and inhibition of ROS production. To define their action mechanism,
the activation of the Kelch-like ECH-associated protein 1/nuclear factor erythroid 2-related factor
2(Keap1/Nrf2) pathway was studied evaluating the translocation of Nrf2 from cytosol to nucleus.
In cells treated with N-15-M, Q-14-R and A-17-E, a higher amount of Nrf2 was found in the nucleus
with respect to the control. In addition, the three active peptides, through the activation of Keap1/Nrf2
pathway, led to overexpression and increased activity of antioxidant enzymes. Molecular docking
analysis confirmed the potential ability of N-15-M, Q-14-R and A-17-E to bind Keap1, showing their
destabilizing effect on Keap1/Nrf2 interaction.

Keywords: bioactive peptides; Keap1/Nrf2 pathway; natural antioxidants; oxidative stress

1. Introduction

In order to increase the shelf life and improve the flavour, fermentation is a process used for
many years in a wide variety of food matrices such as soy, milk, meat and vegetables. Due to the
presence of health-promoting compounds, fermented foods are considered important components of
the human diet [1]. In fact, this type of food processing not only improves the organoleptic properties
of the food matrix, but it can also increase the availability of various constituents, which can exert
positive effects after consumption [2]. Among these compounds, bioactive peptides are inactive in
the primary structure of proteins and can be released from them by fermenting bacteria-mediated
proteolysis [3]. Many microorganisms are utilized in this process and it is well known that different
fermenting strains can generate various patterns of bioactive peptides [4–6]. In particular, for dairy
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products, Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus and Bifidobacterium
spp are usually employed [2,7]. Bioactive peptides generated from milk can originate both from
whey proteins (β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins, lactoferrin and
protease-peptone fractions) and from caseins (α-, β- and κ-casein) [8–10]. Bioactive peptides are
studied for their various beneficial activities, for example anti-hypertensive, anti-microbial, opioid and
antioxidant [4,11–14]. The antioxidant activity of bioactive peptides can depend on their amino acid
composition and position in the sequence [15]. Moreover, these compounds can exert their antioxidant
activity in cell environment through activation of specific pathways [16,17]. Oxidants and electrophiles
are well known molecules recognized to determine the disruption of Keap1/Nrf2 interaction [16,18,19].
However, new series of other compounds are now emerging, such as the bioactive peptides, that with
specific protein-protein interactions are able to activate nuclear factor erythroid 2-related factor 2 (Nrf2).
The latter, after dissociation from Kelch-like ECH-associated protein 1 (Keap1), migrates to the nucleus
where interacts with the antioxidant response element (ARE), activating a large number of genes
expressing antioxidant enzymes. Nrf2 translocation is one of the key events required for the regulation
of Keap1/Nrf2 pathway and it is considered an evidence of the activation of the system. [20,21]

As reported in the present paper, peptide fractions from fermented milk were isolated and tested
for their antioxidant properties. From the most active fractions, sequences of the most abundant
peptides were identified and then synthesized. Finally, these compounds were analyzed for their
antioxidant activity in vitro and in a cellular model.

This work aimed to understand the mechanism of action of fermented milk-derived peptides in
the protection from oxidative stress. In particular, the interaction of these peptides with Keap1/Nrf2
pathway, the main molecular pathway involved in the protection of cells from oxidative stress
conditions, was taken into account.

2. Materials and Methods

2.1. Materials

DMEM + Glutamax, trypsin + EDTA (0.25%) and fetal calf serum (FBS) were
purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). For peptide synthesis,
all N-α-fluorenylmethyloxycarbonyl (Fmoc) L-amino acids, p-benzyloxybenzyl alcohol resins
(Wang resin) were obtained from Merck (Darmstadt, Germany). Coupling reagent
O-(7-azabenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) was
purchased from ChemPep (Wellington, FL, USA). Formic acid was purchased from Fluka
(Ammerbuch, Germany). Chemical reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA) and Iris Biotech (Marktredwitz, Germany). Acetonitrile, trifluoroacetic acid (TFA),
2,2′-azinobis(3-ethylbenzo-thiazoline 6-sulfonate) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH),
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), potassium persulfate, tert-butyl
hydroperoxide (TbOOH), PBS, isopropanol, dimethyl sulfoxide (DMSO), Trolox C and Corning
Incorporated Transwell® 12 well plates were all obtained from Sigma-Aldrich (St Louis, MO, USA).

2.2. Preparation of Fermented Milk

The samples of fermented milk were collected on the day of their manufacturing. Pasteurized
milk was ultrafiltered, sterilized at 120 ◦C for 30 s and subjected to homogenization (APV, SPX Flow
Technology, Crawley, UK). At this point, milk was inoculated with 0.6 mg/L Lactobacillus acidophilus
NCFM® and 0.2 mg/L Lactobacillus delbrueckii subs. bulgaricus and Streptococcus thermophilus (DUPONT
DANISCO, Bologna, Italy) and the product was incubated in a maturation tank at 38 ◦C for 10 h. At the
end, fermented milk (pH 4.5) was vigorously mixed breaking the clot, and brought to 20 ◦C to block
the fermentation process.
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2.3. Aqueous Extract of Samples

150 mL of fermented milk were mixed with 150 mL of distilled water in an orbital shaker at
room temperature (RT) for 5 min. Then the solution was centrifuged at 16,800× g for 25 min at 15 ◦C.
The supernatants were filtered through Whatman Chr 1 (GE Healthcare, Chicago, IL, USA) and the
obtained aqueous extracts were stored at –20 ◦C until use [22].

2.4. Solid Phase Extraction of Bioactive Fractions from Aqueous Preparations

For the extraction of peptide fractions, a solid phase STRATA C18 E column (Phenomenex, Torrance,
CA, USA) was employed. The column was initially conditioned with 50 mL of 100% acetonitrile (ACN)
and rinsed with 125 mL of 0.1% trifluoroacetic acid (TFA) aqueous solution. Aliquots of 50 mL of
aqueous extract, obtained as described above, were loaded onto the column. After washing with
125 mL of 0.1% TFA, a discontinuous gradient step of ACN was applied in order to obtain peptide
enriched fractions [22]. Briefly, the column was eluted with 50 mL of 5%, 30% and 50% ACN solutions
and the fractions 5–30% ACN and 30–50% ACN were collected, frozen at –80 ◦C and lyophilized
(Freeze Drier, Edwards, Burgess Hill, west Sussex, UK), then stored at –20 ◦C until further analysis.

2.5. Purification of Peptide Fractions

In order to increase the resolution in peptide separation, the peptide enriched fractions obtained
with solid phase extraction were further purified. 5–30% ACN fraction (35 mg) was dissolved in
2 mL of 0.1% TFA and further purified using preparative Reversed Phase-High Performance Liquid
Chromatography (RP-HPLC) with a PrepNova-Pak® HR C18 column (6 μm 60 Å 25 × 10 mm; Waters,
Milford, MA, UK) with a linear gradient from 5% to 40% ACN with a flow rate of 12 mL/min. Briefly,
after an isocratic step at 5% ACN for 5 min, ACN was linearly increased from 5% to 40% for 24 min
and then to 100% within the following 5 min. The column effluent was monitored by UV detection
(λ = 220 nm). Fractions were collected every 2 min and then lyophilized.

2.6. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Analysis

The fraction of interest was dissolved in H2O/0.1% formic acid (FA) and an amount of sample
corresponding to 1μg (2.5μL) was subjected to LC-MS/MS analysis. For the MS analyses a LTQ-Orbitrap
XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled online with a nano-HPLC
Ultimate 3000 (Dionex-ThermoFisher Scientific, Waltham, MA, USA) was employed. A homemade
10 cm chromatographic column packed into a pico-frit (75 μm internal diameter (I.D.), 15 μm tip,
New Objective, Woburn, MA, USA) with C18 material (Aeris Peptide 3.6 μm XB-C18, Phenomenex
Torrance, CA, USA) was utilized for sample loading. A linear gradient from 3% to 40% of ACN,
0.1% FA in 20 min at a flow rate of 250 nL/min was chosen for peptide elution from the original
sample. Data of the LC-MS/MS analysis were obtained performing on the Orbitrap a full scan at high
resolution (60,000). The MS-MS fragmentation scans were conducted on the ten most intense ions
acquired with collision-induced dissociation (CID) fragmentation in the linear trap (data-dependent
acquisition—DDA). Furthermore, the following parameters were set for this analysis: capillary voltage
1.2 kV; source temperature 200 ◦C.

2.7. Database Search and Peptide Identification

In order to permit peptide identification two proteomic tools, Proteome Discoverer software
(version 1.4, Thermo Fisher Scientific, Waltham, MA, USA) and the Mascot Search engine server
(version 2.2.4, MatrixScience, London, UK) were utilized for processing raw LC-MS/MS data files
given by Xcalibur software (version 2.2 SP1, Thermo Fisher Scientific, Waltham, MA, USA). Protein
identification against the SwissProt database (version 20180703; 597363 sequences; SIB Swiss Institute
of Bioinformatics, Lausanne, Switzerland) was performed using the following parameters: no enzyme,
precursor tolerance 10 ppm and fragment tolerance 0.6 Da. Oxidation of methionine was set as
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variable modification. The Percolator algorithm was used to assess the false-discovery rate and filter
the results (FDR < 0.01). Proteins were grouped in protein families according to the principle of
maximum parsimony.

2.8. Peptide Synthesis

All the peptides derived from alignments with proteins of bovine milk proteome were subjected to
synthesis, employing a solid-phase technique performed on a fully automated peptide synthesizer (Syro
II, MultiSynTech Gmbh, Witten, Germany). Wang resins preloaded with the first N-α-Fmoc-protected
amino acid were utilized for stepwise assembly of the entire peptide chain. This assembly was
done according to the Fmoc standard strategy and was based on the use of HATU as the coupling
reagent [23,24]. The side-chain protected amino acid building blocks utilized in these peptide
syntheses were Fmoc-Glu(OtBu)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, Fmoc-His(Trt)-OH,
Fmoc-Ser(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Cys(Trt)-OH and Fmoc-Thr(tBU)-OH. A step of deprotection of the final
peptides was conducted, followed by cleavage from the resin with a mixture of 88% (v/v) trifluoroacetic
acid (TFA) with 5% phenol (w/v), 5% H2O (v/v) and 2% (v/v) of triisopropylsylane via shaking at RT for
2.5 h. A step of vacuum filtration allowed to remove the resin from the assembled peptide chains. Then,
the peptides were precipitated with cold diethyl ether and transformed into pellet by a centrifugation
procedure. Two washes with cold diethyl ether were performed on the precipitated peptides. At the
end, purification of the crude peptides was done through flash chromatography (SP1, Biotage, Uppsala,
Sweden) on a Biotage SNAP Ultra C18 12 g cartridge packed with Biotage HP-Sphere C18 25 μm
spherical silica. A final step of molecular mass confirmation was performed by mass spectroscopy on a
MALDI-TOF/TOF mass spectrometer (ABI 4800, AB Sciex, Framingham, MA, USA). The mechanism of
action analysis was conducted on four selected peptides, N-15-M, E-11-F, Q-14-R and A-17-E.

2.9. ABTS and DPPH Scavenging

Samples were analysed for antioxidant capacity through ABTS and DPPH tests [25]. For the
first assay, 7 mM ABTS solution and 2.46 mM potassium persulfate were prepared and maintained
for 18 h in the dark to obtain the radical molecule ABTS•+. The other test utilized a stable radical
(1,1-diphenyl-2-picrylhydrazyl (DPPH)) dissolved in ethanol. Briefly, 0.1 mL of peptide solution
(4 mg/mL) was added to 0.1 mL of 0.160 mM DPPH or 0.08 mM ABTS•+ solution. The change of
absorbance was estimated at 517 nm and 415 nm for DPPH and ABTS assay, respectively, with a plate
reader (Infinite® M200 PRO, Tecan, Männedorf, Switzerland). For ABTS test a calibration curve was set
up using Trolox C as standard and results were expressed as Trolox Equivalent Antioxidant Capacity
(TEAC). In the other assay, the results were indicated as percentage of antioxidant capacity inhibition
(% DPPH scavenging).

2.10. Caco-2 Cell Culture

Caco-2 cells were obtained from DISCOG (University of Padova, Padova, Italy). The cells cultured
in DMEM (high glucose) supplemented with 10% FBS, were used between 35 and 60 passages. In order
to perform transepithelial transport, 8 × 104 cells were seeded on Transwell© cell culture inserts (0.4 μm
pore sizes, 12 mm diameter, 1.12 cm2 grown surface; Corning Life Sciences, Tewksbury, MA, USA). Cells
were grown, differentiated for 21 days and the monolayer integrity was estimated by transepithelial
electrical resistance (TEER) (Millicell® ERS-2 volt-ohmmeter, EDM Millipore, Darmstadt, Germany)
showing values higher than 1100 Ω × cm2.

2.11. Transepithelial Transport of Fractions or Peptides Through Caco-2 Cell Monolayers

The intestinal barrier crossing capacity of the fractions or synthetic peptides through Caco-2 cells
monolayer was evaluated using Transwell® insert model according to Tonolo et al. [26]. Briefly, after
21 days of culturing, Caco-2 cells differentiated forming a monolayer that delimited an upper part

41



Antioxidants 2020, 9, 117

(apical compartment) and lower part (basolateral compartment). The monolayer was rinsed three
times with Hank’s balanced salt solution (HBSS) and 10 mM D-glucose and equilibrated for 30 min
at 37 ◦C. After, cells were incubated in the presence of 0.75 mL HBSS containing 150 μg fraction or
75 μg peptide in the apical chamber at 37 ◦C for 120 min. Samples collected from both compartments
(apical and basolateral) at different times were centrifuged at 11,600× g, filtered with 0.45 μm filter,
frozen and lyophilized. Subsequently, the obtained samples were dissolved in 100 μL of 0.1% TFA
aqueous solution and evaluated by RP-HPLC and Matrix assisted laser desorption/ionization- time of
flight/time of flight mass spectrometry (MALDI-TOF/TOF MS).

RP-HPLC and MS Analyses

The apical and basolateral compartments were evaluated in RP-HPLC using a column Onyx
Monolithic C18 100 mm × 4.6 mm, LC column (Phenomenex, Torrance, CA, USA) with a Waters 2695
Separation Module (Milfold, MA, USA) with a Waters 996 Photodiode Array Detector. Separations
were performed with a linear gradient from 0–60% ACN in the presence of 0.1% TFA over 20 min at a
constant flow rate of 2 mL/min monitoring the peaks by UV detection (λ = 220 nm).

Subsequently, the obtained fractions were analysed with a MALDI-TOF/TOF 4800 mass
spectrometer (AB Sciex, Framingham, MA, USA). After an initial full MS scan, enlargements on
the MS signals of interest were acquired. For the basolateral fractions, the samples, after lyophilisation,
were dissolved in 50 μL of 25% ACN and 0.1% TFA. The analysis was then performed on 2 μL of these
solutions mixed with 2 μL of peptide MALDI matrix α-cyano-4-hydroxycynnamic acid (10 mg/mL
aqueous 70% acetonitrile/0.1% TFA). The following analytical conditions were set for MALDI-TOF
spectra acquisition: positive ion reflector mode, initial mass range 500–3500 Da (the mass range was
then adapted for each enlargement), variable laser intensity (3000–3800), shots/sub-spectrum 50, total
shots/spectrum 1500 and accelerating voltage of 20 kV. Final data analysis and fragments identification
were done on Data Explorer software (AB Sciex, Framingham, MA, USA), utilizing external mass
calibration performed with mass peptide standards (Sigma-Aldrich, St Louis, MO, USA).

2.12. Cell Viability

The analysed peptide fractions and synthetic peptides were tested with MTT assay. Caco-2 cells
(1 × 104) were seeded in 96 well plates and incubated with peptide fractions (0.125 mg/mL) or synthetic
peptides (0.05 mg/mL). After 24 h, medium was removed and MTT solution (0.5 mg/mL, 100 μL) in
PBS (1×) was added for 3 h in the dark at 37 ◦C. Removed MTT solution, the reaction was stopped
with 100 μL of isopropanol/DMSO (9:1). The absorbance was followed (Abs595–690) using a plate reader
(Tecan Infinite® M200 PRO, Männedorf, Switzerland).

2.13. ROS Production Estimation

ROS production in Caco-2 cell line was measured by using 5-(and 6)-chloromethyl-20,70-
dichlorohydrofluorescein diacetate (CM-H2DCFDA,Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA). Briefly, cells (1 × 104) were grown in a 96-wells plate for 48 h, and then
treated with synthetic peptides (0.05 mg/mL) for 24 h. Cells washed in PBS 1×/10 mM glucose were
loaded with 10 μM CM-H2DCFDA for 20 min in the dark at 37 ◦C. Subsequently, the fluorescent probe
was removed and cells were rinsed with PBS 1×/10 mM glucose and subjected to oxidative stress in the
presence of 250 μM TbOOH. Fluorescence increase was followed at 485 nm (λ excitation) and 527 nm
(λ emission) for 90 min using a plate reader (Tecan Infinite® M200 PRO, Männedorf, Switzerland).

2.14. Nrf2 Translocation to the Nucleus

In order to investigate the Keap1/Nrf2 activation, the translocation of Nrf2 to the nucleus was
followed. For this purpose, nuclear and cytosolic fractions were divided according to the method
described by Yao et al. (2014), with some modifications [27,28]. Briefly, Caco-2 cells (1 × 106) were
grown in T25 flasks for 48 h and then treated with 0.05 mg/mL N-15-M, E-11-F, Q-14-R and A-17-E.
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After 24 h, cells were rinsed with 1 mL of PBS 1× and lysed for 15 min on ice with 100 μL of buffer
containing 10 mM Hepes/Tris pH 7.9, 0.1 mM EGTA, 0.1 mM EDTA, 0.1 mM PMSF, 10 mM KCl,
1 mM NaF and a protease inhibitor cocktail (Complete, Roche®, Basel, Switzerland). The samples
were rapidly added of IGEPAL (5% final concentration), mixed for 15 s and centrifuged at 1000× g
for 10 min at 4 ◦C. The pellet (nuclear fraction) was dissolved in 20 mM Hepes/Tris (pH 7.9), 1 mM
EGTA, 1 mM EDTA, 0.4 M NaCl in the presence of 0.1 mM PMSF, 1 mM NaF and protease inhibitors
(Complete, Roche®, Basel, Switzerland). Samples were mixed every 2 min for 10–15 s and centrifuged
at 20,000× g for 10 min at 4 ◦C to discard the debris. Nuclear proteins (30 μg evaluated according to
Lowry et al. [29]) were subjected to SDS-PAGE (10%) and subsequently to western blot analysis to
define the expression level of Nrf2. Densitometric analysis of WB was carried out using NineAlliance
software (Mini 9 17.01 version, Uvitec Alliance, Cambridge, UK). PCNA was used as loading reference.

2.15. Cell Lysates

Cells (5 × 105 per well) were seeded in six well plates and, after 48 h, treated with 0.05 mg/mL
N-15-M, E-11-F, Q-14-R and A-17-E. After 24 h, cells were collected, rinsed with 1 mL of PBS 1× and
then lysed with modified RIPA buffer in the presence of protease inhibitor cocktail (Complete, Roche®,
Basel, Switzerland) [19]. Protein content was estimated with the Lowry method [29].

2.15.1. Antioxidant Enzymes Detection

Superoxide dismutase (SOD1), thioredoxin reductase 1 (TrxR1), glutathione reductase (GR) and
NAD(P)H quinone dehydrogenase 1 (NQO1) were evaluated by Western blot analysis, using 30 μg of
cell protein lysates subjected to SDS-PAGE (12%). The WB detection was assessed using ECL system
with UVITEC (Alliance Q9 Advanced, Cambridge, UK) equipment. Densitometric quantification of
antioxidant enzymes WB was performed using NineAlliance software (Mini 9 17.01 version, Uvitec
Alliance, Cambridge, UK). GAPDH was used as loading reference.

2.15.2. TrxR1 and GR Activities

TrxR1 and GR activities were measured spectrophotometrically using 50 μg of cell lysates proteins
and following absorbance at 412 and 340 nm, respectively as described by Tonolo F. 2018 [26].

2.16. Gene Expression Analysis

The levels of gene expression of antioxidant enzymes (TrxR1, GR, NQO1 and SOD1) were
evaluated with Real-Time PCR and β-actin was used as reference. Firstly, Caco-2 cells (5 × 105) were
cultured into six well plates for 48 h in a complete medium and then treated with N-15-M, E-11-F,
Q-14-R and A-17-E (0.05 mg/mL) for 24 h. Cells were rinsed with 1 mL PBS 1×, lysed with 1 mL
of TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and transferred into a
new test tube. At this point, 0.2 mL of chloroform were added and vigorously mixed for 15 s. Then
samples were placed at RT for 15 min and subsequently centrifuged at 12,000× g for 15 min at 4 ◦C.
In this way, three phases were obtained and the upper one, that contain mRNA, was transferred in
a new test tube. Samples were added of 0.5 mL of isopropanol, mixed and maintained at RT for 10
min and subsequently centrifuged at 12,000× g for 10 min at 4 ◦C. The pellets were rinsed with 1 mL
of 75% ethanol and mixed vigorously for 1 min. Samples were centrifuged at 7500× g for 10 min
at 4 ◦C and the pellets were air-dried. The extracted mRNA was diluted in 0.01 mL of RNase free
water and its concentration was estimated using NanoDrop system (Thermo Fisher Scientific). mRNA
(1 μg) was subjected to reverse transcription using Euroscript M-MLV Reverse Transcriptase in the
presence of 25 μg/mL oligo(dT), 10 mM DNTp mix, 10 mM DTT and RNase inhibitors (Euroclone,
Milan, Italy) in a final volume of 0.02 mL. Before adding the reverse transcriptase, the mRNA was
denatured at 65 ◦C for 5 min, then the mix were placed at 42 ◦C for 50 min and at 70 ◦C for 15 min.
The resulting cDNA (1.5 ng/μL) was used for the Real-Time PCR analysis using Hot FIREpol Eva
Green qPCR Supermix (Solis BioDyne, Tartu, Estonia). The target cDNA was amplified as follow: an
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initial step for polymerase activation at 95 ◦C for 12 min and then 40 cycles of denaturation for 15 s at
95 ◦C, annealing at 65 ◦C for 1 min and elongation at 72 ◦C for 1 min. All the primers were purchased
from Sigma-Aldrich (St Louis, MO, USA). GR: Fw: 5′-TCA CGC AGT TAC CAA AAG GAA A-3′, Rv:
5′-CAC ACC CAA GTC CCC TGC ATA T-3′; TrxR1: Fw: 5′-GCC CTG CAA GAC TCT CGA AAT
TA-3′, Rv: 5′-GCC CAT AAG CAT TCT CAT AGA CGA-3′; NQO1: Fw: 5′-GGA GAC AGC CTC TTA
CTT GCC AAG, Rv: 5′-CCA GCC GTC AGC TAT TGT GGA TAC; β-actin: Fw: 5′-ACC TGA CTG
ACT ACC TCA TGA AGA-3′, Rv: 5′-GCG ACG TAG CAC AGC TTC TC-3′; SOD 1: Fw: 5′-TCA GGA
GAC CAT TGC ATC ATT-3′, Rv: 5′-CGC TTT CCT GTC TTT GTA CTT TCT TC-3′.

2.17. Molecular Docking Analysis

The interaction of peptides N-15-M, E-11-F, Q-14-R and A-17-E with the Kelch domain of Keap1
was investigated trough docking simulation. The protein-peptide model was initially predicted using
CASB-Dock [30], providing the peptide sequence and the chain X of the Crystal structure of Kelch
domain of Keap1 bound to Neh2 domain of Nrf2 (2FLU), and refined with HADDOCK [31,32]. After
50 ns of relaxation with gromacs 2016.1 [33], the interactions between peptides and their target were
evaluated using PISA [34] and UCSF Chimera [35].

2.18. Statistical Analysis

All the reported results are indicated as the mean values ± SD of at least three independent
experiments. The analysis of variance was estimated by multiple comparison test employing
Tukey-Kramer test and the differences with p < 0.05 were considered significant. The software
InStat 3 (GraphPad Software, San Diego, CA, USA) was used.

3. Results

Aqueous extracts from fermented milk, obtained with three different microbial strains Lactobacillus
acidophilus, Lactobacillus delbrueckii subs. bulgaricus and Streptococcus thermophilus, were used. Then, the
samples underwent two different types of purification. To obtain peptide enriched fractions, the first
one was a discontinuous step gradient of ACN (5–30% and 30–50%). The major amount of peptides
was found in the 5–30% ACN step, while in the 30–50% fraction only a small amount of peptides was
present. Subsequently, to provide a higher resolution in peptide separation, the fractions were further
purified with RP-HPLC using a continuous gradient. The collected samples were tested for their
antioxidant properties in vitro and in Caco-2 cells. The peptides present in the most active fraction
were identified.

3.1. Analysis of 5–30% ACN Fraction in Caco-2 Cells: Evaluation of Cell Viability

To estimate the effects of 5–30% and 30–50% ACN fractions on Caco-2 cells, the MTT test was
performed. Caco-2 cells (1 × 104) were treated with the peptide fractions (0.125 mg/mL) and, as
shown in Table 1, both fractions were not cytotoxic. Moreover, when cells (1 × 104) were subjected to
oxidative stress induced by 200 μM TbOOH we observed a decrease of viability. However, when cells
were pretreated with the 5–30% ACN fraction a significant protective effect from oxidative stress was
observed. Therefore, the further analysis was conducted only on this fraction.

Table 1. Percentage of viability (MTT test) in Caco-2 cells in the presence of the isolated 5–30% and
30–50% acetonitrile (ACN) fractions. Means of at least three experiments (eight replicates for each
experiment) were compared with the treated control. (* p < 0.05).

Fraction
Percentage of Cell Viability

None TbOOH

Control 100 73.11 ± 8.22
5–30% ACN 103.59 ± 5.20 83.60 ± 2.06 *

30–50% ACN 108.67 ± 10.15 77.80 ± 3.27
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3.2. HPLC Analysis, Antioxidant Properties In Vitro and In a Cellular Model of the Purified Fractions Obtained
From the 5–30% ACN Pool

Fraction 5–30% ACN, containing a large amount of peptides, was further purified, in order to
isolate and identify the most active peptides. To this purpose, 35 μg of the 5–30% ACN fraction was
subjected to RP-HPLC (PrepNova-Pak® HR C18) employing a linear gradient from 5% to 40% ACN
with a flow rate of 12 mL/min. Collecting the eluted solution every two minutes, fifteen fractions
were obtained as described in Figure 1A. In particular, fractions from 0 to 5 and from 11 to 15 were
discarded, because the amount of obtained peptides was negligible and insufficient to perform further
experiments, indicating a low peptide content at the beginning and at the end of the gradient. On the
other hand, each fraction from 6 to 10 was analyzed for its antioxidant properties in vitro. As reported
in Figure 1B, all the fractions showed an antioxidant capacity in vitro, as they exhibited moderate
TEAC and DPPH scavenging values. Moreover, the effects on Caco-2 cells of the purified fractions were
analyzed and the peptides did not show cytotoxicity (Figure 1C). In addition, all the fractions were
evaluated for their protection from oxidative stress in cells pretreated with them and subsequently
incubated with 200 μM TbOOH. As shown in Figure 1C, some fractions, in particular 6, rescued the
viability of Caco-2 cells treated with the oxidative agent. For this reason, this fraction was selected
for the further analysis. In order to identify the peptides, present in the most active fraction (6) and
able to cross the intestinal barrier, the Transwell® insert model was used. Caco-2 cells were grown
on the Transwell® insert for 21 days to reach the differentiated epithelium formation and peptide
fractions were added in the apical compartment. After 10 and 120 min, apical and basolateral solutions
were collected and analyzed by HPLC and mass spectrometry. As shown in Figure S1, some peptides
present in the fraction 6 can cross Caco-2 monolayer.

Figure 1. (A)Purification of the 5–30% ACN fraction with RP-HPLC. Fractions were collected every
2 min. (B) Analysis of antioxidant capacity of the purified fractions in vitro with 2,2′-azinobis(3-
ethylbenzo-thiazoline 6-sulfonate) (ABTS) (green) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) (red)
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scavenging tests. (C) Effects of the purified fractions on cell viability in the presence and absence of
TbOOH. Caco-2 cells were treated with the indicated fractions for 24 h and oxidative stress was induced
by 200 μM TbOOH. Means of at least three experiments (eight replicates for each experiment) were
compared with the treated control. (*** p < 0.001, ** p < 0.01).

3.3. Identification of the Peptides with Mass Spectrometry Analysis

Then, peptides included in fraction 6 were analyzed with mass spectrometry in order to identify
their sequence. The investigation with the Proteome Discoverer and Mascot gave a list of peptides
reported in the Table S1. The list of peptides for each protein given by the proteomic identification was
aligned with the sequences of the reference proteins (Figure S2) and the candidates for the solid-phase
peptide synthesis were chosen in order to obtain the maximum protein sequences coverage. Some
criteria were considered as fundamental for the choice of candidate peptides, such as the maximum
protein sequences coverage, the best match score between the peptides given by the Proteome
Discoverer Software and the reference proteins expressed by Peptide Spectral Match (#PSM), and the
peptide length. When more than one peptide covered a region, only the peptide that has the best match
score, expressed by the highest value of #PSM was chosen. Of note, the same analysis were performed
for fraction 7, but the identified peptides were mostly the same as those identified in fraction 6. Due to
the more significant activity in cellular model of fraction 6, the further experimentation was performed
with the latter. The sequences and properties of the synthesized peptides were reported in Table 2.
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3.4. New Identified Peptides

From the reported analysis, 23 peptides were chosen and synthetized. Of them, 15 were
not retrieved on the BIOPEP database, indicating that they were completely new in the scientific
investigation. The remaining 8 were already registered in the sequence database, although with
activities different from the antioxidant one. These peptides were tested for their antioxidant properties
in vitro and in the Caco-2 cells model. In particular, 4 of them were selected for their antioxidant effects
exerted on the cells and further analyzed to understand their mechanism of action.

3.4.1. Antioxidant Properties In Vitro and In Caco-2 Cells

The 23 peptides were evaluated for their antioxidant capacity using ABTS and DPPH scavenging
tests. As reported in Table 3, many peptides displayed a great antioxidant capacity with different
extent, while some of them were ineffective. All the synthetic peptides were also tested in the cellular
model for their potential cytotoxicity. In addition, they were also checked for their capability to protect
against oxidative stress induced by 200 μM TbOOH. As reported in Table 3, column c, all peptides
were not cytotoxic. Moreover, most of the synthetized peptides protected the viability of the cells
once treated with the oxidative agent, in particular V-12-Q, N-15-M, E-11-F, K-15-L and I-14-L. These
peptides showed a recovery of viability of about 10% (Table 3, column d).

Table 3. Evaluation of antioxidant properties of the identified peptides in vitro using
2,2′-azinobis(3-ethylbenzo-thiazoline 6-sulfonate) (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
scavenging tests and in Caco-2 cells pretreated with the 23 peptides. Oxidative stress was induced by
200 μM TbOOH.

Samples
In Vitro Antioxidant Tests Percentage of Cell Viability

DPPH (%)
Scavenging (a)

ABTS TEAC (b) None (c) TbOOH (d)

Cnt n.d. n.d. 100 73.11 ± 8.22

Q-13 N 24.44 ± 7.07 6.09 ± 1.08 104.10 ± 6.64 64.03 ± 10.15

K-10-S 19.09 ± 3.35 4.14 ± 0.82 97.27 ± 6.69 55.32 ± 10.01

I-15-A 19.40 ± 3.64 5.71 ± 1.09 104.37 ± 5.12 76.19 ± 13.27

N-10-L 13.19 ± 5.50 n. d. 119.52 ± 15.74 77.26 ± 12.44

V-10-N 12.24 ± 5.94 0.97 ± 0.48 110.89 ± 9.93 65.40 ± 17.60

F-9-F 12.69 ± 7.02 2.45 ± 0.54 109.47 ± 12.69 69.30 ± 12.78

H-18-Q 19.93 ± 5.13 1.30 ± 0.69 91.92 ± 8.99 52.61 ± 16.83

S-13-T 4.93 ± 3.45 2.96 ± 0.59 107.33 ± 12.39 71.60 ± 6.90

S-17-Q 3.74 ± 0.55 0.83 ± 0.36 101.47 ± 7.46 74.12 ± 11.76

Q-14-R 12.22 ± 4.72 1.28 ± 0.1 114.52 ± 15.55 81.47 ± 11.28

A-17-E 1.02 ± 0.15 0.64 ± 0.13 108.13 ± 13.19 78.33 ± 15.44

D-17-T 5.75 ± 0.38 0.84 ± 0.14 104.19 ± 5.62 73.36 ± 12.10

E-18-H n. d.a n. d. 103.64 ± 5.01 74.70 ± 10.52

A-12-Q 8.6± 5.98 1.39 ± 0.11 101.85 ± 4.69 78.89 ± 8.75

V-12-Q n. d. n. d. 112.70 ± 3.52 93.74 ± 10.68

N-15-M 16.93 ± 3.42 15.18 ± 0.04 107.99 ± 5.96 83.40 ± 5.51

V-9-E n. d. n. d. 106.59 ± 8.02 80.55 ± 6.62

E-11-F n. d. n. d. 111.51 ± 13.50 87.77 ± 4.50
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Table 3. Cont.

Samples
In Vitro Antioxidant Tests Percentage of Cell Viability

DPPH (%)
Scavenging (a)

ABTS TEAC (b) None (c) TbOOH (d)

K-15-L 4.14 ± 2.65 n. d. 104.70 ± 14.49 83.76 ± 6.30

P-9-E n. d. n. d. 100.97 ± 14.49 72.56 ± 3.68

F-12-F 15.29 ± 3.33 6.38 ± 0.29 97.73 ± 19.21 75.91 ± 4.80

A-14-K 2.16 ± 0.83 7.19 ± 0.23 84.39 ± 9.69 71.51 ± 5.22

I-14-L 22.9 ± 1.21 8.56 ± 0.43 92.98 ± 13.61 84.48 ± 8.64
a n. d.: not detected with the used assay.

3.4.2. Inhibition of ROS Production by Bioactive Peptides

The identified peptides were further examined for their capacity to inhibit ROS production in
Caco-2 cells. To this purpose, Caco-2 cells were treated with the peptides for 24 h and subsequently
incubated with CM-DCFDA as described in the Material and methods. ROS production in Caco-2 cells
pretreated with the peptides was similar to the untreated control, while, when the oxidative stress was
induced by 250 μM TbOOH we observed a marked decrease in fluorescence after pretreatment with
N-15-M, E-11-F, Q-14-R, E-18-H, H-18-Q, A-17-E, D-17-T, S-17-Q, V-9-E, P-9-E and F-12-F (Figure 2).

Figure 2. Estimation of reactive oxygen species (ROS) production in Caco-2 cells treated with the
indicated peptides (0.05 mg/mL) in the absence (red) or presence (green) of 250 μM TbOOH. The values
at 5000 s were reported and the means of at least three experiments (four replicates for each experiment)
were compared with the treated control. (*** p < 0.001, ** p < 0.01, * p < 0.05).
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3.5. Analysis of the Mechanism of Action of the Antioxidant Peptides

Considering both the protection of the viability and the inhibition of ROS production in Caco-2 cells,
N-15-M, E-11-F, Q-14-R and A-17-E were selected for their powerful antioxidant effects. Therefore,
these four peptides were further analyzed to define their mechanism of action.

3.5.1. Nrf2 Translocation to the Nucleus

An antioxidant action inside the cell could be due to activation of the Keap1/Nrf2 pathway. For
this reason, the translocation of Nrf2 from the cytosol to the nucleus in Caco-2 cells treated with the four
peptides N-15-M, E-11-F, Q-14-R and A-17-E (0.05 mg/mL) was evaluated. Cells (1 × 106) were treated
for 24 h with the peptides and then processed to obtain the nuclear fraction, as described in Materials
and methods. Nrf2 present in the nuclear fraction was detected by Western blot analysis. Peptides
N-15-M, Q-14-R and A-17-E increased significantly the levels of Nrf2 in the nucleus as reported in
Figure 3, while E-11-F was completely ineffective.

Figure 3. Nrf2 translocation from cytosol to nucleus in Caco-2 cells in the presence of N-15-M,
E-11-F, Q-14-R and A-17-E. (A) Cells were treated with 0.05 mg/mL of each peptide for 24 h. Nuclear
fractions were isolated and proteins were subjected to WB detection as indicated in paragraph 2.15. (B)
Densitometric analysis of four experiments compared with the control were reported, using PCNA as
loading control. (*** p < 0.001, * p < 0.05).

3.5.2. Antioxidant Enzymes Gene Expression Analysis

After the observation that N-15-M, Q-14-R and A-17-E showed a large increase of Nrf2 in the
nucleus, the levels of gene expression of antioxidant enzymes were analyzed by RT-PCR. Cells (5 × 105)
were treated for 24 h with the four peptides and processed as described in Section 2.16. The transcription
of these enzymes is regulated by the translocation of Nrf2 to the nucleus where it can bind ARE.

As shown in Figure 4, the peptides N-15-M, Q-14-R and A-17-E were able to induce an increase
of the GSR, TXNRD1, NQO1 and SOD1 mRNA levels. On the other hand, E-11-F, that did not show
any effect on the translocation of Nrf2 to the nucleus, also in this case did not exert any effect on the
antioxidant enzymes gene expression.
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Figure 4. Antioxidant enzymes gene expression analysis. The gene expression of glutathione reductase
(GRS, A), thioredoxin reductase (TXNRD1, B), NADPH quinone oxidoreductase (NQO1, C) and
superoxide dismutase (SOD1, D) was evaluated in cDNA obtained from Caco-2 cells treated with
N-15-M, E-11-F, Q-14-R and A-17-E (0.05 mg/mL) for 24 h. β-actin was used as reference. Means of at
least four experiments were compared with the control. (** p < 0.01, * p < 0.05).

3.5.3. Antioxidant Enzymes Detection in the Presence of the Four Peptides

In order to confirm the observation regarding the increase of gene expression induced by N-15-M,
Q-14-R and A-17-E, western blot analysis of lysates of cells treated with the four peptides was
performed. Cells (5 × 105) were incubated in the presence of the four peptides (0.05 mg/mL) for 24 h.
Aliquots of the samples (30 μg) were subjected to WB to detect glutathione reductase (GR), NADPH
quinone oxidoreductase (NQO1), superoxide dismutase (SOD1) and thioredoxin reductase 1 (TrxR1).
As shown in Figure 5, the most active peptides enhanced also the protein levels of these enzymes.
In particular, cells treated with Q-14-R and A-17-E showed a large increase of GR, TrxR1 and NQO1
protein levels (Figure 5).

