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HIGHLIGHTS

« Transcriptomic, metabolome, and 16S
rRNA sequencing reveal chronic
arsenic toxicity.

« Arsenic treatment induced chicken
liver dysfunction and ileum
microbiota dysbiosis.

« Chronic inorganic arsenic exposure
evidently promoted liver fibrosis in
chickens.

« Long-term arsenic exposure
disrupted enterohepatic circulation of
bile acid.

« Arsenic exposure provoked liver-
microbiota-gut axis disruption in
chickens.
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ABSTRACT

Introduction: Arsenic has been ranked as the most hazardous substance by the U.S. Agency for Toxic
Substances and Disease Registry. Environmental arsenic exposure-evoked health risks have become a
vital public health concern worldwide owing to the widespread existence of arsenic. Multi-omics is a rev-
olutionary technique to data analysis providing an integrated view of bioinformation for comprehen-
sively and systematically understanding the elaborate mechanism of diseases.

Objectives: This study aimed at uncovering the potential contribution of liver-microbiota-gut axis in
chronic inorganic arsenic exposure-triggered biotoxicity in chickens based on multi-omics technologies.
Methods: Forty Hy-Line W-80 laying hens were chronically exposed to sodium arsenite with a dose-
dependent manner (administered with drinking water containing 10, 20, or 30 mg/L arsenic, respectively)
for 42 d, followed by transcriptomics, serum non-targeted metabolome, and 16S ribosomal RNA gene
sequencing accordingly.

Results: Arsenic intervention induced a serious of chicken liver dysfunction, especially severe liver fibro-
sis, simultaneously altered ileal microbiota populations, impaired chicken intestinal barrier, further drove
enterogenous lipopolysaccharides translocation via portal vein circulation aggravating liver damage.
Furtherly, the injured liver disturbed bile acids (BAs) homoeostasis through strongly up-regulating the
BAs synthesis key rate-limiting enzyme CYP7A1, inducing excessive serum total BAs accumulation,
accompanied by the massive synthesis of primary BA—chenodeoxycholic acid. Moreover, the concentra-
tions of secondary BAs—ursodeoxycholic acid and lithocholic acid were markedly repressed, which might
involve in the repressed dehydroxylation of Ruminococcaceae and Lachnospiraceae families. Abnormal BAs
metabolism in turn promoted intestinal injury, ultimately perpetuating pernicious circle in chickens.
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Notably, obvious depletion in the abundance of four profitable microbiota, Christensenellaceae,
Ruminococcaceae, Muribaculaceae, and Faecalibacterium, were correlated tightly with this hepato-
intestinal circulation process in chickens exposed to arsenic.
Conclusion: Our study demonstrates that chronic inorganic arsenic exposure evokes liver-microbiota-gut
axis disruption in chickens and establishes a scientific basis for evaluating health risk induced by envi-
ronmental pollutant arsenic.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In 2007, the U.S. Agency for Toxic Substances and Disease Reg-
istry has ranked arsenic at the top of the Substance Priority List,
declaring the highest terrific toxicity of environmental arsenic
exposure for human and animal health [1]. As a ubiquitous metal-
loid element, arsenic has been inevitably released into soil, ground-
water, and atmosphere owing to natural and human activities
[2,3]. Up to the present, groundwater arsenic contamination is still
posing a major public health threat [4]. Consuming arsenic-
polluted water is the predominant route for environmental arsenic
to invade human body, directly leading to arsenic poisoning [5,6].
In 2001, the United States Environmental Protection Agency (US
EPA) has instituted the maximum arsenic recommended limit of
10 part per billion in drinking water [7]. About 94 to 220 million
people have been potentially persecuted by high concentrations
of arsenic in groundwater, involving a large number of countries
[2,8].

Liver is a vital detoxifying and metabolic organ, which is vulner-
able to exogenous toxins [9,10]. Hepatotoxicity is persuasively
considered as the key to risk assessment and possesses common
toxic characteristic of various environmental contaminants.
Recently, accumulated evidences consequently focus on arsenic
exposure-induced hepatotoxicity. Liver fibrosis is an adverse out-
come of chronic and repeated liver damage, leading to excessive
extracellular matrixes (ECM) deposition including collagens and
fibronectin on the basis of the imbalance between fibrogenesis
and fibrolysis [11]. While without timely intervention, liver fibrosis
may irreversibly develop into liver cirrhosis, which collectively
caused the deaths of approximately 1.3 million people worldwide
per year [12]. Moreover, the activation and trans-differentiation of
hepatic stellate cells (HSCs) into myofibroblasts functionally
involve in the central events of liver fibrosis [13]. In recent years,
toxicological evidences have demonstrated that arsenic can induce
HSCs activation and liver fibrosis [14]. Generally, chickens (Gallus
gallus) occupy an unshakable position in the poultry industry with
large breeding scale and quantity, constituting the major source of
animal protein [15]. Up to now, whether chronic inorganic arsenic
exposure may contribute to liver fibrosis in chickens remain need
to be interrogated urgently, which is helpful for human to fully
understand the mechanism of arsenic-induced hepatotoxicity.

The liver-gut axis refers to the intricate bidirectional interaction
between liver and gut microbiota integrated by the signals of
genetic, dietary, and environmental factors [16]. Functionally, the
systemic circulation, portal vein, and biliary tract are responsible
for the maintenance of their reciprocal communication [17]. To
be specific, gut-derived products directly migrate to the liver via
the portal vein, likewise, the liver secrets the bile and antibody
to the intestine in a feedback manner, which collectively establish-
ing the reciprocal action between the liver and the microbiome
[16]. It should be noted that bile acids (BAs) synthesized from
cholesterol (CHO) in the liver, involves in a host of metabolic reg-
ulation as endogenous ligands via the interaction with nuclear
receptors [18]. Importantly, the variety of BAs has been proven
to be largely determined by the gut microbiome [19]. Hence, the
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possible role of BAs in tightly linking liver-microbiota-gut axis
remains deserving to be explored in depth. It is interesting to elu-
cidate the toxicological effect of arsenic on liver-microbiota-gut
axis for evaluating the harmful risks of arsenic exposure.
Multi-omics is a revolutionary technique to data analysis pro-
viding a comprehensive view of biological information simultane-
ously integrated from multiple levels, enables researchers to
comprehensively understand the elaborate mechanism of diseases
for better investigating targeted treatment. In this study, we have
conducted the integrated analyses of transcriptomics, serum non-
targeted metabolome, and 16S ribosomal RNA (rRNA) gene
sequencing, and aimed to uncover the potential contribution of
liver-microbiota-gut axis in arsenic exposure-induced biotoxicity.
To our knowledge, this is the first study using the multi-omics
technologies to comprehensively and systematically investigate
harmful effect and mechanism of arsenic exposure in chickens.

