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Editorial

Oxidative Stress in Aquatic Organisms

Changyou Song 1,2, Cunxin Sun 1,2, Bo Liu 1,2,* and Pao Xu 1,2,*
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Oxidative stress mainly refers to the imbalance between reactive oxygen species pro-
duction and antioxidant defense systems in organisms [1]. Excessive oxidative stress can
induce cell and tissue damage, mainly manifested as DNA hydroxylation, protein denatu-
ration, lipid peroxidation and cell apoptosis [2]. In the past few decades, aquaculture has
developed rapidly and has become the fastest growing food production sector for humans.
Oxidative stress is ubiquitous in aquatic animals. In general, endogenous and exogenous
factors are the main elements that induce oxidative stress, including temperature, oxygen,
life history, nutrition, food deprivation, and industrial and agricultural pollutants [3]. In
accordance with other animals, aquatic organisms have evolved complex mechanisms to
resist oxidative stress. Therefore, uncovering the causes of oxidative stress, elucidating the
underlying physiological mechanisms and developing antioxidant strategies are of great
importance for the development of aquaculture.

In this Special Issue, 28 original scientific research papers are published, all of which
highlight the most recent advances in all aspects of oxidative stress response in aquatic
animals, including the generation process, the response mechanism and the resistant
approaches. Papers in this Special Issue provide an updated overview of the advances in
oxidative stress research, with advanced molecular approaches in both living organisms
and habitats of aquatic animals.

Taxonomically, these papers cover freshwater fish (Carassius auratus [4], Monopterus
albus [5], Ictalurus punctatus [6], Megalobrama amblycephala [7], Micropterus salmoides [8],
Lateolabrax maculatus [9–12], Carassius gibelio [13,14], Aplodinotus grunniens [15], Pangasian-
odon hypophthalmus [16], Danio rerio [17], and hybrid grouper [18]), marine fish (Scophthalus
maximus [19]), crustaceans (Macrobrachium rosenbergii [20–22], Litopenaeus vannamei [23–25],
Penaeus monodon [26], Scylla paramamosain [27], and Eriocheir sinensis [28]), and molluscs
(Crassostrea hongkongensis [29], Trachinotus ovatus [30], and Pacific abalone [31]). Meanwhile,
these papers reveal several endogenous and exogenous factors that induce oxidative
stress, such as environmental factors (water hardness [4], chronic hyperthermia [6], acute
hypoxic stress [10], acute ammonia nitrogen [12], hypothermia [15], low salinity [23],
and ammonia-N-stress [26]), nutritional factors (high carbohydrate levels [5], oxidized
lipids [7], high-fat diet [12,20], and lipopolysaccharide [29,31]), essential or heavy metals
(Zn [4], cadmium [13,27], Cu2+ [28], and polyinosinic–polycytidylic acid sodium salt [31]),
pathogenic bacteria or virus (aflatoxin B1 and cyprinid herpesvirus 2 [14], water bubble
disease (WBD) [21], Vibrio harveyi [29,31], and Streptococcus agalactiae [30]), and feeding
practices (stocking density [8], transport stress [11]). Therapeutically, some papers have
also explored some medicines or immunostimulants to resist oxidative stress, such as
herbal medicine (mulberry leaf flavonoids [5], emodin [7], berberine [17], Sophora flavescens
root extract [19], and tea tree oil [22]), nutritional stimulants (Atractylodes macrocephala
polysaccharide [9], taurine alleviates [13], histamine [16,18], vitamin E [20], β-Glucan [23],
krill oil [24], and zinc [25]), antibiotics (florfenicol and ofloxacin [21]), and feeding admin-
istration (feed restriction [6]). Additionally, the full length of antioxidant genes was also

Antioxidants 2023, 12, 1223. https://doi.org/10.3390/antiox12061223 https://www.mdpi.com/journal/antioxidants
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cloned to analyze their functional responses to oxidative stress, such as glutaredoxin [26]
and catalase [31].

To uncover the relationship between oxidative stress inducers and response mecha-
nisms, tissue or cell morphology, antioxidant and immunity enzymes and related gene
expression, metabolic homeostasis, and cell fate related autophagy and apoptosis, as
well as mortality, have been extensively studied in these papers. Mechanically, some key
molecular signaling processes were studied, such as Nrf2 signaling [7,9,22,27], Notch sig-
naling [7], PPAR signaling [8], MAPK signaling [10], NF-κB signaling [15,20,30], Relish-Imd
signaling [22], TLR2-MyD88-NF-κB [28], and epigenetic regulator m6A methylation [17].
Additionally, the regulation of gut microbiota on oxidative stress resistance was also inves-
tigated in some papers [5,10,11,14,24,25]. A brief summary of each paper is shown below
for reference.

Specifically, in freshwater fish, Choi et al. [4] investigated the toxicity stress of Zn
and water hardness in C. auratus. They found that high water hardness can influence the
absorption of Zn, and alleviating the hardness levels can reduce the toxicity stress caused by
Zn. Shi et al. [5] found that 300 mg/kg mulberry leaf flavonoids (MLF) can alleviate the neg-
ative effects of high-carbohydrate-induced low growth performance, glucose metabolism
disorder, liver oxidative damage and intestinal microbiota disturbance in M. albu, and that
the relief of MLF is dose-related. Lu et al. [6] investigated the effects and mechanisms of
feed restrictions on improving chronic, heat-induced (27 to 31 ◦C) liver peroxidation and
damages in channel catfish (I. punctatus). They concluded that 2.5% body weight/day is
recommended to improve antioxidant capacity and liver health during the summer season.
Song et al. [7] studied the therapeutic mechanism of emodin on metabolic and oxidative
disorders induced by dietary oxidized fish oil in M. amblycephala liver. Their results indicate
that oxidative stress blocked the crosstalk between Notch and Nrf2 signaling, while emodin
rescued Notch-Nrf2 interaction to ameliorate oxidative stress. The crosstalk between Notch
and Nrf2 signaling might be the potential therapeutic target for emodin to ameliorate oxida-
tive stress and metabolic disorder in the liver. Jia et al. [8] focused on the effects of stocking
density on fish health in integrated rice–fish farming systems. They indicate that a high
density (HD, 120 g/m3) inhibited growth and caused physiological responses, oxidative
stress, and abnormal hepatic lipid metabolism in M. salmoides. Dong et al. [9] revealed that
400–4000 mg/kg Atractylodes macrocephala polysaccharide (AMP) could improve growth
performance and antioxidant activity, as well as nutrient absorption in largemouth bass.
Specifically, Nrf2 signaling was involved in the regulation. Song et al. [10] showed that
hypoxia caused oxidative stress, exfoliation of the intestinal villus epithelium, and villus
rupture, and increased cell apoptosis in largemouth bass (M. salmoides). Mechanically,
MAPK signaling pathway and inflammatory related microbiota played an important role
under hypoxic stress. Wang et al. [11] indicated that transport stress resulted in oxidative
stress, and altered innate immune responses and affected the gut microbial compositions,
mainly among proteobacteria, firmicutes, cyanobacteria and spirochaetes in juvenile large-
mouth bass. Dong et al. [12] revealed that the potent endoplasmic reticulum stress (ERs)
inhibitor 4-PBA could decrease the peroxidation content and attenuated ERs induced by
high-fat diet (HFD) and acute ammonia nitrogen. Xu et al. [13] revealed that taurine (1%)
alleviates cadmium-induced endoplasmic reticulum stress via autophagy and apoptosis
in gibel carp (C. gibelio), demonstrating the potential use of taurine in the mitigation of
heavy metal toxicity in aquatic organisms. Xue et al. [14] investigated the defensive ability
of gibel carp exposed to aflatoxin B1 (AFB1) by challenging it with cyprinid herpesvirus
2 (CyHV-2) infection. Their results indicate that AFB1 may increase the susceptibility of
C. gibelio to CyHV-2 infection, and thus amplify the viral outbreak to endanger ecological
safety in an aquatic environment. Chen et al. [15] revealed that acute hypothermia (10 ◦C
for 8 d) induced oxidative stress, immunosuppression, mitochondrial enlargement, nu-
cleoli aggregation, lipid droplet accumulation, metabolism, programmed cell death, and
disease. Interactively, apoptosis and inflammation in immune organs were correlated with
antioxidation and immunity suppression induced by hypothermia exposure. Liu et al. [16]
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indicated that high dietary histamine (480 mg/kg) decreases intestinal immunity and
antioxidant capacity, inducing digestive tract oxidative damage and ultimately decreasing
the growth of striped catfish (P. hypophthalmus). Zhang et al. [17] revealed that Berberine
(BBR) ameliorates cellular oxidative stress, apoptosis and autophagy induced by lipid
metabolism disorder by mediating Camk1db m6A methylation through the targeting of
the Camk1db/ERK pathway in zebrafish-hepatocyte. Zhang et al. [18] revealed that high
levels of histamine (≥404.12 mg/kg) were detrimental to the digestive physiology function
and muscle quality of hybrid grouper (Epinephelus fuscoguttatus ♀× Epinephelus lanceolatus
♂), although it did compromise its growth performance.

Accordingly, in marine fish, Hou et al. [19] indicated that 0.1–0.2% Sophora flavescens
root extract (SFE) improved the growth performance, antioxidant activity and disease
resistance against Edwardsiella tarda in S. maximus.

Moreover, in crustaceans, Sun et al. [20] found that 600 mg/kg dietary vitamin E
alleviated hepatopancreas oxidative stress and apoptosis induced by high fat diet (13%
dietary lipid in the diet) in M. rosenbergii, and that the NF-κB/NO signaling pathway was
the antioxidant target for oxidative stress. Zhao et al. [21] demonstrated how antibiotic
florfenicol and ofloxacin prevent Citrobacter freundii-induced water bubble disease (WBD)
in giant freshwater prawns, M. rosenbergii, evidenced by improved antioxidant capacity,
immune-related gene expression, and the anti-lipopolysaccharide factor in hepatopancreas.
Liu et al. [22] reported that 100 mg/kg tea tree oil (TTO) could alter the hepatopancreatic
lipid metabolism by affecting the antioxidant–autophagy axis in M. rosenbergii. The relish-
Imd pathway functions significantly in the regulation. Qiao et al. [23] suggested that dietary
β-glucan (0.1–0.2%) markedly increased growth performance and alleviated the negative
effects of low-salinity stress by contributing to the activity of biochemical enzymes and
enriching carbohydrate metabolism. Liang et al. [24] indicated that Krill oil is a suitable
dietary phospholipid source to improve antioxidant capacity and innate immunity and
establish the intestinal immune barrier by increasing the richness of Fusibacter, promoting
the growth of Pacific white shrimp L. vannamei. Yang et al. [25] revealed that organic zinc
had a higher bioavailability to improve zinc homeostasis, antioxidant capacity, immune
response, glycolysis and intestinal microbiota, and was therefore a more beneficial zinc
resource than inorganic zinc in white shrimp (L. vannamei Boone, 1931). Fan et al. [26]
identified a novel glutaredoxin (PmGrx2) in P. monodon. They cloned the full length
and indicated that PmGrx2 is involved in redox regulation and plays an important role in
resistance to ammonia-N-stress. Cheng et al. [27] revealed that cadmium exposure increased
H2O2 production, lipid peroxidation and tissue damage in mud crabs, but decreased the
activity of SOD and catalase CAT, and caused lipid peroxidation and tissue damage. With
Nrf2 knockdown, antioxidant capacity was decreased, leading to aggravated hepatotoxicity
and cell injury. Feng et al. [28] revealed that Cu2+ exposure decreased antioxidative capacity
and immunity, promoted lipid peroxidation and induced apoptosis, autophagy and ER
stress in Chinese mitten crab (E. sinensis); the toxicity may be implicated following the
activation of the ERK, AMPK, and TLR2-MyD88-NF-κB pathways.

Additionally, in molluscs, Ma et al. [29] suggested that post-spawning-phase male
Hong Kong oysters C. hongkongensis have a more significant energy metabolic response and
a greater ability to cope with oxidative stress under Vibrio harveyi and lipopolysaccharide
(LPS) infection than female oysters, which provides prospects for oyster farming or oyster
disease in natural seas. Gao et al. [30] investigated the effects of Streptococcus agalactiae
infection on the immune and antioxidant regulatory mechanisms of golden pompano
(T. ovatus). Results showed that S. agalactiae could activate TNF-α/NF-κB signaling in
the liver to induce defense and immune responses. Hossen et al. [31] cloned the full
length of catalase (Hdh-CAT) and found Hdh-CAT was induced by thermal stress, H2O2
induction, starvation, cadmium and immune challenges with Vibrio, lipopolysaccharides
and polyinosinic–polycytidylic acid sodium salt in P. abalone.
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Abstract: Lipids work as essential energy sources for organisms. However, prawns fed on high-fat
diets suffer from oxidative stress, whose potential mechanisms are poorly understood. The present
study aimed to explore the regulation mechanism of oxidative stress induced by high fat and the
amelioration by vitamin E (VE) of oxidative stress. Macrobrachium rosenbergii were fed with two
dietary fat levels (LF 9% and HF 13%) and two VE levels (200 mg/kg and 600 mg/kg) for 8 weeks.
The results showed that the HF diet decreased the growth performance, survival rate and antioxidant
capacity of M. rosenbergii, as well as inducing hypertrophied lipid droplets, lipophagy and apoptosis.
A total of 600 mg/kg of VE in the HF diet alleviated the negative effects induced by HF. In addition,
the HF diet suppressed the expression of toll-dorsal and imd-relish signal pathways. After the relish
and dorsal pathways were knocked down, the downstream iNOS and NO levels decreased and the
MDA level increased. The results indicated that M. rosenbergii fed with a high-fat diet could cause
oxidative damage. Its molecular mechanism may be attributed to the fact that high fat suppresses
the NF-κB/NO signaling pathway mediating pro-oxidant and antioxidant targets for regulation of
oxidative stress. Dietary VE in an HF diet alleviated hepatopancreas oxidative stress and apoptosis.

Keywords: high fat diet; oxidative stress; NF-κB; vitamin E; Macrobrachium rosenbergii

1. Introduction

For a long time, China’s aquaculture industry has been steadily pursuing growth and
using high-protein feeds in intensive development, which has led to a series of problems,
such as a decline in flesh quality, immunosuppression, and water eutrophication. As a
more environmentally friendly nutrient than protein, fat has been shown to have significant
protein-sharing effects [1,2]. Therefore, developing high-fat diets in the field of aquafeeds
has broad application prospects. However, in current production practices, long-term
feeding with high fat diets has led to problems such as oxidative stress and immunosup-
pression in cultured aquatic animals [3,4]. Vitamin E (VE) is a fat-soluble vitamin that can
maintain the stability of the phospholipid bilayer of the cell membrane through antioxidant
effects. When free radicals attack the biofilm, VE can undergo a redox reaction with the
oxygen-containing groups of ROS to block the generation of peroxides. Studies have shown
that VE can significantly enhance specific immunity and anti-stress effects in Macrobrachium
nipponense [5] and Palaemonetes argentinus [6]. In addition, VE has a particular alleviating
effect on oxidative stress caused by oxidized fat and high-fat diets [3,7]. Given this, it is
crucial to study the mechanism of oxidative stress in organisms induced by high-fat diets
and evaluate the amelioration of VE.

For farmed fish, oxidative stress damage induced by the long-term feeding of high-fat
diets is manifested by a surge in inflammatory factors, decreased activity of antioxidant
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enzymes, abnormal mitochondrial metabolism, and increased apoptosis rate, which seri-
ously affect growth performance, stress tolerance, and pathogen sensitivity [3,8]. Further
research found that oxidative stress is mainly induced by the long-term free fatty acid
level, which exceeds the metabolic capacity of the body, and leads to an increase in ROS
production in the adipose tissue. On the other hand, adipose tissue oxidative stress in-
duces abnormal cytokine production in fat. These two pathways form a vicious cycle in
the body that aggravates lipid metabolism disorders and oxidative stress damage [9–11].
Fish and shrimp differ greatly in lipid digestion and metabolism. The major difference
between shrimp and fish is that crustaceans do not produce bile and cannot use bile salts
in fat digestion and metabolism [12]. Besides, fish accumulate fat in the hepatocyte, the
adipose tissues in the abdominal cavity, and between the skin and flesh, while shrimp
deposit fat mainly in the hepatocyte, which indicates an shrimps’ inability to tolerate and
utilize higher dietary fat levels [13]. In the crustacean species, the haemolymph is an
essential component of the immunological barrier system and nutrient exchange, which
also performs wide functions, such as cellular and biochemical transport, oxygen exchange,
and osmotic pressure regulation. The hepatopancreas is the primary organ responsible
for the synthesis and degradation of fat, and performs digestion, enzyme secretion, and
the excretion of waste materials, which is analogous to the liver in vertebrates. However,
studies on haemolymph and hepatopancreas response, as well as oxidative stress induced
by high-fat diets in crustaceans, have rarely been reported, with most research focusing on
fish species. According to these limited studies, only malondialdehyde and antioxidant
enzymes were measured in the hepatopancreas of crustaceans fed high-fat diets [14,15].
The regulatory mechanism of oxidative stress induced by high fat is yet to be determined.

As a critical transcription factor regulating inflammatory response, NF-κB has been
shown to be closely related to immune regulation, cell cycle regulation, tumor metastasis,
and apoptosis in vertebrates [16,17]. Dorsal and relish are two homologous proteins of
NF-κB found in mollusks and crustaceans [18,19]. The main upstream and downstream
factors of NF-κB in shrimp have also been determined. The stimulatory and inhibitory
roles of NF-κB in ROS regulation have been investigated in vertebrates [20]. However, the
studies of the NF-κB signaling pathway in shrimp mainly focus on the immune response to
bacteria or viruses [21–24]. Few studies focus on oxidative stress regulation, which is yet to
be further explored and verified.

The giant freshwater prawn Macrobrachium rosenbergii has been widely cultivated in
China and worldwide. Its output in China was about 161,888 tons in 2020, with an increase
of 15.96% over the previous year [25]. In the process of breeding, M. rosenbergii generally has
high feed protein (> 40%) and high density of breeding, which causes significant feed waste
and water eutrophication [26]. Therefore, this species can be used as an ideal model for
developing high-fat diets and exploring the mechanism of oxidative stress in invertebrates.
In view of this, the present study aimed to evaluate the molecular mechanism of oxidative
stress induced by high-fat diets in M. rosenbergii and the amelioration of VE. The results
will shed more light on the molecular mechanism of oxidative stress induced by nutrients,
and also provide a reference for the development and application of high-fat feed.

2. Materials and Methods

2.1. Experimental Ingredients and Diets

Four experimental diets were formulated in this study, including two levels of fat
and VE. LF/200 VE included 9% fat and 200 mg/kg VE, LF/600 VE included 9% fat
and 600 mg/kg VE, HF/200 VE included 13% fat and 200 mg/kg VE, an HF/600 VE
included 13% fat and 600 mg/kg VE. The formulation and proximate composition of the
experimental diets are presented in Table 1. Fish meal, casein, and gelatin served as the
protein sources; fish oil was supplemented as the lipid source; and α-starch and dextrin
were used as the carbohydrate source.
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Table 1. Formulation and proximate composition of the experimental diets.

LF/200VE LF/600VE HF/200VE HF/600VE

Ingredients%
Fish meal 1 22.00 22.00 22.00 22.00

Casein 2 24.00 24.00 24.00 24.00
Gelatin 1 6.00 6.00 6.00 6.00
α-starch 3 20.00 20.00 20.00 20.00
Dextrin 3 5.00 5.00 5.00 5.00
Fish oil 1 6.00 6.00 10.00 10.00

Soybean oil 1 0.00 0.00 0.00 0.00
Rapeseed oil 1 0.00 0.00 0.00 0.00

Microcystalline cellulose 4 5.00 5.00 1.00 1.00
Carboxymethyl cellulose 4 3.00 3.00 3.00 3.00

Bentonite 1 1.53 1.49 1.53 1.49
Soybean lecithin (50%) 1 2.00 2.00 2.00 2.00

Cholesterol 1 0.30 0.30 0.30 0.30
Ecdysone (2%) 5 0.10 0.10 0.10 0.10

DMPT 5 0.05 0.05 0.05 0.05
Choline chloride 5 1.00 1.00 1.00 1.00
Vitamin premix 5 1.00 1.00 1.00 1.00

Vitamin E 1 0.02 0.06 0.02 0.06
Mineral premix 5 1.00 1.00 1.00 1.00

Calcium dihydrogen phosphate 1 2.00 2.00 2.00 2.00
Proximate composition %

Crude protein 40.90 40.90 40.90 40.90
Crude lipid 9.58 9.58 13.28 13.28

Gross energy (MJ/kg) 15.80 15.80 17.38 17.38

Notes: 1 Obtained from Wuxi Tongwei feedstuffs Co., Ltd., Wuxi, China; 2 obtained from Hulunbeier Sanyuan
Milk Co., Ltd., Inner Mongolia, China; 3 obtained from Yinhe Dextrin Co., Ltd., Zhengzhou, China; 4 obtained
from Yifeng Food Additives Co., Ltd., Shanghai, China; 5 obtained from Jiangsu Fuyuda Food Products Co., Ltd.,
Yangzhou, China.

All the ingredients were ground through a 60 mm mesh. The fine powder was carefully
weighed, then lipid sources and 30% water were added to the mixture, which was further
blended to ensure homogeneity. A laboratory pelletizer (Guangzhou Huagong Optical
Mechanical and Electrical Technology CO. LTD, Guangzhou, China) was used for the
pelletizing process. The diet diameter was 1.5 mm. After drying in the laundry drier, the
feeds were offered to prawns.

2.2. Prawns and the Feeding Trial

Juvenile prawns were provided by Zhejiang Southern Taihu Lake freshwater aquatic
seed industry CO. LTD (Huzhou, China). After two weeks of acclimation, prawns of similar
size (0.24 ± 0.001 g) were randomly distributed into 12 concrete tanks (2.0 m × 1.5 m × 0.8 m)
at a rate of 50 prawns per tank. Four experimental diets were randomly allotted to prawns
with triplicate tanks. All prawns were fed three times daily at 7:00, 12:00, and 17:30 for
56 days, and the feeding rate was 2–5% of body weight. Feces and molts were removed by
siphoning the tanks. During the feeding trial, the average water temperature was 30 ± 0.4 ◦C;
continuous aeration was supplied to each tank to maintain the dissolved oxygen above
50 mg/L; pH was 7.6–8.0, and total ammonia nitrogen level was above 0.02 mg/L. Total
ammonia nitrogen and nitrite were kept < 0.2 and 0.005 mg/L, respectively.

2.3. Sample Collection

At the end of the feeding period, prawns were fasted for 24 h to empty the digestive
tract. The hemolymphs from five prawns were randomly sampled from the cardiocoelom
per tank. Alsever’s solution was used as the anticoagulant at a ratio of 1:1 with haemolymph.
Hemolymph samples were collected into anticoagulation tubes, then centrifuged at 2000× g
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4 ◦C for 10 min. Hepatopancreas was stored in 4% paraformaldehyde for apoptosis mea-
surement and 2.5% glutaraldehyde for ultrastructure study. Furthermore, the remaining
hepatopancreases were quickly removed and stored at −80 ◦C for subsequent analysis.

2.4. Ultrastructure Study

Electron microscopy samples were fixed with 2.5% glutaraldehyde for 24 h, then fixed
with 1% osmium tetroxide for 1 h and stored at 4 ◦C. The sections were embedded in
epoxy resin Epon 812, cut into 70 nm-thick sections by RMC PowerTomeXL microtome,
stained with uranyl acetate and lead citrate, and examined under a transmission electron
microscope (Hitachi H-7650, Tokyo, Japan).

2.5. Apoptosis Detection

Hepatocyte apoptosis was determined by Lu et al.’s methods [27], the terminal de-
oxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay fol-
lowed the protocol of the apoptosis detection kit (Nanjing Jian-Cheng Bioengineering
Institute, Nanjing, China). The positive cell nucleus was dyed brown-yellow granules. The
DNase1-treated tissue was used as the positive control. The reaction without TdT enzyme
was used as the negative control.

2.6. Biochemical and Antioxidative Parameters in Hemolymph

Total cholesterol (TC), total triglycerides (TG), alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were determined by an automatic hemolymph biochem-
ical analyzer (Mindray BS-400, Shenzhen, China), as described by Wangari et al. [28].
Inducible nitric oxide synthase (iNOS), superoxide dismutase (SOD), glutathione perox-
idase (GPx) and anti-superoxide anion (ASA) activity, as well as malonaldehyde (MDA)
nitric oxide (NO) content in hemolymph were detected using a commercially available
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions.

2.7. RNA Isolation and RT-qPCR Analysis

Total RNA was isolated using RNAiso Plus (Takara Co. Ltd., Tokyo, Japan), and then
purified with RNase-Free DNase (Takara Co. Ltd., Tokyo, Japan) to avoid genomic DNA
amplification. The purity and concentration of RNA were measured using a NanoDrop
(DN-1000, Thermo Scientific, Waltham, MA, USA). After normalizing the concentration of
the RNA samples, cDNA was generated from 500 ng DNase-treated RNA using ExScriptTM
RT-PCR kit, according to the manufacturer’s instructions (Takara Co. Ltd., Tokyo, Japan).

The cDNA samples were analyzed by real-time quantitative detector (BIO-RAD,
Hercules, CA, USA) using a SYBR Green II Fluorescence Kit (Takara Co. Ltd., Tokyo, Japan).
The fluorescent qPCR reaction solution consisted of 10 μL SYBR® premix Ex TaqTM, 0.4 μL
ROX Reference Dye II, 0.4 μL PCR forward primer (10 μM), 0.4 μL PCR reverse primer
(10 μM), 2.0 μL RT reaction (cDNA solution), and 6.8 μL dH2O. All RT-qPCR primers were
designed using Primer 5 software and listed in Table 2. The thermal profile was 95 ◦C for
30 s, followed by 40 cycles of 95 ◦C for 5s and 60 ◦C for 30 s, followed by a melt curve
analysis of 15 s from 95 to 60 ◦C, 1 min for 60 ◦C, and then up to 95 ◦C for 15 s. Control
reactions were conducted with non-reverse transcribed RNA to determine the level of
background or genomic DNA contamination, respectively. In all cases, genomic DNA
contamination was negligible. β-actin was selected as the housekeeping gene to normalize
our samples because of its stable expression in the present study. The reaction was carried
out in three duplicates of each sample. Values for the threshold (CT) from the treated and
control tissue templates were compared, and the 2−ΔΔCT method was used as the relative
quantification calculation method.
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Table 2. Sequences of the primers used in the study.

Gene GenBank Acc. No. Primer Sequences (5′–3′) Length (bp) Purpose Reference

T7-relish KR827675.1
TAATACGACTCACTATAGGGATCA

TCATGAGGCGGAAAAG 40
RNAi

TAATACGACTCACTATAGGGTG
GCATGTAGGTGAAATCCA 40

T7-dorsal KX219631.1
TAATACGACTCACTATAGGGCA

AGTGTTCCTCGAAGGCTC 40
RNAi

TAATACGACTCACTATAGGGA
ACTTCACCAATTTGTCCGC 40

relish KR827675.1
GATGAGCCTTCAGTGCCAGA 20 RT-qPCR
CCAGGTGACGCCATGTATCA 20

dorsal KX219631.1
TCAGTAGCGACACCATGCAG 20 RT-qPCR
CGAGCCTTCGAGGAACACTT 20

imd
CGACCACATTCTCCTCCTCCC 21 RT-qPCR [24]TTCAGTGCATCCACGTCCCTC 21

toll KX610955.1
TTCGTGACTTGTCGGCTCTC 20 RT-qPCR

GCAGTTGTTGAAGGCATCGG 20

β-actin AY651918.2
TCCGTAAGGACCTGTATGCC 20 RT-qPCR
TCGGGAGGTGCGATGATTTT 20

2.8. Knock-Down of Relish and Dorsal In Vivo Expression by RNA Interference

To determine the duration and efficiency of gene knock-down of silencing, M. rosen-
bergii were divided into four groups. The first group was a blank group and PBS was
injected; the second group was the negative control group and 1.5 μg/g dsGFP was in-
jected; the third group was the dorsal group and 1.5 μg/g dsdorsal was injected; the fourth
group was the relish group and 1.5 μg/g dsrelish was injected. Hepatopancreases were
harvested at 1 d, 4 d, 7 d, and 10 d after injection. The efficiency of gene knock-down was
monitored using RT-qPCR analysis with primers T7-relish and T7-dorsal. β-actin expression
analysis was used as an internal control. The optimum time point of gene silencing was
found to be at 4 d after dsRNA injection, and the duration is 7 days after injection. In all of
the following experiments, the prawns were therefore injected with dsRNA consecutive
4 day intervals. This knockdown assay was carried out with three replicates.

In total, 12 prawns from the LF/200VE and 36 prawns from the HF/200VE were
divided into 4 groups for intramuscular injection. LF/200VE group was injected with
1.5 μg/g dsGFP; HF/200VE group was injected with 1.5 μg/g dsGFP; dsdorsal and dsrelish,
respectively. After 24 h of injection, the first group was fed the basal diet, and the other
groups were fed with the high-fat diet for 2 weeks. After feeding trial, the hemolymph and
hepatopancreases were sampled for analysis.

2.9. Calculations and Statistical Analysis

The growth parameter was calculated as follows:

• Weight gain rate (WGR, %) = (Wt − W0) × 100/W0.
• Specific growth rate (SGR, % day−1) = (LnWt − LnW0) × 100/day.
• Feed conversion ratio (FCR) = feed consumption (g)/Weight gain (g).
• Survival rate (SR, %) = initial number/final number × 100
• Where W0 and Wt are initial and final body weight.

Data were subjected to two-way analysis of variance (ANOVA) to investigate the
growth performance, hemolymph parameters and mRNA expression, after testing the
homogeneity of variances with the Levene test. If significant (p < 0.05) differences were
found, Duncan multiple range test was used to rank the means. Analyses were performed
using the SPSS program v16.0 (SPSS Inc., Michigan Avenue, Chicago, IL, USA) for Windows.
All data were presented as means ± S.E.M (standard error of the mean).
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3. Results

3.1. Growth Performance

As shown in Figure 1, dietary fat and VE level had significant effects on the growth
performance and survival rate of Macrobrachium rosenbergii, and the interaction of dietary
fat and VE levels was significant (p < 0.05). In the prawns fed LF diets, different dietary
levels of VE had no significant effect on SR, WGR, SGR, and FCR (p > 0.05). In the prawns
fed with 200VE diets, SR, WGR, and SGR decreased significantly with increasing dietary fat
level (p < 0.05), and FCR increased significantly (p < 0.05). In the prawns fed with HF diets,
SR, WGR, and SGR increased significantly with increasing dietary VE levels (p < 0.05), and
FCR reduced significantly (p < 0.05).

Figure 1. Growth performance and feed utilization of Macrobrachium rosenbergii fed with different
dietary fat and VE levels. (A) survival rate (SR, %) of M. rosenbergii fed with different dietary fat and
VE levels; (B) Weight gain rate (WGR, %) of M. rosenbergii fed with different dietary fat and VE levels;
(C) specific growth rate (SGR, %/day) of M. rosenbergii fed with different dietary fat and VE levels;
(D) feed conversion ratio (FCR) of M. rosenbergii fed with different dietary fat and VE levels. Values
are means ± SEM. ***: p < 0.001, **: p < 0.01, *: p < 0.05. WGR = (final weight − initial weight) ×
100/initial weight; SGR = (Ln final weight − Ln initial weight) × 100/day; FCR = feed consumption
(g)/weight gain (g); SR = final number of prawns/initial number of prawns.

3.2. Hemolymph Biochemistry Parameters

As shown in Figure 2, hemolymph AST and TC were significantly affected by dietary
fat levels (p < 0.05), TC was significantly affected by dietary VE levels, and AST and TG
were significantly affected by the interaction of dietary fat and VE levels (p < 0.05). In
prawns fed LF diets, the levels of dietary VE showed no significant effect on the levels of
ALT, AST, TC, and TG (p < 0.05). In the prawns fed 200VE diets, ALT, AST, TC, and TG
levels increased significantly with increasing dietary fat levels (p < 0.05). In the prawns fed
HF diets, ALT, AST, TC, and TG levels decreased significantly with increasing dietary VE
levels (p < 0.05).
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Figure 2. Hemolymph biochemistry parameters of Macrobrachium rosenbergii fed with different
dietary fat and VE levels. (A) hemolymph alanine aminotransferase (ALT) activity of M. rosenbergii
fed with different dietary fat and VE levels; (B) hemolymph aspartate aminotransferase (AST) activity
of M. rosenbergii fed with different dietary fat and VE levels; (C) hemolymph total cholesterol (TC)
content of M. rosenbergii fed with different dietary fat and VE levels; (D) hemolymph total triglycerides
(TG) content of M. rosenbergii fed with different dietary fat and VE levels. Values are means ± SEM.
***: p < 0.001, **: p < 0.01, *: p < 0.05, ns: p < 0.05.

3.3. Hepatopancreas Ultrastructure and Apoptosis

The prawn hepatopancreas ultrastructure pictures are presented in Figure 3. The
prawns fed the LF diets exhibited normal ultrastructures with round and clear nuclei; fewer
lipid droplets were visible. The 600 VE group exhibited increased endoplasmic reticulum
compared with the 200 VE group. Nevertheless, the prawns fed the HF diet showed
hypertrophied lipid droplets in the cytoplasm, and lipophagy was observed. A total of
600 VE in the HF diet led to alleviated hepatic lipid accumulation with fewer droplets
surrounding the centered nucleus compared with the 200 VE group.

The apoptosis of the hepatopancreatic cells is shown in Figure 4. The cells with stained
brown nuclei were considered in a state of apoptosis and were counted to calculate the
hepatopancreatic apoptosis cell ratio. Three paraffin sections were used for the TUNEL
assay in each group. In the prawns fed LF diets, apoptotic cells were about 16–17% of
the total hepatocytes (Figure 4A,B). In the hepatopancreases from the prawns fed the
HF/200 VE diet, the apoptotic cells were about 30% of the total hepatocytes, which was
significantly higher than in those fed LF/200 VE diet (p < 0.05) (Figure 4C). The 600 VE
addition significantly decreased the ratio of apoptosis cells compared with 200 VE in the
HF groups (p < 0.05) (Figure 4D).
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Figure 3. Transmission electron microscope images of Macrobrachium rosenbergii hepatocyte ultra-
structure (2500×) fed with different dietary fat and VE levels. (A) prawns fed diet including 9% fat
and 200 mg/kg VE; (B) prawns fed diet including 9% fat and 600 mg/kg VE; (C) prawns fed diet
including 13% fat and 200 mg/kg VE; (D) prawns fed diet including 13% fat and 600 mg/kg VE. N:
nucleus; LD: lipid droplet; ER, endoplasmic reticulum; LP, lipophagy.

Figure 4. Cont.
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Figure 4. Hepatocyte apoptosis of Macrobrachium rosenbergii fed with different dietary fat and VE
levels. (A) prawns fed diet including 9% fat and 200 mg/kg VE; (B) prawns fed diet including 9%
fat and 600 mg/kg VE; (C) prawns fed diet including 13% fat and 200 mg/kg VE; (D) prawns fed
diet including 13% fat and 600 mg/kg VE; (E) ratio of hepatopancreatic apoptosis cells (n = 3). Blue
arrow: normal cells; yellow arrow: apoptotic cells. **: p < 0.01, *: p < 0.05.

3.4. Hemolymph Antioxidant Capacity

The hemolymph antioxidant indexes are shown in Figure 5. SOD, GPX, and ASA
were significantly affected by dietary fat levels (p < 0.05), GPx was significantly affected
by dietary VE levels, and SOD was significantly affected by the interaction of dietary fat
and VE (p < 0.05). In prawns fed LF diets, dietary levels of VE had no significant effect
on the levels of SOD, GPx, ASA, and MDA (p < 0.05). In the prawns fed 200VE diets, the
SOD, GPx, and ASA activities were significantly reduced when the dietary fat level was
increased, while the MDA content was significantly increased (p < 0.05). In the prawns fed
HF diets, the GPx activity was significantly increased and the MDA level was significantly
decreased when the VE level was increased (p < 0.05).

The hemolymph iNOS activity and NO content are shown in Figure 6. The iNOS and
NO were significantly affected by dietary fat levels (p < 0.05) and iNOS was significantly
affected by the interaction of dietary fat and VE (p < 0.05). In the prawns fed 200 VE diets,
the iNOS and NO levels were significantly reduced when the dietary fat level was increased
(p < 0.05). In prawns fed the same fat-level diets, VE levels showed no significant difference
in iNOS activity or NO content (p < 0.05).
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Figure 5. Hemolymph oxidative status of Macrobrachium rosenbergii fed with different dietary fat and
VE levels. (A) hemolymph superoxide dismutase (SOD) activity of M. rosenbergii fed with different
dietary fat and VE levels; (B) hemolymph glutathione peroxidase (GPx) activity of M. rosenbergii fed
with different dietary fat and VE levels; (C) hemolymph anti-superoxide anion (ASA) activity of
M. rosenbergii fed with different dietary fat and VE levels; (D) hemolymph malonaldehyde (MDA)
content of M. rosenbergii fed with different dietary fat and VE levels. Values are means ± SEM.
**: p < 0.01, *: p < 0.05, ns: p < 0.05.

 

Figure 6. Hemolymph iNOS activity and NO content of Macrobrachium rosenbergii fed with differ-
ent dietary fat and VE levels. (A) hemolymph inducible nitric oxide synthase (iNOS) activity of
M. rosenbergii fed with different dietary fat and VE levels; (B) hemolymph nitric oxide (NO) content
of M. rosenbergii fed with different dietary fat and VE levels. Values are means ± SEM. **: p < 0.01,
*: p < 0.05, ns: p < 0.05.

3.5. Hepatopancreas NF-κB Signal Pathway Expression

The hemolymph gene expression of the NF-κB signal pathway expression is shown
in Figure 7. Imd, relish, toll, and dorsal expression were significantly affected by dietary fat
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levels (p < 0.05), Imd, relish, dorsal expression was significantly affected by dietary VE levels
(p < 0.05), and the interaction of dietary fat and VE showed no significant difference in
NF-κB signal pathway expression (p > 0.05). In the prawns fed LF diets, dietary 600 VE
significantly inhibited the expression of imd and dorsal compared with 200 VE (p < 0.05).
In the prawns fed 200 VE diets, dietary HF significantly inhibited the expression of imd,
relish, toll, and dorsal compared with LF (p < 0.05). In the prawns fed HF diets, dietary
600 VE significantly inhibited imd and relish expression compared with 200VE (p < 0.05).
No significant difference was observed in the expression of toll or dorsal (p > 0.05).

Figure 7. Relative expression of NF-κB signal pathway in hepatopancreas. (A) relative expression of
imd in hepatopancreas; (B) relative expression of relish in hepatopancreas; (C) relative expression of
toll in hepatopancreas; (D) relative expression of dorsal in hepatopancreas. Values are means ± SEM.
***: p < 0.001, **: p < 0.01, *: p < 0.05, ns: p < 0.05.

3.6. In Vivo Knock-Down of Relish and Dorsal by RNA Interference

A relish and dorsal knock-down experiment was performed to further characterize the
role of NF-κB in the antioxidative process induced by dietary HF. As shown in Figure 8A,B,
relish and dorsal expression reduced significantly at 4d–7d post-injection of relish- and
dorsal-specific dsRNA (p < 0.05). After a two-week in vivo knock-down of relish and dorsal
by RNA interference, the expression of dorsal was suppressed by the dorsal dsRNA injection
(p < 0.05) (Figure 8C), and the expression of relish was suppressed by the relish dsRNA
injection (p < 0.05) (Figure 8D).
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Figure 8. Knock-down of relish and dorsal in vivo expression by dsRNA-mediated RNA interference.
(A) Time-course study of dorsal expression in hepatopancreas after RNA interference; (B) Time-
course study of relish expression in hepatopancreas after RNA interference; (C) dorsal expression in
M. rosenbergii fed with high-fat diet after RNA interference; (D) relish expression in M. rosenbergii fed
with high-fat diet after RNA interference. Values are means ± SEM. **: p < 0.01, *: p < 0.05.

3.7. Hemolymph Antioxidant Capacity after NF-κB Suppression

As shown in Figure 9, the iNOS activity and NO content in the hemolymph of M. rosen-
bergii fed with the HF diet significantly decreased (p < 0.05). A further decline in the iNOS
and NO levels was observed when the expression of relish and dorsal was suppressed
(p < 0.05). Hemolymph ASA activity and MDA content are showed in Figure 10. Compared
with the control group, the HF group’s MDA content significantly increased and its ASA
activity significantly decreased (p < 0.05). In the prawns fed HF diet, relish and dorsal
suppression further increased the MDA content and decreased the ASA activity (p < 0.05).
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Figure 9. Hemolymph iNOS activity and NO content of Macrobrachium rosenbergii after knock-
down by dsRNA-mediated RNA interference. (A) Hemolymph inducible nitric oxide synthase
(iNOS) activity of M. rosenbergii after RNA interference; (B) Hemolymph nitric oxide (NO) content of
M. rosenbergii after RNA interference. Values are means ± SEM. ***: p < 0.001, **: p < 0.01, *: p < 0.05.

Figure 10. Hemolymph ASA activity and MDA content of Macrobrachium rosenbergii after knock-down
by dsRNA-mediated RNA interference. (A) Hemolymph anti-superoxide anion (ASA) activity of
M. rosenbergii after RNA interference; (B) Hemolymph malonaldehyde (MDA) content of M. rosenbergii
after RNA interference. Values are means ± SEM. **: p < 0.01, *: p < 0.05.

4. Discussion

Physiological conditions limit carnivorous fish’s demand for and utilization of fat.
The long-term intake of high amounts of fat will accumulate in the body, leading to
obstacles in fat transport, affecting body tissue fat, and reducing body fat deposition and
fat metabolism by regulating lipid metabolism. Improving fish health has become one
of the feasible means. In this study, the high-fat diet reduced the growth performance
and survival rate of M. rosenbergii. Similar results were also observed in spotted seabass
(Lateolabrax maculatus) [29], Pacific white shrimp (Litopenaeus vannamei) [14], largemouth
bass (Micropterus salmoides) [30], and blunt snout bream (Megalobrama amblycephala) [31].
The reason for this might be the damaged antioxidant capacity, stress and disease resistance
induced by dietary high fat. The previous studies pointed out that a high-fat diet could
induce aberrant hepatic lipid secretion, reduce mortality rates and worsen the adverse
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effects of antibiotics by activating oxidant stress and endoplasmic reticulum stress [32–34].
This is also supported by the fact that high fat reduced the survival rate of M. rosenbergii in
the present study. VE supplementation alleviated the growth inhibition induced by high fat
levels in the present study, which was also confirmed in turbot (Scophthalmus maximus) [3].
Previous studies found that VE could alleviate high-fat-diet-induced hepatic oxidative
stress and hypoimmunity to keep health and growth, while VE deficiency inhibited fat
metabolism and induced lipid peroxidation [3,35]. The above results suggested that VE
may be beneficial for maintaining the growth and health of prawns by reducing lipid
metabolism disorder and the oxidative stress induced by high-fat diets.

Haemolymph biochemical indicators are important in diagnosing the health of aquatic
animals. ALT and AST are sensitive biomarkers for hepatopancreas injury, and the TC and
TG content can reflect lipid metabolism. In this study, the increase in the hemolymph ALT
and AST activities of M. rosenbergii fed with a high-fat diet indicated the impaired function
and metabolism of the hepatopancreas. Similar results were also observed in blunt snout
bream [27] and grass carp (Ctenopharyngodon idella) [36]. The increase in hemolymph TC
and TG in high fat group also indicated lipid metabolic disturbances and disorders because
high serum TG and TC are significant risk factors related to fatty liver that can result in
oxidative stress and decrease disease resistance. The present study found that extra dietary
VE reduced the hemolymph levels of TG and TC, as well as ALT and AST activities in
prawns fed an HF diet. The previous study demonstrated that the appropriate amounts of
dietary VE improve the metabolic health of the liver in grass carp juveniles [37]. This was
further supported by the fact that the VE requirement of aquatic animals increases as the
fat content of feed increases [38]. These findings suggested that extra VE supplementation
may contribute to the hepatopancreas health benefits of M. rosenbergii.

The hepatopancreas is the main organ responsible for the absorption and storage of
the ingested substances. In the present study, the HF diet caused excessive lipid droplet
accumulation in the hepatopancreas, which was also widely reported in other aquatic
species [27,29,39]. In addition, the high-fat diet also induced hepatopancreas lipophagy and
apoptosis. Lipophagy is the selective autophagy of lipid droplets degraded by lysosomes,
which is associated with the regulation of lipid metabolism [40]. Existing evidence shows
that high-fat diets can induce endoplasmic reticulum stress, autophagy, and apoptosis [41].
These pathologies may also cause the abnormal secretion of lipoproteins and lipid perox-
idation, leading to a vicious circle. The results obtained here are still highly significant
for human beings, although there are huge differences in the physiological structure of
aquatic and terrestrial animals. In mice, high-fat diets could induce dyslipidemia and
non-alcoholic fatty liver disease (NAFLD) [42,43]. Nutritional liver disease in shrimp has
not yet been clearly defined, but the apoptosis and steatosis of the hepatopancreas found in
prawns fed high levels of fat in the present study were similar to the NAFLD symptoms
in humans. Nevertheless, these deformities can be relieved by extra VE supplementation.
According to previous studies, VE can protect cells against lipid peroxidation and attenu-
ate hepatic steatosis and mitochondrial damage [44]. VE could ameliorate apoptosis and
autophagy induced by stress and disease in mammals [45–47]. Thus, based on histological
and TUNEL apoptosis observation, the lipid-lowering effect of VE may be attributed to
the attenuation of apoptosis and autophagy induced by high-fat diets. Similar results were
also found in rats [48], indicating that M. rosenbergii can serve as a model for developing
drugs for NAFLD.

Oxidative stress damage refers to the excess reactive oxygen species (ROS) production
stimulated by factors such as the environment and nutrition, which breaks the redox
equilibrium and ultimately leads to cell and tissue damage. In the present study, the HF
diet reduced hemolymph ASA activity and increased MDA content. Similar results were
also observed in largemouth bass (Micropterus salmoides) [49] and M. amblycephala [8]. This
indicates that excess fat might induce oxidative stress damage and lipid peroxidation
as MDA is the main component of lipid peroxide, which damages cell structures and
functions [3]. In addition, the antioxidant enzyme system composed of SOD and GPx can
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remove excessive free radicals, reducing the damage by lipid peroxidation. The inhibition
of the SOD and GPx activities in the HF group further supported the notion that excess
fat induced oxidative stress. Nevertheless, VE improved GPx activities and reduced MDA
content in the prawns fed the high-fat diet. This might due to the fact that VE has a
significant effect of enhancing specific immunity and anti-oxidants by undergoing a redox
reaction with the oxygen-containing groups of ROS to block peroxide production [50]. The
ameliorative effect of VE on oxidative stress and hypoimmunity induced by a high-fat diet
and oxidized oil also supported these results [3,51]. NO generated by iNOS could inhibit
lipid peroxidation, which relies on its ability to eliminate oxygen free radicals [52]. The
inhibition of hemolymph iNOS and NO in prawns fed with high fat also indicated the
oxidative damage induced by excess fat, which is supported by the results in mussels [53]
and L. vannamei [54]. However, VE showed no significant effect on iNOS and NO. As a
non-enzymatic oxidant, VE halts lipid peroxidation by donating its phenolic hydrogen to
peroxyl radicals, forming tocopherol radicals [55]. This may partly explain the reason of
the invalidation of VE on iNOS and NO levels.

In general, the activation of transcription factors NF-κB is an indispensable step for
increasing iNOS activity, which subsequently induces the release of NO [56]. In the present
study, the expression of imd-relish and toll-doral, two major homologs of the components of
NF-κB signal pathways, were inhibited by dietary high fat. It is speculated that both the imd-
relish and the toll-doral signal pathway were suppressed by oxidative stress, which further
reduced the production of NO, forming a vicious circle. A previous study also supported
the notion that oxidative stress induced by high fat could inhibit the expression of the toll
signal pathway [3]. However, VE only decreased imd-relish expression in the HF group.
The regulation of VE in high-fat diets might attribute to the production of anti-microbial
peptides as relish translocates into the nucleus to activate the expression of antibacterial
peptide genes after stimulation [57]. To further verify the effect of the regulation of NF-κB
on oxidative stress induced by high levels of fat, relish and dorsal expression were knocked
down, respectively. The levels of iNOS and NO were suppressed, while MDA content
increased and ASA activity decreased after relish and dorsal knock-down. The results
above suggested that dietary high fat induced oxidative stress via the suppression of the
NF-κB/NO signal pathway. Some research supported the notion that the NF-κB signal
pathway also plays a crucial regulatory role in NAFLD induced by high-fat diets [58,59].
In vertebrates, NF-κB is activated by high-fat diets to induce inflammation. Nevertheless,
crustaceans lack inflammatory cytokines. The different regulation of NF-κB in crustaceans
and vertebrates still requires further in-depth studies.

5. Conclusions

The present study investigated the growth performance and oxidative status of
M. rosenbergii fed different fat and VE levels, and revealed the molecular regulatory mech-
anism in response to a high-fat diet. In the present study, VE ameliorated the growth
retardation and oxidative stress induced by a high-fat diet. A putative mechanism that
could explain our results is shown in Figure 11. The high-fat diet caused excessive lipid
deposition in M. rosenbergii, which further induced hepatopancreas lipophagy, apoptosis,
and lipid peroxidation, resulting in oxidative stress damage. The toll-dorsal and imd-relish
signaling pathways were inhibited by the high fat levels, which mediated pro-oxidant
targets (iNOS and NO) and antioxidant targets (SOD and GPx) for the negative feedback
regulation of oxidative stress. Dietary VE supplementation combined with the high-fat diet
alleviated hepatopancreas oxidative stress and apoptosis. The reason for this may be related
to the antioxidant properties of VE and the activation of the antioxidant enzyme system.
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Figure 11. NF-κB/NO signaling mechanism in response to dietary high fat and VE. The red arrows
indicate the effects of high fat; the green arrows indicate the effects of VE.
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Abstract: We investigated the changes in toxicity stress in goldfish, Carassius auratus, under exposure
to different concentrations of Zn and water hardness for 14 days. We analyzed the changes in
water hardness and Zn accumulation after exposure. To investigate the stress levels, the expression
of metallothionein, caspase-3 activity, NO activity, and total antioxidant capacity were detected.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were also performed
to measure apoptosis in the liver. The results showed that compared to the control group, a more
significant difference in the accumulation of Zn in body stress markers (metallothionein, caspase-3
activity, NO activity, and total antioxidant capacity) were observed with increasing Zn concentration
and exposure time. Notably, at the same Zn concentration and exposure time, lower stress levels were
discovered in the samples under harder water conditions. Finally, the TUNEL assay showed that Zn
accumulation caused apoptosis and high water hardness could reduce the apoptosis. In conclusion,
we found that high water hardness can influence the absorption of Zn, and alleviating the hardness
levels can reduce the toxicity stress caused by Zn.

Keywords: antioxidant; apoptosis; goldfish; toxicity stress; water hardness; zinc

1. Introduction

Industrialization has led to the occurrence of various pollutants, as industrial wastes
containing high concentrations of heavy metals are discharged into the aquatic ecosystem,
increasing their concentrations in the environment [1,2]. Pollution caused by heavy metals
has been a concern for several decades. Most aquatic organisms are directly or indirectly
affected by the chemical composition of water [3]. Moreover, most heavy metals, including
essential and non-essential elements, are not biodegradable and accumulate in the fish body
because of their long biological half-life [4]. Bioaccumulated heavy metals act as stressors to
aquatic organisms and inhibit the synthesis of proteins and nucleic acids, causing various
metabolic, biochemical, physiological, and histological changes [5,6].

Among various heavy metals, Zn is an essential trace element in the body for the syn-
thesis of cellular enzymes [7]. However, when fish are exposed to high concentrations of Zn,
toxic responses, such as the destruction of various protein structures, are induced in their
bodies [8,9]. According to a previous study [10], the concentration of Zn increased to a high
level around the world from the 1970s (0.23 ± 0.47 mg/L) to the 2010s (0.48 ± 1.38 mg/L).
Excess heavy metals may release reactive oxygen species (ROS) and reactive nitrogen
species (RNS), leading to oxidative stress [11]. In particular, representative ROS include
H2O2, OH-, and O2- while RNS include NO and NO2 [12]. When the concentrations of ROS
and RNS are high in the body, peroxidation of proteins, lipids, and nucleic acids occurs
and sometimes apoptosis is induced [12].

When an organism is poisoned with heavy metals, including Zn, metallothionein
(MT) is activated in the body as a detoxification mechanism. MT serves to offset the
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toxicity of heavy metals by combining with various heavy metals, such as copper, Zn, and
Hg [13,14]. Additionally, MT plays a role in inducing an antioxidant response to remove
excess ROS [15]. The antioxidant response mainly occurs in the liver, and the ROS that is
not removed through the antioxidant response process is known to cause inflammation.
Typical examples of genes causing inflammation include nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) [16,17]. When a fish is exposed to a toxic environment, the
expression of iNOS, which is involved in NO production, is induced in the fish body.
Nitric oxide (NO) is a representative oxidative substance. The excessive production of
iNOS causes apoptosis by promoting oxidation of cells and excessive induction of NO [18].
Enzymes involved in apoptosis include caspase (cysteinyl aspartate-specific proteinase),
of which, caspase-3 plays a role as an enzyme that catalyzes cell protein degradation and
apoptosis [19].

The water quality of an aquatic environment, determined by parameters, including
pH, water temperature, oxygen content, and hardness, is very important for the survival of
aquatic organisms [20]. Among these indicators, hardness can be defined by the amount
of polyvalent cations but most often by the concentration of Ca2+ and Mg2+, which are
commonly present in the natural environment [21]. Therefore, hardness can generally be
measured by the concentration of CaCO3 in water. Usually, water containing 0−90 mg/L
CaCO3 is considered soft water, 90−350 mg/L as hard water, and >350 mg/L as very hard
water. A previous study [22] reported that water hardness had an effect on the metabolic
activity of the South American catfish, Rhamdia quelen. Another study [23] showed that
the growth rate of the common snook, Centropomus undecimalis, was the highest in the test
group containing water with 100 mg/L CaCO3 hardness. Furthermore, a study on the
degree of acute toxicity through the survival rate of fish exposed to various heavy metals
reported that the higher the water hardness, the higher the lethal concentration (LC50) for
heavy metals [24]. These results suggest that the toxicity of heavy metals can be inhibited
by increasing the water hardness. A study by Baldisserotto [20] reported that Ca2+ inhibits
the absorption of heavy metals by reducing the penetration of heavy metals into the gills.
Alsop [25] reported that the amount of Zn2+ dissolved in water decreased as the hardness
increased when ZnSO4 was added to the hardness test plots of various concentrations.

Generally, compared to seawater, fresh water has low ionic strength, which increases
the saturation concentration of external pollutants, and thus, increases the risk of heavy
metal (such as Zn) contamination [26].

Therefore, the possibility of reducing toxic stress in fish must be investigated by
controlling the water hardness caused by Zn.

In our study, we selected a species of goldfish, Carassius auratus, which is a freshwater
fish mainly used for toxicity evaluation due to its low sensitivity to toxic substances, and
exposed it to various concentrations of Zn and water hardness, to determine the stress
factors and the degree of apoptosis. According to a previous study [27], the water hardness
in Korea river is around 50~90 mg/L, which is soft water and the hardness can thus be
increased. In addition, we analyzed the effects of these two parameters (Zn concentration
and hardness) on the physiological response of goldfish to examine the extent to which
hardness reduces the toxicity of Zn.

2. Materials and Methods

2.1. Experimental Fish

Goldfish, C. auratus (n = 384, body length 6.8 ± 0.8 cm, and mass 12.4 ± 2.1 g), were
purchased from Choryang aquarium (Busan, Korea), acclimatized for 1 week, and divided
into control and experimental groups. They were maintained in tanks filled with 300 L of
fresh water in the laboratory (16 fish per tank). Four fishes from each replicate treatment
group were randomly sampled at each time period. All experimental conditions had two
replicates to ensure consistency. The freshwater temperature was maintained at 19.5 ± 1 °C
with aeration and the feeding was stopped 24 h before the experiment. We used these
vertebrates (goldfish) according to the animal study protocol approved by the Institutional
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Animal Care and Use Committee of Korea Maritime and Ocean University (Approved
protocol no # KMOU IACUC 2022-02).

2.2. Zn and Water Hardness Treatment and Sampling

Goldfish in the experiment were exposed to Zn (ZnSO4, 83265, Sigma, St. Louis,
MO, USA) concentrations of 0, 0.5, 1, and 3 mg/L and water hardness by adding CaCO3
(239216, Sigma, St. Louis, MO, USA). The concentration of Zn was set according to previous
studies [8,28], which showed that a Zn concentration higher than 6.0 mg/L could lead to
the death of the goldfish while 1.0 mg/L of Zn could cause oxidative stress. The control
group for the water hardness was 90 mg/L CaCO3, according to the hardness value of
running water in Busan, Korea detected using a water hardness pure water meter (PWH-
303, Lutron, China). We considered 3 conditions of water hardness: soft water (S) (90 mg/L
of CaCO3), hard water (H) (270 mg/L of CaCO3), and very hard water (V) (450 mg/L of
CaCO3). For convenience, the experimental groups were named as follows according to
the concentration of Zn (in brackets): in the soft water (S) group: Zn 0 + S (0 mg/L, control)
Zn 0.5 + S (0.5 mg/L), Zn 0.5+ S (1.0 mg/L), and Zn 3.0 + S (3.0 mg/L); in the hard water
(H) group: Zn 0 + H (0 mg/L), Zn 0.5 + H (0.5 mg/L), Zn 0.5+ H (1.0 mg/L), and Zn
3.0 + H (3.0 mg/L); and in the very hard water (V) group: Zn 0 + V (0 mg/L), Zn 0.5 + V
(0.5 mg/L), Zn 0.5+ V (1.0 mg/L), and Zn 3.0 + V (3.0 mg/L). During this time, water
hardness was detected and recorded daily. Before sampling, all the fish were anesthetized
using clove oil (C8392, Sigma, St. Louis, MO, USA). Blood was collected rapidly from the
caudal vein using a 1 mL syringe coated with heparin. Plasma samples were separated by
centrifugation (4 ◦C at 12,000 × g for 12 min). Prior to analysis, the samples were stored at
−80 ◦C and part of the liver samples was stored at 18–20 ◦C in 10% formalin. During the
experiment, the mortality rate was 0% in all experiment groups.

2.3. Zn Accumulation in Fish Body

The fish were added to 60% NO and 2% of NO with 5 ppm of Au and decomposed
at 100–150 ◦C for more than 12 h. Then, the mixture was filtered using Whatman No. 4
(WHA1004125, Sigma, St. Louis, MO, USA) filter paper and diluted using 2% nitric acid
to a final volume of 50 mL. All samples were detected using an optical emission spec-
trometer (ICP-OES; Optima 2000DV, Perkin Elmer, Waltham, MA, USA) at an absorbance
of 213.856 nm.

2.4. Expression of the Metallothionein Gene and iNOS mRNA

Total RNA was extracted from the liver using TRI Reagent® (TR188, Molecular Re-
search Center, Inc., Cincinnati, OH, USA), according to the manufacturer’s instructions.
The purity of all the RNA samples was determined by the ratio of their absorbance at
260 and 280 nm (A260/A280), which was confirmed to be between 1.8 and 2.0. Total RNA
(2 μg) was reverse-transcribed to complementary DNA (cDNA) using an oligo-(dT)15
anchor and M-MLV reverse transcriptase (RT0015, Takara, Japan) according to the manu-
facturer’s protocol. All the synthesized cDNA was diluted by 1:100 and stored at −20 ◦C.
The relative expressions of MT, iNOS, and β-actin were measured by real-time quantitative
polymerase chain reaction (qPCR). The qPCR primers were designed according to the
known sequences at NCBI (Table 1). qPCR amplification was conducted by a Bio-Rad
iCycler iQ multicolor real-time PCR detection system (Bio-Rad, USA), and the iQ SYBR
green supermix (Bio-Rad, USA), according to the manufacturer’s instructions. As an in-
ternal control, the experiments used β-actin (accession no. LC383464) after evaluation by
Bestkeeper from 3 reference genes, including β-actin, GAPDH (accession no. KT985226.1),
and ribosomal protein S18 (RPS18, accession no. XR_003291850.1). The highest correlation
among them was used as the internal control gene. All data were expressed as changes with
respect to the corresponding calculated β-actin cycle threshold (ΔCt) levels. The calibrated
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ΔCt value (ΔΔCt) for each sample and internal control (β-actin) was calculated using the
following equation:

ΔΔCt = 2−(ΔCt sample−ΔCt internal control) (1)

Table 1. Primers used for qPCR amplification.

Genes
(Accession No.)

Forward Primer Reverse Primer

Metallothionein
(X97271.1)

5′-TTA ACT GTG CCA CCT
GC-3′

5′-AGG AAT TGC CCT TAC
ACA CG-3′

iNOS
(AY904362.1)

5′-AAG TCG TTT GCA TGG
AGG AC-3′

5′-GGT GTC TAA GGT TGT
TCA GG-3′

β-actin
(LC382464)

5′-TTC CCT TGC TCC TTC
CAC CA-3′

5′-TGG AGC CAC CAA TCC
AGA CA-3′

All the results for MT and iNOS mRNA in the target genes were the relative values
between the target gene and internal control (β-actin).

2.5. NO Activity and Total Antioxidant Capacity (TAC) in Plasma and Caspase-3 Activity in Liver

The NO activity was measured by an assay kit (BM-NIT-200 BIOMAX Inc, Seoul,
Korea) according to the manufacturer’s protocol and the absorbance was measured at
450 nm. The assay kit can detect both NO2- and NO3- to calculate the total activity of
NO, which is one species of RNS. TAC was measured using an assay kit (BM-TAC-200
BIOMAX Inc, Seoul, Korea) according to the manufacturer’s protocol and the absorbance
was measured at 540 nm. TAC was measured based on the Trolox equivalent antioxidant
capacity and the assay is based on the reduction of copper (II) to copper (I) by antioxidants,
which reflects the level of ROS. The caspase-3 activity in the liver was detected using an
enzyme-linked immunosorbert assay kit (MBS012786, Mybiosource Inc., San Diego, CA,
USA) according to the manufacturer’s protocol.

2.6. MT mRNA In Situ Hybridization

The MT sequence for the in situ hybridization probe was designed for the forward
primer 5′-ATG GAT CCC TGC GAT TGC GC-3′ and reverse primer 5′-TCA TTG ACA GCA
GCT GGA GC-3′ (Accession no. X9727.1), amplified using PCR, and ligated to a pGEM-
T easy vector (A137A, Promega, Madison, WI, USA). Furthermore, the anti-sense was
confirmed by sequencing, and plasmid DNA was amplified using PCR, with the antisense
and T7 primer (5′-TAA TAC GAC TCA CTA TAG GG-3′). Digoxigenin (DIG)-labeled
probes were created using a DIG RNA Labeling Mix (Merck, Darmstadt, Germany) and
the PCR products using the anti-sense primer and T7 RNA polymerase were used as the
antisense labeling probes.

The liver tissue of the groups (control, Zn 3.0 + S, Zn 3.0 + H, and Zn 3.0 + V) exposed
for 7 days were stored in 4% paraformaldehyde (PFA) and in 30% sucrose to prevent
frostbite before sectioning. Sections were hybridized with hybridization buffer (containing
5 mL of deionized formamide, 2.5 mL of 20× saline sodium citrate (SSC), 100 μL of 0.1%
Tween-20, 92 μL of 1 M citric acid (pH 6.0), and DEPC-H2O up to a total volume of 20 mL),
spiked with yeast total RNA (50 μL) and the RNA probe, and kept overnight at 65 ◦C.

For hybridization signal detection, tissue sections were first incubated with a blocking
solution (10% calf serum in 1× PBS containing 0.1% Tween 20 (PBST)) for 1 h at 20 ◦C,
followed by overnight incubation at 4 ◦C with an alkaline phosphatase-conjugated anti-
digoxigenin antibody (1:2000 in blocking solution; Roche, Basel, Switzerland). After a
series of washing steps (6 times for 15 min each, in PBST at room temperature) and rinsing
in alkaline Tris buffer, consisting of 1 M Tris at pH 9.5, 1 M MgCl2, 5 M NaCl, and 10%
Tween-20 (3 times for 5 min each at room temperature), color imaging was performed using
a labeling mix (1 mL of alkaline Tris buffer, 4.5 μL of nitroblue tetrazolium, and 3.5 μL of
5-bromo-4-chloro-3-indolyl phosphate disodium salt), which was sprayed over the sections.
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Then, the sections were kept in a dark and humid chamber for at least 8 h to de-
velop color. The slides were washed with PBST, fixed with 4% PFA for 1 h, mounted
with Aquamount (Aqua Polymount, Warrington, PA, USA), and covered with a slip. A
stereomicroscope (Eclipse Ci, Nikon, Tokyo, Japan) was used to capture the images.

2.7. Terminal Transferase dUTP Nick End Labeling (TUNEL) Assay

A TUNEL assay was performed on the Zn 3.0 S, Zn 3.0 H, and Zn 3.0 V groups on
day 14. Samples of liver were washed and fixed in 10% formalin using an ApopTag®

Peroxidase In Situ Apoptosis Detection Kit (S7100, Sigma, St. Louis, MO, USA) following
the manufacturer’s specifications. Finally, all the slides were observed using an optical
microscope (Eclipse Ci). Brown cells that could be observed indicated apoptosis.

2.8. Statistical Analysis

All data were analyzed using SPSS version 25.0 (IBM SPSS Inc., Armonk, NY, USA).
For all parameters analyzed, a three-way ANOVA followed by Tukey’s post-hoc test
was performed to compare the differences among the different Zn concentrations, water
hardness levels, and exposure times of the samples, and the effects of the interaction among
the three factors are shown in Table 2. The significance level was set higher than 95%
(p < 0.05). The measured values are expressed as the means ± standard deviations (SDs).

Table 2. Interaction effects of Zn concentration and water hardness.

Time Accumulation MT iNOS NO TAC Caspase-3

Day 0 F 0.002 0.000 0.000 0.000 0.000 0.000
p 0.998 1.000 1.000 1.000 1.000 1.000

Day 3 F 4.256 2.658 9.661 3.225 1.985 2.065
p 0.045 * 0.084 0.010 * 0.052 0.152 0.149

Day 7 F 5.226 15.68 16.52 2.226 2.336 4.658
p 0.032 * 0.002* 0.002 * 0.068 0.114 0.041 *

Day 14 F 29.28 28.10 5.662 9.658 3.521 7.632
p <0.001 * <0.001 * 0.030 * 0.010 * 0.050 * 0.024 *

The symbol “*” indicates a significant difference.

3. Results

3.1. Changes in Water Hardness

No significant changes were observed in the hardness levels of the water with in-
creasing exposure times in the experiment. After measuring the water hardness daily,
we found that the soft water, hard water, and very hard water groups at various Zn con-
centrations retained the water hardness levels of approximately 90, 270, and 450 mg/L
CaCO3, respectively.

3.2. Changes in Zn Accumulation in Fish

Zn accumulation was significantly affected by the exposure time, Zn concentration,
water hardness, and all their interactions (Table 2). An increase in Zn accumulation
occurred in the fish body after they were exposed to Zn (Table 3). The Zn 3.0 group showed
a significantly higher accumulation than the other groups. After 14 days, the accumulation
of Zn reached the highest level. Zn 3.0 + S reached 113.53 ppm, which was almost 300%
of the value after 3 days of exposure. However, on day 14, the same Zn concentration
groups, at higher water hardness levels, showed a significant decrease in Zn accumulation,
with 90.07 (299% of Zn 0 + H) and 60.96 (249% of Zn 0+ V) ppm for Zn 3.0 + H and Zn
3.0 + V, respectively.
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Table 3. Zinc accumulation in the fish body (ppm).

Time Hardness Zn 0 Zn 0.5 Zn 1.0 Zn 3.0

Day 0
Soft 22.10 ± 1.54 a1 21.91 ± 0.98 a1 21.54 ± 1.66 a1 22.10 ± 1.55 a1

Hard 22.00 ± 1.01 a1 23.05 ± 1.39 a1 21.80 ±1.26 a1 21.75 ± 1.65 a1

Very hard 23.10 ± 1.18 a1 22.65 ± 1.25 a1 22.56 ± 0.99 a1 22.25 ± 1.54 a1

Day 3
Soft 22.18 ± 1.49 a1 32.22 ± 2.22 b2 37.18 ± 2.21 b2** 40.22 ± 2.69 b2**

Hard 23.28 ± 1.95 a1 29.09 ± 1.96 b2 30.87 ± 1.96 b2 34.45 ± 2.26 b3*
Very hard 23.79 ± 1.89 a1 28.58 ± 2.01 b2 28.91 ± 1.55 b2 29.09 ± 1.14 b2

Day 7
Soft 24.18 ± 1.22 a1 41.27 ± 2.14 c2** 48.57 ± 2.15 c3* 57.39 ± 3.00 c4**

Hard 23.99 ± 1.36 a1 36.15 ± 1.54 c2* 48.48 ± 2.44 c3* 49.60 ± 2.54 c3*
Very hard 23.14 ± 0.78 a1 33.12 ± 1.33 c2α 41.88 ± 2.01 c3 40.33 ± 1.96 c3

Day 14
Soft 23.47 ± 0.95 a1 45.33 ± 1.92 d2** 69.05 ± 3.24 d3** 113.53 ± 5.94 d4**

Hard 30.12 ± 1.12 b1* 40.97 ± 2.01 d2* 54.54 ± 2.94 d3* 90.07 ± 5.69 d4*
Very hard 24.48 ± 1.77 a1 35.96 ± 1.87 c2 47.59 ± 2.11 d3 60.96 ± 4.36 d4

Different letters indicate significant differences among goldfish exposed to the same Zn concentration and
water hardness level. Different numbers indicate significant differences among goldfish exposed to different Zn
concentrations at the same water hardness levels and for the same duration. The symbol “*” and “**” represent
statistical significance (p < 0.05 and p < 0.01, respectively) among goldfish exposed to different water hardness
levels at the same Zn concentration and for the same duration. Values are mean ± SD (n = 4).

3.3. Changes in MT mRNA Expression in the Liver

mRNA expression of the metallothionein gene was significantly affected by exposure
time, Zn concentration, water hardness, and their interactions. The overall mRNA expres-
sion of the MT gene in the liver increased with increasing Zn concentration and exposure
duration at the same water hardness level (Figure 1). Notably, at the same Zn concentration
and exposure duration but increasing water hardness levels, the MT mRNA expression
decreased (on day 14, the expression for Zn 3.0 + S and Zn 3.0 + V were 1.79 ± 0.19, 325%
of Zn 0 + S and 1.10 ± 0.09, 199% of Zn 0 + V, respectively). Furthermore, no significant
difference was observed between all the control groups with different water hardness levels
and no Zn (0.46 ± 0.05).

Figure 1. Changes in the mRNA expression of the metallothionein gene measured for 14 days.
Different letters indicate significant differences among goldfish exposed to the same Zn concentration
and water hardness. Different numbers indicate significant differences among goldfish exposed to
different Zn concentrations at the same water hardness level and for the same duration. The symbol
“*” and “**” represent statistical significance (p < 0.05 and p < 0.01, respectively) among goldfish
exposed to different water hardness levels at the same Zn concentration and for the same duration.
Values are mean ± SD (n = 4).

30



Antioxidants 2022, 11, 715

3.4. MT mRNA Expression in Liver Using In Situ Hybridization

The mRNA expression of the metallothionein gene in liver was detected by in situ
hybridization (Figure 2). In the figure, the dark area (black arrow) indicates the MT mRNA
expression in the cytoplasm. The control showed no signal while the Zn-exposed groups
expressed MT mRNA. Moreover, Zn 3.0 + S showed more signal than Zn 3.0 + H and Zn
3.0 +V, and the signal in Zn 3.0 + V was less than Zn 3.0 + H.

Figure 2. In situ hybridization of control and Zn 3.0 in 7 days. (a) Control, (b) Zn 3.0 + S, (c) Zn
3.0 + H, and (d) Zn 3.0 + V. The dark area (black arrow) indicates the mRNA expression of the
metallothionein gene in the liver (Scale bars = 200 μm).

3.5. Changes in iNOS mRNA Expression in the Liver

iNOS mRNA expression was significantly affected by exposure time, Zn concentration,
water hardness, and their interactions (Table 2). The changes in iNOS mRNA expression
in the liver showed a similar tendency to MT (Figure 3). After 7 days in Zn 3.0 + S, the
expression was 1.66 ± 0.2, which was 5 times that of the control (0.3 ± 0.04) at the same
exposure time. At the same Zn concentration and exposure time, the increasing hardness
of water decreased iNOS mRNA expression (2.02 ± 0.2 in Zn 3.0 + S, 578% of Zn 0 + S and
1.00 ± 0.1 in Zn 3.0 + V, 287% of Zn 0 + V on day 14). iNOS mRNA expression increased
with the increasing concentration of Zn at the same water hardness environment and the
same exposure duration.

3.6. Changes NO Activity and TAC in Plasma

NO activity and TAC were significantly affected by exposure time, Zn concentration,
water hardness, and their interactions (Table 2). At the same water hardness level, the NO
activity increased with the increase in exposure time and Zn concentration. An increase in
the NO activity with time occurred in the soft water group, and reached the highest among
all the experimental groups (129.23 ± 9.8 μM). However, in the hard water and very hard
water groups, the increase in NO activity was slower than that in the soft water groups,
and the activity even became constant in Zn 3.0 + V between day 7 (44.21 ± 5.6 μM) and
14 (50.12 ± 4.9 μM). The TAC increased similar to the NO activity but not as rapidly, with
less significant differences compared to the NO activity (Figure 4). Similar to the other
stress factors in the experiment, TAC in the Zn 3.0 + S group exhibited the highest value
(840.0 ± 70.0 μM, 426% of Zn 0 + S on day 14).
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Figure 3. Changes in the mRNA expression of iNOS measured for 14 days. Different letters indicate
significant differences among goldfish exposed to the same Zn concentration and water hardness for
different exposure times (p < 0.05). Different numbers indicate significant differences among goldfish
exposed to different Zn concentrations at the same water hardness level and for the same duration.
The symbol “*” and “**” represent statistical significance (p < 0.05 and p < 0.01, respectively) among
goldfish exposed to different water hardness levels at the same Zn concentration and for the same
duration. Values are mean ± SD (n = 4).

3.7. Changes in Caspase-3 Activity in the Liver

The caspase-3 activity was significantly affected by the exposure duration, Zn concen-
tration, water hardness, and their interactions (Table 2). A significant increase in caspase-3
activity in the liver was observed in the Zn-exposed groups from day 7 with the increase in
the Zn concentration at the same water hardness level (Figure 5). On the 14th day, Zn 3.0 + S
reached the highest expression among the groups in the experiment (42.12 ± 0.8 pmol/mL)
and with the increase in the water hardness, the other groups showed a significant decrease
in caspase-3 activity (37.22 ± 0.9 of Zn 3.0 + H, 88% of Zn 3.0 + S and 29.88 ± 1.0 of Zn
3.0 + V, 71 of Zn 3.0 + S). In all of the Zn 0 groups, no significant difference in caspase-3
activity occurred with the change in the water hardness levels.

3.8. TUNEL Assay

The results of the TUNEL assay are shown in Figure 6 and the brown cells indicate the
presence of apoptotic cells (Figure 6a–d). After 14 days, the Zn-exposed groups showed sig-
nificantly more apoptotic cells than the control (7.11 ± 0.6%), and Zn 3.0 + S (21.14 ± 1.6%)
showed more apoptosis than any other group. According to the results for Zn 3.0 + H
(14.22 ± 1.0%) and Zn 3.0 + V (9.9 ± 0.7%), the numbers of apoptotic cells decreased with
the increase in the water hardness (Figure 6e).
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Figure 4. Changes in the NO (A) activity and TAC (B) measured for 14 days. Different letters indicate
significant differences among goldfish exposed to the same Zn concentration and water hardness for
different exposure times (p < 0.05). Different numbers indicate significant differences among goldfish
exposed to different Zn concentrations at the same water hardness level and for the same duration.
The symbol “*” and “**” represent statistical significance (p < 0.05 and p < 0.01, respectively) among
goldfish exposed to different water hardness levels at the same Zn concentration and for the same
duration. Values are mean ± SD (n = 4).
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Figure 5. Changes in the activity of caspase-3 measured for 14 days. Different letters indicate
significant differences among goldfish exposed to the same Zn concentration and water hardness for
different exposure times (p < 0.05). Different numbers indicate significant differences among goldfish
exposed to different Zn concentrations at the same water hardness level and for the same duration.
The symbol “*” and “**” represent statistical significance (p < 0.05 and p < 0.01, respectively) among
goldfish exposed to different water hardness levels at the same Zn concentration and for the same
duration. Values are mean ± SD (n = 4).

Figure 6. Images from a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay using the liver cells of goldfish in the experiment for (a) control, (b) Zn 3.0 + S, (c) Zn 3.0 + H,
and (d) Zn 3.0 + V. Brown cells indicate apoptotic cells. Scale bars = 200 μm. (e) Quantification
of TUNEL assay images of the liver cells of goldfish exposed to different Zn concentrations and
water hardness levels, which are indicated by the changes in the areas of apoptosis relative to the
tissue area (%). Different letters indicate significant differences among goldfish exposed to different
Zn concentrations and water hardness levels for the same duration. (p < 0.05). Values indicate
means ± SD (n = 4).

4. Discussion

Although Zn is an essential trace element in the fish body, high concentrations of Zn
cause histological abnormalities, such as epithelial cell proliferation, necrosis, and mucus
secretion [29]. However, previous research has reported that the lethal concentration (LC50)
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for the exposure of fish to heavy metals (including Zn) increased as the water hardness
level increased [24]. Based on this finding, our research hypothesized that an increase in the
water hardness could reduce the Zn toxicity stress generated in the body, and conducted a
study to reveal this using the antioxidant measurement method.

Therefore, in this study, after exposing goldfish to various concentrations of Zn and
various water hardness levels for 14 days, we aimed to determine whether water hardness
affected the reduction in Zn toxicity by comparing the experimental groups.

During the entire experimental period, no significant changes were observed in the
water hardness levels set at the beginning of the experiment. The results indicated that Ca2+

ions in the water did not decrease, and that Zn2+ ions did not significantly affect the change
in the hardness of the water. However, the degree of Zn accumulation in the body increased
as the exposure time elapsed with the increasing concentration of Zn. In contrast, as the
water hardness increased, the degree of Zn accumulation in the body tended to decrease.

Alsop and Wood [25] reported that the concentration of Zn2+ dissolved in the water
decreased as the hardness of water increased. Hogstrand et al. [30] reported that Ca2+ and
Zn2+ absorbed into the body decreased in the experimental group injected with CaCl2 as
compared to the control injected with NaCl in rainbow trout, Oncorhynchus mykiss.

As these findings are similar to the results of this study, we inferred that in higher
water hardness groups, the Ca2+ ions present in large amounts in water not only reduced
the solubility of Zn but also reduced its degree of absorption as Zn2+ is absorbed via the
same pathway as Ca2+ ions through the gills.

In addition, the expression levels of MT and iNOS mRNA could determine the degree
of change in toxic stress in the goldfish body based on the hardness and Zn exposure
levels. On comparing hardness and similar Zn exposure time periods, the expression of
the metallothionein gene and iNOS mRNA tended to increase in the high-concentration
Zn experimental groups. Moreover, in the same experimental groups with the same
Zn concentration, the expression levels were observed to increase as the hardness of
water decreased. Furthermore, at the same water hardness level, the expression of MT
and iNOS mRNA increased as the Zn concentration increased. According to a study by
Khodadoust and Ahmad [14], when medaka, Oryzias javanicus, was exposed to Cd, a
higher concentration of Cd showed higher expression levels of MT mRNA. In addition,
Khan et al. [31] reported that the expression of NOS increased as a result of exposure to
various heavy metals present in batteries in a fish species, Oreochromis niloticus.

Consistent with the findings of previous studies, our study showed that the expression
of the metallothionein gene and iNOS mRNA increased according to exposure to external
heavy metals and toxic substances. Although Zn induced toxicity in the fish body, the toxic
stress in the body was assumed to be reduced by Ca2+ ions by inhibiting the absorption of
Zn into the body.

In addition, the in situ hybridization results visually confirmed the mRNA expres-
sion of the metallothionein gene within the liver tissue of goldfish and showed that MT
was expressed in the liver cytoplasm, with the lowest MT mRNA expression observed
in the experimental groups treated with very hard water at the same Zn concentration.
Macirella et al. [32] reported that after exposing Denio rerio to two different concentrations
of Hg, MT expression was confirmed by in situ hybridization. They [32] also found that
that MT mRNA expression was higher at a higher concentration of Hg exposure than
that in the control, which occurred to protect against oxidation, and denatured the cells
of proteins due to the toxicity of heavy metals. This was consistent with the results of our
study. Goldfish, when exposed to Zn, activated a cell-protecting mechanism by increasing
MT to alleviate the toxicity caused by heavy metals. The expression of the metallothionein
gene in the liver cytoplasm of goldfish may have reduced because the very hard water
environment reduced the effect of toxicity on heavy metals.

In this study, the NO and TAC activities, which are representative oxidative stress
indicators, were also measured to confirm the level of toxic substances that are generated
in the body after exposure to various concentrations of Zn and hardness. We observed that
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the NO and TAC activity values did not significantly change with the change in hardness
in the Zn 0 experimental groups. However, as the exposure time increased, the NO and
TAC activities increased, and we observed that the NO and TAC activities decreased as the
hardness increased among the high Zn concentration groups, whereas the NO and TAC
activities increased as the Zn concentration increased. A previous study reported that the
activity of various antioxidant proteins in the body were inhibited when goldfish were
exposed to Zn concentrations of 0.1 and 1.0 mg/L [9]. Romano et al. [33] reported that no
significant change was observed in the growth rate and metabolic activity of largemouth
bass, Micropterus salmoides, at concentrations of 50 L to 600 mg/L, that is, for soft water to
very hard water.

Comparing the results of this study with those of the previous study [33], in the
general freshwater environment without an additional supply of heavy metals, a change
in the hardness value within 450 mg/L does not evidently have a significant effect on the
stress response of the fish. In addition, under the water quality environment in which a
0.1 mg/L or higher concentration of Zn is present, Zn inhibited the antioxidant activity
of C. auratus in vivo to increase the activity of RNS and ROS but suppressed Ca2+ ions in
breeding water from being absorbed into the net. This consequently reduced the stress
index of NO and TAC. To confirm the actual degree of apoptosis in the experimental section,
caspase-3 activity was observed and a TUNEL assay was performed. Similar to the pattern
of change in the previous stress indicators, the higher the Zn concentration, the higher the
degree of caspase-3 activity and cell death. Zhao et al. [34] reported that exposing zebrafish
D. rerio to 0–120 mg/L ZnO significantly increased the apoptosis in fish as the concentration
of ZnO increased. Mo et al. [35] also reported that when HepG2 cells were exposed to Zn2+,
caspase-3 activity and apoptosis were increased via the increase in ROS in the cells.

Based on the previous studies, Zn may have induced the generation of free radicals,
such as RNS and ROS, in the fish in this study, thereby increasing the degree of apoptosis.
However, under the experimental conditions (hard and very hard water) with a high
concentration of Ca2+ ions dissolved in water, the degree of caspase-3 activity and apop-
tosis decreased, and the higher the hardness, the higher the observed effect of apoptosis.
Therefore, we conclude that a higher hardness level of water is effective in reducing the
toxicological effect on Zn.

5. Conclusions

When goldfish were exposed to more than 0.1 mg/L of Zn, a toxic stress response was
induced, but it was confirmed that this toxic stress was significantly reduced as the water
hardness increased. Thus, we considered that Ca2+ ions in the water play an effective role
in reducing heavy metals absorbed into the fish body.

Moreover, to reduce the toxic stress that fish may be subjected to when exposed
to heavy metal-contaminated environments, the appropriate hardness environment for
various fish species must be studied further. In addition, investigating whether other water
quality environmental factors, such as water temperature and pH, can reduce heavy metal
toxicity through the ion absorption pathway of fish is valuable in this context.
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Abstract: An 8-week feeding trial with high-carbohydrate- and 100, 200 and 300 mg/kg mulberry
leaf flavonoids (MLF)-supplemented diets (HCF1, HCF2 and HCF3, respectively) was conducted to
evaluate the protective effect of MLF on oxidized high-carbohydrate-induced glucose metabolism
disorder, liver oxidative damage and intestinal microbiota disturbance in Monopterus albus. The
results showed that HC diets had significant negative effects on growth, glucose metabolism, liver
antioxidant and immunity, as well as intestinal microbiota, in comparison to CON diets. However,
WGR and SR in the HCF3 group dramatically increased compared to the HC group. With the increase
of MLF in the HC diet, the activities of glycolysis and antioxidant enzymes in the liver tended to
increase, while the changes of gluconeogenesis-related enzyme activities showed the opposite trend
and significantly changed in the HCF3 group. Additionally, MLF supplementation dramatically
increased the mRNA expression involved in glycolysis, antioxidative enzymes and anti-inflammatory
cytokines in comparison with the HC group. Furthermore, gluconeogenesis and pro-inflammatory
cytokine genes’ expression dramatically decreased. Furthermore, the proportion of Clostridium and
Rhodobacter in the HC group dramatically declined, and the proportion of Lactococcus dramatically
increased, compared to the HC group. In addition, 300 mg/kg MLF supplementation significantly
improved the species composition and homeostasis of intestinal microbiota. These results indicate
that MLF can alleviate the negative effects of low growth performance, glucose metabolism disorder,
liver oxidative damage and intestinal microbiota disturbance caused by HC diets, and the relief of
MLF is dose-related.

Keywords: rice field eel; plant extract; immunity; antioxidant; intestinal health

1. Introduction

With the decrease of fishmeal output and the increase in price, the production of a
cost-effective diet (cost and effective) has attracted much attention [1]. At present, the main-
stream strategy is to achieve a protein-saving effect in diets by supplementing carbohydrate
and lipid. Compared with lipid sources, carbohydrates have a price advantage. Studies
have shown that, by reducing the protein content in diets and filling it with energy sub-
stances (such as carbohydrates), the nitrogen excretion of aquatic animals can be reduced,
thereby reducing water environmental pollution and reducing the cost of breeding [2,3].

Compared to terrestrial animals, aquatic animals have poorer utilization of carbo-
hydrates [4]. Further studies have confirmed that carnivorous fish have weaker blood
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sugar clearance and glucose absorption capacity and thus, lower starch utilization ca-
pacity. Therefore, carnivorous fish have the lowest utilization of sugar compared with
other fish [5]. Studies have shown that adding an appropriate carbohydrate into the
diet can not only improve the growth performance but also antioxidant capacity in
brook trout (Salvelinus fontinalis) [6]. However, when fish are fed excessive carbohydrate
diets, it can lead to reduced growth performance, a low survival rate, physiological
metabolism disorder and inflammatory response [7]. For example, when largemouth bass
(Micropterus salmoides) and turbot (Scophthalmus maximus L.) were fed high-carbohydrate
diets, there were negative effects such as reduced growth and disturbance of glucose
metabolism [8,9]. In addition, high-carbohydrate diets induced high expression of proin-
flammatory factors in the head kidney of largemouth bass [10] and inhibited antioxidant
enzyme activities (including CAT, SOD and GPx) in large largemouth bass [11]. Chinese
perch (Siniperca chuatsi) fed with high-carbohydrate diets had disturbed intestinal micro-
biota [12]. Based on this, numerous studies have shown that feed additives are potential
means to alleviate glucose metabolism disorders, oxidative stress and inflammation in fish.
In particular, plant extracts have become a research hotspot as feed additives due to their
various biological activities.

Mulberry (Morus alba L.) leaf is considered an excellent Chinese herbal medicine
and contains many natural active substances, including flavonoids, polyhydroxyalkaloids,
iminosugars, stilbenes, chlorogenic acids and benzofurans [13,14]. Therefore, mulberry
leaf extract has attracted great attention in medicine. In clinical medicine, mulberry leaf
extract has a variety of pharmacological effects, such as antibacterial, anti-inflammatory,
antioxidant, anticancer and hypolipidemic effects, as well as promoting lipid metabolism,
hypoglycemia and so on [13,15]. Similarly, dietary mulberry leaf extract supplementation
alleviated high-fat-diet-induced lipid deposition, oxidative damage and inflammation in
mice [16]; regulated intestinal microbiota homeostasis in pigs [17]; and improved growth,
nutrient digestibility and meat quality in piglet and chicken broilers [18,19]. At present,
mulberry leaf extract is also used as a high-quality additive in aquatic diets. Studies have
reported that dietary mulberry leaf extract or leaves can improve growth performance and
intestinal microbiota homeostasis in crucian carp (Carassius carassius) [20] and enhance
antioxidant capacity and immune function in largemouth bass [21].

Flavonoids are one of the main functional components of mulberry leaves, accounting
for about 1–3% of the dry matter of mulberry leaves. Mulberry leaf flavonoids enhanced glu-
cose metabolism and mitochondrial function through activating AMPK-PGC1α signaling
pathways, alleviated liver and kidney injury and improved antioxidant capacity in type 2
diabetes [22,23]. In addition, Zhong et al. found that mulberry leaf flavonoids can alleviate
high-fat-induced lipid dysmetabolism induced through intestinal microbiota in mice [24]. In
aquatic animals, studies have indicated that dietary mulberry leaf flavonoids can improve
growth performance and resistance to nitrite exposure in tilapia (Oreochromis niloticus) [25],
promote intestinal mucosal morphology and regulate the diversity of intestinal microbiota
in Litopenaeus vannamei [26]. Therefore, the potential benefits of mulberry leaf flavonoids as
additives in high-carbohydrate diets deserve further study.

Rice field eels, a carnivorous fish with high nutritional value, are widely cultivated
in China. Studies have shown that the carbohydrate content in the optimal diet for rice
field eel growth is 24–33% [27]. In this study, rice field eel was used as the research object
to test the hypothesis that mulberry leaf flavonoids can ameliorate the negative effects
caused by high-carbohydrate diets. Our objective was to evaluate the growth performance,
glucose metabolism, liver antioxidant capacity and intestinal microbiota of rice field eel
to determine whether mulberry leaf flavonoids have beneficial effects on fish fed high-
carbohydrate diets and to provide a basis for the application of mulberry leaf flavonoids in
high-carbohydrate diets.
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2. Materials and Methods

2.1. Animals, Experimental Design, Diet Preparation and Culture Conditions

Rice field eel juveniles were obtained from Xihu Farm, Changde, China. The acclima-
tization method was consistent with our previous research [28]. After this, 900 healthy
rice field eel juveniles (initial weight 14.97 ± 0.06 g) randomly allocated to five diets (three
cages per dietary treatment, 60 fish per cage): CON diets (20% corn starch); HC diets
(40% corn starch); or HC diets supplemented with 100, 200 and 300 mg/kg mulberry leaf
flavonoids (HCF1, HCF2 and HFC3, respectively) (Table 1). The mulberry leaf flavonoids
(purity > 85%, total flavonoids) were provided by Sericulture and Agricultural Products
Processing Institute of Guangdong Academy of Agricultural Sciences. Diet preparation
was the same as in a previous study [28]. The breeding experiment lasted for 8 weeks, and
the feeding amount was 3–5% of body weight once a day (17:00–18:30 h). Water conditions
including pH (7.3 ± 0.2), temperature (28.6 ± 2.2 ◦C), dissolved oxygen (6.3 ± 0.4 mg/L)
and ammonia nitrogen (0.12 ± 0.04 mg/L) were measured.

Table 1. Formulation and proximate composition of the experimental diets (%, dry matter).

Ingredients CON HC HCF1 HCF2 HCF3

Fish meal a 40.00 40.00 40.00 40.00 40.00
Wheat gluten a 14.46 14.46 14.46 14.46 14.46
Corn starch a 20.00 40.00 40.00 40.00 40.00

Microcrystalline cellulose a 20.50 0.50 0.49 0.48 0.47
Fish oil a 2.00 2.00 2.00 2.00 2.00
Choline a 0.50 0.50 0.50 0.50 0.50
Premix b 1.00 1.00 1.00 1.00 1.00

Ca(H2PO4)2
a 1.50 1.50 1.50 1.50 1.50

Antioxidants a 0.01 0.01 0.01 0.01 0.01
Mold inhibitor a 0.03 0.03 0.03 0.03 0.03

Mulberry leaf flavonoids c 0.00 0.00 0.01 0.02 0.03
Proximate composition (%)

Crude protein 43.86 43.72 44.04 43.87 43.79
Crude lipid 5.86 5.93 5.82 5.79 5.87

Ash 10.85 11.03 10.94 10.72 10.83
a Provided by Hunan Aohua Agriculture and Animal Husbandry Technology Co. Ltd. (Changde, China). b Provided
by MGO Ter Bio-Tech (Qingdao, China). Composition consistent with previous studies [28]. c Provided by Sericulture
and Agricultural Products Processing Institute of Guangdong Academy of Agricultural Sciences.

2.2. Sample Collection

After the feeding trial, fish were collected after 24 h of fasting. All fish were euthanized
(MS-222 at 100 μg/mL). Serum collection was consistent with previous studies [29]. Liver
samples (3 fish per cage) were collected and stored at −80 ◦C. The intestinal contents
of three fish per cage were also collected and stored at −80 ◦C until further analysis of
intestinal microbiota.

2.3. Chemical Analysis

The measurement methods of crude lipid, crude protein and ash in diets were consis-
tent with previous studies [29].

2.4. Serum Biochemical Indices Analysis

Glucose (GLU), triacylglycerol (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were enzymolyzed,
respectively, to produce H2O2, which could generate red benzoquinone imine under the
catalytic action of peroxidase. The products had characteristic absorption peaks at 505, 510,
510, 546 and 546 nm, respectively, and the contents of GLU, TG, TC, HDL-C and LDL-C
could be determined by the change in the absorbency value.
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Alanine aminotransferase (ALT) and aspartate aminotransferase (AST), respectively,
catalyze the transamination reaction to produce pyruvate, which can react with 2,4-
dinitrophenylhydrazine to produce 2,4-dinitrophenylhydrazone, which is brownish red
under alkaline conditions. The products had characteristic absorption peaks at 510 nm, and
the activities of ALT and AST could be determined by the change in the absorbency value.

2.5. Liver Glucose Metabolism and Antioxidant Indices Analysis

The levels of reactive oxygen species (ROS), pyruvate kinase (PK), glucokinase (GK),
glucose-6-phosphatase (G-6-Pase), phosphoenolpyruvate carboxykinase (PEPCK), fructose-
1.6-bisphosphatase (FBPase) and phosphofructokinase (PFK) in each sample were measured
using Elisa kits [30]. The detection method for catalase (CAT), glutathione (GSH), and
superoxide dismutase (SOD) levels in the liver were the same as in the previous study [29].
The glutathione peroxidase (GPx) activity in the liver was spectrophotometrically measured
at 412 nm.

2.6. Total RNA Extraction, Reverse Transcription and Real-Time PCR

The procedures of total RNA extraction, reverse transcription and qRT-PCR were
performed, using methods previously used in our laboratory [31]. The amplification
efficiency of all genes was approximately equal and ranged from 0.95 to 1.10. The relative
expression level of genes was calculated by the formula E = 2−ΔΔCT [32]. Gene primer
sequences were designed by Primer Premier 5.0 (Table 2). The internal reference gene was
ribosomal protein L-17 (rpl-17) [33].

Table 2. Primers used for mRNA quantitative real-time PCR.

Gene Forward Sequences (5′→3′) Reverse Sequences (5′→3′) Accession No.

gk AAGCCATCGTATCCCACC GGGTCCCAGTCCATAGTGT XM_020620531.1
pk CCGCCAAGGGACTGTTT CCACTGGTGGTAAGGACTATG XM_020617665.1
fpk AGCATAGGAGCAGACACCG CACAGAATCCACCCATAGTC XM_020594803.1

g6pd CCACCCACTGTCTACCA GGCTCTGCACCATTTCT XM_020610610.1
pepck CTGTGACGGCTCTGACG ATACATGGTGCGACCTTTC XM_020621224.1
g6pase GGTATGAGGGTCTGTTTAGC GACAGCCACCCAGATGA XM_020616553.1
fbpase GCTGCGGTTGCTGTATG TTCTTGGCGTGTTTATGG XM_020585913.1
gsk3β GGTGTTGTCTACCAGGCTAA CAATGGTCCAACTTCCTCA XM_020609458.1

gys CGGCTGCCAGGTTTATT GCCCAGGATGAGCGAGT XM_020608327.1
nrf2 CTTCAGACAGCGGTGACAGG GCCTCATTCAGTTGGTGCTT XM_020596409.1

keap1 AGCCTGGGTGCGATACGA CAAGAAATGACTTTGGTGGG XM_020597068.1
sod AGCTGGCTAAGTTCTCATTCAC GCAGTAACATTGCCCAAGTCT XM_020598413.1
cat GTCCAAGTCTAAGGCATCTCC CTCCTCTTCGTTCAGCACC XM_020624985.1

gpx1 GTTCACCGCCAAACTCTT TTCCCATTCACATCTACCTT XM_020607739.1
gpx8 GTCCACTTACGGTGTTACCT ATGGGCTCGTCAGTTCTC XM_020593975.1
il-1β GAGATGTGGAGCCCAAACTT CTGCCTCTGACCTTCTGGACTT KM113037.1
il-8 TACTGGTTCTGCTTACTGTCGC CAAATCTTTTGCCCATCCCT XM_020597077.1

il-12β CAAGTCAGTTGCCAAAATCC CCAAGCAGCTCAGGGTCT XM_020594580.1
il-10 TTTGCCTGCCAAGTTATGAG CATTTGGTGACATCGCTCTT XM_020593225.1

tgf-β1 AACCCACTACCTCACTACCCG GCCGAAGTTGGAAACCCT XM_020605575.1
nf-κb ACCCTACCGTGACACTAACCT TGCCGTCTATCTTGTGGAAT XM_020616319.1
tlr-3 TATTTAGAGCCATACAGGG CACAATCAAGAACGCACA XM_020614353.1
tlr-7 ATCCTCACGACTTCCCTC TTTCTTTCATCACCCACT XM_020596482.1

rpl-17 GTTGTAGCGACGGAAAGGGAC GACTAAATCATGCAAGTCGAGGG 109952565

2.7. Intestinal Microbiota Analysis

In this study, the Illumina platform was used for the paired-end sequencing of commu-
nity DNA fragments. The DADA2 method was used for sequence denoising [34]. Vsearch
(V2.13.4_linux_x86_64) was used for clustering. Sequence data analyses were mainly per-
formed using QIIME2 and R packages (v3.2.0). Alpha diversity indices, such as Chao1,
observed species, Shannon diversity index, Simpson index and Good’s coverage, were
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calculated using the table in QIIME2 and visualized as box plots. Species analysis at the
phylum and genus level was the same as in our previous study [31].

2.8. Statistical Analysis

All data (mean ± SE) were analyzed by one-way ANOVA. After testing for homo-
geneity of variances, Duncan multiple comparisons were performed. p values less than
0.05 were considered significant differences. All graphs were drawn using Graphpad
software (San Diego, CA, USA). SPSS 24.0 software (New York, NY, USA) was used for all
statistical analysis.

3. Results

3.1. Growth and Morphology Parameters

No significant differences were showed in final weight, VSI, CF or FCR (p > 0.05)
(Table 3). The rice field eel fed HC diets had significantly lower WGR and SR than those fed
CON and HCF3 diets (p < 0.05). Dietary 300 mg/kg mulberry leaf flavonoids significantly
decreased HSI compared to the HC group (p < 0.05).

Table 3. Effects of dietary mulberry leaf flavonoids on the growth performance of Monopterus albus
fed high-carbohydrate diets (mean ± S.E.).

CON HC HCF1 HCF2 HCF3 p-Value

Initial weight (g) 14.96 ± 0.12 14.97 ± 0.24 15.11 ± 0.12 14.96 ± 0.02 15.01 ± 0.03 0.919
Final weight (g) 36.56 ± 0.94 33.08 ± 1.02 34.96 ± 0.60 35.58 ± 1.50 37.13 ± 0.70 0.112

WGR 144.26 ± 4.47 a 120.92 ± 3.27 b 131.41 ± 3.57 ab 137.82 ± 9.71 ab 147.37 ± 4.24 a 0.046
SR 91.11 ± 2.78 a 77.78 ± 3.38 b 77.22 ± 2.00 b 81.66 ± 3.33 ab 88.33 ± 2.89 a 0.023

FCR 1.39 ± 0.06 1.67 ± 0.07 1.52 ± 0.04 1.47 ± 0.10 1.36 ± 0.04 0.051
HSI 3.44 ± 0.15 ab 3.92 ± 0.07 a 3.63 ± 0.08 ab 3.49 ± 0.13 ab 3.32 ± 0.24 b 0.048
VSI 15.73 ± 0.71 17.22 ± 0.81 18.00 ± 1.28 15.65 ± 1.88 17.68 ± 1.07 0.533
CF 9.00 ± 0.32 10.20 ± 0.49 9.80 ± 0.66 10.00 ± 0.32 10.00 ± 0.55 0.465

Note: In the same row values with different small letter superscripts mean significant difference (p < 0.05). Weight
gain rate (WGR, %) = (final body weight − initial body weight)/initial body weight × 100; survival rate (SR, %) = final
number of fish/initial number of fish × 100; feed-conversion rate (FCR) = total amount of the feed consumed/(final
body weight − initial body weight); hepatosomatic index (HSI, %) = liver weight/whole body weight × 100;
viserosomatic index (VSI, %) = visceral weight/whole body weight× 100; Condition factor (CF, g/cm3) = 100 × whole
body weight/(body length)3.

3.2. Serum Biochemical Indices

The rice field eel fed HC diets had significantly higher AST, ALT, TG, TC, GLU and
LDL-C concentrations than those fed CON diets (p < 0.05) (Table 4). However, feeding the
rice field eel mulberry leaf flavonoids (100, 200 and 300 mg/kg) markedly decreased serum
AST, ALT, TG, TC, GLU and LDL-C concentrations (p < 0.05). Dietary 200 and 300 mg/kg
mulberry leaf flavonoids significantly increased HDL-C concentration compared to the HC
group (p < 0.05).

3.3. Carbohydrate Metabolism Enzyme Activity

No significant differences were shown in liver PK concentration (p > 0.05) (Figure 1).
Compared with the CON and HC groups, PEPCK activity in the HCF1, HCF2 and HCF3
groups was significantly decreased (p < 0.05). HC diets significantly increased liver PFK
activity and decreased liver PEPCK, FBPase and G-6-Pase concentrations compared to
the CON group (p < 0.05). However, feeding the rice field eel mulberry leaf flavonoids
(100, 200 and 300 mg/kg) markedly decreased liver PEPCK activity (p < 0.05). Dietary
200 and 300 mg/kg mulberry leaf flavonoids also significantly increased GK and PFK
concentrations compared to the HC group (p < 0.05). FBPase and G-6-Pase concentrations
in the HCF3 treatment were markedly low than those in the HC group (p < 0.05).
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Table 4. Effects of dietary mulberry leaf flavonoids on serum biochemical indices of rice field eel
(Monopterus albus) fed high-carbohydrate diets (mean ± S.E.).

CON HC HCF1 HCF2 HCF3 p-Value

AST (U/L) 3.45 ± 0.09 d 7.86 ± 0.26 a 3.68 ± 0.04 d 5.47 ± 0.23 b 4.90 ± 0.10 c <0.001
ALT (U/L) 3.75 ± 0.07 c 9.18 ± 0.41 a 4.21 ± 0.28 bc 4.44 ± 0.2 bc 4.99 ± 0.31 b <0.001

GLU (mg/dL) 38.72 ± 1.31 c 51.96 ± 1.88 a 42.11 ± 1.74 bc 43.71 ± 0.91 b 40.52 ± 0.80 bc <0.001
TG (mmol/L) 0.40 ± 0.01 b 0.56 ± 0.01 a 0.40 ± 0.00 b 0.39 ± 0.00 b 0.41 ± 0.01 b <0.001
TC (mmol/L) 2.72 ± 0.03 b 3.16 ± 0.07 a 2.34 ± 0.04 c 2.44 ± 0.08 c 2.36 ± 0.09 c <0.001

LDL-C (mmol/L) 3.22 ± 0.03 b 6.30 ± 0.42 a 3.31 ± 0.27 b 2.74 ± 0.27 b 2.86 ± 0.16 b <0.001
HDL-C (mmol/L) 3.00 ± 0.01 b 3.08 ± 0.05 b 3.40 ± 0.05 b 4.49 ± 0.09 a 4.28±0.31 a <0.001

Note: In the same row, values with different small letter superscripts mean significant difference (p < 0.05).
Aspartate aminotransferase (AST), alanine aminotransferase (ALT), glucose (GLU), triacylglycerol (TG), total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C).

 
Figure 1. Influences of dietary mulberry leaf flavonoids on carbohydrate metabolism enzymes
activities in liver in rice field eel fed on a high-carbohydrate diet. (A) Glucokinase, GK; (B) Pyruvate
kinase, PK; (C) Phosphofructokinase, PFK; (D) Phoenolpyruvate carboxykinase, PEPCK; (E) Fructose-
1.6-bisphosphatase, FBPase; (F) Glucose-6-phosphatase, G-6-Pase. Different letters show a significant
difference (p < 0.05).

3.4. Genes Expression of Carbohydrate Metabolism

No significant differences were shown in the mRNA expression of liver pepck (p > 0.05)
(Figure 2). HC diets significantly upregulated the mRNA expression of fpk, g6pd and gys
compared to the CON group (p < 0.05), with downregulated gene expression of g6pase,
fbpase, and gsk3β (p < 0.05). Furthermore, 100, 200 and 300 mg/kg mulberry leaf flavonoid
supplementation in HC-fed rice rield eel significantly downregulated the mRNA expression
of g6pase and gys, as well as upregulated the mRNA expression of fpk and gsk3β (p < 0.05).
The HCF3 group significantly reduced the mRNA expression of fbpase and increased the
mRNA expression of gk, pk and g6pd compared to the HC group (p < 0.05).

3.5. Antioxidant Indices in the Liver

No significant differences were showed in liver SOD and GSH concentrations (p > 0.05)
(Figure 3). The rice field eel fed HC diets had significantly higher ROS content and lower
CAT and GPx activities than those fed CON diets. However, feeding the rice field eel
mulberry leaf flavonoids (100, 200 and 300 mg/kg) markedly decreased liver ROS content
and increased liver GPx activity (p < 0.05), which was similar to results from the CON
group (p > 0.05). Dietary 200 and 300 mg/kg mulberry leaf flavonoids also significantly
increased CAT activity compared to the HC group (p < 0.05).
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Figure 2. Influences of dietary mulberry leaf flavonoids on carbohydrate metabolism relative genes
expression in liver in rice field eel fed on a high-carbohydrate diet. (A) gk; (B) pk; (C) fpk; (D) pepck;
(E) g6pase; (F) fbpase; (G) g6pd; (H) gsk3β; (I) gys. Different letters show significant difference (p < 0.05).

Figure 3. Influences of dietary mulberry leaf flavonoids on antioxidant enzymes activities in the liver
of rice field eel fed on a high-carbohydrate diet. (A) Reactive oxygen species, ROS; (B) Superoxide
dismutase, SOD; (C) catalase, CAT; (D) Glutathione peroxidase, GPx; (E) Glutathione, GSH. Different
letters show a significant difference (p < 0.05).

3.6. Genes Expression of Liver Antioxidant

The rice field eel fed HC diets had significantly higher mRNA expression of keap1
and lower mRNA expression of gpx1, gpx8, cat, sod and nrf-2 than those fed CON diets
(p < 0.05) (Figure 4). However, feeding the rice field eel mulberry leaf flavonoids (100, 200
and 300 mg/kg) markedly decreased liver keap1 mRNA expression and increased sod and
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nrf-2 mRNA expression (p < 0.05), which was similar to the CON group (p > 0.05). Dietary
200 and 300 mg/kg mulberry leaf flavonoids also significantly increased gpx1, gpx8 and cat
mRNA expression compared to the HC group (p < 0.05).

Figure 4. Influences of dietary mulberry leaf flavonoids on antioxidant-related genes’ expression in
the liver of rice field eels fed on a high-carbohydrate diet. (A) sod; (B) cat; (C) gpx1; (D) gpx8; (E) nrf-2;
(F) keap1. Different letters show a significant difference (p < 0.05).

3.7. Gene Expression Related to the Liver Damage

The rice field eel fed HC diets had significantly higher mRNA expression of il-1β,
il-12β, tlr-3, tlr-7 and nf-κb and lower mRNA expression of il-10 and tgf-β1 than those fed
CON diets (p < 0.05) (Figure 5). The supplementation of 100–300 mg/kg mulberry leaf
flavonoids remarkably downregulated il-1β, il-12β, tlr-3, tlr-7 and nf-κb mRNA expression
compared to the HC group (p < 0.05). il-10 mRNA expression in the HCF2 and HCF3
groups and tgf-β1 mRNA expression in the HCF3 group were remarkably downregulated
compared to the HC diet (p < 0.05). With the increase in the mulberry leaf flavonoid
supplemental level, the mRNA expression of tgf-β1 and il-10 showed an increasing trend,
while the mRNA expression of il-1β, tlr-3 and tlr-7 showed a decreasing trend.

Correlation analysis revealed that the mRNA transcription level of nf-κb was signifi-
cantly (p < 0.05) positively correlated with that of the mRNA transcription levels of il-10
and tgf-β1 and negatively correlated with that of the mRNA transcription levels of il-1β,
il-8, il-12β, tlr-3 and tlr-7 (Figure 6).

3.8. Intestinal Microbiota Analysis
3.8.1. Diversity Analysis

No significant differences were showed in the Simpson index (p > 0.05) (Figure 7).
HC diets significantly decreased Chao1, Shannon and observed species indexes in com-
parison with the CON group (p < 0.05). A total of 300 mg/kg mulberry leaf flavonoid
supplementation significantly increased the Chao1, Shannon and observed species indexes
in comparison with the HC group (p < 0.05).

3.8.2. Microbial Composition

The tree diagram shown that no significant differences were shown in dominant intesti-
nal microbiota at the phylum level (p > 0.05), mainly including Firmicutes and Proteobacteria
(Figure 8A). The rice field eel fed HC diets had significantly higher abundance of Lactococ-
cus and lower abundance of Clostridium and Rhodobacter than those fed CON diets (p < 0.05)
(Figure 8B,C). The supplementation of 300 mg/kg mulberry leaf flavonoids remarkably
decreased the abundance of Lactococcus and increased the abundances of Clostridium and
Rhodobacter in comparison with the HC group (p < 0.05), without reaching the CON group.
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Figure 5. Influences of dietary mulberry leaf flavonoids on inflammation-related genes’ expression
in the liver of rice field eel fed on a high-carbohydrate diet. (A) il-1β; (B) il-8; (C) il-12β; (D) il-10;
(E) tgf-β1; (F) nf-κb; (G) tlr-3; (H) tlr-7. Different letters show a significant difference (p < 0.05).

Figure 6. Correlative analysis of liver-inflammation-related gene expression. * p < 0.05, ** p < 0.01.

47



Antioxidants 2022, 11, 976

Figure 7. Influences of dietary mulberry leaf flavonoids on the alpha-diversity of intestinal microbiota
in rice field eel fed a high-carbohydrate diet. * indicates a significant difference between groups
(p < 0.05).
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Figure 8. Effects of dietary mulberry leaf flavonoids on the intestinal microbial composition of rice
field eel (Monopterus albus) fed high-carbohydrate diets. (A) Classification hierarchy tree diagram (The
largest circle represents phylum level, and the decreasing circle represents class, order, family, genus
and species in descending order). (B) Species abundance at the genus level (Top 10), (C) showing
significant variations of the relative abundance of intestinal microbiota at the genus level. * indicates
a significant difference between groups (p < 0.05).

4. Discussion

The appropriate dietary carbohydrate content can improve the growth performance
of kelabau (Osteochilus melanopleurus) [35]. However, HC diets significantly decreased
the growth performance of Lateolabrax japonicus [36], cobia (Rachycentron canadum L.) [6],
hybrid grouper [37] and largemouth bass [38]. The results of this study demonstrated
that rice field eels fed a HC diet had a significantly reduced weight-gain rate. The main
reason for this may be their low carbohydrate-utilization capacity; studies have shown
that carnivorous fish are natural diabetic patients [5]. Functional additives are a common
method for improving carbohydrate utilization in aquatic animals. The flavonoids of Alnus
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glutinosa can improve the growth performance of mutton sheep by promoting the secretion
of growth hormone and insulin-like growth factor-1 in the serum [39]. Similarly, dietary
mulberry leaf flavonoids improved the growth performance of tilapia [25]. Flavonoids
from Allium mongolicum Regel have also been found to improve the growth performance in
juvenile northern snakehead fish (Channa argus) [40]. This study also demonstrated that
supplementation of diets with 300 mg/kg mulberry leaf flavonoids significantly improved
the weight-gain rate of the HC-diet-fed rice field eel, which was similar to results from the
CON group. This indicates that mulberry leaf flavonoids increased growth performance in
rice field eels.

High serum-glucose content has previously been found in largemouth bass and tilapia
fed high-carbohydrate diets [38,41]. In this study, long-term feeding of HC diets signif-
icantly increased serum GLU content in rice field eels. However, liver tissue plays an
important role in regulating blood glucose homeostasis [42]. Several important path-
ways are involved in this regulation, such as gluconeogenesis and glycolysis, in which
G-6-Pase, FBPase and PEPCK activities are restriction enzymes in the gluconeogenesis
pathway, and PFK, PK and GK are the limiting enzymes in the glycolysis pathway [43].
This study showed that rice field eel fed HC diets had significantly higher PFK and GK
concentrations and lower FBPase, G-6-Pase and PEPCK concentrations than those fed
CON diets. In addtion, the mRNA expression of fpk, gk, fbpase, g6pase and pepck were the
same as their enzyme activity changes. Similar results were seen in blunt snout bream
(Megalobrama amblycephala) [41] and largemouth bass [10].

Mulberry leaf is a Chinese medicinal supplement that is widely used to regulate blood
glucose [44]. Flavonoids, one of the main active ingredients in mulberry leaves, have
the potential to treat type II diabetes [23,45]. In this study, the addition of mulberry leaf
flavonoids, especially at the higher level (300 mg/kg), remarkably downregulated the
transcriptional levels of fbpase and g6pase and upregulated the transcriptional levels of
fpk, pk and gk of HC-diet-fed fish, and the corresponding enzyme activity results were
consistent with them. Some studies have reported that Gys plays a very important role
in the final stage of catalyzing glycogen synthesis during carbohydrate metabolism, and
gys mRNA expression is negatively correlated with gsk3β [46]. This study showed that
compared to the CON diet, the HC diet induced significantly lower liver gsk3β mRNA
expression and higher gys mRNA expression. However, the addition of mulberry leaf
flavonoids to HC diets reversed this trend. Thus, these results indicate that mulberry leaf
flavonoids reduced serum-glucose content by promoting glycolysis and inhibiting the
gluconeogenesis pathway.

According to previous studies, excessive carbohydrate intake can cause severe phys-
iological stress, such as oxidative stress and inflammation [47,48]. In this study, high-
carbohydrate diets induced relatively high levels of serum ALT and AST activity; liver
ROS content; and liver il-1β, il-8 and il-12β mRNA expression levels compared to the CON
group. In contrast, the hepatic activities of CAT, GPx and liver il-10 and tgf-β1 mRNA
expression levels were relatively low. These findings indicate that long-term feeding of
a HC diet causes oxidative stress and induces inflammation in rice field eels. The above
conclusions can be supported by the following reasons: first, studies have shown that a de-
crease in antioxidant enzyme (such as GPx, CAT and SOD) activity and an increase in ROS
content are the symbolic signals of oxidative damage in fish [49–51]; Second, evidence of
high-carbohydrate diet-induced liver inflammatory damage was supported by the increase
in serum AST and ALT activities, which is an important marker of liver damage [52], as
well as il-1β and il-8, which are the main pro-inflammatory factors [53].

The alleviation of the HC-diet-induced oxidative stress and inflammatory response
imperative is improved by the application of carbohydrates in aquatic feed. The flavonoids
in mulberry leaves are natural antioxidants, which can significantly increase SOD, CAT
and CPx activities and significantly reduce MDA content, thereby improving antioxidant
capacity and reducing oxidative stress [54]. Moreover, flavonoids are known to be effective
immune enhancers [55]. In this study, the addition of mulberry leaf flavonoids, especially
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at the higher level (300 mg/kg), significantly increased hepatic CAT and GPx activities,
as well as the liver il-10 and tgf-β1 mRNA expression levels of HC-diet-fed fish, while
decreasing serum AST and ALT activities; liver MDA content; and liver il-1β, il-8 and il-12β
mRNA expression levels. These findings indicate that dietary mulberry leaf flavonoid
supplementation enhances antioxidant capacity and alleviates inflammation in the liver of
rice field eels fed high-carbohydrate diets. According to previous studies, dietary flavonoid
supplementation can significantly enhance antioxidant ability (such as CAT, SOD and GPx)
in farmed tilapia [25] and reduce significant the chromium-induced upregulation of pro-
inflammatory factors (such as tnf-α and il-1β) in Ctenopharyngodon idella [56]. Furthermore,
dietary flavonoids from Allium mongolicum Regel can reduce Se-accumulation in organs,
decrease oxidative stress, increase immune response and regulate immune-related signaling
molecules following Se exposure in Channa argus [57]. In the same way, the excellent
antioxidant properties of mulberry leaf flavonoids are derived from their ability to directly
scavenge ROS by providing a hydrogen atom or single-electron transfer and immediately
chelate free radicals [58]. In this study, dietary mulberry leaf flavonoid supplementation
significantly decreased ROS content. This further supports the antioxidant capacity of
mulberry leaf flavonoids.

Antioxidant capacity and inflammatory responses in animals are regulated by the
Nrf2/Keap1 and NF-κB/TLRs signaling pathways, respectively [31,59]. A previous study
showed that high-carbohydrate diets induce oxidative damage and inflammatory responses
by influencing the Nrf2 and NF-κB signaling pathways in blunt snout bream [60]. keap1
inhibits the expression of antioxidant genes by inhibiting the nuclear translocation of
nrf2 [61]. This study showed that HC diets remarkably upregulated the transcriptional
levels of keap1, nf-κb, tlr-3 and tlr-7 in the liver, whereas the transcriptional level of nrf2
was downregulated. These findings indicate that high-carbohydrate diets lead to oxidative
stress and inflammation by activating the NF-κB signaling pathway and inhibiting the Nrf2
signaling pathway. Subsequently, the addition of mulberry leaf flavonoids to HC diets
remarkably downregulated the transcriptional levels of keap1, nf-κb, tlr-3 and tlr-7 in the
liver, whereas the transcriptional level of nrf2 was upregulated. Furthermore, correlation
analyses showed that the transcriptional level of nf-κb was negatively correlated with
the mRNA expression levels of il-1β, il-8, il-12β, tlr-3 and tlr-7, and positively correlated
with the mRNA expression levels of il-10 and tgf-β1. This suggests that mulberry leaf
flavonoids inhibited the NF-κB signaling pathway to protect high-carbohydrate-induced
inflammatory response in rice field eels. Similar studies have been conducted on flavonoids
extracted from other plants. For example, flavonoids extracted from Barnebydendron riedelii
can enhance antioxidant capacity by inhibiting the Nrf2 signaling pathway [62], and
flavonoids extracted from cocoa can alleviate the inflammatory response by inhibiting
the NF-κB signaling pathway [63]. These results indicate that plant flavonoids could
effectively enhance the antioxidant capacity and inhibit inflammation via the Nrf2/Keap1
and NF-κB/TLRs signaling pathways in rice field eels fed HC diets.

Numerous studies have shown that the intestinal microbiota plays a beneficial role
for the host in diabetes, oxidative damage and inflammatory responses [64,65]. Alpha-
diversity (Chao1, Shannon and observed species index) is an important indicator for
judging the species richness of intestinal microbiota. In this study, the rice field eel fed
HC diets had significantly lower Chao1, Shannon and observed species indices than those
fed CON diets, and similar results were found in Nile tilapia and Chinese perch [12,41].
These results indicate that fish fed HC diets for a long time showed reduced diversity of
intestinal microbiota.

In addition, we also found that HC-diet feeding remarkably increased the abundance
of Lactococcus and reduced the abundance of Clostridium and Rhodobacter in rice field eels.
However, Clostridium is able to promote the production of butyrate, a short-chain fatty acid
that scavenges oxygen and free radicals and enhances host antioxidant immunity [66–68].
Lactococcus, a globular gram-positive anaerobe, causes adverse host reactions, including
inflammatory responses and low growth rates [69,70]. Rhodobacter gram-negative bacteria
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have been used to produce terpenes, which have various biological functions [71]. How-
ever, in this study, HC diets resulted in a significant decrease in Clostridium and Rhodobacter,
which may reduce their metabolites and lead to physiological disorders. However, the spe-
cific metabolites involved require further study. These results may indicate that oxidative
stress and inflammatory responses induced by high-carbohydrate diets are closely related
to intestinal microbiota homeostasis.

Flavonoids interact with intestinal microbiota, which can participate in the trans-
forming flavonoids in vivo. For example, Clostridium participates in the metabolism of
flavonoids in vivo and has a stronger physiological function [26]. Flavonoids also support
the growth of normal bacteria, inhibit the proliferation of harmful bacteria and regu-
late the intestinal microecological balance [72]. Previous research has confirmed that
Cyclocarya paliurus flavonoids can positively regulate the composition and function of in-
testinal microbiota disturbed by host circadian disturbances, thus improving the intestinal
microecological balance in mice [73]. The present study also showed that 300 mg/kg mul-
berry leaf flavonoid supplementation in HC diets caused no significant difference in Chao1,
Shannon and observed species compared to that in the CON group. Furthermore, the sup-
plementation of 300 mg/kg mulberry leaf flavonoids remarkably decreased the abundance
of Lactococcus and increased the abundance of Clostridium and Rhodobacter in comparison
with the HC group. In pre-weaned calves, dietary mulberry leaf flavonoids can reduce
the number of diarrhea days after Escherichia coli K99 infection, effectively regulate the
intestinal microbiota and improve intestinal health [74]. These findings indicate that mul-
berry leaf flavonoids could restore the intestinal microbiota dysbiosis induced by HC diets.
Furthermore, the enhancement of the antioxidant capacity and anti-inflammatory capacity
of mulberry leaf flavonoids is closely related to the regulation of the intestinal microbiota
of rice field eels. However, the specific regulatory mechanism requires further study.

5. Conclusions

We have shown that HC-diet feeding had an adverse effect on growth, carbohydrate
metabolism, liver antioxidant, immune capacity and intestinal microbiota. However,
dietary mulberry leaf flavonoid supplementation increased growth performance in rice field
eels. In addition, mulberry leaf flavonoids increased carbohydrate metabolism, enhanced
liver immune and antioxidant capacity and regulated intestinal microbiota homeostasis
in eels fed HC diets. The optimal addition amount of mulberry leaf flavonoids was
300 mg/kg.
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Abbreviations

WGR: weight-gain rate; SR: survival rate; FCR: feed-conversion rate; HSI: hepatosomatic index;
VSI: viserosomatic index; CF: condition factor; AST: aspartate aminotransferase; ALT: alanine amino-
transferase; GLU: glucose; TG: triacylglycerol; TC: total cholesterol; LDL-C: low-density lipoprotein
cholesterol; HDL-C: high-density lipoprotein cholesterol; ROS: reactive oxygen species; PK: pyru-
vate kinase; GK: glucokinase; G-6-Pase: glucose-6-phosphatase; PEPCK: phosphoenolpyruvate
carboxykinase; FBPase: fructose-1.6-bisphosphatase; PFK: phosphofructokinase; CAT: catalase; GSH:
glutathione; SOD: superoxide dismutase; GPx: glutathione peroxidase.
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Abstract: Cadmium, one of the most toxic heavy metals, can cause severe oxidative damage to
aquatic animals. However, the mechanism whereby the mud crabs respond to cadmium exposure
remains unclear. This study investigated the effects of cadmium exposure on oxidative stress and
histopathology changes and evaluated the role of the Nrf2 signaling pathway in regulating responses
to cadmium-induced hepatotoxicity were investigated in mud crabs. Mud crabs were exposed to 0,
0.01, 0.05, and 0.125 mg/L cadmium for 21 d. The present results indicated that cadmium exposure
increased hydrogen peroxide (H2O2) production, lipid peroxidation and tissue damage, but decreased
the activity of superoxide dismutase (SOD) and catalase (CAT), and caused lipid peroxidation and
tissue damage. The results of an integrated biomarker index analysis suggested that the toxicity
of cadmium was positively related to cadmium concentration. The expression levels of the Nrf2
signaling pathway (Nrf2, metallothionein, and cytochrome P450 enzymes) were up-regulated after
cadmium exposure. Silencing of Nrf2 in vivo decreased antioxidant gene (SOD, CAT, and glutathione
S-transferase) expression, suggesting that Nrf2 can regulate antioxidant genes. Knocking down Nrf2
in vivo also significantly decreased the activity of SOD and CAT after cadmium exposure. Moreover,
silencing of Nrf2 in vivo enhanced H2O2 production and the mortality rates of mud crabs after
cadmium exposure. The present study indicated that cadmium exposure induced hepatotoxicity in
the mud crab by increasing H2O2 content, which decreased the antioxidant capacity, leading to cell
injury. In addition, the Nrf2 is activated to bound with antioxidant response element, initiating the
expression of antioxidant enzyme genes during cadmium induced hepatotoxicity in the mud crabs.

Keywords: Scylla paramamosain; Nrf2 signaling pathway; oxidative stress; hepatotoxicity

1. Introduction

Heavy metal pollution in aquatic environments has serious harmful effects on living
organisms. Heavy metals from mine wastes, fertilizer use, and industrial waste are the main
sources of pollution in the aquatic environment. Heavy metals can be easily accumulated
in organisms, which might ultimately affect human health [1]. Among these heavy metal
pollutants, cadmium is a nonessential heavy metal that has high toxic effects on the health of
humans and the environment. In natural surface water, the level of cadmium concentration
is very low. However, a high level of cadmium concentration in many areas of China
can reach as high as 100–900 μg/L [2]. The toxicity of cadmium can harm development
and reproduction, decrease growth and survival, and damage tissues and organs [3–5].
Although many reports have shown the toxic effects of cadmium on aquatic animals, the
mechanisms involved are not well understood.

It has been reported that reactive oxygen species (ROS) can be induced by cadmium
exposure, which might cause oxidative stress, leading to damage to macromolecules, such
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as DNA and proteins [6,7]. To prevent the formation of ROS, organisms develop an an-
tioxidant system, which consists of antioxidant enzymes. Nrf2 is a basic leucine zipper
nuclear transcription factor that plays a key role in response to various environmental
pollutants [8]. It is responsible for regulating the expression of a variety of antioxidant
genes [9]. Therefore, activation of the Nrf2 signaling pathway can regulate antioxidant
and detoxification cellular responses [10]. Nrf2 might participate in host defense during
antibacterial immunity response [11]. Many studies have also shown that the activa-
tion of the Nrf2 pathway could protect against hepatotoxicity induced by heavy metal
pollution [12,13]. However, the role and the regulatory mechanism of the Nrf2 signaling
pathway in crustaceans against cadmium exposure still need further study.

Cytochrome P450 enzymes (CYPs) are a hemoglobin superfamily that plays a crucial
role in the degradation and detoxification of xenobiotics. Activation of CYPs is involved
in responses to oxidative stress [14]. A previous study showed that cadmium exposure
could induce the expression of CYPs [15]. In addition, CYPs have been used as a sensitive
biomarker for heavy metal exposure [16]. Metallothionein (MT) is a low molecular weight
protein that contains cysteine. MT is also involved in transporting various metals [17].
It plays an important role in the detoxification of metals and the scavenging of free radi-
cals [18]. The induction of MT expression has been widely applied as a biomarker for the
toxicity of heavy metals [19].

Mud crab (Scylla paramamosain) is an important commercial crustacean that is widely
distributed in the warm temperate zones of Southeast Asia. It has become more and more
popular in Chinese markets due to its high quality and fast growth. It is also exposed to
various pollutants due to its habitat and diet. Therefore, understanding the mechanisms
of detoxification might lead to the development of ways to protect mud crabs against
environmental stressors. In this study, the effects of cadmium exposure on the antioxidant
system and resulting histopathological alterations were investigated. To understand the
Nrf2 signaling pathway in cadmium-induced hepatotoxicity in mud crabs, mRNA levels
of Nrf2, CYP2, and MT after cadmium exposure were examined. Furthermore, we used
RNAi technology to determine the function of the Nrf2 signaling pathway in response
to cadmium exposure. This study will help us to understand the defense mechanism of
crustaceans against environmental stress.

2. Materials and Methods

2.1. Mud Crabs

Mud crabs (51 ± 3 g) were collected from a mud crab farm (Taishan, China) and
acclimated in tanks with circulating seawater (5 ppt salinity) at 25 ± 1 ◦C. During the
acclimation period, they were fed a commercial diet twice a day.

2.2. Cadmium Exposure

Cadmium chloride was obtained from Sigma (Sigma, St. Louis, MO, USA). In our
preliminary experiments, we found that 96 h LC50 of cadmium on mud crabs was approxi-
mately 10 mg/L. A stock solution of cadmium chloride (1 g/L) was used as a source of
cadmium and was subsequently diluted to the desired concentrations. In the present study,
groups of mud crabs were treated with 0 (control), 0.01 (1/1000 96 h-LC50), 0.05 (1/200 96
h-LC50), or 0.125 (1/200 96 h-LC50) mg/L Cd2+. Each group included three tanks, and each
tank contained 20 mud crabs. The water was changed daily. Water samples were acidified
with HNO3. Cadmium concentrations in water were quantified with ICP-OES (Optima
8300, Perkin Elmer Instruments, Waltham, MA, USA) [20]. Water quality parameters were
as follows: salinity 5 ppt, temperature 25 ± 1 ◦C, and total ammonia < 0.05 mg/L. After
21 days of challenge, nine mud crabs from the control group and each cadmium treatment
group were sampled. Hepatopancreas tissues were collected for the oxidative stress study.
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2.3. Measurement of Oxidative Stress Parameters

Six hepatopancreas tissues from each group were homogenized in a homogenization
buffer. After tissue homogenization, cell suspensions were centrifuged at 3000× g for
15 min. Finally, the supernatants were collected for the analyses of biochemical parameters.
The measurement of superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity
(T-AOC), hydrogen peroxide (H2O2), and malondialdehyde (MDA) was performed using
the corresponding assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s protocols. SOD and CAT were analyzed according to
the method of Jia et al. [21]. H2O2 content was measured according to the method of
Lin et al. [22]. MDA content was assayed according to the method of Ohkawa et al. [23]
using the thiobarbituric acid reactive species assay at 532 nm. T-AOC was determined by
the reduction of a ferric tripyridyltriazine complex to ferrous tripyridyltriazine [24].

2.4. Comprehensive Toxicity Assessment

An integrated biological responses version 2 (IBRv2) analysis was used to assess the
toxicity of cadmium as described by Sanchez et al. [25]. An IBRv2 value was calculated
based on biomarkers, including SOD, CAT, T-AOC, H2O2, and MDA. An IBRv2 value can
provide a better understanding of the harmful effects of cadmium exposure.

2.5. Histopathologic Investigation

Six hepatopancreas tissues from each group were immediately fixed in 10% formalde-
hyde, embedded in paraffin, and stained with hematoxylin and eosin. Then, the stained
sections were viewed under a light microscope (Olympus, Tokyo, Japan).

2.6. Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from the hepatopancreas using RNAiso Plus reagent (Takara,
Dalian, China) according to the manufacturer’s recommendations. The quality of the
RNA was verified by agarose electrophoresis. Single-strand cDNA was synthesized using a
PrimeScriptTM reverse transcriptase kit (Takara, Dalian, China). A qRT-PCR was performed
to measure the expression of Nrf2, CYP2, and MT (Table S1). The qRT-PCR was carried out
in a Qtower96G real-time system (Jena, Germany) using SYBR Green. The reaction mixtures
were 20 μL, containing 2 μL of diluted cDNA sample (50 ng/μL), 10 μL 2 × SYBR Premix
Ex Taq, and 0.4 μL each of primer (10 μM) and 7.6 μL dH2O. The qRT-PCR conditions were
as follows: 94 ◦C for 10 min, then 45 cycles at 95 ◦C for 30 s or 60 ◦C for 30 s. 18S rRNA
was utilized as a reference gene. All qRT-PCRs were performed at least in triplicate. The
relative expression of each gene was determined via the 2−ΔΔCT method [26].

2.7. Nrf2 Silencing in Mud Crabs

For gene knockdown experiments, double-stranded RNA Nrf2 and green fluorescent
protein (GFP) were amplified by PCR using gene-specific primers (Table S1). DsNrf2
and dsGFP were synthesized using the Transcription T7 Kit (Promega, Madison, WI,
USA) following the manufacturer’s protocol. Sixty mud crabs were separated into two
groups. One group was injected with 50 ug dsNrf2, and the other group was injected
with an equivalent of dsGFP. At 48 h after injection, six hepatopancreas tissues from each
group were sampled for RNA extraction. To explore the functions of Nrf2, the mRNA
expressions of antioxidant enzyme genes (SOD, CAT, GST, and Gpx3) were investigated in
both the Nrf2-silenced group and the control (dsGFP) group. A qRT-PCR was performed
as described above.

2.8. Cadmium Exposure in Nrf2-Silenced Mud Crabs

To understand the effects of cadmium exposure on mud crabs after Nrf2 gene si-
lencing, 120 mud crabs were injected with dsNrf2 and dsGFP, respectively. At 48 h af-
ter injection, both groups were acutely exposed to 2.5 mg/L cadmium (1/4 96 h-LC50).
Six hepatopancreas tissues from each group were collected at 0, 6, 12, and 24 h after cad-
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mium exposure. Then, these hepatopancreas tissues were used to measure SOD, CAT,
T-AOC, and H2O2. Measurements of these oxidative stress parameters were detected as de-
scribed in Section 2.3. Meanwhile, the numbers of dead mud crabs in both the Nrf2-silenced
group and the control group were recorded after cadmium exposure.

2.9. Statistical Analysis

The experimental data were presented as means ± standard deviation. For all analy-
ses, Levene and Shapiro–Wilk tests were used to verify the homogeneity and normality
of variances, respectively. Differences between groups were analyzed using a one-way
ANOVA followed by Duncan’s multiple range tests in SPSS 18.0 software (SPSS; Chicago,
IL, USA). A p-value < 0.05 was considered a significant difference.

