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Abstract

Background In recent years, the use of endocrine-disrupting chemicals (EDCs) has become increasingly common,
leading to severe environmental pollution and harm to aquatic organisms. 17a-Methyltestosterone (MT) is a synthetic
androgen that can cause immunotoxicity in aquaculture, affecting fish health. To address this issue, this study

aimed to investigate the effect of Vitamin C (VC) on MT-induced immunotoxicity and determine the optimal VC
supplementation.

Results Carassius auratus was exposed to 50 ng/L MT and treated with 25, 50, and 150 mg/kg VC for 7, 14, and

21 d. Morphological indicators, histological characteristics, hepatic antioxidant capacity, and immune-related

gene expression were analyzed. Additionally, RNA-seq was performed on the liver tissues of the control, MT, and
MT+25 mg/kg VC groups after 21 d. Results showed that, MT treatment significantly increased liver malondialdehyde
content and inhibited immune-related gene expression (TNF-q, IL-8, INF-y, IL-10, Caspase-9, and IGF-I), causing oxidative
stress and immunotoxicity, leading to hepatic steatosis. However, supplementation with 25-50 mg/kg VC effectively
alleviated the MT-induced damage to the hepatic structure and immune system. RNA-seq revealed significant
enrichment of differentially expressed genes in multiple signaling pathways, including the mTOR, MAPK, and Wnt
pathways.

Conclusions In summary, 25-50 mg/kg VC alleviated inhibitory effect of MT on immune-related genes in C. auratus
liver, reducing MT-induced tissue damage. VC not only alleviated inflammation, oxidative stress, and immunotoxicity
induced by MT through the regulation of the mTOR, MAPK, and Wnt signaling pathways, but also indirectly enhanced
cellular antioxidant defense mechanisms by regulating the NRF2 pathway. This provides a theoretical basis for VC
application in aquaculture, improving fish health and increasing efficiency.
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Background

With the rapid development of modern industries,
endocrine-disrupting chemicals (EDCs) have attracted
considerable attention. These substances originate from
industrial wastewater, chemical factories, pesticides, and
plastic pollution. Silently infiltrating ecosystems pose
a threat to the health and survival of organisms. EDCs
include synthetic and natural hormones, along with a
spectrum of exogenous compounds that disrupt criti-
cal physiological processes [1]. These disruptions can
trigger adverse effects such as reproductive dysfunction
[2], developmental abnormalities [3], neurological and
behavioral issues [4, 5], immune dysregulation [6], can-
cer, and metabolic diseases [7, 8]. Androgens play a cru-
cial role in regulating the development and function of
the immune system and the myeloid lineage, significantly
affecting B and T cells in the acquired immunity of fish
[9]. Testosterone exerts negative regulatory effects on the
immune system by inhibiting the function of inflamma-
tory immune cells [10]. Cytokines, key regulators of the
immune system, modulate intercellular signaling and
trigger immune responses [11, 12]. Studies have shown
that seasonal exposure of adult Micropterus salmoides
to 17a-ethinylestradiol can lead to immunomodulatory
effects, inhibiting the mitotic activity of T cells and B
cells [13], thereby impairing the normal function of the
immune system. Therefore, monitoring and managing
EDC:s in the environment are crucial for maintaining the
health of organisms.

Studies have detected 17a-Methyltestosterone (MT)
concentrations as high as 250 ng/L near wastewater
treatment plants, highlighting the potential for wide-
spread environmental contamination and risks to aquatic
ecosystems [14, 15]. MT is a synthetic androgen that,
upon entering an animal’s body, can be converted into
17-methylestradiol, a compound with estrogenic prop-
erties [16]. This conversion underpins the utility of MT
in controlling sex, making it a valuable tool for enhanc-
ing aquaculture efficiency in the production of all-male
fish [17, 18]. However, the use of MT negatively affects
the immune system of fish [19]. Previous studies have
revealed that oral administration of MT in rabbits sig-
nificantly reduces the white blood cell count, indicating
immune suppression and hepatotoxicity, with these del-
eterious effects being irreversible [20]. Similarly, inject-
ing 17 B-estradiol into Sparus aurata has been shown to
reduce IgM levels, resulting in immunosuppression [21].

Vitamin C (VC) is a natural antioxidant with immuno-
modulatory capabilities [22, 23]. VC plays a pivotal role
in mitigating oxidative stress [24, 25], promoting growth,
and bolstering disease resistance [26]. Furthermore,
supplementing feed with 46.90-167.43 mg/kg VC can
enhance the antioxidant capacity of Lateolabrax macu-
latus, thereby reducing oxidative damage [27]. Oxidative
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stress is characterized by an imbalance between the
production of reactive oxygen species (ROS) and the
cellular antioxidant defense mechanisms, which is a
critical factor in the physiological processes of animals
[28]. Supplementation with 60—-200 mg/kg VC has been
shown to markedly increase the activity of superoxide
dismutase (SOD) in the plasma, thereby protecting cells
from oxidative damage and reducing malondialdehyde
(MDA) levels, thus safeguarding lipids from oxidation
[29, 30]. Additionally, VC can mitigate oxidative damage,
inflammation, and apoptosis caused by acute hypoxia in
Cyprinus carpio by enhancing the NRF2/Kelch-like ECH-
associated protein 1 (KEAP1) signaling pathway, thereby
demonstrating its potent antioxidant and anti-inflamma-
tory effects [31].