Materials and methods
Animal models

Hy-Line W-80 laying hens (19 d of age, weighting 120 + 20 g,
female) from the Experimental Animal Centre of Harbin Veterinary
Research Institute of Chinese Academy of Agricultural Sciences
(Harbin, China) were domesticated in facilities (22 + 2 °C,
55 + 5 %). A total of 40 chickens were distributed into 4 groups
(n = 10) randomly provided standard chow ad libitum under a
light-dark (12:12) cycle. After the chickens were acclimated for
one-week, the formal experiment was carried out.

Experimental design

Sodium arsenite (purity > 90 %) was from Sigma-Aldrich (Uni-
ted States). Different doses of sodium arsenite were dissolved with
conventional drinking water. Four-group chickens were adminis-
tered with drinking water containing 0 mg/L, 17.3 mg/L,
34.7 mg/L, or 52 mg/L sodium arsenite (corresponding to O, 10,
20, or 30 mg/L arsenic, respectively), and the design of the trial
dose gradient was based on previous studies and our pre-trial
[5,20,21]. The test duration was 42 d. At the last administration,
the chickens were fasted and sacrificed, then the blood from wing
root vein was harvested for serum samples detection. Parts of liver
tissues, serum samples, and ileum content were collected and sent
to E-GENE Technology Co., Ltd (Shenzhen, China) for multi-omics
sequencing.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Animal Ethics
Committee of Northeast Agricultural University (Approval no.
202104118).
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Biochemical indicators and redox status evaluation

After the blood were centrifuged, the serum samples were col-
lected for biochemical indexes detection. The levels of conven-
tional biochemical indexes including aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), total cholesterol (TCHO), triglyceride (TG), low density
lipoprotein (LDL), high density lipoprotein (HDL), and total bile
acid (TBA) in serum were assessed using a Beckman Coulter
DxC800 biochemical analyzer (CA, USA) or Toshiba TBA-2000FR
automatic biochemical analyzer (Tokyo, Japan).

Liver tissues were partly homogenized using a high-throughput
tissue grinder (Scientz-48L, Ningbo Scientz Biotechnology Co., Ltd,
Ningbo, China), then centrifuged for assessing the glutathione
(GSH) concentration, superoxide dismutase (SOD) activity, and
malondialdehyde (MDA) content strictly following the manufac-
turer’s instruction (Jiancheng Bioengineering Institute, Nanjing,
China) [22].

Histopathological analysis

Histopathological analysis was performed to visually observe
the tissue injury and evaluate the extent of lesion. Liver tissues
and ileum samples were cut, fixed in 4 % paraformaldehyde, dehy-
drated, and embedded with paraffin. Subsequently, dewaxed slices
were conducted for haematoxylin and eosin (H&E), Sirius red, and
Masson'’s trichrome staining. The morphology was randomly cap-
tured with microscope (Olympus BX-FM, Tokyo, Japan) or a polar-
ized light microscope (Olympus, Japan), respectively.

The transmission electron microscopy (TEM) observation proto-
col was roughly executed as follows. The trimmed liver tissues
were immersed with 2.5 % glutaric dialdehyde and fixed with 1 %
osmium tetroxide [23]. The fixed slices were rinsed and dehy-
drated with gradient elution and acetone. Finally, the samples
were cut for staining with uranyl acetate and lead citrate and the
observation with TEM (TEM, Hitachi H-7650, Tokyo, Japan).

Oil red O staining was used for detecting the lipid content in
liver [24]. Simply, frozen slices were cut and stained with Oil Red
O working solution, then redyed with hematoxylin. Finally, the
light microscopy was used for examining the stained sections
(Olympus BX-FM, Tokyo, Japan).

Terminal deoxynucleotidy! staining assay

Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) kit was applied to assay apoptosis based on labeling the
free 3’-hydroxyl termini of genomic DNA breakage. The operation
was completely according to the producer’s protocol [25].

Hydroxyproline and lipopolysaccharides assay

Alkaline hydrolysis colorimetry was conducted to measure liver
hydroxyproline (HYP) content for evaluating the severity of fibro-
sis. Concretely, liver tissues were fully hydrolyzed for 20 min, then
pH value of the total liquid was adjusted. Accordingly, the tissues
were bathed in water and centrifuged. Finally, the supernatant
was collected for reading absorbance (550 nm) with a microplate
reader (SpectraMax Absorbance Reader Cmax Plus, Shanghai,
China) [26].

The Chicken Lipopolysaccharide (LPS) Elisa Assay Kit (REF.
H255-1-1) specifically customized from Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China) was applied for detecting
the level of chicken serum LPS by competition method. Specifically,
the samples were added to enzyme well (pre-coated with antibod-
ies), then mixed with recognition antigen labeled by horse radish
peroxidase (HRP), incubating for 1 h at 37 °C. The samples and
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recognition antigen both competed for solid phase antigen and
formed immune complex. After washed with phosphate buffered
solution, the combined HRP catalyzed Tetramethyl benzidine into
blue, and turned into yellow by the action of acid. Finally, the opti-
cal density was measured under 450 nm wavelength with a micro-
plate reader (SpectraMax Absorbance Reader Cmax Plus, Shanghai,
China). The LPS levels of serum were calculated according to the
concentration and optical density values.

Hepatic transcriptome sequencing and enrichment analysis

Liver total RNA was collected and prepared from frozen tissues
for transcriptome sequencing. RNA quantification and qualification
(purity, integrity, and concentration) was carried out in advance.
Equal volume of RNA was input for preparations. The NEBNext®
UltraTM RNA Library Prep Kit for Illlumina® (NEB, USA) was used
for generating sequencing libraries. An adjusted p-value < 0.05
and absolute fold-change > 2 were set for differential expression
genes (DEGs) filtration [27]. Moreover, Metascape database
(https://metascape.org/), a robust online database, integrated
enrichment genes’ potential biological functions and process
enrichment analysis [28].