3. Results

3.1. Oxidative Stress and IBRv2 after Cadmium Exposure

As shown in Figure 1A, SOD activity did not change in the treatment with 0.01 mg/L
cadmium and significantly decreased in the treatments with 0.05 and 0.125 mg/L cadmium.
CAT activity significantly decreased in the treatments with 0.01, 0.05, and 0.125 mg/L
cadmium when compared with that in the control group (Figure 1B). T-AOC level was not
significantly affected by cadmium exposure (Figure 1C). H2O2 content in the treatments
with 0.05 and 0.125 mg/L cadmium was significantly higher than that in the control group
(Figure 1D). Cadmium exposure strongly enhanced the levels of MDA in the 0.01, 0.05,
and 0.125 mg/L cadmium treatments when compared with that in the control group. The
highest levels of MDA were observed in the 0.05 and 0.125 mg/L cadmium treatments.

Based on the above-described oxidative stress biomarkers, IBRv2 values were calcu-
lated (Figure S1). IBRv2 values were positively correlated with cadmium concentrations.
The highest IBRv2 value was 7.76 in the 0.125 mg/L cadmium group.

3.2. Histopathological Changes after Cadmium Exposure

Histopathological changes after cadmium exposure are shown in Figure 2. The hepatopan-
creas tissues of the control group displayed a normal histological appearance (Figure 2A).
However, these hepatopancreas tissues showed some signs of cell border diffusion and
cytoplasmic vacuolization when exposed to 0.01 mg/L cadmium (Figure 2B). In addition,
some signs of cell abscission and cell lysis were observed in the 0.05 and 0.125 mg/L
cadmium treatments (Figure 2C,D).

3.3. Effects of Cadmium Exposure on the Expression of Nrf2, CYP2, and MT

As shown in Figure 3A, the expression level of Nrf2 significantly increased after cad-
mium exposure. The highest expression level of Nrf2 was observed in the 0.05 mg/L
cadmium treatment. The transcription level of CYP2 significantly increased in the treat-
ments with 0.01, 0.05 and 0.125 mg/L cadmium (Figure 3B). The expression level of MT in
the treatments with 0.01, 0.05, and 0.125 mg/L cadmium was significantly higher than that
in the control group (Figure 3C).

3.4. The Expression of Genes Related to Antioxidants after Knockdown of Nrf2

To understand the possible mechanism of Nrf2 in regulating antioxidant-related genes
in mud crabs, Nrf2 was knocked down by the injection of Nrf2 dsRNA. The expression
levels of Nrf2, SOD, GST, CAT, and Gpx3 are shown in Figure 4. The transcription level
of Nrf2 in the dsNrf2 group at 48 h significantly decreased by 84% when compared with
that in the control group. The expression levels of SOD, CAT, and GST in the dsNrf2 group
were significantly lower than those in the dsGFP group after dsRNA injection. Compared
to the control group, the change in Gpx3 showed no significant difference in the dsNrf2
group after dsRNA injection.
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Figure 1. SOD (A), CAT (B), T-AOC (C), H2O2 (D), and MDA (E) after cadmium exposure. Values
are expressed as the mean ± SD. Different letters reflect significant differences between the control
group and the cadmium treatment groups (p < 0.05).
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Figure 2. Histological changes after cadmium exposure: (A) control group; (B) 0.01 mg/L cadmium
treatment group; (C) 0.05 mg/L cadmium treatment group; (D) 0.125 mg/L cadmium treatment group.
Cell abscission (CA); Cytoplasmic vacuolization (CV); Cell border diffusion (CD); Cell lysis (CL).

Figure 3. Effects of cadmium exposure on the expression levels of Nrf2 (A), CYP2 (B), and MT (C).
Values are expressed as the mean ± SD. Different letters reflect significant differences between the
control group and the cadmium treatment groups (p < 0.05).
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Figure 4. Expression levels of Nrf2, SOD, GST, CAT, and Gpx3 at 48 h after dsRNA injection. Values
are expressed as the mean ± SD. Asterisks reflect significant differences between the dsNrf2 group
and the dsGFP group (* p < 0.05).

3.5. Effects of Nrf2-Interfered on Oxidative Stress Biomarkers after Cadmium Exposure

As shown in Figure 5A, SOD activity in the control group significantly decreased at
6 and 12 h after cadmium exposure. SOD activity in the dsNrf2 group was significantly
lower than in the dsGFP group at 0, 6, and 24 h after cadmium exposure. CAT activity in
the control group significantly decreased at 12 h after cadmium exposure. CAT activity
was lower at 0 and 6 h after cadmium exposure in the dsNrf2 group than in the control
group (Figure 5B). T-AOC levels in both the dsNrf2 group and the dsGFP group did not
change after cadmium exposure (Figure 5C). H2O2 content in the control group significantly
increased from 6 to 24 h after cadmium exposure. H2O2 content was higher at 0 and 24 h
after cadmium exposure in the dsNrf2 group than in the control group (Figure 5D).

3.6. The Mortality of Mud Crabs after Cadmium Exposure

The survival rates of mud crabs in the dsNrf2 group and dsGFP group after cadmium
exposure are shown in Figure 6. Cumulative mortality of mud crabs was 87% in the
dsNrf2 group and 63% in the control group at 60 h after cadmium exposure. Therefore,
knocking down Nrf2 in vivo significantly decreased the survival rate of mud crabs after
cadmium exposure.
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Figure 5. SOD (A), CAT (B), T-AOC (C), and H2O2 (D) in the dsNrf2 group and the dsGFP group
after cadmium exposure. Values are expressed as the mean ± SD. Significant differences between the
dsNrf2 group and the dsGFP group at each time are indicated by asterisks. Times in each group that
have different letters were significantly different (* p < 0.05).

Figure 6. The percentage survival of mud crabs in the dsNrF2 group and dsGFP group (the dsGFP
group was used as the control) after cadmium exposure. Asterisks reflected significant differences
between the dsNrf2 group and the dsGFP group.

We also demonstrated a plausible mechanism of the Nrf2 signaling pathway in
cadmium-induced hepatotoxicity in mud crabs (Figure 7).
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Figure 7. The molecular mechanism of the Nrf2 signaling pathway in cadmium-induced hepatotoxic-
ity in mud crabs.

4. Discussion

Cadmium, one of the most toxic heavy metals, has negative effects on aquatic animals.
However, the mechanisms of detoxification and antioxidant defense against cadmium
exposure in crustaceans are still unclear. The Nrf2 signaling pathway is a master regulator of
cellular responses by playing a crucial role in cellular detoxification against environmental
stresses. In this study, we investigated the mechanism of the Nrf2 signaling pathway in
response to cadmium stress in mud crabs.

Acute or chronic exposure to cadmium is mainly evident in the hepatopancreas.
Excessive cadmium can damage hepatopancreas function. Cadmium is considered the
inducer of ROS, causing oxidative stress [27]. Our study suggested that chronic exposure to
0.05 and 0.125 mg/L of cadmium induced H2O2 (a major by-product of ROS) production.
The overproduction of ROS can promote protein and DNA damage. The antioxidant
system is considered the first line of defense to remove surplus ROS. SOD and CAT are the
most important antioxidant enzymes for scavenging superoxide and hydroxyl radicals. A
previous study showed that cadmium suppressed the antioxidant enzyme activities and
damaged the antioxidant defense system [7]. We found that chronic cadmium exposure
decreased the activities of SOD and CAT and increased H2O2 content. This result indicated
that a reduction in antioxidant capacity could cause lipid peroxidation. MDA is the end-
product of lipid peroxidation. Elevated MDA levels have been reported in Eriocheir sinensis
after cadmium exposure [22]. Similar results were also observed in this study, suggesting
that chronic exposure to cadmium can cause severe oxidative damage. The tissue damage
induced by cadmium was also marked by histopathological changes. Zhang et al. [20]
reported that cadmium exposure caused obvious histological changes, including tubule
lumen dilatation and epithelium vacuolization, in Procambarus clarkii. Our study found that
histological changes after cadmium exposure included signs of cell lysis and abscission,
suggesting that cadmium could damage the normal cellular structure and affect normal
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physiological function. Moreover, the IBRv2 analysis also provided supporting evidence
that the toxicity of cadmium is positively related to cadmium concentration.

The toxicity of cadmium is involved in the induction of host defenses. CYPs are
monooxygenases that play a protective role in organisms against oxidative damage. A
previous study reported that the mRNA levels of CYPs in common carp were increased after
cadmium exposure, suggesting the activation of detoxification [15]. Our results showed
that CYP2 was induced after cadmium exposure, indicating that detoxification is involved
in cadmium-induced toxicity in mud crabs. MT, a group of ubiquitous low-molecular-
weight proteins, is a promising candidate for heavy metal detoxification. MT is involved
in the transport and storage of metals [17]. It can scavenge ROS through the oxidation
of cysteine thiol groups. Activation of MT is involved in detoxification after heavy metal
exposure [28]. The present study showed that the expression level of MT was strongly
induced by cadmium exposure, which can alleviate the toxicity of cadmium.

Nrf2, a central regulator of cellular responses, plays a crucial role in coping with
oxidative stress. The lack of Nrf2 can cause hepatic lipid peroxidation and hepatic in-
jury [29]. Under normal physiological conditions, Nrf2 expression is controlled by Keap1.
Under oxidative stress, Nrf2 is uncoupled from Keap1 and accumulated in the nucleus,
which is bound with the antioxidant response element, initiating the expression of antiox-
idant enzyme genes [30]. Activated Nrf2 can mediate some signaling proteins to regu-
late innate immune responses, apoptosis, antioxidant function, and drug metabolism [9].
Dong et al. [31] reported that cadmium exposure activated Nrf2, which promoted an-
tioxidant gene transcription. A previous study showed that Nrf2 activation prevented
cadmium-induced acute liver injury [32]. The present study found that the transcription
level of Nrf2 was up-regulated after cadmium exposure, suggesting that Nrf2 was activated
to protect mud crabs against hepatopancreas damage induced by cadmium.

To further explore the regulation of the Nrf2 signaling pathway in mud crabs, we
knocked down Nrf2 by injecting dsRNA. The expression levels of Nrf2 and some an-
tioxidant enzyme genes, including SOD, CAT, and GST, significantly decreased in the
Nrf2-interfered group when compared with the control group. Wang et al. [33] reported
that after knocking down Nrf2 expression in clams, antioxidant gene expression was
changed. Furthermore, we found that knocking down Nrf2 in mud crabs significantly
reduced the activities of SOD and CAT and increased H2O2 content. All of these results
suggest that Nrf2 is required for the induction of antioxidant defense genes.

To verify the function of Nrf2 involving in antioxidant defense against cadmium stress,
we investigated the effects of Nrf2 silencing on the antioxidant enzymatic activities, H2O2
contents and cumulative mortality rates of mud crabs after cadmium exposure. The present
study showed that H2O2 content in the Nrf2-interfered group was much higher than that
in the control group at 24 h after cadmium exposure. These results might be evidence that
knocking down Nrf2 inhibited gene expression as an antioxidant defense. Accumulation of
ROS can damage cells, leading to cell death. The present study showed that the mortality
of mud crabs in both the Nrf2-interfered and the control group significantly increased after
cadmium exposure. This result is consistent with that obtained in a previous study [34].
The high mortality might be associated with higher H2O2 content and serious cell death
after cadmium exposure. Moreover, after knocking down Nrf2, the mortality of mud crabs
significantly increased after cadmium exposure. These results are attributed to that Nrf2
silencing may impair the antioxidant modulation of the mud crab exposed to cadmium.
Therefore, all these results further confirm that the Nrf2 signaling pathway plays a vital
role in mechanisms of detoxification and antioxidant defense against oxidative damage
induced by cadmium exposure.

5. Conclusions

The present study demonstrated a plausible mechanism of the Nrf2 signaling pathway
in cadmium-induced hepatotoxicity in mud crabs (Figure 7). The results showed that
cadmium exposure increased H2O2 content and decreased antioxidant capacity, causing
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severe tissue damage. In addition, the Nrf2 signaling pathway and detoxification were
activated in cadmium-induced hepatotoxicity, which suggests they have essential roles
in cadmium exposure. RNAi technology was used to investigate the antioxidant defense
mechanisms of the Nrf2 signaling pathway. Knocking down Nrf2 in vivo significantly
decreased the antioxidant capacity and increased the mortality of mud crabs after cadmium
exposure. This study provided a novel insight into mechanisms of detoxification and
antioxidant defense against cadmium exposure in crustaceans.

Supplementary Materials: The following supporting information can be downloaded at: https://
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cadmium treatment group; (B) 0.05 mg/L cadmium treatment group; (C) 0.125 mg/L cadmium
treatment group. IBRv2 values were compared with the control group; Table S1: Primer sequences of
all genes used in this study.
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Abstract: Caloric restriction is known to suppress oxidative stress in organ systems. However,
whether caloric/feed restriction alleviates chronic thermal stress in aquatic animals remains unknown.
Here, we set up three feeding rations: 3% BW (3% body weight/day), 2.5% BW (restricted feeding,
2.5% body weight/day) and 2% BW (high restricted feeding, 2% body weight/day), to investigate
the effects and mechanism of feed restriction on improving chronic heat-induced (27 to 31 ◦C) liver
peroxidation and damages in channel catfish (Ictalurus punctatus). The results showed that, compared
to 3% BW, both 2.5% BW and 2% BW significantly reduced the liver expressions of hsc70, hsp70 and
hsp90, but only 2.5% BW did not reduce the growth performance of channel catfish. The 2.5% BW
and 2% BW also reduced the lipid deposition (TG) and improved the antioxidant capacity (CAT,
SOD, GSH and T-AOC) in the liver of channel catfish. The heat-induced stress response (plasma
glucose, cortisol and NO) and peroxidation (ROS and MDA) were also suppressed by either 2.5%
BW or 2% BW. Moreover, 2.5% BW or 2% BW overtly alleviated liver inflammation and damages by
reducing endoplasmic reticulum (ER) stress (BIP and Calnexin) and cell apoptosis (BAX, Caspase 3
and Caspase 9) in the liver of channel catfish. In conclusion, 2.5% body weight/day is recommended
to improve the antioxidant capacity and liver health of channel catfish during the summer season,
as it alleviates liver peroxidation and damages via suppressing lipid accumulation under chronic
thermal stress.

Keywords: thermal stress; oxidative damage; liver health; feed restriction; channel catfish

1. Introduction

Temperature is a crucial environmental factor that strictly affects the metabolism,
immunology and stress state of fish [1,2]. Aquatic animals suffer temperature fluctuations
in their aquatic environments. As ectotherms, the body temperature of fish is closely
influenced by the temperature of the surrounding water [3]. In summer, aquaculture
species usually experience a high-temperature period for 2–3 months. The suitably higher
water temperatures are beneficial for maximizing growth performance and improving
the immune systems in aquaculture species [4]. However, the persistent extremely high
temperature deteriorates due to a chronic thermal stress, which usually leads to tissue
oxidative damages and metabolism disorders in cultured fish [5,6]. When the temperature
rises above the threshold for one species, it may cause physiological disturbances and
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even lead to fish death [7]. High temperature-induced thermal stress in cultured fish
has been an obvious threat for the development of aquaculture. Therefore, exploring the
available strategies is imperative for mitigating the negative effects of thermal stress on
cultured fish.

As a regular approach, food restriction has been investigated to improve health spans
in different organisms by enhancing their antioxidant and immunology capacities [8,9].
A previous study showed that food restriction increased the survival of rodents by alter-
ing the activities of antioxidant enzymes and reducing free radical damages in various
tissues [10]. Importantly, food restriction reduced the food frequency-induced increase in
mitochondrial oxidative stress and apoptosis in the central nervous system [11]. A recent
study in humans also demonstrated that sustained food restriction activated a core tran-
scriptional program that promoted the immune system and reduced inflammation [8].
Moreover, food restriction imitated vitamin E in the promotion of insulin secretion and
glycemic homeostasis, which was speculated to be involved in antioxidant effects [12].
These studies indicate that food restriction is an effective experimental intervention for en-
hancing antioxidant capacity and attenuating oxidative stress. Consequently, appropriate
feed restriction may be one of the potential solutions for alleviating high temperature-
induced thermal stress and peroxidation in cultured aquatic animals.

Stressors such as high-temperature, excessive food intake and high stocking density can
cause oxidative stress induced by the accumulation of reactive oxygen species (ROS) [13–15],
which leads to lipid peroxidation, protein carboxylation and nucleic acid damage [16]. As a
consequence, oxidative stress negatively regulates the growth performance [17,18] and the im-
mune system in fish [19]. Therefore, investigations for improving the antioxidation capacity
and health state of aquaculture fish have become more and more popular. In recent years,
efforts to reduce peroxidation and stress by dietary adjustment [20], feed additives [21,22]
and feeding strategies [23] have successfully improved the antioxidation systems of fish.
Feed restriction was one of the feeding strategies that contributed to the skeletal muscle
growth [24] and lipid consumption [25] in fish. Interestingly, feed restriction also mitigated
high carbohydrate-induced oxidative stress and inflammation via motivating the AMPK-
SIRT1 pathway [26]. That study determined the possibility of improving antioxidation and
anti-stress capacities through feed restriction. However, whether feed restriction allevi-
ates the chronic high temperature-induced oxidative stress and its underlying regulation
mechanisms remains unanswered.

Channel catfish (Ictalurus punctatus) originates from North America and has become
one of the most popular cultured catfish species. The production of channel catfish
exceeded 390,000 tons with an increase of 3.34% over recent years worldwide [27]. How-
ever, thermal stress and oxidative stress have been major challenges for the health and
survival of cultured channel catfish during the summer season. Therefore, we set out
to investigate the effects and mechanism of feed restriction on the alleviation of high
temperature-induced oxidative stress and liver damages of channel catfish. Using three
feeding rations (3% BW, 2.5% BW and 2% BW), we confirmed the positive effects and
regulation mechanism of appropriate feed restriction on the antioxidant capacity of cul-
tured channel catfish under thermal stress. These findings provide a feasible solution
for alleviating high temperature-induced thermal stress and peroxidation in cultured
aquatic animals.

2. Materials and Methods

2.1. Ethics Statement

Procedures related to animal treatments in this study were conducted strictly according
to the Guiding Principles for the Care and Use of Laboratory Animals and were approved
by the Institute of Hydrobiology, Chinese Academy of Sciences (Approval ID: IHB 2013724).
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2.2. Channel Catfish and Feeding Trial

Juvenile channel catfish were provided by Wuhan Dabeinong Technology Co., Ltd.
(Wuhan, China). All fish were cultured in an experimental system with commercial feed
for 2 weeks to adapt to the experimental conditions. Before the feeding trial, fish were
fasted for 24 h for gastric emptying. Then, 80 channel catfish (initial weight: 35.5 ± 0.1 g)
were randomly selected, weighed and assigned into each floating net cage. Six replicates
were randomly distributed for each group. During the experiment, fish were fed twice a
day (08:30 and 16:30). Commercial feed (crude protein, 35.5%; crude lipid, 9.0%; moisture,
9.6%; ash, 10.4%) (Wuhan Dabeinong Technology Co., Ltd., Wuhan, China) was used for
feeding the fish. The daily feeding rations of each floating net cage were 3% BW (3%
body weight/day), 2.5% BW (restricted feeding, 2.5% body weight/day) and 2% BW
(high restricted feeding, 2% body weight/day), respectively. The 3% BW is considered an
approximate satiation according to the previous studies [22,28]. The feeding trial lasted for
13 weeks. The whole experiment was carried out in a natural environment. Throughout the
whole trial, the water temperature was detected by a thermometer everyday, the dissolved
oxygen content of the water was maintained at 6.4 ± 0.5 mg/L, and the ammonia-N content
of the water was lower than 0.5 mg/L.

2.3. Sample Collection

After a 24-h fasting, growth performance was calculated, and the fish were anes-
thetized with MS-222 (80 mg/L, Sigma Aldrich Co. LLC., St. Louis, MO, USA) before
sampling [29]. Three fish were randomly taken from each floating net cage for tail
vein blood collection, which was collected in a 1.5 mL centrifuge tube moistened with
0.2% sodium heparin and centrifuged at 3500 rpm for 10 min. Then, the supernatant
was collected and stored at −80 ◦C. Another three fish from each floating net cage were
quickly dissected on ice, and liver tissue was removed, placed onto enzyme-free tinfoil
and put in liquid nitrogen before storing at −80 ◦C.

2.4. Determination of Growth Parameters

The weight gain rate (WG), specific growth rate (SGR), feed efficiency (FE), feeding
rate (FR), survival rate (SR), hepatosomatic index (HSI), viscerosomatic index (VSI) and
condition factor (CF) were calculated as follows:

WG (%) = (final body weight − initial body weight)/initial body weight × 100
SGR (%/d) = [Ln (final body weight) − Ln (initial body weight)]/days × 100
FE (%) = (final body weight − initial body weight)/dry feed intake × 100
FR (%BW/d) = dry feed intake/[days × (initial body weight + final body weight)/2]

× 100
SR (%) = final number of fish/initial number fish × 100
HSI (%) = liver weight/whole body weight × 100
VSI (%) = visceral weight/whole body weight × 100
CF (g/cm3) = whole body weight/(body length)3 × 100

2.5. Biochemical and Antioxidative Parameters

Glucose, alanine aminotransferase (ALT), malondialdehyde (MDA) and the cortisol
content (ELISA) in plasma were assayed by commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China, Catalog: A154-1-1, C009-2-1, A003-1-2 and
H094). The measurement of liver enzyme activity needed experimental pretreatment.
Physiological saline was added to the liver samples as weight (g): volume (mL) = 1:9.
After centrifugation, the supernatant was taken out for subsequent enzyme activity anal-
ysis. Protein concentrations in the liver homogenates were determined by the Coomassie
brilliant blue method (Beyotime, Shanghai, China, P0006). The activities of catalase
(CAT), reduced glutathione (GSH) and superoxide dismutase (SOD), as well as the total
antioxidant capacity (T-AOC), the content of malondialdehyde (MDA), the nitric oxide
(NO) content and the lipid peroxide (LPO) content in the liver samples were determined
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by enzymatic colorimetric methods (Nanjing Jiancheng Bioengineering Institute, Nan-
jing, China, Catalog: A007-1-1, A006-2-1, A001-3-2, A015-2-1, A003-1-2, A013-2-1 and
A106-1-2). Plasma and liver ROS contents were determined by a fish ELISA kit (Wuhan
MSK Biological Technology Co., Ltd., Wuhan, China, 69-86537).

2.6. Detection of Lipid Metabolism-Related Enzyme Activity in Liver

The content of liver acetyl-CoA carboxylase (ACC), lipoprotein lipase (LPL) and car-
nitine palmitoyltransferase 1A (CPT1A) were detected by enzyme-linked ELISA, provided
by MSK Biological Technology Co., Ltd. (Wuhan, China, Catalog: 69-47369, 69-20008
and 69-22482). Triglycerides (TG) and lipase (LPS) in the liver samples were measured
through colorimetric methods according to the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China, Catalog: A110-1-1 and A054-1-1).

2.7. Apoptosis Detection

The activities of Caspase 3 and Caspase 9 in the liver samples were determined
following the protocol for apoptosis detection kits (Beyotime, Shanghai, China, Catalog:
C1116 and C1158). The protein concentration in the sample to be tested was detected by
the Bradford method (Beyotime, Shanghai, China, P0006), and the enzyme activity units of
Caspase 3 and Caspase 9 contained in a unit weight protein of the sample were calculated.

2.8. Tissue Total RNA Extraction and RT-qPCR Analysis

Total RNA from the liver tissue was isolated with TRIzol Reagent (Ambion Life
Technologies, Carlsbad, CA, USA), following the product manual, and the quality was
tested according to the method of Sun et al. [30]. Reverse transcription was performed
using M-MLV First-Strand Synthesis Kit (Invitrogen, Shanghai, China), and the cDNA
was stored at −20 ◦C for real-time quantitative PCR (RT-qPCR) analysis.

The real-time quantitative PCR was performed on the LightCycle® 480 II system to
determine the amplification efficiency in a pre-experiment and to make standard curves
using internal reference and target genes. Light Cycle 480 SYBR Green I Master Mix
(Roche, Basel, Switzerland) was used to determine the expression levels of target genes.
The fluorescent qPCR reaction solution included 3 μL of LightCycle® 480 SYBR® Green I
Master, 0.24 μL of PCR forward primer (10 μM), 0.24 μL of PCR reverse primer (10 μM),
2.0 μL of RT reaction (cDNA solution) and 0.52 μL of dH2O. In this study, there was
no difference in the expression of β-actin among the three treatments. After analysis, it
was chosen as an internal reference for normalization. The qPCR primers were designed
using the National Center for Biotechnology Information (NCBI) primer BLAST service.
The primers used for RT-qPCR are shown in Table 1. The thermal profile was as follows:
95 ◦C for 5 min, followed by 45 cycles at 95 ◦C for 10 s, 60 ◦C for 20 s and 72 ◦C for 10 s.
Each sample was run in duplicate, and the results were calculated with the means. The
expression of each target gene for the different treatment groups was expressed relative
to the 3% BW group, and the expression levels of the target genes were calculated by the
2−ΔΔCT method [31].
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2.9. Protein Extraction and Western Blot Analysis

The liver samples were cell lysed by RIPA lysis buffer (Beyotime, Shanghai, China,
P0013B) containing a protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche,
Basel, Switzerland). The lysates were sonicated and homogenized on ice, centrifuged
at 13,000× g at 4 ◦C for 20 min, and the supernatant was collected for later analysis.
The sample protein concentrations were determined according to the instructions of the
BCA Protein Quantification Kit (Beyotime, Shanghai, China, P0012) and adjusted to a
consistent protein concentration for all liver samples using 50% RIPA lysis buffer. After
determination of the protein quantity, an equal volume of 5 × sample loading buffer
was added and boiled at 100 ◦C for 5 min. Proteins (20 mg) were loaded into the wells
of sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE gels) and then
transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked
for 1 h at room temperature by using 5% skimmed milk in TBST buffer (20 mM Tris-
HCl, 150 mM sodium chloride, 0.1% Tween 20, pH 7.5) and were then incubated at 4 ◦C
for 12 h using the following specific primary antibodies: Calnexin Antibody (ET1611-86,
HUABIO, Hangzhou, China), BIP Antibody (3183S, Cell signaling, Danvers, MA, USA),
BAX Antibody (ET1603-34, HUABIO, Hangzhou, China) or β-Actin (4970S, Cell signaling,
Danvers, MA, USA). After washing, membranes were incubated with a secondary antibody,
Anti-rabbit lgG (7074P2, Cell signaling, Danvers, MA, USA), at room temperature for 2 h.
Wherein, β-Actin was used as an internal reference protein. The bands were imaged by
ImageQuant LAS 4000mini (GE Healthcare Life Sciences) and quantified using Image J
software (National Institutes of Health, Bethesda, MD, USA) [32].

2.10. Hematoxylin and Eosin (H&E) Staining

There were six replicates in each treatment group, and samples of the liver tissues
were isolated and kept in 4% paraformaldehyde for 24 h. After that, the samples were de-
hydrated in gradient alcohol dehydration, impregnated with methyl salicylate, embedded
in paraffin and cut into 5 μm by a Leica RM 2135 slicing machine (Leica Company, Wetzlar,
Germany) followed by H&E staining [33]. The morphological structure of the liver tissues
was observed and imaged with a Zeiss microscope (Axioplan-2 imaging, Oberkochen,
Germany). The number of macrophages was counted manually.

2.11. Statistical Analysis

All data were compared by a one-way analysis of variance (ANOVA) and differences
between the groups were tested by Duncan’s multiple-range test. All results are expressed
as the “mean ± SEM (standard error of the mean)” of four or six replicates, and all statistical
analyses were performed using SPSS 22.0 (IBM, Armonk, NY, USA). Differences were
considered significant at p < 0.05.

3. Results

3.1. Feed Restriction (2.5% BW) Suppressed the Thermal Stress Response of Liver without Causing
Growth Retardation

During the entire feeding trial, the water temperature gradually increased from 27 ◦C
to 31 ◦C in the first 8 weeks, and then it was stable at around 30 ◦C for the remaining 5 weeks
(Figure 1A). The total feed intake and the feeding rate significantly decreased among the
3% BW, 2.5% BW and 2% BW groups (p < 0.05) (Figure 1B; Table 2). Compared to those of
the 3% BW group, the final body weight, weight gain rate (WG) and specific growth rate
(SGR) all significantly decreased in the 2% BW group (p < 0.05), while there was no obvious
decrease in those of the 2.5% BW group (p > 0.05) (2). Moreover, the feeding efficiencies
(FE) significantly increased both in the 2.5% BW and 2% BW groups (p < 0.05) (Table 2).
Moreover, the hepatosomatic index (HSI) and condition factor (CF) both significantly
decreased in the 2.5% BW group (p < 0.05), while the HSI and viscerosomatic index (VSI)
both significantly decreased in the 2% BW group (p < 0.05) (Table 3). Importantly, we
found that the transcription levels of the liver heat shock proteins, heat shock cognate 70
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(hsc70), heat shock protein 70 (hsp70) and heat shock protein 90 (hsp90), were all significantly
down-regulated by either the 2.5% BW or 2% BW feeding ration (p < 0.05) (Figure 1C–E).
These data indicate that the appropriate feed restriction (2.5% BW) suppresses the thermal
stress response of liver tissues without causing negative effects on the growth performance
in channel catfish under a high water temperature.

Figure 1. Feed restriction suppressed the heat stress response in livers of channel catfish. (A) Water
temperature during feeding trial; (B) total feed intake during feeding trial; (C) liver transcription level
of hsc70; (D) liver transcription level of hsp70; (E) liver transcription level of hsp90. Each data point
represents the means ± SEM of six replicates. Significance was evaluated by a one-way ANOVA
(p < 0.05), followed by Duncan’s multiple range tests. Values marked with different letters (a, b and c)
are significantly different between the treatment groups.

Table 2. Effects of feed restriction on the growth performance of channel catfish (Ictalurus punctatus).

3% BW 2.5% BW 2% BW p-Value

IBW, g 35.50 ± 0.06 35.50 ± 0.06 35.50 ± 0.05 p > 0.05
FBW, g 99.86 ± 1.04 b 97.56 ± 1.55 b 83.84 ± 0.67 a p < 0.05
WG, % 181.28 ± 2.83 b 174.81 ± 4.24 b 136.33 ± 1.82 a p < 0.05

SGR, %/d 1.15 ± 0.01 b 1.11 ± 0.01 b 0.99 ± 0.03 a p < 0.05
FE, % 73.82 ± 1.29 a 84.91 ± 1.59 b 87.93 ± 0.78 b p < 0.05

FR, %BW/d 3.02 ± 0.05 c 2.48 ± 0.03 b 2.04 ± 0.02 a p < 0.05
SR, % 98.96 ± 0.50 99.25 ± 0.50 98.75 ± 0.68 p > 0.05

Note: Data indicate the mean values of six replicates per treatment. Mean values with different superscripts in a
row are significantly different (one-way ANOVA, p < 0.05). IBW, initial body weight; FBW, final body weight; WG,
weight gain rate; SGR, specific growth rate; FE, feed efficiency; FR, feeding rate; SR, survival rate.
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Table 3. Effects of feed restriction on the physical index of channel catfish (Ictalurus punctatus).

3% BW 2.5% BW 2% BW p-Value

HSI, % 1.47 ± 0.05 b 1.14 ± 0.10 a 1.17 ± 0.05 a p < 0.05
VSI, % 8.43 ± 0.41 b 8.01 ± 0.17 ab 7.45 ± 0.20 a p < 0.05

CF, g/cm3 1.40 ± 0.05 b 1.26 ± 0.04 a 1.32 ± 0.04 ab p < 0.05
Note: Data indicate the mean values of six replicates per treatment. Mean values with different superscripts in a
row are significantly different (one-way ANOVA, p < 0.05). HSI, hepatosomatic index; VSI, viscerosomatic index;
CF, condition factor.

3.2. Feed Restriction Reduced Liver Lipid Accumulation and β-Oxidation

Feed restriction usually reduces lipid deposition by suppressing lipogenesis and pro-
moting lipolysis [25]. Here, we found that the hepatic triglyceride (TG) content significantly
decreased in the 2.5% BW and 2% BW groups (p < 0.05) (Figure 2A). Accordingly, the
transcription levels of key lipogenesis-related genes, pparα, srebp1c, dgat, fasn and scd, all
significantly down-regulated in both the 2.5% BW and 2% BW groups (p < 0.05) (Figure 2B).
Moreover, the protein concentration of the crucial lipogenesis enzyme, Acetyl CoA car-
boxylase (ACC), also decreased under feed restriction (p < 0.05) (Figure 2C). Unexpectedly,
the transcription levels of key lipolysis-related genes, perilipin, lpl, aco, cpt1a, acad9, acadvl
and acads, almost all down-regulated in both the 2.5% BW and 2% BW groups (p < 0.05)
(Figure 2D). Furthermore, the protein concentrations of the crucial lipolysis enzymes, Li-
pase (LPS), Lipoprotein lipase (LPL) and Carnitine palmitoyltransferase 1A (CPT1A), all
significantly decreased in the 2% BW group (p < 0.05), but only CPT1A significantly de-
creased in the 2.5% BW group compared to the 3% BW group (Figure 2E–G). These data
mean that feed restriction reduces liver lipid accumulation via suppressing lipogenesis and
decreasing the fatty acid β-oxidation in the channel catfish under a high water temperature.

3.3. Feed Restriction Enhanced Liver Antioxidant Capacity and Improved Thermal Stress State

Decreased lipid accumulation may contribute to more intensive antioxidant and anti-
stress systems in the liver. Hence, we detected the liver antioxidant capacity, stress state
and peroxidation degree of the channel catfish under a high water temperature. We found
that the activity of the liver-crucial anti-oxidase, catalase (CAT), significantly increased in
the 2% BW group (p < 0.05) (Figure 3A), while the activity of another crucial anti-oxidase,
superoxide dismutase (SOD), significantly increased in both the 2.5% BW and 2% BW
groups (p < 0.05) (Figure 3B). Moreover, the content of liver-reduced glutathione (GSH)
showed a significant increase in the 2.5% BW group (p < 0.05), but not in the 2% BW
group (Figure 3C). Accordingly, the total antioxidant capacity (T-AOC) of the liver was
significantly elevated in both the 2.5% BW and 2% BW groups (p < 0.05) (Figure 3D).
Interestingly, the transcription level of liver metallothionein (mt) also increased in both the
2.5% BW and 2% BW groups (p < 0.05) (Figure 3E). We further detected the stress state and
peroxidation degree in the livers of channel catfish. We found that the levels of plasma
glucose and plasma cortisol both significantly decreased in the 2.5% BW and 2% BW groups
(p < 0.05) (Figure 4A,B). Nonetheless, the content of liver nitric oxide (NO) only reduced in
the 2% BW group (p < 0.05) (Figure 4C). Furthermore, the contents of the liver and plasma
reactive oxygen species (ROS) and malondialdehyde (MDA) both significantly decreased
in the 2.5% BW and 2% BW groups (p < 0.05) (Figure 4D–G). These data indicate that feed
restriction enhances the liver antioxidant capacity and improves the oxidative stress state
of channel catfish under a high water temperature.
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Figure 2. Feed restriction reduced the lipid accumulation and β-oxidation in the liver of channel
catfish. (A) Triglyceride (TG) content of liver; (B) liver transcription levels of lipogenesis-related genes;
(C) acetyl CoA carboxylase (ACC) content of liver; (D) liver transcription levels of lipolysis-related
genes; (E) lipase (LPS) content of liver; (F) lipoprotein lipase (LPL) content of liver; (G) carnitine
palmitoyltransferase 1A (CPT1A) content of liver. Each data point represents the mean ± SEM of six
replicates. Bars assigned different superscripts (a, b and c) are significantly different (p < 0.05).
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Figure 3. Feed restriction enhanced the liver antioxidant capacity of channel catfish. (A) Catalase
(CAT) content of liver; (B) superoxide dismutase (SOD) content of liver; (C) reduced glutathione
(GSH) content of liver; (D) total antioxidant capacity (T-AOC) of liver; (E) liver transcription level of
metallothionein (mt). Each data point represents the means ± SEM of six replicates. Bars assigned
different superscripts (a, b and c) are significantly different (p < 0.05).

Figure 4. Feed restriction improved thermal stress and peroxidation state in channel catfish.
(A) Plasma glucose level; (B) plasma cortisol level; (C) nitric oxide (NO) content of liver; (D) reactive
oxygen species (ROS) of liver; (E) plasma ROS level; (F) malondialdehyde (MDA) content of liver;
(G) MDA content of plasma. Each data point represents the means ± SEM of six replicates. Bars
assigned different superscripts (a, b) are significantly different (p < 0.05).
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3.4. Feed Restriction Mitigated the Heat-Induced ER Stress and Apoptosis in Liver

Since the antioxidant capacity and stress state are closely related to cell ER stress and
apoptosis, we further determined the ER stress and apoptosis state in the livers of channel
catfish. The results showed that the protein levels of the ER stress makers Calnexin and
BIP both significantly reduced in the liver of the 2.5% BW and 2% BW groups (p < 0.05)
(Figure 5A–C). The transcription levels of ER stress-related genes almost decreased in the
2.5% BW and 2% BW groups (p < 0.05), except for activating transcription factor 4 (atf4) and
activating transcription factor 6 (atf6) in the 2% BW group (Figure 5D). For the apoptosis
state, we found that the protein levels of BAX significantly reduced in the liver of the 2.5%
BW and 2% BW groups (p < 0.05) (Figure 6A,B). We further detected the transcription level
and activity of the liver Caspase family. The results showed that the transcription levels
of caspase 3, caspase 8, caspase 9 and caspase 10 all significantly down-regulated in the 2.5%
BW and 2% BW groups (p < 0.05) (Figure 6C). Moreover, we found the activities of hepatic
Caspase 3 and Caspase 9 also significantly decreased in the 2.5% BW and 2% BW groups
(p < 0.05) (Figure 6D,E). These data mean that feed restriction mitigates the heat-induced
ER stress and apoptosis in the liver of channel catfish under a high water temperature.

Figure 5. Feed restriction mitigated the chronic thermal stress-induced ER stress in liver of channel
catfish. (A) Liver Calnexin and BIP protein levels; (B) quantification of Calnexin protein level;
(C) quantification of BIP protein level; (D) liver transcription levels of ER stress-related genes. Gels
were loaded with 20 mg total protein per lane. Each data point represents the means ± SEM of
four replicates (B,C) or six replicates (D). Bars assigned different superscripts (a, b) are significantly
different (p < 0.05).
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Figure 6. Feed restriction reduced the chronic thermal stress-induced apoptosis in liver of channel
catfish. (A) Liver BAX protein level; (B) quantification of BAX protein level; (C) liver transcription
levels of apoptosis-related genes; (D) Caspase 3 content of liver; (E) Caspase 9 content of liver. Each
data point represents the means ± SEM of four replicates (B) or six replicates (Figure 5C–E). Bars
assigned different superscripts (a, b and c) are significantly different (p < 0.05).

3.5. Feed Restriction Alleviated Heat-Induced Liver Inflammation and Damages

Given that ER stress and apoptosis ultimately impair liver health, we further evaluated
liver inflammation and damages. The results showed that the liver histology of the 2.5% BW
and 2% BW groups was better than that in the 3% BW group (Figure 7A), and the number
of macrophages significantly decreased in the 2.5% BW and 2% BW groups (p < 0.05)
(Figure 7A,B). Importantly, the level of plasma alanine aminotransferase (ALT) and the
content of hepatic lipid peroxidation (LPO) both significantly reduced in the 2.5% BW
and 2% BW groups (p < 0.05) (Figure 7C,D). These data indicate that feed restriction
alleviates heat-induced liver inflammation and damages in the channel catfish under a high
water temperature.
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Figure 7. Feed restriction alleviated chronic thermal stress-induced liver inflammation and damages
in channel catfish. (A) Histological images of liver in channel catfish (H&E stain, arrows indicate
macrophages); (B) macrophages number; (C) plasma alanine aminotransferase (ALT) level; (D) lipid
peroxidation (LPO) content of liver. Each data point represents the means ± SEM of six replicates.
Bars assigned different superscripts (a, b and c) are significantly different (p < 0.05).

4. Discussion

In China, aquaculture species usually experience a high-temperature period for
2–3 months in summer season. The persistent high temperature deteriorates to a chronic
thermal stress, which results in oxidative damages and metabolism disorders in cultured
fish [5,6]. Previous studies showed that caloric restriction was an effective approach for
reducing oxidative stress [11,34]. Thus, we investigated the effects and potential mecha-
nism of feed restriction on improving thermal stress-induced peroxidation and damages in
channel catfish. In the present study, we found that the 2.5% BW feeding ration suppressed
the thermal stress response in the liver without causing negative effects on the growth
performance of channel catfish under a high water temperature. We further demonstrated
that feed restriction enhanced the liver antioxidant capacity and improved the stress state
of the channel catfish; that was supposed to be involved in reduced lipid accumulation
in liver. Moreover, we found that feed restriction mitigated the heat-induced liver ER
stress and apoptosis, which ultimately alleviated liver inflammation and damages of the
channel catfish under a high water temperature (Figure 8). Therefore, the present study
demonstrated that appropriate feed restriction (2.5% body weight/day) alleviates liver
peroxidation and damages via suppressing lipid accumulation in the liver of channel catfish
under chronic thermal stress.

81



Antioxidants 2022, 11, 980

Figure 8. Proposed working model depicting the regulation mechanism of feed restriction alleviating
chronic thermal stress-induced liver inflammation and damages in channel catfish.

Heat shock proteins (HSPs) are a highly conserved family of cellular proteins present in
all organisms [35], including fish [36], which are the primary mediators of thermotolerance.
HSPs play a role in correcting protein misfolding and defending against the accumulation
of immature polypeptides under stress, while protecting cells from protein toxicity and
promoting cell growth until conditions improve [37]. Studies on fish also suggested a
clear link between thermal stress and heat shock proteins [38]. Here, we found that feed
restriction reduced the expression level of HSPs (hsc70, hsp70 and hsp90) in the liver of
channel catfish under a high water temperature. These results mean the feed restriction
can possibly suppress thermal stress in channel catfish. This is similar to a study in blunt
snout bream (Megalobrama amblycephala), which showed that feed restriction mitigated
high carbohydrate-induced oxidative stress [26]. Likewise, the expression of hsp70 in
carp (Cyprinus carpio) and rainbow trout (Oncorhynchus mykiss) was directly proportional
to the transportation pressure [39]. However, feed restriction increased the expression
levels of hsc70 and hsp70 in the gill tissue of green sturgeon (Acipenser medirostris) under
heat stress [40]. We suppose that this was due to the excessive feed restriction (12.5% of
optimum feeding ration) in that study. In view of the results obtained in this study, the
decrease in HSPs may reflect a reduced stress experienced by channel catfish under elevated
temperatures. Further investigations should provide more evidence for the relationships
between feed restriction and thermal stress in other fish species.

The underlying mechanism for feed restriction to improve thermal stress remains
unclear. Lipid accumulation correlated with systemic oxidative stress [41], and obesity was
thought to be a state of chronic oxidative stress [42]. Moreover, HSPs not only function as a
housekeeper and cell protector, but also as a companion for lipid metabolism [36,37]. There-
fore, we speculate that improved thermal stress is involved in the decreased lipid deposition,
since the feed restriction reduced the liver lipid accumulation and the CF value of channel
catfish, which were consistent with a study in grass crap (Ctenopharyngodon idella) [25]. A
previous study also illustrated that decreased lipid deposition alleviated heat stress in the
liver of broilers [43]. Inversely, heat stress was proven to promote lipid accumulation by
inhibiting the AMPK-PGC-1α pathway in preadipocytes [44]. Thus, an appropriate feed
restriction is beneficial for maintaining the total lipid homeostasis in the thermal stress state.
Furthermore, increased β-oxidation induces mitochondrial dysfunction and elevates the
generation of ROS and MDA [45]. Here, we found that feed restriction enhanced the liver
antioxidant capacity (CAT, SOD, GSH and T-AOC) and improved the oxidative stress state
(glucose, cortisol, ROS and MDA) of the channel catfish. A previous study showed that the
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non-alcoholic fatty liver disease (NAFLD) was involved in the decreased antioxidant ca-
pacity and increased oxidation stress induced by accumulation of lipids in the liver [46,47].
In fish, a high-fat diet induced an over-deposition of lipids in liver, which also impaired
the antioxidant capacity and caused ROS damages [48,49]. Importantly, feed restriction or
caloric restriction ameliorated the oxidative stress via reducing lipid accumulation in the
liver [34,50]; the same is true in fish [26,51]. However, a study showed that feed restriction
(lower than 75% satiation) decreased antioxidant capacity and triggered oxidative stress in
sobaity (Sparidentex hasta) and yellowfin seabream (Acanthopagrus latus) [52]. We speculate
that this is due to the excessively low feeding level, and the feeding experiment was not
in a thermal condition in that study. Hence, we think feed restriction improved the stress
state and enhanced the antioxidant capacity through a reduction in the lipid accumulation
in the liver of channel catfish under a high water temperature.

It is known that thermal stress and peroxidation induce ER stress and apoptosis [53–55],
which ultimately cause tissue damages. Various forms of cellular stress induce misfolding
events and then lead to the aggregation of proteins within endoplasmic reticulum, causing
ER stress [56]. Here, we found the biomarkers of ER stress (Calnexin, BIP, perk and atf6) all
downregulated in the feed restriction groups. These data indicate that feed restriction can
reduce thermal stress-induced ER stress, which is consistent with a study in rodents [50].
Apoptosis is a form of programmed cell death regulated by the Caspases family, and the
activated Caspases can induce apoptosis to remove damaged cells in tissues [57]. Here, we
found that the members of the Caspases family and BAX protein were suppressed by feed
restriction, which indicated that feed restriction can alleviate thermal stress-induced cell
apoptosis in the liver of channel catfish. However, a study demonstrated that short-term
caloric restriction increased liver apoptosis, which was not associated Caspase levels [58].
We attribute to that study that it is not a thermal stress-induced liver apoptosis; there may
exist a different regulation mechanism. Moreover, ER stress and apoptosis are closely
related to tissue inflammation and damages [59,60]. Notably, the thermal stress-induced
liver inflammation and damages were well improved by the feed restriction in the present
study. Given these results, we propose that feed restriction alleviates heat-induced liver
inflammation and damages via mitigating ER stress and apoptosis in the channel catfish
under a high water temperature.

5. Conclusions

Taken together, the present study demonstrated that an appropriate feed restriction
alleviated liver peroxidation and damages via suppressing lipid accumulation in the liver
of cultured fish under chronic thermal stress (Figure 8). Given the growth performance,
antioxidant capacity and stress state, 2.5% body weight/day was recommended to improve
the liver health of channel catfish in the summer season. These findings first highlight the
feasibility of feed restriction on enhancing the antioxidant and anti-stress capacities of fish
suffering from thermal stress and lay the foundation for research into health care improved
by feeding strategies in aquaculture.
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Abstract: Phospholipids have an important antioxidant effect on animals. The effects of different
dietary phospholipid sources on the growth, antioxidant activity, immunity, and gut microbiota of
female broodstock of Pacific white shrimp Litopenaeus vannamei were investigated. Four isoproteic
and isolipid semi-purified diets containing 4% soybean lecithin (SL), egg yolk lecithin (EL), or krill
oil (KO) and a control diet without phospholipid supplementation were fed to female broodstock of
L. vannamei (34.7 ± 4.2 g) for 28 days. The growth performance, antioxidative capacity, and innate
immunity of the female broodstock fed phospholipid supplemented diets were improved regardless
of sources compared with the control shrimp. The effects on growth and antioxidant capacity in fe-
male shrimp fed the KO diet were highest. The innate immunity of female shrimp fed the EL and KO
diets were significantly higher than shrimp fed the SL diet. Dietary phospholipid supplementation
increased gut microbiota diversity and richness, and the Chao1 and ACE values in the KO group
were significantly higher than in the control group. The richness of Proteobacteria, Photobacterium,
and Vibrio decreased, whereas the richness of Firmicutes and Bacteroidetes increased in the shrimp
fed the KO diet compared with the shrimp fed the SL and EL diets. The interactions of gut microbiota
in shrimp fed the KO diet were the most complex, and the positive interaction was the largest among
all the treatments. The functional genes of gut microbiota in shrimp fed the KO diet were signifi-
cantly enriched in lipid metabolism and terpenoid/polyketide metabolism pathways. Spearman
correlation analysis showed that Fusibacter had significantly positive correlations with antioxidant
activity (total antioxidant capacity, superoxide dismutase, glutathione peroxidase), immune enzyme
activity (phenoloxidase and lysozyme), and immune gene expression (C-type lectin 3, Caspase-1).
All findings suggest that dietary phospholipids supplementation can improve the growth and health
status of female L. vananmei broodstock. Krill oil is more beneficial in improving the antioxidant
capacity and innate immunity than other dietary phospholipid sources. Furthermore, krill oil can
help establish the intestinal immune barrier by increasing the richness of Fusibacter and promote the
growth of female shrimp. Fusibacter may be involved in iron metabolism to improve the antioxidant
capacity of female shrimp.

Keywords: Litopenaeus vannamei; broodstock; phospholipid; antioxidant; gut microbiota

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, is the most important shrimp species
cultured globally in scale and production [1]. The continuous supplementation of healthy
broodstock supports large-scale, healthy culture of L. vannamei. However, during the

Antioxidants 2022, 11, 1143. https://doi.org/10.3390/antiox11061143 https://www.mdpi.com/journal/antioxidants
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practical culture of L. vannamei broodstock, diseases frequently occur and significantly limit
the healthy and sustainable development of the industry [2,3]. Furthermore, the L. vannamei
broodstock industry has suffered severe economic losses. In addition, the health status of
shrimp broodstock can directly affect the activity and growth of shrimp larvae. Therefore,
ensuring the health of L. vannamei broodstock is of great significance to the sustainable
development of the shrimp culture industry worldwide.

After years of development, the L. vannamei broodstock industry has established a
more efficient biosecurity system free of specific pathogens [4]. Improving reproductive
performance is a fundamental goal of developing the shrimp broodstock industry. To ensure
the maturation and quality of shrimp gonads, many fresh polychaetes and frozen squid
are fed to L. vannamei broodstock in various hatcheries [5]. However, these polychaetes
and squids have high price, unstable quality, and often carry pathogens [2,6,7]. L. vannamei
broodstock is easily infected by these pathogens, and a series of health problems or mass
death may occur. Therefore, it is necessary to develop nutritionally balanced diets for
L. vannamei broodstock to ensure gonadal development and the health of L. vannamei
broodstock.

Research on the nutrition of L. vannamei broodstock has been limited to dietary lipids,
fatty acids, and vitamins. Previous studies have shown that dietary lipid levels can sig-
nificantly affect L. vannamei ovary development, but the optimal dietary fatty acid level is
inconsistent among previous studies on L. vannamei broodstock [8–10]. Dietary 2–3% highly
unsaturated fatty acids could satisfy the normal development of L. vannamei ovaries [8,11].
Arachidonic acid, accounting for 4.65% of the total fatty acids in feed, can significantly
improve the spawning performance and larval quality of L. vannamei [9]. Vitamin research
has mainly been conducted with vitamin E and vitamin C. Dietary 300 mg/kg of vita-
min E could significantly increase the hepatopancreas index and gonadosomatic index
before eyestalk ablation and significantly shorten the days to spawning after eyestalk
ablation [12]. Dietary 800 mg/kg of ascorbic acid can satisfy ovarian maturation and
maintain good reproductive performance in L. vannamei broodstock [13]. However, dietary
1000–2000 mg/kg ascorbic acid had no significant effects on immune indexes, such as total
hemolymph cell count and phenoloxidase activity in L. vannamei broodstock after eyestalk
ablation [14]. Although some nutritional research on L. vannamei broodstock has been
carried out, information on the effect of nutrients on the health status of L. vannamei is
still scarce.

Polychaetes and squids are rich in lipids and highly unsaturated fatty acids and are
especially high in phospholipids useful to ensure the gonadal development of aquatic
animals [15]. Dietary 2% soybean lecithin can meet the needs of ovary maturation of giant
freshwater prawn Macrobrachium rosenbergii [16]. Lecithin also can upregulate the expression
of vitellogenin genes in the hepatopancreas of redclaw crayfish Cherax quadricarinatus [17].
The gonadal index of Chinese mitten crab Eriocheir sinensis fed 2.4% soybean lecithin was the
highest among all the treatments [18]. In addition, as an essential nutrient for crustaceans,
phospholipids play an essential role in modulating the growth and health of animals, but the
dose effects of different phospholipids are different. The specific growth rate of swimming
crabs Portunus trituberculatus fed the egg yolk lecithin-supplemented diet was significantly
higher than that of P. trituberculatus fed the soybean lecithin diet [19]. Dietary krill oil
could improve the antioxidant activity of E. sinensis more efficiently than dietary soybean
lecithin or egg yolk lecithin [20]. However, there is no information on the regulation of
phospholipids on the health status of L. vannamei broodstock. The supplementation of
phospholipids to the feed can enhance the glutathione metabolism of female shrimp and
further improve the antioxidant capacity [21].

Therefore, based on the results of previous research, this study evaluated the effects of
three phospholipids (soybean lecithin, egg yolk lecithin, and krill oil) on L. vannamei in terms
of growth, antioxidant capacity, immunity, and gut microbiota. The purpose of this study
is to find a suitable phospholipid source for the culture of healthy L. vannamei broodstock.
The results of this study contribute to diet development for L. vannamei broodstock.

88



Antioxidants 2022, 11, 1143

2. Materials and Methods

2.1. Experimental Diets

According to the nutritional studies on broodstock of L. vannamei [9,10] and our previ-
ous research [21], four isoproteic (52.4% crude protein) and isolipidic (14.2% crude lipid)
semi-purified diets involving 4% soybean lecithin (SL), egg yolk lecithin (EL), or krill
oil (KO) and a control diet (Ctrl) without phospholipid supplementation were prepared
(Table 1). The crude protein, crude lipid, and fatty acids were determined by Dumas com-
bustion, Soxhlet extraction, and gas chromatograph-mass spectrometer (GC-MS), respec-
tively. The protein was derived from fishmeal, gelatin, and casein in the feed ingredients. In
addition, the oil sources in the experimental diets mainly included fish oil, cholesterol, palm
oil, and three different phospholipids. The coarse materials were ground with a grinder,
crushed into powder by an 80-mesh sieve, and then weighed. The processed dry ingredi-
ents were weighed and mixed thoroughly according to the proportions in the formulations
of experimental diets, followed by the supplementation of oil and water, and mixed well
again. Feed pellets with a diameter of 2.5 mm were extruded by a double helix plodder
(CD4-1TS, Guangdong Huagongguang Mechanical and Electrical Technology Co., Ltd.,
Guangdong, China) and then were air-dried at room temperature. The feed pellets were
sealed in plastic bags and frozen at −20 ◦C before use.

Table 1. Formulation (g/kg dry basis), proximate composition (%), and statistical analysis of differ-
ences for PUFAs contents of the experimental diets fed to female L. vannamei.

Ingredients
Experimental Diets

Ctrl SL EL KO

Fish meal 200 200 200 200
Casein 320 320 320 320
Gelatin 80 80 80 80

Corn starch 150 150 150 150
Fish oil 10 10 10 10

Soybean lecithin 0 40 0 0
Egg yolk lecithin 0 0 40 0

Krill oil 0 0 0 40
Cholesterol 5 5 5 5

Palm oil 80 40 40 40
Butylated hydroxytoluene 1 1 1 1

Anhydrous calcium
carbonate 4 4 4 4

Calcium lactate
pentahydrate 4 4 4 4

Choline chloride 5 5 5 5
Inositol 0.25 0.25 0.25 0.25
Betaine 20 20 20 20

Vitamin premix 1 10 10 10 10
Mineral premix 2 20 20 20 20

Carboxymethyl cellulose 20 20 20 20
Cellulose 70.75 70.75 70.75 70.75

Total 1000 1000 1000 1000
Analyzed proximate composition (%)

Moisture 7.51 7.43 7.78 7.42
Crude protein 52.33 52.15 52.50 52.47

Crude lipid 14.28 14.40 14.05 14.22
Ash 8.31 8.30 8.28 8.31

n-3 PUFAs 495.31 a 694.01 c 568.93 b 2335.27 d

n-6 PUFAs 335.62 a 1577.41 d 577.74 c 399.4 b

The 1 vitamin premix and 2 mineral premix are formulated with reference to the formulation suitable for female
L. vannamei in our laboratory [21]. Values are means ± SE (n = 3) and values within a row with different superscript
letters (a, b, c, d) are significantly different (p < 0.05).

2.2. Growth Trial and Sampling

All the female L. vannamei broodstock were obtained from a private company in
Hainan, China. Before the experiment began, the female shrimp were acclimated in a
black polypropylene barrel (diameter × height = 5.8 × 1.1 m). Subsequently, 160 shrimps
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(34.7 ± 4.2 g, hepatosomatic index 6.23 ± 0.25%) were randomly divided into 16 barrels
(diameter × height = 1.0 × 0.9 m, four barrels per treatment at 10 shrimp/barrel) and fed the
control diet for 7 days to adapt to the experimental conditions. During the 28-day culture
process, the daily feeding volume was about 5.5% of the body weight, and the daily feeding
was carried out at 7:30, 10:00, 13:00, 15:00, 18:00, 21:00, and 23:30 for a total of 7 times. This
breeding strategy is based on the summary of our previous work [21] and the suggestions
of Arshadi et al. [22] to account for a total daily supply of 5% of wet weight biomass per day.
Residual food and feces were removed by siphon twice a day, and the daily water exchange
was about 50%. During the whole culture experiment, the water quality parameters were
controlled as follows: temperature 28~29 ◦C, pH 7.8~8.4, salinity 30~32, dissolved oxygen
5~6 mg/L, ammonia nitrogen 0.10~0.30 mg/L, nitrite 0.03~0.10 mg/L, and 12 h light and
12 h dark.

After the 28 days of the experiment, the shrimp were fasted for 24 h for sample
collection. After anesthesia for 10 min on ice, the shrimp in each experimental bucket were
weighed and measured. The hemolymph of the shrimp was drawn from the cardiocoelom
and abdomen (at the first swimming foot) with a 1-mL sterile syringe and stored for 24 h
at 4 ◦C. The hepatopancreas and midgut were frozen in liquid nitrogen and transferred
to a −80 ◦C freeze for subsequent analysis. Considering the individual differences of gut
microflora, five shrimp were taken as a sample, with a total of 5 samples in each treatment.
The growth performance-related parameters were calculated as follows:

Survival (%) = (Final number/Initial number) × 100;

Condition factor (%) = Final weight/(Body length)3 × 100;

Weight gain (%) = (Final weight − Initial weight)/Initial weight × 100;

Specific growth rate (%, day−1) = [In (Final weight) − In (Initial weight)]/Culture days × 100.

2.3. Antioxidant Capacity Related Parameter Assays

Eight hepatopancreases per treatment, from two shrimp per barrel, were homog-
enized in the pre-chilled 0.86% saline solution (1:10, w/v), at a frequency of 60 Hz at
4 ◦C for 30 s (Tissuelyser-24, Jingxin Technology, Shanghai, China), then centrifuged at
1500× g for 15 min in 4 ◦C (SIGMA 3-18K; Sigma, Laborzentrifugen GmbH, Osterode,
German). The supernatant was collected for measuring total antioxidant capacity (T-AOC),
malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and superoxide dismutase
(SOD) using diagnostic reagent kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Detailed steps of the parameter assays accorded with the instructions provided by
the manufacturer.

2.4. Immunity Related Parameters Assay

Stored hemolymph samples were centrifuged at 4500× g at 4 ◦C for 10 min. The su-
pernatant was aspirated and stored at −80 ◦C for later analysis. Eight serum per treatment
from two shrimp per barrel were used to determine the activity of phenoloxidase (PO) and
lysozyme (LZM).

Ashida’s method [23] was improved by using levodopa as the substrate to deter-
mine phenoloxidase activity. We added 10 μL serum, 300 μL potassium phosphate buffer
(0.1 mol/L, pH 6.0), and 10 μL L-dopa solution (0.01 mol/L) to the enzyme plate and the
absorbance at 490 nm was read every 3 min. Under the experimental conditions, an increase
of 0.001 per min of OD490 was regarded as a unit of enzyme activity.

The method based on Hultmark et al. [24] was improved by using Micrococcus lysoleikticus
as a substrate to determine lysozyme activity. The substrate was prepared to a certain con-
centration of suspension (OD570 = 0.3~0.5) with potassium phosphate buffer (0.1 mol/L,
pH 6.4). We placed 300 μL of the suspension and 5 μL of serum on the enzyme plate,
determine the initial optical density at the 570 nm wavelength (A0), then kept it for 30 min
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in a water bath at 37 ◦C, and immediately determine the optical density at the 570 nm wave-
length (A). The calculation was as follows: lysozyme activity (UL) = (A0 − A)/A × 100.

Total RNA was extracted from hepatopancreases and guts of two shrimp randomly
selected from each parallel group using Trizol reagent (15596018, Invitrogen, Carlsbad,
CA, USA). Analysis of total RNA concentration and quality using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA samples with an
absorbance (260/280 nm) ranging from 1.8 to 2.1 were used for subsequent analysis. Total
RNA (1 μg) from each sample was reverse transcribed into a final volume of 20 μL cDNA
with Reverse Transcription Kit (containing dsNase) (Biosharp, Anhui, China). Quantitative
real-time PCR (qPCR) was analyzed by ChanQ Universal SYBR qPCR Master Mix (Vazyme
Biotech, Nanjing, China), carrying out the specific operational steps according to the
manufacturer’s instructions. To verify the stability of gene expression, β-actin was selected
as the reference gene [25]. The relative expressions of target genes, including caspase-1
and C-type lectin 3 (CTL3), were analyzed by the 2−ΔΔCt algorithm [26]. The program for
the qPCR reaction was 95 ◦C for 30 s, 40 cycles at 95 ◦C for 10 s, and 60 ◦C for 30 s. The
sequences of all PCR primers used in this study are given in Table 2.

Table 2. Primer-pair sequences and product size of the amplicons used for quantitative real-time
PCR (qPCR).

Gene Primer Sequence Tm (◦C) GC% GenBank NO

β-actin F: GCAGTCCAACCCGAGAGGAAG 61.49 62.00
XM_027364954R: GTGCATCGTCACCAGCGAA 57.09 58.00

caspase-1 F: CGGGTAGGAAGCCCACATATCAA 59.78 52.00
XM_027356206R: ACGGCGAAGTCAAAGCCAGAA 57.59 52.00

CTL3
F: ATGTTCTTCGTGCTCCTGCTGT 57.80 50.00

XM_027356524R: GCAGTGGTCGTAAATGTTGTG 55.63 48.00

2.5. Gut Microbiota Analysis

Five mixed gut samples were randomly selected from each group to be used to detect
gut microbiota. Total genomic DNA from samples was extracted using the CTAB method [27],
and agarose gel electrophoresis was used to assess DNA purity and concentration. The
V3-V4 region of 16S rRNA genes were amplified by PCR using universal primers 338F
(5′ ACTCCTACGGGAGGCAGCA 3′) and 806R (5′ GGACTACHVGGGTWTCTAAT 3′) [28].
The library was built using the TruSeq® DNA PCR-Free Sample Preparation Kit. The
library was quality controlled and then sequenced using the NovaSeq6000 (Illumina,
San Diego, CA, USA), and bioinformatics analysis of intestinal microbes (microbial com-
position, diversity, function prediction, interspecific interaction) was completed on the
NovoMagic cloud platform (https://magic.novogene.com/customer/main#/tool-micro/
28188210446062904461c2e3eebf9034, accessed on 8 March 2021). The sequences obtained in
this study are available in the NCBI SRA database with the accession number PRJNA820522.

2.6. Gut Microbiota and Biochemical Indexes Association Analysis

Spearman correlation analysis was performed using SPSS software (ver. 26.0; SPSS Inc.,
Chicago, IL, USA) to show the potential connection between gut microbiota and biochemical
pathways and enzymes (such as T-AOC, MDA, GSH-Px, SOD, PO, LZM, CTL3, and
caspase-1). This process did not set correlation coefficients and p-value thresholds. A
Heatmap was used to show the correlation and statistical difference (https://software.
broadinstitute.org/morpheus/). Statistical significance is indicated by * p < 0.05, ** p < 0.01.

2.7. Statistical Analysis

Data on growth performance, antioxidant capacity, and immune response analysis
were performed using one-way analysis of variance (ANOVA) followed by Duncan’s mul-
tiple range test to assess the significance of differences among all experimental treatments.
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All data are shown as means ± SE (standard error). The student’s t-test was used to analyze
functional prediction differences between all experimental treatments and control. The
value of statistical significance was regarded as p < 0.05. All statistical analyses were
performed using the SPSS software 26th version (Armonk, NY, USA, IBM SPSS Statistics).

3. Results

3.1. Growth Performance

Relative to the control, dietary phospholipid supplementation significantly increased
the weight gain and specific growth rate of female L. vannamei broodstock regardless of
phospholipid sources, but did not affect survival and condition factor (Figure 1). There
were no significant differences in all the growth-related parameters among the SL, EL, and
KO groups, although the shrimp fed dietary krill oil showed the highest value for these
parameters.

 
Figure 1. Growth phenotypes of female L. vannamei fed different experimental diets. (A) Survival rate.
(B) Condition factor. (C) Weight gain. (D) Specific growth rate. The values are the mean ± standard
errors (n = 4). Values with different superscript letters indicate significant differences (p < 0.05) among
all the treatments.

3.2. Antioxidant Capacity

Relative to the control, dietary phospholipid supplementation significantly improved
hepatopancreatic T-AOC capacity, activities of SOD and GSH-Px, and decreased the MDA
contents in female L. vannamei broodstock, regardless of phospholipid sources (Figure 2).
Among the three phospholipid-supplemented groups, shrimp fed the KO diet obtained
significantly higher T-AOC capacity, activities of SOD, and GSH-Px than shrimp fed SL or
EL. However, the MDA contents did not differ among the three groups.

3.3. Immune Responses

Dietary phospholipid supplementation significantly improved the activities of phenol
oxidase and lysozyme and expression of C-type lectin 3 and caspase-1 in female broodstock,
regardless of phospholipid sources (Figure 3). Shrimp fed EL or KO showed significantly
higher phenol oxidase and lysozyme activities and expression of C-type lectin 3 and
caspase-1 than shrimp fed the SL diet. Though shrimp fed the KO diet had higher immunity
parameter values than shrimp fed the EL diet, a significant difference was found only for
phenol oxidase activity.
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Figure 2. Hepatopancreatic antioxidant ability of female L. vannamei fed different experimental
diets. (A) Total antioxidant capacity (T-AOC). (B) Malondialdehyde (MDA). (C) Superoxide dis-
mutase (SOD). (D) Glutathione peroxidase (GSH-Px). The values are the mean ± standard errors
(n = 4). Values with superscript different letters indicate significant differences (p < 0.05) among all
the treatments.

Figure 3. Immune response of female L. vannamei fed different experimental diets. (A) Phenol oxidase
activity in serum. (B) Lysozyme activity in serum. (C) Relative mRNA expression of C-type lectin 3
in hepatopancreas. (D) Relative mRNA expression of Caspase-1 in hepatopancreas. The values are
the mean ± standard errors (n = 4). Values with superscript different letters indicate significant
differences (p < 0.05) among all the treatments.
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3.4. Gut Microbiota Analysis
3.4.1. Composition of Gut Microbial Community

A total of 2,111,128 high-quality DNA sequences were obtained by gut microbial
barcoding, with an average of 105,556 sequences per sample, and 56,215 valid sequences
were obtained after quality control, with an average length of 425 bp. The coverage
of each sample was higher than 99%. Sequence clusters with a similarity of more than
97% were regarded as belonging to the same Operational Taxonomic Units (OTUs), and
2005 OTUs were obtained. There were 163 OTUs shared among the control group and the
respective phospholipid feed groups, accounting for 8.13% of the total OTUs (Figure 4A).
In the horizontal direction, the number of sequences was about 6000, indicating that the
sequencing was sufficient to cover most taxa in the sample, and as the number of sequences
accumulated above 20,000, the rarefication curve tended to plateau, indicating that the
more evenly distributed the gut microbial community (Figure 4B).

 

Figure 4. Gut microbial community analysis of female L. vannamei fed with different phospholipids.
(A) Venn diagram indicating the number of unique and shared OTUs. (B) Rarefaction curve indirectly
reflecting the richness of bacteria in each treatment group.

3.4.2. Diversity of Gut Microbial

The α-diversity analysis showed that Shannon and Simpson’s diversity indexes were
the highest for the EL and KO groups (Figure 5A,B). The richness indexes Chao 1 and
ACE showed that feeding different phospholipids increased gut microbial richness, and
that KO supplementation significantly improved gut microbial richness relative to the
control (Figure 5C,D). Principal components analysis showed differences in gut microbial
community composition among the dietary phospholipid supplementation treatments
(Figure 5E).

At the phylum level, the dominant phyla in each group were Proteobacteria, Firmi-
cutes, and Bacteroidetes, and the abundance of the Proteobacteria in the feed phospho-
lipid group differed somewhat among treatments (Figure 6A). Among treatments, the
KO group had the lowest abundance of Proteobacteria (60.28%) and the highest abundance
of Firmicutes (26.07%) and Bacteroidetes (9.26%). At the genus level, the abundance of
Photobacterium and Vibrio decreased slightly with dietary phospholipid supplementation,
and the KO group had the lowest abundance (Figure 6B). Linear discriminant analysis
effect size (LEfSe) revealed seven, six, and one biomarkers with significantly higher relative
abundance in the KO, EL, and SL groups, respectively, relative to the control (Figure 6C).
The phylum Bacteroidetes was significantly more abundant in the gut of shrimp fed the
krill oil diet, and the genera Spongiimonas and Shimia could be regarded as biomarker taxa
in the egg yolk lecithin diet. In contrast, the soybean lecithin diet had fewer biomarker taxa,
with only the Family Planococcaceae (Figure 6C).
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Figure 5. Diversity of gut microbial community of female L. vannamei fed with different phospholipids.
Alpha diversity indices of bacterial communities on genus level, (A) Shannon, (B) Simpson, (C) Chao1,
(D) ACE, the * p < 0.05 indicate significant differences. (E) Beta diversity, the principal coordinates
analysis (PCoA) performed to evaluate the overall differences in bacterial community structure based
on Bray–Curtis distance.

Comparisons of relative abundance of the top 35 genera detected in the gut of shrimp
fed the respective diets were characterized by the construction of a heat map. The heat
map showed that the abundance of genera was changed by different dietary phospholipids
(Figure 7). In the gut microbial community of the control group, four genera [Fusobacteriota
(Hypnocyclicus), Proteobacteria (Ruegeria and Vibrio), and Actinobacteriota (Demequina)]
were detected. In the SL group, nine genera [Proteobacteria (Arsenophonus, Citrobacter,
Comamonas, and Escherichia-Shigella), Bacteroidota (Prevotella), Actinobacteriota (Cutibacterium),
and Firmicutes (Solibacillus, Bacillus, and Lactococcus)] were detected. In the EL group,
ten genera (Firmicutes (Lactobacillus, Streptococcus, and Faecalibacterium), Proteobacteria
(Litorilituus, Sphingomonas, Enterococcus, Shimia, and Pseudomonas), and Bacteroidota
(Spongiimonas and Xanthomarina)) were detected. In the KO group, four genera (Firmicutes
(Staphylococcus and Fusibacter), Desulfobacterota (Gardnerella), and Bacteroidota (Carboxyli-
civirga)) were detected.

3.4.3. Gut Microbiota Functional Prediction

The KO group had the largest number of functional OTUs, followed by the SL and EL
groups (Figure 8A). The control and all treatment groups were classified into six categories
at KEGG level 1: “Cellular Processes”, “Environmental Information Processing”, “Ge-
netic Information Processing”, “Human Diseases”, “Metabolism”, “Organismal Systems”.
Metabolism was the predominant KEGG pathway in all treatment groups (27.3%), including
lipid metabolism, energy metabolism, and amino acid metabolism (Figure 8B). At KEGG
level 2, relative to the control, there was a significant difference in “Aging” and “Cellular
processes and signaling” in the SL and EL groups, respectively (p < 0.05) (Figure 8C). Fur-
ther, relative to the control, the KO group had significant differences in “Lipid metabolism”,
“Metabolism”, and “Metabolism of terpenoids and polyketides” (p < 0.05) (Figure 8C). At
KEGG level 3, relative to the control, “Amino acid related enzymes” were significantly
increased in phospholipid supplementation groups (p < 0.05) (Figure 8D).
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Figure 6. Gut microbial community composition of female L. vannamei fed with different phospho-
lipids. Average relative abundances of dominant bacterial phyla (A) and genera (B) in the intestine.
(C) Histogram of differentially abundant taxa identified from phylum level to genus level detected
by linear discriminant analysis (LDA) effect size analysis (LEfSe; LDA > 3.5).
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Figure 7. Genus-level composition (top 35) heat map of the gut microbiota of female L. vannamei fed
different phospholipids. Warmer colors indicate a higher abundance of species.
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Figure 8. Effect of different phospholipids fed to female L. vannamei on gut microbiota function.
(A) Venn diagram indicates the number of unique and shared OTUs of the gut microbiota.
(B) Statistical chart of gene prediction results showing the proportion of annotated genes. (C) Level-2
functional prediction of gut microbial abundance in different phospholipid groups and control.
(D) KEGG level-3 clustering heatmap of relative abundance of functions. Asterisks within the dif-
ferent squares indicate the significance of different phospholipid supplementations relative to the
control. p < 0.05 represents a significant difference, and T-test was used for statistical analysis, and
* p < 0.05, ** p < 0.01 indicate statistical significance.

3.4.4. Gut Microbiota Network

According to the analysis of the interspecies interaction network of gut microbial
communities (Figure 9A,B), the control group was composed of 46 nodes and 70 edges. The
network diagram for the SL group was composed of 47 nodes and 77 edges. The network
diagram of the EL group was composed of 42 nodes and 84 edges. The network diagram
for the KO group was composed of 45 nodes and 127 edges. Relative to the control, the
number of “edges” in the network diagram for each phospholipid group increased, and
the number for the KO group was the largest. In addition, the average degree and average
clustering coefficient for each phospholipid group were higher than those of the control
group. The analysis showed that the gut microbial community in the KO group had the
most complex interspecific relationships and the greatest positive interactions.

3.5. Gut Microbiota and Biochemical Indexes Association Analysis

Results of the microbiota and biochemical indexes association analysis at the genus
level are shown in Figure 10. Carboxylicivirga, Halodesulfovibrio, Fusibacter, Marinifilum,
Xanthomarina, and Cutibacterium were positively correlated with T-AOC, SOD, GSH-Px,
CTL3, PO, LZM, and Caspase-1, respectively, and negatively correlated with MDA (p < 0.01).
Ruegeria was positively correlated with MDA and negatively correlated with T-AOC, SOD,
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GSH-Px, CTL3, LZM, and Caspase-1 (p < 0.01). By contrast, Arsenophonus and Litorilituus
were positively correlated with SOD, GSH-Px, CTL3, PO, LZM, and Caspase-1, but neg-
atively correlated with MDA (p < 0.05). Spongiimonas, Vibrio, and Comamonas were posi-
tively correlated with LZM, and Prevotella and Citrobacter were positively correlated with
Caspase-1 (p < 0.05). In contrast, Demequina was negatively correlated with GSH-Px, SOD,
LZM, and Caspase-1, and Vibrio, Spongiimonas, and Shimia were negatively correlated with
MDA (p < 0.05).

 

Figure 9. Ecological interaction network analysis of gut microbial community. (A) Interspecies
interaction network of bacteria communities for female L. vannamei fed with different phospholipids.
Each node represents a genus. Node colors indicate genus affiliated with different classes. A green
edge indicates negative correlations between two individual nodes, whereas a red edge indicates
positive correlations. (B) Topological properties of gut microbial community networks.

 

Figure 10. Correlation analysis between genera of gut microbiota and biochemical indexes. Red
squares indicate positive correlations, whereas blue squares indicate negative correlations. Asterisks
within the different squares indicate significance, * p < 0.05, ** p < 0.01.
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4. Discussion

Maintaining the health of L. vannamei broodstock is particularly important for the
industry’s sustainable development. Studies have shown that dietary phospholipid supple-
mentation can significantly improve the growth performance of crustaceans and
fishes [29,30]. Similar results were found in this study. Adding phospholipids to diets
significantly increased shrimp weight gain and specific growth rates. Further, the growth
performance of shrimp fed with krill oil was better than that fed soybean lecithin and
egg yolk lecithin. The same results were obtained in the study of E. sinensis [31]. The
possible reason is that krill oil has a higher n-3 HUFA content. Studies have shown
that the replacement of 50–100% soybean oil with dietary black soldier fly oil rich in n-3
HUFA has a positive effect on the growth performance and health of juvenile mirror carp
(Cyprinus carpio var. specularis) [32], and the first stages of juvenile L. vannamei fed the diet
containing 0.86 % n-3 HUFA had highest weight gain and specific growth rate [33]. Krill oil
is a good source of n-3 phospholipids with high bioavailability [34], which explains how
feeding krill oil can achieve the highest growth performance. The effects of phospholipids
on aquatic animals vary with the phospholipids’ dosages and forms [31,35], affecting the
immune and antioxidant systems that are the two primary physiological mechanisms
protecting the health of aquatic animals [36].

Dietary phospholipids can enhance the animal’s ability to resist environmental stress
and induce an antioxidant response to protect organs from oxidative damage [37,38]. The
antioxidation mechanism of phospholipids can be a function of enzymatic oxidation or
non-enzymatic oxidation, which is initiated by reactive oxygen species and mediated by
the free radical chain reaction [39]. This study showed that the dietary phospholipids
significantly increased shrimp’s total antioxidant capacity (T-AOC). T-AOC is an impor-
tant indicator of the antioxidant system for scavenging excessive reactive oxygen species
(ROS) [40]. ROS is mainly produced in the hepatopancreas of crustaceans [41,42]. Studies
have shown that the n-3 polyunsaturated fatty acids (n-3 PUFAs) in the organism are
extremely easy to oxidize and induce reactive oxygen species production [42,43]. Many
antioxidant enzymes are produced in an organism to reduce the detrimental effect of reac-
tive oxygen species, including superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) [38,44]. In addition, one of the important biomarkers of oxidative stress injury has
been considered to be malondialdehyde (MDA), a product of lipid peroxidation [42,43]. Di-
etary phospholipids can significantly increase the specific activity of superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) and reduce the content of malondialdehyde
(MDA) [37,45,46]. This study confirms the view that dietary phospholipids can significantly
increase the activities of SOD and GSH-Px in the hepatopancreas. Female shrimp with
gonadal development accumulate much fat in the hepatopancreas, and the activities of SOD
and GSH-Px are significantly increased, thereby reducing the content of MDA. As a result,
dietary phospholipids can improve the oxidative pressure of excessive fat accumulation in
the hepatopancreas. Our previous research has shown that differentially expressed genes
could enrich glutathione metabolic pathways after feeding different phospholipid diets,
confirming the hypothesis that dietary phospholipids can improve antioxidant capacity [21].
Furthermore, krill oil showed a greater antioxidant effect than soy lecithin and egg yolk
lecithin. It is believed that krill oil contains an effective antioxidant, astaxanthin [47].

Due to a lack of adaptive immunity, crustaceans can only rely on innate immunity to
remove pathogenic microorganisms [48], and it is the first line of defense against pathogenic
infections [49]. The innate immunity of crustaceans includes cellular immunity and hu-
moral immunity [50]. Apoptosis plays a crucial role in impeding viral propagation by
eliminating infected cells [51]. Caspase-induced apoptosis can inhibit white spot syn-
drome virus (WSSV) infection by innate immunity in shrimp [52]. In this study, dietary
phospholipids significantly up-regulated the relative mRNA expression of caspase-1 in
hepatopancreas. We suggest that the diet supplemented with phospholipids can increase
the relative mRNA expression of caspase-1 and induce apoptosis as appropriate to reduce
the risk of WSSV infection in shrimp. Phenoloxidase (PO) [53] and lysozyme (LZM) [54]
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play essential roles in the nonspecific immune system of crustaceans and can eliminate
foreign pathogenic microorganisms by damaging acetaminoglycan in the cell walls of
Gram-positive bacteria. Other humoral immune factors playing important roles in the
immune response of crustaceans include lectins [55], which can bind to carbohydrates on
the surface of pathogens and elicit antimicrobial responses in shrimp. This study shows
that dietary phospholipids can enhance the activities of PO and LZM and up-regulate
the expression of CTL3. Therefore, based on the study results, we suggest that the intake
of phospholipid in shrimp feed can enhance the immune system to resist the invasion
of pathogens.

The gut is a suitable environment for the colonization and proliferation of symbiotic
microorganisms in aquatic animals [56]. The intestine is the main organ for digestion
and absorption of nutrients and the largest “immune organ” of the organism [57]. The
gut microbiota promotes gut health and ensures the continuous normal physiological
function of the gut by constructing the first barrier against pathogens [58]. Proteobacteria,
Bacteroidetes, Actinobacteria, and Firmicutes are dominant in the shrimp gut at various
stages of development [59]. Similarly, in this study, the dominant bacteria in each group
were Proteobacteria, Firmicutes, and Bacteroidetes, and dietary phospholipids decreased
the abundance of Proteobacteria in the gut. Proteobacteria include Rickettsiaceae which
is a pathogenic bacterium that endangers the health of shrimp [60]. Firmicutes and Bac-
teroidetes can participate in maintaining gut immune homeostasis and improve the health
of the animals [61]. These results suggest that dietary phospholipid can benefit intestinal
immune homeostasis in shrimp. By contrast, dietary krill oil induced a reduction in the
abundance of Proteobacteria in this study.

Krill oil is a significant source of gut-derived endotoxin lipopolysaccharide (LPS) [62]
to trigger inflammation by innate immune responses in the liver [63]. Our results show
that dietary krill oil could reduce hepatopancreatic injury caused by Proteobacteria. At
the genus level, Fusibacter is associated with iron metabolism [64], and the metabolites
participate in the antioxidant and immune responses in the form of ferritin [65,66]. The
present study shows that the addition of KO to the feed could increase the richness of
Fusibacter compared to the addition of SL and EL. Fusibacter was positively associated with
antioxidant (T-AOC, SOD, GSH-Px) and immune response (CTL3, PO, LZM, Caspase-1).
The level of gene expression ferritin can be upregulated in yellowhead virus infection of
Penaeus monodon and acute viral attack of Chlamys farreri [67,68]. It is hypothesized that
dietary phospholipids increase the richness of Fusibacter, possibly by participating in iron
metabolism and thus increasing the antioxidant and immune responses of female shrimp.
The abundance of the microbiome is an important environmental factor affecting energy
uptake and storage in the gut [69]. Gut microbes form complex ecological networks through
cooperation, competition, predation, and other interactions [70]. Furthermore, excessive
n-6 HUFA may interfere with gut microbial homeostasis [58]. In this study, the n-6 HUFA
in the KO diet was significantly lower than those in the SL and EL groups, indicating that
KO can strongly regulate the homeostasis of intestinal microbiomes. Adding KO to the feed
can enhance the function of gut microbial genes, enrich the “lipid metabolism” and “energy
metabolism” pathways and enhance the inter-species interactions between microorganisms.
These results indicate that feed with KO can promote the stability of the gut microbial
community and maintain the health of shrimp.

5. Conclusions

Adding phospholipids to the diet can improve the antioxidant capacity of L. vannamei
broodstock and improve natural immunity to resist environmental pathogenic bacteria.
Especially with krill oil as a source of phospholipids, the activities of SOD and GSH-Px in
the hepatopancreas were increased, and the total antioxidant capacity of female shrimp was
enhanced. In addition, the diet supplemented with krill oil could enhance the interaction of
gut microbiota of female shrimp and increase the abundance of Fusibacter within Firmicutes.
More importantly, Fusibacter may be involved in iron metabolism to improve the antioxidant
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capacity of female shrimp. Furthermore, krill oil can help establish the gut immune barrier
to enhance the immune response of female shrimp, reduce the risk of pathogenic bacteria
infection and maintain the healthy growth of female shrimp.
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Abstract: Gender differences in the hemocyte immune response of Hong Kong oyster Crassostrea
hongkongensis to Vibrio harveyi and lipopolysaccharide (LPS) infection exist. To determine if a gender
difference also exists, we use a 1H NMR-based metabolomics method to investigate responses in
C. hongkongensis hepatopancreas tissues to V. harveyi and LPS infection. Both infections induced
pronounced gender- and immune-specific metabolic responses in hepatopancreas tissues. Responses
are mainly presented in changes in substances involved in energy metabolism (decreased glucose,
ATP, and AMP in males and increased ATP and AMP in LPS-infected females), oxidative stress
(decreased glutathione in males and decreased tryptophan and phenylalanine and increased choline
and proline in LPS-infected females), tricarboxylic acid (TCA) cycle (decreased α-ketoglutarate acid
and increased fumarate in LPS-infected males, and decreased fumarate in LPS-infected females),
and osmotic regulation (decreased trigonelline and increased taurine in V. harveyi-infected males
and decreased betaine in V. harveyi-infected females). Results suggest that post-spawning-phase
male oysters have a more significant energy metabolic response and greater ability to cope with
oxidative stress than female oysters. We propose that the impact of oyster gender should be taken
into consideration in the aftermath of oyster farming or oyster disease in natural seas.

Keywords: Crassostrea hongkongensis; metabolomics; hepatopancreas; gender-based difference

1. Introduction

Crassostrea hongkongensis is the most important, commercially valuable cultured oyster
species along the South China coast [1,2]. In recent years, the commercial production of this
species has been seriously affected by mass mortality during the boreal spring, possibly
caused by pathogen infection and environmental stress [3,4]. Therefore, understanding the
mechanisms by which oysters respond to different stresses will improve disease control
in farmed populations. The genes ChBeclin-1 [5], ChUbL40 [6], ChAkt1 [7], ChDFFA [8],
and p38 MAPKs [9] play important roles in the immune defense of C. hongkongensis against
bacterial challenge. The assembled whole genome sequences of C. hongkongensis have
recently been released [1]. Several immune-, reproduction-, and stress-related genes have
been identified [10], providing the resources and opportunity of in-depth studies at the
molecular level. Moreover, metabolomics has revealed that exposure to copper can disturb
osmotic regulation and energy metabolism [11]. Proteomic methods to analyze differentially
expressed proteins in oyster gills exposed to long-term heavy metal pollution have also
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revealed most stress and immune-reactive proteins, such as heat shock proteins (HSP) and
enzymes, to be significantly down-regulated [12].

Development of metabolomic techniques in aquaculture has led to more thorough
investigations of shellfish immunology. Physiological and stress responses of bivalves
have now been characterized using a variety of metabolomics platforms [13]. Nuclear
magnetic resonance (NMR)-based metabolomics is a powerful high-throughput technique
that simultaneously detects endogenous compounds representative of a biological state.
The low incremental cost and short data collection time of these analyses enable robust
experimental design characterized by high reproducibility and ease of sample prepara-
tion and measurement proceedings, and also allows for quantitative analysis and in vivo
metabolomics studies [14–16]. NMR-based metabolomics has been used to express bi-
valve responses to external disturbance, such as from pathogenic bacteria [17], estrogenic
mixtures [18], hepatotoxic microcystins [19], ammonia nitrogen exposure [20], and high
ρCO2 levels [21]. Proton (1H) NMR-based metabolomics has identified osmotic regulation
and energy metabolism in C. hongkongensis to be disturbed following exposure to Cu, Zn,
Pb, and other metals [22,23]. These diverse applications in bivalves suggest that NMR-
based metabolomics is a powerful tool for assessing the metabolic response mechanism of
stressed bivalves in general, and C. hongkongensis in particular.

Differences in the immunological responses of C. hongkongensis males and females have
seldom been taken into consideration [7,9]. Vibrio harveyi is a pathogenic bacterium isolated
in our laboratory, which can cause severe vibriosis in C. hongkongensis. Lipopolysaccharide
(LPS) is a cell wall component of Gram-negative bacteria, and injection of LPS triggers a
host immune response [24]. We previously reported gender-related differences in immune
responses to LPS and V. harveyi in hemocyte of C. hongkongensis [25]. Herein we use 1H
NMR-based metabolomics techniques to examine metabolic changes in hepatopancreas
tissues of female and male C. hongkongensis following infection with V. harveyi and LPS.
Our objectives are to identify gender-specific metabolic responses in this oyster following
infection and to identify potential new biomarkers for evaluating its health.

2. Materials and Methods

2.1. Animals and Experimental Design

Healthy post-spawning C. hongkongensis (shell length 11.23 ± 0.06 cm) were obtained
from a commercial farm in Taishan, Jiangmen, Guangdong Province, China. Oysters
were acclimated for 7 days in aerated sand-filtered seawater at 25 ◦C, salinity 20 ± 1,
and pH 8.1 ± 0.1, and regularly fed the algae Isochrysis galbana and Chaetoceros muelleri at
a ration of 2% of tissue per dry twice daily, namely at 08:00 and 16:00. A photoperiod of
12 h light/12 h dark was applied. Low salinity water is prepared by diluting seawater with
tap water and used after 2 days of aeration. No mortality occurred during the period of
acclimation. After acclimation, oysters were randomly divided into 3 treatments (control,
V. harveyi, LPS), each with 3 replicates, each replicate containing 20 oysters, in glass aquaria
(48 × 28 × 21 cm) with 30 L filtered seawater, in a completely randomized design.

2.2. Challenge Experiment

The bacterium V. harveyi was cultivated in liquid 2216E broth at 28 ◦C for 14 h and
centrifuged at 5000× g for 10 min. This bacterium was washed twice in sterile seawa-
ter before being suspended in sterile seawater at a final concentration of approximately
1 × 107 CFU/mL. LPS (from Escherichia coli O111: B4, Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in sterile seawater to a concentration of 0.5 mg/mL [25]. Control group oys-
ters were injected with 50 μL sterile aquaculture seawater and the experimental treatment
oysters were injected with either 50 μL V. harveyi suspension or LPS solution. After 48 h
exposure, oyster gender was determined and the oyster hepatopancreas was extracted,
snap-frozen in liquid nitrogen, and stored at −80 ◦C for subsequent metabolite extraction.
Gender was determined by light-microscopic examination of mature gonad tissue: large
eggs indicated female and motile sperm male.
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2.3. Metabolite Extraction

Using a water/methanol method, polar metabolites were extracted from hepatopan-
creas tissues. In brief, 100 mg of hepatopancreas tissue and 1 mL of methanol and water
(2:1) were added into a 2 mL centrifuge tube. The mixture was crushed by shaking in a
sample freezing grinding machine (Luka, Guangzhou), followed by centrifugation (10 min,
12,000× g, 4 ◦C) and dried in a vacuum centrifugal concentrator. Tissue extracts were
resuspended in 600 μL of phosphate buffer in D2O, then vortexed and centrifuged (5 min,
3000× g, 4 ◦C). The supernatant (500 μL) was transferred to a 5 mm NMR tube and ana-
lyzed by NMR [26]. One-dimensional 1H NMR spectra of all samples were obtained at
298K using the 1D NOESYGPPRLD pulse on the Bruker Avance III 600 MHz spectrometer,
with 128 scans and a 4 s acquisition time.

2.4. Spectral Processing and Statistical Analyses

NMRProcFlow 1.3.10 (INRA UMR 1332 BFP, Bordeaux Metabolomics Facility, Vil-
lenave d’Ornon, France) [27] was used to perform PPM calibration, baseline correction,
alignment, spectra bucketing, and data normalization of raw 1H NMR spectra. The DSS
internal standard was taken as the chemical shift reference peak (DSS = 0.0 ppm), and
the spectral images within 0.66–10 ppm were integrated to remove the chemical shift
region where the water peak was located (4.67–4.86 ppm). PQN (Probabilistic Quotient
Normalization) was selected for normalization. NMR spectra were preprocessed using
adaptive intelligent bucketing, with buckets with a signal-to-noise ratio > 3 chosen for
further investigation. The end result is a 599-bucket matrix. To increase the weight of
low-intensity peaks, all NMR spectra were logarithmically transformed before multivariate
statistical analysis.

SIMCA 14.1 software (Umetrics, Umeå, Sweden) was used to analyze NMR spectrum
datasets. Intrinsic metabolic trends and differential metabolites of V. harveyi or LPS exposure
were determined using principal component analysis, partial least squares discriminant
analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA).
In addition, 200 permutation tests and cross-validation analysis of variance (CV-ANOVA)
were used to confirm the significance of the OPLS-DA model. Differential buckets with
variable importance in the projection > 1.0 determined by OPLS-DA, and p-values < 0.05
determined by two-tailed Student’s t-tests were identified. Chenomx NMR Suite 8.6
professional software (Chenomx Inc., Edmonton, AB, Canada) was used to analyze the
chemical shift of buckets to complete identification of main metabolites.

2.5. Systematic Statistical Metabolic Correlation and Network Analysis

The transformations and sequential chemical reactions of substrates and products in-
volved in diverse catabolic and anabolic processes are described by metabolic pathways [28].
We screened out different metabolites and performed metabolic pathway analysis from
KEGG database analysis by MetaboAnalyst 5.0 website [29], and to all the identification
of the metabolites of clustering. We used the R software package to identify the KEGG
pathways of enriched metabolites in different treatments and to draw correlation heat maps
between metabolites and immune-related factors.

3. Results

3.1. Hepatopancreas 1H NMR Spectra

NMR spectra identified 49 different metabolites (Figure 1), including energy metabolism-
related metabolites (e.g., glucose, glycogen, ATP, AMP), amino acids (e.g., tryptophan,
arginine, phenylalanine, proline, tyrosine) and organic osmolytes (e.g., betaine, taurine,
trigonelline). The hepatopancreas 1H NMR profile was dominated largely by betaine and
taurine, as previously reported for oysters [30,31].
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Figure 1. 1H NMR spectra of Crassostrea hongkongensis hepatopancreas extract under infected (control)
condition, with spectral regions 0.0–4.8 ppm amplified by a factor of 4, and 4.8–9.9 ppm by 10. Key:
Ace, acetate; Ade, adenine; Ads, adenosine; Ala, alanine; AMP, adenosine monophosphate; Ara, ara-
binose; Arg, arginine; Asn, asparagine; Asp, aspartate; ATP, adenosine triphosphate; Bet, betaine; Chl,
chlorogenate; Cho, choline; Cyt, cytosine; DSS, dextran sulfate sodium; Fum, fumarate; Glc, glucose;
Glc-1-p, glucose-1-phosphate; Glu, glutamate; Glucur, glucuronate; Gly, glycine; GSH, glutathione;
GTP, guanosine triphosphate; Guo, guanosine; Hom, homarine; Hyd, hydroxyacetone; Ile, isoleucine;
Ino, inosine; Leu, leucine; Lys, lysine; Mal, malonate; Met, methionine; N-Ace, N-acetylornithine;
Orn, ornithine; Pan, pantothenate; Phe, phenylalanine; Pro, proline; Pyr, pyridoxine; Rib, ribose; Ribo,
riboflavin; Sar, sarcosine; Tau, taurine; TMA, trimethylamine; TGL, trigonelline; Tre, trehalose; Try,
tryptophan; Tyr, tyrosine; UDP-Glc, UDP-glucose; UDP-N-Ace, UDP-N-acetylglucosamine; UMP,
uridine monophosphate; Ura, uracil; Urd, uridine; Val, valine; 3-Ami, 3-aminoisobutyrate; α-Ket,
α-ketoglutarate acid; β-Ala, β-alanine.

3.2. Multivariate Data Analyses

To identify metabolic differences between the control and two treatments, and between
males and females, PLS-DA analysis was first performed. Treatments were well separated
(Figure 2A). To analyze metabolic differences between gender, OPLS-DA was performed
on NMR spectral data of males and females from all groups; a clear separation between
male and female groups with reliable Q2 values, both with p values < 0.003 calculated
using CV-ANOVA (Figure 2B). We conducted 200 iterations of permutation tests to assess
if models were over-fitted to demonstrate that the OPLS-DA model was reliable. Inherent
biological and metabolic differences appear to exist between genders.

Figure 2. Multivariate statistical analysis plot based on 1H NMR spectra of C. hongkongensis hep-
atopancreas tissues. (A) PLS-DA plots for all treatments; (B) OPLS-DA score plots of male and female
oysters (R2X = 68.8%, R2Y = 0.927, Q2 = 0.565, p < 0.003); (C) permutation test for the model in (B).
Groups: F, female; M, male; C, control; B, Vibrio harveyi infection; L, LPS infection.
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OPLS-DA score plots (left panels in Figure 3) show good separation between infected
treatments and the corresponding control group for males and females. As shown in vol-
cano maps (right panels in Figure 3) and heatmaps (Figure S1), compared with the control
group, 19 metabolites were down-regulated and 1 metabolite was up-regulated in V. har-
veyi-infected females. In LPS-infected females, 14 metabolites were down-regulated and
20 metabolites were up-regulated. In V. harveyi-infected males, 12 metabolites were down-
regulated and 16 metabolites were up-regulated, while in LPS-infected males, 15 metabo-
lites were down-regulated and 16 metabolites were up-regulated. Table S1 provide details
of these metabolites.

Figure 3. OPLS-DA score plots of 1H NMR spectra of C. hongkongensis hepatopancreas extract from
different paired groups (left panel) and the corresponding model permutation test chart (middle
panel) and its corresponding volcano map (right panel). (A) F_B vs F_C. (B) M_B vs M_C. (C) F_L vs
F_C. (D) M_C vs M_L. Groups: F, female; M, male; C, control; B, V. harveyi infection; L, LPS infection.

To further analyze changes in differential metabolites in C. hongkongensis in different
treatments, an Upset diagram was prepared using R language (Figure 4). Compared
with control group females, different metabolites increased in female oysters in the two
treatments, but the V. harveyi treatment had 1 specific increased metabolite, and the LPS
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group had 15 specific increased metabolites. However, six metabolites were down-regulated
in both treatments, while eight metabolites were up-regulated in the V. harveyi treatment
and five metabolites were down-regulated in the LPS treatment. Compared with the control
group male oysters, in the V. harveyi treatment eight metabolites were commonly elevated
in male oysters, with three particularly elevated, and three were particularly elevated
in LPS treatment male oysters. Six metabolites were commonly down-regulated in both
treatments, while the V. harveyi treatment had no particularly decreased metabolite, and
the LPS treatment had one. These metabolites, which are only up- or down-regulated
in females or males, suggest that oyster responses to either infection is gender specific.
Additionally, different infections in the same gender oysters can lead to different metabolite
changes, indicating that oysters are immune-specific for different stresses.

Figure 4. Upset diagram of C. hongkongensis hepatopancreas extracts from different paired groups.
Increased metabolites (A), decreased metabolites (B). Groups: F, female; M, male; C, control; B,
V. harveyi infection; L, LPS infection.

KEGG enrichment metabolic pathways prepared by R language clearly differ between
male and female oysters (Figure 5). For example, differential metabolites in females oc-
curred mainly in D-glutamine and D-glutamate metabolism, aminoacyl-tRNA biosynthesis
and phenylalanine, and tyrosine and tryptophan biosynthesis, while males do not have
these enrichment pathways. Additionally, metabolic pathways enriched by either infection
in females also differ. For example, differential metabolites in oysters infected with V. har-
veyi were enriched with phenylalanine, tyrosine, and tryptophan biosynthesis and arginine
and proline metabolism, while those infected with LPS were enriched with pentose and
glucuronate interconversions and galactose metabolism. Based on KEGG pathway analysis,
we summarize the different metabolic pathways of oyster infection in hepatopancreas tis-
sues, mainly involving arginine biosynthesis, energy metabolism, glutathione metabolism,
and other metabolic pathways (Figure 6).

A correlation network diagram (Figure 7) was used to represent Spearman’s correla-
tion coefficients between hemocyte immunological parameters and different metabolites.
Changes in immunological parameters of granulocytes, including ROS and calcium lev-
els, lysosome and mitochondrial masses, and early apoptotic, NO, phagocytic, and late
apoptotic or necrotic ratios of total hemocytes in C. hongkongensis during immune stress,
have been reported earlier [25]. Significant correlations between parameters may indicate
an equilibrium or that immune stimulation in oysters simultaneously modulates param-
eters. Correlation analysis reveals glucose, AMP, and ATP to be positively correlated, as
are proline and choline, and for phenylalanine and tyrosine to be positively correlated
with ROS.
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Figure 5. KEGG function analysis based on the differential metabolites from different paired groups.
Pathways with p values < 0.05 are shown. Groups: F, female; M, male; C, control; B, V. harveyi
infection; L, LPS infection.

Figure 6. Molecular mechanism of the hepatopancreas response in male and female C. hongkongensis
to V. harveyi and LPS infection according to KEGG. Blue (down-regulated), red (up-regulated), and
white (unchanged) boxes reveal changes in levels of differential metabolites compared to controls;
ellipses with different background colors indicate different interconnecting pathways. Groups: F,
female; M, male; C, control; B, V. harveyi infection; L, LPS infection.

112



Antioxidants 2022, 11, 1178

Figure 7. Differential metabolites and immune factors correlated by Spearman’s correlation analysis.
A color gradient denoting Spearman’s correlation coefficient is shown for pairwise comparisons of
metabolites. Spearman’s correlation coefficients are depicted using line size and line color denotes
statistical significance. Lines: dashed, positive correlation; solid, negative connection. Apo, apoptotic
ratio; Ca, calcium content; Est, esterase activity; Lyso, lysosome mass; Mito, mitochondrial mass;
Mor, mortality; NO, nitric oxide level; Pha, phagocytic ratio; ROS, reactive oxygen species level.
*** p < 0.001, ** p < 0.01, * p < 0.05.

4. Discussion

Gender-specific differences in physiological response mechanisms are reported for
several aquatic invertebrates when exposed to environmental stress. Using NMR-based
metabolomics, gender differences have been reported for the mussel Mytilus edulis exposed
to lower pH, higher temperature and pathogens in seawater [32], and for metabolic re-
sponses in gonads of Perna viridis to triazophos [33]. We previously reported gender-specific
immunological responses in oyster hemocytes following exposure to V. harveyi and LPS.
Herein, through analysis of OPLS-DA score plots (Figure 2B), we report gender differences
in oysters in metabolic responses to two infections.

LPS and V. harveyi infection can produce ROS in female oysters [25]. Cell damage
occurs when the level of ROS exceeds a cell’s ability to scavenge them, eventually leading
to DNA oxidative damage and abnormal protein expression, inducing inflammation and
oxidative stress. We herein report proline and choline to be positively correlated, and
to significantly increase after LPS infection in females. Antioxidant enzyme activity and
antioxidant content are correlated with proline, and by regulating proline metabolism, dam-
age caused by stress can be alleviated [34]. Therefore, we believe that the high expression of
proline in females relieves oxidative stress induced by LPS, protecting the oysters, and that
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the manner of adjustment is gender specific. As components of phospholipids, choline
and phosphocholine play important roles in maintaining cell membrane integrity [35].
Therefore, an increase in female oyster hepatopancreas-tissue choline levels following
LPS infection indicates that the hepatopancreas membrane is damaged by excessive ROS.
In contrast, these metabolites did not change in male oysters after infection, suggesting that
male oysters are more capable of coping with V. harveyi and LPS stress and maintaining
a relatively normal metabolism. Glutathione is an important metabolite that maintains
cellular redox balance [36,37] that can be used to enhance antioxidant enzyme activity and
antioxidative stress capacity. Glutathione plays a vital role in cellular proliferation, main-
taining intracellular redox homeostasis and protecting against oxidative damage [38,39].
In male oysters, glutathione levels decreased with V. harveyi and LPS infection, indicating
that they mobilized more glutathione to regulate ROS levels after infection, providing
further evidence that males are more capable of coping with oxidative stress.

We report phenylalanine and tryptophan levels in female oysters to decrease in both
infections, and tyrosine levels following V. harveyi infection in female oysters to be down-
regulated and in males up-regulated. Oysters are infected, with changes in aromatic amino
acids being gender specific. Additionally, we report phenylalanine and tyrosine to be
positively correlated with ROS. Because phenylalanine inhibits ROS-induced oxidative
damage in gills of grass carp [40], we speculate that decreased phenylalanine reduces the
oxidative damage of high ROS levels in female oysters, further supporting the notion that
males have a stronger defense mechanism against oxidative stress than females.

In male oysters, metabolites involved in energy metabolism, glucose-1-phosphate,
were up-regulated, and glucose, ATP, and AMP were down-regulated in both infections
compared with control treatment levels. A decrease in glucose means that male oysters re-
quire more energy to resist infection, which will accelerate the hydrolysis of glucose within
the body, and generate ATP through the glycolysis pathway and TCA cycle. The process
of ATP generation is consistent with this research [41]. Coincidentally, correlation analy-
sis revealed glucose, AMP, and ATP levels to be positively correlated. In female oysters,
an increase in ATP, glucose-1-phosphate, and AMP and a decrease in glucose and glycogen
occurred following LPS infection. After LPS infection, down-regulation of glucose and
glycogen levels promoted the up-regulation of ATP levels. Because the breakdown of glu-
cose and glycogen produces ATP to provide energy to fight infection, but the ATP produced
is insufficient to support resistance to LPS infection, the breakdown of glycogen produces
glucose-1-phosphate to provide energy. Because none of these metabolites changed after
female oysters were infected with V. harveyi, females may use different energy metabolism
strategies in response to different infections in a manner similar to how the hepatopancreas
of the clam Ruditapes philippinarum regulates V. anguillarum and V. splendidus infections
using different energy metabolism mechanisms [26]. Collectively, for the same infection
conditions, male and female oysters have different energy metabolism mechanisms, indi-
cating that their post-infection energy metabolism mechanism is gender specific. When
challenged with V. harveyi, male and female Mytilus galloprovincialis mussels also induced
different energy metabolic responses [42]. For both V. harveyi and LPS infections, metabo-
lites involved in energy metabolism such as glucose, ATP, glucose-1-phosphate, and AMP
in male oysters changed significantly, while metabolite glucose, ATP, glucose-1-phosphate,
AMP, and glycogen in females only changed after LPS infection. This indicates that gender-
and immune-specific energy metabolic responses were induced in C. hongkongensis and
suggests that male oysters have a high antioxidant capacity because most of their energy is
used to fight ROS caused by infection.

The TCA cycle is the primary catabolic pathway for energy production. An increase
in intermediates in the TCA cycle has been reported in marine bivalves exposed to
pathogens [13]. Conversely, the disruption of the TCA cycle shifts energy pathways from
aerobic to anaerobic metabolism [43]. For invertebrates, anaerobic metabolism produces
high levels of alanine and succinic acid as end products [44]. We found no increase in
either succinic acid or alanine in oysters exposed to V. harveyi or LPS, suggesting that a

114



Antioxidants 2022, 11, 1178

shift from aerobic to anaerobic metabolism did not occur. However, fumarate, an inter-
mediate substance of the TCA cycle, decreased in LPS-infected females and increased in
V. harveyi-infected males, and levels of α-ketoglutarate acid decreased in males in both
infections. This indicates that the TCA cycle pathway of oysters in both infections is also
gender specific.

Organic osmotic substances (including betaine, trigonelline, and taurine), major com-
ponents of water-soluble metabolites that often play crucial roles in osmotic regulation
of marine mollusks are affected by external influences [45]. Amino acids are involved in
marine mollusk osmotic regulation [46]. In male oysters, taurine levels were up-regulated
in the V. harveyi treatment, while levels of trigonelline and aspartate decreased in both
infection treatments. In females, betaine and arginine levels were down-regulated in both
infection treatments. In oysters, the depletion of betaine and trigonelline indicates that
V. harveyi and LPS had disturbed osmotic regulation, as did a decrease in most amino
acid levels. Increased taurine may compensate for lost betaine and trigonelline. A similar
metabolic response occurred when V. harveyi attacked the hepatopancreas of female M. gal-
loprovincialis mussels [42]. Accordingly, gender-specific responses to both infections in the
oyster hepatopancreas are confirmed by differences in changes in their organic osmotic
substances and amino acids.

5. Conclusions

The metabolic response of the C. hongkongensis hepatopancreas to V. harveyi and LPS
infection was examined using 1H NMR-based metabolomic methods. We conclude that the
infection of V. harveyi and LPS caused gender- and immune-specific effects on oxidative
stress, energy metabolism, the TCA cycle, and in osmotic regulation. The antioxidant
capacity of male oysters was stronger than that of females. Overall, in terms of energy
metabolism, ATP, AMP, and glucose decreased in males, while ATP and AMP increased
in LPS-infected females. In terms of oxidative stress, glutathione decreased in males,
and phenylalanine and tryptophan decreased in females, while proline and choline also
increased in LPS-infected females. In terms of the TCA cycle, α-ketoglutarate acid decreased
in males, and fumarate decreased in LPS-infected females and increased in LPS-infected
males. In terms of osmotic regulation, trigonelline decreased in males, taurine increased
in V. harveyi-infected males, and betaine decreased n V. harveyi-infected females. These
findings help explain the response mechanisms of different oyster genders to immune
stimulation and provide a reference for stress research in marine animals.
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tion compared to control groups; Table S1: Summary of metabolic changes of oyster hepatopancreas
caused by infection with Vibrio harveyi or LPS in different sexes.
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Abstract: Dietary oxidized lipids are key perpetrator to accumulate excessive reactive oxygen species
(ROS) that induce oxidative stress for animals. Immoderate oxidative stress dysregulates cell fate, per-
turbs cellular homeostasis, thereby interrupts metabolism and normal growth. Therefore, a 12-week
feeding trial with fish oil (FO, control group), oxidized fish oil (OF), and emodin-supplemented
(OF+E) diets was conducted to evaluate the therapeutic mechanism of emodin on metabolic and
oxidative resistance in Megalobrama amblycephala liver. Morphologically, emodin remits oxidized fish
oil-induced cellular constituents damage, evidenced by lipid droplets enlargement and accumulation,
mitochondria rupture, and nucleus aggregation, which were functionally related to oxidative stress,
metabolism, and cell fate determination. Consecutively, glucose, lipid, and amino acid metabolism
were retained under emodin stimulation. Specifically, fatty acid metabolic genes optimized fatty
acid utilization and metabolism, featured as total saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), and polyunsaturated fatty acids (PUFA) alternation. Physiologically, inflammation,
autophagy, apoptosis, as well as antioxidant capacity were alleviated by emodin. Interactively, fatty
acid metabolism was correlated with antioxidant capacity; while the crosstalk and dynamic equilib-
rium between apoptosis and autophagy determine the cell fate under oxidative stress amelioration.
Synergistically, Nrf2 and Notch signaling were active to antioxidant defense. In particular, oxidative
stress blocked the crosstalk between Notch and Nrf2 signaling, while emodin rescued Notch-Nrf2
interaction to ameliorate oxidative stress. In conclusion, these results suggest that elevated ROS
levels by oxidative stress activates Notch and Nrf2 signaling but intercepts Notch-Nrf2 crosstalk to
stimulate cell fate and antioxidant program; dietary emodin alleviates oxidative stress and returns
overall ROS levels to a moderate state to maintain homeostatic balance. The crosstalk between Notch
and Nrf2 signaling might be the potential therapeutic target for emodin to ameliorate oxidative stress
and metabolic disorder in M. amblycephala liver.

Keywords: oxidative stress; Notch-Nrf2 crosstalk; antioxidant; metabolism; emodin; Megalobrama
amblycephala

1. Introduction

Internal homeostasis is an important precondition for animal physiological health,
growth, and reproduction maintenance. Reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) are generated during cellular metabolism, which play important roles
in internal homeostasis, cell signal transduction, cell proliferation and differentiation [1].
Generally, animals are exposed to internal or external adverse environments that could dys-
regulate ROS or RNS homeostasis, which trigger oxidative stress consequently. Oxidative
stress is the most extensive and harmful stress among all stresses. When oxidative stress
exceeds the repair capacity of the cell, oxidative damage will lead to physiological disorder,
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lipid peroxidation, DNA alteration, protein degradation, immunity and growth inhibition,
and even severe death [2].

Adequate energy intake and nutritional balance are important prerequisites for aquatic
animal growth and reproduction. However, excessive or insufficient nutrient intake, as
well as nutrient deterioration, causes an imbalance between pro-oxidants and antioxidants,
which was coined as “dietary oxidative stress” [3]. Dietary oxidative stress could induce
metabolic disorder and homeostasis imbalance, leading to oxidative stress and inflamma-
tory responses [4], disrupt cellular homeostasis and cell fate turnover, thereby seriously
affecting the health of aquatic animals and causing severe loss to the aquaculture indus-
try [5]. Fat is an important nutrient and energy substance, which can provide essential
fatty acids for fish, promote the absorption and utilization of fat-soluble nutrients such as
vitamins, as well as maintain the stability of biofilm structure [6]. In aquaculture, fish oil
and soybean oil are the most commonly used animal- and plant-based lipids. However,
due to the high content of unsaturated fatty acids, they are easily to be oxidized under
natural conditions. Therefore, oxidative stress caused by nutritional imbalance, especially
by dietary oxidized lipids that accompanies the entire life cycle of aquatic animals, should
be paid enough attention. In view of this, considering lipid oxidation-induced oxidative
stress to study oxidative stress in aquatic animals, clarifying the molecular mechanism and
targets of oxidative stress injury, and exploring effective stress prevention strategies are
both representative and of great significance to the health development of aquaculture.

It is clear that deleterious effects of ROS are controlled by specific antioxidant sys-
tems [7]. Two potential mechanisms may be involved in increase of ROS generation by
oxidized fish oil: one is the conjugation of products of metabolism with glutathione, re-
sulting in consumption of GSH and decreasing the defense potential leading to oxidative
stress [8]. Another one is the antioxidant defense system to reduce the oxidative damage,
including antioxidant enzymes and signaling molecules [8]. Nowadays, attentions have been
attracted to deciphering regulatory pathways in which free radicals are involved. To date,
many pathways have been investigated in detail, including Nrf2/Keap1 and Notch signaling.

Nrf2 (nuclear factor, erythroid derived 2, like 2) is a nuclear transcription factor that
is critical for cellular protection and cell survival [9]. Notch signaling regulates cell fate
decision in animals, such as cell differentiation, survival, apoptosis, and cell cycle in
both physiologic and pathologic contexts [1]. The role of Nrf2 signaling in ROS-induced
oxidative stress has been well studied, and recent reports also reveal ROS could activate
Notch pathway [10]. As the major effector of ROS, Nrf2 regulates a number of ARE-
containing genes, including Notch1, to regulate cell fate and reduce ROS levels in the
cell [10]. Meanwhile, it has been clearly shown that NICD can activate the Nrf2 pathway
and Nrf2 can activate the Notch1 pathway in the liver [11]. Additionally, Notch-Nrf2
signaling was active to promote self-renewal of the liver and intestine cell by autophagy
and apoptosis under ROS-induced oxidative stress [12,13]. Therefore, the crosstalk between
Notch and Nrf2 is critical for liver metabolism and cell fate determination.

In recent years, dietary intake has become the main approach for stress control and
prevention in aquatic animals, including probiotics, prebiotics, microbial feed additives,
and natural functional feed additives [14]. These functional feed additives could improve
antioxidant performance and reduce oxidative stress by chelating metal ions, regulat-
ing intestinal microorganisms, increasing antioxidant factor activity, and inhibiting ROS
over-production [14]. However, the underlying molecular mechanism is still not fully in-
vestigated, which has become an urgent scientific bottleneck for oxidative stress prevention
and control in aquatic animals.

Emodin is a natural anthraquinone derivative that is enriched in many widely used
Chinese medicinal herbs, such as Rheum palmatum, Polygonum cuspidatum, and Polygonum
multiflorum [15]. Emerging evidence indicates that emodin possesses a wide spectrum
of pharmacological properties, including anticancer, hepatoprotective, anti-inflammatory,
antioxidant, and antimicrobial activities [16]. Previously, we elucidate dietary emodin
ameliorates dietary oxidized fish oil-induced oxidative stress by improving antioxidant

120



Antioxidants 2022, 11, 1179

and immune capacity, reducing intestinal cell autophagy, and thereby rescuing the growth
performance of M. amblycephala [17]. In particular, PPARs, Nrf2, and Notch signaling
were involved in the regulation [1,17,18]. Apart from the intestine, liver is constantly
exposed to environmental oxidants and therefore serves as an interesting model system to
study oxidative stress. However, the regulation on metabolism and antioxidant, and the
underlying mechanism between Notch and Nrf2 signaling in the liver still remains unclear.

In the present study, we investigated the systematic alternation among metabolism,
immunity, and antioxidant capacity under oxidative stress in the liver of M. amblycephala.
Meanwhile, the role of Notch and Nrf2 signaling, as well as their crosstalk in resist to
oxidative stress and emodin amelioration were also identified. These results could reveal
the mechanism and will provide potential therapeutic targets for emodin in aquaculture.

2. Materials and Methods

2.1. Ethics Statement

This study was approved by the Animal Care and Use Committee of Nanjing Agricul-
tural University (Nanjing, China; protocol code: WXFC 2017-0006, approved 27 May 2017).
All animal procedures were carried out in accordance with the China Laboratory Animal
Care and Use Guidelines. The ethics in this experiment is the same as the ethics previously
published [18].

2.2. Experimental Diets

According to our previous research, oxidized fish oil in the diet has been shown
to induce oxidative stress [18], and emodin was confirmed to improve the antioxidant
capacity in M. amblycephala [19]. Therefore, this experiment applied oxidized fish oil
with a peroxide value (POV) of 375.33 mmol/kg to induce oxidative stress with the fish
model of M. amblycephala. Specifically, isonitrogen and isoenergy (33.11% crude protein
and 14.68 kJ/g energy) diets were formulated, including basal diets containing 6% fish
oil (control, 6F), oxidized lipid enriched diets containing 6% oxidized fish oil (6OF), and
emodin enriched diets containing 30 mg/kg emodin (6OF+E) (Table 1). All ingredients
were prepared and the diets were pelleted according to the established methods [19].

Table 1. Formulation and proximate composition of experimental diets.

Ingredient/% 6F 6OF 6OF+E Nutrition Value (%, Dry Matter) 6F 6OF 6OF+E

Casein 25.0 25.0 25.0 Dry matter, DM 92.06 92.18 92.24
Gelatin 5.0 5.0 5.0 Crude protein, CP 33.11 33.11 33.11

Fish meal 10.0 10.0 10.0 Crude lipid 7.01 7.01 7.01
Dextrin 10.0 10.0 10.0 Nitrogen Free Extract, NFE 1.00 1.06 1.09
α-starch 24.5 24.5 24.5 Ash 8.28 8.34 8.37
Fish oil 6.0 0.0 0.0 Ca 1.62 1.62 1.62

Oxidized fish oil 0.0 6.0 6.0 Total P 1.05 1.05 1.05
Microcrystalline cellulose 7.0 7.0 7.0 Lysine 2.49 2.49 2.49
Carboxymethylcellulose 5.0 5.0 5.0 Cysteine 0.92 0.92 0.92

Choline chloride 1.0 1.0 1.0 Methionine 0.19 0.19 0.19
Vitamin premix a 1.0 1.0 1.0 Threonine 1.34 1.34 1.34
Mineral premix b 1.0 1.0 1.0 Arginine 1.50 1.50 1.50

Calcium dihydrogen
phosphate 2.0 2.0 2.0 Fe 33.70 33.70 33.70

Attapulgite 2.0 2.0 2.0 Gross Energy c 14.68 14.68 14.68
Ethoxyquin 0.5 0.5 0.5

Total 100.0 100.0 100.0
Emodin (mg/kg) 0.0 0.0 30.0

Note: a Vitamin contents per kg diets: Vitamin A, 9000 IU; Vitamin B1, 3.2 mg; Vitamin B2, 10.9 mg; Vitamin B5,
20 mg; Vitamin B6, 5 mg; Vitamin B12, 0.016 mg; Vitamin C, 50 mg; Vitamin D, 2000 IU; Vitamin E, 45 mg; Vitamin
K3, 2.2 mg; Niacin, 28 mg; Folic acid, 1.65 mg; Pantothenate, 10 mg; Choline, 600 mg. b Mineral contents per kg
diets: FeSO4·7H2O, 250 mg; CuSO4·5H2O, 20 mg; ZnSO4·7H2O, 220 mg; Na2SeO3, 0.4 mg; MnSO4·4H2O, 70 mg;
CoCl2·6H2O, 1 mg; KI, 0.26 mg; c Energy, calculated by using standard physiological fuel values of 37.7, 16.7, and
16.7 kJ g−1 for protein, lipid and carbohydrate, respectively.
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2.3. Experimental Animals and Rearing Conditions

The experimental fish M. amblycephala was generated from our research institute Fresh-
water Fisheries Research Center, Chinese Academy of Fishery Sciences. The experiment
was conducted in fiberglass tanks (300 L each) of indoor fresh water circulation system to
support equal supplemental aeration and water flow (3 L/min). Prior the feeding trail, fish
were acclimated in the tank fed with the control feed for 14 days. After acclimation, fish
with similar body weight (intimal average weight 5.20 ± 0.01 g) were randomly assigned
to nine tanks (3 tanks for each group, 25 individuals for each tank, 225 fish in total). During
the 12-week rearing experiment, fish were fed with the respective diets to near satiation
four times a day (8:00, 11:00, 14:00, and 17:00). During the experiment, one-third of the
water in the tank was replaced weekly, the water temperature was kept as 26 ± 1 ◦C, and
the water quality maintained as: pH 7.6–7.8, DO > 6 mg/L, NH3 < 0.01 mg/L.

2.4. Sample Collection

After a 12-week feeding experiment, the fish were starved for 24 h to evacuate the
digestive tract contents before sampling. Nine fish in each group were taken (three fish
from each tank were randomly selected) and anesthetized with tricaine mesylate (MS-222,
100 mg/L) for sampling. Blood samples were obtained from caudal vein and stored in heparin
coated tubes, and then centrifuged at 4500 rpm, 4 ◦C for 10 min to obtain the plasma. The
anesthetized fish were then dissected to remove the liver tissues on ice, immediately isolated
for TEM analysis or frozen in liquid nitrogen and stored at −80 ◦C for subsequent analysis.

2.5. Liver Histological Ultrastructure

According to our previously established method [18], TEM was used to detect histo-
logical ultrastructure. In detail, the livers of M. amblycephala (3 replicates per group) were
collected immediately and fixed in 2.5% glutaraldehyde for 24 h, post-fixed in 1% osmium
tetroxide (OsO4) for 1 h, and stored at 4 ◦C till sectioning. The sections were embedded in
epoxy resin Epon812, cut into thin slices (70 μm thick) with RMC PowerTome XL microtome,
and stained with uranyl acetate and lead citrate. A Hitachi HT7700 transmission electron
microscope (Hitachi, Tokyo, Japan) was used to observe the ultrastructure morphology.

2.6. Metabolic and Antioxidant Index Detection

Glucose content in the plasma, digestive enzyme activity of amylase, alkaline phos-
phatase (ALP), lipase, lipoprotein lipase (LPL), triglyceride (TG), total cholesterol (TC),
and fatty acid synthetase (FAS) in the liver was determined by assay kits according to
the manufacturer’s protocol (provided by Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). In detail, glucose was detected by hexokinase method (Category No:
F006-1-1), amylase was determined by starch-iodine colorimetry method (Category No:
C016-1-1), ALP was determined by colorimetric method (Category No: A059-2), lipase
was determined by colorimetric method (Category No: A054-1-1), LPL was determined by
colorimetric method (Category No: A067-1), TG was determined by colorimetric method
(Category No: A110-2), TC was determined by colorimetric method (Category No: A111-2),
and FAS was determined by (Category No: A080-2-2).

Meanwhile, antioxidant capacity-related index of reactive oxygen species (ROS), total
superoxide dismutase (T-SOD), inducible nitric oxide synthase (iNOS), nitric oxide (NO),
reduced glutathione (GSH), glutathione peroxidase (GPx), anti-superoxide anion (ASAFR)
and malondialdehyde (MDA) were all determined by assay kits according to the manu-
facturer’s protocol (provided by Nanjing Jiancheng Bioengineering Institute, China). The
category numbers of the kit were as following: ROS, E004-1; T-SOD, A001-1; iNOS, H372-1;
NO, A012-1; GSH, A006-2; GPx, A005-1; ASAFR, A052-1; and MDA, A003-1.

2.7. Fatty Acid and Amino Acid Analysis

For fatty acid analysis, whole fish samples were hydrolyzed with BHT for 1.5 h, neutral-
ized with ddH2O and n-hexane, and centrifuged at 1000 rpm for 10 min. The supernatant
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was isolated to analyze fatty acid composition by meteorological chromatography-mass
spectrometer (GC-MS, Aglilent 7890B-5977A).

For amino acid analysis, whole fish samples were hydrolyzed with 6 mol/L HCl and
filled with nitrogen for 24 h. The samples were applied to determine the amino acid content
by liquid chromatography analyzer (Agilent-1100).

2.8. Correlation Analysis

Pearson’s correlation test was performed to analyze the correlations between parame-
ters or key genes. The significance threshold was set at a p-value < 0.05. The heatmap was
created in R with the pheatmap package.

2.9. RNA Extraction and RT-PCR Analysis

Total RNA from nine livers in each group was extracted with RNAiso Plus reagent
(Takara Co. Ltd., Dalian, China), and the total RNA was incubated with RNase-free DNase
(Takara Co. Ltd., Dalian, China) to remove contaminated genomic DNA. Absorbance under
OD 260/280 and electrophoresis (1.5% agarose) was applied to evaluate the quantity and
quality of RNAs. Primers for RT-PCR was designed with primer Premier 5.0 according to the
sequence we obtained with RNA-seq and synthesized by Shanghai Generay Biotechnology
Co., Ltd., China (primers were shown in Table 2). RT-PCR analysis was performed using
SYBR® Primix Ex TaqTM II (TliRNase Plus) kit according to the manufacturer’s protocol
with ABI 7500 real-time PCR system. β-actin was used as the housekeeping gene, and the
relative expression was calculated using the 2−ΔΔCT method.

Table 2. Primers and sequences referred in the experiment.

Gene Primer Sequence (5′→3′) Accession No. Gene Primer Sequence (5′→3′) Accession No.

LPL F TTACAGGCTGAGATTGACTA KF114279.1 AIF1 F GGATTTTCCTCGCACAAAAC XM_048210652.1
R GAAGAACATCCACGAAAA R TGTCGTCTGTGGCTTCACTT

ATGL F ATCCTTGTATCCCTGCTTG KX010807.1 CytoC F GCACAAAGTCGGTCCAAATC XM_048185968.1
R GTGACAGACGGAGAAAACG R GCTCTCTCGCCCTTCTTCTT

CPT1 F TACTTCCAAAGCGGTGAG KJ141198.1 Notch1b F GCGATTATGGAAGGTGCATT XM_048189338.1
R AGAGGTATTGTCCGAGCC R GTCGTGATACCCCTCTCTGC

CPT2 F CCATAGCCCACTCCGAAAC XM_048208951.1 DLLA F TGACAACAGAAAACCCAGAGC XM_048205545.1
R TGCCGCCATAAACCACAA R TCCCTCGCCATAGTAGTGCT

Cox2 F AACCCAGGACCTTACACCC NC_010341.1 Jag1b F GTAAACGGAGGGCAGTGTGT XM_048205450.1
R CCCGCAGATTTCAGAACA R GCGCACTTGTAGCTTCCTTC

UCP2 F TGGCTACAGCACAGTTGAGG XM_048179976.1 Jag2 F CTTCCTGACGTGCCTCTCTC XM_048205375.1
R TGACCTCATCAAAGATGCAC R GTGGGCAGTTTGTCCTTGTT

FAS F AGCGAGTACGGTGATGGT KF918747.1 Hey1 F GGGCTCACACCACCTACAAC XM_048201329.1
R GGATGATGCCTGAGATGG R CCCTATTTCCATGCTCCAAG

SREBP1 F ACAACAGTAGCGACACCCTG MH633449.1 Hey2 F AACGGCATTTGAGAAACAGG XM_048207495.1
R AGGAGCGGTAGCGTTTTTCA R GCTGAGGTGAGAAACCAAGC

IL-1β F CGATAAGACCAGCACGACCTT MN294974.1 Hes1 F CCTGCTTTCGCTTCTGCTAC XM_048186605.1
R GTTTCCGTCTCTCAGCGTCA R GCACTAACACCAACGGGACT

IL-6 F GTCCTCTGCCGGTCAAATC KJ755058.1 FBW7 F CTGAAACCGAGACCTGCCTA XM_048197725.1
R CAGTCGCTGGGTCTCTTCAC R CTGATGACCTGTGAGCGTGT

TNF-α F CTGTCTGCTTCACGCTCAAC KU976426.1 NOX1 F CTGGCTGCTCATCACAGAAG XM_048176512.1
R GGTCCTGGTTCACTCTCCAA R CCACTATCGCTGGTCTCACA

NF-κB F GGGTTTTTCATTGGTGGATG MK315050.1 Nrf2 F AAGAGCGAACGTAGCACCAG XM_048178958.1
R GCAGAACTGTGGCAATCTGA R GCAGTGTGCTGAAGGGAGTAT

ATG3 F CGCCAGTTTTGAAGGAATCT XM_048200321.1 Keap1 F GAGATTCGCAGAGGAGATCGG XM_048162397.1
R TTGTCTTTGGGCAGATAGGG R CTGGCAATGGGACAAGCTGA

ATG7 F ATCACACCAGGAGCGTCTTT XM_048172227.1 Bach1 F CAGCCATCATTTCCAACCTT XM_048160868.1
R GGTTCATTCATCCGGTCATC R GAGACGCCTGACAAGAATCC

Beclin1 F TCGACACATCCTTCAACGTC XM_048187618.1 NQO1 F AAGCCTCTGTCCTTTGCTCC XM_048186312.1
R ATGTATTTCCGAGCCACACC R TCTGGAGGAAGTGGTTTGCC

Bax F CCCCCTCATCTTTCCATTCT MK315043.1 HO-1 F CAGGAGCAGAATGAACAGCA KU382526.1
R CAAACATCCCCTTTCTTCTCC R CCAAAGTGATTCCCACACCT

Casp3 F AGATGGTGTGGGAGATGGAG KY006115.1 β-actin F TCTGCTATGTGGCTCTTGACTTCG AY170122.2
R CCAGTTGCTTGCCGTATTTT R CCTCTGGGCACCTGAACCTCT

Casp8 F TTGTCTGCTGTGTCCTCTCG XM_048200589.1
R ATCGTTCCCTTGTCCATCTG

Note: The mRNA sequences for each gene were obtained from M. amblycephala transcriptome sequencing database.
Primers for RT-PCR were designed using primer premier 5.0.

2.10. Statistical Analysis

To determine the variances for each parameter among different groups, data were all
validated for normality and homogeneity, followed by independent samples t-test with
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SPSS 25.0 (IBM, Chicago, IL, USA). Results were expressed as mean ± standard error of the
mean (mean ± SEM).

3. Results

3.1. Emodin Alleviates Oxidized Fish Oil Induced Morphological Impairment in the Liver of
M. amblycephala

TEM was applied to reveal the histological alternation of the liver tissue induced by
dietary oxidized fish oil and emodin. In comparison with the control group (6F, Figure 1A),
lipid droplets (LD) were enlarged in size and accumulated in quantity (Figure 1B, arrows
in white color), mitochondria (MT) were ruptured gradually (Figure 1B, arrows in red
color), and nucleolus (NC) was aggregated (Figure 1B, arrows in blue color) under oxidized
fish oil (6OF). These morphological impairments indicate 6OF-induced oxidative stress,
metabolic disorder, and cell fate dysregulation in the liver. Heartily, we found the structure
of LD, MT, and NC was visibly rescued under emodin stimulation (6OF+E), indicating
the ameliorative effects of emodin on oxidative stress, cellular metabolism, and cell fate
determination (Figure 1C).

 
Figure 1. Emodin alleviates oxidized fish oil-induced morphological impairment in the liver of
M. amblycephala. (A–C), Ultra-structure of the liver obtained from transmission electron microscopy
(TEM), (A), 6% fish oil (6F); (B), 6% oxidized fish oil (6OF); (C), 6% oxidized fish oil with 30 mg/kg
emodin (6OF+E). Arrows in white color represent the lipid droplets (LD), in red represent the
mitochondria (MT), and in blue represent the nucleolus (NC), n = 3.

3.2. Emodin Alleviates Metabolic Disorder Induced by Oxidative Stress in the Liver of
M. amblycephala

To reveal the metabolic alterations retrieved form the mitochondria histology, glu-
cose, lipid, and protein metabolic-related indexes were detected with the liver tissue.
Glucometabolic-related glucose content (Figure 2A) and amylase activity (Figure 2B) were
inhibited by 6OF; protein metabolic-related alkaline phosphatase (ALP) activity (Figure 2C)
was also inhibited by 6OF; lipid and fatty acid metabolic related lipase (Figure 2D), lipopro-
tein lipase (Figure 2E), triglyceride (Figure 2F), total cholesterol (TC, Figure 2G), and fatty
acid synthetase (Figure 2H) were all inhibited by 6OF. However, the aberrant expression of
these genes was rescued by emodin (6OF+E), and exhibited no significant difference with
that in 6F (p ≥ 0.05) (Figure 2A–H).
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Figure 2. Emodin alleviates metabolic disorder induced by oxidative stress in the liver of
M. amblycephala. (A–G) represent the glucose, lipid, and protein metabolic related indexes detected
from the liver. (A), glucose; (B), amylase; (C), alkaline phosphatase (ALP); (D), lipase; (E), lipoprotein
lipase (LPL); (F), triglyceride (TG); (G), total cholesterol (TC); (H), fatty acid synthetase (FAS). Data
were analyzed by Students’ t-test, results were indicated as mean ± SEM, n = 9.

3.3. Emodin Rescues Fatty Acid Metabolism under Oxidative Stress in the Liver of
M. amblycephala

To further explore the potential alteration of fatty acid metabolism that is regulated
by OF, fatty acid composition, fatty acid catabolism, and anabolism were analyzed. Fatty
acid composition of the diet reveal saturated fatty acids (SFA) and monounsaturated
fatty acids (MUFA) were significantly increased (p < 0.05), while the polyunsaturated
fatty acids (PUFA) were significantly decreased (p < 0.05) after the oxidization of fish oil
(Figure 3A–C, Table 3). However, the fatty acid composition from the whole fish reveal
SFA exhibited no significant difference between 6F, 6OF, and 6OF+E (p > 0.05); MUFA in
6OF was increased, but restored to the 6F level under emodin (6OF+E); PUFA in 6OF and
6OF+E was significantly decreased (p < 0.05), and exhibited the same variation as that in
the diet (Figure 3A–C, Table 3). These results indicate M. amblycephala presents positive
adaptability to fatty acid metabolism under fatty acid composition alteration in the diet
induced by oxidized fish oil, especially the SFA and MUFA utilization. This interesting
finding inspired us to explore the fatty acid catabolic and anabolic regulation.