The NRF2 pathway within the immune system plays
a pivotal role in the cellular antioxidant stress response,
aiding the attenuation of pro-inflammatory activity in
immune cells during infections [32]. Research indicates
that NRF2 exhibits prominent expression within the
liver, where it effectively counters elevated levels of ROS,
thereby maintaining liver homeostasis, facilitating chem-
ical detoxification and drug metabolism, and protecting
cells from oxidative stress-induced damage [33]. Mice
experiments corroborate these findings, as NRF2 knock-
out models exhibit heightened inflammation, diminished
steroidogenesis, compromised antioxidant capacity, and
elevated expression of ROS markers [34]. Furthermore,
research indicates that VC acts as an activator of the
NRF2 factor and the comprehensive KEAP1/NRF2/anti-
oxidant response elements (ARE) pathway. Insufficient
VC levels can impair NRF2 function, leading to inflam-
mation and apoptosis [35].

In this study, we selected Carassius auratus as the
research subject. Carassius auratus was subjected to
varying concentrations of MT and VC for 7, 14, and 21
d. We evaluated the expression of immune-related genes
and antioxidant enzyme activity. Based on preliminary
findings, we conducted RNA-seq analysis on liver tissues
in the control, 50 ng/L MT, and 50 ng/L MT +25 mg/kg
VC groups after 21 d of exposure to investigate how VC
alleviates MT-induced immunotoxicity. This study pro-
vides an important reference for the healthy aquaculture
of C. auratus and offers a theoretical basis for mitigating
the toxicity associated with other EDCs.

Methods

Experimental animals

We selected 4-month-old females of C. auratus, bred
from the same batch at the Aquaculture Laboratory of
Shanxi Agricultural University. The fish were acclima-
tized for 7 d in aerated tap water with a stocking density
of 1 g fish/L. They were fed at a rate of 3% of the total
fish weight in each experimental group. Water quality
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was maintained at a temperature of 21.5+0.3 ‘C, a pH of
7.4510.2, and dissolved oxygen levels>7 mg/L under a
light/dark cycle of 14 h: 10 h. A total of 450 healthy fish
(10.61£2.94 g) were randomly selected and divided into
five groups (21 fish per group, with three replicates each):
control group, 50 ng/L MT group, 50 ng/L MT+25 mg/
kg VC group, 50 ng/L MT+50 mg/kg VC group, and 50
ng/L MT +150 mg/kg VC group.

Experimental feeds and design

The experiment used specialized feed for C. auratus (153
floating feed, produced by Tongwei Co., Ltd.) as the basal
diet. The composition of this feed included moisture con-
tent<12%, crude protein=>32%, crude ether extract>5%,
and crude fiber <8.5%. Based on the experimental groups,
VC (Sinopharm Chemical Reagent Co., Ltd.) was added
at concentrations of 0, 25, 50, and 150 mg/kg. The feed
preparation method followed the procedure described by
Mi et al. [36]. The VC content was determined using the
direct iodometric method [37]. During the experiment,
50% of the water was changed daily, with food residues
and excrement removed during water changes. A corre-
sponding amount of MT reagent was added during the
water change to maintain a constant MT concentration
in the water. Sampling was conducted at 7, 14, and 21 d.
Detailed results are presented in Table 1.

Sample collection and biological parameter determination
Following the exposure experiment, 21 fish from each
group were selected and anesthetized using MS-222 (1:
10,000). The body length, body weight, and liver weight
of each fish were measured to calculate the hepatic ste-
atosis index (HSI). Liver tissues from 6 randomly selected
fish per group were collected for histological analyses.
These tissues were fixed in Bouin’s fixative solution (Phy-
gene, Fuzhou, China) for 24-48 h to facilitate paraffin
embedding and sectioning. The remaining 15 fish were
rapidly frozen in liquid nitrogen and stored at -80 C for
subsequent analyses. Among these, 6 liver samples were
designated for RT-qPCR, 6 for enzyme activity assays,
and 3 for RNA-seq.

Paraffin section preparation and observation

Liver tissue samples were extracted from Bouin’s fixative
solution, rinsed with piped water for 24 h, and subjected
to dehydration, embedding, and staining procedures. The
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paraffin sectioning method was adapted from our previ-
ous research [38].

RT-qPCR detection of immune-related gene mRNA
expression in the liver

To assess the immune toxicity induced by MT and the
mitigating effects of VC, we selected a series of important
genes related to immune response and oxidative stress.
These genes include tumor necrosis factor-alpha (TNF-
@), interleukin-8/10 (/L-8 and IL-10), interferon-gamma
(IFN-y), transforming growth factor-beta 1 (T'GF-fI),
chemokine (C-X-C motif) (CXC), cysteinyl aspartate spe-
cific proteinase 9 (Caspase-9), and insulin-like growth
factor I (IGF-I), with gene sequences obtained from the
National Center for Biotechnology Information (NCBI)
(bioproject: PRJNA481500) for C. auratus [39]. The
primers for these genes were designed using Primer Pre-
mier 5.0 software, with S-actin as the housekeeping gene.
The primers were synthesized by Sangon Biotech (Shang-
hai, China), and the specific sequences used in RT-qPCR
are listed in Table 2.

Total RNA was isolated from the liver tissue using the
TRIzol method. RNA integrity was evaluated using 1%
agarose gel electrophoresis, and the purity and concen-
tration were determined using a NanoDrop spectro-
photometer (Thermo Fisher Scientific, USA), ensuring
an ODyg g ratio within the normal range of 1.8 to 2.1.
Qualified RNA samples (5 puL) were used for reverse tran-
scription to synthesize first-strand cDNA, employing the
PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect
Real Time, TaKaRa). The resulting cDNA products were
stored at -80 °C for subsequent RT-qPCR detection.

RT-qPCR was conducted using the TB Green Premix
Ex Taq™ II (Tli RNaseH Plus) (TaKaRa) system. Each tis-
sue sample underwent triplicate runs to ensure robust-
ness and accuracy. Utilizing the reverse-transcribed
cDNA as a template, we assessed changes in the expres-
sion levels of immune-related genes in liver tissues after
MT and VC treatments.

