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microbiota imbalance and
consequent activation of the
gut-liver axis leading to liver
injury and inflammation response
in largemouth bass

(Micropterus salmoides)
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Zhiwen Yang, Pan Zhou, Xiaofei Yang, Xinyue Liu,
Xinhong Zhou and Yachao Wang*

College of Life Science and Engineering, Southwest University of Science and Technology, Mianyang,
Sichuan, China

Introduction: In recent years, cadmium pollution has increasingly serious
impacts on aquatic environments, directly threatening the health and growth
of freshwater fish and causing significant economic losses to the aquaculture
industry. However, there is limited research on the effects of cadmium on the
gut-liver axis and hepatotoxicity in freshwater fish. Therefore, this study
investigated the potential toxic effects of cadmium induction through the gut-
liver axis on largemouth bass.

Methods: This experiment was divided into four groups, each with different
concentrations of cadmium solution added to the water (0.00 mg/L, 1.024 mg/L,
1.537 mg/L, 2.306 mg/L), with three replicates per group, and a feeding period of
42 days.

Results and discussion: The research findings indicate a significant decline in the
growth performance of largemouth bass under cadmium stress (P<0.05).
Cadmium-induced oxidative stress inhibited the activity of antioxidant
enzymes, activated the Nrf2-Keapl antioxidant pathway, resulting in increased
levels of MDA and ROS, and decreased activities of CAT, GSH-PX, and SOD
antioxidant enzymes, as well as related gene expressions (P<0.05). Additionally,
cadmium down-regulated the expression of IL-10 and up-regulated the
expression of [L-15, IL-8, IL-1B, TNF-o, and MT, indicating an inflammatory
response in the liver (P<0.05). Tissue section observations after cadmium stress
revealed hepatocyte nuclear condensation, cell degeneration, necrosis, and
vacuolization, as well as shortened intestinal villi and intestinal epithelial cell
metaplasia. Furthermore, cadmium down-regulated the expression of intestinal
barrier-related proteins ZO-1 and Occludin (P<0.05), reducing intestinal
microbial diversity. Correlation analysis revealed a close relationship between
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intestinal microbiota and hepatic immune factors. In summary, cadmium stress
can disrupt the intestinal barrier, alter the structure of intestinal microbiota, and
the gut-liver axis may potentially play a role in the toxicity of intestinal microbiota

and liver.

KEYWORDS

cadmium, largemouth bass, gut-liver axis, intestinal microbiota, inflammatory
response, hepatotoxicity

1 Introduction

Largemouth bass, originating from North America and
introduced to China in 1983, has become one of the important
freshwater economic fishes (Junjie and Shengjie, 2019; Andersen et
al., 2021). Largemouth bass is a carnivorous fish characterized by a
fast growth rate, tasty meat, and rich nutrition (He et al., 2022; Hou
et al., 2023). However, with the rapid development of industries,
wastewater generated directly or indirectly from anthropogenic,
industrial, and agricultural activities can flow into the surrounding
waters, resulting in cadmium ions in the water exceeding safety
standards (Khan et al., 2023). Cadmium ion content has exceeded 1
mg/L in some areas, and cadmium pollution has become a major
environmental problem (Qi et al, 2023; Zhang et al., 2023).
Cadmium ions in water pose a serious threat to the healthy
farming of freshwater fish (Vinanthi Rajalakshmi et al., 2023).

In recent years, numerous scholars have delved into the toxic
effects of cadmium on the liver and intestinal tract of aquatic
animals. The liver emerges as the primary target organ for
cadmium toxicity, inducing tissue damage primarily through
mechanisms involving inflammation and oxidative stress (Cui
et al., 2021). The liver effectively utilizes the active sites of
antioxidant enzymes [such as catalase (CAT), glutathione
peroxidase (GSH-PX), and superoxide dismutase (SOD)] to
displace divalent cations, thereby disrupting cellular redox
homeostasis and causing an imbalance in ROS generation (Li
et al,, 2023). Within hepatocytes, cadmium forms complexes with
small peptides and proteins, including glutathione (GSH) or
metallothionein (MT), via sulfhydryl groups (Dai et al., 2020).
Cadmium largely instigates pathological changes in liver tissues,
such as the loss of the normal structure of parenchymal tissues,
cytoplasmic vacuolization, cellular degeneration, and vascular
congestion (Bas et al, 2021). Research has demonstrated that
cadmium induces cellular inflammation in animals and
modulates the expression levels of pro-inflammatory and anti-
inflammatory factors (Sivaprakasam and Nachiappan, 2016).
Meanwhile, cadmium can harm intestinal tissues, increase
intestinal permeability, and inhibit the expression of intestinal
epithelial tight junction proteins like Occludin and ZO-1 (Meng
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etal, 2018; He et al,, 2020). Heavy metals may impact the intestinal
flora, reducing its diversity and leading to an imbalance in the
intestinal microbiota (Liu et al., 2023). Furthermore, the disruption
of homeostasis in the intestinal environment further facilitates the
entry of inflammatory factors into the liver via the gut-liver
circulation through the portal vein, resulting in liver damage
(Chen et al., 2021). However, research in this area is still nascent
in aquatic animals, and whether heavy metals affect the intestinal
flora of fish and what their adverse effects are on the organism
remain largely unknown, necessitating further study.