3.5.4. TrxR1 and GR Activities in Cell Lysates

The activities of TrxR1 and GR in cells treated with N-15-M, E-11-F, Q-14-R and A-17-E were also
analyzed. Cells were incubated with the indicated peptides in the same conditions as described above
and 50 μg of protein cell lysates were used to determine TrxR1 activity by following DTNB reduction
at 412 nm and NADPH oxidation at 340 nm for GR. As showed in Figure 6, a slight increase of the
activities of the two antioxidant enzymes was observed in cells treated with N-15-M and Q-14-R.
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Figure 5. Antioxidant enzymes detection by WB analysis. (A) Protein levels of glutathione reductase
(GR), thioredoxin reductase (TrxR1), NADPH quinone oxidoreductase (NQO1) and superoxide
dismutase (SOD1) in Caco-2 cell lysates treated with the four peptides (0.05 mg/mL) for 24 h. (B–E)
Densitometric analysis of four experiments were compared with the control and normalized using
GAPDH as loading control. (*** p < 0.001, ** p < 0.01, * p < 0.05).

Figure 6. GR (A) and TrxR1 (B) activities in Caco-2 cells treated with N-15-M, E-11-F, Q-14-R and
A-17-E (0.05 mg/mL). The activity of the two antioxidant enzymes was analyzed in Caco-2 cells treated
with the four peptides for 24 h. Means of at least four experiments were compared with the control.
(* p < 0.05).

3.5.5. Molecular Docking Analysis

In order to get a prediction of the interaction of the Kelch domain of Keap1 with N-15-M, E-11-F,
Q-14-R and A-17-E, docking simulation was performed (Figure 7). The free energy of dissociation of
the assemblies calculated after a simulation of 50 ns showed that peptide E-11-F has no binding affinity
with the target protein. On the contrary, peptides A-17-E, Q-14-R and N-15-M formed stable assemblies
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with the Kelch domain of Keap1. More in details, the first Serine (Ser 3) of A-17-E formed hydrogen
bonds with a serine (Ser 363) and an arginine (Arg 415), the first A-17-E asparagine (Asn 9) formed a
hydrogen bond with a tyrosine (Tyr 572) and the inner glutamic acid (Glu 14) formed hydrogen bonds
with another arginine (Arg 336) (Figure 7A’). The Q-14-R peptide formed hydrogen bonds between
its backbone and asparagine (Asn 382), arginine (Arg 380), glutamine (Gln 530), threonine (Thr 576)
and histidine (His 575) of the Keap1 pocket; there were also hydrogen bonds between the asparagine
(Asn 7) of the peptide and asparagine (Asn 387), arginine (Arg 380) and histidine (His 432) of Kelch
domain, the aspartic acid (Asp 10) formed a hydrogen bond with a tyrosine (Tyr 525) and the inner
glutamine of the peptide (Gln 11) formed hydrogen bonds with an arginine (Arg 415) and a serine
(Ser 508) (Figure 7B’). The backbone of the N-15-M formed hydrogen bonds with an asparagine (Asn
382) a glycine (Gly 509), a tyrosine (Tyr 572) and three arginines (Arg 336, Arg 380, Arg 415); the first
threonine of the peptide (Thr 2) formed a hydrogen bond with a Serine (Ser 602), the lysine (Lys 6) of
the peptide form hydrogen bonds with a glycine (Gly 433) and an isoleucine (Ile 435), the glutamine
of the peptide (Gln 11) formed a hydrogen bond with a threonine (Thr 576) (Figure 7C’). It is crucial
to notice that there is a certain recurrence among the residues of the Kelch domain involved in the
interaction with the peptides. Moreover, these residues are also implicated in the interaction between
Kelch domain and Nrf2 [37] (Table 4).

Figure 7. Molecular docking analysis of the interaction between peptides and Keap1 Kelch domain.
(A–C) Binding geometry of A-17-E, Q-14-R and N-15-M in the pocket of Keap1. (A’–C’) Magnification
of the interaction of Keap1 Kelch domain with A-17-E (A’), Q-14-R (B’) and N-15-M (C’). Amino acids
involved in the hydrogen bond formation were connected with orange dashed lines and highlighted in
Table 4.
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Table 4. Residues involved in the binding of Keap1 with Nrf2 or the analyzed peptides.

KEAP1 NRF2 A-17-E Q-14-R N-15-M

ARG 336 Glu 14 Thr 13

SER 363 Glu 82 Ser 3

ARG 380 Glu 82 Val 5, Asn 7 Ala 5

ASN 382 Glu 82, Phe 83 Ile 4 Ala 5

ASN 387 Asn 7

ARG 415 Glu 79, Thr 80 Ser 3 Gln 11 Asn 1

HIS 432 Asn 7

GLY 433 Lys 6

ILE 435 Lys 6

SER 508 Glu 79 Gln 11

GLY 509 Asn 1

TYR 525 Glu 79 Asp 10

GLN 530 Glu 78 Arg 14

TYR 572 Leu 76, Gly 81 Asn 9 Ala 10

HIS 575 Gly 2

THR 576 Gln 1 Gln 11

SER 602 Thr 80 Thr 2

3.5.6. Peptide Absorption Analysis

In order to evaluate the intestinal crossing capacity of the four peptides, Transwell® insert model
peptide absorption, was performed. For this purpose N-15-M, E-11-F, Q-14-R and A-17-E (75 μg) were
added to the differentiated Caco-2 cells grown (21 days) on the Transwell® insert. After 10 min and
120 min, apical and basolateral compartments were collected and analyzed by RP-HPLC and mass
spectrometry. As shown in Figure 8, all peptides, although with different extent and fragmentation
pattern, can cross the intestinal barrier model.

In the apical compartment (AP), the measured amount of N-15-M, E-11-F, Q-14-R and A-17-E

after 120 min was 60.74%, 88.28%, 87.59% and 68.4%, respectively of the total amount of peptide added
(Table 5). These values were due both to the absorption and to a slight fragmentation depending on
the action of the brush border peptidases present in the AP. In particular, N-15-M gave rise to V-13-M

and A-11-M and Q-14-R originated N-8-R, V-10-R, I-11-R and G-13-R, and, finally, A-16-S, S-15-S and
F-14-E were produced from A-17-E. The peptide E-11-F gave rise to one fragment, D-10-F detectable
only by mass spectrometry analysis. The increasing amount of V-13-M and A-11-M (N-15-M) and
A-16-S, S-15-E and F-14-E (A-17-E) was visible at 120 min (Figure 8A,D, respectively). On the other
hand, after 120 min a great amount of the four peptides was found in the basolateral compartment both
with HPLC and with mass spectrometry analysis (Figure 8). In particular, N-15-M, E-11-F, Q-14-R and
A-17-E were estimated to be 0.13%, 0.21%, 0.02% and 0.05% of the initial amount of the peptides, added
in the apical compartment (Table 5). All the details about peptides and their fragments absorption
analysis were reported in Table 5.
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Figure 8. Uptake of the peptides by Caco-2 cells monolayer and their detection in AP and BL
compartments. Each peptide (75 μg) was administered to the monolayer cells and samples of AP and
BL were collected at the indicated time. (A–D) RP-HPLC chromatograms of the four peptides in the
apical compartment at 10 and 120 min. (A’–D’) MS analysis of the peptides present in the basolateral
side after 120 min.
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Table 5. Features of the studied peptides (bold) and their produced fragments, using RP-HPLC and
MS analysis.

Peptide Sequence
Retention

Time (min)
Theoretical

Mass
Measured

MW

RP-HPLC
Estimation

AP (%)

RP-HPLC
Estimation

BL (%)

N-15-M NTVPAKSCQAQPTTM 5.77 1575.73 1576.46 60.76 ± 8.83 0.13 ± 0.04

V-13-M VPAKSCQAQPTTM 5.22 1360.63 1361.41 2.21 ± 0.53 n. d. a

A-11-M AKSCQAQPTTM 6.47 1164.51 1165.53 44.96 ± 9.09 0.16 ± 0.02

S-9-M SCQAQPTTM 7.18 965.38 965.43 n. d. 0.12 ± 0.03

E-11-F EDELQDKIHPF 7.63 1369.64 1370.56 88.28 ± 5.89 0.21 ± 0.01

D-10-F DELQDKIHPF 6.75 1240.598 1241.42 4.17 ± 0.27 n. d.

Q-14-R QGPIVLNPWDQVKR 8.73 1648.90 1649.60 87.59 ± 12.18 0.02 ± 0.01

G-13-R GPIVLNPWDQVKR 8.29 1520.83 1521.76 3.19 ± 0.27 n. d.

Q-13-K QGPIVLNPWDQVK 5.03 1492.79 1493.56 n. d. 0.07 ± 0.05

I-11-R IVLNPWDQVKR 8.11 1366.76 1367.54 1.47 ± 0.19 n. d.

Q-11-Q QGPIVLNPWDQ 7.19 1265.63 1266.94 n. d. 0.11 ± 0.01

N-10-Q VLNPWDQVKR 7.28 1253.68 1254.60 7.44 ± 0.85 n. d.

N-8-R NPWDQVKR 6.37 1041.52 1042.46 0.55 ± 0.15 n. d.

A-17-E APSFSDIPNPIGSENSE 8.60 1759.80 1760.66 68.4 ± 4.6 0.05 ± 0.03

A-16-S APSFSDIPNPIGSENS 6.73 1630.73 1630.45 3.22 ± 0.00 n. d.

S-15-E SFSDIPNPIGSENSE 8.00 1591.69 1592.48 8.97 ± 0.53 0.30 ± 0.07

F-14-E FSDIPNPIGSENSE 7.75 1504.65 1505.54 3.07 ± 0.60 n. d.
a n. d.: not detected with RP-HPLC analysis.

4. Discussion

In order to identify new bioactive peptides from fermented milk, antioxidant peptide enriched
fractions were extracted and further purified with the aim of identify the sequence of the included
peptides. More in detail, the fraction 5–30% ACN was selected for the high presence of peptides able
to prevent oxidative stress. In fact, when Caco-2 cells were pretreated for 24 h with enriched peptide
fractions, a protective effect on the viability was apparent when oxidative stress was induced by TbOOH
(Table 1). Therefore, 5–30% ACN fraction was further purified by RP-HPLC obtaining five major
fractions, selected on the basis of the highest peptide relative abundance (Figure 1). These collected
fractions, called 6, 7, 8, 9 and 10, were studied for their antioxidant properties in vitro and in Caco-2 cells
(Figure 1). In particular, fraction 6 showed a powerful activity in protecting cells from oxidative stress
and thus this fraction was selected for the following studies. The sequences of the peptides included in
fraction 6 were identified by using LC-MS/MS analysis and the appropriate software. From these data,
23 peptides were chosen according to the peptide coverage for a specific sequence of the reference
proteins (see Supplementary Materials). The novelty of the peptides was demonstrated by their absence
in the BIOPEP database. When present, their function was not related to an antioxidant effect. Three
criteria have been considered for peptide selection: firstly, the maximum protein sequences coverage,
in order to map each protein sequence as much as possible from N-terminus to C-terminus; secondly,
the best match score, indicated by #PSM, between the peptides given by the Proteome Discoverer
Software and the reference proteins; thirdly, the length of peptides, as peptides with less than 20
residues were preferred instead of longer ones. Peptide sequences derived from alignments with other
proteins, such as short isoform of polymeric immunoglobulin receptor, glycosylation-dependent cell
adhesion molecule, histatherin and 3-phosphoshikimate 1-carboxyvinyltransferase were not taken into
account, as they were considered less important. Subsequently, the selected peptides were synthesised,
characterized and tested for their antioxidant properties. Two in vitro antioxidant tests, ABTS and
DPPH, were performed and, as apparent in Table 3, peptides Q-13-N, K-10-S, I-15-A, N-10-L, F-9-F,
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Q-14-R, N-15-M, F-12-F and I-14-L were the most active in the scavenging tests (in vitro). However,
when all the 23 peptides were screened in a cellular model for their action against oxidative stress
induced by TbOOH testing cell viability (Table 3), only peptides V-10-N, Q-14-R, A-17-E, A-12-Q,
V-12-Q, N-15-M, V-9-E, E-11-F and K-15-L were effective. Subsequently, in order to confirm the
antioxidant power of the peptides, ROS production was evaluated in cells pre-treated for 24 h with the
peptides and then subjected to an oxidative stimulus induced by TbOOH. As shown in Figure 2, the
most active peptides against ROS production were N-15-M, E-11-F, Q-14-R, E-18-H, H-18-Q, A-17-E,
D-17-T, S-17-Q, V-9-E, P-9-E and F-12-F. From the analysis of all the obtained results (in vitro and in
cell environment), N-15-M, E-11-F, Q-14-R and A-17-E emerged as the most active peptides. For this
reason, these four peptides were used for further analysis. In particular, the mechanism of action of the
selected bioactive peptides, involved in the protective effects against oxidative stress in Caco-2 cells,
was investigated. We focused on Keap1/Nrf2 pathway because it is the main regulatory system in
oxidative stress conditions. In fact, when an oxidative imbalance occur, Keap1 and Nrf2 dissociate and
Nrf2 translocates to the nucleus where it can bind ARE, promoting the overexpression of antioxidant
enzymes such as glutathione reductase (GR), NADPH quinone oxidoreductase (NQO1), superoxide
dismutase (SOD1) and thioredoxin reductase 1 (TrxR1). Therefore, to understand the involvement
of Keap1/Nrf2 pathway, the translocation of Nrf2 from the cytosol to the nucleus was considered
in cells treated with N-15-M, E-11-F, Q-14-R and A-17-E for 24 h. As result, N-15-M, Q-14-R and
A-17-E increased the levels of Nrf2 present in the nucleus (Figure 3) suggesting that they activate
the Keap1/Nrf2 system. Subsequently, as the amount of Nrf2 in the nucleus increased, we observed
also an increase of antioxidant enzymes gene expression. To this purpose, GR, TrxR1, NQO1 and
SOD1 gene expression was measured in Caco-2 cells treated with the four peptides for 24 h and
again N-15-M, Q-14-R and A-17-E were able to increase the gene expression levels of the antioxidant
enzymes (Figure 4) and the consequent protein expression (Figure 5) estimated with WB analysis.
Moreover, TrxR1 and GR enzymatic activities were measured in cells treated in the same conditions
and N-15-M and Q-14-R increased the activity of the tested antioxidant enzymes (Figure 6). In order
to confirm our observations, molecular docking analysis between the structure of Keap1 and the four
peptides was performed (Figure 7). The results showed that N-15-M, Q-14-R and A-17-E, but not
E-11-F, interacted with Keap1 in the Kelch domain with specific amino acid residues, involved also in
the binding between Keap1 and Nrf2 (Table 4). The Kelch repeats sequence of Keap1 (AA 327–609)
is responsible for the binding to Nrf2 which participates with the DLG (AA 29–31) and ETGE (AA
79–82) motifs [21]. In particular, the ETGE motif guarantees a strong binding of Nrf2 to Keap1. Specific
amino acids residues in the Kelch repeats (especially Arg380 and Arg415) facilitate the binding to the
transcription factor. Our peptides are able to interact with Keap1 sequence with many of the amino
acids involved in the binding to the ETGE motif. As apparent, Q-14-R interacts with Arg 380, Asn 382,
Arg 415, Ser 508, Tyr 525 and Gln 530, while peptide N-15-M interacts with Arg 380, Asn 382, Arg 415,
Tyr 525 and Ser 602. Furthermore, the bioactive peptides examined are able to interact with several
other amino acids of the Kelch domain such as Arg 336, Asn 387, His 432, Gly 433, Ile 435, Gly 509, His
575 and Thr 576. Of note, molecular docking approach showed that E-11-F did not interact with Keap1.

The overall results suggested that the antioxidant effects highlighted in the cells treated with
N-15-M, Q-14-R and A-17-E were due to the interaction of the bioactive peptides with the Keap1
pocket, which causes the disruption of the binding with Nrf2 and the subsequent activation of the
signaling cascade. All these findings were in agreement with our previous results [28].

Finally, we studied the capability of these peptides to cross the intestinal barrier. Using the
Transwell® technique, we administered the four peptides to differentiated Caco-2 cells in the apical
compartment (Figure 8). After 10 and 120 min the apical and basolateral compartments were collected
and analyzed by RP-HPLC and mass spectrometry. We observed that an appreciable amount of
peptides were able to reach the basolateral compartment partly with modifications as showed by the
mass spectrometry analysis (Figure 8). Table 5 reports in detail each peptide and breakdown fragments.
More specifically, N-15-M and E-11-F showed the best intestinal barrier crossing capacity. In fact, the
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0.13% and 0.21% of these peptides reached the basolateral compartment, respectively. On the other
hand, Q-14-R and A-17-E underwent a slight fragmentation by the brush border peptidases and only
the 0.02% and 0.05%, respectively, reached the basolateral compartment. This observation leads to
think that the peptides ingested orally can reach the blood circulation and, if not cleaved, they can
exert their beneficial effects in many organs and tissues.

5. Conclusions

New peptides identified from fermented milk were synthesized and analyzed in vitro and in a
cellular model for their antioxidant properties. Four of these peptides, N-15-M, E-11-F, Q-14-R and
A-17-E, were selected for their great protective effects against the action of oxidative stress induced
by TbOOH both in the rescue of the viability and in the inhibition of ROS production. The selected
bioactive peptides were further studied in order to better understand the mechanism of action of
their antioxidant properties. The main conclusion, highlighted by the obtained results, was that the
observed protective effects against oxidative stress of the antioxidant fermented milk-derived bioactive
peptides were mostly due to the activation of Keap1/Nrf2 pathway.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/2/117/s1,
Figure S1: Fraction 6 uptake from Caco-2 cell monolayer. Cells were incubated in the presence of fraction 6 (150 μg)
and the analysis of Apical (AP) and basolateral (BL) compartments was performed at the indicated time. Figure
S2: Alignments between the reference proteins and the peptides identified by Proteome Discoverer and Mascot
search. Oxidized methionine residues are indicated in lowercase (m); #PSM values are indicated in brackets near
to each peptide sequence. The alignments are reported separated for each reference protein. Table S1: Files from
ORBITRAP analysis of fraction 6.
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Abstract: The proliferation and migration of vascular smooth muscle cells (VSMCs) are major events in
the development of atherosclerosis following stimulation with proinflammatory cytokines, especially
tumor necrosis factor-alpha (TNF-α). Plant-derived polyphenols have attracted considerable attention
in the prevention of atherosclerosis. Hibiscus leaf has been showed to inhibit endothelial cell oxidative
injury, low-density lipoprotein oxidation, and foam cell formation. In this study, we examined the
anti-atherosclerotic effect of Hibiscus leaf polyphenols (HLPs) against abnormal VSMC migration and
proliferation in vitro and in vivo. Firstly, VSMC A7r5 cells pretreated with TNF-α were demonstrated
to trigger abnormal proliferation and affect matrix metalloproteinase (MMP) activities. Non-cytotoxic
doses of HLPs abolished the TNF-α-induced MMP-9 expression and cell migration via inhibiting
the protein kinase PKB (also known as Akt)/activator protein-1 (AP-1) pathway. On the other hand,
HLP-mediated cell cycle G0/G1 arrest might be exerted by inducing the expressions of p53 and its
downstream factors that, in turn, suppress cyclin E/cdk2 activity, preventing retinoblastoma (Rb)
phosphorylation and the subsequent dissociation of Rb/E2F complex. HLPs also attenuated reactive
oxygen species (ROS) production against TNF-α stimulation. In vivo, HLPs improved atherosclerotic
lesions, and abnormal VSMC migration and proliferation. Our data present the first evidence of HLPs
as an inhibitor of VSMC dysfunction, and provide a new mechanism for its anti-atherosclerotic activity.

Keywords: proliferation; migration; vascular smooth muscle cells; atherosclerosis; tumor necrosis
factor-alpha; Hibiscus leaf polyphenols

1. Introduction

Atherosclerosis is considered a chronic inflammatory process and involves a complex
pathophysiological effect, including endothelial dysfunction, low-density lipoprotein (LDL) oxidation,
foam cell formation, and vascular smooth muscle cell (VSMC) proliferation and migration at different
stages of this disease [1,2]. Elevated plasma LDL concentration contributes to the initiation of
atherosclerosis [3]. Oxidized LDL triggers endothelial cells to release chemokines in contribution
to recruitment of monocytes, resulting in the transformation of the lipid-laden macrophages into
foam cells [3]. In the lesion progression, these activated macrophages still secrete proinflammatory
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cytokines, especially tumor necrosis factor-alpha (TNF-α), which enhances VSMC migration and
proliferation [1,3]. Subsequently, VSMC transforms and proliferates into foam cells, and thus the
accumulation of foam cells leading to fatty streaks results in the formation of atherosclerotic plaques [2].
Thus, inhibition of abnormal VSMC migration and proliferation is an attractive strategy for clinical
therapy of atherosclerosis and restenosis after percutaneous coronary interventions.

VSMC is normally quiescent, but upon vascular injury, it transforms into a more synthetic
phenotype with progressively increasing capacity for activation, proliferation, and migration [1,4].
In the atherosclerotic process, VSMC migrates from the media to the intima, forms the neointima
progressively with abundant levels of extracellular matrix (ECM) proteins, and then eventually
leads to plaque formation [2]. Identification of key proteins involved in the process, such as matrix
metalloproteinases (MMPs), is vital for understanding atherosclerosis and devising new therapies.
MMPs are a subfamily of the metzincin superfamily of endogenous proteinases that break down
components of ECM. Among them, the gelatinases (MMP-2 and MMP-9) degrade efficiently native
collagen types IV and laminin, and promote a VSMC migratory phenotype [5]. Moreover, the gene
expression of MMPs is majorly regulated by the transcriptional factors, such as activator protein-1
(AP-1) or nuclear factor-kappaB (NF-κB) through the serine/threonine protein kinase PKB (also known
as Akt) or extracellular signal-regulated kinase (ERK) pathways, or by the MMP protein activators
or inhibitors. One review study concluded that oxidative stress could enhance MMP activity and
expression [6], and recent studies further indicate that MMP-mediated ECM remodeling is modulated
by reactive oxygen species (ROS) [7]. Hence, MMPs and their regulatory signaling have been considered
as promising targets for anti-atherosclerotic agents [8].

In arterial media, VSMC is at low proliferative indices (<0.05%) and remains in the G0/G1 phase
of the cell cycle [4]. However, VSMC re-enters into the cell cycle from the quiescent state to proliferate
under the stimulation of several cytokines in pathological processes, which plays an important role in
the development of atherosclerosis [1]. VSMC begins to divide in response to cytokines, exits the G1
phase, and then enters the S phase. During the G1/S transition, cyclin D1/cyclin-dependent kinase (cdk)
4 and cyclin E/cdk2 complexes are required. The complexes participate in the hyperphosphorylation of
retinoblastoma (Rb) tumor suppressor, leading phosphorylated Rb (p-Rb) to release E2F transcription
factor, allowing the cells to progress into S phase [9]. The kinase activities of these cyclin/cdk complexes
are regulated by cdk inhibitors (cki), including p16, p21, and p27. The gatekeeper of the mammalian
cell cycle, p53, plays a key role in controlling G0/G1 arrest through its downstream factor, such as
p21 [10].

Previous studies have reported that Hibiscus leaf, an edible part of H. sabdariffa Linne (Malvaceae) [11],
possesses hypoglycemic [12], hypolipidemic [13,14], and antioxidant [13,15] effects, as demonstrated
by various experimental models (Table S1). For the standardization of each extract, our studies also
indicated that (–)-epicatechin gallate (ECG; 16.5 ± 5.6%) was identified to be present in the highest
level in Hibiscus leaf polyphenols (HLPs), followed by ellagic acid (EA; 10.31 ± 3.43%) and catechin
(Cat; 7.4 ± 2.6%), and traces of only quercetin (Que; 0.8 ± 0.4%) and ferulic acid (FA; 0.7 ± 0.3%) were
detected (Table S2) [14]. In this regard, the aqueous and methanol extracts of H. sabdariffa leaves showed
anti-atherogenic effects in hyperlipidemia animals induced by cholesterol [11,12], and inhibited foam
cell formation, as well as protected endothelial cells from injury in vitro [11,16]. Our recent studies
also revealed that Hibiscus leaf aqueous extract, due to its high content in polyphenols, has apoptotic
and anti-migratory effects on prostate cancer cells [17,18]. However, little information is available on
the isolation and characterization of a polyphenolic extract of H. sabdariffa leaves. In the present study,
HLP was partially characterized by biochemical and spectroscopic assays, and evaluated for the ability
to inhibit TNF-α-stimulated VSMC dysfunction.

Many studies have indicated that plant-derived polyphenols have various pharmacological
and biological effects, such as antioxidant, anti-inflammatory, anti-hyperlipidemia, anti-diabetes,
anti-atherogenic, and anti-tumor abilities [19]. Furthermore, although the protective effects of HLPs
on endothelial cells and macrophages have been demonstrated previously, the in vivo function and
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the molecular target of HLPs on VSMC remain to be elucidated in cardiovascular microenvironment.
Using a model of VSMC exposed to TNF-α and the well-established atherosclerotic rabbit experiment,
to our knowledge, this is the first report revealing the TNF-α-antagonist potential of HLPs in vitro and
in vivo.

2. Materials and Methods

2.1. Preparation of HLP and Detection of Polyphenolic Compounds

One hundred grams of H. sabdariffa L. (Malvaceae) dried leaves, obtained from Taitung City,
Taitung Country, Taiwan, were extracted three times with methanol (300 mL) at 50 ◦C for 3 h, and the
samples were filtered after each extraction. The methanol was evaporated under reduced pressure, and
the residue was dissolved in 500 mL of distilled water at 50 ◦C and extracted with 200 mL of hexane to
remove pigments. The aqueous phase was extracted three times with 180 mL of ethyl acetate, and the
solvent was removed from the extract with a vacuum rotary evaporator. The residue was re-dissolved
in 250 mL of distilled water and was lyophilized to obtain about 2.5 g of HLP. The polyphenolic
components of HLP were further analyzed as follows. All reagents and pure compounds were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Total phenolic acid content
was determined by the Folin-Ciocalteau method [20] using gallic acid (GA) as a standard. To start,
0.1 mg of HLP was first dissolved in a tube with 1 mL of distilled water, and 0.5 mL of Folin-Ciocalteu
reagent (2 N) was added and mixed thoroughly. After 3 min, 3 mL of Na2CO3 solution (2%) was
added, and the mixture was allowed to stand for 15 min. The absorbance of the mixture at 750 nm
was measured on a spectrophotometer (Beckman Coulter DU 730, Brea, CA, USA). The concentration
of total flavonoid was assayed according to the Jia method [21]. A standard curve using rutin (Rut)
was also prepared. Next, 0.5 mL of HLP (1 mg/mL) was diluted with 1.25 mL of distilled water.
Afterwards, 75 μL of NaNO2 solution (5%) was added to the mixture. After an interval of 6 min, 150 μL
of AlCl3·6H2O solution (10%) was added, and the mixture was allowed to stand for another 5 min.
Then, 0.5 mL of NaOH (1 M) and 2.5 mL of distilled water were added. The solution was mixed, and
the absorbance was immediately measured against the prepared control at 510 nm. The polyphenolic
components of HLP were confirmed by high performance liquid chromatography (HPLC) system using
a Hewlett-Packard Vectra 436/33 N system with a diode array detector (all from Waters Corp., Milford,
MA, USA). The HLP was filtered through a 0.45 μm filter disc, and then 20 μL of HLP was injected
onto a 5 μm RP-18 column (4.6 × 150 mm i.d.; Phenomenex, Inc., Torrance, CA, USA). The mobile
phase contained two solvents, including solvent A (formic acid/water = 10:90) and solvent B (formic
acid/acetonitrile/water = 10:30:60), run by a linear gradient method at room temperature as follows:
From 10% solvent B to 40% solvent B (flow rate = 1.0 mL/min) over 25 min. The chromatography was
monitored at 240 and 345 nm, and an ultraviolet (UV) spectrum (Beckman Coulter Inc., Brea, CA, USA)
was collected to confirm peak purity. The HPLC analysis of 10 kinds of standard polyphenols showed
the retention times (RT) as follows: GA (4.58 min), protocatechuic acid (PCA, 7.50 min), Cat (9.39 min),
ECG (11.21 min), EA (13.29 min), Rut (14.01 min), ρ-coumaric acid (CA, 14.44 min), FA (15.28 min),
Que (21.57 min), and naringenin (Nar, 24.48 min), respectively. Consistent with our previous study [16],
the yield of HLP was approximately 25.0%, and polyphenols were indeed present in HLP (Table S2).

2.2. Cell Culture

A rat VSMC cell line A7r5 was purchased from the Bioresource Collection and Research Center.
A7r5 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin mixed antibiotics, 1% glutamine, and 1.5 g/L sodium
bicarbonate (all regents from Hyclone, Logan, Utah, USA). All cell cultures were maintained at 37 ◦C
under 95% moisturized air with 5% CO2. Before cell treatments, A7r5 cells were seeded onto each
60 mm Petri dish (Corning Inc, Corning, NY, USA) at a density of 105 for 24 h. For induction of
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VSMC dysfunction, A7r5 cells at 70% confluence were serum-starved for 24 h and treated with TNF-α
(10 ng/mL; Sigma-Aldrich, St Louis, MO, USA) for 24 h.

2.3. 3-(4,5-Dimethylthiazol-Zyl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

A7r5 cells were seeded onto each 24-well plate (Corning Inc, Corning, NY, USA) at a density of
105 cells/mL, and treated with various concentrations of TNF-α (0–20 ng/mL) alone or TNF-α (10 ng/mL)
in combination with HLP (0–1.0 mg/mL) for 24 or 48 h. Thereafter, the medium was changed, MTT
(0.1 mg/mL, Sigma, St. Louis, MO, USA) was added for next 4-h incubation. The viable cell number was
directly proportional to the formazan production, which was solubilized in isopropanol and detected
at 563 nm with a spectrophotometer. The MTT assay was used to evaluate the effect of TNF-α alone or
TNF-α and/or HLP on cell viability, and to determine the non-cytotoxic doses of HLP, as described by
Chen et al. [16].

2.4. Gelatin Zymography Protease Assay

The activities of MMP-2 and MMP-9 in the serum-free conditioned medium were evaluated
by gelatin zymography according to a previously described method by Huang et al. [22]. In short,
samples were prepared with standard sodium dodecyl sulfate (SDS)-gel loading buffer containing
0.01% SDS (Sigma-Aldrich, St Louis, MO, USA). The prepared samples (25 μg total protein) were not
boiled before loading, but subjected to electrophoresis on 8% SDS polyacrylamide gels (1.0-mm-thick,
acrylamide/bis-acrylamide = 30/1.2) containing 0.1% gelatin (Sigma-Aldrich, St Louis, MO, USA). After
electrophoresis, the gel was washed twice with 100 mL distilled water containing 2% Triton X-100
(Sigma-Aldrich, St Louis, MO, USA) on a shaker for 30 min at room temperature to remove SDS, and
incubated in 100 mL reaction buffer (0.02% NaN3, 10 mM CaCl2 and 40 mM Tris-HCl (pH 8.0)) at 37 ◦C
for 12 h. The gel was further stained with Coomassie brilliant blue R-250 dye (Abcam plc, Cambridge,
UK) followed by destaining with methanol/acetic acid/water (50:75:875, v/v/v).

2.5. Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNAs were extracted using a TRIzol reagent (Invitrogen, Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s instructions, as described by Chiu et al. [18]. In general,
the mRNA levels were analyzed by quantitative real-time RT-PCR using a Bio-Rad iCycler system
(Bio-Rad, Hercules, CA, USA), and normalized to the housekeeping gene, β-actin. The sequences of
primers (MDBio Inc., Taipei, Taiwan) used in the experiments are listed in Table S3.

2.6. Protein Isolation and Western Blotting

The preparation of cytosolic and nuclear fractions of the cells was performed using the Nuclear
and Cytoplasmic Extraction Reagent Kit (Thermo Scientific, Rockford, IL, USA), described by Chiu
et al. [18]. In brief, the harvested cells were washed with phosphate-buffered saline (PBS) and incubated
on ice in Reagent A for 2 min. Reagent B was added, and the mixture was further incubated on ice for
5 min. Reagent C was added, and the contents were mixed by inverting the tube several times, followed
by centrifugation (700× g) at 4 ◦C for 10 min. The supernatant (cytosol) was collected and centrifuged
(12,000× g) at 4 ◦C for 15 min. Then, the nuclear pellet was washed twice with wash buffer (10 mM
Tris-HCl (pH 7.5), 0.4% Nonidet P-40, and 10 mM KCl) to remove non-lysed cells. A protease inhibitor
cocktail (Bio-Rad Labs., Hercules, CA, USA) was added to all solutions before use. Western blot analysis
was carried out according to a previously described method by Chen et al. [16]. Whole cell lysate was
prepared using sample buffer containing 2% SDS, 10% glycerol, 5% β-mercaptoethanol, and 50 mM
Tris-HCl (pH 6.8), and then extracted using sonication. Equal amounts of proteins were separated by
8–15% SDS–polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad Labs., Hercules,
CA, USA). In order to block non-specific binding, the nitrocellulose membranes were incubated with
5% nonfat dry milk for 1–2 h at 4 ◦C, and then overnight with polyclonal first antibodies against MMP-2,
MMP-9, p-Akt, Akt, p-ERK, ERK, c-Jun, c-Fos, NF-κB, p-p53, p53, p21, p27, p16, PCNA (proliferating
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cell nuclear antigen), E2F, and p-Rb were from Santa Cruz Biotech (CA, USA). In the subsequent day,
the blots were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies
(goat anti-rabbit IgG or goat anti-mouse IgG), from Sigma-Aldrich (St Louis, MO, USA), for 1 h, and
detection was performed using an enhanced chemiluminescence (ECL) reagent (Amersham, Arlington
Heights, IL, USA). The cytosolic and nuclear protein were respectively determined by Western blotting
using anti-β-actin and anti-C23 antibodies, purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA),as loading controls. Protein level was quantified by densitometry using FUJIFILM-Multi
Gauge V2.2 software (Fujifilm, Kyoto, Japan).

2.7. AP-1 and NF-κB Binding Assay

DNA-binding activities of AP-1 and NF-κB in nuclear extracts were assayed by electrophoretic
mobility shift assay (EMSA) with biotin-labeled double-stranded AP-1 or NF-κB oligonucleotides
(MDBio Inc., Taipei, Taiwan), as described by Chiu et al. [18]. EMSA was carried out by using the
Lightshift kit from Pierce (Rockford, IL, USA). Binding reactions containing 10 μg of nuclear extracts,
1 μg poly (dI·dC), 12.5 μg poly-l-lysine, 2 pmol of oligonucleotide probe, and 2 μL of 10× binding
buffer were incubated for 20 min at room temperature. Protein-DNA complexes were separated
by electrophoresis on a 6% non-denaturing acrylamide gel, transferred to positively charged nylon
membranes (Millipore, Bedford, MA, USA), and then UV cross-linked. Gel shifts were visualized with
a streptavidin-horseradish peroxidase followed using chemiluminescent detection.

2.8. Wound-Healing Migration Assay

To study the possibility that HLP alter migration of VSMC-treated TNF-α, the cell medium
was replaced with serum-containing medium following the treatments of TNF-α (10 ng/mL) in the
absence or presence various concentrations (0, 0.01, 0.05, and 0.10 mg/mL) of HLP, and the monolayers
were wounded using scraping with a 20-μL pipette tip. At the indicated times (0, 24, and 48 h) after
scraping, the above-treated cells were washed twice in PBS (pH 7.4). The cells were photographed
using a phase-contrast microscope (Olympus, Tokyo, Japan) [23].

2.9. Boyden Chamber Invasion Assay

To test the effect of HLP on the in vitro invasiveness of VSMC-treated TNF-α, a modified Boyden
chamber (Neuro Probe, Cabin John, MD, USA) invasion assay coating with a layer of Matrigel
(25 mg/50 mL; Sigma-Aldrich, St Louis, MO, USA) was used [23], and was applied to polycarbonate
membrane filters with an 8.0 μm pore size (Nucleopore, Pleasanton, CA, USA). Afterwards, the
membrane was fixed with methanol, and then stained with 10% Giemsa (Sigma-Aldrich, St Louis,
MO, USA). The image of cells invaded through the membrane was capture and counted under the
light microscope.

2.10. Cell Growth Curve Analysis

VSMC was seeded into a 6-well culture plate at a density of 7 × 104 cells/mL, and then incubated
with TNF-α (10 ng/mL) in the absence or presence various concentrations (0, 0.2, and 0.5 mg/mL) of
HLP for 24 h. The cell numbers were further counted using the Corning Cell Counter with a reusable
glass counting chamber (Corning Inc, Corning, NY, USA) each day for 2 days. On the basis of the mean
number of cells in these wells, the growth curves were formed.

2.11. Bromodeoxyuridine (BrdU) Cell Proliferation Assay

To identify the cells in S phase of cell cycle, the BrdU cell proliferation assay (Oncogene, Cambridge,
MA, USA) was carried out according to the manufacturer’s manual. In brief, A7r5 cells were seeded into
a 96-well plate (4 × 103 cells/well) and grown in DMEM medium supplemented with 5% FBS overnight.
The cells were rinsed once with serum-free medium, and then treated with TNF-α (10 ng/mL) in the
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presence or absence of various concentrations (0.2 and 0.5 mg/mL) of HLP in serum-free medium for
24 h. In most of the experiments, pulse labeling of synthesized DNA was used. For this, the BrdU label
was added 1 h before the experimental end. The cells were fixed, denatured, and probed with anti-BrdU
antibody. Absorbance was determined at dual wavelengths of 450 and 540 nm in a microplate reader
system (Bio-Rad Labs., Hercules, CA, USA). Proliferative value (BrdU incorporation) was expressed
as a percentage of absorbance of the treated cells to the absorbance of the non-treated control cells.
The BrdU incorporation of the control group was set to 100%.

2.12. Cell Cycle Analysis by DNA Content

The quantification of cell cycle distribution was examined using a FACScan laser flow cytometer
(Becton Dickinson, San Jose, CA, USA). The VSMC was treated with TNF-α (10 ng/mL) in the absence
or presence various concentrations (0.2 and 0.5 mg/mL) of HLP for 24 h; collected, rinsed with PBS
twice; fixed in 70% ethanol at –20 ◦C overnight; and then stained with propidium iodide (PI) solution
(20 μg/mL of PI, 20 μg/mL of RNase A, and 0.1% Triton X-100; all chemicals from Sigma-Aldrich,
St Louis, MO, USA) for 20 min in the dark at room temperature. Each phase of cell cycle was presented
as the cell number versus the DNA content as indicated by the intensity of fluorescence, and gated into
subG1, G0/G1, S, and G2/M phases with CELLQuest Version 3.3 software (Becton Dickinson, San Jose,
CA, USA).

2.13. Immunoprecipitation

For detection of protein-protein interaction, immunoprecipitation was carried out. In short,
500 μg of protein from cell lysates was precleared with protein A–agarose beads (Pierce Biotechnology,
Rockford, IL, USA), followed by immunoprecipitation using polyclonal antibodies against cdk2 or
E2F, purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Immune complexes were
harvested with protein A, and immunoprecipitated proteins were then assayed by Western blotting,
as above. Immunodetection was performed using polyclonal anti-cyclin E or anti-Rb antibodies (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA).