Preparation of liver tissue homogenate and determination

of antioxidant enzymes

Liver tissue homogenate preparation and analysis

Liver tissue samples were retrieved from the —80 C
freezer and weighed, with 0.1 g of tissue blocks subse-
quently mixed with a pre-cooled 0.86% NaCl solution at

Table 1 Determination of VC content in feeds. Number of sample replicates n=3

Method Nominal VC content (mg/kg) Actual VC content (mg/kg) Standard deviation
N1 N2 N3 Average
lodometric method 0 8.8065 52839 8.8065 7.6323 2.00338
25 264195 21.1356 35.2260 27.5937 7.11821
50 52.8390 493164 61.6455 54.6003 6.35046
150 176.1300 140.9040 1585170 1585170 1761300
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Table 2 Sequences of primer pairs used in the RT-gPCR
Categorization Genes Primer sequence (5’-3') TM(C) GenBank
Housekeeping B-actin F: GCAGATGTGGATTAGCAAGCAG 57 XM_026211398.1
R: TTGAGTCGGCGTGAAGTGG 57
Immune TNF-a F: GCCATCCATTTAACAGGTGCAT 57 XM_026256406.1
R: GCTAATTTCAAGCCGCCTGAA 57
IL-8 F: TAGATCCACGCTGTCGCTG 57 XM_026266346.1
R: AGGGTGCTTTAGGGTCCAG 57
IFN-y F: GCACTTTTGCCTGGGAAGTAG 57 AY452069.1
R: CAGTAGGATATTCACTCGCATGG 57
TGF-B1 F: AATCACGCTTTATTTCCGAC 57 XM_026234919.1
R: TGTATCCACTTCCAGCCCAG 57
I-10 F: GCAACAGCACATCAACAGTCCT 57 XM_026275831
R: CTGGCGAACTCAAAGGGATT 57
Chemotactic X F: CGTTACGATGACTGATCCGAATA 57 XM_026271209
R: GCCTTTTTTTGTTGGAGGTGAT 57
Apoptosis Caspase-9 F: CAGGCGTAATCTAGTCAAGGCA 57 XM_026241892.1
R: GACAGAAGGAGACAGACGAGCAC 57
Growth IGF-1 F: CAAATCCGTCTCCTGTTCGCTA 57 XM_026232874
R: CCCTGGAAGAAATGACCGCTA 57

a ratio of 1: 9. The mixture was homogenized to obtain a
10% tissue homogenate using an automated sample rapid
grinding instrument (Jingxin, Shanghai, China). Follow-
ing homogenization, the samples were centrifuged at
3,000 rpm for 10-15 min to obtain the supernatant for
analysis. The 10% tissue homogenate was further diluted
to 1%, and the protein concentration was determined
using a BCA Protein Assay Kit (Boster Bio, Wuhan,
China). OD values were measured, and protein concen-
trations were calculated using a standard curve (with X
representing protein concentration in pug/ml and Y rep-
resenting the final OD., . value). The correlation coef-
ficient of the standard curve is R*=0.9988.

Measurement of antioxidant enzymes in C. auratus liver

The activities of MDA, SOD, and glutathione peroxi-
dase (GSH-PX) were measured using TBA, WAT-1, and
colorimetric assays, respectively. All assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute,
and the procedures were performed according to the
manufacturer’s instructions.

RNA-seq analysis and validation

RNA extraction and cDNA library construction

In this study, liver tissues from the control group (CT),
50 ng/L MT group (MT), and MT+25 mg/kg VC group
(MT+L) at 21 d were selected for RNA-seq analysis.
RNA extraction was performed using the TRIzol method,
and RNA quality was evaluated using a NanoDrop 2,000.
Eukaryotic mRNA with poly-A tails was enriched using
magnetic beads coupled to oligo(dT). Subsequently,
c¢DNA synthesis and library construction were carried
out. After PCR amplification and quantification, RNA

integrity was precisely evaluated using an Agilent 2,100
system. The RNA-seq library construction and sequenc-
ing were conducted by Gene denovo Biotechnology Co.,
Ltd. (Guangzhou, China), resulting in nine sequencing
libraries.

Screening and annotation of differentially expressed genes
(DEGs)

Initially, the raw reads underwent quality control pro-
cessing using fastp, which removed adapter sequences,
reads with an N ratio>10%, reads composed entirely
of A bases, and low-quality reads. This resulted in the
generation of high-quality clean reads. Subsequently,
HISAT2 (http://daehwankimlab.github.io/hisat2) was
used to align these reads to the reference genome (NCBI_
GCF_003368295.1) and calculate their genomic distribu-
tion. Transcripts were reconstructed using the Stringtie,
and gene expression levels for each sample were quanti-
fied using RSEM.

To ensure the reliability of subsequent analyses,
sequencing depth and gene/transcript length were nor-
malized to obtain fragments per kilobase million (FPKM)
values. Based on the expression levels of each sample, the
Pearson correlation coefficients between samples were
calculated to assess sample reproducibility. The correla-
tion heatmap was created using the R software. DEGs
were identified using DESeq2 with criteria of fold change
(FC)=1.8 and P<0.05, and enrichment analysis was per-
formed on these DEGs.

Validation of DGEs
To validate the RNA-seq results, eight DEGs were
selected for verification: proteasome non-ATPase
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regulatory subunit 6 (PSMD6), C-C motif chemokine
2 (CCL2), C-X-C motif chemokine 2 (CXCL), nuclear
factor erythroid 2-related factor 2 (NFE2L2), ferritin
(FTH), KEAPI, mannosyl-oligosaccharide 1 (MANI1A1I),
and bone morphogenetic protein receptor type-1B
(BMPRIB). Primers for these DEGs were designed using
the Primer Premier software for RT-qPCR validation. The
primers were synthesized by Sangon Biotech (Shanghai,
China). The primer sequences are listed in Table 3.