16S ribosomal RNA gene sequencing

For the identification and taxonomic classification of bacterial
species, 16S rRNA gene sequencing analysis was involved in the
present study. Chicken ileal content were sampled. Total microbial
DNA was extracted with a QIAamp DNA stool extraction kit (Qia-
gen, Germany). The genomic DNA was analyzed by agarose gel
electrophoresis and quantified by Qubit 2.0 Fluorometer (Thermo-
Fisher Scientific, USA). Subsequently, the bacterial V3-V4 hyper-
variable region of the 16S rRNA gene was amplified with PCR
and the amplicons was purified using AMPure XP Beads (Beckman
Coulter, USA). Subsequently, the sequencing libraries were gener-
ated and library quality was assessed. The quality libraries were
finally sequenced on an Illumina HiSeq 2500 platform according
to the manufacturer’s guidelines.

Serum non-targeted metabolomic analysis

After the sample preparation, 200 pL serum per sample was
obtained and adequately mixed with methanol (400 pL) for super-
natant collection. Then the samples were concentrated to dry in
vacuum, and re-dissolved with 2-chlorobenzalanine 80 % methanol
solution. Liquid chromatography mass spectrometry (LC-MS) was
performed for detecting filtered-supernatant samples.

Chromatographic separation was accomplished by an Ultimate
3000 system equipped with an ACQUITY UPLC® HSS T3 (Thermo,
USA). The analytes were gradient-eluted and samples were
injected after equilibration. After setting up the parameters, scan-
ning of the Orbitrap analyzer and data dependent acquisition MS/
MS experiments were conducted [29].

Quantitative real-time PCR assay and western blot assay

Isolated total RNA was reverse-transcribed into cDNA following
the manufacturer [30,31]. The quantitative real-time PCR (qRT-
PCR) was performed with a Bio-Rad CFX96 touch (Hercules, CA,
USA) based on 2 x AceQ Universal SYBR Green RT-qPCR SuperMix
(Vazyme Biotech Co., Itd) with primers sequences (shown in
Table S1) [32]. The standard method (2-24%) was used for calcu-
lating relative RNA levels of samples [33].

For the immunodetection and analysis of specific proteins, liver
samples were lysed by homogenization for extracting proteins. The
BCA protein quantification kit (Beyotime, Jiangsu, China) was used
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to measure protein concentrations [34,35]. After separated by SDS-
PAGE, the proteins were transferred from the gel to polyvinylidene
difluoride membranes [36]. Then the membranes were succes-
sively incubated with primary antibodies and horseradish peroxi-
daseconjugated secondary antibodies [37]. Primary antibodies
against alpha-smooth muscle actin («-SMA), Smad2, tumor necro-
sis factor alpha (TNF-a), nuclear factor-kappa B (NF-kB), and Lamin
B were from Bioss Biotechnology (Beijing, China). Occludin (OCLN)
antibody (Proteintech, Wuhan, China), Claudin-1 (CLDN1) antibody
(Catalog No. A2196, Abclonal, Wuhan, China), and Sirtuins 6 (Sirt6)
antibody (Beyotime, Shanghai, China) were purchased. The anti-
body to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was from Hangzhou Goodhere Biotechnology (Hangzhou, China).
Secondary antibodies were from ZSGB-BIO (Beijing, China). The
blots were enhanced and visualized by chemiluminescence light.
Image Pro-Plus 6.0 software (Rockville, MD, USA) was eventually
used for determining quantitative bands intensity [38].

Protein-protein interaction analysis

Protein-protein interaction (PPI) detection was constructed for
predicting present study-related multiple proteins and the visual-
izing based on the integrated data requesting from STRING data-
base (https://string-db.org/, Version 11.5) [39]. Specifically, PPI
network of selected species (Gallus gallus) was constructed for
the functional interaction of the target protein.

Statistical analysis

Results were quantitatively presented as mean + standard error
(SEM). One-way analysis of variance followed by Tukey’s post hoc
test was used for groups’ comparisons manipulating SPSS 23.0
(SPSS, Chicago). A value of p < 0.05 was considered significant.
Clustering correlation heatmap were performed using the OmicS-
tudio tools (https://www.omicstudio.cn) and ChiPlot (https://
www.chiplot.online/).

Results

Arsenic administration induced liver histopathological abnormality
and hepatic dysfunction in chickens

Macroscopic morphology of liver was conducted for intuitively
examining tissue injury of chickens. In comparison with the con-
trol livers, arsenic-exposed livers turned pale, yellow, and fatty
with a dose-dependent manner (Fig. 1A). Histopathological assess-
ments of liver tissue structures in chickens from each group were
subsequently determined.

H&E staining indicated normal hepatic structure in control
chickens characterized by regular radial hepatic cords (Fig. 1B
and C). Whereas, 10 mg/L arsenic-treated liver sections showed a
mild disordered hepatic cord with slight central venous congestion
(Fig. 1C). Similar but severer pathological changes with increased
cell gap were displayed in 20 mg/L arsenic group (Fig. 1C). What's
worst, livers from highest arsenic-administrated group were lar-
gely damage, along with hepatic architectural destruction, swollen
hepatocytes, and extensive inflammation infiltration (Fig. 1C).

TEM was used to visualize hepatocyte ultrastructure, especially
the high-resolution micrographs of mitochondria. As displayed in
Fig. 1D, the control chickens presented normal hepatocyte struc-
ture with regular mitochondria morphology, cristae membranes,
and cristae junctions (Fig. 1D). While arsenic-treated groups
showed varying degrees of damage (Fig. 1D). In 10 mg/L arsenic
group, morphology showed several swollen mitochondria, with
fragmented and partially disappeared mitochondrial cristae of
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individual cells. Except for a similar but more variation extent to
the changes we found in 10 mg/L arsenic group, 20 mg/L arsenic
treatment collectively induced unclear edge of nuclear membrane
and loss of mitochondrial structure (Fig. 1D). Moreover, the highest
dose arsenic group showed the most severe change including frag-
mented and severely fuzzy mitochondrial crista, along with mito-
chondrial vacuolization (Fig. 1D).