2.14. Intracellular ROS Assay

The fluorescent probe, dichlorofluorescin diacetate (DCFH-DA), purchased from Enzo Life Sciences
Inc. (Farmingdale, NY, USA), was used to determine the effect of HLP on intracellular ROS generation
by TNF-α stimulation. In brief, the confluent A7r5 cells in the 6-well plates at 105 cells/well were
treated with TNF-α (10 ng/mL) in the absence or presence various concentrations (0.2 and 0.5 mg/mL)
of HLP for 24 h. After removing the treated cells from the wells, the cells were incubated with 2 μM
of DCFH-DA at 37 ◦C for 30 min. The fluorescence intensity of intracellular ROS production was
evaluated at an excitation and emission wavelength of 485 and 530 nm, respectively, using Muse™
Cell Analyzer (EMD Millipore Corporation, Merck Life Sciences, KGaA, Darmstadt, Germany). Values
were expressed relative to the fluorescence signal of the control.

2.15. Evaluation of Atherosclerotic Lesions In Vivo

New Zealand white male rabbits weighing between 1800 and 2200 g were randomly divided into
five experimental groups as follows: Group I, normal control group (Purina Lab Diet 5031); group
II, high-fat diet (HFD); group III, HFD with 0.5% HLP group (HFD + 0.5% HLP); group IV, HFD
with 1% HLP group (HFD + 1% HLP); and group V, normal diet with 1% HLP group (cytotoxicity
group of HLP). The rabbits in groups II, III, and IV were fed on a HFD containing 95.7% standard
Purina Chow (Purina Mills Inc., Louis, MI, USA), 1.3% cholesterol, and 3% lard oil (Sigma-Aldrich,
St Louis, MO, USA) for 25 weeks to induce the atherosclerotic process., In groups III, IV, and V,
the rabbits were treated with oral feeding 0.5% or 1% HLP at the same time. The dose regimen for
these groups was based on a previous study published by Chiu et al. [18]. For the care and use
of laboratory animals, the use of all rabbits was reviewed and approved by Chung Shan Medical
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University animal care committee according to the guidelines of the Institutional Animal Care and Use
Committee (IACUC approval number: 893). After 25 weeks of supplementation, aortic arches from
each rabbit were collected and then stained with hematoxylin and eosin (H & E) for the pathological
analysis. Serum was also collected and stored at –80 ◦C until measurements of serum biochemical
parameters and TNF-α using a cytoscreen immunoassay kit (BioSource International, Camarillo, CA,
USA). For immunohistochemistry (IHC), commercial monoclonal anti-alpha smooth muscle actin
(α-SMA, a marker of VSMC migration), obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA), and anti- PCNA (a marker of VSMC proliferation) were used for target detection in the
paraffin-embedded tissues.

2.16. Statistical Analysis

In vitro data are reported as means ± standard deviation (SD) of three independent experiments.
The in vivo effect of each treatment was analyzed from 6 rabbits (n = 6) in each group. Statistical
significances of difference throughout this study were evaluated by one-way analysis of variance
(ANOVA). p < 0.05 was considered statistically significant.

3. Results

3.1. Non-Cytotoxic Doses of HLP Inhibits TNF-α-Induced Cell Viability Loss and MMP Activation

A7r5 cell viability was investigated following incubation with a range of concentrations (from
1 to 20 ng/mL) of TNF-α for 24 h, and it was found that TNF-α at low concentrations (lower than
10 ng/mL) dose-dependently increased the cell viability. However, above the dose of 10 ng/mL, TNF-α
reduced about 10% of cell viability (Figure 1a). Because MMPs break down components of ECM, which
is a crucial role in the process of VSMC migration [7,8], the effect of TNF-α on MMP activities was
then tested by gelatin zymography in serum-free conditioned medium to identify the contribution of
MMP-2 or MMP-9 to the pro-migratory ability of TNF-α. As shown in Figure 1b, MMP-9 activity was
tremendously increased by TNF-α in a concentration-dependent manner, whereas MMP-2 activity
was less affected. According to the results, to provide a maximum dynamic range for quantifying the
VSMC proliferative and pro-migratory responses, cell incubation with 10 ng/mL of TNF-α for 24 h was
chosen in all subsequent experiments.

In our previous study, HLP at concentrations of > 0.05 mg/mL was demonstrated to be an
antioxidant agent, as tested by its 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging effect and
ability to inhibit LDL oxidation in standard antioxidant evaluation [14], as shown in Table S4. Next,
a preliminary screening was performed to study the effect of HLP alone (Figure S1) or together with
TNF-α at 10 ng/mL (Figure 1c) on A7r5 cell growth for 24 h, using the MTT assay. The viability of A7r5
was significantly decreased by 0.25, 0.50, and 1.0 mg/mL of HLP in the absence or presence of TNF-α in
a dose-dependent manner, when receptively compared to the control and TNF-α alone group. In order
to study whether HLP is an inhibitor of cell migration and MMP-9 activation in the TNF-α-treated
VSMC, the effect of HLP on A7r5 cell viability by MTT assay, showing cell growth, was significantly
altered by the treatments of above the dose of HLP at 0.25 mg/mL, and was excluded in further studies
(Figure 1c). In subsequent experimental migration research, the concentration range was used to avoid
the influence of cell viability on the observed parameters. As shown in Figure 1d, it is worth noting the
TNF-α-induced increase in MMP-9 activity was significantly inhibited in the cells incubated with the
combinations of TNF-α together with this dose range of HLP (between 0.01 and 0.10 mg/mL).
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Figure 1. Effect of tumor necrosis factor-alpha (TNF-α) or/and Hibiscus leaf polyphenol (HLP) on cell
viability and matrix metalloproteinase (MMP) activities in vascular smooth muscle cells (VSMCs).
(a) A7r5 cells were treated with various concentrations (0–20 ng/mL) of TNF-α for 24 h. Cell viability was
analyzed by MTT assay. (b) A7r5 cells in serum-free medium were treated with various concentrations
of TNF-α for 24 h. The culture medium of cells after treatment was subjected to gelatin zymography to
analyze the MMP activity. (c) A7r5 cells were treated with TNF-α (10 ng/mL) in the absence or presence
of various concentrations (0.01, 0.05, 0.10, 0.25, 0.50 and 1.00 mg/mL) of HLP for 24 h. Cell viability was
analyzed by MTT assay. The quantitative data are presented as mean ± standard deviation (SD) (n = 3)
from three independent experiments. # p < 0.05, ## p < 0.01 compared with the control. * p < 0.05,
** p < 0.01 compared with the TNF-α group. (d) A7r5 cells in serum-free medium were treated with
TNF-α in the absence or presence of various concentrations of HLP for 24 h. The culture medium of
cells after treatment was subjected to gelatin zymography to analyze the MMP activity. The result is
representative of at least three independent experiments. +, added; −, non-added.

3.2. HLP Downregulated TNF-α-Increased Protein and mRNA Levels of MMPs

To understand further the downregulatory effects of HLP on the TNF-α-activated MMP-9, Western
blotting was performed. As shown in Figure 2a, TNF-α elevated the protein levels of MMP-2 and
MMP-9, and TNF-α together with the indicated concentrations of HLP (0.01, 0.05, and 0.10 mg/mL)
caused a marked decreased level of MMP-9, but not MMP-2. The HLP-mediated decrease in the
protein level of MMP-9 coincided well with its mRNA level, as evidenced by quantitative RT-PCR
results (Figure 2b), indicating that HLP might downregulate the expression of MMP-9 majorly, but that
of MMP-2 partially, at the transcriptional level.

69



Antioxidants 2019, 8, 620

Figure 2. Effect of HLP on TNF-α-induced protein and mRNA levels of MMPs in VSMCs. A7r5 cells
were treated with TNF-α (10 ng/mL) in the absence or presence of various concentrations (0, 0.01, 0.05,
and 0.10 mg/mL) of HLP for 24 h. (a) Western blot analysis and (b) real-time quantitative RT-PCR
of protein and mRNA levels of MMP-2 and MMP-9 in the treated cells. β-actin was served as an
internal control of protein level. The quantitative data are presented as mean ± SD (n = 3) from three
independent experiments. # p < 0.05, ## p < 0.01 compared with the control. * p < 0.05, ** p < 0.01
compared with the TNF-α group. +, added; −, non-added.

3.3. HLP Inhibits TNF-α-Induced Akt/AP-1 Signaling

MAPK and Akt have been shown to be involved in MMP-9 induction in various tumor types
and migratory cell phenotypes [5,23]. To examine whether the activities of these protein kinases
are downregulated by HLP, we analyzed their phosphorylation in A7r5 cells after being exposed
to 10 ng/mL of TNF-α in the presence or absence of HLP at the indicated concentrations for 24 h.
Immunoblot analysis with anti-phospho-specific antibodies was then performed. As shown in
Figure 3a, the TNF-α-induced phosphorylated level of Akt was tremendously reduced by HLP in
a concentration-dependent manner, whereas that of ERK was little affected. MMP-9 promoter was
shown to have several transcription-factor-binding motifs, including binding sites for AP-1 and
NF-κB [23], indicating that the AP-1 and NF-κB signal pathway may play a key role in the regulation of
MMP-9 expression. Therefore, whether HLP could interfere the translocation of AP-1 or NF-κB into the
nucleus in TNF-α-stimulated VSMC by immunoblotting analysis of the nucleus extracts prepared from
the treated cells was then tested. The data in Figure 3b demonstrate that stimulation with 10 ng/mL of
TNF-α for 24 h induced significantly the nuclear levels of c-Jun, c-Fos, and NF-κB (p65), compared to
that of the control group. After exposure to TNF-α for 24 h, HLP treatments inhibited nuclear levels of
c-Jun and c-Fos, components of transcription factor AP-1, in a dose-dependent manner, with the higher
concentrations (0.10 mg/mL) being more effective. In contrast, there was no noticeable change in the
translocation of nuclear NF-κB in the same condition of HLP treatments. Furthermore, to confirm that
HLP could affect the DNA-binding activities of the translocated AP-1 and NF-κB in the TNF-α model
VSMC, EMSA was carried out. The nuclear extracts of the above-treated cells were incubated with
a DNA probe specific for AP-1, and the binding was analyzed by mobility shift (Figure 3c). A decrease
in the DNA binding activity of AP-1 (left panel), but not NF-κB (right panel), was presented in the cells
treated with TNF-α in the presence of HLP at various concentrations for 24 h.

70



Antioxidants 2019, 8, 620

Figure 3. Effect of HLP on TNF-α-induced Akt/AP-1 signaling in VSMCs. A7r5 cells were treated with
TNF-α (10 ng/mL) in the absence or presence of various concentrations (0, 0.01, 0.05 and 0.10 mg/mL) of
HLP for 24 h; (a) the cytoplasmic fraction was analyzed for the expressions of p-Akt, Akt (protein kinase
PKB, also known as Akt), p-ERK, and ERK (extracellular signal-regulated kinase), and (b) the nuclear
fraction was analyzed for the expressions of NF-κB, c-Jun, and c-Fos, two components of activator
protein-1 (AP-1). These protein levels were determined by Western blotting. β-actin and C23 served as
a cytoplasmic and nuclear internal control, respectively. (c) The nuclear extracts were analyzed for
AP-1 (left panel) and NF-κB (right panel) DNA-binding activities using biotin-labeled AP-1 and NF-κB
specific oligonucleotide by electrophoretic mobility shift assay (EMSA). Lane 1 represents nuclear
extracts incubated with unlabeled oligonucleotide (free probe) to confirm the specificity of binding.
Results are representative of at least three independent experiments. +, added; −, non-added.

3.4. HLP Inhibits TNF-α-Induced Abnormal VSMC Migration

To evaluate whether HLP reversed A7r5 cells from the TNF-α stimulation, a set of well-established
and classical methods, wound-healing and Boyden chamber assays, was used to determine VSMC
migration. The effect of HLP on abnormal VSMC migration was analyzed by wound-healing
assay, in which A7r5 cells were induced to migrate by physical wounding of cells plated on
fibronectin-precoated 6-well plates. Under light microscopy, an apparent and gradual increase
of cells in the denude zone was observed at the cells exposed to TNF-α more than control for 24 and
48 h (Figure 4a). A7r5 cells treated with TNF-α, together with the indicated doses of HLP, showed
a reduced capacity to heal the wounded area, compared to the TNF-α alone. The quantitative results
demonstrate that HLP could dose- and time-dependently inhibit TNF-α-stimulated VSMC migration.
Subsequently, the effect of HLP on VSMC invasion was examined by a Boyden chamber coated with
Matrigel under light microscopy. After a 24-h incubation period, TNF-α promoted a marked increase
in the amount of cell invasion. The results further show that the number of cells invaded to the
lower chamber was significantly reduced by HLP treatments. The data in Figure 4b indicate that such
decrease was dose-dependent, with a 70% decrease when the TNF-α model cells were treated with
HLP at 0.01 mg/mL. Therefore, it is possible that the anti-VSMC migratory/invasive effect of HLP was
conducted by inactivating Akt/AP-1, subsequently leading to a reduction in MMP-9 expression and
activation in TNF-α stimulation.
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Figure 4. Effect of HLP on TNF-α-induced A7r5 cell motility and invasion. (a) Monolayers of A7r5
cells treated with TNF-α (10 ng/mL) in the absence or presence of various concentrations (0, 0.01, 0.05
and 0.10 mg/mL) of HLP were scraped and the number of cells in the denuded zone was photographed
and quantified after indicated times (0, 24, and 48 h). Quantitative assessment of the mean number of
cells in the denuded zone was presented as mean ± SD (n = 3) from three independent experiments.
(b) A7r5 cells were treated with TNF-α in the absence or presence of various concentrations of HLP
for 24 h. Invasion assay was performed using Boyden chamber. Representative photomicrographs
of the membrane-associated cells were assayed by Giemsa stain. The purple parts indicate the
membrane-associated cells. “% of control” denotes the mean number of cells in the membrane
expressed as a proportion of that control group. Images were taken at 200×magnification; scale bar,
30 μm. The quantitative data are presented as mean ± SD (n = 3) from three independent experiments.
# p < 0.05, ## p < 0.01 compared with the control. * p < 0.05, ** p < 0.01 compared with the TNF-α group.
+, added; −, non-added.

3.5. HLP Inhibits TNF-α-Induced Abnormal VSMC Proliferation

In the following experiment, the cytotoxic effect of HLP at dosages above 0.10 mg/mL and
TNF-α (10 ng/mL) was also detected using cell growth curve analysis. As shown in Figure 5a,
the TNF-α-induced proliferation of A7r5 cells under the uses of TNF-α and HLP at 0.2 and 0.5 mg/mL
was significantly lower than that under TNF-α alone. Importantly, the cell growth curve confirmed the
anti-proliferative effect was more pronounced when HLP at the doses of > 0.10 mg/mL were used in the
TNF-α-exposed cells. We then investigated whether the HLP effect against TNF-α was attributed by
induction of cell death or/and inhibition DNA synthesis. For this purpose, the level of DNA synthesis
through BrdU incorporation in the treated cells grown under low-serum conditions was measured.
As shown in Figure 5b, TNF-α caused an increase in BrdU incorporation, and TNF-α together with
higher doses of HLP had a marked decreased level in BrdU incorporation.

To further hypothesize that HLP may be involved in the VSMC cell death, flow cytometry was
used to examine whether the number of hypodiploid cells (apoptotic cells), which are stained less
intensely with PI dye, can be unequivocally detected in the subG1 phase (left panel, Figure 5c). When
A7r5 cells were treated with TNF-α at 10 ng/mL in the presence of HLP at 0.2 mg/mL for 24 h, it was not
observed that an apparent accumulation of cells in the subG1 phase. Here, the cell cycle distribution of

72



Antioxidants 2019, 8, 620

TNF-α-treated VSMC affected by HLP was also evaluated. The 24-h TNF-α-stimulated cells showed
a marked increase in S phase with fewer cells in G0/G1 phase, after TNF-α alone compared with control.
When compared with the TNF-α alone group, the combination group had fewer cells in S phase and
more cells in G0/G1 phase, indicating the 24-h HLP treatments could significantly lead to cell cycle
block at G0/G1 phase in a dose-dependent manner (right panel, Figure 5c). In addition, when the cells
were exposed to 0.5 mg/mL of HLP, a concomitant time-dependent slight and significant increase in
apoptotic rates, compared to the TNF-α-treated group, was observed. Since the combination of HLP
(0.2 mg/mL) and TNF-α (10 ng/mL) has the best antagonistic action of cell cycle regulation, the doses
of combination were selected for further mechanistic studies of anti-VSMC proliferation, especially in
G0/G1 arrest.

Figure 5. Effect of HLP on TNF-α-treated A7r5 cell growth curve, DNA synthesis, and cell cycle
progression. A7r5 cells were treated with TNF-α (10 ng/mL) in the absence or presence of various
concentrations (0, 0.2 and 0.5 mg/mL) of HLP for indicated time (0, 24 and 48 h). (a) The cell growth
curve was evaluated using the Corning Cell Counter. (b) DNA synthesis was assayed by BrdU assay.
(c) Cell cycle distribution was detected by flow cytometery. Quantitative assessment of the percentage
of the cells in the cell cycle distribution (subG1, G0/G1, S, and G2/M phase) was indicated by PI dye.
The proportion of cells in G0/G1 phase was quantitatively presented as mean ± SD (n = 3) of three
independent experiments ± SD. # p < 0.05, ## p < 0.01 compared with the control. * p < 0.05, ** p < 0.01
compared with the TNF-α group. +, added; −, non-added.
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3.6. HLP Induces Cell Cycle Arrest in the Present of TNF-α

To investigate further the mechanism of the effect HLP on cell cycle arrest at G0/G1 phase, A7r5
cells treated with TNF-α (10 ng/mL) in the presence or absence of HLP (0.2 mg/mL) for 24 and 48 h
were subjected to immunoblot analysis. We first analyzed the expressions of phospho-p53 (p-p53),
p53, and cki, including p16, p21, and p27. Among them, p-p53, p21, and p27 levels were significantly
induced by a 24-h HLP treatment (Figure 6a). To further investigate whether the inhibitory effect of
HLP on TNF-α occurred because it blocked A7r5 cell cycle progression, the changes in protein levels of
PCNA, E2F, and p-Rb, regulators of cell cycle G0/G1 arrest, were also studied (Figure 6b). Stimulation
with TNF-α at 10 ng/mL for not only 24 h, but also 48 h, promoted time-dependently the expressions
of PCNA, E2F, and p-Rb, compared to the receptive control group. After exposure to TNF-α for 48 h,
the HLP treatment significantly inhibited three expressions (Figure 6b).

Figure 6. Effect of HLP on TNF-α-regulated the expressions of cell cycle regulatory proteins in VSMCs.
A7r5 cells were treated with TNF-α (10 ng/mL) in the absence or presence of 0.2 mg/mL of HLP for
24 and 48 h. The protein levels of cdi, including p-p53, p53, p21, p27, and p16 (a), anti-proliferating
cell nuclear antigen (PCNA), E2F, and p-Rb (b) were determined by Western blotting. β-actin was
served as an internal control. (c) The expressions of cyclin E/cdk2 and Rb/E2F complexes were further
analyzed. The cell extracts were immunoprecipitated (IP) with cdk2 or E2F. The precipitated complexes
were examined for immunoblotting (IB) using anti-cyclin E or Rb antibody. Results are representative
of at least three independent experiments. +, added; −, non-added.

Using immunoprecipitation, we confirmed that the addition of TNF-α upregulated the formation
of cyclin E/cdk2 complex without noticeable change in cyclin D/cdk4 complex (data not shown) in
A7r5 cells at 24 to 48 h, but HLP reversed the increases (line 1, Figure 6c). Moreover, there was a more
significant increase in expression of Rb/E2F complex in the TNF-α combined with HLP treatments
group (Figure 6c). As shown in Figure 6c (line 3), an increase in Rb/E2F complex was correlated with
a decrease in p-Rb at 48 h of cell cycle (line 3, Figure 6b). The HLP-increased expression of Rb/E2F
complex prevented the release of E2F transcription factor, and then reduced the transcription of the
genes required for the cell cycle progression (Figure 6b,c). These data show that HLP regulated the
association of cyclin E/cdk2, and Rb/E2F, inducing the cell cycle arrest at G0/G1 phase of A7r5 cells in
the presence of TNF-α.
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3.7. HLP Reduced Atherosclerotic Lesions, and the Abnormal Migration and Proliferation of VSMC in
a Rabbit Model

Oxidant stress is a major cause of VSMC dysfunction and inflammation through various
pathways [6,7]. To investigate the antioxidant action of HLP resulting from VSMC dysfunction,
the ROS generation (DCF fluorescence) following the HLP treatments in the TNF-α-stimulated
cells was examined (left panel, Figure 7a). The results showed that TNF-α significantly increased
the fluorescence of intracellular ROS generation at not only 24 h, but also 48 h, whereas HLP at
0.2 mg/mL inhibited production of intracellular ROS (right panel, Figure 7a), implicating its antioxidant
effects. In the same condition, the inhibitory effect of HLP on the amount of hydrogen peroxide
(H2O2), the major form of ROS, was similar to the result of ROS production upon TNF-α stimulation
(Figure S2). Collectively, these results suggest that cyclin E/cdk2-dependent Rb phosphorylation and
Akt/AP-1/MMP-9 signaling pathway mediated the in vitro action of HLP against to TNF-α-induced
ROS production, controlling the balance of VSMC proliferation and migration (Figure 7b).

 
Figure 7. Effect of HLP on TNF-α-induced ROS production in VSMC. (a) A7r5 cells were treated with
TNF-α (10 ng/mL) in the absence or presence of 0.2 mg/mL of HLP for 24 and 48 h. The treated cells
were then labeled with fluorescent probe, dichlorofluorescin diacetate (DCFH-DA), and reactive oxygen
species (ROS) production was measured using Muse™ Cell Analyzer. M1: DCF-negative cells. M2:
DCF-positive cells. The results are presented as mean ± SD (n = 3) from three independent experiments.
## p < 0.01 compared with the control. ** p < 0.01 compared with the TNF-α group. +, added;
−, non-added. (b) Schematic representation of TNF-α-antagonist potential of HLP on VSMCs. TNF-α
induces intracellular ROS production, leading cell migration and proliferation through Akt/AP-1/MMP-9
signaling and cyclin E/cdk2-mediated Rb phosphorylation in A7r5 cells. HLP functions against TNF-α
via downregulation of Akt/MMP-9 and upregulation of p53 signals that subsequently inhibit VSMC
migration and proliferation. Red arrows represent the changes in response to TNF-α stimulation; blue
arrows represent changes in TNF-α-exposed VSMCs receiving HLP intervention.
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3.8. HLP Reduced Atherosclerotic Lesions and the Abnormal Migration and Proliferation of VSMC in
a Rabbit Model

Because abnormal VSMC migration and proliferation contribute significantly in the pathogenesis
of cardiovascular diseases, improvements in VSMC dysfunction will prevent the development of
atherosclerosis [24]. For the clinical use of HLP for atherosclerosis, we investigated the HLP effect
against VSMC dysfunction, using an atherosclerotic rabbit model. As shown in Figure 8a,b, HLP can
significantly reduce the elevation of the concentrations of serum triglycerides (TG), total cholesterol
(CHO), and LDL cholesterol (LDL-c) (Figure 8a), and the ratio of LDL-c and high-density lipoprotein
cholesterol (HDL-c) (Figure 8b) enhanced by a HFD treatment. Past reports have shown that the
decrease of LDL-c/HDL-c ratio, not just the LDL-c level alone, is of a lot of importance for reducing the
atheroma burden [24,25]. In addition, the serum level of TNF-α was also significantly reduced after
HFD-fed rabbits were treated with HLP (Figure 8c), confirming that HLP has a TNF-α antagonistic
effect. Our study showed, in addition to possessing benefits to serum lipids, HLP can effectively
decrease serum LDL/HDL ratio and TNF-α level, thus improving atherosclerosis.

To evaluate the in vivo atheroprotective effect of HLP against the extent of atherosclerosis in the
aorta, the area of fatty region in the atherosclerotic lesions was analyzed using oil Red-O staining.
The data in Figure 8d reveal that the subintimal lipid deposition in the HFD-treated rabbits was
improved after HLP treatment. In addition, IHC staining indicated the expressions of α-SMA (upper
panel) and PCNA (lower panel), served receptively as markers of VSMC migration and proliferation,
were showed in the intima of atherosclerotic lesions from aortic roots of the rabbits treated with HFD
(Figure 8e). As shown in Figure 8e, VSMC dysfunction was significantly observed in the atherosclerotic
lesions in the HFD-treated rabbits, but very few expressions of α-SMA and PCNA in the HFD plus
HLP-fed rabbits, which was consistent with the HLP-reduced the cell migration and proliferation
in TNF-α-treated A7r5 cells in vitro (Figures 4 and 5). In the treatment process, HLP administration
did not have any adverse effects on body weight or liver and renal function, compared to those of
control (data not shown). Additionally, Western blotting of tissue extracts in the aortic arch showed the
expressions of active-MMP-9, p-Akt, and E2F were markedly decreased, but the phosphorylation of p53
was increased in the group of HFD plus HLP, when compared with HLP or HFD-fed groups (Figure 8f).
These results indicate that HLP can significantly improve VSMC dysfunction of HFD-treated rabbits
by inhibiting cell migratory and proliferative signal pathways in vivo, as well as in vitro (Figure 8g).

Figure 8. Cont.
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Figure 8. Effect of HLP on atherosclerotic lesions, and VSMC migration and proliferation in vivo.
Among five groups, New Zealand white rabbits fed on a high-fat diet (HFD) were divided into three
groups. At the same time, two of the groups were orally treated with HLP at a dose of 0.5% or 1.0%.
These rabbits were sacrificed after 25 weeks. The serum levels of triglycerides (TG), total cholesterol
(CHO), low-density lipoprotein cholesterol (LDL-c) (a), ratio of LDL-c/ high-density lipoprotein
cholesterol (HDL-c) (b), and TNF-α (c) were determined by ELISA assays. The results are presented
as mean ± SD from one independent experiment. # p < 0.05, ## p < 0.01 compared with the control.
* p < 0.05, ** p < 0.01 compared with the HFD group. The aortic arches were collected for (d) oil red O
stain, (e) immunohistochemistry (IHC) staining of α-SMA (upper panel), PCNA (lower panel). Images
were taken at 400×magnification; scale bar, 50 μm. (f) Western blot analysis of MMP-9, p-Akt, Akt,
E2F, p-p53, and p53 protein expressions was carried out with the tissue extracts from them. β-actin
was served as an internal control. Results are representative of at least three independent experiments.
+, added; −, non-added. (g) Overview of pathways for the proposed mechanism of HLP-induced
inhibition of atherosclerosis in rabbits and VSMC migration/proliferation.
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4. Discussion

H. sabdariffa Linne (Malvaceae), an attractive plant believed to be native to African countries,
is cultivated in both Southern and Eastern Taiwan [26]. The calyces of the plant are typically used in foods
and beverages, such as jam, jellies, and teas [15,26]. Previous studies have shown that various extracts
of calyces of H. sabdariffa L., including H. sabdariffa aqueous extracts (HSEs), H. sabdariffa anthocyanins
(HAs), and its polyphenol-rich extracts (HPEs), have been reported to exhibit a wide variety of
activities against hypertension, inflammation, liver disorders, diabetes, cancer, atherosclerosis, and
other metabolic syndromes [26]. While the focus has been on the calyx, the leaves of this plant are also
consumed as a leafy vegetable in many countries [15]. The Hibiscus leaf has been also reported to exert
many biologic effects, including antioxidant [13,15], anti-hyperlipidemic [13,14], anti-cancer [17,18],
anti-atherosclerotic [11,16], and anti-inflammatory [15] activities, as shown in Table S1. Our recent
studies have indicated that HLP, a methanol extract of Hibiscus leaf, is rich in polyphenols [16], including
ECG and other polyphenols (Cat, EA, Que, and FA; Table S2). In the literature, ECG-enriched HLP
exhibited to inhibit ox-LDL uptake and lipid-laden foam cell formation, promoted cholesterol efflux [16],
and reduced ox-LDL-mediated endothelial cell injury and apoptosis [11], so HLP was expected to
have potential as an anti-atherogenic agent. ECG, one of the major tea catechins, plays an important
protective role in the cardiovascular system, and has been reported to possess anti-atherogenic
properties in in vitro and in vivo studies [27]. It has been shown that the anti-atherosclerotic effect
of Cat is associated with their antioxidant, anti-hypertensive, hypolipidaemic, and anti-mutagenic
effects [28]. These Cat have been indicated to suppress the LDL oxidation and the foam cell formation
in in vivo atherosclerotic lesions [27], and MMP-2 activities in cell culture supernatant of pulmonary
VSMC [29]. Previous studies have indicated that EA, a polyphenolic compound present in berries,
scavenged free radicals and improved lipid peroxidation [30]. According to the past and present works,
the findings cooperatively show the anti-atherosclerotic activities of HLP may be contributed by their
biological properties of these polyphenolic components.

In the comparison of components between both extracts, polyphenolic extracts from flowers (HPE)
and leaves (HLP) of H. sabdariffa L., the total flavonoid content of HPE and HLP was estimated to near to
20% and 75%, respectively, via Jia method [16,22]. The results show the polyphenolic extract of Hibiscus
leaves exhibited an about 3.8-fold content of flavonoids compared to that of its flowers. In addition to
the above, HLP seems to possess stronger protective properties from VSMC dysfunction than HPE [22],
including the inhibitory effects on MMP expression and cell migration (Figures 2 and 4). Huang et al.
demonstrated that HPE at the doses of 0.01 and 0.10 mg/mL reduced high glucose-stimulated cell
migration about 30% and 80%, respectively, by measuring the wound-healing assay [22]. In this study,
above the dose of HLP at 0.01 mg/mL could completely reverse the TNF-α-increased proportion of cell
migration (Figure 4a). These data suggest that HLP could exert the anti-migratory effect at lower doses
than HPE.

Atherosclerosis is a multistep and chronic inflammatory process that involves interactions
between various soluble mediators, endothelial cells, monocytes, and VSMCs. Monocyte-derived
growth factors and cytokines further affect the vascular wall by stimulating VSMC migration and
proliferation [31]. The inflammatory cytokine TNF-α has been shown to play a vital role in the
disruption of the vascular circulation, and its increased expression induces the production of ROS,
resulting in endothelial cell injury and VSMC dysfunction [32]. The blockade of TNF-α has been
demonstrated to improve cardiovascular morbidity and mortality in chronic inflammatory disease [33].
The model of TNF-α-stimulated VSMCs has been applied to mimic the VSMC dysfunction during
atherosclerotic development [31]. Therefore, the atheroprotective effects of HLP were investigated
in a model of VSMCs exposed to TNF-α in vitro. The extract, at a concentration in a range of
0.01–0.10 mg/mL, possessed inhibitory effects on VSMC migration, as evidenced by the results of
the decreased activities and expressions of MMPs, the levels of key migratory proteins, and the
wound-healing and invasive abilities of VSMCs (Figures 1d and 2, Figures 3 and 4). The effect of the
higher concentrations (>0.10 mg/mL) showed that it repressed cell growth and DNA synthesis, as well
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as enhanced cell apoptosis (Figure 5). Similarly, Won et al. reported that the mechanisms of catechins
action against cardiovascular diseases include the inhibition of VSMC proliferation [34]. Further
studies have also indicated that many polyphenols prevented atherosclerosis through inhibiting
proliferation and/or inducing apoptosis of VSMC [35]. The findings of this study reveal, for the first
time, the protective effects of HLP on this model, examined in each test, provide bifunctional results of
HLP. Therefore, it is convincing that HLP could potentially be used in the treatment of atherosclerosis.

As mentioned above, the migration of VSMCs from medial to intima contributes to the formation
of atherosclerosis [2]. MMPs, a family of proteinases, promote ECM degradation, which, in turn,
facilitates cell migration. Activated Akt induced AP-1, which is required for the production of
MMPs [36]. However, upon TNF-α stimulation, the mechanism(s) mediating MMP activation and the
MMP-regulated downstream signals have yet to be clarified. TNF-α promoted VSMC chemotaxis via
Akt and MAPK activation, as reported by Chan et al. [31]. The Akt antagonist PTEN was also shown to
be involved in VSMC migration [37]. Consistent with previous reports, this study confirmed that it is
therefore possible that HLP inhibits TNF-α-stimulated MMP-9 activation by downregulating Akt/AP-1
pathway, and subsequently prevents VSMC migration. Furthermore, previous studies have indicated
that oxidative stress modulated by ROS promotes VSMC dysfunction developing atherosclerosis and
also induces MMP-mediated ECM remodeling and cell cycle progression [6,7,38]. In this study, TNF-α
increased the production of intracellular ROS, especially of the H2O2 level, and this might influence
the overall signaling pathways of VSMC migration/proliferation. In this regard, HLP attenuated
ROS generation against TNF-α stimulation (Figure 7), and it might contribute to MMP inhibition and
cell cycle regulation by HLP. Further investigations are needed to clarify this issue. Consistent with
previous reports and our past results, as shown in Table S4, this study confirmed that HLP possesses
strong antioxidant ability in inhibiting the VSMC dysfunction and atherosclerotic development.

Next, to study the mechanism(s) of HLP-inhibited VSMC proliferation, the regulation of cell cycle
arrest was examined. VSMCs begin to divide in response to mitogens and enter the S phase upon
vascular injury [9]. Cdks, working in conjunction with their activating subunits (cyclins), provide
the driving force for cell cycle transitions [34]. The kinase activities of these cyclin/cdk complexes are
regulated by cdi, including Ink4 proteins (p16, p18, and p19) and Cip/Kip proteins (p21, p27, and p57),
and their upstream factor, the gatekeeper of mammalian cell cycle, p53 [10,39]. As expected, HLP
treatments induced a G0/G1 phase growth arrest by inducing the cki-mediated cell cycle regulation
(Figure 6). In addition, PCNA expression is increased in unstable atherosclerotic plaque [40]; moreover,
PCNA is highly expressed in human VSMCs [41]. Consistent with previous reports, our studies
showed that TNF-α significantly reduced A7r5 cell growth and increased PCNA expression (Figure 6b).
Further data demonstrate a marked and dose-dependent reduction in neointimal expression of PCNA
after fed with HLP in HFD-treated rabbits (Figure 8e), indicating that HLP ameliorates atherosclerosis
by reducing PCNA expression, both in vitro and in vivo.

5. Conclusions

In conclusion, the findings of this study are schematically presented in Figure 8g. TNF-α generally
induces ROS production, which influences Akt/AP-1/MMP-9 signaling and cyclin E/cdk2-mediated
phosphorylation of Rb, leading to participation in abnormal VSMC migration and proliferation.
Conversely, HLP is speculated to play a role in TNF-α antagonist, which contributes to inhibiting
ROS generation and VSMC dysfunction. Because our in vitro data demonstrate that HLP inhibited
TNFα-induced VSMC migration and proliferation, in vivo results indicate that HLP can effectively
improve HFD-promoted atherosclerosis in rabbits via decreasing TNF-α secretion to confirm the
anti-atherosclerotic effect of HLP (Figure 8a–d). As shown in Figure 8, HLP can pleiotropically inhibit
rabbit atherosclerosis by reducing serum lipid levels, inflammation, atheroscletic lesion, and VSMC
migration/proliferation via downregulation of Akt/MMP-9 and upregulation of p53 signals. Taken
together, our findings indicate the anti-TNF-α effects of HLP on VSMC could likely contribute to its
protection against atherosclerosis and other cardiovascular disorders.
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Abstract: Rosmarinus officinalis L. is a traditional herb with various therapeutic applications such
as antibacterial, antioxidant, anti-inflammatory, antidepressant, and anticholinesterase activities,
and can be used for the prevention or treatment of dementia. In the present study, we tested whether
Rosmarinus officinalis L. could counteract scopolamine-induced anxiety, dementia, and brain oxidative
stress in the zebrafish model and tried to find the underlying mechanism. Rosmarinus officinalis L.
essential oil (REO: 25, 150, and 300μL/L) was administered by immersion to zebrafish (Danio rerio) once
daily for eight days while scopolamine (100 μM) treatment was delivered 30 min before behavioral
tests. The antidepressant and cognitive-enhancing actions of the essential oil in the scopolamine
zebrafish model was measured in the novel tank diving test (NTT) and Y-maze test. The chemical
composition was identified by Gas chromatograph–Mass spectrometry (GC-MS) analysis. The brain
oxidative status and acetylcholinesterase (AChE) activity was also determined. REO reversed
scopolamine-induced anxiety, memory impairment, and brain oxidative stress. In addition, a reduced
brain AChE activity following the administration of REO in scopolamine-treated fish was observed.
In conclusion, REO exerted antidepressant-like effect and cognitive-enhancing action and was able to
abolish AChE alteration and brain oxidative stress induced by scopolamine.

Keywords: Rosmarinus officinalis; essential oil; scopolamine; anxiety; memory; oxidative stress

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, particularly affecting the
cerebral cortex and hippocampus, leading to memory impairment. AD pathological hallmarks include
extracellular accumulation of insoluble forms of amyloid-β, aggregation of the microtubule protein tau
in neurofibrillary tangles in neurons, as well as the reduction in levels of acetylcholine [1,2].

Among various descriptive hypotheses regarding the cause of AD, the cholinergic hypothesis was
the first proposed to explain AD based on the findings that a loss of cholinergic activity is commonly
observed in the brains of AD patients [1]. In addition, this theory implied utilizing acetylcholinesterase
inhibitors (AChEIs), which reversed memory deficits in AD patients. AChEIs could diminish memory
impairment in AD patients by inhibiting the degradation of acetylcholine [3]. Currently, for the
treatment of mild to moderate AD, three AChEIs are used: donepezil, rivastigmine, and galantamine [4].
Moreover, it has been reported that the daily living ability of AD patients subjected to rivastigmine and
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galantamine medications is better than those treated with donepezil [5]. AD is additionally associated
with neuropsychiatric symptoms such as depression, anxiety, and apathy [6]. Oxidative stress
is involved in age-related diseases and the pathological processes of neurodegenerative diseases,
including AD [7].

Presently, there is no remedy for dementia-related afflictions, and existing medicines do not give
satisfactory enhancements. Moreover, there are different side effects related to existing treatment.
Herbal-based compounds could be a great source of anti-AD agents [8].

Although numerous studies have been performed to elucidate the effects of Rosmarinus officinalis
extract on cognitive function in rodents [9–11], there is no such study conducted in zebrafish. Zebrafish
exhibit complex cognition comparable to that seen in mammals [12,13], and there are behavioral tasks
protocols based on rodent protocols such as active or passive avoidance test [14], Y-maze test [15],
and T-maze test [16] for zebrafish. In zebrafish, scopolamine, a muscarinic acetylcholine receptor
blocker, has been characterized to induce amnestic effects and is used in combination with nootropic
and cognitive-enhancing drugs to study memory processes [17].