The aim of this study is to explore the mechanisms underlying
cadmium-induced intestinal and hepatic damage in largemouth
bass, as well as its impact on the intestinal microbiota, to better
understand the potential mechanisms of cadmium-induced liver
and intestinal toxicity in largemouth bass and to provide necessary
theoretical foundations.

2 Materials and methods
2.1 Fish and chemicals

The fish were purchased from Meishan, Sichuan, China, with an
average weight of approximately 8 g. Prior to the commencement of
the experiment, the fish underwent a 2-week acclimatization period
during which they were fed twice daily at 9:00 a.m. and 5:00 p.m.,
with each feeding not exceeding 3%-5% of their body weight. The
chemical used in the experiment was CdCl,x2.5H,0, sourced from
Chengdu Cologne Chemical Company Limited, China.
CdCl,x2.5H,0 was dissolved in distilled water to prepare a stock
solution, which was further diluted into working solutions of
various concentrations by adding distilled water.

2.2 Experimental design and treatment

In the pre-experimental phase, the 96-h median lethal
concentration (LCsy) of CdClx2.5H,0 for largemouth bass was
determined to be 23.057 mg/L. Largemouth bass were subjected to a
24-h fasting period prior to the formal experiment. A total of 360
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uniformly sized fish were randomly allocated into 12 tanks, with each
tank containing 30 fish. For the formal experiment, concentrations
were based on a 1.5-fold isocratic gradient relative to the 96-h LCs,
with the highest concentration being set at 1/10 of the LCs. Four
treatment groups were established: control (0.00 mg/L), Cd1 (1.024
mg/L), Cd2 (1.537 mg/L), and Cd3 (2.306 mg/L), each with three
replicates. The experimental duration spanned 42 days, during which
fish were fed twice daily at 9:00 am. and 5:00 p.m., ensuring no
residual feed remained in the water after feeding. Water parameters
were maintained within optimal ranges, with a temperature of 26°C +
0.5°C, dissolved oxygen levels exceeding 5 mg/L, and pH maintained
at 7.0 £ 0.5.

2.3 Sample collection

At the end of the experiment, fasting was performed for 24 h,
followed by anesthesia using 130 mg/L of MS-222 (Topic Popovic
et al, 2012). The weight and length of the fish were determined
using electronic scales and vernier calipers and weighed after
dissection, and the weights of the viscera and liver were recorded.
The liver and intestines of 10 fish were collected and preserved in
4% paraformaldehyde for the preparation of tissue sections, while
the remaining samples were preserved at —80°C.

2.4 Determination of growth performance

The growth performance indicators relevant to this study were
calculated using the following formula:

Weight gain rate (WGR, %)
=100 x (final body weight

— initial body weight) /initial body weight

Specific growth rate (SGR, % /d)
=100 x (Ln (final body weight)

— Ln (initial body weight)) /number of days

Survival rate (SR, % ) = 100 x (final quantity/initial quantity)

Feed conversion ratio (FCR)

= (feed dry weight, g) /(final body weight — initial body weight, g)

Visceromotor index (VSI, % )

=100 x (viscera weight, g)/(whole body weight)

Hepatosomatic index (HSI, % )

=100 x (liver weight, g)/(whole body weight, g)
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Condition factor (CF, g/ cm?)

=100 x (body weight, g)/(body length, cm)?

2.5 Determination of liver
biochemical indices

2.5.1 Determination of antioxidant status

A 10% tissue homogenate (liver:saline = 1:9) was prepared and
centrifuged for 10 min to obtain the supernatant for further use.
The levels of SOD, CAT, GSH-PX, total antioxidant capacity (T-
AOQOC), and malondialdehyde (MDA) were assessed using kits from
Nanjing Jiancheng Biotechnology Research Institute, following the
protocols provided with the respective kits.