Several key hepatic function-related serum biochemical indica-
tors were detected to assess liver damage. AST, ALT, and ALP activ-
ities collectively reflected the liver function (Fig. 1E, F, and H).
Likewise, the ratio of AST to ALT (AST/ALT), regarded as a clue to
liver disease, was decreased dose-dependently (Fig. 1G). As shown
in Fig. 1E and F, the AST and ALT activities were obviously elevated
under the administration of arsenic (Fig. 1E and F). And the AST/
ALT ratio showed a downward trend in the 30 mg/L arsenic group
(Fig. 1G).

Arsenic administration induced liver transcriptomic alteration in
chickens

Transcriptional profiling of host gene expression in chicken liv-
ers was performed for identifying the key genes participated in
arsenic-induced hepatotoxicity. The similarity and heterogeneity
of samples from each group were shown as a heatmap (Fig. 1I).
Sequencing analysis result indicated that a total of 363 DEGs were
comprising, screening out 195 upregulated genes and 168 down-
regulated genes, visualized as volcanic plot (Fig. 1J) and scatter dia-
gram (Fig. 1K).

Moreover, GO functional analysis of the candidate DEGs was
derived from the Metascape database (https://metascape.org/).
Networks of GO enriched terms (top 20) colored by clusters
(Fig. S1A) and enriched pathway interaction network of DEGs
(Fig. 1L) indicated that DEGs mainly enriched in biological pro-
cesses associated with metabolism of lipids, response to hormone,
PPAR signaling pathway, regulation of small molecule metabolic
process, cellular response to chemical stress, lipid localization,
nuclear receptors meta-pathway, fatty acid metabolic process,
mitochondrion organization, negative regulation of small molecule
metabolic process, circulatory system process, response to toxic
substance, multicellular organismal homeostasis, non-alcoholic
fatty liver disease, response to oxidative stress, vasculature devel-
opment, positive regulation of cold-induced thermogenesis, gonad
development, IL-18 signaling pathway, and PID IL27 pathway
(Fig. S1A and 1L). Subsequently, we classified the DEGs by func-
tional categories, which would be elucidated in detail in corre-
sponding sections.

Arsenic administration drove the development of liver fibrosis in
chickens

Different degrees of fibrotic lesion were observed in arsenic-
intervened livers of chickens, preliminarily evidenced by reliable
connective tissue stain. Specifically, Masson’s trichrome staining
and Sirius red staining were conducted for the visual quantification
of collagen fibers. Dramatical collagen fibers accumulation (blue
collagen deposition in the hepatic sinusoids and central vein) in
Masson’s trichrome staining was presented under arsenic adminis-
tration (Fig. 2A). As shown in Fig. 2B, under the ordinary light
microscope, according to the scope of red-stained collagen in
dewaxed sections, the fibrosis extent of the liver treated with
arsenic was higher than the control liver (Fig. 2B). Further viewed
under a polarized light, primary collagen I (red and yellow stain-
ing) and few collagen Il (green staining) depositions were differen-
tiated and visualized with an obviously dose-dependent manner
(Fig. 2C and D). HYP levels in the liver exposed to arsenic were
much higher than that in control chickens, and a markedly increase
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Fig. 1. Arsenic administration affected liver histology and influenced transcriptome profiling of liver in chickens. Typical macroscopic morphology (A), representative H&E
staining images (B and C), and ultrastructure (D) in liver of chickens treated with/without arsenic. Black arrows: disordered hepatic cord; yellow arrows: central venous
congestion; red arrows: inflammatory cell infiltration; black stars: increased cell gap (H&E staining, B: Scale bar = 50 pum, magnification 200 x; C: Scale bar = 25 pm,
magnification 400 x ). White arrows: swollen mitochondria; blue arrows: damage mitochondrial cristae structure; yellow stars: unclear edge of nuclear membranes (D: Scale
bar = 1 um, magnification 20,000 x ). AST (E), ALT (F), ALP (H) and the ratio of AST/ALT (G) from control and arsenic administration group (n = 7). Heatmaps (I), volcanic plot
(J), and scatter diagram (K) of DEGs in transcriptome from the liver of control group vs. 30 mg/L arsenic group. Enriched pathway interaction network of DEGs with Metascape
database (L). All data are presented as mean + SEM. *Significantly different (p < 0.05) vs. control group, *significantly different (p < 0.05) between groups. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

occurred in arsenic medium- and high-dose group (p < 0.05,
Fig. 2F).

Meanwhile, hepatic fibrosis-associated genes were screened out
based on transcriptome sequencing for identifying the key genes
governed the pathophysiological processes of arsenic-induced liver
fibrosis. As illustrated in the heatmap of Fig. 2E, the expression of
fibrosis-related genes, including transforming growth factor-p1
(TGFB1),SMAD2Z, actin alpha 2 (ACTA2), collagen type I alpha 1 chain
(COL1A1), collagen type III alpha 1 chain (COL3A1), collagen type IV
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alpha 1 chain (COL4A1), and signal transducer and activator of tran-
scription (STAT) family (STAT1, STAT2, STAT3, and STAT4), showed a
certain trend of change during 30 mg/L arsenic exposure (Fig. 2E).

Interestingly, dramatical loss of SIRT6 expression in arsenic-
exposed chicken livers was displayed, accompanied by an increase
in SMAD2 expression (Fig. 2G and H). Further western blot was reli-
ably employed for the protein levels of Sirt6 and Smad2, and the
trend of the two proteins was consistent with the mRNA levels
variation (Fig. 21 and J).
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Fig. 2. Arsenic administration induced liver fibrosis and affected redox homeostasis in chickens. Masson’s trichrome staining (A) and Sirius red staining under light
microscope (B) and polarized light microscope (C-D), respectively, of chicken livers (A: Scale bar = 50 um, magnification 200 x; B: Scale bar = 25 pm, magnification 400 x; C:
Scale bar = 100 pum, magnification 200 x; D: Scale bar = 50 pm, magnification 400 x ). Heatmaps of fibrosis-associated genes expression (E) based on mRNA-sequencing data.
Liver tissue HYP content (F) from each group (n = 7). Relative mRNA expression (G and H) and protein levels (I and ]) of Sirt6 and Smad2 in chicken livers from each group
respectively with western blot (n = 4) and qRT-PCR (n = 5). Heatmaps of redox-associated mRNA expression (K) based on mRNA-sequencing data. Oxidative stress biomarkers
MDA concentration (L), GSH level (M), and SOD activity (N) in chicken livers (n = 7). All data are expressed as mean + SEM. *Significantly different (p < 0.05) vs. control group,
*#significantly different (p < 0.05) between groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Arsenic administration induced liver redox imbalance in chickens