Supporting data demonstrate different biological effects of Rosmarinus officinalis L.
Nematolahi et al. [18] demonstrated that Rosmarinus officinalis reduced memory-deficits, anxiety,
and depression, and improved sleep quality in university students. Naderali et al. [9] reported that
Rosmarinus officinalis extract improved memory deficits and mitigated neuronal degeneration induced
by kainic acid in the rat hippocampus, due to its antioxidant profile. In addition, Karim et al. [10],
by molecular docking and in vivo approaches, demonstrated anti-amnesic effects of nepitrin isolated
from Rosmarinus officinalis on scopolamine-induced memory impairment in mice. Song et al. [11]
demonstrated that a rat model of repetitive mild traumatic brain injury subjected to Rosmarinus
officinalis extract exhibited improvement of cognitive deficits mediated by its antioxidant and
anti-inflammatory profile.

The biological activities of the Rosmarinus officinalis could be related to the presence of volatile
compounds, such as α-pinene, eucalyptol, and camphor, and phenolic compounds, such as carnosol,
carnosic acid, and rosmarinic acid, with proved antioxidant, antibacterial, antifungal, anti-inflammatory,
anti-AD, antidepressant and anxiolytic effects [18,19]. Therefore, the present study was designed to
characterize the chemical components of the Rosmarinus officinalis essential oil (REO) and to evaluate
the effects on anxiety, memory performance, and brain antioxidant status in a scopolamine-induced a
zebrafish model of amnesia.

2. Materials and Methods

2.1. Essential Oil and Chemical Material

REO from biological cultivations was manufactured and kindly supplied by Flora Srl (Pisa, Italy),
batch number 171861. Pure standards of essential oil compounds (see Table 1) were purchased from
Sigma-Aldrich Chemical Co. and Fluka Chemie.

2.2. Gas Chromatograph–Mass Spectrometry (GC-MS) Analysis

A Gas Chromatograph (Shimadzu GC-17A, Shimadzu, Milan, Italy) with Flame Ionization Detector
(GC-FID) equipped with a 15 m × 0.1 mm × 0.1 mm capillary column (Supelco SPBTM-5, Merk KGaA,
Darmstadt, Germany) was used. The operating condition followed those previously published [20]:
60 ◦C for 1 min, 60–280 ◦C at 10 ◦C/min, and then 280 ◦C for 1 min; injector temperature, 250 ◦C; and
detector temperature, 280 ◦C with helium as carrier gas (1 mL/min). GC-MS analyses were performed
with the same column and operative conditions mentioned above. Mass spectrometer parameters were
the same as those previously published [21]. Component identification was based on comparison of
their retention indexes with those relative to a mix of C9–C22 n-alkanes, computer matching of spectral
MS data, and fragmentation patterns with those in libraries [22,23], and co-injections with authentic
samples (see Table 1).
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2.3. Animals

In total, 50 adult (sex ratio was about 50:50 male:female, 3–4-month old, and 3–4 cm in length),
wild-type short-fin strain zebrafish (Danio rerio) purchased from an authorized commercial dealer (Pet
Product S.R.L., Bucharest, Romania) were used in the present study and acclimated for at least two
weeks before experiments. Fish were fed twice daily with Norwin Norvitall flake (Norwin, Gadstrup,
Denmark). Animals were randomly divided into groups of 10 fish/24 L housing tanks filled with
unchlorinated water under a 14 h/10 h light/dark cycle. The water within the tanks was constantly
aerated (7.20 mg O2/L) using Tetratec® air pumps (Tetra, Melle, Germany) and filtrated to avoid the
accumulation of organic toxins. The water parameters were kept in the following ranges: pH 7.5,
conductivity 500 μS, ammonium concentration < 0.004 ppm, and temperature 26 ± 1 ◦C. For the
behavior studies, acclimated zebrafish were randomly assigned into the control, the scopolamine (Sco,
100 μM, Sigma-Aldrich, Darmstadt, Germany), and three REO treatment groups (25, 150, and 300 μL/L).
The doses of the essential oil were chosen with reference to previous reports [24]. REO (25, 150, and
300 μL/L) was administered individually by immersion to zebrafish (Danio rerio) through transferring
into 500 mL glass for 1 h, once daily for eight days, whereas scopolamine (100 μM) treatment was
delivered individually by transferring into a 500 mL glass, 30 min before behavioral tests. The control
group was immersed only in unchlorinated water. The working protocol (as summarized in Figure 1)
was approved by the local board of ethics for animal experimentation (No. 15309/2019) and fully
complied with the Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 on the protection of animals. Efforts were made to reduce animal suffering and the number of
animals utilized.

 
Figure 1. Scheme of the working protocol.

2.4. Behavioral Analysis

2.4.1. Novel Tank Diving Test (NTT)

NTT is a specific test used for assessing anxiety in zebrafish, as described by Cachat et al. [25].
The trapezoidal tank (1.5 L) used measured 15.2 cm (height) × 27.9 cm (top) × 22.5 cm (bottom) ×
7.1 cm (width), equally divided into two horizontal sections (top and bottom). After 60 min of REO
treatment, the animals were placed individually within the test tank without acclimatization, and
swimming behavior was recorded for 6 min. The animals were recorded with a Logitech HD Webcam
C922 Pro Stream camera (Logitech, Lausanne, Switzerland) placed 30 cm away from the tank and the
videos were analyzed using ANY-Maze® software (Stoelting CO, Wood Dale, IL, USA). The following
parameters were registered: the number of entries in the top/bottom zone of the tank, total distance
traveled in the tank (m), and average velocity (m/s).
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2.4.2. Y-Maze Test

Spatial memory and the response to novelty in zebrafish was assessed using the Y-maze task [26].
The position in the Y-maze task was considered an index of memory [27]. The apparatus consisted of a
Y-maze glass aquarium with three arms (25 cm long, 8 cm wide, and 15 cm high), filled with 3 L of the
same water used in the home aquarium. Visible geometric shapes such as squares, circles, and triangles
were placed on the external Y-maze walls. The Y-maze arms were arbitrarily assigned: (i) the start arm,
where fish began to investigate (always open); (ii) the novel arm, which was obstructed during the first
trial, but open during the second trial; and (iii) the other arm (constantly open). The Y-maze center
(neutral zone) was not counted in the analysis. The assignment comprised of two trials separated by
1 h to evaluate the response to novelty and spatial memory. During the first trial (training, 5 min),
60 min of REO treatment, the fish could investigate only two arms of the Y-maze (the start and the
other arm), whereas the third arm (the novel arm) was obstructed. For the second trial, each fish
was individually introduced into the start arm and free access to all three arms for 5 min to assess
the response to novelty. Behavioral activity was analyzed using ANY-Maze® software (Stoelting CO,
Wood Dale, IL, USA) and with a Logitech HD Webcam C922 Pro Stream camera (Logitech, Lausanne,
Switzerland) placed above the Y-maze tank. The following measures were recorded: time spent in
each arm to assess short-term spatial memory and, for the locomotory activity total, distance traveled
(m) and turn angle (◦) were assessed.

2.5. Biochemical Parameters Assay

After the recording of behavioral data, zebrafish were euthanized (10 min immersion in ice
water, 2–4 ◦C) until loss of opercular motions [28], and their brains were isolated for biochemical
parameters assay. The brains were gently homogenized in ice 0.1 M potassium phosphate buffer
(pH 7.4), 1.15% KCl with Potter Homogenizer (Cole-Parmer, Vernon Hills, IL, USA). The resulted
homogenate was centrifuged at 960× g for 15 min. The supernatant was used for the estimation of
acetylcholinesterase (AChE), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPX) specific activities, and malondialdehyde (MDA) level following the methods described in detail
by Dumitru et al. [29]. Estimation of protein content was done through a bicinchoninic acid (BCA)
protein assay kit (Sigma-Aldrich, Darmstadt, Germany) [30].

2.6. Statistical Analysis

Data are expressed as mean ± standard error of the mean (S.E.M). Results were analyzed by
one-way analysis of variance (ANOVA) followed by Tuckey’s post hoc multiple comparison test,
considering treatment as a factor. Differences were considered significant at p < 0.05. GraphPad
Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA) was used to perform statistical analyses
and to produce graphics. Correlation among the behavioral scores, enzymatic activities, and lipid
peroxidation was estimated by the Pearson correlation coefficient (r).

3. Results and Discussion

3.1. The Chemical Composition of the Essential Oil

The chemical composition of the REO was identified by GC-MS analysis (Figure 2) and is presented
in Table 1. Seventy-seven chemicals, corresponding to 73.48% of the total oil, were identified in the
REO. The most abundant chemical classes of the oil components were monoterpene hydrocarbons
(40.14%), followed by oxygenated monoterpenes (26.44%), sesquiterpene hydrocarbons (4.74%), and
other compounds (2.16%). The major components of the REO were eucalyptol (26.02%), α-pinene
(19.89%), camphor (16.71%), camphene (8.67%), β-myrcene (3.97%), β-caryophyllene (3.11%), borneol
(2.50%), and limonene (2.16%). Our results are supported by Bouyahya et al. [31], who reported
eucalyptol (23.673%), camphor (18.743%), borneol (15.46%), and α-pinene (14.076%) as the major
chemical components of the REO. In addition, Elyemni et al. [32] reported the presence of eucalyptol
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(32.18%), camphor (16.20%), α-pinene (15.82%), camphene (9.16%), and α-terpineol (7.36%) in the
chemical composition of the REO. Based on these studies, our essential oil exhibits a chemical
composition commensurate to those reported by other authors who presume its memory-enhancing
and antioxidant activity.

 
Figure 2. Gas chromatography-mass spectrometry (GC–MS) profile of the Rosmarinus officinalis essential
oil (numbers refer to Table 1).

Table 1. Chemical composition of Rosmarinus officinalis essential oil a.

No. KI b Compound %

Monoterpene hydrocarbons 40.14

1 920 Tricyclene 0.32

2 925 α-Thujene 0.09

3 934 α-Pinene c 19.89

4 949 Camphene 8.67

5 953 Thuja-2.4(10)-diene 0.33

6 972 Sabinene 0.02

7 975 β-Pinene c 1.56

10 988 β-Myrcene 3.97

12 1001 α-Phellandrene 0.63

13 1008 α-Terpinene 0.15

14 1015 p-Cymene 0.68

15 1024 Limonene c 2.16

17 1037 cis-β-Ocimene 0.16

18 1047 trans-β-Ocimene 0.04

19 1058 γ-Terpinene 0.74

22 1087 Terpinolene 0.75
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Table 1. Cont.

No. KI b Compound %

Oxygenated monoterpenes 26.44

16 1033 Eucalyptol c 26.02

20 1070 cis-Sabinene hydrate 0.01

21 1075 cis-Linalool oxide 0.01

23 1098 Linalool 1.10

24 1109 endo-Fenchol 0.02

25 1115 exo-Fenchol 0.06

26 1125 α-Campholenal 0.14

27 1148 Camphor c 16.71

28 1151 Camphene hydrate 0.04

29 1155 Menthone 0.03

30 1158 Isopulegol 0.03

31 1162 trans-Pinocamphone 0.07

32 1164 Pinocarvone 0.07

33 1168 Borneol 2.50

34 1175 cis-Pinocamphone 0.17

35 1178 Terpinen-4-ol 0.78

36 1186 p-Cymen-8-ol 0.08

37 1191 a-Terpineol 1.38

38 1198 Myrtenol 0.10

39 1204 trans-Dihydro Carvone 0.06

40 1210 Verbenone 1.18

41 1221 trans-Carveol 0.01

42 1231 Linalyl formate 0.06

43 1242 cis-Dihydro Carvone 0.03

44 1244 Neral 0.01

45 1248 Carvone 0.03

46 1258 Linalyl acetate 0.35

47 1275 Geranial 0.01

48 1289 Bornyl acetate 1.10

49 1299 Thymol 0.01

50 1305 Carvacrol 0.03

51 1327 Piperitenone 0.02

52 1348 Eugenol 0.01

53 1361 Neryl acetate 0.01

54 1366 Linalyl isobutanoate 0.02

55 1376 α-ylangene 0.11

56 1380 α-Copaene 0.06

57 1384 Geranyl acetate 0.03

58 1403 Methyl eugenol 0.02
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Table 1. Cont.

No. KI b Compound %

Sesquiterpenes 4.74

59 1410 α-Caryophyllene 0.01

60 1418 α-cis-Bergamotene 0.03

61 1425 β-Caryophyllene c 3.11

62 1433 β-Ylangene 0.02

63 1444 β-Bergamotene 0.01

64 1447 β-Copaene 0.02

65 1454 Aromadendrene 0.04

66 1459 α-Humulene 0.88

67 1480 γ-Muurolene 0.07

68 1484 α-Curcumene 0.09

69 1491 β-Selinene 0.02

70 1497 γ-Amorphene 0.06

71 1508 α-Muurolene 0.02

72 1510 β-Bisabolene 0.05

73 1518 γ-Cadinene 0.05

74 1527 δ-Cadinene 0.12

75 1543 α-Cadinene 0.01

76 1548 α-Calacorene 0.04

77 1589 Caryophyllene oxide 0.10

Others 2.16

8 977 Octen-3-ol 0.37

9 982 3-Octanone 1.56

11 993 3-Octanol 0.23
a The numbering refers to the elution order, and values (relative peak area percent) represent averages of three
determinations; b Retention Index (KI) relative to a standard mixture of n-alkanes on the SPBTM-5 column; c co-elution
with an authentic sample.

3.2. Effects on Anxiety-Like Behavior in NTT Test and on Y-Maze Response to Novelty and Spatial Memory

Figure 3 reports the effects of Sco (100 μM) and REO (25, 150, and 300 μL/L) treatment on
anxiety-like behavior in the NTT test. Representative locomotion tracking pattern (Figure 3A)
illustrates the differences in swimming traces among the top and bottom zones and shows that the
Sco-treated group traveled a greater distance in the bottom zone, suggesting an anxiogenic profile.
Additionally, Sco treatment increased the time spent in the bottom zone of the tank (p < 0.0001)
(Figure 3B) along with decreasing the time spent in the top zone of the tank (Figure 3B) (p < 0.0001) as
compared to control. Reducing the time spent in the top zone of the tank suggests the anxiogenic-like
effect of Sco. Sco treatment produced a hypolocomotor effect, by decreasing total distance traveled
(p < 0.001) (Figure 3C) and average velocity (i.e., magnitude and direction of zebrafish speed, p < 0.01)
(Figure 3D) compared to control. By contrast, increasing the time spent in the top zone of the tank
(Figure 3B) suggests the anxiolytic-like effect of REO. Moreover, treatment with REO prevents the
anxiogenic-like effect of Sco, in a dose-dependent manner, as evidenced through increasing of total
distance traveled (p < 0.0001) (Figure 3C) and average velocity (p < 0.001) (Figure 3D) as compared to
Sco-alone treated fish.
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Figure 3. Rosmarinus officinalis essential oil (REO: 25, 150, and 300 μL/L) improved locomotion pattern
and decreased anxiety in the NTT test. (A) Representative locomotion tracking pattern of the control,
Sco (100 μM), and REO (25, 150, and 300 μL/L) treated groups. (B) The time spent by zebrafish in the
top/bottom zone of the tank in different groups. (C) The total distance traveled by zebrafish in the tank
in different groups. (D) The average velocity of zebrafish in the tank in different groups. Values are
means ± S.E.M. (n = 10). For Tukey’s post hoc analyses: (B) Control vs. Sco (100 μM): ### p < 0.0001,
Sco vs. REO (25 μL/L): ## p < 0.001, Sco vs. REO (150 μL/L): ## p < 0.001, and Sco vs. REO (300 μL/L):
## p < 0.001; (C) Control vs. Sco (100 μM): ### p < 0.0001, Control vs. REO (300 μL/L): # p < 0.01, Sco vs.
REO (25 μL/L): ### p < 0.0001, Sco vs. REO (150 μL/L): ### p < 0.0001, and Sco vs. REO (300 μL/L):
### p < 0.0001; and (D) Control vs. Sco (100 μM): # p < 0.01, Control vs. REO (300 μL/L): ## p < 0.001, Sco
vs. REO (25 μL/L): ### p < 0.0001, Sco vs. REO (150 μL/L): ### p < 0.0001, and Sco vs. REO (300 μL/L):
### p < 0.0001.

Figure 4 shows the effects of Sco (100 μM) and REO (25, 150, and 300 μL/L) treatment on Y-maze
response to novelty and spatial memory. Representative locomotion tracking pattern (Figure 4A)
illustrates the differences in swimming traces among the Y-maze arms and shows that Sco treated group
traveled a greater distance in the other arm, suggesting memory deficits. In addition, Sco administration
significantly altered novel arm exploration (p < 0.0001) (Figure 4B) as compared to control zebrafish.
The reduced percentage of time spent in novel arm suggests a memory impairment effect of Sco.
The administration of Sco affects locomotion, as evidenced by the decreasing of total distance traveled
(p < 0.0001) (Figure 4C) and turn angle (p > 0.05) (Figure 4D) compared to control. REO treatment
significantly counters the Sco action induced hypolocomotion and memory deficits by improving
the novel arm exploration (p < 0.001) (Figure 4B), while total distance traveled (p < 0.01) (Figure 4C)
and turn angle (p < 0.01) (Figure 4D) was significantly increased at the high doses of REO (300 μL/L)
as compared to Sco-alone treated zebrafish. Our results demonstrate that REO exhibited anxiolytic
and memory-enhancing profile, which could be due to the presence of major active constituents
shown in Table 1. The obtained results are in perfect agreement with those obtained by other groups
that demonstrated anti-amnesic effects along with in vitro antioxidant and acetylcholinesterase and
butyrylcholinesterase inhibition potential of Rosmarinus officinalis in scopolamine-induced memory
impairment in mice [10]. Ozarowski et al. [33] demonstrated that Rosmarinus officinalis leaf extract
improved long-term memory in rats, which can be partially explained by its inhibition of AChE activity
in rat brain. Noori Ahmad Abadi et al. [34] reported that the hydroalcoholic extract of Rosmarinus
officinalis L. leaf reduced anxiety in mice, probably due to the presence of flavonoids in this plant and
their antioxidant property. Additionally, Abdelhalim et al. [35] attributed the anxiolytic effects of
Rosmarinus officinalis with its effect on gamma-aminobutyric acid (GABA) receptors. Despite extensive
knowledge about the effects of various Rosmarinus officinalis extracts on memory, anxiety, and AChE
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activity in the rodent brain, we demonstrated for the first time the cognitive-enhancing, anxiolytic, and
antioxidant profile of REO in the scopolamine zebrafish model. Furthermore, our study demonstrated
that zebrafish is rapidly becoming one of the main organisms in translational neuroscience research,
successfully completing rodent models for the study of dementia-related conditions.

 
Figure 4. Rosmarinus officinalis essential oil (REO: 25, 150, and 300 μL/L) improved locomotion pattern
and memory in the Y-maze test. (A) Representative locomotion tracking of the control, Sco (100 μM),
and REO (25, 150, and 300 μL/L) treated groups. (B) The time spent in each arm (start, novel, and novel
arms) in different groups. (C) The total distance traveled by zebrafish in the tank in different groups.
(D) The turn angle of zebrafish in the tank in different groups. Values are means ± S.E.M. (n = 10).
For Tukey’s post hoc analyses: (B) Control vs. Sco (100 μM): ### p < 0.0001, Sco vs. REO (25 μL/L):
## p < 0.001, Sco vs. REO (150 μL/L): ## p < 0.001, and Sco vs. REO (300 μL/L): ## p < 0.001; (C) Control
vs. Sco (100 μM): ### p < 0.0001, Control vs. Sco (100 μM): ## p < 0.001, and Sco vs. REO (300 μL/L):
# p < 0.01; and (D) Sco vs. REO (300 μL/L): # p < 0.01.

3.3. Effects on AChE Activity

AChE decreases acetylcholine level and alleviates disease symptoms associated with the
progressive loss of cholinergic function in AD [36]. Our results demonstrate that zebrafish subjected
to Sco treatment exhibited increased AChE activity in the brain (p < 0.0001) as compared to the
control group (Figure 5A). REO treatment significantly reduced AChE activity (p < 0.0001) in a
dose-dependent manner, as compared to the Sco-treated group (Figure 5A). Thus, REO revealed an
anti-AChE profile [19], which parallels improving memory parameters in zebrafish, as observed in
NTT and Y-maze tests.

3.4. Effects on SOD, CAT, and GPX Specific Activities

Administration of Sco decreased the SOD specific activity (p< 0.01) (Figure 5B) in the zebrafish brain
as compared to the control group, suggesting the augmentation in oxidative stress. REO significantly
increase (p< 0.0001) (Figure 5B) the specific activity of SOD in the Sco-treated fish showing its promising
antioxidant potential. CAT specific activity significantly decreased (p < 0.01) (Figure 5C) in Sco-exposed
zebrafish as compared to the control group, whereas the administration of REO led to a significant
increase (p < 0.0001) (Figure 5C) of CAT activity in the Sco-treated fish, supporting its antioxidant action.
Moreover, GPX specific activity upon Sco administration leads to a significant decrease (p < 0.0001)
(Figure 5D) as compared to the control group. REO treatment significantly restored this dramatic
decrease in the Sco-treated fish showing prompt antioxidant potential. The results suggest that REO
exhibits neuroprotective effects against oxidative stress, which is correlated with previously antioxidant
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properties of REO. Selmi et al. [37] reported that REO administration has significantly protected against
alloxan-induced hepatic and renal oxidative stress due to the presence of phenolic and flavonoids
compounds. Takayama et al. [38] demonstrated the antioxidant activity of REO against gastric damage
induced by absolute ethanol in the rat. El-Hadary et al. [39] demonstrated antioxidant properties of
REO against carbon tetrachloride-induced hepatotoxicity in rats mediated by phenolic compounds.
Our results in accordance with the literature, suggesting the ability of REO to control brain oxidative
damages by restoring the antioxidant enzyme activities.

3.5. Effects on MDA Level

The MDA level, an indicator of lipid peroxidation, was increased (p < 0.001) (Figure 5E) in the
Sco-treated fish as compared to the control group. REO administration significantly reduced the MDA
level (p < 0.001) (Figure 5E) to near the control level in Sco-treated fish.

 
Figure 5. Rosmarinus officinalis essential oil (REO: 25, 150, and 300 μL/L) exhibited an anti-AChE effect
and improved brain antioxidant status. The enzyme’s specific activities: (A) AChE; (B) SOD; (C) CAT;
(D) GPX; and (E) MDA level. Values are means ± S.E.M. (n = 10). For Tukey’s post hoc analyses:
(A) Control vs. Sco (100 μM): ### p < 0.0001, Sco vs. REO (25 μL/L): ### p < 0.0001, Sco vs. REO
(150 μL/L): ### p < 0.0001, and Sco vs. REO (300 μL/L): ### p < 0.0001; (B) Control vs. Sco (100 μM):
# p < 0.01, Sco vs. REO (25 μL/L): ### p < 0.0001, Sco vs. REO (150 μL/L): ### p < 0.0001, and Sco vs.
REO (300 μL/L): ### p < 0.0001; (C) Control vs. Sco (100 μM): ## p < 0.001, Sco vs. REO (25 μL/L):
### p < 0.0001, Sco vs. REO (150 μL/L): ### p < 0.0001, and Sco vs. REO (300 μL/L): ### p < 0.0001;
(D) Control vs. Sco (100 μM): ### p < 0.0001, Sco vs. REO (25 μL/L): ### p < 0.0001, Sco vs. REO
(150 μL/L): ### p < 0.0001, and Sco vs. REO (300 μL/L): ### p < 0.0001; and (E) Control vs. Sco (100 μM):
## p < 0.001, Sco vs. REO (25 μL/L): ### p < 0.0001, Sco vs. REO (150 μL/L): ### p < 0.0001, and Sco vs.
REO (300 μL/L): ### p < 0.0001.

Pearson correlation coefficient (r) was used to test the linear association among cognition,
antioxidant enzymes, and lipid peroxidation (Figure 6). A high negative correlation for the time spent
in the top zone of the tank vs. MDA (n = 10, r = −0.863, p < 0.001) (Figure 6A) and the time spent in
novel arm vs. MDA (n = 10, r = −0.737, p < 0.001) (Figure 6B) was observed. The negative value of the
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Pearson correlation coefficient indicates that the improvement of behavioral scores in specific tests
such as NTT and Y-maze is well correlated with a low level of MDA, a marker of lipid peroxidation.
In addition, strong negative correlations were evidenced by linear regression for AChE vs. the time
spent in the top zone of the tank (n = 10, r = −0.645, p < 0.001) (Figure 6C) and AChE vs. the time
spent in novel arm (n = 10, r = −0.597, p < 0.01) (Figure 6D). However, a positive significant correlation
for AChE vs. MDA (n = 10, r = 0.608, p < 0.01) (Figure 6E) was noticed when linear regression
was calculated. In this case, the negative and positive values of the Pearson correlation coefficient
indicate that increasing behavioral scores is well correlated with decreasing of AChE activity and MDA
level. Pérez-Fons et al. [40] demonstrated a relationship between the antioxidant capacity and effect
of rosemary (Rosmarinus officinalis L.) polyphenols on membrane phospholipid order. By using the
Pearson correlation coefficient (r) determination, we evidenced that improving memory performance
in Sco-treated rats is related to increasing antioxidant enzyme activity along with a diminished level
of lipid peroxidation, supporting REO neuroprotective profile. No significant correlation between
biochemical parameters was observed.

 
Figure 6. Correlation analyses between behavioral and biochemical parameters (Pearson’s correlation,
n = 10): (A) time spent in tope zone (s) vs. MDA; (B) time spent in novel arm (s) vs. MDA; (C) AChE
vs. time spent in tope zone (s); (D) AChE vs. time spent in novel arm (s) and (E) AChE vs. MDA.
Data expressed are time spent in the top zone (s), time spent in novel arm (s), AChE (nmol/min/mg
protein), and MDA (nmol/mg protein).

4. Conclusions

This study showed that REO counteracts cognitive performance decrease and anxiety increase
resulting from Sco treatment through a mechanism implying mitigation of brain oxidative stress and
regulation of AChE activity.
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Abstract: Cyanidin-3-glucoside (C3G) is a well-known natural anthocyanin and possesses antioxidant
and anti-inflammatory properties. The catabolism of C3G in the gastrointestinal tract could produce
bioactive phenolic metabolites, such as protocatechuic acid, phloroglucinaldehyde, vanillic acid,
and ferulic acid, which enhance C3G bioavailability and contribute to both mucosal barrier and
microbiota. To get an overview of the function and mechanisms of C3G and its phenolic metabolites,
we review the accumulated data of the absorption and catabolism of C3G in the gastrointestine,
and attempt to give crosstalk between the phenolic metabolites, gut microbiota, and mucosal innate
immune signaling pathways.

Keywords: cyanidin-3-glucoside; phenolic metabolites; gut microbiota; signaling pathways;
intestinal injury

1. Introduction

Anthocyanins belong to polyphenols, which are one kind of secondary metabolite with
polyphenolic structure widely occurring in plants. They serve as key antioxidants and pigments
that contribute to the coloration of flowers and fruits. Although anthocyanins vary in different
plants, six anthocyanidins, including pelargonidins, cyanidins, delphinidins, peonidins, petunidins,
and malvidins, are considered as the major natural anthocyanidins. Berries, such as red raspberry
(Rubus idaeus L.), blue honeysuckle (Lonicera caerulea L.), and mulberry are used as folk medicine
traditionally, and their extracts have been used in the treatment of disorders such as cardiovascular
disease [1], obesity [2], neurodegeneration [3], liver diseases [4], and cancer [5], in recent years.
Cyanidin-3-glucoside (C3G) is one of the most common anthocyanins naturally found in black rice,
black bean, purple potato, and many colorful berries. C3G possesses strong antioxidant activity
potentially due to the two hydroxyls on the B ring [6], as shown in Figure 1. Recent studies have
suggested that C3G potentially exerts functions primarily through C3G metabolites (C3G-Ms) [7],
and more than 20 kinds of C3G-Ms have been identified in serum by a pharmacokinetics study in
humans [8]. Although the function and mechanism of C3G-Ms are still not clear, protocatechuic acid
(PCA) [9–12], phloroglucinaldehyde (PGA) [1], vanillic acid (VA) [13–15], ferulic acid (FA) [16–19],
and their derivates represent the main bioactive metabolites of C3G due to their antioxidant and
anti-inflammatory properties.

Antioxidants 2019, 8, 479; doi:10.3390/antiox8100479 www.mdpi.com/journal/antioxidants97
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Figure 1. The catabolism process of cyanidin-3-glucoside (C3G) in an organism. C3G can be hydrolyzed
to its aglycone by enzymes in the small intestine, and further degraded to phenolic compounds
by gut microbiota. Microbial catabolism of C3G in the distal small intestine and large intestine is
performed by the cleavage of the heterocyclic flavylium ring (C-ring), followed by dehydroxylation
or decarboxylation to form multistage metabolites, which enter the liver and kidney by circulation.
C3G, cyanidin-3-glucoside; FA, ferulic acid; PCA, protocatechuic acid; PGA, phloroglucinaldehyde;
VA, vanillic acid.

2. Absorption and Catabolism of C3G in the Gastrointestine

Most of the anthocyanins remain stable in the stomach and upper intestine [20,21]. The stomach
is considered as one of the predominant sites for anthocyanin and C3G absorption [22,23], although
high concentration (85%) of anthocyanins has been found in the distal intestine [24]. There is potential
for the first-pass metabolism of C3G in the stomach, that is, C3G can be effectively absorbed from the
gastrointestinal tract and undergoes extensive first-pass metabolism, which can enter the systemic
circulation as metabolites [25].

Anthocyanins are stable under acidic conditions but extremely unstable under alkaline conditions.
The higher the pH is, the more colorless and substituent forms of anthocyanin are predominant [26].
The catabolism of C3G is mainly completed in the distal small intestine, such as ileum [22], and in the
upper large intestine, such as the colon [27], with the decomposition by microbiota [28]. C3G can be
hydrolyzed to their aglycones by enzymes in the small intestine, and further degraded to phenolic
compounds by gut microbiota, in which microbial catabolism of C3G is performed by the cleavage
of the heterocyclic flavylium ring (C-ring), followed by dehydroxylation or decarboxylation [29].
Subsequently, phase II metabolites and multistage metabolites (including bacterial metabolites) can
enter the liver and kidney to form more methylate, gluronide, and sulfate conjugated metabolites by
enterohepatic circulation and blood circulation (Figure 1).
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3. Biological Functions of C3G-Ms

Only several C3G-Ms have shown potential biological function, although more than 20 kinds
of C3G-Ms have been identified [8,30]. PCA and phloroglucinaldehyde (PGA) are considered as the
major bioactive phenolic metabolites produced by phase Imetabolism, which undergo cleavage of the
C ring of C3G. PCA can increase the antioxidant capacity of cells potentially by increasing the activity
of antioxidant enzymes, such as catalase (CAT) in hypertensive rats or arthritis-model rats [31,32],
superoxide dismutase (SOD) [33], and glutathione peroxidase (GPx) in mice or macrophages [33–36],
and thus attenuate lipid peroxidation. Meanwhile, PCA has been reported to inhibit the production
of inflammatory mediators, such as interleukin (IL)-6, tumor necrosis factor-α (TNF-α), IL-1β,
and prostaglandin E2 (PGE2) [37–39], potentially by suppressing the activation of nuclear factor-κB
(NF-κB) and extracellular signal-regulated kinase (ERK) [33,38] in murine BV2 microglia cells and
colitis-model mice. PGA has also shown an inhibitory effect on inflammation potentially by modulating
the production of IL-1β, IL-6, and IL-10 [40] in human whole blood cultures, although there are few
reports about the molecular mechanisms. Our previous studies have revealed that both PCA and PGA
are capable to down-regulate the MAPK pathway, especially suppress the activation of ERK, and PGA
can directly bind to ERK1/2 [41] in murine macrophages.

Phase II metabolites of C3G, such as PCA-3-glucuronide (PCA-3-Gluc), PCA-4-glucuronide
(PCA-4-Gluc), PCA-3-sulfate (PCA-3-Sulf), PCA-4-sulfate (PCA-4-Sulf), VA, VA-4-sulfate (VA-4-Sulf),
isovanillic acid (IVA), IVA-3-sulfate (IVA-3-Sulf), and FA, are mostly derived from PCA and PGA [1,8].
VA and FA represent the bioactive phenolic metabolites based on recent studies. VA may suppress the
generation of reactive oxygen species (ROS) [42] and lipid peroxidation [32], potentially by increasing the
activity of antioxidant enzymes such as SOD, CAT, and GPx [43,44], as well as the level of antioxidants
such as vitamin E [43,44], vitamin C [43,44], and glutathione (GSH) [45] in mice, hamster, and diabetic
hypertensive rats. Additionally, VA can inhibit the production of pro-inflammatory cytokines such
as TNF-α, IL-6, IL-1β, and IL-33 by down-regulating caspase-1 and NF-κB pathways [45–47] in
mice or mouse peritoneal macrophages and mast cells. FA has also been reported to attenuate both
oxidative stress and inflammation potentially by suppressing the production of free radicals (ROS
and NO in rats, rat intestinal mucosal IEC-6 cell, or murine macrophages) [48–50], enhancing Nrf2
expression and down-stream antioxidant enzymes (SOD and CAT in rats or swiss albino mice) [48,51],
and inhibiting the activation of proinflammatory proteins (p38 and IκB in HUVEC cells) [52] and
cytokines production, such as IL-18 in HUVEC cells [52], IL-1β in mice [53], IL-6 in obese rats [54],
and TNF-α in mice [53]. However, both VA and FA showed a limited effect on the activation of MAPK
pathway and production of inflammatory cytokines, such as monocyte chemoattractant protein-1
(MCP-1) and TNF-α in a high-fat diet-induced mouse model of nonalcoholic fatty liver disease [41].
Table 1 summarizes the biological functions of the main bioactive metabolites, including PCA, PGA,
VA, and FA.

Table 1. Biological functions of C3G-Ms.

C3G-Ms
Biological
Functions

Objects Results

PCA
Antioxidant Rats, mice, macrophages

Treatment with PCA increased T-AOC [31], catalase [33], SOD [33]
and GPx [33–36] levels, but decreased ROS [35], MDA [31] and

hydroperoxides [31] levels.

Anti-inflammatory Mice, macrophages PCA decreased IL-6 [33,37,39], TNF-α [33,39], IL-1β [33,39] and PGE2
production [39], and inhibited ERK, NF-κB p65 activation [33].

PGA Anti-inflammatory Mice, Human

PGA decreased serum levels of MCP-1 and TNF-α in high fat
diet-induced mice [41]; PGA inhibited the production of IL-1β and
IL-6 in human whole blood cultures after LPS stimulation, but no

significant difference (p > 0.01) [40].
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Table 1. Cont.

C3G-Ms
Biological
Functions

Objects Results

VA

Antioxidant Hamsters, mice, rats VA increased SOD [43,44], catalase [43,44], GPx [43,44], vitamin E
[43,44], vitamin C [43,44] and GSH [43–45] levels.

Anti-inflammatory Rats, mice, macrophages
VA inhibited caspase-1, NF-κB and MAPKs activation [45–47],

decreased production of COX-2, PGE2 and NO [46], and reduced the
levels of TNF-α [45,46], IL-6 [46,55], IL-1β [45] and IL-33 [45].

FA

Antioxidant Rats, mice, IEC-6 cells
FA decreased the production of ROS [45–47], MDA [49], NO [49],
enhanced SOD [48,49] and CAT [48,51] activity, and promoted the

activation of Nrf2 [51].

Anti-inflammatory HUVEC cells, mice, rats
FA decreased the expression of caspase-1 [52], ICAM-1 [52], VCAM-1

[52], IL-18 [52], IL-1β [50,52–54], IL-6 [50,54], TNF-α [53], and
inhibited the phosphorylation of p38 and IκB [52].

Notes: C3G-Ms, cyanidin-3-glucoside metabolites; CAT, catalase; COX-2, cyclooxygenase-2; ERK, extracellular
signal-regulated kinase; FA, ferulic acid; GSH, glutathione; ICAM-1, intercellular adhesion molecule-1; LPS,
lipopolysaccharide; MAPKs, mitogen-activated protein kinases; MCP-1, monocyte chemoattractant protein-1; MDA,
malondialdehyde; NF-κB, nuclear factor-κB; NO, nitric oxide; PCA, protocatechuic acid; PGA, phloroglucinaldehyde;
PGE2, prostaglandin E2; ROS, reactive oxygen species; T-AOC, total antioxidant capacity; VA, vanillic acid; VCAM-1,
vascular cell adhesion molecule-1; SOD, superoxide dismutase; TNF-α, tumor necrosis factor-α.

4. Crosstalk between Gut Microbiota and C3G&C3G-Ms

Bacteria can use phenolic compounds as substrates to obtain energy [56,57] and to form
fermentable metabolites which can exert bioactive functions similar to parent anthocyanins [58],
and thus, gut microbiota play an important role in the metabolism of anthocyanins and the secondary
phenolic metabolites after the removal of anthocyanins’ sugar moiety [59].

PCA has already been proven as the gut microbiota metabolite of C3G [60], as Lactobacillus and
Bifidobacterium have the maximum ability to produce the β-glucosidase so that anthocyanins are
transformed to PCA [61]. Lactobacillus and Bifidobacterium are also observed to produce p-coumaric acid
and FA under different carbon sources [57,62], while Bacillus subtilis and Actinomycetes are involved in
the bioconversion of VA to guaiacol [63].

On the other hand, anthocyanins are capable of modulating the growth of special intestinal
bacteria [24] and increasing microbial abundances [64]. Anthocyanins have been reported to increase
the relative abundance of beneficial bacteria such as Bifidobacterium and Akkermansia, which are believed
to be closely related to anti-inflammatory effects [24,65]. Monofloral honey from Prunella Vulgaris, rich in
PCA, VA, and FA, showed protective effects against dextran sulfate sodium-induced ulcerative colitis in
rats potentially through restoring the relative abundance of Lactobacillus [66]. Our previous studies also
found that the Lonicera caerulea L. berry rich in C3G could attenuate inflammation potentially through
the modulation of gut microbiota, especially the ratio of Firmicutes to Bacteroidetes in a mouse model of
experimental non-alcoholic fatty liver disease [67]. Nevertheless, another study revealed that propolis
rich in PCA, VA, and FA could suppress intestinal inflammation in a rat model of dextran sulfate
sodium-induced colitis potentially by reducing the population of Bacteroides spp [68]. This may be
because of the inhibitory and lethal effects on pathogenic bacteria by anthocyanins and their metabolites.
PCA has been reported to inhibit the growth of E. coli, P. aeruginosa, and S. aureus [69]. VA can decrease
the cucumber rhizosphere total bacterial Pseudomonas and Bacillus spp. community by changing their
compositions [70]. FA is identified as highly effective against the growth of Botrytis cinerea isolated
from grape [71]. Table 2 shows the microbial species that can biotransform C3G&C3G-Ms and the
bacteriostasis effects of C3G-Ms.