Enrichment analysis of gene ontology (GO) and Kyoto
encyclopedia of genes and genomes (KEGG)

Enrichment analysis of GO terms and KEGG pathways
were performed on the identified DEGs to identify key
genes associated with specific biological processes and
pathways. GO is an internationally standardized classi-
fication system for gene functions, including molecular
functions (MF), biological processes (BP), and cellular
components (CC). KEGG provides insights into the bio-
logical pathways involving these DEGs, ranging from
metabolic pathways to signaling pathways. These analy-
ses contributed to a comprehensive understanding of
the biological functions and regulatory mechanisms of
DEGs.

Data analysis

In this experiment, data analysis for RT-qPCR was
conducted using the 2-AAC method. All data were
expressed as meantSD. Statistical analysis was carried
out with IBM SPSS Statistics 24.0, employing one-way
analysis of variance (ANOVA) and the least significant

Table 3 DEGs primer sequence information
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difference (LSD) method to evaluate the significance of
differences. Statistical significance was defined as P<0.05
and is denoted by different lowercase letters. Graphs and
charts were generated using the GraphPad Prism 8.3.0
software.

Results

Effects of MT and various doses of VC on biological indices
in C. auratus

Carassius auratus were exposed to 50 ng/L MT and dif-
ferent doses of VC (25, 50, and 150 mg/kg) for 7, 14, and
21 d. With the increase in exposure duration, the mor-
phological indicators of the fish displayed varying degrees
of growth. For ease of reference, the groups are abbrevi-
ated as follows: control group (CT), 50 ng/L MT group
(MT), MT+25 mg/kg VC group (MT+L), MT+50 mg/
kg VC group (MT+M), and MT+150 mg/kg VC group
(MT +H), respectively.

After 7 d of exposure, the liver weight and HSI of the
MT+M group significantly increased. When the expo-
sure time was extended to 14 d, the body lengths of
the MT group and MT+H groups showed a significant
increase. Additionally, liver weight and HSI of the MT
group significantly increased (Table 4).

Effects of MT and varied VC dosages on the histology of
liver tissues in C. auratus

Histological examination of the paraffin sections revealed
significant changes in liver tissue morphology over time.
At 7 d, the liver cells in the CT group exhibited regu-
lar morphology with clear boundaries and a uniform

Genes Primer sequence (5’-3') TM(C) GenBank

PSMD6 F: GCTGAGAAGAACCAGGGAGAG 57 LOC113092087
R: AGCGATGACCAAGAGCAACG 57

ccL2 F: TGCTGTTGCTGTGTGTCTTGG 57 LOC113045414
R: GACCTGTCTGTTCTTCACCGTAG 57

CXCL F: ATGCTCTCTTTCGTTCTGCTGG 57 LOC113049114
R: AACTGTTTGGTTGTCCTTTTTGG 57

FABP2 F: GAAAGTGGACCGCAATGAAAA 57 LOC113084692
R: CAAAGTTGACGCCGAGAGTAAAG 57

FTH F: ATGTGGGGCAATGGACTGAT 57 LOC113047393
R: TGGAAAGGTTGGTGATGTGGT 57

POLR2E F: CAGAGGAGATGAAAGTGGGCA 57 LOC113112300
R: CAAAGACTGTTTAGCAGAGGGTGT 57

BMPR1B F: GTGAAGCAGATCGGGAAGGG 57 LOC113069268
R: GCGTGGTGGATTTGAGGTAGT 57

MANTAT F:TTTTCTTCCGCTCGTCCTCG 57 LOC113079829
R: ATCCTTTCCCCTGTCCGTTTA 57

NFE2L2 F: CACAGGACCCAAACTACAGCC 57 XM_026272638.1
R: CATCAGGGACGAGAGGACCAC 57

KEAP1 F: CCTCTACACATCACAACAGCGT 57 XM_026290136
R: CCAACCACATACAGACTTCCCC 57
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Table 4 Changes in morphological indices and HSI of C. Auratus. Multiple treatment groups were established for this experiment. All
data are presented as mean = SD. Values without letters or with the same letters in the same column indicate no significant difference
(P<0.05). Lowercase letters indicate statistically significant differences

Exposure time Groups Body length (cm) Body weight (g) Liver weight (g) HSI (%)

7d cT 735+062% 106091 +2.9355 0.520+0.166° 0.049+0.009°
MT 7364048 11.6174+22283 0.621+0235% 0.052+0.017%
MT +L 7.15+0.83° 10.1202+4.4232 0467+0201° 0.046+0.015"
MT+M 723+042% 11.2075+2.1715 0.710+0.248° 0.062+0.017°
MT+H 758+081° 11.9875+3.8844 0.502+0.286° 0.041+0.023°

14d cT 7.20+032° 106775420173 0498+0.168° 0.047+0.012"
MT 7.82+0.79° 12.5721+3.1796 0.675+0.171° 0.055+0.012°
MT+L 7.38+0.96% 11.6200+2.8235 0.607 £0.150% 0.053+0011%
MT+M 7.20+0.71° 10.9940 +4.7008 0.602+0.264% 0.052+0.013%¢
MT+H 7.80+0.75° 12.1545+35755 0.544+0.143° 0.046+0.008°