In the fatty acid catabolism process, we found the transcriptional expression of lipopro-
tein lipase (LPL, Figure 3D), adipose triglyceride lipase (ATGL, Figure 3E), carnitine palmi-
toyltransferase I (CPT1, Figure 3F), carnitine palmitoyltransferase II (CPT2, Figure 3G),
and cyclooxygenase 2 (COX2, Figure 3H) were all inhibited by 6OF; while uncoupling
protein 2 (UCP2, Figure 3I) was activated by 6OF. Meanwhile, in fatty acid anabolic process,
transcriptional expression of fatty acid synthase (FAS, Figure 3J) and sterol regulatory
element-binding protein 1 (SREBP1, Figure 3K) were also down-regulated under 6OF.
However, results also show the expression of these key genes were restored to the control
level under 6OF+E stimulation (Figure 3D–K).
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Figure 3. Emodin rescues fatty acid metabolism under oxidative stress in the liver of M. amblycephala.
(A–C), fatty acid composition in the feed and M. amblycephala. (A), total saturated fatty acids (∑SFA);
(B), total monounsaturated fatty acids (∑MUFA); (C), total polyunsaturated fatty acids (∑PUFA).
(D–I), transcriptional expression of fatty acid catabolic related genes. (D), Lipoprotein lipase (LPL);
(E), adipose triglyceride lipase (ATGL); (F), carnitine palmitoyltransferase I (CPT1); (G), carnitine
palmitoyltransferase II (CPT2); (H), cyclooxygenase 2 (COX2); (I), uncoupling protein 2 (UCP2). (J,K),
transcriptional expression of fatty acid anabolic related genes. (J), Fatty acid synthase (FAS); (K),
sterol regulatory element-binding protein 1 (SREBP1). In panel (A–C), letters “a and b” represent
the difference in the feed, “A and B” represent the difference in the M. amblycephala. Data were
analyzed by Students’ t-test, results were indicated as mean ± SEM, n = 9.

Table 3. Fatty acid composition in the diet and M. amblycephala.

Feed M. amblycephala

6F 6OF 6OF+E 6F 6OF 6OF+E

C12:0 0.071 ± 0.006 b 0.106 ± 0.003 a 0.120 ± 0.002 c 0.044 ± 0.002 A 0.044 ± 0.002 A 0.054 ± 0.002 A
C14:0 1.061 ± 0.035 b 2.549 ± 0.028 a 2.596 ± 0.113 a 1.584 ± 0.049 A 1.554 ± 0.031 A 1.688 ± 0.051 A
C15:0 0.132 ± 0.018 b 0.583 ± 0.139 a 0.453 ± 0.002 a 0.224 ± 0.002 A 0.235 ± 0.023 A 0.253 ± 0.031 A
C16:0 14.539 ± 0.889 b 33.132 ± 0.521 a 32.591 ± 0.341 a 21.789 ± 0.456 A 20.960 ± 0.554 A 22.351 ± 0.779 A
C17:0 0.231 ± 0.018 c 1.236 ± 0.021 a 1.099 ± 0.011 b 0.355 ± 0.020 AB 0.331 ± 0.018 B 0.437 ± 0.026 A
C18:0 4.425 ± 0.245 b 6.296 ± 0.171 a 6.072 ± 0.042 a 7.263 ± 0.152 A 6.626 ± 0.073 A 6.666 ± 0.385 A
C20:0 0.343 ± 0.025 a 0.211 ± 0.006 b 0.249 ± 0.011 b 0.103 ± 0.002 A 0.113 ± 0.008 A 0.126 ± 0.015 A
ΣSFA 20.802 ± 1.237 b 44.113 ± 0.874 a 43.180 ± 0.521 a 31.362 ± 0.683 A 29.863 ± 0.708 A 31.575 ± 1.288 A
C16:1 1.959 ± 0.034 b 12.239 ± 0.081 a 13.258 ± 0.150 a 6.604 ± 0.233 B 8.409 ± 0.121 A 8.187 ± 0.108 A
C18:1 22.940 ± 1.120 b 27.270 ± 0.156 a 26.029 ± 0.595 a 33.519 ± 0.878 B 39.298 ± 0.751 A 35.979 ± 1.721 AB
C20:1 0.311 ± 0.006 b 0.681 ± 0.047 a 0.624 ± 0.072 a 0.758 ± 0.010 B 0.960 ± 0.035 A 0.806 ± 0.061 AB
C22:1 0.150 ± 0.006 c 0.247 ± 0.010 a 0.203 ± 0.002 b 0.049 ± 0.005 A 0.022 ± 0.004 B 0.063 ± 0.008 A

ΣMUFA 25.360 ± 1.166 b 40.437 ± 0.293 a 40.115 ± 0.818 a 40.930 ± 1.126 B 48.689 ± 0.910 A 45.035 ± 1.897 AB
C18:2 10.689 ± 9.657 a 5.084 ± 0.049 b 4.978 ± 0.103 b 5.789 ± 0.051 A 4.102 ± 0.059 B 3.683 ± 0.221 B

C18:3n6 0.672 ± 0.007 a 0.390 ± 0.017 b 0.476 ± 0.015 b 0.151 ± 0.001 A 0.133 ± 0.019 A 0.141 ± 0.012 A
C18:3n3 5.167 ± 0.096 a 1.187 ± 0.062 c 1.606 ± 0.073 b 0.628 ± 0.010 A 0.408 ± 0.005 B 0.443 ± 0.025 B

C20:2 0.223 ± 0.179 a 0.063 ± 0.002 b 0.046 ± 0.003 b 0.153 ± 0.002 C 0.877 ± 0.044 A 0.548 ± 0.048 B
C20:3 0.241 ± 0.001 a 0.139 ± 0.005 b 0.131 ± 0.006 b 0.786 ± 0.015 A 0.750 ± 0.029 AB 0.658 ± 0.033 B
C20:4 1.182 ± 0.018 a 0.664 ± 0.008 b 0.754 ± 0.002 b 1.701 ± 0.058 A 1.732 ± 0.018 A 1.627 ± 0.073 A
C20:5 12.205 ± 0.061 a 5.665 ± 0.094 b 6.685 ± 0.043 b 4.776 ± 0.044 A 2.450 ± 0.202 C 3.455 ± 0.263 B
C22:3 0.118 ± 0.006 a 0.034 ± 0.002 b 0.022 ± 0.001 b 0.103 ± 0.002 A 0.147 ± 0.021 A 0.126 ± 0.015 A
C22:4 0.246 ± 0.003 a 0.090 ± 0.006 b 0.060 ± 0.006 b 0.269 ± 0.011 A 0.389 ± 0.051 A 0.350 ± 0.017 A
C22:5 0.840 ± 0.012 a 0.309 ± 0.005 b 0.247 ± 0.004 b 1.910 ± 0.064 A 1.095 ± 0.055 B 1.400 ± 0.115 B
C22:6 12.437 ± 0.021 a 1.917 ± 0.068 b 1.686 ± 0.021 b 11.449 ± 0.260 A 9.379 ± 0.161 B 10.929 ± 0.537 A

ΣPUFA 44.020 ± 9.285 a 15.542 ± 0.316 b 16.692 ± 0.267 b 27.715 ± 0.517 A 21.462 ± 0.665 B 23.177 ± 1.174 B

Note: letters “a, b, and c” represent the difference in the feed, “A, B, and C” represent the difference in the M.
amblycephala.
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3.4. Emodin Alleviates Antioxidant Capacity under Oxidative Stress in the Liver of
M. amblycephala

To evaluate whether dysregulated metabolism impacts antioxidant capacity, we next
evaluated the antioxidant-related parameters in the liver. 6OF significantly increased the
content or activity of reactive oxygen species (ROS, Figure 4A), total superoxide dismutase
(T-SOD, Figure 4B), inducible nitric oxide synthase (iNOS, Figure 4C), glutathione peroxi-
dase (GPx, Figure 4D), anti-superoxide anion (ASAFR, Figure 4E), and malondialdehyde
(MDA, Figure 4F); and significantly decreased the content of nitric oxide (NO, Figure 4G)
and reduced glutathione (GSH, Figure 4H). Analogously, emodin (6OF+E) also alleviates
the increased or decreased activity or content to the control level after 12-weeks stimulation
(p > 0.05, Figure 4A–H).

 
Figure 4. Emodin alleviates antioxidant disorder under oxidative stress in the liver of M. amblycephala.
(A–G), Antioxidant related indexes. (A), Reactive oxygen species (ROS); (B), total superoxide dismutase
(T-SOD); (C), inducible nitric oxide synthase (iNOS); (D), nitric oxide (NO); (E), reduced glutathione
(GSH); (F), glutathione peroxidase (GPx); (G), anti-superoxide anion (ASAFR); (H), malondialdehyde
(MDA). Data were analyzed by Students’ t-test, results were indicated as mean ± SEM, n = 9.

To reveal the relationship between fatty acid metabolism and antioxidant capacity, a
correlation analysis was conducted with Pearson analysis (Figure S1). Under oxidative
stress (6OF), fatty acid metabolism-related indexes were synergistically correlated with
antioxidant enzyme activities, but the correlation indexes were different with that in 6F.
However, after emodin stimulation (6OF+E), the synergy was reduced with the only
correlation of LPL and NO, indicating the regulation between fatty acid metabolism and
antioxidant capacity were closely related to emodin stimulation.

3.5. Emodin Alleviates Inflammation, Autophagy and Apoptosis under Oxidative Stress

To uncover whether the metabolic and physiological alternation was related to immu-
nity and cell fate determination, transcriptional expression of inflammation, autophagy,
and apoptosis-related key genes were detected. Consistently, 6OF activated inflamma-
tory response (IL-1β, IL-6, TNF-α, and NF-κB, Figure 5A–D), cellular autophagy (ATG3,
ATG7, and Beclin1, Figure 5E–G), and apoptosis (Bax, Casp3, Casp8, AIF1, and CytoC,
Figure 5H–L). Simultaneously, emodin (6OF+E) alleviates the expression of these genes
(Figure 5A–L), and reveals emodin exerts protective effects on inflammation and cellular
homeostasis under oxidative stress. Moreover, correlation analysis (shown in Figure S2)
reveal inflammation factor IL-1β was associated with apoptosis factor Bax and AIF1 in 6OF;
inflammation and autophagy correlation were vanished in 6OF and 6OF+E; while apoptosis
and autophagy correlation were activated in 6OF (Casp9-ATG7) and 6OF+E (Casp8-ATG3,
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Casp8-ATG7). These data indicate the crosstalk and dynamic equilibrium between apoptosis
and autophagy determines the cell fate under oxidative stress amelioration.

 

Figure 5. Emodin alleviates inflammation, autophagy, and apoptosis under oxidative stress in the
liver of M. amblycephala. Transcriptional expression of inflammation-related (A–D), autophagy-related
(E–G), and apoptosis-related (H–L) genes. (A), Interleukin 1 beta, (IL-1β); (B), interleukin 6 (IL-6);
(C), tumor necrosis factor alpha (TNF-α); (D), nuclear factor kappa B (NF-κB); (E), autophagy-related
3 (ATG3); (F), autophagy-related 7 (ATG7); (G), Beclin1; (H), BCL2-Associated X (Bax); (I), caspase
3 (Casp3); (J), caspase 8 (Casp8); (K), apoptosis inducing factor 1 (AIF1); (L), cytochrome complex
(CytoC). Data were analyzed by Students’ t-test, results were indicated as mean ± SEM, n = 9.

3.6. Notch-Nrf2 Crosstalk Was Active to Oxidative Stress Amelioration in the Liver of
M. amblycephala

According to our previous study, Notch and Nrf2 signaling function importantly in
the antioxidant regulation in the intestine. In the present study, we found Notch signaling
(Figure 6A) and Nrf2 signaling (Figure 6B) were all positively activated under oxidative
stress (6OF), while were all restored to the control level with the administration of emodin
(6OF+E). With Pearson analysis, Notch and Nrf2 signaling was confirmed to be synthetically
regulated under quiescent condition (6F, Figure 6C). However, the expression of key
elements in Notch and Nrf2 signaling exhibited no significant correlation under oxidative
stress (6OF), indicating the crosstalk was terminated (Figure 6C). Dietary supplement with
emodin (6OF+E) recovered the crosstalk, evidenced by the correlation between Jag1b-NQO1
and Hey2-Keap1 (Figure 6C).
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Figure 6. Notch-Nrf2 crosstalk was active to oxidative stress amelioration in the liver of
M. amblycephala. (A,B), Transcriptional expression of key related genes under oxidative stress and
emodin stimulation. (A), Notch signaling, Notch1b, Delta like A (DLLA), Jagged 1 beta (Jag1b),
Jagged 2 (Jag2), Hairy/Enhancer of split related with YRPW motif 1 (Hey1), Hairy/Enhancer of
split related with YRPW motif 2 (Hey2), hairy and enhancer of split-1 (Hes1), F-box and WD repeat
domain-containing 7 (FBW7); (B), Nrf2 signaling, NADPH oxidase 1 (NOX1), Nuclear factor ery-
throid 2–related factor 2 (Nrf2), Kelch-like ECH-associated protein 1 (Keap1), BTB Domain and CNC
Homolog 1 (Bach1), NAD(P)H quinone dehydrogenase 1 (NQO1), Heme oxygenase 1 (HO-1); (C),
correlation analysis between Notch and Nrf2 signaling was retrieved from Pearson analysis. In (C),
* represents p < 0.05, and ** represents p < 0.01. Data were analyzed by Students’ t-test, results were
indicated as mean ± SEM, n = 9.

3.7. Hypothetical Regulation of Notch-Nrf2 Crosstalk on Oxidative Stress Amelioration

Based on the above results, we raise the hypothetical regulation schematic of Notch-
Nrf2 crosstalk under oxidative stress amelioration (Figure 7). Oxidative stress-induced ROS
activates Notch1b signaling and subsequently activates Nrf2 signaling, evidenced by the
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crosstalk between Notch ligands and down-stream modulators with Nrf2 key elements.
Activated crosstalk of Notch-Nrf2 increased apoptosis and autophagy in the liver, which
facilitates the cells to resist oxidative stress. Exhilaratingly, dietary emodin inhibited Notch-
Nrf2 crosstalk to ameliorate apoptosis and autophagy, thereby alleviating oxidative stress.

 

Figure 7. Hypothetical regulation of Notch-Nrf2 crosstalk on oxidative stress amelioration. Hypothet-
ical regulation of Notch-Nrf2 crosstalk was raised based on the results in this study. Arrows in red
color represent the regulation by oxidized fish oil, in blue color represent the regulation by emodin
under oxidized fish oil. “×” represents oxidized fish oil blocks the co-regulation between Notch and
Nrf2 signaling.

4. Discussion

Fish oil is enriched with HUFAs that could dominantly promote the growth of fish.
However, fish oil is prone to oxidative rancidity, and oxidated diet is one of the most
important exogenous factors leading to oxidative stress on fish [19]. Oxidative stress control
and prevention have become a critical issue for aquatic animals [8]. In aquatic animals,
unavoidable oxidation of dietary lipids could induce lipid peroxidation, which increases
ROS production during cellular metabolism [19]. Our previous study indicates dietary
oxidized lipids-induced ROS production exceeded the ability to quench the reactive species
in the intestine, thereby impaired the cellular structural integrity, suppressed the immunity
and antioxidant capacity of the intestine, and eventually inhibited the growth performance
of M. amblycephala [1,17,19]. However, as the crucial organ for metabolism, immunity and
antioxidant resistance, the role and underlying mechanism of liver in resisting dietary
oxidized lipids remains unclear in M. amblycephala.

As aquatic animals contain high amounts of lipids with polyunsaturated fatty acid
residues that is the substrate for oxidation, oxidative stress could induce lipid peroxidation
thereby disrupting the lipid metabolism. Generally, due to the high damaging capacity
and biological activity, the cellular metabolism of ROS is under fine control in quiescent
conditions. However, when steady-state ROS concentration is transiently or chronically
enhanced, excessive accumulation of ROS could damage cellular constituents, and disrupt
metabolic and antioxidant capacity [20]. In the present study, elevated ROS reveal dietary
oxidized fish oil-induced oxidative stress in M. amblycephala liver. Meanwhile, as the end
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product of lipid peroxidation, MDA concentration was increased under 6OF, indicating
dietary oxidized fish oil-induced lipid peroxidation in the liver of M. amblycephala.

Morphologically, cellular integrity is vital for the function of liver cells [21]. Nucleus
is the control center of the cell that contains most of the genomic DNA and all of the
chromosome, it maintains the integrity of genes and controls the activities of the cell by
regulating gene expression [22]. Mitochondrion is the dominant organelle to produce
energy through respiration that is critical for any metabolism and cellular activity [23].
Lipid droplets are lipid-rich cellular organelles to regulate the storage and hydrolysis of
neutral lipids, they play a very important role in the regulation of intracellular lipid storage
and lipid metabolism. Meanwhile, lipid droplets include a close association to inflammatory
responses [24], lipotoxicity protection [25], as well as a platform for protein binding and
degradation [26]. In the present study, TEM reveals oxidative stress-induced nucleus
aggression, thereby impairing the cell fate evidenced by apoptosis and autophagy-related
gene expression, indicating the metabolic disorder and cell fate determinate dysregulation
in the liver.

Glucose is regarded as the major substrate for animals, and amino acids and fatty
acids are also intermediates of the metabolic pathway to drive energy production [27].
Meanwhile, evidence indicate that glycolytic metabolism closely interacts with fatty acid
and amino acid metabolic profiles to maintain normal cellular function, homeostasis, as
well as cell fate determination [27]. It is clear that long-term administration of oxidized
fish oil could induce lipid deposition in the liver [28]. In this study, oxidized fish oil led to
lipid deposition in the liver, as evidenced by lipid droplets enlargement and accumulation.
Similar results were also found in channel catfish [29], yellow catfish [30], loach [31], and
largemouth bass [32]. In the study of channel catfish, lipid deposition in the liver induced by
oxidized fish oil was originated from activated lipid synthesis [29]. However, lipid synthesis
and lipolysis were both inhibited under oxidative stress in our present study, which was
supported by decreased lipase, LPL, TG, TC, and FAS activity, as well as decreased lipid
metabolic related gene expression of LPL, ATGL, CPT1, CPT2, COX2, FAS, and SREBP1.
This contrasting result reveals there might have different regulatory mechanisms among
different fishes under oxidative stress, or the regulatory mechanism was specific to different
oxidative stress levels. Therefore, we suppose the oxidative stress was too severe to
maintain lipid synthesis and lipolysis, thereby results in lipid deposition and inhibited lipid
metabolism in our study. However, the underlying mechanism needs further investigation.
Additionally, glycolytic and amino acid metabolism were also inhibited under oxidized fish
oil and restored by emodin, indicating that nutrient metabolisms are closely associated with
each other, and the regulation of the metabolic pathway could be important in oxidative
stress resistance.

Cholesterol is a sterol type of lipid that serves as an essential structural component of
animal cell membranes and a precursor for the biosynthesis of steroid hormones, bile acid,
and vitamin D. Early research identifies cholesterol itself as an antioxidant that protects cells
from free radical damage [33]. Interestingly, cholesterol was significantly reduced under
oxidative stress in our present study. Mechanically, cholesterol was mainly synthesized
from dietary lipid with fatty acid metabolism [34]. From this point of view, if the dietary
lipid was oxidized to induce peroxidation for the organism, the synthesis of cholesterol will
be unavoidably dysregulated. Consistently, reports indicate that oxidative damage could
deplete cholesterol and disrupt cell membrane function [35,36]. Meanwhile, peroxidation-
induced cellular structural impairment might be another factor to reduce cholesterol level
in the liver. Additionally, it is clear that emodin could reduce cholesterol level [37,38]. In
our study, cholesterol in 6OF+E was reduced in comparison with 6F, indicating ameliorative
effects of emodin on oxidative stress.

Impaired lipid metabolism was reported to interact with immunity and antioxidant
dysregulation [39]. iNOS-derived NO signaling plays a central role in inflammatory regu-
lation and hepatic protection [40]. Meanwhile, interferon system was reported to induce
iNOS via activating NF-κB [41]. In the present study, NF-κB, IL-1β, and IL-6 expression was
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activated and iNOS content was increased under oxidized fish oil stimulation, indicating
the immune system was activated, which was in accordance with that in zebrafish [42].
Antioxidant system functions importantly to remove the excessive ROS and ASAFR forma-
tion, and SOD and GPx are vital to decrease hydrogen peroxide in this process [43,44]. The
present study shows that oxidized fish oil markedly increased T-SOD, GPx, and ASAFR
activity, as well as ROS and MDA levels, indicating antioxidant system was activated in the
liver of M. amblycephala. Similar studies also confirmed that oxidized fish oil dysregulates
antioxidant capacity in channel fish [29] and tilapia [45].

Recent advances in physiological relevance reveal ROS acts as an important signaling
molecule as well as a critical factor in cell fate determination [27]. Previous evidence sug-
gests that ROS acts as signaling mediators linking between metabolic alteration and cell fate,
such as cell cycle progression, apoptosis, and autophagy [46]. In this study, autophagy and
apoptosis-related genes were all activated under oxidized fish oil stimulation, indicating
prolonged oxidative stress results in apoptosis and autophagy.

Our previous reports reveal cell fate determination-related apoptosis and autophagy
were closely related to Nrf2 and Notch signaling [1,17], which inspired us to uncover
the relationship between apoptosis-autophagy and Nrf2-Notch signaling. Activation of
Nrf2-ARE pathway protects cells from oxidative stress-induced cell death [47]. Notch
signaling plays an important role in the process of cell fate determination, including cell
growth, cell proliferation, and programmed death [48]. Through Notch-Nrf2 crosstalk
studies, it has been clearly shown that NICD can activate the Nrf2 pathway and Nrf2 can
inversely activate the Notch1 pathway in the liver [11]. Recent studies also indicate ARE
is the upstream of the Notch1 major transcription start site. Furthermore, as the binding
site of NICD, Rbpjκ is conserved on the promoters of Nrf2 among animal species [49].
Notch1 is one of the transmembrane Notch family receptors that drive Notch signaling,
together with the Rbpjκ transcription factor [50]. Therefore, the crosstalk between Nrf2 and
Notch signaling has been shown to enhance cyto-protection and maintenance of cellular
homeostasis under oxidative stress, rather than as a simple on-off switch [51]. In our
present study, oxidized fish oil robustly activated Nrf2 and Notch signaling, and induced
aberrant Nrf2-Notch crosstalk by molecular impairment of related key genes. Under
emodin stimulation, Nrf2 and Notch signaling was ameliorated and the crosstalk was
restored, indicating the inhibition of Nrf2 and Notch signaling, as well as the promotion of
Nrf2-Notch crosstalk plays a key role in liver development and in maintenance of hepatic
function under oxidative stress. In accordance with our finding, Notch1-Nrf2 crosstalk
exerts cellular protection by reducing the formation of ROS [52], promoting apoptosis and
aggravating tight joint or oxidative damage [53]. Additionally, Notch or Nrf2 inhibition
has been well used as a therapeutic target in the treatment of oxidative stress with different
bioactive compounds, such as emodin [17], quercetin [54], and chlorogenic acid isomers [55]
on Nrf2; as well as emodin [1], dibenzazepine [12], melatonin [56], and niclosamide [57]
on Notch. We speculate that the ROS-Notch-Nrf2 pathway is a conserved pathway that is
designed to allow cells to respond to changes in environmental levels of ROS. However,
there are limited reports illustrating the breakdown of Nrf2-Notch crosstalk under oxidative
stress. Presumably, a system for downregulation of this crosstalk should exist for the
homeostasis maintenance, perhaps target gene products of each signaling contribute to a
negative feedback mechanism for Notch and/or Nrf2 signaling regulation; the detailed
mechanism requires further investigation. Our findings reveal, to our knowledge, the first
observation of ROS activation and Notch-Nrf2 signaling in response to oxidative stress
amelioration of M. amblycephala. Additionally, our study is supported by the previous
report of Nrf2-Notch interaction in total liver cells [58].

To combat the adverse effects of external stress, especially the oxidative stress that
could induce cellular lipid peroxidation, homeostasis imbalance, immune or antioxidant
breakdown and even death, dietary implementation with functional additives has become
an effective approach for stress control and prevention in aquatic animals [59]. For the
characterized advantages of minor side effects and drug resistance, the medical herb
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extract emodin has been widely used in clinical trial for humans and aquaculture [59].
In consistent with our previous results that emodin protects the intestine from oxidative
stress impairment [1,17,18], we demonstrate emodin alleviates morphological impairment,
fatty acid metabolic disorder, antioxidant disorder, and cell fate determination by targeting
Notch-Nrf2 crosstalk in the liver of M. amblycephala. Similar functional effects of emodin
was also reported in other animals [60–63].

Taken together, our study emphasizes that the loss of normal ROS-Notch-Nrf2 cellular
homeostatic mechanism was associated with excessive autophagy, apoptosis, and metabolic
disorder in the liver. Meanwhile, our data demonstrate a vital homeostatic mechanism that
emodin prevents excessive stress injury of liver cells and allows them to respond to injury
and cellular repair.

5. Conclusions

In conclusion, dietary oxidized lipid induced oxidative stress and dysregulated lipid
metabolism in the liver of M. amblycephala. Singular activation of Nrf2 and Notch signaling,
interrupted Nrf2/Notch1 crosstalk, as well as apoptosis and autophagy were involved in
the regulation. Furthermore, the therapeutic Nrf2-Notch crosstalk targeting holds great
promise for the treatment of oxidative stress in aquatic animals, which could promote the
application of emodin from scientific research into aquaculture practice.
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Abstract: Stocking density has been identified as one of the main factors affecting fish growth, welfare
and behavior. However, few studies have focused on the effects of stocking density on fish health
in integrated rice–fish farming systems. Thus, the aim of this study was to evaluate the effects
of different stocking densities on the growth performance, physiological parameters, redox status
and lipid metabolism of Micropterus salmoides in an integrated rice–fish farming system. The fish
were reared at three densities: low density (LD, 40 g/m3), medium density (MD, 80 g/m3) and
high density (HD, 120 g/m3) for 90 days. At the end of the experiment, fish reared in the MD and
HD groups showed lower growth performance than those from the LD group. The HD treatment
significantly altered the physiological parameters, including glucose and lactate. Meanwhile, the HD
treatment induced oxidative stress and lipid peroxidation after 90 days of farming. Furthermore,
transcriptomic analysis revealed that HD treatment led to abnormal lipid metabolism. Interestingly,
we found the suppression of three key pathways related to lipid metabolism, including the PPAR,
insulin and adipocytokine signaling pathways, in the HD group. Overall, our data indicated that the
HD treatment inhibited growth and caused physiological responses, oxidative stress and abnormal
hepatic lipid metabolism in M. salmoides in an integrated rice–fish farming system.

Keywords: oxidative stress; physiological stress response; transcriptome; PPAR signaling pathway

1. Introduction

Integrated rice–fish farming is an environmentally friendly agriculture model de-
veloped from traditional fish culture in paddies due to its environmental sustainability
and food productivity [1]. In China, it is expanding rapidly and has become one of the
major food production approaches, having an area of 1,793,409 ha and aquatic produc-
tion of 3254 thousand tons in 2020 [2]. Integrated rice–fish farming is also considered
as an ecosystem-based approach which can achieve the complementary utilization of
wetland, arable land, freshwater and aquatic living resources [3]. In the system, the rice
field provides potential food for fish (crab or shrimp) such as benthos, phytoplankton
and zooplankton, while fish (crab or shrimp) feces can be absorbed into the soil as fer-
tilizer [4]. Moreover, the biomass of weeds and planthoppers are effectively reduced in
rice fields because of the consumption of aquatic plants, pests and insects by the farmed
animals [5]. Rice–fish co-culture also alters the diversity and biomass of phytoplankton
and zooplankton in the system. Phytoplankton communities and protozoan numbers
are increased in rice–fish systems due to the higher availability of nutrients through fish
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defecation and perturbation [6]; zooplankton and benthic invertebrates are decreased
due to their utilization as food by fish in the system [7]. Furthermore, ecosystem service
analyses have indicated that the value of rice–fish farming is 38% greater than that of rice
monoculture [8]. Thus integrated rice–fish farming may be a sustainable alternative to rice
monoculture by increasing food production, improving economic benefit and reducing
environmental impact [3,9]. However, its broad practice may be limited by some existing
problem, such as water management, technical and institutional constraints, adequate
farming density and so on [10,11].

Stocking density has been identified as one of the main factors affecting fish growth,
welfare and behavior [12]. In commercial aquaculture, the optimum stocking density
of fish is set according to their physiological and biological characteristics, and the eco-
nomic benefit of the farm. Numerous studies have reported that higher stocking densities
inhibited the growth performance of many farmed fish, such as Scophthalmus maximus,
Oreochromis niloticus and Salmo salar [13–15]. High stocking density is also considered to
be a stress factor which may cause a negative change in physiological and biochemical
parameters, reduce immunological function and increase the risk of disease outbreaks in
fish [16–18]. Furthermore, a high stocking density induced oxidative stress and oxidative
damage in fish [19,20]. In integrated rice–fish farming systems, the effects of stoking den-
sity on productivity, soil fertility and the environment have primarily been assessed [21];
for example, Vongvichith et al. (2018) reported that stocking density was a primary fac-
tor of fish productivity, and productivity was reduced at a higher stocking density [22].
Li et al. (2007) found that the specific growth rate (SGR) and survival rate (SR) of Eriocheir
sinensis were significantly lower at the higher stocking density in a rice–crab co-culture
system [23]. However, few studies have currently been performed on the physiological,
biochemical and molecular variations of aquatic animals under different stocking densities
in integrated rice–fish farming systems.

The largemouth bass (Micropterus salmoides) has been extensively cultured in China
since its introduction in the 1980s and has become an important freshwater farmed species
with a production of 619,519 tons in 2020 [24]. Pond culture is the main production method
for largemouth bass [25]. In addition, it is raised in recirculating aquaculture systems and
in-pond raceway systems [26,27]. The amenable stocking density of largemouth bass is
different in different farming models, such as at least 0.15 kg/m3 in ponds (12 months of
farming), 6.85 kg/m3 in land-based recirculating aquaculture systems (90 days of farming)
and 4.2 kg/m3 in in-pond raceway systems (150 days of farming) [28–30]. The adverse
effects of a high stocking density on growth performance, biochemical parameters and
immune response have been frequently reported in largemouth bass under various farming
models [27,28]. In recent years, rice–largemouth bass co-culture, as a new farming model,
has been attempted in China and has obtained a positive economic benefit [31,32]. However,
the optimum stocking density of largemouth bass is still unclear, and the effects of high
stocking density on growth performance, physiological response and molecular function
have not been reported in this system.

In the current investigation, we aimed to evaluate the effects of stocking density on the
growth performance, physiological parameters, redox status and hepatic lipid metabolism
of largemouth bass in an integrated rice–fish farming system. For this purpose, the fish
were raised in an integrated rice–fish farming system at three densities for 90 days. We then
measured the growth performance, physiological blood parameters, antioxidant status and
hepatic transcriptome. The data will provide a reference for largemouth bass farming and
optimization of the rice–fish farming model.
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2. Materials and Methods

2.1. Rice–Fish Farming System, Experimental Design and Sampling

The study was carried out at the experimental base of the Freshwater Fisheries Re-
search Center (32◦08′ N, 120◦19′ E) belonging to a subtropical monsoon climate with an an-
nual rainfall of 1078 mm and a mean temperature of 16–20 ◦C. The rice–fish farming system
includes a rice planting area (1624 m2) and a fish stocking area (0.8 m in depth, 176 m2)
(Figure S1). In the system, rice seedlings (Nangeng 5055) were transplanted in the middle
of June 2021, and the rice was finally harvested in early November; the fish fingerlings were
stocked on 30 July and harvested on 30 October. The management of the paddy field was
performed according to the local conventional agricultural practices [33,34]. In addition
to rice and fish, the rice–fish farming system contains a wide variety of other organisms,
including phytoplankton, zooplankton and microorganisms. The phytoplankton (>70%)
mainly include Chlorophyta, Cyanophyta and Bacillariophyta; the zooplankton (>80%)
mainly consist of Rotifera, Cladocera and Protozoa; the dominant phyla of microorganisms
(>75%) are Proteobacteria, Actinobacteria and Bacteroidetes.

In the experiment, three stocking densities of largemouth bass were set: low stocking
density (LD, 40 g/m3), medium stocking density (MD, 80 g/m3) and high stocking density
(HD, 120 g/m3), and each density included three replicates. The average initial weight of
the fish was 40.63 ± 0.13 g/fish. The fish were fed on a commercial pellet diet (Changzhou
Haida Biological Feed Co., Ltd, Changzhou, China) which contained 47% crude protein,
5% crude lipids, 18.0% crude ash, 3.0% crude fiber, 10% water, 1.2% P and 2.7% lysine. The
largemouth bass were fed two times per day, and the daily feed ration (approximately 2–3%
of weight) was adjusted on their weight. During the experiment, DO and pH remained
at 7.25 ± 0.32 ◦C and 5.8 ± 0.51 mg/L, respectively; total ammonia nitrogen and NO2-N
never exceeded 0.5 mg/L and 0.1 mg/L, respectively. Any mortality of fish was recorded
during the course of the experiment.

To evaluate the growth performance, the body weight and body length were measured
on 30 August, 30 September and 30 October by randomly capturing 90 individuals per
group. After 90 days of farming, 36 individuals (after 24 h of fasting) were randomly
obtained from each group and anesthetized immediately using 50 mg/L of tricaine methane
sulfonate (MS-222, Sigma, MO, USA), and then the blood and liver tissues were collected
according to regular experimental operations. The tissues from 3 fish were mixed into one
sample. The plasma was separated from the blood by centrifugation (3500 r/min, 10 min)
and used to detect the physiological parameters and oxidative stress indices. The liver
tissue was used to measure hepatic antioxidant status and the transcriptome sequence. The
fish used in the study were permitted by the Freshwater Fish Research Center, and animal
welfare was taken into consideration in all experimental operations.

2.2. Growth Performance

The growth performance was assessed by evaluating the following parameters: mean
body weight, mean body length, condition factor = 100 × body weight/body length3,
weight gain rate (WGR) = (average final weight—average initial weight)/average initial
weight, specific growth rate (SGR) = 100 × (ln average final weight—ln average initial
weight)/number of days, survival = 100 × final number of fish/initial number of fish, and
feed conversion ratio (FCR) = food consumption/biomass increment.

2.3. Measurement of Physiological Parameters

Physiological parameters including glucose (Glu), total cholesterol (TC), triglyceride
(TG), total protein (TP), albumin (Alb), lactate dehydrogenase (LDH), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), low-density lipoprotein cholesterol
(LDL-c), high-density lipoprotein cholesterol (HDL-c) and alkaline phosphatase (AKP) in
the plasma were measured using an automatic biochemical analyzer (BS-400, Shenzhen
Mindray Bio-medical Electronics Co., LTD, Shenzhen, China). Lactate (LA) content in the
plasma was detected by a colorimetric method using a commercial kit (Nanjing Jiancheng
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Bioengineering Institute, Nanjing, China). The levels of heat shock protein 70 (HSP 70), com-
plement 3 (C3) and lysozyme (LZM) in the plasma were determined by an enzyme-linked
immunosorbent assay (mlbio, Shanghai, China).

2.4. Measurement of Oxidative Stress Parameters

In plasma and liver tissues, the oxidative stress parameters including total antioxidant
capacity (T-AOC), glutathione peroxidase (Gpx), superoxide dismutase (SOD), catalase
(CAT), glutathione (GSH) and malondialdehyde (MDA) were measured using commercial
kits. Kits for T-AOC, SOD, Gpx and MDA were purchased from Suzhou Grace Biotech-
nology Co., Ltd. (Suzhou, China), the CAT kit was provided by Beyotime Biotechnology
(Shanghai, China) and the GSH kit was ordered from Nanjing Jiancheng Bioengineering
Institute. T-AOC levels were measured by the ferric reducing ability of plasma (FRAP)
method, where the antioxidants reduced Fe3+-tripyridine-triacridine (Fe3+-TPTZ) to pro-
duce blue Fe2+-TPTZ [35]. Gpx activity was detected using Cum-OOH as a substrate and
5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) as a chromogenic agent [36]. SOD activity was
analyzed by measuring the content of the reaction product (formazan) of water-soluble
tetrazolium-8 (WST-8) and O− [37]. CAT activity was tested by measuring the oxidation
product of the decomposition of H2O2 under peroxidase [38]. GSH content was esti-
mated by the DTNB method [39], MDA content was measured by the thiobarbituric acid
(TBA) method [40] and hepatic protein content was tested by a bicinchoninic acid (BCA)
assay [41].

2.5. Transcriptome Sequencing and Analysis

For the transcriptome study, we collected the livers of M. salmoides from the LD (named
LL) and HD groups (named HL). Thirty-six individuals were randomly obtained from each
group, and the liver tissues from 12 fish were mixed into one sample.

Total RNA of the liver tissue was separated using a Trizol reagent kit (Invitrogen,
Carlsbad, CA, USA). Its quality was evaluated by an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and an agarose gel electrophoresis method. The RNA
was enriched with Oligo(dT) beads and then used to synthesize cDNA with a commer-
cial kit (NEB 7530, New England Biolabs, Ipswich, MA, USA). The cDNA library was
constructed through size selection and PCR amplification, and the resulting cDNA li-
brary was sequenced using Illumina Novaseq6000 in Gene Denovo Biotechnology Co.
(Guangzhou, China).

The raw data obtained from the sequencing machines were filtered by fastp (ver-
sion 0.18.0) to obtain high-quality clean reads [42]. The clean reads were mapped to the
M. salmoides reference genome (assembly ASM1485139v1) using HISAT2. 2.4 [43]. The
transcription abundance was expressed as a FPKM (fragment per kilobase of transcript per
million mapped reads) value calculated by RSEM software [44]. Relationship analysis of
the samples was assessed by principal component analysis (PCA). Differentially expressed
genes (DEGs) between LL and HL were analyzed by DESeq2 software [45] with a threshold
(false discovery rate (FDR) < 0.05 and absolute fold change ≥ 2). The DEGs were subjected
to enrichment analysis with the GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of
Genes and Genomes) databases. Significantly enriched GO terms and KEGG pathways
were defined according to a threshold (FDR ≤ 0.05). In addition, we identified whether
a set of genes in specific KEGG pathways displayed significant differences between the
LL group and HL group through gene set enrichment analysis (GSEA) [46]. Raw data of
the transcriptome sequences are available at the Sequence Read Archive (SRA) database
(No. PRJNA838235).
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2.6. Quantitative Real-Time PCR (qPCR) Analysis

Total RNA of liver tissues was extracted using RNAiso Plus reagent (Takara Biomedical
Technology (Beijing) Co., Ltd, Beijing, China) and was then used to synthesize cDNA with
a primeScript™ RT reagent kit (Takara, RR047A). The expression of the target gene was
detected via qPCR amplification using a qPCR kit (Takara, RR820A). The relative mRNA
level was calculated by the 2−��Cq method [47] using β-actin as a reference gene. The
specific primers of the target genes in the study are listed in Table S1.

2.7. Statistical Analysis

All data were analyzed using SPSS version 20.0 software and expressed as means ± SEM
(standard error of mean). The Shapiro–Wilk test and Levene test were used to analyze the
normal distribution and variance homogeneity of these data, respectively. The difference
among different stocking densities was analyzed by one-way analysis of variance (ANOVA)
with LSD (least significant difference). Differences between the LL group and the HL group
were assessed by Student’s t-test. A p-value of <0.05 was considered statistically significant.

3. Results

3.1. Changes in Growth Performance

In this experiment, the SR was 86.38 ± 1.82%, 79.02 ± 1.08% and 76.67 ± 1.05% in the
LD, MD and HD groups, respectively (Table 1). The mean body weight and mean body
length of M. salmoides showed a rising tendency during the course of the study, and the
two parameters were markedly higher in the LD group than in the MD and HD groups on
30 October (p < 0.05; Figure 1A,B). The condition factor value in the HD group was higher
than that in LD on 30 September, while it was higher in the MD group than in the other
groups on 30 October (p < 0.05; Figure 1C). At the end of the experiment, the FBW, WGR
and SGR were higher in the LD group than in the MD and HD groups (p < 0.05; Table 1),
but the FCR was not changed by the different stocking densities (p > 0.05).

Figure 1. Mean body weight (A), mean body length (B) and condition factor (C) of M. salmoides
reared at different densities in an integrated rice–fish farming system. Different letters as superscripts
indicate significant differences among the different groups (p < 0.05). LD, low stocking density; MD,
medium stocking density; HD, high stocking density.

Table 1. Growth parameters of M. salmoides reared at different densities in an integrated rice–fish
farming system after 90 days of farming.

Parameters LD MD HD

IBW (g) 40.76 ± 0.25 40.67 ± 0.21 40.43 ± 0.19
FBW (g) 278.82 ± 7.62 a 236.68 ± 7.68 b 213.81 ± 5.29 b

WGR (%) 582.67 ± 14.38 a 483.16 ± 18.07 b 429.47±12.63 b

SGR (%/d) 2.18 ± 0.024 a 2.01 ± 0.035 b 1.89 ± 0.056 b
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Table 1. Cont.

Parameters LD MD HD

SR (%) 86.38 ± 1.82 a 79.02 ± 1.08 b 76.67 ± 1.05 b

FCR 1.13 ± 0.019 1.12 ± 0.035 1.22 ± 0.049
Values are expressed as mean ± SEM of three replicates. For each row, means with different letters as superscripts
indicate a statistical significance among different densities (p < 0.05). LD, low stocking density; MD, medium
stocking density; HD, high stocking density.

3.2. Changes in Physiological Parameters

The physiological parameters of M. salmoides in the different groups are shown in
Table 2. The levels of ALT, AST, LDH, AKP, TP, HDL-c, Alb, HSP70 and LZM were similar
in the LD, MD and HD groups after 90 days of farming (p > 0.05). The Glu and LA
concentrations were significantly increased in the HD group compared with the LD group
(p < 0.05). However, the TG, TC, LDL-c and C3 levels were significantly decreased in
the HD groups compared with the LD group (p < 0.05). In addition, compared with the
LD group, the LA value was increased but the LDL-c value was lower in the MD group
(p < 0.05).

Table 2. Physiological parameters in the plasma of M. salmoides reared at different densities in
an integrated rice–fish farming system after 90 days of farming.

Parameters LD MD HD

ALT (U/L) 4.48 ± 0.52 3.30 ± 0.39 2.84 ± 0.36
AST (U/L) 18.62 ± 2.00 17.36 ± 1.80 19.55 ± 2.37
LDH (U/L) 278.97 ± 32.07 295.08 ± 37.84 235.31 ± 23.14
AKP (U/L) 33.19 ± 1.21 33.44 ± 1.36 31.70 ± 2.35

TP (g/L) 39.49 ± 0.39 37.23 ±1.26 35.08 ± 1.65
Alb (g/L) 8.38 ± 0.60 8.86 ± 0.46 8.56 ± 0.40

Glu (mmol/L) 5.26 ± 0.20 a 5.64 ± 0.38 a 8.98 ± 0.46 b

LA (mmol/L) 7.51 ± 0.20 a 8.72 ± 0.21 b 9.18 ± 0.20 b

HSP70 (pg/mL) 49.79 ± 5.05 45.98 ± 5.02 39.06 ± 2.64
TC (mmol/L) 12.00 ± 0.26 a 11.07 ± 0.45 ab 9.40 ± 0.48 b

TG (mmol/L) 18.46 ± 0.94 a 17.71 ±0.47 a 13.36 ± 0.55 b

LDL-c (mmol/L) 3.78 ±0.12 a 2.94 ± 0.13 b 2.39 ± 0.14 b

HDL-c (mmol/L) 3.81 ± 0.09 3.65 ±0.17 3.57 ± 0.20
C3 (μg/mL) 9.32 ± 0.70 a 10.74 ± 1.22 a 5.75 ± 0.61 b

LZM (ng/mL) 32.71 ± 3.44 36.77 ± 5.63 26.77 ± 2.78
Values are expressed as means ± SEM, n = 12. For each row, means with different letters as superscripts indicate
a statistical significance among different densities (p < 0.05). LD, low stocking density; MD, medium stocking
density; HD, high stocking density.

3.3. Changes in Oxidative Stress Parameters

After 90 days of farming, the plasma T-AOC and GSH levels were significantly reduced
in the HD group compared with the LD group, while the CAT and MDA levels were
prominently enhanced in the HD group (p < 0.05; Figure 2A,C,E,F). SOD and Gpx activities
in the plasma were not visibly influenced under different stocking densities (p > 0.05;
Figure 2B,D). In the liver, the HD treatment clearly inhibited SOD activity and enhanced
MDA formation compared with the LD and MD groups (p < 0.05; Figure 2H,L). In addition,
the other oxidative stress parameters did not differ significantly in the liver among the
three groups (p > 0.05; Figure 2G,I,J,K).
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Figure 2. Antioxidative parameters in the plasma (A–F) and liver (G–L) of M. salmoides reared at
different densities in an integrated rice–fish farming system after 90 days of farming. Values are
expressed as means ± SEM, n = 12. Different letters as superscripts indicate a statistical significance
among different densities (p < 0.05). LD, low stocking density; MD, medium stocking density; HD,
high stocking density.
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3.4. Transcriptome Sequencing and Analysis of DEGs

After filtering of raw reads, 40,491,348 (99.36%)—49,617,030 (98.94%) clean reads were
obtained in the livers of the LL group and the HL group. The base quality score indicated
that the values of Q30, Q20 and GC were 90.11–94.07%, 96.09–97.91% and 48.08–49.10%,
respectively. The mapped ratio was greater than 93.36%, and 25,050 genes were identified
according to alignment against the reference sequence (Table S2). According to the expres-
sion level of each gene in the samples, the PCA revealed distinct groups between the LL
group and HL group (Figure 3A). After 90 days of farming, there were 150 DEGs, including
54 upregulated genes and 96 downregulated genes (Figure 3B,C).

Figure 3. Differently expressed genes (DEGs) in the liver of M. salmoides between the low-density
group (LL) and the high-density group (HL). (A) The correlation of samples between the LL group
and the HL group. (B) The number of DEGs in the liver between the LL and HL groups. (C) Volcano
plot of DEGs between the LL group and the HL group.

3.5. GO Enrichment Analysis of DEGs

For an evaluation of the biological function, we performed GO enrichment analy-
sis on the DEGs (Figure 4). In the biological process category, the DEGs were enriched
mainly in cellular processes, metabolic processes (p.adjust < 0.001), biological regula-
tion and response to stimulus, and specifically, in single-organism metabolic processes
(p.adjust < 0.001), lipid metabolic processes (p.adjust < 0.001) and the response to light
stimulus (p.adjust < 0.001) (Figure 4B). In the molecular function category, two major Level
2 GO terms were binding and catalytic activity (p.adjust = 0.029). In detail, the DEGs
were primarily involved in DNA photolyase activity (p.adjust = 0.002), DNA binding
(p.adjust = 0.002) and monooxygenase activity (p.adjust = 0.007) (Figure 4C). In the cellular
components category, organelles and membranes contained the most DEGs, and micro-
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bodies (p.adjust = 0.028) and membrane-bounded organelles (p.adjust = 0.036) were the
top two GO terms (Figure 4D).

Figure 4. GO enrichment analysis for differently expressed genes (DEGs) in the livers of M. salmoides
between the low-density group (LL) and the high-density group (HL). (A) GO enrichment terms
pf DEGs in biological processes, molecular functions and cellular components. (B) Top 8 GO
terms in the biological process category. (C) Top 5 GO terms in the molecular function category.
(D) Top 4 GO terms in the cellular component category. P-values were corrected via the Benjamin–
Hochberg method.

3.6. KEGG Enrichment Analysis of DEGs

To explore the key signaling pathways, the DEGs were further annotated against the
KEGG database (Figure 5). The DEGs were enriched in five KEGG A classes: metabolism,
organismal systems, cellular processes, genetic information processing and environmen-
tal information processing (Figure 5A). The top 10 KEGG pathways indicated that the
DEGs were mainly enriched in lipid metabolism-related pathways, including the PPAR
signaling pathway, steroid biosynthesis, glycerolipid metabolism and fatty acid metabolism
(Figure 5B). In addition, we observed that 36 genes were enriched in the metabolic pathway
(q value < 0.0001), of which 16 genes were involved in lipid metabolism (Figure 5C).
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Figure 5. KEGG enrichment analysis for differently expressed genes (DEGs) in the liver of M. salmoides
between the low-density group (LL) and the high-density group (HL). (A) DEG enrichment in the
KEGG A Class and B Class. (B) The top 10 enriched KEGG pathways. (C) DEGs enriched in the
metabolic pathway.

3.7. Changes in the PPAR Signaling Pathway and Lipid Metabolism

At the end of the experiment, the PPAR signaling pathway in the liver was considerably
altered (p < 0.0001; Figure 6A). All altered genes showed a downregulated tendency in
the HL group compared with the LL group, including the key genes pparα, scd1, fabp3, lpl,
acsl1 and hmgcs1 (Figure 6A,B). Further, the key genes involved in the PPARα signaling
pathway and lipid metabolism were verified by qPCR (Figure 6B), and the results showed
that the RNA-seq data were significantly consistent with the qPCR data (r = 0.814, p = 0.014;
Figure 6C).
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Figure 6. Changes in the PPAR signaling pathway and lipid metabolism-related genes in the liver of
M. salmoides between the low-density group (LL) and the high-density group (HL). (A) DEGs in the
KEGG PPAR signaling pathway and possible mechanisms regulating lipid metabolism. (B) Lipid
metabolism-related gene expression measured by qPCR; values are expressed as means ± SEM
(n = 3), * p < 0.05 and ** p < 0.01. (C) The correlation between the qPCR data and RNA-seq data.

3.8. Changes in Lipid Metabolism-Related Pathways

The GSEA showed significant enrichment in a range of pathways related to lipid
metabolism including the PPAR signaling pathway (KO03320), the insulin signaling path-
way (KO04910), the adipocytokine signaling pathway (KO04920), fatty acid metabolism
(KO01212), steroid biosynthesis (KO00100) and biosynthesis of unsaturated fatty acids
(KO01040) (Figure 7). The coordinated expression changes in the six pathways were signifi-
cantly negatively regulated by the HL treatment. These results were consistent with the
results of KEGG enrichment of the DEGs.
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Figure 7. Changes in lipid metabolism-related pathways identified using GSEA in the liver of M.
salmoides between the low-density group (LL) and the high-density group (HL). (A) PPAR signaling
pathway. (B) Insulin signaling pathway. (C) Adipocytokine signaling pathway. (D) Fatty acid
metabolism. (E) Biosynthesis of unsaturated fatty acids. (F) Steroid biosynthesis. The |Normalized
ES| > 1, nominal p-value < 0.05 and FDR < 0.25 in each gene set were set as threshold values for
statistical significance.

4. Discussion

The stocking density is a critical factor affecting the health status and production
of farmed fish. Increasing the stocking density is a positive means of improving fish
production and water utilization. However, an excessive stocking density may result in
adverse effects for farmed fish, such as inhibiting growth performance, deteriorating water
quality, and increasing mortality and disease risk. Therefore, an appropriate stocking
density is required for farmed fish under different farming models. In the present study,
we set out to evaluate the growth and physiological effects of different stocking densities
in M. salmoides under an integrated rice–fish farming model, followed by assessing the
underlying mechanisms via RNA-seq analysis. Accordingly, our experiment indicated that
the high stocking density caused adverse changes in the growth performance, physiological
responses, antioxidant status and hepatic metabolic function of M. salmoides.
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4.1. Effect of Stocking Density on Growth Performance

Reduced growth performance is a common phenomenon for farmed fish under high
stocking densities. Numerous studies have reported that the growth performance was neg-
atively influenced in different fish species when the stocking density was above a certain
value. In Lates calcarifer, the body weight and feed utilization efficiency were signifi-
cantly decreased with an increasing stocking density (350−1750 g/m3) after 60 days of
farming [48]. In Piaractus mesopotamicus, the low stocking density (650 g/m3) group had
a higher final biomass, weight gain and economic profit than the high stocking density
group (1300 g/m3) after 360 days of faming [49]. Similarly, in this work, the HD and MD
treatments reduced the body length, body weight, WGR and SGR of M. salmoides after
90 days of farming, which indicated that a density of up to 375 g/m3 (the final density of
the MD group) had an adverse impact on growth performance in the integrated rice–fish
system. It is worth noting that the tolerance of M. salmoides to high stocking density shows
obvious differences in different farming models. In a land-based recirculating aquaculture
system, the growth performance of M. salmoides decreased when the density reached up to
23.34 kg/m3 (65 times as high as our data) [28]. In a pond system, M. salmoides reared at
a high stocking density (about 798 g/m2) showed lower growth [50]. The low growth per-
formance seemed to be related to inappropriate environmental and/or feeding conditions,
the reduction in available space for individuals and the extra energy requirements induced
by stress under a high stocking density [51–53].

The survival ratio is a crucial index for evaluating production and the economic
benefit of farmed fish. Previous studies have shown that higher densities can cause higher
mortality rates in some cultured species, such as Platax teira and O. niloticus [54,55]. In
an in-pond raceway culture system, the survival of M. salmoides showed a downward
tendency with an increasing density [56]. In the present work, we also found that the
survival ratio of M. salmoides was significantly higher in the LD group than in the MD
and HD groups. In addition, the average survival ratio (80.87%) of M. salmoides in the
rice–fish farming system was slightly higher than that (74.47%) in pond-based production
systems [57].

4.2. Effect of Stocking Density on Physiological Function

The physiological response is closely associated with the growth performance of
farmed fish in aquaculture, which is commonly used to assess fish heath and to optimize
management measures. High stocking density, as a chronic stressor, has been known to
directly influence the physiological response of some teleost species [58,59]. Clu and LA
were considered as reliable indicators for evaluating the stress response of fish. Under
stress conditions, the blood Clu and LA levels were significantly increased, which agree
with high energy consumption [60]. The increase in blood Glu and LA in fish is a common
response to stress under high stocking densities [17]. In this study, higher plasma Glu
and LA concentrations were also observed in the HD group, suggesting a physiological
response to stress induced by the high stocking density. These results were supported by
previous studies in Sparus aurata, Solea senegalensis and Lates calcarife [16,61,62]. In fish,
HSP70 was also identified as a sensitivity indicator of stress, mediating protein folding
and repairing. The high expression of the hsp 70 gene has been reported in fish farmed
at a high density, as it is protective against the adverse environment [61,62]. However, in
the rice–fish system, there was no significant difference in plasma HSP70 content among
different stocking densities, suggesting that the current density may not have achieved
stress levels that led to a change in HSP70.

In addition to Glu and LA, the TC and TG in the blood are also common parameters for
the assessment of fish stress, as these are related to energy and lipid metabolism. It has been
confirmed that high stocking densities affect energy reserves, consumption and reallocation
to cope with the increased energy demand in fish [53]. In Megalobrama amblycephala, the
TG and TC, as energy substrates, were markedly increased at a high stocking density [58].
Similarly, the high stocking density treatment increased the TC and TG in Ictalurus punctatus,
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which was linked to augmented energy metabolism [63]. However, in our study, the TC
and TG levels displayed a decreasing trend with increasing density. We speculated that
decreased the TC and TG were linked to an abnormal lipid metabolism in the liver under
HD conditions. Consistent with our data, lower levels of TG and TC were also reported
in O. mykiss and Trachinotus ovatus cultured at a higher stocking density, and the authors
suggested that lipid reserves were depleted in response to the increased energy demand
under the stress conditions [61,64].

Abnormal immune function has been frequently reported in fish farmed at a high
density. LZM and C3 are commonly used to evaluate immune status in fish after adverse
stimuli. Costas et al. (2013) suggested that the decrease in plasma LZM and ACH50
displayed an impairment of the immune system in Solea senegalensis held at a high stocking
density [65]. Liu et al. (2019) postulated that the decreased C3 and LZM indicated immune
suppression in Scophthalmus maximus under a high stocking density [66]. Similarly, in
the present work, the C3 level was decreased in the HD group after 90 days of farming,
revealing that the high density had an adverse effect on the immunity of M. salmoides. In
addition, our data showed that the GOT, GPT, AKP and LDH levels were not changed
by the high stocking density, suggesting that the current density did not cause tissue
damage [67].

4.3. Effect of Stocking Density on Antioxidative Status

An increasing amount of evidence has suggested that a high stocking density can
induce intracellular redox imbalance, leading to oxidative stress or oxidative damage
in many fish species [68,69]. In order to defend against oxidative stress, fish, similar
to mammals, have developed an antioxidant defense system consisting of enzymatic
antioxidants (e.g., SOD, Gpx and CAT) and non-enzymatic antioxidants (e.g., GSH, Vitamin
C, carotenoids and flavonoids) [70]. It can be activated to maintain redox status under
moderate oxidative stress [71]. Nevertheless, the antioxidant defense system is impaired
and antioxidants are depleted under chronic or severe oxidative stress [72]. Indeed, several
previous studies have shown that a high stocking density treatment decreased the levels
of antioxidant parameters, such as SOD, GSH and CAT, leading to impairment of the
antioxidant defense system in O. mykiss, O. niloticus and S. maximu [13,19,20]. Moreover,
a study on M. salmoides farmed in an in-pond raceway system showed that high stocking
density reduced hepatic SOD and CAT activity, and restrained antioxidant capacity [27].
Conversely, increased levels of the antioxidants were also observed in fish under high
density, suggesting a positive response of the antioxidant defense system to stress [73,74].
Interestingly, in this study, the levels of plasma T-AOC and GSH were suppressed, but the
plasma CAT activity was enhanced in HD group, suggesting a depletion of non-enzymatic
antioxidants and an adaptive response to adverse conditions in plasma. Moreover, in the
liver, only SOD activity was inhibited in the HD group, but the other antioxidant parameters
were not significantly changed, which may indicate moderate or slight oxidative stress in
the livers of M. salmoides reared in the HD group.

Lipid peroxidation is a vital consequence of oxidative stress, usually reflected by
MDA content. Previous studies have confirmed that high stocking density as a stressor
can stimulate the formation of ROS in fish [73]. Excess ROS may react with unsaturated
fatty acids on cell membranes, inducing lipid peroxidation [75]. It has been reported that
a large number of harmful byproducts from lipid peroxidation are capable of inactivating
many cellular proteins, inducing inflammation and damaging cells or tissues [76]. In fish,
increased lipid peroxidation has always attracted widespread attention under high stocking
densities. We and others have found that the high stocking density treatment promoted
MDA formation in the liver, blood or intestines of fish [13,19,20,77]. Similarly, increased
MDA content was also observed in the plasma and liver of M. salmoides, indicating that the
high-density treatment induced lipid peroxidation after 90 days of farming in the rice–fish
farming system.
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4.4. Effect of Stocking Density on Lipid Metabolism

Liver is a major lipid metabolism organ of fish, and lipid metabolism is more sus-
ceptible to environmental stressors, as it is a major energy substrate [77]. The adverse
effect of a high stocking density on lipid metabolism has been widely reported in fish.
Earlier studies have found that high stocking density caused a decrease in hepatic lipid
content, suggesting a higher utilization of hepatic lipids under stressful conditions [78,79].
Under a high stocking density, lipid metabolic enzymes, including fatty acid synthetase,
hormone-sensitive triglyceride lipase and lipoprotein lipase, were upregulated in the liver
of O. niloticus to adapt to adverse conditions [80]. Transcriptomic analysis showed that
Ctenopharyngodon idella farmed at a high stocking density might face issues associated with
abnormal lipid metabolism [81]. Metabolomic analysis showed that lipid metabolism was
repressed by a high stocking density in Brachymystax lenok [82]. In the current study, our
data also revealed that the lipid metabolic process in the GO enrichment analysis and the
lipid metabolism-related pathways in the KEGG enrichment analysis were significantly
altered in the HD group, where the fatty acid metabolism, biosynthesis of unsaturated fatty
acids and steroid biosynthesis tended to be suppressed in the liver of M. salmoides. The
suppression may be harmful for the growth of M. salmoides, since fatty acids are essential for
multiple physiological functions, such as energy production and membrane structure [83].

It was worth noting that we also found three key pathways related to lipid metabolism,
including the PPAR signaling pathway, the insulin signaling pathway and the adipocy-
tokine signaling pathway, which showed a significant difference between the LL group and
the HL group. PPARα is regarded as a master regulator in lipid metabolism, which can
activate its target genes (e.g., scd, fabp, and acsl) to mediate fatty acid transport, synthesis
and oxidation, as well as lipogenesis and ketogenesis [84]. Its activation improves the symp-
toms of metabolic syndrome and exerts anti-inflammatory activity [85]. Ren et al. (2017)
suggested that upregulation of PPARα under a high stocking density enhanced lipid mo-
bilization and utilization in Acipenser schrenckii to cope with crowding stress [86], but
Xu et al. (2020) found that PPARα expression was downregulated in Takifugu rubripes un-
der a high density, revealing a decrease in fatty acid β-oxidation and lipid metabolism
disorder [87]. In this study, downregulation of PPARα further inhibited its downstream
genes, including sce1, lpl, fabp3, acsl1, hmgcs1 and angptl4, indicating that the abnormal
lipid metabolism in the HD group was associated with the suppression of the PPARα
signaling pathway.

Growing evidence has demonstrated that the insulin signaling pathway is involved
in lipid metabolism. Its activation can stimulate lipid biosynthesis [88] and regulate lipid
deposition by activating lipogenesis and inhibiting fatty acid oxidation [89]. Multi-omics
analyses revealed that the insulin signaling pathway was downregulated in the liver of
O. niloticus under hypoxia stress [90]. In our work, the GSEA data were more inclined to
indicate a downregulated insulin signaling pathway in the liver of M. salmoides under the
HD treatment. In addition, the insulin signaling pathway is essential for normal glucose
metabolism, and its upregulation could promote glucose metabolism [91–93]. Therefore,
the downregulated insulin signaling pathway may adversely influence glucose metabolism
and energy utilization in the liver.

The adipocytokine signaling pathway is a signaling cascade arising from the adipocy-
tokines, which has been implicated in energy intake, fatty acid metabolism and insulin
resistance [94]. Multi-omics analyses identified that the adipocytokine signaling pathway
was related to fatty acid metabolism in Cyprinus carpio [95]. Microarray analysis found that
the adipocytokine signaling pathway was significantly changed in Danio rerio under heat
stress [96]. The activated adipocytokine signaling pathway might be further involved in the
immune response in Ctenopharyngodon idella after lipopolysaccharide exposure [97]. In this
study, the adipocytokine signaling pathway was negatively affected by the HD treatment,
which might be a cause of hepatic lipid metabolism disorder.
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4.5. Effect of Stocking Density on Welfare

Welfare is an increasing public concern in farmed fish. Accumulating evidence sug-
gests that fish experience poor welfare under adverse conditions, accompanied by altered
growth performance, physiological parameters and behavior [98]. The stress response is
a common event when fish are subjected to poor welfare, and thus, physiological indicators
of stress, including cortisol, glucose and lactate, are frequently used to evaluate the welfare
of farmed fish [99]. A recent study also suggested that HSP 70 was a new candidate for
assessing the welfare of M. salmoides [100]. In addition, there is a significant negative
correlation between poor welfare and growth performance; therefore, the growth rate is
also considered as a reliable indicator in monitoring stress and welfare [101]. Under stress
conditions, energy metabolism increases to cope with abnormal physiological changes,
which lead to a decrease in energy availability for growth [102]. Stocking density has
been highlighted as a principal area of welfare concern in farmed fish, because they are
often held at higher densities in commercial aquaculture [103]. An earlier study reported
that high stocking density had the potential to adversely affect the welfare of O. mykiss,
which was assessed by measuring population, individual, morphometric and physiolog-
ical indicators [104]. A multivariate analysis showed that increasing stocking densities
were associated with lower welfare score in Salmo salar [105]. In Clarias gariepinus, a high
stocking density impaired welfare via decreasing growth performance and increasing skin
lesions [17,106]. In line with previous studies, we also monitored the welfare through
measuring the growth performance and physiological indicators (Glu, LA and HSP 70),
and the data showed a poor welfare in M. salmoides in the HD group, reflected by a low
growth rate, higher Glu and LA levels, and abnormal lipid metabolism.

5. Conclusions

In conclusion, our data indicated that the M. salmoides can be reared in integrated
rice–fish farming systems. However, when the stocking density reached 375 g/m3 (the
final density in the MD group at the current size), the growth performance was nega-
tively influenced. The high stocking density, as a chronic stressor, induced a physiological
response and oxidative stress, which may have resulted in greater energy consumption
and growth inhibition. Further, the transcriptome analysis showed that the HD treatment
caused abnormal hepatic lipid metabolism via suppressing the PPAR, insulin and adipocy-
tokine signaling pathways, which may be another potential cause of the low growth in the
HD group. Thus, in a commercial integrated rice–fish farming system, improvements in
strategies for managing M. salmoides regarding stocking density are required. This study
provides a valuable reference for M. salmoides farming and optimization of the rice–fish
farming model.
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Abstract: Oxidative stress is a common phenomenon in aquaculture, which can be induced by
nutritional or environmental factors. Generally, oxidative stress causes poor growth performance,
metabolic dysregulation, and even the death of aquatic animals. To identify a nutritional interven-
tion strategy, high-fat diet (HFD) feeding (Experiment I) and acute ammonia nitrogen challenge
(Experiment II) tests were carried out. In Experiment I, HFD feeding significantly decreased the
growth performance concomitantly with excessive fat deposition in the liver and abdomen. The
addition of 4-PBA in the diet improved the excessive fat accumulation. The activities of antioxidative
enzymes were suppressed, and the levels of lipid and protein peroxidation were increased, indicating
that HFD feeding induced oxidative stress. The endoplasmic reticulum stress (ERs) related genes
were downregulated in the HFD group. Under a transmission electron microscope (TEM), more
swollen and dilated ER lumen could be observed. These results indicated that the HFD induced ERs
activation. Although 4-PBA acted as a potent ERs inhibitor, as evidenced by the alleviated alterations
of ERs molecules and the ER ultrastructure, the oxidative stress was also attenuated by 4-PBA. In
Experiment II, dietary 4-PBA improved the tolerance to the acute ammonia nitrogen challenge, as
lower mortality and serum aminotransferase activity was found. Further results showed that 4-PBA
decreased the peroxidation content and attenuated ERs, thus confirming the correlation between
oxidative stress and ERs. Our findings showed that dietary 4-PBA supplementation can attenuate
oxidative stress induced by a HFD or acute ammonia challenge; the mechanism is related to its potent
inhibition effect for ERs.

Keywords: 4-phenylbutyric acid; endoplasmic reticulum stress; oxidative stress; high-fat diet;
ammonia nitrogen exposure

1. Introduction

Today, aquatic products are of significant nutritional interest for billions of people
worldwide [1]. Furthermore, aquatic foods are regarded as ideal sources of quality protein
and essential fatty acids, which could improve a range of human pathologies [2]. Over the
past few decades, Chinese aquaculture production has been steadily pursuing growth, and
it has become the fastest growing food production sector [3]; however, during the farming
process, oxidative stress damage is ubiquitous, and it often seriously affects the growth
performance, stress tolerance, and pathogen sensitivity of aquatic animals [4–6].

Oxidative stress occurs due to the disruptions between the generation of reactive
oxygen species (ROS) and antioxidant defenses in living organisms [7]. Oxidative stress
could cause damage to cells and tissues, and it mainly manifests as the peroxidation of
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biomacromolecules and cell apoptosis [8,9]. In general, many exogenous factors can induce
oxidative stress, including oxidized fat and high-fat diets, ammonia nitrogen, and so
on [10–13]. Fat plays a dominant role in energy storage and supply for animals, due to its
high energy density [14,15]; hence, the high-fat diet is extensively used in fish cultures for
its protein-sparing effect [14,16,17]. Ammonia is the main nitrogen-based catabolic product
that is released in the aquaculture system. Recently, a high-density pattern emerged in
the aquaculture industry, which has become the main trigger for the overproduction of
ammonia nitrogen [18]. The high-fat diet feeding, and the ammonia nitrogen compounds,
can induce oxidative stress by overproducing ROS, nitric oxide, and reactive nitrogen
species in fish [19]; therefore, there is a pressing need to reveal the underlying physiological
mechanisms of oxidative stress induced by high-fat diet feeding and ammonia nitrogen,
and to develop antioxidant strategies.

Spotted seabass (Lateolabrax maculatus) is a carnivorous species with a high growth
speed, flesh quality, and economic value [20]. It has become the second major cultured
marine fish in China, with 195,246 tons being produced in 2020 [21]. The high-fat diet
is widely used in its artificial rearing, which often leads to fat deposition and oxidative
stress [10]. Moreover, the stocking density of spotted seabass is often high, with a produc-
tion of >100 kg/m3; thus, it is a good model to study the oxidative stress caused by high-fat
or ammonia nitrogen. Furthermore, the stress of the endoplasmic reticulum (ERs) is often
found in fish that are exposed to high-fat diets or ammonia nitrogen [13,16,18,22]. The
ER is also an important source of ROS, which accounts for approximately 25% of all ROS
produced [23]. Recent findings showed that ERs-induced alterations in ROS production
and scavenging mechanisms contribute to the worsening of oxidative stress [24]. Based
on the above, the present study is conducted to evaluate the role of ERs in the process of
oxidative stress and the regulation of 4-PBA on the oxidative stress of cultured fish.

2. Materials and Methods

2.1. Animals

Juvenile spotted seabass were purchased from a fish hatchery (Zhangzhou, China).
Juveniles were first transported to the aquaculture system in Jimei University, and were
kept in a 1500-L tank so that they could adapt to the experimental conditions for two weeks.
In this period, fish were fed a Jia-kang brand commercial diet (Xiamen Jia-kang Foods Co.,
Ltd. Xiamen, China; 45% protein, 11% lipid) twice daily (8:00 and 17:00). The experimental
conditions were maintained at the optimal water temperature (25–27 ◦C), pH (7.0–7.2), and
level of dissolved oxygen (>6 mg/L).

2.2. Experimental Design
2.2.1. Experiment I: The High-Fat Diet Feeding Study

Two experimental diets were produced with an 11% or 17% lipid level, which is
regarded as normal fat diet (NFD) and high-fat diet (HFD), respectively. Moreover,
4-phenylbutyric acid (4-PBA) was added to the diet by adding 4-PBA to the HFD at a
dose of 50 mg/kg (regarded 4-PBA). The formulation and proximate composition of ex-
perimental diets are shown in Table S1. The protocols of diet production and proximate
composition determination were introduced in a previous study [21].

A total of 270 healthy fish of similar sizes (13.05 ± 0.15 g) were randomly distributed
into nine 200-L tanks (30 fish per tank) in a recirculating aquaculture system (RAS). Freshwa-
ter was provided with a mechanical filtration system, UV treatment, and constant aeration.
Fish were fed with a NFD, HFD, and 4-BPA, and each experimental diet was hand-fed
to fish from three tanks to achieve visual satiety twice daily (8:00 and 17:00). After eight
weeks of feeding, the fish were euthanized with 100 mg/L MS-222 (Sigma, St. Louis, MO,
USA). Then, bodyweights were measured, and liver sampling was conducted for analy-
sis, in accordance with the method described in our recent study [10]. The experimental
conditions were consistent with the conditions maintained during the acclimation period.
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2.2.2. Experiment II: The Acute Ammonia Nitrogen Challenge Study

Fish from the same batch that were of similar initial sizes to the fish in Experiment I
were distributed into six separate tanks (30 fish per tank). Three tanks of fish were fed a
NFD and were regarded as control group, the other three were fed a NFD with 50 mg/kg
4-PBA supplementation, named the 4-PBA group. Feeding management is same as with
Experiment I. After two weeks of feeding, an acute ammonia nitrogen challenge test was
carried out. A stock solution of a high NH4Cl concentration (10 g/L) was prepared and
subsequently added to each tank, the ammonia nitrogen concentration was adjusted to
95 mg/L, and the 48 h LC50 was carried out in our preliminary test. After 48 h, serum
and liver samples were conducted. During this period, the ammonia concentrations of
each tank were detected by nesslerization [25] every 6 h, and adjusted with a NH4Cl stock
solution to maintain the desired concentration. One-third of the test water was replaced
with fresh water every 12 h. Fish were fasting during this period.

2.3. Biochemical Assays

The contents of triglyceride (TG), protein carbonylation (PC), and malonaldehyde
(MDA), and the activities of superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH-PX) were deleted in liver homogenate by using commercial kits (Nanjing
JianCheng Bioengineering Institute, Nanjing, China). The activities of aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) were determined in serum in accordance
with our recent study [26].

2.4. Liver Histology

Oil red O staining was used to evaluate fat deposition in the liver. Briefly, liver
samples were fixed in a 10% formaldehyde solution for 24 h, then dehydrated in a 15%
and 30% sugar solution at 4 ◦C. The dehydrated samples were embedded into an optimal
cutting temperature (OCT) compound (Servicebio, Wuhan, China), and cut into 8 μm-thick
sections using a freezing microtome (CRYOSTAR NX50, Thermo Scientific, Waltham, MA,
USA). After that, sections were stained using oil red O and hematoxylin, then, they were
observed and photographed under a microscope (DM5500B, Leica, Germany).

Transmission electron microscopy (TEM) analysis was conducted to observe hepato-
cellular ultrastructure. Samples were fixed in 2.5% glutaraldehyde solution overnight and
post-fixed in osmic acid for 2 h at 4 ◦C. Then, the samples were dehydrated in gradient
acetone solutions and embedded in epoxy resin. Ultrathin slices with a 60-nm thickness
were produced, stained with uranyl acetate and lead citrate solutions, and observed under
a TEM (Hitachi H-7650, Tokyo, Japan).

2.5. Gene Expression

A commercial kit (RC101-01, Vazyme Biotech Co., Ltd., Nanjing, China) was used to
isolate the total RNA in the liver, according to the protocol provided by the manufacturer.
Then, 1% agarose gel electrophoresis was carried out to investigate the RNA’s integrity.
The agarose was obtained from LABLEAD. Inc. (Beijing, China). A NanoDrop™ One
spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used to determine the
purity at 260/280 nm. First-strand cDNA was obtained from 1 μg of the total RNA, and
a commercial kit was used to achieve this (R211-01, Vazyme Biotech Co., Ltd., Nanjing,
China). The residual genomic DNA was erased using a gDNA wiper.

Real-time quantitative PCR (qPCR) was conducted in accordance with the method
described in our recent study [27]. The primer sequences used in the present study were
shown in Table S2. The relative expression levels of target genes were normalized by β-actin
and calculated using the 2−ΔΔCt method.

2.6. Statistical Analysis

Statistical analysis was performed using SPSS Statistics 20. For Experiment I, one-
way ANOVA and Tuckey’s multiple range test were carried out to assess the differences
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between three treatments. Student’s t-test was utilized to evaluate the differences between
two groups in Experiment II. Significance was set at p < 0.05 in both Experiment I and
Experiment II, and all data were expressed as the means ± standard error (SE).

3. Results

3.1. Experiment I: The High-Fat Diet Feeding Study
3.1.1. Growth and Fat Accumulation

Fish that were fed the HFD showed a significantly lower weight gain (WG) and feed
efficiency (FE) compared with fish that were fed the NFD. In addition, 4-PBA supplementa-
tion significantly improved the WG and FE (Figure 1).

Figure 1. Weight gain (A) and feed efficiency (B) of spotted seabass (L. maculatus) that were fed
the test diets for eight weeks. All values are exhibited as mean ± SE. The values with different
superscripts (a, b) are significantly different at p < 0.05 (Tukey’s test). Weight gain = final body
weight/initial body weight; Feed efficiency = wet weight gain/dry feed fed.

Moreover, fish that were fed the HFD exhibited excessive fat deposition compared
with other groups. Severe liver steatosis was observed under oil red O straining. Hep-
atic triacylglycerol (TAG) content was also enhanced by the HFD. Furthermore, 4-PBA
supplementation significantly reduced the oil red O-stained area and TAG content of
hepatocytes (Figure 2).

Figure 2. Hepatic TAG content (A) and oil red O-stained sections ((B) scale bar = 20 μm) of spotted
seabass (L. maculatus) fed the test diets for eight weeks. All values are exhibited as mean ± SE. The
values with different superscripts (a, b) are significantly different at p < 0.05 (Tukey’s test).

3.1.2. Oxidative Status

In the liver, the activities/level of CAT, SOD, GPX, and T-AOC of fish that were fed
the HFD significantly decreased, whereas MDA and PC content significantly increased.
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The supplementation of 4-PBA dramatically elevated the activity/level of SOD, GPX, and
T-AOC, and reduced the MDA and PC content (Figure 3).

Figure 3. The activities of catalase (CAT: (A)), superoxide dismutase (SOD: (B)), glutathione per-
oxidase (GSH-PX: (C)), the level of total antioxidant capacity (T-AOC: (D)), and the content of
malondialdehyde (MDA: (E)) and protein carbonylation (PC: (F)) in the livers of spotted seabass
(L. maculatus) that were fed the test diets for eight weeks. All values are exhibited as mean ± SE. The
values with different superscripts (a, b, c) are significantly different at p < 0.05 (Tukey’s test).

3.1.3. Endoplasmic Reticulum Stress

The expressions of ERS-related genes (ATF-6, IRE-1, PERK, EIF-2α, ATF-4, GRP78,
and CHOP) were significantly upregulated by HFD feeding, and the application of 4-PBA
significantly downregulated the expressions of these genes. (Figure 4).

Figure 4. Relative expression levels of ERs-related genes in the livers of L. maculatus that were fed
the test diets for eight weeks. All values are exhibited as mean ± SE. The values with different
superscripts (a, b, c) are significantly different at p < 0.05 (Tukey’s test).

Under the electron microscope, abnormalities were found in the livers of fish that
were fed the HFD diet. In fish that were fed the NFD diet, the hepatocytes had stacks
of rough endoplasmic reticulum (rER) that were concentrated around the nucleus and
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cell membrane borders; however, there was also a widespread swelling of the ER in fish
that were fed the HFD diet. More mitochondria showed matrix losses in the HFD group,
whereas this phenomenon was rare in the NFD and HFD+4-PBA groups (Figure 5).

Figure 5. Hepatic transmission electron microscopy (TEM) images of L. maculatus that were fed the
test diets for eight weeks. (N—nucleus; M—mitochondrion; green arrows—damaged mitochondria;
red arrows—damaged endoplasmic reticulum).

3.2. Experiment II: The Ammonia Nitrogen Exposure Study
3.2.1. The Survival and Liver Damage of Fish

After 48 h of ammonia nitrogen exposure, the mortality of the control group was about
50%, whereas the mortality of the 4-PBA group was significantly lower. The activity of ALT
in the control group is significantly higher than that of the 4-PBA group, and the activity of
AST exhibited the same trend but it did not cause a significant difference (Figure 6).

Figure 6. Mortality (A) and serum alanine aminotransferase (B) and aspartate aminotransferase (C) ac-
tivities of L. maculatus after two weeks of being fed the test diets and 48 h of ammonia nitrogen
exposure. All values are exhibited as mean ± SE. The values with different superscript (*) are
significantly different at p < 0.05 (Student’s t-test).

3.2.2. Oxidative Status

The activities/levels of SOD and T-AOC in the fish that were fed the control diet
significantly decreased, compared with the 4-PBA group. Although, the content of MDA
and PC were much higher in the control group than in the 4-PBA group (Figure 7).
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Figure 7. The activities of superoxide dismutase (SOD: (A)), catalase (CAT: (B)), glutathione peroxidase
(GSH-PX (C)), the level of total antioxidant capacity (T-AOC: (D)), and the content of malondialdehyde
(MDA: (E)) and protein carbonylation (PC: (F)) in the livers of L. maculatus after two weeks of being fed
the test diets and 48 h of ammonia nitrogen exposure. All values are exhibited as mean ± SE. The values
with different superscript (*) are significantly different at p < 0.05 (Student’s t-test).

3.2.3. Endoplasmic Reticulum Stress

The expression levels of ERS-related genes (CHOP, GRP78, ATF4, ATF6, and EIF-2α)
in the control group were remarkably higher than those in the 4-PBA group (Figure 8).
The ultrastructural damage of the ER could be observed in both groups; however, in the
control group, more ER lumens presented severe dilatation, and the ER network was
fragmented (Figure 9).

Figure 8. Relative expression levels of ERs-related genes in the livers of L. maculatus after two weeks of
being fed the test diets and 48 h of ammonia nitrogen exposure. All values are exhibited as mean ± SE.
The values with different superscript (*) are significantly different at p < 0.05 (Student’s t-test).
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Figure 9. Hepatic transmission electron microscopy (TEM) images of L. maculatus after two weeks of
being fed the test diets and 48 h of ammonia nitrogen exposure. (N—nucleus; M—mitochondrion;
green arrows—damaged mitochondria; red arrows—damaged endoplasmic reticulum).

4. Discussion

Oxidative stress refers to the excess reactive oxygen species (ROS) production that can
be stimulated by environmental and nutritional factors [28]. ROS can induce the oxidative
damage of biomacromolecules and cellular membrane systems [29]. Emerging evidence
also indicates that ROS often initiate the inflammation response and apoptosis [30,31].

High fat intake could cause excess fat accumulation and induce oxidative stress in
fish [27,32]. Moreover, the the activities of antioxidative enzymes (CAT, SOD, and GSH-PX)
decreased, and then, peroxidation occurred. In the present study, the increased MDA and
PC levels indicated that HFD feeding induced oxidative stress.

The endoplasmic reticulum (ER) is composed of a complex membrane system and is
susceptible to attacking ROS [33]. As the main site of protein synthesis, folding, modifica-
tion, and secretion, oxidative damage to the ER often induces protein unfolding or/and
misfolding [34]. The aggregation of unfolded/misfolded proteins activates endoplasmic
reticulum stress (ERs) [35]. Previous studies have demonstrated that ERs activation reiles
on unfolded protein response (UPR) pathways [36]. As it is downstream of UPR, CHOP
plays a vital role in ERs-mediated cytotoxicity, given its contributor role to apoptosis [37].
These molecules of the UPR pathway are well accepted as biomarkers of ERs. In this study,
the expressions of ERs-related genes (ATF-6, IRE-1, PERK, Eif-2α, ATF-4, GRP78, and CHOP)
were upregulated through HFD feeding. Moreover, swollen endoplasmic reticula were
observed under TEM. These results indicated that HFD feeding activated ERs. Similar
results have also been reported in other fish [16,22,38] and rodent models that were fed
high-fat diets [39,40]. Furthermore, 4-Phenylbutyric acid (4-PBA) has an effect on misfolded
and unfolded proteins; therefore, it can be used as a specific inhibitor of ERs [41,42]. The
present results showed that dietary 4-PBA significantly decreased ERs induced by a HFD.

There are many proteins involved in the synthesis and export of lipids that are folded
or/and bounded at the ER. Hence, the ER also plays a key role in the homeostasis of lipid
metabolism [43]. The overload of lipid metabolism leads to continuous ERs, which leads to
lipid synthesis as a result of the protein metabolism in the ER [43,44]. In the present study,
4-PBA exhibited fat lowering effects that are dependent on ER metabolism remolding. The
fat-lowering effect of 4-PBA also contributed to the alleviation of oxidative stress [45].

It is reported that there is an interplay between ERs and oxidative stress [23]. The
overexpression of UPR components, such as CHOP and ATF4, directly contribute to ROS
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synthesis in the ER [33]. Moreover, the impaired ER can translate Ca2+ to mitochondria
through the calcium release channel and mitochondrial-associated membranes, which
exaggerates the production of ROS via the electron transport chain (ETC) [46]. In the
present study, the expression of CHOP and ATF4 were downregulated by dietary 4-PBA.
Moreover, the analysis of TEM showed that HFD-induced mitochondrial damage was
also alleviated. Based on these phenomena, we postulate that 4-PBA also inhibits ROS
formation in both the ER and mitochondria.

There are many factors in the aquaculture environment that can be triggers of oxidative
stress [6,47]. Notably, the highly intensive aquaculture industry has boomed in recent
decades, as there has been a high demand for fish products [48]. Thus, fish often suffer
ammonia nitrogen stress in the highly intensive culture [12]. The high ammonia nitrogen
concentration can cause serious tissue damage and high mortality, which is a high-risk
factor during fish farming [49–51]. Ammonia nitrogen stress can rapidly gather in the
blood and tissue of fish and act as a potent cause of oxidative stress [52]. Fish that were
fed the 4-PBA supplementation diet had a lower mortality rate and serum transaminases
activities after the acute ammonia nitrogen challenge. This indicates that dietary 4-PBA
can improve the tolerance of fish to ammonia stress. Further analysis showed that 4-PBA
can enhance antioxidative abilities and reduce the peroxidation of proteins and lipids.
Moreover, 4-PBA downregulated the gene expression of UPR factors. This indicates that
4-PBA supplementation exhibits the protective effect of ER homeostasis in fish that are
exposed to high ammonia nitrogen concentrations.

5. Conclusions

In summary, the present study showed that ERs played an important role in the oxida-
tive stress induced by a HFD or stress caused by high ammonia nitrogen concentrations.
Furthermore, 4-PBA can attenuate the stress of the ER and excess fat deposition caused by
the HFD feeding. Moreover, the supplementation of 4-PBA can increase the tolerance of
fish that have suffered ammonia stress.
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Abstract: Our previous studies in gibel carp (Carassius gibelio) have shown that cadmium (Cd)
exposure elicits deleterious effects depending on the genetic background, and thus we hypothesized
that mitigation via nutritional intervention may vary between strains. Therefore, two gibel carp strains
(the A and F strains) were fed diets supplemented with 0% or 1% taurine for 8 weeks prior to 96 h Cd
exposure, and the responses of antioxidant pathways, endoplasmic reticulum (ER) stress, autophagy,
and apoptosis were investigated. The results showed that taurine supplementation had no effect on
the growth performance of gibel carp. After Cd exposure, histological damage to mitochondria and
ER, induction of oxidative stress and antioxidant responses, occurrence of ER stress, and apoptotic
signals were observed in the livers. Upon the diet effects, taurine supplementation alleviated the
ER-stress-induced autophagy and apoptosis after Cd exposure and stimulated antioxidant pathways.
Regarding the difference between strains, taurine played a protective role in alleviating Cd toxicity
through the antioxidant response, ER stress, and autophagy in the F strain, whereas such effects were
achieved by the attenuation of apoptosis in the A strain. Taken together, our results demonstrate the
potential use of taurine in the mitigation of heavy metal toxicity in aquatic organisms.

Keywords: taurine; Cd exposure; strain; autophagy; apoptosis

1. Introduction

Owing to widespread environmental pollution, the diverse hazardous impacts of
exposure to toxic heavy metals on living organisms are becoming a global issue of great
concern [1]. Cadmium (Cd) is one of the most abundant environmental pollutants in the
biosphere, and it can be both toxic and carcinogenic [2,3]. Compared to other animals,
aquatic species are vulnerable to Cd toxicity via the dietborne as well as the waterborne
routes [4,5]. Therefore, aquatic toxicological evaluation of the effects of Cd has been widely
investigated in teleosts under chronic or acute exposure in species such as gilthead sea
bream, tilapia, yellow perch, and gibel carp (Carassius gibelio) [6–9].

Cadmium is reported to elicit deleterious effects via neurotoxicity, immunotoxicity,
induction of oxidative stress, damage to organ structure, and cellular dysfunction [2,10].
Much effort has been made to investigate the mechanism of Cd toxicity and to develop
a safe therapeutic approach to mitigating the toxic effects [1]. Some chemopreventive
agents such as garlic extract containing specific organosulfur compounds have been used
to protect against the toxic effects of Cd in both animal models and cell lines [11,12]. Cd
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exposure disrupts the cellular oxidative homeostasis [13] that is regulated by various
enzymatic or non-enzymatic antioxidants. Importantly, oxidative stress and glutathione
(GSH) depletion are crucial components of Cd toxicity in aquatic organisms [14]. Therefore,
nutrients with antioxidant properties have been applied to ameliorate the hepatotoxicity by
modulating antioxidant pathways, such nutrients include vitamin C, vitamin E, carotenoids,
and selenium [1,15].

Taurine (TAU, 2-amino ethanesulfonic acid), as a semi-essential amino acid, is a deriva-
tive of a sulfur-containing amino acid that has multiple functions in fish physiology [16].
Taurine is usually supplemented as an additive in the diet of aquatic animals for the pro-
motion of growth as well as boosting the reproduction system, immune functions, and
antioxidant effects [17]. The mechanism of the antioxidant activity of taurine was reported
to be associated with enhanced mitochondrial function that protects the mitochondria
from excessive superoxide [18]. In addition, taurine has been considered as a promising
candidate for the improvement of liver function, and it has been reported as possessing
tissue protective effects in treating oxidant-induced injury [19,20]. In mammalian models,
taurine has been reported to alleviate the toxic effects of copper, lead, aluminum, and
cadmium [21–23]. Similarly, administration of taurine affected hepatic metabolism and
reduced Cd contamination in red sea bream and catfish [16,24]. Nevertheless, the mecha-
nisms underlying the ameliorative effects of taurine against Cd poisoning in teleost fish are
still not fully elaborated.

Previous studies have shown that exposure to Cd caused different toxic effects in
gibel carp (Carassius gibelio) A strain (CAS III) and F strain (CAS V), regardless of whether
via the dietborne or waterborne routes [9,25]. Specifically, these two strains of gibel carp
showed genetically based metabolic strategies in response to Cd toxicity, verifying the fact
that differences in genetic background may be an important cause of metabolic differences
between fish strains. To ascertain the potential of taurine in the prevention of Cd poisoning
and to explore whether these effects would vary between the two strains, experiments
were performed with taurine supplementation via the diet route in the present study. We
assessed the liver functions of the two strains, because the liver is the center of intermediary
metabolism and plays vital roles in detoxifying processes [26,27].

2. Materials and Methods

2.1. Experimental Procedures

The experimental scheme is illustrated in Figure 1. Gibel carp used in this trial were
obtained from the hatchery of the Institute of Hydrobiology, the Chinese Academy of Sci-
ences, Wuhan, Hubei, China. The healthy and uniformly sized gibel carp A (4.61 ± 0.03 g)
and F (4.58 ± 0.04 g) strains were fed diets supplemented with 0% (Control) or 1% TAU
for 8 weeks (Figure 1, Phase 1). Diets were formulated in the laboratory according to the
procedures described by Li et al. [28]. The diet formulation and approximate composition
are shown in Table 1. Therefore, four groups of fish were obtained: the A strain fed the
control diet (A0), the A strain fed a 1% TAU supplemented diet (A1), the F strain fed the
control diet (F0), and the F strain fed a 1% TAU supplemented diet (F1).

After the 8-week feeding trial, a challenge test was conducted with fish from each of
the four groups by exposing the fish to acute waterborne Cd (11.9 mg/L) (Figure 1, Phase
2). Cd exposure was performed in a static aquarium system with continuous aeration
for 96 h, with 10 fish per tank and triplicate replicates for each tank. The concentration
of Cd was set based on the value shown by a preliminary experiment that identified the
96 h median lethal concentration (LC50) [25]. CdCl2·2.5 H2O was added to the water
by diluting a stock solution according to methods described by Li et al. [25]. During the
acute exposure experiment, water in the system was refreshed daily. This experiment was
implemented following the guiding principles for the care and use of laboratory animals
and was approved by the Institute of Hydrobiology, Chinese Academy of Sciences.
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Figure 1. Experimental design. Control: control diet; TAU: diet supplemented with taurine.

Table 1. Ingredients and proximate composition of the experimental diets (g/kg).

Ingredients Control TAU

White fishmeal 1 100 100
Wheat gluten 100 100

Soybean meal 2 170 170
Rapeseed meal 2 170 170

Fish oil 33 33
Soybean oil 33 33
Wheat flour 250 250

Taurine 0 10
Vitamin premix 3 3.9 3.9
Choline chloride 1.1 1.1
Mineral premix 4 50 50

CMC 30 30
Cellulose 59 59

Chemical composition (g/kg)

Crude protein 340.5 344.0
Crude lipid 82.5 80.2

Ash 74.8 74.6
Moisture 79.3 88.1

1 Fish meal was purchased from American Seafood Company, Seattle, Washington, USA. 2 Soybean and rapeseed
meal were purchased from Coland Feed Co. Ltd., Wuhan, Hubei, China. 3 Vitamin premix (mg/kg diet): vitamin
A, 1.65; vitamin D, 0.025; vitamin E, 50; vitamin K, 10; ascorbic acid, 100; thiamin, 20; riboflavin, 20; pyridoxine, 20;
cyanocobalamine, 0.02; folic acid, 5; calcium pantothenate, 50; inositol, 100; niacin, 100; biotin, 0.1; cellulose, 645.2.
4 Mineral premix (mg/kg diet): NaCl, 500; MgSO4·7H2O, 8155.6; NaH2PO4·2H2O, 12,500.0; KH2PO4, 16,000.0;
CaHPO4·H2O, 7650.6; FeSO4·7H2O, 2286.2; C6H10CaO6·5H2O, 1750.0; ZnSO4·7H2O, 178.0; MnSO4·H2O, 61.4;
CuSO4·5H2O, 15.5; CoSO4·7H2O, 0.5; KI, 1.5; corn starch, 753.7.

2.2. Sample Collection

At the end of the 96 h Cd waterborne experiment, fish were anesthetized with
MS-222 solution (Aminobenzoate methanesulfonate, 0.06 g/L, Sigma, St. Louis, MO,
USA). The livers of two fish from each tank were dissected immediately on ice, with
one part frozen in liquid nitrogen and then stored at −80 ◦C, and one part fixed in 2.5%
glutaraldehyde solution and 4% paraformaldehyde.

2.3. Transmission Electron Microscopy (TEM) Observation

The liver samples of the two strains were dissected into 1 mm3 cubes and then fixed
immediately in 2.5% glutaraldehyde solution. The samples were then rinsed with 0.1 M
phosphate buffer solution (pH = 7.4) three times (15 min each time). Postfixation was
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conducted with 1% osmium tetroxide for 2 h, and then the fixed samples were washed three
times with 0.1 M phosphate buffer solution (pH = 7.4). The dehydration was performed
in a graded ethanol series followed by acetone. After that, samples were infiltrated with
acetone:SPI-Pon 812 resin (1:1) followed by acetone:SPI-Pon 812 resin (1:2) and SPI-Pon
812 resin. Subsequently, the samples were embedded in SPI-Pon 812 resin for 48 h at
60 ◦C. Ultra-thin sections (80–100 nm) were stained with uranyl acetate and lead citrate.
Finally, observations were conducted using a transmission electron microscope (Tecnai G2
20 TWIN, FEI, Hillsboro, OR, USA).

2.4. TUNEL Analysis

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analyses
were performed according to the procedure described by Li et al. [25]. The liver samples
were fixed in 4% paraformaldehyde and then embedded in paraffin. After that, the samples
were cut into 5 μm sections and deparaffinized in dimethylbenzene. The samples were
dehydrated in a graded ethanol series, repaired with proteinase K, and permeabilized with
Triton X-100/PBS solutions. DNA fragmentation was determined using TdT and dUTP
reagents (1:9) for 2 h incubation followed by staining with 4′,6-diamidino-2-phenylindole
(DAPI, 0.3 mmol/L) for 10 min. The samples were examined under a Nikon Eclipse Ti-SR
inverted microscope.

2.5. Chemical and Biochemical Analyses

Cd concentrations in water samples were measured in accordance with the National
Standards of the Republic of China (GB/T 7475-1987, Water quality determination of copper,
zinc, lead and cadmium—atomic absorption spectrometry). In summary, sample digestion
was conducted by adding hydrogen peroxide and concentrated nitric acid to the samples.
After adding palladium nitrate, the samples were tested via inductively coupled plasma
optical emission spectroscopy (ICP-OES, PerkinElmer Optima 8000, Waltham, MA, USA).

The activities of total antioxidant capacity (T-AOC), superoxide dismutase (SOD),
reduced glutathione (GSH), glutathione peroxidase (GSH-Px), catalase (CAT), and the
contents of malondialdehyde (MDA) were measured using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China). The activity of caspase 3
(Casp3) in livers was tested using a commercial kit (Caspase 3 Activity Assay Kit, Be-yotime
Biotechnology, Shanghai, China).

2.6. qRT-PCR Analysis

Total RNA from liver samples was extracted using TRIzol reagent (Ambion, Life Tech-
nologies, Austin, TX, USA) according to the manufacturer’s instructions. The RNA integrity
and purity were assessed by agarose gel electrophoresis and NanoDrop spectrophotometer
determination, respectively. The cDNA was synthesized by reverse transcription using an
M-MLV First-Strand Transcriptase kit (Invitrogen, Carlsbad, CA, USA). All quantitative
real-time PCR (qRT-PCR) assays were performed on a LightCycler 480 System (Roche, Jena,
Thüringen, Germany). The primers used for quantitative RT-PCR are shown in Table 2. The
housekeeping gene tubulin was chosen to normalize the relative quantification of target
genes according to the methods described by Pfaffl [29].
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2.7. Statistical Analysis

Results are presented as means ± standard errors. Normality and homoscedasticity of
the data were assessed by Shapiro–Wilk and Levene tests. Two-way analysis of variance
(ANOVA) was conducted with SPSS 26.0 (Chicago, IL, USA), and p < 0.05 was considered
as a significant difference. Independent t-tests were conducted to examine the differences
between pre- and post-challenge test groups. Gene expression heatmap of genes related
to antioxidation, ER stress, autophagy, and apoptosis were created using heatmapper
(http://www.heatmapper.ca/ accessed on 4 July 2022).

3. Results

3.1. Growth Performance

No significant differences in final body weight (FBW) or specific growth rate (SGR)
were observed in the two strains of gibel carp fed diets with taurine supplementation
(Figure 2). However, dietary taurine supplementation significantly decreased the feed
efficiency (FE) and increased the feed conversion ratio (FCR) in both strains. The F strain
presented significantly higher FBW, SGR, and FE and lower FCR than the A strain (p < 0.05).
During the experiment, the survival rate of fish was 100%.

Figure 2. Specific growth rate and feed efficiency of two gibel carp strains fed the control diet and
diet supplemented with taurine. Control: control diet, white bars; TAU: diet supplemented with
taurine, black bars. FBW: final body weight; SGR: specific growth rate (%/d) = 100 × [ln (final
weight) − ln (initial weight)]/day; FE: feeding efficiency (%) = (100 × body weight gain)/dry feed
intake; FCR: feed conversion ratio = (100 × dry feed intake)/body weight gain. Bars with different
uppercase letters (A, B) represent significant differences between the A and F strains (p < 0.05). Bars
with different upper-case letters (X, Y) represent significant differences between the control diet group
and the taurine diet group (p < 0.05).

3.2. Histological Observation

Ultrastructural images of the liver in the two gibel carp strains exposed to Cd are
shown in Figure 3. Cd exposure induced ultrastructural alterations in the two gibel carp
strains, as shown by the degenerated cristae and swelling of mitochondria. Meanwhile,
irregular parallel stacked endoplasmic reticulum and plaque accumulation within hepato-
cytes were detected by transmission electron microscopy.
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Figure 3. Representative histological transmission electron microscopy (TEM) images of gibel carp
(A and F strains) after 96 h cadmium exposure. Control: control diet; TAU: diet supplemented
with taurine.

A terminal deoxynucleotidyl transferase dUTP nick end labeling assay (TUNEL) was
conducted to assess the apoptosis index in the livers of gibel carp (Figure 4). The results
showed that apoptosis signals increased significantly after Cd exposure (p < 0.05), while
dietary taurine supplementation decreased the apoptosis index compared with the control
group. Moreover, the apoptosis index in the A strain fed the control diet was the highest
(p < 0.05).

Figure 4. Representative DAPI and TUNEL double staining and image quantification results from
the livers of gibel carp (A and F strains) after 96 h cadmium exposure. Positive apoptotic cells appear
in green, and normal nuclei appear in blue. Control: control diet, white bars; TAU: diet supplemented
with taurine, black bars. Bars with different lowercase letters (a, b) indicate the interaction effect and
represent significant differences among groups (p < 0.05). Bars with * indicate significant changes
between diets in the same strain (p < 0.05). The magnification factor is 200×, and the scale bar is
100 μm.
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3.3. Activities of the Antioxidant and Caspase Enzymes

Before Cd exposure, the enzyme activities of T-AOC, SOD, GSH-Px, Casp3, and con-
tents of GSH showed no significant variation among treatments (Figure 5). Dietary taurine
supplementation significantly enhanced the activities of CAT in the A strain compared
to other groups (p < 0.05), while MDA contents were significantly lower in the F strain
than in the A strain (p < 0.05). After Cd exposure, no significant differences were found
among groups in the activities of T-AOC, SOD, or Casp3 or in GSH content. The A strain
had significantly higher GSH-Px activities and MDA contents than the F strain (p < 0.05).
For the diet effects, dietary taurine supplementation elevated the CAT activities, whereas
taurine decreased the MDA content after Cd exposure in both strains.

Figure 5. Antioxidant indices and Casp3 activity in the livers of gibel carp (A and F strains) before
cadmium exposure (white bars) and after cadmium exposure (black bars). A0: A strain fed the control
diet; A1: A strain fed a diet supplemented with taurine; F0: A strain fed the control diet; F1: A
strain fed a diet supplemented with taurine. Bars with different uppercase letters (A, B) represent
significant differences between the A and F strains (p < 0.05). Bars with different uppercase letters
(X, Y) represent significant differences between the control diet group and the taurine diet group
(p < 0.05). Bars with different lowercase letters (a, b) indicate the interaction effect and represent
significant differences among all groups (p < 0.05). Bars with * indicate significant changes between
before and after cadmium exposure (p < 0.05).

Cd exposure significantly inhibited the activities of CAT in both strains of gibel carp
and reduced the content of MDA in the F strain. For both gibel carp strains, Cd exposure
suppressed the activity of T-AOC, whereas the activity of Casp3 and the contents of GSH
were elevated. However, the F strain fed the diet with taurine supplementation did not
show significant differences in the activities of T-AOC or Casp3 or in GSH content. Among
all groups, only the F strain given dietary taurine supplementation showed significant
reduction in the activity of GSH-Px (p < 0.05).
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3.4. Antioxidant Pathways and Metallothionein Levels

The expression levels of antioxidant genes and metallothionein are shown in Figure 6.
Prior to Cd exposure, the gene expression levels of prx2, hsp70, and mt showed no signifi-
cant differences among groups (p > 0.05). Dietary taurine supplementation significantly
upregulated the expression of bach1 and nrf2 in both strains compared to the control group
(p < 0.05). The F strain showed significantly higher mRNA levels of keap1 than the A strain
(p < 0.05).

Figure 6. Expression levels of genes related to antioxidation and metallothionein (mt) in the livers
of gibel carp (A and F strains) before cadmium exposure (white bars) and after cadmium exposure
(black bars). A0: A strain fed the control diet; A1: A strain fed a diet supplemented with taurine; F0:
A strain fed the control diet; F1: A strain fed a diet supplemented with taurine. Bars with different
uppercase letters (A, B) represent significant differences between the A and F strains (p < 0.05). Bars
with different uppercase letters (X, Y) represent significant differences between the control diet group
and the taurine diet groups (p < 0.05). Bars with different lowercase letters (a, b) indicate a significant
interaction effect and represent the differences among all the groups (p < 0.05). Bars with * indicate
significant changes between before and after cadmium exposure (p < 0.05).

After Cd exposure, no significant variation was observed in the mRNA levels of bach1,
keap1, nrf2, or hsp70 among all groups (p > 0.05). The A strain showed significantly higher
mt mRNA levels than the F strain (p < 0.05). Interactions were identified in the expression
of prx2, with the highest levels found in the F strain given dietary taurine supplementation
(p < 0.05). Cd exposure enhanced the expression levels of nrf2 and mt in both strains,
while the A strain showed significant elevation of the mRNA level of bach1 (p < 0.05). The
expression of prx2 was significantly upregulated after Cd exposure (p < 0.05), while no
significant differences were observed in the F strains (p > 0.05). The expression of keap1
was significantly higher after Cd exposure (p < 0.05), except for the F strain fed with the
control diet.

3.5. ER Stress

As shown in Figure 7, no significant differences were observed in the expression of xbp1
or eif2a among all groups before Cd exposure (p > 0.05). Dietary taurine supplementation
significantly upregulated the mRNA levels of ire1, perk, and chop in the livers of both strains
compared to the control group. The F strain had markedly higher levels of atf6 than the A
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strain (p < 0.05). Diets interacted with strains to affect the expression of atf4 in the livers of
gibel carp, with the F strain showed the highest levels among all groups (p < 0.05).

Figure 7. Expression levels of genes related to ER stress in the livers of gibel carp (A and F strains)
before cadmium exposure (white bars) and after cadmium exposure (black bars). A0: A strain fed the
control diet; A1: A strain fed a diet supplemented with taurine; F0: A strain fed the control diet; F1:
A strain fed a diet supplemented with taurine. Bars with different uppercase letters (A, B) represent
significant differences between the A and F strains (p < 0.05). Bars with different uppercase letters
(X, Y) represent significant differences between the control diet and taurine diet groups (p < 0.05).
Bars with different lowercase letters (a, b) indicate the interaction effect and represent the differences
among all groups (p < 0.05). Bars with * indicate significant changes between before and after
cadmium exposure (p < 0.05).

After Cd exposure, no significant variation was observed in the expression of ire1, perk,
or chop among all groups (p > 0.05). The F strain showed significantly higher expression
levels of atf6, eif2a, and atf4 than the A strain (p < 0.05). Interactions were observed in
the mRNA level of xbp1, with the highest level found in the A strain fed the control diet
(p < 0.05). Cd exposure significantly induced higher mRNA levels of ire1, perk, atf6, xbp1,
eif2a, and atf4 in the livers of both strains, whereas the A strain fed the control diet had the
higher chop mRNA levels (p < 0.05).

3.6. Autophagy and Apoptosis

Hepatic mRNA levels related to autophagy and apoptosis were investigated in both
strains (Figure 8). Prior to Cd exposure, no significant differences were found in the
expression of atg12, atg5, beclin1, or bcl2 (p > 0.05). The mRNA levels of lc3b in the A strain
were significantly lower than in the F strain among all groups (p < 0.05). Dietary taurine
supplementation elevated the expression of ero1α and bax (p < 0.05). The diets and strains
interacted to affect the expression of casp9 and casp3, with the highest levels found in the A
strain fed the taurine diet (p < 0.05).
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Figure 8. Expression levels of genes related to autophagy and apoptosis in the livers of gibel carp
(A and F strains) before cadmium exposure (white bars) and after cadmium exposure (black bars).
A0: A strain fed the control diet; A1: A strain fed a diet supplemented with taurine; F0: A strain fed
the control diet; F1: A strain fed a diet supplemented with taurine. Bars with different uppercase
letters (A, B) represent significant differences between A and F strains (p < 0.05). Bars with different
upper-case letters (X, Y) represent significant differences between the control diet group and the
taurine diet group (p < 0.05). Bars with different lowercase letters (a, b) indicate the interaction effect
and represent the differences among all groups (p < 0.05). Bars with * mean significant changes
between before and after cadmium exposure (p < 0.05).

After Cd exposure, the expression of atg12, atg5, beclin1, bcl2, and casp9 showed no
significant differences among all groups (p > 0.05). The A strain showed significantly
higher levels of lc3b, ero1α, and bax and significantly lower levels of casp9 than the F strain
(p < 0.05). Cd exposure significantly upregulated the mRNA levels of atg12, atg5, and ero1α
in the livers of both strains. However, the upregulated levels of lc3b were only found in
the F strain fed the taurine diet. The increased expression of beclin1 was found in the A
strain fed the control diet and the F strain fed the taurine diet (p < 0.05). The A strain
subjected to the taurine diet had significantly higher hepatic mRNA levels of casp3 and casp9.
Cd exposure induced significant upregulation of the expression of bax among all groups
(p < 0.05) except for the A strain fed the diet with taurine supplementation (p > 0.05).

3.7. Heatmap Cluster Analysis

The mean values of molecular (gene expression) signatures of all treatments are
presented in the clustering heatmap (Figure 9). Obvious differences were observed in
the two strains before or after Cd exposure. Molecular expression of genes involved in
antioxidant response, ER stress, and autophagy in the F strain after Cd exposure was not in
a cluster with other treatments, especially in the F strain fed the taurine diet.
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Figure 9. Gene expression heatmap of genes related to antioxidation, ER stress, autophagy, and
apoptosis in the livers of gibel carp.

4. Discussion

Taurine has been reported to have beneficial effects on the growth performance of
aquatic animals fed low fish meal diets in species such as black carp and white shrimp [30,31].
In the Phase 1 period of the present study, no significant effects on FBW or SGR were
observed in either strain of gibel carp subjected to 8 weeks of taurine supplementation.
Consistent with our results, the positive effects of dietary taurine supplementation (0, 0.5,
1.0, 1.5, and 2.0%) on growth improvement in yellowtail disappeared after six weeks of
feeding, although higher final body weight was observed in fish fed a taurine diet for three
weeks [32]. Dietary taurine supplementation significantly decreased FE and increased FCR
in both strains. When the dietary taurine level exceeds the basic nutritional requirement,
this can lead to feed intake reduction, as has been reported in Nile tilapia [33]. Therefore,
the effects of dietary taurine supplement on growth of aquatic animals may be dose or
time dependent.

As a semi-essential amino acid, taurine has physiological functions in the antioxidant
and anti-apoptosis responses. Being a non-essential heavy metal, Cd exerts its effects
and causes damage to tissues primarily through peroxidation and apoptosis [34]. Reports
have shown that dietary taurine supplementation could mitigate Cd toxicity in catfish and
red sea bream [16,24]. In the present study, histological observations showed that 96 h
Cd exposure caused degenerated cristae, swelling of mitochondria, and irregular parallel
stacked endoplasmic reticulum, and plaques in the cytoplasm of hepatocytes of both strains,
suggesting that Cd damaged the mitochondria and endoplasmic reticulum in the liver
cells of gibel carp. Meanwhile, Cd triggered apoptosis signals, as shown by the TUNEL
results. Nevertheless, the apoptosis index was significantly lower in both strains fed diets
with taurine supplementation compared to the control groups. Therefore, dietary taurine
supplementation could apparently mitigate Cd-induced hepatic damage in gibel carp as
in catfish and red sea bream [16,24]. Metallothionein (mt) is considered as a biomarker in
the Cd detoxification process, as it can combine with Cd to form a Cd-MT complex [35].
In the present study, hepatic mRNA levels of mt increased significantly after Cd exposure,
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indicating that Cd triggered the protective proteins to counteract the damage to the liver. To
further elucidate the potential protective effects of taurine in gibel carp against Cd toxicity,
we investigated the antioxidant response, ER stress, autophagy, and apoptosis.

Induction of oxidative stress is one of the toxicological mechanisms involved in heavy
metal stress in fish, where the production of ROS (reactive oxygen species) causes oxidative
damage to cells. Previous studies have shown that the hepatic enzyme activity of SOD
increased significantly in rainbow trout after 7 days of waterborne Cd exposure [36].
Meanwhile, 21 days of waterborne Cd exposure enhanced the hepatic enzyme activity
of SOD in catfish [37]. In the present study, Cd exposure elevated the SOD activity in
gibel carp fed the control diet. However, no significant differences were found in hepatic
SOD activities in fish fed diets with taurine supplementation, implying the protective
role of taurine against Cd exposure in gibel carp. MDA is considered as a biomarker of
the lipid peroxidation level under oxidative stress [38]. Dietary taurine supplementation
significantly decreased MDA levels in the liver, which is consistent with the results for
hepatic SOD activity. Cd exposure suppressed the enzyme activity of CAT in the livers
of both strains, but the F strain showed higher levels than the A strain. Moreover, Cd
exposure inhibited the activities of T-AOC while elevating the activity of Casp3 and the
contents of GSH. However, no significant differences were observed in the activities of
T-AOC or Casp3 or in the content of GSH in the F strain fed the taurine diet. Additionally,
even though the activity of GSH-Px showed no variation among groups, the lowest level
was found in the F strain fed the diet with taurine supplementation. Overall, taurine may
exert its protective function against Cd poisoning more efficiently in the F strain than in the
A strain.

Nuclear factor erythroid 2-related factor 2 (nrf2) is a key transcriptional factor involved
in the regulation of the cellular antioxidant response [39]. Nrf2 regulates downstream
antioxidant-related genes such as keap1, prx2, bach1, and hsp70 to alleviate oxidative stress in
organisms [40]. In the present study, the nrf2 signaling pathway was activated, as indicated
by upregulation of nrf2 mRNA levels in both strains fed the taurine supplemented diet.
In zebrafish, the nrf2 pathway demonstrated protective effects by mitigating Cd-induced
cellular oxidative damage [41]. Before Cd exposure, the expression levels of nrf2 and bach1
were significantly higher in both strains fed diets with taurine supplementation than in the
control groups, indicating that dietary taurine could enhance the antioxidant potential of
gibel carp, while such beneficial effects were not observed after the Cd exposure. Moreover,
Cd exposure downregulated the expression levels of prx2, except in the F strain fed the
diet with taurine supplementation. Taken together, the results suggest that taurine had a
protective role against Cd-induced damage in both strains, especially in the F strain.

The endoplasmic reticulum is a dynamic organelle that is responsible for folding
and assembly of proteins [42]. ER stress and its downstream signaling pathways play
a crucial regulatory role in response to heavy-metal-induced toxic effects [43]. Previous
studies had indicated that Cd waterborne could induce ER stress in both strains of gibel
carp [25]. In the present study, the expression levels of the ER-stress-related genes ire1, perk,
atf6, xbp1, eif2α, and atf4 were increased after Cd exposure. In other words, all branches
of the regulatory pathways of PERK-eIF2a-ATF4, IRE1-XBP1, and ER stress transducers
ATF6 were induced after Cd exposure, suggesting the occurrence of ER stress in gibel
carp exposed to Cd. The phosphorylation dependence of PERK induces dissociation of
Nrf2/Keap1 complexes, thereby triggering the transcription of downstream genes involved
in antioxidant pathways [44]. The expression level of perk had a variation trend similar to
that of nrf2. Meanwhile, hepatic histological alterations such as swelling of mitochondria
and irregular parallel stacks of ER were triggered by Cd exposure, observations that
confirmed the ER stress in gibel carp.

Autophagy refers to a catabolic process in which cytoplasmic constituents and or-
ganelles in the lysosome are degraded to maintain homeostasis as an adaptative response
to stressful conditions [45]. Autophagic pathways can be triggered through induction of ER
sensors under long-lasting ER stress [46]. It has been reported that Cd exposure could cause
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such a stress response, eliciting ER-stress-mediated autophagic and apoptosis processes
in both strains of gibel carp [9,25]. Moreover, the formation of autophagosomes requires
two ubiquitin-like conjugation pathways: one involves the formation of the multimeric
complex of ATG5-ATG12-ATG16 conjugation; the other results in the conjugation of phos-
phatidylethanolamine (PE) to LC3b for the expansion of autophagic membranes [45,47]. In
the present study, Cd exposure upregulated the hepatic mRNA levels of atg5 and atg12 in
both strains regardless of the diet effect, suggesting that autophagic processes may be trig-
gered by the increasing level of the ATG5-ATG12 complex. The mRNA levels of lc3b were
only elevated in the F strain fed with the taurine diet, implying that more conjugation path-
ways were stimulated in the F strain. Thus, stronger autophagy may have been triggered in
the F strain fed the taurine diet. Furthermore, Beclin-1 is a critical regulator of autophagy,
because it participates in the formation of autophagosomes [48]. The transcriptional levels
of beclin1 were increased in the A strain fed the control diet and the F strain fed the taurine
diet. Taken together, the results suggest that Cd exposure induced the autophagic process,
and stronger autophagy responses were observed in the F strain fed the taurine diet.

Autophagy may play a protective role in cell survival, and extensive autophagy may
trigger apoptosis as an independent pathway of cell death [49]. Apoptosis is also known
as a cellular biomarker of metal-induced physiological alterations in aquatic animals [50].
Cd exposure was reported to induce apoptosis in topsmelt, purse red common carp, and
gibel carp [25,51,52]. Apoptosis can be triggered by three main pathways, one of which is
upstream caspase activation and includes the enzymes Caspase 9 and Caspase 3 [53]. In
the present study, the transcriptional levels of casp9 and casp3 were inhibited in the A strain
fed the diet supplemented with taurine. The mRNA levels of casp3 were not consistent
with the Casp3 activities, possibly due to a feedback response; a similar result has been
reported in Litopenaeus vannamei [54]. Meanwhile, the apoptotic index in the A strain after
Cd exposure was higher than in other groups as shown by the TUNEL results, suggesting
that Cd exposure caused higher levels of apoptosis, and dietary taurine supplementation
manifested its antioxidant effects through the regulation of the caspase gene in the A strain.
In the apoptotic process, bcl2 is a member of the anti-apoptosis protein family, while bax
and ero1α have opposite functions [47,55]. In the present study, no significant variation
in bcl2 expression was found after exposure to Cd, while the expression of ero1α was
significantly elevated, indicating that apoptosis was induced by Cd exposure. The mRNA
levels of bax increased after Cd exposure in all groups, but unaltered mRNA levels of bax
were found in the A strain fed taurine, implying that dietary taurine supplementation
alleviated the Cd toxicity by attenuating apoptosis in the A strain compared to the F strain.

Hierarchy cluster heatmap analysis showed that significant differences were observed
in the two strains before or after Cd exposure, which verified the effects induced by Cd
exposure as mentioned above. Expression levels of genes involved in antioxidant response,
ER stress, and autophagy in the F strain post Cd exposure was not in cluster with other
treatments, especially in the F strain fed the taurine diet, which was in line with previous
results. Differential responses between the A and F strains of gibel carp were investigated
in our previous studies owing to their genetic differences produced by selection [9,25]. The
A strain was produced from eggs of gibel carp D strain and the sperm of gibel carp A strain,
while the F strain was produced by the eggs of gibel carp E strain via stimulation with
blunt snout bream sperm [56,57]. Therefore, a partial genome from the blunt snout bream
may have been introduced into the genome of the F strain; this may have caused genetic
differences between the A and F strains that led to differential genomic expression between
the two strains upon Cd exposure. In the present study, even the growth performance was
not significantly improved by dietary taurine supplement, but the detoxication of taurine
might help to increase the survival rate of fish and raise fish quality, thereby improving the
economic benefits.
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5. Conclusions

Our study found that Cd exposure induced damage and oxidative stress in the livers of
both strains of gibel carp, thereby triggering the occurrence of ER stress and the downstream
responses of autophagy and apoptosis. Dietary taurine supplementation had no significant
effect on the growth performance of gibel carp but did alleviate the Cd toxicity in both
strains via specific genetic pathways. Dietary taurine played a protective role in mitigating
Cd toxicity in the F strain through the antioxidant response, ER stress response, and
autophagy, while in the A strain taurine alleviated cadmium toxicity by attenuation of
apoptosis. In conclusion, the present study has provided evidence for the use of taurine in
intervention or therapy for Cd poisoning in fish; thus, providing useful information for
selective breeding in aquaculture.
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Abstract: The giant freshwater prawn, Macrobrachium rosenbergii, is an important and economical
aquaculture species widely farmed in tropical and subtropical areas of the world. A new disease,
“water bubble disease (WBD)”, has emerged and resulted in a large loss of M. rosenbergii cultured in
China. A water bubble with a diameter of about 7 mm under the carapace represents the main clinical
sign of diseased prawns. In the present study, Citrobacter freundii was isolated and identified from
the water bubble. The optimum temperature, pH, and salinity of the C. freundii were 32 ◦C, 6, and
1%, respectively. A challenging experiment showed that C. freundii caused the same typical signs of
WBD in prawns. Median lethal dose of the C. freundii to prawn was 104.94 CFU/g. According to the
antibiogram tests of C. freundii, florfenicol and ofloxacin were selected to evaluate their therapeutic
effects against C. freundii in prawn. After the challenge with C. freundii, 86.67% and 72.22% survival
of protective effects against C. freundii were evaluated in the oral florfenicol pellets and oral ofloxacin
pellets feding prawns, respectively, whereas the mortality of prawns without fed antibiotics was
93%. After antibiotic treatment and C. freundii infection, the activities of superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST), malondialdehyde
(MDA), acid phosphatase (ACP), alkaline phosphatase (ALP), and lysozyme (LZM) in the hemolymph
and hepatopancreas of the prawns and the immune-related gene expression levels of Cu/Zn-SOD,
CAT, GPx, GST, LZM, ACP, anti-lipopolysaccharide factor, crustin, cyclophilin A, and C-type lectin
in hepatopancreas were all significantly changed, indicating that innate immune responses were
induced by C. freundii. These results can be beneficial for the prevention and control of C. freundii
in prawns.

Keywords: Macrobrachium rosenbergii; water bubble disease; Citrobacter freundii; antibiotic treatment;
antioxidant enzyme activity

1. Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is a member of arthropods,
belonging to genus Macrobrachium, which is the largest freshwater and the most favored
prawn for aquaculture in tropical and subtropical areas of the world [1–3], with annual
yields of 290,708 metric tons [4]. M. rosenbergii has already been developed into an important
economically aquaculture species in China [5–8]. The outbreaks of bacterial diseases in
M. rosenbergii aquaculture have been reported, such as muscle necrosis disease caused by
Enterococcus or Pseudomonas aeruginosa [9–11], Aeromonas species (A. veronii and A. caviae)
and Vibrio species (V. alginolyticus and V. parahaemolyticus) [12,13] caused high-mortality
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diseases. A new epidemic disease, referred to as “water bubble disease” (WBD), recently
occurred in cultured M. rosenbergii in China, and it caused a mortality of over 30% in
diseased prawns.

As M. rosenbergii is an invertebrate, it lacks the typical acquired immunity of ver-
tebrates and entirely relies on its innate immunity system to resist infection by various
pathogens [14]. Enhanced knowledge about the immune system of M. rosenbergii is crucial
for disease management [15]. The innate immune system provides defense against invading
bacteria through AMPs, enzymes, and cellular components [16]. Antiproteases, myeloper-
oxidase, and lysozyme (LZM) have been used to learn about and determine the innate
immune status of an organism [17]. During pathogen invasion, host cells produce abundant
reactive oxygen species (ROS) to kill the invading pathogens. However, a considerably
high level of ROS in the body will cause the destruction and damage of DNA and other
biological macromolecules [18]. Several major antioxidant enzymes include glutathione per-
oxidase (GPx), glutathione S-transferase (GST), catalase (CAT), malondialdehyde (MDA),
and superoxide dismutase (SOD), which play important roles in anti-oxidization damage
and related coping mechanisms [19,20]. Acid phosphatase (ACP), and alkaline phosphatase
(ALP) are symbols of macrophage activation, important components of the lysosome sys-
tem, and play important roles in the innate immune system by engulfing antigens and
LZM intracellularly [21]. C-Type lectin (CTL), cyclophilin A (CypA), and AMPs, such
as anti-lipopolysaccharide factor (ALF) and crustins, play important roles in the innate
immunity for the recognition of effector molecules and clearance of bacteria, fungi, and
viruses [22–29]. Antibiotics are commonly used in aquaculture to control the diseases
caused by bacteria [30]. Antibiotics at therapeutic levels are mainly administered for short
periods of time via the oral route (the most common route for the delivery occurs by mixing
the antibiotic with commercial feed) to groups of prawn. Antibiotics legally used in aqua-
culture must be authorized by Food and Drug Administration (FDA), and abide by the
rules for antibiotic use, comprising permissible routes of delivery, dose forms, withdrawal
times, tolerances, and dose rates and limitations of specific species. In Norway, antibiotics
were sold in pharmacies or in feed plants approved by the Norwegian Medicines Agency,
and the amount of antibiotics used and retain records in prescriptions of veterinarian were
mandatory to report [31].

In the present study, we aimed to isolate and identify the pathogen associated with
WBD in M. rosenbergii using challenge experiments, molecular methods and antibiotic
treatment. The activities of antioxidant enzymes (i.e., SOD, CAT, GPx, GST, and MDA),
ACP, ALP, and LZM and the immune-related gene expression levels of Cu/Zn-SOD, CAT,
GPx, GST, LZM, ACP, ALF, crustin, CypA, and CTL in M. rosenbergii after C. freundii
challenge were investigated. The results of the present study will expound the pathogenesis
of bacteria in M. rosenbergii and facilitate the further prevention and control of C. freundii in
M. rosenbergii.

2. Materials and Methods

2.1. Strain Isolation and Identification

In November 2019, 30 M. rosenbergii (mean body weight 13.5 ± 2.3 g, body length
13.1 ± 1.2 cm) with WBD were collected in Zhaoqing, Guangdong, China. The water
bubble diseased M. rosenbergii were dissected aseptically, and liquid sample of the water
bubble was streaked onto a Luria-Bertani (LB) agarose plate (tryptone 10 g/L, yeast extract
5 g/L, NaCl 10 g/L, agarose powder 15 g/L, pH 7.4) (Sangon Biotech, Shanghai, China).
The inoculated plates were incubated for 48 h at 28 ◦C, and single colonies were obtained
and labeled GDZQ201912. After incubation in liquid LB culture (tryptone 10 g/L, yeast
extract 5 g/L, NaCl 10 g/L, pH 7.4) for 24 h, the bacteria were collected and stored at
−80 ◦C in 50% glycerol (v/v).

Biochemical characterization of the isolated strain was identified by Gram staining,
shape, and motility, followed by biochemical tests and carbohydrate utilization test. The
biochemical tests were performed with GEN III MicroPlate on BIOLOGY (Biology, Vacaville,
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CA, USA). Transmission electron microscopy (TEM) (JEOL JEM-1400, JEOL, Tokyo, Japan)
was used to observe the isolated strain at 120 kV.

2.2. Gene Sequencing and Phylogenetic Analysis

Genomic DNA of the bacterial isolate was extracted by using FastPure Cell/Tissue DNA
Isolation Mini Kit (Vazyme, Nanjing, China). The 16S rRNA gene of the bacterium was amplified
for polymerase chain reaction (PCR) analysis in accordance with the method of Lee et al. [32].
The following amplification primers were used: F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
R (5′-CGGTTACCTTGTTACGACTT-3′) (NR_176804.1). The PCR program was carried out as
follows: denaturation at 95 ◦C for 10 min, 30 cycles of denaturation at 95 ◦C for 30 s, annealing at
53 ◦C for 30 s, extension at 72 ◦C for 80 s, and a final extension at 72 ◦C for 10 min. PCR products
were run on a TBE-agarose gel, and the DNA was purified using a TaKaRa MiniBEST Universal
Genomic DNA Extraction Kit (Takara, Kusatsu, Japan) and sub-cloned into the pMD19-T Easy
Vector (Takara, Japan) for sequencing.

The 1416 bp PCR product was sequenced and blast analyzed. The 16S rRNA gene se-
quence of GDZQ201912 was aligned with the 16S rRNA gene sequences of other Citrobacter
(KC210829.1, FN997639.1, MG011554.1, AP022399.1, AP022486.1, and AP022513.1), Ed-
wardsiella (FJ405305.1, EF467289.1, GQ180182.1, FJ405309.1, GQ180181.1, and KC309472.1),
Vibrio (MT071600.1, MT269596.1, MT307282.1, and MT505697.1), and Aeromonas species
(EU770272.1, KF358430.1, MK182872.1, and MK182893.1) retrieved from the National Cen-
ter for Biotechnology Information database. The phylogenetic tree based on 16S rRNA
gene sequences of the bacteria cells was constructed via the neighbor-joining (NJ) method
with the MEGA program (version 7) using a maximum composite likelihood model. The
robustness of the NJ tree was assessed using the approximate likelihood-ratio test and
bootstrapping with 1000 replicates. Bootstrap values were shown at each node.

2.3. Effects of Temperature, pH, and Salinity on the Growth of Citrobacter freundii

The isolated strain was inoculated into the LB liquid medium and homogenized.
Different temperatures (24 ◦C, 28 ◦C, 32 ◦C, and 42 ◦C) were used to test their effects on the
growth of C. freundii at pH 7.0 and salinity 1%. Different pH (3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
and 10.0) were used to test their effects on the growth of C. freundii at 28 ◦C temperature
and 1% salinity. Different salinities (0%, 1%, 2.0%, 3%, 4%, 5%, 6%, and 7%) were used to
test their effects on the growth of C. freundii at 28 ◦C temperature and pH 7.0. A 210 μL LB
liquid medium containing the isolated strain (102 CFU/mL) of different temperatures, pH,
and salinities was added to each well of 96-well plates. Then, the bacteria were sampled
regularly in triplicate to determine the optical density at a wavelength of 600 nm (OD600)
per 30 min and cultured for 24 h.

2.4. Antibiotic Susceptibility Test

The antibiotic susceptibility test was performed using 106 CFU/mL isolated strain in
the disk diffusion method as described by Lalitha [33]. The isolated strain was tested fol-
lowing the antimicrobial agents (disk content indicated in parentheses): penicillin (10 μg),
doxycycline (30 μg), florfenicol (30 μg), norfloxacin (10 μg), ofloxacin (5 μg), amoxicillin
(20 μg), ampicillin (10 μg), cefepime (30 μg), ceftriaxone (30 μg), neomycin (30 μg), gen-
tamicin (10 μg), streptomycin (10 μg), clindamycin (2 μg), lincomycin (2 μg), tetracycline
(30 μg), novobiocin (30 μg), polymyxin B (300 μg), and rifampin (5 μg) (HANGWEI, Beijing,
China). The sizes of the inhibition zones were measured and recorded triplicately. The
experimental results were judged in accordance with the clinical and laboratory standards
institute standards [34].

2.5. Experimental Challenge

Prawns were obtained from an aquaculture farm in Guandong and acclimated in a
recirculating-water aquarium system filled with aerated freshwater for a week. The prawns
were fed twice per day with commercial pellet feed (Table 1). Water was maintained
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at 28 ± 1 ◦C using a water heater. Healthy prawns (11.00 ± 1.38 g) were used in the
following challenge tests. The challenge tests included two groups: a control group, in
which 30 prawns were injected intramuscularly with 100 μL phosphate-buffered saline
(PBS) at the junction between the 3rd and 4th abdominal segments, and an infected group,
in which 30 prawns were injected with 100 μL bacteria inocula (106.76 CFU/g) at the same
junction. The 30 prawns of the normal or infected group were stocked in three 36 L aquaria
(10 animals per aquarium). The survival rates and clinical signs of the infected and control
groups were recorded daily.

Table 1. Ingredient composition and proximate analysis of commercial feed used for M. rosenbergii.

Ingredient Dry Weight (%)

Rice bran 30.0
Soybean meal (44%) 25.0

Wheat midds 17.75
Menhaden meal (72%) 16.0

Meat, bone, and blood meal 11.0
Mineral premix a 0.1
Vitamin premix b 0.1

Choline 0.05
Proximate analysis (%)

Moisture 12.3
Crude protein 36.2

Crude fat c 6.3
Crude fiber 4.4

Ash 10.7
Nitrogen free extract (by difference) 30.1

a Mineral premix contains: Mn, 11.0%; Zn, 10.0%; Fe, 8.0%; I, 0.36%; Co, 0.10%; Ca (carrier). b Vitamin premix
contains: vitamin B1, 1.63%; riboflavin, 1.72%; pyridoxine, 1.2%; nicotinic acid, 9.97%; folie acid, 0.34%; vitamin
B12, 0.003%; pantotbenic acid, 3.89%; ascorbic acid, 43.69%; vitamin A, 1700 IU/kg; vitamin D3 1200 IU/kg;
vitamin E, 66.138 IU/kg; etboxyquin, 0.66%. c Acid hydrolysis.

2.6. Median Lethal Dose Determination

In total, 240 healthy prawns (8.00 ± 0.79 g) were used and stocked in 36 L aquaria
(10 animals per aquarium). The C. freundii (108.01 cells/g) were used for the challenge
experiments. For each trial, 10 animals were injected intramuscularly with the C. freundii
(100 μL) at 10-fold serial dilutions (100–10−6). Animals serving as negative controls were
injected with the same volume of PBS. Each treatment was carried out in triplicate. The
inoculum and PBS were injected at the junction between the third and fourth abdominal seg-
ments. Dead, moribund animals, and clinical signs in each treatment group were recorded
and observed at 24 h intervals and examined by the method described in Section 2.1 to
ensure the accuracy of the median lethal dose (LD50). The LD50 was calculated using the
Behrens-Kärber method [35].

2.7. Antibiotic Treatment

Based on the results of drug sensitivity tests on GDZQ201912, florfenicol and ofloxacin
were selected for the evaluation of their therapeutic effects against C. freundii in M. rosen-
bergii by common oral pellets containing antibiotics. Florfenicol and ofloxacin were mixed
in the pellets based on the 20.0 mg/kg prawn body weight dosage. All of the pellets were
coated on the surface feed using edible oil. In total, 360 healthy prawns (7.00 ± 1.03 g) were
used and stocked in 36 L aquaria (10 animals per aquarium). The experiment was divided
into two groups depending on the different oral antibiotic mixed pellets and time. Group
I prawns was treated with antibiotic pellets at the same time with C. freundii injection to
evaluate their therapeutic effects against C. freundii, and group II was treated with antibiotic
pellets at the time of typical signs appear after the challenge with C. freundii to evaluate the
therapeutic effects of the pellets against C. freundii. Each group underwent six trials: feeding
with common pellets after C. freundii injection, feeding with florfenicol mixed pellets after
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C. freundii injection, feeding with ofloxacin mixed pellets after C. freundii injection, feeding
with common pellets after PBS injection, feeding with florfenicol mixed pellets after PBS
injection, and feeding with ofloxacin mixed pellets after PBS injection. Each treatment
included 10 prawns and had 3 replicates, and the experimental observation period was
14 days. The concentration of C. freundii used to injected prawns was 100-fold LD50 of
C. freundii in M. rosenbergii and the same volume described in Section 2.6. The prawns
of PBS injection trials were injected with the same volume of PBS. The relative percent
survival (RPS) of each trial was counted by the formula: (1% immunized mortality/%
control mortality) × 100% [36].