The mechanisms underlying the anti-microbial effect of anthocyanins are not clear yet. Ajiboye
et al. have pointed out that PCA may induce oxidative stress in gram-negative bacteria [69], that is,
PCA can combine with O2 to form •O2−, which attacks the polyunsaturated fatty acid components of the
membrane to cause lipid peroxidation, and attacks the thiol group of protein to cause protein oxidation.
To be more precise, •O2− can be continually produced by autoxidation of PCA and semiquinone
oxidation through the inhibition of NADH-quinone oxidoreductase (NQR) and succinate-quinone
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oxidoreductase (SQR). Although SOD converts •O2− to H2O2, which can be finally changed to H2O
and O2 by catalase, excessive H2O2 produces •OH during the Fenton reaction (Fe2+→Fe3+), and •OH
attacks the base of DNA and results in DNA breakage. In addition, the suppression of NQR and SQR
may lead to ATP depletion. Finally, bacterial death could be induced by lipid peroxidation, protein
oxidation, DNA breakage, and ATP depletion. (Figure 2).

Table 2. Crosstalk between C3G&C3G-Ms and microorganism.

Microbial Species Features Bioconversion Bacteriostasis

Lactobacillus (L. paracasei, B. lactis and B. dentium)
and Bifidobacterium

Gram-positive
anaerobes

C3G and cyanidin
3-rutinoside→PCA [60,61]

PCA—|E. coli, P. aeruginosa
and S. aureus [69]

Lactobacillus (L. acidophilus K1 ) and
Bifidobacterium (B. catenulatum KD 14, B. longum

KN 29 and B. animalis Bi30)

Gram-positive
anaerobes

Methyl esters of phenolic
acids→FA [57,62] FA—|Botrytis cinerea [71]

Bacillus subtilis and Actinomycetes (Streptomyces sp.
A3, Streptomyces sp. A5 and Streptomyces sp. A13)

Gram-positive
facultative anaerobes VA→guaiacol [63] VA—|Pseudomonas and

Bacillus spp. [70]

Notes: →, generate; —|, inhibit.

Given these, interactions between C3G&C3G-Ms and gut microbiota can improve the
bioavailability of C3G. C3G&C3G-Ms potentially ameliorate micro-ecological dysbiosis by inhibiting
gram-negative bacteria. But it is worth noting that a few studies have demonstrated that
the over-consumption of polyphenols had significant negative effects on reproduction and
pregnancy [72–74]. Although it is inexplicit whether there is a correlation with the changes of gut
microbiota composition, the negative effects of polyphenols-mediated modulation of gut microbiota
should be focused on.

Figure 2. Potential mechanisms underlying the lethal effect of PCA on gram-negative bacteria.
Autoxidation of PCA and semiquinone oxidation through the inhibition of NADH-quinone
oxidoreductase (NQR) and succinate-quinone oxidoreductase (SQR) can cause ATP depletion and
produce •O2−, which attacks the polyunsaturated fatty acid components of the membrane to cause lipid
peroxidation and attacks the thiol group of protein to cause protein oxidation. Although SOD converts
•O2- to H2O2, which can be finally changed to H2O and O2 by catalase, excessive H2O2 produces •OH
during the Fenton reaction (Fe2+→Fe3+), and •OH attacks DNA bases to cause DNA fragmentation.
Ultimately, lipid peroxidation, protein oxidation, DNA fragmentation, and ATP depletion induce
bacterial death. PCA, protocatechuic acid; SOD, superoxide dismutase.

5. The Potential Mechanisms of C3G&C3G-Ms against Intestinal Injury

Multiple studies have shown that C3G&C3G-Ms have an essential role in intestinal health [55,75,76].
The potential mechanisms of C3G&C3G-Ms against intestinal injury are considered as they act in
a synergistic manner between the antioxidant, anti-inflammatory, and anti-apoptosis function.
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5.1. Antioxidant

The protective effect of C3G&C3G-Ms against intestinal injury is largely based on their antioxidant
ability. On the one hand, C3G, along with its bioactive phenolic metabolites, including PCA,
VA, and FA, can up-regulate the antioxidant enzyme system, such as increasing the activities of
manganese-dependent superoxide dismutase (MnSOD) [34] and GSH [34,77]. On the other hand,
they can also down-regulate the pro-oxidant system, such as decrease the expression of cyclooxygenase-2
(COX-2) [77,78] and inducible nitric oxide synthase (iNOS) [77,78], and thus, decreasing the production
of free radicals, including ROS [79] and reactive nitrogen species (RNS) [78]. Our previous study
has shown that the Lonicera caerulea L. berry rich in C3G may enhance the expression of nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) and MnSOD during the earlier response in LPS-induced
macrophages [80].

Nrf2 is a transcription factor with a basic leucine zipper (bZIP) that regulates the expression
of antioxidant enzymes. Under normal conditions, Nrf2 is kept in ubiquitination by Cullin 3 and
Kelch like-ECH-associated protein 1 (KEAP1), which facilitates ubiquitination of Nrf2. In this regard,
Nrf2 forms a virtuous cycle so that it does not come into the nucleus to bind with the antioxidant
response element (ARE) to modulate the transcription of down-stream genes. Once upon oxidative
stress, Nrf2 can be released from KEAP1 to enter the nucleus with the disruption of cysteine residues in
KEAP1 [81], or the activation of protein kinase C (PKC) [82], extracellular signal-regulated kinase (ERK)
or p38 MAPKs [83], GSK-3β [84], and phosphoinositide 3-kinase (PI3K) [85]. In the nucleus, Nrf2 binds
with ARE and other bZIP proteins (like small Maf) to induce down-stream genes to transcribe.

The bioactive phenolic metabolites of C3G have also been reported to activate Nrf2. PCA may
increase the activities of glutathione reductase (GR) and glutathione peroxidase (GPx) by the c-Jun
NH2-terminal kinase (JNK)-mediated Nrf2 pathway in murine macrophages, as silencing of the JNK
gene expression can attenuate the PCA-induced nuclear accumulation of Nrf2 [86]. FA potentially
induces the expression of Nrf2 and HO-1 via the activation of the PI3K/Akt pathway, as the specific
PI3K/Akt inhibitor can suppress FA-induced Nrf2 and HO-1 expression, and block the FA-induced
increase in occludin and ZO-1 protein expression in rat intestinal epithelial cells [49]. The potential
mechanisms underlying the C3G-Ms induced expression of Nrf2 is summarized in Figure 3.

Figure 3. Potential mechanisms underlying the C3G-Ms regulated Nrf2 system. PCA and FA may
induce the nuclear translocation of Nrf2 via JNK and PI3K/Akt pathways, respectively. FA, ferulic
acid; GPx, glutathione peroxidase; GR, glutathione reductase; JNK, c-Jun NH2-terminal kinase;
KEAP1, Kelch like-ECH-associated protein 1; Nrf2, nuclear factor (erythroid-derived 2)-like 2; PCA,
protocatechuic acid; PI3K, phosphatidylinositol 3-Kinase.
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5.2. Anti-Inflammatory

Endotoxin produced by dysbacteriosis is considered as the major trigger of inflammation in
intestines [87,88]. When gram-negative bacteria such as Escherichia coli and Salmonella predominate in
gut, bacterial lipopolysaccharide (LPS) can form a complex called LPS binding proteins (LBP) to be
associated with pattern recognition receptors (CD14) which locate on the cell membrane, and then
activate toll-like receptors (TLRs), such as the TLR4 pathway, to induce inflammatory reactions in
different types of cells, such as epithelial cells and immune cells [24]. TLR4 dimerizes itself and
induces two major pathways, the myeloid differentiation factor 88 (MyD88)-dependent pathway
and MyD88-independent pathway. In the dependent pathway, MyD88-induced phosphorylation of
interleukin receptor-associated kinases 1 (IRAK1) and IRAK4 can activate the tumor necrosis-associated
factor 6 (TRAF-6) adapter protein, which forms a complex with the enzymes that activate transforming
growth factor beta-activated kinase-1 (TAK1) during ubiquitination. Then TAK1 induces the
phosphorylation of the inhibitor kinase complex (IKKβ), which further induces the decoupling
of NFκB in the dimer of NFκBp50 and NFκBp65 by degrading its inhibitory protein IκB. Finally,
NFκB enters the nucleus and modulates the expression of a series of inflammatory cytokine genes [24].

Overexpression of inflammatory cytokines largely influences the expression of epithelial tight
junctions (TJs) such as zonula occludens-1 (ZO-1), occludin, and claudin [89,90], which increase cellular
permeability and give more access for LPS to enter cells [91,92]. The pro-inflammatory cytokines,
like TNF-α, IFN-γ, and IL-1β, can induce an increase in intestinal TJ permeability potentially through
the activation of myosin light chain kinase (MLCK), which appeared to be an important pathogenic
mechanism contributing to the development of intestinal inflammation [93]. Another factor that
aggravates intestinal inflammation is that macrophages can be recruited to adhere and infiltrate into
inflammatory sites through chemokines and intercellular adhesion molecule-1 (ICAM-1), which is
largely increased by the activation of the NF-κB signaling pathway [94] among several cell types
including leukocytes, endothelial cells, and macrophages [95].

In addition to the influence on gut microbiota, the inhibitory effect of anthocyanins on epithelial
inflammation is another important factor that acts against intestinal injury [64,76]. Ferrari et al. have
demonstrated that the main protective effect of C3G in chronic gut inflammatory diseases is derived
from the selective inhibition of the NF-κB pathway in epithelial cells [76]. Our previous studies
have also shown that the Lonicera caerulea L. berry rich in C3G can inhibit LPS-induced inflammation
potentially through TAK1-mediated mitogen-activated protein kinase (MAPK) and NF-κB pathways
in an LPS-induced mouse paw edema and macrophage cell model [80]. Although the metabolites
of C3G are complicated, recent studies have revealed that phenolic metabolites identified in blood
circulation, such as PCA, PGA, VA, and FA, may modulate inflammatory signaling pathways. PCA,
VA, and FA can suppress the production of ICAM-1, and thus, alleviate inflammatory infiltration and
damage in vascular endothelial cells [52,96]. In a mouse colitis model, PCA can decrease both mRNA
levels and protein concentration of Sphingosine kinases (SphK), which induces the phosphorylation of
sphingosine to form sphingosine-1-phosphate (S1P), but increase the expression of S1P lyase (S1PL)
which irreversibly degrade S1P, and thus, inhibit SphK/S1P pathway-mediated activation of the NF-κB
pathway through S1P receptors (S1PR) [33]. The main mechanism of VA on inflammation is that it can
down-regulate the MAPK pathway by suppressing the phosphorylation of ERK, JNK, and p38 [47]. It is
reported that FA may prevent macrophages from responding to LPS, potentially through target myeloid
differentiation factor 88 (MyD88) mediated pro-inflammatory signaling pathways [50,97], while other
studies suggested that FA may increase the expression of TJs, such as occludin and ZO-1 via regulating
HO-1 expression to prevent LPS enter the cells [52]. In our previous studies, both C3G and its phenolic
metabolites showed inhibitory effects on LPS-activated inflammatory pathways in macrophages,
and C3G can directly bind to TAK1 and ERK1/2, while PGA, one of phase I metabolites, can also
directly bind to ERK1/2 [41,80]. These studies suggest that C3G and its phenolic metabolites may
attenuate both a primary and secondary inflammatory response and by inactivating pro-inflammatory
pathways and enhancing cellular barrier function (Figure 4).

103



Antioxidants 2019, 8, 479

Figure 4. Potential mechanisms of C3G&C3G-Ms in attenuating intestinal inflammation. C3G and
its phenolic metabolites mainly modulate inflammation by three ways, first, to suppress the
production of chemotactic factors such as ICAM-1 and thus alleviate inflammatory infiltration, second,
to down-regulate inflammatory pathways such as TAK1-mediated MAPK pathway and SphK/S1P
mediated NF-κB pathway, finally, the down-regulated inflammatory pathways, and up-regulated
antioxidant pathway, as mentioned in Figure 3, will maintain sufficient expression of tight junction
proteins such as ZO-1 to promote normal intestinal barrier function, and thus prevent LPS from
entering mucosal cells. C3G, cyanidin 3-glucoside; FA, ferulic acid; ICAM-1, intercellular adhesion
molecule-1; PCA, protocatechuic acid; PGA, phloroglucinaldehyde; SphK, Sphingosine kinases; S1P,
sphingosine-1-phosphate; TAK1, transforming growth factor beta-activated kinase-1; VA, vanillic acid.

5.3. Anti-Apoptosis

Under normal conditions, the homeostasis between apoptosis and proliferation of intestinal
epithelial cells regulates the normal morphological structure and physiological function of the
intestinal tract [98]. However, pathological factors, such as intestinal flora disorder, may induce local
inflammation and subsequently, the infiltration of immune cells, such as leukocytes, that can be easily
activated by microbial products causing the overproduction of RNS and ROS, which finally causes
abnormal apoptosis among intestinal cells [34,99,100]. Although mechanisms underlying apoptosis
are complicated, it has been considered that apoptosis is mainly mediated by two ways [101]. On the
one hand, pro-apoptotic factors such as ROS may change mitochondrial permeability and induce the
release of second mitochondria-derived activator of caspases (SMACs) into the cytoplasm to bind and
inactivate the inhibitor of apoptosis proteins (IAPs) like Bcl-2 [102,103], which inhibit the activation of
caspase and contribute to protecting intestinal epithelial cells from apoptosis [104]. On the other hand,
increased mitochondrial permeability can also cause the release of cytochrome c (Cyto C), the inducer of
apoptotic protease activating factor-1 (Apaf-1), through the mitochondrial apoptosis-induced channel
(MAC), which is generally suppressed by Bcl-2 family proteins [105], to induce the production of
caspase 9 and caspase 3 and promote apoptosis [105].

The effects of C3G on apoptosis are various in different cell models. It has been reported that
C3G can potentially inhibit human colon cancer cell proliferation through promoting apoptosis and
suppressing angiogenesis [106,107]. But in other normal cases, C3G showed the protective effects on
gastrointestinal cells, as well as endothelial cells, and obviously inhibited apoptosis by regulating
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apoptosis associated proteins, such as reducing the cytoplasmatic levels in Bax [108] and inhibiting
the expression of caspase-8 [109], caspase-9 [108], and caspase-3 [108,109] to attenuate gastrointestinal
damage. The impacts of C3G-Ms on apoptosis are similar to C3G, and multiple studies have suggested
that PCA [35,36,100] and FA [110,111] may act against apoptosis in various models, although other
studies revealed that C3G-Ms (PCA, FA) might promote apoptosis of colorectal adenocarcinoma
cells [112]. The mechanism of C3G-Ms against apoptosis is still unclear, but a recent study has shown
that in addition to the direct quenching of ROS, PCA may inhibit the expression of pro-apoptotic Bax
in mitochondria and subsequently, increase the ratio of Bcl-2/Bax to reduce the production of caspase 8,
caspase 9, and caspase 3 in injured gastrointestinal mucosa (Figure 5) [36].

Figure 5. Potential mechanisms of C3G&C3G-Ms against apoptosis in intestinal epithelial cells.
Intestinal flora disorder can induce the overproduction of pro-apoptotic factors such as ROS to increase
mitochondrial permeability and cause the release of SMACs to bind and inactivate IAPs, such as Bcl-2.
Since IAPs inhibit the activation of MAC and caspase to inhibit apoptosis, the inactivation of IAPs
will induce the release of Cyto C through MAC, and subsequently induce the expression of Apaf-1
and caspase to cause apoptosis. C3G and its metabolites PCA can directly quench ROS and activate
IAPs to inhibit the release of Cyto C and expression of caspases. Apaf-1, apoptotic protease activating
factor-1; Cyto C, cytochrome C; C3G, cyanidin 3-glucoside; IAPs, inhibitor of apoptosis proteins; MAC,
mitochondrial apoptosis-induced channel; PCA, protocatechuic acid; ROS, reactive oxygen species;
SMACs, second mitochondria-derived activator of caspases.

6. Conclusions

Due to the strong antioxidant and anti-inflammatory properties, anthocyanins present in natural
products offer great hope as an alternative therapy for chronic disorders, such as cardiovascular
disease, fatty liver disease, inflammatory bowel disease, and glucose-lipid metabolism disorders.
Maintaining the gut integrity plays an important role in the health-promoting functions of anthocyanins,
as the intestinal tract is not only the main place for digestion and absorption of food but also the
first defense barrier against external pathogens and stimulus. It is commonly believed that the
degradation of anthocyanins in the gastrointestinal tract decreases their bioavailability; however, recent
studies based on the microbiome and metabonomics have suggested that the interaction between
natural bioactive compounds and gut microbiota may potentially increase health benefits. On the
one hand, anthocyanins can modulate the gut microbiota composition through either bacteriostasis
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effect or as nutrients to promote the growth of specific microbes. On the other hand, gut microbiota
may break down anthocyanins to form multiple metabolites, which are absorbed into the systemic
circulation to exert positive or negative effects. Thus, understanding the interactions between
anthocyanins and microorganisms, as well as the effects of anthocyanin-derived metabolites on cellular
signaling pathways, is necessary for the rational use of anthocyanins. The breakdown of C3G in the
gastrointestinal tract generates a series of secondary phenolic metabolites, which take up the main part
of C3G-derived bioactive phenolics in circulation. Those metabolites, such as PCA, PGA, VA, and FA,
not only regulate the gut microbiota potentially by their lethal effects on microorganisms but also affect
the Nrf2-mediated antioxidant system and inflammatory pathways, such as the TAK1-mediated MAPK
pathway and SphK/S1P mediated NF-κB pathway. Based on this, C3G and its metabolites improve
the microenvironment and attenuate the oxidative stress and inflammation to reduce the cell death of
enterocytes, which ultimately maintain intestinal integrity and function. However, species-specific
microbial communities and their products affected by C3G and its bioactive metabolites, and how
those products regulate signaling pathways and physiological responses are still not clear. Future
studies based on multi-omics analysis will provide an insight into both the health benefits and negative
effects of C3G and contribute to the rational use of this common natural anthocyanin.

Author Contributions: Writing—original draft preparation, J.T. and Y.L.; Writing—review and editing, S.W. and
D.-X.H.; supervision, S.W.

Funding: The authors gratefully acknowledge the support from the National Natural Science Foundation of
China (31772819), Hunan Provincial Natural Science Foundation for Distinguished Young Scholars (2019JJ30012),
and Double-First-Class Construction Project of Hunan Province (kxk201801004).

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

Abbreviations

ARE, antioxidant response element; bZIP, basic leucine zipper; CAT, catalase; COX-2, cyclooxygenase-2; C3G,
cyanidin-3-glucoside; Cyto C, cytochrome c; ERK, extracellular signal-regulated kinase; FA, ferulic acid; GPx,
glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; IAPs, inhibitor of apoptosis proteins; ICAM-1,
intercellular adhesion molecule-1; IKK, IκB kinases; IRAK, interleukin receptor-associated kinases; iNOS, inducible
nitric oxide synthase; IVA, isovanillic acid; JNK, c-Jun NH2-terminal kinase; KEAP1, kelch like-ECH-associated
protein 1; LBP, LPS binding proteins; LPS, lipopolysaccharide; MAC, mitochondrial apoptosis-induced channel;
MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; MLCK, myosin light chain kinase; MnSOD,
manganese-dependent superoxide dismutase; MyD88, myeloid differentiation factor 88; NF-κB, nuclear factor-κB;
NQR, NADH-quinone oxidoreductase; Nrf2, nuclear factor (erythroid-derived 2)-like 2; PCA, protocatechuic
acid; PGA, phloroglucinaldehyde; PGE2, prostaglandin E2; PI3K, phosphoinositide 3-kinase; PKB, protein
kinase B; PKC, protein kinase C; RNS, reactive nitrogen species; ROS, reactive oxygen species; SMACs, second
mitochondria-derived activator of caspases; S1P, sphingosine-1-phosphate; S1PL, S1P lyase; S1PR, S1P receptors;
SphK, sphingosine kinases; SQR, succinate-quinone oxidoreductase; TAK1, transforming growth factor beta
activated kinase-1; T-AOC, total antioxidant capacity; TJs, tight junctions; TLR4, toll-like receptor 4; TNF-α, tumor
necrosis factor-alpha; TRAF, tumor necrosis-associated factor; VA, vanillic acid; ZO-1, zonula occludens-1.

References

1. Amin, H.P.; Czank, C.; Raheem, S.; Zhang, Q.; Botting, N.P.; Cassidy, A.; Kay, C.D. Anthocyanins and their
physiologically relevant metabolites alter the expression of IL-6 and VCAM-1 in CD40L and oxidized LDL
challenged vascular endothelial cells. Mol. Nutr. Food Res. 2015, 59, 1095–1106. [CrossRef] [PubMed]

2. You, Y.; Yuan, X.; Liu, X.; Liang, C.; Meng, M.; Huang, Y.; Han, X.; Guo, J.; Guo, Y.; Ren, C.; et al.
Cyanidin-3-glucoside increases whole body energy metabolism by upregulating brown adipose tissue
mitochondrial function. Mol. Nutr. Food Res. 2017, 61, 1700261. [CrossRef] [PubMed]

3. Tremblay, F.; Waterhouse, J.; Nason, J.; Kalt, W. Prophylactic neuroprotection by blueberry-enriched diet in
a rat model of light-induced retinopathy. J. Nutr. Biochem. 2013, 24, 647–655. [CrossRef] [PubMed]

4. Wu, S.; Yano, S.; Hisanaga, A.; He, X.; He, J.; Sakao, K.; Hou, D.-X. Polyphenols from Lonicera caerulea L. berry
attenuate experimental nonalcoholic steatohepatitis by inhibiting proinflammatory cytokines productions
and lipid peroxidation. Mol. Nutr. Food Res. 2017, 61, 1600858. [CrossRef] [PubMed]

106



Antioxidants 2019, 8, 479

5. Ferrari, D.; Speciale, A.; Cristani, M.; Fratantonio, D.; Molonia, M.S.; Ranaldi, G.; Saija, A.; Cimino, F.
Cyanidin-3-O-glucoside inhibits NF-kB signalling in intestinal epithelial cells exposed to TNF-alpha and
exerts protective effects via Nrf2 pathway activation. Toxicol. Lett. 2016, 264, 51–58. [CrossRef]

6. Rice-Evans, C.; Miller, N.; Paganga, G. Antioxidant properties of phenolic compounds. Trends Plant Sci. 1997,
2, 152–159. [CrossRef]

7. Bharat, D.; Ramos, R.; Cavalcanti, M.; Petersen, C.; Begaye, N.; Cutler, B.R.; Costa, M.M.A.; Ramos, R.K.L.G.;
Ferreira, M.R.; Li, Y.; et al. Blueberry metabolites attenuate lipotoxicity-induced endothelial dysfunction.
Mol. Nutr. Food Res. 2018, 62, 1700601. [CrossRef]

8. De Ferrars, R.M.; Czank, C.; Zhang, Q.; Botting, N.P.; Kroon, P.A.; Cassidy, A.; Kay, C.D. The pharmacokinetics
of anthocyanins and their metabolites in humans. Br. J. Pharmacol. 2014, 171, 3268–3282. [CrossRef]

9. Ma, Y.; Chen, F.; Yang, S.; Chen, B.; Shi, J. Protocatechuic acid ameliorates high glucose-induced extracellular
matrix accumulation in diabetic nephropathy. Biomed. Pharmacother. 2018, 98, 18–22. [CrossRef]

10. Jang, S.-A.; Song, H.S.; Kwon, J.E.; Baek, H.J.; Koo, H.J.; Sohn, E.-H.; Lee, S.R.; Kang, S.C. Protocatechuic acid
attenuates trabecular bone loss in ovariectomized mice. Oxidative Med. Cell. Longev. 2018, 2018, 7280342.
[CrossRef]

11. Molehin, O.R.; Adeyanju, A.A.; Adefegha, S.A.; Akomolafe, S.F. Protocatechuic acid mitigates
adriamycin-induced reproductive toxicities and hepatocellular damage in rats. Comp. Clin. Pathol.
2018, 27, 1681–1689. [CrossRef]

12. Jang, S.-E.; Choi, J.-R.; Han, M.J.; Kim, D.-H. The preventive and curative effect of cyanidin-3β-D-glycoside
and its metabolite protocatechuic acid against TNBS-induced colitis in mice. Nat. Prod. Sci. 2016, 22, 282–286.
[CrossRef]

13. Bhavani, P.; Subramanian, P.; Kanimozhi, S. Preventive efficacy of vanillic acid on regulation of redox
homeostasis, matrix metalloproteinases and cyclin D1 in rats bearing endometrial carcinoma. Indian J. Clin.
Biochem. 2017, 32, 429–436. [CrossRef] [PubMed]

14. Rasheeda, K.; Bharathy, H.; Fathima, N.N. Vanillic acid and syringic acid: Exceptionally robust aromatic
moieties for inhibiting in vitro self-assembly of type I collagen. Int. J. Biol. Macromol. 2018, 113, 952–960.
[CrossRef] [PubMed]

15. Khoshnam, S.E.; Farbood, Y.; Moghaddam, H.F.; Sarkaki, A.; Badavi, M.; Khorsandi, L. Vanillic acid attenuates
cerebral hyperemia, blood-brain barrier disruption and anxiety-like behaviors in rats following transient
bilateral common carotid occlusion and reperfusion. Metab. Brain Dis. 2018, 33, 785–793. [CrossRef]

16. Tanihara, F.; Hirata, M.; Nhien, N.T.; Hirano, T.; Kunihara, T.; Otoi, T. Effect of ferulic acid supplementation
on the developmental competence of porcine embryos during in vitro maturation. J. Vet. Med Sci. 2018, 80,
1007–1011. [CrossRef]

17. Peresa, D.D.A.; Sarrufb, F.D.; de Oliveirac, C.A.; Velascoa, M.V.R.; Babya, A.R. Ferulic acid photoprotective
properties in association with UV filters: Multifunctional sunscreen with improved SPF and UVA-PF. J.
Photochem. Photobiol. B Biol. 2018, 185, 46–49. [CrossRef]

18. Bumrungpert, A.; Lilitchan, S.; Tuntipopipat, S.; Tirawanchai, N.; Komindr, S. Ferulic acid supplementation
improves lipid profiles, oxidative stress, and inflammatory status in hyperlipidemic subjects: A randomized,
double-blind, placebo-controlled clinical trial. Nutrients 2018, 10, 713. [CrossRef]

19. Zhang, S.; Wang, P.; Zhao, P.; Wang, D.; Zhang, Y.; Wang, J.; Chen, L.; Guo, W.; Gao, H.; Jiao, Y. Pretreatment
of ferulic acid attenuates inflammation and oxidative stress in a rat model of lipopolysaccharide-induced
acute respiratory distress syndrome. Int. J. Immunopathol. Pharmacol. 2018, 32, 394632017750518. [CrossRef]

20. Esposito, D.; Damsud, T.; Wilson, M.; Grace, M.H.; Strauch, R.; Li, X.; Lila, M.A.; Komarnytsky, S. Black currant
anthocyanins attenuate weight gain and improve glucose metabolism in diet-induced obese mice with intact,
but not disrupted, gut microbiome. J. Agric. Food Chem. 2015, 63, 6172–6180. [CrossRef]

21. Yang, P.; Yuan, C.; Wang, H.; Han, F.; Liu, Y.; Wang, L.; Liu, Y. Stability of Anthocyanins and Their Degradation
Products from Cabernet Sauvignon Red Wine under Gastrointestinal pH and Temperature Conditions.
Molecules 2018, 23, 354. [CrossRef] [PubMed]

22. Cai, H.; Thomasset, S.C.; Berry, D.P.; Garcea, G.; Brown, K.; Stewarda, W.P.; Gescher, A.J. Determination of
anthocyanins in the urine of patients with colorectal liver metastases after administration of bilberry extract.
Biomed. Chromatogr. 2011, 25, 660–663. [CrossRef] [PubMed]

23. Talavera, S.; Felgines, C.; Texier, O.; Besson, C.; Lamaison, J.-L.; Remesy, C. Anthocyanins are efficiently
absorbed from the stomach in anesthetized rats. J. Nutr. 2003, 133, 4178–4182. [CrossRef] [PubMed]

107



Antioxidants 2019, 8, 479

24. Moraisa, C.A.; de Rossoa, V.V.; Estadellaa, D.; Pisani, L.P. Anthocyanins as inflammatory modulators and the
role of the gut microbiota. J. Nutr. Biochem. 2016, 33, 1–7. [CrossRef] [PubMed]

25. Jim, F. Some anthocyanins could be efficiently absorbed across the gastrointestinal mucosa: Extensive
presystemic metabolism reduces apparent bioavailability. J. Agric. Food Chem. 2014, 62, 3904–3911.

26. Castañeda-Ovando, A.; de Lourdes Pacheco-Hernández, M.; Páez-Hernández, M.E.; Rodríguez, J.A.;
Galán-Vidal, C.A. Chemical studies of anthocyanins: A review. Food Chem. 2009, 113, 859–871. [CrossRef]

27. Aura, A.-M.; Martin-Lopez, P.; O’Leary, K.A.; Williamson, G.; Oksman-Caldentey, K.M.; Poutanen, K.;
Santos-Buelga, C. In vitro metabolism of anthocyanins by human gut microflora. Eur. J. Nutr. 2005, 44,
133–142. [CrossRef] [PubMed]

28. Hanske, L.; Engst, W.; Loh, G.; Sczesny, S.; Blaut, M.; Braune, A. Contribution of gut bacteria to the metabolism
of cyanidin 3-glucoside in human microbiota-associated rats. Br. J. Nutr. 2013, 109, 1433–1441. [CrossRef]

29. Zhang, X.; Sandhu, A.; Edirisinghe, I.; Burton-Freeman, B. An exploratory study of red raspberry
(Rubus idaeus L.) (poly)phenols/metabolites in human biological samples. Food Funct. 2018, 9, 806–818.
[CrossRef]

30. Vitaglione, P.; Donnarumma, G.; Napolitano, A.; Galvano, F.; Gallo, A.; Scalfi, L.; Fogliano, V. Protocatechuic
acid is the major human metabolite of cyanidin-glucosides. J. Nutr. 2007, 137, 2043–2048. [CrossRef]

31. Safaeiana, L.; Emamia, R.; Hajhashemia, V.; Haghighatian, Z. Antihypertensive and antioxidant effects of
protocatechuic acid in deoxycorticosterone acetate-salt hypertensive rats. Biomed. Pharmacother. 2018, 100,
147–155. [CrossRef] [PubMed]

32. Lende, A.B.; Kshirsagar, A.D.; Deshpande, A.D.; Muley, M.M.; Patil, R.R.; Bafna, P.A.; Naik, S.R.
Anti-inflammatory and analgesic activity of protocatechuic acid in rats and mice. Inflammopharmacology 2011,
19, 255–263. [CrossRef] [PubMed]

33. Crespo, I.; San-Miguel, B.; Mauriz, J.L.; Ortiz de Urbina, J.; Almar, M.; Tuñón, M.J.; González-Gallego, J.
Protective effect of protocatechuic acid on TNBS-induced colitis in mice is associated with modulation of the
SphK/S1P signaling pathway. Nutrients 2017, 9, 288. [CrossRef] [PubMed]

34. Ma, L.; Wang, G.; Chen, Z.; Li, Z.; Yao, J.; Zhao, H.; Wang, S.; Ma, Z.; Chang, H.; Tian, X. Modulating the
p66shc signaling pathway with protocatechuic acid protects the intestine from ischemia-reperfusion injury
and alleviates secondary liver damage. Sci. World J. 2014, 2014, 1–11. [CrossRef] [PubMed]

35. Varì, R.; Scazzocchio, B.; Santangelo, C.; Filesi, C.; Galvano, F.; D’Archivio, M.; Masella, R.; Giovannini, C.
Protocatechuic acid prevents oxLDL-induced apoptosis by activating JNK/Nrf2 survival signals in
macrophages. Oxid. Med. Cell. Longev. 2015, 2015, 1–11. [CrossRef] [PubMed]

36. Cheng, Y.T.; Lin, J.A.; Jhang, J.J.; Yen, G.C. Protocatechuic acid-mediated DJ-1/PARK7 activation followed by
PI3K/mTOR signaling pathway activation as a novel mechanism for protection against ketoprofen-induced
oxidative damage in the gastrointestinal mucosa. Free Radic. Biol. Med. 2019, 130, 35–47. [CrossRef]
[PubMed]

37. Amini, A.M.; Spencer, J.P.E.; Yaqoob, P. Effects of pelargonidin-3-O-glucoside and its metabolites on
lipopolysaccharide-stimulated cytokine production by THP-1 monocytes and macrophages. Cytokine 2018,
103, 29–33. [CrossRef]

38. Wang, H.-Y.; Wang, H.; Wang, J.-H.; Wang, Q.; Ma, Q.-F.; Chen, Y.-Y. Protocatechuic acid inhibits inflammatory
responses in LPS-stimulated BV2 Microglia via NF-kappaB and MAPKs signaling pathways. Neurochem. Res.
2015, 40, 1655–1660. [CrossRef]

39. Lin, C.-Y.; Huang, C.-S.; Huang, C.-Y.; Yin, M.-C. Anticoagulatory, antiinflammatory, and antioxidative effects
of protocatechuic acid in diabetic mice. J. Agric. Food Chem. 2009, 57, 6661–6667. [CrossRef]

40. Amini, A.M.; Muzs, K.; Spencer, J.P.; Yaqoob, P. Pelargonidin-3-O-glucoside and its metabolites have modest
anti-inflammatory effects in human whole blood cultures. Nutr. Res. 2017, 46, 88–95. [CrossRef]

41. Wu, S.; Hu, R.; Tan, J.; He, Z.; Liu, M.; Li, Y.; He, X.; Hou, D.-X.; Luo, J.; He, J. Abstract WP534: Cyanidin
3-glucoside and its Metabolites Protect Against Nonalcoholic Fatty Liver Disease: Crosstalk Between Serum
Lipids, Inflammatory Cytokines and MAPK/ERK Pathway. Stroke 2019, 50 (Suppl. 1), AWP534. [CrossRef]

42. Amin, F.U.; Shah, S.A.; Kim, M.O. Vanillic acid attenuates Abeta1-42-induced oxidative stress and cognitive
impairment in mice. Sci. Rep. 2017, 7, 40753. [CrossRef] [PubMed]

43. Anbalagan, V.; Raju, K.; Shanmugam, M. Assessment of lipid peroxidation and antioxidant status in vanillic
acid treated 7,12-dimethylbenzaanthracene induced hamster buccal pouch carcinogenesis. J. Clin. Diagn.
Res. 2017, 11, BF01–BF04. [PubMed]

108



Antioxidants 2019, 8, 479

44. Vinothiya, K.; Ashokkumar, N. Modulatory effect of vanillic acid on antioxidant status in high fat diet-induced
changes in diabetic hypertensive rats. Biomed. Pharmacother. 2017, 87, 640–652. [CrossRef] [PubMed]

45. Calixto-Campos, C.; Carvalho, T.T.; Hohmann, M.S.; Pinho-Ribeiro, F.A.; Fattori, V.; Manchope, M.F.;
Zarpelon, A.C.; Baracat, M.M.; Georgetti, S.R.; Casagrande, R.; et al. Vanillic acid inhibits inflammatory pain
by inhibiting neutrophil recruitment, oxidative stress, cytokine production, and NFkB activation in mice. J.
Nat. Prod. 2015, 78, 1799–1808. [CrossRef] [PubMed]

46. Kim, M.-C.; Kim, S.-J.; Kim, D.-S.; Jeon, Y.-D.; Park, S.J.; Lee, H.S.; Um, J.-Y.; Hong, S.-H. Vanillic acid inhibits
inflammatory mediators by suppressing NF-kappaB in lipopolysaccharide-stimulated mouse peritoneal
macrophages. Immunopharmacol. Immunotoxicol. 2011, 33, 525–532. [CrossRef] [PubMed]

47. Jeong, H.-J.; Nam, S.-Y.; Kim, H.-Y.; Jin, M.H.; Kim, M.H.; Roh, S.S.; Kim, H.-M. Anti-allergic inflammatory
effect of vanillic acid through regulating thymic stromal lymphopoietin secretion from activated mast cells.
Nat. Prod. Res. 2018, 32, 2945–2949. [CrossRef] [PubMed]

48. Ghosh, S.; Chowdhury, S.; Sarkar, P.; Sil, P.C. Ameliorative role of ferulic acid against diabetes associated
oxidative stress induced spleen damage. Food Chem. Toxicol. 2018, 118, 272–286. [CrossRef]

49. He, S.; Guo, Y.; Zhao, J.; Xu, X.; Song, J.; Wang, N.; Liu, Q. Ferulic acid protects against heat stress-induced
intestinal epithelial barrier dysfunction in IEC-6 cells via the PI3K/Akt-mediated Nrf2/HO-1 signaling
pathway. Int. J. Hyperth. 2018, 35, 112–121. [CrossRef]

50. Szulc-Kielbik, I.; Kielbik, M.; Klink, M. Ferulic acid but not alpha-lipoic acid effectively protects THP-1-derived
macrophages from oxidant and pro-inflammatory response to LPS. Immunopharmacol. Immunotoxicol. 2017,
39, 330–337. [CrossRef]

51. Das, U.; Manna, K.; Khan, A.; Sinha, M.; Biswas, S.; Sengupta, A.; Chakraborty, A.; Dey, S. Ferulic acid
(FA) abrogates gamma-radiation induced oxidative stress and DNA damage by up-regulating nuclear
translocation of Nrf2 and activation of NHEJ pathway. Free Radic. Res. 2017, 51, 47–63. [CrossRef] [PubMed]

52. Liu, J.-L.; He, Y.-L.; Wang, S.; He, Y.; Wang, W.-Y.; Li, Q.-J.; Cao, X.-Y. Ferulic acid inhibits advanced glycation
end products (AGEs) formation and mitigates the AGEs-induced inflammatory response in HUVEC cells. J.
Funct. Foods 2018, 48, 19–26. [CrossRef]

53. Zhou, Q.; Gong, X.; Kuang, G.; Jiang, R.; Xie, T.; Tie, H.; Chen, X.; Li, K.; Wan, J.; Wang, B. Ferulic acid
protected from kidney ischemia reperfusion injury in mice: Possible mechanism through increasing adenosine
generation via HIF-1alpha. Inflammation 2018, 41, 2068–2078. [CrossRef] [PubMed]

54. Salazar-López, N.J.; Astiazarán-García, H.; González-Aguilar, G.A.; Loarca-Piña, G.; Ezquerra-Brauer, J.M.;
Domínguez Avila, J.A.; Robles-Sánchez, M. Ferulic acid on glucose dysregulation, dyslipidemia,
and inflammation in diet-induced obese rats: An integrated study. Nutrients 2017, 9, 675. [CrossRef]
[PubMed]

55. Kim, S.-J.; Kim, M.-C.; Um, J.-Y.; Hong, S.-H. The beneficial effect of vanillic acid on ulcerative colitis.
Molecules 2010, 15, 7208–7217. [CrossRef]

56. Nishitani, Y.; Sasaki, E.; Fujisawa, T.; Osawa, R. Genotypic analyses of lactobacilli with a range of tannase
activities isolated from human feces and fermented foods. Syst. Appl. Microbiol. 2004, 27, 109–117. [CrossRef]

57. Szwajgier, D.; Jakubczyk, A. Biotransformation of ferulic acid by Lactobacillus acidophilus K1 and selected
Bifidobacterium strains. Acta Sci. Pol. Technol. Aliment. 2010, 9, 45–59.