21d cT 7.83+091 12.1659+4.0102 0.658+0.301 0.054+0.019 %
MT 8.06+0.93 13.3559+4.1637 0.666+0.263 0.050+0.010 %
MT+L 7714062 11.6809+2.7873 0.621+0.287 0.052+0.015 %
MT+M 7.83+063 12,6908 +2.9007 0.737+0.180 0.058+0.008 *
MT+H 7.80+0.87 12.3682+3.8897 0.601+0.271 0.048+0.011°

arrangement. In contrast, the MT group exhibited signs
of karyolysis, pyknosis, and fatty degeneration in the liver.
The MT +L group displayed initial signs of liver cell nor-
malization, although nuclear pyknosis was evident. The
liver tissue structure and cell morphology in the MT+M
group appeared largely normal, with a notable decrease
in fatty degeneration. Conversely, the MT+H group
exhibited a disorganized liver cell structure, irregular
cell morphology, and unclear boundaries, accompanied
by signs of karyolysis. By 14 d, the MT group displayed
severe fatty degeneration of the liver, with nuclear pyk-
nosis and karyolysis. The MT +L group showed reduced
fat degeneration, whereas the MT+M group had mostly
normal cell structures, albeit with some instances of
nuclear pyknosis. The MT+H group experienced sig-
nificant structural damage to the liver cells, severe fatty
degeneration, and pronounced karyolysis. At 21 d, the
MT group presented with severe liver fatty degenera-
tion and marked nuclear pyknosis. In contrast, liver cell
morphology in the MT+L and MT+M groups gradually
improved, with a reduction in nuclear pyknosis and kary-
olysis. However, the MT+H group continued to show
significant liver cell morphological damage and nuclear
pyknosis (Fig. 1).

Effects of MT and varied VC dosages on the expression of
immune-related genes in C. auratus

Significant alterations in the expression of immune-
related genes were observed in liver tissues. At 7 d, com-
pared to the CT group, the MT group, MT+M group,
and MT+H group all exhibited significantly decreased
TNF-a mRNA expression, along with a significant reduc-
tion in /L-8 mRNA expression across all treatment
groups. Upon extending the exposure to 14 d, the TNF-a

and IL-8 mRNA expression levels significantly increased
in the MT+L and MT +M groups, whereas INF-y mRNA
expression significantly decreased in all treatment
groups. At 21 d, IL-8 mRNA expression significantly
decreased in all treatment groups, whereas INF-y mRNA
expression significantly increased in the MT+L group
(Fig. 2A-C). Regarding anti-inflammatory cytokines, on
7 d, IL-10 mRNA expression was significantly reduced
in the MT group compared to the CT group, while
TGF-fI mRNA expression significantly decreased in
the MT+L, MT+M, and MT+H groups. By 14 d, IL-10
mRNA expression significantly decreased in the MT+H
group, whereas TGF-f1 mRNA expression significantly
increased in the MT, MT+L, and MT+H groups. At 21
d, IL-10 mRNA expression significantly decreased in the
MT+L and MT+M groups, whereas TGF-f1 mRNA
expression significantly increased in the MT+M group
(Fig. 2D-E). In terms of chemotactic factors, at 7 d, CXC
mRNA expression was significantly higher in the MT+H
group than in the CT group. By 14 d, CXC mRNA
expression was significantly increased in the MT +L and
MT+M groups. However, at 21 d, CXC mRNA expres-
sion was significantly increased in the MT+L group
(Fig. 2F). Regarding apoptosis-related genes, at 7 d, Cas-
pase-9 mRNA expression significantly decreased in the
MT and MT+H groups compared to the CT group. By
14.d, Caspase-9 mRNA expression significantly increased
in the MT+L group, but significantly decreased in the
MT+H group (Fig. 2G). Regarding growth factors, at 7
d, all treatment groups exhibited a significant decrease
in IGF-I mRNA expression compared to the CT group.
However, by 14 d, IGF-I mRNA expression significantly
increased in the MT+L, MT+M, and MT +H groups. By
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Fig. 1 Histological changes in the liver tissue of C. auratus exposed to MT and varied doses of VC (H & E staining, scale bar =50 um). Column CT represents
the control group; Column MT represents the 50 ng/L MT group; Column MT +L represents the MT+25 mg/kg VC group; Column MT +M represents the
MT+50 mg/kg VC group; and Column MT +H represents the MT + 150 mg/kg VC group. KL stands for karyolysis, PN stands for nuclear pyknosis, and FDL

stands for fatty degeneration of the liver

21 d, IGF-I mRNA expression significantly increased in
the MT +L and MT +H groups (Fig. 2H).

Effects of MT and varied VC dosages on the antioxidant
capacity of C. auratus

At 14 d, SOD activity was significantly higher in the
MT +H group than in the CT group, followed by a nota-
ble increase in SOD activity in both the MT and MT+H
groups at 21 d (Fig. 3A). At 7 d, compared to the CT
group, MDA content significantly increased in the MT
group, whereas it markedly decreased in the MT+M
and MT+H groups. After 14 d, the MDA content sig-
nificantly decreased in the MT +L group but significantly
increased in the MT+H group. Extending the exposure
time to 21 d resulted in a significant decrease in MDA
content in all treatment groups (Fig. 3B). At 7 d, com-
pared to the CT group, GSH-PX activity significantly
increased in the MT+L, MT+M, and MT +H groups. By
14-and 21 d, GSH-PX activity significantly increased in all
treatment groups (Fig. 3C).

RNA-seq analysis of MT and VC effects on C. auratus liver
Quality control analysis of sequencing data

Using the Illumina HiSeq platform, we obtained
377,840,856 raw reads from the nine liver samples. After
filtering out low-quality sequences, 376,703,854 clean
reads were acquired (Table 5), with an average GC con-
tent of 47.80%. The de novo assembly of these clean
reads resulted in the identification of 55,973 transcript
sequences. To assess the correlation between samples

from the CT, MT, and MT+L groups, we performed a
Pearson correlation coefficient analysis and generated
a heatmap to display the correlations. The results indi-
cated correlation coefficients exceeding 0.86, signifying a
high degree of similarity among samples (Fig. 4A), which
attests to the high accuracy of the RNA-seq data.