2.5.2 Fluorescent probe detection

The determination of reactive oxygen species (ROS) requires
the use of fresh tissue. After the suspension is prepared, it is
centrifuged at 2,000 r/min for 5 min, and the cell precipitate is
collected. The assay method refers to the instructions of the ROS
assay kit from Nanjing Jianjian Bioengineering Research Institute,
with product number E004-1-1. Meanwhile, a portion of the
suspension is taken for protein determination, and the results are
expressed as fluorescence intensity values per milligram of protein.
Due to the addition of the DCFH-DA fluorescence probe in the
samples, the operation process needs to be conducted in the dark.

2.5.3 Enzyme-linked immunosorbent assay

Using the ELISA assay kit (JI-ICHI, China) and employing the
double antibody sandwich method enzyme-linked immunosorbent
assay (ELISA), samples and different concentrations of standard
solutions were added to corresponding wells. After incubation at
37°C for 60 min, the wells were thoroughly washed five times.
Subsequently, the chromogenic substrate TMB was added. TMB is
converted into a blue color in the presence of peroxidase and then
into the final yellow color under acidic conditions. Finally, the
absorbance values of each well were measured at 450 nm, and the
concentration of HSP70 was calculated by plotting a standard curve.

2.6 Liver histologic analysis

The livers were sequentially dehydrated by anhydrous ethanol
at concentrations of 75%, 85%, 95%, 100% I, and 100% II,
transparent with xylene, and soaked in a 1:1 mixture of paraffin
and xylene for paraffin embedding (frozen overnight at —20°C).

2.7 Real-time PCR analysis
The total RNA extraction from liver and intestinal tissues was

conducted using RNAiso Plus reagent, following the extraction
protocol provided by TaKaRa (Code No. 9109). The concentration
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TABLE 1 Primer sequences used in this study.

10.3389/fmars.2024.1449091

Forward—sequence Reverse—sequence TM™ (°C)

(from 5’ to 3) (from 3’ to 5)
B-Actin AAAGGGAAATCGTGCGTGAC AAGGAAGGCTGGAAGAGGG 57.3
IL-10 CGGCACAGAAATCCCAGAGC CAGCAGGCTCACAAAATAAACATCT 59.5
TGF-B1 GCTCAAAGAGAGCGAGGATG TCCTCTACCATTCGCAATCC 57.5
IL-1B CGTGACTGACAGCAAAAAGAGG GATGCCCAGAGCCACAGTTC 59.5
IL-8 CGTTGAACAGACTGGGAGAGATG AGTGGGATGGCTTCATTATCTTGT 59.6
TNF-o. CTTCGTCTACAGCCAGGCATCG TTTGGCACACCGACCTCACC 614
IL-15 GTATGCTGCTTCTGTGCCTGG AGCGTCAGATTTCTCAATGGTGT 59.5
CAT GTTCCCGTCCTTCATCCACT CAGGCTCCAGAAGTCCCACA 58.7
SOD CTGACCTACGACTATGGTGC CGTCACATCTCCCTTCGCTA 583
GSH-PX CCCTGCAATCAGTTTGGACA TTGGTTCAAAGCCATTCCCT 55.5
Keapl CAGCATTACATGGCCGCATC CTTCTCTGGGTCGTAAGACTCC 58.5
Nrf2 CAGACAGTTCCTTTGCAGGC AGGGACAAAAGCTCCATCCA 57.5
MT CTGCTCATGCTGCCCATC TGCAGTTAGTCATTAGTTGTTCACAC 57.2
Occludin GATATGGTGGCAGCTACGGT TCCTACTGCGGACAGTGTTG 57.5
70-1 ATCTCAGCAGGGATTCGACG CTTTTGCGGTGGCGTTG 57.5

and purity of the total RNA were assessed using a NanoDrop ND-
2000 microspectrophotometer. First-strand cDNA synthesis was
carried out using a reverse transcription reagent (TaKaRa), and the
reverse transcription reaction was performed on a thermal cycler.
The resulting product was stored at —20°C upon completion of the
reaction. Real-time fluorescence quantitative PCR was employed to
measure the relative expression of liver-related genes in largemouth
bass. Relative expression levels were calculated using the 2744
method, normalized to P-actin. The primer sequences for

fluorescence quantitative PCR are listed in Table 1.

2.8 Analysis of the intestinal microbiota

The library was subjected to double-end sequencing (paired-
end) based on the Illumina NovaSeq sequencing platform. The

amount of sequencing data is 50,000 tags. While the total data
volume is satisfied, the data volume of each sample is not less than
90% of the target data volume. To study the species composition of
each treatment group, the OTU clustering was performed based on
the 97% sequence similarity principle.