58. Gowd, V.; Bao, T.; Chen, W. Antioxidant potential and phenolic profile of blackberry anthocyanin extract
followed by human gut microbiota fermentation. Food Res. Int. 2019, 120, 523–533. [CrossRef]

59. Keppler, K.; Humpf, H.U. Metabolism of anthocyanins and their phenolic degradation products by the
intestinal microflora. Bioorganic Med. Chem. 2005, 13, 5195–5205. [CrossRef]

60. Wang, D.; Xia, M.; Yan, X.; Li, D.; Wang, L.; Xu, Y.; Jin, T.; Ling, W. Gut microbiota metabolism of anthocyanin
promotes reverse cholesterol transport in mice via repressing miRNA-10b. Circ. Res. 2012, 111, 967–981.
[CrossRef]

61. Braga, A.R.C.; Mesquita, L.M.D.S.; Martins, P.L.G.; Habu, S.; De Rosso, V.V.; Habu, S. Lactobacillus fermentation
of jussara pulp leads to the enzymatic conversion of anthocyanins increasing antioxidant activity. J. Food
Compos. Anal. 2018, 69, 162–170. [CrossRef]

62. Westfall, S.; Lomis, N. Ferulic acid produced by Lactobacillus fermentum NCIMB 5221 reduces symptoms of
metabolic syndrome in drosophila melanogaster. J. Microb. Biochem. Technol. 2016, 8, 272–284. [CrossRef]

109



Antioxidants 2019, 8, 479

63. Ãlvarez-RodrÃguez, M.L.; Belloch, C.; Villa, M.; Uruburu, F.; Larriba, G.; Coque, J.-J.R. Degradation of
vanillic acid and production of guaiacol by microorganisms isolated from cork samples. Fems Microbiol. Lett.
2003, 220, 49–55. [CrossRef]

64. Lee, S.; Keirsey, K.I.; Kirkland, R.; Grunewald, Z.I.; Fischer, J.G.; De La Serre, C.B. Blueberry Supplementation
Influences the Gut Microbiota, Inflammation, and Insulin Resistance in High-Fat-Diet-Fed Rats. J. Nutr. Nutr.
Dis. 2018, 148, 209–219. [CrossRef] [PubMed]

65. Zhao, S.; Liu, W.; Wang, J.; Shi, J.; Sun, Y.; Wang, W.; Ning, G.; Liu, R.; Hong, J. Akkermansia muciniphila
improves metabolic profiles by reducing inflammation in chow diet-fed mice. J. Mol. Endocrinol. 2016, 58,
1–14. [CrossRef] [PubMed]

66. Wang, K.; Wan, Z.; Ou, A.; Liang, X.; Guo, X.; Zhang, Z.; Wu, L.; Xue, X. Monofloral honey from a medical
plant, Prunella vulgaris, protected against dextran sulfate sodium-induced ulcerative colitis via modulating
gut microbial populations in rats. Food Funct. 2019, 10, 3828–3838. [CrossRef] [PubMed]

67. Wu, S.; Hu, R.; Nakano, H.; Chen, K.; Liu, M.; He, X.; Zhang, H.; He, J.; Hou, D.-X. Modulation of gut
microbiota by Lonicera caerulea L. Berry polyphenols in a mouse model of fatty liver induced by high fat diet.
Molecules 2018, 23, 2313. [CrossRef] [PubMed]

68. Wang, K.; Jin, X.; Li, Q.; Sawaya, A.C.H.F.; Le Leu, R.K.; Conlon, M.A.; Wu, L.; Hu, F. Propolis from
different geographic origins decreases intestinal inflammation and Bacteroides spp. populations in a model of
DSS-induced colitis. Mol. Nutr. Food Rese. 2018, 62, e1800080. [CrossRef]

69. Haliru, F.Z.; Saidu, K.; Habibu, R.S.; Ajiboye, T.O.; Uwazie, J.N.; Ibitoye, O.B.; Aliyu, N.O.; Ajiboye, H.O.;
Bello, S.A.; Muritala, H.F.; et al. Involvement of oxidative stress in protocatechuic acid-mediated bacterial
lethality. Microbiologyopen 2017, 6, e00472.

70. Zhou, X.; Wu, F. Vanillic acid changed cucumber (Cucumis sativus L.) seedling rhizosphere total bacterial,
pseudomonas and bacillus spp. communities. Sci. Rep. 2018, 8, 4929. [CrossRef]

71. Patzke, H.; Schieber, A. Growth-inhibitory activity of phenolic compounds applied in an emulsifiable
concentrate-ferulic acid as a natural pesticide against botrytis cinerea. Food Res. Int. 2018, 113, 18–23.
[CrossRef] [PubMed]

72. Chavarro, J.E.; Toth, T.L.; Sadio, S.M.; Hauser, R. Soy food and isoflavone intake in relation to semen quality
parameters among men from an infertility clinic. Hum. Reprod. 2008, 23, 2584–2590. [CrossRef] [PubMed]

73. Zielinsky, P.; Piccoli, A.L., Jr.; Manica, J.L.; Nicoloso, L.H.; Menezes, H.; Busato, A.; Moraes, M.R.; Silva, J.;
Bender, L.; Pizzato, P.; et al. Maternal consumption of polyphenol-rich foods in late pregnancy and fetal
ductus arteriosus flow dynamics. J. Perinatol. 2010, 30, 17–21. [CrossRef] [PubMed]

74. Jacobsen, B.K.; Jaceldo-Siegl, K.; Knutsen, S.F.; Fan, J.; Oda, K.; Fraser, G.E. Soy isoflavone intake and the
likelihood of ever becoming a mother: The adventist health study-2. Int. J. Women’s Health 2014, 6, 377–384.
[CrossRef] [PubMed]

75. Badary, O.A.; Awad, A.S.; Sherief, M.A.; Hamada, F.M. In vitro and in vivo effects of ferulic acid on
gastrointestinal motility: Inhibition of cisplatin-induced delay in gastric emptying in rats. World J. Gastroenterol.
2006, 12, 5363–5367. [CrossRef] [PubMed]

76. Ferrari, D.; Cimino, F.; Fratantonio, D.; Molonia, M.S.; Bashllari, R.; Busà, R.; Saija, A.; Speciale, A.
Cyanidin-3-O-Glucoside modulates the in vitro inflammatory crosstalk between intestinal epithelial and
endothelial cells. Mediat. Inflamm. 2017, 2017, 1–8. [CrossRef] [PubMed]

77. Pereira, S.R.; Pereira, R.; Figueiredo, I.; Freitas, V.; Dinis, T.C.; Almeida, L.M. Comparison of anti-inflammatory
activities of an anthocyanin-rich fraction from Portuguese blueberries (Vaccinium corymbosum L.) and
5-aminosalicylic acid in a TNBS-induced colitis rat model. PLoS ONE 2017, 12, e0174116. [CrossRef]

78. Serra, D.; Paixão, J.; Nunes, C.; Dinis, T.C.; Almeida, L.M. Cyanidin-3-glucoside suppresses cytokine-induced
inflammatory response in human intestinal cells: Comparison with 5-aminosalicylic acid. PLoS ONE 2013, 8,
e73001. [CrossRef]

79. Jiménez, S.; Gascón, S.; Luquin, A.; Laguna, M.; Ancin-Azpilicueta, C.; Rodríguez-Yoldi, M.J. Rosa canina
extracts have antiproliferative and antioxidante effects on caco-2 human colon cancer. PLoS ONE 2016, 11,
e0159136. [CrossRef]

80. Wu, S.; Yano, S.; Chen, J.; Hisanaga, A.; Sakao, K.; He, X.; He, J.; Hou, D.-X. Polyphenols from Lonicera caerulea
L. berry inhibit LPS-induced inflammation through dual modulation of inflammatory and antioxidant
mediators. J. Agric. Food Chem. 2017, 65, 5133–5141. [CrossRef]

110



Antioxidants 2019, 8, 479

81. Zhang, D.D.; Hannink, M. Distinct cysteine residues in Keap1 are required for Keap1-dependent
ubiquitination of Nrf2 and for stabilization of Nrf2 by chemopreventive agents and oxidative stress.
Mol. Cell. Biol. 2003, 23, 8137–8151. [CrossRef] [PubMed]

82. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates
antioxidant response element-mediated transcription. J. Biol. Chem. 2002, 277, 42769–42774. [CrossRef]
[PubMed]

83. Zipper, L.M.; Mulcahy, R.T. Inhibition of ERK and p38 MAP kinases inhibits binding of Nrf2 and induction
of GCS genes. Biochem. Biophys. Res. Commun. 2000, 278, 484–492. [CrossRef] [PubMed]

84. Rojo, A.I.; Sagarra, M.R.D.; Cuadrado, A. GSK-3beta down-regulates the transcription factor Nrf2 after
oxidant damage: Relevance to exposure of neuronal cells to oxidative stress. J. Neurochem. 2008, 105, 192–202.
[CrossRef] [PubMed]

85. Nakaso, K.; Yano, H.; Fukuhara, Y.; Takeshima, T.; Wada-Isoe, K.; Nakashima, K. PI3K is a key molecule in
the Nrf2-mediated regulation of antioxidative proteins by hemin in human neuroblastoma cells. FEBS Lett.
2003, 546, 181–184. [CrossRef]

86. Varì, R.; D’Archivio, M.; Filesi, C.; Carotenuto, S.; Scazzocchio, B.; Santangelo, C.; Giovannini, C.; Masella, R.
Protocatechuic acid induces antioxidant/detoxifying enzyme expression through JNK-mediated Nrf2
activation in murine macrophages. J. Nutr. Biochem. 2011, 22, 409–417. [CrossRef] [PubMed]

87. Guo, S.; Nighot, M.; Al-Sadi, R.; Alhmoud, T.; Nighot, P.; Ma, T.Y. Lipopolysaccharide regulation of intestinal
tight junction permeability is mediated by TLR4 signal transduction pathway activation of FAK and MyD88.
J. Immunol. 2015, 195, 4999–5010. [CrossRef]

88. Im, E.; Riegler, F.M.; Pothoulakis, C.; Rhee, S.H. Elevated lipopolysaccharide in the colon evokes intestinal
inflammation, aggravated in immune modulator-impaired mice. Am. J. Physiol.-Gastrointest. Liver Physiol.
2012, 303, G490–G497. [CrossRef]

89. Cao, M.; Wang, P.; Sun, C.; He, W.; Wang, F. Amelioration of IFN-γ and TNF-α-induced intestinal epithelial
barrier dysfunction by berberine via suppression of MLCK-MLC phosphorylation signaling pathway. PLoS
ONE 2013, 8, e61944. [CrossRef]

90. Al-Sadi, R.; Ye, D.; Said, H.M.; Ma, T.Y. Cellular and molecular mechanism of interleukin-1 modulation of
Caco-2 intestinal epithelial tight junction barrier. J. Cell. Mol. Med. 2011, 15, 970–982. [CrossRef]

91. Paris, L.; Tonutti, L.; Vannini, C.; Bazzoni, G. Structural organization of the tight junctions. Biochim. Biophys.
Acta (BBA)/Biomembr. 2008, 1778, 646–659. [CrossRef] [PubMed]

92. Guo, S.; Al-Sadi, R.; Said, H.M.; Ma, T.Y. Lipopolysaccharide causes an increase in intestinal tight junction
permeability in vitro and in vivo by inducing enterocyte membrane expression and localization of TLR-4
and CD14. Am. J. Pathol. 2013, 182, 375–387. [CrossRef] [PubMed]

93. Al-Sadi, R.; Boivin, M.; Ma, T. Mechanism of cytokine modulation of epithelial tight junction barrier. Front.
Biosci. 2009, 14, 2765–2778. [CrossRef] [PubMed]

94. Kurpios-Piec, D.; Grosicka-Maciag, E.; Wozniak, K.; Kowalewski, C.; Kiernozek, E.; Szumi, M.;
Rahden-Staron, I. Thiram activates NF-kappaB and enhances ICAM-1 expression in human microvascular
endothelial HMEC-1 cells. Pestic. Biochem. Physiol. 2015, 118, 82–89. [CrossRef] [PubMed]

95. Van de Stolpe, A.; Van Der Saag, P.T. Intercellular adhesion molecule-1. J. Mol. Med. 1996, 74, 13–33.
[CrossRef]

96. Amin, H.P. The vascular and anti-inflammatory activity of cyanidin-3-glucoside and its metabolites in human
vascular endothelial cells. Ph.D. Thesis, University of East Anglia, Norwich, UK, 2015.

97. McCarty, M.F.; Iloki Assanga, S.B. Ferulic acid may target MyD88-mediated pro-inflammatory
signaling—Implications for the health protection afforded by whole grains, anthocyanins, and coffee.
Med. Hypotheses 2018, 118, 114–120. [CrossRef] [PubMed]

98. Bhattacharya, S.; Ray, R.M.; Johnson, L.R. Cyclin-dependent kinases regulate apoptosis of intestinal epithelial
cells. Apoptosis 2014, 19, 451–466. [CrossRef]

99. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.;
Bonaduce, D.; et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef]

100. Giovannini, C.; Scazzocchio, B.; Matarrese, P.; Varì, R.; D’Archivio, M.; Di Benedetto, R.; Casciani, S.;
Dessì, M.R.; Straface, E.; Malorni, W.; et al. Apoptosis induced by oxidized lipids is associated with
up-regulation of p66Shc in intestinal Caco-2 cells: Protective effects of phenolic compounds. J. Nutr. Biochem.
2008, 19, 118–128. [CrossRef]

111



Antioxidants 2019, 8, 479

101. Nair, P.; Lu, M.; Petersen, S.; Ashkenazi, A. Apoptosis initiation through the cell-extrinsic pathway. Methods
Enzymol. 2014, 544, 99–128.

102. Martinez-Caballero, S.; Dejean, L.M.; Jonas, E.A.; Kinnally, K.W. The role of the mitochondrial apoptosis
induced channel MAC in cytochrome c release. J. Bioenerg. Biomembr. 2005, 37, 155–164. [CrossRef] [PubMed]

103. Wang, J.; Li, W. Discovery of novel second mitochondria-derived activator of caspase mimetics as selective
inhibitor of apoptosis protein inhibitors. J. Pharmacol. Exp. Ther. 2014, 349, 319–329. [CrossRef] [PubMed]

104. Grabinger, T.; Bode, K.J.; Demgenski, J.; Seitz, C.; Delgado, M.E.; Kostadinova, F.; Reinhold, C.; Etemadi, N.;
Wilhelm, S.; Schweinlin, M.; et al. Inhibitor of apoptosis protein-1 regulates tumor necrosis factor-mediated
destruction of intestinal epithelial cells. Gastroenterology 2017, 152, 867–879. [CrossRef] [PubMed]

105. Kim, W.S.; Lee, K.S.; Kim, J.H.; Kim, C.K.; Lee, G.; Choe, J.; Won, M.H.; Kim, T.H.; Jeoung, D.; Lee, H.; et al.
The caspase-8/Bid/cytochrome c axis links signals from death receptors to mitochondrial reactive oxygen
species production. Free Radic. Biol. Med. 2017, 112, 567–577. [CrossRef] [PubMed]

106. Mazewski, C.; Liang, K.; De Mejia, E.G. Inhibitory potential of anthocyanin-rich purple and red corn extracts
on human colorectal cancer cell proliferation in vitro. J. Funct. Foods 2017, 34, 254–265. [CrossRef]

107. Charepalli, V.; Reddivari, L.; Radhakrishnan, S.; Vadde, R.; Agarwal, R.; Vanamala, J.K.P.
Anthocyanin-containing purple-fleshed potatoes suppress colon tumorigenesis via elimination of colon
cancer stem cells. J. Nutr. Biochem. 2015, 26, 1641–1649. [CrossRef] [PubMed]

108. Paixão, J.; Dinis, T.C.; Almeida, L.M. Dietary anthocyanins protect endothelial cells against
peroxynitrite-induced mitochondrial apoptosis pathway and bax nuclear translocation: An in vitro approach.
Apoptosis 2011, 16, 976–989. [CrossRef]

109. Kim, S.H.; Lee, M.H.; Park, M.; Woo, H.J.; Kim, Y.S.; Tharmalingam, N.; Seo, W.D.; Kim, J.B. Regulatory
effects of black rice extract on helicobacter pylori InfectionInduced apoptosis. Mol. Nutr. Food Res. 2018, 62,
1700586. [CrossRef]

110. Sadar, S.S.; Vyawahare, N.S.; Bodhankar, S.L. Ferulic acid ameliorates TNBS-induced ulcerative colitis
through modulation of cytokines, oxidative stress, iNOs, COX-2, and apoptosis in laboratory rats. Excli J.
2016, 15, 482–499.

111. Khanduja, K.L.; Avti, P.K.; Kumar, S.; Mittal, N.; Sohi, K.K.; Pathak, C.M. Anti-apoptotic activity of caffeic
acid, ellagic acid and ferulic acid in normal human peripheral blood mononuclear cells: A Bcl-2 independent
mechanism. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2006, 1760, 283–289. [CrossRef]

112. Moreno-Jiménez, M.R.; López-Barraza, R.; Cervantes-Cardoza, V.; Pérez-Ramírez, I.F.; Reyna-Rojas, J.A.;
Gallegos-Infante, J.A.; Rocha-Guzmán, N.E. Mechanisms associated to apoptosis of cancer cells by phenolic
extracts from two canned common beans varieties (Phaseolus vulgaris L.). J. Food Biochem. 2019, 43, e12680.

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

112



antioxidants

Article

Combined Treatment with Three Natural
Antioxidants Enhances Neuroprotection in a SH-SY5Y
3D Culture Model

Pasquale Marrazzo 1, Cristina Angeloni 2,* and Silvana Hrelia 2

1 Department for Life Quality Studies, Alma Mater Studiorum, University of Bologna, 47921 Rimini, Italy;
pasquale.marrazzo2@unibo.it

2 School of Pharmacy, University of Camerino, 62032 Camerino, Italy; silvana.hrelia@unibo.it
* Correspondence: cristina.angeloni@unicam.it

Received: 19 August 2019; Accepted: 18 September 2019; Published: 20 September 2019

Abstract: Currently, the majority of cell-based studies on neurodegeneration are carried out
on two-dimensional cultured cells that do not represent the cells residing in the complex
microenvironment of the brain. Recent evidence has suggested that three-dimensional (3D) in vitro
microenvironments may better model key features of brain tissues in order to study molecular
mechanisms at the base of neurodegeneration. So far, no drugs have been discovered to prevent or
halt the progression of neurodegenerative disorders. New therapeutic interventions can come from
phytochemicals that have a broad spectrum of biological activities. On this basis, we evaluated the
neuroprotective effect of three phytochemicals (sulforaphane, epigallocatechin gallate, and plumbagin)
alone or in combination, focusing on their ability to counteract oxidative stress. The combined
treatment was found to be more effective than the single treatments. In particular, the combined
treatment increased cell viability and reduced glutathione (GSH) levels, upregulated antioxidant
enzymes and insulin-degrading enzymes, and downregulated nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 1 and 2 in respect to peroxide-treated cells. Our data suggest that
a combination of different phytochemicals could be more effective than a single compound in
counteracting neurodegeneration, probably thanks to a pleiotropic mechanism of action.

Keywords: neurodegeneration; SH-SY5Y cell line; 3D cultures; oxidative stress; phytochemicals;
antioxidants

1. Introduction

Oxidative stress is strongly involved in the pathogenesis of different neurodegenerative diseases
like Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis [1]. Particularly,
an excess of reactive oxygen species (ROS) released by cells promotes oxidative stress, which is a cause
of tissue injury and results in dysfunction in the nervous system. So far, no drugs have been discovered
to prevent or halt the progression of these widely spread neurological disorders, and the treatments
available only manage the symptoms. Therefore, there is an urgent need for new treatments for
these diseases, since the World Health Organization (WHO) predicts that by 2040, neurodegenerative
diseases will become the second-most prevalent cause of death [2]. New therapeutic approaches can
derive from phytochemicals, a huge source of compounds that have been widely investigated in the
last years [3]. Sulforaphane (SF) (Figure 1a) is an isothiocyanate derived from Brassicae vegetables and
has consistent support in the literature for its preventive role against oxidative stress [4], in addition to
its well-known role in chemoprevention [5]. Epigallocatechin gallate (EGCG) (Figure 1b), the major
catechin found in green tea [6] with diverse medical potential [7] has been demonstrated to promote
neuroprotection in numerous studies [8]. Plumbagin (PB) (Figure 1c), a naphthoquinone isolated
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from the Plumbaginacae family, has mainly been studied in respect to its anti-inflammatory [9–11] and
antimicrobial activities [12], even though it was also shown to modulate oxidative stress response [13]
and precisely target NADPH oxidase 4 (NOX4) [14]. Importantly, the treatment of undifferentiated
SH-SY5Y cells with a specific concentration of SF [15], EGCG [16], and PB [17] has been reported to
decrease oxidative stress at different levels. On this basis, we hypothesized that a proper combination
of such bioactive compounds could possess a higher effect in counteracting oxidative stress-induced
neurodegeneration. Within organs, there are various concentration gradients for oxygen as well as for
effector molecules, i.e., internal metabolites or exogenous compounds/drugs. Since the human brain
cannot be modelled adequately in animals [18], reductionist humanized cellular systems are used and
increasingly requested according to the 3Rs (Replacement, Reduction and Refinement) rule.

Figure 1. Chemical structures of the natural compounds used in this study. (a) Sulforaphane (SF),
(b) epigallocatechin gallate (EGCG), (c) plumbagin (PB).

Currently, the majority of cell-based studies on neurodegeneration have been carried out on
cultured cells propagated in two dimensions on plastic surfaces. However, cells cultured in these
non-physiological conditions do not represent the cells residing in the complex microenvironment
of the brain. With respect to this, recent evidence has suggested that three-dimensional (3D) in vitro
microenvironments may better model key features of brain tissues in order to study the molecular
mechanisms at the base of neurodegeneration and neurorepair [19,20]. Numerous in vitro approaches
have been carried out to mimic human neuronal features, based on neuronal-like cells such as
the neuroblastoma line SH-SY5Y. SH-SY5Y is a human cell line that divides quickly and has the
ability to differentiate in post-mitotic neurons, thus it is considered a convenient model to study
Parkinson’s [21] and Alzheimer’s diseases [22]. Unlike traditional two-dimensional (2D) cultures,
the different availability of oxygen and growth factors in a 3D cell culture should expectantly favor a
more in vivo-like morphology and growth of these cells. Indeed, several 3D culture models have been
developed with SH-SY5Y cells, in terms of cell aggregates [23], spheroids [24,25], or including different
scaffolds [26–28]. To support 3D cultures of SH-SY5Y or neuronal cell lines, collagen has also been used,
like collagen hydrogel [29] or porous collagen-based scaffolds [26,30]. To the best of our knowledge,
none of the previous models has been used to investigate the ability of natural bioactive molecules to
confer resistance to oxidative stress. The aim of this study was to evaluate the neuroprotective effect of
a combination of SF, EGCG, and PB in preventing cell damage derived from oxidative stress in a 3D
cell culture based on a collagen porous scaffold.

2. Materials and Methods

2.1. Cell Culture and Treatment

The SH-SY5Y human neuroblastoma cell line was obtained from Sigma-Aldrich (cat. n◦ 94030304)
(St. Louis, MO, USA). Cells were expanded in a growth culture medium composed of high glucose
Dulbecco’s Modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS),
2 mM glutamine, 50 U/mL of penicillin, and 50 μg/mL of streptomycin, and cultured at 37 ◦C with
5% CO2 as previously reported [31]. Cell differentiation was induced by reducing serum levels of
the medium to 1% with 10 μM retinoic acid (RA) for seven days prior to treatments [32]. SF (LKT
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Laboratories, Minneapolis, MN, USA), EGCG and PB (Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in DMSO, and 10 mM stocks were kept at −20 ◦C until use. Differentiated SH-SY5Y cells
were treated with 1 μM SF, 2.5 μM EGCG, and 0.5 μM PB and SEP (1 μM SF + 2.5 μM EGCG + 0.5 μM
PB,) for 24 h or 6 h according to the different experiments. Oxidative stress was induced, as previously
reported [33], by exposing cells to 700 μM H2O2 in 1% FBS DMEM.

2.2. 3D Model Preparation

To obtain the scaffolds for 3D cultures of SH-SY5Y cells, sterile heterologous native lyophilized
collagen type I sponge (BIOPAD™, Angelini Pharma Inc., Gaithersburg, USA) was cut using a sterile
scalpel into pieces with squared dimensions able to fit 96-multiwell culture plates. Each piece was
divided by subjecting it to a second longitudinal cut, performed in order to present a similar top surface
as the cells. The pieces with approximately 1 cm2 of surface area were inserted into a 24-multiwell
plate and constituted the scaffolds for the cell culture. To establish the 3D SH-SY5Y culture, 50 μL of
cell suspension in DMEM with 10% FBS was seeded atop of each scaffold. Different cell numbers per
scaffold (50× 103–100× 103–200× 103) were seeded to compare cell viability along the culture (1–6 days)
and optimize cell seeding for differentiation. To differentiate 3D SH-SY5Y culture, a concentration of
4 × 106 cells/mL equivalent to 200 × 103 cells in 50 uL was used. After 45 min of incubation at 37 ◦C,
5% CO2, DMEM with 1% FBS, and 10 μM RA were added to the 3D culture in order to induce cell
differentiation. The medium was changed every two days.

2.3. MTT Assay

Before adding 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), 3D cultures
were transferred to clean cell culture wells. MTT 0.5 mg/mL was prepared in a cell medium and added
to the 3D cultures. To measure the percentage of cells that did not attach to the scaffold, MTT was
also added to the wells where cells were initially seeded (Figure S1). The MTT solution was incubated
for 2 h at 37 ◦C, 5% CO2. After removing the MTT solution, DMSO was added and the absorbance
of formazan was measured at 595 nm using a microplate spectrophotometer VICTOR3 V Multilabel
plate-reader (PerkinElmer, Wellesley USA). The sum of the two respective absorbance values, the first
deriving from the primary wells used during the seeding and the second deriving from the scaffolds,
were considered as 100%.

2.4. Prestoblue Assay

A Prestoblue® working solution was prepared in a growth culture medium without phenol red
according to the manufacturer’s instructions. Briefly, the culture medium was removed from cell
culture wells and a Prestoblue working solution was added and incubated at 37 ◦C, 5% CO2. After 3 h,
the well volumes were collected in a new 96-well plate and the absorbance was read at λ = 570 nm
(experimental) and λ = 600 nm (reference wavelength for normalization) using a Victor Multilabel
plate-reader (Perkin-Elmer, Wellesley USA).

2.5. Reduced Glutathione (GSH) Level Measurement

A monochlorobimane (MCB) fluorescent probe (Sigma-Aldrich, St. Louis, MO, USA) was used
to determine relative intracellular GSH levels as previously reported [34] with some modifications.
After 24 h of treatment, the cell culture medium was removed from 3D samples and the scaffolds were
transferred to 1.5 mL tubes. The cells were incubated for 15 min in DMEM with 1% FBS containing
50 μM MCB, and for a further 15 min in DMEM with 0.5 mg/mL collagenase I and 50 μM MCB
(Sigma-Aldrich). Cells collected by digestion of the scaffold were centrifuged at 250× g. Cells were
resuspended in phosphate-buffered saline (PBS) and plated on black 96-well plates. The fluorescence
was measured at 355 nm (excitation) and 460 nm (emission) using a Victor Multilabel plate-reader
(Perkin-Elmer, Wellesley USA). GSH levels were normalized on the base of the Crystal Violet (CV) assay.
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2.6. Crystal Violet Assay

Crystal Violet (CV) staining was performed as follows: Cells were fixed in 50% MeOH-PBS for 3 h
at 4 ◦C. For 15 min at room temperature, a 0.1% (m/v) CV, 5% MeOH staining solution was incubated.
The staining solution was removed and the stained cells were washed with distilled water. The plate
was left to dry for 5 min under a chemical hood. The bound dye was eluted with MeOH 100% for
30 min at 4 ◦C. The optical density of each well was measured at 570 nm using a Victor Multilabel
plate-reader (Perkin-Elmer, Wellesley USA).

2.7. RNA Extraction and Real-Time PCR

Prior to RNA extraction, cell retrieval was performed by digesting the collagen scaffold in
collagenase solution. Collagenase type I (Sigma-Aldrich) was dissolved in DMEM without FBS at
a concentration of 0.5 mg/mL. Samples were incubated in collagenase solution for 10 min at 37 ◦C.
Cells suspension was pelleted, and RNA was extracted with an RNeasy® mini kit (Qiagen) following
the manufacturer’s instruction. A total of 500 ng of RNA was used to obtain cDNA using an iScript™
cDNA Synthesis Kit (BioRad). Real-time PCR was performed using SsoAdvanced Universal SYBR
Green Supermix (BioRad), and normalized expression levels were calculated relative to control cells
according to the 2−ΔΔCT method. Primers were purchased from Sigma-Aldrich. The sequences are
listed in Table 1.

Table 1. Primer sequences.

Gene Sequence RefSeq Accession n.

RPS18 *
Fw CAGAAGGATGTAAAGGATGG

NM_022551Rv TATTTCTTCTTGGACACACC

MAP2
Fw GAAGATTTACTTACAGCCTCG

NM_002374
Rv GGTAAGTTTTAGTTGTCTCTGG

BDNF
Fw CAAAAGTGGAGAACATTTGC

NM_001143811
Rv AACTCCAGTCAATAGGTCAG

HMOX1(HO1) Fw CAACAAAGTGCAAGATTCTG
NM_002133.2

Rv TGCATTCACATGGCATAAAG

IDE
Fw CAACCTGAAGTGATTCAGAAC

NM_001165946
Rv AATATGTGGTTTCACAAGGG

NOX1
Fw CCGGTCATTCTTTATATCTGTG

NM_007052
Rv CAACCTTGGTAATCACAACC

NOX2
Fw AAGATCTACTTCTACTGGCTG

NM_000397
Rv AGATGTTGTAGCTGAGGAAG

NQO1 Fw AGTATCCACAATAGCTGACG
NM_000903

Rv TTTGTGGGTCTGTAGAAATG

GSR (GR) Fw GACCTATTCAACGAGCTTTAC
NM_000637

Rv CAACCACCTTTTCTTCCTTG

TXNRD1 (TR) Fw AGACAGTTAAGCATGATTGG
NM_001093771Rv AATTGCCCATAAGCATTCTC

* reference gene.

3. Results

3.1. Development and Characterization of the 3D SH-SY5Y Culture System

To fully assess biocompatibility between the collagen scaffold and SH-SY5Y cells, we evaluated
cellular retention to the scaffold and cellular metabolism during 3D culture. The ability of SH-SY5Y
cells to attach to the scaffold was evaluated by an MTT viability assay (Figure 2a). This assay was
chosen because cells convert MTT to blue formazan that is retained by the cells and, for this reason,
it makes it possible to distinguish cells attached to the scaffold from those released from the scaffold
(see Figure S1). As reported in Figure 2a, about 95% of the total viable cells were able to attach after
the switch from 2D to 3D culture conditions, while only 5% of the cells grew outside of the scaffold.
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To check the proliferation of SH-SY5Y cells, we used a Prestoblue assay as it makes it possible to monitor
the metabolic activity of the same cell culture over time (Figure 2b). Cells were seeded at different
concentrations, and cell viability was evaluated after 1 and 6 days. As expected, cell viability increased
with an increasing numbers of cells per scaffold at both time points. Interestingly, the metabolic activity
of the 3D culture after 6 days was comparable to that measured after 1 day at all tested seeding densities.
Because the scaffold did not allow us to observe the cells under a microscope during growth, to verify
that RA-treated SH-SY5Y cells were able to differentiate, we evaluated the mRNA level of the mature
neural protein marker MAP2 as well as the secretable neurotrophin BDNF in 3D RA-treated cells
(Figure 2c). Interestingly, both markers were upregulated in 3D RA-treated cells in respect to the 3D
RA-untreated control, showing their ability to differentiate under 3D culture conditions. Figure S4
reports the macroscopic and microscopic appearance of the 3D SH-SY5Y culture.

Figure 2. Characterization of the 3D SH-SY5Y model. (a) Cellular adhesion to the scaffold was evaluated
24 h after cell seeding by MTT assay as reported in Materials and Methods. Data are expressed as a
percentage of total viable cells and represent the mean of three independent experiments. (b) Metabolic
activity of the 3D model was evaluated after 1 and 6 days from cell seeding by a Prestoblue assay
as reported in Materials and Methods. Each bar represents the mean ± SEM of three independent
experiments. Data were analyzed with a two-way ANOVA followed by the Fisher’s test. * p < 0.05.
(c) Real time-PCR was performed in the 3D culture for neuronal markers. Each bar represents the mean
± SEM of three independent experiments, which were analyzed with an unpaired T-test. * p < 0.05.

3.2. SF, EGCG and PB Protect 3D SH-SY5Y Cells from Oxidative-Induced Injury

Before studying the neuroprotective effect of SF, EGCG, and PB, we exposed 3D differentiated
SH-SY5Y cells to 1 μM SF, 2.5 μM EGCG, 0.5 μM PB, or to a combination of the three compounds at
the same concentrations (SEP) (Figure 3). These concentrations were chosen according to previous
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reports where these concentrations were not very effective against oxidative stress [15–17]. Our results
showed that all the tested concentrations—1 μM SF, 2.5 μM EGCG, and 0.5 μM PB—were not toxic.

Figure 3. Potential cytotoxicity of sulforaphane (SF), epigallocatechin gallate (EGCG), and plumbagin
(PB) on SH-SY5Y cells. Cells were treated with 1 μM SF, 2.5, μM EGCG, and 0.5 μM PB, and after
24 h, viability was evaluated by a Prestoblue assay as reported in Materials and Methods. Results are
expressed as a percentage of untreated cells. Each bar represents the mean ± SEM of three independent
experiments, which were analyzed with a one-way ANOVA followed by the Fisher’s test.

We then investigated the potential protective effect of the single treatments or a combination of
them against H2O2-induced oxidative stress (Figure 4). As expected, incubation with 700 μM H2O2

for 2 h induced a significant reduction of cell viability compared to the control cells (Figure S2). Only
0.5 μM PB, 1 μM SF, and the co-treatment (1 μM SF, 2.5 μM EGCG, and 0.5 μM PB) were able to protect
the cells against H2O2-induced damage. Of note, SEP co-treatment was the most effective treatment as
it significantly increased cell viability compared to the other treatments.

Figure 4. Neuroprotective activity of SF, EGCG, and PB compounds against H2O2-induced damage.
Cells were treated with 1 μM SF, 2.5 μM EGCG, and 0.5 μM PB, and after 24 h, were exposed to 700 μM
H2O2 to induce oxidative stress. Cell viability in 3D cultures was measured by a Prestoblue assay as
reported in Materials and Methods. Data are expressed as a percentage of untreated cells. Each bar
represents mean ± SEM of three independent experiments. Data were analyzed with a one-way
ANOVA followed by the Fisher’s test. * p < 0.05 vs. H2O2 treated cells; § p < 0.05 vs. sulforaphane,
epigallocatechin gallate, and plumbagin (SEP) co-treatment.
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3.3. SEP Co-Treatment Enhances Antioxidant Defenses

As our results showed a higher neuroprotective activity of SEP co-treatment (1 μM SF, 2.5 μM
EGCG, and 0.5 μM PB) compared to the single treatments of 1 μM SF, 2.5, μM EGCG, or 0.5 μM PB,
we investigated the ability of SEP co-treatment to modulate the cellular redox state by evaluating GSH
levels with an MCB assay. The effect of the different treatments after 24 h on GSH levels is reported in
Figure 5. All the treatments were able to significantly increase GSH levels in respect to control cells.
In agreement with the viability data, we observed the most effective increase of GSH levels after SEP
co-treatment (1 μM SF, 2.5 μM EGCG, and 0.5 μM PB) in comparison to the single treatment of 1 μM
SF, 2.5 μM EGCG, or 0.5 μM PB.

Figure 5. Antioxidant activity of SF, EGCG, and PB compounds on SH-SY5Y cells. Cells were
treated with 1 μM SF, 2.5 μM EGCG, and 0.5 μM PB, and after 24 h GSH levels were evaluated
with an monochlorobimane (MCB) assay as reported in Materials and Methods. Data are expressed
as a percentage of untreated cells (CTRL). Each bar represents mean ± SEM of three independent
experiments. Data were analyzed with a one-way ANOVA followed by the Fisher’s test. * p < 0.05 vs.
untreated cells; § p < 0.05 vs. SEP co-treatment.

3.4. SEP Co-Treatment Modulates Genes Involved in Oxidative Stress Control

As the previous data showed that SEP co-treatment was significantly more effective compared to
the single treatments, we decided to study its ability to modulate cellular antioxidant status. Real-time
PCR analysis was employed to investigate the ability of SEP co-treatment to modulate the mRNA
level of different antioxidant enzymes. The cDNA was obtained from 3D SH-SY5Y cultures that were
co-treated (1 μM SF, 2.5 μM EGCG, and 0.5 μM PB) for 6 h. The 3D cultures were then exposed to
700 μM H2O2 for 1 h prior to lysis (Figure 6). Importantly, SEP co-treatment induced a significant
and marked upregulation of heme oxygenase 1 (HO1), NADPH: quinone oxidoreductase 1 (NQO1),
glutathione reductase (GR), and thioredoxin reductase (TR) in 3D cultures although with different
levels of upregulation (Figure 6). Moreover, SEP co-treatment in the presence of oxidative stress
induced a significant upregulation of all tested genes in respect to H2O2-treated cells.

NADPH oxidase (NOX) enzymes have been shown to be a major source of ROS in the brain and
to be involved in several neurological diseases [35]. On this basis, we studied the modulatory effect
of SEP co-treatment on NOX1 and NOX2 expression using real-time PCR analysis (Figure 7). In the
absence of oxidative stress, SEP co-treatment had a strong effect on these enzymes as it significantly
reduced NOX1 and NOX2 expression compared to untreated cells. In the presence of oxidative stress
(700 μM H2O2), SEP co-treatment significantly reduced NOX1 and NOX2 expression compared to
H2O2-treated cells. Of note, SEP co-treatment before peroxide exposure maintained NOX1 levels at a
value comparable to control cells.
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Figure 6. Effect of SEP co-treatment on antioxidant enzyme expression. Cells were co-treated with
1 μM SF, 2.5 μM EGCG, and 0.5 μM PB for 6 h. Oxidative stress was induced with 700 μM H2O2 for 1 h
prior to lysis. Real time-PCR was performed to detect heme oxygenase 1 (HO1), NADPH: quinone
oxidoreductase 1 (NQO1), glutathione reductase (GR), and thioredoxin reductase (TR) mRNA levels.
Data are expressed as relative abundance compared to untreated cells. Each bar represents mean ±
SEM of three independent experiments. Data were analyzed with a one-way ANOVA followed by the
Fisher’s test. * p < 0.05 vs. untreated cells, ◦ p < 0.05 vs. H2O2.