As oxidative stress is proven to be one of the pathomechanisms
responsible for arsenic exposure, redox-associated mRNA-
sequencing data were collected. Vital oxidative stress response
genes including nuclear factor-erythroid-2-related factor 2
(NFE2L2, a key redox sensitive transcription factor defending
against toxic-induced oxidative insults, closely related to lipid
homeostasis) [33,40], NAD(P)H quinone dehydrogenase 2 (NQOZ2),
superoxide dismutase 1 (SOD1), superoxide dismutase 3 (SOD3),
and glutathione peroxidase 4 (GPX4) were down-regulated under
30 mg/L arsenic intervention (Fig. 2K). Meanwhile, we found that
the glutathione S-transferase (GST) gene family (GSTA3, GSTZ1,
GSTA4L, GSTCD, GSTO1, and GSTA2) in response to oxidative stress
were mostly up-regulated significantly (Fig. 2K). Furthermore,
bio-markers of redox homeostasis were determined. Our data were
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consistent with our previous investigation of arsenic-induced liver
injury in rats [41]. Concretely, the oxidant production MDA was
over-accumulated (Fig. 2L), the antioxidant enzyme SOD activity
and cellular antioxidant GSH level were down-regulated dose-
dependently (Fig. 2M and N), marking the weakening of antioxi-
dant defense. Moreover, the above indexes in chickens upon
arsenic treatment showed a significant alteration (p < 0.05, Fig. 2-
L-N).

Arsenic administration induced liver steatosis, disturbed CHO and BAs
synthesis in chickens

Steatosis is regarded as the consequence of moderate to severe
hepatocellular insult. Lipid levels in response to biochemical tests
were assessed. Arsenic treatment aggravated TG and CHO accumu-
lation in chicken serum, along with a marked increase in the 20 or
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30 mg/L arsenic group (p < 0.05, Fig. 3B and C). Furthermore, aber-
rant concentration of HDL and LDL strongly linked to liver disease.
The decrease of HDL and the increase of LDL were shown in
response to arsenic dose-dependently (Fig. 3D and E). Importantly,
TBA levels were high in arsenic-treated chicken serum dose-
dependently, with a significant elevation in 20 mg/L and 30 mg/L
arsenic-treated group (p < 0.05, Fig. 3A).

The heatmap of steatosis-related genes expression including
peroxisome proliferator-activated receptor-y (PPARG, a regulator
of classic lipid metabolism in adipocytes and hepatocytes)
[42,43], fatty acid-binding protein 5 (FABP5), fatty acid-binding
protein 6 (FABP6), peroxisome proliferator-activated receptor-
alpha (PPARA), acyl-CoA oxidase 1 (ACOX1), cluster of differentia-
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tion 36 (CD36), acetyl-CoA acyltransferase 1 (ACAAT), ELOVL fatty
acid elongase 6 (ELOVL6), fatty acid synthase (FASN), and microso-
mal triglyceride transfer protein (MTTP) showed a certain trend of
change during 30 mg/L arsenic exposure (Fig. 3F).

Oil Red O staining is regarded as a “gold standard” for specifi-
cally recognizing and quantifying lipid droplets. Multiple areas of
fat and lipids were caught in frozen sections from arsenic-
administrated groups, and the positive area of lipid accumulation
increased dose-dependently (Fig. 3]).

Liver sequencing showed significantly changes of CHO- and BA-
associated genes including acetyl-CoA acetyltransferase 2 (ACAT2),
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR, a key CHO
biosynthetic enzyme) [44] sterol regulatory element binding
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Fig. 3. Arsenic administration caused steatosis, disturbed CHO and BAs synthesis, and induced mitochondrial dynamics disorder and apoptosis in chickens. Serum TBA (A), TG
(B), and TCHO (C) contents, HDL (D) and LDL (E) concentration in (n = 7). Heatmaps of steatosis-associated mRNA expression (F), CHO and BAs synthesis-associated mRNA
expression (G) based on mRNA-sequencing data. Heatmap (H) of liver mitochondrial dynamics-, apoptosis-, and COX family-associated mRNA expression based on
sequencing data. A PPI network (I) of study-related genes. Oil Red O staining (J) presenting areas of lipid accumulation (Scale bar = 50 um, magnification 200 x ). TUNEL
staining (K) in chicken livers (Scale bar = 25 pm, magnification 400 x ). All data are expressed as mean + SEM. *Significantly different (p < 0.05) vs. control group, *significantly
different (p < 0.05) between groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

379



J. Li, C. Guo, Y. Liu et al.

transcription factor 2 (SREBF2, a transcriptional regulator of genes
involved in CHO biosynthesis) [45], hydratase/3-hydroxyacyl CoA
dehydrogenase (EHHADA), CCAAT enhancer binding protein
(CEBPB), 24-dehydrocholesterol reductase (DHCR24), squalene
epoxidase (SQLE, a key CHO biosynthetic enzyme) [44], methyls-
terol monooxygenase 1 (MSMO1, a protein coding gene involved
in the normal synthesis of CHO) [46], and cytochrome P450 family
7 subfamily A member 1 (CYP7A1) in chickens exposed to high-
dose arsenic in comparison with the control (Fig. 3G). Furthermore,
BAs hepatobiliary transport related genes including ATP-binding
cassette subfamily B member 11 (ABCB11, the major canalicular
transporter of BAs from the hepatocyte) [47,48], and ABCB1 were
also increased in arsenic-exposed liver (Fig. 3G).

Arsenic administration induced mitochondrial dynamics disorder and
apoptosis in chickens

Mitochondrial dynamics- and apoptosis-linked key genes were
respectively identified. Mitochondrial morphology is determined
by the balance between mitochondrial fusion and fission [49]. Liver
mitochondrial dynamics disorder was evidenced by the alteration
of mitochondrial fusion-related proteins mitofusin 1 (MFN1) and
mitochondrial dynamin like GTPase (OPA1), and mitochondrial
fission-related proteins mitochondrial fission 1 protein (FIS1),
dynamin 1 like (DNM1L), and dynamin 1 (DNM1) mRNA expression
(Fig. 3H).