2.9 Statistical analysis

The statistical analysis was conducted using SPSS 26.0 software,
and the data results were presented as mean * standard error of the
mean (mean = SEM). Prior to statistical analysis, normality and
variance homogeneity of the data were assessed. One-way ANOVA
and Tukey’s multiple comparisons were employed to evaluate
differences among treatment groups, with significance set at P<0.05.
Correlation analysis was performed using Spearman’s rank test, and
visualization images were created by using GraphPad Prism 9.5.

TABLE 2 Effect of cadmium stress on the growth performance of largemouth bass.

Items Control Cd1 Cd2 Cd3

WGR (%) 22059 + 7.64* 144.27 + 3.50° 139.04 + 4.03° 139.00 + 2.20°
SGR (%/d) 2.77 + 0.06* 2.13 + 0.04° 2.07 + 0.04" 2.08 + 0.02°
SR (%) 100.00 + 0.00° 80.00 + 3.85" 67.78 + 2.94° 5556 + 2.94¢
HIS (%) 0.85 + 0.02° 0.96 + 0.04° 1.10 £ 0.02° 1.27 + 0.04*
VSI (%) 224 +0.05° 1.65 + 0.05° 1.80 + 0.02° 234 +0.23°
FCR 0.30 + 0.02° 0.42 £ 0.01° 043 +0.01* 044 + 0.01°
CF (g/em®) 117 + 0.04° 1.31 +0.03° 1.24 + 0.06 111 + 0.02°

Different lowercase letters labeling the same value indicate significant differences (P< 0.05), and the same letter indicates non-significant differences (P > 0.05).
WGR, weight gain rate; SGR, special growth rate; SR, survival rate; HSI, hepatosomatic index; VSI, visceromotor index; FCR, feed conversion ratio; CF, condition factor.
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3 Results
3.1 Growth performance

The effects of cadmium on the growth performance of
largemouth bass are shown in Table 2. Compared with the
control group, WGR, SGR, and SR were significantly decreased
(P< 0.05). The SR of the Cd3 group was the lowest (P< 0.05).
The HSI and VSI of the Cd groups increased with the increase in
cadmium concentration, with the highest HSI and VSI in the Cd3
group (P< 0.05). Compared with the control group, FCR
significantly increased in the Cd groups (P< 0.05).

3.2 Liver antioxidant capacity

The influence of cadmium on the antioxidant capacity of
largemouth bass liver is presented in Table 3. With increasing
cadmium concentration (P< 0.05), the activities of MDA and ROS
in the Cd groups were significantly higher than those in the control
group. Furthermore, compared to the control group, the activities of
CAT, GSH-PX, and SOD were significantly lower, while there was
no significant difference in SOD activity among the Cd groups (P >

10.3389/fmars.2024.1449091

0.05). The T-AOC activity of the Cd groups was notably lower than
that of the control group, with the Cd3 group exhibiting the lowest
activity among the Cd groups (Table 3). These findings suggest that
cadmium reduces the activity of CAT, SOD, and GSH-PX while
promoting an increase in the concentration of MDA and ROS in the
liver of largemouth bass.

3.3 Effects of the Nrf2—Keap1 antioxidant
pathway on the liver

The effect of cadmium on the Nrf2-Keap1 pathway in the liver
is depicted in Figure 1. Relative to the control group, the expression
levels of the GPX, SOD, and CAT genes were significantly
downregulated in the Cd-exposed groups. Moreover, the
expression levels of GPX and CAT genes exhibited a decrease
with increasing Cd concentration, whereas the expression of the
SOD gene showed no significant difference in the Cd groups.
Overall, the activities of GPX, SOD, and CAT were markedly
lower compared to those in the control group, indicating that
cadmium can inhibit the activity of antioxidant enzymes (P<
0.05). Within the Nrf2-Keapl antioxidant pathway, the
expression level of Nrf2 decreased in the Cd groups, while the

TABLE 3 Effects of cadmium stress on liver antioxidant capacity of largemouth bass.