Figure 7. Effect of SEP co-treatment on NADPH oxidase 1 (NOX1) and NADPH oxidase 2 (NOX2). Cells
were co-treated with 1 μM SF, 2.5 μM EGCG, and 0.5 μM PB for 6 h. Oxidative stress was induced with
700 μM H2O2 for 1 h prior to lysis. Real time-PCR was performed to detect NOX1 and NOX2 mRNA
levels. Data are expressed as relative abundance compared to untreated cells. Each bar represents mean
± SEM of three independent experiments. Data were analyzed using a one-way ANOVA followed by
the Fisher’s test. * p < 0.05 vs. untreated cells, ◦ p < 0.05 vs. H2O2.
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3.5. SEP Co-Treatment is able to Modulate Insulin-Degrading Enzyme (IDE) Gene Expression

To investigate if SEP co-treatment had other neuroprotective activities besides the antioxidant
one, we studied its effect on insulin-degrading enzyme (IDE) expression. IDE plays a significant role in
Aβ degradation [36], which is one of the main hallmarks of Alzheimer’s disease. Moreover, recent
studies have demonstrated that increasing Aβ degradation as opposed to inhibiting synthesis is a more
effective strategy for preventing Aβ build-up [37]. In our 3D SH-SY5Y cultures, IDE mRNA levels
were downregulated by oxidative stress, but, interestingly, SEP co-treatment (1 μM SF, 2.5 μM EGCG,
and 0.5 μM PB) was able to upregulate its expression at levels comparable to untreated cells (Figure 8).

Figure 8. Effect of SEP co-treatment on insulin-degrading enzyme (IDE). Cells were co-treated with
1 μM SF, 2.5 μM EGCG, and 0.5 μM PB for 6 h. Oxidative stress was induced with 700 μM H2O2 for
1 h prior to lysis. Real time-PCR was performed to detect IDE mRNA levels. Data are expressed as
relative abundance compared to untreated cells. Each bar represents mean ± SEM of three independent
experiments. Data were analyzed with a one-way ANOVA followed by the Fisher’s test. * p < 0.05 vs.
untreated cells, ◦ p < 0.05 vs. H2O2.

4. Discussion

The prevalence of neurodegenerative disorders is growing [2,38] in parallel to the urgency to
find new compounds for the treatment of such diseases, in which oxidative stress is a common
hallmark and has been suggested to play a causative role [39,40]. Unfortunately, the screening of drug
leads and natural compounds to counteract neurodegeneration using 2D cell cultures often results in
the unsuccessful translation of data to clinics. Neurons are strongly influenced by their immediate
extracellular environment, and there is a great need to develop new culture systems that more
faithfully reproduce the complexity of this milieu in vivo. Human 3D cell culture models are a good
alternative to animal models [41,42]. In contrast to 2D cell cultures, 3D cell cultures do not overlook
the physical interactions existing between cell–cell and cell–matrix and have a higher resemblance to
the in vivo phenotype. Ideal scaffolds for neuronal tissue or disease modelling should exhibit suitable
3D architecture for in vitro manipulation, should facilitate cell adhesion while promoting neurites
outgrowth, and have high biocompatibility [43]. Collagen type I is highly used as scaffold because of its
abundance and ubiquity in most of the hard and soft tissues in the human body [44]. Porous collagen
sponges have been used to grow various cell types in vitro [45] and collagen derived scaffolds have been
widely used in neural tissue engineering for drug delivery [46]. Furthermore, the extracellular matrix
(ECM) in nerves is mainly composed of type I collagen [47] and is a commonly used material in nerve
tissue engineering [47] and for peripheral nerve regeneration [48]. ECM geometry and composition
are well known to influence cell morphology and gene expression. It has been shown that SH-SY5Y
cells extended longer neurites in 3D collagen I hydrogel cultures than in 2D cultures [26]. On this basis,
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we used equine native collagen, commercially available for clinical application, as scaffold to support
3D cultures of differentiated SH-SY5Y cells.

Our aim was to study the neuroprotective activity of a combination of SF, EGCG, and PB in
counteracting peroxide-induced damage in 3D cultures of differentiated SH-SY5Y cells.

Taking into account previous studies showing the protective effects of these compounds against
oxidative stress [49,50], we decided to treat SH-SY5Y cells with specific concentrations of SF, EGCG,
and PB to better mimic concentrations that could be measured in plasma after oral intake of the three
compounds [51]. We selected a porous instead of a hydrogel scaffold because it easily permits the
removal of apoptotic blebs and dead cells by washing during medium exchange. The used collagenous
scaffold was found to be highly biocompatible since it supported the adhesion and proliferation of
SH-SY5Y cells in the 3D environment.

Our data demonstrated that SEP co-treatment was significantly more effective against oxidative
stress than the single treatments of PB, EGCG, or SF, suggesting a synergistic protective mechanism
of the co-treatment. In particular, SEP was more effective in limiting cell injury induced by H2O2

exposure. These data were also demonstrated in our 2D cell model, and we confirmed the superior
efficacy in enhancing GSH levels by SEP co-treatment compared the single treatments both in 2D
and 3D models (Figure S3). Although different reports have discussed the neuroprotective effect of
PB, EGCG, and SF against brain-induced toxicity [52–54], there is no documented work on the effect
of their combination. Our results are in agreement with other papers demonstrating the synergistic
protective effect of different combinations of natural compounds against neurodegeneration [55–57].
In general, the superior protection of co-treatments compared to the single treatments could be probably
ascribed to the concurrent modulation of different molecular targets involved in the pathogenesis and
progression of these multi-factorial diseases.

To better elucidate the mechanisms behind SEP protection against H2O2 in SH-SY5Y cells,
we investigated the effect of the co-treatment on the expression of different antioxidant enzymes: heme
oxygenase 1 (HO1), NADPH: quinone oxidoreductase 1 (NQO1), glutathione reductase (GR) and
thioredoxin reductase (TR).

The enzyme HO1 converts heme to three end products, namely biliverdin, CO, and ferrous ion [58],
then biliverdin reductase activity produces the antioxidant bilirubin. NQO1 is a highly inducible
detoxifying flavoenzyme. It catalyzes the reduction of quinones generating stable hydroquinones and
possesses superoxide scavenging activity [59]. GR is responsible for maintaining a storage amount
of reduced glutathione [60]. The thioredoxin (Trx) system, composed of Trx, TR, and NADPH as a
cofactor, is a cellular defense system that is ubiquitously involved in converting ROS to nontoxic
metabolites [61]. In such a system, the Trx in reduced status can be oxidized into oxidized Trx during
the degradation of H2O2 and then reduced by TR [62].

SF is known to upregulate antioxidant defense through the induction of HO1, NQO1, and GR
in SH-SY5Y cells [15,63], while GR, TR, and NQO1 have been observed to be upregulated in cortical
neurons [64]. EGCG induced HO1 expression in rat-cultured neurons [65] and increased protein
levels in treated rats following focal cerebral ischemia [66]. PB treatment led to increased levels of
HO1, NQO1, and TR in SH-SY5Y cells [17]. Interestingly, our data showed that SEP co-treatment,
in the absence of oxidative stress, strongly upregulated these enzymes compared to control cells (the
same results were also obtained in the 2D model (Figure S3)), and, in the presence of oxidative stress,
it was able to significantly increase the expression of these enzymes compared to H2O2 exposed cells.
In agreement with our data that showed the enhanced effect of a combination of different compounds
compared to treatment with the single compounds, in a previous work, we observed that a combination
of EGCG and SF counteracts in vitro oxidative stress and delays stemness loss of amniotic fluid stem
cells [67]. Moreover, a combination of berberine with resveratrol had enhanced hypolipidemic effects
in high fat diet-induced mice and was able to decrease the lipid accumulation in adipocytes to a level
significantly lower than that of the treatment with the single compounds [68].
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Recently, it has been suggested that inhibition of the generation, rather than the scavenging, of ROS
may be a more successful strategy to counteract oxidative stress-induced neurodegeneration [69].
ROS can be produced by many enzymes in the cells such as mitochondria respiratory complexes,
NADPH oxidase, nitric oxide synthase, cytochrome 450, cyclooxygenase, lipoxygenase, and xanthine
oxidase [14,70]. Interestingly, all these enzymes except NADPH oxidase produce ROS as a byproduct,
while NOX enzymes generate ROS as a principal aim [71–73]. Moreover, different studies have shown
the involvement of NADPH oxidase family members in brain injury and neurodegenerative disorders
(reviewed in [69]). Our data demonstrated that SEP co-treatment was effective in reducing NOX1 and
NOX2 expression compared to control cells and was also able to counteract the increase of NOX1 and
NOX2 expression induced by H2O2. This means that SEP not only potentiates the antioxidant defense
system upregulating fundamental enzymes, but also reduces the intracellular production of ROS.

The last aim of this paper was to investigate if SEP could modulate other hallmarks of
neurodegeneration in addition to its ability to counteract oxidative stress. We decided to focus
our attention on IDE, the main protease responsible for amyloid β clearance [74–76]. A reduction
of IDE activity in the brain with age and during the early stages of Alzheimer’s disease (AD) has
been observed [74], suggesting that IDE downregulation may be among the triggers of AD. Of note,
SEP counteracted the strong downregulation of IDE induced by oxidative stress, maintaining IDE
expression at a level comparable to control cells, suggesting a potential role of SEP in counteracting AD.

In conclusion, we highlighted that an appropriate synergistic combination of natural antioxidants
such as SF, EGCG, and PB can help to rescue neuronal cells from oxidative stress cell death. The protective
effect of the co-treatment was observed in a novel 3D model of SH-SY5Y cells that we developed.
In agreement with other authors [77–79], we suggest that a 3D culture system better mimics cell–cell
interactions and cell–ECM interactions compared to the traditional 2D monolayer. In particular,
our 3D model would be useful for future investigations of the neuroprotective activity of natural
compounds [80]. In the present study, we observed the protective effect of an “acute” co-treatment
with SF, EGCG, and PB but, taking into account the nature of neurodegeneration, a subchronic/chronic
administration should be even more effective. For this reason, future studies will have to be carried
out to investigate the effect of chronic SEP treatment against oxidative stress in neurodegeneration.
The present findings underscore the importance of a combinatorial approach for effective treatments
against oxidative damage in neurodegeneration. Moreover, 3D SH-SY5Y cell culture systems appear to
be the ideal environment for in vitro assays regarding the effects of phytochemicals on cell viability.
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SH-SY5Y 3D model.
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Abbreviations

2D Two-dimensional
3D Three-dimensional
BDNF Brain-derived neurotrophic factor
DCFH-DA 2,7-dichlorodihydrofluorescein diacetate
DMEM Dulbecco’s Modified Eagle’s medium
DMSO Dimethyl sulfoxide
ECM Extra cellular matrix
EGCG Epigallocatechin gallate
GR Glutathione reductase
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GSH Reduced glutathione
H2O2 Hydrogen peroxide
HO1 Heme oxygenase 1
IDE Insulin-degrading enzyme
MAP2 Microtubule-associated protein 2
MCB Monochlorobimane
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)
NOX1 NADPH oxidase 1
NOX2 NADPH oxidase 2
NQO1 NAD(P)H: quinone oxidoreductase 1
PB Plumbagin
PBS Phosphate buffered saline
PCR Polymerase chain reaction
RA All-trans retinoic acid
ROS Reactive oxygen species
RPS18 Ribosomal protein S18
SEP Sulforaphane, Epigallocatechin gallate, Plumbagin
SF Sulforaphane
TR Thioredoxin reductase 1
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Abstract: Antioxidant action to afford a health benefit or increased well-being may not be directly
exerted by quick reduction-oxidation (REDOX) reactions between the antioxidant and the pro-oxidant
molecules in a living being. Furthermore, not all flavonoids or polyphenols derived from plants
are beneficial. This paper aims at discussing the variety of mechanisms underlying the so-called
“antioxidant” action. Apart from antioxidant direct mechanisms, indirect ones consisting of fueling
and boosting innate detox routes should be considered. One of them, hormesis, involves upregulating
enzymes that are needed in innate detox pathways and/or regulating the transcription of the so-called
vitagenes. Moreover, there is evidence that some plant-derived compounds may have a direct role
in events taking place in mitochondria, which is an organelle prone to oxidative stress if electron
transport is faulty. Insights into the potential of molecules able to enter into the electron transport
chain would require the determination of their reduction potential. Additionally, it is advisable to
know both the oxidized and the reduced structures for each antioxidant candidate. These mechanisms
and their related technical developments should help nutraceutical industry to select candidates that
are efficacious in physiological conditions to prevent diseases or increase human health.

Keywords: CNS; fava beans; glucose; fructose; oxidative stress; vitagenes

1. Chemical Basis of Antioxidant Action

Any reduction-oxidation (REDOX) reaction follows well-established chemical laws. Almost any
substance can be oxidized or reduced and this depends on a second reagent. In fact, a REDOX reaction
requires two semi-reactions and two molecules: one that is oxidized (the reductant) and another that is
reduced (the oxidant). Accordingly, any antioxidant molecule is a reductant able to reduce an oxidized
reagent. The chemical laws guiding REDOX processes are valid in vivo and in vitro (i.e., in a test tube).
As commented in a previous paper, the canonical function of antioxidants in the food industry is to
increase the useful life of processed foods. In the case of animal-derived products, antioxidants are
added to avoid/delay rotting (i.e., their action is to prevent putrefaction of dead matter) [1].

Nowadays, “antioxidants” is a word also used to refer to substances that provide benefit to
humans due to REDOX-related capabilities. Importantly, it is often assumed that these capabilities are
directly exerted on a given tissue or a given oxidative stressor. However, antioxidants may indirectly
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exert their beneficial effect. This paper aims at highlighting the hormetic and mitochondria-related
mechanisms of antioxidants action that can be changed by the phytochemical use.

2. Are Antioxidants Needed for Human Life?

The use of phytochemicals dates back to ancestral times. Paleontological and anthropological
evidence demonstrates that Neanderthals, who until quite recently were regarded predominantly as
meat-eaters, included plants in their diet. Valuous studies aimed at identifying entrapped material in
calcified dental plaque show, quite surprisingly, that a Neanderthal group of hominids who inhabited
El Sidrón cave (Asturias, Spain) 49,000 years ago, did not consume foods of animal origin but moved
in the direction of a more “healthy” vegetable/plant-based diet, including mushrooms, pine nuts,
and moss [2,3]. Apparently, our ancestors already noticed that some plants helped, not only calorically,
but also in terms of well-being. More prevalent in higher primates, this “self-medication” is not
exclusive to them but it is widespread within the animal kingdom [4–6].

A newborn does not need any plant derived antioxidant for living. If the child takes milk from
the mother it may be hypothesized that mother’s milk already had its own antioxidants some of which
could derive from ingested plants. But the use of formula milks and the lack of increased health
problems in children raised with artificial milk prove that antioxidants are not required for a child’s
healthy life. Commercially available infant milk contains plant derived products but few (or none)
that are considered as “antioxidants”. On the one hand, they contain sugars and fatty acids/lipids,
which are oxidants, in other words very reduced molecules that are oxidized in infant’s cells. On the
other hand, they contain vitamins and no added antioxidant apart from, eventually, one acting as
preservative. As we have previously argued, vitamins may have in vitro antioxidant action, but none
in the basis of chemical rules, so they do not act as in vivo antioxidants [1]. According to Mayo Clinic
the daily requirement of vitamin A for adult men is 900 μg (i.e., very low to have any overall direct
antioxidant effect).

Fruits are among the first plant-derived foods introduced in child’s nutrition. Indeed, fruit has
antioxidants but is the antioxidant content the reason for such early introduction of fruits in human
diet? The answer is, likely not. Another relevant question is whether sugars (from fruits) can be the
only sugar energy source in humans. Despite glucose and fructose in human nutrition derive from
vegetables, the answer is that human metabolism has evolved to use glucose instead of fructose as
main energy source.

But are glucose or fructose antioxidants? From a chemical point of view, glucose is a reducing
sugar whereas fructose is a non-reducing sugar. This nomenclature goes back to the first reactions
using biological compounds that were designed to identify sugars in a mixture or in blood. Reduction
is a relative term since it depends on the properties of a second component that may be reduced or
oxidized. The classical technique to measure the reducing potential was to observe whether Cu2+

could be reduced to Cu+ in basic conditions of pH. In mild circumstances, this technique results in
glucose being a reducing sugar (an aldose) and fructose (a ketose) being a non-reducing sugar. But if
conditions are forced, fructose, due to ketose-aldose tautomerism may lead to the Cu2+/Cu+ reduction
(i.e., fructose could react as a reducing sugar). Very importantly, these in vitro assays are of little
usefulness in physiological conditions. In fact, may a reducing sugar (glucose) or a non-reducing sugar
(fructose) be in vivo antioxidants? None of two sugars acts as antioxidants in humans [7–9], both are
oxidized to obtain energy and, in the case of glucose, to (also) obtain reducing power to be used in
innate antioxidant mechanisms. In summary, the non-reducing sugar, fructose, and the reducing sugar,
glucose, are not in vivo-acting antioxidants, but the latter is required to provide the molecules needed
by innate antioxidant human systems (see [1] for further details).

3. When Does Antioxidant Intake Become Beneficial in Human Life?

Some evidence suggests that a high fructose dietary intake, in the form of cultivated fruits
or sweeteners (sucrose or high fructose corn syrup), is related to the development of a variety of
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metabolic diseases [10,11]. Fructose absorbed in the gut is completely converted into triose-phosphate
by fructokinase, aldolase B and triokinase, in the sequential steps of a metabolic pathway which
is not controlled through feedback inhibition (ADP or citrate) [12]. Resulting metabolites may be
oxidized, and converted into glucose and lactate to be released into the bloodstream, or converted into
hepatic glycogen or triacylglycerol in liver cells by de novo lipogenesis, in an insulin-independent
process. All together leads to increases in plasma triglycerides, insulin resistance, or high blood
pressure [10,13,14]. Although the data about the adverse metabolic effects of fructose in humans are
controversial [14], rodents fed with a high-fructose diet show fatty liver, impaired insulin sensitivity,
or dyslipidemia [13,15–17], also affecting (negatively) the antioxidant status [8,9]. Similar results were
reported in Macaca fascicularis and rhesus monkeys exposed to high fructose over a long period of
time [18,19] (Table 1).

Table 1. Sources, mechanism of action and effects of dietary phytochemicals.

Phytochemicals Sources Mechanism of Action Effects References

Fructose Cultivated fruits or sweeteners

Increases in plasma
triglycerides, insulin
resistance, high blood
pressure, etc.

Fatty liver, insulin resistance,
dyslipidemia, etc. [8,9,12–20]

Coenzyme Q10 Oranges, spinach, broccoli,
soybeans, nuts, sesame seeds, etc.

Correct function of the
electron chain transport
in mitochondria

Improvement in orthostatic
hypotension, renal alterations
in type II diabetes

[21–24]

Lipoic acid Potatoes, spinach, broccoli, carrots,
tomatoes, rice bran, etc.

Correct function of different
enzymatic systems

To combat oxidative stress
(by mechanisms not known) [25]

Vicine and
convicine Fava beans

“Hormetic” maintenance
of high levels of
glucose-6-phosphate
dehydrogenase

Maintenance hemoglobin in a
functional state and the innate
antioxidant mechanism of red
blood cells

[26–30]

Current human dietary habits are inherited from our ancient hominid specimens and are similar
to that of wild monkeys and apes. How is it possible that dietary habits may cause chronic illnesses
and health problems, mainly in Western societies? One answer comes from tackling the changes
in food staples and food-processing procedures. In fact, some studies suggest that many harvested
fruits and vegetables eaten by humans differ from the wild versions in regards to fatty acid level,
macronutrients and phytochemical composition or fiber content. It is even possible that the use of
food additives and supplements have detrimental effects. Let us take “designed fruits” as an example.
These fruits are optimized by seed selection and cross-fertilization to have succulent pulps with dew
or no seeds, thus becoming more attractive for the consumers. Surely, the most important difference
lies on sweetness and, consequently, on the sugar content. Whereas wild fruits are rich in hexoses,
as glucose and fructose, cultivated fruits have been genetically modified to be higher in sucrose,
a glucose and fructose disaccharide for which our metabolism is not properly adapted [4,5]. In the
seminal work of Schwitzer et al., (2008) we can find an exhaustive comparison between wild and
cultivated fruits and vegetables in terms of nutrients and energy content. For example, the major
sugars in harvested figs are 0.40% sucrose, 25.5% glucose and 23.40% fructose, in contrast to the
pattern of the wild variety Ficus insipida that shows a 0.4% of sucrose, a 0.6% of glucose and a 0.3% of
fructose [20]. In this sense, other studies have also identified lower monosaccharides/disaccharides
ratios in modified fruits and vegetables [31–33]. Compelling evidence in recent years, has shown that,
apart from the fructose content, the processing operations of commercial forms of fruit and vegetable
food products influence the levels of a myriad of dietary phytochemicals [34]. In addition, additive
and/or synergistic role of some flavonols present in culinary plants has been demonstrated and among
them, myricetin, fisetin, quercetin, catechin and curcumin seem to inhibit fructose gut transport by
glucose transporter 2 (GLUT2) and 5 (GLUT5), as shown in Xenopus laevis oocytes and in human
intestinal Caco-2 cells [35,36].

When this nutritional information is added to physiological burden due to wear and/or malfunction
occurring in aging or disease, humans need help. According to our view, the need of “so-called”
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antioxidants begins upon aging (i.e., when innate antioxidant mechanisms start to have some
dysfunctions and alter well-being). Then, the search for interventions to keep healthiness is of
vital importance and, in this sense, “antioxidants” have a huge potential. However, in our opinion,
to take optimal profit of antioxidant-related interventions, more knowledge on mechanisms is needed.

4. Direct Mechanisms of Plant Antioxidant/Nutraceutical Action

A REDOX reaction may immediately take place when a reductant and an antioxidant meet.
The kinetics coordinate is very important as there are some rules to fulfil to delay antioxidant actions.
The naked eye is able to see quick oxidation when fruits, for instance bananas and apples, are peeled
off. Instantaneously some component(s) of the fruit (reductant(s)), reacts with atmospheric oxygen
(oxidant) and the process is visible by the appearance of a brown color. As the process is relatively
quick, similar reactions take place when a human eats bananas or apples but locally (i.e., along the
gastrointestinal tract). It is very unlikely that reductants remain intact until reaching a given tissue and
reacting with “the undesirable” oxidant. In summary, ready-to-use reduction potential likely occurs
locally [1]; in the case of food, thus potential is limited to the proximal structures of the gastrointestinal
tract: esophagus and stomach (Figure 1).

Figure 1. Scheme of direct antioxidant mechanisms including local effects by fast uncatalyzed
reactions and systemic effects due to catalyzed reactions. A—antioxidant, Aox—oxidized antioxidant,
Areduced—reduced antioxidant, Toxicox—oxidized toxic, Toxicreduced—reduced toxic (non-toxic in
reduced form).

Surely, REDOX reactions may be “delayed” if time of reaction is the limiting factor. The most
common way to increase reaction rate in living organisms is by the action of bio-catalysts
(i.e., of enzymes). In such cases, the reductant present in a plant-derived product may be considered as a
drug orally taken which reaches the blood, is distributed and acts in the targeted tissue by, among other,
activating a receptor or inhibiting an enzyme. In the case of a reductant able to act like a drug, it would
reach the targeted tissue and react with a specific (undesirable) oxidant. In summary, this mechanism
requires a reductant that travels to the target tissue(s) to meet a specific oxidant and a specific enzyme
able to catalyze the REDOX reaction (Figure 1). Somewhat expected, such reductant has not yet been
described (to our knowledge). A reductant acting by this mechanism would be a nutraceutical—“a type
of food substance that helps to maintain health and prevent illness”—according with the Encyclopedia
Britannica. Antioxidants research is a relatively young field and the tendency is to group molecules:
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polyphenols, flavonoids, etc. However, each molecule is different and it is likely that there are “good”
and “bad” polyphenols. Identifying the “good” ones and demonstrating that there is a specific
mechanism able to inactivate a noxious oxidant in a given tissue is an attractive possibility, even a
necessity. In one of the most recent studies, toxicity of polyphenols or polyphenol-rich plant extracts
has been addressed by quantitating and comparing the effects on survival in hepatic (HepG2), fibroblast
(3T3), epithelial (A549 and Caco-2), and endothelial (HMEC-1) human cell lines. As a conclusion a list
of the five most toxic and the five least toxic polyphenol-rich compounds was provided [37]. As pure
molecules, naringin was the less toxic and kaempferol the most toxic. Accordingly, in the data sheet of
kaempferol from Cayman chemical company indicates “acute toxicity and germ cell mutagenicity”
(in humans); in addition, the product is “H301: toxic if swallowed” and “H341: suspect of causing
genetic defects” [38]. It is important to highlight that any nutraceutical must be tested for genotoxicity
to get approval to be released into the market.

From both human health and industrial point of views, another relevant aspect should not be
forgotten which is bioavailability and the possibility that per-oral consumed molecules are transformed
upon in vivo metabolism or gut fermentation/biotransformation [39]. On the one hand, bioaccessibility
of the administered compound and its metabolites may vary depending on the “galenic” formulation
of the phytochemical-containing product. One example is provided by comparing creams with
microencapsulated phenolic acids and flavanols [40]; another is to find the best vehicle to increase the
bioavailability of curcumin incorporated to bread [41]. On the other hand, total antioxidant capacity,
measured for instance in blood, may be a convenient tool to quickly decide whether to continue or not
the research and development of a substance or of an extract [42]. Nevertheless, caution is needed
as total antioxidant capacity is not reflecting the whole potential of substances indirectly reinforcing
antioxidant mechanisms.

5. Hormetic and Replenishment Mechanisms of Indirect Antioxidant/Nutraceutical Action

Faulty oxidation in cells results in oxidative stress, which is harmful [43]. For instance, the electron
transport and oxidative phosphorylation events taking place in the mitochondria are self-regulated;
if cells have all the required components and the mitochondria are healthy no undesired REDOX-related
effect is expected to occur. Oxidative stress appears as a threat to cell/organism survival when a
component is reduced or the mitochondria do not properly work.

A well-known indirect antioxidant strategy is to provide components (or precursors) of
REDOX-related routes. One option is to supply molecules that participate in events whose dysfunction
leads to oxidative stress. A second option is providing molecules that participate in innate mechanisms
of detoxification. A few examples of those strategies are provided below.

A very successful way to use plant antioxidants is by increasing the concentration of endogenous
substances that participate in REDOX mechanisms. A complete list of antioxidant supplements and its
“galenic” formulations is out of the scope of the present paper; therefore, we will provide some examples
of antioxidants derived from plants that are quite fruitful. For instance, supplement of coenzyme Q10,
ubiquinol (ubiquinone in oxidized form), may replenish the compound if there is a shortage due to
aging, disease or, eventually, malnutrition. The coenzyme Q10, essential for electron chain transport in
mitochondria, can be found in a variety of vegetable sources: oranges, spinach, broccoli, soybeans,
nuts, sesame seeds, etc. A recent report has confirmed shortage of coenzyme Q10 in centenarians
and a correlation with increased oxidative stress [21]. Other benefits of supplementation with
ubiquinol/ubiquinone include improvement in orthostatic hypotension [22], and prevention of renal
alterations in a model of type II diabetes [23]. Interestingly, a recent double-blind placebo-controlled
clinical trial has shown that ubiquinol is better than ubiquinone to increase the total levels of coenzyme
Q10 [24] (Table 1).

Lipoic (or thioctic) acid is another endogenous component that may lead to oxidative stress if cell
concentrations decay. It is found in a variety of plant-derived products: potatoes, spinach, broccoli,
carrots, tomatoes, rice bran, etc. In mammalians, lipoic acid participates in at least five different
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enzymatic systems. For example, two of the enzymes of the Kreb’s cycle, which occurs in mitochondria
to produce reducing power in the form of reducing nicotine adenine dinucleotide (NADH) and reduced
flavin-adenine dinucleotide (FADH2), need lipoic acid. Benefits of lipoic acid supplementation are less
evident than those attributed to coenzyme Q10 but it is thought that they may be helpful to combat
oxidative stress (by mechanisms not yet deciphered). A systematic review and meta-analysis indicates
that these benefits include improvement of biomarkers of diabetes and of inflammation [25] (Table 1).

Whereas supplements of lipoic acid in diets are obtained from plant-derived products, coenzyme
Q10 used in the food or cosmetic industry is synthetic or produced by microbes in fermenters.
The latter leads to a low yield and is relatively expensive. Plant-derived raw materials or products are
cost-effective alternatives. Production of coenzyme Q10 from plants may be a relatively cheap but
environment-friendly approach that is explored by the supplement’s industry [44].

Probably, one of the main antioxidant mechanisms exerted by plant components gets unnoticed.
It is indirect and counterintuitive and consists of boosting the innate mechanism of defense against
oxidative stress. Such “hormetic” mechanisms have been likely shaped by Evolution. They are
well characterized, for instance, in the case of ionizing radiation (radioactivity), in the sense that
limited exposure is beneficial while high exposure is detrimental [45]. In fact, there is a background
of radioactivity, mainly due to 40K, that is not detrimental to species that have evolved to coexist
with such environmental conditions. A significant example of hormetic mechanism in humans was
serendipitously discovered as patients of glucose-6-phosphate dehydrogenase (G6PDH) deficiency
presented clinical symptoms after intake of antimalaria drug (primaquine) or of fava beans. In fact,
in some rural zones the disease was known as favism. When the enzyme is missing the reduced
nicotine adenine dinucleotide phosphate (NADPH) required to maintain a functional hemoglobin is
not produced, erythrocytes die and hemolysis occurs. In healthy people, intake of fava beans maintains
high the levels of G6PDH and, hence, the innate antioxidant mechanism of red blood cells is efficient in
keeping significant amounts of reduced glutathione and/or rapidly converting oxidized glutathione into
reduced glutathione [26–30] (Figure 2). As mentioned, this mechanism is triggered by the pro-oxidant
action of a drug (primaquine) or of a phytochemical (vicine or convicine in fava beans) [29,30] (Table 1).
In summary, a pro-oxidant compound wakes-up an antioxidant defense mechanism that is innate in
humans. The nutraceutical industry may take advantage of such pro-oxidants to be used at low doses
and/or intermittently (a chronic high-dose supplementation is not advisable and would go against the
hormetic principle).

 
Figure 2. Scheme of indirect antioxidant mechanisms including hormetic actions exerted by
pro-oxidants or vitagene expression regulators, and the use of supplements that improves innate
mechanisms of detoxification or facilitates mitochondrial function. HPOX—hormetic pro-oxidant,
HVG—vitagene-enhancing hormetic compound, S1—supplement type 1, S2—supplement type 2.
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Contrary to what one might think, hormesis is less strange than it seems. Physical training is also
an hormetic-like mechanism because sedentary life may lead to oxidative stress due to malfunctioning
of cell metabolic events. The oxidative stress in any exercise will be higher in a non-trained individual.
Therefore, training in the case of athlets is not only needed to have good scores but to minimize oxidative
stress. Trained individuals have all the machinery ready for the exercise and, consequently, oxidative
events take place very efficiently and with minimal production of undesired compounds. Furthermore,
studies in exercise-trained rats show that diet affects muscle expression of G6PDH [46]. Finally, it has
been considered that caloric restriction is an hormetic antiaging mechanism that may increase life
span [47], and that antioxidant phytochemicals may be neuroprotective by hormetic processes that
involve the engagement of “vitagenes” [48] (Figure 2). The word was coined to highlight those genes
that are involved in repair and maintenance processes; Rattan SI (1998) wrote that: the “complex
network of the so-called longevity assurance processes is composed of several genes, which may
be called vitagenes” [49]. Genes that encode some heat-shock proteins are considered as vitagenes
because temperature is one of the most employed hormetic factors. Heat shock produces upregulation
of heat-shock proteins, chaperones that preserve the tridimensional structure of proteins and help
newly synthesized proteins to be properly folded [49,50].

Another example is the protective role of superoxide radicals on hydrogen peroxide stress [51].
Whereas the excess of superoxide radicals is detrimental for cells, the occasional presence of low
levels of these species are beneficial not only for cells but for the whole animal. Rattan SI, already
in 1998, demonstrated that mild heat shock retards ageing of human fibroblasts and concluded that
“These hormesis-like effects of stress-induced defense processes can be useful to elucidate the role of
maintenance and repair mechanisms in ageing” [50]. A similar procedure has recently shown that
neuronal survival is enhanced. Mild stress applied to primary cultures of cortical neurons decreases
the chance of deposition of lipofuscin granules and of pathological aggregates (neurofibrillary
tangles or senile plaques) [52]. Mild oxidative stress achieved in worms by downregulating the
electron transport chain, affords protection against age-related proteostasis collapse and restores the
heat-shock response [53]. At moderate doses, green tea polyphenols reduce the pathological signs in
an experimental rodent model of colitis, while unwanted side-effects appear at high doses [54].

Glycation is a very well-known phenomenon but difficult to address from a technological point
of view. Part of the reason is the structural diversity of sugars coupled to proteins and/or lipids.
The simplest example is, perhaps, the so-called advanced glycation endproducts (AGEs) constituted by
a sugar and a protein that are formed in the absence of any catalyst. Formation occurs in any condition
but it is enriched when sugar blood levels rise (e.g., in diabetes). They are supposedly involved in
a variety of diseases from hypertension to neurodegeneration; however, some evidence indicates
that AGEs may be protective. For example, ischemic preconditioning is a mechanism of protecting
heart from occlusive cardiovascular disease. Murry et al. (1986) showed that cardioprotection can
be achieved by short cycles of ischemia-reperfusion [55]. It seems that AGEs formation in these
circumstances is part of the protection mechanism (see [56,57]). Hence, it is suggested that moderate
stress by AGEs may potentiate innate defense mechanisms in various illnesses [57]. Therefore, protein
glycation may be beneficial or detrimental, thus constituting a hormetic response that may be, likely,
modulated by plant-derived products. Indeed, this is an attractive field of research.

It has been shown in an invertebrate animal model, Caenorhabditis elegans, that variation in hormetic
effects is genetically determined [58]. Translated to humans, these findings confirm that hormesis is
constituted by mechanisms that have been optimized upon evolution. The challenge is to identify
plant-derived products able to restore the efficacy of those mechanisms of protection when they become
disfuntional by ageing or by disease. A recent report, has shown that ampelopsin, rosmarinic acid and
amorfrutin-A are “hormetins” in human skin fibroblasts undergoing senescence. They protect against
telomere length reduction and accumulation of 8-OH-deoxyguanosine, an oxidative DNA damage
product, while they upregulate heat-shock protein Hsp70 [59].
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6. Mitochondria-Related Mechanisms of Plant Antioxidant/Nutraceutical Action

It is well known that polyphenols and other bioactive compounds derived from plants may act
on mitochondria. As an example, isoflavones, trans-resveratrol and resveratrol analogues, activate
peroxisome proliferator—activated receptor γ (PPARγ) coactivator-1β (PGC-1β) leading to increase
the levels of medium-chain acyl-CoA dehydrogenase, a mitochondrial enzyme that participates in
lipid metabolism, in a transgenic model of PGC-1β overexpression [60]. The mode of action of these
phytochemicals is unclear as PPARγ is a nuclear receptor and the upregulated enzyme is mitochondrial.
Daidzein and genistein, two widely-studied phytoflavonoids, protect cerebellum granule neurons from
apoptosis by interacting with the mitochondria. In conditions of induced apoptosis, the two compounds
“prevented the impairment of glucose oxidation and mitochondrial coupling, reduced cytochrome C
release, and prevented both impairment of the adenine nucleotide translocator and opening of the
mitochondrial permeability transition pore” [61]. The underlying molecular mechanisms of these
effects are not known and the relevant question is whether some pathway or another REDOX reactions
are involved. The finding, by Atlante and co-workers (2010), that superoxide compounds decreased
the level of reactive oxygen species in conditions of apoptosis is not a proof that anti-apoptotic action
is due to any intrinsic antioxidant power of daidzein and genistein.

Plants have chloroplasts and mitochondria both of which are involved in REDOX reactions.
Therefore, some of components of these plant organelles, which upon oral intake reach significant levels
in blood, may arrive to the mitochondria of mammalian cells and participate in electron transport, or in
oxidative phosphorylation or both. Refilling the metabolites in mitochondria by plant-derived products
may result in preventing oxidative stress (Figure 2). Conceptually, this antioxidant indirect mechanism
is similar to providing supplements to increase the concentration of mammalian cell molecules,
the difference is that plant-specific components may directly participate in mammalian mitochondrial
REDOX pathways. There is evidence of such possibility. On the one hand, there are reasons to
believe that plant-specific mitochondrial components could readily act as mediators of the electron
transport events in mammalian cells. On the other hand, it has been shown that polyphenols may act
in the mitochondrial machinery independently of reactive oxygen species scavenging; the authors of
this study also indicate that “certain polyphenols affect mitochondrial electron transport chain and
ATP synthesis” [62]. Thermogenesis and mitochondrial biogenesis are other processes regulated by
polyphenols, at least in vitro [63]. However, and despite suggestive data [62,64], it is unlikely that
plant polyphenols may act as real anti-cancer compounds by releasing cytochrome C and unrolling
apoptosis in tumor cells.

Hints on the direct engagement of endogenous compounds in electron transport chain are many-fold,
but two properties are required: (i) the compound reaches the mitochondria, and (ii) the compound
has a reduction potential (εº’) between that of the global semi-reaction—soxygen to water and NAD+

to NADH; standard reduction potentials in cellular conditions of pH and ion composition (εº’) are,
respectively, 0.81 and −0.32 Volts. As a reference the εº’ of ubiquinone to ubiquinol semi-reaction
is 0.05 Volts. Since an exhaustive review is not yet possible due to the need of more reports on the
subject, a couple of examples will be given. The first is related to quercetin, one of the most studied
plant antioxidant. Quercetin is a flavonoid included in human diet because it is present, among other
vegetable products, in apples, oranges, lemons, onions, tomatoes and broccoli. Red wine, St John’s wort
(Hypericum perforatum), or Ginkgo biloba are also sources of this compound which, in addition, is sold as
a dietary supplement. A very recent study using astrocytes deficient in methyl-CpG-binding protein 2
transcription factor showed that quercetin rescued the reduced activity of mitochondrial respiratory
chain complex-II and complex-III [65]. Another recent study demonstrated benefits for mitochondrial
function of kolaviron, a biflavonoid found in the seeds of Garcinia kola [66]. Kolaviron is able to reverse
mitochondrial electron transport chain dysfunction after brain ischemia/reperfusion injury. In this sense,
authors conclude that “kolaviron . . . is a promising candidate for drug development against stroke” [67].
What remains to be established are the details of the mode of action of kolaviron, for instance, which is
the targeted mitochondrial complex: I, II, III or IV.
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7. Conclusions

Plant antioxidant action for the benefit of human health/well-being may occur by a variety
of mechanisms. As in the case of therapeutic drugs, industry has to address the mode of action
of “antioxidants”. Direct mechanisms include quick REDOX reactions occurring locally but, also,
the action of a given compound that after blood-mediated distribution into a target tissue participates
in an enzyme-catalyzed REDOX reaction.