2.8. Immune and Anti-Oxidization Parameter Changes in Hemolymph and Hepatopancreas

The hemolymph and hepatopancreas were also collected from group I in the treatment
with antibiotics at 1-, 3-, 5-, 7-, 9-, 11-, and 14-days for the following immune enzyme
activity assay. The determination of ACP, ALP, CAT, GPx, GST, LZM, MDA, and SOD
activities in the hemolymph and hepatopancreas was performed following the protocols of
the commercial kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.9. Expressions of Immune-Related Genes in Hepatopancreas

The total RNA of hepatopancreas was extracted using a high-purity total RNA Rapid
Extraction Kit (Promega, Madison, WI, USA), in accordance with the manufacturer’s pro-
tocol. The final RNA was resuspended in 50 mL diethyl pyrocarbonate water and stored
at −80 ◦C. Easy Script One-Step gDNA Removal and cDNA Synthesis SuperMix (Accu-
rateBiology, Changsha, China) were used to synthesize first-strand cDNA following the
manufacturer’s instructions. Quantitative PCR (qPCR) was operated on a LightCycler 480
(Roche Applied Science, Basel, Switzerland) with a final 10 μL reaction volume including
0.5 μL of each primer (10 mM), 5 μL SYBR® Green Realtime PCR Master Mix (AccurateBi-
ology, China), 1 μL cDNA, and 3 μL DNase/RNase-free water. The immune-related gene
expression levels of ACP, ALF, CAT, crustin, CTL, Cu/Zn-SOD, CypA, GPx, GST, and LZM
were evaluated using qPCR to determine the changes after C. freundii infection in prawns,
with β-actin acting as the house-keeping gene. The PCR cycling conditions and calculation
of the relative expression of each gene were performed as described elsewhere [37]. Table 2
shows the primers used to amplify the above genes.

Table 2. Primers used for quantitative real-time PCR (qRT-PCR).

Target Genes Sequences (5′–3′) Accessions

β-actin Forward: GAGACCTTCAACACCCCCGC
AF221096.1Reverse: TAGGTGGTCTCGTGGATGCC

ALF
Forward: ATCTGGCGTCGTTACCAAAAC

JQ364961.1Reverse: GAAATGAAACCTGATGATCGTC

Crustin
Forward: AACGACTTCAAGTGCTTCGGGTCT

JQ413342.1Reverse: AAGCTTAGTGGTTTGCAGACGTGC

CTL
Forward: ATGTTGACCTTAATGGCCAC

KX495215.1Reverse: CTTTTCTGTGGGCGTTTCTTC

Cu/Zn-SOD
Forward: TCGCCTAACGAGGAGGTTC

DQ121374.1Reverse: CGGCTTCATCAGGATTTTGAG

CypA Forward: CTAATGCTGGACCCAACACC
EL696406.1Reverse: CCTCCACT CCAAT TCTAGCTGTAA
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Table 2. Cont.

Target Genes Sequences (5′–3′) Accessions

LZM
Forward: TGCCATCAACCACCACAACT

AY257549.2Reverse: CCCCTTTCCCTTCCACTTCT

CAT
Forward: AGCGAGATTGGCAAGAAGACACC

HQ668089.1Reverse: AAGGATGGTGACCTGGTGCGTGG

GPx
Forward: TTCGCCCAGGGAACAATTT

EL696567.1Reverse: CCTTTTCACTGAGAATTACCCAG

GST
Forward: GTTGTGCAGCATTGAGGTTTAT

HF570114.1Reverse: GTATCCTACACCATGTGCTCTG

ACP
Forward: GTTTACACTCGCCTTATCCTCCG

JX975267.1Reverse: CTTTGTGCATGAACATGACCCTG

2.10. Statistical Analysis

All data were statistically analyzed using SPSS 21.0 software (IBM, New York, NY,
USA), and the mean ± standard deviation was determined. p-value < 0.05 and <0.01
was considered significant after each measured datum was subjected to Least-significant
Difference test. Different graphemes meant significant differences, and the same graphemes
meant no significant difference. All columns in this study were drawn with GraphPad
Prism 6.0 (San Diego, CA, USA).

3. Results

3.1. Clinical Symptoms of WBD in M. rosenbergii

A total of 30 infected M. rosenbergii and 30 healthy M. rosenbergii were used to examine
the clinical signs of C. freundii infection. Compared with normal prawns, C. freundii-
infected prawns showed a 7 mm-diameter bubble under the carapace of the diseased
prawn (Figure 1), loss of appetite, inactivity, and weight loss. The 30 infected prawns all
had a water bubble under the carapace. C. freundii infection caused mass mortality of the
infected prawns after the onset of clinical symptoms and the rapid spread of the disease
between prawns.

 

Figure 1. Macrobrachium rosenbergii infected with Citrobacter freundii showing typical signs of WBD
under the carapace (red arrow).
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3.2. Molecular Identification and Biochemical Characterization

The C. freundii strain GDZQ201912 was a motile, rod shaped, Gram-negative bacterium
(Figure 2A). C. freundii was rod-shaped with blunt edges at both ends by TEM (Figure 2B).
Ten individuals were randomly measured. The width and length of the bacteria were
0.67–0.76 and 1.88–2.07 μm, respectively.

 

Figure 2. Morphological characteristics and TEM observation of C. freundii strain GDZQ201912.
(A) Gram-stained strain GDZQ201912 observed by light micrograph (1000×). Scale bar 50 μm.
(B) TEM observation of strain GDZQ201912. Scale bar 1 μm.

The 16S rRNA gene amplified from strain GDZQ201912 was sequenced and BLAST an-
alyzed against the non-redundant database, which showed 99.66% identity with C. freundii
(GenBank Accession Number: CP060662.1). Tables 3 and 4 present the physiological and
biochemical characteristics of strain GDZQ201912, respectively. The molecular sequence
and biochemical analyses revealed that the isolated bacterium was C. freundii.

Table 3. Morphological properties and conventional tests of strain GDZQ201912 isolated from
Macrobrachium rosenbergii.

Characteristics Strain GDZQ201912 Citrobacter freundii *

Gram reaction − −
Shape Rod Rod

Motility + +
Indole − V
Citrate + V

Methyl red + +
H2S + V

Ornithine − −
Malonate − V
Sucrose + +

Melibiose + +
Raffinose + V
Dulcitol + V
Adonitol − −

“+” positive reaction, “−” negative reaction; “V” variable (positive or negative reaction). * Reference strain data
compiled from Bergey’s manual [38].
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Table 4. Carbon source utilization reactions of strain GDZQ201912.

Characteristics Strain GDZQ201912 Citrobacter freundii *

cis-Aconitate + +
trans-Aconitate + +

Adonitol − −
L-alanine + +

γ-Aminobutyrate + +
D-arabitol − −
Benzoate − −
Caprate − −

D-cellobiose + +
Dulcitol + +

D-galactose + +
N-acetyl-β-D-galactosamine + +

D-galacturonic acid + +
L-galactose + +

Esculin − −
D-fucose + +

D-glucose + +
Gentiobiose + +

Gentisate + +
L-glutamate + +

Glycerol + +
Inositol + +
L-lactate + +
Lactose + +

Lactulose + +
Maltitol + +

Melibiose + +
Phenylacetate − +

L-proline + +
Putrescine − +
Raffinose + +
D-sorbitol + +

Sucrose + +
D-turanose − −
L-tyrosine − +
Stachyose − −
D-fructose − −
L-fructose + +

D-mannose + +
L-rhamnose monohydrate + +

dextrin − −
D-glucosamic acid + +

D-salicin + +
N-acetylglucosamine + +

D-mannitol + +
N-acetylneuraminic acid + +

D-glucuronamide − −
D-serine + +

D-aspartic acid + +
L-arginine − −

Methyl pyruvate + +
Methyl D3phenyllactate − −

D-malic acid + +
L-malic acid + +

(+) positive and (−) negative. * Reference strain data compiled from Bergey’s manual [38].

3.3. Phylogenetic Analysis

A phylogenetic tree was constructed using the NJ method by the MEGA 7 software
based on the 16S rRNA gene sequences of strain GDZQ201912, and the phylogenetic tree
revealed the relationship of strain GDZQ201912 with other Citrobacter and pathogenic
bacterium species. Bootstrap values above 50% are shown at the nodes. The 16S rRNA
gene sequence of strain GDZQ201912 was found to be evolutionarily close to C. freundii
with the highest bootstrap value (Figure 3).
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Figure 3. Phylogenetic tree analysis of Citrobacter sp. and other pathogenic bacterium species based
on 16S rRNA nucleotide sequences. The tree was generated using NJ method by the MEGA 7 software.
Bootstrap values above 50% are shown at the nodes. The isolate strain GDZQ201912 identified in this
study is indicated by the red shaded diamond.

3.4. Effects of Temperature, pH, and Salinity on the Growth of C. freundii

Figure 4 shows the effects of temperature, pH, and salinity on the growth of C. freundii.
C. freundii exhibits a wide adaptability to temperature. It can grow well in a range from
24 ◦C to 42 ◦C (Figure 4A). The optimum temperature was 32 ◦C. C. freundii has a wide
pH range and can grow normally at pH 4–9, whose optimal value was around pH 6
(Figure 4B). The maximum salt tolerance of C. freundii was 6%, whose optimum value was
1% (Figure 4C). Our results indicated that C. freundii has a wide range of temperature, pH,
and salinity tolerance.

Figure 4. Growth (OD600) of strain GDZQ201912 at different temperatures (A), pH (B), and salinities (C).
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3.5. Experimental Challenge

Prawns challenged with strain GDZQ201912 died from the third day post-injection
(dpi), and no death occurred in the control groups (Figure 5). The challenged prawns
exhibited the typical signs of WBD as described previously. The diseased prawns were
similar to those observed in naturally infected prawns in 2019. The bacteria re-isolated
from the water bubble of challenged prawns and were reconfirmed as C. freundii.

 

Figure 5. Cumulative mortality curves of the experimentally infected M. rosenbergii with strain
GDZQ201912. Controls 1, 2, 3, and three replicates of healthy prawns injected with PBS; Groups 1,
2, 3, and three replicates of healthy prawns injected with bacterial inoculum. Each trial contained
10 animals.

3.6. LD50 of Strain GDZQ201912 in M. rosenbergii

Figure 6 shows the cumulative mortality rate of M. rosenbergii after post-infection with
C. freundii. For each trial, 10 prawns were injected with bacteria inoculum at 100–10−6

dilutions, and the control group was injected with same volume of PBS. The control prawns
showed no mortality during the experimental challenge. Among M. rosenbergii injected
with serial dilutions of C. freundii, prawns injected with 100, 10−1, and 10−2 dilutions
showed disease signs from 2, 3, and 4 dpi, respectively. Prawns injected with 10−3 and
10−4 dilutions exhibited disease symptoms from 5 dpi, whereas no death occurred among
those injected with 10−5 and 10−6 dilution during the experimental challenge. The LD50 of
C. freundii was 104.94 CFU/g (Figure 6).

Figure 6. Cumulative mortality curves for the determination of LD50 in M. rosenbergii challenged
with C. freundii at different concentrations.
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3.7. Antibiogram Tests of Strain GDZQ201912

Antibiogram tests of strain GDZQ201912 revealed its resistance to different antibi-
otics, such as penicillin, ampicillin, clindamycin, lincomycin, and novobiocin, whereas it
showed sensitivity to doxycycline, florfenicol, norfloxacin, ofloxacin, amoxicillin, cefepime,
ceftriaxone, neomycin, gentamicin, streptomycin, tetracycline, polymyxin B, and rifampin
(Table 5). Among the 13 sensitive antibiotics, strain GDZQ201912 was the most sensitive to
cefepime, followed ceftriaxone, ofloxacin, and florfenicol in fourth.

Table 5. Antimicrobial susceptibility analysis of C. freundii isolates from M. rosenbergii (strain GDZQ201912).

Number Antibiotics Drug Content (μg/Pill) Diameter of Inhibition Zone Results

1 penicillin 10 6.00 ± 0.00 ±
2 doxycycline 30 18.36 ± 0.16 + +
3 florfenicol 30 28.57 ± 0.19 + + +
4 norfloxacin 10 28.85 ± 0.21 + + +
5 ofloxacin 5 29.91 ± 0.13 + + +
6 amoxicillin 20 14.23 ± 0.11 + +
7 ampicillin 10 6.00 ± 0.00 ±
8 cefepime 30 41.12 ± 0.23 + + +
9 ceftriaxone 30 36.78 ± 0.15 + + +
10 neomycin 30 19.63 ± 0.12 + + +
11 gentamicin 10 17.51 ± 0.18 + + +
12 streptomycin 10 10.03 ± 0.10 + +
13 clindamycin 2 6.00 ± 0.00 ±
14 lincomycin 2 6.00 ± 0.00 ±
15 tetracycline 30 26.56 ± 0.17 + + +
16 novobiocin 30 6.00 ± 0.00 ±
17 Polymyxin B 300 19.21 ± 0.14 + + +
18 rifampin 5 10.11 ± 0.12 + +

“+ + +”: Highly sensitive; “+ +”: Moderately sensitive; “±”: Drug resistance.

3.8. Antibiotic Treatment

The M. rosenbergii mortalities caused by florfenicol and ofloxacin treatment at different
time points after the intramuscular challenge with C. freundii or PBS were monitored for
14 days (Figure 7). Prawns fed with common pellets after C. freundii infection died from 5
dpi, and the death reached the maximum on 8 dpi with mortalities of 93.0%. In Group I,
prawns fed with florfenicol mixed pellets after C. freundii infection died from 8 dpi, and
the death reached the maximum on 8 dpi with mortalities of 19.40%; prawns fed with
ofloxacin mixed pellets after C. freundii infection died from 7 dpi, and death reached the
maximum on 8 dpi with mortalities of 32.83%. In Group II, prawns fed with florfenicol and
ofloxacin mixed pellets after C. freundii infection all died from 5 dpi, and the death reached
the maximum on 7 dpi with mortalities of 35.67% and 57.47%, respectively. No death was
observed among prawns fed with common pellets and mixed pellets of florfenicol and
ofloxacin after PBS injection. The evaluation of the therapeutic effects of antibiotic pellets
revealed that the RPS of florfenicol and ofloxacin in group I against C. freundii in prawns
were 86.67% and 72.22%, respectively (Figure 7A). The RPS of florfenicol and ofloxacin in
Group II against C. freundii in prawns were 69.17% and 47.53%, respectively (Figure 7B).
Both florfenicol and ofloxacin initially showed effective protection for M. rosenbergii against
C. freundii (and especially florfenicol).
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Figure 7. RPS of florfenicol and ofloxacin treatment at different time points after the challenge
intramuscular with 100-fold LD50 C. freundii strain GDZQ201912 for 14 days. (A) RPS of prawns
treated with antibiotic pellets at the same time with C. freundii challenge. (B) RPS of prawns treated
with antibiotic pellets after death occurred post C. freundii challenge.

3.9. Immune and Antioxidant Enzyme Activity Changes in Hemolymph

The enzymatic activities of SOD, CAT, GPx, GST, MDA, ACP, ALP, and LZM of M.
rosenbergii were measured at 1-, 3-, 5-, 7-, 9-, 11-, and 14-days after the C. freundii strain
GDZQ201912 and florfenicol challenge. In hemolymph, the results revealed that the SOD
activity in the groups fed with common and florfenicol mixed pellets significantly increased
from three days post C. freundii infection, rapidly declined at five and seven days (p < 0.05,
Figure 8A), and increased again to normal levels at 9-, 11-, and 14- days compared with
the PBS control (fed with common pellets) group (p > 0.05, Figure 8A). No significant
differences were observed between the SOD activities in the PBS control (fed with common
pellets) groups (p > 0.05, Figure 8A).

The CAT activity in M. rosenbergii fed with common pellets significantly increased
from three-, five-, and nine-days post C. freundii infection and reached the peak value at
5 dpi compared with the PBS control (fed with common pellets) group (p < 0.05, Figure 8B).
This value significantly reduced to the lowest at 7-dpi. During this period, the CAT activity
of prawns fed with florfenicol mixed pellets significantly increased from three and five
days post C. freundii infection and reached the peak value at 5-dpi compared with the PBS
control (fed with common pellets) group (p < 0.05, Figure 8B). No significant differences
were observed between the CAT activities in the PBS control (fed with common pellets)
groups (p > 0.05, Figure 8B).

The GPx activity in M. rosenbergii fed with common pellets significantly increased
at 3-, 5-, 7-, 9-, 11-, and 14-days post C. freundii infection and reached the peak value at
5-dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8C).
During this period, the groups fed with florfenicol mixed pellets (C. freundii infection)
presented similar trend levels of enzymatic activity, which were lower than that observed
for the group fed with common pellets (C. freundii infection) and reached the peak value at
5 dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8C).
No significant differences were observed between the GPx activities in the PBS control (fed
with common pellets) groups (p > 0.05, Figure 8C).
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Figure 8. Changes in non-specific immune parameters of M. rosenbergii hemolymph at 1-, 3-, 5-,
7-, 9-, 11-, and 14-days after C. freundii infection. (A) SOD, (B) CAT, (C) GPx, (D) GST, (E) MDA,
(F) ACP, (G) ALP, and (H) LZM activities. Data are presented as mean ± standard error of the mean
(SEM) (n = 3); different graphemes (a, b, c, d, e, f, g, h and i) indicate significant difference values of
non-specific immune parameters at p < 0.05.
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The GST activity of prawns fed with common mixed pellets significantly increased
at 3-, 5-, 7-, 9-, 11-, and 14-days post C. freundii infection and reached the peak value at
3 dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8D).
During this period, the groups fed with florfenicol mixed pellets (C. freundii infection)
presented similar trend levels of enzymatic activity, which were lower than that observed
for the group fed with common pellets (C. freundii infection) and reached the peak value at
3-dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8D).
No significant differences were observed between the GST activities in the PBS control (fed
with common pellets) groups (p > 0.05, Figure 8D).

The MDA activity of prawns fed with common mixed pellets significantly increased
at three, five, seven, and nine days post C. freundii infection and reached the peak value at
3-dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8E).
During this period, the groups fed with florfenicol mixed pellets (C. freundii infection)
presented similar trend levels of enzymatic activity, which were lower than that observed
for the group fed with common pellets (C. freundii infection) and reached the peak value at
3-dpi, compared with the PBS control (fed with common pellets) group (p < 0.05, Figure 8E).
No significant differences were observed between the MDA activity in the PBS control (fed
with common pellets) groups (p > 0.05, Figure 8E).

The ACP activity in M. rosenbergii fed with common pellets significantly increased
from 3-days post C. freundii infection and peaked at 7-dpi (556.34 U/L) compared with the
PBS control (fed with common pellets) group (p < 0.01, Figure 8F). Subsequently, this value
declined at 9-, 11-, and 14-days. During this period, the two groups fed with florfenicol
pellets (PBS and C. freundii infected) presented similar trend levels of enzymatic activity,
which were lower than that observed for the group fed with common pellets and reached
the peak values of 177.67 and 376.34 U/L on 5- and 7- dpi, respectively (p < 0.01). No
significant differences were observed in this parameter in the PBS control (fed with common
pellets) group (p > 0.05, Figure 8F).

The ALP activity of prawns fed with common and florfenicol mixed pellets signifi-
cantly increased at three-, five-, seven-, and nine-days after C. freundii infection, with peak
values of 98.67 and 64.67 U/L, respectively, at three and seven days compared with the PBS
control (fed with common pellets) group (p < 0.01, Figure 8G). No significant differences
were observed between ALP activities in the PBS control (fed with common pellets) group
(p > 0.05, Figure 8G).

The LZM activity in M. rosenbergii fed with common pellets significantly increased
from 3-, 5-, 7-, 11-, and 14-days post C. freundii infection and peaked 450.00 U/mL at 7 days
compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 8H). This
value declined to normal level at 9-dpi (p > 0.05, Figure 8H). During this period, the groups
fed with florfenicol mixed pellets (C. freundii infection) presented similar trend levels of
enzymatic activity, which were lower than that observed for the group fed with common
pellets and reached the peak value at seven days (p < 0.05, Figure 8H). No significant
differences were observed between the LZM activities in the PBS control (fed with common
pellets) groups (p > 0.05, Figure 8H).

3.10. Immune and Antioxidant Enzyme Activity Changes in Hepatopancreas

The results revealed that the SOD activity in M. rosenbergii (fed with common and
florfenicol mixed pellets) significantly increased at 3-days, decreased at 5- and 7-days
post C. freundii infection (p < 0.05, Figure 9A), and increased again to normal levels at 11
and 14 days compared with the PBS control (fed with common pellets) group (p > 0.05,
Figure 9A). No significant differences were observed between the SOD activities in the PBS
control (fed with common pellets) groups (p > 0.05, Figure 9A).

The CAT activity in M. rosenbergii (fed with common and florfenicol mixed pellets)
significantly increased at three and five days and reached the peak value at 3- and 5-
dpi, respectively, while prawns fed with common pellets decreased at seven days post
C. freundii injection compared with the PBS control (fed with common pellets) group
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(p < 0.05, Figure 9B). No significant differences were observed between the CAT activities
in the PBS control (fed with common pellets) groups (p > 0.05, Figure 9B).

The GPx activity in M. rosenbergii (fed with common and florfenicol mixed pellets)
significantly increased at 3-, 5-, 7-, 9-, and 11-days post C. freundii injection and both reached
the peak value at 5-dpi compared with the PBS control (fed with common pellets) group
(p < 0.01, Figure 9C). No significant differences were observed between the GPx activities
in the PBS control (fed with common pellets) group (p > 0.05, Figure 9C).

The GST activity of prawns (fed with common and florfenicol mixed pellets) signif-
icantly decreased at 3-, 5-, 7-, 9-, and 11-days post C. freundii injection, compared with
the PBS control (fed with common pellets) group (p < 0.05, Figure 9D). No significant
differences were observed between the GST activities in the PBS control (fed with com-
mon pellets) and C. freundii infection groups (fed with florfenicol mixed pellets) (p > 0.05,
Figure 9D).

The MDA activity of prawns (fed with common and florfenicol mixed pellets) sig-
nificantly increased at 3-, 5-, and 7-days post C. freundii injection, compared with the PBS
control (fed with common pellets) group (p < 0.05, Figure 9E). No significant differences
were observed between the MDA activities in the PBS control (fed with common and
florfenicol mixed pellets) groups (p > 0.05, Figure 9E).

The ACP activity in the hepatopancreas of M. rosenbergii fed with common and flor-
fenicol mixed pellets significantly increased at 3-, 5-, 7-, 9-, 11-, and 14-days post C. freundii
infection and reached the peak value at 5- and 7-dpi, respectively, compared with the PBS
control (fed with common pellets) group (p < 0.05, Figure 9F). No significant differences
were observed between the ACP activities in the PBS control (fed with common pellets and
florfenicol mixed pellets) groups (p > 0.05, Figure 9F).

The ALP activity of prawns (fed with common and florfenicol mixed pellets) sig-
nificantly increased at three- and five-days post C. freundii injection, compared with the
PBS control (fed with common pellets) group (p < 0.05, Figure 9G). No significant differ-
ences were observed between the ALP activities in the PBS control (fed with common and
florfenicol mixed pellets) groups (p > 0.05, Figure 9G).

The LZM activity in M. rosenbergii fed with common pellets significantly increased
at three-, five-, and seven-days post C. freundii infection and reached the peak value at
5-dpi compared with the PBS control (fed with common pellets) group (p < 0.01, Figure 9H).
This value declined to normal levels at 9-, 11-, and 14-dpi. During this period, the groups
fed with florfenicol mixed pellets (C. freundii infection) presented similar trend levels of
enzymatic activity, which were lower than that observed for the prawns fed with common
pellets and reached the peak value at 7-days (p < 0.05, Figure 9H). No significant differences
were observed between the LZM activities in the PBS control (fed with common and
florfenicol mixed pellets) groups (p > 0.05, Figure 9H).

3.11. Expression of Immune-Related Genes in Hepatopancreas after the Challenge with C. freundii

Immunity-related genes (Cu/Zn-SOD, CAT, GPx, GST, LZM, ACP, ALF, crustin, CypA
and CTL) mRNA expressions were determined in the hepatopancreas of M. rosenbergii
at 1-, 3-, 5-, 7-, 9-, 11-, and 14-days after the challenge with C. freundii (Figure 10). These
genes were up-regulated at different levels following the challenge with C. freundii in the
groups fed with common and florfenicol mixed pellets compared with the PBS control
groups (fed with common and florfenicol mixed pellets). The mRNA expressions of several
genes (CAT, GPx, GST, LZM, ACP, ALF, and CypA) in M. rosenbergii fed with common
pellets reached their peak at five days after the challenged with C. freundii (Figure 10B–G,I),
whereas the mRNA expressions of crustin (Figure 10H) and CTL (Figure 10J) peaked at 3-
and 7-dpi, respectively. The mRNA expressions of several genes (CAT, GPx, GST, crustin
and CTL) in M. rosenbergii fed with florfenicol mixed pellets reached their peak at 5-dpi
(Figure 10B–D,H,J, respectively). Meanwhile, the mRNA expressions of LZM, ACP, ALF
and CypA genes peaked at 7-dpi (Figure 10E–G,I, respectively). In addition, the mRNA
expression of Cu/ZnSOD in prawns (fed with common and florfenicol mixed pellets) were
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up-regulated at 3-dpi and down-regulated at 5- and 7-dpi, with the lowest peak value
observed at 7-dpi (Figure 10A). No evident difference was reported between the PBS control
groups (fed with common pellets).

Figure 9. Changes in non-specific immune parameters of M. rosenbergii hepatopancreas at 1-, 3-, 5-, 7-,
9-, 11-, and 14-days after C. freundii infection. (A) SOD, (B) CAT, (C) GPx, (D) GST, (E) MDA, (F) ACP,
(G) ALP, and (H) LZM activities. Data are presented as mean ± SEM (n = 3); different graphemes
(a–g) indicate significant difference values of non-specific immune parameters at p < 0.05.
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Figure 10. Analysis of immune-related gene expressions in hepatopancreas of M. rosenbergii in
response to C. freundii challenge by RT-PCR at 1-, 3-, 5-, 7-, 9-, 11-, and 14-dpi. (A) Cu/ZnSOD,
(B) CAT, (C) GPx, (D) GST, (E) LZM, (F) ACP, (G) ALF, (H) Crustin, (I) Cyp A, and (J) CTL gene
expression levels of immune-related genes were measured by qRT-PCR, and measurement was
performed in triplicate for each sample. Expression values were normalized to those of β-actin
using the Livak (2−ΔΔCT) method, and the expression level detected at 1 day was set as 1.0. Data are
presented as mean ± SEM (n = 3); * p < 0.05, ** p < 0.01.
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4. Discussion

Diseases are a major constraint in the sustainable development of aquaculture all over
the world. The outbreak and spread of bacterial infections in aquaculture farms pose a
major concern. C. freundii is an opportunistic pathogen that is commonly found in water,
soil, animals and has been reported to cause numerous diseases in aquaculture [39–41].
In recent years, an increasing number of studies reported C. freundii causing diseases and
serious mass deaths in various aquatic products, such as Chinese mitten-handed crab [42],
red swamp crayfish [14], grass carp [24], and crucian carp [43]. In addition, C. freundii can
cause infections in amphibians, reptiles, birds, and mammals [36,44–48]. In the present
study, C. freundii isolated from diseased M. rosenbergii was confirmed to be the cause
contributing to prawn mortality, with the typical signs of water bubble under the carapace.

Phylogenetic analysis revealed that our isolated strain GDZQ201912 showed a very
close association with other strains of C. freundii submitted from China and UK and formed
separate clades with other Citrobacter sp., such as C. portucalensis (AP022399.1, AP022486.1,
and AP022513.1). The physiological and biochemical profiles of strain GDZQ201912 were
similar to those of other isolates reported by earlier works [49,50]. Variations in the bio-
chemical test, such as those of tyrosine, putrescine [38], indole, citrate, H2S, malonate,
raffinose, and dulcitol, were also described by earlier studies [17,49].

In the case of pathogenic bacteria, such as C. freundii, multidrug resistance is one of the
most prominent problems [50]. In this study, the isolated strain was resistant to four different
β-lactam antibiotics, including ampicillin, clindamycin, lincomycin, and penicillin. Numerous
studies demonstrated the existence of β-lactamase in C. freundii [51–54]. The resistant feature
against β-lactam antibiotics of our strain indicated the existence of β-lactamase gene, which
benefits the strain. The C. freundii resistant to tetracycline and oxytetracycline has been isolated
from mammals, poikilothermic hosts, poultry, catfish, and rainbow trout [55–60].

The innate immune system defense against invading pathogens relies on AMPs,
enzymes, and cellular components [16]. During this process, host cells will produce
abundant ROS, such as superoxide anion (O2

•−), hydrogen peroxide (H2O2), hydroxyl
radicals (•OH), and singlet oxygen (1O2), and reactive oxygen intermediates to kill the
invading pathogens; however, excessive levels of ROS in the body will also cause the
destruction and damage of DNA and other biological macromolecules [18]. Crustaceans
can rely on complex enzymatic antioxidant systems to alleviate and restore the oxidative
damage, SOD, GPx, GST, CAT, MDA, and so on [61]. SODs conduct the first step in
eliminating the oxidative damage caused by ROS from cells. The SOD activity first increased
at 1.5 h but decreased significantly at 12–48 h in the hepatopancreas of P. monodon after
V. parahaemolyticus infection [62]. In L. vannamei, the SOD activity showed remarkable
decreases in the hemolymph after 6–96 h and recovery after 96 h post-V. alginolyticus
injection [63]. The SOD activity was also significantly reduced in Probopyrus ringueleti-
infected Palaemontes argentinus [64]. In addition, the Cu/ZnSOD showed an up-regulated
expression in the hemocytes of M. rosenbergii at 3 and 6 h after Lactococcus garvieae infection,
whereas down-regulation was observed in the hepatopancreas at 3 h after L. garvieae
infection [65]. In M. nipponense, the ecCuZnSOD mRNA expression level showed a drastic
decrease at 12 h after A. hydrophila injection [66]. In M. rosenbergii, the cytMn-SOD transcript
also decreased in the hepatopancreas at 3 h after L. garvieae injection [67]. The expression
of icCu/Zn-SOD decreased in the first 8–16 h and then recovered after the challenge with
Listonella anguillarum and Micrococcus luteus in Chlamys farreri [68]. The relative expression
level of icCu/Zn-SOD mRNA increased rapidly at 6 h post infection with Vibrio anguillarum
in Venerupis philippinarum, followed by a remarkable decrease, and then increased again [69].
In the present study, a similar expression profile was found in the hepatopancreas of M.
rosenbergii after C. freundii infection, in which the relative expression level of Cu/ZnSOD
mRNA was up-regulated first and then decrease extremely. Then, the expression level
recovered, and SOD activities in hepatopancreas and hemolymph were restored. CAT
plays an important role in the antioxidant enzyme defense system to alleviate ROS. The
CAT activity in the hepatopancreas of M. rosenbergii and CAT mRNA expression increased
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markedly at 6 and 24 h post injection with V. parahaemolyticus [70]. The CAT activity
exhibited a significant rise at the early stage of white spot syndrome virus infection in
P. monodon [71]. The CAT activity in the hepatopancreas of M. rosenbergii significantly
decreased at 5 days after spiroplasma MR-1008 infection and showed a recovery at 15 days;
however, the mRNA expression level was up-regulated and peaked at 12 days [72]. Similar
trends were observed in the CAT activity and mRNA expression level in the present study.
GST and GPx are involved in different mechanisms for the host defense against oxidative
damage [73]. In Fenneropenaeus chinensis, the mRNA expression levels of FcThetaGST,
FcMuGST, and FcGPx in the hepatopancreas were up-regulated after the challenge with
V. anguillarum for 24 h, whereas the GST activity decreased [74]. In L. vannamei, the GPx
activity and mRNA transcription increased significantly at 12 h after the challenge with
V. anguillarum [75]. In P. monodon, the GPx activity of hepatopancreas increased significantly
at 6 h and reached the peak level at 12 h after the V. parahaemolyticus challenge; the MDA
activity significantly increased from 6 h to 24 h with a peak at 6 h, whereas the GST activity
decreased significantly at 3 h [62]. The GPx activity in the gill of F. chinensis increased at 6 h
and remained at high levels up to 24 h [74]. In addition, the results of increased mRNA
expression levels and activities (GPx, GST, CAT, and MDA) during C. freundii infection in
M. rosenbergii were in agreement with the histopathological damage in hepatopancreas.

LZM is an important enzyme of the innate immune defense system against bacte-
rial infection, and it can cause bacterial cell disintegration by hydrolyzing the bacterial
cell wall [76,77]. Lysosomal enzymes, which are produced by phagocytes from crayfish
Procambarus clarkii, can efficiently degrade and eliminate foreign materials, as had been
demonstrated by Franchini and Ottaviani [78]. In P. monodon and M. rosenbergii, the lyso-
somal activity showed a significant increase after V. vulnificus infection and increased in
L. vannamei infected with Micrococcus lysodeikticus [79,80]. ACP and ALP are symbols of
macrophage activation, important components of the lysosome system, and play important
roles in the innate immune system to engulf antigens intracellularly [21]. The ACP activity
increased substantially within 48 h in the hemolymph of C. farreri after the treatment with
V. anguillarum [81]. In L. vannamei, the ACP and ALP activities significantly increased with
V. parahaemolyticus and M. lysodeikticus infections, respectively [82]. In addition, the ACP
and ALP activities in M. rosenbergii were significantly enhanced after the challenge with
a novel pathogen spiroplasma MR-1008 [72]. In the present study, the enzyme activities
of ACP, ALP, and LZM in the hepatopancreas and hemolymph were all enhanced after M.
rosenbergii infection with C. freundii; the enzyme activities all increased significantly in the
hepatopancreas after T. chinensis infection in M. nipponense [83].

AMPs are the main effector molecules in the innate immunity of crustaceans, and they
act as frontline effectors to defend against invading bacteria, fungi, and viruses [26,27,84].
The major AMPs, such as penaeidins, crustins, and ALF, have been identified in shrimp [29].
In P. monodon, the mRNA expression level of crustin-like peptide significantly increased
at 24 h post-infection with V. harveyi and recovered at 72 h [85]. The mortality of crustin-
depleted L. vannamei by RNA interference (RNAi) had a remarkable increase within 48 h
post-infection with V. penaeicida [86]. In Marsupenaeus japonicus, MjCru I-1 can enhance the
hemocyte phagocytosis, increase shrimp survival rate with V. anguillarum and Staphylococ-
cus aureus infection, and weaken the bacterial clearance by knockdown of MjCru I-1 [84]. In
L. vannamei, LvCrustinB was up-regulated with V. parahaemolyticus infection, and the knock-
down of LvCrustinB can increase the shrimp mortality rate [87]. The expression level of
FcALF2 in Fenneropenaeus chinensis significantly increased after the injection with M. lysodeik-
ticus and V. anguillarum [88]. The in vivo function of LvALF1 in response to V. penaeicida and
Fusarium oxysporum infections was measured by RNAi; the LvALF1-depleted L. vannamei
caused a significant increase in the mortality of infected shrimps [89]. With C. freundii
infection, the ALF mRNA expression significantly increased in crayfish P. clarkii [14]. The
expressions of ALF and crustin increased in the hepatopancreas of M. rosenbergii after
C. freundii infection in the present study; in addition, the ALF expression significantly
increased in L. vannamei after the V. anguillarum and M. lysodeikticus challenge [90].
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CypA acts as the receptor for the immunosuppressive agent cyclosporin A and belongs
to the superfamily of peptidyl-prolyl cis-trans isomerases [91]. The mRNA expression
of btsCypA was up-regulated in the hepatopancreas of P. monodon after stimulation by
lipopolysaccharide [92]. After V. anguillarum challenge, the expression level of Cf CypA
was up-regulated in the gonads of C. farreri and reached the peak at 4 h post-injection [93].
The mRNA expression level of EsCypA increased in the fungal Pichia pastoris-infected
E. sinensis [24]. The significantly up-regulated VpCypA2 mRNA expression level was
observed in the hemocytes of V. philippinarum after the challenge with L. anguillarum [94].
The expression of CypA increased in the hepatopancreas of M. rosenbergii after C. freundii
infection in the present study; the CypA mRNA expression level was significantly up-
regulated in the hepatopancreas of P. clarkii after the challenge with C. freundii [14].

CTLs are key recognition proteins and play important roles in shrimp innate immunity
for the recognition and clearance of pathogens [22–25]. PmCL1 expression was significantly
upregulated in the hepatopancreas and gill of P. monodon after the infection with V. harveyi
and V. anguillarum, respectively [95]. The expressions of hepatopancreas-specific CTL (Fc-
hsL) and CTLs (Fclectin, FcLec3 and FcLec4) from F. chinensis were up-regulated following
the challenge of shrimp with V. anguillarum or S. aureus [96–99]. In L. vannamei, the expres-
sions of LvCTL3 and LvPLP (the perlucin-like protein, a typical CTL) were up-regulated
after V. parahaemolyticus infection; two CTLs (LvLectin-1 and LvLectin-2) showed signifi-
cantly increased expressions after the L. anguillarum challenge [100–102]. Two novel lectins
(MnCTLDcp2 and MnCTLDcp3) from M. nipponense were up-regulated in the heart after
the challenge with A. hydrophila [103]. The expression of CTL increased in the hepatopan-
creas of M. rosenbergii after C. freundii infection in the present study, and a significantly
up-regulated CTL mRNA expression level was observed in the hepatopancreas of P. clarkii
after the challenge with C. freundii [14].

In general, when M. rosenbergii was infected with C. freundii, CTL, as one of pattern-
recognition receptor, immediately recognized the non-self material that had entered the
prawn body. With C. freundii infection, enzymes involved in the antioxidant antibacterial
system (SOD, CAT, GPx, GST, and MDA) were synthesized rapidly in the hepatopancreas
and hemolymph, and the phosphatase enzymes (ACP and ALP) and LZM also actively
participated in this immune response. In addition, the expressions of immune-related
genes (Cu/Zn-SOD, CAT, GPx, GST, LZM, ACP, ALF, crustin, CypA, and CTL) in the
hepatopancreas were significantly up- or down- regulated, which suggested that the
immediate immune response system in M. rosenbergii offers defense against C. freundii
infection. The results of this study indicated that all of these antioxidant enzymes and
genes play important roles in the M. rosenbergii immune responses. Furthermore, the
hepatopancreas are important immune tissues in the defense against C. freundii.

Antibiotics are natural or synthetic compounds and have become the main means
for the prevention and treatment of infectious diseases due to their low cost, good cura-
tive effect, and simple operation [104,105]. Florfenicol, oxytetracycline, oxytetracycline
hydrochloride, ormetoprim, and sulfamethazine were the five antibiotics approved by
the FDA [106]. In the present study, florfenicol and ofloxacin were selected to evaluate
their therapeutic effects against C. freundii in M. rosenbergii. Ofloxacin was forbidden in
aquaculture and its use in the present study was just for scientific research. Florfenicol is
a broad-spectrum and effective antibacterial, belonging to a part of the chloramphenicol
family of drugs, that is widely used to control susceptible bacterial diseases in fish and
shrimp farming [107–111]. Florfenicol and ofloxacin can stop bacteria from multiplying by
interfering with bacterial protein production and DNA replication, respectively [31]. The
increasd immune and antioxidant responses in M. rosenbergii after C. freundii challenge were
results of C. freundii activated the host’s innate immune system. With antibiotics feeding,
C. freundii in M. rosenbergii cannot multiplying well owing to the protein production or DNA
replication interfering. Then, the innate immune system of C. freundii infected M. rosenbergii
was more efficient against bacteria with the higher survival rate, immune and antioxidant
responses. C. freundii can break the innate immune system of M. rosenbergii treated with-
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out antibiotics, damage the capital functional organs and cause death. Florfenicol was
effective in the treatment of pseudotuberculosis in Yellowtail Seriola quinqueradiata [112],
vibriosis in Goldfish Carassius auratus [113], and furunculosis in Atlantic Salmon Salmo
salar [114], V. anguillarum infection in Atlantic cod Gadus morhua [106], vibriosis in Black
Tiger Shrimps P. monodon [111], V. harveyi infection in L. vannamei [110]. Due to the adverse
environmental consequences, alternatives to antibiotics have been developed, including
probiotics, phage therapy, essential oils (EOs), and Chinese herbal medicine [31]. Pseu-
domonas synxantha and Pseudomonas aeruginosa-fed Penaeus latisulcatus showed a higher
tolerance to the V. harveyi challenge [115]. Four phages that had lytic activity against V.
harveyi were isolated, and were demonstrated to be effective in controlling the population
of V. harveyi in hatchery systems and improved the survival of P. monodon [116]. The usage
of EOs from Cinnamosma fragrans enhanced the survival of P. monodon larvae with Vibrio
penaeicidae and Vibrio splendidus challenge and decreased bacterial concentration [117]. For
the WBD in M. rosenbergii, we also conducted alternatives therapies, such as Chinese herbal
medicine. We found strain GDZQ201912 was sensitive to Terminalia chebula Retz, Scutellaria
baicalensis Georgi, Caesalpinia sappan Linn, Rhus chinensis Mill, and Schisandra chinensis as
well as the evaluations of their therapies of WBD, survival rate, immune and antioxidant
responses of M. rosenbergii (Unpublished data).

5. Conclusions

Overall, in the present study, the pathogenic bacterium C. freundii was isolated from
WBD M. rosenbergii with a mass mortality, and the cause of WBD in M. rosenbergii was
identified with the typical sign under the carapace. The TEM observation, physiological
and biochemical characteristics, LD50, and antimicrobial susceptibility of the C. freundii
isolate were studied. The therapeutic effects of antibiotics against WBD were also evaluated,
and florfenicol was the most efficient antibiotic to defend against C. freundii. In addition, the
results of the present study provide insights into the histopathological changes, antioxidant
enzymatic activity, and changes in the expressions of immune-related genes of M. rosenbergii
challenged with C. freundii, revealing the antibacterial immune responses in giant river
prawn. These results will facilitate the development of therapies and management of the
disease caused by this pathogen in aquaculture systems.
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Abstract: This study aimed to assess dietary organic zinc on zinc homeostasis, antioxidant capacity,
immune response, glycolysis and intestinal microbiota in white shrimp (Litopenaeus vannamei Boone,
1931). Six experimental diets were formulated: Control, zinc free; S120, 120 mg·kg−1 zinc from
ZnSO4·7H2O added into control diet; O30, O60, O90 and O120, 30, 60, 90 and 120 mg·kg−1 zinc from
Zn-proteinate added into control diet, respectively. The results showed that organic zinc significantly
promoted zinc content and gene expression of ZnT1, ZIP11 and MT in the hepatopancreas and
enhanced antioxidant capacity and immunity (in terms of increased activities of T-SOD, Cu/Zn SOD,
PO, LZM, decreased content of MDA, upregulated expressions of GST, G6PDH, ProPO, LZM and
Hemo, and increased resistance to Vibrio parahaemolyticus). Organic zinc significantly upregulated
GluT1 expression in the intestine, increased glucose content of plasma and GCK, PFK and PDH
activities of hepatopancreas, and decreased pyruvate content of hepatopancreas. Organic zinc
improved intestinal microbiota communities, increased the abundance of potentially beneficial
bacteria and decreased the abundance of potential pathogens. Inorganic zinc (S120) also had positive
effects, but organic zinc (as low as O60) could achieve better effects. Overall, organic zinc had a
higher bioavailability and was a more beneficial zinc resource than inorganic zinc in shrimp feeds.

Keywords: organic zinc; zinc homeostasis; antioxidants; immunity; glycolysis; intestinal microbiota;
Litopenaeus vannamei Boone, 1931

1. Introduction

As an essential microelement for animals, zinc is well known for its key role in
various physiological processes such as organism growth and metabolism of proteins,
carbohydrates and lipids [1,2]. Zinc is also a cofactor or component of various enzymes
related to antioxidants, immune response and regulation, such as alkaline phosphatase
(AKP), metallothionein (MT), superoxide dismutase (SOD) and copper/zinc superoxide
dismutase (Cu/Zn SOD) [3]. In aquafeeds, zinc sulfate is traditionally used to meet the
demand of aquatic animals due to its lower price and easy accessibility [4,5]. However, the
disadvantages of zinc sulfate have been noticed with its low bioavailability and potential
environmental problems. On the one hand, plant-based ingredients have been widely used
in aquafeeds [6–8]. It is known that plant-based ingredients contain antinutritional factors
that reduce the bioavailability of minerals [9,10]; for example, phytate is easily chelated to
Zn2+, forming stable chelates that are not absorbed intestinally [3,9]. Thus, overdosage of
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zinc addition is common in aquafeeds [11,12], which increases the risk of water pollution
in intensive aquaculture zones and their surroundings. On the other hand, sulfate salts are
a common type of inorganic mineral (e.g., ZnSO4, CuSO4, MnSO4) in feed addition [13].
The high concentration of SO4

2− is toxic to aquatic organisms. SO4
2− can be reduced into

sulfide under anaerobic conditions, which is toxic to a number of aquatic organisms as
well [14,15].

Organic zinc, formed by the chelation of Zn2+ with amino acids (e.g., glycine, methion-
ine) and/or partially hydrolyzed proteins, provides a new option for zinc supplementation
in aquafeeds [16]. It has been reported that organic zinc is more easily absorbed by the
intestinal epithelium than inorganic zinc [17,18], and it can prevent the chelation of Zn2+

with phytate and protect the micronutrients (e.g., vitamins, fatty acids) from oxidation
by Zn2+ [19]. In channel catfish (Ictalurus punctatus), organic zinc had over 3 times the
potency of inorganic zinc in improving growth and increased resistance to Edwardsiella
ictaluri [20,21]. Similarly, there was also a higher bioavailability of organic zinc than
inorganic zinc in beluga sturgeon (Huso huso) [22], pangasius catfish (Pangasianodon hypoph-
thalmus) [23] and juvenile abalone (Haliotis discus hannai Ino.) [24]. In triploid rainbow trout
(Oncorhynchus mykiss), organic zinc reduced the zinc requirement and enhanced antioxi-
dant capacity compared to inorganic zinc [25,26]. In white shrimp (Litopenaeus vannamei
Boone, 1931), compared to inorganic zinc, organic zinc promoted growth performance and
enhanced immunity and resistance to Vibrio harveyi better [27–29]. Glycolysis is a cellular
process that breaks down glucose into pyruvate. Pyruvate can enter the tricarboxylic
acid cycle (TAC) for further ATP production. Glycolysis is also an important method to
metabolize glucose in most organisms. Previous studies have described that zinc plays a
role in stimulating glycolysis in mice [30] and rats [31,32]; however, in aquaculture, relevant
information is limited. The intestinal microbiota plays key roles in host health, nutrition
metabolism and immune response. Studies have found zinc could increase the abundance
of potential probiotics in weanling pigs [33] and improve the microbial population of broiler
chickens [34]. However, information on the effect of zinc on the intestinal microbiota of
aquatic animals is also limited.

White shrimp is a major species in aquaculture around the world and has great
economic value due to its great texture, rapid growth rate and good adaptability to the
environment [35]. At present, the increasing farming density and scale pose a challenge to
the health and disease resistance of shrimp [36]. Organic zinc is considered to have immune-
enhancing effects, which is beneficial for shrimp health. Most previous studies of organic
zinc have focused on growth performance and biochemical parameters. This study aimed
to assess dietary organic zinc (Zn-proteinate) on zinc homeostasis, antioxidant capacity,
immune response, glycolysis, intestinal microbiota and resistance to V. parahaemolyticus in
white shrimp, which will provide a comprehensive assessment of organic zinc application
in shrimp culture.

2. Materials and Methods

2.1. Experimental Diets

Six isonitrogenous and isolipidic experimental diets were formulated to contain dif-
ferent dosage forms of zinc, resulting in the following six dietary treatments: Control,
dietary Zn free; S120, dietary 120 mg·kg−1 zinc from ZnSO4·7H2O added into control diet;
O30, O60, O90, O120, dietary 30, 60, 90, 120 mg·kg−1 zinc from Zn-proteinate added into
control diet, respectively. All the ingredients were thoroughly mixed and pelleted with
an approximate diameter of 2 mm. After that, feeds were dried until constant weight at
55 ◦C in a ventilated oven. Feeds were then stored at −20 ◦C until use. The formulation,
chemical composition and zinc content in feeds are shown in Table 1.
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Table 1. Formulation and proximate compositions of experimental diets.

Ingredients (%)
Diets

Control S120 O30 O60 O90 O120

Fish meal 1 15.00 15.00 15.00 15.00 15.00 15.00
Shrimp shell meal 1 5.00 5.00 5.00 5.00 5.00 5.00

Brewer yeast 1 5.00 5.00 5.00 5.00 5.00 5.00
Soybean meal 1 30.00 30.00 30.00 30.00 30.00 30.00

Cottonseed protein 1 5.00 5.00 5.00 5.00 5.00 5.00
Peanut meal 1 10.00 10.00 10.00 10.00 10.00 10.00
Wheat flour 1 22.00 22.00 22.00 22.00 22.00 22.00

Fish oil 1 1.00 1.00 1.00 1.00 1.00 1.00
Soybean oil 1 1.00 1.00 1.00 1.00 1.00 1.00

Phospholipid 1 1.00 1.00 1.00 1.00 1.00 1.00
Monocalcium phosphate 1 1.00 1.00 1.00 1.00 1.00 1.00

Choline chloride 2 0.20 0.20 0.20 0.20 0.20 0.20
Vitamin mix 3 1.00 1.00 1.00 1.00 1.00 1.00

Mineral mix (Zn Free) 3 1.00 1.00 1.00 1.00 1.00 1.00
Lysine hydrochloride 1 0.10 0.10 0.10 0.10 0.10 0.10

Methionine 2 0.10 0.10 0.10 0.10 0.10 0.10
Threonine 2 0.05 0.05 0.05 0.05 0.05 0.05

Vitamin C-35 phosphate 1 0.20 0.20 0.20 0.20 0.20 0.20
ZnSO4·7H2O (22.74%) 2 - 0.0528 - - - -

Bioplex Zn® (15%) 4 - - 0.02 0.04 0.06 0.08
Astaxanthin (10%) 1 0.10 0.10 0.10 0.10 0.10 0.10

Y2O3
2 0.01 0.01 0.01 0.01 0.01 0.01

Carrier 1 1.24 1.1872 1.22 1.20 1.18 1.16

Analyzed Nutrient Compositions (% Dry Matter)

Crude protein 45.70 45.76 45.96 46.22 45.89 46.46
Crude lipid 4.32 4.48 4.41 4.41 4.72 4.67

Ash 8.92 9.16 9.36 9.13 9.23 9.25

Zinc Analysis (mg·kg−1)

Zn (formulated value) 0 120 30 60 90 120
Zn (analyzed value) 53 133 86 106 138 171

1 Fish meal, shrimp shell meal, brewer yeast, etc., were purchased from Qingdao Great-seven Nutr-tech Co., Ltd.,
Qingdao, China. 2 Choline chloride, amino acid, ZnSO4·7H2O and Y2O3 were purchased from Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China. 3 Vitamin premix and mineral premix were purchased from Qingdao
Master Biotech Co., Ltd., Qingdao, China. Vitamin premix contains (kg−1): vitamin A acetate, 714,000 IU; vitamin
D3, 266,000 IU; DL-α-tocopherol acetate, 8.6 g; menadione, 1.0 g; thiamine mononitrate, 1.0 g; riboflavin, 1.4 g;
pyridoxine hydrochloride, 1.2 g; cyanocobalamin, 0.004 g; D-calcium pantothenate, 4.0 g; nicotinamide, 6.8 g; folic
acid, 0.28 g; D-biotin, 0.012 g; inositol, 7.6 g; L-ascorbic acid-2-phosphate, 16.6 g; mineral premix contains (kg−1):
Mg, 12.5 g; Fe, 4.0 g; Mn, 2.0 g; Cu, 1.25 g; Co, 0.05 g; Se, 0.015 g; I, 0.05 g. 4 Bioplex Zn® was provided by Beijing
Alltech Biological Products (China) Co., Ltd., Beijing, China.

Analysis of the chemical compositions of feeds was performed following standard
protocols [37]. Dry matter was measured by drying samples to a constant weight at
105 ◦C, crude protein was determined by measuring nitrogen (N × 6.25) using the Kjeldahl
method (FOSS 8400, Denmark, Sweden), crude lipid was determined by mineral ether
extraction using the Soxhlet method (BUCHI 36880, Flawil, Switzerland) and ash content
was determined by incineration of samples at 550 ◦C in a muffle furnace.

The moisture was calculated with the following equation:

Moisture (%) = 100 × (W1 − W2)/W1, (1)

W1: Wet weight of matter; W2: Dry weight of matter.
The ash content was calculated with the following equation:

Ash (%) = 100 × W3/W4, (2)
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W3: Ash weight after incineration; W4: Dry weight before incineration.

2.2. Feeding Trial and Sample Collection

The feeding trial was carried out at Huanghai Aquaculture Co., Ltd., Shandong, China.
White shrimp were purchased from a local farm. Before the feeding trial, shrimp were
acclimated to a commercial diet for 2 weeks with flowing water. Shrimp were then fasted
for 24 h and weighted. A total of 960 shrimp (initial body weight of 2.37 ± 0.01 g) were
randomly distributed to 24 cylindrical fiberglass tanks (with 200 L of seawater) in an indoor
rearing system with flow-through seawater. A total of 40 shrimp were cultured in each
tank. The six diets were randomly assigned to tanks (4 replications each group). During
the feeding trial, shrimp were fed 4 times daily (05:30, 11:00, 16:30 and 21:30). The daily
feeding quantity was at 4–6% of body weight and adjusted according to previous feeding
responses. Two-thirds of seawater was exchanged twice daily. The water condition was
detected once a week, and the results were as follows: temperature was 26.4–28.0 ◦C;
salinity was 31–33‰; pH was 8.2–8.4; dissolved oxygen was higher than 7 mg·L−1; nitrite
was lower than 0.005 mg·L−1; nitrate was lower than 15 mg·L−1; ammonia was lower than
0.02 mg·L−1.

After 8 weeks of feeding, shrimp were fasted for 24 h; all surviving shrimp were
collected, and then the body length and weight of each shrimp were measured. After
that, 12 shrimp of similar size from each tank were randomly selected. The hemolymph
was collected from the caudal vein using 1 mL syringes and diluted immediately at a
hemolymph-to-anticoagulant ratio of 1:1.5 (10 mmol·L−1 EDTA-Na2, 450 mmol·L−1 NaCl,
10 mmol·L−1 KCl, 10 mmol·L−1 HEPES, pH 7.3) [38]. Approximately 50 μL of hemolymph
was used for the hemocyte count using a hemocytometer (XB-K-25, Yuhuan County Qiujing
Medical Instrument Factory, Zhejiang, China). The rest was centrifuged at 4 ◦C, 500 g·min−1

for 10 min. The supernatant was then collected into 0.2 mL PCR tubes (Cat. No.: PCR02C,
Axygen™, Union City, CA, USA) and stored at −80 ◦C for biochemical analysis. After that,
the hepatopancreas was quickly removed and then transferred to 1.8 mL sterile RNase-free
cryogenic tubes (Cat. No.: 377267, Nunc™, Rochester, NY, USA), frozen in liquid nitrogen
and stored at −80 ◦C for analysis of enzyme activity and gene expression. Intestines were
then removed and transferred to 1.8 mL sterile RNase-free cryogenic tubes (Cat. No.:
377267, Nunc™, Rochester, NY, USA), frozen in liquid nitrogen and stored at −80 ◦C, of
which 6 were used for gene expression analysis and the other 6 for microbiota analysis. The
muscle and carapace of 2 shrimp were randomly selected and stored at −20 ◦C for zinc
concentration analysis.

2.3. Vibrio Parahaemolyticus Challenge

After the feeding trial, 30 shrimp of each group were randomly selected and separated
into 3 tanks (with 50 L of seawater). Each shrimp was injected intramuscularly with 0.1 mL
of Vibrio parahaemolyticus (5 × 106 CFU/mL). Based on pre-experiments, mortality was
recorded for 7 days. During the challenging trial, temperature was 26.4–28.0 ◦C, salinity
was 31–33‰, pH was 8.2–8.4, dissolved oxygen was higher than 7 mg·L−1, nitrite was
lower than 0.005 mg·L−1, nitrate was lower than 15 mg·L−1 and ammonia was lower than
0.02 mg·L−1.

2.4. Growth Performance and Hemocyte Count

Growth performance was calculated by using the following equation:

Weight gain rate (WGR,%) = 100 × (final body weight − initial body weight)/initial body weight (3)

Specific growth rate (SGR,%·day−1) = 100 × (Ln final body weight − Ln initial body weight)/days (4)

Feed intake (FI,%·day−1) = 100 × feed intake/[(initial body weight + final body weight)/2]/days (5)

Feed efficiency (FE) = (final body weight − initial body weight)/feeds consumed (6)
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Condition factor (CF, 100 g·cm−3) = 100 × final body weight/finial body length3 (7)

Hemocyte count was measured with a hemocytometer under a light microscope
(Nikon, E 600, Tokyo, Japan). The number of blood cells per mL of hemolymph was
calculated according to the formula below:

Hemocyte count in 1 mL hemolymph = A/5 × 25 × 10000 × B (8)

A: the total hemocyte count in 5 medium squares; B: dilution ratio of the sample.

2.5. Zinc Accumulation Analysis

Zinc concentrations in the diets, muscle and carapace were analyzed by an induc-
tively coupled plasma optical emission spectrometer (ICP-OES, PE 2100DV, Perkin Elmer,
Boston, MA, USA). This analysis was completed by the Beijing ZKGX Research Institute of
Chemical Technology (Material Lab, Beijing, China). Zinc concentrations in the plasma and
hepatopancreas were determined with a commercial assay kit (E011-1-1; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.6. Biochemical Analysis

Plasma of shrimp was used for biochemical analysis directly. The hepatopancreas
was weighted, thawed and homogenized (1:9) in ice-cold 0.9% NaCl solution. After
centrifugation (2500 rpm, 15 min, 4 ◦C), the supernatant was collected for biochemical
analysis. The activities of acid phosphatase (ACP, A060-2-1), AKP (A059-2-2), catalase
(CAT, A007-1-1), phenoloxidase (PO, H247), total antioxidant capacity (T-AOC, A015-2-1)
and the contents of glucose (Glu, A154-1-1), malondialdehyde (MDA, A003-1-2) of plasma
were determined with commercial assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The content of pyruvate (A081-1-1) and the activities of glucokinase
(GCK, H439-1), phosphofructokinase (PFK, H244), pyruvate dehydrogenase (PDH, H262-
1-2) of hepatopancreas were determined with commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The activities of total superoxide dismutase
(T-SOD, S0101M) and Cu/Zn SOD (S0103) of plasma and hepatopancreas and the content
of total protein (P0012) of hepatopancreas were determined with commercial assay kits
(Beyotime Biotechnology, Shanghai, China). The activity of lysozyme (LZM) of plasma
was determined by using commercial Shrimp ELISA kits and following the manufacturer’s
instructions (CK-E94755, Shanghai Elisa Biotech Co., Ltd., Shanghai, China).

2.7. RNA Extraction and qPCR

The total RNA of hepatopancreas and intestine were extracted using the MolPure®

Cell/Tissue Total RNA Kit (19221ES50; Yeasen Biotechnology (Shanghai) Co., Ltd., Shang-
hai, China). The concentration and quality of RNA were assessed with NanoDrop™
2000 spectrophotometers (Thermo Scientific™, Waltham, MA, USA). The integrity of ex-
tracted RNA was determined by electrophoresis on a 1.2% (w/v) agarose gel. Reverse
transcription of 1000 ng of RNA was conducted using Hifair® III 1st Strand cDNA Synthesis
SuperMix for qPCR (11141ES60; Yeasen, Shanghai, China).

The qPCR was performed in a 20 μL volume: 1 μL of cDNA template (≤50 ng); 0.4 μL
of forward primer (10 μM); 0.4 μL of reverse primer (10 μM); 8.2 μL of RNase-free ddH2O
(P071-01, Vazyme Biotech Co., Ltd., Nanjing, China); 10 μL of SYBR® Green Premix Pro
Taq HS qPCR Kit (AG11701, Accurate Biotechnology (Hunan) Co., Ltd., Hunan, China).
A two-step qPCR program was used: 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for
5 s and 60 ◦C for 30 s. Finally, melting curve analysis was used to ensure the specifica-
tion of the PCR product. Specific gene primers were designed in NCBI, synthesized by
Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China. The specificity and amplification
efficiency of primers were assessed (Table S1). β-Actin, 18S ribosomal RNA and elonga-
tion factor 1-alpha were selected as candidate housekeeping genes. BestKeeper [39] and
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NormFinder [40] tools were used to assess the most stable expression gene. Finally, β-actin
was assessed as the best housekeeping gene in the present experiment (Tables S2 and S3).

All qPCR analyses were performed in CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). Moreover, a no-template control (NTC) (0 μL of cDNA
template, 0.4 μL of forward primer (10 μM); 0.4 μL of reverse primer (10 μM); 9.2 μL
of RNase-free ddH2O; 10 μL of SYBR® Green Premix Pro Taq HS qPCR Kit) was set
in each qPCR plate reaction to ensure no extraneous nucleic acid contamination. The
gene expression levels were normalized using the relative quantitative method (2−ΔΔCq)
referencing β-actin of shrimp [41].

2.8. Intestinal Microbiota DNA Extraction and Sequencing

Genomic DNA of intestinal microbiota was extracted using the QIAamp PowerFecal®

Pro DNA Kit (51804, Qiagen, Hilden, Germany) on a super-clean bench following the
manual. Primer 515F/806R was used to amplify the V4 region of the 16S rRNA gene. PCR
reaction and quality control were performed by Novogene Genomics Technology Co., Ltd.,
Beijing, China. Sequencing was conducted on an Illumina NovaSeq platform provided by
Novogene Genomics Technology Co., Ltd., Beijing, China. After sequencing, raw data were
merged with Fast Length Adjustment of SHort reads (FLASH) [42] and then assigned to
each sample with unique barcodes. To obtain effective reads for further analysis, Cutadapter
was used to cut adapter, barcode and primer sequences and filter low-quality reads [43],
and the UCHIME algorithm was used to detect and remove chimeric sequences [44]. After
dereplication, abundance sort and discarding singleton reads, sequences were clustered
to operational taxonomic units (OTUs) with ≥97% similarity using UPARSE [45]. The
representative sequence for each OUT was screened for further annotation using the Silva
Database (version 138) based on the Ribosomal Database Project (RDP) classifier [46]. Alpha
diversity (OTUs, Chao1, ACE, Shannon, Simpson and PD whole tree) and beta diversity
(principal coordinates analysis (PCoA) and unweighted pair group method with arithmetic
mean (UPGMA) clustering) were calculated with Quantitative Insights Into Microbial
Ecology (QIIME) and displayed with R software (version 4.1.0) [47].

2.9. Statistical Analysis

Statistical software SPSS 22.0 for Windows (IBM SPSS Corporation, Chicago, IL, USA)
was used for the data analysis. Results were analyzed by one-way analysis of variance
(ANOVA). Tukey’s multiple-range test was used for the multiple comparisons of group
means. Differences were regarded as significant when p < 0.05.

Microbiota sequence data analysis proceeded on the NovoMagic cloud platform
provided by Novogene Genomics Technology Co., Ltd., Beijing, China. An analysis of
molecular variance (AMOVA) test was employed to assess the difference of microbiota
composition within or between groups using the adegenet package in R software (version
4.1.0). MetaStat analysis was used to identify the differential abundant taxa between
groups. The p-value was adjusted by the Benjamini-Hochberg false discovery rate (FDR),
and differences were regarded as significant when Q < 0.05 (Q, adjusted p-value) [48].

3. Results

3.1. Growth Performance

As shown in Table 2, the FBW, WGR and SGR of shrimp fed the O60 diet were
significantly higher than those of shrimp fed the control diet (p < 0.05). S120, O30, O90
and O120 were intermediate in the FBW, WGR and SGR, with no significant differences
observed (p > 0.05). No significant differences were observed in the FI, FE, CF and total
hemocyte number of shrimp among all groups (p > 0.05).
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Table 2. Effects of organic and inorganic zinc on growth performance of Litopenaeus vannamei
Boone, 1931 *.

Diets Control S120 O30 O60 O90 O120

IBW (g) 2.34 ± 0.02 2.38 ± 0.02 2.38 ± 0.03 2.36 ± 0.02 2.35 ± 0.02 2.38 ± 0.01
FBW (g) 10.02 ± 0.32 a 11.25 ± 0.43 ab 10.56 ± 0.18 ab 12.41 ± 0.83 b 10.50 ± 0.32 ab 10.73 ± 0.39 ab

WGR (%) 328.3 ± 13.1 a 374.0 ± 20.1 ab 343.9 ± 12.0 ab 427.2 ± 36.2 b 348.0 ± 16.2 ab 351.6 ± 16.0 ab

SGR (%·day−1) 2.59 ± 0.06 a 2.77 ± 0.08 ab 2.66 ± 0.05 ab 2.96 ± 0.12 b 2.67 ± 0.07 ab 2.69 ± 0.06 ab

FI (%·day−1) 1.56 ± 0.04 1.43 ± 0.05 1.47 ± 0.04 1.33 ± 0.07 1.44 ± 0.09 1.54 ± 0.08
FE 0.357 ± 0.014 0.409 ± 0.022 0.384 ± 0.013 0.463 ± 0.040 0.399 ± 0.029 0.372 ± 0.024

CF (100 g·cm−3) 0.652 ± 0.004 0.658 ± 0.010 0.650 ± 0.007 0.650 ± 0.003 0.648 ± 0.007 0.637 ± 0.011
Total hemocyte

(×106) 27.14 ± 1.35 24.18 ± 1.90 26.25 ± 2.02 28.64 ± 2.11 24.42 ± 2.26 22.51 ± 2.42

* Values represent are means ± S.E. of 4 replicate tanks. IBW, initial body weight, FBW, final body weight, WGR,
weight gain rate, SGR, specific growth rate, FI, feed intake, FE, feed efficiency, CF, condition factor. a,b Different
superscript letters within a row denote significant differences as evaluated by Tukey’s test (p < 0.05).

3.2. Zinc Accumulation and Zinc Transport

As shown in Figure 1A, no significant differences were observed in the zinc concentra-
tions of shrimp muscle and carapace among all groups (p > 0.05). The zinc concentrations
in the hepatopancreas and plasma of the control group were lower than in all other diets
(p < 0.05). The zinc concentrations in the hepatopancreas and plasma of shrimp fed the
S120 diet were significantly lower than those of shrimp fed the O60, O90 and O120 diets
(p < 0.05). The zinc concentration in plasma was the highest in the O120 group (p < 0.05).

(A) (B)

Figure 1. Effects of organic and inorganic zinc on zinc accumulation of Litopenaeus vannamei Boone,
1931 tissues (A) and gene expressions of zinc transport in hepatopancreas of L. vannamei (B). ZnT1,
zinc transporter 1; ZIP11, zinc transporter ZIP11, MT, metallothionein. Values represented are
means ± S.E. of 4 replicate tanks. a,b,c,d Value bars not sharing the same superscript letter are
significantly different (p < 0.05).

The zinc-transport-related gene expressions in the hepatopancreas (Figure 1B) showed
that, compared with the control diet, the expression of ZnT1, ZIP11 and MT was signif-
icantly upregulated by the S120, O60, O90 and O120 diets, the O60 and O120 diets, and
the O60, O90 and O120 diets, respectively (p < 0.05). Compared with the S120 diet, the
expression of ZnT1 and MT was significantly upregulated by the O60, O90 and O120 diets
and the O60 diet, respectively (p < 0.05).

3.3. Antioxidant Capacity

In plasma, as shown in Figure 2A, the activities of T-SOD, Cu/Zn SOD, CAT and
T-AOC of shrimp fed the O60, O90 and O120 diets were significantly higher than those of
shrimp fed the control diet (p < 0.05). The activities of T-SOD, Cu/Zn SOD and CAT of
shrimp fed the O90 and O120 diets were significantly higher than those of shrimp fed the
S120 diet (p < 0.05). The activities of T-SOD, Cu/Zn SOD and T-AOC of shrimp fed the
control diet were significantly lower than those of shrimp fed the S120 diet (p < 0.05). The
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MDA content of the control group was the highest among all groups (p < 0.05). The MDA
contents of the O90 and O120 groups were significantly lower than those of the S120 group
(p < 0.05). In the hepatopancreas, as shown in Figure 2B, the activities of T-SOD and Cu/Zn
SOD of shrimp fed the S120, O60, O90 and O120 diets were significantly higher than those
of shrimp fed the control diet (p < 0.05). The activity of T-SOD of the O120 group was the
highest among all groups (p < 0.05).

(A)

(B) (C)

Figure 2. Effects of organic and inorganic zinc on antioxidant capacity of L. vannamei. (A) enzyme
activities of plasma; (B) enzyme activities of hepatopancreas; (C) gene expressions of hepatopancreas.
SOD, super dismutase; CAT, catalase; T-AOC, total antioxidant capacity; MDA, malondialdehyde;
Gpx, glutathione peroxidase; GST, glutathione S-transferase; G6PDH, glucose-6-phosphate dehydro-
genase. Values represented are means ± S.E. of 4 replicate tanks. a,b,c,d,e Value bars not sharing the
same superscript letter are significantly different (p < 0.05).

The antioxidant-related gene expressions (Figure 2C) showed that the expressions of
CAT, Gpx, GST and G6PDH of shrimp fed the O60, O90 and O120 diets were significantly
higher than those of shrimp fed the control diet (p < 0.05). The expressions of Gpx and
G6PDH of shrimp fed the S120 and O30 diets were significantly higher than those of shrimp
fed the control diet (p < 0.05). When compared with the S120 diet, the expression of CAT
was significantly upregulated by the O60, O90 and O120 diets, the expression of GST was
significantly upregulated by the O120 diet, and the expression of G6PDH was significantly
upregulated by the O60, O90 and O120 diets (p < 0.05). The expression of G6PDH of the
O120 group was the highest among all groups (p < 0.05). No significant difference was
observed in the expression of SOD among all groups (p > 0.05).

3.4. Immunity

In plasma, as shown in Figure 3A, the activities of ACP and LZM in the control group
was the lowest among all groups (p < 0.05) and no significant difference was observed
among S120, O30, O60 and O120 groups (p > 0.05). The activities of AKP and PO of shrimp
fed the O60 and O120 diets were significantly higher than those of shrimp fed the control
diet (p < 0.05). The activity of AKP of shrimp fed the S120 diet was significantly higher
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than those of shrimp fed the control diet (p < 0.05). The activity of PO of shrimp fed the
O120 diet was significantly higher than those of shrimp fed the S120 diet (p < 0.05).

(A)

(B) (C)

Figure 3. Effects of organic and inorganic zinc on immunity of L. vannamei. (A) enzyme activities
of plasma; (B) gene expressions of hepatopancreas. (C) Vibrio parahaemolyticus challenge test of
shrimp. ACP, acid phosphatase; AKP, alkaline phosphatase; PO, phenoloxidase; LZM: lysozyme;
ProPO, pro-phenoloxidase; Hemo, hemocyanin. Values represented by A and B are means ± S.E. of
4 replicate tanks. Values represented by C are means ± S.E. of 3 replicate tanks. a,b,c,d Value bars not
sharing the same superscript letter are significantly different (p < 0.05).

The immunity-related gene expressions of hepatopancreas (Figure 3B) showed that the
expression of ACP of shrimp fed the O60 and O90 diets was significantly higher than those
of shrimp fed the control and S120 diets (p < 0.05). The expressions of ProPO, LZM and
Hemo of shrimp fed the S120, O60, O90 and O120 diets were significantly higher than those
of shrimp fed the control diet (p < 0.05). When compared with the S120 diet, the expression
of ProPO and was significantly upregulated by the O120 diet, the expression of LZM was
significantly upregulated by the O120 diet, and the expression of Hemo was significantly
upregulated by the O60, O90 and O120 diets (p < 0.05). No significant difference was
observed in the expression of AKP among all groups (p > 0.05).

The challenge test showed lower mortality of shrimp fed with supplementary dietary
zinc after 7-day stress of V. parahaemolyticus. The mortality of shrimp fed the S120, O30,
O60, O90 and O120 diets was decreased by 31.82%, 31.82%, 40.91%, 45.45% and 54.55%
compared to the control, respectively, and the mortality in the O120 group was significantly
lower than that of the control group (Figure 3C) (p < 0.05).

3.5. Glucose Transport and Glycolysis

As shown in Figure 4A, the expression of GluT1 in the intestine of shrimp fed the O30,
O60, O90 and O120 diets was significantly higher than that of shrimp fed the control and
S120 diets (p < 0.05). As shown in Figure 4B, the content of Glu in plasma of the control
group was the lowest (p < 0.05). The content of Glu in plasma of the S120 group was
significantly lower than the O30, O60 and O120 groups (p < 0.05). As shown in Figure 4C,
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the activities of GCK, PFK and PDH of shrimp fed the O60, O90 and O120 diets were
significantly higher than those of shrimp fed the control diet (p < 0.05). When compared
with the S120 diet, the activities of GCK, PFK and PDH of shrimp fed the O120 diet were
significantly increased by the O60, O90 and O120 diets, the O120 diet, and the O30, O60,
O90 and O120 diets, respectively (p < 0.05). The contents of pyruvate in the control and
S120 groups were significantly higher than the other groups (p < 0.05).

(A) (B)

(C)

Figure 4. Effects of organic and inorganic zinc on transport and glycolysis of L. vannamei. (A) GluT1
expression of intestine; (B) Glu content of plasma; (C) enzyme activities of hepatopancreas. Glu,
glucose; GluT1, glucose transporter 1; GCK, glucokinase; PFK, phosphofructokinase; PDH, pyruvate
dehydrogenase. Values represented are means ± S.E. of 4 replicate tanks. a,b,c,d Value bars not sharing
the same superscript letter are significantly different (p < 0.05).

3.6. Intestinal Microbiota

A total of 3,105,865 effective reads were obtained, and after annotation, 24 phyla,
42 classes, 109 orders, 204 families, 402 genera and 1454 OTUs were identified. Rank
abundance, rarefaction curves and species accumulation boxplot showed that all sam-
ples reached the saturation phase, indicating adequate sequencing depth (Figure S1). At
the phylum level, Firmicutes, Proteobacteria and Bacteroidota were the predominant
bacterial phyla in the intestine among all groups (Figure 5A). At the genus level, Candida-
tus_Bacilloplasma, Vibrio and Spongiimonas were the predominant bacterial genera in the
intestine among all groups (Figure 5B). As alpha diversity indices (OTUs, Chao1, ACE,
Shannon, Simpson, PD whole tree) shown in Table 3, Chao1 and ACE indices in the O30
group were significantly higher than that in the O90 group (p < 0.05). Simpson index in the
O120 group was significantly higher than that in the control and O90 groups (p < 0.05). No
significant difference was observed in OTUs, Shannon index and PD whole tree among all
groups (p > 0.05).
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(A) (B)

(C) (D)

(E)

Figure 5. Effects of organic and inorganic zinc on intestinal microbiota of L. vannamei. Taxonomy
classification of reads at phylum (A) and genus (B) levels. Only top 10 most abundant (based on
relative abundance) bacterial phyla and genera were shown in the figures, other phyla and genera
were all assigned as ‘Others’. Flower diagram of intestinal microbiota among all groups (C). UPGMA
clustering trees in groups (D) and principal coordinate analysis (PCoA) plot in samples (E) based on
unweighted UniFrac distances among all groups.
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Table 3. Richness and diversity indices of intestinal microbiota of L. vannamei. *.

Diets Control S120 O30 O60 O90 O120

OTUs 281 ± 25 346 ± 33 386 ± 47 336 ± 17 253 ± 39 281 ± 21
Chao1 310.7 ± 22.9 ab 385.4 ± 35.7 ab 422.0 ± 48.2 b 379.1 ± 16.9 ab 278.1 ± 40.0 a 303.1 ± 21.4 ab

ACE 332.8 ± 21.3 ab 404.8 ± 36.7 ab 445.7 ± 47.5 b 403.5 ± 15.7 ab 292.6 ± 41.3 a 319.8 ± 21.0 ab

Shannon 2.66 ± 0.18 3.05 ± 0.20 3.35 ± 0.30 2.99 ± 0.10 2.70 ± 0.16 3.24 ± 0.10
Simpson 0.693 ± 0.045 a 0.757 ± 0.026 ab 0.801 ± 0.023 ab 0.768 ± 0.016 ab 0.695 ± 0.028 a 0.812 ± 0.012 b

PD whole tree 18.61 ± 1.00 22.64 ± 1.45 24.10 ± 1.89 22.60 ± 0.81 19.07 ± 2.33 20.67 ± 1.00

* Values represent are means ± S.E. of 4 replicate tanks. a,b Different superscript letters within a row denote
significant differences as evaluated by Tukey’s test (p < 0.05).

The flower diagram showed that all groups shared 259 OTUs, and the control, S120,
O30, O60, O90 and O120 groups had 18, 48, 16, 17, 17 and 70 unique OTUs, respectively
(Figure 5C). The AMOVA test confirmed the difference between groups was greater than the
differences within groups (Table S4). UPGMA (Figure 5D) and PCoA (Figure 5E) clusters
based on the unweighted UniFrac distance showed that the microbiota community was
related to the dosage of organic zinc. Briefly, the community between the control group and
the S120 group and between the O90 group and the O120 group were similar, respectively.
The microbiota community of the O30 group was slightly farther from the control and S120
groups. The O60 group had a farther distance from the control and S120 groups. The O90
and O120 groups together had the furthest distance from the control and S120 groups.

MetaStat analysis (Figure 6 and Table S5) showed that forty-two significantly changed
genera were obtained among the control, S120, O60 and O120 groups, of which 21 genera
might be beneficial to the host (Figure 6A–D) (e.g., Aeromicrobium, Arthrobacter, Butyrivib-
rio, Kocuria and Sphingomonas), and of which 21 genera might be pathogenic to the host
(Figure 6E–H) (e.g., Corynebacterium, Escherichia-Shigella, Flavobacterium, Sva0081_sediment_
group and Rubripirellula). Briefly, the genera in Figure 6A,B were potential probiotics for the
host. The genera in Figure 6C produce organic acid (e.g., short-chain fatty acid, lactic acid).
The genera in Figure 6D produce antibiotics or have antibacterial activity. The genera in
Figure 6E–G are potential pathogens for the host or cause diseases. The genera in Figure 6H
reduce sulfate into hydrogen sulfide. According to the result, compared with the control
diet, the abundance of the majority of potential beneficial genera were significantly in-
creased by the O60 (13 of 21) and O120 (16 of 21) diets (Table S6) (Q < 0.05). Compared with
the S120 diet, O120 diet significantly increased the abundance of most potential beneficial
genera (16 of 21) and decreased the abundance of many potential harmful genera (16 of 21)
(Table S6) (Q < 0.05).
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

Figure 6. MetaStat analysis of intestinal microbiota communities at genus level of shrimp among
control, S120, O60 and O120 groups. (A–D) potentially beneficial bacteria of shrimp intestine;
(E–H) potentially pathogens of shrimp intestine. a,b,c Value bars not sharing the same superscript
letter are significantly different (Q < 0.05). “N” means the abundance of genus is too low to get a
value at a certain number or the genus does not exist.
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4. Discussion

Some studies in channel catfish [20], pangasius catfish [23], juvenile abalone [24] and
white shrimp [27] have shown benefits of organic zinc on growth. However, in the present
study, white shrimp fed either organic or inorganic zinc had similar growth performance,
concurrent with previous studies in beluga sturgeon [22], rainbow trout [49], Atlantic
salmon (Salmo salar) [50] and European sea bass (Dicentrarchus labrax) [51]. The inconsistent
results might be related to different species, developmental stages, diet formulation, culture
condition and culture duration.

Investigations on zinc accumulation and transport accumulation have suggested that
organic zinc has higher facilitation effects than inorganic zinc. In the present study, zinc
concentrations of muscle and carapace were not affected. However, zinc concentrations of
hepatopancreas and plasma were significantly higher with dietary zinc. Moreover, organic
zinc showed significantly higher levels of zinc concentrations of hepatopancreas and plasma
compared with inorganic zinc. This was similar to a previous study on white shrimp, where
hepatopancreatic zinc was affected by dietary zinc and phytic acid, while carapace zinc was
not [11]. This might also be related to the essential role of zinc in regulating antioxidant
defense systems and immune responses, as well as in maintaining nutrient metabolism
and transport, since the hepatopancreas and hemolymph are the main sites where these
biological processes occur [3]. Additionally, zinc concentration regulation is closely related
to two zinc transporter proteins: ZnTs (Slc30a family), which regulate the efflux of zinc from
the cytoplasm [52,53], and ZIPs (Slc39a family), which regulate the influx of zinc into the
cytoplasm [54]. MT is a cysteine-rich intracellular metal-binding protein that is inducible
by Zn2+ [55]. By binding and releasing Zn2+, MT regulates intracellular Zn2+ homeostasis
to prevent the cytotoxicity of excess Zn2+ [56]. In the present study, organic zinc resulted in
greater promotion of ZnT1, ZIP11 and MT expressions in the hepatopancreas than inorganic
zinc, which was consistent with the changes in zinc concentrations of the hepatopancreas
and plasma, suggesting that organic zinc could increase the intracellular concentration
and transport of Zn2+ and maintain Zn2+ homeostasis. Moreover, zinc homeostasis, in
which ZnTs, ZIPs and MT are involved, contributes to a range of physiological functions,
including antioxidant capacity and immunity [57,58].

The role of zinc in enhancing antioxidant capacity has been widely summarized [2,4,59–61].
Previous studies have also demonstrated improved antioxidant capacity of zinc in beluga
sturgeon [22], pangasius catfish [23], triploid trout [25] and white shrimp [29]. Antioxidant
reactions are important for cells to prevent damage from free radicals, and the primary
enzymatic systems include SOD (Cu/Zn SOD is the most prominent), CAT and Gpx [61].
SOD converts oxygen radicals into H2O2, which in turn is catalyzed by CAT or Gpx into
H2O and O2 [61,62]. SOD is the most important and powerful oxidative defense enzyme
and requires zinc as a cofactor for its activity [61]. T-AOC is defined as the capacity of
inhibition of lipid oxidative degradation, which is important for inhibiting free radical
production or maintaining antioxidant activity [63]. Moreover, it has been reported that
zinc can decrease MDA content in cells [59]. On the other hand, MT releases Zn2+, which
in turn activates metal-responsive transcription factor-1 intracellularly and subsequently
upregulates the expressions of a variety of antioxidant genes, including Gpx, GST, G6PDH
and MT [60]. This is consistent with the present study, in which dietary zinc enhanced
the antioxidant capacity of shrimp plasma and hepatopancreas, as evidenced by increased
activities of T-SOD, Cu/Zn SOD, CAT and T-AOC, upregulated CAT, Gpx, GST and G6PDH
expressions, and decreased MDA content. However, organic zinc, especially in the O60,
O90 and O120 groups, had better efficacy. The present study revealed that organic zinc was
better than inorganic zinc in enhancing antioxidant capacity, which might be related to the
improved Zn2+ homeostasis.

Zinc is well known for its important role in immune response [64]. ACP and AKP
are typically used to assess the immune status of invertebrates [65]. PO, LZM and Hemo
are crucial innate immune defense molecules for shrimp and take part in various immune
responses, including against pathogens [66–69]. Some studies have reported the advan-
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tages of organic zinc in improving immunity in channel catfish [21], beluga sturgeon [22],
pangasius catfish [23] and white shrimp [27,29]. In the present study, increased activities
(ACP, AKP, PO and LZM) and expressions (ACP, ProPO, LZM and Hemo) demonstrated
beneficial changes in the immune system with organic zinc, which were also consistent
with lower mortality during the V. parahaemolyticus challenge. The mechanism might be
that a strengthened intracellular zinc homeostasis status allows Zn2+ to regulate distinct
signaling pathways in immune systems more positively to influence cellular activities such
as immune cells [70].

Zinc can also stimulate glucose transport [71] and glycolysis [72]. Glucose is absorbed
from the intestinal lumen into the hemolymph via glucose transporter (GluT) and trans-
ported to the hepatopancreas via the open circulatory system [73]. In the hepatopancreas,
Glu is converted into pyruvate via glycolysis [74], and then pyruvate enters the TAC via the
PDH complex for further energy production [75]. GCK and PFK are rate-limiting and key
regulatory enzymes of glycolysis reactions [74,76]. The increased GluT1 expression, Glu
content, GCK and PFK activities of the present results revealed that organic zinc supported
energy production from glucose to a greater degree than inorganic zinc. Changes in glucose
transport and glycolysis might be related to the fact that zinc is involved in the secretion of
insulin and glucagon [77]. The decreased pyruvate content might be due to the increased
PDH activity that facilitates the entry of pyruvate into the tricarboxylic acid cycle for further
energy production [75]. Similarly, previous studies in rats and mice have also reported the
role of zinc in stimulating glycolysis [30,31,78]. However, the specific mechanism by which
zinc regulates glucose metabolism in white shrimp needs further study.

The intestinal microbiota community of shrimp is tightly associated with its health [79].
Few studies have reported the effects of zinc on intestinal microbiota in shrimp. The present
study found that Firmicutes, Proteobacteria and Bacteroidota were the predominant phyla,
and Candidatus_Bacilloplasma, Vibrio and Spongiimonas were the predominant genera, which
is consistent with previous results in shrimp [80,81]. Moreover, the cluster results showed
that the microbiota community was migrated by the dosage of organic zinc, especially in
the O60, O90 and O120 groups, since the top 10 bacteria were similar among all groups
and alpha diversity did not differ greatly. The migration might be caused by changes
in the abundance of non-predominant bacteria. Forty-two significantly different gen-
era were observed by MetaStat analysis. When compared with the control group, only
7 genera were observed in the S120 group, while about 20 genera were observed in the
O60 or O120 groups. When compared with inorganic zinc (S120), organic zinc (O60 and
O120)-supplemented shrimp had a significantly higher abundance of potentially beneficial
bacteria yet lower abundance of potentially pathogenic bacteria. Among these genera,
some probiotics have been used in aquaculture such as Kocuria, Sphingomonas, Arthrobac-
ter, Alteromonas, Bifidobacterium, Bacillus, Pseudomonas, Weissella and Paenibacillus [82–84].
Some probiotics include lactic acid producers (Akkermansia, Vagococcus, Aerococcus) [85,86]
and short-chain fatty acid producers (Lachnospira, Butyrivibrio, Subdoligranulum, Propioni-
genium, Brevibacterium) [87–91]. The presence of these probiotics in the present study
may be beneficial to the nutrient availability, antioxidant and immune response of white
shrimp [91]. Increased Aeromicrobium, Pseudonocardia, Thermomonas and Lysobacter, which
could produce secondary metabolites and have antibacterial properties, may protect shrimp
from pathogens [92–95]. Moreover, the bacteria Aquimarina, Tenacibaculum, Flavobacterium,
Paeniclostridium, Escherichia-Shigella, Sulfurovum and Leucothrix are opportunistic or true
pathogens that cause diseases of aquatic animals and egg mortality [96–99]. Some species
in Corynebacterium, Sphaerochaeta, Roseomonas, Haemophilus, Raoultella and Stenotrophomonas
are also potentially pathogenic agents of the host [100–104]. Bythopirellula, Rubripirellula,
Blastopirellula, Pirellula and Planctomicrobium are related to host diseases and resistant to
a variety of antibiotics [105]. Desulfovibrio, Sva0081_sediment_group and Desulfosarcina are
sulfate-reducing bacteria that reduce sulfate into hydrogen sulfide [106–108]. The high
concentration of hydrogen sulfide is toxic to intestinal microbiota and lowers intestinal
pH [108]. This also prompts us to be concerned about the potential risks in the application

227



Antioxidants 2022, 11, 1492

of sulfate mineral elements. Overall, the present study suggested that organic zinc-fed
shrimp had a higher abundance of potentially beneficial genera and lower abundance of
potential pathogens in intestinal samples of white shrimp. Taken in combination with
other findings of this study, it is possible that the shrimp might have evolved a mechanism
to regulate intestinal microbiota balance by utilizing zinc homeostasis [109]. On the one
hand, dietary zinc is used by the host to inhibit the proliferation of pathogens and regulate
interspecies competition of intestinal microbiota [110]. On the other hand, dietary zinc
can enhance intestinal mucosal barrier function, which is beneficial for the colonization
of probiotics and defense against pathogens [111,112]. The organic zinc supplementation
benefited zinc homeostasis of white shrimp, which was crucial for enhancing the healthy
balance of host and intestinal microbes [113].

5. Conclusions

The present results showed that both inorganic zinc and organic zinc could benefit
the antioxidant capacity and immune response of shrimp. However, compared with
inorganic zinc, organic zinc could further support zinc accumulation and transport, enhance
antioxidant capacity and immune response, stimulate glucose transport and glycolysis
and strengthen the resistance to disease of shrimp. Moreover, organic zinc resulted in
beneficial shifts in the intestinal microbiota community, with a higher abundance of various
potentially beneficial bacteria and a lower abundance of several potentially harmful bacteria.
Overall, shrimp fed 60 mg·kg−1 zinc from Zn-proteinate achieved better effects than those
fed 120 mg·kg−1 zinc from ZnSO4·7H2O. The mechanism of organic zinc in these effects
might be related to the improving zinc homeostasis of shrimp, which indicated that organic
zinc has higher bioavailability than inorganic zinc in shrimp feeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11081492/s1, Figure S1. Rank abundance (A), rarefaction
curves (B) and species accumulation boxplot (C) for all the intestinal microbiota samples; Table S1.
Primers used in qPCR and amplification information; Table S2. Descriptive statistics of 3 candidate
housekeeping genes (HKG) based on their cycle quantification (Cq) values; Table S3. Stability analysis
of 3 candidate HKG based on their Cq values; Table S4. AMOVA analysis based on unweighted
UniFrac distance of microbial community structure of Litopenaeus vannamei Boone, 1931; Table S5.
The genus level classification information of MetaStat analysis showed in Figure 6; Table S6. The
genera abundance changes of L. vannamei based on MetaStat analysis.
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103. Sękowska, A. Raoultella spp.—Clinical significance, infections and susceptibility to antibiotics. Folia Microbiol. 2017, 62, 221–227.
[CrossRef]

104. Ghosh, R.; Chatterjee, S.; Mandal, N.C. Stenotrophomonas. In Beneficial Microbes in Agro-Ecology; Amaresan, N., Kumar, M.S.,
Annapurna, K., Kumar, K., Sankaranarayanan, A., Eds.; Academic Press: Waltham, MA, USA, 2020; pp. 427–442.

105. Mori, F.; Umezawa, Y.; Kondo, R.; Wada, M. Dynamics of sulfate-reducing bacteria community structure in surface sediment of a
seasonally hypoxic enclosed bay. Microbes Environ. 2018, 33, 378–384. [CrossRef] [PubMed]

106. Drancourt, M.; Prebet, T.; Aghnatios, R.; Edouard, S.; Cayrou, C.; Henry, M.; Blaise, D.; Raoult, D. Planctomycetes DNA in febrile
aplastic patients with leukemia, rash, diarrhea, and micronodular pneumonia. J. Clin. Microbiol. 2014, 52, 3453–3455. [CrossRef]
[PubMed]

107. Loubinoux, J.; Bronowicki, J.P.; Pereira, I.A.C.; Mougenel, J.L.; Le Faou, A.E. Sulfate-reducing bacteria in human feces and their
association with inflammatory bowel diseases. FEMS Microbiol. Ecol. 2002, 40, 107–112. [CrossRef]
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Abstract: Atractylodes macrocephala polysaccharide (AMP) can enhance antioxidant defense and anti-
inflammation, as the tolerance levels of AMP in aquaculture is important for additive utilization.
However, the tolerance dose of AMP is unknown. We assess the tolerance levels of AMP in juvenile
largemouth bass (3.38 ± 0.11 g) by feeding them a 0, 400, 4000, or 8000 mg/kg AMP supplemented diet
for 10 weeks. The 400 mg/kg AMP dose increased growth performance. The Nrf2/Keap1 signaling
pathway was activated, as indicated by Keap1 and Nrf2 protein levels in the liver. Enhanced activity
of antioxidant enzymes (SOD, GPx), together with increased mRNA levels of antioxidant genes (sod,
gpx) and decreased accumulation of reactive oxygen species (ROS) and MDA, was found in the liver,
implying the antioxidant effect of AMP. Nutrient absorption was enhanced by AMP, as reflected by
the increased length of intestinal villi and microvilli. However, 4000 and 8000 mg/kg AMP induced
oxidant stress, as indicated by increased plasma ALT and AST content and decreased mRNA levels
of antioxidant genes (sod, gpx) in the liver and intestinal tissues. Inflammatory reactions were also
induced by high doses of AMP, as reflected by enhanced levels of pro-inflammatory cytokines (tnfα,
nfκb) in the liver, intestinal, and kidney tissues and inhibited levels of anti-inflammatory cytokines
(tgfβ, iκb). Histological analysis reveals inflammatory cell infiltration and tissue damage. Thus, the
safe tolerance margin of AMP supplement for largemouth bass was 400–4000 mg/kg.

Keywords: AMP; Nrf2/Keap1 signaling pathway; antioxidant defense; inflammation; tolerance

1. Introduction

Aquaculture production, worldwide, reached 114.5 million tons in 2018 [1]. However,
aquaculture problems, induced by the rapid increase and high-density production of fish
and other aquaculture animals, include increased disease prevalence [2]. Feed additives are
added in small amounts to aquafeed for specific purposes [3]. Plant-derived feed additives,
such as polysaccharides, can enhance fish growth, intestinal health, disease resistance, and
stress resistance [4,5]. Astragalus polysaccharide supplementation enhances the immune
response of Litopenaeus vannamei by increasing superoxide dismutase (SOD) activity and
inhibiting maleic dialdehyde (MDA) content in the hemolymph [6]. HP-02 polysaccharide
from honeysuckle flowers has immunomodulatory effects on on-growing common carp by
reducing the expression of pro-inflammatory cytokines, such as tumor necrosis factor α
(tnfα), and increasing the expression of anti-inflammatory cytokines, such as transforming
growth factor β (tgfβ) [7]. Atractylodes macrocephala polysaccharide (AMP), the main compo-
nent extracted and purified from the Chinese herbal medicine Atractylodes macrocephala, is
studied because of its anti-tumor effect [8,9]. AMP is widely used as an additive in animal
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formulation for its growth-promoting effect and antioxidant effect [10]. AMP can reduce
inflammatory damage and oxidative stress via the NF-κB signaling pathway [11,12]. AMP
can also enhance antioxidant defense capacity by promoting the expression of glutathione
peroxidase (GPx) and SOD [13,14], which are related to the Nrf2 signaling pathway [15].
However, few studies report the effects of AMP on aquatic animals.

The effects of feed additives on ingestion, growth, and the immune system are nor-
mally dose-dependent in omnivores [16–20]. The growth of on-growing crucian carp was
increased by 40 g/kg Enteromorpha prolifera polysaccharide supplementation, while the
opposite result was observed at a higher dose [16]. High doses of feed additives might
affect intestine, liver, and kidney health. Mild damage was found in the intestinal tissues
of juvenile Nile tilapia when organic trace mineral doses exceeded 50% [17]. Overdose
of olaquindox, a growth-promoting feed additive, led to an increasing level of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) in blood, as well as cell
damage to the liver of on-growing common carp [18]. Similarly, an increase in plasma
ALT and AST activities occurred when dietary Coriolus versicolor polysaccharides exceeded
2 g/kg in on-growing crucian carp [19]. An increase in phagocytic activity in hemocytes
was only observed in Litopenaeus vannamei when they were fed diet supplemented with
Astragalus polysaccharides in amounts less than 1.0 g/kg [6]. High doses of pectin and
cellulose caused damage and dysfunction to the liver and intestine of juvenile yellow
catfish [20]. These data show that tolerance assessment of aquatic animals to feed additives
is important for the safe use of additives.

Largemouth bass (Micropterus salmoides) is a fast-growing aquaculture species in China,
with production exceeding 0.61 million tons in 2020 [21]. However, disease is currently a
major factor restricting the development of largemouth bass culture [22,23]. Functional
additives are an effective way to promote growth and increase antioxidant defense in
largemouth bass. Extracts of Foeniculum vulgare and Artemisia annua can enhance the specific
growth rate (SGR) and the enzyme activity of SOD but decrease the MDA content [24].
Chlorogenic acid can regulate inflammatory reactions by reducing mRNA expression levels
of tnfα [25]. Dietary sodium butyrate can improve intestinal morphology by increasing the
villus width and villus height [26]. Because AMP can promote growth, antioxidant activity,
and disease resistance [8,9,11–15], it could be used as a feed additive in largemouth bass
culture. The optimal supplemental level of AMP as a feed additive for largemouth bass
was determined to be 400 mg/kg without negative effects (data unpublished). However,
since the maximum tolerated levels of AMP are unknown, we assessed the tolerance level
of AMP supplementation in largemouth bass.

2. Materials and Methods

2.1. Experimental Diets

Atractylodes macrocephala polysaccharide was supplied by Baoding Jizhong Biotechnol-
ogy Co., Ltd. (Hebei, China). The raw medicinal herb Atractylodes macrocephala was boiled
three times with distilled water (1:12, w/v) for 2 h. The obtained filtrate was centrifuged.
Then, the condensed filtrate was boiled with 1.0% activated carbon for 20 min, followed by
standing for 12 h. The filtrate was condensed at 60 ◦C. After spray drying, the AMP power
was obtained. The carbohydrate content of AMP was 75.0%. The content of crude protein,
crude lipid, and moisture was 10.0%, 5.0%, and 5.0%, respectively. The main component of
AMP was dextran. In addition, D-fructose, D-glucose, and L-arabinose were also included.
Four isonitrogenous and isoenergetic diets were prepared by adding 0, 400, 4000, and
8000 mg/kg AMP to the basal diet formula of largemouth bass. The formulation and basic
chemical composition are shown in Table 1. All ingredients were mixed well. After mixing
with water, granular feeds with a diameter of 3 mm were prepared by a pelletizer (SLR-45,
Fishery Machinery Research Institute, Chinese Academy of Fishery Sciences, Shanghai,
China). The diets were dried in an oven at 70 ◦C for 1 h and then stored at 4 ◦C.
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Table 1. Formulation and composition of experimental diets (dry matter, %).

Ingredients A0 A400 A4000 A8000

Fish meal a 40 40 40 40
Wheat gluten 6.5 6.5 6.5 6.5

Casein 18.5 18.5 18.5 18.5
Flour 5 5 5 5

Cassava starch 10 10 10 10
Fish oil 6 6 6 6

Vitamin & mineral premix b 1 1 1 1
Monocalcium phosphate 1.50 1.50 1.50 1.50

Choline chloride 0.10 0.10 0.10 0.10
Bentonite 11.40 11.36 11.00 10.60

AMP (mg/kg) c 0 400 4000 8000
Chemical composition

Moisture 7.91 7.97 7.16 7.28
Crude protein 52.07 52.14 51.29 51.70

Crude lipid 9.50 9.06 9.04 9.35
a Fish meal: From Superprime, TASA Fish Product Co., Ltd., Lima, Peru. b Vitamin & mineral premix: P301
1% perch compound premixed feed, Yinghuier Biotechnology Co., Ltd., Beijing, China. c AMP: From Baoding
Jizhong Biotechnology Co., Ltd., Hebei, China.

2.2. Feeding Trial and Sampling

The largemouth bass were obtained from Ezhou Zhenghao Fry Co., Ltd. (Ezhou,
Hubei, China), and were acclimated in a recirculating aquaculture system for 2 weeks with
commercial feed. Fish (3.38 ± 0.11 g) were starved for 24 h before the experiment. A total
of 720 healthy fish were assigned to 24 tanks (water volume: 140 L), with six tanks for
each treatment. The water temperature was kept at 25–26 ◦C at a pH of 7–8, dissolved
oxygen > 6.8 mg/L, and NH4-N < 0.07 mg/L, with continuous aeration for 24 h. The fish
were fed to apparent satiation twice a day (9:00 and 16:00). The experiment duration was
10 weeks.

At the end of the experiment, all fish in each tank were lightly anaesthetized with
60 mg/L MS-222 (Sigma, St. Louis, MO, USA) and weighed after starving for 12 h. Then,
two fish were randomly selected from each tank for body composition analysis. Blood
was taken from the caudal vein by using a syringe soaked with heparin sodium from the
other two fish. The supernatant plasma was taken after a 3000× g centrifugation. Then,
the liver, intestine, and kidney tissue samples were stored at −80 ◦C prior to analyses. The
liver, intestine, and kidney tissues were fixed in 4% paraformaldehyde for histological
analysis. The experimental protocol was approved by the ethics committee of the Institute
of Hydrobiology, Chinese Academy of Sciences (approval ID: IHB20140724).

2.3. Chemical Composition Analysis

All chemical compositions, including moisture, crude protein, crude lipid, and ash,
were analyzed according to standard methods [27]. The moisture content was determined
by baking at 105 ◦C and then using the weight loss method for calculation. Crude protein
was measured by Kjeltec Auto Analyzer 4800 (FOSS Tecator, Hoganas, Sweden). Crude
lipid was determined by soxhlet extraction (Soxtec System HT Tecator, Hoganas, Sweden)
with ether as a solvent. The ash content was measured after full incineration at 550 ◦C in a
muffle furnace (Jianli Electric Furnace Factory, Hubei, China).

2.4. Biochemical Analysis

The biochemical analysis was conducted based on reported methods [28]. The ALT
and AST in plasma and the MDA, SOD, and GPx in the liver were determined using assay
kits (Nanjing Jiancheng Bioengineering Institute; Catalog: C009-2-1, C010-2-1, A003-1,
A001-3, and A005-1, Jiangsu, China). The liver ROS content was also determined using an
assay kit (MSKBIO Co., Ltd. Wuhan, China; Catalog: 69-86537). All the above parameters
were determined according to manufacturer protocols.
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2.5. Histological Analysis

The liver, intestine, and kidney tissues were dehydrated before paraffin embedding.
They were then cut into 4-μm sections with a slicer (RM2016, Leica Instruments Co.,
Ltd., Shanghai, China). The sections were dyed with hematoxylin and eosin (H&E) to
stain the nuclei blue and the cytoplasm red. The intestine was fixed overnight in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH = 7.4) at 4 ◦C and post-fixed in 1% OsO4
at 4 ◦C for 2.5 h [29]. The sections were dehydrated using graded ethanol (30, 50, 70, 90,
and 100%), processed with a mixed solution of ethanol and acetone, infiltrated in a mixture
of acetone and epoxy resin (1:1 for 3.5 h, and then 1:2 overnight), and finally embedded
using SPI-PON 812 at 60 ◦C for 48 h. Ultrathin sections (74 nm) were obtained using a Leica
EM UC7 ultramicrotome. The ultrathin sections were stained with 3% uranyl acetate and
lead citrate and then observed and photographed with an HT7700 transmission electron
microscope (Hitachi High-Tech, Tokyo, Japan). Quantitative analysis of intestinal villi was
performed using Image-pro plus 6.0 software, and the microvilli were measured using
Image J software.

2.6. RNA Extraction and Real-Time Quantitative PCR

The total RNA of the liver, intestine, and kidney tissues was extracted with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The integrity of RNA was evaluated by agarose
electrophoresis. The concentration of RNA was spectrophotometrically quantified with
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Then, the RNA was reverse
transcribed into cDNA by M-MLV according to the manufacturer’s instructions. Real-time
qPCR was performed on a LightCycle® 480 II (Roche, Diagnostics, Basel, Switzerland)
instrument with SYBR Green I Master Mix (Roche Diagnostics, Carlsbad, CA, USA). β-actin
was selected as the housekeeping gene owing to its stable expression in the liver, intestine,
and kidney tissues. The relative levels of target genes were calculated by the method
described by Pfaffl [30]. The primers used in this experiment are listed in Table 2.

Table 2. Primers used in this experiment.

Gene Name Sense and Antisense Primer (5′-3′) Accession No. Product Length (bp)

Transforming growth factor β (tgfβ) ACAGTGGGCAATGTAAGCGGTA XM_038693206.1 232
TGTCTGGTGGGCTCTCGGTCTG

Tumor necrosis factor α (tnfα) CAAGTGTCAAACCCAGTTCCAA XM_038723994.1 154
ATTTGCCTCAATGTGTGACGAT

Superoxide dismutase (sod) CAGTTACCAGTGTGTCGGCTCT XM_038727054.1 180
CTCCAGGGCACCATAGTCGTAG

Glutathione peroxidase (gpx) CAGCAGACATTTCCTCACCATT XM_038697220.1 250
CAGTGGCAGAGTCAGCCTTTTA

Inhibitory protein of nuclear
factor-kappa B (nfκb) GCCAGAAGACAACCATACGCAT XM_038729519.1 164

GGACACCAGGAGACGCTCACAC
Nuclear factor-kappa B (iκb) CACACTCGGTGATGATAACTGG XM_038699792.1 182

CTCCAGTAACGAGTAGTATGTA
β-actin CTTTCCTCGGTATGGAGTCTTG MH018565.1 386

CAGTCGTTTGGGTTTGTAGCAG

2.7. Western Blot

Western blot analysis of the liver tissues was performed according to the method
described by Wu [31]. The primary antibodies were anti-Nrf2 (A1244, ABclonal, Wuhan,
China), anti-Keap1 (A1820, ABclonal, Wuhan, China), and anti-GAPDH (ab70699, Abcam,
Cambridge, UK). The bands were acquired using ImageQuant LAS 4000 mini (GE Health-
care Life Sciences, Wuxi, China) and quantified using Image J software (National Institutes
of Health, Bethesda, MD, USA).

236



Antioxidants 2022, 11, 1581

2.8. Statistical Analysis

All data are presented as mean ± standard error and analyzed by one-way ANOVA
using SPSS Statistics 25 (International Business Machines Corp., Armonk, NY, USA). The
differences were considered to be significant when p < 0.05.

3. Results

3.1. Growth Performance and Body Composition

The growth performance of largemouth bass is shown in Table 3. Compared with
the A0 group, significantly higher FBW, WGR, SGR, and FE were found only in the A400
group. However, no significant difference was found in body composition among any of
the groups.

Table 3. Effects of dietary AMP on growth performance.

A0 A400 A4000 A8000

Growth performance
IBW (%) 3.33 ± 0.06 3.40 ± 0.05 3.43 ± 0.06 3.37 ± 0.07
FBW (g) 38.47 ± 0.54 a 48.62 ± 1.51 b 36.76 ± 0.72 a 37.64 ± 0.77 a

WGR (%) a 946.87 ± 60.51 a 1287.39 ± 36.07 b 903.13 ± 49.14 a 895.64 ± 51.55 a

SGR (%/d) b 3.53 ± 0.02 a 3.85 ± 0.05 b 3.43 ± 0.03 a 3.49 ± 0.03 a

FE (%)c 119.35 ± 7.5 a 146.89 ± 3.16 b 114.20 ± 5.45 a 112.17 ± 4.57 a

Composition of whole fish
Moisture 72.16 ± 0.17 72.09 ± 0.26 71.36 ± 1.23 72.42 ± 0.23

Ash 3.54 ± 0.05 3.60 ± 0.02 3.70 ± 0.15 3.64 ± 0.04
Crude lipid 6.87 ± 0.29 6.97 ± 0.30 7.14 ± 0.30 6.54 ± 0.17

Crude protein 16.45 ± 0.08 16.38 ± 0.08 16.89 ± 0.78 16.17 ± 0.11
The data are expressed as mean ± SEM, and the superscripts (a or b) of different letters in the same row
indicate significant differences (p < 0.05). a WGR (weight gain rate, %) = 100 × (final total weight−initial total
weight)/initial total weight. b SGR (specific growth rate, %/d) = 100 × [Ln (final body weight) − Ln (initial body
weight)]/days. c FE (feed efficiency, %) = 100 × (final total weight−initial total weight)/feed intake in dry matter.

3.2. Plasma Metabolites

The levels of ALT and AST in the plasma are shown in Figure 1. The enzyme activities
of ALT and AST were significantly increased only in the A8000 group, compared to the
A0 group.

Figure 1. Plasma Effects of dietary Atractylodes macrocephala polysaccharide (AMP) on plasma ALT
and AST. ALT: Alanine aminotransferase; ALT: Aspartate aminotransferase. Data are shown as
mean ± SEM (n = 6). Different lowercase letters represent significant differences among all groups
(p < 0.05).
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3.3. Nrf2/Keap1 Signaling Pathway and Antioxidant-Related Genes in the Liver and Intestine

To investigate the effect of AMP on antioxidant defense, the protein levels of Nrf2/Keap1
were determined. As shown in Figure 2, The protein levels of Keap1 in the liver were
significantly inhibited by 400 mg/kg AMP supplementation; however, the opposite result
was found in the 8000 mg/kg AMP supplement group. Correspondingly, Nrf2 protein
expression was significantly enhanced in the A400 group compared to the A0 group.
Unaltered protein levels of Nrf2 were found in both the A4000 group and the A8000 group.
The expression levels of gpx and sod in both the liver and intestine were significantly
induced by 400 mg/kg AMP (Figure 3A,B).

Figure 2. Effects of dietary AMP on protein expression and transcript levels of Keap1 and Nrf2.
Keap1: Kelch-like ECH-associated protein 1; Nrf2: Nuclear factor erythroid 2-related factor 2. Data
are shown as mean ± SEM (n = 6). Different lowercase letters represent significant differences among
all groups (p < 0.05).

3.4. Activities of Antioxidant Enzymes in the Liver

The activities of antioxidant enzymes in the liver are shown in Figure 4. The activity of
SOD was increased significantly in the AMP supplemented groups, irrespective of dosage.
No change of GPx was found in any group. ROS and MDA levels were significantly
inhibited by 400 mg/kg AMP supplementation. However, no significant difference was
found between the A0 group and the A8000 group.

3.5. Expression of Inflammatory-Related Genes in the Liver, Intestine, and Kidney

Changes of the inflammation-related genes in the liver, intestine, and kidney are
shown in Figure 5. The gene expression levels of tnfα and nfκb were significantly increased
in the liver and kidney of the A4000 and A8000 groups, compared with the A0 group.
Significantly enhanced expression of tnfα and nfκb was also found in the intestine of the
A8000 group. The transcription levels of tgfβ and ikb were significantly decreased in the
liver, intestine, and kidney of the A4000 and A8000 groups.
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Figure 3. Effects of dietary AMP on expression of antioxidant-related genes in the liver (A) and
intestine (B). gpx: glutathione peroxidase gene; sod: superoxide dismutase gene. Data are shown as
mean ± SEM (n = 6). Different lowercase letters represent significant differences among all groups
(p < 0.05).

3.6. Histological Analysis of the Liver, Intestine, and Kidney

The cell morphology of the liver is shown in Figure 6A. Compared with A0, no change
was found in A400. However, cell edema, nucleus disappearance, and cytoplasmic vacuo-
lation were observed in A4000. Cytoplasmic vacuolation accompanied by inflammatory
cell infiltration was observed in A8000.

Figure 6B shows the intestinal morphology. A0 and A400 were relatively intact, and the
goblet cells of A400 were significantly increased compared to A0. Intestinal villi in A4000
were damaged and were accompanied by inflammatory cell infiltration. Severe intestinal
abnormalities and inflammatory cell infiltration were found in A8000. Compared with
A0, the length of villi in A400 was significantly increased, whereas significantly decreased
villi were found in A4000 and A8000. Transmission electron microscope images of villi
are shown in Figure 6C. The tight junction of epithelial cells in A4000 was weakened, and
the microvilli were significantly shrunken and reduced. In A8000, the intestinal wall was
damaged, the tight junctions of intestinal epithelial cells were destroyed, the microvilli
were wrinkled and shed, and their number was sparse. Microvillus length was significantly
increased in A400 compared to A0 and was significantly decreased in A4000 compared to
A0. A more severe change compared to A4000 was found in the A8000 group.
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Figure 4. Effects of dietary AMP on activities of antioxidant enzymes in the liver (n = 6). SOD:
superoxide dismutase; GPx: Glutathione peroxidase; ROS: Reactive oxygen species; MDA: Malondi-
aldehyde. Data are shown as mean ± SEM (n = 6). Different lowercase letters represent significant
differences among all groups (p < 0.05).

No abnormal histologic morphology was found in the kidneys of A0 and A400
(Figure 6D). A large number of inflammatory cell infiltrations were observed in the
A4000 group. The renal tissue structure of A8000 was visibly abnormal, with the internal
structure of glomerulus scattered and renal tubule edema accompanied by inflammatory
cell infiltration.

Figure 5. Cont.

240



Antioxidants 2022, 11, 1581

 

Figure 5. Effects of dietary AMP on expression of inflammatory-related genes in the liver (A), intestine
(B), and kidney (C). tnfα: Tumor necrosis factor α; tgfβ: Transforming growth factor β; nfκb: Nuclear
factor-kappa B; iκb: Inhibitory protein of nuclear factor-kappa B. Data are shown as mean ± SEM
(n = 6). Different lowercase letters represent significant differences among all groups (p < 0.05).
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Figure 6. Effects of dietary AMP on histologic morphology of the liver (A), intestine (B,C), and
kidney (D). Red row: inflammatory cell infiltration; black row: cell edema; green row: tight junctions;
blue row: microvilli shrunk; yellow row: microvilli shed. Data are shown as mean ± SEM (n = 6).
Different lowercase letters represent significant differences among all groups (p < 0.05).
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4. Discussion

AMP is widely used for its antioxidant, anti-inflammatory, anti-tumor, immunopo-
tentiator, and intestinal health maintenance benefits [8,9,11–15]. In the present study,
400 mg/kg AMP significantly promoted WGR, SGR, and FE. A similar growth promotion
effect of polysaccharide additives was previously reported in tilapia [32], turbot [33], grey
mullet [34], large yellow croaker [35], Asian seabass [36], and shrimp [37]. However, in
this study, no significant difference in growth was found between fish with dietary AMP
levels of 4000 mg/kg and 8000 mg/kg. These results are consistent with those on Aloe vera
polysaccharide supplementation in African catfish [38], which might be due to higher feed
additive levels affecting intestinal morphology, feed digestibility, and absorption [39,40].

ROS are active oxidants or free radicals produced by molecular oxygen gain elec-
trons [41]. ROS can cause oxidative stress and damage to fish tissues, while antioxidant
enzymes, such as SOD and GPx, can reduce ROS to protect the tissues from injury [42,43].
In the present study, 400 mg/kg dietary AMP increased the SOD activity and reduced the
content of MDA and ROS in the liver. This indicates that AMP supplementation at a dosage
of 400 mg/kg could increase antioxidant defense in largemouth bass. These results are
consistent with those on other polysaccharide additives including Astragalus polysaccha-
ride [44], Porphyra yezoensis polysaccharide [45], and fucoidan [46] supplementation in fish.
Nrf2 can promote the expression of antioxidant-related genes after entering the nucleus,
while Keap1 is a negative regulator of Nrf2 through ubiquitination and degradation and
prevents Nrf2 from entering the nucleus [47]. The Nrf2 signaling pathway can regulate
the expression of antioxidant-related genes and affect the antioxidant defense ability of
shrimp and fish [48,49]. In this study, 400 mg/kg AMP supplementation significantly
increased the expression of Nrf2 in the liver while inhibiting the expression of Keap1.
Correspondingly, sod and gpx gene expression was also enhanced by 400 mg/kg AMP.
Similarly, polysaccharide additives can enhance antioxidant defense in carp and tilapia by
activating the Nrf2 signaling pathway [50,51]. However, the Nrf2 decreased in fish fed a
diet supplemented with 4000 and 8000 mg/kg AMP, accompanied with a decrease in sod
and gpx gene expression compared to 400 mg/kg AMP supplementation group. Consistent
with this, the gene expression levels of nuclear factor erythroid 2-related factor 2 (nrf2), sod,
and gpx were decreased in Labeo rohita fed diets supplemented with 100 mg/kg ulvan [52].

Histological analysis can reveal the functional mechanism of aquatic additives [53,54].
Here, the liver tissue was intact in the 400 mg/kg AMP supplementation group, while cell
edema, nucleus disappearance, and cytoplasmic vacuolation accompanied by inflammatory
cell infiltration occurred in the 4000 and 8000 mg/kg AMP supplementation groups. These
results indicate that high dose (4000 and 8000 mg/kg) AMP causes severe liver injury in
largemouth bass, consistent with the liver damage induced by ahigh dose of additives in
common carp [18] and tilapia [55]. ALT and AST in plasma are considered as an index of
liver injury in fish, which can indicate the function of the liver [56]. We found a significant
increase in plasma AST and ALT in the 8000 mg/kg AMP supplementation group, which
indicates that liver damage was induced by a high dose of AMP. Consistent with this,
high levels of dietary histamine increased the plasma ALT and AST as well as caused
hepatic injuries in yellow catfish [57]. In zebrafish (Danio rerio), increased villi length and
surface area promote nutrient absorption [58]. Polysaccharides can also promote intestinal
cell proliferation [59]. Increased length and width of intestinal microvilli promote feed
digestion and absorption in Nile tilapia [60]. In the present study, the length of villi and
microvilli was significantly increased in the 400 mg/kg AMP supplementation group,
and this implies that nutrient absorption was increased. Supported by studies on Nile
tilapia [61] and banana shrimp [62], the villus surface area and villus length and width as
well as growth performance can be promoted by polysaccharide additive supplementation.
However, damage to the intestinal wall and tight junctions, as well as the shrinkage and
reduction in villi and microvilli, in the 4000 and 8000 mg/kg AMP supplementation groups
indicates the toxic effects caused by the high concentrations of AMP on largemouth bass.
Similar damaged intestinal histological morphology induced by a high dose of additives
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was also observed in Nile tilapia and Pacific white shrimp [17,63]. The excessive use of
additives can be harmful to the kidney of fish [64,65]. Consistent with the results in the liver
and intestine, tissue damage in the kidney accompanied by inflammatory cell infiltration
occurred when dietary AMP levels exceeded 4000 mg/kg. These results indicate that
damaged tissue integrity induced by a high dose of AMP might be the reason for reduced
feed utilization and unaltered growth in these groups [66].

Inflammation occurs when innate immune cells detect infection or tissue injury [67,68].
The pro-inflammatory cytokine tnfα is mainly secreted by macrophages that can stimulate
the secretion of interleukin-1 [69]. The anti-inflammatory cytokine tgfβ can inhibit the
secretion of tnfα [70]. NF-κB (the protein translated by nfκb gene) activation usually induces
inflammatory cytokines and adhesion molecules, which leads to the recruitment of leuko-
cytes to inflammation sites. I-κB (the protein translated by iκb gene) is an inhibitor of NF-κB
that promotes the degradation of NF-κB [71]. In the 400 mg/kg AMP supplementation
group, the anti-inflammatory cytokine tgfβ was significantly increased, suggesting that
AMP could enhance an anti-inflammatory response in largemouth bass. Other polysac-
charides, such as Astragalus polysaccharide [72], Rehmannia glutinosa polysaccharide [73],
and sulphated polysaccharide [74], also exert anti-inflammatory effects on fish. However,
the expression levels of tnfα and nfκb in the liver were increased by 4000 and 8000 mg/kg
AMP supplementation, while the iκb and tgfβ mRNA levels were decreased in the present
study. This indicates that an inflammatory response was induced by a high dose of AMP.
A similar result was found in carp [7]. Expression of pro-inflammatory cytokines, such as
tnfα, can be promoted by high levels of HP-02 polysaccharide and induce an inflammatory
response. The expression of pro-inflammatory cytokines (tnfα, nfκb) was increased and
that of anti-inflammatory cytokines (tgfβ, iκb) was decreased in the intestine and kidney
of fish fed with diet supplemented with 4000 or 8000 mg/kg AMP. The inflammatory cell
infiltrations found in the liver, intestine, and kidney of fish fed with diet supplemented
with 4000 and 8000 mg/kg AMP imply that inflammation was induced by a high dose of
AMP in largemouth bass.

5. Conclusions

Dietary supplementation with 400 mg/kg AMP could promote the growth perfor-
mance, antioxidant capacity, and intestinal health of largemouth bass. However, high doses
(4000 mg/kg and 8000 mg/kg) of AMP led to decreases in antioxidant-related gene (sod,
gpx) expression, accumulation of oxidative stress metabolites (ROS, MDA), inflammation
inducement (upregulated pro-inflammatory cytokines tnfα and nfκb; downregulated anti-
inflammatory cytokines tgfβ and iκb), and tissue damages. Villi and microvilli shrank in the
intestine and cell edema occurred in the liver and kidney. Thus, the safe tolerance margin of
AMP supplement for largemouth bass was 400–4000 mg/kg. This study provides valuable
information for possible AMP use in aquaculture.
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Abstract: Hypothermia-exposure-induced oxidative stress dysregulates cell fate and perturbs cellular
homeostasis and function, thereby disturbing fish health. To evaluate the impact of hypothermia on
the freshwater drum (Aplodinotus grunniens), an 8-day experiment was conducted at 25 ◦C (control
group, Con), 18 ◦C (LT18), and 10 ◦C (LT10) for 0 h, 8 h, 1 d, 2 d, and 8 d. Antioxidant and non-
specific immune parameters reveal hypothermia induced oxidative stress and immunosuppression.
Liver ultrastructure alterations indicate hypothermia induced mitochondrial enlargement, nucleoli
aggregation, and lipid droplet accumulation under hypothermia exposure. With the analysis of the
transcriptome, differentially expressed genes (DEGs) induced by hypothermia were mainly involved
in metabolism, immunity and inflammation, programmed cell death, and disease. Furthermore, the
inflammatory response and apoptosis were evoked by hypothermia exposure in different immune
organs. Interactively, apoptosis and inflammation in immune organs were correlated with antioxi-
dation and immunity suppression induced by hypothermia exposure. In conclusion, these results
suggest hypothermia-induced inflammation and apoptosis, which might be the adaptive mechanism
of antioxidation and immunity in the freshwater drum. These findings contribute to helping us better
understand how freshwater drum adjust to hypothermia stress.

Keywords: hypothermia; oxidative stress; immunity; inflammation; apoptosis; freshwater drum

1. Introduction

Water temperature is one of the essential external factors for aquatic animals [1].
Temperature fluctuations beyond the optimum range can trigger a variety of stress reactions
in aquatic species, including metabolic problems, physiological malfunction, organ and cell
damage, and even death [2,3]. In regard to global climate change and variations in seasonal
temperatures, the effect of temperature fluctuations on biological systems is a crucial topic.
Due to an increase in climate unpredictability, cold snaps are occurring more frequently
and with greater severity [4,5]. Furthermore, the seasonal differences in water temperatures
that fish experience during a year might be very substantial. The water temperature in
China changes a lot from season to season. For example, the water in Wuxi may get as hot
as 30 ◦C in the summer and as cold as almost 0 ◦C in the winter. Each year, this has led
to a significant economic loss for the aquaculture industry. Therefore, investigating the
mechanism of the fish’s responses to low temperatures can contribute to the development
of aquaculture.

Since fish are poikilothermic vertebrates, hypothermia exposure can affect their body
temperature, which causes a variety of physiological reactions. Hypothermia exposure can
result in increases in endogenous reactive oxygen species (ROS) [6]. The imbalance between
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ROS accumulation and antioxidation defense induces oxidative stress [7]. Oxidative stress
leads to physiological disorders, oxidative modification of the biological macromolecules,
inflammation, immunosuppression, cellular death including apoptosis, and various patho-
logical conditions as the foundation of many diseases [8–10]. Previous studies found that
both acute and chronic cold stress could induce oxidative stress in fish tissues [11,12]. It
has been reported that acute cold exposure induced high oxidative stress in zebrafish liver,
which may lead to mortality [13], and long-term cold exposure also caused oxidative stress
in tissues of Hoplosternum littorale [14]. Meanwhile, antioxidant defense mechanisms have
developed in aquatic animals to cope with hypothermia exposure. The antioxidant en-
zymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GSH-Px) make up the majority of this system and are crucial for regulating the redox
status of cells [15]. Besides the antioxidant system, immune processes are crucial for fish to
adjust to hypothermia exposure [16]. Alcorn et al. suggested that the immune apparatus of
sockeye salmon reared at 8 ◦C relied more heavily on the innate immune response [17]. The
innate immune system is the first boundary of host defense and plays a vital role in protect-
ing organisms from pathogens and maintaining a physiological steady state under adverse
stress conditions [18]. Hypothermia exposure suppresses the innate immune system of
fish, thereby increasing susceptibility to infection [19]. Furthermore, many studies have
demonstrated that fish tissues have inflammatory reactions as a result of hypothermia [20].
Under hypothermia exposure, inflammatory reactions in tilapia seem tissue specific. The
liver showed inconsistent expression of the pro-inflammatory genes such as tumor necrosis
factor-α (TNF-α) and interleukin-1 (IL-1β). In addition, hypothermia exposure impairs
fish defense mechanisms, causing cellular damage and elevating levels of apoptosis [21].
Apoptosis also plays a key role in the body’s immune response by controlling the number
of immune cells, which helps to maintain cellular homeostasis [22].

Freshwater drum (Aplodinotus grunniens) is one of the most widely distributed fresh-
water fish in North and Central America. It is the only species in the genus of Aplodinotus
that perpetually inhabits freshwater [23]. It is characterized by its abundant nutritional
value, scrumptious meat quality, non-intermuscular fishbones, and so on [24]. Therefore,
the future of freshwater drum culture seems promising. With these prospects, we imported
the freshwater drum larvae from the USA in 2016 and achieved a milestone in artificial
farming and breeding in 2019, which provided a breakthrough for aquaculture [24]. Ac-
cording to past studies, freshwater drum is adaptive to water temperatures between 7 and
30 ◦C [25]. Moreover, as the water temperature dropped to 1 ◦C or lower, the mortality of
juveniles rose [26]. In light of our preliminary research, as a warm-water fish, the optimum
temperature range for freshwater drum should be between 18 and 26 ◦C. However, the
winter water temperature in East-Central China is typically below 10 ◦C. Therefore, this
experiment was conducted at 25 ◦C (as the control group), 18 ◦C, and 10 ◦C for 8 days to
investigate the mechanism of the hypothermia response of freshwater drum by transcrip-
tomics. To our knowledge, this study is the first to evaluate potential mechanisms of the
freshwater drum response to hypothermia exposure based on alterations in antioxidants,
non-specific immunity, inflammation, and apoptosis. These studies provide novel insights
into how fish respond to hypothermic stress, which could contribute to the risk assessment
of hypothermia in the aquatic environment.

2. Materials and Methods

2.1. Ethics Statement

This study was approved by the Animal Care and Use Committee of Nanjing Agri-
cultural University (Nanjing, China) (WXFC 2021-0006). All animal procedures were
performed according to the Guideline for the Care and Use of Laboratory Animals in China.

2.2. Experimental Animals and Rearing Conditions

The hypothermia experiment was conducted at Wuxi Fisheries College of Nanjing
Agricultural University. Laboratory fish were the first-generation larvae of freshwater drum
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introduced from the United States by the Freshwater Fisheries Research Center, Chinese
Academy of Fishery Sciences. Freshwater drums were reared in chamber temperature-
adjustable circulating water systems (specifications for ϕ 820 × 700 mm) consisting of
12 tanks (300 L each). Freshwater drum averaging 20.88 ± 2.75 g were randomly assigned
into 9 tanks (3 tanks per group, 40 fish per tank) and were fed with fresh shrimp (3–5%
of their body weight) twice a day (8:00 and 16:00). Prior to the experiment, fish were
acclimated in the tanks fed at 25 ◦C for 30 days. In the experiment, 25 ◦C was set as
the control group (Con), 18 ◦C, and 10 ◦C were set as the hypothermia treatments for
8 days. During the experiment, the temperature was gradually decreased from 25 ◦C
to 18 and 10 ◦C at a rate of 1 ◦C/h. The room temperature was stabilized at 8 ◦C. We
reduced heat dissipation by covering the mouth of the barrels with cling film. During the
8-day experiment, we cleaned up food scraps and feces daily. Throughout the experiment,
dissolved oxygen was kept at >6 mg L−1, pH 7.2–7.8, and NH3 < 0.05 mg L−1.

2.3. Sample Collection

Experimental samples were collected at 0 h, 8 h, 1 d, 2 d, 4 d, and 8 d. Fish from each
tank were randomly sampled and anesthetized with MS-222 (100 mg L−1) at each time
point. Blood samples were obtained from the caudal vein and put into anticoagulation
tubes. These samples were centrifuged at 5000 rpm at 4 ◦C for 10 min to extract the
plasma. The plasma samples were stored at −80 ◦C for antioxidant and immune parameter
measurements. Meanwhile, the sampled fish were dissected to collect the liver, gut, spleen,
head kidney, and caudal kidney on ice, frozen in liquid nitrogen immediately, and stored at
−80 ◦C for subsequent analysis.

2.4. Plasma Antioxidant Parameters and Innate Immune Index Analysis

Plasma samples of three fish from each tank were used to measure parameters in-
cluding total superoxide dismutase (T-SOD), malondialdehyde (MDA), catalase (CAT),
glutathione (GSH), glutathione peroxidase (GSH-Px), alkaline phosphatase (AKP), acid
phosphatase (ACP), aspartate aminotransferase (AST), and alanine aminotransferase (ALT)
according to the manufacturer’s instructions. In detail, T-SOD was determined by the
hydroxylamine method (Category No: A001-1-2), MDA was detected by the TBA method
(Category No: A003-1-2), GSH was determined by a microplate method (Category No:
A006-2-1), GSH-Px was determined by a colorimetric method (Category No: A005-1-2),
AKP and ACP were determined by the microenzyme conjugate method (Category No:
A059-2 and A060-2), and AST and ALT were determined by the Reitman method (Category
No: C010-2-1 and C009-2-1). All the assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute, Nanjing, China.

2.5. Transmission Electron Microscopy (TEM) Observation

The livers of three fish in each group were cut into small portions (1 mm × 1 mm × 1 mm)
separately and then fixed with 2.5% glutaraldehyde for 24 h before transferring to the
phosphate buffer (pH 7.4, 4 ◦C). Then, the tissue portions were fixed in 2% osmium tetroxide
in a 0.1 M phosphate buffer (4 ◦C) for 1.5 h before being dehydrated in ethanol with a
series of different concentrations (50, 70, 90, 95, and 100%) for 15 min each and acetone for
15 min. Then, the samples were embedded in epoxy resin (Epoxy Embedding Medium
Kit, Sigma) and were cut to ultra-thin sections (70 nm) using the Leica Ultra-cut UCT25
ultramicrotome. Ultra-thin sections were stained with lead citrate and uranyl acetate and
then observed using a Hitachi HT7700 transmission electron microscope (Hitachi, Tokyo,
Japan). Ten images were saved for each group.

2.6. Transcriptome Assembly, Functional Annotation, and Differentially Expressed Genes
(DEGs) Analysis

In each group, nine liver tissues were selected to conduct the high-throughput se-
quence, wherein three fish in each group were randomly mixed and three biological
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replicates were finally applied for RNA-seq on the Illumina Hiseq6000 platform (Majorbio
Bio-pharm Technology Co., Ltd., Shanghai, China). All sequences after quality control
generated contig and singleton through de novo assembly were finally connected to obtain
transcripts. All transcripts were compared with seven databases including NR (NCBI
non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), Pfam
(protein families), COG (clusters of orthologous groups of proteins), Swiss-Prot (a manually
annotated and reviewed protein sequence database), GO (Gene Ontology), and KEGG
(Kyoto Encyclopedia of Genes and Genomes) to obtain functional annotation information.
The transcriptome was quantified by RNA-Seq by expectation-maximization (RSEM) to
estimate expression abundance. The differentially expressed genes (DEGs) were identified
based on the fragments per kilobase of exon model per million mapped reads (FPKM). Be-
cause the sequencing depth of samples differs from each other, the absolute gene expression
was normalized to the FPKM value, which made the FKPM to be the expression quantity
of genes. Deseq2 was used to analyze the variation in DEGs. The criteria for screening
DEGs were p ≤ 0.05 and a difference in fold change of ≥2 GO and KEGG enrichments were
conducted to analyze DEGs.

2.7. Validation of Differentially Expressed Genes Obtained from RNA-seq

RNA extraction analysis was conducted according to our previously established
methods [27]. Total liver, spleen, gut, head kidney, and caudal kidney RNA of each
group were extracted using TRIzol Reagent according to protocols (Takara, Dalian, China).
Meanwhile, real-time quantitative PCR (RT-PCR) was also conducted according to our
previously established methods [27] to validate the expressions of key genes involved in
inflammation and apoptosis. The mRNA sequences for each gene were obtained from
the freshwater drum liver transcriptome sequencing database. β-Actin was applied as an
internal reference. All the primers were synthesized in Shanghai Generay Biotech Co., Ltd.
(Shanghai, China). Details of primers are listed in Table 1. The primers used were designed
according to the cds sequences of the genes sequenced from the transcriptome (Table S1
cDNA sequence for the genes refered in manuscript). RT-PCR was performed with SYBR
Green (Takara, Dalian, China) on a Takara 800 Fast Real-Time PCR system according to the
manufacturer’s protocol.

Table 1. Primers and sequences referred to in the experiment.

Primer Sequence (5′ → 3′) Amplification Size (bp)

TLR5 F CGACCTCGGAGCCCAGAAT 139
R CAAACCAGACAATCCCACAA

TLR2 F GGAGAAACCAGTGGGTCAAG 103
R CAACAGAATGGCGACAAATAG

TCR F ATCTTCCGTCTTCCAAACCA 182
R AGCCATTCACTCACTGCCTC

NF-κB F GTGGGAGGAGGAGTTTGA 113
R TATCGCAGCCCATCTATG

MHC-II F ATCAGCTTCTCCCTCCTCTTC 179
R AATCCAACAAACTTTCCCACA

TNF-α F ATCGGCGTGCTGTTCAA 219
R GCGACCGTGGGATTTAG

IL-1 F GTTCTCGGCGTCTGATTGTG 193
R GTGAGGCGGTGCTGGTGTTC

IL-6 F GCCCAGGGAAGCCTGAGAAT 112
R GGGACATCCGTGGTTTGACG

BH3 F CCCAAGACGGGTTGTGAT 125
R CCATATTGCCCTGCAAGTAG

Casp8 F GGAGAACCGACTGGAGGAA 134
R TGTAGATGGAGCCTGTGGAAG

Bcl2 F CGGGTCAATAGTTGCTCCTC 224

252



Antioxidants 2022, 11, 1657

Table 1. Cont.

Primer Sequence (5′ → 3′) Amplification Size (bp)

R CCGTGGTGGAGGTGAGATAC
Bax F GAGGTGGTGGAACATCTGCT 209

R TTGGTGGTCAGTGCCTTGTA
Casp3 F CTGCTACGCCTCGTTTGTCT 240

R TCAGCTTCCACAGGGATCTT
β-Actin F AAATCGTGCGTGGACATCA 127

R CCGTCAGGGCAGCTCATAG
Note: The mRNA sequences for each gene were obtained from the freshwater drum liver transcriptome sequencing
database which was preserved in the lab. The primers used were designed according to the cds sequences of the
genes sequenced from the transcriptome (Table S1). Primers for RT-PCR were designed using primer premier 5.0.

2.8. Correlation Analysis

Pearson’s correlation test was performed to analyze the correlations between parame-
ters or key genes. The significance threshold was set at a p-value < 0.05.