Items Control Cd1

MDA (nmol/mgprot) 0.49 + 0.05¢ 1.16 + 0.05°
CAT (U/mgprot) 2145 + 0.07* 20.85 + 0.13"
T-SOD (U/mgprot) 7179 + 0.61* 69.39 + 0.63"
GSH-PX (U/mgprot) 101.75 + 0.73" 99.18 + 0.73"
T-AOC (U/mgprot) 112 +0.04° 0.96 + 0.02°

ROS (DCF/mgprot) 313.72 + 1.00¢ 416.65 + 1.19°

Cd2 Cd3
1.59 + 0.05° 2.11 £ 0.10°
19.95 + 0.08¢ 17.96 + 0.09¢

70.28 + 0.50*° 70.37 + 0.47%°

91.82 + 0.86° 73.39 + 0.83¢
0.83 + 0.02° 0.23 + 0.01¢

690.47 + 2.01° 771.74 + 1.42°

Different lowercase letters labeling the same value indicate significant differences (P< 0.05), and the same letter indicates non-significant differences (P > 0.05).
MDA, malondialdehyde; CAT, catalase; T-SOD, total superoxide dismutase; GSH-PX, glutathione peroxidase; T-AOC, total antioxidant capacity; ROS, reactive oxygen species.
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FIGURE 1

The impact of cadmium stress on liver Nrf2—Keapl in largemouth bass. Lowercase letters with different numerical superscripts indicate statistically
significant differences (P< 0.05), while the same letters indicate no significant differences (P > 0.05). Nrf2, nuclear factor erythroid 2-related factor;

Keapl, kelch-like ECH-associated protein 1.
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FIGURE 2

Effects of cadmium stress on the liver and intestinal injury of largemouth bass. HE staining, magnification of 400 times, except (a). (A, a) Control;
(B, b) 1.024 mg/L; (C, c) 1.537mg/L; (D, d) 2.306 mg/L. N, nucleus; Hv, hepatocyte vacuolization; Hn, hepatocyte necrosis; Hd, hepatocyte
degeneration; Nc, nuclei condensation; Im, intestinal metaplasia; Gc, Goblet cell.
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(A—F) Effects of cadmium stress on liver inflammatory factors of largemouth bass larvae. Lowercase letters with different numerical superscripts in
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transforming growth factor-: IL-8, interleukin-8; IL-15, interleukin-15; IL-1B, interleukin-1b; TNF-a, tumor necrosis factor-o.
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expression level of Keapl increased (P< 0.05). These results suggest
that the Nrf2-Keapl antioxidant pathway may play a role in
regulating the antioxidant response under cadmium stress,
consistent with the trend observed in the antioxidant
capacity index.

3.4 Histopathology

To examine the impact of cadmium on the liver and intestine of
largemouth bass, tissue slices were stained with eosin. The liver cell
structure of the control group (Figure 2A) remained intact, while
that of the Cd groups exhibited lesions. Compared with the control
group, liver cells in Cdl (Figure 2B) showed hypertrophy,
karyopyknotic, and cell degeneration. The nucleus was displaced
toward the cell periphery, and the cytoplasm showed exfoliation
and vacuolization; however, the overall cell structure remained
relatively intact. Similar lesions were observed in both Cd2
(Figure 2C) and Cd3 (Figure 2D), but some liver cells in Cd2 and
Cd3 were necrotic with an incomplete cell structure. Liver cell
necrosis and cytoplasm shedding were more severe in Cd3 than in
Cd2 (Figure 2). In comparison to the intestinal tract of the control
group (Figure 2a), intestinal villi in the Cd groups appeared thicker
and shorter, with an incomplete villi structure indicating varying
degrees of damage, and intestinal metaplasia was especially evident
in Cd3 (Figure 2d).

3.5 Relative expression of hepatic
inflammatory factors

Cadmium stress induced an inflammatory response in
largemouth bass. As illustrated in Figure 3, the mRNA expression
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Effect of cadmium on intestinal barrier-related protein expression in
largemouth bass. Lowercase letters with different numerical
superscripts in peers indicate significant differences (P< 0.05), while
the same letters indicate no significant differences (P > 0.05).

of the anti-inflammatory factor IL-10 significantly decreased
compared to the control group (P< 0.05). Furthermore, the
relative expression levels of pro-inflammatory factors IL-8, IL-15,
IL-1B, TNF-0, and TGEF-B1 in the Cd3 group were significantly
higher than those in the control group (P< 0.05).

3.6 Relative expression of MT and HSP70
genes in the liver

As displayed in Figure 4, the levels of MT and HSP70 in the liver
significantly increased under cadmium stress compared to the
control group (P< 0.05). Spearman’s correlation analysis was
employed to confirm the relationship between MT and HSP70,
revealing a bilateral correlation coefficient of 0.862. MT levels were
found to increase with the rise of HSP70, indicating a significant
positive correlation between the two factors.

2.5

Spearman r=0.862
_| p<0.0001

0.5

0.0

T T T T 1
100 200 300 400
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(A—C) Expression levels of MT and HSP70. Lowercase letters with different numerical superscripts in peers indicate significant differences (P< 0.05),
while the same letters indicate no significant differences (P > 0.05). MT, metallothionein; HSP70, heat shock protein 70.
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(A-F) Effects of cadmium on intestinal microbial diversity (Venn diagram), a-diversity, and b-diversity of largemouth bass. the symbol * shows

significant differences among the groups (*P< 0.05, **P< 0.01, ***P< 0.001).