Using DESeq?2 R software, we conducted a significance
analysis on 20,215 identified genes, setting thresholds
of P<0.05 and FC>1.8. Our analysis revealed that 1,360
genes were significantly altered in the MT group, com-
prising 595 upregulated and 765 downregulated genes.
In the MT+L group, 3,813 genes exhibited significant
changes, including 3,123 upregulated and 690 downregu-
lated genes (Fig. 4B). A Venn diagram was used to discern
common and unique genes among groups. The results
identified 14,393 common genes, whereas the CT, MT,
and MT+L groups contained 618,497, and 2,522 unique
genes, respectively (Fig. 4C). Finally, we performed a
heatmap analysis targeting DEGs in the hepatocellular
carcinoma pathway to illustrate the expression patterns
of these genes under various treatment conditions and
the clustering patterns among the samples (Fig. 4D).

GO and KEGG enrichment analysis

For GO and KEGG enrichment analyses, we mapped the
transcripts of the DEGs in the hepatocellular carcinoma
pathway to the GO database. This enabled us to assess
the potential functions of the significant DEGs at the
transcriptional level following MT and VC treatments,
both individually and in combination. The identified and



Page 8 of 17

(2024) 25:1068

Li et al. BMC Genomics

= CT

)

== CT

(A)

ST - .
Bt W. _H W o
= = =2
o
LI O A R
T T T
L] (o] —
(1013u03 03 dAPE[II)
uo1ssa.adxa yNYw g-77 ui aduey)
2
¥
= £
= =
T T T T T 1
w - Lag] (o] — =l

(J0u0d 0) dADE[AI)
uorssaadxa yNyw »-fA L ul 3Suey)

21d

14d

7d

21d

14d

7d

mm CT

== CT
s MT

== MT

(D)

(O]

~

= MT+L

== MT+L

e MT+HM

T T 1
= | = =
~ S
(101)u0d 0) dANEB[AI)
uorssaadxa yNyw g7-77 ur 38uey)

s MT+M

ab

I T T
o« (] -

(1013403 03 dANR[I)
uorssaadxa yNyw d-JA/7 ul d3uey)

21d

14d

7d

21d

14d

7d

== CT

(F)

== CT

(E)

e MT

s MT

= MT+L

T
-+
(1013u0) 0) dAR[AT)
uoissaadxa yNyw )X ul d3uey)

= MT+L

3

(10)U0d 0) dADR[IX)
uoissaxdxa yNyw jg-70 [ ul dguey)

== CT

z

== CT

G)

s MT

e MT

ab
be
21d

ab
be

14d

be

= MT+L
7d

e MT+M
s MT+H

5
4
3
2

(Jo3u0d 0) dADEB[AY)
uoissaadxa v f-.70f ui d8uey)

21d

14d

7d

= MT+L
s MT+M

2.5

m. n < \n W.

o — — > >
(1013U0d 0) dADB[AI)

uoissdadxa yNyw gaspdsp) ui aguey)

Fig. 2 Effects of MT and various doses of VC on the expression of TNF-a (A), I-8 (B), INF-y (C), IL-10 (D), TGF-B1 (E), CXC (F), Caspase-9 (G), and IGF-I (H) in

the liver of C. auratus



Li et al. BMC Genomics

(2024) 25:1068

(63
MT
*) P MT+L
80—
MT+M
°
:.560‘ = MTH+H
E a
§ b ab T
z 40 %— ab
z b
5 T
<
a 20+
=)
w
0
7d 14d 21d
©) cT
1400 L2
1200 = MTL
1000 MM
g0\ ™= MT+H

GSH-PX activity / (U)

Page 9 of 17

MT

(B) = MT4L

w
T

MT+M

a
-

a = MT+H
e

= = N
= n >
1 | |
o
o

(<]

MDA activity / (nmol/mgprot)
S
n
1
1

e
=

7d 14d 21d

a

7d

800 a b
600— b <
b =&

400 y

$ e .-
200 2

0_
14d

a
b
2.
c
-
g- LI
21d

Fig. 3 Effects of MT and varied VC dosages on SOD, MDA, and GSH-PX in the liver of C. auratus

Table 5 Summary of the transcriptome of C. Auratus. Q30: percentage of nucleotides with a quality value > 30 in reads (the error rate is
less than 0.1%); the higher the value, the better the sequencing quality

Sample Raw reads Raw data (bp) Clean reads Clean data (bp) Clean reads rate (%) Clean q30 bases rate (%)
Control-1 45,798,676 6,869,801,400 45,679,128 6,803,813,721 99.74 93.19
Control-2 41,286,262 6,192,939,300 41,146,982 6,118,859,803 99.66 9361
Control-3 40,918,104 6,137,715,600 40,781,446 6,061,170,131 99.67 93.03
MT-1 42,402,342 6,360,351,300 42,282,380 6,292,071,838 99.72 9333
MT-2 37,744,756 5,661,713,400 37,627,180 5,608,363,353 99.69 93.11
MT-3 43,856,836 6,578,525,400 43,720,126 6,500,707,401 99.69 93.19
MT+L-1 39,290,826 5,893,623,900 39,173,172 5,834,589,326 99.70 93.23
MT+L-2 43,793,304 6,568,995,600 43,684,938 6,515,049,724 99.75 93.39
MT+L-3 42,749,750 6,412,462,500 42,608,502 6,351,720,750 99.67 93.12

predicted transcripts were categorized into three groups:
those involved in BP, cellular CC, and MF. Within the C.
auratus transcriptome, GO functional enrichment analy-
sis revealed that 169 genes were implicated in BP, 45 were
associated with CC, and 29 were linked to MF. Specifi-
cally, BP encompasses cellular processes, single-organism
processes, and the regulation of biological processes. CC
include binding, catalytic activity, nucleic acid-binding
transcription factor activity, and molecular function reg-
ulators. The MF involves cells, cell parts, organelles, and
extracellular regions (Fig. 5A). KEGG analysis showed

that the DEGs were significantly enriched in various
cancer-related pathways. Furthermore, they were notably
enriched in the mTOR, MAPK, and Wnt signaling path-
ways (Fig. 5B).