Indirect mechanisms, more difficult to measure but with significant potential to help in
development of the industry of plant supplements and nutraceuticals, include actions such as
boosting innate mechanisms of detoxification. Hormetic processes, also indirect, should be considered
since plant derivatives may provide pro-oxidants able to upregulate the expression of enzymes of
innate detox pathways or, alternatively, regulators of the expression of vitagenes (as defined in [48]).

Finally, it is likely that molecules present in chloroplast and mitochondria of plant cells (and
therefore in plant extracts) may reach the mitochondria of mammalian cells to make electron transport
and oxidative phosphorylation more efficient. One of the causes of oxidative stress is malfunctioning
of mitochondria due to a disease and/or to aging.

Nutraceutical industry, focusing more on mechanisms, could select the best candidates from the
myriad of plant-derived molecules that can be divided as more beneficious or as detrimental (or less
beneficious). Furthermore, the industry must consider that, often, in vitro measured antioxidant power
does not correlate with antioxidant action at the physiological level.
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Abstract: Ultraviolet A (UVA)-irradiation induced reactive oxygen species (ROS) production
mediates excessive melanogenesis in skin cells leading to pigmentation. We demonstrated the
depigmenting and anti-melanogenic effects of Ectoine, a natural bacterial osmolyte, in UVA-irradiated
human (HaCaT) keratinocytes, and the underlying molecular mechanisms were elucidated. HaCaT
cells were pre-treated with low concentrations of Ectoine (0.5–1.5 μM) and assayed for various
depigmenting and anti-melanogenic parameters. This pre-treatment significantly downregulated
ROS generation, α-melanocyte-stimulating hormone (α-MSH) production, and proopiomelanocortin
(POMC) expression in UVA-irradiated HaCaT cells. Also, antioxidant heme oxygenase-1 (HO-1),
NAD(P)H dehydrogenase [quinone 1] (NQO-1), and γ-glutamate-cysteine ligase catalytic subunit
(γ-GCLC) protein expressions were mediated via the nuclear translocation of nuclear factor erythroid
2-related factor 2 (Nrf2) whose knockdown indeed impaired this effect signifying the importance of the
Nrf2 pathway. Ectoine was mediating the activation of Nrf2 via the p38, protein kinase B (also known
as AKT), protein kinase C (PKC), and casein kinase II protein kinase (CKII) pathways. The conditioned
medium obtained from the Ectoine pre-treated and UVA-irradiated HaCaT cells downregulated the
tyrosinase, tyrosinase-related protein-1 and -2 (TRP-1/-2), cyclic AMP (c-AMP) protein kinase, c-AMP
response element-binding protein (CREB), and microphthalmia-associated transcription factor (MITF)
expressions leading to melanoma B16F10 cells having inhibited melanin synthesis. Interestingly,
this anti-melanogenic effect in α-MSH-stimulated B16F10 cells was observable only at 50–400 μM
concentrations of Ectoine, signifying the key role played by Ectoine (0.5–1 μM)-treated keratinocytes
in skin whitening effects. We concluded that Ectoine could be used as an effective topical natural
cosmetic agent with depigmenting and anti-melanogenic efficacy.

Keywords: Ectoine; keratinocytes; melanogenesis; tyrosinase; α-MSH; Nrf2
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1. Introduction

Exposing human skin to UVA radiation triggers ROS generation and also over-producing melanin
in the skin cells. The uncontrolled production of ROS could lead to melanoma conditions as well. Most
skin whitening agents are targeting and trying to minimize the melanogenesis process through the
inhibition of α-MSH and tyrosinase productions [1]. Most skin-tone lightening creams are composed
of hydroquinone [2] or hydrocortisone [3], that are known to decrease the formation of melanin, but
are also associated with severe side effects. For example, acne, flaky and itchy skin, blue and black
discoloration of the skin, ochronosis, burning and stinging, skin irritation, and even inflammation.
However, skin whitening agents from the natural sources, for example, Kojic acid (a fungal derivative
obtained from Penicillium and Aspergillus species) is also reported to cause ‘contact dermatitis’ in
individuals who have sensitive skin. In these individuals, more than 1% of kojic acid could cause severe
hypersensitive side effects [4,5]. Therefore, only a few naturally derived skin whitening products
(oleosin, licorice extract, ascorbic acid, soy protein, and N-acetyl glucosamine, etc.) are currently being
used in the cosmetic industry [6]. However, the skincare products that are principally targeting the
depigmenting properties have at times failed to focus on counteracting the deleterious effects posed by
the UVA irradiation-induced ROS production mediated excess melanogenesis in skin cells.

Ectoine is a ‘natural extremolyte’ produced from several species of microorganisms under
stressful conditions [7,8]. This compound was first isolated from the Ectothiorhodospira species of
bacteria that are living in the Egyptian desert. The cascade of ect operon genes (ectA, ectB, ectC,
or ectD) are involved in the production of this compound. Ectoine is chemically designated as
1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid [9]. As a moisture binder, Ectoine helps
in, restructuring of the skin cell membrane [10], protection from UV damage and pollution [11,12],
moisturizing the skin [13], delaying the premature skin aging [14], etc. In addition to the skin protective
roles, Ectoine has been shown to be useful in the treatment of atopic dermatitis [15], Alzheimer’s [16],
as well as the inhibition of HIV replication [17], radio and chemotherapy [18], and liver cirrhosis [19].
Ectoine is speculated to exhibit its depigmenting and skin whitening properties without causing
undesirable side effects [20]. Contrastingly, the molecular mechanisms elicited by Ectoine are not
known. Therefore, the objective of this study was to delineate the Ectoine mediated depigmenting and
anti-melanogenic mechanisms elicited in UVA-irradiated human (HaCaT) keratinocytes as the cellular
model system. The effect of Ectoine induced secretions of skin-protecting agents from the HaCaT cells
to the culture medium (conditioned medium) was also tested using a typical melanoma cell (B16F10)
line as well.

2. Materials and Methods

2.1. Reagents and Antibodies

Ectoine (Product no: 81619, purity ≥ 95%) was purchased from Sigma-Aldrich (Taufkichen,
Germany). Fetal bovine serum (FBS), penicillin/streptomycin, Dulbecco’s modified Eagle’s
medium (DMEM) and l-glutamine were bought from Invitrogen/Gibco BRL (Carlsbad, CA,
USA). l-DOPA, melanin, 3-4,5-dimethyl-2-yl-2,5-diphenyl tetrazolium bromide (MTT), and α-MSH
were procured from Sigma Chemical Co (St. Louis, MO, USA). N-acetylcysteine (NAC) and
2′,7′-dichlorofluorescein-diacetate (DCFH2-DA) were procured from Sigma-Aldrich (St. Louis, MO,
USA). All pharmacological inhibitors required for JNK (SP600125), ERK1/2 (PD98059), p38 (SB203580),
PKC (GF109203X), and CKII were obtained from Calbiochem (La Jolla, CA, USA) PI3K/AKT inhibitor
(LY294002) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All antibodies for POMC, CREB,
β-actin, tyrosinase, Nrf2, p-CREB, NQO-1, PKC, Kelch-like ECH-associated protein-1 (Keap-1), and
TRP-1, TRP-2 were obtained from Santa Cruz Biotechnology Inc. (Heidelberg, Germany). Antibodies
against γ-GCLC and HO-1 were procured from Gene Tex Inc. (San Antonio, TX, USA). We obtained
antibodies against c-AMP protein kinase and CKII from Abcam (Cambridge, MA, USA). Histones,
MITF, p-p38, p38, p-AKT, and AKT were obtained from Cell Signal Technology (Beverly, MA, USA).
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Enhanced chemiluminescence (ECL) detection reagents were obtained from Millipore, (Billerica, MA,
USA). All other reagents (at HPLC grade) were either purchased from Sigma-Aldrich or Merck & Co.,
Inc. (Darmstadt, Germany).

2.2. Cell Culture

We obtained immortalized human skin keratinocyte HaCaT and murine melanoma B16F10 cells
from both Cell Line Services (CLS, Eppelheim, Germany) and American Type Culture Collection
(ATCC, VA, USA). The cells were cultured in DMEM supplemented with 10% heat-activated FBS, 1%
streptomycin/penicillin, and 2 mM L-glutamine in a humidified incubator supplemented with 5% CO2

at 37 ◦C.

2.3. Cell Treatments and UVA-Irradiation

Before UVA irradiation, the cells were pre-treated with Ectoine (0.5–1.5 μM for 24 h) or vehicle
(PBS). Post incubation, PBS washed cells were exposed to 3 J/cm2 UVA radiations (for 27 min, λmax,
365 nm, no detectable emissions below 320 nm) using the UV CROSS-LINKER CL-508 (UVItec,
Cambridge, UK) [21].

2.4. Cell Viability Assay

HaCaT cells (5× 104 cells/well) were seeded in a 24-well plate containing DMEM and supplemented
with 10% FBS and varying concentrations of Ectoine (0.5–1.5 μM, 24 h). Then it was irradiated in
the absence or presence of UVA (3 J/cm2). B16F10 cells (5 × 104 cells/well) were seeded in a 24-well
plate containing DMEM and supplemented with 10% FBS and varying concentrations of Ectoine
(100–400 μM, 72 h). The cells were washed with PBS and an MTT cell viability assay was conducted [21].

2.5. Intracellular ROS Assay

HaCaT cells were seeded at a density of 1.5 × 105 in 8-well Lab Teck chamber containing DMEM
supplemented with 10% FBS and were grown to 80% confluence. These cells were first treated with
1.5 μM Ectoine, followed by exposure to 3 J/cm2 UVA irradiation for the prescribed amount of time.
Cells were washed with PBS and DCFH2-DA method was used to determine the intracellular ROS
production using the Olympus Software solution software for each condition [21].

2.6. Melanin Quantification

In a 6-well plate, murine melanoma B16F10 cells were seeded at a density of 2.5 × 105 cells/well.
They were pre-treated with 100, 200, and 400 μM of Ectoine for 2 h in the absence or presence of
α-MSH (1 μM). The protocol used for the quantification of melanin followed a previously described
method [21]. We measured melanin content with the ELISA microplate reader with an absorbance
wavelength of 470 nm.

2.7. Western Blot

HaCaT (1 × 106 cells/10 cm dish) or B16F10 (1 × 106 cells/10 cm dish) cells were pre-treated with
varying concentrations of Ectoine (0.5, 1, and 1.5 μM) or α-MSH (1 μM) followed by irradiation in the
absence or presence of UVA for the prescribed amount of time. PBS washed cells were harvested, the
protein content (nuclear and cytosolic) was isolated after treatment. Then, the cells were subjected to
the Western blot method used previously for the determination of expressions of various nuclear and
cytosolic proteins [21].

2.8. RNA Extraction and RT-PCR

Ectoine pre-treated (1.5 μM, 24 h) HaCaT cells were subjected to the TRIzol reagent (Invitrogen,
Carlsbad) for the isolation of total RNA from these cells. 1 μg of total RNA and the reagents supplied
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by the SuperScript-III One-Step RT-PCR platinum Taq kit (Invitrogen, Carlsbad) were used in the
PCR experiment with the Bio-Rad iCycler PCR instrument (Bio-Rad, Hercules, CA, United States).
The forward and reverse primers for Nrf2 used were: F: 5′-AAACCAGTGGATCTGCCAAC-3′,
R-5′-GCAATGAAGACTGGGCTCTC-3′. The forward and reverse primers for GAPDH used were:
F: 5′-GCATCCTGGGCTACACTGA-3′, R: 5′-CCACCACCCTGTTGCTGTA-3′. At the end of the
experiment, PCR product was analyzed using 1% agarose gel. Then, it was visualized with ethidium
bromide staining. As an internal control, we used GAPDH [22].

2.9. Immunofluorescence Assay

HaCaT cells were cultured at a density of 1 × 104 cells/well in DMEM supplement with 10%
FBS in an 8-well Lab Tek chamber (Thermo Fisher Scientific, Waltham, MA, USA). We pretreated the
cells with 1.5 μM Ectoine for the indicated time followed by irradiation in the absence or presence
of UVA. The cells were subjected to an immunofluorescence assay, which uses a method previously
described [21].

2.10. siRNA Transfection

For siRNA transfection, HaCaT cells were plated in a 6-well plate and were grown till it has
reached a confluence of 40–60% at the time of transfection. The remaining protocol was followed
according to a method that was explained before [21].

2.11. Statistical Analysis

We used the mean ± standard deviation (mean ± SD) for all the results used in this study.
All data were analyzed with an analysis of variance (ANOVA), followed by Dunnett’s test for pair-wise
comparisons and presented as mean ± SD of three or more independent experiments. Statistical
significance was set at * p < 0.05; ** p < 0.01; *** p < 0.001 when compared with untreated control cells,
and # p < 0.05; ## p < 0.01; ### p < 0.001 when compared with the UVA-exposed HaCaT cells or α-MSH
treated B16F10 cells.

3. Results

3.1. Ectoine Inhibited UVA-Induced ROS Generation in HaCaT Cells

First, we tested for the cytotoxic effects of Ectoine (Figure 1A) on UVA-irradiated HaCaT cells.
Our MTT data indicated that when compared to the untreated control cells, Ectoine pre-treated
(0.5–1.5 μM) and 3 J/cm2 UVA exposed HaCaT cells were unable to show a significant decrease in cell
viability (Figure 1B). Further, Ectoine pretreatment attenuated the UVA (3 J/cm2)-induced cell death
in a dose-dependent manner (Figure 1B). In addition to our fluorescence data, which indicated that,
when compared to the control cells, 3 J/cm2 UVA irradiation and Ectoine alone treatments (1.5 μM)
significantly upregulated ROS levels by 5- and 2-fold, respectively. However, in the case of Ectoine
pretreatment ROS levels were significantly downregulated and we can infer that Ectoine has an
antioxidant effect against UVA irradiation. This also induces basal levels of ROS in HaCaT cells
(Figure 1C,D).
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Figure 1. Ectoine inhibits UVA-induced ROS production in human keratinocyte (HaCaT) cells.
(A) Ectoine’s chemical structure. (B) To determine cell viability, an MTT assay was used. Cells were
treated with Ectoine (0.5, 1, and 1.5 μM) for 24 h. Then, they were irradiated with 3 J/cm2 or without
UVA. (C,D) Cells were pre-treated with Ectoine (0 or 1.5 μM) for 24 h and then irradiated with 3 J/cm2

or without UVA. For each condition, we used the percentage of the fluorescence intensity of the
DCF-stained cells as determined by Olympus Softimage. Statistical significance was assigned as
*** p < 0.001 compared to the untreated control cells and ### p < 0.001 compared to the UVA-exposed
HaCaT cells.

3.2. Ectoine Suppressed POMC and α-MSH Expressions in UVA-Irradiated HaCaT Cells

UVA exposed keratinocytes were stimulated for their ROS-p53 mediated POMC and also a small
peptide hormone α-MSH that is derived from POMC [23]. Therefore, we determined the alterations in
expression patterns of α-MSH, POMC, and other associated proteins in Ectoine pre-treated HaCaT cells
and then exposed them to UVA (3 J/cm2). Western blot data indicated that UVA-induced upregulation
of α-MSH and POMC expressions were downregulated by Ectoine pretreatment; whereas, Ectoine
treatment without UVA irradiation has completely inhibited the α-MSH and POMC expressions
of non-irradiated HaCaT cells (Figure 2A). Later, we tested the effect of ‘conditioned-medium’
(10 mL/100 mm plate), obtained from the Ectoine pre-treated and UVA irradiated HaCaT cells, on the
melanogenesis of B16F10 melanoma cells. Figure 2B shows this conditioned medium downregulated
the tyrosinase, TRP-1, TRP-2, c-AMP protein kinase, p-CREB, CREB, and MITF levels in B16F10 cells.
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Figure 2. Ectoine suppresses UVA-induced POMC and α-MSH expression in HaCaT cells. (A) Western
blotting showed us protein levels of α-MSH and POMC. Cells were pre-treated with Ectoine (0–1.5 μM)
for 24 h and then irradiated or not with 3 J/cm2 UVA. (B) Effect of HaCaT conditioned medium on
B16F10 cells melanin synthesis. HaCaT cells were pre-treated with vehicle (PBS) or Ectoine (0.5–1.5 μM)
for 24 h. Subsequently, these cells were exposed or non-exposed to the 3 J/cm2 UVA-irradiation. After
1–24 h, the conditioned medium (10 mL/100 mm dish) was collected and tested on B16F10 cells for
the expression of various proteins through western blot method. Lanes 1 and 2 were indicating the
experimental conditions of conditioned medium obtained from vehicle (PBS) pre-treated and UVA non
exposed (lane #1) and exposed (lane #2). Whereas, lanes 3–5, and 6 were indicating the experimental
conditions of conditioned medium obtained from Ectoine pre-treated (0.5–1.5 μM) and UVA exposed,
and non-exposed, respectively. Western blot analysis measured the protein levels of tyrosinase, TRP-1,
TRP-2 (for 24 h), c-AMP protein kinase (for 1 h), p-CREB, CREB (for 2 h), and MITF (for 4 h).

3.3. Ectoine Downregulated Melanin and Tyrosinase Expression in α-MSH-Stimulated B16F10 Cells

B16F10 melanoma cells were first subjected to the higher concentrations of Ectoine and the effect
of cytotoxicity was determined using MTT assay. Figure 3A shows that Ectoine had no significant
impact on the viability of B16F10 cells at higher concentrations (100–400 μM for 72 h). However,
cell viability was not effected at 24 and 48 h of Ectoine treatment (data not shown). Therefore, these
concentrations were used to determine the effect of Ectoine on α-MSH-stimulated melanogenesis
in B16F10 cells. Melanin quantification data showed that, compared to the control cells, treatment
with α-MSH (1 μM) alone significantly upregulated the melanin levels by more than 25%. However,
compared to α-MSH alone treatment, cells exposed to increasing concentrations of Ectoine (100–400 μM
at 72 h) dose-dependently and significantly downregulated the percentage of melanin content with
maximum downregulation of only 85% (or −15% than untreated control) was observed at 400 μM of
Ectoine pretreatment (Figure 3B). Moreover, our Western blot data also showed that α-MSH stimulated
tyrosinase (24 h) and p-CREB (2 h) expressions were significantly downregulated with increasing
concentrations of Ectoine pretreatments in these melanoma cells (Figure 3C).
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Figure 3. Ectoine downregulated the melanogenesis in α-MSH-stimulated B16F10 cells. (A) High
concentrations of Ectoine (100–400 μM, 72 h) affect the cell viability of B16F10 as determined by an
MTT assay. (B) Cells were pre-treated with Ectoine (0–400 μM, 1 h) followed by stimulation without or
with 1 μM α-MSH for 72 h. The percentage of melanin content was quantified from total cell lysates.
(C) Cells were pre-treated with Ectoine (0–200 μM for 1 h) and then treated with or without α-MSH
(1 μM) for 24 or 2 h. Western blot analysis measured the expressions of tyrosinase and p-CREB proteins.
Statistical significance was assigned as ** p < 0.01; *** p < 0.001 compared to the untreated control cells
and # p < 0.05, ### p < 0.001 compared to the α-MSH treated B16F10 cells.

3.4. Ectoine Facilitated Nrf2 Nuclear Translocation in HaCaT Cells

Nrf2-Keap-1 is an important cytoprotective pathway that protects the skin cells from ROS and
electrophile insult caused by UVA exposure. Nrf2 and Keap1 maintain a stoichiometric ratio in the
cytoplasm. In a cytoprotective pathway, Nrf2 dissociates from Keap-1 and, for the expression of various
antioxidant genes, translocate to the cellular nucleus. Therefore, the ratio of Nrf2/Keap-1 is a key factor.
Here, our Western blot data indicated a shift in the ratio of Nrf2/Keap-1 that was towards more Nrf2
expression with the increasing concentrations of Ectoine, signifying that Ectoine favors the nuclear
translocation of Nrf2 in HaCaT cells (Figure 4A,B). Also, the expression of Nrf2 mRNA levels was
shown to be significantly elevated in the 1.5 μM Ectoine pre-treated cells (Figure 4C). This was also
consistent with our fluorescence image data (Figure 4D).
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Figure 4. Ectoine upregulated the nuclear translocation of antioxidant marker Nrf2 in HaCaT cells.
(A) Effect of Ectoine on protein expressions of Nrf2 and Keap-1 in HaCaT cells. Western blot method
measured the expressions of Nrf2 and Keap-1 in cells treated with Ectoine (0–1.5 μM) for 2 h (B) Effect
of time on the Ectoine mediated nuclear and cytosolic expressions of Nrf2. Cells were exposed to
1.5 μM Ectoine for different time points and Western blot method measured the expressions of nuclear
and cytosolic Nrf2. (C) Cells were pre-treated with Ectoine (1.5 μM, 1 h) followed by the isolation of
total mRNA from HaCaT cells. 1 μg of total mRNA was used to measure the expression of the Nrf2
gene through the RT-PCR method. As an internal control, GAPDH was used. (D) Immunofluorescence
staining of HaCaT cells. Cells were treated with 1.5 μM of Ectoine for 2 h and the nuclear localization
of Nrf2 were visualized by immunofluorescence method. Cells were stained with DAPI (1 μg/mL)
for 5 min and examined by fluorescence microscopy (scale bar 100 μM). Statistical significance was
assigned as *** p < 0.001 compared to the untreated control cells.

3.5. Ectoine Upregulated the Expression of HO-1, NQO-1, and γ-GCLC Proteins in HaCaT Cells

To determine the effect of time on Ectoine mediated nuclear translocation of Nrf2 and the
subsequent downstream expression of HO-1, NQO-1, and γ-GCLC proteins, HaCaT cells were exposed
to 1.5 μM Ectoine and the cellular proteins were harvested 0.5, 1, 2, 4, 8, or 12 h after the Ectoine
treatment. Western blot data indicated that, except for the γ-GCLC protein, 1.5 μM Ectoine caused
the maximum expression of HO-1, Nrf2, and NQO-1 proteins at the 4 h time point. γ-GCLC was
shown at 8 h time point (Figure 5A). Data obtained from the time-curve lead us to test the effect of
Ectoine concentration on the expression of antioxidant proteins at 4 h time point. Figure 5B shows
that all three antioxidant proteins exhibited maximum expression at 1.5 μM of Ectoine concentration.
Later, the effects of Ectoine pre-treatment were tested on the expression of Nrf2 and Keap-1 ratio in
the UVA-irradiated HaCaT cells. Western data analysis indicated that pre-treatment with 1.5 μM of
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Ectoine exhibited an increase in the ratio of Nrf2/Keap-1 in UVA-irradiated HaCaT cells (Figure 5C).
We also saw consistent data with the increased expression of NQO-1, HO-1, and γ-GCLC proteins in
Ectoine pre-treated HaCaT cells that were irradiated with 3 J/cm2 UVA (Figure 5D). This data infers
that Ectoine pre-treatment plays a protective role in UVA-irradiated HaCaT cells.

Figure 5. Ectoine mediated differential expressions of antioxidant genes in UVA irradiated HaCaT cells.
(A,B) Western blot method was used to determine the effects of time (0–12 h) and Ectoine concentrations
(0–1.5 μM) on the expressions of Nrf2 and antioxidant genes (HO-1, NQO-1, and γ-GCLC) in HaCaT
cells. (C,D) Effect of Ectoine pretreatment effect on the Nrf2/Keap-1 ratio of HaCaT cells irradiated
with UVA. Cells were pre-treated with Ectoine (0–1.5 μM for 24 h), and then irradiated in the absence
or presence of 3 J/cm2 UVA. The ratio of Nrf2/Keap-1 (C) and antioxidant gene (HO-1, NQO-1, and
γ-GCLC) expressions (D) were determined by Western blotting. Statistical significance was assigned
as *** p < 0.001 compared to the untreated cells and ### p < 0.001 compared to the UVA exposed
HaCaT cells.

3.6. Various Signaling Pathways Were Involved in the Activation of Nrf2 in Ectoine Treated HaCaT Cells

We determined the signaling pathways involved in the Ectoine mediated nuclear translocation
of Nrf2. HaCaT cells were pre-treated with pharmacological inhibitors of PI3K/AKT, ERK, p38, JNK,
PKC, ROS, and CKII signaling pathways, followed by 1.5 μM Ectoine. Western blot data of nuclear
Nrf2 showed that p38 MAPK, PI3K/AKT, PKC, and CKII pathways were involved in this mechanism
(Figure 6A). From the obtained information, we also determined the effect of Ectoine pre-treatment
on the role played by these pathways in the expression of antioxidant proteins. Figure 6B shows
that pharmacological inhibition of MAPK, p38, PI3K/AKT, CKII, and PKC pathways down-regulated
the expression of NQO-1, HO-1, and γ-GCLC antioxidant proteins in HaCaT cells. Moreover, the
time taken for the phosphorylation of AKT, p38, and the expression of PKC and CKII while exposed
to Ectoine indicates that, except for the p-AKT, the phosphorylation of p38 and the expressions of
PKC and CKII took place at the later time points only (after 30 min) (Figure 6C). In the case of AKT,
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phosphorylation was observed from the 15 min time point that has reached a peak at 30 min (Figure 6C).
These cumulative results suggested that p38, AKT, PKC, and CKII signaling pathways activated the
Ectoine mediated nuclear translocation of Nrf2 leading to the expression of antioxidant proteins.

Figure 6. Ectoine mediated the activation of nuclear Nrf2 through p38, AKT, PKC, and CKII signaling
pathways in HaCaT cells. (A) Cells were pre-treated with p38 inhibitor (SB203580, 20 μM), ERK
inhibitor (PD98059, 30 μM), JNK inhibitor (SP600125, 25 μM), PI3K/AKT inhibitor (LY294002, 30 μM),
PKC inhibitor (GF109203X, 2.5 μM), AMPK inhibitor (compound C, 10 μM), Casein kinase II inhibitor
(CKII, 20 μM), or antioxidant NAC (1 mM) for 30 min, followed by exposure to Ectoine (1.5 μM) for 2 h.
Western blot was performed to analyze the nuclear Nrf2 expression against histone proteins as internal
control (B) HO-1, NQO-1, and γ-GCLC protein levels were evaluated using immunoblot analysis.
Cells were pre-treated with inhibitors for p38 (SB203580, 20 μM), PI3K/AKT (LY294002, 30 μM), PKC
(GF109203X, 2.5 μM), and CKII (20 μM) for 30 min followed by exposure to Ectoine (1.5 μM) for 4–8 h.
(C) Ectoine activated the p38, AKT, PKC, and CKII signaling pathways. Cells were pre-treated with
Ectoine (1.5 μM) for 0–120 min, and the protein expressions of p-p38, p38, p-AKT, AKT, PKC, and CKII
were measured by immunoblot analysis.

3.7. Ectoine Mediated Anti-Melanogenic Effect was Suppressed due to the Knockdown of Nrf2

The role of Nrf2 in Ectoine mediated anti-melanogenesis was determined by silencing the Nrf2 in
HaCaT cells. Data from the Western blot indicated that Nrf2 knockdown cells exposed to 1.5 μM Ectoine
showed minimum expression of NQO-1, HO-1, and γ-GCLC antioxidant proteins (Figure 7A). Later,
we tested the effect of Nrf2 knockdown on the expression of α-MSH levels in UVA irradiated (3 J/cm2)
HaCaT cells. Western blot results indicated that to control the siRNA transfected cells, UVA-irradiation
was significant in the upregulation of the expression of α-MSH levels in cells unexposed to Ectoine
(Figure 7B). However, 1.5 μM Ectoine has suppressed this effect. For the other case, cells transfected
with siNrf2 showed a decrease in the expression of α-MSH levels in both untreated and treated
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cells (Figure 7B). Similar to α-MSH data, our fluorescence data also indicated that UVA irradiation
significantly upregulated the ROS production in Ectoine untreated control siRNA cells (Figure 7C,D).
However, this effect was significantly suppressed when the cells exposed to 1.5 μM Ectoine. On the
other hand, Nrf2 transfected and UVA-irradiated HaCaT cells showed an approximately 8-fold increase
in ROS levels compared to the Nrf2 transfected cells that were not irradiated with UVA but exposed to
Ectoine treatment (Figure 7C,D). All this data signifies the Ectoine mediated protective role played by
Nrf2 in the minimization of melanin production in UVA-irradiated HaCaT cells.

Figure 7. Nrf2 knockdown attenuated the protective effects of Ectoine in UVA-irradiated HaCaT
cells. Cells were transfected with siRNA that is specific to either Nrf2 or a non-silencing control.
(A) Transfected cells were pre-treated with Ectoine (0 or 1.5 μM for 2 or 12 h) and the expression of Nrf2
(for 2 h), or HO-1, NQO-1, and γ-GCLC (for 12 h) proteins in both control and siNrf2 were measured
by Western blot analysis. (B) The effect of Nrf2 knockdown on the expression of α-MSH levels in
UVA irradiated HaCaT cells were determined. Transfected cells were pre-treated with or without
Ectoine (1.5 μM for 24 h) and then irradiated with 3 J/cm2 UVA. The Western blot method measured the
percentage of α-MSH levels (C,D) The effect of Nrf2 knockdown on the UVA radiation-induced ROS
levels in transfected cells were measured by DCF fluorescence microscopy. Statistical significance was
assigned as *** p < 0.001 compared to the untreated cells.

4. Discussion

Various skin-whitening agents are in use in the cosmetic industry. Many of these agents are from
the chemical origin and are suffering from the limitations of causing various side effects including the
cancers [24–26]. Therefore, the identification of safe and natural skin-whitening agents represent the
need of the hour. Ectoine (Figure 1A) has been known to be used as an active ingredient in face creams
and other cosmetic agents. This acts as a skin moisturizing agent and also considered to delay the
premature skin-aging as well [27]. Almost all known skin-whitening agents target the downregulation
of tyrosinase enzyme activity in UV-irradiated cells that decreases the melanogenesis in skin cells.
Yao et al. demonstrated the whitening properties of biosynthesized Ectoine and suggested that it is a
putative whitening agent. In their study, they tested the high concentration (500 μM) of Ectoine for its
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whitening effect on mouse melanoma (B16F0) and human melanoma (A2058) cell lines and concluded
that Ectoine is a safe and potential agent for the cosmetic and clinical application [20]. However, in
this study, we further tested the beneficial effects of low concentrations of Ectoine (0.5–1.5 μM) on
UVA-irradiated HaCaT cells and the underlying molecular mechanisms were deciphered. In our study,
it was shown that Ectoine, through the Nrf2/ARE pathway, has not only induced the expression of
antioxidant gene expression but also downregulated the α-MSH levels in UVA-irradiated HaCaT cells
via the suppression of POMC. A decrease in the α-MSH levels was correlated with downregulation of
tyrosinase enzyme activity leading to the decrease in the melanin production. From our knowledge,
this is first the report that was evidenced by the mechanism elicited by Ectoine in UVA-irradiated
HaCaT cells. This study delineated the molecular mechanisms exhibited by Ectoine in HaCaT cells as
the cellular model system.

We first determined the sub-lethal concentrations of Ectoine as well as the effect of UVA radiation
on the viability of HaCaT cells. Our MTT data indicated that low concentrations of Ectoine (0.5–1.5 μM)
had no significant effect on the viability of HaCaT cells (Figure 1B). Ectoine pre-treatment increased the
viability of 3 J/cm2 UVA-irradiated HaCaT cells (Figure 1B). Based on these observations, we continued
our further experiments using 1.5 μM of Ectoine pre-treatment and UVA irradiation at 3 J/cm2 dosage.

UVA irradiation-induced ROS production in skin keratinocytes is a well-known fact [28]. Therefore,
we also tested for any beneficial effects from Ectoine pre-treatment in the UVA-radiation induced
ROS production in HaCaT cells. Our DCF-fluorescence intensity data indicated that pre-treatment
with 1.5 μM of Ectoine significantly downregulated the UVA-radiation induced ROS production in
keratinocytes. It was also observable that 1.5 μM of Ectoine could cause a basal level increase in the
ROS levels in HaCaT cells that were shown to be statistically significant (Figure 1D,E).

Rousseau et al. reported that POMC, is secreted by human epidermal keratinocytes and
melanocytes and has stimulated the melanogenesis [29]. By keeping this in view, we too tested the
effect of UVA irradiation and Ectoine pre-treatments on the melanogenesis associated proteins in
HaCaT cells. Our Western blot data indicated the dose-dependent downregulation of the expression of
α-MSH and POMC proteins in UVA-irradiated HaCaT cells was caused by the pretreatment by Ectoine.
Conversely, Ectoine pre-treatment has a differential effect on the expression pattern of melanogenesis
associated proteins. Notably, almost all tested proteins (Tyrosinase, TRP-1, TRP-2, c-AMP protein
kinase, CREB, and MITF) showed decreased expressions with increasing concentrations of Ectoine
pre-treatment in UVA-irradiated HaCaT cells (Figure 2A,B). This data signifies the fact that Ectoine
possesses anti-melanogenic properties in UVA-irradiated HaCaT cells.

The anti-melanogenic efficacy of Ectoine was further tested in B16F10 cells, a well-known
melanoma cell line used in melanogenesis studies [30]. One of the notable observations in our study
was that, in contrast to the HaCaT cells, high concentrations of Ectoine (100–400 μM) were necessary
to suppress the melanin synthesis in α-MSH-stimulated B16F10 cells (Figure 3B). Our Western blot
data indicated that Ectoine dose-dependently downregulated the expression of tyrosinase and p-CREB
proteins in α-MSH-stimulated B16F10 cells, leading to the aforesaid effect (Figure 3C). Therefore, we
also tested if these high concentrations of Ectoine could affect the viability of B16F10 cells. Our MTT
results indicated that high concentrations of Ectoine (100–400 μM) had no effect on the viability of
B16F10 cells (Figure 3A). These results signify that keratinocytes play a key role in Ectoine mediated
anti-melanogenesis and depigmenting effects.

The role of transcription factor Nrf2 in skin cells metabolism was well documented [31]. Therefore,
we further tested the mechanisms played by Nrf2/Keap-1 pathway in Ectoine mediated effects
in keratinocytes. Figure 4A shows that Ectoine dose-dependently and significantly increased the
Nrf2/Keap-1 ratio with a maximum effect was observed at 1.5 μM Ectoine concentration. It was also
observed that 1.5 μM Ectoine favored the nuclear translocation of Nrf2 protein with the maximum
expression of Nrf2 from the nuclear protein fraction observed at the 2 h time point (Figure 4B).
Data obtained from the immunofluorescence staining of HaCaT cells has also supported this effect
(Figure 4D).
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In human melanocytes and keratinocytes, Marrot et al. and others have explained the importance
of Nrf2 defensive pathway in photo-oxidative stress responses [32]. We too studied the effect of Ectoine
mediated antioxidant protein expression in HaCaT cells. Our time curve data indicated that Ectoine
mediated expression of all three anti-oxidant proteins (HO-1, NQO-1, γ-GCLC), and Nrf2 were shown
to express in a biphasic manner with the increasing time (0.5–12 h) with an observable effect was noted
at 4 h time point (Figure 5A). From this, a concentration curve that measures the effect of Ectoine
concentration on antioxidant protein expression was also determined at 4 h time point. Figure 5B
shows that in comparison to the untreated cells, Ectoine treatment has dose-dependently increased the
expression of HO-1, NQO-1, γ-GCLC proteins. We also measured how Ectoine concentration exhibited
protective effects in HaCaT cells that were exposed to UVA radiation. Western blot data showed
that Ectoine dose-dependently increased the expression of anti-oxidant proteins with a dramatic
upregulation in the Nrf2/Keap-1 ratio as well (Figure 5C,D). These results indicated that Ectoine
pretreatment (1.5 μM, 4 h) has the potential effect to induce antioxidant protein expression in HaCaT
cells that could counteract the deleterious effects posed by UVA exposure.

Later, we determined the signaling pathways that mediated the activation of nuclear translocation
of Nrf2 as well as the expression of anti-oxidant proteins. Our pharmacological inhibitor data revealed
that p38, PI3/AKT, PKC, and CKII pathways were involved in the Ectoine mediated activation of
nuclear NRf2. This data was consistent with the antioxidant expression data as well which showed
that pharmacological inhibition of these four pathways down-regulated the expression of anti-oxidant
proteins (HO-1, NQO-1, γ-GCLC). Except for the AKT activation (p-AKT), all three pathways (p38, PKC,
and CKII) were activated at longer time points (after 30 min). The AKT pathway was demonstrated to
be the first pathway activated (within 15 min) after exposure to Ectoine (Figure 6A–C).

Nrf2 knock-down technique has helped us to further demonstrate and confirm the key role played
by Nrf2 in Ectoine mediated antioxidant and anti-melanogenic effects in HaCaT cells. Data showed
that compared to the control siRNA cells, Nrf2 knockdown cells exposed to 1.5 μM Ectoine exhibited
significant downregulation in the expression of HO-1, NQO-1, γ-GCLC antioxidant proteins (Figure 7A).
On the other hand, these knockdown cells pre-treated with Ectoine and exposed to the UVA radiation
did not affect the α-MSH expression, which confirmed that Nrf2 plays a key role in α-MSH expression
in HaCaT cells (Figure 7B). In addition to the α-MSH expression, our DCF fluorescence data also
revealed that Nrf2 knockdown is involved in the regulation of intracellular ROS production in UVA
irradiated HaCaT cells that were pre-treated with 1.5 μM Ectoine (Figure 7C,D).

5. Conclusions

From the above data, we concluded that low concentrations of Ectoine (0.5–1.5 μM) could
downregulate α-MSH and melanin production via the suppression of POMC and tyrosinase pathway
in UVA irradiated HaCaT cells, indicating its anti-melanogenesis efficacy. Additionally, Ectoine was
also involved in the suppression of intracellular ROS production in HaCaT cells. Unlike HaCaT cells,
high concentrations of Ectoine (50–400 μM) were able to show the similar effect in B16F10 melanoma
cells that have signified the fact that keratinocytes could play a key role in the Ectoine mediated
anti-melanogenesis and skin-whitening effects in skin cells. Most importantly, Ectoine mediated
beneficial effects via the activation of the Nrf2 pathway, that induces the expression of antioxidant
proteins HO-1, NQO-1, and γ-GCLC. AKT was shown to be the first signaling pathway that initiates
the activation of Nrf2 followed by the other pathways (p38, PKC, and CKII). Finally, silencing of Nrf2
directly provided the evidence that Nrf2 plays a key role in the regulation of intracellular ROS as
well as the α-MSH production. We concluded that the main whitening mechanism of Ectoine should
be reasoned by the inhibition of ROS-p53/POMC-α-MSH pathway in UVA-irradiated HaCaT cells.
Therefore, Ectoine or its derivatives could be an active ingredient in the moisturizers and lotions that
are used as potential and natural-based skin whitening agents in the cosmetic industry.
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