2.9. Statistical Analysis

The data of immune and antioxidative parameters were analyzed with one-way
ANOVA and students’ t-test by SPSS 23.0. Relative RNA expression was calculated us-
ing the 2−ΔΔCT comparative CT method, one-way ANOVA was applied to compare the
statistical difference by SPSS 23.0 (IBM SPSS Statistics, Version 23.0, Armonk, NY, USA).

3. Results

3.1. Hypothermia Exposure Suppressed Antioxidant and Innate Immunity

It is universally acknowledged that hypothermia inevitably induces oxidative stress
and immunosuppression. Therefore, antioxidant and innate immune parameters were
measured to evaluate the effect of hypothermia exposure on the freshwater drum. In this
experiment, antioxidant and innate immune parameters apart from T-SOD exhibited no
significant difference at 25 ◦C and 18 ◦C with continued exposure (p > 0.05) (Figure 1).
However, hypothermia at 10 ◦C dramatically impacted the antioxidant and immune capac-
ity of the freshwater drum. Evidently, the contents of MDA and CAT remarkedly increased
with the duration of hypothermia exposure and were significantly higher than the 25 ◦C
and 18 ◦C groups (p < 0.05) (Figure 1A,D). The activity of GSH dramatically declined in the
8 h treatment group (p < 0.05), but subsequently elevated significantly reaching a maximum
at 2 d (p < 0.01), and thereafter decreased to a level that did not differ significantly with
the values for the 0 h group (p > 0.05) (Figure 1B). In addition, the levels of GSH-Px and
T-SOD decreased noticeably at 10 ◦C and considerably dropped at 2 d in comparison with
the 25 ◦C group (p < 0.05) (Figure 1C,E).

In addition, ACP and AKP were found to be significant immunological parameters. As
exposure time at 10 ◦C increased, the levels of AKP and ACP dropped significantly (p < 0.05)
(Figure 1F,G). Specifically, under 10 ◦C treatment, AKP activity decreased significantly
from 2 d and was significantly lower than the 25 ◦C group at 8 d (p < 0.05) (Figure 1F).
Similarly, under the 10 ◦C treatment, the ACP content was significantly lower than 25 ◦C
and significantly lower than 18 ◦C from 2 d (p < 0.05) (Figure 1G).

The liver is one of the most vulnerable organs to changes in the environment. To
further investigate the effect of hypothermia exposure, AST and ALT content, regarded
as considerably important indicators of liver function, was measured. Unexpectedly, the
activities of ALT and AST did not differ significantly but tended to decrease at 10 ◦C
(p > 0.05) (Figure 1H,I).

253



Antioxidants 2022, 11, 1657

Figure 1. Hypothermia exposure suppressed antioxidant and innate immunity. (A), Malondi-
aldehyde, MDA; (B), Glutathione, GSH; (C), Glutathione peroxidase, GSH-Px; (D), Catalase, CAT;
(E), Total superoxide dismutase, T-SOD; (F), Alkaline phosphatase, AKP; (G), Acid phosphatase,
ACP; (H), Alanine aminotransferase, ALT; (I), Aspartate aminotransferase, AST. Intra-group data
were calculated by one-way ANOVA analysis with SPSS 23.0. Different superscript letters (a, b, c, d)
represent the statistical difference inter-group (p < 0.05). Inter-group data were calculated by Students’
t-test with SPSS 23.0. Asterisks represent the statistical differences inter-group (*, p < 0.05; **, p < 0.01).
Results are expressed as mean ± SEM, n = 9.

3.2. Morphological Alterations in the Liver of Freshwater Drum Triggered by
Hypothermia Exposure

Based on the findings of antioxidant and immunological parameters, we used transmis-
sion electron microscopy (TEM) to examine the ultrastructural alterations of the hepatocytes
in the treatment groups at 10 ◦C for 2 and 8 days (LT10-2d and LT10-8d). Compared with
the control group, the structure of mitochondria was damaged (Figure 2B). With continuous
hypothermic exposure, mitochondria swelled (Figure 2C). In addition, hypothermia in-
duced the accumulation of lipid droplets (Figure 2B), and the aggregation and enlargement
of the nucleolus (Figure 2C). These results suggest that hypothermia exposure impaired
liver tissue and induced cell fate dysregulation in the liver.
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Figure 2. Morphological alterations in the liver of freshwater drum triggered by hypothermia
exposure. Morphology and structure of (A) Con, (B) LT10-2d, and (C) LT10-8d, n = 3. Arrows in white
represent the lipid droplets, in red represent the mitochondria, and in blue represent the nucleolus.

3.3. Transcriptome Profiling of DEGs Induced by Hypothermia Exposure in Freshwater Drum

To profoundly explain the impact of hypothermia exposure on the molecular mecha-
nism of the liver, the transcriptomes were performed. The differentially expressed genes
(DEGs) induced by hypothermia were analyzed by DESeq2 software. According to the
sequenced results, DEGs between the control group (Con) and treatment groups (LT10-2d,
LT10-8d) were identified. Results of the Venn diagrams displayed only 465 DEGs were
overlapped in the pairwise comparison (Figure 3A). With the analysis of transcriptome
sequencing, a total of 7794 and 5259 DEGs were identified in LT10-2d and LT10-8d, respec-
tively, of which 3410 and 2434 were upregulated and 4384 and 2825 were downregulated,
respectively (Figure 3B). Moreover, a total of 6227 DEGs were counted between LT10-2d
and LT10-8d, including 3261 upregulated and 2966 downregulated (Figure 3B).

Figure 3. Transcriptome profiling of DEGs induced by hypothermia in freshwater drum. (A), Venn
diagrams showing the overlap of DEGs among LT10-2d vs. Con (blue), LT10-8d vs. Con (red), and
LT10-2d vs. LT10-8d (green). (B), Bar chart of DEGs.

3.4. GO and KEGG Enrichments of DEGs Induced by Hypothermia in Freshwater Drum

In order to better explore the functional relevance of DEGs, GO and KEGG enrich-
ment analyses were performed by corresponding annotations of genes. According to
the GO enrichment of LT10-2d, biosynthetic and metabolic processes were the most en-
riched categories, such as protein metabolic process (GO: 0019538), peptide metabolic
process (GO: 0006518), celluar macromolecule biosynthetic process (GO: 0034645) macro-
molecule biosynthetic process (GO: 0009059), and organic substance biosynthetic process
(GO: 1901576) (Figure 4A, Table S2A). Similarly, KEGG enrichment shows that DEGs
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were mainly enriched in metabolism (tryptophan metabolism, retinol metabolism, ly-
sine degradation, valine, leucine and isoleucine degradation, steroid hormone biosynthe-
sis, glycerolipid metabolism, protein digestion and absorption, ascorbate and aldarate
metabolism, and linoleic acid metabolism) and apoptosis (p < 0.05) (Figure 4B, Table S3A).
However, immunity-related GO terms were significantly enriched in LT10-8d, such as
immune system process (GO: 0002376), immune response (GO: 0006955), antigen pro-
cessing and presentation (GO: 0019882) via MHC protein complex (GO: 0042611), and
MHC class II protein complex (GO: 0042613) (p < 0.05) (Figure 4C, Table S2B). Mean-
while, according to KEGG enrichment in LT10-8d, the DEGs were mainly involved in
metabolism (drug metabolism-cytochrome P450, phenylalanine metabolism, fructose and
mannose metabolism, and glycolysis/gluconeogenesis), immunity (antigen processing and
presentation, intestinal immune network for IgA production, and Th1 and Th2 cell differ-
entiation), disease (graft-versus-host disease, autoimmune thyroid disease, inflammatory
bowel disease (IBD), malaria, and pertussis) (p < 0.05) (Figure 4D, Table S3B). Thus, in the
comparison of LT10-2d with LT10-8d, the DEGs were mainly enriched in immune- and
metabolism-related GO items including humoral immune response (GO: 0006959), immune
effector process (GO: 0002252), protein activation cascade (GO: 0072376), peptide metabolic
process (GO: 0006518), peptide biosynthetic process (GO: 0043043) (p < 0.05) (Figure 4E,
Table S2C). Similarly, metabolic- and disease-related pathways were significantly enriched
in KEGG including non-alcoholic fatty liver disease (NAFLD), oxidative phosphoryla-
tion, fat digestion and absorption, Parkinson disease, Huntington disease, herpes simplex
virus 1 infection, Chagas disease (American trypanosomiasis), and long-term depression
(p < 0.05) (Figure 4F, Table S3C).

3.5. Relative Expression of Inflammation-and Apoptosis-Related Genes in Liver Based on RNA-seq
under Hypothermia

Based on the transcriptome results, we selected key genes related to inflammation and
apoptosis to be validated in the liver. According to the results of the validation, there was a
significant change in gene expression levels regarding inflammation. The gene expression
levels of toll-like receptor 2 (TLR2), toll-like receptor (TLR5), major histocompatibility
complex II (MHC-II), and TCR (T cell receptor) were significantly downregulated at 10 ◦C
(p < 0.05), whereas nuclear factor kappa B (NF-κB), TNF-α, IL-1β, and interleukin-6 (IL-6)
were remarkedly upregulated (p < 0.05) (Figure 5B). Meanwhile, apoptosis was activated in
liver by hypothermia exposure. At 10 ◦C, the gene expression levels of bcl-2 homolog 3
(BH3), bcl-2 associated X (Bax), caspase 3 (Casp3), and caspase 8 (Casp8) showed remarkable
increases (p < 0.05), whereas B cell lymphoma-2 (Bcl2) was significantly inhibited at 10 ◦C
(p < 0.05) (Figure 5D). Deservedly, the results of validation were consistent with ones in the
transcriptome (Figure 5A,C).

3.6. Expression of Inflammation-and Apoptosis-Related Genes in Different Immune Organs of the
Freshwater Drum under Hypothermia

In order to more comprehensively study hypothermia suppressed immunity, inflammation-
and apoptosis-related genes were also validated in other immune organs. Although
hypothermia induced inflammatory and apoptotic responses in different immune organs,
there were differences in the expression of the associated genes. Specifically, in the gut the
mRNA levels of inflammation-related genes (TNF-α) and apoptosis-related genes (Casp3,
Casp8) were significantly higher than controls under hypothermia exposure (p < 0.05)
(Figure 6A). In addition, the gene expression of Bax and BH3 were elevated only in the LT10-
2d group. (p < 0.05) (Figure 6A). Meanwhile, the 8-day hypothermia exposure activated
the gene expression of TLR2, NF-κB, IL-6, and Bcl2. (p < 0.05) (Figure 6A). However, the
mRNA levels of TLR5 decreased rapidly (p < 0.05) (Figure 6A).
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Figure 4. GO and KEGG enrichments of DEGs induced by hypothermia in freshwater drum. (A), GO
enrichments of DEGs LT10-2d vs. Con; (B), KEGG enrichments of DEGs LT10-2d vs. Con; (C), GO
enrichments of DEGs LT10-8d vs. Con; (D), KEGG enrichments of DEGs LT10-8d vs. Con; (E), GO
enrichments of DEGs LT10-2d vs. LT10-8d; (F), KEGG enrichments of DEGs LT10-2d vs. LT10-8d.
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Figure 5. Relative expression of inflammation- and apoptosis-related genes in liver based on RNA-seq
under hypothermia. (A), Heatmap of expression of inflammation-related genes in transcriptome;
(B), transcriptional expression of inflammation-related genes in the liver; (C), heatmap of expression
of apoptosis-related genes in transcriptome; (D), transcriptional expression of apoptosis-related
genes in the liver. Data were calculated by one-way ANOVA analysis with SPSS 23.0. Different
superscript letters (a, b, c) represent the statistical difference (p < 0.05). Results are expressed as
mean ± SEM, n = 9.

In the spleen, hypothermia exposure induced a strong upregulation of the mRNA
levels of inflammation-related genes (TLR5, NF-κB, IL-1β) and apoptosis-related genes
(Casp3 and Bax) compared with Con (p < 0.05) (Figure 6B). The gene expression of IL-6 and
BH3 was significantly higher than those of the control group with increasing time. (p < 0.05)
(Figure 6B). Furthermore, surprisingly, the gene expression of TLR2 was significantly
suppressed at 10 ◦C (p < 0.05) (Figure 6B).

In the head kidney, the transcript levels of NF-κB, IL-1β, IL-6, Bax, and BH3 were
strongly enhanced during hypothermia exposure (p < 0.05) (Figure 6C). Additionally,
TNF-α, Casp8, and Bcl2 were highly expressed only in LT10-8d (p < 0.05) (Figure 6C).

In the caudal kidney, the expression levels of NF-κB, IL-6, and Bax were promoted
significantly in LT10-2d and LT10-8d groups (p < 0.05) (Figure 6D). Moreover, the mRNA
levels of TNF-α, IL-1β, and Casp3 displayed significant upregulation only in LT10-8d
(p < 0.05) (Figure 6D). However, the gene expression levels of TLR2 and Bcl2 showed a
significant decrease under hypothermia exposure.
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Figure 6. Expression of inflammation- and apoptosis-related genes in different immune organs of
the freshwater drum under hypothermia. (A), Inflammation- and apoptosis-related genes in the
gut; (B), inflammation- and apoptosis-related genes in the spleen; (C), inflammation- and apoptosis-
related genes in the head kidney; (D), inflammation- and apoptosis-related genes in the caudal kidney.
Data were calculated by one-way ANOVA analysis with SPSS 23.0. Different superscript letters
(a, b, c) represent the statistical difference (p < 0.05). Results are expressed as mean ± SEM, n = 9.

3.7. Apoptosis and Inflammation Were Co-Related with Antioxidant and Immunity under
Hypothermia in Freshwater Drum

Based on the aforementioned information, a Pearson correlation analysis was carried
out to investigate the changes brought about by hypothermia exposure. The analysis aimed
to better understand the relationship between the expression of inflammation and apoptosis-
related genes and antioxidant and innate immune parameters. We discovered that exposure
to hypothermia mostly affected the tissues of the liver and spleen (Figure 7A,C), with no dis-
cernible association increase seen in the gut, head kidney, or caudal kidney (Figure 7B,D,E).
Eight days of hypothermia exposure led to an increase in oxidative stress and inflamma-
tion in the liver and spleen tissues (Figure 7A,C). Also, chronic hypothermia induced an
increase in the correlation between oxidative stress and apoptosis in the spleen (Figure 7C).
In addition, a significant correlation between apoptosis and immunity was found only in
the liver under 2 d of hypothermia exposure (Figure 7A).

3.8. Hypothermia-Mediated Apoptosis and Inflammation Contributing to Antioxidant and Immune
Adaptation in Freshwater Drum

We provide a possible schematic of hypothermia reactions in freshwater drum based
on the aforementioned findings (Figure 8). The oxidative stress induced by hypothermic
exposure impaired antioxidant and immune capacity and triggered inflammation and
apoptosis. Meanwhile, there exist relationships between antioxidative, immunological, in-
flammatory, and apoptotic responses. Hypothermia-mediated inflammation and apoptosis
contribute to antioxidant and immune adaption in the freshwater drum.
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Figure 7. Cont.
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Figure 7. Apoptosis and inflammation were co-related with antioxidant and immunity under hy-
pothermia in freshwater drum. (A), Correlation analysis in the liver; (B), correlation analysis in
the gut; (C), correlation analysis in the spleen; (D), correlation analysis in the head kidney; and
(E), correlation analysis in caudal kidney were retrieved from Pearson analysis with SPSS 23.0. * and
** represent the statistical difference (*, p < 0.05; **, p < 0.01).

Figure 8. Hypothermia-mediated apoptosis and inflammation contributing to antioxidant and
immune adaptation in freshwater drum. Hypothetical regulation of hypothermia on innate immunity,
antioxidation, inflammation, and apoptosis was raised based on the results of this study. Solid red
arrows represent upregulation. Solid blue arrows represent downregulation. Solid black arrows
represent direct impacts, whereas dashed-dotted arrows represent indirect impacts.
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4. Discussion

As one of the most important environmental factors for poikilotherm, changes in
water temperature have been investigated to induce a variety of physiological regulation
regulations in numerous aquatic species [28,29]. The physiology metabolism process
unavoidably leads to the production of reactive oxygen species (ROS) in mitochondria [30].
The excessive production of ROS overwhelms the antioxidant system, which leads to
lipid peroxidation resulting in generating a large quantity of MDA [31]. Therefore, MDA
content is a biomarker commonly used to assess oxidative stress [32]. In this present study,
the MDA content significantly increased with the duration of the hypothermia exposure,
suggesting lipid peroxidation was induced on the cytomembrane [33]. Oxidative stress
caused by hypothermia exposure may lead to cellular damage, alternations in cell fate, and
affects normal physiological functions.

Animals respond to hypothermia-induced oxidative stress through antioxidants. GSH
removes ROS in the body, playing an important role in protecting cells from damage [34].
As a peroxidase, GSH-Px can convert peroxides into harmless hydroxy compounds and
water to prevent them from oxidizing and forming dangerous free radicals [35]. This study
found that the synthesis of GSH increased dramatically in the freshwater drum in the
initial phase of hypothermia exposure, indicating that the fish were quickly stressed and
the synthesis of GSH increased to remove ROS from the environment [15]. The reduction
of GSH content to normal levels at 4 d may be due to the conversion of GSH to oxidized
glutathione (GSSG) to reduce GSH-Px to hydrogen peroxide, thereby maintaining the
balance of GSH/GSH-Px. Meanwhile, the content of GSH-Px decreased remarkably with
prolonged hypothermia exposure. Hypothermia-exposure-induced excess ROS cannot
be eliminated by the antioxidant system and, in turn, may reduce enzyme activity. Ad-
ditionally, antioxidant enzymes CAT and T-SOD are generally considered to be the first
line of defense against oxidative stress [36]. T-SOD reduces the superoxide radicals into
hydrogen peroxide, which is then decomposed into water and oxygen by CAT. Diverse
aquatic species have varying antioxidant capacities when subjected to the same hypother-
mia exposure. It has been shown that the SOD content of brown noble scallops decreased
significantly at 6 h whereas in golden scallops it increased greatly at low temperatures [37].
In the present study, the activity of CAT significantly increased at 10 ◦C whereas T-SOD
decreased markedly, which was similar to the decrease in GSH-Px content. Partly, an
antioxidant system would protect the freshwater drum from the oxidative stress induced
by hypothermia exposure. However, the production of oxidizing substances that cannot be
completely eliminated by the antioxidant system led to the inhibition of antioxidation [38].

In fish, the innate immune system is essential for preserving a complex physiological
steady state under stressful circumstances [18]. AKP and ACP are important hydrolases that
are involved in intrinsic immune defense and are commonly influenced by environmental
stress in fish [39]. The activities of AKP and ACP are indicators to measure immune function
and body state, reflecting the defense ability against exogenous microbial infection [40].
Under environmental stress, both the increased and decreased activities of ACP and AKP
have been reported in fish [41,42]. In the present study, the levels of AKP and ACP
decreased significantly under hypothermia exposure, suggesting hypothermia exposure
suppressed the immune response and weakened disease resistance in the freshwater drum.

The liver is an important organ of metabolism and immunity in aquatic animals [43]
and it is sensitive to external environmental changes, accompanied by ultrastructural
alterations [44]. The nucleus, which is the largest and most significant component of
eukaryotic cells, serves as the primary location for the storage, replication, and transcription
of genetic material within the cell. By preserving gene integrity and managing cellular
processes, it controls gene expression [45]. The mitochondrion is the dominant organelle
to produce energy and is concurrently involved in cell differentiation, cell messaging,
apoptosis, and cell growth and cycle regulation. In the present study, there were slight
distortions in mitochondria and nuclei under hypothermia exposure, which were consistent
with the results of Collins [46]. ROS produced non-specific damage to lipids, proteins, and
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DNA, resulting in altered cell destiny, as evidenced by nucleus damage and mitochondrial
swelling [47]. Apoptosis-related gene expression provides proof of this. In addition,
mitochondria dysmorphology might be the reason for the increase in the number of lipid
droplets. Mitochondrial abnormality inhibited lipid decomposition and impacts fatty acid
β-oxidation. As a consequence, lipid droplets in the liver accumulated under hypothermia
exposure. Furthermore, some studies indicate that lipid droplets are associated closely with
inflammatory responses [48]. These alterations on organelles led to cellular damage and
inevitably affected the normal function of the liver. Meanwhile, the variations in AST and
ALT levels served as additional support for this. In this investigation, the levels of AST and
ALT tended to decrease at 10 ◦C, demonstrating that exposure to hypothermia suppressed
hepatic function.

Transcriptomics refers to a discipline on gene transcription and regulation in cells that
analyzes gene expression at the RNA level. The utilization of transcriptomics will reveal
the hypothermia response mechanism on freshwater drum more comprehensively and
profoundly. In the present study, the DEGs were mainly involved in metabolism, immunity,
inflammation, programmed cell death, and disease. It is well known that the regulation of
metabolism is an important part of the temperature response in fish [49]. Hypothermia re-
sponses consume a lot of energy, therefore, the DEGs were significantly enriched in protein
digestion and absorption, glycolysis/gluconeogenesis, and fat digestion and absorption.
Hypothermia exposure promoted oxidative stress in a chronic manner. Persisting oxidative
stress caused damage to substances in cells such as lipids and proteins and finally led
to apoptosis in the freshwater drum [50]. Furthermore, hypothermia exposure limited
antigen processing and presentation and affected Th1 and Th2 cell differentiation syn-
chronously, thereby causing immunosuppression in the body [51]. In addition, oxidative
stress activated a large range of inflammation-related transcription factors. Subsequently,
these transcription factors induced the expression of many cytokines and chemokines,
leading to chronic inflammation in the liver under hypothermia exposure. Finally, with
the accumulation of various adverse responses to hypothermia exposure, the outbreak of
endogenous and exogenous diseases in the freshwater drum may affect the body health
and even cause death.

Immune organs play an important role in producing or storing immune cells. In
fish, the organs of the immune system include the gills, thymus, spleen, head kidney,
caudal kidney, liver, and gut [52,53]. However, there are relatively few studies on the
effects of hypothermia exposure on immune organs. This study investigated the effects of
oxidative stress induced by hypothermia exposure on immune organs from the perspec-
tive of inflammatory and apoptotic responses. The inflammatory response is a common
consequence in fish under adverse environments, which usually was associated with ox-
idative stress. In recent years, accumulating evidence highlighted the role of TLRs/NF-κB
signaling in inflammation caused by the antioxidative response, including the upstream
and the downstream regulators [54,55]. As a specific pathogen recognition receptor, TLRs
are regarded as pivotal regulators linking oxidative stress to inflammation [56,57] that
can induce activation of NF-κB. In addition, MHC–peptide complexes play an important
role in adaptive immunity. MHC-II is mainly involved in the presentation of exogenous
antigens and is capable of endogenous antigen presentation under some conditions [58].
The treated antigen fragment is presented to TCRs during the initial phase of the im-
mune response [59], which could eventually exhibit inflammatory functions via NF-κB
signaling [60]. Furthermore, activation of NF-κB induces gene expression of inflamma-
tory factors such as TNF-α, IL-1 β, and IL-6 [61]. In the present study, upregulated gene
expression of NF-κB and inflammatory factors indicate hypothermia exposure promoted
inflammatory responses in different organs. However, gene expression of TLRs in different
organs showed different trends, suggesting the inflammatory response to hypothermia
exposure showed a tissue-specific difference [15]. The underlying reasons for this are
unclear. We hypothesized that TLR-mediated signal transmission may be independent of
NF-κB. Moreover, mRNA levels of MHC-II and TCR in the liver were suppressed under
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hypothermia exposure. The suppression of immunity by low temperature was confirmed
again. Meanwhile, correlation analysis reveals the closer association between antioxidative
response and inflammatory response under hypothermia exposure was enhanced in the
liver and spleen. Inflammation caused by oxidative stress was further confirmed. The liver
and spleen may be the important target organs for inflammatory responses induced by
oxidative stress under hypothermia exposure. Apoptosis can remove the unnecessary or
abnormal cells in multicellular organisms to maintain normal physiological functions. In
the extrinsic pathway, caspase-8 can cause the following cascade reaction. In the intrinsic
pathway, Bcl-2 and Bax mediate caspase-9. Activated caspase-9 further initiates caspase-3
to accomplish apoptosis. In this study, apoptosis-related genes were activated in different
organs, indicating apoptosis was the extensive and key response mechanism to maintain
homeostasis under hypothermia exposure and further demonstrated the molecular mecha-
nism induced by hypothermia in the freshwater drum. Through correlation analysis among
antioxidants, immunity, and apoptosis, we found there was a significant correlation be-
tween antioxidants and apoptosis in the spleen during hypothermia treatment, suggesting
apoptosis was associated with oxidative stress. Inhibition of antioxidant capacity might
promote the apoptotic response [62,63]. Meanwhile, the correlation between immunity
and apoptosis in liver was also found. The accelerated apoptosis induced by hypothermia
exposure can control the death of immune cells in immune organs and thereby affects the
immune function in the body.

5. Conclusions

In conclusion, hypothermia induced oxidative stress and suppressed antioxidant and
innate immunity in the freshwater drum. Inflammation and apoptosis were activated in
response to hypothermia exposure, which might contribute to the antioxidant and innate
immunity adaption. These alternations reveal the underlying mechanisms of hypothermia
responses in the freshwater drum.
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Abstract: Streptococcus agalactiae is common pathogenic bacteria in aquaculture and can cause mass
mortality after fish infection. This study aimed to investigate the effects of S. agalactiae infection
on the immune and antioxidant regulatory mechanisms of golden pompano (Trachinotus ovatus).
Serum and liver samples were obtained at 0, 6, 12, 24, 48, 96, and 120 h after golden pompano
infection with S. agalactiae for enzyme activity and gene expression analyses. After infection with S.
agalactiae, the content of reactive oxygen species (ROS) in serum was significantly increased (p < 0.05).
Serum levels of glucose (GLU), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and malondialdehyde (MDA) increased and then decreased (p < 0.05), reaching a maximum at
6 h. Serum antioxidant enzyme (LZM) activity increased significantly (p < 0.05) and reached a
maximum at 120 h. In addition, the mRNA expression levels of antioxidant genes (SOD, CAT, and
GPx) in the liver increased and then decreased, reaching the maximum at 24 h, 48 h, and 24 h,
respectively. During the experimental period, the mRNA expression levels of NF-κB-related genes of
the inflammatory signaling pathway inhibitory κB (IκB) showed an overall decreasing trend (p < 0.05)
and the lowest expression at 120 h, whereas the mRNA expression levels of tumor necrosis factor α
(TNF-α), interleukin-1β (IL-1β), IκB kinase (IKK), and nuclear factor NF-κB increased significantly
(p < 0.05) and the highest expression was at 120 h. In conclusion, these results showed that S. agalactiae
could activate internal regulatory signaling in the liver of golden pompano to induce defense and
immune responses. This study is expected to lay a foundation to develop the healthy aquaculture
of golden pompano and promote a more comprehensive understanding of its disease resistance
mechanisms.

Keywords: Trachinotus ovatus; pathogenic bacterial infection; histopathology; immune-related genes;
inflammatory response

1. Introduction

Golden pompano (Trachinotus ovatus) is an economically important fish in China. It is
mainly cultivated in deep-water cages along the southeastern coast of China. Due to its
delicious meat and fast growth, it has become an essential fish in southern China [1,2]. In
recent years, a large number of golden pompano have died due to Streptococcus agalactiae
infection, causing severe economic losses to farmers [3]. There are no effective measures to
prevent and treat S. agalactiae infection in golden pompano.

S. agalactiae is a Gram-positive parthenogenic anaerobic and often known as group B
Streptococcus (GBS), which can cause inflammatory disorders in animal commensals. The
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high pathogenicity and pathogenesis of S. agalactiae have been extensively studied in a
range of species, including humans, rats, cows, horses, etc. [4]. It is highly pathogenic not
only to terrestrial animals but also to aquatic animals. In many fish, S. agalactiae infection
can cause multifunctional disorders and lead to high mortality. As a result, this species
is of global concern as a significant pathogen in farmed fish [5]. Although scholars have
reported on the pathogenesis of fish infected with S. agalactiae, the systematic studies of
host factors in response to its infection are limited.

Serum parameters are critical indicators to measure the physiological status of the
whole organism. When an organism is invaded by exogenous microorganisms, its health
status can be determined by biochemical indicators in the serum [6]. Serum glucose (GLU)
levels are often induced by environmental stress and are produced through glycolytic and
gluconeogenic pathways to provide the energy required to combat stress [7,8]. In addition,
alanine aminotransferase (ALT), aspartate aminotransferase (AST), and malondialdehyde
(MDA), as sensitive indicators of the extent of oxidative damage to cells, are also com-
monly regulated by environmental factors [9]. Therefore, understanding changes in serum
parameters is important for understanding the health status of an organism.

The invasion of pathogenic bacteria induces the production of reactive oxygen species
(ROS) in the organism [2]. Excessive ROS accumulation can lead to oxidative damage
to tissues and organs. As a vital antioxidant defense organ, the liver has established a
complete antioxidant defense system, such as superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx) [10,11]. Therefore, the degree of oxidative damage to
organisms by pathogenic bacteria can be judged by detecting the activity of antioxidant
enzymes in the liver.

In addition, pathogenic infections can activate or control TNF-α/NF-κB-mediated
signaling pathways [12,13]. Tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β) are
the primary transcriptional regulators involved in the pathogenic invasion. Additionally,
TNF-α and IL-1β function by nuclear factor-κB (NF-κB) regulatory genes through activation
of classical NF-κB signaling [14]. NF-κB is a crucial regulator of cellular events and is
involved in immune regulation and inflammatory and anti-apoptotic responses [15]. It is a
heterodimer composed of P50 and P65 and chelated into inactive complexes under normal
physiological conditions through interactions with inhibitory κB (IκB) family members [16].
When exogenous microorganisms stimulate cells, they can activate IκB kinase (IKK) through
a signaling cascade [17]. IKK activates the NF-κB-IκB complex through phosphorylation
of IκB and leads to ubiquitin-dependent degradation of IκB and release of NF-κB dimers
from the inhibitory complex [18]. Activating NF-κB-related signaling pathways promotes
nuclear translocation and transcription of NF-κB target genes, regulating proliferation,
differentiation, and apoptosis or inflammation in various cell types [19,20]. In addition,
IL-1β can enhance the inflammatory response by inducing NF-κB expression, creating a
vicious cycle [21]. IL-1β can promote TNF-α secretion by broadly pan-activating T cells, B
cells, and natural killer (NK) cells. TNF-α can promote gene transcription and exacerbate
the inflammatory response by increasing the release of inflammatory factors such as IL-
1β [22]. Based on the central regulation of the NF-κB pathway, the interaction of NF-κB with
IL-1β and TNF-α can exacerbate inflammatory responses and lead to soft tissue contusion.
Therefore, profoundly studying the immune defense mechanism of the TNF-α/NF-κB
signaling pathway is necessary.

Therefore, this study assessed the effects of S. agalactiae infection on golden pompano
by analysing serum parameters, histopathology, and the expression of genes related to the
TNF-α/NF-κB signaling pathway. This study contributes to understanding the immune
and defense mechanisms of S. agalactiae infection in golden pompano and provides a
theoretical basis for its healthy breeding.
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2. Materials and Methods

2.1. Ethical Statement

Animal research was approved by the Committee of the South China Sea Fisheries Re-
search Institute, Chinese Academy of Fisheries Sciences (no. SCSFRI96-253) and performed
in accordance with the applicable standards.

2.2. Experimental Fish and Bacteria Preparation

Golden pompano (average weight of 31.15 g) used in this experiment were healthy and
energetic, obtained from the Shenzhen Experimental Base of the South China Sea Fisheries
Research Institute of the Chinese Academy of Aquatic Sciences. The water temperature,
salinity, dissolved oxygen, and pH range were 27 ± 2 ◦C, 25 ± 2%, >5.5 mg/L, and 7.8 ± 0.5,
respectively. The fish were fed twice a day (9:00 am and 4:00 pm), and the feeding amount
per feeding was approximately 4% of their organism mass. The strain of S. agalactiae
was isolated from the sick golden pompano at the Shenzhen Base of the South China Sea
Fisheries Research Institute in 2021. After purification and identification, it was then stored
at −80 ◦C. The bacteria were inoculated into brain heart infusion (BHI) liquid medium and
incubated at 140× g, 28 ◦C shakers for 24 h prior to the experiment. The precipitate was
recovered after centrifuging the BHI liquid culture at 6200× g for 8 min. The pellet was
then rinsed four times with sterile phosphate-buffered saline (PBS), and five concentration
gradients (1.0 × 1010, 1.0 × 109, 1.0 × 108, 1.0 × 107, 1.0 × 106 colony-forming units
[CFU]/mL) were established. A 120-h pre-experiment was then performed: one control
group (PBS) and five experimental groups were included. Three replicates were set up for
each group, with each replicate containing 30 fish (for a total of 540 fish). Each experimental
group was injected with 200 μL of the corresponding concentration of bacterial solution for
each fish, and the control group was injected with 200 μL of PBS per fish. During this period,
the behavioral changes of fish were observed and recorded, and the relationship between
mortality and time under different infection concentrations was studied. According to the
pre-experimental results, the final 120 h half-lethal concentration (120 h LD50) of 2.0 × 107

CFU/fish was obtained by multiplying the dilution of the PBS solution.

2.3. Experimental Infection and Sampling

Formal experiments were performed in six 150 L (140 L water) aquariums. Three
hundred healthy golden pompano were selected and randomly divided equally into one
control group and one infection group, each group of three parallels. Each fish in the
infection group was injected with 200 μL bacteria solution at a concentration of 2.0 × 107

CFU/fish. The control group was injected with 200 μL sterile PBS. Samples were collected
at 0, 6, 12, 24, 48, 72, 96, and 120 h after infection. Nine fish were randomly selected at
each time point in each group, and every three fish were mixed as one sample (fish were
anesthetized with eugenol (40 mg/L) before sampling) [23]. The organism was sterilized
with alcohol according to the previously described method [24]. Blood was collected from
the caudal vein with a 1.0 mL sterile syringe and stored in a 1.5 mL centrifuge tube. After
being silenced at 4 ◦C for 5 h, 100× g, 20 min centrifugation was performed to separate
serum samples from blood. Serum samples from every three fish were combined into one
mixed sample to obtain three, which were used for blood parameter analysis. Similarly,
three fresh liver tissues were taken and immediately frozen in liquid nitrogen for enzyme
activity assay and gene expression analysis. Subsequently, all samples were stored in
a refrigerator at −80 ◦C. In addition, at 120 h, nine fish were randomly selected from
the control and experimental groups, respectively. Their liver tissues were collected in
sampling bottles containing 4% paraformaldehyde fixative for histological examination.

2.4. Histological Examination

In this experiment, liver tissue from the infection and control groups was sectioned
separately by slightly modifying the protocol described by Tanaka et al. [25]. Liver tissue
fixed in paraformaldehyde was first washed in 70% ethanol, dehydrated, and then em-
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bedded in paraffin using conventional techniques. Sections were cut to 5 μm, fixed on
slides, and stained with hematoxylin-eosin. Images of the sections were obtained using a
microscope (NIKON ECLIPSE C1) according to a previous method [26].

2.5. Detection of Biochemical Parameters in Serum

The contents of ROS in serum were measured using a dichloro-dihydro-fluorescein
diacetate (DCFH-DA) probe according to a chemical fluorescence method. The activities of
LZM, AST, and ALT were determined by the test-tube turbidimetric method. Serum levels
of GLU and MDA were measured by colorimetric immunoassay and enzyme immunoassay,
respectively. All the assays were performed according to the kit instructions of the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

2.6. Detection of Antioxidant Enzyme Activity in Liver

The activities of several important antioxidant enzymes, including SOD, CAT, and
GPx, in the liver were determined using a colorimetric method according to commercial
colorimetric kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.7. RNA Extraction and First Strand cDNA Synthesis

Total RNA was extracted from the livers of the experimental and control groups using
TRIzol reagent (Cat. No. DP424, Tiangen, Beijing, China), respectively. The spectropho-
tometer was used to measure the absorption values of the extracted samples at 260 nm
and 280 nm and an optical density (OD) ratio of 260/280. The sample 260/280 OD ratio
was 1.8−2.0, indicating that the RNA concentration was in line with the requirements
and could be used for subsequent experiments [27]. cDNA was synthesized according to
the manufacturer’s instructions of the Prime Script™ RT reagent kit with gDNA Eraser
(Accurate Biotechnology Co., Ltd., Shanghai, China). The reactions were carried out at
37 ◦C for 15 min and heated at 85 ◦C for 5 s. All cDNA samples obtained were stored at
−20 ◦C until quantitative polymerase chain reaction (qPCR) detection.

2.8. Real-Time qPCR

The target gene expression was determined by qPCR using a Roche LightCycler 480 II
(Roche Diagnostics, Shanghai, China). The reaction volume of qPCR was 12.5 μL. Melting
curve analysis was performed based on a denaturation step at 95 ◦C for 30 s followed by
40 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s. The experiment was repeated thrice for each
sample to ensure accuracy (technical repetition) [10,28]. The primers are listed in Table 1,
and the amplification efficiency was greater than 90%. EF-1a was chosen as the internal
reference gene because it was not affected by S. agalactiae infection in our study. The relative
expression levels of target genes relative to the control group were calculated using the
2−ΔΔCT method [29].

Table 1. Primers used for amplification and mRNA expression analysis.

Primer Name Primer Sequences (5′−3′) Amplification Target Reference

SOD-F CCTCATCCCCCTGCTTGGTA qPCR [2]SOD-R CCAGGGAGGGATGAGAGGTG
CAT-F GGATGGACAGCCTTCAAGTTCTCG qPCR [2]CAT-R TGGACCGTTACAACAGTGCAGATG
GPx-F GCTGAGAGGCTGGTGCAAGTG qPCR [2]GPx-R TTCAAGCGTTACAGCAGGAGGTTC
IKK-F CCTGGAGAACTGCTGTGGAATGAG qPCR [30]IKK-R ATGGAGGTAGGTCAGAGCCGAAG
IκB-F GCTGGTCCATTGCCTCCTGAAC qPCR [30]IκB-R GTGCCGTCTTCTCGTACAACTGG

NF-κB-F TGCGACAAAGTCCAGAAAGAT qPCR [31]NF-κB-R CTGAGGGTGGTAGGTGAAGGG
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Table 1. Cont.

Primer Name Primer Sequences (5′−3′) Amplification Target Reference

IL-1β-F CGGACTCGAACGTGGTCACATTC qPCR [32]IL-1β-R AATATGGAAGGCAACCGTGCTCAG
TNF-α-F GCTCCTCACCCACACCATCA qPCR [10]TNF-α-R CCAAAGTAGACCTGCCCAGACT
EF-1α-F AAGCCAGGTATGGTTGTCAACTTT qPCR [10]EF-1α-R CGTGGTGCATCTCCACAGACT

2.9. Statistical Analyses

The data obtained from the experiments were analyzed by SPSS statistical software
(26.0, IBM SPSS Inc., Chicago, IL, USA). All data were expressed as the means ± standard
errors (SEs). Statistically significant differences between the group means were analyzed
using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test, and
differences were considered statistically significant at p < 0.05 [10].

3. Results

3.1. Toxicology of Different Concentrations of S. agalactiae on Golden Pompano

The statistical results of the death of golden pompano infected with different concen-
trations of S. agalactiae are shown in Table 2. After 120 h of infection, the survival rate
of the infection group injected with doses of 2.0 × 109 and 2.0 × 108 CFU/fish was zero.
The survival rate of the infection group with an injected dose of 2.0 × 107 CFU/fish was
47 ± 3.5%, whereas no deaths were observed in the infection group with injected doses
of 2.0 × 106 and 2.0 × 105 CFU/fish. The half-lethal time was 116 ± 5.5 h at a 2.0 × 107

CFU/fish dose.

Table 2. Survival rate of golden pompano induced by intraperitoneal injection of S. agalactiae and the
survival time corresponding to each treatment.

Dosage (CFU/fish) Survival Rate at 120 h (%)
Half-Lethal Time

(LT50, h)
Survival Time (h)

2.0 × 109 0 17 ± 1.0 16~19
2.0 × 108 0 37 ± 3.0 36~70
2.0 × 107 47 ± 3.5 116 ± 5.5 95~125
2.0 × 106 100 130 ± 2.5 130~150
2.0 × 105 100 >160 >160

3.2. Examination of Liver Histopathological

At 120 h, the hepatocytes of the control group of golden pompano were slightly
rounded polygonal cells. The cells were closely arranged, regular, and orderly with a clear
structure, and blood cells were contained in blood vessels, as shown in Figure 1A. After
120 h of infection, the histopathology of three of the fish is shown in Figure 1B–D. Infected
golden pompano liver cells were ill-defined. Their nuclei were enlarged, translucent, and
severely shifted. The cells around the hepatic blood sinusoids exhibited amyloid degen-
eration. The eosinophilic staining of the cytoplasm was cloudy, and the cell membranes
disintegrated, resulting in a double-nucleated artifact. Focal necrosis and the sporadic
appearance of enlarged basophilic cells in the cytoplasm were observed in the livers of
infected fish.
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Figure 1. Histopathological examination of the livers of golden pompano infected with S. agalactiae.
Notes: (A) represents a normal liver tissue section, HE, bar = 50μm; (B–D) Representative liver tissue
sections from three fish at 120 h of infection, respectively, HE, bar = 50μm. a, liver sample in which
liver cell boundaries were not well defined; b, liver sample with enlarged and severely displaced
cells; c, liver sample exhibiting hepatic cytoplasmic lysis; d, liver sample exhibiting amyloidosis in
the cells surrounding the hepatic sinusoids and cloudy eosinophilic staining of the cytoplasm; e–f,
liver sample in which the cell membrane was disintegrated and the cells joined together, creating the
illusion of binucleation; g, liver sample exhibiting multifocal necrosis.

3.3. Analysis of Serum Parameters

The serum parameters that changed in golden pompano after S. agalactiae infection
are shown in Figure 2. The results showed that the serum ROS, GLU, and MDA contents
showed similar trends; they all trended upwards and then downwards, and they reached
a maximum at 6 h after infection (772.96 fluorescence intensity/mL, 16.30 nmol/L, and
3.64 nmol/L). However, only the GLU was significantly lower than the control group after
24 h of infection (p < 0.05). The LZM activity gradually increased after 6 h of infection
(p < 0.05) and peaked at 120 h (376.22 nmol/mL). ALT and AST activity tended to increase
and then decrease, and they reached a maximum at 6 h after infection (4.52 U/L, 62.07 U/L).
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Figure 2. The levels of ROS, GLU, MDA, LZM, ALT, and AST in plasma at different times before
and after the challenge. Different letters indicate significant differences between the stress groups
(p < 0.05). Values are the means ± SEs (n = 3). The grey bars represent the indicators of fish before the
challenge, and the black bars represent the indicators of fish after the challenge. ROS, reactive oxygen
species; GLU, glucose; MDA; malondialdehyde, LZM, lysozyme; ALT, alanine aminotransferase;
AST, aspartate aminotransferase.

3.4. Analysis of Liver Enzyme Activity

After S. agalactiae infection, the enzyme activities of SOD, CAT, and GPx in the liver all
changed significantly. The activities of these enzymes decreased to the lowest level at 6 h
after infection (p < 0.05), gradually increased, and reached normal levels (Figure 3).

Figure 3. The liver antioxidant capacity of golden pompano before and after the challenge. Different
letters indicate significant differences between the stress groups (p < 0.05). The values are the means
± SEs (n = 3). The grey bars represent the indicators of fish before the challenge, and the black bars
represent the indicators of fish after the challenge. SOD, superoxide dismutase; CAT, catalase; GPx,
glutathione peroxidase.

3.5. Expression of Antioxidant Markers and Signaling Pathway Genes in the Liver

The expression levels of antioxidant genes (SOD, CAT, GPx) and NF-κB pathway
genes (NF-κB, IKK, IKB) in the liver were detected by qPCR after golden pompano was
infected with S. agalactiae (Figure 4). Specifically, the expression of the antioxidant genes
SOD, CAT, and GPx showed a trend of first increasing and then decreasing (p < 0.05),
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reaching the maximum values at 24 h, 48 h, and 24 h, respectively. The pathway genes
IKK and NF-κB were significantly upregulated at 12 h and 24 h post-infection, respectively
(p < 0.05), whereas IκB mRNA expression showed the opposite trend. IL-1β and TNF-α
mRNA expression levels gradually increased under S. agalactiae stimulation (p < 0.05),
reaching the maximum at 120 h.

Figure 4. Liver antioxidant capacity and pathway genes of golden pompano before and after the
challenge. Different letters indicate significant differences between the stress groups (p < 0.05). The
values are the means ± SEs (n = 3). The grey bars represent the indicators of fish before the challenge,
and the black bars represent indicators of fish after the challenge. IKK, inhibitor of kappa-B kinase;
IKB, NF-kappa-B inhibitor; NF-κB, nuclear factor kappa-B; TNF-α, tumour necrosis factor α; IL-1β,
interleukin 1β.

4. Discussion

In recent years, S. agalactiae infection has led to massive mortality of golden pompano,
causing huge economic losses to the farming industry [3]. However, to date, no effective
method has been found to prevent and treat this disease. Therefore, elucidating the
pathological features of golden pompano after S. agalactiae infection from both the macro
and micro perspectives is essential for its healthy farming.

4.1. Survival Rate and Histopathological Analysis

Survival analysis showed an inverse relationship between golden pompano survival
time and S. agalactiae injection dose. The higher the injection dose of S. agalactiae, the
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shorter the survival time of the golden pompano. The results are consistent with studies
following injection of zebrafish [33] and Nile tilapia [34] via the same pathogenic bacteria,
with deaths starting at 48 h post-infection. Furthermore, previous studies have shown
that S. agalactiae infection can invade various tissues of the host [35]. It attacks the liver
tissue of the host, resulting in cell rupture and bacterial cell adhesion, and then invades
the inner sinusoidal wall and the sinus cavity [35,36]. In this study, it was observed that
120 h after S. agalactiae infection, the cell membrane was disintegrated in the hepatocytes,
and the nucleus was translucent and severely displaced. Our study showed the similar
histopathological changes in hepatocytes, indicating that the model of infection with S.
agalactiae was successfully constructed and can be used for subsequent analysis.

4.2. Analysis of Serum Parameter

Hematological parameters, as the main indicators of fish health status, are sensitive
to bacterial infections [37]. Bacterial infections can adversely affect the oxygen-carrying
capacity of the blood and the electrolyte balance of the blood, leading to extravasation of
red blood cells and changes in cell size [38]. Therefore, hematological parameters are often
used as important indicators to assess the health status of fish after exposure to bacterial
infections and various other environmental stresses [38,39]. ROS, GLU, MDA, LZM, ALT,
and AST are common serum examination parameters [39]. ROS (O, O2

−, -OH, H2O2,
etc.) are associated with the occurrence and development of several bacterial infectious
diseases [40]. A rapid increase in ROS contents of the host in response to pathogenic
bacterial stimulation can enhance the antioxidant capacity of the organism [40]. Therefore,
the higher ROS contents detected in the serum of the infected group in this study compared
to the control group may be due to oxidative stress caused by the invasion of S. agalactiae
into the fish. In general, pathogenic bacteria invading the mucosal system of fish can
activate LZM and trigger an immune response against pathogenic bacteria [41]. LZM
activity in serum is often elevated by pathogenic bacterial stimulation [42]. Thus, the
infected fish in this study showed higher LZM activity than the uninfected fish, and this
activity increased over time. It is consistent with the results of LZM changes following
infection of Cherax quadricarinatus with Aeromonas veronii [22]. Significant changes in GLU
levels were observed in infected golden pompano, probably due to impaired hepatic
glucose metabolism caused by pathogenic bacterial infection, affecting insulin resistance
and glucose metabolism [43]. Serum MDA levels reflect the degree of damage after a
large number of free radicals have attacked the organism. The higher its level, the greater
the degree of intracellular lipid peroxidation damage [44,45]. Therefore, the persistent
elevation of serum MDA levels in infected golden pompano may be related to increased
lipid oxidative damage after S. agalactiae attack the organism. In addition, serum ALT
and AST levels are also often considered important indicators for assessing the health of
the liver [46]. Once liver tissue is damaged or stressed by the surrounding environment,
the porosity of the plasma membrane increases, and these two enzymes in serum levels
increase rapidly [47]. Therefore, this study’s elevated activities of ALT and AST may be
associated with damage to hepatocytes in golden pompano.

4.3. Analysis of Liver Antioxidant Enzyme Parameters

Previous studies have shown that ROS do not usually cause direct damage to or-
ganisms, but rather play a role in mediating the organism’s response to various stimuli.
Excess ROS can lead to an increase in free radicals (O2−, -OH) in the cells of the organism,
which can cause oxidative damage to the organism, thereby weakening its immune defense
system [22]. Fish prevent oxidative damage caused by ROS production from exposure to
various environmental stress by increasing antioxidant enzyme activity. SOD can scavenge
superoxide radicals (O2−) in organisms through disproportionation reactions, converting
them to H2O2 and O2 [48,49]; CAT further decomposes H2O2 into H2O and O2, thereby
reducing oxidative damage to the organism by free radicals [50]. In addition, the organism
can be protected from ROS damage by GPx catalyzing the oxidation of GSH by H2O2 to
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produce oxidized glutathione (GSSG), which reduces H2O2 to non-toxic hydroxyl com-
pounds [51]. In general, the higher the environmental stress, the greater the resistance of
the organism to oxidative damage and the higher the activity of antioxidant enzymes such
as SOD, CAT and GPx [52]. However, exogenous infection may also lead to a decrease in
antioxidant enzyme activity due to energy expenditure during the fight against oxidative
stress [53]. Therefore, an acute decrease in SOD, CAT, and GPx at the beginning of S. agalac-
tiae infection in this study may be related to the rapid energy depletion of the organism at
the beginning of the infection. However, with prolonged infection time, ROS accumulated
excessively, and the organisms gradually increased the activities of SOD, CAT, and GPx
can alleviate the damage caused by ROS.

4.4. Analysis of Antioxidant Markers and Signaling Pathway Genes in the Liver

This study on liver enzyme activity has confirmed that the antioxidant enzymes SOD,
CAT, and GPx play an essential role in resistance to S. agalactiae infection. To better un-
derstand the molecular mechanisms of immunity in golden pompano against S. agalactiae
infection, the relative expression levels of its endogenous antioxidant enzyme genes in the
liver were examined first. SOD, CAT, and GPx gene expression levels in the liver were
significantly upregulated compared to the control group. These results were similar to
SOD, CAT, and GPx gene expression in the liver after Aeromonas hydrophila attacked Channa
striata [54], suggesting that S. agalactiae infection affects liver antioxidant gene expression.
In addition, this study indicates that the level of enzyme activity is influenced by the
expression of the corresponding genes in cells. However, our study did not observe a
complete agreement between the level of antioxidant enzyme activity and its gene expres-
sion level. Researchers have reported that there is no strictly linear relationship between
them [55]. Therefore, further studies are needed regarding the regulatory relationship
between enzyme activity and genes.

Secondly, we analysed the effect of S. agalactiae infection on the expression of pro-
inflammatory and anti-inflammatory genes in golden pompano. It has been established that
a corresponding inflammatory response is triggered when ROS accumulates to a certain
level. For example, the inflammatory response activated during spring viremia of carp
virus infection carp is associated with ROS accumulation [56]. As a critical transcription
factor in initiating and regulating inflammation, NF-κB gene plays an essential role in the
development of inflammatory response. Meanwhile, NF-κB-mediated signaling pathways
are classical signaling pathways that regulate the inflammatory response [57]. This study
explored the expression of NF-κB blockers and several commonly induced genes. The
results showed that the expression of IKK and NF-κB increased over time in the liver of
infected golden pompano, whereas the expression of IκB gradually decreased and was
lower than that of the control group. It is due to pathogenic bacteria invasion resulting in
the inactivation of IκB and increased NF-κB dimer activity. NF-κB dimers are activated and
transferred to the nucleus through post-translational modifications to induce the expression
of multiple genes, producing multiple cytokines associated with inflammation [58,59].
Furthermore, NF-κB, a central regulator of the inflammatory response, plays a central role
in inducting and encoding pro-inflammatory cytokines IL-1β and TNF-α [59,60]. Thus,
IL-1β and TNF-α, as stress-inducible genes, are consistently upregulated in expression
during infection [58].

5. Conclusions

In this study, serum biochemical indices, histopathology, and expression of TNF-
α/NF-κB pathway genes after infection with S. agalactiae were investigated using golden
pompano as experimental subjects. This study shows that serum biochemicals could be
used to indicate the healthy status of golden pompano after infection with S. agalactiae.
TNF-α/NF-κB has an essential immunomodulatory role in the resistance to S. agalactiae
infection in golden pompano. In conclusion, our results may provide a theoretical basis for
disease prevention and treatment of golden pompano.
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Abstract: Glutaredoxin (Grx) is a glutathione-dependent oxidoreductase that is an important com-
ponent of the redox system in organisms. However, there is a serious lack of sequence information
and functional validation related to Grx in crustaceans. In this study, a novel Grx was identified
in Penaeus monodon (PmGrx2). The full-length cDNA of PmGrx2 is 998 bp, with an open reading
frame (ORF) of 441 bp, encoding 119 amino acids. Sequence alignment showed that PmGrx2 had the
highest identity with Grx2 of Penaeus vannamei at 96.64% and clustered with Grx2 of other crustaceans.
Quantitative real-time PCR (qRT-PCR) analysis showed that PmGrx2 was expressed in all examined
tissues, with higher expression levels in the stomach and testis. PmGrx2 was continuously expressed
during development and had the highest expression level in the zygote stage. Both ammonia-N
stress and bacterial infection could differentially induce the expression of PmGrx2 in hepatopancreas
and gills. When PmGrx2 was inhibited, the expression of antioxidant enzymes was suppressed, the
degree of apoptosis increased, and the GSH content decreased with the prolongation of ammonia-N
stress. Inhibition of PmGrx2 resulted in shrimp being exposed to a greater risk of oxidative damage.
In addition, an SNP locus was screened on the exons of PmGrx2 that was significantly associated with
an ammonia-N-stress-tolerance trait. This study suggests that PmGrx2 is involved in redox regulation
and plays an important role in shrimps’ resistance to marine environmental stresses.

Keywords: glutaredoxin; Penaeus monodon; oxidative stress; SNPs

1. Introduction

Glutaredoxins (Grxs, also known as thioltransferase), as members of the thioredoxins
(Trxs) superfamily, are oxidoreductases that are characterized by their thermal stability and
small molecular weight [1,2]. Grxs are indispensable in the redox system of organisms [3].
Grxs were originally discovered in Escherichia coli lacking Trxs activity, in 1976 [4]. Typical
Grxs fall into two categories according to active site motifs, the dithiol Grxs and the monoth-
iol Grxs, whose active site motifs are Cys-X-X-Cys and Cys-Gly-Phe-Ser, respectively. In the
monothiol Grxs, a single Cys residue is present at the n-terminal only. With the assistance
of reduced glutathione (GSH), both types of Grxs can reduce disulfide bonds in proteins
and convert GSH to oxidized glutathione (GSSH). The difference between the two is that
both Cys-active sites of dithiol Grxs are involved in the reaction, whereas monothiol Grxs
use only the N-terminal Cys for the reaction. This process is reversible, which implies the
important role of Grxs in maintaining intracellular GSH/GSSG ratio homeostasis [5]. Many
other types of Grxs are also observed, especially prokaryotes, owing to further research [6].
The Grxs of most types and quantities are currently found in plants, which exhibit a unique
active site of Cys-Cys-X-X [7]. In addition, the involvement of Grxs in various physiological
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and biochemical activities, such as iron–sulfur cluster coordination, resistance to oxidative
stress, and cell growth and apoptosis, has been proved [8–10]. Instead, there exist numerous
studies on prokaryotes, mammals, and plants, while studies on relevant sequences and the
functional validation of Grxs in crustaceans are rare.

The black tiger shrimp (Penaeus monodon) is an economically promising mariculture
crustacean, accounting for about 8% of the crustacean farming industry [11]. However,
during the culture process, black tiger shrimps are exposed to oxidative stress damage from
biotic or abiotic stressors, leading to high mortality rates from time to time and subsequent
significant economic losses [12]. Studies on the expression responses of relevant genes in
black tiger shrimps under environmental stress and pathogen infection can enhance shrimp
culture management and fill the gap in crustacean-related research.

Therefore, this paper cloned the full-length cDNA of P. monodon Grx2 (PmGrx2) and
elaborated its expression during development and in various tissues. In the hope of clari-
fying the involvement of PmGrx2 in other physiological activities in shrimps, the authors
selected the most common ammonia-N stress factor and various pathogenic bacteria in the
aquatic survival environment and observed the expressions of PmGrx2 in these conditions
and the physiological changes in shrimps after PmGrx2 was disrupted. Moreover, the
SNPs loci of PmGrx2 related to the ammonia-N-stress-tolerance trait were screened. The
study contributes to the future exploration of PmGrx2’s role in the regulation of redox
homeostasis in shrimp.

2. Materials and Methods

2.1. Materials

The authors obtained the shrimps from the experimental base of South China Sea
Fisheries Research Institute, Shenzhen, Guangdong, China. Shrimps that were 7.01 ± 0.8 g
in weight and 5.12 ± 0.69 cm in length underwent RNA interference. Shrimps that were
1.53 ± 0.36 g and 2.11 ± 0.24 cm were used for SNPs analysis. The indicators of the remain-
ing were 15.08 ± 1.20 g and 12.37 ± 0.57 cm. The shrimps were stored in plastic cylinders
with aerated filtered seawater for a week (salinity 29‰, temperature 26 ± 2 ◦C, and
pH 7.5–7.8) and were fed once a day with compound feed in the temporary feeding period
until 24 h before use.

2.2. Materials Collection

The PmGrx2 expression test required fourteen tissues, while that of PmGrx2 during
development required samples collection under fourteen phases from oosperm to post-
larvae [13]. The samples were kept in RNALater solution (Ambion, Austin, TX, USA) at
4 ◦C for one day and later at −80 ◦C till being used.

2.3. Ammonia-N Stress

As for the testing of PmGrx2 expression under ammonia-N stress, an acute ammonia-N
stress pre-experiment was utilized to study the 96 h median lethal concentration (96 h LC50)
and safe concentration (SC) of 180 shrimps. Groups of 30 shrimps were preserved separately
in 200 L of filtered seawater, which was aerated constantly through an air stone and
refreshed daily. The NH4Cl was applied to seawater of per cylinder to prepare ammonia-
N in six concentrations, covering 0, 20, 40, 60, 80, and 100 mg/L. The pre-experiment
recorded mortality every 3 h, and the 96 h LC50 and SC computed by Linear Regression
after completion stood at 29.47 and 2.95 mg/L, respectively [14,15].

The actual experiment and pre-experiment conducted under similar conditions em-
ployed shrimps of alike size, which randomly fell into 3 groups (control, 96 h LC50, and
SC), each having 3 subgroups consisting of 30 shrimps per. The survival of shrimps was
recorded every 3 h without feed supply, and the dead were immediately removed from the
container. Three were picked for duplication at different time points, and their hepatopan-
creas and gills were dissected and preserved in the RNALater solution (Ambion, USA) at
4 ◦C for one day and then at −80 ◦C till being used.
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2.4. In Vivo Experiment

The PmGrx2 expression test following the immune challenge randomly divided the
samples into 4 groups, each having 3 subgroups consisting of 25 shrimps each. The bacteria
mentioned were obtained from Key Laboratory of South China Sea Fishery Resources
Extraction & Utilization. Samples of the control group were previously injected with
100 μL sterile phosphate buffer solution (PBS, pH 7.4), while those of other groups with
100 μL (1.0 × 108 CFU/mL) of corresponding bacterial solution, respectively [16]. All were
intramuscularly injected at the second abdominal segment. Similarly, the survival was
logged every 3 h, and the dead were immediately taken out of the container. Three were
selected at different time points, and their hepatopancreas and gills were dissected and
kept by RNALater solution (Ambion, USA) at 4 ◦C for one day and later at −80 ◦C till
being used.

2.5. Extraction of RNA and Synthesis of cDNA

The HiPure Fibrous RNA Plus Kit (Magen, Guangzhou, China) was used to obtain
the total RNA of the samples in quantification experiments, and the RNeasy Mini Kit
(Qiagen, Hilden, Germany) was adopted to obtain the total RNA of the remaining samples.
Moreover, a NanoDrop 2000 device (Thermo, Waltham, MA, USA) was utilized to explore
the ultraviolet absorbance ratio at 260/280 nm, thus determining the purity and quantity
of the total RNA, while 1 percent agarose gel electrophoresis was also taken to evaluate
its integrity. The RNA was synthesized into the corresponding cDNA, which was stored
under −80 ◦C until it was used.

2.6. Cloning the Full-Length cDNA of PmGrx2

PmGrx2 was screened for partial fragments and identified through the NCBI database
BLAST in the cDNA library of P. monodon in the laboratory, upon which the primers were
established through Premier 6.0. The PCR program, which facilitated the expansion of
PmGrx2 open reading frame (ORF), underwent three procedures: 95 ◦C (3 min), 35 cycles of
95 ◦C (15 s), 55 ◦C (15 s), 72 ◦C (15 s), and 72 ◦C (5 min). In addition, the PCR amplification
was completed in 25 μL of reaction mixture made up of forward primer (1 μL), reverse
primer (1 μL), cDNA template (1 μL), double-distilled water (12.5 μL), and 2 × Taq Plus
Master Mix II (12.5 μL) (Vazyme, Nanjing, China). Nested PCR primers featuring 3’ and 5’
ends end were generated by Premier 6.0 based on PmGrx2 ORF. The procedures of the PCR
program referred to the literature [11].

All PCR products were cloned into pEASY®-T1 Cloning Vector (TransGen, Beijing, China),
and a positive monoclonal colony was sequenced. RACE technology was taken to calculate
the full-length cDNA of PmGrx2, while Ruibiotech (Guangzhou, China) was used for the
synthesis of primers and the sequencing of PCR products. Supplementary Tables S1 and S2
list the primers above.

2.7. mRNA Expression by Quantitative Real-Time PCR (qRT-PCR) Analysis

This study employed qRT-PCR to detect the expression of PmGrx2 and related genes
of samples in the experiment, Premier 6.0. to construct the qRT-PCR primers, and Elon-
gation factor 1α (EF-1α) to represent the reference gene. All primers were synthesized by
Ruibiotech (Guangzhou, China) and are demonstrated in Supplementary Table S3. A Roche
Light Cycler®480II contributed to the qRT-PCR, and the specific procedures referred to the
literature [11].

2.8. Ammonia-N Stress on PmGrx2-Interfered Shrimps

The T7 RiboMAX Express RNAi kit (Promega, Madisonm, WI, USA) was taken to
synthesize the double-stranded RNA (dsRNA) for PmGrx2 (dsGrx2) and green fluorescent
protein (GFP, as a non-specific negative control) gene (dsGFP). Supplementary Table S4
demonstrates the primers adopted for the synthetization. The ultraviolet absorbance ratio
at 260/280 nm obtained through a NanoDrop 2000 device (Thermo, USA) promoted the
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calculation of dsRNA’s purity and quantity, while 1 percent agarose gel electrophoresis
shed a light on its integrity. The dsRNA was kept under −80 ◦C until used.

The PmGrx2 expression was initially explored by qRT-PCR to clarify the interference
efficiency of dsGrx2. The dsRNA was diluted to 1 μg/μL through PBS buffer prior to
in vivo injection. The samples were categorized into two groups of three replicates each,
with five shrimps in each replicate. The second ventral segment was injected with dsGrx2
or dsGFP dilution (3 μg per gram of shrimp weight), with the former serving as the
experimental group and the latter as the control group. Three of each replicate were picked
24 h after injection, and their hepatopancreas were gathered; then the same procedures as
in Section 2.7 were followed.

Given dsRNA’s significant interference efficiency, the shrimps were again categorized
into two groups with three replicates of 40 shrimps each, and injections were conducted
as above. Twenty-four hours after injection, shrimps injected with dsGrx2 or dsGFP
experienced acute ammonia-N stress that lasted for 48 h, using 96 h LC50. Three shrimps of
each replicate were taken at each time, and the hepatopancreas was gathered. One half was
preserved in RNALater solution (Ambion, USA) at 4 ◦C for one day and later at −80 ◦C till
being used, while the remaining was kept directly in liquid nitrogen till being used.

The steps in Sections 2.5 and 2.7 were conducted to explore the relative expression
of related genes, whose primers are demonstrated in Supplementary Table S1. Given the
identity of Grx2 as a glutathione-dependent oxidoreductase, shrimps directly preserved
by liquid nitrogen were explored through a reduced glutathione (GSH) assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), and three replicates of each shrimp
were detected and statistically probed according to the instruction.

2.9. Correlation Analysis between the SNPs of PmGrx2 and Ammonia-N-Stress-Tolerance Trait

The ammonia-N-stress experiment adopted 400 healthy juvenile shrimps and followed
the approach mentioned in Section 2.3. The first 40 shrimps that died belonged to the
sensitive group, while the last 40 and those still alive were the resistant group. They were
kept in ethanol for DNA extraction through MagPure Tissue/Blood DNA LQ Kit (Magen,
Guangzhou, China).

The NCBI database was utilized to predict the exonic region of PmGrx2, upon which
Premier 6.0 designed primers that spanned the exonic regions to amplify the samples’ DNA
order. The PCR reaction solution included forward primer (1 μL), reverse primer (1 μL),
DNA template (2 μL), and mix green (21 μL) (Tsingke, Beijing, China). The three PCR
procedures included 98 ◦C for 2 min, 35 cycles of 98 ◦C (10 s), 55 ◦C (15 s), 72 ◦C (1 min), and
72 ◦C (10 min). Tsingke Biotechnology undertook the synthesis of primers and the sequenc-
ing of PCR products (Guangzhou, China). The details are given in Supplementary Table S5.

DNAMAN and Chromas were adopted to elucidate DNA sequences of each shrimp, thus
acknowledging the SNPs of PmGrx2. WPS office was used to calculate genetic parameters.
An χ2 test was conducted with SPSS 26.0 to explore how the SNPs of PmGrx2 are correlated
to the ammonia-N-stress-tolerance trait, and p < 0.05 indicated a significant difference.

3. Results

3.1. Identification and Characterization of the PmGrx2 Nucleotide Sequence

The cDNA of PmGrx2 (Supplementary Figure S1A; GenBank No. ON368189) is 998 bp
in full length, covering 179 bp 5’-UTR, 459 bp 3’-UTR, a poly-A tail, and 360 bp ORF, as
well as encoding a 119 amino acid putative protein. The putative PmGrx2 protein, which
was 12.87 kDa and covered only one Grx structural domain, had an isoelectric point of
8.51 theoretically. The active site motif of the PmGrx2 domain was as typical as other known
Grx2 proteins, C-P-Y-C (39–42 aa). All of these supported the inclusion of PmGrx2 into
the dithiol Grxs family. In the putative secondary structure, the α-helix, extended strand,
β-turn, and random coil accounted for 42.02%, 15.97%, 8.40%, and 33.61%, respectively.
Supplementary Figure S1B illustrates the tertiary structure.
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The paper compared the amino acid sequences of Grx2 of seven crustacean species,
most of which were conserved, and all had active site C-P-Y-C (Supplementary Figure S2).
PmGrx2 had the highest identity with Grx2 from Penaeus vannamei (96.64%). The homology
parameters of Grx2 and PmGrx2 for the species involved in the comparison are shown in
Supplementary Table S7. The amino acid sequences of fifty-four Grxs were chosen, and
the minimal evolution of MEGA-X was employed to create a phylogenetic tree. Grx3 and
Grx5 were clustered together, Grx2 from plants and bacteria was clustered separately, and
Grx2 from the remaining species was clustered together (Supplementary Figure S3). Grx
from crustaceans clustered closely, with PmGrx2 being most closely related to Grx2 from
P. vannamei and Penaeus japonicus. The scientific names and accession numbers of all the
above species are shown in Supplementary Table S6.

Given the shortage of relevant sequence information and validation concerning crus-
taceans, the amino acid sequence of human Grx2 was selected for protein interaction
analysis. The predicted results are shown in Figure 1. Among the proteins that have
major interactions with Grx2, Grx3 and Grx5 belong to the same Grxs family as Grx2.
Glutathione reductase (GSR) and glutathione peroxidase (GPX) are glutathione-dependent
enzymes, and thioredoxin reductase 2 (TXNRD2) and thioredoxin (TXN) are key enzymes
of the thioredoxin system. These proteins are important components of the eukaryotic
antioxidant system, along with catalase (CAT). In addition, RNA-binding motif protein 28
(RBM28), isochorismatase 1 (ISOC1), and neural precursor-cell-expressed developmentally
downregulated 8 (NEDD8) also interact closely with Grx2. The names and websites of the
analysis software above are shown in Supplementary Table S8.

Figure 1. Grx2 protein interactions networks. The red dots represent the target protein Grx2. Other
colored dots represent proteins that interact with Grx2. The names of all proteins are abbreviated to
the top right of the dots.

3.2. mRNA Expression of PmGrx2 in Different Tissues and Developmental Stage

PmGrx2 was expressed in all 14 tissues of the shrimp and was significantly more
abundant in the stomach and testis than in other tissues (p < 0.05). PmGrx2 was less
abundant in the ovary, brain, eyestalk nerves, and abdominal nerves (Figure 2).
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Figure 2. (A) mRNA expression levels of PmGrx2 in different tissues. The data are presented as
mean ± SD (n = 3). Different letters show significant differences (p < 0.05). (B) mRNA expression
levels of PmGrx2 during the developmental period. The data are presented as mean ± SD (n = 3).
Different letters are used to show significant differences (p < 0.05).

The expression of PmGrx2 was constantly observed along the evolution of shrimp
from zygote to post-larva, which obviously outnumbered in the zygote period compared
with other periods (p < 0.05). As shrimp development progressed to the nauplius stage, the
PmGrx2 expression increased as a whole. In the zoea and mysis stages, the expression of
PmGrx2 decreased and fluctuated, and it only temporarily surged in zoea III (Figure 2B).

3.3. Exploration of PmGrx2 Transcription of Hepatopancreas and Gills on the Heels of
Bacterial Challenge

Figure 3A validated the much higher expression of PmGrx2 in the hepatopancreas
compared with the control (p < 0.05) after the injection of Staphylococcus aureus, as well as
its peak at 72 h after injection. Such expression, however, failed to jump after injection
of two Gram-negative bacteria separately, especially Vibrio anguillarum. After injection
of Vibrio Harveyi, it only picked up a certain amount at 24 h post-injection, followed by a
decline. Figure 3B denies the exact similarity of PmGrx2’s expression profiles between the
gill and the hepatopancreas after bacterial injection. However, S. aureus still significantly
elicited a response of PmGrx2 in the gill (p < 0.05), just not as violently as PmGrx2 in the
hepatopancreas. After separate injections of the two Gram-negative bacteria, no jump of
PmGrx2 expression was observed in the gill compared to the control.
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Figure 3. mRNA expression levels of PmGrx2 in the hepatopancreas (A) and gill (B) at different time
intervals after multiple pathogenic bacteria injections. The data are presented as mean ± SD (n = 3).
Different letters are used to show significant differences (p < 0.05).

3.4. Exploration of PmGrx2 Transcription of Hepatopancreas and Gill under Ammonia-N Stress

Figure 4A confirms the similarity of the PmGrx2’s expression pattern in the two
experimental groups under ammonia-N stress, and both peaked at 12 h (p < 0.05). No jump
in the PmGrx2’s expression was observed in both experimental groups with increasing time
compared with the control (p < 0.05), but its expression profile of the gill at 96 h following
ammonia-N stress differed greatly from that in the hepatopancreas (Figure 4B). PmGrx2’s
expression in the gill of the 96 h SC group outnumbered the control group within 12 h
following the stress (p < 0.05), peaked at 6 h, and was not on par with the control group as
the duration of ammonia-N stress prolonged. In contrast, its expression of the 96 h LC50
group never jumped (p < 0.05). PmGrx2’s expression was much lower compared with the
control (p < 0.05) 12 h following stress.

Figure 4. mRNA expression levels of PmGrx2 in the hepatopancreas (A) and gill (B) at different time
intervals, under different concentrations of ammonia-N stress. The data are presented as mean ± SD
(n = 3). Different letters are used to show significant differences (p < 0.05).

3.5. The Interference Efficiency of dsGrx2 in the Hepatopancreas

Figure 5A proves dsGrx2’s role in sharply decreasing PmGrx2’s expression in the
hepatopancreas (p < 0.05). Figure 5B reveals the application of ammonia-N stress into both
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groups 24 h following dsRNA injection. As to PmGrx2’s expression within 48 h following
stress (p < 0.05), the dsGFP-injected group sharply outnumbered dsGrx2-injected group,
indicating the powerful inhibitory effect of dsGrx2 within 72 h following injection.

Figure 5. (A) mRNA expression levels of PmGrx2 in the hepatopancreas at 24 h after dsRNA injection.
(B) Expression profile of PmGrx2 in the hepatopancreas of dsRNA-injected shrimps within 48 h under
ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters show significant
differences (p < 0.05).

3.6. GSH Content and mRNA Expression of Related Genes in the Hepatopancreas of
dsRNA-Injected Shrimps under Ammonia-N Stress

Figure 6A demonstrates the gradual climb of PmTrx’s expression in the dsGFP-injected
group, its peak at 12 h following ammonia-N stress, and the following gradual decrease.
Such expression of the group injected with dsGrx2 also increased gradually and then de-
creased after a period of fluctuation. The expression of PmTrx in the dsGrx2-injected group
outnumbered the dsGFP-injected counterpart at 6 h and 24 h following stress (p < 0.05).

In regard to PmPrx1’s expression, Figure 6B reveals its increase at 3 h under stress,
and the following decrease and fluctuation at a similar level in the group injected with
dsGFP. The one in the dsGrx2-injected group with the same stress, however, dramatically
fluctuated and peaked at 6 h. The expression of PmPrx1 of the two groups exhibited an
opposite trend and differed significantly after 3 h, 6 h, and 24 h under the stress (p < 0.05).

Figure 6C validates both groups’ similar expression tendency of PmCAT within 12 h
after the stress, which first increased and then decreased. However, starting from 24 h, the
dsGrx2-injected group presented a much lower expression (p < 0.05).

Figure 6D shows the similar expression tendency of PmCYC in both groups within
12 h following the stress, as well as the much higher expression in the dsGrx2-injected
group (p < 0.05). One day later, the expression of the dsGrx2-injected group declined, and
it decreased abruptly at 48 h (p < 0.01). In contrast, the expression of the dsGFP-injected
counterpart gradually increased.

Figure 6E illustrates PmIAP’s irregularly fluctuated expression of the dsGFP-injected
group within 48 h following the stress. The dsGrx2-injected group showed an increase and
then a decrease in the expression of PmIAP, and then it reached a maximum at 6 h (p < 0.05).
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Figure 6. Expression profiles of five genes (PmTrx (A), PmPrx1 (B), PmCAT (C), PmCYC (D), and
PmIAP (E)) and changes in GSH content (F) in the hepatopancreas of dsRNA-injected shrimps under
ammonia-N stress. The data are presented as mean ± SD (n = 3). Different letters show significant
differences (p < 0.05).
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Figure 6F illustrates the groups’ similar trend of GSH content in 48 h following the
stress in the hepatopancreas. The GSH content was the lowest in both groups at 48 h, while
that of the dsGrx2-injected group was much lower compared to the group injected with
dsGFP (p < 0.05).

3.7. Correlation Analysis between the SNPs of PmGrx2 and Ammonia-N-Stress-Tolerance Trait

This paper found two SNPs on the exons of PmGrx2, whose information and sequenc-
ing maps are demonstrated in Table 1 and Figure 7, respectively. According to Table 2,
which reveals polymorphic parameters, PmGrx2-E3371 had a Ho of 0.0125, He of 0.0125,
Ne of 1.0126, and MAF of 0.0063; the corresponding values for PmGrx2-E3398 were 0.0000,
0.0722, 1.0778, and 0.0375, respectively. Both PmGrx2-E3371 and PmGrx2-E3398 exhibited
low polymorphism (PIC < 0.2500). The HWE results showed that PmGrx2-E3398 deviated
significantly from HWE, while PmGrx2-E3371 did not. Table 3 displays the relation between
the SNPs and ammonia-N-stress-tolerance trait. PmGrx2-E3398 was significantly correlated
with the latter (p < 0.05), while PmGrx2-E3371 was not.

Table 1. Specific information of the SNPs of PmGrx2.

SNPs Position Type of Base Mutation Type of Protein Mutation

PmGrx2-E3371 Exon 3 (371 bp) c.192G > T Mm p.Gln64His
PmGrx2-E3398 Exon 3 (398 bp) c.219T > A Sm p.Val73=

Mm, missense mutation; Sm, synonymous mutation; Meaning of the symbols in Table 2 [17].

Figure 7. Sequencing maps of the SNPs of PmGrx2.

Table 2. Polymorphic parameters of the SNPs of PmGrx2.

SNPs Ho He Ne MAF PIC HWE

PmGrx2-E3371 0.0125 0.0124 1.0126 0.0063 0.0123 0.9984
PmGrx2-E3398 0.0000 0.0722 1.0778 0.0375 0.0696 0.0000

SNPs, single nucleotide polymorphisms; Ho, observed heterozygosity; He, expected heterozygosity; Ne, effective num-
ber; MAF, minimum allele frequency; PIC, polymorphism information content; HWE, Hardy–Weinberg equilibrium.

Table 3. Correlation analysis between the SNPs of PmGrx2 and ammonia-N-stress-tolerance trait.

SNPs Genotype
Genotype Frequencies

χ2 Value p-Value
Sensitivity Resistance

PmGrx2-E3371
GG 1.0000 0.9750

2.0006 0.1572TG 0.0000 0.0250

PmGrx2-E3398
AA 0.0750 0.0000

6.0163 0.0142 *TT 0.9250 1.0000

* Denotes significant correlation (p < 0.05).

290



Antioxidants 2022, 11, 1857

4. Discussion

For the first time, the authors succeed in cloning the full-length cDNA of a new
glutaredoxin, PmGrx2, in crustaceans. The only active site motif that is present among the
predicted motifs was the Grx structural domain of C-P-Y-C, a typical dithiol Grx structural
domain, which supported the inclusion of PmGrx2 into the Grxs family [5]. This paper
picked the amino acid sequences of Grx2 of seven crustacean species for multiple sequence
alignment, and all of them had C-P-Y-C in their sequences. Phylogenetic analysis showed
that the monothiol Grx3 and Grx5 clustered together, while the dithiol Grx2 clustered
separately. Among them, PmGrx2 converged to the one of crustacean Grx2. The above
indicates that the Grx active sites are highly conserved among different species. However,
Grxs are a large family with distinct segregation characteristics, both from a species-
classification point of view and from a Grxs-classification point of view. For example,
plants are known to possess dozens of Grxs, far more than other eukaryotes [18]. In recent
years, new types of Grxs have been found in prokaryotes [6]. The abovementioned suggests
that different types of Grxs may have distinct functions, and the taxonomic diversity they
exhibit guides us to investigate and add new elements in different species.

Of the proteins predicted to interact with Grx2, most are core members of the eukary-
otic redox system. This suggests that the fundamental role of Grx2 is to maintain redox
homeostasis in the organism. In addition, RBM28 is an intracellular host factor that can
interact directly with RNA viruses [19]. ISOC1 is involved in intracellular pathogen recog-
nition and clearance [20]. NEDD8 is vital for the organism’s defense mechanism against
proteotoxicity [21]. The three proteins matter a lot in the organism’s reaction to pathogen in-
fection and immune activation. The predicted result that Grx2 interacts with them indicates
the potential involvement of PmGrx2 in the innate immune process in shrimp.

PmGrx2 was significantly more expressed in the stomach and testis than in other tissues.
On the one hand, the stomach, as an important digestive organ of shrimp, undertakes
functions such as grinding food, a process that consumes energy and generates a variety
of oxygen metabolites [22]. On the other hand, the gastric epithelium acts as an external
barrier to the digestive system, and it is crucial to maintain its redox homeostasis [23]. These
may be the reasons for the elevated expression of PmGrx2 in the stomach. Previous studies
have shown that Grx2 expression levels are elevated during human sperm maturation.
Moreover, Grx2b and Grx2c are testis-specific protein isoforms. It is hypothesized that
Grx2 may be involved in the generation of disulfide bonds during sperm maturation [24].
In addition, a redox homeostatic system exists in reproductive tissues of animals, and the
antioxidant mechanism is activated when stimulated by ROS, thus reducing the extent of
oxidative damage to spermatozoa [25]. Therefore, PmGrx2 may play the same role in the
stomach and testis of shrimp.

PmGrx2 was expressed throughout the early growth of black tiger shrimps, which is
complex and rapid, and employs mitochondria as feed [26]. In zebrafish, Grx2 was shown
to participate in the coordination of intracellular iron–sulfur clusters [8]. Considering the
vital role of the iron–sulfur cluster in the mitochondrial respiratory chain, ZfGrx2 matters
much as to the energy supply of mitochondria and is involved in regulating vascular, heart,
and brain growth in zebrafish embryos [27–30]. All of these indicate PmGrx2’s similar
function in driving their early development.

PmGrx2 in both hepatopancreas and gills responded strongly to S. aureus (Gram-
positive bacteria) after injection with different species of bacteria. In contrast, both Gram-
negative bacteria had almost no effect on the expression of PmGrx2 compared to the
control group. This indicates PmGrx2’s part in innate immune process of shrimp against
pathogenic bacteria, but with different sensitivities to various species of pathogens. Since
Gram-positive bacteria tend to produce exotoxins and do not have an outer membrane
formed by lipopolysaccharides. Gram-negative bacteria tend to produce endotoxins and
have capsules and mucus layers that cover the outer membrane, a characteristic that makes
it easier for Gram-negative bacteria to invade organisms latently. In fact, it is often Gram-
negative bacteria that cause mortality in aquatic animal populations during aquaculture.
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Gram-negative bacteria do not elicit PmGrx2’s response in the gills, and this is one of the
favorable conditions for their invasion of the organism. Meanwhile, the hepatopancreas
was considered to be an immune organ of the highest significance in shrimp [31]. PmGrx2’s
expression in the gills of the experimental group failed to be as strong as that in the
hepatopancreas in comparison with the control, despite the higher expression of PmGrx2.

Ammonia-N refers to an ordinary environmental stressor in aquaculture processes.
Excess ammonia-N induced excessive production of ROS/RNS, which caused oxidative
damage and inflammatory effects in aquatic organisms [32–34]. PmGrx2’s expression in the
96 h SC group increased to different degrees following ammonia-N stress in comparison
with the control group, and this was true for both hepatopancreas and gills. However,
such expression in the 96 h LC50 group was only increased in the hepatopancreas, and
in the gills, it was always lower compared with the control group. It is hypothesized
that, since the gills are the first line of defense in contact with the aquatic environment,
high concentrations of ammonia-N potentially undermine the gills in shrimp [15,35]. In
P. vannamei, Grx2’s expression of hepatopancreas and gills increased similarly following
ammonia-N stress [36]. All of these suggest that PmGrx2 participates in the resistance of
shrimp to stress.

In regard to the part of PmGrx2 in the resistance of shrimp to ammonia-N stress,
dsRNA was employed to interfere PmGrx2’s expression, which supports its powerful
interference role at least 72 h following injection. PmTrx and PmPrx1, also included in
the Trx superfamily as PmGrx2, were picked for expression elaboration following the
suppression of PmGrx2’s expression. In the hepatopancreas, PmTrx’s expression of the
dsGrx2-injected group started to outnumber the dsGFP-injected group at 6 h following
stress and was significant at 6 h and 24 h. PmPrx1’s expression in the dsGrx2-injected
group, however, performed the opposite trend compared to the dsGFP-injected group
under ammonia-N stress. Previously, it was shown that Grx could functionally supplement
E. coli Trx mutant strains [4]. It is hypothesized that functionally similar enzymes in the
same family complement each other, and the functional decline of one side surely causes the
expression upregulation of the other side to compensate for the functional deficiency of the
organism. This is the reason why Grx was originally called the Trx backup system [9]. With
longer stress time, the dsGrx2-injected group presented much lower PmCAT’s expression
compared with the dsGFP-injected group. PmCAT is a peroxidase, and the hike of its
expression always oxidatively damages the organism [37]. As for PmCYC, an enzyme that
was vital in apoptosis, its expression remained high in the dsGrx2-injected group compared
to the dsGFP-injected group from 6 h to 24 h after stress [38]. IAP is an anti-apoptotic
enzyme [39]. At the beginning of ammonia-N stress, PmIAP’s expression in the group with
dsGrx2 gradually increased; however, from 12 h after stress, the expression was lower
compared with the dsGFP-injected group. Meanwhile, the GSH content in hepatopancreas
dropped. The abovementioned indicated the organism’s upregulation of genes with alike
functions to fight against ammonia-N stress in the presence of inhibited PmGrx2, some
antioxidant enzymes’ lower expression, and a higher degree of apoptosis. When PmGrx2
was inhibited, the resistance of shrimp was weakened in the face of oxidative damage.

This study firstly adopted direct sequencing in PmGrx2 for locus typing and ob-
tained two SNPs loci, among which PmGrx2-E3398 significantly deviated from the Hardy–
Weinberg equilibrium (p < 0.05). Allele frequency is swayed by manual selection, as well
as extreme samples [11]. Both PmGrx2-E3371 and PmGrx2-E3398 are located on the ORF.
Among them, PmGrx2-E3398 is a synonymous mutation, while PmGrx2-E3371 is a missense
mutation, which would result in the mutation of glutamine (Gln) to histidine (His). Both
Gln and His are polar amino acids. In the present study, PmGrx2-E3398 was highly related
to the ammonia-N-stress-tolerance trait (p < 0.05). Since this mutation did not involve alter-
ation of the encoded protein, the specific mode of its effect requires further investigation.
Despite the long-standing neutral function of synonymous mutations, studies in recent
years have demonstrated that synonymous mutations affect the efficiency and stability
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of transcription and translation of genes [40–42]. PmGrx2-E3398 could be developed as a
molecular marker for breeding shrimp tolerant to stress.

5. Conclusions

The cDNA of PmGrx2 was cloned and included into Grxs family. PmGrx2 was proved
to express most in the stomach and testis of shrimp, and such an expression can be found in
the early developmental stages. The expression of PmGrx2 in the hepatopancreas and gills
was induced owing to ammonia-N stress and bacterial infection, indicating the essential
part of PmGrx2 in the defense mechanism against environmental stress and pathogen
infection. The inhibition of PmGrx2 expression under the ammonia-N stress resulted in a
greater risk of oxidative damage to shrimp. Moreover, this paper acknowledged SNPs in
the exon region of PmGrx2, explored their relation to the ammonia-N-stress-tolerance trait,
and successfully screened an SNP locus whose relationship with the ammonia-N-stress-
tolerance trait was determined to be significant. This paper lays the foundation for studies
on the involvement of Grx2 in crustacean resistance to oxidative stress.
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Abstract: High concentrations of copper (Cu2+) pose a great threat to aquatic animals. However, the
mechanisms underlying the response of crustaceans to Cu2+ exposure have not been well studied.
Therefore, we investigated the alterations of physiological and molecular parameters in Chinese mitten
crab (Eriocheir sinensis) after Cu2+ exposure. The crabs were exposed to 0 (control), 0.04, 0.18, and
0.70 mg/L of Cu2+ for 5 days, and the hemolymph, hepatopancreas, gills, and muscle were sampled.
The results showed that Cu2+ exposure decreased the antioxidative capacity and promoted lipid
peroxidation in different tissues. Apoptosis was induced by Cu2+ exposure, and this activation was
associated with the mitochondrial and ERK pathways in the hepatopancreas. ER stress-related genes
were upregulated in the hepatopancreas but downregulated in the gills at higher doses of Cu2+.
Autophagy was considerably influenced by Cu2+ exposure, as evidenced by the upregulation of
autophagy-related genes in the hepatopancreas and gills. Cu2+ exposure also caused an immune
response in different tissues, especially the hepatopancreas, where the TLR2-MyD88-NF-κB pathway
was initiated to mediate the inflammatory response. Overall, our results suggest that Cu2+ exposure
induces oxidative stress, ER stress, apoptosis, autophagy, and immune response in E. sinensis, and
the toxicity may be implicated following the activation of the ERK, AMPK, and TLR2-MyD88-NF-
κB pathways.

Keywords: copper; apoptosis; endoplasmic reticulum stress; oxidative stress; Eriocheir sinensis

1. Introduction

Copper (Cu) is an essential metal element for all living organisms and mainly exists in
Cu2+ and Cu+ states. It is involved in a variety of physiological functions, such as electron
transport, mitochondrial function, and free radical scavenging [1]. When present in excess,
however, Cu becomes toxic and causes damage to cellular components [2]. It is also classified
as a priority environmental pollutant [3]. Cu can accumulate in aquatic systems from both
natural (e.g., erosion of rocks and soils, geological deposition) and anthropogenic sources
(e.g., industrial, mining and agricultural activities, sewage discharge) [3,4]. In aquaculture,
copper sulfate (CuSO4) has been extensively used as a therapeutic agent to control skin
lesions and gill diseases caused by parasites and pathogenic bacteria [5]. It is further
used globally as an algicide to control harmful cyanobacterial blooms in freshwater [6].
The extensive use of Cu2+ may lead to its short-term and/or repeated accumulation in
aquatic environments. High concentrations of Cu2+ (up to 100 mg/L) have further been
detected in various aquatic ecosystems [7].
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High concentrations of copper have been reported to be potentially toxic to aquatic
animals in aquatic environment [8]. Liver and gills are the primary sites of Cu toxicity in
freshwater fish, where accumulated Cu2+ disrupts regular Cu homeostasis and branchial
ion regulation [9]. The tolerance to waterborne Cu2+ varies among aquatic animals, for
example, 48 h LD50 0.75 mg/L in Oncorhynchus mykiss [10] and 72 h LD50 40.6 mg/L in
Oreochromis niloticus [11]. In crustaceans, the safe concentration of Cu2+ is also variable, e.g.,
0.02 mg/L in juvenile Macrobrachium rosenbergii [12], 0.375 mg/L in juvenile procambarus
clarkia [13], and 0.008 mg/L in larval Penaeus vannamei [14]. Acute exposure (24–96 h) to
Cu2+ (0.1–84.9 μM) decreases the rate of oxygen consumption and alters the swimming
performance of fish [15,16]. Cu2+ also suppresses immune function by decreasing blood
leukocytes in fish [17,18]. The toxicity of Cu2+ to crustaceans has also garnered attention.
Long-term exposure to Cu2+ (0.1641 ppm, 30 days) suppresses the glutathione system in
Penaeus indicus [19]. Furthermore, sub-lethal Cu2+ exposure leads to necrosis and the loss of
regular structures in the gills and hepatopancreas of Litopenaeus vannamei [20]. However, the
underlying mechanisms of Cu toxicity in crustaceans are not yet well understood; therefore,
it is necessary to systematically examine the effects of Cu2+ exposure on crustaceans and its
potential ecological risks in aquatic environments.

The Chinese mitten crab (Eriocheir sinensis) is one of the most commercially cultured
aquatic species in China. When managing crab ponds, CuSO4 is commonly used to eradicate
filamentous algae and control parasites and pathogens, which may lead to Cu2+ accumulation
in the ponds. High ambient Cu2+ is a significant threat to the health of E. sinensis. After
24 h of Cu2+ exposure, the metabolism and osmotic regulation in the gills of E. sinensis are
altered [21], and after 96 h, its molting, growth, and survival are suppressed [22,23]. Although
Cu2+ toxicity in E. sinensis has garnered much attention in recent years, the knowledge of
its underlying molecular mechanisms remains limited. It is unclear whether endoplasmic
reticulum (ER) stress and autophagy are involved in Cu2+ toxicity in E. sinensis; the key
signaling pathways have rarely been evaluated in Cu2+-induced inflammatory responses
and apoptosis. In addition, it is important to determine whether there is tissue specificity
in the response to Cu2+ toxicity.

In this study, we investigated the physiological and molecular responses of E. sinensis to
Cu2+ and evaluated the potential molecular mechanisms. To this end, we exposed E. sinensis
to different concentrations of Cu2+ for 5 days [24] and observed the changes in the redox
state, apoptosis, ER stress, autophagy, immune response, and detoxification in different
tissues. We also analyzed multiple key signaling pathways, including the inositol-requiring
enzyme 1 (IRE1), mitogen-activated protein kinases (MAPKs), AMP-activated protein
kinase (AMPK), and Toll-like receptor (TLR) pathways. Our findings provide new insights
into the mechanisms underlying the toxicity of Cu2+ exposure in E. sinensis, which may
contribute to the risk assessments of Cu2+ in aquatic environments.

2. Materials and Methods

2.1. Crab Rearing, Experimental Design, and Sample Collection

Healthy E. sinensis (120 ± 1.2 g) were obtained from the Freshwater Fisheries Research
Center (Wuxi, China). The crabs were kept in indoor glass tanks (100 × 60 × 40 cm) for
7 days to acclimatize to the laboratory conditions (temperature, 25 ± 1 ◦C; dissolved oxygen
> 5.0 mg/L; ammonia nitrogen < 0.1 mg/L; pH 8.0 ± 0.5). After acclimatizing, the crabs
were randomly distributed into four groups and exposed to 0 (control), 0.04, 0.18, and
0.70 mg/L of copper for 5 days. Each group contained 36 crabs (pooled male and female,
1:1), and the experiment was performed in triplicate. The sub-lethal copper concentrations
were chosen according to our previous study, where the 96 h LC50 of Cu2+ was 5.63 mg/L [24].
The Cu2+ concentrations were prepared and adjusted by adding CuSO4 (Aladdin, Shanghai,
China). During the experiment, the water was renewed every day, and the crabs were fed a
commercial diet (crude protein 42.6%, crude lipid 8.0%, crude ash 16.2%; HIPORE Feed Co.,
Ltd., Taizhou, China) at 1% of their body weight daily to avoid the adverse effects caused
by hunger.
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After 5 days of exposure, eight crabs from each tank were sampled randomly, and
the hemolymph, hepatopancreas, gills, and muscle were immediately collected after anes-
thetization with an ice bath. Tissues from four crabs were mixed into one sample (six
samples in total). The hemolymph was centrifuged (4000× g for 10 min at 4 ◦C) to obtain
the supernatant. All samples were stored at −80 ◦C for gene expression and biochemistry
analyses. The use of the crabs in the experiment was approved by the Freshwater Fisheries
Research Center, and all experimental procedures were performed according to the Animal
Care Guidelines.

2.2. Biochemical Assay

The hepatopancreas, gills, and muscle were homogenized nine times (v/w) with ice-
cold normal saline (0.86% NaCl). The homogenized mixture was centrifuged at 3600 rpm
at 4 ◦C for 10 min to collect the supernatant, which was used for biochemical assays. The
levels of glutathione (GSH), glutathione S-transferase (GST), superoxide dismutase (SOD),
total antioxidant capacity (T-AOC), malondialdehyde (MDA), and total protein (TP) in
the hemolymph, hepatopancreas, gills, and muscle were measured as described by Jia,
et al. [25]. Commercial kits for GSH, GST, SOD, T-AOC, MDA, and TP were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China) and Beyotime Biotechnology
(Nantong, China).

2.3. Quantitative Real-Time PCR Analysis

Total RNA from the hepatopancreas, gills, and muscle was isolated using the RNAiso
Plus reagent (TaKaRa, Beijing, China) according to the manufacturer’s instructions. The
quality and quantity of total RNA were evaluated using OD260, the ratio of OD260/OD280,
and agarose gel electrophoresis. The isolated RNA was used to synthesize cDNA via reverse
transcription PCR using the PrimeScript™ RT reagent (TaKaRa, No. RR047). In brief, the
RNA (1 μg) was mixed with gDNA Eraser at 42 ◦C for 2 min to remove the genomic DNA.
The mixture was then reacted with PrimeScript RT Enzyme Mix I (1 μL), RT Primer Mix
(1 μL), 5× PrimeScript Buffer 2 (4 μL), and RNase-Free dH2O (4 μL) for 15 min at 37 ◦C
and 5 s at 85 ◦C.

The mRNA levels of the target genes were measured by quantitative real-time PCR
(qPCR) on a CFX96 Real-Time PCR instrument (Bio-Rad, Hercules, CA, USA). During the
qPCR amplification process, cDNA (2 μL), TB Green Premix Ex Taq II (TaKaRa; 12.5 μL),
forward and reverse specific primers (1 μL), and RNase-free water (8.5 μL) were mixed.
The mixture was incubated for 30 s at 95 ◦C and subjected to 40 cycles at 95 ◦C for 5 s and
59–61 ◦C for 1 min. The expression of the target genes was analyzed using the 2−ΔΔCq

method [26]. The primers used are listed in Table S1. The ubiquitin-conjugating enzyme E2b
(UBE) and β-actin genes were used as internal references to normalize the quantification
cycle (Cq) values [27].

2.4. Integrated Biomarker Response Analysis

The integrated biomarker response (IBR) analysis for the oxidative stress parameters
of different tissues was conducted using the method described by Sanchez, et al. [28]. The
control group (without Cu2+) was used as the reference condition. The IBRv2 value per
concentration is the sum of the absolute values of the biomarker deviation index (A). The
reference deviation of each biomarker is represented by the A value. In the star plot, the values
above and below zero reflect the induction and reduction of the biomarker, respectively.

2.5. Statistical Analysis

All statistical analyses were performed using SPSS 24.0 (SPSS, Chicago, IL, USA).
The results are expressed as the mean ± standard error of the mean (SEM). The normal
distribution and heterogeneity of variance were evaluated using the Shapiro–Wilk and
Bartlett tests, respectively. For comparisons among different groups, a one-way analysis of
variance (ANOVA) was performed, followed by an LSD post hoc test in cases of equal variance
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or the Kruskal–Wallis test for unequal variance. Differences were considered statistically
significant at p < 0.05 among the different groups.

3. Results

3.1. Alterations in the Redox State

There was a linear decrease in the levels of T-AOC, SOD, and GST and an increase in
MDA after treatment with different concentrations of Cu2+ in the hemolymph (Figure 1A–E).
Compared to the control group, the decreases in T-AOC, SOD, and GST were statistically
significant in the 0.70 mg/L Cu2+-exposed group (p < 0.05; Figure 1A–C), while the in-
crease in MDA was statistically significant in the 0.18 and 0.70 mg/L Cu2+-exposed groups
(p < 0.05; Figure 1D). GSH was not influenced by Cu2+ exposure in the hemolymph (p > 0.05;
Figure 1E).

  

Figure 1. Changes in the oxidative stress parameters in different tissues of E. sinensis exposed to
copper for 5 days. (A–E) hemolymph; (F–I) hepatopancreas; (J–M) gills; (N–R) muscle. The values
are expressed the mean ± SEM (n = 6). Different letters denote significant differences among different
groups (p < 0.05).
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In the hepatopancreas, the level of T-AOC decreased with increasing Cu2+ concentra-
tions, and the lowest value was observed after exposure to 0.70 mg/L of Cu2+ (p < 0.05;
Figure 1G). Similarly, the level of GSH underwent a dose-dependent decrease, which was
statistically significant in the 0.70 mg/L Cu2+-exposed group (p < 0.05; Figure 1H). SOD
activity and MDA content did not exhibit significant alterations in the hepatopancreas
among the different Cu2+-exposed groups (p > 0.05; Figure 1F,I).

In the gills, SOD activity showed a downward trend after Cu2+ exposure and was
strongly decreased in crabs exposed to 0.70 mg/L of Cu2+ (p < 0.05; Figure 1J). Conversely,
the MDA content exhibited a rising tendency and was enhanced in crabs exposed to
0.70 mg/L of Cu2+ (p < 0.05; Figure 1M). The levels of T-AOC and GSH showed a slight but
non-significant alteration in the gills among the different groups (p > 0.05; Figure 1K,L).

In the muscle, exposure to 0.70 mg/L of Cu2+ markedly decreased SOD activity and
enhanced MDA formation (p < 0.05; Figure 1N,R) but did not influence other parameters
(p > 0.05; Figure 1O,P).

To compare the differences among the tissues and groups exposed to different concen-
trations of Cu2+, four biomarkers related to the redox state were standardized and depicted
in a star plot (Figure 2). The IBRv2 index increased with increasing Cu2+ concentrations
and exhibited dose-dependent toxicity. Among the different tissues, the following order
of average IBRv2 values was observed: hemolymph (5.64) > hepatopancreas (4.87) > gills
(4.77) > muscle (4.53). In addition, after exposure to 0.70 mg/L of Cu2+, the highest IBRv2
value was observed in the hepatopancreas (9.26).

⎯χ

⎯χ

⎯χ

⎯χ

⎯χ ⎯χ ⎯χ

Figure 2. IBR index of the oxidative stress response to different concentrations of copper in the
hemolymph, hepatopancreas, gills, and muscle. Biomarker values are represented in relation to the
control group. The areas above zero reflect an increase in the biomarker, and the areas below zero
reflect a decrease in the biomarker.
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3.2. Alterations in the Expression of Apoptosis-Related Genes

To evaluate whether Cu2+ exposure could induce apoptosis, we measured the mRNA
levels of apoptosis-related genes, including caspase-3, caspase-8, B-cell lymphoma 2 (Bcl-2),
Bcl2 X protein (Bax), p53, and cytochrome c (cytc1) in the hepatopancreas, gills, and muscle
(Figure 3). In the hepatopancreas, the mRNA levels of caspase-3, caspase-8, Bax, and p53
showed an increasing tendency, and the highest value of the expression levels of the genes
was observed in the group treated with 0.70 mg/L of Cu2+ (p < 0.05; Figure 3A).

Figure 3. Expression of apoptosis-related genes in different tissues of E. sinensis exposed to copper
for 5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are expressed as the mean ± SEM
(n = 6). Different letters denote significant differences among different groups (p < 0.05).

In the gills, the mRNA levels of caspase-3, Bax, p53, and cytc1 increased in treatments
with 0.04 and/or 0.18 mg/L of Cu2+ and then decreased to near normal values in treatment
with 0.70 mg/L of Cu2+ (Figure 3B). The caspase-3 and cytc1 were markedly upregulated
under exposure to 0.04 and 0.18 mg/L of Cu2+ (p < 0.05; Figure 3B) and gradually decreased
under exposure to 0.70 mg/L of Cu2+. Similarly, Bax and p53 were upregulated after
exposure to 0.04 mg/L of copper (p < 0.05) and gradually decreased with increasing Cu2+

concentrations (Figure 3B).
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In the muscle, caspase-3 and caspase-8 transcription were significantly upregulated
compared to the control group after 5 days of Cu2+ exposure (p < 0.05; Figure 3C). However,
the mRNA levels of Bax, p53, and cytc1 were not significantly altered after copper exposure.

3.3. Alterations in the Expression of MAPK Pathway-Related Genes

After Cu2+ exposure, the genes associated with the MAPK signaling pathway showed
various degrees of change (Figure 4). In the hepatopancreas, the transcription of extra-
cellular signal-regulated protein kinase (erk) was elevated in the groups exposed to 0.18
and 0.70 mg/L of Cu2+, and jun (an AP-1 subunit) was elevated in the group exposed to
0.70 mg/L of Cu2+, both compared to that in the control group (p < 0.05; Figure 4A).

erk jnk p38 jun

Figure 4. Expression of MAPK pathway-related genes in different tissues of E. sinensis exposed to copper
for 5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are expressed as the mean ± SEM
(n = 6). Different letters denote significant differences among different groups (p < 0.05).

In the gills, erk expression was distinctly downregulated in the group exposed to
0.70 mg/L of Cu2+ compared to that in the control group (p < 0.05; Figure 4B), while p38
expression was upregulated in the group exposed to 0.04 mg/L of Cu2+ and gradually
downregulated under exposure to 0.18 and 0.70 mg/L of Cu2+ (p < 0.05; Figure 4B).
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In the muscle, c-Jun N-terminal kinase (jnk) mRNA was downregulated in the groups
exposed to 0.18 and 0.70 mg/L of Cu2+, and jun mRNA was downregulated in the groups
exposed to 0.04, 0.18, and 0.70 mg/L of Cu2+, compared to those in the control group
(p < 0.05; Figure 4C).

3.4. Alterations in the Expression of ER Stress-Related Genes

The mRNA levels of the ER stress-related genes showed irregular variations after Cu2+

exposure in the hepatopancreas, gills, and muscle (Figure 5). In the hepatopancreas, the
mRNA levels of activating transcription factor 6 (atf6) and atf4 exhibited a linear rising
trend with increasing Cu2+ concentrations and were upregulated in the group treated with
0.70 mg/L of Cu2+ (p < 0.05; Figure 5A). Compared to those in the control group, exposure
to 0.18 and 0.70 mg/L of Cu2+ upregulated the transcription of eukaryotic translation
initiation factor 2 α (eif2α), and 0.70 mg/L of Cu2+ upregulated inositol-requiring enzyme 1
(ire1) transcription (p < 0.05; Figure 5A).

Figure 5. Expression of ER stress-related genes in different tissues of E. sinensis exposed to copper for
5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are the mean ± SEM (n = 6). Different
letters denote significant differences among different groups (p < 0.05).

In the gills, the mRNA levels of atf6 exhibited an initial upregulation followed by a
decreasing tendency, and a peak value was observed in the crabs exposed to 0.04 mg/L of
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Cu2+ (p < 0.05; Figure 5B). The expression of atf6 was downregulated under exposure to
0.70 mg/L of Cu2+ relative to that in the control group (p < 0.05; Figure 5B). In addition,
exposure to 0.70 mg/L of Cu2+ decreased grp78 transcription (p < 0.05; Figure 5B).

In the muscle, the mRNA level of atf6 was significantly enhanced in the 0.18 and
0.70 mg/L Cu2+-exposed groups compared to that in the control group (p < 0.05), but other
genes were not significantly changed (Figure 5B).

3.5. Alterations in the Expression of Autophagy-Related Genes

Eight autophagy-related genes, including 5-AMP-activated protein kinase β (ampkβ),
beclin, p62, microtubule-associated proteins 1A/1B light chain 3a (lc3a), lc3c, autophagy-
related gene 7 (atg7), transcription factor EB (tfeb), and lysosome-associated membrane
protein 1 (lamp1), were used to evaluate the autophagic response to Cu2+ exposure in the
hepatopancreas, gills, and muscle (Figure 6). In the hepatopancreas, the mRNA levels
of atg7, tfeb, ampkβ, beclin, p62, and lc3a increased with Cu2+ concentrations in a linear or
non-linear manner, and they were significantly upregulated in the 0.70 mg/L Cu2+-exposed
group compared to the control group (p < 0.05; Figure 6A). A significant upregulation
was also observed in atg7 under exposure to 0.18 mg/L of Cu2+ and in tfeb and p62 under
exposure to 0.04 and 0.18 mg/L Cu2+ (p < 0.05; Figure 6A).

atg7 tfeb p62 beclin ampk lc3c lc3a lamp

atg7 tfeb p62 beclin ampk lc3c lc3a lamp

atg7 tfeb p62 beclin ampk lc3c lc3a lamp

Figure 6. Expression of autophagy-related genes in different tissues of E. sinensis exposed to copper
for 5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are expressed as the mean ± SEM
(n = 6). Different letters denote significant differences among different groups (p < 0.05).
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In the gills, Cu2+ exposure caused a significant increase in the atg7 mRNA level in the
0.04 mg/L Cu2+-exposed group, tfeb in the 0.18 and 0.70 mg/L Cu2+-exposed groups, and
p62 in the 0.04 and 0.18 mg/L Cu2+-exposed groups compared with those in the control
group (p < 0.05; Figure 6B). In contrast, Cu2+ exposure caused a significant decrease in lc3c
mRNA in the 0.70 mg/L Cu2+-exposed group (p < 0.05; Figure 6B).

In the muscle, only the transcription of tfeb and lc3a was significantly changed by Cu2+

exposure (Figure 6C). The transcription of tfeb was lower in the 0.18 and 0.70 mg/L Cu2+-
exposed groups than in the 0 mg/L Cu2+-exposed group (p < 0.05; Figure 6C). Furthermore,
the transcription of lc3a was lower in the 0.70 mg/L Cu2+-exposed group than in the 0 mg/L
Cu2+-exposed group (p < 0.05; Figure 6C).

3.6. Alterations in the Expression of Immune Response-Related Genes

The immune response to Cu2+ exposure was assessed by determining the immune
response-related genes in the hepatopancreas, gills, and muscle (Figure 7). In the hep-
atopancreas, the mRNA levels of Toll-like receptor 2 (tlr2), myeloid differentiation protein-
88 (myd88), relish, interleukin-16 (il-16), lipopolysaccharide-induced TNF-α factor (litaf ),
and pelle were higher in the 0.70 mg/L Cu2+-exposed group than in the control group
(p < 0.05; Figure 7A). Higher mRNA levels of tlr2 and myd88 were also observed in the
0.18 mg/L Cu2+-exposed group (p < 0.05; Figure 7A).

Figure 7. Expression of immune response-related genes in different tissues of E. sinensis exposed to
copper for 5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are expressed as the mean ± SEM
(n = 6). Different letters denote significant differences among different groups (p < 0.05).
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In the gills, the mRNA level of tlr2 was strongly upregulated in the 0.70 mg/L Cu2+-
treated group compared to that in the control group (p < 0.05; Figure 7B). The litaf in the
three Cu2+-treated groups and lysozyme (lzm) in the 0.04 and 0.18 mg/L Cu2+-treated
groups were highly expressed (p < 0.05; Figure 7B).

In the muscle, the transcription of tlr2 was upregulated in the three Cu2+-treated
groups compared to that in the control group (p < 0.05; Figure 7C). Likewise, the expres-
sion of myd88 and lzm was upregulated in the 0.70 mg/L Cu2+-treated group (p < 0.05;
Figure 7C).

3.7. Alterations in the Expression of Stress- and Detoxification-Related Genes

In the hepatopancreas, the mRNA levels of shock protein 90 (hsp90), cytochrome P450
(cyp) 2b, and cyp4 exhibited a linear rising trend with increasing Cu2+ concentrations, and
upregulation was observed in the 0.70 mg/L Cu2+-treated group (p < 0.05; Figure 8A). The
mRNA levels of hsp70 and metallothioneins (mt) were first upregulated and then downreg-
ulated with increasing Cu2+ concentrations, as evidenced by higher hsp70 expression under
exposure to 0.04 mg/L of Cu2+ and higher mt and cyp2a expression under exposure to 0.04
and 0.18 mg/L of Cu2+ (p < 0.05; Figure 8A).

Figure 8. Expression of stress- and detoxification-related genes in different tissues of E. sinensis
exposed to copper for 5 days. (A) Hepatopancreas; (B) gills; (C) muscle. The values are expressed
as the mean ± SEM (n = 6). Different letters denote significant differences among different groups
(p < 0.05).
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In the gills, the mRNA levels of hsp60 and hsp70 were significantly upregulated under
0.04 mg/L Cu2+ exposure (p < 0.05; Figure 8B) but gradually reduced to the same level
as that in the control group. Similarly, hsp90 expression was upregulated in the group
exposed to 0.18 mg/L of Cu2+ but downregulated in the group exposed to 0.70 mg/L of
Cu2+ (p < 0.05; Figure 8B). Other genes were not markedly affected by Cu2+ exposure.

In the muscle, only hsp90 expression was significantly reduced in the 0.70 mg/L
Cu2+-exposed group compared to that in the control group (p < 0.05; Figure 8C).

4. Discussion

Excess copper has been widely confirmed to be toxic to crustaceans, and the toxic
effect is linked not only to concentration but also to exposure time. The median lethal
concentration (24–96 h LC50) of Cu2+ decreased with the extension of exposure time in
crustaceans [12,13]. Exposure to 0.75 mg/L Cu2+ for 7 days resulted in abnormal gill
tip structure of M. rosenbergii [29]. The stress biomarkers showed an increased tendency
in a time-dependent manner (1–7 days) in Macrobrachium scabriculum exposed to Cu2+

at doses of 0.032–0.352 mg/L [30]. A study of 3–48 h of exposure showed that Cu2+

treatments (5–20 mg/L) began to negatively influence the immune ability of L. vannamei
after 12 h [31]. Similar to previous studies, our data also exhibited that exposure to
Cu2+ (0.04–0.70 mg/L) for 5 days had adverse effects on antioxidative status, apoptosis,
ER stress, and immune response in E. sinensis. It is worth noting that the Cu2+ toxicity
showed tissue-specificity, and hepatopancreas was more sensitive to Cu2+ exposure in
E. sinensis. In invertebrates, metals, including copper, are commonly taken in via gills and
accumulate in the hepatopancreas [32]. Yang et al. reported that the accumulation of copper
in the hepatopancreas was higher than in other tissues in E. sinensis after Cu2+ exposure [33].
Meanwhile, the hepatopancreas is considered a primary organ of excretion and detoxification
for metals in crustaceans [34]. Thus, it may be more susceptible to copper exposure.

4.1. Effects of Copper Exposure on Antioxidative Status

Oxidative stress is a physiological imbalance state in which the production of reactive
oxygen species (ROS) overwhelms the cellular antioxidant defense capacity, eventually
resulting in damage to cellular macromolecules, such as DNA, proteins, and lipids. Copper
is known to participate in the formation of ROS, and its overload may result from repetitive
radical formation via redox cycling [35,36]. Excessive ROS can induce oxidative stress and
impair the antioxidant defense system. Indeed, strong evidence exists that acute or chronic
Cu2+ exposure induces oxidative stress in different aquatic animals. For example, Cu2+

exposure enhances the activities of antioxidative enzymes such as SOD and glutathione
peroxidase (Gpx) in hepatopancreas of L. vannamei [37] and Callinectes sapidus [38], and
gills of O. niloticus [39], reflecting an occurrence of oxidative stress. In contrast, exposure
to high levels of waterborne Cu2+ decreases enzymatic and non-enzymatic antioxidants
and induces oxidative damage in the gills of P. clarkia [40], the hepatopancreas of Minuca
rapax [41], and the brain of Cyprinus carpio [42]. Our study further showed that the antioxi-
dant capacity in different tissues of E. sinensis decreased following exposure to 0.70 mg/L
of Cu2+, indicating that a higher level of Cu2+ exposure induces oxidative damage. In addi-
tion, our data showed a variable intensity of oxidative stress in different tissues after Cu2+

exposure, which was supported by a previous study in Carassius auratus [43], indicating
the tissue specificity of Cu2+ toxicity.

Peroxidative damage to membrane lipids is another common consequence of excess
Cu2+. Lipid peroxy radicals formed during lipid peroxidation may change the fluidity
and permeability of the cell membrane in injured cells [44]. MDA, a lipid peroxidation
product, is a typical indicator used to evaluate lipid peroxidation. It is increased in multiple
fish tissues after Cu2+ exposure [45–47]. Similarly, Cu2+-overloaded Procambarus clarkii
has a significantly increased MDA concentration in the hemolymph, hepatopancreas, and
gills [40,48,49]. Our data also exhibited enhanced MDA content in the hemolymph, gills,
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and muscle of E. sinensis after exposure to 0.70 mg/L of Cu2+, indicating that high levels of
Cu2+ exposure induce lipid peroxidation and augment oxidative damage.

It has been reported that the toxic effect of copper on redox state was related to
cultured conditions, such as salinity, temperature, and pH, in aquatic animals. Moderate
salinity levels increased GST activity to alleviate the lethal toxicity of Cu2+, but high salinity
levels worsen the Cu2+-induced oxidative damage in Danio rerio embryos [50]. In M. rapax,
the higher temperature (35 ◦C) significantly increased Cu2+-induced oxidative stress [41].
Carvalho et al. (2015) suggested that the effect of Cu2+ on the response of antioxidant
defense systems was determined by water pH in Prochilodus lineatus [51]. The evidence
revealed that copper combined with other factors causes more significant toxicity in aquatic
animals than copper alone. Thus, interactive effects between copper exposure and cultured
conditions will be examined in future research.

4.2. Effects of Copper Exposure on Apoptosis

Apoptosis is considered a sensitive parameter for assessing the toxicity of environmen-
tal pollutants [52]. It has been reported that Cu, a common environmental pollutant, can
induce apoptosis in aquatic animals. High concentrations of Cu2+ increase the incidence
of TUNEL-positive cells (apoptosis) in the gills of D. rerio and C. auratus [53,54]. Acute
exposure to Cu2+ increases the apoptotic hemocyte ratio and caspase-3 gene expression
in L. vannamei [55]. In our study, apoptosis-related genes such as caspase-3, caspase-8, Bax,
p53, and cytc were upregulated in the hepatopancreas, gills, and/or muscle of E. sinensis,
indicating that mitochondria-mediated apoptosis was activated by Cu2+ exposure. Cu2+-
induced apoptosis is likely elicited by the induction of ROS [56]. Our data support this
view, given the strong oxidative stress that was found after Cu2+ exposure. Additionally, in
D. rerio, the central nervous system and liver show higher sensitivity to apoptosis induced
by Cu2+ exposure [57]. Similarly, Cu2+-exposed E. sinensis exhibits stronger apoptosis in
the hepatopancreas and gills. In the hepatopancreas, the activation of apoptosis was mainly
observed under exposure to 0.7 mg/L of Cu2+, while in the gills, it was mainly observed
under exposure to 0.04 and 0.18 mg/L of Cu2+. Thus, Cu-triggered apoptosis may occur in
a tissue-specific manner.

MAPK signaling pathways, including ERK, JNK, and p38, play critical roles in apopto-
sis [58]. The ERK-AP-1 and JNK-AP-1 pathways have been reported to regulate oxidative
stress-induced apoptosis [59]. A previous study reported that Cu2+ exposure causes apop-
tosis via the activation of ERK and p38 in the hepatocytes of O. mykiss [60]. Mitochondrial
apoptosis induced by copper nanoparticles has been associated with the activation of the
ERK signaling pathway in female mice [61]. In our study, the mRNA levels of erk and
jun (a AP-1 subunit) were upregulated in the hepatopancreas after Cu2+ exposure and
significantly associated with apoptosis, indicating that the ERK-AP-1 pathway may be
involved in Cu2+-induced apoptosis. In the gills, p38 gene expression was upregulated in
the 0.04 mg/L copper-exposed group, which implies that the p38 pathway may be acti-
vated to regulate apoptosis after exposure to lower dose of Cu2+. In the muscle, however,
the mRNA levels of jnk and jun were downregulated after Cu2+ exposure, although the
underlying mechanisms remain unclear. We hypothesize that the downregulation may be
related to tissue damage caused by Cu2+ exposure.

4.3. Effects of Copper Exposure on ER Stress

The ER is a pivotal organelle that is responsible for protein assembly, folding, and
transportation. Protein misfolding and ER stress trigger a complex signaling process,
known as the unfolded protein response (UPR), to restore ER homeostasis [62]. A triggered
UPR is a protective mechanism to reinstate ER homeostasis, but persistent or severe ER
stress can initiate cell death via mitochondrial pathways [63]. Environmental pollutants,
such as Cu2+, activate ER stress and impair mitochondrial function in aquatic animals [64].
Cu2+ exposure for 30 days leads to upregulated ER stress-related genes, such as grp78, perk,
eif2a, ire-1α, and atf6 in the liver of Synechogobius hasta and Pelteobagrus fulvidraco [65,66].
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We also observed a marked upregulation of eif2a, atf4, atf6, and ire1 in the hepatopancreas
of E. sinensis, indicating that exposure to 0.7 mg/L of Cu2+ induced ER stress. In the gills,
exposure to 0.04 mg/L of Cu2+ upregulated atf6, while 0.7 mg/L of Cu2+ downregulated
atf6 and grp78. We hypothesize that the downregulation of these genes was related to ER
damage under exposure to higher concentrations of Cu2+. Similar data have also been
found in the liver of S. hasta exposed to a higher level (0.055 mg/L) of Cu2+ for 60 days [65].
In addition, increased ROS production under Cu2+ exposure can induce ER stress and
activate the ATF6 and IRE1 signaling pathways, leading to apoptosis [67].

4.4. Effects of Copper Exposure on Autophagy

Autophagy is a crucial cell-clearing process that regulates the degradation of damaged
organelles and unfolded proteins by fusion with lysosomes in cells. LC3 and p62 are widely
used as markers of autophagy. In the later stages of autophagy, TFEB coordinates lysosomal
activation and autophagosome–lysosome fusion [68]. A recent study reported that excess
dietary copper induces oxidative stress and autophagy, as evidenced by the upregulated
expression of beclin1, lc3B, and p62 in P. fulvidraco, which then protected against copper-
induced lipid accumulation [69]. Activated autophagy has also been reported in GC-1
cells [70], pig testes [71], and the hypothalamus of broilers [72] following Cu2+ exposure
due to oxidative stress. In contrast, Cu2+ exposure has been found to downregulate the
mRNA levels of lc3 in D. rerio gills, indicating the impairment of macroautophagy [73].
Furthermore, the AMPK signaling pathway has been shown to regulate Cu2+-induced
autophagy [74,75]. In our study, the mRNA levels of autophagy-related genes, including
ampkβ, beclin, lc3a, tfeb, p62, and atg7, were upregulated in the hepatopancreas, suggesting
that Cu2+ exposure may activate autophagy via the AMPK-Beclin pathway. Unlike those
in the hepatopancreas, the mRNA levels of atg7 and p62 in the gills were upregulated
following exposure to lower doses of Cu2+ (0.04 and/or 0.18 mg/L) but returned to similar
levels as those in the control group after being exposed to a higher dose of Cu2+ (0.7 mg/L).
The expression of lc3c was even downregulated in the 0.7 mg/L Cu2+-exposed gills. The
findings suggest that a low dose of Cu2+ may initiate autophagy, but a high dose can impair
the autophagic process in the gills. The detailed mechanisms require further study. The
activation of autophagy may be linked to oxidative stress and ER stress induced by Cu2+

exposure [76].

4.5. Effects of Copper Exposure on the Immune Response

The immune response is a key mechanism following pollutant toxicity in aquatic
organisms. TLRs, widely existing pattern-recognition receptors, are considered major regu-
lators of the immune response [77]. Numerous studies have suggested that environmental
pollutants, including heavy metals, can activate the TLRs to regulate immune response in
animals. For example, Cr(VI) exposure upregulated tlr2 and myd88 expression in Geloina
erosa gills [78], and microbiota-dependent TLR2 signaling reduced silver nanoparticle tox-
icity to D. rerio larvae [79]. Relish, an NF-κB transcription factor, also plays a key role
in the innate immunity of crustaceans [80]. In crustaceans, the TLR2-MyD88 pathway
regulates the immune response to pathogenic bacterial infections [81,82]. A transcriptomic
analysis revealed that Cu2+ exposure significantly affects the TLR pathway in Mizuhopecten
yessoensis [83]. In L. vannamei, the gene expression of TLRs was significantly increased in
the 0.05 mg/L Cu2+-treated group, but returned to the control level following treatments
with higher doses of Cu2+ [37]. Aksakal and Ciltas [84] also reported that a low expres-
sion of immune-related genes such as tlr4 and tlr22 resulted in immunosuppression in
D. rerio after exposure to copper oxide nanoparticles. In our study, the immune response
to Cu2+ exposure was tissue-specific. In the hepatopancreas, a significant inflammatory
response occurred via the TLR2-MyD88-NF-κB pathway after Cu2+ exposure. Despite the
upregulation of tlr2 and/or myd88 in the gills and muscle, relish and il-16 (an important
pro-inflammatory cytokine in crabs) were not altered, which may indicate no obvious
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inflammatory response in the two tissues, especially the muscle. In addition, the ERK
pathway may also be involved in Cu2+-induced inflammation in the hepatopancreas [85].

In addition to NF-κB, LITAF is a pivotal transcription factor in the inflammatory
response and regulates the transcription of TNF-α and other cytokines [86]. Tang et al. [87]
suggested that LITAF is a mediator from the NF-κB pathway in the lipopolysaccharide-
induced inflammatory response. It has been reported that litaf is upregulated and involved
in the immune response in E. sinensis after Edwardsiella tarda and Vibrio anguillarum infec-
tions [86]. Similarly, our data show that Cu2+ exposure upregulated the expression of litaf
in the hepatopancreas, suggesting that the TLR2-MyD88-LITAF pathway may be triggered
in response to Cu2+ toxicity.

4.6. Effects of Copper Exposure on the Stress Response and Detoxification

HSPs are molecular chaperones that play well-established roles in protein folding and
transport. HSP60, HSP70, and HSP90 are well-studied HSPs that are abundantly induced
under a variety of chemical exposures [88], which is a protective response to stressors [89].
A previous study reported that Cu2+ exposure upregulated the mRNA levels of hsp60,
hsp70, and hsp90 in the liver of C. carpio [90]. A study on freshwater prawns (Macrobrachium
malcolmsonii) further showed that the synthesis of HSP70 appeared from the 1st to 24th hour in
the gills under Cu2+ exposure but was not recorded after the 24-h mark [91]. We also observed
that the mRNA levels of hsp60, hsp70, and hsp90 exhibited an initial upregulation followed
by a decreasing tendency in the gills. We therefore conjectured that Cu2+ exposure at lower
doses triggered an HSP-mediated protective mechanism. In addition, the downregulation
of hsp90 may be interpreted as a result of the strong oxidative stress induced by higher
doses of Cu2+ [92].

MT, a metal-binding protein with a high affinity for metals, is involved in the reg-
ulation of essential metal ion homeostasis and the detoxification of non-essential metal
ions [93]. After 4 days of Cu2+ exposure, the MT level was found to increase in Gasterosteus
aculeatus [94]. An increased MT level has also been reported after Cu2+ exposure in Pacifas-
tacus leniusculus [95] and constitutes a protective response to Cu2+ accumulation. Similarly,
our data show upregulated mt expression in the hepatopancreas after exposure to 0.04
and 0.18 mg/L of Cu2+, indicating that a lower concentration of Cu2+ induces a positive
response, but a higher concentration inhibits the response.

CYP enzymes have been implicated in the detoxification and metabolism of environ-
mental pollutants, including heavy metals, in aquatic animals. The CYP 1–4 families are
considered reliable biomarkers for monitoring environmental toxicants [96]. The induction
of CYP enzymes may be an adaptive response to metal exposure, whereas their decrease
inhibits detoxification [97]. In Cu2+-exposed Diaphanosoma celebensis, CYP-related genes,
including cyp2 and cyp4, were found to be upregulated at an earlier exposure time (6 h) but
downregulated at a later exposure time (24h) [98]. In C. auratus, Cu2+ exposure upregulated
the expression of cyp1a and cyp3a, but combined treatment with Cu2+ and diclofenac de-
creased their expression [99]. In our study, the mRNA levels of cyp2A, cyp2B, and cyp4 were
markedly increased in the hepatopancreas, implying that CYP enzymes may be involved in
the phase I detoxification of Cu2+ toxicity. In addition, our data revealed that detoxification
predominantly occurred in the hepatopancreas but not in the gills or muscle.

Apart from acute toxicity, long-term Cu2+ exposure also causes its accumulation in
different tissues of crustaceans. In E. sinensis, the copper accumulation was positively
related to its level in water, and the hepatopancreas was the primary target organ [33]. The
accumulation presents potential for bio-magnification through the food chain [100], which
may pose a health risk to humans, since humans are the primary consumers of E. sinensis
and other aquatic animals. In order to maintain cellular homeostasis, many organisms
possess a purification ability of toxic elements. Boada et al. [101] reported that Mugil curema
eliminated enriched copper for14 days after Cu2+ exposure. Similarly, the purification
process in juvenile Petenia kraussii exposed to Cu2+ was achieved after 14 days [102].
In P. clarkii, enrichment of copper in hepatopancreas was completely eliminated after
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7 days [103]. However, the depuration time of E. sinensis for excessive copper has not been
reported until now, and will be further evaluated in our future research. Furthermore,
the potential health risks of copper accumulation from aquatic food consumption should
be investigated.

5. Conclusions

In this study, we examined the adverse effects of Cu2+ exposure on different tissues
of E. sinensis. Cu2+ exposure suppressed antioxidative parameters and promoted lipid
peroxidation in different tissues, resulting in oxidative damage. After Cu2+ exposure,
apoptosis-related genes were upregulated, implying that apoptosis was activated, and the
activation may be related to the upregulation of the MAPK pathway and ER stress. In the
hepatopancreas and gills, the regulation of autophagy-related genes indicated that the
autophagic response was involved in Cu2+ toxicity. In addition, Cu2+ exposure increased
immune-related gene expression in different tissues, especially the hepatopancreas, where
the TLR2-MyD88-NF-κB pathway may be initiated to mediate the inflammatory response.
Furthermore, the upregulation of anti-stress and detoxification genes revealed that an
adaptive mechanism was activated in different tissues following Cu2+ exposure. Overall,
the toxicity response of Cu2+ in E. sinensis was associated with oxidative stress, apoptosis,
ER stress, autophagy, and immune response. This study enriches our understanding of the
potential toxicity response of Cu2+ in crustaceans, which may provide more reference data
for the environmental risk assessments of Cu2+.
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Abstract: Both oxidative stress and autophagy refer to regulating fat metabolism, and the former
affects autophagy, but the role and mechanism of the antioxidant–autophagy axis in regulating
lipid metabolism remains unclear. As an antioxidant, tea tree oil (TTO) has little research on the
regulatory mechanism of lipid metabolism in crustaceans. This study investigated whether TTO
could alter hepatopancreatic lipid metabolism by affecting the antioxidant–autophagy axis. Feed Mac-
robrachium rosenbergii with three different levels of TTO diets for 8 weeks: CT (0 mg/kg TTO), 100TTO
(100 mg/kg TTO), and 1000TTO (1000 mg/kg TTO). The results showed that 100TTO treatment re-
duced the hemolymph lipids level and hepatopancreatic lipid deposition compared to CT. In contrast,
1000TTO treatment increased hepatopancreatic lipid deposition, damaging both morphology and
function in the hepatopancreas. The 100TTO treatment promoted lipolysis and reduced liposynthesis
at the transcriptional level compared to the CT group. Meanwhile, it improved the hepatopancreas
antioxidant capacity and maintained mitochondrial structural and ROS homeostasis. In addition, it si-
multaneously activated the expression of transcription factors Keap1-Nrf2 and Imd-Relish. By contrast,
the 1000TTO group significantly enhanced the ROS level, which considerably activated the Keap1-Nrf2
signaling expression but had no significant effects on the expression of Imd-Relish. The 100TTO group
supplementation significantly enhanced lipid droplet breakdown and autophagy-related genes and
protein expression. On the contrary, the 1000TTO group significantly inhibited the expression of
genes and proteins related to autophagy. Pearson analysis revealed that Nrf2 has a positive correlation
to lipid anabolism-related genes (Fasn, Srebp1, Pparγ) and autophagy regulators (mtor, akt, p62), and
were negatively correlated with lipolysis-related genes (Cpt1, Hsl, Ampkα) and autophagy markers
(Ulk1, Lc3). Relish was positively correlated with Atgl, Cpt1, Ampkα, Ulk1, and Lc3, and negatively
correlated with Pparγ and p62. Moreover, Keap1 and Imd were negatively correlated with p62 and
mtor, respectively. In sum, 100 mg/kg TTO enhanced antioxidant activity and increased autophagy
intensity through the Relish-Imd pathway to enhance lipid droplet breakdown, while 1000 mg/kg
TTO overexpressed Nrf2, thus inhibiting autophagy and ultimately causing excessive lipid deposition
and peroxidation. Our study gives a fresh perspective for deciphering the bidirectional regulation
mechanism of lipid metabolism by different doses of TTO based on the antioxidant–autophagy axis.

Keywords: tea tree oil; lipid metabolism; autophagy; Relish; Nrf2; Macrobrachium rosenbergii

1. Introduction

For quite some time, the ongoing evolution of feed standards has gradually enhanced
the nutritional quality of aquatic feed and expanded the economic benefits of aquacul-
ture [1]. However, high-frequency feeding and excessive nutrient intake (high fat and
carbohydrate content in aquafeeds) derived from the pursuit of benefits lead to eutrophic
diseases, such as lipid metabolism disorder [2].
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The hepatopancreas is the crucial tissue for lipid anabolism and deposition to the
crustacean. The hepatopancreas of crustaceans has similar functions to the pancreas, liver,
and intestine in mammals [3], and it is more sensitive and intolerant to high lipid deposition
than the liver of mammals [4]. The excessive deposition of lipids can lead to steatosis-
like lesions of the hepatopancreas [5]. The pathological symptoms of lipid metabolism
disorders in crustaceans are similar to that of mammalian nonalcoholic fatty liver disease,
manifested by abnormal blood lipid parameters and the disordered expression of hepatic
lipid synthesis and catabolism genes (Acca, Fasn, Pparα, Cpt1) [6,7].

Previous studies pointed out that lipid accumulation and metabolism were regulated
by oxidative stress [8,9]. Abnormal lipid metabolism induced by oxidative stress is an
essential reason for the occurrence of lipid metabolic diseases [10,11]. Notably, autophagy
was found to be an important intermediate mechanism of oxidative stress involved in
the regulation of lipid metabolism [12]. Normal cellular processes require appropriate
ROS levels, but excessive ROS can induce oxidative stress and cause severe damage to
cell structure and function [13,14]. Simultaneously, ROS can affect the essential regulatory
pathway of autophagy Ampk/mTOR to induce autophagy [15]. Oxidative stress and ROS
levels are not only regulated tightly by the Keap1 and Nrf2 proteins [16,17] but are also
affected by the NF-κB immunity regulatory pathway [18]. Further, new reports found
that these antioxidant genes combined with the Ampk-mTOR pathway could form a
discontinuous adverse feedback pathway to affect autophagy [19,20].

Tea tree oil (TTO) is a typical essential oil of flora, also known as Melaleuca alternatifolia
essential oil, which is obtained from distilled Melaleuca alternatifolia leaves [21], well known
for its antioxidant and growth-promoting functions [22]. Our earlier study exhibited that
plant essential oils could activate NF-κB and regulate oxidative stress [23]. Essential oils
can regulate blood lipid levels and lipid peroxidation [24]. Additionally, study found that
an excessive increase in ROS is a critical factor in lipid excess in the liver [25]. High levels
of essential oils induce oxidative stress and increase LPO and ROS production [26,27].
Active ingredients of Calocedrus formosana essential oil have also been found to activate lipid
autophagy by significantly increasing Ampk phosphorylation [28]. The impairment of lipid
autophagy is direct to liver metabolic diseases, and the gene level is shown as the reduction
in vital autophagic genes such as atg5 or atg7 [29]. Therefore, the up-regulation of au-
tophagy is considered beneficial, and autophagy impairment is a phenotype of several liver
diseases [30,31]. Few studies have been conducted based on the “antioxidant-autophagy-
lipid metabolism” axis to explore the regulation mechanisms of lipid metabolism by tea
tree oil, let alone explicitly targeting these two oxidative factor regulators (NF-κB and Nrf2).

Macrobrachium rosenbergii is a frequently used crustacean model animal for immunol-
ogy, nutrition, and metabolism research. This study used M. rosenbergii as a model animal
to explore whether different TTO levels regulate lipid metabolism through the “antioxidant-
autophagy-lipid metabolism” axis and its key regulatory targets. It is essential for the
development of therapeutic strategies for oxidative stress-type lipid metabolic diseases.