Enrichment trend analysis

The findings demonstrated that 45 target DEGs were
categorized into 8 distinct gene expression patterns
(Fig. 6A). Among these, 10 target DEGs were found in
profiles 0 and 7, and 12 target DEGs were found in profile
4. Notably, in profile 4, genes FZD7-A, WNT8A, GSTOl,
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GADD45A, MYCN, and E2F2 exhibited downward
trends in the MT group. Conversely, these genes were
upregulated in the MT +L group (Fig. 6B).

Validation of DEGs

To corroborate the RNA-seq findings, we selected eight
DEGs for RT-qPCR analysis. As depicted in Fig. 7, despite
minor discrepancies between the RT-qPCR results and
RNA-seq data, the overall trends were consistent. This
consistency underscores the reliability of the RNA-seq
data.

Discussion

Effects of VC on mitigating MT-induced histological
changes in the liver of C. auratus

Studies have demonstrated that androgens, such as ste-
roid hormones, primarily influence the reproductive sys-
tem development. However, they are also associated with
hepatotoxicity and adverse effects on the immune system
[40]. Conversely, VC prevents DNA mutations, inflam-
mation, and apoptosis. In clinical trials, high-dose intra-
venous VC has been widely used to treat various cancers,
including glioblastoma, ovarian cancer, prostate cancer,
lung cancer, and rectal cancer, demonstrating good tol-
erance and minimal side effects [41, 42]. As a feed addi-
tive, VC enhances immunity and antioxidant capacity

[43, 44]. In this study, we found that MT treatment led
to structural damage and fatty degeneration of hepato-
cytes. However, the addition of 25-50 mg/kg of VC alle-
viated the adverse effects of MT on C. auratus. Notably,
150 mg/kg VC failed to mitigate MT-induced liver dam-
age and exacerbated fatty degeneration and nuclear pyk-
nosis. Furthermore, the addition of 50 mg/L VC to water
can alleviate stress responses and liver and kidney dam-
age in Scophthalmus maximus under acute cold stress
[45]. In addition, VC improved the growth, feed utiliza-
tion, survival rate, immunity, and antioxidant capacity of
juvenile Procambarus clarkii. Specifically, 360.45 mg/kg
VC significantly enhanced the antioxidant capacity of the
hepatopancreas, whereas 487.50 mg/kg VC caused mild
degenerative changes and nuclear enlargement in hepa-
topancreas cells [46]. This discrepancy may be due to
varying species-specific requirements for dietary VC.

The inhibitory effect of MT on immune-related genes is
alleviated by VC

In our study, the MT-treated group exhibited a signifi-
cant increase in TGF-$1 mRNA expression at 14 d, indi-
cating an immunosuppressive effect. At 7 d, TNF-a, IL-8,
and TGF-fI mRNA expression in the MT+L, MT+M,
and MT+H groups exhibited varying degrees of reduc-
tion. Moreover, peripheral blood lymphocytes incubated
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with VC can inhibit the synthesis of pro-inflammatory
cytokines TNF-a and IFN-y under lipopolysaccharide
stimulation, thereby reducing inflammation [47]. How-
ever, when the exposure time was extended to 14 d, TNF-
a and /L-8 mRNA expression significantly increased in
the MT+L and MT+M groups, whereas TGF-f1 mRNA
expression significantly increased in the MT+L and
MT+H groups. This phenomenon appears contradic-
tory to the expected anti-inflammatory effect, as TNF-a
and IL-8 are typically considered pro-inflammatory
cytokines, and their increase is usually associated with
an exacerbation of inflammation. We speculate that the
increase under the combined action of VC and MT may
be a part of the cellular phagocytosis and clearance pro-
cess rather than an exacerbation of inflammation [48, 49].

Chemokines, which are crucial cytokines in biologi-
cal processes such as immune responses, inflammation,
angiogenesis, and tumor metastasis, play key roles [50].
In our study, at 14 d, CXC mRNA expression significantly
increased in the MT+L and MT+M groups. When the
exposure time was extended to 21 d, CXC mRNA expres-
sion in the MT +L group remained significantly elevated.
Research suggests that VC enhances the chemotaxis of
neutrophils, protecting them from ROS damage and
maintaining the immune barrier [51]. Therefore, we spec-
ulated that VC may affect the expression of CXC mRNA
by enhancing the function of neutrophils, thereby regu-
lating the inflammatory process.

Growth hormone plays various essential roles in the
body, such as promoting fat breakdown, increasing pro-
tein synthesis, and regulating the sensitivity of the liver
and muscles to insulin and glucose uptake [52]. Fur-
thermore, the decrease in serum IGF-I in patients with
non-alcoholic fatty liver disease is correlated with the

severity of inflammation, hepatocyte ballooning [53], and
fibrosis [54]. Treatment with a subcutaneous injection of
IGF-I alleviated the lesions of non-alcoholic steatohepa-
titis [55]. In the present study, we monitored the expres-
sion of growth factors. At 7 d, IGF-I mRNA expression
in all treatment groups significantly decreased, possi-
bly because of the combined effects of the initial stress
response, physiological adaptation, and MT. However,
at 14 and 21 d, IGF-I mRNA expression in the MT+L,
MT+M, and MT+H groups significantly increased.
Additionally, VC supplementation can promote the
expression of IGF-I, MTOR, and RPS6KBIA mRNA,
thereby enhancing skeletal muscle growth in Piaractus
mesopotamicus [56] Thus, we speculated that VC may
promote the restoration and activation of the growth fac-
tor signaling pathway.