3.7 Intestinal barrier

As depicted in Figure 5, compared to the control group, the
expression levels of Occludin and ZO-1 in the Cd groups were
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FIGURE 7

significantly decreased. Specifically, the expression of Occludin
decreased with the increase of cadmium concentration, with the most
severe damage observed in the Cd3 group. However, there was no
significant difference in ZO-1 expression among the Cd groups (P< 0.05).
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Characteristics of microbial composition in the gut microflora of largemouth bass and identification of different species between groups. The top 10
abundant bacterial community composition and intergroup species differences at the phylum level (A) and genus level (B), respectively.
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3.8 Gut microorganism unique OTUs, the Cd2 group had 18 unique OTUs, and the Cd3
group had 925 unique OTUs (Figure 6A). o-Diversity serves as an
3.8.1 Analysis of intestinal microbial diversity indicator of microbial community richness and diversity within

In the experiment, a total of 2,018 operational taxonomic units each group. In this study, there was a significant difference in the
(OTUs) were identified across the four treatment groups. Among ~ Shannon index between the Cd2 and Cd3 groups in comparison to
these, the control group had 20 unique OTUs, the Cd1 group had 85  the control group. However, no significant differences were
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The correlation analysis of cadmium exposure on the intestinal microbiota and liver immune indexes of largemouth bass at the phylum level (A) and
genus level (B). Significant differences were observed among the groups (*P< 0.05, **P< 0.01, ***P< 0.001). In the figure, red indicates a positive
correlation, while green indicates a negative correlation. CAT-1 indicates enzyme activity, and CAT-2 indicates relative mRNA expression.

observed in the ACE and Chaol indices among the control group
and the Cd groups (Figures 6B-E). B-Diversity reflects variations in
microbial communities among different groups. The principal
component analysis (PCA) results revealed that the interpretation
of the PCALI axis was 43.88%, while the PCA2 axis accounted for
28.66% (Figure 6F). Compared with the control group, noticeable
alterations were observed in microbial flora composition within the
Cd groups, with the highest biodiversity seen in the Cd2 group.

3.8.2 Analysis of intestinal microbial structure at
different levels

Proteobacteria and Firmicutes are the two most predominant
phyla, followed by Fusobacteria and Bacteroidetes. The relative
richness of Proteobacteria increased compared to the control group
but decreased with increasing cadmium concentration.
Additionally, the relative richness of Fusobacteria in the Cd3
group also decreased (Figure 7A). At the genus level, Rolstonia,
Acetobacter, and Mycoplasma were the three genera with the highest
proportion in the control group. In contrast, Acetobacter,
Paromonas, and Pseudomonas were dominant in the Cdl group,
while Rolstonia, Paromonas, and Mycoplasma dominated in the
Cd2 group. The Cd3 group consisted of Rolstonia, Mycoplasma, and
Oligotrophomonas (Figure 7B).

3.8.3 Analysis of differences in microbial
communities between groups

At the phylum level, the richness of cyanobacteria in the Cdl
group was significantly higher than that in the Cd2 group, while the
richness of Fusobacteria and Bacteroidetes in the Cd3 group was
also significantly higher than that in the Cd2 group. Additionally,
the richness of Fusobacteria, Bacteroidetes, and cyanobacteria in the
control group was significantly higher than that in the Cd2 group,
whereas the richness of Proteobacteria was significantly lower than
that in the Cd2 group (P< 0.01) (Figure 8A). At the genus level,
Acetobacter and Pseudomonas in the Cdl group were larger than
those in the Cd2 group, but Aeromonas, Rolstonia, Acinetobacter,
and Mycoplasma in the Cd1l group were smaller than those in the
Cd2 group. The richness of Pseudomonas in the Cdl group was
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higher than that in the control group, and those in Acinetobacter,
Delfordia, Aeromonas, Oligotrophomonas, Mycoplasma, and
Rolstonia were all lower than those in the Cd3 group.
Acinetobacter, Delfordia, Aeromonas, Rolstonia, and Mycoplasma
in the control group were all larger than those in the Cdl group.
(Figure 8B) In general, cadmium can reduce the richness of gut
microbes and lead to microbial imbalance.