B-cell lymphoma gene 2 (BCL-2) and BCL-9 are important anti-
apoptotic protein [33], caspase 6 (CASP6) and CASP7 are essential
executioners acted on substrate cleavage and the destruction of
subcellular structures [50,51]. Liver apoptosis was confirmed by
the down-regulated BCL2 and BCL9 mRNA expression and the up-
regulated CASP6 and CASP7 mRNA expression (Fig. 3H). Moreover,
in situ apoptosis detection was accomplished based on the
biotin-dUTP labeling and diaminobenzidine (DAB) staining. The
proportion of DAB imaging positive cells (brown) from each groups
revealed severer apoptosis in arsenic-exposed chicken livers, and it
was dose-related (Fig. 3K). Furthermore, we noticed a significant
up-regulation in COX gene family (Fig. 3H).

PPI analysis

The genes related to arsenic-triggered a serious of lesion in liver
were revealed in the PPI network (Fig. 3I). The edges connected dif-
ferent proteins represented known interactions, predicted interac-
tions, and so on.

Arsenic administration induced dramatic gut microbiota remodeling in
chicken ilea

In order to interrogate the underlying effect of arsenic in medi-
ating intestinal homeostasis, bacterial 16S rRNA gene sequencing
on ileum content from chickens in absence or presence of 30 mg/
L arsenic was conducted. As predicted, arsenic administration lar-
gely influenced bacterial community alpha diversity indexes as a
measure of species diversity, reflected by the dramatical repression
of Shannon diversity index, observed OTUs, Pielou’s evenness
index, and Faith’s phylogenetic diversity of ileum microbiota
(Fig. 4A-D, p < 0.05).

Under the condition of arsenic treatment, the bacterial abun-
dances at diverse levels (phylum, class, order, family, genus, and
species) showed an obvious alteration in Fig. 4E and F and
Fig. S2. Specifically, arsenic dramatically elevated the ratio of Firmi-
cutes/Bacteroidota regarding as dysbiosis (Fig. 4G, p < 0.05). Linear
discriminant analysis Effect Size (LEfSe) was next employed to dis-
tinguish the variations of gut microbiota (LDA store > 3) for prob-
ing the dominant communities that were characteristic between
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the control and arsenic-exposed group (Fig. 4H and I). Concur-
rently, the relative abundance of Christensenellaceae (a therapeutic
bacterium) and Muribaculaceae family (an advantageous bacterial
group in Bacteroidales order) were significantly repressed under
arsenic treatment. Moreover, arsenic exposure dramatically
reduced the abundance of Faecalibacterium genus and Ruminococ-
caceae family (Fig. 4H and I, p < 0.05). Of note, arsenic administra-
tion markedly increased the relative abundance of Proteiniphilum
genus (a Gram-negative bacteria), Bacilli order, and Lactobacillaceae
family (Fig. 4H and I, p < 0.05). Taken together, 16S rRNA gene
sequencing results of stool samples obviously revealed the drastic
changes in gut microbiota induced by arsenic.

Arsenic administration affected intestinal barrier and induced
intestinal toxicity in chickens

To further examine the effect of arsenic on intestinal, H&E stain-
ing (Fig. 5A) were performed and dramatically presented the nox-
ious effect of arsenic. From the result of histology analysis (Fig. 5A),
arsenic treatment showed destructed ileum tissue structure with a
significant reduction of villous height (Fig. 5B) and crypt depth
(Fig. 5C). Moreover, arsenic supplementation strongly increased
the intestinal barrier permeability. Tight junction proteins CLDN1
and OCLN mRNA expression level in ilea were decreased by arsenic
administration dose-dependently, so did the zonula occludens-1
(ZO-1) level (Fig. 5G). The protein levels of CLDN1 and OCLN were
completely consistent with the tendency of qPCR assay, with a
markedly decrease in the presence of arsenic (Fig. 5D and E).
What's more, the increased intestinal permeability based on the
barrier dysfunction is supposed to cause LPS translocation. We evi-
dently noticed a strong elevation of serum LPS levels in arsenic-
treated chickens (Fig. 5I). Furthermore, in comparison with the
control group, arsenic intervention strongly rose the inflammatory
response-related mRNA expression of NF-kB, interleukin-18 (IL-
1B), toll-like receptor 4 (TLR4), interferon-y (IFN-y), and TNF-o
dose-dependently, meanwhile, decreased the IL-6 mRNA expres-
sion (Fig. 5H). The protein levels of TGF-1, TNF-a, IL-1pB, and NF-
KB (nuclear) showed a significant upward trend with the increas-
ing dose of arsenic treatment (Fig. 5D, E, and F).

Correlation analysis of liver-microbiota-gut axis in chickens

As shown in Fig. 5], Pearson correlation coefficient identified the
statistical association between gut microbiota and indexes associ-
ated with liver and intestinal injury. Christensenellaceae, Lach-
nospiraceae, Muribaculaceae, Ruminococcaceae, Faecalibacterium,
and Lactobacillaceae highly correlated with intestinal inflamma-
tory, liver function, and liver fibrosis in chickens (Fig. 5]). In
Fig. 5K, liver fibrosis indexes, liver function indicators, LPS, intesti-
nal barrier integrity and intestinal inflammatory indices related to
this study presented strong correlation (Fig. 5K). Altogether, these
results indicate that liver-microbiota-gut axis collectively con-
tributes to the biotoxicity in chickens chronically exposed to
arsenic.