Regulation of antioxidant enzymes and related signaling
pathways by VC

Oxidative stress, characterized by an elevation in intra-
cellular ROS levels [57], triggers biological responses
that can result in damage to vital biomolecules, such
as DNA, proteins, and membranes [58]. VC has been
shown to alleviate oxidative stress by increasing the activ-
ity of intracellular antioxidant enzymes, such as SOD,
thereby significantly reducing the levels of ROS free
radicals and improving the oxidative stress status [59,
60]. In our study, significantly increased GSH-PX activ-
ity was observed in the liver tissues of C. auratus in the
MT+L, MT+M, and MT+H groups, indicating that VC
enhanced the resistance of fish to oxidative stress. Treat-
ment with 100 pg/L VC mitigated oxidative stress and
behavioral disorders caused by deltamethrin and lead
poisoning in Danio rerio, reducing lipid peroxidation
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levels, regulating SOD and GSH-PX activity, and partially
restoring acetylcholinesterase activity [24]. However,
SOD and MDA levels were significantly elevated in the
MT +H group at 14 d. While moderate supplementation
of VC can enhance antioxidant enzyme activity, excessive
VC may impair these systems. For instance, in Takifugu
rubripes, SOD activity increased in a dose-dependent
manner with rising VC levels but did not improve non-
specific immune response when VC exceeded 160 mg/
kg [61]. In Rachycentron canadum, high doses of VC
(386.5 mg/kg) led to a decrease in lysozyme activity, a key
indicator of innate immunity, without any enhancement
of immune response [62]. Similar results were observed
in Ictalurus punctatus [63] and Salmo salar [64]. There-
fore, we speculate that the increase in SOD activity in the
MT +H group may be a compensatory response to oxida-
tive damage caused by elevated ROS levels. The signifi-
cant increase in MDA levels suggests that the antioxidant
system may be compromised under high VC exposure,
and this oxidative imbalance could exacerbate cellular
damage as high doses of VC fail to provide further pro-
tective effects.

To further investigate the impact of VC on oxidative
stress and its potential mechanisms in cellular biology
and health, we selected liver tissues of C. auratus from
the CT, MT, and MT+L groups exposed for 21 d for
RNA-seq analysis. We found that DEGs were significantly
enriched not only in various cancer-related pathways
but also in the mTOR, MAPK, and Wnt signaling path-
ways. In the MT treatment group, several genes associ-
ated with the mTOR pathway, such as PTEN and PIK3R1,
were significantly downregulated. PTEN, as a tumor sup-
pressor gene, negatively regulates the PI3K/AKT/mTOR
pathway [65], whereas PIK3R1, a regulatory subunit of
phosphoinositide 3-kinase (PI3K), plays a role in signal-
ing for cell proliferation and survival [66]. The downregu-
lation of these genes could lead to weakened cell growth
and survival capacity, triggering apoptosis and oxidative
stress. Conversely, VC reactivates the mTOR signaling
pathway by upregulating genes related to cell prolifera-
tion and survival, such as PIK3RI and AKT3. This acti-
vation helps promote cell growth, proliferation, and
metabolism [66, 67], countering the inhibitory effects of
MT. In the MAPK pathway, MT treatment resulted in the
downregulation of PDGFA and IGF2, potentially impair-
ing cell proliferation and repair mechanisms, thereby
leading to apoptosis and oxidative stress [68, 69]. In con-
trast, VC enhances cell proliferation and repair capacity
by upregulating genes such as /GF2 and MK2. Activation
of the MAPK pathway enables cells to adapt to external
stressors, such as oxidative stress and inflammation [70].
Studies have shown that 500 mg/kg of VC can reduce
apoptosis and inflammation while enhancing autophagy
through the regulation of the MAPK, PI3K/AKT/mTOR,
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and NF-«B signaling pathways [71]. In the Wnt signaling
pathway, the upregulation of WNT8A in the VC treat-
ment group suggests that VC may activate this pathway,
promoting cell repair and regeneration [72]. Trend analy-
sis revealed that MT treatment led to the downregula-
tion of genes, such as WNT8A, GADD45A, and GSTOI,
whereas supplementation with 25 mg/kg VC resulted
in the upregulation of these genes. Upregulation of
GADD45A expression is associated with the DNA dam-
age response, potentially causing G2/M cell cycle arrest
and apoptosis [73]. GSTOI is involved in antioxidant
defenses, aiding in the removal of ROS and other harm-
ful oxidative products. Thereby enhancing the antioxi-
dant stress response capability of cells [74]. Furthermore,
NREF2 is a transcription factor that can be directly or indi-
rectly activated by ROS. Once activated, NRF2 dissoci-
ates from KEAPI, enters the nucleus, and binds to AREs
to initiate the transcription of a series of antioxidant
stress genes [75, 76]. In addition, VC alleviates oxidative
stress via the NRF2/NQO1/HO-1 pathway [77]. Supple-
menting 50—100 umol/L VC to Ctenopharyngodon Idella
exposed to cadmium (Cd) environments can increase the
expression of antioxidant responses and immune-related
genes, thereby alleviating Cd-induced immune toxicity in
renal cells [78]. Furthermore, a lack of VC can lead to an
increase in metabolites in the purine nucleotide cycle and
MDA levels in D. rerio, resulting in oxidative stress [79].

Conclusions

This study demonstrates that the addition of 25-50 mg/
kg of VC significantly alleviates the suppressive effects of
MT on the expression of liver immune-related genes in C.
auratus, thereby reducing hepatic damage. 25 mg/kg of
VC can restore the expression levels of pivotal genes such
as WNT8A, GADD45A, and GSTO1 in the liver following
MT treatment. VC mitigates MT-induced inflammation,
oxidative stress, and immunotoxicity by activating the
mTOR, MAPK, and Wnt signaling pathways, and it may
also enhance the body’s antioxidant capacity through the
indirect modulation of the NRF2 signaling pathway. This
study provides a theoretical basis for the application of
VC as a feed additive in aquaculture, suggesting its use
in practical farming to improve fish health and enhance
aquaculture benefits. Future research could explore the
effects of VC on other aquatic organisms and its mecha-
nisms under different environmental conditions.
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