2. Materials and Methods

2.1. Ethical Statement

All experiments were conducted following the guidelines for scientific breeding and
use of animals formulated by the IACUC under the Chinese Academy of Fishery Sciences.
At the same time, it has followed the guidelines of the Institute of Animal Research of
Nanjing Agricultural University on animal care and use.

2.2. Experimental Materials, Design, and Growth Evaluation

Dietary formulation and M. rosenbergii feeding were presented in Table 1. We formu-
lated experimental diets containing three different levels of TTO at 0 ppm (diet without TTO,
CT), 100 ppm (diet with 100 mg/kg TTO, 100 TTO), and 1000 ppm (diet with 1000 mg/kg
TTO, 1000 TTO) (Table 1). Put 360 freshwater prawns (initial body weight: 0.15 ± 0.01 g)
in 9 vats (R × H, 1.0 m × 1.5 m), randomly assigned to 3 groups with 3 replicates, each
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with 40 prawns. During the domestication period, the prawns were fed with commercial
feed provided by Fuyuda Food Products Co. LTD., Yangzhou, China for one week. The
prawns were fed a day thrice at 8:00 am, 1:00 pm, and 6:00 pm. After 8 weeks of feeding, the
survival rate and the weight of prawns in each group were recorded. Calculation methods
of feed the conversion ratio (FCR), hepatosomatic index (HSI), specific growth rate (SGR),
and weight gain rate (WGR) were listed as follows:

• WGR (%) = (Final weight − Initial weight)/initial weight × 100
• SGR(%/day) = (Ln final weight − Ln initial weight) × 100/days
• FCR = Dry feed intake (g)/weight gain (g)
• HSI (%) = (Hepatopancreas weight/ final weight) × 100

Table 1. The formulation and proximate composition of the experimental diet.

Ingredients (g kg−1) CT 100TTO 1000TTO

Fish meal 1 750.00 750.00 750.00
Chellocken meal 1 150.00 150.00 150.00

Blood globulin
powder 1 60.00 60.00 60.00

Shrimp meal 1 240.00 240.00 240.00
Soybean meal 2 570.00 570.00 570
Repeseed meal 2 300.00 300.00 300
Shrimp meal 1 240.00 240.00 240.00
Squid extract 1 90.00 90.00 90.00
Soybean oil 2 60.00 60.00 60.00

Fish oil 2 60.00 60.00 60.00
α-starch 1 600.00 600.00 600.00

Soy lecithin oil 1 30.00 30.00 30.00
Ecdysone 1 0.30 0.30 0.30

MCP 60.00 60.00 60.00
Premix 3 30.00 30.00 30.00

Choline chloride 4 30.00 30.00 30.00
Bentonite 4 29.70 29.40 26.70

10% Tea Tree Oil 0.00 3.00 30.00
Total 3000.00 3005.40 3054.00

Proximate analysis (%)
Moisture 10.40 9.48 9.68

Crude protein 40.91 39.46 40.29
Crude lipid 9.76 9.06 9.54

Ash 17.43 16.52 16.87

Notes: 1 Obtained from Jiangsu Fuyuda Food Products Co., Ltd., Yangzhou, China; 2 Obtained from Hulunbeier
Sanyuan Milk Co., Ltd., Inner Mongolia, China; 3 Premix supplied the following minerals (g kg−1) and vitamins
(IU or mg kg−1): Pantothenate, 1000 mg; Folic acid, 165 mg; Vitamin A, 900,000 IU; Vitamin D, 200,000 IU; Vitamin
E, 4500 mg; Vitamin K3, 220 mg; Vitamin B1, 320 mg; Vitamin B2, 1090 mg; Vitamin B5, 2000 mg; Vitamin B6,
500 mg; Vitamin B12, 1.6 mg; Vitamin C, 5000 mg; CuSO4·5H2O, 2.0 g; FeSO4·7H2O, 25 g; ZnSO4·7H2O, 22 g;
MnSO4·4H2O, 7 g; Na2SeO3, 0.04 g; KI, 0.026 g; CoCl2·6H2O, 0.1 g. Wuxi Hanove Animal Health Products Co.,
Ltd. provides mineral and Vitamin additives.4 Obtained from Freshwater Fisheries Research Center, Chinese
Academy of Fishery Sciences (CAFS).

2.3. Samples Collection

After 8 weeks of feeding, in order to avoid the influence of diet, the prawns were
fasted for 12 h and then euthanized with MS-222 (Millipore Sigma, St. Louis, MO, USA).
The hepatopancreases of 3 prawns were dissected from each vat for samples. The samples
were put into cryogenic vials, thrown into liquid nitrogen for quick freezing, and finally,
stored in a refrigerator at −80 ◦C for subsequent RNA and protein separation. In order
to analyze the biochemical indexes of hemolymph, 3 prawns were randomly picked from
each vat for sampling, the hemolymph and blood cells were separated at 4 ◦C for 4000 rpm
and 10 min, and the supernatant was put into a 4 ◦C refrigerator with a 1.5 mL centrifuge
tube [32]. In addition, the hepatopancreases of 3 prawns were taken for immunohisto-
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chemical and ultrastructural analysis and put into 4% paraformaldehyde solution and 2.5%
glutaraldehyde solution (Biosharp, Labgic, Technology Co., LTD., Hefei, China) with 5 mL
centrifuge tubes, respectively. The remaining samples were stored in the refrigerator at
−80 ◦C for standby.

2.4. Sample Analysis
2.4.1. Antioxidant, Peroxide, and Lipid Parameters Analysis

Catalase (CAT), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC),
total superoxide dismutase (T-SOD) activities, protein carbonyl (OH), and triglyceride
(TG) content used Nanjing Jiancheng Institute of Bioengineering kits for measuring. The
general measurement method is to suspend the hepatopancreas in 50 mM potassium
phosphate buffer, which contains 0.5 mM EDTA, and the pH value is about 7.0. Use a
handheld homogenizer to homogenize the hepatopancreas for 5 min in a 2.0 mL centrifuge
tube. After homogenization, all samples were centrifuged at 4 ◦C for 15 min at 2000× g.
The supernatant product was extracted for enzyme analysis, and the Spectra Max Plus
spectrophotometer (Molecular Devices, Menlo Park, CA, USA) was used for full-package
enzyme activity analysis. The content of malondialdehyde (MDA) in the hepatopancreas
was determined by the thiobarbituric acid (TBA) test [33]. Nanjing Jiancheng Bioengineer-
ing Research Institute provided the determination kit. The malondialdehyde extraction of
the supernatant for determination is similar to the enzyme method. All specific experimen-
tal methods are according to the manufacturer’s instructions.

According to the manufacturer’s instructions, the content of several lipid metabolism-
related enzymes (Acetyl-CoA carboxylase, ACC; carnitine palmitoyltransferase 1, CPT1;
fatty acid synthase, FAS) and peroxide (4-hydroxynonenal, 4-HNE; Lipid peroxidation,
LPO) was determined by ELISA kits (Shanghai mlbio Biotechnology Co., Ltd., China)
specific for freshwater shrimp. Briefly, the hepatopancreas supernatant was mixed with the
reactants and recorded the absorbance corrected at 430 nm and 650 nm. The Spectra Max
Plus spectrophotometer was used for all of Elisa’s technical readings of optical density.

2.4.2. ROS Levels

Flow cytometry was used based on a previous study that analyzed ROS levels [34]
in the fresh hemolymph cell of M. rosenbergii. Cells were washed three times by PBS
(1000 rpm for 5 min), and the final concentration of the cell suspension was adjusted to
1 × 106/mL. Then, use the serum-free medium to dilute DCFH-DA to a concentration
of 10 m at 1:1000, collect cells, suspend them in diluted DCFH-DA, and incubate them
at 37 ◦C for 20 min. Then, mix them upside down for 3–5 min to let the probe and the
cells fully contact. Next, the cells were washed three times using serum-free cell culture
to remove DCFH-DA that does not fully enter cells. Finally, flow cytometry was used to
detect (Ex = 488 nm; Em = 530 nm) ROS in cells.

2.4.3. Oil Red O Staining, H&E Stainings, and Transmission Electron Microscopy

Remove fixed hepatopancreas samples in 4% paraformaldehyde buffer. The samples
were embedded in the optimum cutting temperature (OCT) medium and stored at −80 ◦C.
For OCT embedding, 7 μ of the fat content of the m sections was detected by ORO (Sigma
Aldrich, St. Louis, MO, USA) staining. Use and equip an Olympus UPlan Apo 200×.
The objective lens of the Olympus BX51 optical microscope (Tokyo, Japan) was used to
take pictures of randomly selected tissue sections. ImageJ software (National Institutes of
Health, Bethesda, MD, USA) adapted from the ORO-staining section algorithm was used to
analyze the lipid content of the ORO-staining section and expressed it as the % of the area
of lipid-positive hepatopancreas tissue and finally determined its gray value. According
to published methods, Hematoxylin-eosin (H&E) and transmission electron microscopy
staining for hepatopancreas were conducted [32,35]. To calculate the relative area of the
liver vesicles in the H&E stainings, 3 fields were analyzed randomly. Additionally, then,
Image J software was used for quantification.
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2.4.4. Haemolymph Biochemical Parameters

The levels of hemolymph alanine aminotransferase (ALT), aspartate aminotransferase
(AST), albumin (ALB), and lactate dehydrogenase (LDH) were measured by an automatic
hemolymph biochemical analyzer (Mindray BS-400, Shenzhen, China). The specific method
is to put 200 μL hemolymph into a special colorimetric tube according to the manufacturer’s
instructions and use the corresponding commercial kit (Mindray Medical International Co.,
Ltd., Shenzhen, China).

2.5. Real-Time Quantitative PCR (qPCR)

According to the fragments obtained from the original hepatopancreas transcriptome
determined initially in our laboratory and the ORF intercepted, primer 5.0 was used to
design the gene primer for qRT PCR analysis (see Supplementary Table S1). Because the
expression of β-actin is stable [23], choosing β-actin mRNA serves as an internal reference.
Shanghai Sangong Biotechnology Co., Ltd. synthesized PCR primers.

The total RNA of the hepatopancreas in the three experimental groups (3 samples for
each repetition) was extracted with RNAiso Plus (TaKaRa, Japan). Then, the concentration
was determined with Nanodrop 2000 (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). The RNA concentration of each sample was diluted to 500 ng/mL. Use Two-Step
SYBR® Prime Script® Plus RT-PCR Kit (TaKaRa, Japan) for 2 μg quantitative analysis of
total RNA; the total system of sample loading was 20 μL. Based on Liu et al. [36], an ABI
7500 Real-time PCR system was used for real-time quantitative PCR (RT-PCR), and the
2−ΔΔCT method was used to calculate the relative gene expression.

2.6. Western Blot Analysis

We performed Western blot analysis with reference to Dai et al. [37]. Simply put, the
protein was extracted from hepatopancreas tissue with a high-fat protein extraction kit
(BB3162, Bestbio Biotechnology Co., LTD., Shanghai, China) and we performed Western
blot by the manufacturer’s guidelines (Bio/Rad, Hercules, CA, USA). The final strip was
used for imaging. Enhanced chemiluminescent substrate reagents (CW0049-S, Cwbio
Biotechnology Co., LTD, Shanghai, China) were used to detect immune complexes, vi-
sualization by a luminous image analyzer (ChemiDoc XRS+, Bio/Rad, USA) according
to the manufacturer’s instructions. In the experiment, the GAPDH antibody (1:10,000,
Proteintech, Chicago, IL, USA, 66009-1-Ig), Relish/NF-kB (1:1000, Abcam, ab183559), Nrf2
(1:2500, Proteintech, 16396-1-AP), Beclin 1 antibody (1:5000, Proteintech, 11306-1-AP), Ulk 1
antibody (1:4000, Cell Signaling Technology, Danvers, MA, USA, #8054S), and Lc3 antibody
(1:2000, Abcam, ab128025) were used. Image J software (NIH, Bethesda, MD, USA) was
used for gray-scale analysis to evaluate protein band intensities.

2.7. Data Analysis

After Levene tested the homogeneity of variance, the data were subjected to a two-way
ANOVA analysis to investigate the evaluation of growth, enzyme activity, hemolymph
index, and relative gene and protein expression. Suppose the difference is significant
(p < 0.05), the Duncan multi-interval test is used to rank the mean. Pearson correlation
analysis was used to analyze the correlation between the two variables that conform to the
normality and used the following marks: one asterisk (*) indicated a significant difference
(p < 0.05), and two asterisks (**) indicated an extremely significant difference (p < 0.01).
All data were demonstrated as means ± S.E.M. (standard error of mean). All the above
analysis methods use SPSS program v16.0 (SPSS Inc., Michigan Avenue, Chicago, IL, USA)
on Windows 10.

3. Results

3.1. Growth Evaluation

Table 2 showed that the survival rate (SR) was lower for prawns fed the 1000 mg/kg
TTO diet (p < 0.05). The 1000TTO group had a higher weight gain rate (WGR) and sig-
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nificantly increased specific growth rate (SGR) and hepatosomatic index (HSI) than the
other two groups (p < 0.05). The WGR and SGR in the 100TTO group were higher than the
control but had no significant difference (p > 0.05). The feed conversion ratio (FCR) and
HSI in the 100TTO group were lower than in the CT and 1000TTO group (p < 0.05).

Table 2. Effects of dietary TTO levels on growth evaluation of M. rosenbergii.

Index
Groups

CT 100TTO 1000TTO

Survival rate (%) 82.50 b ± 3.23 85.00 b ± 5.50 72.50 a ± 4.62
Initial weight (g) 0.14 ± 0.01 0.15 ± 0.01 0.15 ± 0.00
Final weight (g) 2.84 ± 0.10 a 3.05 ± 0.14 ab 3.44 ± 0.44 b

Weight gain rate (%) 1839.82 ± 51.39 a 1942.06 ± 117.08 ab 2130.23 ± 107.98 b

Specific growth rate (%/day) 6.18 ± 0.05 a 6.27 ± 0.12 a 6.42 ± 0.26 b

Feed conversion ratio 1.33 ± 0.04 b 1.15 ± 0.01 a 1.26 ± 0.04 b

Hepatopancreas index (%) 7.23 ± 1.06 b 5.73 ± 0.86 a 10.73 ± 0.42 c

Note: Data are expressed as means with SEM. Means in the same line with different superscripts (a, b and c) are
significantly different (p < 0.05).

3.2. Morphological Characteristics of Hepatopancreas

Figure 1 showed that the dietary TTO levels considerably affected the hepatopancreatic
morphology and lipid deposition. Prawns fed 100 mg/kg TTO diet significantly decreased
the vacuolization degree in hepatopancreas than the CT (p < 0.05), and the 1000TTO group
significantly increased the vacuolization degree (p < 0.05, Figure 1B). Compared with the
CT and 1000TTO groups, the hepatopancreatic nuclei in the 100TTO group were more
visible, and the cell boundary was more pronounced. The hepatopancreatic lipid droplet
area of the 100TTO group was significantly decreased compared to the other two groups
(p < 0.05, Figure 1C). The highest lipid droplet area was found in the 1000TTO group but
without significant difference from the control (p > 0.05). Compared with the CT and
100TTO groups, the hepatopancreatic cells in the 1000TTO group were significantly swollen.

Figure 1. Effect of dietary TTO levels on morphology and lipid deposition in the hepatopancreas of
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M. rosenbergii. (A) The representative micrographs of H&E and Oil Red O-stainings (200× magnifica-
tion). Va, vacuole; He, Hepatopancreas cell. (B) The relative vacuole area of H&E staining and (C) Oil
Red O-staining lipid droplets. The significant difference between the three TTO levels is characterized
by different lowercase letters (a, b, c) (p < 0.05).

3.3. Hepatopancreatic Cell Function

As shown in Figure 2, dietary TTO levels significantly affected hepatopancreatic cell
function. Compared to the control, 1000TTO induced significantly increased activity levels
of hepatopancreatic function-related enzymes (AST, ALT, and LDH) and a significantly
decreased ALB level (p < 0.05). There were no significant differences in the AST, ALT, ALB,
and LDH levels between the 100TTO group and the control group (p > 0.05).

Figure 2. Effect of dietary TTO levels on hepatopancreatic function indicators of M. rosenbergii.
(A) AST activity; (B) ALT activity (C) ALB activity; (D) LDH activity. The significant difference
between the three TTO levels is characterized by different lowercase letters (a, b) (p < 0.05).

3.4. Lipid Contents in Hepatopancreas

Compared to the CT group, TG and LDL-C significantly decreased in the 100TTO
group, while the TG content in the 1000TTO group significantly increased (p < 0.05,
Figure 3A–C). In addition, although the TC content in the 100TTO group was lower
than that in the control group, it had no consequential difference (p > 0.05). The 1000TTO
group significantly increased TC and LDL-C compared to the 100TTO group (p < 0.05). At
the same time, the 1000TTO group had a lower HDL-C level than the other two groups
(p < 0.05, Figure 3D).
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Figure 3. Effect of dietary TTO levels on lipid contents of M. rosenbergii. (A) TG content in hepatopan-
creas. (B–D) TC, LDL-C, HDL-C content in hemolymph. The significant difference between the three
TTO levels is characterized by different lowercase letters (a, b, c) (p < 0.05).

3.5. Lipid Metabolism Enzymes Activities and Gene Expression

Dietary TTO levels significantly affected lipid metabolism enzymes in the hepatopan-
creas (Figure 4A–C). Compared to the CT group, the 100TTO group had significantly lower
FAS and ACC levels and higher CPT1 levels (p < 0.05). The 1000TTO group had higher
FAS and ACC contents than the control. CPT1 content showed no significant differences
between the 1000TTO group and the control (p > 0.05).

Figure 4. Effects of dietary TTO levels on hepatopancreatic lipid metabolism of M. rosenbergii. (A) FAS
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content; (B) ACC content; (C) CPT1 content. (D) mRNA expression of lipid metabolism-related genes.
The significant difference between the three TTO levels is characterized by different lowercase letters
(a, b, c) (p < 0.05).

At the transcriptional level (Figure 4D), the 100TTO group had significantly lower
mRNA abundances of lipogenic genes (6pgd, Acca, Fasn, and G6pd) and Pparγ, and higher
lipolytic (Cpt1, AtgL, Hsl, Ampkα) and Pparα mRNA expression compared to the control
(p < 0.05). At the same time, the 1000TTO group significantly increased the 6pgd, Fasn,
Srebp1, Fabp7, and Pparγ mRNA expression, and decreased lipolytic gene expression (Cpt1
and Ampkα) compared to the control (p < 0.05). Dagt and Fatp1 mRNA abundances showed
no significant differences among the three groups (p > 0.05).

3.6. Antioxidant Enzyme Activity and Peroxidase Levels in Hepatopancreas

The dietary TTO levels significantly changed the activities of antioxidant enzymes
in the hepatopancreas (Figure 5). Compared to the CT group, the levels of CAT, T-SOD,
GSH-PX, and T-AOC in the 100TTO group significantly increased, the content of MDA
significantly decreased (p < 0.05), and the PCO activity had no significant difference between
the two groups (p > 0.05). In the 1000TTO group, considerably increased MDA and PCO
activities were found compared to the control (p < 0.05). Additionally, the levels of T-SOD
in the 1000TTO group were significantly lower than in the control, and the CAT and T-AOC
activities were lower than those in the control but had no significant distinction (p < 0.05).

Figure 5. Effects of dietary TTO levels on the antioxidant level in the hepatopancreas of M. rosenbergii.
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(A) CAT activity; (B) T-SOD activity; (C) GSH-PX activity; (D) T-AOC activity; (E) MDA content;
(F) PCO content. The significant difference between the three TTO levels is characterized by different
lowercase letters (a, b) (p < 0.05).

3.7. Different TTO Levels Affect Oxidative Stress in the Hepatopancreas

Ultrastructural changes in mitochondria were given in Figure 6A. In the CT and
100TTO group, mitochondria showed standard morphology under TEM. The double
membrane and mitochondrial ridge of the nucleus were excellently visible. However, the
mitochondria damage was found in the 1000TTO group, accompanied by the mitochondria
turgidity, vacuolation, and the ridge broken. At the same time, the nuclear membrane of
the 1000TTO group was blurred, and pyknosis deformity occurred.

Figure 6. Effects of dietary TTO levels on hepatopancreatic oxidative stress of M. rosenbergii. (A)
Characteristic TEM image. Arrow points to mitochondria; NM, nuclear membranes; Mi, mitochondria.
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(B) Fluorescence intensity of ROS in hemolymph displayed by flow cytometry. (C) LPO content;
(D) 4-HNE content. (E) mRNA levels of Keap1, Nrf2, Imd and Relish. (F) Nrf2 and Relish protein
bands under Western blot analysis. (G) Relative quantification of Nrf2 and Relish protein expression.
The significant difference between the three TTO levels is characterized by different lowercase letters
(a, b, c) (p < 0.05).

The 1000TTO group significantly increased ROS levels more than the other two groups
(Figure 6B). The ROS level of 100TTO increased slightly compared with the control group.
At the same time, ELISA results showed that the 1000TTO increased the LPO and 4-HNE
contents compared to the control and 100TTO groups (p < 0.05, Figure 6C,D). The LPO
content of the 100TTO group was extremely lower than the control (p < 0.05).

mRNA expressions of significantly lower Keap1 and higher Nrf2, Imd, and Relish
were found in the 100TTO group compared to the CT (p < 0.05, Figure 6E). In addition,
the 1000TTO group substantially decreased Keap1 and increased Nrf2 mRNA expression
compared to the control (p < 0.05). It is worth noting that the 1000TTO group signifi-
cantly decreased Imd and Relish mRNA expression more than the 100TTO group (p < 0.05).
Figure 6F,G showed that the 100TTO group had higher Relish protein expression than the
1000TTO group and higher Nrf2 than the control (p < 0.05). The 1000TTO group had a
higher Nrf2 protein expression diet than the other two groups.

3.8. Autophagy-Related Genes and EM Observation

The prominent display of the electron microscope (EM) pictures of the prawn hep-
atopancreas in each group can see the difference in the degree of autophagy (Figure 7A).
The 100TTO group promoted the formation of autolysosomes and autophagosomes and
hardly found large lipid droplets, while a small amount of autolysosome formation around
some large lipid droplets was found in the control. Numerous large lipid droplets and
thimbleful autophagosomes were found in the 1000TTO group. The quantification of
autophagic vesicles by TEM confirmed that autophagic changes were in response to the
level of TTO. To further analyze the effect of the TTO level on autophagy, we measured the
autophagy-related genes.

As shown in Figure 7B, the 100TTO group significantly regulated the expression of au-
tophagosome upstream regulatory genes (Ampk increased, mtor decreased) and autophagy
markers (Lc3 increased and p62 decreased) compared to the control (p < 0.05). At the same
time, the 100TTO group significantly up-regulated the expression of autophagosome mem-
brane initiation (Ulk1 and Beclin1 increased) and autophagosome membrane expansion-
related genes (atg13, atg3, atg4b, atg5, and atg7 increased). The 1000TTO group significantly
down-regulated Ampk, Beclin1, atg13, atg5, and Lc3 expression and up-regulated akt and
mtor expression compared to the control (p < 0.05). Meanwhile, the 1000TTO group sig-
nificantly down-regulated the autophagy marker gene Lc3 accompanied by significantly
up-regulated autophagic flux gene p62 (p < 0.05). Western blotting analysis showed that
prawns fed the 100 mg/kg TTO diet had higher Beclin1, Ulk1, and Lc3 II protein expression
than those in the control and the 1000TTO group (p < 0.05, Figure 7C,D). Additionally, the
1000TTO group had lower Beclin1 protein expression than the control group (p < 0.05).
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Figure 7. Effects of dietary TTO levels on autophagy formation in the hepatopancreas of M. rosenbergii.
(A) Characteristic TEM image. Arrow points to autophagy. LD, lipid droplet; Au-P, autophagosome;
Au-L, autolysosome. (B) mRNA levels of key autophagy-related genes. (C) Beclin1, Ulk1, and Lc3
protein bands under Western blot analysis. (D) Relative quantification of Beclin1, Ulk1, and Lc3
II protein expression. The significant difference between the three TTO levels is characterized by
different lowercase letters (a, b, c) (p < 0.05).

3.9. Correlation Analysis

Figure 8 showed the Pearson correlation analysis of oxidative stress regulatory gene
mRNA levels with lipid anabolism and autophagy genes. We found that the mRNA levels
of Fasn, Srebp1, and Pparγ were positively correlated with Nrf2. The levels of Cpt1, Hsl,
and Ampkα were negatively correlated with Nrf2. In addition, the mRNA expression of
Atgl, Cpt1, and Ampkα were positively correlated with Relish, and Pparγ was negatively
correlated with Relish.

Comparing oxidative stress and autophagy (Figure 8B), the Nrf2 levels were positively
correlated with mtor, akt, and p62 and negatively correlated with Beclin1 and Lc3. The Relish
levels were positively correlated with Ulk1 and Lc3 and negatively correlated with p62.
Meanwhile, Keap1 and Imd were negatively correlated with p62 and mtor, respectively.
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Figure 8. Correlation between oxidative stress with (A) lipid metabolism and (B) autophagy in
mRNA levels. Note: Red represents positive correlation and green represents negative correlation.
The stronger the correlation, the more intense the color. * p < 0.05, ** p < 0.01.

4. Discussion

In the present study, we found that different TTO levels significantly affected the
growth performance of M. rosenbergii. The prawns fed with a 100 mg/kg TTO diet improved
the growth indicators (WGR, SGR, FCR) while decreasing the HSI compared to the control.
Decreased HSI may be associated with enhanced hepatic lipid energy metabolism and the
energy used for the growth of other tissues [38]. Therefore, combined with our undisclosed
results about muscles, we speculated that the 100 mg/kg TTO diet may promote the other
tissues’ growth (e.g., muscles) instead of the hepatopancreas. An important finding in our
study is that the 1000TTO group significantly improved growth indicators (WGR, SGR)
with a substantial increase in HSI compared to the control. This result indicated that the
1000TTO group may improve growth performance mainly by increasing hepatopancreas
weight. However, the marked increase in HSI may be due to burgeoning lipid accumulation,
often leading to metabolic disease [39]. At the same time, in crustaceans, the HSI surge also
damages the tissue structure of the hepatopancreas [40], which verified that the survival
rate of the 1000TTO group was significantly decreased compared to the other two groups
(CT and 100TTO). The hepatopancreas is a vital metabolic organ of crustaceans, and its
main component is lipids. Furthermore, excessive lipid deposition in the hepatopancreas
not only leads to damage to the hepatopancreatic metabolic function and eventually leads
to the lesions of the hepatopancreas but also impairs the antioxidant capacity [41,42]. Based
on this premise, we speculate that 1000 mg/kg TTO causes a decreased survival rate
and brings about lesions caused by superfluous lipid production in the hepatopancreas.
However, 100 mg/kg TTO could reverse this phenomenon. Based on this speculation, we
further measured the lipid deposition status in the hepatopancreas.
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In the ORO staining results, we found significantly increased lipid droplet content
and steatosis in the hepatopancreas in the 1000TTO group. Furthermore, we found the
vacuolization of hepatopancreatic cells induced by 1000TTO supplementation through
H&E analysis. Moreover, the nuclei of hepatopancreatic cells and the cell boundary were
not obvious in the 1000TTO group. This phenotype was a classical manifestation of
hepatopancreatic injury in previous studies [43]. In contrast, the 100TTO group had
significantly lower lipid droplet content, less vacuolation, and a clearer nucleus. This
proves the conclusion that the 1000TTO group will cause excessive fat accumulation and
hepatopancreas tissue damage, while 100TTO treatment maintains lipid homeostasis and
protects hepatopancreatic cells.

In addition, when there is excess fat deposition in the hepatopancreas and the organism
hardly metabolizes the excess fat, it can lead to elevated blood lipids [44]. The present study
found that the 100TTO group down-regulated blood lipid indicators while the 1000TTO
group increased blood lipid contents. Therefore, we speculated that the dysfunction of
the hepatopancreas in the 1000TTO group resulted in the inability to metabolize excess
lipids. To assess its health status, we measured indicators reflecting hepatopancreatic
function (AST, ALT, ALB, LDH). Compared with the control, 100TTO treatment had no
adverse effect on hepatopancreatic function. However, the 1000TTO treatment may destroy
hepatopancreatic function supported by up-regulated AST, ALT, and LDH levels and
down-regulated ALB content in the hemolymph. The significantly elevated AST, ALT, and
LDH in the hemolymph are markers of impaired hepatopancreatic function. When the
hepatocytes are damaged, AST and ALT will enter the blood from the hepatocytes and
cause their content to increase [45,46]. ALB is mainly synthesized in the hepatopancreas
and is an important immune protein. Hepatopancreatic function damage will bring about a
significant reduction in ALB levels [47]. Combined with AST, ALT, LDH, and ALB results,
it was proved that 1000TTO causes hepatopancreas dysfunction. In summary, 100TTO
treatment did reduce the fat content in the hepatopancreas and did not cause damage to
the hepatopancreas. In contrast, the 1000TTO group increased fat deposition and disrupted
hepatopancreas morphology and function.

In order to elucidate the mechanism of TTO influencing lipid deposition and metabolism,
we further explored changes in lipid metabolism-related enzymes and genes in the hep-
atopancreas. Our ELISA results showed that the essential enzymes of fat synthesis (FAS and
ACC) [48] observably decreased in the 100TTO group and increased in the 1000TTO group.
In addition, CPT1 is a rate-limiting enzyme in fatty acid β-oxidation [49]; the significant
increase in CPT1 in the 100TTO group indicated that the 100TTO treatment stimulated fatty
acid β-oxidation and accelerated lipid breakdown. At the transcriptional level, we found
that 100TTO up-regulated the expression of lipolysis-related genes and down-regulated the
expression of fat synthesis-related genes in the hepatopancreas. The trends in the 1000TTO
group are the opposite of the 100TTO group.

In terms of the transcription factor, our study found that the 1000TTO group increased
the mRNA abundances of Srebp1, Fatp1, and Pparγ, which also confirmed its promotion of
fat synthesis. Existing evidence shows that Fatp1 is a crucial transcription factor for regulat-
ing lipid synthesis, responsible for fatty acid transport [50]. Srebp1 and Pparγ are classical
lipogenic regulators [51]. Pparα is the transcription factor regulating lipid metabolism and
could activate Cpt1 to improve steatosis induced by excess lipid deposition [52]. In this
study, only the 100TTO group enhanced the Pparα levels. Our data suggest that the 100TTO
group decreased lipid synthesis and promoted lipolysis and fatty acid β-oxidation. In
contrast, the 1000TTO group promoted lipid production while inhibiting the breakdown of
deposited lipids.

Autophagy is a physiological process of self-repair of cells and subcellular structures
after being subjected to stress, injury, or free radicals and plays an important role in
maintaining lipid metabolism homeostasis [53]. The inhibition of autophagy has been
observed in some models of dyslipidemia or disorders [54]. At the same time, the principle
of some lipid metabolism-modulating drugs and additives to regulate excessive lipid
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deposition is to regulate autophagy [55,56]. In general, autophagy plays many important
roles in regulating hepatocyte lipid metabolism. Lipid droplets can serve as substrates for
the process of autophagy, so autophagy plays a role in regulating the lipolysis process [57].
Because of the vital role of autophagy in lipid metabolism, we further explored the effect of
TTO on autophagy.

Through ultramicroscopic analysis, we hardly observed the phenotype of autophagy
in the 1000TTO group, and the lipid droplet morphology was intact compared with a small
number of autophagolysosomes existing in lipid droplets in the CT group. In sharp contrast,
the 100TTO group had a large number of autophagosomes in lipid droplets accompanied
by the breakdown of lipid droplets. These results showed that the 100TTO group enhanced
autophagy, possibly decomposing lipids through autophagy, while the 1000TTO group in-
hibited autophagy and caused lipid deposition in the hepatopancreas. Degraded lipids by
enhanced mitophagy and lipophagy were commonly found in other studies [58,59], but there
was seldom research on essential oils affecting lipid metabolism by regulating autophagy.

Autophagy is a process by which a membrane derived from the organelle or lysosome
surrounds the material for degradation to form an autophagosome [30]. At the molecular
level, the mRNA results showed that 100 mg/kg TTO activates autophagy by initiating
autophagic membrane phagocytosis and regulating autophagy-related gene expression.
The 100 mg/kg TTO enhanced autophagosome membrane initiation and the expansion
of mRNA expression, and 1000 mg/kg TTO inhibited the generation and expansion of
autophagosome membrane mRNA expression. Meanwhile, the WB analysis showed
that 100TTO intervention up-regulated the expression of two autophagy marker proteins
(Beclin1 and Lc3) and increased the expression level of autophagy initiation protein Ulk1
and the degrading cell protein atg7 [60]. In addition, we found that 100TTO increased
the gene expression of the upstream activator proteins Ulk1 and Ampk, and the 1000TTO
group increased the expression of the upstream autophagy-inhibiting protein mTOR [61].
Moreover, a higher expression of p62 was found in the 1000TTO group, indicating that
the autophagy was suppressed, as the high intracellular expression of p62 occurs when
autophagy is blocked [62]. The above results indicated that the 100TTO treatment activated
the autophagy upstream essential proteins to enhance the formation of the autophagy
membrane. In contrast, the 1000TTO group down-regulated the expression of autophagy-
related proteins to inhibit autophagy.

Studies have shown that oxidative stress could impair cell metabolic function to
obtain abnormal liver lipid deposition, and the abnormal lipid deposition is accompa-
nied by severe oxidative stress [8,63]. The study found that TTO levels have antioxidant
properties [64]. In addition, consuming moderate levels of TTO may enhance host antioxi-
dant capacity as a cofactor for antioxidant enzymes to increase defense against oxidative
stress [23,65]. Based on these premises, we evaluated the oxidative stress status of each
group. Our study found that the 100 mg/kg TTO diet enhances antioxidant enzyme ac-
tivity and reduces peroxide production in the hepatopancreas compared to the control.
On the contrary, 1000TTO did not improve the activity of antioxidant enzymes while it
induced a significant increase in the levels of MDA and PCO, indicating that oxidative
damage occurs as MDA and PCO are both marker products of oxidative damage [66].
The Keap1-Nrf2 pathway has a central role in the defense against oxidative stress in ver-
tebrates [67,68]. Studies in crustaceans have also found that oxidative stress activates the
Keap1-Nrf2-mediated antioxidant pathway [69]. The activation of this pathway is mainly
caused by ROS-stimulated Nrf2 uncoupling from Keap1 into the nucleus and binding to
AREs to achieve antioxidant purposes. Our study found that the addition of 100TTO
activated the Keap1-Nrf2 pathway expression compared to the control group, and 1000TTO
significantly increased the level of Nrf2 expression compared to the 100TTO group. More-
over, 1000TTO enormously increased ROS production and caused mitochondrial damage
accompanied by increased lipid peroxidation products (LPO and 4-HNE). This is consistent
with previous findings that state that the sharp up-regulation of Nrf2 always accompanies a
vastly improved level of ROS, which may be compensatory stress [70]. Another study has

330



Antioxidants 2022, 11, 2260

shown that oxidative stress disrupted the morphology and function of mitochondria [71].
In addition, the NF-κB signaling pathway was found to have bidirectional regulation effects
on ROS regulation [72]. Relish was an NF-κB homologous protein in invertebrate animals
and was found to have oxidative stress-regulating effects [73,74]. Our results showed that
100TTO significantly increased Relish and its downstream factor Imd, whereas 1000TTO
did not activate Relish-Imd expression. The above results show that 100TTO improves the
antioxidant capacity by activating the Keap1-Nrf2 and Relish-Imd signaling pathways, while
the 1000TTO group only activates Keap1-Nrf2 but without activating the Relish-Imd antioxi-
dant pathway, which may also cause oxidation stress finally. Therefore, we speculated that
excess TTO levels stimulate ROS production and impair the antioxidant system, thereby
inducing oxidative stress that mediates excess TTO-induced mitochondrial dysfunction.
Similarly, other studies have shown that high levels of essential oils cause an increase in
ROS, and excess ROS induce oxidative stress damage [75,76].

The above results suggest that different TTO levels simultaneously affected oxidative
stress status, autophagy levels, and the lipid metabolism process. However, the concrete
underlying molecular link among them is unclear. In view of this, Pearson correlation
analysis was performed to explore the correlation between the expression levels of the
two oxidative stress regulatory pathways Keap1-Nrf2 and Relish-Imd, lipid metabolism
regulatory factors, and autophagy indicators. Through Pearson correlation analysis, two
key node factors are determined; one is Nrf2, and the other is Relish.

Firstly, we found that Nrf2 and Pparγ were significantly positively correlated. Martinez-
Lopez et al. [77] pointed out that Nrf2 translocates to the nucleus and activates many genes
via ARE transport following oxidative stress. Oxidative stress promoted the binding of Nrf2
to the Pparγ promoter and increased Pparγ-mediated adipogenesis [78]. At the same time,
Nrf2 was also positively correlated with Fasn and Srebp1 in this study; this is consistent
with previous conclusions that the activation of Nrf2 under oxidative stress promotes
adipogenesis by activating Srebp1, and the increase in Fasn expression directly causes the
increase in fat synthesis [79,80]. In addition, Nrf2 was negatively correlated with lipolysis
genes Cpt1, Hsl, and Ampkα in this study. Past studies have found that the inhibition of
lipolysis promotes adipocyte lipid accumulation [81]. Therefore, it is demonstrated that
the high expression of Nrf2 leads to increased lipid synthesis. In terms of autophagy, Nrf2
was found to be positively correlated with autophagy-related genes, including autophagy
marker p62 and upstream regulatory genes (Akt and mtor), and negatively correlated with
Beclin1 and Lc3. Nrf2 hyperactivation leads to the accumulation of p62 and the inhibition
of autophagy [82]. Nrf2 positively regulates Akt expression under oxidative stress [83],
and the increase in Akt activates the Akt-mtor pathway expression [84]. The increase in Akt
expression will induce the dephosphorylation of Lc3 [85]. The activation of mtor inhibits
autophagy and reduces marker Beclin1 expression [62].

The above results demonstrate that Nrf2 is an important node between oxidative
stress, autophagy, and lipid metabolism, and affects lipid deposition in the hepatopancreas
simultaneously through antioxidant and lipid droplet autophagy pathways. This also
explains why the 1000TTO group caused liver cell damage and excessive lipid deposition,
accompanied by the high expression of Nrf2 and inhibited autophagy and lipolysis. In
addition, the down-regulation of hepatic lipid deposition in the 100TTO group may be
regulated by other factors.

In terms of the other key node factor, Relish, correlation analysis data found that Relish
was positively correlated with key lipolytic genes Atgl and Cpt1. Although few studies
have shown that Relish enhances lipolysis, one study found that Relish was inhibited when
the body fat increased in shrimp [35]. In addition, Relish was positively correlated with
Ulk1, Beclin1, and Lc3, and negatively correlated with p62. Research has shown that Relish
increases the activation of atg1(Ulk1) and the level of autophagy, and an increase in marker
Lc3 inevitably accompanies the increased expression of Relish [86]. When autophagy is
blocked, the p62 protein accumulates in the cytoplasm, so the negative correlation between
Relish and p62 in this study means the activation of autophagy [87].
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The Ampk-mtor pathway is critical for regulating autophagy [88]. Imd was found
negatively correlated with mtor, and Relish was positively correlated with Ampkα. Studies
have shown that Imd inhibits the expression of mTOR [89], and mtor acts as an upstream
pathway of autophagy; its inhibition will activate autophagy. Moreover, Ampkα acts as
an essential gene for lipolysis [90]. Therefore, the Relish-Imd signal may enhance lipolytic
ability by regulating Ampk-mtor to stimulate autophagy activation. Pparγ as an essential
fat synthesis gene was negatively correlated with Relish in this study. A similar study
also found that increased expression of Relish downregulates lipid synthesis through
the regulation of Pparγ [91]. Therefore, the 100TTO group may activate autophagy by
increasing the expression of Relish to regulate the autophagy initiation factor and down-
regulating Pparγ to promote lipolysis.

5. Conclusions

In conclusion, this study demonstrates that 100 mg/kg TTO enhances antioxidant
activity and induces autophagy through the Relish-Imd pathway to enhance lipid droplet
breakdown and maintain lipid homeostasis. However, 1000 mg/kg TTO treatment will
overexpress Nrf2, thus inducing the transcriptional activation of Pparγ and other genes
to promote fat synthesis and inhibit autophagy, eventually causing lipid peroxidation
and oxidative stress. This putative mechanism that can explain our results is shown in
Figure 9. Our study supplies a new perspective focus on Nrf2, Relish, and the “antioxidant-
autophagy-lipid metabolism” axis to reveal the regulation mechanisms of lipid metabolism
by tea tree oil. Next, we will design the agonists and inhibitors of Nrf2 and Relish and verify
the precise mechanism of TTO to regulate the lipid metabolism of crustaceans based on the
“antioxidant-autophagy-lipid-metabolism” axis at the tissue or cell level in vitro.

Figure 9. The mechanism of 100TTO and 1000TTO regulates lipid metabolism based on antioxidant
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factors Relish and Nrf2-autophagy axis. The blue arrows indicate the regulation effects of 100TTO; the
red arrows indicate the regulation effects of 1000TTO. Arrows up indicate significant up-regulation
or improvement, and arrows down indicate significant down-regulation or inhibition. Thick arrows
indicate extremely significant regulation.
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Abstract: A 56-day feeding trial investigated the effects of dietary histamine on the antioxidant
capacity, gastric and intestinal barrier functions, and growth performance of striped catfish (Pan-
gasianodon hypophthalmus). Seven isonitrogenous (34.0% crude protein) and isolipidic (10.5% crude
lipid) diets were formulated with supplemental 0, 15, 30, 60, 120, 240, and 480 mg/kg of histamine,
named H0, H15, H30, H60, H120, H240, and H480 group, respectively. Results showed that the
weight gain rate, specific growth rate, relative intestinal length in the H240 and H480 groups, and the
condition factors in the H480 group were significantly lower than those in the H0 group. Intestinal
total antioxidant capacity, peroxidase, catalase, superoxide dismutase, glutathione peroxidase, and
glutathione reductase activities in the H480 group were significantly lower than those in the H0 group,
whereas intestinal malondialdehyde content exhibited the opposite trend. Intestinal complement 3,
complement 4, immunoglobulin M, and Recombinant Mucin 2 in the H480 group were significantly
lower than those in the H0 group, in contrast to intestinal lipopolysaccharide content. Intestinal IL-10
gene expression in the H480 group was significantly lower than that in the H0 group, whereas the
TNF-α, IL-1, IL-6, and IL-8 gene expression exhibited opposite results. Scanning and transmission
electron microscopic observation of the gastrointestinal tract revealed severe damage to the gastric
mucosa and intestinal epithelium in the H480 group. The abundance of Treponema in the histamine
groups was significantly higher than that in the H0 group. These results indicated that high dietary
histamine decreases intestinal immunity and antioxidant capacity, inducing digestive tract oxidative
damage and ultimately decreasing the growth of striped catfish.

Keywords: histamine; striped catfish; digestive tract; mucosal barrier; oxidative damage

1. Introduction

The striped catfish (Pangasianodon hypophthalmus) is native to the Mekong and Chao
Phraya River basins and is widely farmed in many Asian countries because of its fast
growth, strong adaptability, and high disease resistance [1]. In Vietnam, exports of striped
catfish already accounted for 23.2% of the national aquatic product exports in 2019 [2].
Due to its delicious meat quality, no intermuscular spines, and low price, striped fish is
popular among consumers [3]. As a result, the culture scale of this species is still expanding.
It is well known that reducing farming costs is one of the main strategies to improve
farming economic efficiency [4]. In modern aquaculture, feed costs usually account for
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more than 50% of total costs, since fish meal is increasingly expensive [5–7]. Currently,
fish meal remains an integral part of commercial feed for striped catfish, remaining at
20–60% [8]. In Vietnam, stale fishmeal has been routinely used in catfish farming because of
its local availability and it facilitates the control of feed costs [9]. However, fishmeal stored
for long periods usually contains high doses of histamine due to the decarboxylation of
histidine [10–12]. Moreover, striped catfish are cultivated commercially in subtropical and
tropical regions where unfavorable storage conditions (humidity and heat) often lead to
feed spoilage and produce large amounts of histamine [13]. Therefore, striped catfish may
face dietary challenges with high doses of histamine.

Histamine is a low molecular weight organic nitrogen compound with the chemical
formula of C5H9N3 [14], which extensively participated in numerous metabolic activi-
ties [15–17]. Excessive intake of histamine may cause human health disorders, poisoning,
headaches, and even anaphylaxis [18–20]. Therefore, some regions and countries legislate
to limit the histamine content in food; for the European Union, Australia, and South Africa,
histamine content should be less than 100 mg/kg [21–23], and for the United States of Amer-
ica, below 50 mg/kg [24]. Recently, the effects of histamine on the growth, metabolism,
and health of aquatic animals have attracted widespread attention [12,25–29], with results
showing that dietary histamine interferes with normal metabolism, causes inflammatory
responses, and reduces antioxidant capacity and growth in aquatic animals. Moreover,
the toxic effects of dietary histamine can directly damage the morphology, physiology,
and health of the digestive tract of aquatic animals [29–32] and disrupt the normal gut
microbiota structure [28]. Thus, striped fish may suffer from the toxic effects of dietary
histamine; however, limited information is available about this.

The digestive tract is the main nutrient intake place of fish, and its physiological
function and health maintenance are closely related to antioxidant and immune status.
Specifically, the antioxidant status usually depends on the activity of antioxidant enzyme
systems, including peroxidase, catalase superoxide dismutase, glutathione peroxidase, and
glutathione reductase; the immune status is determined by both the innate and acquired
immune systems, with the innate immune system being the dominant type in fish [29],
which consists of complement and immunoglobulins. To date, no studies have reported
the effects of dietary histamine on the intestinal antioxidant and immune system of striped
catfish. Therefore, this study evaluated the effects of dietary histamine on the antioxidant
capacity, gastric and intestinal barrier functions, and growth performance of striped catfish.
Our data will contribute to the healthy farming of striped fish.

2. Materials and Methods

2.1. Experimental Diets Preparation

Before making the test diet, we tested the histamine content of 22 commercial feeds
for striped catfish (Table 1), and the results showed that the histamine contents ranged
from 33.70–177.00 mg/kg. Among them, the histamine content exceeded 80 mg/kg in eight
feeds, accounting for 36.36%. Subsequently, the histamine content of the experimental diet
was designed based on these data.

Table 1. Histamine content of commercial feeds.

Manufacturer Product Name Production Date Test Date Crude Protein (%) Crude Lipid (%) Histamine (mg/kg)

CPP 783- 3© 2021/3/25 2021/8/5 26.60 6.98 58.60
CPP 781- 2© 2021/4/16 2022/2/7 32.56 8.02 89.00
CPP 781 2021/7/9 2022/2/7 33.72 7.60 40.00

Evergreen 102-3 2021/11/21 2022/2/7 32.80 8.20 107.00
Evergreen 102-3 2021/6/24 2022/2/7 32.56 7.09 40.90

Foshan Baiyang BC-3 2020/11/30 2021/5/27 29.08 6.37 53.80
GLOBAL SAFIR-3 2021/6/11 2022/2/7 31.29 8.34 44.60
Indonesia
Evergreen 104-3 2021/3/29 2021/8/5 23.04 8.72 50.00
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Table 1. Cont.

Manufacturer Product Name Production Date Test Date Crude Protein (%) Crude Lipid (%) Histamine (mg/kg)

Indonesia
Evergreen 104-2 2021/6/19 2021/8/5 23.89 8.69 60.90

Indonesia
Tongwei 168 2021/2/6 2021/8/5 32.03 7.92 67.80

Jiangmen Coral 3662 2021/1/25 2021/5/10 34.10 8.34 177.00
PT. CJ AT-3 2021/3/28 2021/8/5 15.80 7.12 55.80

PT. SURITANI
PEMUKA SPM 4A 2021/4/5 2021/8/5 25.92 5.98 51.00

STP LA 7K 2021/8/1 2022/2/7 29.69 7.21 33.70
Tongwei 8505 2021/7/18 2022/2/7 34.44 9.54 121.00

Yangjiang
Dahai 3664 2020/9/27 2021/5/10 29.39 5.66 54.20

Yangjiang
Dahai 3663 2021/8/2 2021/8/16 28.92 5.58 54.50

Yangjiang
Dahai 3664 2021/9/3 2021/11/12 29.20 5.33 99.50

Yangjiang
Dahai 3664 2021/9/4 2021/11/12 28.32 5.32 112.00

Yangjiang
Dahai 4411 2021/10/10 2021/11/25 30.46 5.88 104.00

Zhanjiang
Yuehua 3663 2021/5/9 2021/5/27 32.44 5.30 56.40

Zhanjiang
Yuehua 3663 2021/5/29 2021/7/23 34.38 6.28 81.50

Seven isonitrogenous (34.0% crude protein) and isolipidic (10.5% crude lipid) di-
ets were formulated with supplemental 0, 15, 30, 60, 120, 240, and 480 mg/kg of his-
tamine, named H0, H15, H30, H60, H120, H240, and H480 groups, respectively. To re-
duce the histamine content in the basal diet, we used fresh white fish meal (PILENGA
2, histamine ≤ 40 mg/kg, purchased from fishing vessel IMO: 9120310). All ingredients
were ground into meals and sifted out with a 60 μm sieve, and then accurately weighed
and mixed with a V-mixer (M-256, South China University of Technology, Guangzhou,
China). Subsequently, the soybean oil and pure water were supplemented to prepare a
dough and then extruded with an extruder (School of Chemical Engineering, South China
University of Technology, Guangzhou, China) to produce 2.0 mm diameter pellets. The
moist pellets were dried in an air-conditioned room at 25 ◦C (dehumidification mode) and
then collected in self-sealing bags and stored at −20 ◦C until use. Diet formulation and
proximate composition are shown in Table 2.

Table 2. Ingredients and nutritional compositions of the experimental diets.

Ingredients H0 H15 H30 H60 H120 H240 H480

White fish meal 150.00 150.00 150.00 150.00 150.00 150.00 150.00
Rapeseed meal 200.00 200.00 200.00 200.00 200.00 200.00 200.00
Soybean meal 200.00 200.00 200.00 200.00 200.00 200.00 200.00
Wheat flour 150.00 150.00 150.00 150.00 150.00 150.00 150.00

Rice bran meal 252.99 252.99 252.99 252.99 252.99 252.99 252.99
Soybean oil 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Ca(H2PO4)2 12.00 12.00 12.00 12.00 12.00 12.00 12.00

Choline chloride (50%) 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Vitamin C 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Compound premix a 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Histamine

dihydrochloride 0.00 0.025 0.050 0.101 0.203 0.406 0.811

Cellulose
microcrystalline 0.81 0.785 0.760 0.709 0.607 0.404 0.00

Proximate composition b (dry matter, g/kg)
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Table 2. Cont.

Ingredients H0 H15 H30 H60 H120 H240 H480

Moisture 104.76 109.79 105.13 104.49 105.47 97.18 105.76
Crude protein 338.00 342.94 342.44 338.50 347.50 353.81 348.88

Crude lipid 106.52 104.61 103.88 109.84 107.33 105.23 104.36
Ash 104.48 107.76 101.83 103.91 98.99 96.99 101.63

Gross energy (MJ/kg) c 18.33 18.18 18.34 18.42 18.50 18.67 18.39
Histamine (mg/kg) 8.47 23.60 38.59 68.49 128.71 248.87 488.75

a Compound premix (g/kg mixture): vitamin A, 0.20 g; vitamin D3, 0.003 g; vitamin E, 4.40 g; vitamin K3, 0.66 g;
vitamin B1, 0.33 g; vitamin B2, 0.88 g; vitamin B6, 0.73 g; vitamin B12, 0.001 g; nicotinic acid, 2.89 g; calcium
pantothenate, 1.64 g; folic acid, 0.07 g; biotin, 0.003 g; vitamin C, 10.01 g; FeSO4·7H2O, 52.87 g; H3ClCu2O3,
0.65 g; ZnSO4·7H2O, 43.15 g; MnSO4·7H2O, 31.56 g; MgSO4·H2O, 44.65 g; Ca(IO3)2, 0.42 g; Na2SeO3, 0.11 g;
CoCl2·6H2O, 0.14 g. b Measured values; GE, gross energy; CP, crude protein; CL, crude lipid; DM, dry matter;
ASH, ash. c Gross energy.

2.2. Animal and Feeding Trial

A total of 630 striped catfish juveniles (body weight = 31.38 ± 0.09 g) were randomly
assigned to 21 cages with 30 fish per cage (0.7 m × 0.7 m × 1 m). The feeding trial lasted
8 weeks, and the fish were fed twice daily at 7:00 and 17:30 h to apparent satiation during
this period. The amount of feed fed to each net box was recorded daily and checked
for fish mortality. This trial was conducted in the Freshwater Base of Guangdong Ocean
University with the following water parameters: temperature keep at 29–32 ◦C, dissolved
oxygen > 4.0 mg/L, ammonia nitrogen < 0.04 mg/L.

2.3. Sample Collection

At the end of the feeding trial, the fish were starved for 1 day, then weighed and
counted. Subsequently, the fish were anesthetized with eugenol solution (1:10,000 dilution,
Macklin, Shanghai, China) before starting the sampling. Four fish per cage were individu-
ally measured in terms of body weight and length, visceral weight, liver weight, intestinal
length, and intestinal weight to calculate condition factors (CF), viscerosomatic index (VSI),
hepatosomatic index (HSI), relative intestinal length (RIL) and relative intestinal weight
(RIW). Four fish from each cage were selected for dissection, and the hindgut tissues were
harvested and placed in an Eppendorf (EP) tube, then stored at −80 ◦C for enzyme activities
analysis. Another four fish per cage were selected for dissection, and the hindgut was
collected in an RNAlater-added EP tube for intestinal gene quantitative analysis, and the
digesta in the hindgut was collected for intestinal flora analysis.

2.4. Gastrointestinal Tract Histomorphological Observation

One fish per cage from the H0, H60, and H480 groups was selected for dissection, and
the stomach and hindgut were harvested and placed in an EP tube containing glutaralde-
hyde fixative (Wuhan Servicebio Technology Co., Ltd., Wuhan, China). Subsequently, the
stomach tissue blocks were washed with 0.1 mol/L phosphoric acid buffer (PSB) solution
3 times, 15 min each, and then the tissue was transferred to PBS containing 1% OsO4 and
left for 1–2 h at room temperature. Afterward, the tissue blocks were washed three times
with PBS for 15 min each, followed by dehydration with an alcohol gradient. The tis-
sues were placed in an isoamyl acetate solution and then dried with a critical point dryer
(K850, Quorum, Nottingham, United Kingdom). Finally, the specimens were attached to
metal stakes for 30 s using a carbon sticker and sputtering apparatus (MC1000, Hitachi,
Tokyo, Japan) and then observed using a scanning electron microscope (SEM, SU8100,
Hitachi, Japan).

Hindgut tissue was fixed and dehydrated according to the procedure of gastric tissue,
and the treated hindgut tissue was placed in resin for permeabilization and embedding,
followed by cutting into ultrathin sections (Leica UC7, Leica, Wetzlar, Germany). Subse-
quently, ultrathin sections were stained with 2% uranyl acetate and 2.6% lead citrate and
observed using a transmission electron microscope (TEM, HT7800, HITACHI, Japan).
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2.5. Intestinal Biochemical Parameters Analysis

Wet intestine samples were first accurately weighted, and then a ninefold volume
(v/m) of phosphate buffer (pH 7.4) was added to prepare crude enzyme extract solution
with the following method: homogenized evenly using a homogenizer (IKA Works Asia,
Bhd, Kuala Lumpur, Malaysia) and then centrifuged at 875 g for 10 min at 4 ◦C; the su-
pernatant was then removed for subsequent analysis. The total protein concentration of
each intestine sample was measured by the bicinchoninic acid method (BCA) using the
commercially available kit (No. A045-3-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Intestinal total antioxidant capacity (T-AOC, ABTS method, No. A015-
2-1), peroxidase (POD, colorimetric method, No. A084-1-1), catalase (CAT, ultraviolet
method, No. A007-2-1), superoxide dismutase (SOD, WST-1 method, No. A001-3-2), glu-
tathione peroxidase (GPX, colorimetric method, No. A005-1-2), glutathione reductase (GR,
ultraviolet method, No. A062-1-1), and lysozyme (LZM, turbidimetric method, A050-1-1)
activities and intestinal malondialdehyde (MDA, TBA method, No. A003-1-2) content were
determined by using commercial kits purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Intestinal recombinant lipopolysaccharide (LPS, No. ml505648),
complement 3 (C3, ml003460), complement 4 (C4, ml003461), and immunoglobulin M (IgM,
No. ml326413) contents were determined by the ELISA method using commercial kits
purchased from Shanghai Enzyme Link Biotechnology Co., Ltd. (Shanghai, China). The
determination procedures of each parameter were performed in strict accordance with the
corresponding instructions, and unit conversion was performed by dividing by the protein
concentration of the corresponding sample.

2.6. Real-Time Quantitative PCR

Total intestinal RNA was extracted using the TRIzol™ Reagent kit (TransGenBiotech,
Beijing, China), followed by concentration and integrity detection using a spectrophotome-
ter (NanoDrop® ND-2000, Thermo, Waltham, MA, USA) and a 1.2% denatured agarose,
respectively. Subsequently, the qualified samples (1 μg RNA) were used as reverse tran-
scription templates to synthesize cDNA using commercial kits (Accurate Biology, Changsha,
China). Real-Time Quantitative PCR analysis was performed under a 10 μL SYBR® Green
Premix Pro Taq HS qPCR Kit II reaction system (Accurate Biology, China) using a quan-
titative PCR instrument (Roche LightCycler® 480) following the method described in a
previous study [33]. Briefly, the 10 μL reaction system contains a 10 ng cDNA template,
0.4 μM forward primers, 0.4 μM reverse primers, 5 μL 2 × SYBR® Green Pro Taq HS Premix
II, and the rest is RNase-free water. The PCR instrument was set up with a program of
denaturation at 95 ◦C for 30 s, followed by 40 amplification cycles with denaturation at
95 ◦C for 5 s and annealing at 60 ◦C for 30 s. The primers used in this trial are shown in
Table 3. The expression level or target genes were calculated by the 2−ΔΔCT method [34]
and normalized with the expression level of β-actin in the H0 group.

Table 3. Primers pair sequences used for real-time PCR.

Target Gene Primer Sequence Product Size Accession No.

TNF-α F-TGTCTCGCTGGTCTGACTCCTATG
R-CAGTGGGTTTGTTGCTCTTCAAGTG 97 XM_026942329.2

IL-10 F-TCTACTTGGAGACCGTGTTGCCTAG
R-GATGGTGTCGATGGGAGTTCTGAAG 80 XM_026935649.2

IL-6 F-GACTGCGGGTCTGAGAGTTTACTTC
R-GCAACACTGGGTCTGATCTGTCTG 142 XM_026922014.2

IL-8 F-GCTTAGGGAGGTGAGGGCTGAG
R-TAGGTGTGGAGGTGGATGTGGTAAG 112 XM_027138229.2

IL-1β F-TTCTTCAGAAACGGCACTGGTGAC
R-GGAGGTGACTGGATTGCTGCTTAC 130 NM_001200219

β-actin F-GGCTACTCCTTCACCACCACA
R-ATTGAGTCGGCGTGAAGTGGTAAC 100 XM_026929614.2

TNF-α, tumor necrosis factor a; IL-10, interleukin-10; IL-6, interleukin-6; IL-8, interleukin-8; IL-1β, interleukin
1-beta.
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2.7. Intestinal Microbiome Analysis

Intestinal microbiota total DNA was extracted by using the HiPure Soil DNA Extrac-
tion Kit (Magen, Guangzhou, China) according to the instructions, followed by a quality
test with a UV spectrophotometer (Thermo, Waltham, MA, USA). Subsequently, the V3-
V4 region of the 16SrRNA gene was amplified using a universal primer pair (341F/806R,
CCTACGGGNGGCWGCAG/GGACTACHVGGGTATCTAAT) and a commercially avail-
able kit (New England Biolabs, MA, USA). The amplification conditions were set as follows:
pre-denaturation at 95 ◦C for 5 min, followed by denaturation at 95 ◦C for 1 min, annealing
at 60 ◦C for 1 min, extension at 72 ◦C for 1 min, and incubation at 72 ◦C for 7 min after
performing 30 cycles. PCR amplification was performed using a 50 μL reaction system
containing 10 μL of 5 × Q5@ Reaction Buffer, 10 μL 5 × Q5@ High GC Enhancer, 1.5 μL of
2.5 mM dNTPs, 1.5 μL of forward and reverse primers (10 μM), 0.2 μL of Q5@ High-Fidelity
DNA Polymerase, and 50 ng of template DNA. Afterward, the amplification products are
purified and quantified, and then a library is constructed before initiating the sequencing
work (Illumina platform, Illumina, San Diego, CA, USA). Intestinal microbiome analysis
was entrusted to Guangzhou Genedenovo Biotechnology Co., Ltd. (Guangzhou, China).

2.8. Statistical Analysis

The obtained data were subjected to one-way analysis of variance (ANOVA) by SPSS
software (version 22, IBM, Chicago, IL, USA), followed by Duncan’s multiple comparison
test when p-value < 0.05. All data were expressed as mean ± standard error of measure-
ment (SEM).

3. Results

3.1. Growth Performance and Morphologic Indexes

As shown in Table 4, the SR, VSI, and RIW were not significantly affected by experi-
mental diets (p > 0.05). The FMW, WGR, SGR, and RIL in the H240 and H480 groups and
the CF in the H480 group were significantly lower than those in the H0 group, whereas
the FCR in the H240 and H480 groups exhibited an opposite result (p < 0.05). The HIS in
the H0 group was significantly lower than that in the H60, H120, H240, and H480 groups
(p < 0.05).

WGR(%) = 100 × (WF − WI)/WI

SGR(%/day) = 100 × (LnWF − LnWI)/56

FCR(%) = 100 × WFI/(WF − WI)

SR(%) = 100 × NF/NI

VSI(%) = 100 × WV/W

HSI(%) = 100 × WL/W

CF
(

g/cm3
)
= W/L3

RIL(%) = 100 × LI/L

RIW(%) = 100 × WI/W

where WI, WF, WFI, NI, and NF are the initial body weight (g), final body weight (g), feed
intake weight (g), initial fish numbers, and final fish numbers, respectively; W, WV, WL,
WI, L, and LI are the body weight (g), visceral weight (g), liver weight (g), intestinal weight
(g), body length (cm), and intestinal length (cm) of the same sampled fish.
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Table 4. Effect of dietary histamine on growth performance and morphologic indexes of striped cat-
fish.

Items H0 H15 H30 H60 H120 H240 H480

IBW (g) 31.45 ± 0.01 31.40 ± 0.08 31.35 ± 0.03 31.32 ± 0.02 31.33 ± 0.04 31.36 ± 0.14 31.43 ± 0.12
FBW (g) 106.56 ± 1.80 b 107.68 ± 2.86 b 105.25 ± 1.60 b 105.00 ± 5.67 b 102.87 ± 2.21 ab 96.8 ± 5.69 a 96.31 ± 2.90 a

WGR (%) 2.39 ± 0.06 c 2.43 ± 0.08 c 2.36 ± 0.05 c 2.31 ± 0.12 bc 2.28 ± 0.08 abc 2.09 ± 0.19 ab 2.07 ± 0.08 a

FCR (%) 1.27 ± 0.05 a 1.26 ± 0.04 a 1.30 ± 0.03 a 1.33 ± 0.02 ab 1.34 ± 0.04 ab 1.48 ± 0.12 bc 1.43 ± 0.06 c

SGR (%/day) 2.18 ± 0.05 b 2.20 ± 0.04 b 2.16 ± 0.03 b 2.14 ± 0.02 b 2.12 ± 0.04 b 1.99 ± 0.11 a 2.00 ± 0.04 a

SR (%) 100 100 100 100 100 100 100
HSI (%) 1.63 ± 0.08 a 1.73 ± 0.20 ab 1.83 ± 0.16 ab 1.90 ± 0.19 b 1.91 ± 0.18 b 1.89 ± 0.18 b 1.96 ± 0.23 b

VSI (%) 11.19 ± 1.44 11.35 ± 1.94 11.03 ± 1.04 10.97 ± 1.67 11.41 ± 1.78 10.56 ± 1.79 10.74 ± 1.72
CF (g/cm3) 1.54 ± 0.05 b 1.52 ± 0.04 b 1.52 ± 0.06 b 1.51 ± 0.06 ab 1.50 ± 0.08 ab 1.46 ± 0.10 ab 1.43 ± 0.05 a

RIL (%) 213.43 ± 28.21 b 197.41 ± 9.7 ab 195.42 ± 12.97 ab 189.1 ± 19.91 ab 183.31 ± 40.77 ab 172.54 ± 29.43 a 165.81 ± 29.95 a

RIW (%) 1.71 ± 0.34 1.75 ± 0.25 1.91 ± 0.31 1.88 ± 0.31 1.74 ± 0.32 1.66 ± 0.28 1.64 ± 0.28

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.2. Intestinal Antioxidant Capacity

As shown in Table 5, intestinal POD and SOD activities in the H480 groups, intestinal
GR activity in the H240 and H480 groups, and intestinal T-AOC and GPX activities in the
H120, H240, and H480 groups were significantly lower than those in the H0 group, whereas
the intestinal MDA content in the H480 group exhibited an opposite result (p < 0.05). The
intestinal CAT activity in the H30, H60, H120, H240, and H480 groups was significantly
lower than that in the H0 group (p < 0.05).

Table 5. Effect of dietary histamine on the intestinal antioxidant ability of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

T-AOC (U/mg prot) 0.80 ± 0.10 b 0.76 ± 0.02 b 0.77 ± 0.03 b 0.78 ± 0.04 b 0.60 ± 0.06 a 0.58 ± 0.03 a 0.53 ± 0.04 a

POD (U/g prot) 54.22 ± 13.01 b 50.69 ± 10.81 b 45.06 ± 9.33 ab 44.94 ± 7.64 ab 41.12 ± 9.17 ab 39.78 ± 5.97 ab 32.84 ± 9.80 a

CAT (U/g prot) 12.28 ± 1.19 b 10.44 ± 0.36 ab 9.62 ± 0.40 a 9.77 ± 0.06 a 9.56 ± 0.46 a 8.32 ± 1.24 a 8.05 ± 1.20 a

SOD (U/g prot) 33.17 ± 1.75 b 28.74 ± 2.13 ab 31.29 ± 2.27 ab 26.52 ± 5.91 ab 26.12 ± 2.28 ab 23.45 ± 4.24 ab 18.84 ± 1.84 a

GPX (U/g prot) 29.17 ± 2.44 c 27.67 ± 5.00 bc 25.73 ± 2.07 bc 24.94 ± 2.47 bc 22.20 ± 1.97 ab 18.31 ± 3.54 a 17.62 ± 6.23 a

GR (U/g prot) 24.79 ± 2.72 b 23.16 ± 5.13 b 22.40 ± 2.59 b 22.32 ± 2.51 b 19.81 ± 3.04 b 13.94 ± 2.23 a 14.07 ± 2.13 a

MDA (nmol/mg prot) 1.13 ± 0.65 a 1.44 ± 0.35 a 1.58 ± 0.32 a 1.71 ± 0.64 a 2.47 ± 0.39 ab 2.57 ± 0.87 ab 3.57 ± 1.40 b

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.3. Intestinal Immune Status

As shown in Table 6, the intestinal LZM activity was not significantly affected by
experimental diets (p > 0.05). The intestinal C3 content in the H240 and H480 groups and
the IgM content in the H60, H120, H240, and H480 groups were significantly lower than
those in the H0 group (p < 0.05). The intestinal C4 content in the H30, H60, H120, H240, and
H480 groups was significantly lower than that in the H0 group, whereas the LPS content
exhibited an opposite result (p < 0.05).

Table 6. Effect of dietary histamine on intestinal immunity of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

LZM (U/g prot) 1.55 ± 0.25 1.44 ± 0.10 1.57 ± 0.12 1.86 ± 0.05 1.91 ± 0.48 2.10 ± 0.25 2.04 ± 0.31
C3 (mg/g prot) 20.37 ± 2.21 b 16.28 ± 4.40 ab 15.14 ± 5.21 ab 14.28 ± 3.93 ab 15.53 ± 2.33 ab 12.66 ± 1.89 a 11.48 ± 1.01 a

C4 (mg/g prot) 77.78 ± 4.90 c 66.44 ± 2.76 bc 54.89 ± 7.44 ab 51.08 ± 1.69 ab 45.95 ± 12.71 a 43.78 ± 4.66 a 39.81 ± 2.79 a

IgM (mg/g prot) 15.21 ± 1.80 b 13.93 ± 1.56 ab 13.99 ± 3.35 ab 10.82 ± 1.85 a 10.13 ± 0.67 a 10.47 ± 1.24 a 9.57 ± 0.04 a

LPS (ng/mg prot) 0.69 ± 0.14 a 0.84 ± 0.13 ab 0.95 ± 0.01 bc 1.18 ± 0.02 c 1.12 ± 0.17 c 1.15 ± 0.05 c 1.11 ± 0.09 c

Data in the same row with different superscript letters indicate significant differences between groups (n = 3;
p < 0.05).

3.4. Intestinal Inflammatory Response

The intestinal IL-6 and IL-8 expressions in the H240 and H480 groups and the intestinal
TNF-α and IL-1 expressions in the H120, H240, and H480 groups were significantly higher
than those in the H0 group, whereas the IL-10 expression in the H60, H120, H240, and
H480 groups was significantly lower than that in the H0 group (p < 0.05; Figure 1).
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Figure 1. Intestinal inflammation-related gene expression of striped catfish fed with experimental
diets. Values in each column with different superscripts represent significant differences (p < 0.05).

3.5. Gastric SEM and Intestinal TEM Observations

The gastric SEM and intestinal TEM observations are presented in Figure 2A,B, re-
spectively. As shown in Figure 2A, the degree of gastric mucosal damage increased with
increasing dietary histamine levels. Furthermore, as shown in Figure 2B, dietary histamine
damaged intestinal epithelial cells, and organelle lysis was observed in the H480 group.

 

Figure 2. Gastric SEM and intestinal TEM observations of striped catfish fed with experimental diets.
(A), gastric SEM observations; (B), intestinal TEM observations. M, mitochondria; TJ, tight junction;
MV, microvillus; L, lysosome. Mitochondrial dissolution, lysosome volume increase, and microvilli
damage were clearly observed in the H480 group.

3.6. Microbiota Structure

As shown in Table 7, the Goods coverage of all the groups was above 99%, indicating
that the sequencing depth in this study was adequate. The Shannon, Simpson, Chao1,
and ACE indices were not significantly affected by the experimental diets (p > 0.05). The
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structural composition analysis of microbiota exhibited that Bacteroidetes, Firmicutes,
Fusobacteria, and Spirochaetes were the dominant phyla of all groups (Figure 3A). The top
10 genera of all groups are shown in Figure 3B, and the Bacteroides, Clostridium sensu stricto,
and Cetobacterium were the three dominant genera in all groups. As shown in Figure 3C, the
abundance of Bacteroides in the H60 group, the abundance of Treponema2 in the H240 group,
and the abundance of Parabacteroides in the H120 group were significantly higher than
those in the H0 group, whereas the abundance of Catobacterium in the H480 group and the
abundance of Terrisporobacter in the H240 group were significantly lower than those in the
H0 group (p < 0.05).

Table 7. Effect of dietary histamine on microbiota α-diversity of striped catfish.

Items H0 H15 H30 H60 H120 H240 H480

Goods
coverage 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Shannon 4.69 ± 0.21 4.35 ± 0.19 4.65 ± 0.11 4.29 ± 0.25 4.38 ± 0.15 4.64 ± 0.58 5.28 ± 0.09
Simpson 0.92 ± 0.01 0.88 ± 0.01 0.91 ± 0.03 0.89 ± 0.03 0.89 ± 0.00 0.89 ± 0.06 0.94 ± 0.02

Chao1 462.84 ± 112.71 503.1 ± 51.95 532.33 ± 42.14 511.99 ± 111.15 492.98 ± 19.82 531.99 ± 33.7 472.69 ± 17.32
Ace 467.86 ± 121.96 507.63 ± 54.8 537.84 ± 46.52 507.99 ± 115.19 499.28 ± 22.27 533.86 ± 30.56 465.54 ± 16.79

Figure 3. Intestinal flora composition of striped catfish fed with different experimental diets. (A),
phylum level; (B), general level; (C), genera with significant differences. Values in each column with
different superscripts represent significant differences (p < 0.05).

4. Discussion

This study first investigated the effects of dietary histamine on the antioxidant capacity,
gastric and intestinal barrier functions, and growth performance of striped catfish. As
a toxic dietary component, histamine has attracted much attention from aquatic animal
nutritionists in recent years. Previous studies have shown that dietary histamine signifi-
cantly decreased the growth performance of the juvenile group (Epinephelus coioides) [35],
mysis (Neomysis japonica Nakazawa) [36,37], American eels (Anguilla rostrata) [38,39], yellow
catfish (Pelteobagrus fulvidraco) [29], and rainbow trout (Oncorhynchus mykiss) [40]. In this
study, our data exhibited that dietary histamine below 60 mg/kg has limited effects on
the growth of striped catfish, whereas dietary histamine above 120 mg/kg significantly
decreased the growth, suggesting that the growth-inhibiting effect of dietary histamine was
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dose-dependent. Of note, the striped catfish in the H15 group showed better growth than
in the H0 group. Similarly, He et al. (2018) [40] found that diets containing 18.0 mg/kg
of histamine had a growth-promoting effect on yellow catfish. This evidence suggests
that low-dose histamine may benefit the growth of fish. Conversely, diets containing
4000 mg/kg of histamine showed no detrimental effects on the performance of Chinese
mitten crab (Eriocheir sinensis) [32], and high-dose dietary histamine (2400 mg/kg) even
showed a growth-promoting effect on blue shrimp (Litopenaeus stylirostris) [41]. The differ-
ence in these results may be related to differences in the digestive physiology of different
aquatic animals.

A healthy digestive tract is important for maintaining proper immunity and growth in
fish, and the health of the digestive tract is regulated by dietary ingredients [42,43]. Oxida-
tive damage is an unavoidable part of the physiological activity of aerobic organisms, due
to the continuous production of oxygen radicals during their physiological metabolism [44].
The scavenging of oxygen radicals is accomplished by the antioxidant system, including
antioxidant enzymes and antioxidant active substances [45]. Therefore, the antioxidant
capacity is commonly used to evaluate the health status of fish. In this study, fish in the
H480 group exhibited the lowest intestinal T-AOC, POD, CAT, SOD, GPX, and GR activities
and the highest MDA content, suggesting that high dietary histamine is detrimental to the
intestinal antioxidant capacity of striped catfish. Similarly, high-dose dietary histamine
significantly decreased the antioxidant capability of grouper [35], American eel [38], and
Pacific white shrimp (Litopenaeus vannamei) [12]. Liu et al. [35] concluded that the long-term
intake of histamine disrupts the ability of fish to respond to reactive oxygen intermedi-
ates, thereby disrupting the antioxidant system and causing oxidative damage. However,
considering that the intestinal antioxidant capacity of striped catfish fed low-dose dietary
histamine (below 60 mg/kg) was not significantly reduced, we hypothesized that dietary
histamine disrupts the intestinal antioxidant system in a dose-dependent manner.

Intestinal innate immunity plays an essential role in maintaining intestinal health,
which constitutes the first line of defense against colonization by disease-causing microor-
ganisms [46]. Intestinal immune activity is accomplished by the synergistic action of multi-
ple immune enzymes and immunologically active substances, including immunoglobulins
M (IgM), lysozyme, and the complement (C3, C4) [47,48]. In this study, dietary histamine
(above 120 mg/kg) significantly decreased intestinal C3, C4, and IgM contents, suggesting
that high-dose dietary histamine is detrimental to the innate immunity of striped catfish,
thereby disrupting intestinal health. Besides, the complement system also plays an equally
important role in regulating inflammation in fish [49]. The inflammatory response is usually
regulated by a dynamic balance of pro- and anti-inflammatory factors [26,50]. In this study,
dietary histamine (above 120 mg/kg) caused the downregulation of anti-inflammatory
factors (e.g., IL-10 and NF-κB) and the upregulation of pro-inflammatory factors (e.g.,
IL-1, IL-6, IL-8, and TNF-α), suggesting that high doses of histamine may cause intestinal
inflammation in striped catfish. Similarly, dietary histamine also induced inflammation in
Pacific white shrimp and Perciformes [12,51]. Galindo-Villegas et al. [51] suggested that di-
etary histamine regulates the inflammatory response by acting directly with macrophages.
Therefore, this evidence suggests that high doses of dietary histamine may trigger an
inflammatory response mediated by macrophages, thereby impairing intestinal health.

Dong et al. [52] suggested that inflammation usually occurs when immune cells are
infected or tissues are damaged. In this study, the intestinal TEM observation exhibited that
high-dose dietary histamine (480 mg/kg) severely damaged the structure and morphology
of intestinal epithelial cells, including an increase in the number of lysosomes and swelling
of mitochondria and endoplasmic reticulum. Moreover, the gastric SEM observation also
showed that high-dose dietary histamine severely damaged the mucosal layer. Combined
with the poor intestinal antioxidant capacity and upregulated inflammation levels, these
results sufficiently suggest that high-dose dietary histamine disrupts the intestinal antioxi-
dant system, causing oxidative damage to intestinal tissues and inducing inflammation in
striped catfish. More importantly, the morphology of the digestive tract is closely related
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to its physiological function [53]. Thus, the poor digestive tract morphology also plausi-
bly explains the reduced intestinal immune function and growth performance of striped
catfish [54]. Similar results were observed in grouper [35] and yellow catfish [29]. This
evidence suggests that high-dose dietary histamine may reduce fish growth by disrupting
digestive tract health and function.

As a component of the intestinal mucosal layer, the intestinal flora is also critical to
intestinal health and function [55,56]. Meanwhile, the structure of the intestinal flora is
easily affected by dietary ingredients [57,58]. In this study, Firmicutes, Fusobacteria, Bac-
teroidetes, and Spirochaetes were the four dominant phyla of all groups, which was highly
consistent with a previous study reported by Hieu et al. [59]. These results indicate that
these phyla may constitute the core flora of striped catfish and are essential for maintaining
intestinal health and function [60]. In this study, dietary histamine altered the relative
abundance of individual phyla, although it did not change the species of the core flora,
suggesting that dietary histamine may induce the migration of intestinal function.

In this study, Fusobacteria, mainly Cetobacterium genera, have been reported to pro-
duce vitamin B12, acetate, and propionate through their fermentation process [61,62]. These
metabolites extensively participate in the regulation of energy metabolism, gut health,
and gut microecology [62,63]. Therefore, a decrease in the abundance of Cetobacterium in
the H480 group suggests that high-dose dietary histamine is detrimental to the intesti-
nal physiological function and health of striped catfish. Bacteroidetes mainly consist of
Bacteroides and Parabacteroides in this trial. Bacteroidetes are considered to be the main
catabolite of polysaccharides in the intestine, producing large amounts of short-chain
fatty acids that contribute to improved intestinal health [64]. Parabacteroides are a butyrate
producer with equally positive effects on improving intestinal health [65,66]. Thus, an
increase in the abundance of Bacteroides and Parabacteroides may suggest that low-dose
dietary histamine has an ameliorative effect on intestinal health. Nevertheless, this degree
of ameliorative effect did not effectively mitigate the toxic effects of dietary histamine, and
therefore, dietary histamine ultimately impaired the intestinal health of striped catfish.
Moreover, considering that dietary histamine caused a significant decrease in intestinal
maltase activity in striped catfish (Table S1) and that both Bacteroides and Parabacteroides
usually use carbohydrates as the carbon source, we speculate that the increase in the abun-
dance of these two genera caused by dietary histamine may be related to poor carbohydrate
utilization efficiency. Firmicutes mainly consist of Terrisporobacter genera in this study.
Terrisporobacter is an acetate-producing bacterium that is positively correlated with host
health [67,68]. Treponema_2 genera are the dominant genera of Spirochaetes in this study,
which has been reported as pathogenic bacteria [69]. Therefore, a decrease in the abun-
dance of Terrisporobacter and a decrease in the abundance of Treponema_2 in the H240 group
suggests that high-dose dietary histamine is detrimental to the intestinal health of striped
catfish. Moreover, the colonization of pathogenic microorganisms indicates a decrease
in the immune viability of the intestinal mucosa and an imbalance in the balance of the
microbial community. Combined with the poor intestinal immunity, decreased intestinal
antioxidant capacity, and increased oxidative stress in the H240 group, the increased abun-
dance of pathogenic microorganisms in the H240 group suggests that a high dose of dietary
histamine disrupts intestinal antioxidant and immune defenses, leading to colonization by
pathogenic microorganisms.

5. Conclusions

In conclusion, high-dose dietary histamine decreased intestinal antioxidant capacity,
thereby inducing intestinal oxidative damage and decreasing the growth of striped catfish.
In addition, high-dose dietary histamine reduces intestinal immunity, induces the colo-
nization of pathogenic microorganisms and intestinal inflammation, and impairs intestinal
health. High-dose dietary histamine severely damaged the mucosal layer of the digestive
tract in striped catfish. More importantly, our data confirmed that histamine is a toxic
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dietary component for aquatic animals and that increases in histamine levels should be
prevented during aquafeed production and storage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11112276/s1, Table S1: Intestinal digestive enzyme activities
of striped catfish fed with different experimental diets.
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Abstract: β-Glucan could significantly improve the antioxidant capacity of aquatic animals. The
effects of different dietary levels (0 (control), 0.05, 0.1, 0.2 or 0.4%) of β-glucan on the growth,
survival, antioxidant capacity, immunity, intestinal microbiota and transcriptional responses of
Litopenaeus vannamei under low salinity (≤3) were investigated. The dietary growth trial lasted
35 days (initial shrimp 0.26 ± 0.01 g). The results indicated that the growth performance of the 0.1%
and 0.2% groups was significantly better than that of the control group. A second-order polynomial
regression analysis of growth performance against dietary β-glucan indicated that the optimal dietary
β-glucan level was 0.2% of dry matter. The digestive enzyme activity of the hepatopancreas was
enhanced with increasing β-glucan levels. The antioxidant and nonspecific immunity capacities of
the hepatopancreas were also enhanced in the 0.1% group. The α-diversity index analysis of the
intestinal microbiota showed that the intestinal microbial richness of L. vannamei increased in the 0.1%
group. The relative abundance of Proteobacteria decreased in the 0.1% group compared with the
control group. The transcriptome results indicate that the prebiotic mechanisms of β-glucan include
upregulating the expression of nonspecific immune genes and osmoregulation genes and activating
KEGG pathways associated with carbohydrate metabolism under low-salinity stress. These results
suggested that dietary supplementation with β-glucan markedly increased growth performance and
alleviated the negative effects of low-salinity stress by contributing to the activity of biochemical
enzymes and enriching carbohydrate metabolism in L. vannamei.

Keywords: Litopenaeus vannamei; aquaculture; low salinity; β-glucan; transcriptome

1. Introduction

White shrimp (Litopenaeus vannamei) can tolerate salinities ranging from 0.5 to 50 due
to its strong ability to maintain osmosis and ion regulation, making it a widely farmed
shrimp worldwide [1,2]. In 2021, freshwater aquatic animal production in China reached
665,202 t, with the freshwater production of L. vannamei accounting for 35% of the total
production [3]. Although L. vannamei can be cultured on a large scale in freshwater, this
factor does not mean that white shrimp can produce an optimal physiological response.
Shrimp reared at low salinity can experience passive effects, including low survival (53.3%),
which was observed at a salinity of 5, and increases in oxygen consumption and feed
coefficients were reported [4,5]. Some research also documented that low salinity could
reduce innate immune parameters [6,7], increase the toxicity of ammonia (NH3) and
nitrite (NO2

−) [8,9], decrease resistance against pathogens [7,10] and even destroy the
structure of the intestinal microbiota during aquatic animal culture [11,12]. These negative
effects ultimately lead to the poor aquaculture production of L. vannamei. Therefore, the
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exploitation of novel strategies to overcome the above problems is particularly important
for the rapid development of the L. vannamei aquaculture industry. Nutritive regulation
is an effective strategy to alleviate the adverse effects of low-salt stress. Previous studies
have documented that dietary mineral supplements, proteins and prebiotics can improve
growth performance [12–16] and enhance the antistress ability and immune defense ability
of L. vannamei to alleviate the unfavorable effects of low salinity.

Prebiotics are commonly added to feed to improve the immune activity of white
shrimp to environmental stress [13,17–19]. Among the many prebiotics, β-glucan is com-
monly used as an immunostimulant in the aquaculture industry [20]. β-Glucan is a complex
polysaccharide present in grains, seaweeds, mushrooms, yeast and certain bacteria, distin-
guished by the presence of pathogen-associated molecular patterns (PAMPs) in molecules
with immunomodulatory activity [21]. β-Glucan can improve the immunity and disease
resistance of crustaceans, including tiger shrimp (Penaeus monodon) [22] and banana shrimp
(Penaeus merguiensis) [23]. Feeding L. vannamei 0.2% β-glucan has positive effects on growth
performance [24]. Dietary 0.05–0.20% β-glucan can improve the tolerance of Golden Pom-
pano (Trachinotus ovatus) to low-salt stress [25]. Dietary β-glucans could alter the dominance
of the intestinal microbiota structure in L. vannamei [26,27] and turbot (Scophthalmus max-
imus) [28]. Although studies have confirmed that β-glucan could promote nonspecific
immune defense and improve low-salt adaptation [13], previous research involving the
optimal dosage of β-glucan has not presented consistent results for L. vannamei under envi-
ronmental stress. In addition, the effects of prebiotics on aquaculture are primarily focused
on their growth and physiological and biochemical functions, but little is known about the
prebiotic mechanism of prebiotics at the molecular level in shrimp under low salinity.

This study aimed to explore the optimal supplementation level of β-glucan as a prebi-
otic under low salinity. This study examined the effects on the growth, antioxidant capacity,
immunity and intestinal microflora of L. vannamei under low salinity (≤3). The results
of transcriptome and microbiology techniques further reveal the prebiotic mechanism of
β-glucan in alleviating the unfavorable effects of low salinity.

2. Materials and Methods

2.1. Experimental Diets

The basic feed formula and nutrients are displayed in Table 1. The basic diet was for-
mulated according to the nutritional requirements of L. vannamei and previous research [13].
The diet was supplemented with isonitrogenous and isolipids containing different levels (0,
0.05, 0.1, 0.2 or 0.4%) of β-glucan. Yeast (1,3)-(1,6)-β-glucan with a purity of 88% was the
experimental β-glucan source. The diet material was ground with a grinder and filtered
with a 60-mesh screen. All single raw materials were thoroughly mixed, and distilled
water was added to make a dough, which was extruded into 2 mm diameter pellets by an
extruder (CD4-1TS extruder, Guangzhou Huagongguang Electromechanical Technology
Co., Ltd., Guangzhou, China). The prepared pellets were air-dried. After drying, the pellets
were classified into different sizes with the most suitable sieve (12, 14, 16 and 20 mm) to
ensure effective feeding and stored at −20 ◦C.

2.2. Experimental Design and Breeding

Larvae of L. vannamei (P5) were purchased from a commercial shrimp farm (Wenchang,
China). During the acclimation period, larvae were fed a commercial diet (Alpha feed Co.,
Ltd., Protein 48%, Shenzhen, China) at 4% of their body weight per day. All shrimp were
acclimated to a salinity of 3 at a rate of 2% reduction per day by adding fresh water. Fresh
water was adequately aerated prior to adjusting the salinity of the seawater.

After finishing acclimation, shrimp (0.26 ± 0.01 g) were randomly separated into five
groups: 0% β-glucan (control), 0.05% β-glucan (0.05%), 0.1% β-glucan (0.1%), 0.2% β-glucan
(0.2%) and 0.4% β-glucan (0.4%), divided into five groups in 20 tanks (60 × 30 × 36 cm)
with 20 shrimp, each with four replicates (October to November 2020). During the five-week
experiment, daily water exchange was carried out at a rate of 1/2 the culture water volume
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using low-salinity (≤3) water, and residual food and feces were removed. The temperature
(27 ± 2 ◦C), pH (7.5–8.0), total nitrogen concentration (<0.03 mg/L) and dissolved oxygen
(≥7 mg/L) were maintained and checked twice a week throughout the experimental
session. Shrimp were fed three times a day (7:00, 12:00 and 18:00).

Table 1. Dietary formulations and proximate composition of the experimental diets (% dry matter).

Ingredients (%)
Dietary β-Glucan Concentrations

0 0.05% 0.1% 0.2% 0.4%

Fish meal 26 26 26 26 26
Soybean meal 28 28 28 28 28
Com starch 23 23 23 23 23
Shrimp meal 4 4 4 4 4
Calcium dihydrogen phosphate 1.5 1.5 1.5 1.5 1.5
Vitamin premix a 2 2 2 2 2
Mineral premix b 2 2 2 2 2
Choline chloride 1 1 1 1 1
Fish oil 2.5 2.5 2.5 2.5 2.5
Soybean oil 2.5 2.5 2.5 2.5 2.5
Soybean lecithin 1 1 1 1 1
Cholesterol 0.5 0.5 0.5 0.5 0.5
Carboxymethylcellulose (CMC) 3 3 3 3 3
Butylated hydroxytoluene (BHT) 0.1 0.1 0.1 0.1 0.1
Microcrystalline cellulose 2.9 2.85 2.8 2.7 2.5
β-1,3-Glucan c 0 0.05 0.1 0.2 0. 4
Total 100 100 100 100 100
Nutrient levels (%)
Crude protein 35.2 35.4 35.5 35.5 35.4
Crude lipid 7.6 7.6 7.6 7.6 7.6
Ash 10.3 10.4 10.7 10.7 10.6
Moisture 9.2 9.2 9.2 9.2 9.3

a Vitamin premix (g/kg premix): vitamin A acetate (500,000 IU/g), 0.960; L-ascorbyl-2-polyphosphate 35% Active
C, 71.420; folic acid, 0.360; biotin, 5.000; riboflavin, 6.000; DL Ca-pantothenate, 10.000; pyridoxine HCl, 2.000;
1% vitamin B12, 0.400; thiamin HCl, 1.000; Menadione, 4.000; DL-alpha-tocopheryl acetate (250 IU/g), 16.000;
nicotinic acid, 10.000; vitamin D (500,000 IU/g), 1.600; defatted rice bran, 871.260. b Mineral premix (g/kg premix):
zinc sulfate monohydrate, 20.585; calcium iodate, 0.117; cupric sulfate pentahydrate, 0.625; manganous sulfate
monohydrate, 1.625; magnesium sulfate monohydrate, 39.860; cobalt chloride, 0.010; ferrous sulfate monohydrate,
11.179; sodium selenite, 0.025; calcium hydrogen phosphate dihydrate, 166.442; defatted rice bran, 759.532.
c β-Glucan was purchased from Xi’an Ruilin Biotechnology Co., Ltd., Xi’an, China.

2.3. Sampling and Growth Performance

After completing the 35-day dietary trial, all shrimp fasted for 24 h before sampling.
Before sampling began, the shrimp were counted, and then they were anesthetized in
an ice-water bath. The body length and body weight were randomly measured. The
middle intestines and whole hepatopancreas were aseptically dissected and placed into
a 1.5 mL sterile centrifuge tube, and the two tissues were prepared for the biochemical
and multiomics analyses. All tube samples were immediately stored in liquid nitrogen
and transferred to −80 ◦C for storage until further analyses. Three intestine samples were
pooled into one sample per tank for microbiota analysis. Hepatopancreas samples were
examined for digestive enzyme, antioxidant and immune enzyme activities. Growth-related
indicators were evaluated using the following formulas:

Survival (%) = (final shrimp number/initial shrimp number) × 100

Weight gain (WG, %) = (final weight − initial weight)/initial weight × 100

Specific growth rate (SGR, % day) = 100 (Ln final weight − Ln initial
weight)/number of days
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2.4. Biochemical Assay

Eight samples of the hepatopancreas (1 g) from two shrimp per tank per treatment
were accurately weighed, transferred to sterile centrifuge tubes and homogenized in a
cold 0.86 saline solution (1:9, w/v) using a tissue grinder (Shanghai Jingxin, Shanghai,
China) (60 Hz, 30 s) and centrifuged at 1500× g (4 ◦C/15 min, 3–18 KS, Sigma, Osterode,
Germany). After centrifugation, the supernatant was collected to determine the total
protein concentration, digestive enzymes (protease, amylase and lipase), total antioxidant
capacity (T-AOC), catalase (CAT), malondialdehyde content (MDA), superoxide dismutase
(SOD), acid phosphatase (ACP) and alkaline phosphatase (AKP). These biochemical enzyme
activities in the hepatopancreas were measured according to procedures described in [29,30].
All hepatopancreatic biochemical indices were determined using commercial assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and the operating procedures
were used according to the manufacturer’s instructions.

2.5. Intestinal Microbiota Analysis

Total genomic DNA was extracted from intestinal samples using the TAB/SDS method.
DNA quality was measured using a NanoDrop spectrophotometer (Thermo, Wilmington,
DE, USA). Generation sequencing was performed on an Illumina HiSeq system according
to the protocol of Majorbio Biopharm Technology Co., Ltd. (Shanghai, China). The hyper-
variable V3–V4 region of the 16S rRNA gene was amplified by using primers 338 (forward
5-ACTCCTACGGGAGGCAGCA-3) and 806 (reverse 5-GGACTACHVGGGTWTCTAAT-
3). A TruSeq® DNA PCR-free Sample Preparation Kit (Illumina, CA, USA) was used to
construct the library, and index codes were added. Finally, the libraries were carried out
on an Illumina HiSeq 2500 platform. All statistical analyses of the results were performed
using the R package software (version 2.11 http://sourceforge.net/projects/rdp-classifier/;
accessed on 10 January 2021). Alpha-diversity indices (ACE, Chao1, Simpson, Shannon
and Observed_species) were determined using QIIME software (http://www.mothur.org/
wiki/Calculators; accessed on 10 January 2021), and statistical analyses were performed
using one-way analysis of variance (ANOVA) (SPSS 23.0). The raw sequences of intestinal
microbiota in this study were submitted to Sequence ReadArchive (SRA) under GenBank
database number PRJNA842883.

2.6. Transcriptomic Analysis

Total RNA was extracted from the hepatopancreas of individual shrimp (three samples
per treatment) using TRIzol Reagent (Ambion, CA, USA). The quality and concentration
of the RNA were determined using a 1% agarose gel on a 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and ND-2000 (Thermo, Wilmington, DE, USA). One mi-
crogram of total RNA per sample was used to construct a sequencing library using a TruSeq
RNA sample preparation kit from Illumina (San Diego, CA, USA). The prepared cDNA
libraries were sequenced on the Illumina HiSeq™ 4000 platform at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China). Raw paired-end reads were quality-checked
with default parameters. Clean reads were individually screened using Trimmomatic soft-
ware (http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic; accessed
on 13 January 2021). Further, total clean reads were separately aligned to the reference
L. vannamei genome in orientation mode using TopHat (http://tophat.cbcb.umd.edu; ac-
cessed on 13 January 2021). The expression levels of unigenes were calculated according
to the fragments per kilobase of transcripts per million reads (TPM) to identify differen-
tially expressed genes (DEGs) between different samples. RSEM was used to estimate
gene abundances (http://deweylab.biostat.wisc.edu/rsem/; accessed on 10 January 2021).
Essentially, differential expression analysis was performed using DESeq2/DEGseq/EdgeR
with a Q value of 0.05. DEGs with |log2FC| > 1 and Q value ≤ 0.05 (DESeq2 or EdgeR)/Q
value ≤ 0.001 (DEGseq) were considered DEGs. Kyoto Encyclopedia of Genes and Ge-
nomics (KEGG) pathway analysis of the DEGs was performed using KOBAS software
(http://kobas.cbi.pku.edu.cn/home.do; accessed on 10 January 2021). In addition, KEGG
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enrichment analyses were conducted with Bonferroni-corrected p values < 0.05. A false
discovery rate < 0.01 and FC > 2 were considered for the significance analysis. The RNA-seq
data were deposited in the NCBI SRA database (PRJNA846923).

2.7. Statistical Analysis

To clarify the mechanism of dietary β-glucan on growth, biochemical and omics
analyses were performed. SPSS 23 software (IBM, New York, NY, USA) was used to carry
out all statistical analyses. The data are expressed as the mean ± standard error (mean ± SE).
One-way ANOVA was chosen to determine the significant effects among different groups,
followed by multiple comparisons by Duncan’s multiple comparison test. The statistical
significance level was set at p < 0.05. In addition, to determine whether the effect was
quadratic, a follow-up trend analysis using the method of orthogonal polynomial contrasts
was performed using SPSS 23. The assumptions of normality and homoscedasticity were
confirmed before conducting any statistical analyses. The relationship between WG, SGR
and dietary β-glucan was estimated through second-order polynomial regression [31], and
the optimal dietary β-glucan requirement was also evaluated.

3. Results

3.1. Growth Performance

The growth performance results of the 35-day trial are shown in Table 2. There was no
significant difference in survival among the groups (p > 0.05). The growth performance
of shrimp was the highest in the 0.2% group, which was significantly higher than that
of the other groups (p < 0.05) but not significantly different from that of the 0.1% group
(p > 0.05). Furthermore, a second-order polynomial regression analysis of WG and SGR
against dietary β-glucan indicated that the ideal dietary β-glucan level was 0.2–0.23% of
dry matter (Figure 1).

Table 2. Regression analysis of the growth performance of Juvenile L. vannamei fed different dietary
β-glucan levels for 5 weeks.

Dietary β-Glucan Levels (%) a IW (g) FW (g) WG (%) SGR (% Day−1) Survival (%)

0 0.27 1.91 ± 0.07 a 634.08 ± 35.42 a 5.68 ± 0.14 a 90 ± 4.56
0.05 0.27 2.01 ± 0.09 a 663.15 ± 26.37 ab 5.80 ± 0.10 ab 90 ± 2.04
0.1 0.26 2.23 ± 0.09 b 756.20 ± 43.09 bc 6.12 ± 0.15 bc 95 ± 3.54
0.2 0.25 2.36 ± 0.04 b 845.86 ± 22.82 c 6.42 ± 0.07 c 90 ± 1.44
0.4 0.25 1.92 ± 0.02 a 710.36 ± 21.32 ab 5.98 ± 0.07 ab 92.5 ± 1.25

ANOVA (p value) 0.533 0.001 0.002 0.003 0.444
SOP (n = 4)

Adj. R2 0.6423 0.5365 0.0257
p Value <0.001 <0.001 <0.001

Note: a Values represent the means of four replicate tanks (n = 4). Different superscript lowercase letters within
a column indicate significant differences (p < 0.05). IW, initial weight; FW, final weight; WG, weight gain;
SGR, specific growth rate; SOP, second-order polynomial; Adj. R2, adjusted R-squared.

3.2. Hepatopancreatic Digestive Enzyme Activity

The hepatopancreatic digestive enzyme activities are shown in Figure 2 and Table 3.
Hepatopancreas protease and lipase activities were significantly higher in the 0.1%, 0.2%
and 0.4% groups than in the control group (p < 0.05) (Figure 2A,B). The hepatopancreas
amylase activity was also significantly increased with the addition of β-glucan compared
with the control group (p < 0.05) (Figure 2C).
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Figure 1. Relationships of (A) specific growth rate and (B) weight gain with dietary β-glucan levels
based on second−order polynomial regression analysis of Juvenile L. vannamei, where Xopt represents
the dietary β-glucan level (n = 4).

Figure 2. Effects of different doses of β-glucan on the (A) protease, (B) lipase and (C) amylase enzyme
activities in Juvenile L. vannamei. Different letters indicate significant differences (p < 0.05) among
groups. All data are expressed as the mean ± SE (n = 4).

Table 3. Regression analysis of biochemical assays in the hepatopancreas of Juvenile L. vannamei fed
different dietary β-glucan levels.

Enzyme a

Regression Analysis (n = 4) b

Enzyme

Regression Analysis (n = 4)

SOP SOP

Adj. R2 p Value Adj. R2 p Value

T-AOC 0.3935 0.046 Protease 0.326 0.035
SOD 0.3979 0.695 Lipase 0.5556 0.002
CAT 0.056 0.567 Amylase 0.8093 0.005
MDA 0.2971 0.023
ACP 0.7077 0.765
AKP 0.2194 0.193

Note: a T-AOC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase; MDA, malondi-
aldehyde content; ACP, acid phosphatase; AKP, alkaline phosphatase. b SOP, second-order polynomial;
Adj. R2, adjusted R-squared.

3.3. Antioxidant Capacity and Immunity

The hepatopancreatic antioxidant performance and nonspecific immune response
results are shown in Figure 3 and Table 3. The T-AOC enzyme activity in the hepatopancreas
of shrimp in the 0.1%, 0.2% and 0.4% groups was significantly higher than that in the
control group (p < 0.05) (Figure 3A). The SOD enzyme activity in the hepatopancreas of
shrimp in the 0.1% group was significantly higher than that in the other groups (p < 0.05)
(Figure 3B). The CAT enzyme activity in the hepatopancreas of shrimp in the 0.1% group
was significantly lower than that in the other groups (p < 0.05) but not significantly different
from that in the 0.4% group (p > 0.05) (Figure 3C). The MDA content of the hepatopancreas
in shrimp in the 0.2% group was significantly increased compared with that in shrimp
in the other groups (p < 0.05) but was not significantly different from that in shrimp in
the 0.4% group (p > 0.05) (Figure 3D). The ACP enzyme activity in the hepatopancreas of
shrimp in the 0.1% and 0.2% groups was significantly higher than that in the other groups
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(p < 0.05) (Figure 3E). The AKP enzyme activity in the hepatopancreas of shrimp in the
0.05% and 0.1% groups was significantly higher than that in the other groups (p < 0.05)
(Figure 3F).

Figure 3. Effects of different doses of β-glucan on the (A) total antioxidant capacity, (B) superoxide
dismutase, (C) catalase, (D) malondialdehyde content, (E) acid phosphatase and (F) alkaline phos-
phatase of Juvenile L. vannamei. Different letters indicate significant differences (p < 0.05) among
groups. All data are expressed as the mean ± SE (n = 4).
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3.4. Intestinal Microbiota Analysis

In this study, the analysis of the intestinal microflora showed that a total of
2,384,213 high-quality sequences were acquired in all samples. Each sample had an average
of 99,342 sequences. The observed species ranged from 338.00 to 828.25. Supplemen-
tation with 0.1% β-glucan significantly increased the alpha-diversity indices (Shannon
and Observed_species) compared with those of the other groups (p < 0.05), as shown in
Figure 4 and Table S1. At the phylum level, the most dominant phylum was Proteobacteria,
followed by Firmicutes, Actinobacteriota and Bacteroidota in all samples (Figure 5A,B), and
Firmicutes and Actinobacteriota were dominant in the 0.1% group (Figure 5C and Table S1).
Supplementation with 0.1% significantly induced an increase in the relative abundance
of intestinal microbial species compared with those of the other groups of L. vannamei
(p < 0.05). At the genus level, the relative abundances of Vibrio, Rheinheimera and Deme-
quina in the 0.1% group were significantly lower than those in the other groups, but the
relative abundance of Lacrobacillus in the 0.1% group was significantly higher than those in
the other groups (Figure 5D–F and Table S1). In addition, the principal coordinate analysis
(PCoA) cluster analysis indicated that the overall structure of the intestinal microflora in
the 0.1% group was significantly different compared with the control group (Figure 6).

Figure 4. Effects of different doses of β-glucan on the alpha-diversity using (A) Chao1 estimator,
(B) ACE estimator, (C) Shannon estimator and (D) observed species in gut microbiota in Juvenile
L. vannamei. Different letters indicate significant differences (p < 0.05) among groups. All data are
expressed as the mean ± SE (n = 4).
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Figure 5. Effects of different doses of β-glucan on the gut microbiota composition of Juvenile
L. vannamei at the phylum and genus levels. (A) Microbiota composition at the phylum level with
the relative abundance of the top four. (B) Relative abundance of gut microbiota at the phylum level.
(C) Differences in the relative abundance of phylum taxa among groups. (D) Microbiota composition
at the genus level with the relative abundance of the top thirteen. (E) Relative abundance of gut
microbiota at the genus level. (F) Differences in the relative abundance of genus taxa among groups.
Different letters indicate significant differences (p < 0.05) among groups. All data are expressed as the
mean ± SE (n = 4).

Figure 6. Effects of different doses of β-glucan on the β−diversity of gut microbiota in Juvenile
L. vannamei. PCoA of the microbiota at the OTU level based on Jaccard distances. Analysis of
similarity (ANOSIM) was performed to evaluate the overall differences in bacterial community
structure based on Jaccard distance (n = 4).

3.5. Transcriptome Analysis

Among the five treatment groups, 2354 differentially expressed genes (DEGs) were
identified. As shown in Figure 7, a total of 27 DEGs were shared among the treatment
groups, while 32, 23, 300 and 1114 DEGs were significantly expressed only in the control vs.
0.05% group, control vs. 0.1% group, control vs. 0.2% group and control vs. 0.4% group,
respectively (Figure 7A,B). A total of 183 DEGs were found in the control vs. 0.05% group,
including 94 upregulated and 89 downregulated genes; 134 DEGs were found in the control
vs. 0.1% group, including 68 upregulated and 66 downregulated genes; 902 DEGs were
found in the control vs. 0.2% group, including 467 upregulated and 435 downregulated
genes; and 1801 DEGs were found in the control vs. 0.4% group, including 808 upregulated
and 993 downregulated genes (Figure 7C). Compared with the control group, there were
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27 differentially expressed genes treated with different doses of β-glucan. Specific infor-
mation on these 27 common DEGs is shown in Table S2. Significant DEGs were studied
using KEGG pathway enrichment statistics to study the important functional pathways of
DEGs (Table S3). The phenoloxidase gene, antimicrobial peptide gene and Na+/K+/2Cl−
cotransporter gene expression levels were significantly upregulated in the β-glucan addi-
tion group. The KEGG analyses of DEGs showed that dietary β-glucan under low salinity
also regulated signal transduction pathways (RIG-I-like receptor, PPAR, JAK-STAT, pro-
lactin, neurotrophic factor, AMPK, Toll-like receptor, TNF and sphingolipid) and activated
KEGG pathways associated with carbohydrate metabolism (starch and sucrose metabolism,
carbohydrate digestion and absorption and galactose metabolism).

Figure 7. Changes in transcriptome levels of differentially expressed genes with different doses of
β-glucan in Juvenile L. vannamei. (A,B) The Venn diagram shows the number of common or unique
differential genes among groups (0.05%, 0.1%, 0.2% and 0.4%) compared with the control group.
(C) Volcano map showing the number of upregulated and downregulated genes in the control vs.
0.05%, control vs. 0.1%, control vs. 0.2% and control vs. 0.4% groups; the X-axis is represented by
log2 (fold change), and the larger the variation, the wider the distribution; the Y-axis is represented by
−log10 (Padj), a negative logarithm of the adjusted p-value; the green dots represent downregulated
genes, the red dots represent upregulated genes, and the gray dots represent genes that do not differ
significantly (n = 4).
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4. Discussion

L. vannamei can adapt to extensive environmental salinity fluctuations; its optimal
growth rate occurs at ≥20 salinity [11], and it faces hyposaline stress under low salinity [32].
Various prebiotics have been proven to alleviate hyposaline stress; for instance, inulin can
cope with low-salinity stress in shrimp [19]. Dietary β-glucan significantly increased the
WG, SGR and PO activity of Pacific white shrimp [27] and post-larval P. monodon [33]. This
study revealed that 0.1% and 0.2% β-glucan increased the growth performance, protease ac-
tivity, lipase activity and amylase activity of L. vannamei under low-salinity stress. β-Glucan
could improve the growth of L. vannamei, which could be due to the increased digestive
capacity and the absorption and accumulation of nutrients. As with almost all functional
substances, β-glucan is often underutilized in practical farming due to a lack of scientific
strategies for its use, but this study showed that β-glucan improved growth performance
at low salinity, suggesting that β-glucan has superior production applications. Similar
results showed that the addition of 0.02% β-glucan (0.04%) increased the weight gain
of L. vannamei [13]. Prebiotic xylooligosaccharides fed to crucian carp (Carassius auratus)
caused an increase in digestive enzymes [34], while mannanoligosaccharides significantly
enhanced digestive enzymes in Pangasianodon hypophthalmus [35]. Multiple stressors, such
as low salinity, nitrite and ammonia, can produce excess reactive oxygen species (ROS) that
damage the organism [36,37]. SOD and CAT enzymes, as antioxidant enzymes, can remove
excess ROS, and GPx also has an efficient antioxidant capacity [38]. This study demon-
strated that the antioxidant enzyme activity was increased due to supplementation with
β-glucan compared with the control. Similarly, this research showed that 0.02% and 0.04%
β-glucan could have a positive effect on SOD and GPX enzyme activities in L. vannamei [13].
Dietary β-glucan enhanced the SOD activity in Penaeus monodon [27,39], and similar results
were found with the addition of inulin in Pacific white shrimp [19]. These results suggest
that dietary β-glucan could reduce oxidative damage caused by low-salinity stress by
increasing the activities of antioxidant enzymes. In addition, this experiment showed that
0.1% β-glucan helped to increase the ACP and AKP activities in L. vannamei. ACP and
AKP are capable of assisting, modulating and accelerating phagocytosis [40]. A previous
study also showed that the oral administration of β-glucan enhanced ACP activity [41]. In
this study, the significant activation of SOD, ACP and AKP activities clearly illustrates that
β-glucan can be used as an immunostimulatory agent in Pacific white shrimp, which is
beneficial for improving the immunity of shrimp in a low-salinity environment.

The effects of prebiotics are closely related to the dosage in aquatic animals [17–19]. In
this study, the growth performance of L. vannamei increased with the additive dose (0–0.2%)
but started to decrease when β-glucan was 0.4%. This indicated that there was no linear
relationship between the growth-promoting effect of prebiotics on L. vannamei and the
additive dose. In addition to the growth performance indicators, other indicators, such as
digestive enzyme activity, total antioxidant capacity, malondialdehyde content, AKP, ACP
activity and so on, all showed the same phenomenon. A previous study found that the
addition of 0.064% β-glucan improved the weight gain of L. vannamei [42]. Moreover, 0.02%
dietary β-glucan showed higher levels of immune gene expression in L. vannamei [13]. In
this study, based on the growth performance, oxidation resistance and immune indices,
it was speculated that the optimal β-glucan additive level in the diet of L. vannamei in
low-salinity culture conditions was 0.1%. It should be noted that the most appropriate
prebiotic dose may vary depending on the species of aquatic animal, the type of prebiotic,
the structure and dietary conditions, so there is no simple linear relationship.

The intestine not only plays a vital role in nutrient absorption and metabolic activity
but also improves environmental stress and provides a defense against pathogens [43].
Intestinal microorganisms and their metabolites can directly or indirectly affect the phys-
iological functions of animals, including metabolism and immunity [44]. Recently, most
research on Pacific white shrimp has paid more attention to the relationships between
shrimp health and intestinal microbiota [45,46]. Dietary prebiotics can modulate the mi-
crobial population in the intestine of the host [47]. This study showed that adding 0.1%
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β-glucan significantly increased the intestinal microflora values of α-diversity indices. The
effect of prebiotics on the α-diversity of intestinal flora in aquatic animals is still controver-
sial. Some studies have shown that inulin and β-glucan have no effect on the α-diversity
of intestinal flora in white shrimp [13,19]. However, some studies have documented that
prebiotics increase the α-diversity of intestinal flora [48]. Some results suggested that
prebiotics enhanced immunity in the host by stimulating the growth of probiotics such as
Lactobacillus and Bacillus [49,50]. This study showed that the dominant phylum and genus
in the intestine were significantly changed by the addition of β-glucan. The addition of 0.1%
β-glucan could affect the bacterial community in the intestine of L. vannamei by increasing
the relative abundance of Lactobacillus, thereby maintaining a more stable intestinal environ-
ment and resisting the invasion of pathogens [45]. The vast majority of Lactobacillus species
are considered probiotics for aquatic animals [51]. Therefore, dietary β-glucan could have
beneficial effects by promoting the occupancy of these intestinal probiotics in the host.
Furthermore, we hypothesize that the practical value of β-glucan in aquaculture is mainly
through intestinal microbiota and physiological changes that synergistically improve the
physiological health of farmed shrimp.

Transcriptome sequencing technology is a significant approach for quantifying tran-
scriptional expression in nonmodel species [52,53]. This strategy has been used in the
environmental stress response, such as different salinities [54] and temperatures in L. van-
namei [55]. In this study, differential gene expression analysis revealed that there were
27 common differential gene changes between the β-glucan groups at different doses and
the control group, and these differential gene changes ranged from 1 to 3. The number of
upregulated DEGs was much larger than that of downregulated DEGs. This result indicated
that β-glucan alleviated low-salinity stress mainly by activating gene expression levels
in L. vannamei. The expression levels of phenoloxidase genes and antimicrobial peptide
genes were significantly upregulated with β-glucan addition. Phenol oxidase activity has a
positive correlation with disease [56]. Shrimp encode and produce antimicrobial peptides
(AMPs) as part of their innate immune response [57]. These results suggest that dietary
β-glucan could enhance the nonspecific immune function of white shrimp under low
salinity by enhancing the expression of immune-related genes, thus producing a probiotic
effect on the host. In addition, compared with the control group, the expression level of the
Na+/K+/2Cl− cotransporter gene was significantly upregulated in the β-glucan group at
different doses and was closely related to osmotic pressure regulation [58]. Similar results
were found in a previous study, where prebiotic inulin significantly upregulated metabolic
pathways related to osmotic pressure regulation (aldosterone-mediated sodium reuptake
metabolic pathway) in L. vannamei under low-salinity stress [19]. These results suggest
that the prebiotic effect of prebiotics on the host may be mediated by regulating osmotic
pressure at low salinity. However, there is limited information on the effect of prebiotics
on osmotic regulation, and more research is needed. In the present study, transcriptome
analyses were performed in L. vannamei receiving dietary β-glucan to investigate how
β-glucan plays an active role. KEGG analyses of DEGs showed that β-glucan has signifi-
cant effects on pathways related to energy metabolism and immune defense. Low-salinity
stress may affect the metabolism and immune system of L. vannamei. It was speculated that
β-glucan could exert its probiotic effect on the host by regulating these signaling pathways.
Osmotic regulation requires a certain amount of energy in crustaceans to ensure normal
metabolism [2]. Many enzymes and transporters are relevant to iono- and osmoregulatory
processes, which consume large amounts of energy [59]. In this study, KEGG pathways
related to carbohydrate metabolism, such as starch and sucrose metabolism, carbohydrate
digestion and absorption, and galactose metabolism, were significantly enriched under low
salinity by adding β-glucan. To date, dietary supplementation with xylooligosaccharides
(XOS) has been demonstrated to be effective in improving blood glucose [60]. A previous
study showed that the prebiotic inulin enriches different metabolic pathways, including
glycolysis and gluconeogenesis [61], consistent with this study. These results indicate that
dietary β-glucan addition can improve immune defense and energy metabolism disor-

364



Antioxidants 2022, 11, 2282

ders under low-salinity stress. Furthermore, the prebiotic β-glucan could meet energy
requirements under low salinity by activating KEGG pathways related to carbohydrate
metabolism, thus producing a probiotic effect on the host.

5. Conclusions

The addition of β-glucan could improve the antioxidant capacity of L. vannamei by
enhancing the activities of T-AOC, SOD and CAT to relieve low-salinity stress (≤3). In addi-
tion, dietary β-glucan addition could enhance growth performance and effectively alleviate
the physiological effects by enhancing biochemical indicators (digestive and nonspecific
immune activity) and improving intestinal microbiota and carbohydrate metabolism (starch
and sucrose metabolism, carbohydrate digestion and absorption, galactose metabolism,
etc.). In addition, it is recommended that the β-glucan dose added to the diet be 0.1–0.2%
to improve growth performance and relieve low-salinity stress (≤3). These results can
provide a reference for the practical application value and farming costs of β-glucan in
aquaculture, which will set a model for subsequent research on functional substances in
L. vannamei and contribute to the green, healthy and sustainable development of the global
aquaculture industry.
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Abstract: Berberine (BBR) ameliorates cellular oxidative stress, apoptosis and autophagy induced
by lipid metabolism disorder, however, the molecular mechanism associated with it is not well
known. To study the mechanism, we started with m6A methylation modification to investigate
its role in lipid deposition zebrafish hepatocytes (ZFL). The results showed that BBR could change
the cellular m6A RNA methylation level, increase m6A levels of Camk1db gene transcript and alter
Camk1db gene mRNA expression. Via knockdown of the Camk1db gene, Camk1db could promote
cellular ERK phosphorylation levels. Berberine regulated the expression level of Camk1db mRNA by
altering the M6A RNA methylation of the Camk1db gene, which further affected the synthesis of
calmodulin-dependent protein kinase and activated ERK signaling pathway resulting in changes in
downstream physiological indicators including ROS production, cell proliferation, apoptosis and
autophagy. In conclusion, berberine could regulate cellular oxidative stress, apoptosis and autophagy
by mediating Camk1db m6A methylation through the targeting of the Camk1db/ERK pathway in
zebrafish-hepatocyte.

Keywords: berberine; m6A methylation; Camk1db; ERK; zebrafish hepatocytes (ZFL)

1. Introduction

The long-term excessive exposure to a high-fat diet results in lipid metabolism disor-
ders and over-production of reactive oxygen species (ROS), which triggers oxidative stress
and cell damage at the cellular and molecular levels [1]. Studies have demonstrated cell
damage biochemical mechanisms involved in the cellular signaling pathways [2] and the
interaction between genes and protein expression changes at the transcriptional level [3,4].
Gene RNA is a key linking DNA to protein in the transmission of genetic information,
but the level of synthesized protein does not necessarily correlate positively with the level
of mRNA, suggesting the importance of post-transcriptional RNA modifications. There
are more than 100 known post-transcriptional modifications of RNA. Among these, m6A
methylation is the most common type [5], and also the most widely studied dynamic
modification method of RNA. M6A RNA methylation, the sixth methylation modification
of adenine on nitrogen atoms, is an evolutionarily-conserved RNA modification that is
present in most organisms from bacteria to mammals [6,7]. M6A RNA methylation is also a
reversible epigenetic RNA modification that exists at the transcriptional level of the nitrogen
or oxygen atom of S-adenosylmethionine, and regulates mRNA stability, splicing, export,
localization, and translation [8–10]. M6A RNA methylation can affect most aspects of gene
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expression. Recent studies have identified m6A RNA methylation modifications plays
an important role in regulating cell biological function, controlling cell proliferation and
differentiation [11], cellular oxidative stress response [12,13], DNA damage response [14],
and lipid metabolism [15–18]. Now, biological functions for this m6A modification are
emerging through more mechanistic analyses.

The Chinese medicine berberine (BBR, chemical formula C20H18NO4) is an isoquino-
line quaternary alkaloid isolated from several medicinal plants, including Berberis aristata
and Coptis chinensis [19,20]. Berberine can inactivate highly active molecules such as O2

•−,
HO•, NO and OONO−, so as to facilitate the ability to remove reactive oxygen species
clusters (ROS) directly [21]. In addition, modern pharmacological studies have shown
that berberine exhibits hepatoprotective, anti-inflammatory, antioxidant, hypoglycemic,
hypolipidemic properties [22,23], and reduces obesity in mammals [24]. Our previous
studies showed berberine-supplemented diets could attenuate oxidative stress, improve
the function of the mitochondrial respiratory chain, reduce apoptosis and inhibit the inflam-
mation response as well as modulate the intestinal microflora profile caused by high-fat
and high-carbohydrate diets in fish in vitro and vivo [25–28]. However, the molecular
mechanism of berberine’s role in oxidative stress, apoptosis, and autophagy is still limited.
In this paper, we investigated whether berberine could regulate cellular oxidative stress,
apoptosis and autophagy by changing the methylation level of cell gene m6A RNA.

Zebrafish (Danio rerio, Cyprinidae) is an important vertebrate model organism for
development, genetics, and reproduction [29]. The liver is the main organ for fat synthesis,
and about 90% of the fat in fish is synthesized in the liver [30], which plays an important role
in maintaining the metabolic balance of carbohydrates, amino acids, and fatty acids [31].
There were many studies using Zebrafish hepatocytes (ZFLs) to study fat deposition
in vitro. Therefore, in this study, we selected ZFL as model system for the study of metabolic
syndrome combined with oxidative stress to investigated the roles of m6A RNA methylation
modification in lipid-deposition ZFL treated with berberine in vitro. The results may
have implications for a molecular theoretical basis for the research and development of
hepatoprotective herbal treatments in fish farming.

2. Materials and Methods

2.1. Materials

Zebrafish hepatocytes (ZFL, CRL-2643) were purchased from the American Tissue
Culture Collection (ATCC, Manassas, VA, USA). Other materials and reagents purchased
included the following: DMEM-F12 medium, DMEM medium, L-15 medium, fetal bovine
serum (Gibco, Waltham, MA, USA); penicillin, murine epithelial growth factor, insulin,
DPBS and 0.25% trypsin (Thermo Fisher, Shanghai, China); total RNA extraction kit
(OMEGA, Cambridge, MA, USA); reverse transcription kit, and fluorescent quantitative
PCR kit (Takara, Beijing, China); the targeted antibody (ERK, P-ERK, P62, LC3-B) and the
internal antibody tubulin (because the size of the antibody protein of interest is between
10 and 70 kDa, in order to ensure that the target internal reference is on a membrane, and
our sample is a whole cell protein, the loading amount is 30 micrograms, using ripa lysate,
so for comprehensive consideration, tubulin was selected as the internal reference pro-
tein) are purchased from CST (Parsons, KS, USA). Instrumentation included the following:
high-speed frozen centrifuge (Eppendorf, Hamburg, Germany, 5804 R, Shanghai, China);
real-time fluorescence quantitative PCR instrument (Applied Biosystems, StepOnePlusTM,
Waltham, MA, USA); inverted microscope (Nikon Corporation, Hong Kong, China); multi-
functional enzyme labeling instrument (SYNERGY 2 BioTek, Waltham, MA, USA). Oil Red
O staining solution, sodium palmitate, and berberine, were purchased from Sigma-Aldrich
(Shanghai, China) Trading Co. CCK-8 cell activity assay kit, BCA protein assay kit, triglyc-
eride assay kit, ROS, MDA, and T-AOC assay kits, were purchased from Nanjing Jiancheng
Institute of Biological Engineering. Total RNA extraction kit was purchased from OMEGA
(Cambridge, MA, USA). Primers were synthesized by Thermo Fisher Scientific China Ltd
(Shanghai, China). The reverse transcription kit PrimeScript RT reagent Kit (Perfect Real
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Time) and its matching fluorescent quantitative PCR kit TB GreenTM Premix Ex TaqTM (Tli
RNaseH Plus) were purchased from Takara Corporation (Beijing, China).

2.2. Lipid Accumulation Injury Treatment and Berberine Repair Treatment in ZFL
2.2.1. Lipid Accumulation Injury Treatment in ZFL

Mixed media was composed of 50% L-15, 30% DMEM/F12, and 20% DMEM (con-
taining 5% fetal bovine serum, 1% penicillin, 1% insulin and 50 ng/mL murine epithelial
growth factor). ZFL cells were cultured to 70–80% fusion with a mixed culture base at
28◦C and 5% CO2. Cells were collected after treatment with sodium palmitate (SP) culture
solution at a concentration of 0.25 mmol/L for 24 h, thus establishing a validated model of
hepatocyte fat deposition [32].

2.2.2. Berberine Repair Treatment in ZFL

ZFL cells were treated with SP culture solution at a concentration of 0.25 mmol/L for
24 h and then collected. The cells were then treated with BBR working solution (solvent
0.1% DMSO) at a concentration of 25 μmol/L for 6 h and then collected, thus establishing
an effective model of hepatocyte fat deposition repair [32].

2.3. Oxidative Stress Indicator Test
2.3.1. ROS Content Detection

The intracellular ROS (reactive oxygen species) content was detected using a DCFH-
DA probe. After each group of cells was treated, cells were rinsed with DPBS three times,
incubated with DCFH-DA probe for 30 min, and rinsed with DPBS three times, and ROS
fluorescence photographs were taken with fluorescence microscopy. Cells received the
same treatment as above, with a microplate reader to determine the fluorescence intensity at
an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The calculation
formula is as follows:

ROS content =
(

Fluorescence intensity of the treatment group − Fluorescence intensity of blank group
Fluorescence intensity of the control group − Fluorescence intensity of blank group

)
÷ Cell density × 100%

2.3.2. MDA and T-AOC Contents Measurement

After the cell culture treatment, cells were placed on ice. The cell culture medium was
discarded, rinsed 3 times with DPBS, and then 200 μL of cell lysate was added to each well
for lysis. The cell lysate was collected, and the intracellular MDA and T-AOC contents
were measured separately according to the method of the kit (Nanjing Jiancheng Institute
of Biological Engineering).

2.4. Cell Apoptosis

Apoptotic cells were detected by Annexin V/FITC as described previously [33]. Each
group of cells was collected in a centrifuge tube and centrifuged at 1000× g for 5 min.
Supernatant was discarded and 195 μL of membrane linked protein V-FITC binding solution
was added to gently suspend the cells. Next, 5 μL of Annexin V-FITC were added and mixed
well before further adding 10 μL of propyl iodide solution. The mixture was incubated at
room temperature for 10–20 min on ice, protected from light. Apoptosis was detected using
flow cytometry counting, where the apoptosis rate (%) = number of apoptotic cells/total
number of cells × 100%.

2.5. Western Blot

Cells were collected by centrifugation, lysed on ice for 30 min with RIPA cell lysis
solution, and the total protein concentration was determined by BCA method. Each well
was sampled with 30 μg of protein and separated by 10% polyacrylamide gel electrophore-
sis. The separated proteins were electro transferred (200 mA current for 2 h) to PVDF
membrane. ERK (cst, 9102), P-ERK (cst, 9101), P62 (cst, 5114), LC3-B (cst, 2775) (1:1000
volume dilution) were taken from the primary antibody rabbit, and the internal reference
primary antibody tubulin (cst, 2146) (1:2000 volume dilution) was taken, and incubated
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overnight at 4 ◦C. The next day, the membranes were washed three times with TBST for
10 min each time, followed by the addition of secondary antibodies against rabbit anti-IgG
(1:2000 v/v) for 2–4 h at room temperature, and then washed three times with TBST for
10 min each time, and developed according to the instructions of the ECL kit. The grayscale
values of the protein bands were analyzed using the LK5100 electrochemiluminescence
analysis system.

2.6. Cellular Microstructure Detection

A sufficient number of cells were cultured in a 10 cm dish. Cells grown in the petri
dish were scraped off directly and the cell suspension was transferred to the centrifuge tube.
Cells were centrifuged at 1000–3000 rpm, the supernatant was discarded, and PBS was
added to transfer the cells to a 1.5 mL centrifuge tube. After centrifugation, supernatant
was discarded. PBS was added to repeat the above steps, and 2.5% glutaraldehyde fixative
for tissue and cell electron microscopy was added at 4 ◦C overnight. Samples were then
sent to Wuhan Max Bio-Technology Co., Ltd. (Wuhan, China) the next day for subsequent
electron microscopy detection.

2.7. m6A Methylation and Transcriptome Merip-Seq Sequencing

The RNA of the total samples was isolated and purified using TRizol, and the amount
and purity of the total RNA was tested for quality control and integrity, while the protocol
was verified by agar electrophoresis. Magnetic beads with Poly adenylic acid were used
to specifically capture the mRNA. Fragmentation was performed with a magnesium ion
interruption kit, and the fragmented RNA was pre-mixed with immunomagnetic beads
with m6A antibody, and subjected to IP. The IP product was subjected to duplex synthesis,
converting the DNA and RNA duplexes into DNA duplexes, and complementing the ends.
Base A was added at each end, ligated to the end with base T, and purified by screening
with magnetic beads. After digestion of the duplexes, PCR was pre-denatured at 95 ◦C for
3 min, denatured at 98 ◦C for 15 s, cycled 8 times, annealed at 60 ◦C for 15 s, extended at
72 ◦C for 30 s, and held at 72 ◦C for 5 min to obtain fragments of approximately 300 bp size.
Finally, it was sequenced using Illumina NovaSeq TM 6000 according to the sequencing
mode PE150.

2.8. Methylation Level Detection

RNA samples were fragmented and immunoprecipitated magnetic beads were pre-
pared, immunoprecipitated reaction was performed. Then, the obtained RNA samples
were eluted and purified. The MeRIP RNA was analyzed together with the corresponding
Input RNA by quantitative RT-PCR, or constructed using standard library building kits for
RNA-seq library construction and identification of RNA methylation regions within the
transcriptome by deep sequencing.

2.9. SiRNA Transfection

For the study, 1 × 106 cells were inoculated into 6-well plates so that the cell density
during transfection could reach 30~50%. After 24 h, samples were washed twice with DPBS,
then 2 mL of the configured mixed reagent were added to each well. After 6 h, this was
replaced with normal culture medium until the end of the corresponding transfection time
when cells were collected for subsequent assay tests. To configure the mixed reagent, 10 μL
of lipo2000 were added to 190 μL of serum-free culture medium, which was then gently
mixed for 5 min. Next, 5 nmol of siRNA (sequence shown in Table 1) was added to 250 μL of
DEPC water, i.e., dry powdered siRNA was configured into a 20 nmol/mL solution. Then,
5 μL of the prepared solution was combined with 195 μL of serum-free culture medium,
and gently mixed for 5 min. The two liquid solutions described above were then mixed 1:1
and incubated for 15 min at room temperature to prepare the transfection complex. The
complete culture medium was supplemented to 2 mL, which is the required transfection
mixture for one well.
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Table 1. SiRNA sequence of target genes.

Target Gene Accession Number siRNA Sequence

camk1db NC_007136.7 CTGCAAGAACATCCACGAA

2.10. Cell Activity Assay

The CCK-8 colorimetric assay was used to determine cell activity [34]. Cells were
inoculated on 96-well plates at an inoculation density of 1 × 104/mL. After incubation
with SP or BBR, 10 μL of CCK-8 solution was added to each well in a humidified incubator
with 5% CO2 at 28 ◦C for 2 h. The absorbance value (OD) of each well was measured using
ELISA (single wavelength, 450 nm).

2.11. Cellular TG Content Assay

Cells were inoculated into 96-well plates. The original cell culture medium was
discarded after each group of cells was treated, followed by rinsing three times with DPBS.
Next, 100 μL of cell lysis solution was added to each well and oscillated to fully lyse the
cells. Intracellular TG level was measured with GPO-POD method using Triglyceride
Colorimetric Assay Kit (Nanjing, Jiangsu, China). The content of protein in each sample
was determined by BCA Protein Assay Kit (Nanjing, Jiangsu, China).

2.12. Total RNA Extraction, Reverse Transcription and Real-Time PCR

Total cellular RNA was extracted and reverse transcribed, and the expression level of
Camk1db in each group of cells was detected by real-time fluorescence quantitative PCR.
Real-time quantitative primer sequences for the genes to be tested were designed by Primer
Premier 5.0 software and synthesized by Inweigeki (Table 2). The reaction solution was
prepared on ice, mixed thoroughly, and the configured mixture was divided into reaction
tubes of 18 μL each. Next, cDNA was added to the samples, which were then centrifuged
thoroughly for the amplification reaction. The specific reaction conditions were as follows:
95 ◦C for 30 s; 95 ◦C for 5 s, 60 ◦C for 34 s, 40 cycles and 95 ◦C for 15 s; 60 ◦C for 60 s, 95 ◦C
for 15 s. The relative expression of the genes to be tested in the samples was calculated
using the 2−ΔΔCT method [35].

Table 2. Nucleotide sequences of primers of target genes.

Target Gene Accession Number Forward Primer (5′-3′) Reverse Primer (5′-3′)
camk1db NC_007136.7 GCGTGACGGATGGAGAAA AGGCCACAGTAAACAGGAATAT

2.13. Statistical Analysis

All results are shown as mean ± standard error (X ± SEM) and one-way ANOVA, and
Duncan’s multiple range test were performed using SPSS 20.0. The significance level was
p < 0.05, which was considered statistically significant.

3. Results

3.1. Modulation of Oxidative Stress, Apoptosis and Autophagy in Palmitic Acid-Induced
Fat-Deposited Zebrafish Hepatocytes by Berberine
3.1.1. Berberine on Sodium Palmitate-Induced Oxidative Stress in Zebrafish Hepatocytes

To detect the oxidative stress status of cells, the intracellular ROS (reactive oxygen
species) content, MDA (malondialdehyde) content, and T-AOC (total antioxidant capacity),
were measured. Excess ROS causes cellular damage, and MDA is an important marker
of ROS-induced oxidative damage [36]. High levels of T-AOC can effectively protect
cells from reactive oxygen species [37]. Four groups were created for the experiment: a
control group (Control), a lipid accumulation group (SP), a berberine group (BBR), and
a lipid accumulation + berberine group (SP + BBR), respectively. As seen in Figure 1A,
the intracellular MDA content was significantly higher in the lipid accumulation group
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compared with the control group, but there was no significant change in the MDA content
in the berberine group or the lipid accumulation + berberine group, and the MDA content
in the lipid accumulation + berberine group was significantly reduced compared with the
lipid accumulation group (p < 0.05). As seen in Figure 1B, the intracellular T-AOC (total
antioxidant capacity) was significantly lower in the lipid accumulation group compared
with the control group; there was no significant change in the T-AOC in the berberine group
and the lipid accumulation + berberine group; and the T-AOC in the lipid accumulation +
berberine group was significantly higher compared with the lipid accumulation group
(p < 0.05). As seen in Figure 1C, the intracellular ROS (reactive oxygen species) content was
significantly higher in the lipid accumulation group compared with the control group; there
was no significant change in the berberine group; and the ROS content was significantly
higher in the lipid accumulation + berberine group (p < 0.05). In addition, we also examined
the ROS fluorescence graph, in which the brightness of the green spot represented the level
of intracellular ROS content, and the brighter fluorescence indicated higher intracellular
ROS concentration (red arrows). This can be seen from the luminescence trend compared
with the control group, as the fluorescence intensity of all other groups was significantly
higher, with the lipid accumulation + berberine group having the highest fluorescence
intensity, which was consistent with the results in Figure 1D. These data indicated that lipid
accumulation treatment caused oxidative stress in cells, and the total antioxidant capacity
was reduced. Conversely, the addition of appropriate amounts of berberine were found
to effectively alleviate the level of oxidative stress in cells, and improve the lipotoxicity
caused by lipid accumulation.