Arsenic administration altered serum metabolome in chickens

Serum metabolome was then conducted as a bridge for further
interrogating the correlation between gut and liver in chickens.
Five serum samples respectively from the control and 30 mg/L
arsenic group were analyzed with LC-MS. A total of 323 metabo-
lites were identified. In this study, the criteria for differential
metabolite screening were p-value < 0.05 and Variable Importance
in Projection > 1. The z-score plot and heatmap of identified differ-
ential metabolites in serum revealed a significant statistic differ-
ence in expression level of N-Methyl-2-pyrrolidinone, estrone,
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Fig. 4. Arsenic administration disturbed gut microbiota composition in chicken ilea. The Alpha diversity indices boxplot of samples: Shannon diversity index (A), observed
OTUs (B), Pielou’s evenness index (C), and Faith’s phylogenetic diversity (D) of ileum microbiota (n = 9). Relative abundance of different gut bacteria at the phylum (E) and
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groups.

aminohydroquinone, L-Methionine S-oxide, diacetyl, gamma-
Aminobutyric acid, chenodeoxycholic acid (CDCA), L-24-
diaminobutyric acid, 1H-Indole-3-carboxaldehyde, nicotinic acid,
13S-hydroxyoctadecadienoic  acid, = phosphonoacetate,  Se-
Methylselenocysteine, 4-Quinolinecarboxylic acid, methyl jas-
monate, and galactaric acid either arsenic treatment or not
(Fig. 6A and B). The application of multivariate statistical analysis
clearly evaluated the distinction between samples from each
group. In this study, the PCA score plot of serum metabolites
clearly presented a considerable discrimination either arsenic
treatment or not, revealing the distinct separation trend (Fig. 6C).
Meanwhile, partial least squares-discriminant analysis (PLS-DA)
and orthogonal PLS-DA (OPLS-DA) score plots derived from group
comparison showed strong separation between groups (Fig. 6D-
G). Accordingly, the metabolome results well confirmed the effect
of arsenic in intervening serum metabolic homeostasis, largely
causing hepatotoxicity to a certain extent as possibly.
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Especially as predicted, the final metabolite of sodium
arsenite—dimethylarsinate was found a very marked elevation in
chicken serum (Fig. 6H, p < 0.05). Moreover, BAs metabolism asso-
ciated key different metabolites were identified. Increased primary
BAs (PBAs) levels as CDCA and glycocholic acid (GCA), and
decreased secondary BAs (SBAs) as ursodeoxycholic acid (UDCA)
and lithocholic acid (LCA) were displayed (Fig. 61-L).

Discussion

Increasing evidence has confirmed the risk of arsenic-
contaminated underground water in long-term liver disease. Our
previous study has found that chronic arsenic exposure may pro-
mote HSCs activation in rat liver [41]. Moreover, arsenic has been
proven to impair intestinal tract [52]. In this study, biochemical
outcome and histopathological changes preliminarily revealed
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Fig. 5. Arsenic administration induced intestinal injury in chickens. Representative H&E staining images (A) of chicken ilea at 100 x magnification (Scale bar = 100 pm) and
200 x magnification (Scale bar = 50 pm). Yellow double-headed arrows: crypt depth. Villous height (B) and crypt depth (C) in the ilea of chickens treated with/without arsenic
(n = 4). The blots (D) and relative protein levels of nuclear NF-xB (F), CLDN1, OCLN, TGF-B1, TNF-a, and IL-1B (E) in chicken ilea (n = 4). Relative mRNA expression of CLDN1,
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axis. Orange denotes positive correlation and green denotes negative correlation. *p < 0.05, **p < 0.0

1, ke

p < 0.001. All data are expressed as mean + SEM. *Significantly

different (p < 0.05) vs. control group, *significantly different (p < 0.05) between groups. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

the hepatotoxicity of arsenic on chickens, accompanied by an ele-
vation of the final metabolite of sodium arsenite—dimethylarsinate
in serum. Furtherly, we found fibrotic lesion, oxidative imbalance,
steatosis, inflammation, apoptosis, and mitochondrial dynamics
disorder in chicken livers chronically exposed to arsenic, followed
by ileal microbiota populations alteration and severe intestinal
damage. Here, our present study reveals that chronic arsenic expo-
sure provokes biotoxicity in chickens through disrupting liver-
microbiota-gut axis based on multi-omics analysis.

Liver fibrosis is commonly charactered by the trans-
differentiation effect of activated HSCs [13,53]. Our findings
demonstrate the occurrence of pathogenic fibrosis in chicken livers
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chronically exposed to arsenic preliminarily evidenced by the com-
pelling Sirius red and Masson’s trichrome staining, further con-
firmed by the remarkably elevated transcription levels of hub
genes known as fibrosis and HSCs activation. TGF-B1 is a vital
pro-fibrogenic factor, essential for the progression of fibrosis
[54,55]. TGF-B1 may activate Smad-dependent pathway, drives
o-SMA and key ECM genes expression [56]. In this study, arsenic
exposure promoted TGF-B1/Smad2 signaling pathway, enhanced
o-SMA expression and HSCs activation, ultimately leading to an
accumulation of fibrillar collagens. Of note, in the course of data
analyzing, we captured a prominent gene, Sirt6, a NAD'-
dependent nuclear histone deacetylase, with a marked depletion
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in arsenic-exposed chicken livers. It was documented that Sirt6
could directly interact with Smad2 and suppress its phosphoryla-
tion and nuclear localization in HSCs, further alleviate fibrosis
through classical TGF-p1/Smad pathway [57]. Herein, we briefly
speculated that Sirt6 depletion may possibly involve in arsenic-
induced liver fibrosis and HSCs activation in chickens, and associ-
ated molecular mechanisms need further investigation. Hence,
our findings indicate that chronic arsenic exposure strongly con-
tributes to liver fibrosis via HSCs activation in chickens.

Intestinal barrier dysfunction and microbiotas dysbiosis have
emerged as promising candidates for a wide range of diseases,
especially hepatic disorder [58]. In this study, failure of the intesti-
nal tissue integrity exhibited in arsenic-administrated chicken ilea,
involved in the down-expression of tight junction-associated pro-
teins, which may cause nearly one hundred trillion microbes
invading body as pathogens. Meanwhile, the pathogenic role of
intestinal barrier dysfunction usually complicates with chronic
intestinal inflammation. The marked alteration of inflammatory
factors confirmed the intestinal inflammation evoked by arsenic
exposure in our present study. Thus, our findings jointly demon-
strate the exact lesion of chronic arsenic exposure to intestinal bar-
rier dysfunction in chickens.