3.9 Correlation analysis of intestinal
microbiome and liver immune index

Spearman correlation analysis revealed potential associations
between the intestinal microbiome composition under cadmium
stress and liver immune markers. As depicted in Figure 9, the
correlations were more significant at the genus level, focusing
mainly on Pseudomonas and Cetobacterium. The experiment
observed a significant positive correlation between Pseudomonas
and Cetobacterium with IL-10, GPX, and CAT, as well as a
negative correlation with MT, HSP70, MDA, TNF-q, and IL-1f
(P< 0.01). Furthermore, Pseudomonas showed a negative
correlation with IL-15, while Cephalosporin exhibited a positive
correlation with Nrf2 and a negative correlation with Keapl (P<
0.001). Overall, a strong association between gut microbes and
liver immunity can be concluded.

4 Discussion

Rapid industrial development has led to heavy cadmium
pollution (Wang et al., 2021). Cadmium is significantly toxic and
can cause harm to biological health even at a light concentration
(Mikhailenko et al., 2020). Many studies have found that cadmium
stress can cause liver injury, which in turn triggers inflammatory
responses (Honglong et al., 2021). Cadmium can also damage
intestinal morphology as well as its barrier (Xiaoya et al., 2022).
Many studies have found that the potential effects between the gut
and the liver are well connected to the gut-liver axis, but whether
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the gut-liver axis exists in aquatic animals is uncertain. Previous
studies have shown that cadmium-induced tissue damage is
primarily attributable to storm-induced oxidative stress
(Abarghouei et al., 2021). As cadmium concentration increases,
more cadmium ions accumulate in the liver, potentially leading to
liver lesions and cell necrosis (Chen et al., 2023). Tissue sections of
the present study showed hypertrophy of the liver cells, nuclear
consolidation, vacuolization, cellular degeneration, shortening of
intestinal villi, intestinal epithelial hyperplasia, and other lesions in
the cadmium-treated group. Meanwhile, antioxidant capacity was
measured using liver homogenates, which showed a remarkable
increase in the levels of MDA and ROS, and a significant decrease in
the activities of CAT and GSH-PX, which was most severe in the
Cd3 group (Dai et al,, 2020; Zhang et al.,, 2020b). MDA is the end
product of lipid oxidative stress and indirectly reflects the degree of
cellular damage (Ben et al, 2023). Oxidative stress triggers the
production of ROS within cells (Kumar et al.,, 2018). Consequently,
the antioxidant enzymes in the organism’s defense system may be
induced, leading to a decrease in enzyme activities, including GSH-
PX, SOD, and CAT (Salama et al., 2018; Li et al., 2024). Under Cd
stress, fish are exposed to stress that leads to reduced food intake
and increased energy expense, thus adversely affecting growth
parameters (e.g, WGR, SGR, SR, CF, and FCR) (Jamwal et al.,
2018; Xie et al., 2019; Won et al., 2023; Abdel-Tawwab et al., 2024).
Furthermore, cadmium can inhibit the activity of digestive enzymes
in fish, resulting in increased metabolites, hepatomegaly, and
increased HSI (Chen et al., 2020; Luo et al,, 2020). Overall, the
changes in growth performance observed in this study align with
previous research findings, indicating that cadmium stress causes
significant damage to liver tissue, resulting in oxidative stress and
reduced growth performance of largemouth bass, with a more
pronounced effect observed at higher cadmium concentrations.
Nrf2 goes hand in hand with oxidative stress induced by heavy
metals (Chen et al,, 2018; Lian et al., 2023). To further investigate
the effect of cadmium on the Nrf2-Keap1l pathway of largemouth
bass, the enzyme activity and the mRNA expression levels of
oxidative stress-related genes were analyzed. Keapl is a regulator
of Nrf2, with both acting as a pervasive intracellular defense
mechanism to counteract oxidative stress (Bellezza et al., 2018).
Under the stimulation of ROS, Nrf2 and Keapl are uncoupled,
which causes Nrf2 to transfer to the nucleus and bind to ARE,
inducing the expression of antioxidant enzyme genes to achieve a
protective effect on cells (Yang et al., 2018). High concentrations of
cadmium inhibited the expression of Nrf2, promoted the expression
of Keapl, and thus significantly reduced the activities of SOD, CAT,
and GPX, which is the same as the results of the antioxidant
capacity of the liver in the present experience. The results of
cadmium in the Nrf2-Keapl signaling pathway in mice had
similar results (He et al., 2018). In general, the effect of cadmium
on the Nrf2-Keapl pathway of largemouth bass is still indistinct.
When the liver is stimulated by cadmium, the redox balance of
the cells is disrupted, leading to an inflammatory response in the
cells (Griffiths et al., 2017). The present results showed that the
expression level of IL-10 was significantly downregulated while the
expression of IL-8, IL-15, IL-1f, TNF-a, and TGF-B1 was
substantially upregulated compared to the control group.
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Cadmium can inhibit the expression of anti-inflammatory factors
IL-10 and TGF-B1 and enhance the expression of pro-inflammatory
factors IL-8, IL-15, IL-1B, and TNF-o (Lin et al., 2023; Zhu et al.,
2023). One study reported that feeding pigs with 20 mg Cd/kg
increased mRNA expression of TGF-B1 (Zhao et al., 2021). In the
results of the present study, TGF-o expression decreased and then
increased, which may indicate that low concentrations of cadmium
were able to inhibit the expression of TGF-f1.