Figure 1. Indicators of oxidative stress in different treatment groups within ZFL and transmission
electron microscopy pictures of ZFL. (A) is MDA (malondialdehyde). (B) is T-AOC (total antioxidant
capacity). (C) is the relative expression of ROS. (D) is the ROS fluorescence microscope picture. The
red arrow is the fluorescence of ROS in zebrafish liver cells. The higher the ROS content, the stronger
the fluorescence intensity. Dates were presented as mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, and
**** p < 0.0001. (E) shows transmission electron microscopy pictures of ZFL. The red arrow is the
nucleus, the blue arrow is the lipid drop, and the yellow arrow is the mitochondria, the green arrow
is bubbles.
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3.1.2. Berberine on Sodium Palmitate-Induced Hepatocyte Apoptosis and Autophagy

To investigate changes of the apoptosis rates in each treatment group, flow cytometry
was applied (Figure 2A), and the data were counted in Figure 2B plots (p < 0.05). Results
indicated that the apoptosis rate in the lipid accumulation group was significantly higher
than the control group, and the apoptosis rate in the berberine group was significantly lower,
while the apoptosis rate in the lipid accumulation + berberine group was significantly lower
than the lipid accumulation group. Among all groups, the apoptosis rate was lowest in
the berberine group, followed by the control group and the lipid accumulation + berberine
group, while the apoptosis rate was highest in the lipid accumulation group. To detect
changes in the level of cellular autophagy in each group, Western blotting was applied
to detect the expression of proteins associated with cellular autophagy in each group
(Figure 2C). The relative content of P62 protein, which was calculated as shown in gray
in Figure 2D, was significantly lower in the lipid accumulation group compared with
the control group, significantly higher in the berberine group, and significantly higher in
the lipid accumulation + berberine group, compared with the lipid accumulation group
(p < 0.05). The relative content of LC3-B protein is presented in Figure 2E, indicating that
LC3-B protein content was significantly higher in the lipid accumulation group compared
with the control group, significantly lower in the berberine group, and significantly lower
in the lipid accumulation + berberine group, compared with the lipid accumulation group
(p < 0.05). The expression of P62 protein was negatively correlated with the level of cellular
autophagy, and the expression of LC3-B protein was positively correlated with the level
of cellular autophagy. The P62 and LC3-B protein expression levels indicated that the
autophagy levels in the lipid accumulation group was significantly higher than in the
control group, and that the autophagy level in the lipid accumulation + berberine group
was significantly lower than in the lipid accumulation group, while the autophagy level
in the berberine group was the lowest, and the autophagy level in the lipid accumulation
group was the highest.

 

Figure 2. Berberine on sodium palmitate-induced hepatocyte apoptosis and autophagy. (A) is flow
cytometry to detect ZFL apoptosis, each group has a cell count of 10,000. (B) is apoptosis and
apoptosis rate of ZFL. (C) is WB diagram of P62 protein and LC3-B protein. (D) is relative expression
level of P62 protein. (E) is relative expression level of LC3-B protein. Dates were presented as
mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001, **** p < 0.0001.

3.1.3. Berberine on the Morphology of Zebrafish Hepatocytes Induced by Sodium Palmitate

As seen in Figure 1E, transmission electron micrographs of the cells were taken. The
cells in the control group were morphologically intact, with round and regular shaped
nuclei (red arrow), clear nuclear membranes, and normal endoplasmic reticulum and
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mitochondrial morphology. The morphology of the cells in the lipid accumulation group
was significantly changed. The cells were severely vacuolated (green arrow); the nucleoli
were extruded and deformed; the intracellular mitochondria were swollen (yellow arrow);
and a large number of obvious lipid droplets appeared (blue arrow), indicating that the
lipid accumulation treatment induced by sodium palmitate had an adverse effect on the cell
morphology. In contrast, after the addition of an appropriate amount of berberine, there
was a significant trend of cell morphology recovery compared with the lipid accumulation
group, but there were still small amounts of swollen mitochondria and lipid droplets
compared with the control group.

3.2. Effect of Berberine on Palmitic Acid-Induced m6A Methylation and Transcription Levels in
Zebrafish Hepatocytes

3.2.1. m6A Methylation Analysis

Cells were collected from four experimental groups: control group (Control), lipid
accumulation group (SP), berberine group (BBR), and lipid accumulation + berberine
group (SP + BBR), and methylation analysis was conducted by Merip-seq high-throughput
sequencing to investigate the effect of berberine on lipid accumulation-induced m6A methy-
lation in zebrafish cells. As seen in Table 3, in terms of the number of methylation sites,
the highest number was detected in the berberine group, followed by the lipid accumu-
lation + berberine group and the control group, with the least number of methylation
sites detected in the lipid accumulation group. Results indicated that the addition of
either lipid accumulation or berberine affected the number of m6A methylation sites in
zebrafish hepatocytes.

Table 3. Number of methylation sites.

Group Number of Methylation Sites

Control 23,182
SP 20,859

BBR 26,152
SP + BBR 25,432

To study the distribution of m6A sites on mRNA, m6A peaks were then divided into
four parts according to their position on the transcript: 5′ untranslated region (5′UTR); 3′
untranslated region (3′UTR), 1st Exon (1st Exon), and Other Exon (Other Exon). Table S1
and Figure 3 summarize the distribution of m6A sites in each group, with most peaks
located in the 3′ untranslated region, followed by the 5′ untranslated region and other exon
regions. Compared with the control group, there was a significant increase in the proportion
of m6A peaks in the 3′ and 5′ untranslated regions in the lipid accumulation group, while the
proportion within the 3′ untranslated region was significantly reduced and the proportion
within 5′ untranslated region was further increased after the addition of berberine. M6A
peaks possessed a higher enrichment ploidy. This indicated that lipid accumulation-
induced zebrafish hepatocytes possessed different m6A methylation patterns, and the
addition of appropriate amounts of berberine changed these m6A methylation patterns.

The methylation and demethylation process of RNA requires binding proteins to the
motifs of methylation sites. The analysis software HOMER was used to look for motifs
with high feasibility in the peak region, as seen in Figure 4A, for the four groups of samples
with motif prediction results. Motifs with multiple occurrences and high similarity in the
four groups revealed potential motifs of zebrafish methylation sites. Results indicated that
all four different treatment groups contained the “RRACH” motif, which indicated that
zebrafish also conformed to the general pattern of other species, and confirmed that the
results of this experiment were reliable and could be used for subsequent analysis.
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Figure 3. Distribution of m6A peaks of each group within ZFL.

Figure 4. M6A methylation analysis. (A) is top ten motif analysis for different treatment groups
within ZFL. (B) is top six motif analysis of each comparison group. *—possible false positive.

Table S2 illustrates the significant changes in methylation levels in each comparison
group. The number of genes with significant methylation differences was 231 in the lipid
accumulation group compared with the control group; 488 in the berberine group compared
with the control group; 107 in the lipid accumulation + berberine group compared with the
lipid accumulation group; and 441 in the lipid accumulation + berberine group compared
with the berberine group. This indicated that the effect of the treatment with berberine
on methylation levels was more significant compared to the lipid accumulation treatment.
The distribution of the screened differentially methylated gene peaks was further counted,
and data in Table S3 demonstrates that most of the differentially m6A methylated loci in
each group was located in the 3′ untranslated region, followed by distribution in the 5′
untranslated region, then other exons, and finally, the first exon region. From the table,
it can be seen that the proportion of m6A peaks in the 3′ and 5′ untranslated regions
was significantly increased in the lipid accumulation versus control group, while the
proportion of the 3′ untranslated region was significantly decreased and the proportion
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of the 5′ untranslated region was significantly increased in the berberine-repaired lipid
accumulation group versus the control group. The addition of an appropriate amount of
berberine was observed to change the m6A methylation pattern of differential genes in
lipid accumulation-induced zebrafish hepatocytes, with a decrease in the proportion of
the 3′ untranslated region and an increase in the proportion of the 5′ untranslated region.
The differentially methylated peaks screened for each comparison group were subjected to
motif analysis, and the top six ranked differentially methylated motifs of lipid accumulation
versus control are listed in Figure 4B. From the figure, we can find that lipid accumulation
treatment affected m6A methylation at these loci, and the m6A methylation occurring at
these loci was also associated with berberine treatment. Similarly, these motifs contained
multiple “RRACH” sequences, which verified the reliability of the results.

3.2.2. Transcriptome Analysis

Cells were collected for transcriptomic analysis from four experimental setup groups:
control (Control), lipid accumulation group (SP), berberine group (BBR), and lipid accu-
mulation + berberine group (SP + BBR). Significant changes in transcript levels in each
comparison group are summarized in Table S4. In terms of up- and down-regulation
of transcript levels, the number of genes up-regulated by methylation was greater than
the number of genes down-regulated by methylation in all comparison groups, except
for the lipid accumulation + berberine group, where the number of genes up-regulated
by methylation was smaller than the number of genes down-regulated by methylation
compared with the lipid accumulation group.

The results of KEGG pathway enrichment analysis with significant differences in
transcript levels are shown in Figure 5. Compared with the control group, the signif-
icantly differentially expressed genes in the lipid accumulation group were mainly in-
volved in PPAR signaling pathway, phenylalanine, tyrosine and tryptophan biosynthesis,
steroid biosynthesis, necroptosis, herpes simplex virus 1 infection, fructose and mannose
metabolism, amino sugar and nucleotide sugar metabolism. Compared with the control
group, the significantly differentially expressed genes in the berberine group were mainly
involved in the TGF−beta signaling pathway, sphingolipid metabolism, selenocompound
metabolism, primary bile acid biosynthesis, PPAR signaling pathway, FoxO signaling
pathway, focal adhesion, arginine and proline metabolism, arachidonic acid metabolism,
and the AGE−RAGE signaling pathway in diabetic complications. Compared with the
control group, the significantly differentially expressed genes in the lipid accumulation +
berberine group were mainly involved in the TGF−beta signaling pathway, terpenoid
backbone biosynthesis, steroid biosynthesis, fatty acid elongation, cytokine−cytokine re-
ceptor interaction, biosynthesis of unsaturated fatty acids, and the AGE−RAGE signaling
pathway in diabetic complications. Compared with the lipid accumulation + berberine
group, the significantly differentially expressed genes in the lipid accumulation group were
mainly involved in the TGF−beta signaling pathway, steroid biosynthesis, notch signaling
pathway, MAPK signaling pathway, fatty acid elongation, biosynthesis of unsaturated fatty
acids, and the AGE−RAGE signaling pathway in diabetic complications. Compared with
the berberine group, the significantly differentially expressed genes in the lipid accumula-
tion group were mainly involved in the sphingolipid metabolism, PPAR signaling pathway,
FoxO signaling pathway, fatty acid degradation, cytokine−cytokine receptor interaction,
biosynthesis of unsaturated fatty acids, and the AGE−RAGE signaling pathway in diabetic
complications. Compared with the lipid accumulation + berberine group, the differentially
expressed genes in the berberine group were mainly involved in the TGF−beta signal-
ing pathway, steroid biosynthesis, taurine and hypotaurine metabolism, MAPK signaling
pathway, linoleic acid metabolism, glycerolipid metabolism, cytokine−cytokine receptor
interaction, and arachidonic acid metabolism. From the above results of the analysis of
KEGG, the addition of high-fat and berberine significantly differentiates the transcriptional
expression of genes in zebrafish liver cells, which in turn regulates related signaling path-
ways, mainly manifested as pathways related to lipid metabolism (PPAR signaling pathway,
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MAPK signaling pathway, glyceril lipid metabolism, etc.), and pathways related to oxida-
tive stress (FoxO signaling pathway, TGF-beta signaling pathway, etc.). This indicates that
lipid deposition and berberine treatment have obvious effects on lipid metabolism and
oxidative stress in zebrafish hepatocytes.

Figure 5. KEGG enrichment analysis of transcriptional differential genes in each comparison group.
(A) is the comparison group of SP and Control. (B) is the comparison group of BBR and Control.
(C) is the comparison group of SP + BBR and Control. (D) is the comparison group of SP + BBR and
SP. (E) is the comparison group of BBR and SP. (F) is the comparison group of SP + BBR and BBR
comparison group.
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3.2.3. Analysis of m6A Methylation and Transcriptome Association

For the correlation analysis of transcription levels and methylation levels, we counted
the number of genes with changes in methylation and transcription levels, respectively, and
the number of genes with significant differences in methylation and transcription levels at
the same time in each comparison group, as seen in Table S5. We also analyzed the KEGG
pathway for genes with significant differences in methylation and transcription together
(Figure 6). Compared with the control group, the significantly differentially expressed genes
in the lipid accumulation group were mainly involved in adrenergic signaling in cardiomy-
ocytes. Compared with the control group, the significantly differentially expressed genes
in the berberine group were mainly involved in PPAR signaling pathway, DNA replication,
and arachidonic acid metabolism. Compared with the control group, the significantly
differentially expressed genes in the lipid accumulation + berberine group were mainly
involved in terpenoid backbone biosynthesis, synthesis and degradation of ketone bodies,
ABC transporters, glycosaminoglycan biosynthesis − chondroitin sulfate/dermatan sulfate.
Compared with the lipid accumulation + berberine group, the significantly differentially ex-
pressed genes in the lipid accumulation group were mainly involved in glycosaminoglycan
biosynthesis − heparan sulfate/heparin, glycosaminoglycan biosynthesis − chondroitin
sulfate/dermatan sulfate, beta−alanine metabolism, arginine biosynthesis, arginine and
proline metabolism, and ABC transporters. Compared with the berberine group, the signifi-
cantly differentially expressed genes in the lipid accumulation group were mainly involved
in purine metabolism, PPAR signaling pathway, p53 signaling pathway, fatty acid degrada-
tion, arginine and proline metabolism, alanine, aspartate and glutamate metabolism, and
N−Glycan biosynthesis. Compared with the lipid accumulation + berberine group, the dif-
ferentially expressed genes in the berberine group were mainly involved in VEGF signaling
pathway, tyrosine metabolism, sphingolipid metabolism, regulation of actin cytoskeleton,
PPAR signaling pathway, MAPK signaling pathway, glycosaminoglycan biosynthesis −
keratan sulfate, focal adhesion, adherens junction, and autophagy—other. From the above
results of KEGG analysis of differentially methylated coding genes, it can be speculated that
some genes related to lipid metabolism and translation regulation in zebrafish hepatocytes
were differentially modified by m6A methylation under lipid accumulation and berberine
treatment, and thus their expression was regulated, which in turn affected the phenotype.

3.2.4. Screening of Target Genes

The screening process for methylation-transcription level association analysis focused
on genes that showed significant changes in methylation levels and also showed significant
differences in transcript levels (p < 0.05) (Fc ≥ 2). From these, the Camk1db gene of zebrafish
was screened as the key gene for the next study. Trends are summarized in Table S6. The
M6A RNA methylation of the Camk1db gene was significantly lower in the lipid accumu-
lation group compared with the control group, and the transcript level was reduced but
not significantly different. The methylation levels and transcript levels were significantly
higher in the berberine group compared to the lipid accumulation group. Methylation
levels and transcript levels were also significantly increased in the lipid accumulation +
berberine group compared to the lipid accumulation group.

3.3. Validation of Camk1db Gene Methylation and Its Regulation of Cellular Homeostasis in ZFL

3.3.1. Validation of m6A Methylation Level and Transcription Level of Camk1db Gene

Changes in m6A methylation levels and gene expression levels occurring in the
Camk1db gene in each treatment group were also evaluated at a low throughput level.
Merip PCR was used to detect the m6A methylation level of the Camk1db gene (Figure 7A),
and q-PCR was applied to detect the mRNA expression of the Camk1db gene (Figure 7B).
Compared with the control group, the methylation and mRNA expression levels of Camk1db
gene were significantly lower in the lipid accumulation group, and significantly higher
in the berberine and lipid accumulation + berberine groups. Compared with the lipid
accumulation group, the Camk1db gene methylation and mRNA expression levels were
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significantly higher in the lipid accumulation + berberine group. The trends in each set are
basically consistent with the previous Merip-seq high-throughput sequencing results.

Figure 6. KEGG enrichment analysis of genes with significant differences in methylation and tran-
scription levels in each comparison group. (A) is the comparison group of SP and Control. (B) is
the comparison group of BBR and Control. (C) is the comparison group of SP + BBR and Control.
(D) is the comparison group of SP + BBR and SP. (E) is the comparison group of BBR and SP. (F) is the
comparison group of SP + BBR and BBR comparison group.
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Figure 7. Validation of Camk1db gene methylation and its regulation of cellular homeostasis in ZFL by
Camk1db. (A) is m6A methylation level of Camk1db gene in ZFL. (B) is relative mRNA expression of
Camk1db gene in ZFL. (C) is liver cell activity. (D) is the relative expression of intracellular ROS. (E) is
apoptosis rate. (F) is the WB map of LC3-B and P62 protein. (G) are relative content of P62 protein.
(H) are relative content of LC3-B protein. (I,J) are the WB map and relative level of P-ERK/ERK
protein before and after transfection. (K,L) are different treatment groups (Control, SP, BBR, SP + BBR)
P-ERK/ERK WB map and relative expression of protein. Dates were presented as mean ± SEM
(n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001, **** p < 0.0001.

3.3.2. Regulation of Biological Functions of ZFL by Camk1db

To investigate the physiological function of Camk1db gene in zebrafish hepatocytes,
siRNA transfection was used to silence Camk1db gene, and three groups were set up for
the experiment: Control (control group), NC (non-specific control group), and Si-Camk1db
(transfection group). First, we measured zebrafish physiological functions, including: cell
activity, intracellular ROS content, apoptosis, and autophagy, before and after Camk1db
gene silencing. As seen in Figure 7C, there was no significant change in cell activity in
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the NC group compared with the control group, while there was a significant decrease in
cell activity after transfection with siRNA to silence the Camk1db gene, indicating that the
expression of the Camk1db gene was related to cell activity. Combined with the analysis
from the previous experimental results, the lipid accumulation treatment may have reduced
the cell activity by inhibiting the expression of Camk1db gene. Berberine treatment may
have enhanced the cell activity by promoting the expression of Camk1db gene. As seen
in Figures 7D and S1, no significant changes in intracellular ROS content were observed
in the NC group compared with the control group, while there was a significant increase
in intracellular ROS content after transfection with siRNA to silence the Camk1db gene,
indicating that the expression of the Camk1db gene was negatively correlated with ROS.
Combined with the analysis from the previous experimental results, lipid accumulation
treatment promoted ROS by inhibiting the expression of the Camk1db gene. Berberine
treatment increased the expression of Camk1db gene, which in turn inhibited the occurrence
of ROS. As seen in Figure 7E and Figure S2, the apoptosis rate did not change significantly in
the NC group compared with the control group, while there was a significant increase in the
apoptosis rate after transfection with siRNA to silence the Camk1db gene, indicating that the
expression of the Camk1db gene was negatively correlated with apoptosis. Combined with
the analysis from the previous experimental results, lipid accumulation treatment promoted
apoptosis by inhibiting the expression of the Camk1db gene. Berberine treatment increased
the expression of Camk1db gene, which in turn inhibited the occurrence of apoptosis. To
investigate changes in the level of autophagy occurring in the cells after transfection, the
levels of P62 and LC3-B proteins in the cells before and after transfection were measured
by Western blot. As seen in Figure 7F–H), there was a significant decrease in P62 protein
content and a significant increase in LC3-B protein content in cells transfected with siRNA-
silenced Camk1db gene compared with the control group. While P62 content was negatively
correlated with the autophagy level of the cells, LC3-B content was positively correlated
with the autophagy level of the cells. Therefore, the expression of Camk1db gene was
inhibited and the level of cellular autophagy was increased. Combined with the analysis
from the previous experimental results, these results indicated that lipid accumulation
treatment inhibited the expression of Camk1db gene, which in turn increased the level of
cellular autophagy. Berberine treatment increased the expression of Camk1db gene, which
in turn inhibited the occurrence of autophagy in cells.

3.3.3. Exploration of the Signaling Pathway Acting by Camk1db

The protein encoded by Camk1db, a calmodulin-dependent protein kinase, can be
activated by Ca2+ and calmodulin binding in cells, which in turn activates certain intra-
cellular signaling pathways, including the ERK (extracellular regulated protein kinases)
pathway, by inducing cell depolarization. Michelle et al. reported that increased expression
of CaMKII could activate the extracellular signal-regulated kinase ERK signaling pathway
and increase the level of ERK phosphorylation [38]. The ERK signaling pathway is an
important member of the cellular signaling pathway, which mediates different cellular
functions, including cell proliferation, migration, differentiation, and survival. This is
consistent with the function of Camk1db gene discussed above. Therefore, to further in-
vestigate whether the Camk1db gene affects downstream physiological indicators through
the ERK pathway, Western blot was used to detect the levels of ERK and P-ERK protein in
the cells before and after transfection, and the relative levels of P-ERK/ERK were further
calculated to measure the activation level of the ERK pathway. Results are presented in
Figure 7I,J. Compared with the control group, the relative levels of P-ERK/ERK did not
change significantly in the NC group, while there was a significant decrease in the relative
levels of P-ERK/ERK in cells transfected with siRNA to silence the Camk1db gene. To
investigate whether lipid accumulation and berberine treatment could mediate the effect
of Camk1db gene on the activation of the ERK pathway, the relative level of P-ERK/ERK
in the four treatment groups (Control, SP, BBR, SP + BBR) identified above. Results are
summarized in Figure 7K,L. Compared with the control group, the level of P-ERK/ERK was
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significantly lower in the lipid accumulation group and significantly higher in the berberine
group, while the level of P-ERK/ERK was significantly higher in the lipid accumulation +
berberine group compared with the lipid accumulation group. Taken together, these results
suggested that lipid accumulation treatment can further inhibit the activation of the ERK
pathway by suppressing the expression of Camk1db gene, and that berberine treatment
could further promote the activation of ERK pathway by promoting the expression of
Camk1db gene.

4. Discussion

M6A RNA methylation was important for dietary regulation of downstream genes
and physiological indicators. In our study, berberine alleviated cellular oxidative stress by
reducing the high levels of apoptosis and autophagy caused by lipid accumulations, and
was firstly found to change the cellular m6A RNA methylation level. Berberine may increase
the expression level of Camk1db mRNA by altering Camk1db m6A RNA methylation, and
could regulate oxidative stress, apoptosis and autophagy through mediating the ERK1/2
signaling pathway activated by Camk1db in zebrafish-hepatocyte, which in turn affects
cellular function, as shown in Figure 8.

Figure 8. Berberine mediates the mechanism of Camk1db/ERK1/2 signaling pathway.

Under normal conditions, the oxidative and reductive systems in the cell are in or-
ganic equilibrium, maintaining normal cellular function. Once the oxidative and reductive
systems are out of balance, homeostasis of the cellular redox environment ceases to exist, ex-
hibiting stress and functional abnormalities, and continued imbalance will lead to abnormal
cellular function. The free radical aging doctrine states that when oxidative damage domi-
nates in cells, biomolecular functions will be disrupted, leading to the onset of aging [39].
It has been noted that excess palmitic acid can induce oxidative stress in hepatocytes [40].
In this study, berberine could effectively alleviate the oxidative stress, including ROS and
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MDA contents, of ZFL cells induced by lipid accumulation. Numerous studies have shown
that ROS levels are closely associated with apoptosis and autophagy. Fat deposition leads
to an increase in intracellular ROS content, which triggers endoplasmic reticulum stress
and further causes apoptosis [41]. ROS can be involved in cell proliferation, differentia-
tion, apoptosis and other physiological functions, especially mitochondria-derived ROS,
which are closely involved in the regulation of cellular autophagy. Under oxidative stress,
autophagy can, on the one hand, restore cells to normal function by removing damaged
organelles, while conversely, it can also directly induce the death of oxidized cells [42].
In this experiment, we examined the changes of apoptosis and autophagy levels in each
treatment group. The combined indices showed that the lipid accumulation treatment
significantly elevated the apoptosis rate and autophagy level of cells compared with the
control group, while the addition of berberine could alleviate the high level of apoptosis
and autophagy induced by lipid accumulation. Therefore, the alleviating effect of berberine
on the high levels of apoptosis and autophagy induced by lipid accumulation may be
related to the oxidative stress status of the cells. Lipid accumulation treatment induces
cellular oxidative stress and increases apoptosis and autophagy levels. Berberine may
alleviate oxidative stress by reducing high levels of apoptosis and autophagy caused by
lipid accumulation.

When cells are under different environments, m6A methylation can dynamically
regulate the cellular response to the environment [43]. Several studies have shown that
m6A methylation plays a crucial role in regulating oxidative stress and cell damage. For
example, in the mouse renal tubular epithelial cell model treated with colistin [44] and
the mouse model of hepatic ischemia-reperfusion [45], the oxidative stress response was
altered with the down-regulation or overexpression of METTL3 or FTO. Mettl3-mediated
modification of m6A is involved in PM2.5-induced apoptosis and autophagy [46]. METTL3
and FTO-mediated modification of m6A jointly participate in the oxidative stress process
induced by cadmium sulfate and cause cell apoptosis [47]. This study was designed to
estimate whether dietary factors or herb regulates cell proliferation by m6A methylation.
We investigated the effect of berberine on lipid accumulation-induced m6A methylation
in ZFL cells by Merip-seq high-throughput sequencing, and the results showed that m6A
methylation was a dynamic and reversible modification occurring on RNA through changes
in methylation sites and numbers, and that berberine treatment increased the overall m6A
methylation level in zebrafish hepatocytes, while the methylation level of m6A decreased
in cells under strong oxidative stress and cell damage after lipid accumulation treatment.
This result is consistent with results reported by Sun [48]. Additionally, Andres et al.
reported that the modification of m6A methylation in the 5′UTR increased during a state
of oxidative stress, and that m6A methylation in the 5′UTR promoted the process of
translation initiation of transcripts generated due to the stress state [49]. In this experiment,
lipid accumulation treatment triggered the oxidative stress state of the cells. From the
distribution observed, m6A methylation in the lipid accumulation group increased at the
5′UTR, and this proportion further increased after the addition of berberine, presumably
related to the oxidative stress state. Berberine alleviated the oxidative stress state produced
by lipid accumulation induced by increasing cellular m6A methylation modification in
the 5′UTR. To investigate the gene function of the significantly altered m6A methylation,
the differentially methylated genes KEGG pathway was enriched. The enrichment results
showed that differentially methylated genes were involved in several pathways related to
oxidative stress, including: TGF-beta signaling pathway, MAPK signaling pathway, FOXO
signaling pathway, PPAR signaling pathway, and VEGF signaling pathway. It should
be noted that the effect of berberine on lipid accumulation-induced m6A methylation
production in ZFL cells was closely related to cellular oxidative stress, and m6A methylation
modification regulated oxidative stress-related signaling pathways, thereby regulating the
level of oxidative stress in cells and thus affecting cell proliferation phenotype.

To further investigate the mechanism of m6A methylation in the regulation of lipid
accumulation-induced ZFL cells by berberine, a correlation analysis of methylation and
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transcript level data was performed, and results screened for differential genes with signifi-
cant differential changes at both levels for Camk1db. The protein encoding the zebrafish
Camk1db gene is CaMKID (calmodulin-dependent protein kinase ID), which is generally
inactive, and its activation is closely related to Ca2+ and calmodulin activity within the
cell. Ca2+, as a second messenger, is an important signaling ion that binds to receptors
and proteins to participate in several physiological responses in the cell [50], particularly
the protein CaM (calmodulin) [51]. When bound by Ca2+, CaM enters an activated state,
allowing it to bind to the target protein, calmodulin-dependent protein kinase (CaMK),
to exert physiological effects. CaMKI kinase is known to be widely present in the cyto-
plasm of many animal tissues and can promote cell proliferation by regulating cell cycle
proteins [52]. The activated state of CaMKI can induce cell depolarization, which in turn
activates the ERK (extracellular regulated protein kinases) pathway [53]. In this study, the
effect of Camk1db gene silencing on the level of P-ERK/ERK was examined using siRNA
silencing target gene combined with Western blotting. The results showed that the level of
P-ERK/ERK was significantly reduced in the Camk1db gene silencing group, confirming the
aforementioned findings that CaMKI can activate the ERK pathway. In addition, Camk1db
gene silencing significantly reduced cell viability and elevated cellular oxidative stress,
apoptosis and autophagy levels. It is hypothesized that the effect of Camk1db on the ERK
pathway is closely related to the alteration of these physiological functions.

ERK is an extracellular signal-regulated protein kinase, which belongs to one of
the MAPKs (mitogen-activated protein kinases) and is involved in several physiological
processes such as cell growth, division, development, and death [54]. It has been shown
that the ERK pathway is also involved in the process of oxidative stress, especially the
reperfusion injury caused by hemorrhagic shock resuscitation is closely related to the ERK
signaling pathway. The ERK signaling pathway is an important signaling pathway for post-
ischemic drug treatment to play a protective role in tissue and organ ischemia-reperfusion
injury. The activation of ERK can effectively improve ischemia-reperfusion injury [55]. ERK
can promote survival by inhibiting the activation of pro-apoptotic BCL-2 family proteins
(e.g., BAX and BIM) and thereby inducing the expression of anti-apoptotic members of the
BCL-2 family (e.g., BCL-2, BCL-XL and MCL-1) [56]. In HT-29 cells, ERK can be inhibited by
penicillin to up-regulate the expression of autophagy signature protein LC3 and promote
the occurrence of autophagy [57]. In summary, phosphorylation of ERK1/2 activates the
ERK pathway, promotes cell proliferation, inhibits oxidative stress and apoptosis, increases
the autophagy level of cells, which is consistent with the results of this experiment. In
addition, this study also found that the ERK phosphorylation level was reduced in the lipid
accumulation group compared with the control group, and the ERK pathway was inhibited,
while the treatment with berberine significantly increased the ERK phosphorylation level
and activated the ERK pathway in ZFL cells. Combined with the effects of berberine on
the methylation of lipid accumulation-induced ZFL cells and on the expression of Camk1db
gene, it was hypothesized that berberine could regulate the expression level of mRNA by
altering the M6A RNA methylation of the Camk1db, which further affected the synthesis of
calmodulin-dependent protein kinase and thus the activation of the ERK pathway, resulting
in changes in downstream physiological indicators.

5. Conclusions

In conclusion, this study explored the effects of berberine on the biological functions
of oxidative stress, apoptosis, and autophagy in ZFL induced by sodium palmitate, while
identified a new direction of m6A methylation of cellular RNA and screening the key
differential gene Camk1db. However, there are still some unresolved questions. It will be
necessary to elucidate the role of m6A methylation in the regulation of oxidative stress
processes in vivo.
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Abstract: Dissolved oxygen (DO) is a key factor affecting the health of aquatic organisms in an
intensive aquaculture environment. In this study, largemouth bass (Micropterus salmoides) were
subjected to acute hypoxic stress for 96 h (DO: 1.00 mg/L) followed by recovery under sufficient
DO conditions (DO: 7.50 mg/L) for 96 h. Serum biochemical indices, intestinal histomorphology,
the transcriptome, and intestinal microbiota were compared between hypoxia-treated fish and those
in a control group. The results showed that hypoxia caused oxidative stress, exfoliation of the
intestinal villus epithelium and villus rupture, and increased cell apoptosis. Transcriptome analyses
revealed that antioxidant-, inflammation-, and apoptosis-related pathways were activated, and that
the MAPK signaling pathway played an important role under hypoxic stress. In addition, 16S
rRNA sequencing analyses revealed that hypoxic stress significantly decreased bacterial richness
and identified the dominant phyla (Proteobacteria, Firmicutes) and genera (Mycoplasma, unclassified
Enterobacterales, Cetobacterium) involved in the intestinal inflammatory response of largemouth bass.
Pearson’s correlation analyses showed that differentially expressed genes in the MAPK signaling
pathway were significantly correlated with some microflora. The results of this study will help to
develop strategies to reduce damage caused by hypoxic stress in aquacultured fish.

Keywords: dissolved oxygen; Micropterus salmoides; transcriptome; 16S rDNA; intestine

1. Introduction

Dissolved oxygen (DO) is an important environmental factor affecting the growth and
development of aquatic organisms. In the process of fish farming, especially in overcast
and rainy weather in summer and autumn, acute hypoxia can readily occur. Prolonged low
DO levels (below 1–2 mg/L) adversely affect fish [1]. Low DO not only affects fish behavior,
immunity, and metabolism [2] but also leads to oxidative stress [3] and even death [4].
Thus, hypoxia seriously restricts the sustainable development of intensive aquaculture.

Previous studies have revealed the effects of the duration of hypoxia on oxidative
stress, inflammation, and apoptosis, in aquatic organisms. For example, culturing large
yellow croaker (Larimichthys crocea) in water with a DO level of 2 mg/L for 96 h can cause
oxidative stress, affect the balance of the redox system, and lead to gill tissue damage [5].
A study on hybrid yellow catfish (Pelteobagrus fulvidraco ♀× Pelteobagrus vachelli ♂) found
that oxidative stress, respiratory metabolism, and apoptosis were affected when the DO
level reached 0.7 ± 0.05 mg/L and was maintained at that level for 6.5 h [6]. The contents
of serum metabolites (glucose and lactic acid) in mrigal (Cirrhinus mrigala) also changed
significantly upon 24 h of exposure to water with a DO level of 0.5 ± 0.04 mg/L [7]. In
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common carp (Cyprinus carpio), hypoxia led to an inflammation response, and then the
reintroduction of oxygen into anoxic tissue caused oxidative stress and immune damage to
fish tissue [8].

The intestine is not only an important part of the digestive and absorption system of
fish but also an important immune organ. Under hypoxic stress, the intestinal mucosal
immune system is activated and drives the adaptation to hypoxia by upregulating the
expression of several metabolic enzymes and vasoactive factors and disrupting barrier func-
tion, growth, and apoptosis [9,10]. The disruption of the oxygen gradient is responsible for
many intestinal diseases [11]. Several studies have shown that hypoxic stress significantly
affects the intestinal structure of fish. Dong et al. found that intermittent hypoxia for 7 days
led to the exfoliation of intestinal epithelial cells and a significant decrease in the length of
intestinal villi [12]; Yang et al. found that the height and width of intestinal villi and the
thickness of the muscle layer decreased significantly after 28 days of hypoxic stress [13].
Hypoxia also affects the immune system of fish, and was shown to affect neutrophils
and cause inflammation in the intestinal mucosa of Salmo salar [9] and increase oxidative
stress and apoptosis-related factors in the intestine of Lateolabrax maculatus [14]. Therefore,
exposure to hypoxia can severely affect the intestinal health of fish.

The rapid development of second-generation sequencing technologies and bioinfor-
matic analysis methods has allowed for effective and rapid analyses of the molecular mecha-
nisms underlying responses of various tissues and organs to environmental conditions [15].
Using these techniques, researchers have unraveled a series of molecular changes in fish
under hypoxic stress. It has been reported that in channel catfish (Ictalurus punctatus) [16]
and blunt snout bream (Megalobrama amblycephala) [17], the pathways significantly enriched
with differentially expressed genes (DEGs) under hypoxic stress are HIF-1, MAPK, and
PI3K-Akt. The environmental stress caused by hypoxia reduces the oxygen transfer to the
surrounding tissues. Previous analyses have shown that hypoxic stress also reduces the
abundance of beneficial bacteria and increases the abundance of opportunistic pathogens in
Pelteobagrus vachelli [18], thus leading to a higher incidence of gastrointestinal and intestinal
inflammation. Studies on oriental river prawn (Macrobrachium nipponense) showed that
intestinal microorganisms had important effects on physiological homeostasis under hy-
poxia [19]. Intestinal microbes and hosts can interact with each other [20,21]. We have con-
firmed this in hybrid yellow catfish (Tachysurus fulvidraco ♀× Pseudobagrus vachellii ♂) [22].
To determine whether a similar phenomenon would occur under hypoxic conditions, it
is necessary to study the correlation between the gut microbiota and the transcriptome.
The Largemouth bass (Micropterus salmoides) is popular because of its delicious meat, lack
of intermuscular spines, and high nutritional value. In the study of hypoxia, 6 and 96 h
are common stress times [23,24]. To observe the dynamic physiology of largemouth bass
under hypoxic stress, we set several time points in multiples of four to determine the
characteristics of stress response in largemouth bass. We identified changes in intestinal
molecular indices by transcriptome sequencing and analyzed the intestinal histomorphol-
ogy, serum antioxidant capacity, and intestinal microbial composition under acute hypoxic
stress followed by reoxygenation. These results contribute to a comprehensive understand-
ing of how these fish adapt to hypoxia, and will be useful to devise strategies to reduce the
damage caused by hypoxic stress in cultured fish.

2. Materials and Methods

2.1. Fish Maintenance

The fish used in the experiment were healthy largemouth bass that were free of disease
and injuries from the Yixing Base of Freshwater Fisheries Center, Chinese Academy of
Fishery Sciences (Wuxi, China). Before the experiment, the fish were temporarily reared for
15 days in a 400 L indoor tank (water temperature 27 ◦C ± 1 ◦C, DO > 7.5 mg/L, ammonia
nitrogen and nitrite < 0.01 mg/L, pH 7.6 ± 0.2). They were fed a commercial diet at 3% of
their bodyweight (46% crude protein, 6% crude fat) at 8:00 and 16:00, respectively.
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2.2. Determination of 96h-LH50

According to our previous research [25], fish (average weight, 8.27 ± 1.20 g) were
subjected to DO at five different levels (0.15, 0.3, 0.6, 1.2, 2.4 mg/L) for 96 h to determine
the median lethal hypoxia (96h-LH50). The preliminary experiment was carried out in
a 400 L indoor tank (20 fish per tank, with a total of 300 fish). Each inflatable tank was
filled with 150 L tap water, and the oxygen concentration was measured with a DO meter
(LD0101 probe, range: 0.1–20.0 mg/L, Hach, Loveland, LVLD, USA). Before the start of
the experiment, the DO was adjusted to the specified level using nitrogen. The fish were
observed every half hour. At each observation time, the dead fish were counted and
removed. The mortality of largemouth bass was recorded at 24 h, 48 h, 72 h, and 96 h,
and the cumulative mortality in each treatment during 96 h was calculated. Finally, the
96h-LH50 of largemouth bass was obtained by linear interpolation.

2.3. Sample Collection

The hypoxic stress experiments were carried out on the basis of 96h-LH50 for 96 h.
The control group (DO: 7.50 mg/L) and the hypoxia group (DO: 1.00 mg/L) were set
up with three parallel experiments per treatment group. The experiment was carried
out in six 400 L culture tanks, each one containing 60 uniform and healthy largemouth
bass (8.27 ± 0.22 g). In the hypoxia groups, the DO level was maintained at 1.00 mg/L
for 96 h by adding nitrogen along with oxygen through the inlet valve. At the end of
96 h, oxygen was supplied through the valve to quickly return the DO to the normal level
(DO: 7.50 mg/L), and these conditions were maintained for a further 96 h. During the
experiment, the fish were fed normally.

Samples were taken at 0 h, 6 h, 24 h, 96 h under hypoxic stress (DO: 1.00 mg/L) and
after 96 h of recovery under sufficient DO conditions (DO: 7.50 mg/L). At each sampling
time, 12 fish were randomly selected from each of the three parallel groups in the hypoxia
group and the control group for tail vein blood collection and foregut extraction. The
blood was collected by caudal vein drawing. As described by Ma et al., [26], the serum
was immediately centrifuged (4 ◦C, 3000× g) and frozen at −20 ◦C. These serum samples
were used to analyze biochemical parameters. The foregut samples were fixed in 4%
paraformaldehyde solution for pathological observations and apoptotic cell detection.
Another 12 fish were taken from each of three parallel groups: 0 h group (Ctrl), 96 h group
(Hyp), and 96 h recovery group (Rec). Foregut tissue samples were collected and frozen
in liquid nitrogen and stored at −80 ◦C. The foregut of each fish was divided into three
parts, which were used for 16S rRNA sequencing, transcriptome sequencing, and qRT-PCR
verification, respectively.

2.4. Determination of Serum Biochemical Indices

The serum supernatant was used to analyze the contents of glucose, lactic acid (LAC),
and malondialdehyde (MDA) and the activity of superoxide dismutase (SOD) and catalase
(CAT). All these analyses were conducted using kits from the Shanghai Langton Biology
Co., Ltd. (Shanghai, China) [25]. The absorbance values of the reaction mixtures were
determined using an Epoch™ Microplate Spectrophotometer (BioTek Instruments, Inc.,
Winooski, VT, USA).

2.5. Histopathological Analysis of Intestine Samples

Paraffin sections were prepared as described previously [27]. The intestinal samples
were fixed in 4% paraformaldehyde solution for 24 h, dehydrated in an ethanol gradient,
then cleared in a mixture of xylene:anhydrous ethanol = 1:1 and xylene. The transparent
samples were embedded in wax blocks using a Leica EG1150H embedding machine (leica,
Germany), and the wax blocks were cut into thin slices (7 μm thickness) using a Leica
RM2255 slicer (leica, Germany). After spreading, drying, and baking, the paraffin slices
were dewaxed in xylene and ethanol solutions, and then stained with hematoxylin–eosin
(HE). Finally, the slices were sealed with neutral gum and observed and photographed
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under a Nikon Eclipse Ci microscope (Nikon, Tokyo, Japan) equipped with a Nikon digital
sight DS-FI2 imaging system. The length and width of villi and the thickness of the muscle
layer in each slice were measured using Image-Pro Plus 6.0 software (media cybernetics,
Silver Spring, MD, USA).

2.6. Detection of Intestinal Cell Apoptosis in Largemouth Bass

Intestinal cell apoptosis was detected using a TUNEL (terminal dUTP nick-end label-
ing) kit (Yanjin Biotechnology Co., Ltd. Shanghai, China). After the paraffin sections were
prepared as described above, they were immersed in xylene I (20 min), xylene II (20 min),
and ethanol (100, 100, 85, 75%; 5 min at each concentration), and then washed with water
for 2 min. The tissues were covered with DNase-free proteinase K (20 μg/mL), incubated
at 37 ◦C for 25 min, and washed with PBS three times for 5 min each time. Tissue samples
were placed in a wet box, covered with TUNEL reaction solution, and incubated at 37 ◦C for
1 h. After incubating with 3,3-diaminobenzidine (DAB) for 5 min, sections were restained
with hematoxylin for 12 s. The sections were observed and photographed under a Nikon
Eclipse Ci microscope equipped with a Nikon DS-U3 imaging system. The nuclei of normal
nonapoptotic cells were stained blue by hematoxylin, while the nuclei of positive apoptotic
cells were stained brownish-green by DAB. Image-Pro Plus 6.0 were used to calculate the
number of apoptotic cells.

2.7. Sequencing and Analysis of Intestinal Transcriptome
2.7.1. Construction and Sequencing of mRNA Libraries

Total RNA was extracted from intestinal samples of the Ctrl, Hyp, and Rec groups
(n = 12) using a TRIzol kit (Invitrogen, Carlsbad, CA, USA). The quantity and purity of
total RNA were determined using a NanoDrop ND-1000 instrument (NanoDrop, Wilm-
ington, DE, USA) and the integrity of RNA was tested using a Bioanalyzer 2100 instru-
ment (Agilent, Palo Alto, CA, USA). Equal amounts of RNA were extracted from the Ctrl
group, Hyp group, and Rec group and mixed for sequencing. There were three repli-
cates in each group, and a total of nine samples were prepared (Ctrl1, Ctrl2, Ctrl3, Hyp1,
Hyp2, Hyp3, Rec1, Rec2, Rec3). The mRNA with polyA (polyadenylate) was specifically
captured using Dynabeads Oligo magnetic beads (Dynabeads Oligo (dT), cat.25-61005,
Thermo Fisher, Waltham, MA, USA) through two rounds of purification, and then RNA-
Seq libraries were constructed using the mRNA-Seq sample preparation kit (Illumina,
San Diego, CA, USA) [28]. Finally, libraries were sequenced on the Illumina Novaseq
sequence 6000 platform (LC Bio Technology Co., Ltd. Hangzhou, China) in the PE150
sequencing mode.

2.7.2. Data Filtering, Read Mapping and Detection of Differentially Expressed Genes

Cutadapt [29] was used to remove sequencing connectors and low-quality sequencing
data, and Hisat2 [30] was used to compare the preprocessed effective data (clean data) with
the reference genome of the largemouth bass (https://www.ncbi.nlm.nih.gov/genome/
?term=Micropterus+salmoides%5Borgn%5D (accessed on 21 October 2021)). According to
the alignment results, the transcripts were reconstructed using Stringtie [31] and the expres-
sion levels of all genes in each sample were calculated. The FPKM value [32] (fragments
per kilobase million) was used as the measurement index of gene expression to calculate
gene expression in different samples. T-tests were used to detect significant differences in
gene expression between pairs of samples. Differentially expressed genes were screened
using the following criteria: | log2FOLDCHANGE | > = 1 & p < 0.05. Gene ontology
(http://geneontology.org/, accessed on 20 November 2021, GO) and Kyoto Encyclopedia
of Genes and Genomes (http://www.kegg.jp/, accessed on 20 November 2021, KEGG)
enrichment analyses were used to determine the function and related metabolic pathways
of DEGs, respectively.
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2.7.3. Identification of DEGs in Intestines by qRT-PCR

Total RNA was extracted from intestines of Ctrl, Hyp, and Rec groups using an RNAiso
Plus kit (TaKaRa, Dalian, China). The mass and concentration of RNA were determined
by measuring the absorbance values of 260 nm and 280 nm (A260/A280 ratio, 1.9–2.1). A
Prime Script template RT Master Mix (Takara) (Dalian, China) kit was used to synthesize
the template cDNA by reverse transcription.

All the primers (Table S1) used to amplify differentially expressed genes were synthe-
sized by the Genewiz Biotechnology Co., Ltd. (Suzhou, China). Using the known β-actin
gene of largemouth bass as the internal reference [33], real-time fluorescence quantitative
PCR analyses were performed using the SYBR ®Premix Ex Taq assay (Takara, Dalian, China)
kit. The composition of the qRT-PCR reaction system was as follows: 2 × SYBR Premix
Ex Taq™ 12.5 μL, 1 μL each of the forward and reverse primers, 50 × ROX reference Dye
II 0.5 μL, 2 μL cDNA template, and RNase-free dH2O to complete the volume to 25 μL.
The thermal cycling conditions were as follows: 95 ◦C for 30 s; 95 ◦C for 5 s; 60 ◦C for 30 s
(40 cycles). To confirm the specificity of primers, the amplification curve and melting curve
of PCR were confirmed at the end of each operation. According to the Ct value measured
by fluorescence quantitative PCR, the relative gene transcript level was calculated by the
2−ΔΔCt method [34].

2.8. Sequencing and Analysis of Intestinal Microorganisms in 16S rRNA
2.8.1. DNA Extraction and Sequencing

DNA was extracted from the foregut of the Ctrl, Hyp, and Rec groups using an EZNA ®

Stool DNA Kit (D4015, Omega Inc., Norcross, GA, USA). Ten samples with good DNA
quality were selected from each group for follow-up experiments. The V4 and V3 variable
regions of the bacterial 16s rRNA gene (400–450 bp) were selected for PCR amplification.
The PCR thermal cycling program was as follows: 98 ◦C initial denaturation for 30 s, then
98 ◦C for 10 s (denaturation), 54 ◦C for 30 s, then 35 cycles of 72 ◦C for 45 s (annealing), and
final extension for 10 min at 72 ◦C. The PCR products were purified using AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) and quantified by Qubit (Invitrogen,
Carlsbad, CA, USA). The PCR amplification products were detected by 2% w/v agarose gel
electrophoresis and recovered using AMPure XT beads recovery reagent. The purified PCR
products were evaluated using an Agilent 2100 Bioanalyzer (Agilent, CA, USA) and an
Illumina (Kapa Biosciences, Woburn, MA, USA) library quantification kit. Qualified library
concentrations were higher than 2 nM. After gradient dilution of the qualified sequencing
libraries, the libraries were mixed according to the required sequencing quantity and
denatured into single strands by NaOH for sequencing. Double-ended sequencing of
2 × 250 bp was carried out using a NovaSeq 6000 sequencer (LC Bio Technology Co., Ltd.
Hangzhou, China), with reagents of the NovaSeq 6000 SP Reagent Kit (500 cycles).

2.8.2. Statistical and Bioinformatic Analysis

After sequencing, the raw double-terminal data were spliced by overlapping, and then
quality-control steps and chimera filtering were conducted to obtain high-quality clean data.
Then, we used the concept of ASVs (amplicon sequence variants) to construct the OTUs
(operational taxonomic units) table, and obtained the final ASV feature table and feature
sequences for further analyses. QIIME (v.1.8.0) was used to calculate goods coverage,
observed species, Chao1, and Shannon’s and Simpson’s indices to evaluate the alpha
diversity of samples and to determine differences in species composition among samples.
SILVA (release 138, https://www.arb-silva.de/documentation/release-138 (accessed on
1 November 2021)) and the NT-16S database were used to classify species and compare
abundance ratios. The results are shown as a stacked bar chart. The linear discriminant
analysis (LDA) effect magnitude (LEfSe) method was used to detect differences in bacterial
group abundance among the Ctrl, Hyp, and Rec groups. PICRUSt2 analysis was used to
predict the function of intestinal flora by KEGG functional annotation.
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2.9. Transcriptome and Intestinal Microorganism Correlation Analyses

To detect correlations between intestinal bacteria and the MAPK signaling path-
way, Pearson’s correlation analysis was carried out using OmicStudio tool (https://www.
omicstudio.cn (accessed on 15 August 2022)) [22]. The p value was corrected for multiple
comparisons using R (version 3.6.1); p < 0.05 was considered to be statistically significant,
p < 0.01 was very significant, and p < 0.001 was extremely significant.

2.10. Statistical Analysis

Data for 96h-LH50, serum biochemical parameters, and qRT-PCR were analyzed
using SPSS 23.0 (SPSS Inc., Chicago, IL, USA) and are expressed as means ± standard
error. Shapiro–Wilk and Levene median tests were used to test for variance normality
and homogeneity of data. One-way analysis of variance (ANOVA) and Tukey’s test were
used to detect significant differences in biochemical indices and gene transcript levels
among different sampling times. The Kruskal–Wallis method was used to detect significant
differences in alpha and beta diversity indices among different samples.

3. Results

3.1. Determination of 96h-LH50 in Largemouth Bass

As shown in Table 1, as the DO level decreased, the mortality of largemouth bass
increased significantly. Taking the 96 h DO level and mortality as independent and depen-
dent variables, respectively, the regression equation was obtained: Y = −47.73x + 99.72
(r = 0.905, p < 0.0001). The 96h-LH50 determined by linear interpolation was 1.04 mg/L
(Figure 1). Therefore, 1.00 mg/L was selected as the 96h-LH50 of largemouth bass for
further experiments.

Table 1. Effects of different low DO levels on 96 h mortality (%) of largemouth bass.

Time (h)
Dissolved Oxygen Levels (mg/L)

2.4 1.2 0.6 0.3 0.15

0 0 0 0 0 0
24 0 0 20 31.7 50
48 0 0 46.7 58.3 73.3
72 0 0 68.3 78.3 100
96 0 6.7 78.3 91.7 100

Figure 1. Linear interpolation graph for 96h-LH50 (n = 20).
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3.2. Determination of Antioxidant Capacity of Largemouth Bass under Hypoxic Stress
and Reoxygenation

As shown in Figure 2, the serum glucose content in largemouth bass reached the lowest
level at 96 h under hypoxic stress, and then increased somewhat after 96 h of recovery under
sufficient DO conditions (Figure 2A). In contrast, the LAC and MDA contents peaked at
96 h of hypoxic stress, and then decreased significantly by 96 h of recovery under sufficient
DO conditions (Figure 2B,C). The activities of SOD and CAT reached the lowest values at
96 h of hypoxic stress, but significantly increased after 96 h of recovery under sufficient DO
conditions (Figure 2D,E). All of these indices showed significant differences between the
control group and the hypoxia group at 96 h (p < 0.05).

Figure 2. Serum biochemical indices of largemouth bass under 96 h of hypoxic stress and recovery for
96 h (n = 12). (A): Glucose concentration. (B): Lactic acid concentration. (C): Malondialdehyde (MDA)
content. (D): Superoxide dismutase (SOD) activity. (E): Catalase (CAT) activity. Different letters above
bars indicate significant differences among sampling times. Asterisks indicate significant difference
between control group and hypoxia treated group at each time point.

3.3. Intestinal Histological Structure of Largemouth Bass under Hypoxic Stress and Reoxygenation

As shown in Figure 3, compared with fish at 0 h, those exposed to hypoxic stress
for 24 h and 96 h showed obvious tissue damage, including exfoliation of the chorionic
epithelium, rupture of chorionic villi, and decreased thickness of the intestinal muscle
layer (p < 0.05) (Table 2). The morphology of the intestine recovered somewhat after
96 h of recovery under sufficient DO conditions. The length and width of villi were not
significantly affected by the hypoxia treatment in this experiment (p > 0.05).
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Figure 3. Intestinal morphology of largemouth bass under hypoxic stress for 0 h (A), 6 h (B),
24 h (C), 96 h (D) and 96 h of recovery under sufficient DO conditions (E) (n = 12). Solid arrow:
intestinal epithelial injury; dotted arrow: ruptured intestinal villus.

Table 2. Morphological indices of largemouth bass under hypoxic stress followed by 96 h of recovery.

Hyp_0 h Hyp_6 h Hyp_24 h Hyp_96 h Rec_96 h

Villi Length (μm) 654.85 ± 54.48 630.65 ± 42.79 452.70 ± 52.72 498.94 ± 61.55 518.87 ± 94.61
Villi Thickness (μm) 93.37 ± 6.48 89.14 ± 7.11 75.05 ± 2.36 76.77 ± 1.45 78.80 ± 5.6

Muscle Layer Thickness (μm) 83.34 ± 3.37 a 67.09 ± 7.46 ab 53.87 ± 4.90 bc 42.01 ± 3.91 c 64.04 ± 4.62 abc

a, b, c Within each row, different letters indicate significant differences among groups.

3.4. Intestinal Cell Apoptosis in Largemouth Bass under Hypoxic Stress and Recovery

The TUNEL staining results showed that the number of apoptotic cells in the intestine
of largemouth bass increased during exposure to hypoxia compared with the control group
(Figure 4A–D, Table 3) and then decreased during recovery under sufficient DO conditions
(Figure 4E, Table 3).

Figure 4. Effects of hypoxic stress (0 h (A), 6 h (B), 24 h (C), 96 h (D)) and reoxygenation (96 h (E)) on
intestinal cell apoptosis in largemouth bass (n = 12). White arrows indicate apoptotic cells.
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Table 3. Number of intestinal apoptotic cells of largemouth bass under hypoxic stress followed by
96 h of recovery.

Hyp_0 h Hyp_6 h Hyp_24 h Hyp_96 h Rec_96 h

Number of
Apoptotic Cells 18.42 ± 4.09 a 75.33 ± 12.45 a 291.58 ± 35.16 b 978.08 ± 237.68 c 333.08 ± 31.99 b

a, b, c Within each row, different letters indicate significant differences among groups.

3.5. Transcriptome Analysis of Largemouth Bass under Hypoxic Stress and Reoxygenation

Nine libraries (Ctrl1, Ctrl2, Ctrl3, Hyp1, Hyp2, Hyp3, Rec1, Rec2, Rec3) were con-
structed from mRNA extracted from intestinal tissues of fish in the Ctrl (0 h), Hyp
(96 h of hypoxic stress), and Rec (96 h recovery after hypoxic stress) groups. A total
of 36,223,342–5,000,644 reads were obtained by sequencing. After quality-control steps to
remove low-quality sequences, as shown in Table S2, the number of reads in each library
ranged from 31,738,670 to 46,246,716 (Q20 value, 99.96–99.97%; Q30 value, 98.09–98.26%).
The GC content was 47–49%, indicating that the sequencing data were of sufficient quality
for subsequent analyses.

We detected 3300 upregulated DEGs and 1548 downregulated DEGs between the Ctrl
group and the Hyp group (Figure 5); 1372 upregulated DEGs and 2540 downregulated
DEGs between the Hyp group and the Rec group; and 1372 upregulated DEGs and
2540 downregulated DEGs between the Ctrl group and the Rec group (Figure 5A–D).
The Venn diagram shows the number of DEGs between and among the different groups
(Figure 5E).

The results of GO functional annotation analyses showed how hypoxic stress affected
different subcategories of genes within the “biological process” (BP), “cellular component”
(CC), and “molecular function” (MF) categories in largemouth bass (Figure S1). Compared
with the Ctrl group, the Hyp group showed significant enrichment of DEGs in signal
transduction, G-protein-coupled receptor signaling pathway, and oxidation-reduction
process subcategories in the BP category; integral component of membrane, membrane,
and cytoplasm subcategories in the CC category; and transferase activity, metal ion binding,
and ATP-binding subcategories in the MF category. Compared with the Rec group, the
Hyp group showed significant enrichment of DEGs in the regulation of transcription, DNA-
template, and oxidation-reduction process subcategories in the BP category; membrane,
integral component of membrane, and nucleus subcategories in the CC category; and metal
ion binding, ATP binding, and transferase activity in the MF category. Compared with the
Ctrl group, the Rec group showed significant enrichment of DEGs in the signal transduction,
regulation of transcription, DNA-template, and proteolysis subcategories in the BP category;
membrane, integral component of membrane, and cytoplasm subcategories in the CC
category; and metal ion binding, ATP-binding, and nucleotide-binding subcategories in the
MF category.

KEGG enrichment analysis showed that 114, 36, and 25 signaling pathways were
enriched with DEGs in the Ctrl vs. Hyp, Hyp vs. Rec, and Ctrl vs. Rec comparisons, respec-
tively. The oxidative stress pathways (HIF-1 signaling, MAPK signaling), inflammation
pathways (MAPK signaling, NF-kappa B signaling, PI3K-Akt signaling), and apoptosis
pathways (MAPK signaling, apoptosis, p 53 signaling) were significantly enriched with
DEGs under hypoxia (p < 0.05) (Figure 6).
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Figure 5. (A): Volcanic diagram of differentially expressed genes (DEGs) in Ctrl vs. Hyp groups
(n = 3). (B): Volcanic map of DEGs in Hyp vs. Rec groups (n = 3). (C): Volcanic map of DEGs in Ctrl
vs. Rec groups (n = 3). Grey dots represent genes with no significant difference in transcript levels
between groups; red dots and blue dots represent significantly upregulated and downregulated
DEGs, respectively. (D): Transcriptome analysis of DEGs quantity and expression (n = 3). (E): Venn
diagram showing number of DEGs between and among groups (n = 3).
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Figure 6. KEGG pathway enrichment analysis of DEGs in the intestine of largemouth bass under
acute hypoxic stress (n = 3).

The MAPK signaling pathway was significantly enriched with DEGs in the Ctrl vs.
Hyp and the Hyp vs. Rec comparisons. To verify these results concerning the immune
and inflammatory responses of largemouth bass to hypoxic stress, several MAPK signaling
pathway genes were selected for qRT-PCR analysis. The changes in gene transcript levels
detected by qRT-PCR were consistent those detected from the sequencing results (Figure 7).
Compared with the Ctrl group, the Hyp group showed significantly decreased transcript
levels of mapk11, elk-1, and map2k4b. After 96 h of recovery under sufficient DO conditions,
the transcript level of mapk11 had increased, but the transcript level of map2k4b was still
lower than that in the Hyp group. Compared with the Ctrl and Rec groups, the Hyp group
showed significantly increased transcript levels of atf2, tnfrsf1a, tgf-β2, and dusp5.

mapk11 atf2 tnfrsf1a elk1 map2k4b tgf- 2 dusp5

Figure 7. qRT-PCR analysis of differentially expressed genes in Ctrl group, Hyp group, and Rec group
(n = 12). Different letters indicate significant differences in gene transcript levels among groups.
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3.6. Sequencing and Analysis of Intestinal 16S rRNA of Largemouth Bass under Hypoxic Stress
and Reoxygenation

Alpha diversity is mainly used to reflect species richness and evenness as well as
sequencing depth. Among the indices, Chao1 and observed OTUs mainly estimate the
number of species in the community, while Shannon’s and Simpson’s indices reflect the di-
versity of the community. The results showed that the observed OTU index and Chao1 index
were significantly lower in the Hyp group than in the Ctrl group (p < 0.05) (Figure 8A,D).
The observed OTU index, Shannon’s index, and Chao1 index were significantly lower in
the Rec group than in the Ctrl group (p < 0.05) (Figure 8A,B,D).

 

 

  

  

   

  

Figure 8. Intestinal alpha diversity of largemouth bass under hypoxic stress. (A): Observed op-
erational taxonomic units (OTUs) index (alpha) (n = 10). (B): Shannon’s index (alpha) (n = 10),
(C): Simpson’s index (alpha) (n = 10). (D): Chao1 index (alpha), * and ** indicate significant differ-
ences in abundance among different groups (Kruskal–Wallis test, *: p < 0.05, **: p < 0.01) (n = 10).
(E): Relative abundance of main taxa of intestinal microflora in Ctrl group, Hyp group, and Rec
group (a–d) (n = 10). Each bar represents relative abundance in each sample, and shows 27 most
abundant taxa.
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A PCoA analysis based on weighted UniFrac and unweighted UniFrac was used to
describe the beta diversity of intestinal flora (Figure S2). The results indicated that there
were significant differences in beta diversity among the Ctrl group, the Hyp group, and the
Rec group (p < 0.05).

Proteobacteria, Spirochaetes, Fusobacteria, and Firmicutes were the dominant phyla in
the intestinal microflora (Figure 8E). Under hypoxic stress, the abundance of Proteobacteria
and Firmicutes decreased significantly in the Hyp group (p < 0.05) (Figure 8E(a,d)), while
the abundance of Spirochaetes and Fusobacteria showed no significant differences among
the three groups (Figure 8E(b,c)).

The LEfSe method was used to compare the abundance of all detected bacterial
groups among the Ctrl, Hyp, and Rec groups (Figure S3). To determine which bacteria
responded to differences in DO levels, we calculated the relative abundance of selected
bacteria. The genera showing large differences in relative abundance among the three
groups were Mycoplasma, Cetobacterium, unclassified Enterobacterales, and unclassified
Betaproteobacteria. The relative abundance of Mycoplasma was significantly higher in
the Hyp group than in the Ctrl and Rec groups (Figure 9B(a)). The relative abundance
of Cetobacterium in the Hyp group was significantly lower than that in the Ctrl group
(p < 0.05), but not significantly different from that in the Rec group (p > 0.05) (Figure 9B(b)).
Enterobacteriaceae were more abundant in the Rec group than in the Ctrl and Hyp groups
(Figure 9B(c)), while Betaproteobacteria were less abundant in the Rec group than in the
Ctrl and Hyp groups (Figure 9B(d)).

Figure 9. (A): Taxa shown in histogram were determined to differ significantly in abundance among
Ctrl, Hyp, and Rec groups by Kruskal–Wallis test ((p < 0.05, LDA score > 4, (a): Ctrl vs. Hyp; (b): Hyp
vs. Rec; (c): Ctrl vs. Rec) (n = 10). (B): Abundance of major bacteria (a–d) in Ctrl, Str, and Rec groups
(*, p < 0.05; **, p < 0.01) (n = 10).

As shown in Figure 10A, the Ctrl, Hyp, and Rec groups shared 237 OTUs. Compared
with the Ctrl group, the Hyp group had 748 unique OTUs and the Rec group had 774 unique
OTUs. The main functions of the intestinal microorganisms at KEGG level 2 are shown in
Figure 10B. The main functions of the intestinal microorganisms across the Ctrl, Hyp, and
Rec groups were “membrane transport”, “replication and repair”, and “translation”.

3.7. Correlations between Intestinal Microorganisms and DEGS

Pearson’s correlation analyses were conducted to detect relationships between DEGs
and intestinal microorganisms at the genus level (Figure 11). We detected positive correla-
tions between igf2b and g-Zoogloea and g-Cetobacterium; and between rac2 and g-Asticcacaulis,
g-Zoogloea, and g-Cetobacterium; and detected negative correlations between mapk8b and
g-Asticcacaulis, g-Zoogloea, and g-Cetobacterium. map2k4b was positively correlated with
g-Devosia and g-Pseudorhodoferax and negatively correlated with g-Eisenbergiella, g-Moraxellaceae,
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g-Lacibacterium, g-Microbacteriaceae, g-Propionibacterium, and g-Edwardsiella. The relationships
between efna1b, cacnb2a, mknk2b and these flora were opposite to that of map2k4b. cacnb2a
and mknk2b were positively correlated with g-Lysobacter. kras was positively correlated with
g-Pseudorhodoferax and g-Empedobacter, and negatively correlated with g-Edwardsiella. pak2b and
fgf18a were positively correlated with g-Empedobacter, g-Devosia, and g-Pseudorhodoferax. krt222,
areg, and rac1b were significantly positively correlated with g-Empedobacter and g-Dyadobacter,
while hsc70 and erbb3b were significantly negatively correlated with g-Empedobacter and
g-Dyadobacter. hsc70 was negatively correlated with g-Pseudorhodoferax. tradd and casp3a were
positively correlated with g-Dyadobacter, while fgf20b and hspb1 were negatively correlated
with g-Dyadobacter. map2k6 was negatively correlated with g-Mycoplasma, and positively cor-
related with g-Sphingobacterium. rasgrf2b and map2k2b were also positively correlated with
g-Sphingobacterium.

 

  

Figure 10. (A): Venn diagram showing number of OTUs shared between and among Ctrl, Hyp, and
Rec groups (n = 10). (B): Abundance ratio of intestinal microflora in Ctrl, Hyp, and Rec groups with
predicted level 2 functions (n = 10).

Figure 11. Correlation between DEGs and intestinal microflora at the genus level (*, p < 0.05;
**, p < 0.01).
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4. Discussion

The physiological state of fish is readily affected by water quality. The DO level is an
important indicator of whether the water is suitable for fish survival or not. Hypoxic condi-
tions affect the survival of fish and disrupt their normal physiological functions. Therefore,
low DO is one of the main factors causing economic losses in the aquaculture industry [35].
In this study, the effects of hypoxic stress on the antioxidant system, immunity responses,
and intestinal microflora of largemouth bass were studied through comprehensive analyses
of serum, the intestine, and the intestinal microbiota.

Fish adapt to hypoxic stress via a series of complex physiological and biochemical
changes [1]. The concentrations of glucose and lactic acid in serum are readily affected by
external pressure. Hypoxia leads to stress in fish: there is a change from aerobic metabolism
to anaerobic metabolism, and anaerobic glycolysis increases, resulting in the accumulation
of lactic acid in serum [36,37]. In the present study, we found that blood glucose levels were
lower in the hypoxia-treated group than in the control group. It may be that fish consume
more endogenous substances such as glucose during the response to hypoxic stress, leading
to a lack of energy. When fish lack energy, their ability to resist stress may be diminished.
Many studies have shown that reactive oxygen species (ROS) are overproduced in fish
under hypoxic conditions. The superoxide anion radical can be decomposed into H2O2,
which is less harmful, via the activity of SOD, and then CAT decomposes H2O2 into H2O
and O2 through the cellular antioxidant pathway [38]. Therefore, the activities of CAT
and SOD reflect the defense function of the antioxidant system to some extent. Lipid
peroxidation is one of the main forms of damage caused by oxidative stress, and the extent
of lipid peroxidation is reflected by the content of MDA, the final product of this reaction.
High levels of MDA can lead to further lipid peroxidation in the cell membranes and cell
damage [39]. Studies on Nile tilapia (Oreochromis niloticus) and Chinese sea bass (Lateolabrax
maculatus) subjected to hypoxic conditions for 24 h detected signs of oxidative stress in
their intestines, gills, and liver, including increased activities of SOD and CAT [40]. After
exposure to hypoxic conditions for 48 h, the activities of SOD and CAT decreased and
the content of MDA increased [14]. Recovery under sufficient DO conditions restored the
activity of SOD and CAT. Our findings suggest that hypoxic stress can lead to oxidative
stress. More specifically, short-term hypoxia activates the antioxidant system, while long-
term hypoxia leads to metabolic dysfunction and a decreased antioxidant capacity.

Previous studies have shown that oxidative stress can lead to excessive ROS produc-
tion, damage to intestinal structure [41], cell apoptosis [42], and impaired function of the
intestinal barrier [43]. Intestinal villus morphology and muscle thickness are important
indices to measure the function of the intestinal barrier [13]. Previous studies have shown
that hypoxia can significantly affect the morphology and thickness of the intestinal muscle
layer [12,44]. The decreased muscle thickness observed in our study may indicate that
hypoxia led to a loosening of the dense connective tissue of the muscle. We observed
that the intestinal villous epithelium sloughed off, the villi broke, and the thickness of
muscle layer decreased in fish under hypoxic stress. All of these results indicate that the
function of the intestinal barrier in largemouth bass was impaired under hypoxic stress.
Such extensive tissue damage may lead to intestinal inflammation and the invasion of
opportunistic bacteria. Studies have shown that excessive accumulation of H2O2 under
oxidative stress can induce cell apoptosis and lead to tissue damage [45]. In our study, the
number of apoptotic intestinal cells had increased by 96 h of hypoxic stress, and this may
have been related to the decrease in CAT activity under prolonged hypoxic conditions.

To explore the mechanisms underlying these biochemical and physiological changes
in largemouth bass, we carried out transcriptome analyses. High-throughput sequencing
revealed which regulatory pathways and key genes involved in those pathways were af-
fected under hypoxic stress [46]. The response of cells to oxidative stress is guided by signal
transduction pathways. The cascade of MAPK family members plays an important role in
regulating cell survival and the immune response [47]. The transcriptome analysis showed
that the MAPK signaling pathway was significantly enriched with DEGs under hypoxic
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stress. The MAPK signaling pathway is sensitive to extracellular stimulation. mapk11
encodes p38β, which is one of the four members of the p38 subfamily, while tgf-β2 and
map2k4b are upstream and downstream genes of the MAPK pathway, respectively. Under
external stimulation, both tgf-β2 and map2k4b can rapidly activate JNK/p38 [48,49]. The
targets of JNK/p38 include Ets-like transcription factor-1 (elk-1) and activating transcription
factor 2 (atf2), and so the transcript levels of these genes change in response to the phos-
phorylation of JNK/p38 during the stress response. The product of elk-1 inhibits apoptosis
in the cytoplasm [50], while upregulation of atf2 regulates the immune response [51] and
protects the intestine from excessive damage caused by the destructive stimulus [52]. In
this study, the downregulation of elk-1 and the upregulation of atf2 may be indicative of a
self-protective response in fish to activate the immune system under hypoxic stress. The
tumor necrosis factor receptor superfamily (tnfrsf1) can be divided into type I (tnfrsf1a)
and type II (tnfrsf1b) family members. The product of tnfrsf1a mainly triggers apoptosis or
inflammation [53]. Under hypoxic conditions, the overexpression of tnfrsf1a can promote
the activation of the NF-κB signal pathway and induce inflammation [54]. Another study
showed that during tissue inflammation, dusp5 can specifically inhibit the phosphorylation
of ERK1/2, thereby downregulating the expression of the proinflammatory gene tnf-α,
whose expression pattern is parallel with that of dusp5 [55]. Our results show that there is
a similar phenomenon between dusp5 and tnfrsf1a under hypoxic stress, suggesting that
dusp5 may reduce inflammation and cell apoptosis by simultaneously affecting tnf-α and
its receptors.

Under stress conditions, fish intestinal flora can be used as a biomarker of the stress
response [56]. The intestinal microflora inhabit the gastrointestinal tract and play an
important role in maintaining the function of the intestinal mucosal barrier. The microflora
can regulate homeostasis of the internal environment of fish, especially that of the intestinal
tract, and are closely related to the antioxidant response, immune response, and pathogenic
reactions of fish [57,58]. Under oxidative stress, mitochondrial and bacterial DNA are
inserted into the nuclear genome, resulting in changes in cellular gene expression [59].
Previous studies have shown that hypoxic stress significantly affects fish gut microflora [60]
and that gut microflora is associated with hypoxia tolerance [61]. In this study, we found
that hypoxic stress affected the number of species, species richness, community composition
in the intestinal microflora of largemouth bass [18,62], and this may have been related to
the high level of ROS in the intestine of fish under oxidative stress [63]. A high ROS level
is indicative of intestinal inflammation [64]. After 96 h of recovery under sufficient DO
conditions, the number of anaerobes was greatly decreased, and the specific species of
bacteria differed significantly from those in the Hyp group.

In this study, Proteobacteria, Spirochaetes, Fusobacteria, and Firmicutes were the
dominant intestinal bacteria in the three groups. These results, combined with the results
of the alpha and beta diversity analyses, show that hypoxia changed the structure of
intestinal microflora communities in largemouth bass, but did not change the dominant
species. Proteobacteria and Firmicutes showed significant changes in abundance under
hypoxic stress.

Proteobacteria are Gram-negative bacteria that are very sensitive to environmental
factors. Previous studies have shown that the expansion of Proteobacteria under stress
is the main feature of intestinal inflammation [65]. However, in zebrafish (Danio rerio),
hypoxia led to a significant decrease in the abundance of Proteobacteria [66], and this was
related to inflammation [67]. We speculate that the subordinate flora of Proteobacteria are
more obviously affected by oxygen concentration. In short, the imbalance of Proteobacteria
in the intestinal tract sends a danger signal. Firmicutes is the main taxon in the intestinal
flora of most vertebrates [68]. Members of this family are spherical or rod-shaped, with cell
walls, and many of them are beneficial bacteria. Some studies have shown that Firmicutes
contribute to the absorption of fatty acids in the intestine [69] and energy metabolism [70].
To some extent, a decrease in the abundance of Firmicutes reflects the imbalance of intestinal
metabolism under hypoxic stress.
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Mycoplasma and Enterobacterales are common pathogens in humans and animals [71],
and they can strongly induce an inflammatory response in the intestine [72,73]. The
increased abundance of these taxa in the Hyp and Rec groups suggests an increased risk
of intestinal disease in largemouth bass under hypoxic stress, although there is usually a
lag time before such disease outbreaks occur under stress conditions [22]. Cetobacterium is
classified as a Fusobacterium. This bacterium was found to improve glucose homeostasis
through parasympathetic activation in zebrafish [74]. As a probiotic, Cetobacterium was
found to improve intestinal health and enhance resistance to pathogens in tilapia [75].
Previous studies have also shown that the abundance of Cetobacterium is significantly
affected under hypoxic stress [66]. Overall, our results show that the abundance of beneficial
intestinal bacteria decreases and the abundance of opportunistic pathogens increases under
hypoxic stress. Thus, hypoxic stress may cause intestinal inflammation via disruption of
the intestinal flora.

We detected differences in microbial community structure among the Ctrl, Hyp, and
Rec groups, indicating that the host genome interacted with the microbiome to select for
certain microbial taxa [20]. The combined results of intestinal microflora and transcriptome
analyses revealed relationships between some microorganisms and DEGs in the MAPK
signaling pathway. Edwardsiella is an opportunistic pathogen in the gut. A significant
increase in the abundance of Edwardsiella was detected in the intestine of zebrafish with
enteritis [76]. In this study, Edwardsiella was significantly associated with several genes
with different functions, which indicates the complexity of the response of largemouth
bass to hypoxic stress. We also detected a significant correlation between Proteobacteria
and MAPK pathway genes, indicating that intestinal flora respond to acute host immune
activation by rapidly changing gene transcription when the host undergoes pathological
changes [77]. In conclusion, our results show that the intestinal inflammatory response of
largemouth bass under hypoxic stress may be mediated by the MAPK signaling pathway,
and this may be related to the disruption of the intestinal microflora.

5. Conclusions

Hypoxic stress caused oxidative stress, decreased antioxidant capacity, induced inflam-
matory and apoptotic responses in the intestine, activated the MAPK signaling pathway,
and disrupted the intestinal microflora of largemouth bass. Ultimately, these changes
resulted in impaired function of the intestinal barrier. The results of this study provide new
insights into how fish adapt to hypoxic stress.
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Abstract: The impacts of dietary supplementation with graded levels of Sophora flavescens root
extract (SFE) on growth performance, antioxidant capacity, immune status, and resistance against
Edwardsiella tarda challenge in Scophthalus maximus were investigated in this study. In all, 600 turbot
(initial body weight: 8.38 ± 0.07 g) were randomly distributed in 12 tanks with 50 fish per tank
and fed four experimental diets supplemented with 0, 0.05%, 0.1%, or 0.2% SFE (named as: SFE0,
SFE0.05, SFE0.1, and SFE0.2, respectively), for 56 days. The results showed that 0.1% and 0.2%
SFE supplementation have significantly increased the FBW, WGR, SGR, and PER of turbot, while
decreased the FCR of turbot (p < 0.05). Dietary SFE supplementations have significantly increased
the activities of plasma SOD, CAT, GPx, T-AOC, GST and LZM, decreased plasma MDA contents
in turbot under normal or challenge condition (p < 0.05). Meanwhile, SFE addition dramatically
enhanced the hepatic mRNA expression of antioxidant parameters (including Nrf2, Keap1, SOD, CAT,
Trx2, GST and GR) during the normal condition. mRNA levels of NF-κB p65, IκBα, TNF-α, TGF-β,
and IL-10 in the liver of fish were notably up-regulated by SFE treatment during normal condition
(p < 0.05), while the transcription of IL-1β was down-regulated by SFE whenever under normal or
challenge condition. 0.1% and 0.2% SFE administration have significantly increased the survival rate
of turbot against E. tarda challenge (p < 0.05). In conclusion, dietary SFE supplementation improved
the growth performance, antioxidant activity and disease resistance of turbot, and SFE could be a
potential feed additive for turbot.

Keywords: turbot; Sophora flavescens root extract; growth performance; antioxidant capacity;
disease resistance

1. Introduction

Nowadays, aquaculture is faced with great challenges due to intensive culture modes,
and fish are more susceptible to oxidative stress and infectious diseases [1]. Turbot, Scoph-
thalmus maximus L., is an important industrial mariculture species in Northern China,
with an annual output of about 60,000 tons, and has a good culture prospect. However,
the high-density intensive culture usually led to disease out-breaking in turbot culture.
Antibiotics are used to prevent bacterial pathogens and reduce the economic loss of aqua-
culture [2]. The indiscriminate use of antibiotics can be hazardous to the environment
and aid in the evolution of antimicrobial-resistant genes [3–5], which has also become a
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major problem hindering the sustainable development of turbot aquaculture. Hence, more
attention has been drawn to search for safe, practical, and effective immunostimulants or
antioxidants to protect and improve the health of fish in the aquaculture industry.

Herbs have been used as immunostimulants in traditional medicine for thousands of
years [6]. Many medicinal plants including Cornelian cherry (Cornus mas L.), Bougainvillea
glabra leaf meal, dandelion extract are proved useful in controlling diseases in aquatic
organisms and in boosting host immune responses [7–9]. It is believed that herbs have a
great development prospect to replace the use of antibiotics [10,11]. Herbs contain various
bioactive compounds, such as flavonoids, polysaccharides, alkaloids, and volatile oils,
which work alone or in combination with other feed additives [12,13]. These bioactive
compounds could promote growth performance, immunity, digestive enzyme activities,
antioxidant status, disease resistance, and stress management of fish [14,15]. Therefore,
using herbs as immunostimulants for aquatic animals might be a promising approach to
dealing with disease outbreaks in aquaculture.

Sophora flavescens root is a kind of traditional medicinal herbs and has a long history in
the traditional medicine of many countries, such as China, Japan, Korea, India, and some
countries in Europe. More than 200 compounds are isolated from S. flavescens root, the
main bioactive components are alkaloids and flavonoids [16]. Previous studies on human
medicine demonstrated that S. flavescens had a wide range of biological properties, such as
anti-inflammatory, antioxidant, antibacterial, antiviral, antitumor, and hepatoprotective
actions [17,18]. However, few researches on S. flavescens were reported in aquatic animals
except for tilapia and flounder. S. flavescens could increase the activities of non-specific
immune enzymes in tilapia (Oreochromis niloticus) and improve the survival rate of tilapia
infected with Streptococcus agalactia [19]. It can also improve the lysozyme activity and
phagocytic activity of flounder (Paralichthys olivaceus), and enhance the disease resistance
to Edwardsiella tarda [20]. There is an urgent need for more researches on S. flavescens in
aquatic animals.

Nrf2 (nuclear factor erythroid 2-related factor 2) and NF-κB (nuclear factor kappa B)
signaling pathways play a major role in the regulation of oxidative stress as well as immune
response in aquatic animals [21–23]. Nrf2 transcription factor regulates the oxidative
stress response and also suppresses the inflammatory response [24], after that the NF-κB
immunity regulatory pathway could affect oxidative stress and ROS levels [25]. It is proved
that S. flavescens had a strong role in improving antioxidant capacity and innate immunity
by regulating Nrf2 and NF-κB signal pathway in mammals [26]. S. flavescens promoted
Nrf2 translocation to the nucleus with subsequently up-regulating antioxidative enzyme
protein expression, and then enhanced antioxidant capacity [27]; it could also suppress
the phosphorylation of inhibitor of κBα (IκBα), interfere with the translocation of NF-κB
from cytoplasm to nucleus, and affect the expression of downstream inflammatory factors,
so as to enhance the body immunity of mammals [28]. Therefore, we hypothesized that
S. flavescens root extract has the potential to enhance the antioxidant capacity and disease
resistance of turbot by activating the Nrf2 and NF-κB signaling pathways.

The objective of the current study was to investigate the effects of dietary adminis-
tration of S. flavescens root extract on the growth performance, antioxidant activity, innate
immune response, disease resistance, and the expression of genes associated with the Nrf2
and NF-κB signaling pathways.

2. Materials and Methods

2.1. Experimental Diets

Sophora flavescens root extract (SFE) was purchased from Xi’an Shengqing Biological
Technology Co. Ltd. (Xian, China), and it is the ethanolic extract of S. flavescens root.
(Including: 97.35 mg matrine/kg and: 97.82 mg oxymatrine/kg, determined by HPLC).
Four iso-nitrogenous and iso-energetic experimental diets with 0, 0.05%, 0.1% or 0.2%
SFE (named as: SFE0, SFE0.05, SFE0.1, and SFE0.2, respectively), were prepared. The

412



Antioxidants 2023, 12, 69

experimental diets used white fish meal and chicken meal as primary protein sources, fish
oil as chief lipid sources, α-starch as the main carbohydrate source.

The feed ingredients were mixed and ground sufficiently through a 178 μm mesh
sieve. Then, the fish oil was added to the powder and mix the ingredients. All ingredients
were supplemented the distilled water and mixed adequately to form into 2 mm pellets by
extruded pelletizer (EL-260, Youyi Machinery Factory, Weihai, Shandong, China), which
were placed in a ventilated place to dry at room temperature for 30 min. The prepared diets
were stored at −20 ◦C for further use. The dietary formulation and proximate compositions
are shown in Table 1.

Table 1. Formulation and nutrient composition of experimental diets (dry weight basis, %).

Ingredients SFE 0 SFE 0.05 SFE 0.1 SFE 0.2

White fish meal 40.00 40.00 40.00 40.00
Chicken meal 17.50 17.50 17.50 17.50

Dried squid liver
meal 5.00 5.00 5.00 5.00

Wheat gluten 5.00 5.00 5.00 5.00
Yeast powder 4.00 4.00 4.00 4.00

α-starch 18.00 17.95 17.90 17.80
Fish oil 4.00 4.00 4.00 4.00

Sophora flavescens
root extract 0.00 0.05 0.10 0.20

CaHPO4 3.00 3.00 3.00 3.00
Zeolite powder 1.30 1.30 1.30 1.30

Choline chloride 0.20 0.20 0.20 0.20
Premix 2.00 2.00 2.00 2.00

Nutrient composition
Crude protein 48.61 48.54 48.52 48.58

Crude lipid 10.53 10.54 10.56 10.51
Crude ash 16.58 16.60 16.62 16.68

Gross energy
(MJ/kg) 19.54 19.59 19.60 19.56

Premix: According to Zhang et al. (2023) [29].

2.2. Fish and Growth Trial

Turbots were obtained from a commercial aqua-farm (Tianjin, China). All fish are
acclimated to the laboratory conditions and fed the prepared basal diet for 2 weeks. After
acclimatization period, 600 fish (average weight: 8.38 ± 0.07 g) were assigned to twelve
tanks (capacity: 560 L) with three replicates per treatment and 50 fish per tank. Fish were
hand-fed the corresponding diets twice a day (8:00 and 18:00) to apparent satiation. The
feeding trial was conducted for 56 days. During the feeding trial, water temperature was
maintained at 16–18 ◦C, salinity at 15–20‰, ammonia nitrogen lower than 0.05 mg/L and
dissolved oxygen higher than 6.0 mg/L.

2.3. Sample Collection

At the end of feeding trial, all fish were anesthetized with 100 mg/L MS-222 solutions
(Sigma-Aldrich, St. Louis, MO, USA) and batch weighed. Four fish per tank were dissected
and stripped to calculate VSI and HSI. Two fish per tank were used for chemical analysis
and gene expression. The blood of fish was collected from the tail vein of the syringe
moistened by heparin sodium and centrifuged with 3000× g 15 min to measure the plasma
non-specific immune and antioxidant indexes. The liver was stripped to analyze the mRNA
expression. All the samples were immediately frozen in liquid nitrogen and stored in the
refrigerator at −80 ◦C until use.

After feeding trial, 20 fish per tank were exposed to bacteria challenge test. Edwardsiella tarda
was provided from Fish Disease Laboratory of Hebei Agricultural University. The bacteria
were inoculated into TSA solid medium and cultured at 30 ◦C for 12 h. Then the single
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bacteria were selected in the aseptic beef soup liquid medium, cultured in 200 rpm shaker
at 30 ◦C for 24 h, 4000 rpm centrifugation 10 min, remove the supernatant, rinse with 3.5%
aseptic salt water and dilute the precipitated bacteria. The fish in 12 tanks were injected
intraperitoneally with 3 × 108 CFU/mL E. tarda solution 0.3 mL (the injection concentration
and dose were determined by the pre-experiment). Mortality was observed for 7 days,
the dead fish was counted every 6 h and the survival rate was calculated. The plasma
and liver of turbot were sampled for further analysis after 72 h challenge as the process
described above.

2.4. Chemical Analysis

The proximate compositions of diets were analyzed according to standard methods, as
previously described [29]. Moisture was determined by oven drying at 105 ◦C to constant
weight. Crude protein (N × 6.25) was measured by Kjeldahl method using a 4800 Kjeltec
Analyzer Unit (FOSS Tecator, Haganas, Sweden). Crude lipids were detected by petroleum
ether extraction using the Soxhlet method. Crude ash was determined by combustion in a
muffle furnace at 550 ◦C for 12 h. Gross energy was evaluated by an oxygen calorimeter
(Parr 6300, Parr Instrument Company, Houston, TX, USA).

Plasma parameters, including lysozyme (LZM), complement 3 (C3), immunoglobulin
(IgM), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), total
antioxidant capacity (T-AOC), glutathione-S-transferase (GST) activities, glutathione re-
ductase (GR) and malondialdehyde (MDA)content were measured using commercial kits
(Jiancheng Bioengineering Ltd., Nanjing, China). The determination method and calcu-
lation follow its instructions. The LZM, complement 3 and IgM activity were measured
by turbidimetric assay. The activity of CAT was measured according to visible light spec-
trophotometry. The activity of SOD activity was evaluated according to hydroxylamine
method. The T-AOC present in plasma was measured according to ABTS method. The
MDA activity in the plasma was measured by means of a TBA method. These parameters
were analyzed using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA)
to determine the contents. Activities of GPx and GR were determined by recording the
colorimetry through TU-1810 spectrophotometer (Beijing Purkinje General Instrument Co.,
Ltd., Beijing, China).

2.5. Real-Time Quantitative PCR Analysis

Total RNA of liver was extracted with Trizol reagent (Shanghai Generay, Shanghai,
China). The RNA concentration and purity were evaluated with a Nano-Drop ND-2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The quality of RNA was
assessed by 1.2% (w/v) agarose gel electrophoresis. Complementary DNA (cDNA) was syn-
thesised using the cDNA synthesis kit (RevertAid First Strand cDNA Synthesis Kit, Thermo
Scientific, Wilmington, DE, USA). Ribosomal protein S4 (RPS4) was applied as housekeep-
ing gene, Real-time quantitative PCR analyses were performed using the CFX96 Real-Time
PCR system (Bio-Rad, Hercules, CA, USA) following standard protocols. Reaction mixtures
of 20 μL (0.4 μL forward primer, 0.4 μL reverse primer (10 μM), 10μL 2× TransStart® Top
Green qPCR SuperMix (TransGen Biotech, Beijing, China), 2 μL cDNA (200 ng/μL) and
7.2 μL RNase-free water) were amplified for 30 s at 94 ◦C followed by 45 cycles of 5 s at
94 ◦C, annealing for 30 s, finally, 30 s at 72 ◦C. The primers used for qRT-PCR were listed in
Table 2. The amplification efficiencies of all primers were verified to be approximately 100%.
The relative expression levels of the target gene were calculated by 2−ΔΔCt methods [30].
Six samples were employed for each treatment and each sample was tested in duplicate.
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Table 2. Primer sequences for RT- qPCR.

Target Gene Primer Sequence
Annealing

Temperature (◦C)
Product Size (bp) Accession Number

NF-κB p65 F:ACTCACCCAGCCATCAAG
R:AAGCAAAGCCGAACTGAA 58 314 XM_035627239.1

IκBα F:AGAAAGCAGGAAATCAACTAAG
R:TTGCGACTGACGATAAGG 58 205 XM_035649251.1

TNF-α F:TGGAGATGGGTCTTGAGG
R:TGGCATTGCTGCTGATTT 55 249 XM_035629860.2

IL-1β F:ATGGTGCGATTTCTGTTCTAC
R:TTCCACTTTGGGTCGTCTT 50 204 XM_035640817.2

TGF-β F:TCAGCATTCCAGATGTAGGTG
R:GGAGAGTGGCTTCAGTTTTTC 54 312 XM_035623668.2

IL-10 F:CCACGCCATGAACAGCATCCT
R:ACATCGGACTTGAGCTCGTCGAA 60 141 XM_035632547.1

Nrf2 F:GGCAAGAACAAAGTGGCT
R:GCAGACGCTCTTTCTCATC 59 106 XM_035651303.1

Keap1 F:TTGCCGAGCAGATTGGTT
R:AGCGGACAGCCTGGAGTA 58 249 XM_035636756.1

Trx2 F:GGCTCACAGGCTGCTCGTA
R:GGGCAGTTCGCTGTTGAT 60 253 XM_035616077.1

TrxR2 F:GAGGCTGTTCACAACCACG
R:CCACCTGAGGCGATTACG 60 182 XM_035640386.1

GPx F:CCCTGATGACTGACCCAAAG
R:GCACAAGGCTGAGGAGTTTC 57 174 XM_035632618.1

GR F:GTCTCCTCTGGGCTATTGG
R:CGTGATACATCGGAGTGAAA 55 375 XM_035650249

GST F:TGGATTACTTCACTGGACCTT
R:TTTACCTATGAGTCGTCGTTC 53 272 XM_035636617

SOD F:AAACAATCTGCCAAACCTCTG
R:CAGGAGAACAGTAAAGCATGG 58 165 MG253620.1

CAT F:TCCCGTCCTTCATTCACT
R:AATAGCATAATCTGGGTTGGT 57 205 MG253621.1

RPS4 F:CAACATCTTCGTCATCGGCAAGG
R:ATTGAACCAGCCTCAGTGTTTAGC 60 143 XM_035608277.1

NF-κB p65, nuclear factor kappa B–p65; IκBα, inhibitor of κBα; TNF-α, tumor necrosis factor-alpha; IL-1β,
interleukin-1 beta; TGF-β, transforming growth factor beta; IL-10, interleukin -10; Nrf2, nuclear factor erythroid
2-related factor 2; Keap1, kelch-like ECH-associated protein 1; Trx2, thioredoxin 2; TrxR2, thioredoxin reductase
2; GPx, glutathione peroxidase; GR, glutathione reductase; GST, glutathione S-transferase; SOD, superoxide
dismutase; CAT, catalase; RPS4, ribosomal protein S4.

2.6. Statistical Analysis

All data were presented as mean values and standard deviation (S.D.). Statistical
analyses were performed using the STATISTICA 10.0 (StatSoft Inc., Tulsa, OK, USA) soft-
ware, the normality and variance homogeneity of data were tested. The parameters of
growth (including FBW, FR, WGR, SGR, FCR, PER, SR) and morphology (containing CF,
VSI, HSI) were analyzed by one-way ANOVA. Two-way ANOVA was employed in plasma
biochemistry indexes (including LZM, Complement C3, IgM, CAT, SOD, T-AOC, GPx, GST,
GR, and MDA) and gene expression parameters. Duncan multiple comparisons were used
when there was a significant difference in ANOVA analysis, and p < 0.05 was considered
statistically significant.

3. Results

3.1. Growth Performance

The effects of S. flavescens root extract (SFE) on the growth performance and mor-
phometric parameters of turbot are presented in Table 3. No significant differences were
observed in SR, FR, VSI and HSI (p > 0.05). The FBW, WGR, SGR and PER in SFE 0.1 and
SFE 0.2 treatments were significantly higher than that in SEF 0 group (p < 0.05). Dietary
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SFE supplementation significantly reduced the FCR values in SFE 0.1 and SFE 0.2 groups
(p < 0.05), the lowest value was at SFE 0.1 group. CF was significantly highest in the SFE
0.1 group compared to other groups (p < 0.05).

Table 3. Effects of dietary SFE on growth performance and morphometric parameters of turbot.

Indices SFE0 SFE0.05 SFE0.1 SFE0.2 p Value

IBW (g) 8.40 ± 0.10 8.40 ± 0.00 8.37 ± 0.06 8.37 ± 0.12 0.916
FBW (g) 25.31 ± 1.03 a 26.45 ± 0.42 ab 30.00 ± 0.90 c 27.67 ± 0.87 b <0.001

FR (%/d) 1.38 ± 0.06 1.39 ± 0.04 1.36 ± 0.04 1.32 ± 0.04 0.310
WGR (%) 201.41 ± 15.74 a 214.83 ± 5.01 ab 258.60 ± 9.26 c 230.65 ± 7.83 b <0.001

SGR (%/d) 1.97 ± 0.09 a 2.05 ± 0.03 ab 2.28 ± 0.05 c 2.14 ± 0.04 b 0.001
FCR 0.77 ± 0.02 b 0.75 ± 0.03 b 0.68 ± 0.01 a 0.69 ± 0.03 a 0.002
PER 2.66 ± 0.09 a 2.73 ± 0.09 a 3.00 ± 0.06 b 2.99 ± 0.11 b 0.003

SR (%) 99.33 ± 1.15 99.33 ± 1.15 98.67 ± 1.15 100.00 ± 0.00 0.487
CF (%) 3.15 ± 0.23 a 3.19 ± 0.24 a 3.41 ± 0.23 b 3.21 ± 0.21 a 0.040
VSI (%) 6.83 ± 0.52 6.78 ± 0.31 6.74 ± 0.44 6.67 ± 0.31 0.814
HSI (%) 2.55 ± 0.43 2.66 ± 0.50 2.64 ± 0.49 2.42 ± 0.43 0.593

Values (mean ± S.D.) in the same line with different superscript letters were significantly different
from each other (p < 0.05). IBW, initial body weight; FBW, final body weight; Weight gain rate
(WGR,%) = ((FBW–IBW)/IBW) × 100; Specific growth rate (SGR, %/d) = ((LnFBW–LnIBW)/days) × 100; Feed-
ing rate (FR, %/d) = 100 × feed intake/(days× (FBW+IBW)/2); Feed conversion ratio (FCR) = (total dry feed
intake (g) /wet weight gain (g)); Survival rate (SR, %) = (Final number of fish/Initial number of fish) × 100;
Protein efficiency ratio (PER, %) = wet weight gain (g)/protein intake (g); Hepatosomatic index (HSI, %) = (liver
weight (g)/body weight (g) × 100; Viscerosomatic index (VSI, %) = (visceral weight (g)/body weight (g) × 100;
Condition factor (CF) = 100 × (body weight (g)/body length (cm)3).

3.2. Plasma Antioxidant and Lipid Peroxidation Parameters

Table 4 showed the effects of dietary SFE supplementation on the plasma antioxidant
parameters. SFE supplementations have significantly increased the activities of plasma
SOD, CAT, GPx, T-AOC, and GST of turbot under normal or challenge condition (p < 0.05).
The highest levels existed in SFE 0.1 group except for CAT and GPx under challenge condi-
tion, which were highest in SFE 0.05 group. The plasma MDA contents were dramatically
decreased by SFE addition, and the lowest concentration was in SFE 0.1 treatment under
normal and challenge condition (p < 0.05). No significant effect of SFE on plasma GR
activities were observed in this study (p > 0.05).

Table 4. Effects of dietary SFE on plasma antioxidant indices of turbot.

Index

Group Two-Way ANOVA (p Value)

SFE0 SFE0.05 SFE0.1 SFE0.2 SFE Challenge
SFE ×

Challenge

SOD(U/mL) Normal 59.58 ± 1.94 a 60.13 ± 1.95 a 67.63 ± 1.32 c 63.97 ± 3.62 b <0.001 <0.001 0.002
Challenge 73.69 ± 7.01 ab 77.79 ± 1.21 bc 80.14 ± 2.30 c 72.50 ± 1.24 a

CAT(U/mL) Normal 5.13 ± 1.16 a 6.07 ± 1.45 ab 7.14 ± 1.31 b 6.55 ± 1.07 b <0.001 <0.001 <0.001
Challenge 10.96 ± 4.19 a 30.56 ± 11.73 b 14.32 ± 5.17 a 17.29 ± 4.05 a

GPx (U/mL) Normal 30.76 ± 6.21 a 42.72 ± 6.43 b 45.90 ± 12.94 b 41.18 ± 11.88 b <0.001 <0.001 <0.001
Challenge 240.67 ± 20.00 a 331.33 ± 11.60 b 243.33 ± 11.18 a 247.33 ± 27.05 a

T-AOC (mM) Normal 0.93 ± 0.08 a 0.98 ± 0.08 ab 1.06 ± 0.05 c 1.00 ± 0.05 b <0.001 0.022 0.036
Challenge 0.87 ± 0.01 a 0.92 ± 0.02 b 1.05 ± 0.05 c 1.03 ± 0.03 c

GST (U/mL) Normal 17.82 ± 5.14 a 24.43 ± 1.66 a 40.96 ± 16.82 b 17.96 ± 2.75 a <0.001 0.001 0.104
Challenge 63.06 ± 5.88 a 51.53 ± 21.79 a 95.29 ± 3.55 b 46.59 ± 17.92 a

GR (U/L) Normal 30.55 ± 7.01 35.37 ± 9.78 20.90 ± 12.56 28.62 ± 13.90 0.347 0.012 0.651
Challenge 21.57 ± 6.71 20.19 ± 10.28 17.68 ± 8.57 19.65 ± 8.12

MDA
(nmol/mL)

Normal 30.38 ± 1.32 c 23.96 ± 1.49 b 19.68 ± 0.88 a 19.68 ± 0.74 a <0.001 <0.001 <0.001
Challenge 32.37 ± 6.73 b 26.31 ± 2.71 a 25.43 ± 3.84 a 34.89 ± 4.40 b

Values (mean ± S.D.) (n = 6) in the same line with different superscript letters were significantly different from
each other (p < 0.05). SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; T-AOC, total
antioxidant capacity; GST, glutathione S-transferase; GR, glutathione reductase; MDA, malondialdehyde.
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3.3. Plasma Immune Indexes

Dietary supplementation with SFE positively influenced the plasma LZM (p < 0.05).
The LZM was highest in the SFE 0.1 group compared with that in other groups. However,
no significant difference was observed in plasma complement C3 and IgM levels among all
groups (p > 0.05) (Table 5).

Table 5. Effects of SFE supplementation on plasma nonspecific immune indices of turbot.

Index SFE0 SFE0.05 SFE0.1 SFE0.2 p Value

LZM (μg/mL) 3.89 ± 0.26 a 4.00 ± 0.25 b 4.17 ± 0.21 c 4.02 ± 0.29 b 0.027
Complement C3 (g/L) 3.70 ± 0.09 3.70 ± 0.07 3.71 ± 0.09 3.69 ± 0.08 0.978

IgM (μg/mL) 54.60 ± 7.79 63.81 ± 10.88 64.25 ± 11.33 61.65 ± 16.91 0.200

Values (mean ± S.D.) (n = 6) in the same line with different superscript letters were significantly different from
each other (p < 0.05). LZM, lysozyme; IgM, immunoglobulin M.

3.4. Antioxidant-Related Gene Expression

As seen from Figure 1, SFE treatment has significantly affected the Nrf2 signaling
pathway and its downstream genes expression. In the normal condition, SFE has dramat-
ically enhanced the mRNA levels of Nrf2 and Keap1 expect for Nrf2 in SFE 0.1 group
(p < 0.05), the Nrf2 gene expression increased with the increasing of dietary SFE levels after
pathogen challenge, it is significantly higher in SFE 0.2 than in SFE 0 group (p < 0.05). The
SFE additions have significantly increased the mRNA levels of CAT and SOD during the
normal condition. When exposed to pathogen challenge, the gene expressions of CAT, SOD
in SFE 0.05 group were significantly lower than that in other treatments (p < 0.05).

Figure 1. This relative transcription of nuclear factor erythroid 2-related factor 2 (Nrf2), kelch-like ECH-
associated protein 1 (Keap1), catalase (CAT), superoxide dismutase (SOD) of turbot fed varied levels of
SFE for 8 weeks. Normal refers to the parameters of the breeding group, and Challenge refers to the
parameters of the challenge group. Values represent the mean ± S.D. (n = 6). Different letters indicate a
significant difference between the groups fed different SFE diets (p < 0.05). ns: p > 0.05, *: p < 0.05.
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The transcription levels of the thioredoxin regulatory system and glutathione antiox-
idant regulatory system related genes are presented in Figure 2. The gene expression of
GPx was not affected by SFE treatment (p > 0.05), while SFE additions have significantly
increased the mRNA levels of Trx2, GST and GR during the normal condition, the highest
transcription levels of Trx2 and TrxR2 was in SFE 0.1 group, the highest mRNA expressions
of GST and GR were observed in SFE 0.2 group. When exposed to pathogen challenge, the
gene expressions of TrxR2, Trx2, GST and GR in SFE 0.05 group were significantly lower
than that in other treatments (p < 0.05).

Figure 2. Relative transcription of thioredoxin reductase 2 (TrxR2), thioredoxin 2 (Trx2), glutathione
peroxidase (GPx), glutathione S-transferase (GST), glutathione reductase (GR) of turbot fed varied levels
of SFE for 8 weeks. Normal refers to the parameters of the breeding group, and Challenge refers to the
parameters of the challenge group. Values represent the mean ± S.D. (n = 6). Different letters indicate a
significant difference between the groups fed different SFE diets (p < 0.05). ns: p > 0.05, *: p < 0.05.
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3.5. Inflammation-Related Gene Expression

SFE treatment significantly regulated the key regulators NF-κB p65 and IκBα in the
NF-κB signaling pathway, and their downstream pro-inflammatory factors TNF-α and
IL-1β, anti-inflammatory factors TGF-β and IL-10 (p < 0.05) (Figure 3). Under normal
condition, mRNA levels of NF-κB p65, IκBα, TNF-α, TGF-β and IL-10 in the liver of
fish were notably increased by SFE treatment (p < 0.05), NF-κB p65, IκBα, TNF-α, and
IL-10 increased first and then decreased, and reached the highest value in the SFE 0.1
group (p < 0.05). Anti-inflammatory cytokine TGF-β expression was the highest in SFE 0.2
group. Dietary SFE significantly decreased the transcription levels of pro-inflammatory
cytokines IL-1β (p > 0.05) whenever under normal or challenge condition. After pathogen
challenge, the mRNA levels of NF-κB p65 were significantly increased in SFE 0.1 and
SFE 0.2 groups. Pro-inflammatory cytokines TNF-α was down-regulated in the SFE 0.05
and SFE 0.2 groups. Anti-inflammatory cytokine IL-10 were down-regulated in all SFE
treatment groups (p < 0.05).

 

Figure 3. Relative transcription of nuclear factor kappa B–p65 (NF-κB p65), inhibitor of κBα (IκBα),
tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), transforming growth factor beta
(TGF-β), interleukin -10 (IL-10) of turbot fed varied levels of SFE for 8 weeks. Normal refers to the
parameters of the breeding group, and Challenge refers to the parameters of the challenge group.
Values represent the mean ± S.D. (n = 6). Different letters indicate a significant difference between
the groups fed different SFE diets (p < 0.05). ns: p > 0.05, *: p < 0.05.
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3.6. Disease Resistance

After pathogen challenge, dead of turbot was observed firstly in SFE 0 group, and
then the mortality was dramatically increased during 2–6 days post challenge. Dietary
supplementation with SFE increased the survival rate of turbot exposed to pathogen
challenge (Figure 4). The survival rates in SFE 0 and SFE 0.05 were significantly lower than
that in SFE 0.1 and SFE 0.2 groups (p < 0.05).

 

Figure 4. The survival rate of turbot fed varied levels of SFE when exposed to Edwardsiella tarda
challenge for 7 days. Values are presented as means ± S.D. Different letters indicate significant
differences among all treatments (p < 0.05).

4. Discussion

Many herbs or their compounds have been used as supplements and additive in
animals as well as human diets because of their numerous beneficial properties such as
growth promotion, anti-cancer, anti-pathogenic, anti-inflammatory, immunomodulatory,
and antioxidant properties [13]. In recent years, there has been increasing interest in
using natural plant extract as functional compounds to enhance the immunity of fish in
aquaculture. The root extracts of S. flavescens, a kind of traditional Chinese herbal medicine,
has a wide range of medicinal values, such as antibacterial and anti-inflammatory [16].
However, little information was available about the functions and regulating mechanism
of S. flavescens in fish. This study demonstrated that S. flavescens root extract enhanced the
growth performance, antioxidant capacity, immunity, and disease resistance of turbot.

4.1. SFE improved the Growth Performance and Feed Utilization of Fish

In this study, 0.1% and 0.2% dietary SFE supplementation significantly increased the
growth performance and feed utilization of fish, which is similar with previous studies of
plant herbs extract. It is reported that Radix glycyrrhizae extract, Panaxnotoginseng extract
and tea tree oil have increased the WGR, SGR of yellow catfish (Pelteobagrus fulvidraco),
grouper (Epinephelussp) and prawn (Macrobrachium rosenbergii) [31–33], respectively. This
is probably related to the bioactive compounds isolated from these herbs. It is proved
that the bioactive substances contained in Chinese herbal medicine are the main factors to
promote the rapid growth of aquatic animals [15]. Many studies have shown that alkaloids
(such as berberine), flavonoids, triterpenes (such as hesperidin) and polysaccharides (such
as Astragalus polysacharin) extracted from Chinese herbal medicine can significantly
increase fish FBW, WGR and SGR, and reduce FCR [34–37]. The composition of S. flavescens
extract is complex, more than 200 compounds are isolated from S. flavescens root, and
the main bioactive components are alkaloids and flavonoids [16]. It might be ascribed to
these bioactive components from SFE improved the antioxidant capacity and non-specific
immune responses, which in turn boosts turbot growth performance.
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4.2. SFE Enhanced the Antioxidant Capacity of Fish

Antioxidant enzymes are indicative biomarkers of health and the reaction in oxidative
stress response when the reactive oxygen species (ROS) and free radicals production were
uncontrolled [38], and MDA is regarded as a bio-indicator of oxidative stress [39]. In the
current study, the activities of plasma CAT, SOD, T-AOC, GPx, GST, and GR were signifi-
cantly increased, and plasma MDA contents were decreased in fish fed S. flavescens diets.
The results of this study indicated that S. flavescens extract could improve the antioxidant
capacity of juvenile turbot. Previous research has confirmed that S. flavescens can trigger
the antioxidant defense system of mammals [40]. Similarly, antioxidant enzymes activity
increased significantly in fish with dietary administration of grape seed proanthocyani-
din extract [41] or curcumin [42], and decreased the MDA levels in the fish. The current
results proved that S. flavescens extract improved the antioxidant system of turbot and
reduced oxidative stress. This may be because the bioactive components in S. flavescens
extract can activate the antioxidant related pathway Nrf2 and thus lead to the change
of enzyme activity level. As we know, the increased enzyme activity is caused by the
increased synthesis of enzyme protein, which largely relies on its gene transcription and
translation [43]. Therefore, in order to further confirm whether the change of antioxidant
enzyme activity is caused by the change of mRNA level of related genes in Nrf2 signaling
pathway, this study determined the influence of S. flavescens extract on the expression level
of antioxidation-related genes.

A number of reports have demonstrated the importance of the Nrf2- Keap1 signal-
ing pathway against oxidative stress in the body. The nuclear transcription factor Nrf2
is widely expressed in an extensive range of cell and tissue types and regulates antioxi-
dant defense [44,45]. Nrf2 transcriptional activity can be inhibited by Keap1-controlled
ubiquitination-proteasomal degradation [46]. Nrf2 translocates into the nucleus and binds
ARE to regulate and code are involved in redox regulation (CAT, SOD and Trx), and en-
zymes related to glutathione synthesis metabolism, such as GST, GR, GPx, etc., to regulate
oxidation in the body [47]. In this study, S. flavescens extract supplementation activated
Nrf2/Keap1 signaling pathway under normal condition, thus increased the expression of
downstream related antioxidant genes, the mRNA expression results were consistent with
the results of their enzyme activities under normal condition, which revealed that dietary
SFE could strengthen antioxidant activity associated with decreased MDA content of turbot.
Similar to our research, dietary supplementations of P. tectorius in C. carpio [48], emodin in
M. amblycephala [49], curcumin in C. argus [42] regulated the expression of Nrf2, Keap1 and
its downstream regulated genes such as SOD, CAT, GPx and GST to improve the antioxidant
activity in fish. To date, no reports have investigated the potential effects of S. flavescens
on the thioredoxin regulatory system of fish. The thioredoxin system is one of the major
redox systems in cells and is an important regulator of eliminating ROS accumulation, the
main components are thioredoxin (Trx) and thioredoxin reductase (TrxR) [50,51]. In the
current study, the expressions of hepatic Trx2 and TrxR2 were significantly up-regulated
in turbot fed an S. flavescens extract diet. S. flavescens extract increases the expression of
thioredoxin and its related reductases by activating the Nrf2/Keap1 signaling pathway,
and further improves the antioxidant capacity of turbot, so that it can quickly eliminate
excessive ROS to protect the body. Furthermore, it is interestingly found in this study
that the expression of SOD was down-regulated in SFE groups compared to control after
72 h pathogen challenge. There probably exists the negative feedback suppression. The
activities and mRNA expression of SOD in SFE treatments were all at higher levels during
normal condition, which showed there are enough SOD activities in SFE treatments to
defense the bacterial invasion to maintain the body homeostasis, no need to activate the
genes to produce more enzymes. Hence, in this study, the transcriptional levels of SOD
in SFE groups were not significantly increased by E. tarda challenge, while the level in
SFE 0 significantly increased, which revealed that dietary SFE supplementation could
protect turbot from pathogen persecution. Based on the results of antioxidant parameters
determined in this study, a dietary supplement of SFE improved the antioxidant capacity
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of turbot by activating the Nrf2 pathway and enhancing antioxidant systems including
SOD, CAT, GPx, GST and Trx and protected lipids from peroxidation.

4.3. SFE Enhanced the Innate Immunity and Disease Resistance of Fish

Lysozyme, the first line of protection against pathogen invasion, plays a key role in non-
specific immune response in fish. It can cleave bacteria by hydrolyzing the β-1,4 glycosidic
bond of peptidoglycan layer of the bacterial cell wall [52]. In this study, S. flavescens
exerted its antibacterial effect by increasing the activity of plasma LZM and enhancing
immunity in juvenile turbot. This is consistent with the results in tilapia and flounder [19,20].
Similarly, dietary Eucommia ulmoides Oliver and Astragalus polysaccharides increased LZM
in turbot [37,53]. Allium mongolicum Regel significantly improved LZM in Channa argus [35].
This indicated that the bioactive substances in the extracts of Chinese herbal medicine
could improve the activity of LZM, and then improve the immunity of fish.

Moreover, the transcription levels of immune-related genes were analyzed in this
study to further evaluate the effects of SFE on immune responses of turbot. NF-κB path-
way is involved in the initiation, amplification and regression of inflammation and is
activated by different stimuli [54,55]. Cytokines play a vital role in the immune system by
binding to specific receptors and setting off a cascade of immunological events [56]. Pro-
inflammatory cytokines (IL-1β, TNF-α) regulate multiple aspects of the immune response
in fish [57]. TGF-β and IL-10, anti-inflammatory cytokine, suppresses the production of
pro-inflammatory cytokines [58]. In this study, SFE treatment activated the expression
of NF-κB p65 and IκBα in the normal condition, then up-regulated the mRNA expres-
sion of anti-inflammatory cytokine (TGF-β and IL-10), and down-regulated the mRNA
expression of pro-inflammatory cytokines (IL-1β). Similar results were found in other
plant extract studies, such as turmeric in Cyprinus carpio [59], Allium mongolicum Regel in
Channa argus [35]. However, in the present study, the transcription of TNF-α, another anti-
inflammatory cytokine, were up-regulated sharply in SFE 0.1 and SFE 0.2 groups. TNF-α
is a pro-inflammatory cytokine secreted from activated macrophages, vital in regulating
innate immune functions and inflammatory responses [60]. In previous studies, dietary P.
tectorius extract and Agaricus bisporus polysaccharides up-regulated TNF-α expression in
the fish [61,62], while dietary turmeric significantly decreased the expression of TNF-α in
Cyprinus carpio [59]. The difference of gene expression results may be due to the difference
of the type and dose of plant immune stimulants, feeding time and fish species. Under
challenge condition, the gene expressions of NF- κB p65 and IκBα in SFE0 group were
up-regulated compared with normal condition, and the mRNA levels of IL-1β and IL-10
increased sharply, which means that excessive inflammatory response occurred in turbot
after E. tarda infection. Meanwhile, dietary SFE administration significantly decreased the
mRNA levels of IL-1β and IL-10, which suggested that dietary supplementation of SFE
could inhibit the inflammatory response of turbot infected by E. tarda to protect the body
from excessive inflammatory reaction.

Due to the prevalence of industrialized intensive farming, fish usually face greater risks
of antioxidant stress and pathogen attack. E. tarda, a causative infectious agent of disease
in aquaculture, caused mass mortalities and considerable economic losses, particularly in
turbot [63]. Bacterial challenge test is often used as an effective indicator of fish immunity
and health status. In this study, after the challenge, turbot in SFE 0 treatment firstly
displayed the clinical symptoms of E. tarda infection: red bleeding plaques in the head
and muscles, dark red mucus in the gills, blood spots on the fins, anal congestion, and
protrusion. Then, the first dead turbot was observed in the SFE 0 group on the second
day, the mortality lasted to the sixth day after challenge. Further, 0.1% SFE administration
significantly relieved the symptoms and increased the survival rate of turbot. The survival
rates of SFE administration groups were higher than that of SFE 0 group. Therefore, the
elevation of disease resistance against E. tarda is contributed to the regulation of immune
response and antioxidant capacity by SFE administration. That is to say, SFE could affect
mRNA levels of immune-related genes by activating Nrf2/Keap 1 and NF-κB signaling
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pathways, and then improved the antioxidant capacity and immunity of turbot, which
also improved the ability of juvenile fish to resist E. tarda infection. It also suggests that
antioxidant capacity, immunity, and disease resistance are inextricably linked.

5. Conclusions

Overall (Figure 5), the present study was apparently the first report that dietary SFE
supplementation for 56 days promoted the immunity and antioxidant capacity through ac-
tivating Nrf2/Keap1 and NF-κB signal pathways, thus improving the growth performance
and disease resistance against E. tarda. SFE could be a potential feed additive for turbot.

 
Figure 5. General summary for the beneficial effects and potential mechanisms of SFE on the health

of turbot. ( : indicates a significant impact. The red arrow indicates the promoting effect, the blue
arrow indicates the inhibitory effect, and the orange arrow indicates a positive effect on fish health).
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Abstract: Catalase is a crucial enzyme of the antioxidant defense system responsible for the main-
tenance of cellular redox homeostasis. The aim of the present study was to evaluate the molecular
regulation of catalase (Hdh-CAT) in stress physiology, innate immunity, testicular development,
metamorphosis, and cryopreserved sperm of Pacific abalone. Hdh-CAT gene was cloned from the
digestive gland (DG) of Pacific abalone. The 2894 bp sequence of Hdh-CAT had an open reading
frame of 1506 bp encoding 501 deduced amino acids. Fluorescence in situ hybridization confirmed
Hdh-CAT localization in the digestive tubules of the DG. Hdh-CAT was induced by different types
of stress including thermal stress, H2O2 induction, and starvation. Immune challenges with Vibrio,
lipopolysaccharides, and polyinosinic–polycytidylic acid sodium salt also upregulated Hdh-CAT
mRNA expression and catalase activity. Hdh-CAT responded to cadmium induced-toxicity by increas-
ing mRNA expression and catalase activity. Elevated seasonal temperature also altered Hdh-CAT
mRNA expression. Hdh-CAT mRNA expression was relatively higher at the trochophore larvae stage
of metamorphosis. Cryopreserved sperm showed significantly lower Hdh-CAT mRNA expression
levels compared with fresh sperm. Hdh-CAT mRNA expression showed a relationship with the
production of ROS. These results suggest that Hdh-CAT might play a role in stress physiology, innate
immunity, testicular development, metamorphosis, and sperm cryo-tolerance of Pacific abalone.

Keywords: catalase; innate immunity; stress physiology; starvation; metamorphosis; cryopreserved
sperm; Pacific abalone

1. Introduction

Catalase (CAT) is the most frequently used biomarker of oxidative stress in animals of
aquatic environments [1,2]. Catalase is a vital antioxidant enzyme that can balance the redox
system by regulating antioxidant defenses against oxidative stress [3,4]. This antioxidant
enzyme responds to the adverse effects of environmental pollution on organisms [1]. CAT is
a part of the reactive oxygen species (ROS) network and plays a central role in balancing
hydrogen peroxide (H2O2) levels in cells [5–7]. The key biological mechanism of CAT
is to scavenge the excessive level of ROS by directly breaking down H2O2 into water
and oxygen [8–11]. H2O2 is a highly reactive ROS [12] and a secondary key performer of
mitochondrial ROS production [13]. Excessive H2O2 lead to infertility whereas CAT restored
fertility [14]. H2O2 challenges induce CAT expression in mollusks [3,15]. Whereas heat stress
induces H2O2 production [16,17] that ultimately increases CAT expression [18–20]. Heat
stress also induces CAT activity and increases its mRNA expression in a marine mollusk,
Scapharca subcrenata [21]. Cold stress imbalances CAT activity and expression in scallop,

Antioxidants 2023, 12, 109. https://doi.org/10.3390/antiox12010109 https://www.mdpi.com/journal/antioxidants
427



Antioxidants 2023, 12, 109

Chlamys nobilis [4]. CAT neutralizes the effects of ROS production during starvation [22].
Starvation induces CAT activity and mRNA expression in fish [22,23].

CAT also plays an important role in the innate host defense mechanism against envi-
ronmental stress and pathogen infection [24]. CAT is a reliable biomarker for detecting a
variety of pollutants [25]. It can defend against metal-oriented stress [26]. Cadmium (Cd)
is a bioaccumulation environmental pollutant able to induce ROS [27] and finally damage
the physiological function of organs [26]. Antioxidant activity of CAT has been previously
detected in Cd exposed-aquatic organisms [26]. Vibrios are categorized as the main infected
pathogenic bacteria of abalone [28]. Bacterial challenges of disk abalone can induce CAT
expression [28], which proves that CAT might play a role in the immune defense mechanism
against pathogens [15]. Viral challenge also alters CAT mRNA expression in disc abalone [28].

The antioxidant defense system of CAT is altered seasonally in response to several
types of environmental factors [29,30]. Elevated temperature modulates the activity and
expression of CAT in the gill and digestive glands of American oyster [31].

CAT also plays a potential role in sperm physiology, which is essential for normal
sperm function and spermatogenesis. CAT is a molecular marker to determine fertility [14].
Higher activity and abundance of CAT have been found in aquatic organisms during early
embryogenesis [32–34].

Cryopreservation of sperm is responsible for excessive ROS generation that causes
an imbalance of the natural antioxidant defense system of sperm [35]. CAT activity and
mRNA abundance have been found to be antioxidant indicators of cryopreserved sperm
and ovary [35,36].

Abalone are high-priced marine bioresources found worldwide in tropical and tem-
perate waters [37]. Abalone are key components of the marine ecosystem as well as the
aquaculture industry [38]. Dynamic environmental and pathogenic conditions of the in-
tertidal zone create various environmental stresses [39]. These adverse environmental
conditions lead to a decrease in the survivability of abalone [38,39]. Abalone are vital
bio-indicators of the marine ecosystem [39] due to their innate responses against viruses,
bacteria, and toxic substances [28]. Of various abalone species, Pacific abalone Haliotis
discus hannai is the most demanded seafood in Korea, Taiwan, China, and Japan, because
it contains bioactive molecules [40]. It is also known as the “emperor of shellfish” in
Korea [41] and recognized worldwide as the “soft gold” of the Ocean [42,43]. Among
abalone, to date, CAT has been reported in disk abalone, H. discus discus [3]. CAT is highly
expressed in the DG and gill of disk abalone, H. discus discus [3]. The DG, gill, and blood
are important immune organs of abalone [44]. Moreover, the DG (hepatopancreas) is the
main metabolic organ of Pacific abalone. The DG act as the major site for the accumulation
of bacteria and toxic metals, playing a vital role against oxidative stress by eliminating
excessive ROS [44]. However, molecular characterization of CAT in Pacific abalone is
unknown. Thus, the objective of this study was to obtain the full-length cDNA of CAT
from Pacific abalone and apply this sequence to understand the molecular characterization
of CAT in stress physiology, immune response, elevated seasonal temperature, testicular
development, metamorphosis, and cryopreserved sperm of Pacific abalone. Furthermore,
the localization of CAT was determined using fluorescence in situ hybridization.

2. Materials and Methods

2.1. Ethics Statement

The experimental protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of Chonnam National University (CNU IACUC-YS-2020-5). All
experiments were conducted following the Guidelines for the Care and Use of Laboratory
Animals of the National Institutes of Health.
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2.2. Experimental Abalone Collection

Biologically matured three years old Pacific abalone were collected from sea cages of
Wando-gun, Republic of Korea. A total of 512 Pacific abalone having a mean body weight
of 134.8 ± 14.3 g were used in the experiments.

2.3. Tissue Collection for Gene Cloning

Abalone (n = 10) were euthanized for collecting digestive gland (DG) tissue samples.
The samples were washed using 0.1M phosphate-buffered saline (PBS) and subsequently
snap-frozen in liquid nitrogen (LN2). Samples were then stored at −80 ◦C until total
ribonucleic acid (tRNA) extraction.

2.4. Tissue Collection of Different Organs of Pacific Abalone

Abalone including digestive gland (DG), testis (TE), ovary (OV), muscle (MUS), mantle
(MA), gill (G), heart (HRT), hemocyte (HCY), cerebral ganglion (CG), and pleuropedal
ganglion (PPG) were collected to check the tissue distribution of catalase.

2.5. Fluorescence In Situ Hybridization (FISH) to Localize Hdh-CAT in Digestive Gland Tissue of
Pacific Abalone
2.5.1. Tissue Collection for Fluorescence In Situ Hybridization

Abalone digestive gland tissues (n = 6) were collected after performing anesthesia
with 5% MgCl2. Samples were washed with pre-chilled 0.1 M PBS and fixed with 4%
paraformaldehyde (PFA) for in situ hybridization.

2.5.2. Riboprobe Synthesis

Riboprobe synthesis was performed using the method described previously [45],
with slight modifications. Briefly, sense and antisense mRNA probes were prepared from
714 bp fragments of the catalase domain of Hdh-CAT that had been amplified using a
pair of primers (Table S1). Sense and anti-sense riboprobes were separately labeled with
fluorescein-12-UTP (Roche, Grenzach-Wyhlen, Germany) using SP6 or T7 RNA polymerase
(Promega, Medison, WI, USA). A total 20 μL working solution including 1 μg plasmid
DNA, 2.0 μL SP6 or T7 RNA polymerase, 4 μL 5X optimized transcription buffer, 2 μL DTT
(100 mM), 2 μL RNase inhibitor, 2 μL fluorescein RNA labeling mix, and 7 μL RNase-free
water was prepared and incubated for 2 h at 37 ◦C. Then, the samples were digested with
2.0 μL DNase I and 0.5 μL RNase-OUT at 37 ◦C for 15 min. Finally, riboprobes were purified
using ethanol precipitation with 1 μL yeast tRNA (10 mg/mL, Sigma-Aldrich, St. Louis,
MO, USA). The probes were stored at −80 ◦C until use.

2.5.3. Preparation of Tissue Sections

Paraformaldehyde-fixed digestive gland samples of Pacific abalone were infiltrated
using a 30% sucrose solution. Tissue samples were embedded in optimum cutting tem-
perature compounds (FSC 222, Leica Biosystems, Wetzlar, Germany). Transverse-oriented
tissues were then sectioned at 8 μM in thickness using a cryostat device (CM 3050, Leica,
Wetzlar, Germany) and mounted on electrostatically charged glass slides (SuperFrost Plus,
Radnor, PA, USA). Slides were air-dried for 30 min and stored at −20 ◦C until use. Con-
secutive slides were prepared with alternative sections for the hybridization of Hdh-CAT
mRNA using sense and antisense riboprobes.

2.5.4. Fluorescence In Situ Hybridization (FISH)

FISH was performed following a previously described protocol [45] and DIG in situ
hybridization manual with minor modifications. Briefly, a total of 50 mL hybridization
buffer (HB) was prepared using deionized formamide (25 mL), 20X saline sodium cit-
rate (SSC, 12.5 mL), 0.1% Tween-20 (0.5 mL), 1M citric acid (0.46 mL), and DEPC-treated
water (11.54 mL). Yeast tRNA was mixed with HB at a ratio of 1:9 to prepare HB mix.
Digestive gland tissue sections were prehybridized with HB mix for 2 h at 65 ◦C, fol-
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lowed by hybridization with fluorescein-12-UTP-labeled RNA probe (200 ng/mL, diluted
with HB mix) at 65 ◦C overnight. Samples were subsequently washed with degraded
series (75%, 50%, and 25% volume) of hybridization mix with 2X SSC for 10 min each at
65 ◦C. Samples were then washed with SSC (2X and 0.2X) for 15 min. Then, the tissue
sections were sequentially cleaned with degraded series of 0.2X SSC (75%, 50%, and 25%
volume) mixed with PBST for 5 min and washed with PBST for 5 min. Tissue sections
were then incubated with calf serum (10%) for 1 h at 25 ◦C and then incorporated with
Fab fragments antibody (anti-digoxigenin-fluorescein) for 1 h at 25 ◦C. Samples were then
washed three times (10 min each) with PBST, followed by three times of wash with alkaline-
tris buffer for 5 min each. Finally, hybridized tissue samples were counterstained and
mounted using VECTASHIELD® antifade mounting medium with DAPI (Vector Laborato-
ries, Burlingame, CA, USA). Fluorescence catalase signals were visualized and captured
using a confocal microscope with Airyscan2 (LSM 900, ZEISS, Oberkochen, Germany). Im-
ages were processed on ZEISS ZEN 3.2 (Blue 268 edition, Oberkochen, Germany) software.

2.6. Thermal Stress Experiments
2.6.1. Cold Stress of Pacific Abalone at 15 ◦C

Cold temperature stress (15 ◦C) was carried out by transferring abalone into exper-
imental tanks. Water temperature was reduced from 20 ◦C to 15 ◦C with a temperature
reduction rate of 1 ◦C/h until it reached 15 ◦C. Cold temperature (15 ◦C) was maintained
using an electric cooling unit (SunCool, DA-3000C, DAEIL, Busan, Republic of Korea).
Abalone reared at 20 ◦C were sampled as a control, and the cold stressed at 15 ◦C were
sampled at 1 h, 6 h, 12 h, 24 h, 48 h, and 72 h, respectively. Before sampling, abalone were
anesthetized with 5% MgCl2. Digestive gland and gill tissue samples (n = 6) were collected
and washed with 0.1 M PBS. Hemolymph samples were collected and plasma samples
were separated for catalase activity assay. Samples were snap-frozen in LN2 and stored at
−80 ◦C until tRNA extraction and catalase activity assay.

2.6.2. Heat Stress of Pacific Abalone at 25 ◦C and 30 ◦C

Abalone were transferred into experimental tanks and acclimatized before conducting
the thermal stress experiment. Water temperature was gradually increased from 20 ◦C
to 25 ◦C and 20 ◦C to 30 ◦C at 1 ◦C/h until it reached 25 ◦C or 30 ◦C. Abalone reared at
20 ◦C were used as control, and the heat-stressed abalone at 25 ◦C and 25 ◦C were sampled
at 1 h, 6 h, 12 h, 24 h, 48 h, and 72 h. Digestive gland and gill tissue samples (n = 6) were
collected and washed with 0.1 M PBS. Hemolymph samples were collected and plasma
samples were separated for catalase activity assay. Samples were snap-frozen in LN2 and
stored at −80 ◦C until tRNA extraction and catalase activity assay.

2.7. Seasonal Sample Collection

To detect Hdh-CAT mRNA levels in seasonal samples, abalone were collected in
different seasons including winter, summer, autumn, and spring (Wando-gun, Republic of
Korea), and transported to Molecular Physiology Laboratory, Chonnam National University.
After anesthetizing, digestive gland and gill sample (n = 10) were collected and stored at
−80 ◦C until tRNA extraction.

2.8. H2O2 Induction Treatments

Abalone were transferred into experimental tanks and acclimatized one week be-
fore the H2O2 induction experiment. Abalone were reared in seawater-supplied tanks
with continuous aeration. Abalones (n = 6) were intramuscularly injected with 50 μL
(0.3 mg/mL) of H2O2 and an equal volume of PBS was injected into control abalone. Di-
gestive gland and gill samples (n = 6) were collected at 3 h, 6 h, 12 h, 24 h, and 48 h. A
blood sample was collected and separated the plasma for catalase activity. Samples were
immediately snap-frozen in LN2 and stored at −80 ◦C until tRNA extraction and catalase
activity assay.
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2.9. CdCl2 Exposed Treatments

Acclimatized abalone were transferred to a 50 L aquarium to conduct CdCl2 (Sigma-
Aldrich, St. Louis, MO, USA) exposed treatments of Pacific abalone. The Cd2+ at concen-
trations of 1.5 mgL−1, 3 mgL−1, 6 mgL−1, and 12 mgL−1 were selected to conduct this
experiment. Abalone were exposed to different concentrations of Cd2+ and the samples
(digestive gland and gill) were collected at 3 h, 6 h, 12 h, 24 h, and 48 h. A blood sample was
collected and separated the plasma for catalase activity assay. Samples were immediately
snap-frozen in LN2 and stored at −80 ◦C until tRNA extraction and catalase activity assay.

2.10. Tissue Collection of Starved Pacific Abalone

Experimental abalone were starved for 21 days and re-fed for 7 days. Abalone were
reared in the experimental aquarium (50 L). Digestive gland, gill, and hemolymph samples
(n = 6) were collected from 7 days (st-7 d), 14 days (st-14 d), 21 days (st-21 d) starved, and
7 days re-fed (ref-7 d) abalones. Samples were immediately snap-frozen in LN2 and stored
at −80 ◦C until tRNA extraction and catalase activity assay.

2.11. Immune Challenges of Pacific Abalone to Check the Hdh-CAT Activity and
mRNA Abundance

Lipopolysaccharides from Escherichia coli O55:B5 (LPS, Sigma-Aldrich, Saint Louis,
MO, USA), polyinosinic–polycytidylic acid sodium salt (PIC, Sigma-Aldrich, Saint Louis,
MO, USA), and Vibrio parahaemolyticus (ATCC 17802, Koram Biotech Corp., Seoul, Republic
of Korea) were used to conduct the immune challenge experiments. LPS and PIC were
separately injected into the adductor muscle at a concentration of 10 μg/g-BW. V. para-
haemolyticus were cultured in Luria-Bertani broth (Becton, Dickinson and Company, Sparks,
MD, USA) and injected in the adductor muscle at a previously recommended dose [46].
Control abalone were injected with an equal volume of PBS. Digestive gland, gill, and
hemolymph samples (n = 6) were collected 3 h, 6 h, 12 h, 24 h, and 48 h after the injection.
Samples were immediately snap-frozen in LN2 and stored at −80 ◦C until tRNA extraction
and catalase activity assay.

2.12. Tissue Collection of Testicular Developmental Stages

Testis tissue samples (n = 10) were collected during gonadal development stages
including the degenerative stage (DS), active stage (AS), ripening stage (RS), and spent
stage (SS) as described previously [47].

2.13. Sperm Cryopreservation of Pacific Abalone

To determine Hdh-CAT mRNA levels in cryopreserved sperm samples, Pacific abalone
sperm samples were cryopreserved according to the protocol described previously [48].
Different types of penetrating cryoprotectants namely 8% dimethyl sulfoxide (8% DMSO),
2% glycerol (2% GLY), 8% ethylene glycol (8% EG), 6% propylene glycol (6% PG), and 2%
methanol (2% MeOH), with or without antifreeze protein (AFPIII) were used as reported
previously [41,48]. Briefly, stripped sperm over 90% motility was used for sperm cryop-
reservation. Sperm were diluted with filtered seawater at a ratio of 1:10 (v/v). Diluted
sperm samples were then mixed with cryoprotectant solution (8% DMSO + AFPIII, 2% GLY
+ AFPIII, 8% EG + AFPIII, 6% PG + AFPIII, and 2% MeOH + AFPIII) at a ratio of 1:1 (v/v).
Sperm were then transferred into 0.50 mL straws. The straws were then placed at a 5 cm
rack height of LN2 for 10 min and subsequently submerged into LN2. Straws were thawed
at 60 ◦C for 5 s in a seawater bath (JISICO Lab & Scientific Instrument, Seoul, Republic of
Korea). After thawing, the sperm samples were prepared as previously described [48].

2.14. Samples Collection of Metamorphosis Stages of Pacific Abalone

Experimental samples during metamorphosis stages including unfertilized egg (UF),
2-cell (2-CL), 4-cell (4-CL), morula (MO), blastula (BL), trochophore (TR), veliger (VEL),
shell formed (SHF), and juvenile (JUV) were collected during peak reproductive season
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(May). Samples were immediately snap-frozen in LN2 and stored at −80 ◦C until tRNA
extraction and catalase activity.