Upon the impairment of intestinal barrier, the raised intestinal
permeability allows several pathogen-associated molecular pat-
terns (PAMPs) diverting to the blood, finally releasing to invade tis-
sues and organs [17,59]. LPS is a well-known PAMP anchored in the
outer double-membrane envelope of Gram-negative bacteria (as
Proteiniphilum) driving multiple inflammatory cytokines in
response to infections [60-63]. Our study indicates that chronic
arsenic exposure contributes to the release of noxious LPS into
the circulation, which is supported by the accumulation of LPS in
chicken serum. And this process largely depends on portal vein cir-
culation, which acts on manipulating mostly blood from digestive
tract directly emptying into the liver, functionally connecting the
liver and gut [16]. Accumulating evidence point out that LPS is
strongly associated with liver dysfunction and acts as a hepatic
endotoxin contributing to diversified liver injury [64,65]. Further-
more, LPS stimulation has been proven to mediate HSCs activation
inducing liver fibrosis [66]. In this study, we found the elevated
liver function-associated enzyme activities, obvious fibrotic lesion,
and the over-expressed of HSCs activation markers in chickens
chronically exposed to arsenic. Hence, our results suggest that
chronic arsenic exposure triggers enterogenous LPS translocation
into liver, leading to a series of hepatic injury in chickens, espe-
cially liver fibrosis.

The liver communicates back to the intestine by hepatic bile
flow and other mediators, which forms a typical enterohepatic cir-
culation model [17,67]. BAs homeostasis is tightly mediated by
enterohepatic signaling [68,69]. Referring to our results of liver
transcriptomics and serum metabonomics, we found a severe dis-
turbance in BAs anabolism. CYP7A1 is a key rate-limiting enzyme,
responsible for initiating the classic pathway of BAs synthesis [70].
In our study, arsenic exposure significantly up-regulated the
CYP7A1 expression in chicken livers, inducing excessive serum
TBA accumulation, which resulted in intestinal epithelial damage.
It is well known that hepatocytes synthesize CHO catabolism pro-
duction PBAs such as CDCA. PBAs subsequently transport into the
intestine, convert to SBAs under the action of gut bacteria, further
recirculate to the liver via enterohepatic circulation [18,71]. Hence,
our current results suggest that arsenic exposure massively
increases the concentration of serum PBAs—CDCA and GCA in
chickens. Additionally, Lactobacillaceae, considered as a beneficial
bacterium with CHO-lowering capacity, was found enriched in
chicken ilea under arsenic exposure, which is contrary to general
studies. We speculate that the elevation of Lactobacillaceae abun-
dance could be a positive response process for organism, in turn
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leads to the decrease percentage of other beneficial bacteria, which
directly affects intestinal function of chickens chronically exposed
to arsenic.

Our study also identified a strong correlation between SBAs
metabolism and several differentially abundant microbes in
arsenic-exposed chicken ilea. It is worth noting that only few rec-
ognized microbes from Ruminococcaceae and Lachnospiraceae fam-
ilies have the capacity to dehydroxylate the subsequent 7o of
cholic acid (CA) and CDCA in generating classical SBAs [72]. In
the present study, arsenic exposure repressed the concentration
of several SBAs, especially the LCA and UDCA, in chicken serum,
which is involved in the repressed dehydroxylation of Ruminococ-
caceae and Lachnospiraceae families in ilea to a certain extent. Fur-
thermore, the reduced abundance of Ruminococcaceae has been
found in non-alcoholic steatohepatitis [73], indicating the com-
pelling associations between intestinal flora and hepatic disease.
Sinha et al. (2020) has also announced the depletion of Ruminococ-
caceae and stool SBAs reduction in patients with ulcerative colitis,
simultaneously confirmed the effectiveness of LCA supplementa-
tion in alleviating inflammation [74]. Therefore, our findings con-
vincingly elucidate the adverse effect of chronic arsenic exposure
on BAs metabolism in chickens, which largely associated with
the alteration of enterohepatic circulation of BAs, eventually aggra-
vating liver and intestine damage.

The depleted abundance of profitable microbiota is commonly
related to intestinal injury. We further focused on several poten-
tially beneficial gut microbes showing strong negative relevance
with arsenic-induced enterohepatic toxicity in chickens. In the pre-
sent study, the depleted abundance of microbiota including Chris-
tensenellaceae, Muribaculaceae, Faecalibacterium, and
Ruminococcaceae from chicken ilea were observed in the presence
of arsenic. Among them, Christensenellaceae is known to negatively
correlate with serum lipids, metabolic syndrome, and inflamma-
tion [75,76]. Muribaculaceae also negatively correlates with inflam-
mation status and is beneficial to intestinal epithelial health
[77,78). Faecalibacterium is generally regarded as an organism with
superior metabolic capacities and showed a reduction under
chronic pathological conditions as non-alcoholic fatty liver disease
[79,80]. Besides, Ruminococcaceae and Faecalibacterium prausnitzii
(the only species isolated from Faecalibacterium genus) were con-
firmed to be inversely correlated with fibrosis severity in several
studies [73,81], which further strongly consistent with the findings
of arsenic-induced liver fibrosis in this study. Consequently, these
findings collectively corroborate the adverse impact of chronic
arsenic exposure on liver-microbiota-gut axis in chickens (Fig. 6M).

Conclusion

In summary, our study established a novel mechanism for com-
prehensively interpreting the toxicological effect and mechanism
of inorganic arsenic exposure in chickens based on integrated
multi-omics analysis. Chronic arsenic exposure induced a serious
of chicken liver dysfunction, especially severe liver fibrosis, altered
ileal microbiota diversity, accompanied by a depletion of poten-
tially beneficial microbes, Christensenellaceae, Ruminococcaceae,
Muribaculaceae, and Faecalibacterium, simultaneously impaired
chicken intestinal barrier integrity, further drove enterogenous
LPS translocation aggravating liver toxicity. Moreover, the injured
liver negatively intervened BAs homoeostasis, which in turn pro-
moted intestinal injury, ultimately perpetuating pernicious circle.
The liver-microbiota-gut axis may become potential therapeutic
targets for arsenic-induced systemic toxicity in poultry. Restoring
intestinal microbiota balance such as fecal microbiota transplanta-
tion to stabilize hepatointestinal microenvironment may be a fea-
sible scheme for preventing environmental arsenic poisoning, and
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further studies are warranted to conduct prospective clinical trial
for assessing the effectiveness of probiotics in restoring body
health.
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