The liver can detoxify and excrete metal ions by inducing MT
and HSPs (Paul and Small, 2021). Early findings suggest that MT
and HSPs can be used as biomarkers for assessing the toxicity of
heavy metals (Aljazzar et al., 2021; Timofeev et al., 2023). HSP70 is
abundantly expressed mainly in hepatic tissues, and the synthesis of
heat shock proteins is enhanced when stress or pathological injury
occurs (Stygar et al., 2019). MT belongs to a family of cysteine-rich
metal-binding proteins that play essential roles in maintaining
metal homeostasis and detoxification (Yin et al., 2022). In this
experiment, the expression of the MT gene was significantly
upregulated with the increase of HSP70 enzyme activity. The
expression trend of MT genes was consistent with the results of
studies on earthworms (Uwizeyimana et al., 2018), South American
white shrimp (Chen et al., 2022), dogs, and cats (Nytko et al., 2023),
while the expression results of HSP70 did not show significant
differences at low concentrations. However, there was a significant
difference in the expression results of HSP70 in this experiment,
which may indicate that it was due to the higher concentration of
cadmium in the present experiment. Overall, cadmium induced a
significant upregulation of MT and HSP70 expression, and HSP70
was correlated positively with cadmium. The reason may indicate
that hepatocyte stimulation by cadmium activated the enzyme
activity of HSP70, which caused MT to bind closely to cadmium
and play a protective role in the liver.

Tight junction proteins play a crucial role in intestinal
permeability and maintenance of intestinal epithelial integrity,
and alterations in gut microbiota may disrupt ZO-1 and Occludin
(Chelakkot et al., 2018). The results of this study demonstrate a
significant decrease in the levels of ZO-1 and Occludin, indicating
cadmium-induced disruption of the intestinal barrier. High-
throughput sequencing was also employed to assess the gut
microbiota of largemouth bass, which showed a significant
decrease in o- and B-diversity in the low-concentration group
and a substantial increase in the high-concentration group,
suggesting dysbiosis in the gut microbiota of largemouth bass.
Studies have confirmed that low concentrations of cadmium can
reduce biodiversity (Feng et al., 2019). In this experiment, the Cd2
group showed a significant decrease in biodiversity, while the Cd3
group showed no significant difference in biodiversity compared to
the control group. We speculate that this may indicate tolerance of
some microbes to cadmium after prolonged exposure. This result is
consistent with the effects of 2 mg/L Cd on fish (Chang et al., 2019)
and freshwater lobster (Zhang et al., 2020a), with some differences
from the effects on mouse gut microbes (He et al., 2020), which may
be due to species differences. The results showed that cadmium had
a more significant effect on Aspergillus spp. The dominance of
Proteobacteria may change the structure and composition of
intestinal epithelial tight junction proteins and damage the
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intestinal barrier (Joeri et al,, 2020). In addition, the correlation
results showed that intestinal microorganisms had a strong tie with
Nrf2 and Keapl, indicating that intestinal microorganisms can
regulate liver inflammation through the Nrf2-Keapl pathway
(Chelakkot et al., 2018). However, the mechanism of cadmium’s
effect on intestinal microorganisms in freshwater fish is still unclear.
The significant correlation between intestinal microorganisms and
liver immune indicators can indicate that the intestinal-liver axis

theory is feasible in the study of freshwater fish.

5 Conclusion

In summary, cadmium can potentially impair the intestinal
barrier of largemouth bass, thereby influencing the composition
and structure of intestinal microbes and triggering a liver
inflammatory response. Cadmium damages detoxification and
immune-related tissues, which suppresses the body’s antioxidant
and immune systems. Antioxidant stress, tissue damage, and
microbiological imbalances have demonstrated the presence of
cadmium toxicity in largemouth bass. This experiment elucidated
the effects of cadmium on the liver and enteric toxicity of
largemouth bass through the gut-liver axis pathway, laying the
groundwork for studying the mechanisms of the gut-liver axis in
freshwater fish.
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