2.15. Total RNA Extraction and cDNA Synthesis

Total RNA of all collected samples was extracted using an ISOSPIN Cell & Tissue
RNA kit (Nippon Gene, Tokyo, Japan). Total RNA concentration was measured using a
spectrophotometer (Nanodrop ACTGene ASP-2680, Piscataway, NJ, USA). cDNA synthesis
was accomplished by reverse transcribing the tRNA using a Superscript®III First-Strand
synthesis kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s procedures.

2.16. Molecular Cloning and Sequencing of Catalase Gene (Hdh-CAT) in Haliotis discus hannai
2.16.1. Cloning of a Partial Hdh-CAT Sequence

To obtain a partial Hdh-CAT sequence, cDNA synthesized from the digestive gland
was reverse transcribed using reverse transcription (RT) primers (Table S1) designed from
known catalase sequence of H. discus discus (GenBank accession no. DQ821496.1). Reverse
transcription polymerase chain (RT-PCR) reaction mixture (20 μL) was prepared using a
1 μL cDNA template, 1 μL of each sense and antisense primers (20 pmol), 4 μL of HF buffer,
2 μL of dNTP mix, 0.5 μL of DNA polymerase, and 10.5 μL sterile distilled water (dH2O).
The RT-PCR was conducted in a thermal cycler with the following conditions: an initial
denaturation at 94 ◦C for 3 min; 35 cycles of denaturation at 94 ◦C for 30 s; annealing at
58 ◦C for 30 s; and extension at 72 ◦C for 30 s; with a final dissociation step of 5 min at 72 ◦C.
The PCR products were separated on 1.2% agarose gel and purified using a gel extraction
kit (Promega, Madison, WI, USA). Purified DNA was ligated to a pTOP Blunt V2 vector
(Enzynomics, Daejeon, Republic of Korea) and transformed into Escherichia coli DHα

competent cells (Enzynomics, Daejeon, Republic of Korea). Plasmid DNA was extracted
from positive clones using a Hybrid-QTM Plasmid Rapidprep mini kit (GeneAll, Seoul,
Republic of Korea). Sequencing was performed using the Macrogen Online Sequencing
System (Macrogen, Seoul, Republic of Korea).

2.16.2. Cloning of the Full-Length Hdh-CAT Sequence

To obtain full-length Hdh-CAT sequence, gene-specific primers (GSP) were designed
(Table S1) from a partial sequence, including a 15 bp overlap with the 5′ end of GSP se-
quences. Rapid amplification of cDNA ends (RACE) PCR was conducted using
50 μL volume of PCR mixture containing 2.5 μL of first-strand cDNA from the diges-
tive gland, 5 μL of universal primer mix, 25 μL of SeqAMP buffer, 1 μL of SeqAMP DNA
polymerase, and 15.5 μL pf PCR grade water. Touchdown PCR was performed with
25 cycles for rapid amplification of 3′ cDNA ends (3′-RACE) and 5′-RACE PCR following
the manufacturer’s protocol. PCR products were purified from 1.2 % agarose gel using a
NucleoSpin® Gel and PCR Clean-up kit (MARCHERY-NAGEL GmbH & Co. KG, Düren,
Germany). Purified products were cloned into a linearized pRACE vector (Clontech Lab-
oratories, Inc., Mountain View, CA, USA) and transformed into Stellar competent cells.
Plasmid DNA extraction and sequencing were performed as the method described in the
“Cloning of partial Hdh-CAT sequence” section. Finally, the sequences were combined by
overlapping with the initial cloned fragment to obtain the full-length sequence of Hdh-CAT.

2.17. Sequence Analysis

A series of bioinformatics tools were used for the sequence analysis of Hdh-CAT.
The protein sequence of Hdh-CAT was predicted using ORFfinder, a National Center
for Biotechnology Information (NCBI) tool (https://www.ncbi.nlm.nih.gov/orffinder/,
accessed on 8 November 2021). The protein homology of Hdh-CAT was performed using
the Basic Local Alignment Search Tool (BLASTP) (https://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 8 November 2021). Identification and annotation of CAT domain architecture
were performed using the simple modular architecture research tool (SMART) (http://smart.
embl-heidelberg.de/, accessed on 8 November 2021). The molecular weight and theoretical
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isoelectric point (PI) of Hdh-CAT were determined using ProtParam (https://web.expasy.
org/protparam/, accessed on 4 February 2022). Motif scan analysis was performed using a
motif scan program (https://myhits.sib.swiss/cgi-bin/motif_scan, accessed on 4 February
2022). The conserved motifs in the Hdh-CAT amino acid sequence were analyzed using
Multiple Em for Motif Elicitation (MEME) online tools (http://meme-suite.org/tools/meme,
accessed on 4 February 2022). Multiple protein sequences were aligned using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 5 February 2022). The
multiple sequence alignments were edited and visualized using Jalview Java alignment
editor version 2.11.1.7. Gene ontology of Hdh-CAT was predicted using Contact-guided
Iterative Threading ASSEmbly Refinement (C-I-TASSER) protein structure prediction server
(https://zhanggroup.org/C-I-TASSER/, accessed on 2 February 2022).

2.18. Phylogenetic Analysis

Catalase protein sequences of different organisms were retrieved from the NCBI
database and selected to construct the phylogenetic tree. Protein sequences were aligned
using the Clustal Omega program. Phylogenetic and molecular evolutionary analyses were
performed using MEGA 11 (https://www.megasoftware.net/, accessed on 5 February
2022) with the neighbor-joining algorithm following 1000 bootstrap replicates.

2.19. The Three-Dimensional Protein Structure of Hdh-CAT

The three-dimensional (3D) protein structure of Hdh-CAT was generated using an
online protein structure and function prediction program, Iterative Threading ASSEmbly
Refinement (I-TASSER; https://zhanggroup.org/I-TASSER/, accessed on 4 February 2022).
Chimera software (https://www.cgl.ucsf.edu/chimera/, accessed on 6 February 2022)
was used to analyze and visualize the predicted 3D structure of Hdh-CAT. Heme binding
and NADPH binding sites were detected using an online program, SWISS-MODEL (https:
//swissmodel.expasy.org/, accessed on 7 February 2022).

2.20. Quantitative Real-Time PCR (qRT-PCR) Analysis

qRT-PCR analysis was performed to quantify Hdh-CAT mRNA expression in different
types of tissue samples. qRT-PCR was conducted on a LightCycler® 96 system (Roche,
Grenzach-Wyhlen, Germany) using a 2× qPCRBIO SyGreen Mix Lo-Rox kit (PCR Biosys-
tems, Ltd., London, UK) as described previously [49]. Gene-specific sense and antisense
primers (Table S1) were designed to quantify Hdh-CAT mRNA in different tissues. PCR
was performed using a 20 μL volume of reaction mix containing 1 μL of cDNA, 1 μL of
each sense and antisense primer, 10 μL of SyGreen Mix, and 7 μL of dH2O. The following
melting temperature was used as default settings: 95 ◦C for 10 s, 65 ◦C for 1 min, and
97 ◦C for 1 min. The relative Hdh-CAT mRNA expression was quantified using the 2−ΔΔct

method [50]. Expression levels were normalized by amplifying a housekeeping Pacific
abalone β-actin gene.

2.21. Catalase Activity

Catalase activity in hemolymph samples was determined using a catalase colorimetric
activity kit (Invitrogen, Frederick, MD, USA) according to the manufacturer’s instruc-
tions. Catalase concentration (U/mL) at 560 nm was measured (n = 3) using an EpochTM

Microplate Spectrophotometer (Epoch 2, BioTek, Winooski, VT, USA).

2.22. Fluorescent Technique to Detect ROS in DG Tissue Samples of Pacific Abalone

Thermal stress (15 ◦C and 30 ◦C), H2O2 induced, starved, Cd-exposed (12 mgL−1) and
V. parahaemolyticus-challenged digestive glands were used to conduct this experiment. Tissue
samples were selected based on higher Hdh-CAT mRNA abundance levels (Heat stressed
abalone: 48 h; starved abalone: st-21 d; H2O2-induced abalone: 12 h; vibrio challenged abalone:
12 h; and Cadmium-exposed abalone: 6 h), and the samples of the experimental peak time
point (Heat stressed abalone: 72 h; re-fed abalone: ref-7 d; H2O2-induced abalone: 48 h; vibrio-
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challenged abalone: 48 h; and Cadmium-exposed abalone: 48 h). Reactive oxygen species
(ROS: O2

•− production) were detected using a DHE (dihydroethidium) assay kit (Invitrogen
Molecular Probes, Eugene, OR, USA) according to the method described previously [51], with
minor modifications. Briefly, digestive gland tissue samples were homogenized and washed
using 0.1M PBS. Tissue samples were stained with 10 μM DHE and incubated for 30 min
at 10 ◦C in the dark. DHE-stained cells were visualized under a fluorescence microscope
(red filter: 510–560 nm, Eclipse E600, Nikon, Tokyo, Japan) with a 20× objective lens. Gray
values of 200 cells in each treatment were measured using ImageJ software version 1.8.0_172
(https://imagej.nih.gov/ij/download.html, accessed on 13 April 2022).

2.23. Statistical Analysis

Changes of Hdh-CAT mRNA expression levels were analyzed by GraphPad Prism 9.3.1
software (GraphPad Software, San Diego, CA, USA) following nonparametric one-way
analysis of variance (ANOVA). Tukey’s post hoc test was performed to calculate statistically
significant differences among different experimental tissues of Pacific abalone. Data from
qRT-PCR are expressed as the mean ± SD. Differences were considered as significant at
p < 0.05. GraphPad Prism 9.3.1 software was used to generate graphs.

3. Results

3.1. Cloning and Bioinformatic Analysis of H. discus hannai Catalase (Hdh-CAT) Sequence

The complete sequence of H. discus hannai catalase was cloned from digestive gland
samples by 5′-RACE and 3′-RACE PCR and named Hdh-CAT (Figure 1A). The full-
length sequence of Hdh-CAT (GenBank: OK042347.1) was 2894 bp in length, including a
148 bp 5′-untranslated region (UTR) and a 1240-bp 3′-UTR with a canonical polyadenylation
signal sequence (AATAAA) located 12 bp upstream of the poly-A tail. The open reading
frame (ORF) of Hdh-CAT had a length of 1506 bp, encoding 501 deduced amino acids
(GenBank: UFT26656.1).

The molecular weight and theoretical isoelectric point (pI) of Hdh-CAT protein were
predicted to be 56.46 KDa and 8.81, respectively. Glycine was the most abundant amino acid
(7.8%), while tryptophan was the least abundant (1.2%) in the deduced protein sequence.
Motif scan and conserved domain analysis revealed that Hdh-CAT has a catalase domain
at position 25–410 amino acid residues with an E-value of 5.01E-280. The Hdh-CAT
deduced amino acid sequence covered a highly conserved catalytic site motif, [F/I]-X-
[R]-XXXX-[ER]-XX-[H]-XX-[G/A/S]-[G/A/S/T/F/Y]-[G/A/S/T], at the positions 61–77
(FNRERIPERVVHAKGAG). The proximal heme-ligand signature motif (RLYSYSDT) was
detected at amino acid positions 351–358. Heme-binding site residues were identified at
eight positions (R69, H72, R109, N145, F150, R351, Y355, and R362).

Additionally, the catalytic residue of histidine (H) at position 72 was identified as a
proper binding, and peroxide reduction site. Three amidation sites were found at amino
acid positions of 32–35 (VGRK), 100–103 (VGKK), and 486–489 (FGRR). Two N-glycosylation
sites were found at amino acid positions of 241–244 (NLTG) and 436–439 (NFSQ). Four
N-myristoylation sites were found at amino acid positions of 29–34 (GAPVGR), 114–119
(GGEKGS), 201–206 (GTPDGY), and 396–401 (GGAPNY).

Phosphorylation site analysis showed six protein kinase C phosphorylation sites, [T/S]-
X-[K/R], at amino acid positions of 122–124 (TAR), 164–166 (TQK), 184–186 (TLR), 198–200
(SNR), 216–218 (TFK), and 358–360 (THR). Casein kinase II phosphorylation site was
detected at the positions of 122–125 (TARD), 338–341 (TGIE), 354–357 (SYSD), and 430–433
(STED). A tyrosine kinase phosphorylation site, [K/R]-XXX- [E/D]-XXX-[Y], was detected
at amino acid positions 421–429 (KLSGDVARY). Catalase-related immune-responsive sites
were found at amino acid positions 418–495 with an E-value of 1.5E-33.

Gene ontology (GO) term analysis predicts that Hdh-CAT had catalase activity with
a heme-binding ability (Figure S1A) in molecular function (GO: 0003674), hydrogen per-
oxidase catabolic process (Figure S1B) in biological process (GO:0008150), and located in
peroxisome (Figure S1C) of cellular component (GO:0005575).
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Figure 1. Sequence analysis of catalase (Hdh-CAT) in Pacific abalone, H. discus hannai. (A) The
full-length nucleotide (GenBank: OK042347.1) and deduced amino acid sequences (GenBank:
UFT26656.1). Numbers on the left and right columns indicate nucleotide and amino acid posi-
tions in the sequence, respectively. The initiation (ATG) and termination (TAG) codons of nucleotide
sequence are marked as bold red color and underlined. The stop codon of nucleotide sequence was
indicated using *. Hdh-CAT active site motif and heme-ligand signature motif are highlighted using
yellow and light green colors, respectively. Heme-binding site residues are pointed using circle. Two
putative N-glycosylation sites are indicated using light sky color. The putative NADPH binding
residues are pointed using box. The polyadenylation signal (AATAAA) is indicated in boldface.
(B) Three-dimensional (3D) homology modeling of Hdh-CAT. (C) Phylogenetic tree of catalase protein
sequences from vertebrates and invertebrates. GenBank accession number of all sequences of phylo-
genetic tree are as follows: Hypophthalmichthys molitrix (ADJ67807.1), Danio rerio (NP_570987.2), Salmo
salar (ACN11170.1), Melopsittacus undulatus (AAO72713.1), Xenopus tropicalis (AAH90377.1), Homo sapi-
ens (NP_001743.1), Bos taurus (3NWL_A), Mus musculus (P24270.4), Rattus norvegicus (NP_036652.1),
Cristaria plicata (ADM64337.1), C. plicata (AEL31245.1), Sinanodonta woodiana (AMO00631.1), Hyriopsis
cumingii (ADL14588.1), Anadara broughtonii (ALZ42087.1), Crassostrea hongkongensis (ADZ76134.1),
Pinctada fucata (ADW08700.1), Mytilus coruscus (AQY56552.1), Corbicula fluminea (APX42721.1),
C. gigas (ABS18267.1), C. hongkongensis (ADZ93495.1), Argopecten irradians (ADD71945.1), Azumapecten
farreri (ABI64115.1), Mizuhopecten yessoensis (AKV63251.1), Mimachlamys nobilis (AHX22599.1),
H. madaka (ALU63753.1), H. diversicolor (AEP83810.1), H. discus discus (ABF67505.1), H. discus hannai
(UFT26656.1), H. discus discus (ABQ60044.1, ABF67505.1), Scylla paramamosain (QNT61282.1), S. para-
mamosain (ACX46120.1), Penaeus chinensis (ABW82155.1), Brachionus plicatilis (BAH28837.1), Aedes
aegypti (EAT34333.1), Camponotus floridanus (EFN66292.1), Bombyx mori (NP_001036912.1).
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Multiple alignments of catalase homologs from selected amino acid sequences of
vertebrate and invertebrate are shown in Figure S2. Active site motif and heme-ligand
signature motif were well conserved in aligned amino acid sequences of H. discus discus,
H. diversicolor, Danio rerio, and Homo sapiens. Multiple alignment revealed 12 NADPH
binding site residues (N145, H191, F195, S198, R200, N210, Y212, K234, V299, W300, H302, and
Y355). Hdh-CAT shared the highest sequence identities (99.38%) with CAT of H. discus discus.

3.2. Homology Modeling of Hdh-CAT

Three-dimensional structures of Hdh-CAT exhibited four basic domains including an N-
terminal domain, an eight-stranded β-barrel domain, a wrapping loop-formed connection
domain, and a helical C-terminal domain (Figure 1B).

3.3. Phylogenetic Analysis

A phylogenetic tree was constructed using the neighbor-joining method to show the
possible evolutionary linkage of Hdh-CAT with other catalase proteins. The phylogenetic
tree showed three major groups where Hdh-CAT was positioned in the mollusk group
(Figure 1C). Hdh-CAT was closely positioned with H. discus discus catalase.

3.4. Tissue Distribution Analysis of Hdh-CAT

Hdh-CAT mRNA expression levels in different tissue samples are shown in Figure S3.
The expression levels of Hdh-CAT mRNA were significantly higher in the digestive gland
(DG) tissue samples than in other examined tissue samples.

3.5. Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) revealed that Hdh-CAT was localized in the
digestive tubules of the digestive gland of Pacific abalone. The antisense probe of FISH
showed positive signals (green fluorescent) in the digestive tubules of the digestive gland
(Figure 2). Blue fluorescent (DAPI-stained) counter-stained the positive signal of Hdh-CAT.
Confocal laser scanning image confirmed that the Hdh-CAT localized in the Pacific abalone
digestive gland (Figure 2).

Figure 2. Confocal laser scanning microscopic observation after fluorescence in situ hybridization of
Hdh-CAT mRNA in digestive gland tissue of Pacific abalone. The positive signals of Hdh-CAT mRNA
were indicated using arrows. Scale bar: 50 μm.

3.6. Hdh-CAT mRNA Expression in Thermal Stressed Tissue Samples of Pacific Abalone

Expression levels of Hdh-CAT mRNA in gill and digestive gland (DG) tissues of
thermal-stressed Pacific abalone are shown in Figure 3.
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Figure 3. Hdh-CAT mRNA expression levels in thermal stressed and during elevated seasonal
temperatures of Pacific abalone at different time points. (A) Cold-stressed (15 ◦C) gill samples.
(B) Cold-stressed digestive gland (DG) samples. (C) Heat-stressed (25 ◦C) gill samples. (D) Heat-
stressed (25 ◦C) DG samples. (E) Heat-stressed (30 ◦C) gill samples. (F) Heat-stressed (30 ◦C)
DG samples. (G) Hdh-CAT mRNA expression level in gill during elevated seasonal temperatures.
(H) Hdh-CAT mRNA expression level in DG during elevated seasonal temperatures. Different letters
above the bars indicate significant differences (p < 0.05).

3.6.1. Hdh-CAT mRNA Expression in Cold Stressed (15 ◦C) Samples

The mRNA expression level of Hdh-CAT reached its peak at time points of 24 h in the
gill (Figure 3A), and 48 h in the DG (Figure 3B) of Pacific abalone.

3.6.2. Hdh-CAT mRNA Expression in Heat Stressed (25 ◦C) Samples

Hdh-CAT mRNA expression level was significantly highest at time points of 12 h in the
gill (Figure 3C), and 48 h in the DG (Figure 3D). However, in gill samples, the expression
level was neutralized at time points of 48 h to 72 h.
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3.6.3. Hdh-CAT mRNA Expression in Heat Stressed (30 ◦C) Samples

The mRNA expression level of Hdh-CAT in gill samples of heat-stressed Pacific abalone
was significantly (p < 0.05) higher at time points of 6 h (Figure 3E). DG samples showed a
significantly (p < 0.05) higher expression level of Hdh-CAT mRNA at time points of 48 h
(Figure 3F).

3.7. Hdh-CAT mRNA Expression in Seasonal Samples

Hdh-CAT mRNA expression levels in gill were significantly (p < 0.05) higher in au-
tumn (Figure 3G) compared to other seasons. Whereas DG samples showed significantly
(p < 0.05) higher Hdh-CAT mRNA expression levels in spring (Figure 3H).

3.8. Hdh-CAT mRNA Expression in H2O2 Induced Tissue Samples of Pacific Abalone

The mRNA expression level of Hdh-CAT reached its peak at time points of 24 h in the
gill (Figure 4A), and 12 h in the DG (Figure 4B) of H2O2-induced Pacific abalone.

Figure 4. Hdh-CAT mRNA expression levels in H2O2 induced and cadmium (Cd) exposed
(1.5 mgL−1, 3.0 mgL−1, 6.0 mgL−1, and 12.0 mgL−1) Pacific abalone at different time points.
(A) Hdh-CAT mRNA expression level in gill of H2O2 induced Pacific abalone. (B) Hdh-CAT mRNA
expression level in digestive gland (DG) of H2O2-induced Pacific abalone. (C) Hdh-CAT mRNA
expression level in gill of Cd-exposed Pacific abalone. (D) Hdh-CAT mRNA expression level in DG of
Cd-exposed Pacific abalone. Different letters above the bars indicate significant differences (p < 0.05).

3.9. Hdh-CAT mRNA Expression in CdCl2 Exposed Tissues of Pacific Abalone

The expression levels of Hdh-CAT mRNA in different concentrations of CdCl2 exposed
tissue samples are presented in Figure 4C,D. Hdh-CAT mRNA expression levels were
significantly (p < 0.05) different in different concentrations of CdCl2 exposed gill and DG
samples, compared to the control. In gill samples, higher Hdh-CAT mRNA expression
levels were shown at the time points of 3 h in the 12 mgL−1 CdCl2, 6 h in the 3 mgL−1,
and 6 mgL−1 CdCl2, respectively (Figure 4C). DG tissue samples showed significantly
higher Hdh-CAT mRNA at the time points of 6 h in the 12 mgL−1 CdCl2-exposed abalone
(Figure 4D).

3.10. Hdh-CAT mRNA Expression in Starved Tissue Samples of Pacific Abalone

Hdh-CAT mRNA expression levels were significantly (p < 0.05) higher in Pacific abalone
gill at 14 days after starvation (st-14 d) (Figure 5A). DG samples showed significantly
(p < 0.05) higher Hdh-CAT mRNA expression levels at 21 days after starvation (st-21 d)
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(Figure 5A) of Pacific abalone. After re-feeding for seven days, Hdh-CAT mRNA expression
levels in DG of starved samples were similar to those in control samples without starvation
(Figure 5B).

Figure 5. Hdh-CAT mRNA expression levels in starved and re-fed Pacific abalone at different time
points. (A) Hdh-CAT mRNA expression level in gill of starved Pacific abalone. (B) Hdh-CAT mRNA
expression level in DG of starved Pacific abalone. Different letters above the bars indicate significant
differences (p < 0.05).

3.11. Hdh-CAT mRNA Expression in Immune Challenged Tissues of Pacific Abalone
3.11.1. Hdh-CAT Expression in Vibrio parahaemolyticus Challenged Samples

The mRNA expression level of Hdh-CAT reached its peak in the gill at 6 h after
V. parahaemolyticus challenge (Figure 6A) and in the DG at 12 h after V. parahaemolyticus
challenge (Figure 6B). Expression levels were stabilized in both tissue samples at 24 h and
48 h after V. parahaemolyticus challenge (Figure 6A,B).

Figure 6. Hdh-CAT mRNA expression levels in immune-challenged Pacific abalone at different time
points. (A) V. parahaemolyticus-challenged gill samples. (B) V. parahaemolyticus-challenged DG samples.
(C) Lipopolysaccharides (LPS)-challenged gill (GIL) samples. (D) LPS-challenged digestive gland
(DG) samples. (E) Polyinosinic–polycytidylic acid sodium salt (PIC)-challenged gill samples. (F) PIC-
challenged DG samples. Different letters above the bars indicate significant differences (p < 0.05).
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3.11.2. Hdh-CAT Expression in Lipopolysaccharides (LPS) Challenged Samples

The mRNA expression level of Hdh-CAT reached its peak at time points of 24 h in the
gill (Figure 6C), and DG (Figure 6D) of LPS-challenged Pacific abalone.

3.11.3. Hdh-CAT Expression in Poly I:C Challenged Samples

The mRNA expression level of Hdh-CAT reached its peak at time points of 24 h in the
gill (Figure 6E), and 6 h in the DG (Figure 6F) of PIC-challenged Pacific abalone.

3.12. Hdh-CAT mRNA Expression in Testicular Developmental Stages

Hdh-CAT mRNA expression levels during different testicular developmental stages
are given in Figure 7A. Ripening stage showed significantly (p < 0.05) higher Hdh-CAT
mRNA expression levels compared to other stages (Figure 7A).

Figure 7. Hdh-CAT mRNA expression levels at different testicular developmental stages and in cryopre-
served sperm samples of Pacific abalone. (A) Hdh-CAT mRNA expression level in different testicular
developmental stages. (B) Hdh-CAT mRNA expression levels at cryopreserved sperm samples. DS,
degenerative stage; AS, active stage; RS, ripening stage; SS, spent stage; DMSO + AFP, 8% dimethyl
sulfoxide + antifreeze protein; EG + AFP, 8% ethylene glycol + antifreeze protein; PG + AFP, 6% propy-
lene glycol + antifreeze protein; GLY + AFP, 2% glycerol + antifreeze protein; and MeOH + AFP, 2%
methanol + antifreeze protein. Different letters above the bars indicate significant differences (p < 0.05).

3.13. Hdh-CAT mRNA Expression in Cryopreserved Sperm

Hdh-CAT mRNA expression levels in fresh sperm and different types of cryopreserved
sperm samples are shown in Figure 7B. Hdh-CAT mRNA expression levels in cryopreserved
sperm samples were significantly lower than those in fresh sperm (Figure 7B).

3.14. Hdh-CAT mRNA Expression in Embryonic and Larval Developmental Stages

Hdh-CAT mRNA expression levels during embryogenesis are shown in Figure 8.
Blastula (BL) and trochophore (TRO) larvae showed significantly (p < 0.05) higher Hdh-CAT
mRNA expression levels compared to other stages.

3.15. Catalase (CAT) Activity in the Hemolymph

CAT activities in hemolymph samples of cold (15 ◦C), heat-stressed (25 ◦C and 30 ◦C),
H2O2-induced, starved, immune-challenged, and Cd-exposed abalone are summarized in
Figure 9. Cold-stressed abalone showed significantly (p < 0.05) higher CAT activity at 6 h
after cold stress (Figure 9A), whereas abalone with heat stress (25 ◦C and 30 ◦C) showed
higher CAT activities at 48 h after heat stress (Figure 9B,C). H2O2-induced abalone showed
higher CAT activity at the time point 3 h (Figure 9D), significantly similar to the time point
of 6 h post-induction. Starved abalone showed significantly higher CAT activities at st-14
d (Figure 9E). However, re-fed (ref-7 d) abalone showed similar (p > 0.05) CAT activity to
the control. LPS-challenged abalone showed significantly (p < 0.05) higher CAT activity at
12 h after LPS challenge (Figure 9F). PIC (Figure 9G) and V. parahaemolyticus (Figure 9H)-
challenged abalone showed significantly higher CAT activity at 6 h after challenge. Cd
exposure increased CAT activity in a dose-dependent manner (Figure 9I). After exposure to
6 mgL−1 of Cd, CAT activity was significantly higher at 6 h after exposure (Figure 9I).
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Figure 8. Hdh-CAT mRNA expression levels during metamorphosis of Pacific abalone. UF; unfertil-
ized egg, 2-CL; 2-cell, 4-CL; 4-cell, MO; morula, BL; blastula, TRO; trochophore larvae, VEL; veliger
larvae, SHF; shell formed larvae, JUV; juvenile. Different letters above the bars indicate significant
differences (p < 0.05).

Figure 9. Catalase (CAT) activity in the different types of stress and immune-challenged plasma of
Pacific abalone. (A) CAT activity in cold-stressed (15 ◦C) abalone, (B) CAT activity in heat-stressed
(25 ◦C) abalone, (C) CAT activity in heat-stressed (30 ◦C) abalone, (D) CAT activity in H2O2-induced
abalone, (E) CAT activity in starved abalone, (F) CAT activity in LPS-challenged abalone, (G) CAT
activity in poly: (IC)-challenged abalone, (H) CAT activity in V. parahaemolyticus-challenged abalone,
(I) CAT activity in cadmium-exposed abalone. Significantly different levels (p < 0.05) are denoted by
different letters.
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3.16. ROS in DG Tissue Samples of Pacific Abalone

The results of ROS production in response to thermal stress (15 ◦C and 30 ◦C), starvation,
H2O2 induction, Vibrio challenged, and Cd-exposed toxicity are presented in Figure 10. Heat-
induced (30 ◦C) abalone showed higher ROS production at 72 h (Figure 10A,B). H2O2-
induced, Vibrio-challenged, and Cd-exposed abalone showed higher ROS production at 48 h
(Figure 10A,B). However, re-feed abalone showed reduced ROS production (Figure 10A,B).

Figure 10. Detection of reactive oxygen species (ROS) in thermal-stressed, starved, H2O2-induced,
bacterial-challenged, and Cd-exposed Pacific abalone. (A) Fluorescent images of dihydroethidium
(DHE) stained digestive gland tissue samples. (B) Level of ROS production was analyzed by measuring
mean grey values of DHE signal. Significantly different levels (p < 0.05) are denoted by different letters.

4. Discussion

The aim of the present study was to isolate catalase and detect its molecular regulation
in stress physiology, innate immunity, testicular development, elevated seasonal tempera-
ture, metamorphosis, and cryopreserved sperm of Pacific abalone. The full-length cDNA
of Pacific abalone catalase (Hdh-CAT) was isolated for the first time, and its expression in
digestive gland tissue was characterized. The architecture of Hdh-CAT showed key features
of a catalase gene, including a proximal heme-ligand signature motif, a proximal active site
signature, and heme-binding site residues. These features are common in most catalases [3].
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Fluorescence in situ hybridization confirmed the localization of Hdh-CAT mRNA in
the digestive tubules of the digestive gland (DG). Previous studies have reported that CAT
is immunolocalized in the digestive tubules of different mollusks including oyster, and
mussel [52]. CAT is also immunolocalized in the digestive tubules of crab, and the liver of
mullet [52]. Molluscan DG has combined functions of the liver, pancreas, and intestine of
vertebrates [53]. The liver is the predominant source of peroxisomes where CAT is exclusively
located [54,55]. Tissue distribution analysis also revealed that Hdh-CAT mRNA was highly
expressed in DG tissue samples, consistent with findings of CAT in disk abalone [3].

Temperature is a vital abiotic factor that can significantly affect the physiology of
marine organisms [21]. In recent decades, seawater temperature has been rising with the
acceleration of climate change [21,56]. Temperature changes are known to influence ROS
production and activate antioxidant enzymes in mollusk [57]. Marine invertebrates have
strong antioxidant defense systems including CAT to normalize ROS accumulation and
physiological function [58]. An elevated activity of CAT is essential to counteract thermal
stress-induced oxidative damage [59]. In the present study, induced CAT activity and higher
Hdh-CAT mRNA expression levels were observed in response to thermal stress. Similar
findings have been previously reported for CAT in scallop [4], ark shell [21], Mediterranean
mussel [60], and Pacific oyster [61]. The present study also found elevated ROS levels in
thermal-stressed abalone, consistent with previous findings of American oyster [31]. It
has been reported that both heat and cold stress lead to excessive ROS production [13].
Present findings suggest that thermal stress can increase the CAT activity of Pacific abalone
which may have a relationship with ROS production since it has been described that the
overproduction of ROS is associated with the dysfunction of the antioxidant defense system.
The antioxidant defense system consists of five vital antioxidant genes including catalase,
Cu/Zn-superoxide dismutase, manganese superoxide dismutase, glutathione peroxidase,
and glutathione reductase [62].

H2O2 is ubiquitously distributed in the surface seawater [63]. H2O2 can affects the
survivability, growth, and metabolism of aquatic organisms [64]. In the present study, H2O2-
injected Pacific abalone showed upregulated Hdh-CAT mRNA expression in gill and DG.
Similar phenomena have been reported in H. discus discus [3]. Induced CAT activity was
detected in the hemolymph of H2O2-injected Pacific abalone. A lower concentration of CAT
could not eliminate H2O2 which might accumulate excessive H2O2. Accumulated H2O2
might accelerate the downregulation of CAT [15]. The fluorescence technique detected
higher ROS in DG at 48 h after H2O2 induction, which might be the reason for the lower
CAT mRNA abundance and activity. Similar phenomena have been previously reported for
CAT in American oyster [31]. Present findings suggest that Hdh-CAT might play a role in
the antioxidant defensive mechanism against ROS generation induced by H2O2. Another
antioxidant, SOD, has been previously recommended as an antioxidant defender against
H2O2-induced damage in Pacific abalone [4].

Cd exposure increased Hdh-CAT mRNA expression levels in the gill and DG of Pacific
abalone in a dose-dependent manner. Similar findings have been previously reported for
CAT in the gill of Pacific oyster after Cd exposure [65]. Higher CAT mRNA expression levels
could protect Pacific oyster against Cd exposure-induced oxidative stress [65]. The present
study detected higher ROS in Cd-exposed DG using a fluorescent technique, although
induced ROS production in Cd-exposed tissue samples of abalone has been previously
reported with a colorimetric method [66]. In this study, hemolymph of Cd-exposed abalone
showed induced CAT activity. Similar findings have been previously reported for marine
invertebrate after exposure to toxic chemicals [67]. Induced H2O2 activity in the hemolymph
of Cd-exposed Pacific oyster has been reported previously [65] since CAT is a main scavenger
of H2O2. Taken together, present findings hypothesize that CAT could protect Pacific abalone
against ROS induced by exposure to Cd, a heavy metal pollutant.

The present study showed higher Hdh-CAT mRNA expression levels in gill at two
weeks and in DG of abalone at three weeks of starved abalone compared to the control.
After two weeks of starvation, the gill sample showed gradually decreased Hdh-CAT
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mRNA expression levels in prolonged periods and re-feeding. However, DG showed
gradually increased Hdh-CAT mRNA expression levels until three weeks of starvation.
The re-fed sample showed an expression level of Hdh-CAT mRNA similar to the control.
Similar phenomena have previously been reported from fish [68,69]. Starvation stimulates
oxidative stress-oriented energy deficiencies [68]. When the starvation period is prolonged,
cells produce ROS and gradually accumulate. In this circumstance, stored antioxidants
cannot be supplied in vivo resulting in gradually decreased antioxidant capacity [23]. The
present study also reported similar phenomena in the case of ROS production.

Gill and DG are important immune organs of Pacific abalone [44]. In this study,
V. parahaemolyticus influenced the mRNA expression level of Hdh-CAT in gill and DG.
Gill showed an earlier response (6 h) than DG (12 h) against Vibrio by showing higher
Hdh-CAT mRNA abundance. A possible explanation for this time variation in different
tissues might be the species- and tissue-specific nature of pathogen. Vibrio-infected abalone
produced a significant amount of ROS; higher CAT mRNA might eliminate the excessive
ROS generation. In mollusk, antioxidant response and ROS production show wide vari-
ations depending on tissue type, pathogen, and host [28]. Vibrio challenges also induced
mRNA expression of catalase in the digestive gland and gill of Mytilus galloprovincialis and
H. discus discus [28,70]. The present findings suggest that Hdh-CAT might play a role in the
innate immune response of Pacific abalone against V. parahaemolyticus.

Lipopolysaccharide (LPS) is a well-recognized pathogen-associated immune stimu-
lant [44]. In the present study, Hdh-CAT mRNA expression levels were quantified from
gill and DG in response to LPS challenge at different time points. Upregulated Hdh-CAT
mRNA expression was determined in both the gill and DG of LPS-challenged Pacific
abalone. The expression of superoxide dismutase (SOD), an antioxidant gene, has been
previously reported to be upregulated in the gill and DG of Pacific abalone [44]. CAT is
activated immediately after the activation of SOD in the oxidative defense system. LPS
challenge can also upregulate CAT expression level in the hepatopancreases or DG of Scylla
paramamosain [71].

Poly I:C (PIC) is a synthetic viral mimic extensively used in viral infection experi-
ments [72]. In the present study, PIC induced Hdh-CAT mRNA expression levels in the
gill and DG tissues of Pacific abalone. PIC can also induce mRNA expression of CAT in
the liver (DG) of Bostrychus sinensis [73]. Upregulated mRNA expression of CAT in viral
challenged gill of H. discus discus has been previously reported [28]. Results of the present
study suggest that PIC challenge might activate the immune response in DG more than in
gill since DG is a key metabolic organ of mollusk [74].

Sperm have multiple antioxidants including CAT which can be altered during cry-
opreservation [75]. The present study found that cryopreserved sperm had significantly
lower Hdh-CAT mRNA abundance than fresh sperm. Similar findings have been previously
reported for cryopreserved rooster sperm [35]. Results of the present study suggest that
Hdh-CAT might be considered as a biomarker of cryopreserved sperm of Pacific abalone.

The present study showed higher Hdh-CAT mRNA expression levels in trochophore
(TRO) and veliger (VEL) larvae stages of embryogenesis. In abalone, trochophore larvae
are considered as hatching steps and veliger larvae are considered as hatched larvae of
embryogenesis [76]. Similar findings have been previously observed in Atlantic bluefin
tuna [32] and Seabass [77]. The present findings suggest that Hdh-CAT might be involved
in hatching succession in the embryogenesis process of Pacific abalone.

5. Conclusions

Hdh-CAT was for the first time cloned from the digestive gland of Pacific abalone,
H. discus hannai. Hdh-CAT was localized in the digestive tubules of the digestive gland.
Catalase activity and mRNA expression analysis indicated that Hdh-CAT might regulate
the antioxidant defense system against thermal stress, viral infection, bacterial infection,
starvation, and cadmium-induced toxicity. Hdh-CAT might have a potential role in testicular
development and metamorphosis. Our findings also suggest that Hdh-CAT may have
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a defensive role against excessive ROS production. Expression levels of Hdh-CAT in
cryopreserved sperm suggest that Hdh-CAT might be used as an indicator of cryotolerance
of Pacific abalone sperm. Taken together, the present findings suggest that Hdh-CAT might
be used as a stress and toxicity indicator.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12010109/s1, Figure S1: Functional activity analysis of
Hdh-CAT amino acid sequence of Pacific abalone, H. discus hannai. (A) Molecular function,
(B) Biological process, (C) Cellular component; Figure S2: Multiple sequence alignment of deduced
amino acid sequences of different catalase (CAT) from H. discus hannai (UFT26656.1), H. discus discus
(ABQ60044.1), H. madaka (ALU63753.1), H. diversicolor (AEP83810.1), Danio rerio (NP_570987.2), and
Homo sapiens (NP_001743.1). CAT active site motif and heme-ligand binding site motif are indicated
by blacked lined box. Conserved NADPH binding site residues are pointed using a symbol on the
top of each residue; Figure S3: Expression of Hdh-CAT mRNA in different tissue of Pacific abalone,
Haliotis discus hannai. GIL; gill, DG; digestive gland, MNT; mantle, MUS; muscle, TE; testis, OV; ovary,
HCY; hemocyte, HRT; heart, PPG; pleuropedal ganglion, CG; cerebral ganglion. Different letters
above the bar indicate significance difference (p < 0.05); Table S1: List of primers used for cDNA
cloning, tissue distribution, and expression analysis of Hdh-CAT in Pacific abalone.
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Abstract: Transport is essential in cross-regional culturing of juvenile fish. Largemouth bass
(Micropterus salmoides) often exhibit decreased vitality and are susceptible to disease after transporta-
tion. To study the effects of transport stress on juvenile largemouth bass, juveniles (average length:
8.42 ± 0.44 cm, average weight 10.26 ± 0.32 g) were subjected to a 12 h simulated transport, then
subsequently, allowed to recover for 5 d. Liver and intestinal tissues were collected at 0, 6 and 12 h
after transport stress and after 5 d of recovery. Oxidative and immunological parameters and the
gut microbiome were analyzed. Hepatocytic vacuolization and shortened intestinal villi in the bass
indicated liver and intestinal damage due to transport stress. Superoxide dismutase, lysozyme and
complement C3 activities were significantly increased during transport stress (p < 0.05), indicating
that transport stress resulted in oxidative stress and altered innate immune responses in the bass.
With the transport stress, the malondialdehyde content first increased, then significantly decreased
(p < 0.05) and showed an increasing trend in the recovery group. 16S rDNA analysis revealed that
transport stress strongly affected the gut microbial compositions, mainly among Proteobacteria,
Firmicutes, Cyanobacteria and Spirochaetes. The Proteobacteria abundance increased significantly
after transport. The Kyoto Encyclopedia of Genes and Genomes functional analysis revealed that
most gut microbes played roles in membrane transport, cell replication and repair. Correlation
analyses demonstrated that the dominant genera varied significantly and participated in the mea-
sured physiological parameter changes. With 5 days of recovery after 12 h of transport stress, the
physiological parameters and gut microbiome differed significantly between the experimental and
control groups. These results provide a reference and basis for studying transport-stress-induced
oxidative and immune mechanisms in juvenile largemouth bass to help optimize juvenile largemouth
bass transportation.

Keywords: largemouth bass; transport stress; gut microbiome; oxidative stress; innate immunity
response

1. Introduction

Transportation is important in cross-regional fingerling cultures. However, the fish
often showed decreased vitality, loss of appetite, and low resistance after long-distance
transportation, which adversely affects healthy breeding and limits rapid development in
the aquaculture industry. Many reasons, such as water quality changes, fish body bruising,
starvation and so on, may cause transport stress. Increases in ammonia-nitrogen and nitrite
concentrations in the water caused by fish metabolites during transportation is often con-
sidered as one of the important factors causing transport stress [1] and increased mortality
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in the fish after transport [2]. Transport stress can cause irregular oxidation in the aero-
bic metabolic pathway, resulting in oxidative stress in transported fish [3,4]. Mechanical
damage caused by turbulence and congestion during transport can lead to immune injury,
making fish susceptible to pathogenic infection [5]. Transport stress significantly affected
glycogen, superoxide dismutase (SOD) and malondialdehyde (MDA) contents in hybrid
snapper (Pagrus major♀× Acanthopagrus schlegelii♂) livers, with significantly increased
mortality in these fish after transport [6]. One study found that liver lysozyme and IgM
activity increased significantly in hybrid Pelteobagrus fulvidraco (Tachysurus fulvidraco♀×
Pseudobagrus vachellii♂) after transport stress [7]. Another study found that alkaline phos-
phatase, acid phosphatase, SOD activity and total antioxidant capacity (T-AOC) in the gills
first increased, then decreased [8]. Additionally, short-distance transport stress significantly
decreased the SOD and T-AOC activities in liver tissue from Oncorhynchus mykiss [9]. T-
AOC, CAT and MDA levels first increased, then decreased during transport in Ictalurus
punctatus [2], and T-AOC, lysozyme and complement C3 activities increased significantly
in blunt snout bream (Megalobrama amblycephala) after transport [10].

The intestines are important for digestion and absorption in fish, and the gut mi-
crobiome participates in metabolism and synthesis of proteins, amino acids and other
substances [11], which is important in physiological metabolism and immunity. Gut mi-
crobiome stability is important for maintaining host health [12]. Environmental stress can
change the gut microbiome structure [13]. Crowding stress significantly changed the gut
microbial abundances in blunt snout bream (Megalobrama amblycephala) at the genus level,
with a significant correlation between intestinal microorganisms and 13 metabolites [14].
In Penaeus vannamei, stress from high ammonia-nitrogen concentrations significantly de-
creased the gut microbial abundances and reshaped the genus-level community structure
of the gut microbiome [15]. Additionally, transport stress changed the intestinal microbial
diversity of hybrid yellow catfish (Tachysurus fulvidraco♀× Pseudobagrus vachellii♂) and
affected host microbial functions [16].

Largemouth bass (Micropterus salmoides) are native to freshwater basins in North Amer-
ica and are now widely farmed throughout China. This species is economically important
owing to its fast growth and strong disease resistance [17,18]. However, breeding large-
mouth bass seedlings is concentrated in Jiangsu and Guangdong, and the fingerling often
need to be transported long distances, which can lead to decreased vitality and sometimes
death, which adversely affects healthy breeding and limits rapid development in the aqua-
culture industry. This study was conducted to observe the effects of transport stress on liver
and intestinal tissue structures in largemouth bass by simulating long-distance transport.
We also analyzed the effects of transport stress on antioxidant and immune abilities in
largemouth bass and clarified the differences in gut microbiome compositions before and
after transport stress. The results provide a reference for optimizing transportation of
juvenile largemouth bass.

2. Materials and Methods

2.1. Experimental Materials

Largemouth bass (50 days of age with average body length 8.42 ± 0.44 cm, average
weight 10.26 ± 0.32 g) were selected from the Yixing Base of Freshwater Fisheries Center,
Chinese Academy of Fishery Sciences (Wuxi, China). The bass were cultured in a recirculat-
ing aquaculture system consist of 26 cylindrical circulation barrels with a diameter of 1.0 m,
height of 1.2 m, and the water used for aquaculture was filtered pond water. The bass were
fed commercial feed (crude protein 46.0% and crude fat 6%) at 2% of their body weight
twice daily (8:00 am and 16:00 pm) in a recirculating aquaculture system with density of
1.3 g/L at 24.0 ± 0.3 ◦C, ammonia-nitrogen <0.01 mg/L, and dissolved oxygen >6 mg/L
before the experiment. The culture conditions were applied to the control and recovery
groups. The fish was fasted 24 h immediately after last feeding, then used for experiment.
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2.2. Experimental Design

The experiment was divided into treatment groups: 0-h, 6-h, and 12 h transport stress;
5 d recovery after a 12 h simulated transport, and a control group. Three parallels were set
per group. The bass that remained in the recirculating aquaculture system were used as
controls. Twelve double-layered plastic bags (40 × 80 cm) containing one-third water and
two-third oxygen were placed on an automated shaker (Mince instrument, Changzhou,
China) to simulate the actual transport. The vibration frequency was set at 100 rpm [6,16],
and each bag contained 15 fish. The air conditioning temperature was set to 22 degrees to
ensure that the ring temperature was constant during the simulated transportation, and
avoided all light in the process. Nine bags were used for sampling at 0, 6, and 12 h of
transportation. The other three bags were placed in the recirculating aquaculture system
for recovery after 12 h of transport stress, then sampled after 5 d of recovery. The recovery
conditions were the same with the control group.

2.3. Sample Collection

Three bags were randomly selected for sampling at each time point, water samples
were taken, 15 fish were randomly selected and 5 of the 15 fish were sampled from each
of the 3 bags. Control water and fish were obtained from the recirculating aquaculture
system at the corresponding time points. The fish were anesthetized via 200 mg/L MS-
222 before sampling. The livers and posterior section of the intestines were collected
from three fish and fixed with 4% paraformaldehyde solution for histological analysis.
The livers and intestines from the remaining 12 fish were homogenized and mixed with
precooled phosphate-buffered saline, then centrifuged for 15 min at 12,000× g at 4 ◦C. The
supernatant was aspirated and stored at −80 ◦C for physiological parameter analysis. The
hindguts were collected from five fish each from the control, 12 h transport and recovery
groups, immediately frozen in liquid nitrogen, and stored in a −80 ◦C freezer for gut
microbiome analysis.

2.4. Water Quality Detection

The dissolved oxygen was measured using an oxygen-dissolving meter (Hach, Love-
land, CO, USA), and the total ammonia-nitrogen and nitrite-nitrogen contents were deter-
mined via spectrophotometry [7].

2.5. Histological Analysis of the Liver and Intestinal Tissues

The tissues were immersed in 4% paraformaldehyde for 24 h, then routinely processed,
embedded in paraffin, and sectioned. The sections were dewaxed in xylene for 2–5 min,
then washed continuously in 100%, 96%, 80%, and 70% ethanol for 1 min. Sections were
then stained with hematoxylin for 7 min, rinsed with distilled water for 2 min, rinsed with
0.1% hydrochloric acid and 50% ethanol for 2–5 s, rinsed with tap water for 5–7 min, stained
with eosin for 2–4 min, rinsed with distilled water for 1 min, dehydrated with 95% and 100%
ethanol for 1 min each and finally rinsed with xylene (2–5 min) [19]. The sections were then
air-dried, and the slides were covered and observed under a light microscope. Hematoxylin
stained the normal nuclei blue. The liver tissue size and cavitation ratio (cavitation ratio
[%] = cell vacuolar area/section area×100) were measured using Image-Pro Plus 6.0 [20].

2.6. Liver and Intestinal Biochemical Analyses

Liver SOD, MDA, lysozyme, complement C3, intestinal SOD and MDA activities
were detected using commercial kits (Jiancheng Institute, Nanjing, China) following the
manufacturer’s instructions [16].

2.7. Determination of the Gut Microbiome

The E.Z.N.A.® Stool DNA Kit (D4015, Omega Inc., Norcross, GA, USA) was used to ex-
tract microbial DNA from the intestinal samples, and the DNA sample quality was detected
via 1% agarose gel electrophoresis and quantified using an ultraviolet spectrophotometer.
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Samples with correct target bands were regarded as qualified samples. PCR was performed
using universal primers: v3-v4 region [21]: 341F: 5′-CCTACGGGNGGCWGCAG-3′ and
805R: 5′-GACTACHVGGGTATCTAATCC-3′. The PCR reaction system consisted of 50 ng
template DNA, 12.5 μL of PCR Premix, 2.5 μL each of forward and reverse primers and
ddH2O added to 25 μL. The PCR amplification reaction was 98 ◦C predenaturation for 30 s,
35 cycles of 98 ◦C denaturation for 10 s, 54 ◦C annealing for 30 s, and a 72 ◦C extension
for 45 s. Extension was continued at 72 ◦C for 10 min at the end of the cycle, and finally,
preserved at 4 ◦C. The product quality was detected via 1% agarose gel electrophoresis.
Correctly sized target bands with 700 bp were considered qualified samples. PCR products
were purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA)
and quantified using Qubit (Invitrogen, Carlsbad, CA, USA). The sequencing libraries
were prepared by Pacific Biosciences SMRTbellTM Template Prep kit 1.0 (Kapa Biosciences,
Woburn, MA, USA). The size and number of amplicon libraries were assessed using a
library quantification kit from Illumina (Kapa Biosciences, Woburn, MA, USA) and an
Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

Eligible libraries were sequenced on the Illumina NovaSeq platform and read by
FLASH merge matching ends. Under specific filtering conditions, fqtrim (v0.94) was
used to quality-filter the raw read data to obtain high-quality clean labels. Chimeric
sequences were filtered with the Vsearch (v2.3.4) software. The feature table and sequence
were obtained by demodulation using DADA2. Observed species, Chao1, Shannon and
Simpson indices were used to evaluate alpha diversity. Beta-diversity indexes were used
to evaluate species composition differences among samples. The alpha and beta diversity
were calculated using QIIME2. Species with significantly different abundances between
groups were analyzed with the nonparametric factor Kruskal–Wallis rank-sum test. The
PICRUSt2 software was used for Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis.

2.8. Statistical Analysis

Data were analyzed and processed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA).
Shapiro–Wilk and Levene tests were used to analyze the normality and variance homogene-
ity of the data, and single factor analysis of variance (one-way ANOVA) was used to analyze
significant differences among groups by Duncan’s multiple comparisons. The control and
treatment groups were compared using independent sample t-tests. The Kruskal–Wallis
method was used to analyze the significant differences in alpha diversity indexes among
samples, and correlations between the gut microbiome and physiological parameters were
analyzed via Spearman’s correlation analyses. Box plots were drawn using origin software;
all other pictures were constructed in R [22]. p < 0.05 was considered significant, and all
data were expressed as means ± standard error of the mean.

3. Results

3.1. Water Quality during Transport

The total ammonia-nitrogen and nitrite-nitrogen concentrations increased significantly
as the transportation time increased (p < 0.05, Figure 1A,B). After 12 h of transportation,
the total ammonia-nitrogen concentration reached 0.723 ± 0.009 mg/L, which was signifi-
cantly higher than that of its control group (0.0163 ± 0.002 mg/L), and the nitrite-nitrogen
concentration was 0.129 ± 0.008 mg/L, which was significantly higher than that of its
control group (0.009 ± 0.002 mg/L). The dissolved oxygen was kept above 20 mg/L during
transport (Figure 1C).
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Figure 1. Changes in total ammonia-nitrogen (A) nitrite-nitrogen (B) and dissolved oxygen (C) levels
during transport. T0h: transport stress at 0 h; T6h: transport stress at 6 h; T12h: transport stress at
12 h. * significant difference between control and treatment groups (paired samples t-test, *: p < 0.05).
Lowercase letters indicate significant differences (p < 0.05) between treatments (Duncan’s multiple
range test).

3.2. Histological Analysis of the Liver and Intestinal Tissues

After 0 h of transport stress, liver cells from the juvenile largemouth bass were undam-
aged, and the cells exhibited obvious boundaries (Figure 2(Aa)). After 6 h of transport stress,
vacuoles appeared in the liver cells, at proportions reaching 22.60% (Figure 2(Ab); Table 1).
After 12 h of transport stress, the liver cells showed severe vacuolization (Figure 2(Ac)),
with proportions reaching 60.34%, which was significantly higher than that after 6 h of
transport stress (p < 0.01), and the healthy hepatocytes were squeezed as the vacuoles
expanded. After 5 days of recovery, the vacuolar area remained significantly larger than
that of the control group (37.06%; p < 0.05; Figure 2(Ad)).

Hematoxylin-eosin staining showed that the intestinal muscle layer thickness in-
creased and the intestinal villus length decreased under transport stress (Figure 2B). The
intestinal muscle layer thickness did not significantly differ among groups at 0, 6 and 12 h
of transport (p > 0.05). However, the thickness in the recovery group was significantly
greater than those at 0 and 6 h of transport stress (p < 0.05) and did not significantly differ
from that at 12 h of transport stress (p > 0.05). The villus length decreased as the transport
time increased and remained significantly shorter after 5 days of recovery (p < 0.05; Table 1).
No fish died during transport.

Table 1. Changes in liver vacuolar area, intestinal muscular thickness and villus length in juvenile
largemouth bass under transport stress.

Items
Groups

T0h Ctrl T6h Ctrl T12h Ctrl R5d Ctrl

Liver vacuolar area (%) 0.81 ± 0.02 d 0.37 ± 0.04 23 ± 0 c 1.04 ± 0.10 60 ± 1 a 0.97 ± 0.07 37 ± 1 b 1.36 ± 0.47
Muscularis thickness (μm) 39 ± 5 b 37 ± 4 39 ± 3 b 40 ± 2 50 ± 7 ab 34 ± 4 56 ± 2 a 37 ± 8

The length of intestinal
villus (μm) 391 ± 7 a 378 ± 10 316 ± 21 b 415 ± 18 272 ± 16 c 420 ± 13 193 ± 11 d 381 ± 4

T0h: transport stress at 0 h; T6h: transport stress at 6 h; T12h: transport stress at 12 h; R5d: 5-day recovery after
transport stress; Ctrl: control group at the corresponding time points. Lowercase letters indicate significance
differences (p < 0.05).
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Figure 2. (A) Histopathological sections of juvenile largemouth bass livers under transport stress. LC:
liver cells; N: nucleus; V: vacuoles. Scale 1:400. (B) Histopathological sections of juvenile largemouth
bass intestines under transport stress. MF: intestinal villi; M: muscular layer. Scale 1:200. Sections
under transport stress at 0 h (a), 6 h (b), 12 h (c) and after 5 d of recovery (d) after transportation.

3.3. Oxidative and Immunological Parameters

None of the measured physiological parameters differed significantly in the control
group (Figure 2). However, SOD activity in the livers and intestines of the juvenile large-
mouth bass increased significantly as the transport time increased (p < 0.05), and the SOD
activity peaked after 5 days of recovery, which was significantly higher than that after 12 h
of transport stress (Figure 3A,E; p < 0.05). MDA concentrations in the livers and intestines
peaked after 6 h of transportation, decreased significantly after 12 h of transport (p < 0.05),
then increased significantly after 5 days of recovery (Figure 3B,F; p < 0.05). Lysozyme activ-
ity increased as the transport stress time increased (p < 0.05), with the highest activity at 12 h
of transport stress. No significant difference was noted in the recovery group (Figure 3C).
Complement C3 levels increased rapidly from 6 to 12 h of transport stress (Figure 3D;
p < 0.05), with no significant difference between the 12 h transport group and the recovery
group. The SOD, MDA, lysozyme and complement C3 levels differed markedly between
the recovery and control groups.
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Figure 3. Antioxidant- and immune-related physiological parameters in the livers and intestines
of juvenile largemouth bass under transport stress. Superoxide dismutase, SOD; malondialdehyde,
MDA; lysozyme, LZM (A) liver SOD; (B) liver MDA; (C) liver LZM; (D) liver complement C3;
(E) intestinal SOD; (F) intestinal MDA. T0h: transport stress at 0 h; T6h: transport stress at 6 h; T12h:
transport stress at 12 h; R5d: recovery for 5 d. **: significant difference between the control and
treatment groups (paired samples t-test, **: p < 0.01). Lowercase letters indicate significant differences
(p < 0.05) between treatments (Duncan’s multiple-range test).

3.4. Transport Stress Effects on the Gut Microbiome

To investigate the effects of transport stress and recovery on the gut microbiomes of
juvenile largemouth bass, the gut microbiomes of the control, 12 h transport stress and 5 d
recovery groups were analyzed. High-throughput sequencing yielded 3207 characteristic
data points of which 157 were shared by the three groups. The recovery group had the least
characteristic data (Figure 4A). Alpha diversity indexes (i.e., observed species, Shannon,
Simpson, and Chao1 indexes) were used to assess the richness and evenness of the intestinal
microbiotas (Figure 4B), which did not significantly differ among the groups (p > 0.05).

Principal coordinates analysis based on weighted and unweighted UniFrac distances
was used to describe the beta diversity of the intestinal flora to quantify the microbial
community compositions in each group (Figure 4C). The samples in each group were
clustered together. The distance between the control and treatment groups was long, and
the overlap between the 12 h transport and recovery groups was large.

The gut microbiome compositions of the juvenile largemouth bass were analyzed at
the phylum and genus levels. At the phylum level (Figure 5A), Proteobacteria, Firmicutes,
Cyanobacteria and Spirochaetes were predominant. The box plots describe their abundance
changes (Figure 5B). The Proteobacteria abundance increased significantly after transport
stress (p < 0.05), with no significant difference between the 12 h transport and recovery
groups. Firmicutes increased in abundance after transport stress, but did not significantly
differ among the groups. The relative abundances of Cyanobacteria and Spirochetes
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were higher in the control group, but decreased significantly after 12 h of transport stress
(p < 0.05). The abundance was maintained in the recovery group.

Figure 4. (A) Common and unique operational taxonomic units (OTUs) displayed by Venn diagram
in the control, 12 h transport and recovery groups. The overlap indicates shared OTUs (B) and
alpha and beta diversity of the gut microbiomes of juvenile largemouth bass under transport stress.
Measures of alpha diversity included: (a) Observed species; (b) Shannon index; (c) Simpson index;
(d) Chao1 index. (C) Beta diversity analysis based on principal coordinates analysis of unweighted
UniFrac (a) and weighted UniFrac (b) distances. Ctrl: control group; T12h: transport stress for 12 h;
R5d: recovery for 5 d.

Linear discriminant analysis results (Figure 6A,B) showed significant differences in
the abundances of Plesiomonas, Cyanobium_PCC_6307, Firmicutes_unclassified, Brevinema
Clostridium_sensu_stricto_1 and Cetobacterium. The Plesiomonas abundance increased signifi-
cantly after transport stress, and was maintained in the recovery group (Figure 6(Ca)). The
relative abundances of Cyanobium_PCC_6307 and Brevinema were significantly higher in the
control group than in the 12 h transport stress and 5 d recovery groups (Figure 6(Cb,Cd);
p < 0.05). The relative abundances of Clostridium_sensu_stricto_1 and Firmicutes_unclassified
were significantly higher in the 5 d recovery group than in the control and 12 h transport
groups (Figure 6(Cc,Cf); p < 0.05). The relative abundance of Cetobacterium was significantly
higher in the 12 h transport group than in the control group but was similar to that of the
recovery group (Figure 6(Ce)).
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Figure 5. (A) Relative abundances of dominant phylum-level taxa in the control (Ctrl), 12 h transport
(T12h) and recovery (R5d) groups. Species with lower abundances were classified as “others”.
(B) Relative abundances of the dominant phylum-level bacteria (a–d) in the Ctrl, T12h and R5d
groups. * significant difference between the control and treatment groups (Kruskal-Wallis H test,
*: p < 0.05).
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Figure 6. Linear discriminant analysis effect size (LEfSe) analysis comparing abundances of bacterial
taxa in the control (Ctrl), 12 h transport (T12h) and recovery (R5d) groups. The LDA score >4.
(A) Cladogram based on LEfSe analysis. Green, blue and red represent taxa enriched in the Ctrl,
T12h and R5d groups. (B) Bacterial taxa with different abundances among groups. (a) Ctrl vs. T12h,
(b) Ctrl vs. R5d, (c) T12h vs. R5, and (d) by Kruskal–Wallis test. (C) Relative abundances of dominant
bacteria at the genus level (a–f) in the Ctrl, T12h and R5d groups. *, **: significant differences between
the control and treatment groups (Kruskal–Wallis H test, *: p < 0.05, **: p < 0.01).

Bacteria with significant changes in abundance were used to analyze the correlations
with intestinal SOD, MDA, villus length and muscle layer thickness. The measured in-
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testinal parameters were strongly correlated with the gut microbiome at the genus level
(Figure 7A). The MDA content was correlated with all bacterial genera, the intestinal villus
length and muscle layer thickness were correlated with five genera, and the SOD content
was correlated with four genera.

Figure 7. (A) Correlation network showing connections between gut microbial genera and intestinal
parameters. Line thickness indicates the magnitude of the correlation. LV: intestinal villus length;
LT: muscular thickness. (B) Functional analysis of the gut microbiota predicted at Level 2 for the
control, 12 h transport and recovery groups.

KEGG functional analysis showed that that gut microbiome was mostly enriched in
membrane transport, replication and repair, and translation (Figure 7B). Compared with the
control group, fewer gut microbes were involved in replication and repair and translation,
and more functional bacteria were involved in membrane transport in the 12 h transport
and 5 d recovery groups.

4. Discussion

4.1. Water Quality Parameters during Transport Stress

Many factors, such as water quality changes, fish body bruising, starvation and so on,
may cause transport stress during fish transportation. The total ammonia-nitrogen, nitrite-
nitrogen and oxygen concentrations are the important factors causing transport stress in
fish [1]. Studies have shown that increased ammonia-nitrogen concentrations can destroy
the osmotic pressure balance and cause oxidative stress [3], while increased nitrite-nitrogen

459



Antioxidants 2023, 12, 157

concentrations can poison fish and inhibit nonspecific immunity [23]. In this experiment,
while the ammonia-nitrogen and nitrite-nitrogen concentrations increased significantly
(ammonia-nitrogen concentrations from 0.01 ± 0.00 mg/L to 0.72 ± 0.09 mg/L and nitrite-
nitrogen concentrations from 0.01 ± 0.00 mg/L to 0.13 ± 0.02 mg/L) as the transport time
increased, the detected N levels were still ~20-fold below those considered to be harmful
to wild fish [24]. Even so, elevated aquatic N levels may have increased the transport
stress incurred by the largemouth bass, possibly owing to increases in fish metabolites.
This variation tendency is consistent with previous studies [6,7]. Increased ammonia-
nitrogen and nitrite concentrations during transport stress have been shown to cause
oxidative stress responses in channel catfish and nonspecifically damage hybrid yellow
catfish [4,7]. This may be due to the increased ammonia-nitrite concentration accelerating
reactive oxygen species (ROS) production, thus causing oxidative stress during transport.
Additionally, deteriorated water quality can cause pathogen proliferation and damage
nonspecific immunity among largemouth bass. In our study, the oxygen concentration
(about 20 mg/L) remained relatively stable but four times higher than the control group
under transport stress, possibly because the transport bags contained two-thirds oxygen,
which caused hyperoxia to fish. Rainbow trout exposed to intermittent hyperoxia showed
significant oxidative stress [25]. Hyperoxia results in transient oxidative stress and alters
antioxidant enzymes in goldfish [26]. Tristan et al. [27] believe that hyperoxia can affect
the level of ROS in fish and give rise to oxidative stress. So, hyperoxia may be one of the
reasons for the changes in the antioxidant enzyme activities in this study.

4.2. Effects of Transport Stress on Liver and Intestinal Structure in Juvenile Largemouth Bass

The liver is involved in the synthesis and decomposition of various substances in fish.
Vacuolation, edema and necrosis of liver cells are all signs of damage to fish livers under
environmental stress [28]. Safahieh et al. [29] believe that liver cell vacuolization indicates
degeneration before cell necrosis. In this study, as the transport stress increased, the liver
cell volume and number of vacuoles increased, possibly related to energy metabolism
increases in largemouth bass to maintain homeostasis during transport, resulting in an
altered liver glycogen content, leading to liver cell vacuolization [30]. Severe vacuolization
in the liver tissue persisted even after the 5-day recovery, indicating that the liver damage
caused by transport stress could not be recovered within 5 days.

Villus length, villus width and muscle thickness enable evaluating the intestinal health
of fish [31]. In this experiment, the intestinal villus length was significantly shortened after
transport stress, suggesting intestinal damage and likely affected nutrient digestion and
absorption in juvenile largemouth bass [32]. Additionally, transport stress significantly
increased the intestinal muscle layer thickness, possibly because it induced intestinal
inflammation. Studies have shown that the shortened intestinal villus length and altered
muscle layer thickness may be related to intestinal inflammation [31,33].

4.3. Effects of Transport Stress and Recovery on Antioxidant and Immune Enzyme Activities in
Juvenile Largemouth Bass

SOD is cells’ first-line defense against toxic free radicals can remove excessive ROS in
fish [34]. In this study, the SOD activity increased significantly under transport stress, likely
due to the increased ammonia-nitrogen and nitrite concentrations and the long crowding
conditions, leading to excessive ROS production in transported fish [35]. Meanwhile, the
hyperoxia environment also could be the underlying cause for enzyme activity changes or
increased levels of ROS [27]. ROS are harmful substances produced by metabolic activities
in fish, which can cause oxidative stress. Increased SOD activity accelerates ROS removal.
Additionally, increased activity of SOD may be related to the accelerated generation of
ROS. A study on hybrid snapper also showed that SOD activity increases under transport
stress [6]. Free radicals and ROS can damage fish livers [36] by damaging the liver cell
biofilm through lipid peroxidation (LPO), resulting in liver cell damage [37]. Oxidative
stress caused by transport stress may have been one reason for the liver damage in this
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study. Biofilm oxidation by ROS leads to LPO, and MDA, the final product of LPO, is an
important indicator of antioxidant capacity in fish [6]. Previous studies have shown that
oxidative stress caused by transport stress significantly increased MDA contents in fish [2,6],
and the significant increase in MDA content after 6 h of transport stress indicated oxidative
stress caused by transportation. However, the MDA content decreased significantly in the
12 h transport group, possibly owing to accelerated MDA metabolism under high-oxygen
conditions (dissolved oxygen >20 mg/L). Fish can regulate enzymatic and nonenzymatic
antioxidant defense systems to accelerate MDA clearance under hyperoxic conditions [38].
Additionally, oxidative stress can reduce polyunsaturated fatty acid contents by damaging
cell membrane structures, which can be oxidized and produce MDA, thus reducing MDA
concentrations [39].

The lysozyme activity and complement C3 concentration increased significantly after
transport stress. Lysozyme is an important component of fish’s nonspecific immunity and
can lyse bacterial cell walls and effectively resist pathogen invasion [9,40]. Complement
comprises the plasma protein family and is the core component of innate immunity [41].
Complement C3 helps fish recognize invading microorganisms, mark damaged host cells,
and help phagocytes eliminate pathogenic bacteria and damaged cells [42]. Under en-
vironmental stress, fish activate homeostatic regulatory mechanisms to affect the body’s
immune response [43]. The increased lysozyme and complement C3 activity indicate
an enhanced immune response in fish. Transport stress experiments with Pelteobagrus
fulvidraco and Piaractus mesopotamicus showed increased lysozyme and complement C3 con-
tents [7,44], possibly because the transport stress impaired part of the immune capacity of
the largemouth bass, combined with the deteriorated water quality accelerating pathogen
proliferation, which exacerbated bacterial infection in the fish, thus activating the lysozyme
and complement C3.

The lysozyme and complement C3 activities were significantly higher in the recovery
group than in the 0 h transport group. Studies on transport stress in Lateolabrax maculatus
and Piaractus mesopotamicus have also reported this phenomenon [42,43], possibly due to
the susceptibility of the fish after transport stress, sustaining the immune response. There
is a study that shows that transport stress can damage the immune system of transported
fish [44], making them vulnerable to bacterial infection. Studies have shown that pathogen
infection often leads to excessive ROS production in animals [45], resulting in oxidative
stress, which may be why the SOD activity in the recovery group was significantly higher
than that of the 12 h transport stress without recovery. Therefore, we suspect that the
infectibility of the largemouth bass after transportation caused their inability to recover.

4.4. Effects of Transport Stress on Gut Microbial Diversity and Structure in Juvenile
Largemouth Bass

In this experiment, alpha diversity did not significantly differ among the groups,
possibly owing to individual factors in largemouth bass. Yan et al. [46] suggested that
the influence of the fish itself on its gut microbiome was much greater than that of the
environment. Sullam et al. [47] studied Poecilia reticulata and proposed that its core flora was
strongly correlated with the host genotype, which does not easily fluctuate when affected
by the external environment. Largemouth bass are carnivorous; their gut microbiome may
be stable even with different treatments, and no significant differences were noted in their
gut microbiome alpha diversity [48,49]. Therefore, largemouth bass gut microbiomes may
be associated with their own genes, and their alpha diversity is not significantly altered
under transport stress. However, significant differences were observed in beta diversity,
suggesting that transport stress did not alter the gut microbial richness or evenness but
significantly affected the gut microbial composition and distribution in juvenile largemouth
bass. Changing community structures can easily cause abnormal host physiological func-
tions [50], thus affecting nutrient digestion and absorption [51]. Additionally, correlation
analysis results showed a significant correlation between gut microbes at the genus level
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and the measured intestinal parameters; however, the connection between these bacteria
and intestinal parameters during transport stress requires further study.

Gut microbes perform diverse functions within the host’s gut and are closely related
to host health [50]. Proteobacteria are the largest branch of prokaryotes and include
pathogens such as Escherichia coli, Salmonella, Vibrio, and Helicobacter pylori [52]. Increased
numbers of Proteobacteria are a potential marker of fish infection [53]. In this study, the
Proteobacteria abundance increased markedly after transport stress, which may have
increased the susceptibility to infectious diseases in juvenile largemouth bass. Plesiomonas,
the dominant genus in this study, is a Gram-negative bacterium of the Enterobacteriaceae
family. Shigella is also related to outbreaks of fish disease [54]. We found that the abundance
of Plesiomonas in the 12 h transport group was significantly higher than that of the control
group, which might indicate the infectivity of juvenile largemouth bass after transport stress.
Therefore, juvenile largemouth bass may be more susceptible to disease after long-distance
transportation. The high abundance of Proteobacteria in the 5 d recovery group showed
that largemouth bass remained susceptible to bacteria after 5 days, which is consistent
with the results for the antioxidant and immune enzyme activities. KEGG functional
analysis showed that few gut microbes were enriched in metabolic diseases; therefore, we
suspect that increased abundances of Proteobacteria may be a marker of susceptibility to
infection in juvenile largemouth bass and that Proteobacteria are not directly pathogenic to
largemouth bass.

Firmicutes play roles in physiological processes such as polysaccharide degrada-
tion [52,55]. Smriga et al. [56] found that Firmicutes played a role in host digestion. Studies
have shown that Firmicutes are related to lipid metabolism in animals [57] and can accel-
erate the metabolism of the precursor of MDA: total polyunsaturated fatty acids, which
might decrease MDA contents. Firmicutes abundances did not significantly differ among
groups. However, the abundances of Clostridium_sensu_stricto_1 and Firmicutes_unclassified
were significantly increased under transport stress. Therefore, transport stress likely sig-
nificantly affected only some Firmicutes. Clostridium can enhance glucose metabolism,
promote fish growth [58], and increase energy metabolism levels in fish. Changes in the
ammonia-nitrogen concentration between transportation and recovery can activate osmotic
mechanisms and activate osmotic regulation [59]. KEGG functional analysis also showed
that intestinal microorganisms were mainly enriched in membrane transport, which may
enhance energy metabolism after transport. This may have increased the abundances
of Clostridium_sensu_stricto_1 and Firmicutes_unclassified. When more energy is used to
defend against pathogens and regulate the osmotic balance, glucose metabolism occurs via
glycolysis under hormone regulation, resulting in large amounts of liver glycogen being
stored in the liver and may, therefore, lead to liver cell swelling and vacuolization [28,60].

In this study, the Spirochetes abundance was significantly higher in the control group
than in the 12 h transport and 5 d recovery groups. Spirochetes are endosymbionts with
some arthropods and mollusks and participate in lignocellulose decomposition and ni-
trogen fixation in termite intestines [61]. Spirochetes may play roles in host nutrient
metabolism [62], and decreased Spirochetes abundances may indicate physiological dam-
age in largemouth bass. Cyanophyta is a primitive green autotrophic plant group, and its
physiological functions remain unclear. It can pass into the gut combined with feed, and
showed high abundance in the control group. It may be passed out of the gut with the
increase in fasting time. Whether Cyanophyta plays a role in antioxidant and physiologi-
cal immune functions in largemouth bass requires further study. It is worth noting that
Cyanophyta abundance was markedly lower in the 5 d recovery groups than in the control
group, which may arise from a vitality decrease and eating less after transport stress.

5. Conclusions

Deterioration of water quality caused by transport stress can cause oxidative stress
and activate immune responses in largemouth bass. Changes in the intestinal microbial
community revealed that the gut microbiotas of largemouth bass are involved in adaptation
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to transport stress. These variations manifested as changes in the liver and intestinal
structure. Additionally, juvenile largemouth bass required more than 5 days to recover
after 12 h of transportation due to increased infection susceptibility. These results may
provide a theoretical basis and support for clarifying the transport stress-induced oxidative
and immune mechanisms of juvenile largemouth bass.
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Abstract: Aflatoxin contamination of food and water is a serious problem worldwide. This study
investigated the defensive ability of gibel carp exposed to aflatoxin B1 (AFB1) by challenging it
with cyprinid herpesvirus 2 (CyHV-2) infection. The data showed that AFB1 exposure significantly
increased the mortality of CyHV-2-infected gibel carp, and enhanced the viral load in the fish liver,
kidney, and spleen. The oxidative-antioxidant balance suggested that AFB1 induced severe oxidative
stress, including increased reactive oxygen species (ROS) and malondialdehyde (MDA) levels in
the AFB1 exposed group, and the reduced activity of superoxide dismutase (SOD), glutathione-S-
transferase (GST) and catalase (CAT) in the AFB1 exposed group. Meanwhile, the related expression
of nuclear factor erythroid 2-related factor 2 (Nrf2), interferon regulatory factor 3 (IRF3) and the type
1 interferon (IFN1) were noticeably down-regulated, but caspase-1 was up-regulated, after exposure
to AFB1, demonstrating that fish are unable to avoid the virus infection. It should be noted that
the intestinal microbiota diversity and richness were lower in the AFB1 exposed group, and the
composition of intestinal microbiota was affected by AFB1, resulting in the higher abundance of
bacteria (such as Aeromonas and Bacteroides) and the lower abundance of potentially beneficial bacteria
(such as Cetobacterium and Clostridium) in the AFB1 exposed group. This research provides insight
into the possibility that AFB1 may increase the susceptibility of C. gibelio to CyHV-2 infection, and
thus amplify the viral outbreak to endanger ecological safety in aquatic environment.

Keywords: aflatoxin B1; oxidative stress; intestinal microbiota; cyprinid herpesvirus 2; Carassius
auratus gibelio; susceptibility

1. Introduction

In recent years, the rapid growth of the aquaculture industry worldwide, without an
accompanying increase in fishmeal, has stimulated an increased use of plant ingredients as
a source of protein in commercial aquaculture feeds [1]. Consequently, the potential risk
of mycotoxin contamination in fish has increased due to the high amount of mycotoxin
contamination in plant sources [2]. Mycotoxin, such as aflatoxin, exposure in fish causes
growth inhibition, bioaccumulation, immunosuppression, and increased susceptibility to
opportunistic pathogens [3]. Although certain precautions are taken at the feed production
stage, mycotoxin contamination during transport and storage may be difficult to avoid [4].
Therefore, it is crucial to study the toxicity mechanism of mycotoxin on fish and find
effective strategies to alleviate the adverse effects caused by mycotoxin.

Aflatoxins (AFs) are highly toxic, carcinogenic, teratogenic, and mutagenic secondary
metabolites secreted primarily by conidial fungi of the genus Aspergillus, specifically As-
pergillus flavus and Aspergillus parasiticus [5]. Aflatoxin has five main analogs: aflatoxin B1, G1,
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M1, B2, and G2 (AFB1, AFG1, AFM1, AFB2, and AFG2) [6]. These compounds are serious
contaminants of food, water, aquafeeds, and aquaculture systems, causing health hazards in
humans and animals [7]. The International Agency for Research on Cancer (IARC) classifies
AFB1 and AFM1 as the most toxic and carcinogenic among different types of AFs [8]. Several
studies around the world have reported that AFB1 has been detected at a ratio of 60–70% in
aquaculture feeds [9–12]. Previous studies have reported that AFB1 causes internal organ
dysfunction, including induction of hepatotoxicity, teratogenicity, and immunosuppression
in fish [13,14]. AFB1 exposure could activate oxidative stress and the endoplasmic reticu-
lum stress pathway, inducing apoptosis and inflammation in northern snakehead (Channa
argus) [15]. Hepatic and intestinal histopathological damages were found in common carp
(Cyprinus carpio) fed with an aflatoxin-contaminated diet [16]. Dietary aflatoxin B1 could de-
crease growth performance and damage the structural integrity of immune organs in juvenile
grass carp (Ctenopharyngodon idella) [4]. Thus, an aflatoxin-contaminated diet may reduce the
growth performance of fish and render them more susceptible to opportunistic pathogens
frequently found in aquaculture systems [17].

The balance of pro-oxidation and anti-oxidation in the internal environment plays
a key role in maintaining the immunity and metabolism function. The previous study
demonstrated that AFB1 induced excessive production of reactive oxygen species (ROS)
and hydrogen peroxide (H2O2) in the liver, and caused oxidative stress to aggravate liver
damage [18]. DNA virus-induced ROS accumulation in the host could trigger the negative
change of cyclic GMP-AMP (cGAMP) synthase (cGAS) and nuclear factor erythroid 2-
related factor 2 (Nrf2), which is associated with type-I interferon regulatory factor 3 (IRF3)
activation, and ultimately affect the secretion of type I IFNs needed to achieve viral immune
escape [19–21]. Therefore, the immune organ damage caused by AFB1 may be related to
the reduction of the antioxidant capacity [4].

Intestinal bacteria play an important role in host health owing to the critical effect on
metabolism and immune function [22]. Cumulative evidence demonstrates that the intestinal
microbiota can modulate IFN responses, indirectly affecting viral infections [23–25]. External
factors may change the structure of gut microbiota, which in turn affect intestinal physiological
function [26]. Previous studies have reported that AFB1 could reduce the diversity of the
composition of the intestinal microbiota community and severely affect the gut microbiota
metabolome in rats [27]. However, research on the effects of aflatoxin on the intestinal flora in
aquatic animals is lacking.

Gibel carp, Carassius auratus gibelio, is one of the most important cultivated freshwater
fish species in China [28]. Crucian carp hematopoietic necrosis is an acute and contagious
hemorrhagic disease in crucian carp caused by cyprinid herpesvirus 2 (CyHV-2) [29]. In
recent years, CyHV-2 has spread rapidly in many provinces of China and resulted in huge
losses for the crucian carp farming industry [30].

In the present study, we characterized the defensive capacities of gibel carp exposed
to AFB1 and subsequently challenged them with CyHV-2 infection. To comprehensively
evaluate the threat of AFB1 to aquaculture, the oxidative stress, gut microbiota, and related
gene expression were assessed.

2. Materials and Methods

2.1. Fish Specimens

Healthy gibel carp specimens (15 ± 2 g, 12 ± 1 cm) with no history of disease were
obtained from the gibel carp breeding base in Wuhan, China. The fish were maintained in
recirculating aquaria (300 L) for 14 days to acclimatize to laboratory conditions. During the
acclimatization period, the fish were fed with commercial feed (Tongwei, Chengdu, China)
twice a day, the water temperature was 25 ◦C ± 1 ◦C and the water was renewed daily,
approximately 30%. All animal experimental procedures were conducted according to the
Animal Experimental Ethical Inspection (Ethical protocol code: YFI2022-zhouyong-09).
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2.2. Diet Preparation and Sampling

AFB1 (purity > 98%) was purchased from Sigma–Aldrich (Sigma–Aldrich, St. Louis,
MI, USA). The fish were randomly selected and divided into three groups: Group 1 (control
diet, C), Group 2 (control diet + 50 μg/kg AFB1, T1), and Group 3 (control diet + 100 μg/kg
AFB1, T2). There were three replicates in each group, with 60 fish in each replicate.

On days 14 and 28 of feeding, three fish from each tank were randomly collected and
anesthetized with 100 mg/L MS222 (Sigma Aldrich, St. Louis, MI, USA). Over the 28-day
period, excluding sampled fish, the survival rate of the control, T1, and T2 fish was 98.8%,
97.2%, and 95.6%, respectively. The liver tissues were removed and divided into three
parts. One part was fixed in neutral 4% paraformaldehyde and subsequently used for
immunofluorescence, one part was placed in RNase-free centrifuge tubes containing 200 μL
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and subsequently used to analyze related
genes expression, and the third part was placed in sterile tubes and stored at −80 ◦C to
be used to determine the liver antioxidant index. During the 28 days of feeding, intestinal
tissue was flash-frozen in liquid nitrogen and stored at −80 ◦C for Illumina sequencing.

2.3. Immunofluorescence

Liver tissues were fixed in 4% paraformaldehyde for 24 h and dehydrated in a sequential
ethanol series. Tissue blocks were sectioned on a freezing microtome (Olympus, Tokyo,
Japan). The tissue sections were blocked in 5% bovine serum albumin with normal serum in
0.1% Triton X-100, washed, and incubated with primary antibodies (CAT, 1:1000, ABCAM,
Cambridge, MA, USA; GSTT1, 1:1000). The tissue sections were further incubated with
secondary antibodies (Alexa Fluor 555-conjugated antibodies and Alexa Fluor 488-conjugated
antibodies, 1:500, Invitrogen). Cell nuclei were stained with DAPI solution (blue). Images
were obtained using fluorescence microscopy (Olympus BX41).

2.4. Changes in Antioxidant and Antiviral Related Genes Expression

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA
from tissues of gibel carp. The quality and purity of RNA were assessed by nanodrop
(Thermo, Waltham, MA, USA). The cDNA was synthesized using random primers (TaKaRa,
Dalian, China) following the manufacturer’s instructions. Then, the cDNA was used as
the template for real-time quantitative PCR by real-time PCR Kit (TaKaRa, Dalian, China).
The β-actin gene was performed as an internal reference. The specific primers are listed in
Table 1. Each PCR reaction was performed in triplicate. The relative quantification of gene
expression was conducted using the 2−ΔΔCT method [31].

Table 1. Primer sequences used in this study.

Gene Primer Sequence (5′-3′) Accession
Numbers

References

β-actin F: CATCTACGAGGGTTACGCCC NC068418.1 [32]
R: AACCACACGTCGGCTTGTTA

GST F: CCTGAAAACAAACCGGCACA NC068386.1 [32]
R: AAAAGGAGGTGGCTCAACACG

CAT F: ATC TTACAGGAAACAACACCC NC056596.1 [33]
R: CGATTCAGGACGCAAACT

Nrf2 F: GCGAGCGTAGCTCCAGTCTGA MG759384.1 [34]
R: AAGGCTTGCCGTGCTCGTCT

IRF3 F: TCCAGGCCAAGCATACGAA NC056583.1 [35]
R: CCATTTGCAACAGCCATCAT

Caspase-1 F: AAACCCAAGATCATCATCATCCA NW024042261.1 [36]
R: CAGGGCATCAGCCTCTAAGTTGT

IFN1 F: GTCAATGCTCTGCTTGCGAAT NC007114.7 [37]
R: CAAGAAACTTCACCTGGTCCT

CyHV-2 F: TCGGTTGGACTCGGTTTGTG
R: CTCGGTCTTGATGCGTTTCTTG AY939863.1 [38]

CyHV-2 probe FAM-CCGCTTCCAGTCTGGGCCACTACC-
BHQ1
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2.5. Liver Antioxidant Index

Liver tissues were homogenized in phosphate-buffered saline at a ratio of 1:9 (w/v) using
a glass homogenizer at 4 ◦C. The homogenate was centrifuged at 5000× g for 20 min at 4 ◦C
to remove tissue debris. The supernatant was used to determine the superoxide dismutase
(SOD) activity, malondialdehyde (MDA) levels, and reactive oxygen species (ROS) levels using
appropriate kits according to the manufacturer’s instructions (Jiancheng, Nanjing, China).

2.6. Illumina miSeq Sequencing and Bioinformatics Analysis

The total bacterial genomic DNA of the intestinal content was extracted using a
Bacterial DNA Kit (Omega, Norcross, GA, USA) following the manufacturer’s instructions.
The DNA was quantified using NanoDrop 2000 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), diluted to a concentration of 1 ng/μL, and stored at −20 ◦C. The
V3–V4 region of the bacterial 16S rRNA gene was amplified by PCR using specific primers
338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-
3′) with barcodes in 50 μL reactions. The following thermal cycling conditions were used:
initial denaturation at 95 ◦C for 1 min; followed by 30 cycles at 95 ◦C for 30 s, 55 ◦C for
30 s, and 72 ◦C for 45 s; and a final extension at 72 ◦C for 10 min. PCR amplicons were
isolated from 2% agarose gels and purified using the DNA Gel Extraction Kit (Omega,
Norcross, USA). Subsequently, amplicons were sequenced on an Illumina MiSeq PE250 high-
throughput sequencing platform. All sequence reads were quality filtered and assembled
using the Mothur software package [39]. Reads were clustered into operational taxonomic
units (OTUs) at 97% identity [40]. Representative reads were selected from each OTU
using QIIME package. Annotated taxonomic classification was performed using the RDP
Classifier algorithm (http://rdp.cme.msu.edu/ accessed on 20 August 2022) against the
Silva database version 123 (16S rDNA) [41].

Alpha diversity analyses (abundance-based coverage estimator [ACE], Chao, Shannon,
and Simpson index) were performed using Mothur (version v.1.30) [42]. Beta diversity was
estimated by computing the Bray-Curtis distance based on the abundances of microbes at
the genus level and visualized using principal coordinate analyses (PCoA) and Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) clustering. Other analyses were
performed using the R software.

2.7. Challenge Tests and Viral Load in Liver, Kidney, and Spleen of Gibel Carp

After 28 days of the feeding trial, a challenge test was performed in each group with
CyHV-2 purified by sucrose gradient ultracentrifugation in our laboratory. Fish in each
group were intraperitoneally injected with 0.2 mL CyHV-2 (106.3 TCID50/mL). Infected
fish were observed daily, and mortality was recorded for 14 days. At 2, 7, and 14 days post
injection (dpi), three fish were randomly selected to investigate the viral load. Liver, kidney,
and spleen tissues were collected from the fish. Total DNA was extracted from each tissue
type using a Viral DNA Kit (Omega, Norcross, GA, USA). Viral DNA was quantified using
droplet digital PCR (ddPCR, Bio-Rad, Hercules, CA, USA) with the primers CyHV2-F,
CyHV2-R, and CyHV2-probe (Table 1) [29]. The viral load was determined as the number
of viral copies per microgram of total tissue.

2.8. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) and expressed as the
arithmetic mean ± standard deviation (SD). Survival curves were estimated by the Kaplan–
Meier method. Differences were determined by Tukey’s test in SPSS statistical software (SPSS
Inc., Chicago, IL, USA), with p-values < 0.05 indicating statistical significance.

3. Results

3.1. Oxidative Stress in the Liver

As shown in Figure 1, the 50 μg/kg AFB1 and 100 μg/kg AFB1 exposed groups
showed significantly higher ROS and MDA levels and significantly lower SOD levels in
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the liver than those in the control group (C; p < 0.05; Figure 2A–C). At day 28, the ROS
and MDA levels in the 100 μg/kg AFB1 exposed group were about 45% and 189% higher,
respectively, and the mean SOD levels in the 100 μg/kg AFB1-exposed group were 45% of
the control group. There were no significant differences between the 50 μg/kg AFB1 and
100 μg/kg AFB1 exposed groups on day 28 (p > 0.05).

Figure 1. Reactive oxygen species (ROS; (A)), superoxide dismutase (SOD; (B)), and malondialdehyde
(MDA; (C)) activity in gibel carp liver after exposure to aflatoxin B1 (AFB1) for 14 and 28 days. C:
control diet, T1: 50 μg/kg AFB1, T2: 100 μg/kg AFB1. Results are presented as mean ± standard
deviation (SD). Dissimilar superscript letters represent statistically significant differences between
different treatment groups (p < 0.05).

Figure 2. Effects of aflatoxin B1 (AFB1) on glutathione-S-transferase (GST) and catalase (CAT) levels in the
liver of gibel carp. (A,B) Immunofluorescence of GST and CAT in the liver of gibel carp. (C,D) mRNA
expression levels of the GST and CAT in the liver of gibel carp. C: control diet, T1: 50 μg/kg AFB1, T2:
100 μg/kg AFB1.Data are presented as mean ± standard deviation (SD; * p < 0.05; ** p < 0.01).

3.2. Effects of Aflatoxin B1 on Antioxidant Enzymes in the Liver

Liver tissue obtained from the AFB1 exposed groups on day 28 showed a lower
intensity of red fluorescence (Figure 2A,B) than the control group, indicating lower GST
and CAT levels in hepatocytes. Moreover, the fluorescence intensity was lower in 100 μg/kg
AFB1 exposed group than in 50 μg/kg AFB1 group. The GST and CAT mRNA expression
levels in the liver were significantly lower in the 50 μg/kg AFB1 and 100 μg/kg AFB1
exposed groups than in the control group on days 14 and 28 (p < 0.05; Figure 2C,D).
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3.3. Effects of Aflatoxin B1 on Related Genes Expression

The mRNA expressions of Nrf2, IRF3, and IFN1 were significantly lower in the AFB1
exposed groups on day 28 (p < 0.01) (Figure 3A,C,D), and at day 28, the mRNA expressions
of apoptosis related gene (Caspase-1) were significantly higher in the AFB1 treatment
groups than in the control group (p < 0.01) (Figure 3B).

Figure 3. Effects of AFB1 on the mRNA levels of Nrf2(A), Caspase-1(B), IRF3(C), and IFN1(D) in
gibel carp. C: control diet, T1: 50 μg/kg AFB1, T2: 100 μg/kg AFB1. Data represent the means ± SD
(* p < 0.05, ** p < 0.01).

3.4. Characteristics of 16S rDNA Sequencing

After quality filtering and assignment, 990,671 valid read sequences were obtained
from the nine samples belonging to three groups. The rarefaction curves and rank abun-
dance curve demonstrated that sufficient sequencing depth, richness, and evenness were
achieved for each sample (Figure 4A,C).

Figure 4. Rarefaction curves, Venn diagram, and rank abundance curve of different treatment
groups of gibel carp exposed to aflatoxin B1 for 28 days. (A) Rarefaction curves. (B) Venn diagram
representing the operational taxonomic units (OTUs) shared among treatment groups. (C) Rank
abundance curve. C: control diet, T1: 50 μg/kg AFB1, T2: 100 μg/kg AFB1.

On the basis of 97% nucleotide sequence identity, these high-quality sequences were
clustered into 1363 OTUs in total. The OTU distribution in different groups is depicted in a
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Venn diagram in Figure 4B. The number of OTUs in the control group was higher than that
in the treatment groups. Meanwhile, 88 core OTUs were observed in all collected samples.
Furthermore, the number of OTUs in the 100 μg/kg AFB1 exposed group was the lowest.

3.5. Effects of Aflatoxin B1 on Alpha Diversity of Intestinal Microbiota

ACE and Chao1 indices were used to quantify species richness. The ACE index
ranged from 0.34 to 0.44, and the Chao1 index ranged from 37 to 198. The ACE index
and Chao1 index were significantly lower in the AFB1 exposed groups than in the control
group (C; p < 0.05; Figure 5A,B). The alpha diversity of each sample was calculated via the
Shannon index and Simpson index. The Shannon index ranged from 2.2 to 2.8, and the
Simpson index ranged from 0.43 to 0.79. The AFB1 exposed groups showed a significantly
lower Shannon index and a significantly higher Simpson index than the control group
(Figure 5C,D). The richness and diversity of bacterial communities in the treatment groups
were lower than those in control group. The average Good’s coverage was 0.999913 (values
ranged from 0.999870 to 0.99936), indicating that the sequences identified represented the
majority of the bacteria in each sample (Figure 5E).

Figure 5. Richness and diversity indices of bacterial communities in different treatment groups of
gibel carp exposed to aflatoxin B1 for 28 days. (A) Chao1 index, (B) abundance-based coverage
estimator (ACE), (C) Shannon index, and (D) Simpson index of operational taxonomic unit (OTU)
level. (E) The average Good’s coverage of treatment groups. C: control diet, T1: 50 μg/kg AFB1, T2:
100 μg/kg AFB1.

3.6. Microbial Community Composition

A total of 19 phyla were identified in all samples, and five phyla were identified at
an abundance >1%. As shown in Figure 6A, the dominant phyla in the control group
were Fusobacteria, Proteobacteria, Firmicutes, and Actinobacteria, accounting for over
98% of the bacterial sequences from control group samples. In the treatment groups, the
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dominant bacterial phyla were Fusobacteria, Proteobacteria, Bacteroidetes, and Firmicutes,
accounting for over 99% of the total reads from treatment group. At the phylum level,
the AFB1 exposed groups showed a significantly higher abundance of Proteobacteria and
Bacteroidetes (p < 0.05; Figure 6C,D) and a significantly lower abundance of Fusobacteria
and Firmicutes (p < 0.05; Figure 6B,E) than the control group.

Figure 6. Gut microbiota composition at the phylum level (A) and at the genus level (F) in gibel carp
exposed to aflatoxin B1 for 28 days. (B–E) Partial phyla with significant changes in relative abundance
among treatment groups. (G,H) Partial genera with significant changes in relative abundance among
treatment groups. C: control diet, T1: 50 μg/kg AFB1, T2: 100 μg/kg AFB1.

A total of 198 genera were detected across all nine samples. In the control group,
the dominant genera were Cetobacterium, Clostridium, Peptostreptococcus, and Mycoplasma
(Figure 6F). In the treatment groups, the dominant genera were Cetobacterium, Aeromonas,
Bacteroides, and Peptostreptococcus. The relative abundance of dominant genera of intestinal
bacteria was significantly different between the control and the treatment groups. At
the genus level, the AFB1 exposed groups showed a significantly higher abundance of
Aeromonas (p < 0.05; Figure 6C,D), and a significantly lower abundance of Cetobacterium
(p < 0.05; Figure 6B,E) than the control group.

3.7. Beta Diversity of Intestinal Microbiota

PCoA and unweighted pair group method with arithmetic mean (UPGMA) clustering
were conducted to evaluate beta diversity. As shown in Figure 7, the intestinal microbiomes
of the control group and treatment group were separated into different clusters. In addition,
the individual differences in gut microflora in the AFB1 exposed groups were less than
those in the control group. Overall, the PCoA and UPGMA clustering results showed that
AFB1 exposure markedly altered the intestinal microbial community structure in gibel carp.

473



Antioxidants 2023, 12, 306

Figure 7. Beta diversity of the gut microbiota among different groups of gibel carp exposed to aflatoxin
B1. (A) The principal co-ordinate analysis (PCoA) of the bacterial community at the operational
taxonomic unit (OTU) level. (B) The hierarchical clustering tree was calculated using the unweighted
pair group method with arithmetic mean (UPGMA) method. C: control diet, T1: 50 μg/kg AFB1, T2:
100 μg/kg AFB1.

3.8. Effect of AFB1 on CyHV-2 Infection and Viral Load in Tissues in Gibel Carp

The cumulative survival rate of C. gibelio challenged with CyHV-2 for 14 days is shown
in Figure 8A. The cumulative mortality of CyHV-2-infected gibel carp in the control group
was 40%, and the cumulative mortality in the T2 group reached 83% at 14 dpi. At 14 dpi, the
cumulative survival rate of fish exposed to AFB1 was significantly less than in the control
group (p < 0.05). Moreover, the 100 μg/kg AFB1 exposed group of gibel carp showed
significantly higher mortality than the 50 μg/kg AFB1 exposed group. Regarding viral
load, the AFB1 exposed groups showed a significantly higher number of copies of CyHV-2
in the liver, kidney, and spleen than the control group (p < 0.05; Figure 8B–D).

Figure 8. Effects of AFB1 on cyprinid herpesvirus 2 (CyHV-2) infection in gibel carp and viral load
in tissues of gibel carp. (A) Cumulative survivorship curves of gibel carp intraperitoneally injected
with CyHV-2 in different treatment groups. (B–D) CyHV-2 viral load in the liver, kidney, and spleen
of gibel carp in different treatment groups at 2, 7, and 14 days post infection (dpi). C: control diet,
T1: 50 μg/kg AFB1, T2: 100 μg/kg AFB1. Data are presented as mean ± standard deviation (SD;
* p < 0.05; ** p < 0.01).

474



Antioxidants 2023, 12, 306

4. Discussion

Fisheries provide a large amount of high-quality protein to meet the nutritional re-
quirements of the increasing human population (Food and Agriculture Organization [FAO],
Rome, Italy, 2018). The rapid expansion of fish farming has led to an increased use of plant
protein sources in aquaculture feeds [13]. AFB1 could be a latent threat to the health of
aquatic organisms when fishmeal ingredients are replaced with plant-based materials in
aquafeeds [43]. The present study reveals that AFB1 causes oxidative stress, changes in
intestinal microbiota and exacerbates CyHV-2 infection in C. gibelio.

Oxidative stress under exposure to extreme conditions induces ROS and MDA produc-
tion, which may lead to protein, lipid, and DNA damage [44]. In the present study, changes
in the levels of antioxidant enzymes and oxidative stress markers were observed in the
AFB1 exposed groups. The lower SOD levels, and the higher ROS and MDA levels were
observed in the AFB1 exposed groups. The immunofluorescence and mRNA expression
levels of GST and CAT showed that the quantity of antioxidant enzymes was lower in the
AFB1 exposed groups. These results suggest that AFB1 induces oxidative stress. Moreover,
the oxidative stress increased with the increase in AFB1 concentration. Similarly, previous
studies have reported that AFB1 significantly reduced the activity of antioxidant enzymes
by down-regulating the expression of Nrf2, and increased the levels of ROS and MDA in
Nile tilapia [45] and gibel carp [46]. Previous research showed that ROS accumulation
could promote the replication of CyHV-2, while antioxidants could inhibit the amplification
of CyHV-2 by activating Nrf2 signaling pathway [19]. In this study, we found that the
expression of Nrf2 was inhibited significantly by AFB1. Thus, we believe that the oxidative
stress induced by AFB1 could promote CyHV-2 proliferation.

Recently, it has been reported that ROS accumulation could limit the virus DNA
induced cGAS-STING activation by activating caspase-1 [20]. STING is involved in the
activation of IRF3. Activated IRF3 induces inflammation through generating IFN1 [21].
Our study demonstrated that the expression of caspase-1 was higher, and the expressions
of IRF3 and IFN1 were lower, in the AFB1 exposed group. Based on the challenge test, we
found that AFB1 exposure increased the mortality of gibelio carp infected with CyHV-2 and
enhanced the viral load in liver, kidney and spleen of gibelio carp. We believe that AFB1
promoted the amplification of CyHV-2 by inducing the oxidative stress and suppressing
the IFN1 response (Figure 9). Similarly, it has been found that azoxystrobin enhance the
spring viremia of carp virus (SVCV) replication by regulated the MAPK-Nrf2 signaling
pathway to suppress HO-1-mediated IFN expression [47].

Intestinal microbiota is crucial to host health owing to its significant influence on
metabolism and immune function [48]. The gut microbiome can influence ROS levels, im-
mune response and host health [49–51]. Changes in the intestinal flora are highly correlated
with physiological, pathological, and environmental conditions [52]. An increasing number
of studies have focused on the relationship between environmental pollution and gut mi-
crobiota to understand the toxicological response [53]. Bioaccumulation of benzophenone-3
in Carassius auratus can affect the structure and diversity of intestinal flora [54]. Another
study showed that the intestinal microbiota of freshwater crayfish (Procambarus clarkii) was
significantly altered by microcystin [55]. In the present study, the results demonstrated that
AFB1 exposure disrupts the intestinal microbiota of gibel carp. The PCoA and UPGMA
clustering analysis showed that AFB1 exposure markedly altered the intestinal microbial
community structure of gibel carp. The AFB1 exposed groups showed significantly lower
richness and diversity of the gut microbiota than the control group. The lower intestinal
bacterial richness and diversity reduced the stability of intestinal microbial communities
of gibel carp. Previous research suggests that viral infection, toxin exposure, and unfa-
vorable environment reduce the richness and diversity of gut flora in animals [48,56,57].
In the present study, the intestinal microbiota composition of gibel carp was examined
and compared to identify common flora that showed significant difference after AFB1
exposure. At the phylum level, the higher relative abundances of Proteobacteria and Bac-
teroidetes and the lower relative abundances of Fusobacteria and Firmicutes were observed
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in AFB1 exposed group. Some members of Proteobacteria and Bacteroidetes are oppor-
tunistic pathogens and facilitate inflammation or disrupt the intestinal mucosal barrier [58].
Fan et al. (2019) showed that increased relative abundance of phylum Proteobacteria in
the intestine is associated with slow growth and disease in shrimp [59]. Previous studies
have demonstrated that members of Fusobacteria regulate the transepithelial transport,
thus strengthening the mucosal barrier and improving the oxidative and inflammatory
status of the intestinal mucosa [60]. At the genus level, the abundance of Aeromonas was
significantly higher and that of Cetobacterium was significantly lower in the AFB1 exposed
groups than in the control group. Members of Aeromonas are ubiquitous opportunistic
pathogens in the intestinal tracts of aquatic animals and aquaculture waters, and some
of these species cause infections in humans [61]. Cetobacterium has been observed to be
the dominant genus in the intestinal microbiota of different freshwater fishes; it has been
shown to improve digestion and produce large quantities of vitamin B [62]. Several studies
pointed to the role of the intestinal microbiota in modulating the systemic immunity and
providing a competitive barrier to bacterial, viral, and fungal pathogens [23,63]. In murine
models of lymphocytic choriomeningitis virus (LCMV) or influenza infection, disorder
of the gut microbiota results in an unresponsive reaction to the virus [64]. Feeding with
Clostridium butyricum improved the host immune responses and the survival rate of gibel
carp against Carassius auratus herpesvirus (CaHV) infection [65]. Our data demonstrated
that the changes in intestinal microbiota caused by AFB1 might weaken the immunity and
antioxidant capacity of gibel carp.

Figure 9. Proposed model for AFB1 inducing the oxidative stress and promoting CyHV-2 proliferation
through suppressing the IFNs response [19,20,66].

5. Conclusions

In summary, our study is the first, to our knowledge, to report that AFB1 exacerbates
viral infection in aquatic animals. We found that AFB1 exposure increased the mortality
and enhanced the viral load of gibelio carp infected with CyHV-2. The cCAS-STING
pathway and the expression of IFN1 was significantly suppressed by AFB1, which might
be associated with severe oxidative stress and intestinal microbiota disorder induced by
AFB1. This research provides new understanding of the threat that AFB1 may increase
CyHV-2 susceptibility in C. gibelio.
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Abstract: An 8-week feeding experiment was conducted to investigate the effect of dietary histamine
on growth performance, digestive physiology function and muscle quality in a hybrid grouper
(Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂). Seven isoproteic (50%) and isolipidic (11%)
diets were prepared with various histamine inclusion levels of 0, 30, 60, 120, 240, 480 and 960 mg/kg in
diets (actual contents were 72.33, 99.56, 138.60, 225.35, 404.12, 662.12 and 1245.38 mg/kg), respectively.
Each diet was randomly assigned to triplicates of 30 juveniles (average body weight 14.78 g) per tank
in a flow-through mariculture system. The increase in the dietary histamine level up to 1245.38 mg/kg
made no significant difference on the growth rate and feed utilization of the grouper. However,
the increased histamine content linearly decreased the activities of digestive enzymes, while no
differences were observed in groups with low levels of histamine (≤404.12 mg/kg). Similarly,
high levels of histamine (≥404.12 mg/kg) significantly damaged the gastric and intestinal mucosa,
disrupted the intestinal tight junction structure, and raised the serum diamine oxidase activity and
endotoxin level. Meanwhile, high doses of histamine (≥662.12 mg/kg) significantly reduced the
activities of antioxidant enzymes, upregulated the relative expression of Kelch-like ECH-associated
protein 1, and hardened and yellowed the dorsal muscle of grouper. These results showed that
dietary histamine was detrimental to the digestive physiology function and muscle quality of the
grouper, although it did compromise its growth performance.

Keywords: histamine; hybrid grouper; growth performance; antioxidant response; digestive
physiology function; muscle texture

1. Introduction

As the main protein source of aquafeed, fishmeal is widely used in the feed of car-
nivorous fish. Thus, the quality of fishmeal has attracted considerable attention in the
aquaculture industry [1–3]. During the processing and storage of fishmeal, a hazardous
level of histamine is easily produced by the microbial decarboxylation of free histidine
present in fishmeal [4,5]. Thus, histamine is regarded as a good indication of the quality of
fishmeal [6,7]. Meanwhile, histamine can cause the poisoning of animals, including fish [8].
Previous studies have shown that high levels of histamine in diets can reduce the growth
rate and increase the mortality rate of chickens, as well as cause stomach erosion [9,10].
However, dietary histamine has different effects on the growth of various fish species.
Dietary histamine inhibited the growth of American eel (Anguilla rostrata) [11], damaged
the gastrointestinal tract structure of yellow catfish (Pelteobagrus fulvidraco) [12] and rainbow
trout (Oncorhynchus mykiss) [13], and reduced the antioxidant capacity and immunity of
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American eel [14]. Conversely, dietary histamine had no negative impact [15,16] and even
improved the growth performance of other fish species [12,17]. Therefore, the potential
effects of dietary histamine on the growth and health of fish need to be further clarified.

The hybrid grouper (Epinephelus fuscoguttatus♀ × E. polyphekadion♂) has a bright fu-
ture because of its fast growth and delicate flesh [18], and is widely farmed in China and
Southeast Asia [19,20]. The hybrid grouper, as a typical carnivorous fish, has a high protein
requirement (about 45–50%) in compound feed, with a high level of fishmeal [21]. In
addition, the hybrid grouper is mostly farmed in high temperature and high humidity
environments, and the diets are easily deteriorated to produce a large amount of histamine.
However, the effects of dietary histamine on the growth performance and digestive phys-
iology function of the hybrid grouper have been less reported. Thus, the present study
was conducted to clarify the effects of dietary histamine on growth performance, digestive
enzyme activities, the structure and function of the gastrointestinal tract, and the dorsal
muscle texture and color, and thereby determine the tolerance level of the hybrid grouper
to dietary histamine.

2. Materials and Methods

2.1. Experimental Feed

Fish meal, soy protein concentrate and soybean meal were used as the main protein
sources, and soybean oil and soybean lecithin were used as the main lipid sources. His-
tamine dihydrochloride (purity ≥ 98%, Macklin Biochemical Co., Ltd., Shanghai, China)
was selected as the source of histamine (Table 1). Our preliminary investigation showed
that the histamine content in 130 commercial grouper diets ranged from 59 to 1120 mg/kg
(Table S1). Seven isoproteic and isolipidic diets (named H0, H3, H6, H12, H24, H48
and H96) were prepared with histamine inclusion levels of 0, 30, 60, 120, 240, 480 and
960 mg/kg; the actual histamine contents were 72.33, 99.56, 138.60, 225.35, 404.12, 662.12
and 1245.38 mg/kg diets. All materials (expect for lipid sources) were crushed and passed
through a sieve with a 60-mesh diameter, and then weighed according to the feed formula
and mixed evenly. Soybean oil and soybean phospholipid were then added to the mixture
and re-blended. Finally, approximately 25% distilled water was added to make a dough,
and the dough was squeezed into 2.5 mm pellets by a double helix extrusion mechanism
(F-26 type; South China University of Technology, Guangzhou, China). The feeds were
placed in the shade to dry naturally for two days and then stored at −20 ◦C.

Table 1. Ingredients and chemical composition of the experimental diets (% dry matter).

Ingredients (%)
Diets

H0 H3 H6 H12 H24 H48 H96

Fish meal 45.00 45.00 45.00 45.00 45.00 45.00 45.00
Soy protein concentrate 21.00 21.00 21.00 21.00 21.00 21.00 21.00

Soybean meal 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Wheat flour 17.91 17.91 17.91 17.91 17.91 17.91 17.91
Soybean oil 5.30 5.30 5.30 5.30 5.30 5.30 5.30

Soybean lecithin 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Ca(H2PO4)2 1.20 1.20 1.20 1.20 1.20 1.20 1.20

Choline chloride 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Vitamin C 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Vitamin and mineral premixes 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Histamine dihydrochloride (mg/kg) 2 0.00 50.70 101.39 202.78 405.56 811.13 1622.25

Cellulose microcrystalline (mg/kg) 1622.25 1571.55 1520.86 1419.47 1216.69 811.12 0.00
Proximate composition

Dry matter (DM, %) 92.34 92.28 92.30 92.30 92.35 92.40 92.36
Crude protein (% DM) 49.50 50.20 48.97 49.18 49.23 50.11 49.79

Crude lipid (% DM) 11.27 11.30 11.28 11.28 11.28 11.27 11.26
Histamine (mg/kg DM) 72.33 99.56 138.60 225.35 404.12 662.12 1245.38

1 Supplied by Beijing Enhalor Biotechnology Co., Ltd., Beijing, China. 2 Supplied by Macklin Biochemical Co.,
Ltd., Shanghai, China; purity ≥ 98%.
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2.2. Fish and Experimental Conditions

Experimental fish were purchased from a commercial fish farm (Zhanjiang, China).
A total of 630 healthy and uniform juveniles (initial body weight 14.78 ± 0.01 g) were
randomly assigned into 7 groups with triplicates of 30 juveniles per tank (0.3 m3). Fish were
fed twice daily at 8:00 and 17:00 for 8 weeks, and a siphon tube was used to remove feces
from the tank daily to ensure the water quality in the flow-through mariculture system.
During the experimental period, all tanks were kept under natural light conditions, with
the water temperature at 26–30 ◦C and the dissolved oxygen level above 6 mg/L.

2.3. Sample Collection and Pre-Treatment

After the feeding trial, all fish were fasted for a day. The fish from each tank were
weighed and counted to calculate the growth index, then anesthetized with eugenol solu-
tion. Four fish per tank were randomly selected, weighed or measured by body length, body
weight, visceral mass weight and liver weight for the calculation of morphological indices.

Blood samples were removed from four fish per tank with a 1 mL syringe and placed
at 4 ◦C for 12 h, and the serum was collected and stored at −80 ◦C. The stomach, foregut
(one third of the intestinal segment near the stomach end) and hindgut (one third of the
intestinal segment near the excretory opening) of six fish per tank were quickly put into liq-
uid nitrogen for temporary storage and then stored at −80 ◦C for enzyme activity analyses.
The hindguts of another four fish per tank were harvested and placed in an Eppendorf tube
with RNA, which were later stored at 4 ◦C for a day and then put in a −80 ◦C refrigerator
for an analysis of the relative mRNA expression.

In addition, the hindgut of four fish per tank were placed in 2.5% glutaraldehyde
fixation solution and 4% paraformaldehyde solution, and the stomach was placed in 2.5%
glutaraldehyde fixation solution for histological observation, respectively. The dorsal
muscles were stripped and cut to the size of 3 cm × 3 cm × 1 cm for the analysis of textural
characteristics and coloration.

2.4. Chemical Composition Analysis

The chemical composition of the experimental diets was determined with reference to
the AOAC standard methods [22]. The moisture was dried at 105 ◦C to constant weight;
crude protein was determined by an automatic Kjeldahl apparatus (KjeltecTM 8400; Foss,
Hoganas, Sweden); crude lipid was extracted with petroleum ether by the Soxhlet method;
and crude ash was incinerated at 550 ◦C for 6 h. The content of histamine in the diet was
determined by an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Enzyme
Linked Biotechnology Co., Ltd., Shanghai, China).

2.5. Biochemical Indexes Analyses

In total, a 0.1 g sample of stomach/foregut/hindgut and a ninefold volume ice-cold
saline solution was mixed and homogenized using a homogenizer (T 25 digital ULTRA-
TURRAX®, IKA, Staufen, Germany), and the supernatant was collected after centrifugation
at 3500 rpm/min for 10 min at 4 ◦C. The total antioxidant capacity (TAC), catalase (CAT),
and superoxide dismutase (SOD) activities, as well as the malondialdehyde (MDA) content
in the serum and hindgut, and the activities of lipase, maltase and amylase in the foregut,
were measured by commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the kit’s instructions. The activity of pepsin in the stomach, the
content of endotoxin and the activities of peroxidase (POD), glutathione peroxidase (GPx),
glutathione reductases (GR) and diamine oxidase (DAO) in the serum and hindgut, and the
activities of trypsin, Na+/K+-ATPase and Ca2+/Mg2+-ATPase in the foregut were measured
using commercial kits (Shanghai Enzyme Linked Biotechnology Co., Ltd., Shanghai, China),
according to the kit’s instructions.
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2.6. Histological Observation

The hindgut was soaked in a 4% formaldehyde solution for one day and then trans-
ferred to 70% ethanol for preservation. The hindgut was dehydrated in different concen-
trations of ethanol (70%, 80%, 90%, 95%, 100%), immersed in xylene solution to make it
transparent and then embedded in paraffin. It was cut into sections of 5–7 μm thickness,
stained by hematoxylin and eosin (H&E) and sealed with neutral gum. The slides were
observed in a fluorescent inverted microscope (Nikon Eclipse Ni-U; Nikon, Tokyo, Japan),
and ten folds per section were randomly selected to measure the fold height, fold width
and muscle thickness by image acquisition software (CellSens Standard 1.8, Pooher Opto-
electronics (Shanghai) Technology Co., Ltd., Shanghai, China). The hindgut and stomach
were placed in a 2.5% glutaraldehyde fixed solution for 24 h; the production of intestinal
transmission electron microscopy (TEM) sections was performed with reference to Huang’s
method [23]. The scanning electron microscopy (SEM) sections of the stomach were made
with reference to Chen’s method [24].

2.7. Extraction of RNA and Real-Time Quantitative PCR Analysis

The total RNA from the hindgut was extracted using TransZol Up Plus RNA Kit
(Beijing TransGen Biotech Co. Ltd., Beijing, China). The integrity of the total RNA was
confirmed by 1% agarose gel electrophoresis, and the purity and concentration of the total
RNA were evaluated spectrophotometrically (A260:280 nm). Then, the PrimeScriptTM

RT eagent Kit (Takara, Tokyo, Japan) was used to reverse transcribe the RNA into cDNA
according to the kit’s instructions. Based on the sequences in Gen Bank, gene-specific
primers were designed using Primer 5 software (Table 2), and β-action was selected as the
reference gene. The relative expression levels of the target genes were calculated using the
2−ΔΔCT method [25]; H0 was the reference group.

Table 2. The forward and reverse primers used for real-time quantitative PCR analysis and accession
numbers of gene sequences (GenBank).

Target Gene Primer Sequence GenBank Accession No.

claudin3 F-AGCCTTCATCGGCAGCAA
R-GGATGCCTCGTCGTCAATG EU714179.1

occludin F-GGAGGAGAAACAGGGAATGAACT
R-TCTGCTACAGCCTGGTATTTGG KF861990.1

Keap1 1 F-TCCACAAACCCACCAAAGTAA
R-TCCACCAACAGCGTAGAAAAG XM_018665037.1

Nrf2 2 F-TATGGAGATGGGTCCTTTGGTG
R-GCTTCTTTTCCTGCGTCTGTTG KU892416.1

β-Actin F-GGCTACTCCTTCACCACCACA
R-TCTGGGCAACGGAACCTCT AY510710.2

1 Keap1, kelch-like ECH-associated protein 1. 2 Nrf2, nuclear factor erythroid 2-related factor 2.

2.8. Muscle Texture and Color Analysis

The textural characterization of the dorsal muscle was analyzed by the texture analyzer
(TMS-PRO, Food Technology Corporation, Sterling, VA, USA). The color of the dorsal
muscle was measured using a color colorimeter (Chroma Meter CR-400, Konica Minolta,
Inc., Tokyo, Japan).

2.9. Calculations and Statistical Analysis

Formulas for growth performance and body index are as follows:
Weight gain (WG) = (Wf − Wi)/Wi;
Specific growth ratio (SGR, %/d) = 100 × (Ln Wf − Ln Wi)/t;
Voluntary feed intake (VFI, mg/MBW/d) = FI/((Wi + Wf)/2)/t × 1000;
Feed conversion ratio (FCR) = FI/(Wf − Wi);
Protein efficiency ratio (PER) = (Wf − Wi)/(F × CP);

484



Antioxidants 2023, 12, 502

Survival rate (SR, %) = 100 × (Nf − Ni)/Ni;
Hepatosomatic index (HSI, %) = 100 × Wl/Wb;
Viscerosomatic index (VSI, %) = 100 × Wv/Wb;
Condition factor (CF, g/cm3) = 100 × Wf/L3;
Where Wf and Wi are the final body weight (g) and initial body weight (g); t is feeding

days (d); FI is feed intake per fish (g); CP is crude protein content of feed (%); Nf and Ni
are final fish number and initial fish number; and Wb, Wv, Wl and L are body weight (g),
viscera weight (g), liver weight (g) and body length (cm).

The data were analyzed by a one-way analysis of variance followed by Duncan’s
multiple range tests. A significant difference was set at the level of p < 0.05. For detecting
the potential linear or quadratic effects of the dietary histamine level, all data were also
subjected to polynomial orthogonal contrast analysis. Statistical analysis was performed
using SPSS 21.0 (SPSS Inc., Chicago, IL, USA) for Windows.

3. Results

3.1. Growth Performance

After the 8-week feeding trial, the SR of the grouper ranged from 90.00% to 97.78%,
and no significant difference was found among the dietary groups (p > 0.05, Table 3).
Similarly, no significant differences were observed in the WG, SGR, VFI, FCR, PER, HSI,
VSI and CF of the grouper among the dietary groups (p > 0.05). However, the SR, PER
and CF showed negative linear (p < 0.05) and quadratic (p < 0.05) trends in response to the
dietary histamine level, while the HSI and VSI exhibited a negative linear trend in response
to the dietary histamine level (p < 0.05).

3.2. Digestive Enzyme Activity

The dietary histamine level did not affect the foregut maltase and Ca2+/Mg2+-ATPase
activities (p > 0.05, Table 4). The activities of pepsin, foregut trypsin, lipase, amylase, and
Na+/K+-ATPase showed significantly negative linear (p < 0.01) and quadratic (p < 0.01)
trends in response to the dietary histamine content; meanwhile, no significant differences
were observed in the pepsin and lipase activities among the H0, H3, H6, and H12 groups,
in the trypsin and amylase activities among the H0, H3, and H6 groups, and in the Na+/K+-
ATPase activity among the H0, H3, H6, H12, and H24 groups (p > 0.05).

3.3. Intestinal Permeability

The serum DAO activity and endotoxin level increased with the rising dietary his-
tamine content (Figure 1). Thus, the DAO activity was significantly higher in the H96 group
compared to the H0 group (p < 0.05), and the endotoxin level was significantly higher in
the H48 and H96 groups compared to the H0, H3 and H6 groups (p < 0.05).

 
Figure 1. Effect of dietary histamine content on the intestinal permeability-related index in the serum
of the hybrid grouper. Values are means ± SE of three replications. Different superscript letters in the
bars indicate a significant difference among treatments by Tukey’s test (p < 0.05).
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3.4. Gastrointestinal Tract Structure
3.4.1. SEM of Gastric Mucosa Cell

Damage to the gastric mucosal cells of the hybrid grouper was aggravated with the
increasing dietary histamine content (Figure 2). In the H0 group, the gastric mucosa cells of
the hybrid grouper were normal, with tightly arranged cells and clear borders; in the H24
group, some cells were ruptured and the rest were relatively intact; in the H96 group, most
of the cells were severely damaged.

   
(a) (b) (c) 

Figure 2. Scanning electron microscopy of gastric mucosa in the hybrid grouper fed with various
dietary histamine levels. (a) indicates H0 group; (b) indicates H24 group; and (c) indicates H96 group.
Arrows indicate cell damage. The cells of gastric mucosa cells in the H0 group were normal and
tightly arranged; some cells in the H24 group were ruptured and the rest were relatively intact; most
cells in the H96 group were severely damaged. The magnification was ×3.00 k, and the minimum
scale (lower right) was 10.0 μm.

3.4.2. Intestinal Morphology

The dietary histamine content had no significant effect on the hindgut fold height
and the muscular thickness of the grouper (p > 0.05, Table 5 and Figure 3). However, the
hindgut fold width displayed the negative linear (p < 0.01) and quadratic (p < 0.05) trends
in response to the dietary histamine level, which was significantly lower in the H96 group
compared to the H0 group (p < 0.05).
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3.4.3. TEM of Intestinal Mucosal Cell

As shown in Figure 4, the linkage structure between the mucosal cells in the H0 group
was tight and there were no gaps between the cells; meanwhile, in the H24 and H96 groups,
gaps appeared at the microvilli end, indicating that the linkage structure between the
mucosal cells was damaged.

   
(a) (b) (c) 

Figure 4. Transmission electron microscopy of intestinal mucosa in the hybrid grouper fed with
various dietary histamine contents. (a) indicates H0 group; (b) indicates H24 group; and (c) indicates
H96 group. Arrows indicate the junctions of the microvilli ends. The microvilli ends of intestinal
mucosal cells in the H0 group were connected tightly between cells; in the H24 and H96 groups, gaps
appeared between the microvilli ends of cells. The magnification was ×15.0 k, and the minimum
scale (lower right) was 1.0 μm.

3.5. Antioxidant Index

Serum SOD, CAT, POD, GPx, GR, and TAC activities exhibited significantly negative
linear (p < 0.05) and quadratic (p < 0.05) trends in response to the dietary histamine level
(Table 6); meanwhile, no significant differences were found in the SOD and GPx activities
among the H0, H3, H6 and H12 groups, in the CAT and GR activities among the H0, H3,
H6, H12 and H24 groups, in the POD activity among the H0, H3, H6, H12, H24 and H48
groups, and in the TAC activity among the H0 and H3 groups (p > 0.05). Conversely, the
serum MDA level showed significantly positive linear (p < 0.001) and quadratic (p < 0.001)
trends in response to the dietary histamine level, which was significantly higher in the H12,
H24, H48 and H96 groups compared to the H0, H3 and H6 groups (p < 0.05).

The dietary histamine content had no significant effect on the activities of SOD and
POD in the hindgut of the grouper (p > 0.05, Table 7), but the POD activity displayed
negative linear (p < 0.05) and quadratic (p < 0.05) trends in response to the dietary histamine
level. A negative linear trend was observed in the hindgut CAT activity (p < 0.05), and was
significantly lower in the H96 group compared to the H0, H3, H6 and H12 groups (p < 0.05).
In addition, the activities of GPx, GR and TAC in the hindgut exhibited significantly
negative linear (p < 0.01) and quadratic (p < 0.05) trends in response to the dietary histamine
level; meanwhile, no significant differences were found in the GPx and GR activities among
the H0, H3, H6 and H12 group, or in the TAC activity among the H0, H3, H6, H12, H24 and
H48 groups (p > 0.05). Conversely, the hindgut MDA level showed a significantly positive
linear (p < 0.01) and quadratic (p < 0.01) trend in response to the dietary histamine level,
which was significantly higher in the H96 group compared to the H0 group (p < 0.05).
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3.6. Dorsal Muscle Texture and Color

The dietary histamine content did not affect the adhesiveness, springiness and re-
silience of the dorsal muscle (p > 0.05; Table 8). The hardness, cohesiveness, gumminess,
and chewiness of the dorsal muscle exhibited significantly positive linear (p < 0.01) and
quadratic (p < 0.01) trends in response to the dietary histamine level; meanwhile, no signifi-
cant differences were observed in the hardness and chewiness among the H0, H3, H6, H12,
H24 and H48 groups, or in the cohesiveness and gumminess among the H0, H3, H6, H12
and H24 groups (p < 0.05).

The L* and a* values of the dorsal muscle were not affected by the dietary treatments
(p > 0.05; Table 9). However, the b* value showed significantly positive linear (p < 0.05)
and quadratic (p < 0.05) trends in response to the dietary histamine content, which was
significantly higher in the H48 and H96 groups compared to the H0 group (p < 0.05).

3.7. The Relative mRNA Expression of Tight Junction Proteins and Oxidative
Stress-Related Factors

There was no significant difference in the relative expression level of nuclear factor
erythroid 2-related factor 2 (Nrf2) among the dietary groups (p > 0.05; Figure 5). The
relative expression levels of intestinal claudin3 and occludin gradually decreased with the
increase in dietary histamine content; meanwhile, no significant differences were observed
in the relative expression level of claudin3 among the H0, H3, H6 and H12 groups, or in the
relative expression level of occludin among the H0, H3, H6, H12 and H24 groups (p < 0.05).
Conversely, the relative expression level of Kelch-like ECH-associated protein 1 (Keap1)
increased with the rising dietary histamine content, which was significantly higher in the
H96 groups compared to the H0 group (p < 0.05).

Figure 5. Effect of dietary histamine content on the relative mRNA expression of tight junction
proteins and oxidative stress-related factors in the hindgut of the hybrid grouper. Keap1, Kelch-like
ECH-associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2. Bars represent means ± SE
of three replications. Different superscript letters in the bars indicate a significant difference among
treatments by Tukey’s test (p < 0.05).
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4. Discussion

Dietary histamine is a toxin to some fish species [26,27] and has a negative impact on
the growth of fish [15,16,28–30]. However, the effects of dietary histamine on the growth of
fish vary with different fish species. It has been shown that a low level of dietary histamine
does not affect the growth performance of yellow catfish [12,31], American eel [28] and
rainbow trout [13], and even has a beneficial effect on the growth of yellow catfish [12]
and Atlantic salmon (Salmo salar L.) [17]. In this study, the growth performance of the
hybrid grouper was not affected by the dietary histamine content (72–1245 mg/kg), which
is consistent with the results of previous studies with orange-spotted grouper (Epinephelus
coioides, 158.7–2158.7 mg/kg) [3], yellow catfish (100–1000 mg/kg) [31] and American eel
(67–414 mg/kg) [28]. Meanwhile, the SR and PER exhibited negative linear and quadratic
trends in response to the dietary histamine level, suggesting that dietary histamine has
a negative effect on the growth and health of the hybrid grouper. Liu et al. found that up
to 2000 mg/kg of dietary histamine did not result in a remarkable reduction in growth,
whereas 2500 mg/kg or more of dietary histamine could cause significant negative effects
on the growth and health of the orange-spotted grouper [3]. Similar results were found in
Atlantic Halibut (Hippoglossus) [32] and Atlantic Salmon (Salmo Salar) [17], where a low dose
of dietary histamine had no significant effect on fish growth, but high levels of histamine
(690 and 1742 mg/kg) reduced SGR significantly. Additionally, the growth performance
of orange-spotted grouper was not statistically different among the dietary treatments at
the initial feeding period (0–28 days), whereas dietary histamine suppressed the growth
performance during the whole feeding period (0–56 days) [3]. Thus, the constant growth
performance in this study may be attributed to the relative low content of dietary histamine
and the relatively short-term feeding trial.

The gastrointestinal tract comprises the important digestive organs of fish and the
main sites of digestion and absorption. The activities of digestive and absorptive enzymes
reflect the digestive and absorptive capacity of fish [33], which is closely related to the
growth and health of fish. Histamine regulates the secretion of gastric acid, and the intake
of a certain amount of histamine by animals can promote gastric acid secretion, thereby
affecting digestive enzyme activity [34]. Meanwhile, histamine intake can damage the
structure and function of the fish intestine, and also inhibit digestive enzyme activities [14].
In this study, high doses of dietary histamine (≥225 mg/kg) decreased the digestive enzyme
(pepsin, trypsin, lipase and amylase) activities of the hybrid grouper, which was similar
to the results found with Chinese mitten crab [26] and American eel [14]. Thus, dietary
histamine may disrupt intestinal structure and function, and thereby depress the digestive
enzyme activities of the hybrid grouper.

The normal development of the intestinal tract is associated with the health of fish [35].
The surface area of intestinal absorption is related to the height of mucosal folds, and
the muscularis is related to the abilities of intestinal peristalsis [23,36]. In this study, the
width of the intestinal folds decreased linearly with the increased dietary histamine content,
indicating that dietary histamine impaired the structure of the intestine. It is generally
believed that dietary histamine exerts its pathological effects through histamine receptors
in the gastric and intestinal mucosa [37], and thereby affects the structure and function of
the gastrointestinal tract of the hybrid grouper. Previous studies showed that 10,000 mg/kg
of histamine in the diet caused the epithelial exfoliation and the atrophy of lamina propria
in the stomach mucosa of rainbow trout [16], and that 103.5 mg/kg of histamine damaged
the gastric mucosa of yellow catfish [12]. In this study, SEM of gastric mucosa showed that
some gastric mucosal cells of the hybrid grouper were destroyed by the dietary histamine
content up to 404 mg/kg. These results indicated that the tolerance to histamine of fish
vary with different fish species.

The intestinal barrier prevents the invasion of toxins, antigens and pathogens [38].
An intact intestinal cell structure and intercellular junction structure are associated with
intestinal health in fish. The intestinal mucosa allows nutrients to enter the body while
blocking pathogens [39]. Serum DAO activity and endotoxin level can, to some extent,
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reflect the degree of damage to the intestinal mucosa. Under normal conditions, DAO is
mainly distributed inside the cells of the intestinal villi [40], and endotoxin is distributed in
the intestinal lumen of the organism [41]. After damage to the intestinal mucosa, DAO and
endotoxin enter the blood circulation through the intestinal mucosa, causing an increase
in DAO activity [39] and endotoxin level [42]. In this study, serum DAO activity and
endotoxin level increased with the increase in the dietary histamine content and damaged
the connection structure between intestinal mucosal cells when the dietary histamine level
exceeded 404 mg/kg. In addition, tight junction proteins (such as claudins and occludin)
are a major part of the mechanical barrier of intestinal mucosa [43], which control the
paracellular space between intestinal epithelial cells and prevent the spread of bacteria and
antigens. In this study, the relative expressions of claudin 3 and occludin were markedly
decreased by dietary histamine up to 404 mg/kg, indicating that a high dose of histamine
increased the intestinal permeability and impaired the intercellular junctional structures of
intestinal mucosa, leading to the entry of toxic substances into the bloodstream.

The antioxidant capacity of fish is mainly reflected by antioxidant enzymes, which
protect the body from damage by removing the excessive accumulation of reactive oxygen
species (ROS) [44]. Oxidative stress is a state of imbalance between oxidation and antioxi-
dation that can have harmful effects on cellular organelles [45]. TAC is a comprehensive
indicator of the reaction antioxidant capacity [46,47]. MDA is a main product of lipid
peroxidation [48] and a sign of mucosal damage by ROS [49]. SOD, CAT, POD, GPx and GR
are the main antioxidant enzymes in fish [50–53], which maintain the balance of oxidation
and antioxidation [54]. High doses of dietary histamine increased the intestinal MDA
level but decreased the intestinal TAC, SOD and CAT activities in American eel [14]. In
this study, dietary histamine levels above 662 mg/kg decreased the antioxidant enzymes
activities in the intestine of the hybrid grouper, but increased the MDA content. Nrf2-Keap1
is an important pathway that regulates oxidative stress [55,56], and Nrf2 is suppressed
through Keap1-controlled ubiquitination-proteasomal degradation [57,58]. In this study,
a high histamine level (1245 mg/kg) up-regulated the expression of Keap1 and thereby
caused oxidative stress; there was an inability to scavenge oxygen radicals, which, in turn,
led to the damage of the intestinal mucosa and intestinal epithelium.

Muscle texture can respond to the softness and elasticity of meat, which is an important
indicator of meat consumption [59]; it not only affects the appearance of aquatic products,
but also affects the taste [60]. Hardness reflects the internal binding force of meat to
maintain its shape; cohesiveness reflects the magnitude of the intercellular binding force;
and springiness and resilience reflect the biological resilience of fish [61]. In this study, the
hardness, cohesiveness, gumminess and chewiness of the hybrid grouper were markedly
increased when the dietary histamine level exceeded 662 mg/kg, indicating that high levels
of histamine harden the muscle texture of the dorsal muscle and affect the taste of the
hybrid grouper. In addition, the color of the meat is an indication of the quality of meat and
an important factor affecting consumption [59,62]. The oxidation of muscle tissue lipids
causes the meat to turn brown [63]. In this study, the b* value was markedly increased
when the dietary histamine level reached 662 mg/kg. This may be due to the oxidation
of the dorsal muscle, caused by a high dose of histamine, leading to the yellowing of the
muscle color of the grouper.

In this study, although a high dose of dietary histamine depressed digestive enzyme
activity, intestinal morphology and antioxidant capacity, resulting in a negative impact
on intestinal health, it had no detrimental effect on the growth performance of the hybrid
grouper. Similar situations were also observed in the research on yellow catfish [31],
American eel [28] and rainbow trout [13]. The above phenomenon may be related to the
short trial time, meaning that the damage to the organs was not yet visible in the organism.
Furthermore, dietary 2500 mg/kg of histamine supplementation had no negative effect
on the growth of the grouper in 28 days, whereas the SGR was significantly reduced in
56 days [3]. The above phenomenon can also be caused by the low content of histamine in
the diet; its toxic effect was not sufficient to affect the growth of the hybrid grouper. Similar
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to our hypothesis, stating that dietary histamine levels above 1742 mg significantly reduce
the SGR of Atlantic salmon, a dietary low dose of histamine had no significant effect [17].
Additionally, a dietary high dose of histamine (517 mg/kg) supplementation had a negative
effect on the immune capacity of American eels [11]. Therefore, a dietary high dose of
histamine supplementation may also reduce the immunity of the hybrid grouper, and
future related studies are warranted.

5. Conclusions

Under this experimental condition, a dietary histamine content of no more than
1245 mg/kg did not negatively affect the growth performance of the hybrid grouper. How-
ever, the dietary histamine content up to 404 mg/kg impaired the structure and function of
the gastrointestinal tract, inhibited the intestinal digestive enzyme activities and antioxidant
response, and resulted in muscle sclerosis and the yellowing of the hybrid grouper.
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