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study, male mice were exposed to NiCl> (1.6mg/mL) via gavage or intraperitoneal
injection for 28 days. Histological, ultrastructural, and immunohistochemical analyses
were conducted on liver and intestinal tissues. Liver transcriptome sequencing and fecal
bile acid profiling (via LC-MS/MS) were performed. Nickel exposure caused
significant intestinal and liver damage, with intraperitoneal injections producing more
severe effects than gavage. TUNEL and PCNA staining revealed increased apoptosis
and reduced cell proliferation in the liver. Transmission electron microscopy showed
mitochondrial swelling and cristae loss. Bile acid profiling indicated reduced secretion
of bile acids, particularly conjugated bile acids. Transcriptomic analysis identified
altered expression in bile acid transport and cholesterol metabolism genes, including
down regulation of Abcbll, Slc22a7, and Aqp8. The result of this experiment
confirmed that nickel could induce hepato-intestinal toxicity and disrupt bile acid
metabolism in a route-dependent manner. These findings provide new insights into
heavy metal toxicity and bile acid regulation.
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INTRODUCTION Nickel exposure has been associated with adverse

effects on growth, immunity, and gastrointestinal function

Nickel is essential in producing many industrial
materials, electronic components, and aerospace alloys,
and is considered a widespread environmental pollutant
(Arita et al., 2012; Song et al., 2017). In recent decades,
excessive industrial and agricultural discharge has led to
the accumulation of nickel in soil, water, and vegetation
(Changyuan, 2015; Dai et al., 2016). Both humans and
animals can be exposed to nickel through contaminated
drinking water, feedstuffs, or forage plants, as well as
through inhalation and dermal absorption from the polluted
environments (Kaphle et al., 2024). In rural or agricultural
regions such as Sichuan, China, animals may be at a
particular risk due to increased exposure to polluted water
sources and industrial runoff.

in animals. In livestock and experimental models,
histopathological damage has been reported in the liver
and intestines, including hepatocellular degeneration,
sinusoidal congestion, villus atrophy, and epithelial
erosion (Cempel and Janicka, 2002; Sidhu et al., 2005;
Wu et al., 2013a; Wu et al., 2014). In humans, acute or
chronic exposure can cause gastrointestinal symptoms
such as vomiting, diarrhea, and abdominal pain ( Zou et
al., 2017; Guo et al., 2019). Despite this, studies have
largely focused on oxidative stress, inflammation, or
general tissue injury, with limited attention paid to the
effects of nickel on bile acid metabolism, an essential
hepatic function directly linked to intestinal health (Di
Ciaula et al., 2017).


http://dx.doi.org/10.29261/pakvetj/2025.261

Bile acids, synthesized in the liver and secreted into
the intestine, are critical for lipid digestion and are
continuously recycled through enterohepatic circulation.
Disruption of bile acid synthesis or transport can reflect
hepatic  dysfunction and compromise  gut-liver
communication (Ringseis et al., 2020). Since the route of
toxicant administration can significantly alter organ
exposure and systemic response (Das et al, 2008),
understanding how nickel affects liver—intestinal
physiology via different exposure routes is essential.
However, the mechanisms by which nickel influences bile
acid metabolism especially conjugated bile acids and its
associated transcriptomic changes, remain largely unclear.

Therefore, in this study, we investigated the
toxicological effects of nickel exposure on the liver and
intestine in mice, comparing two common exposure routes:
oral gavage and intraperitoneal injection. By integrating
histopathology, ultrastructure, transcriptomics, and bile
acid profiling, we aimed to elucidate the mechanism of
nickel-induced liver—gut injury and bile acid dysregulation.
Although laboratory mice were used, the findings are also
of relevance to veterinary toxicology, as livestock in
agricultural or industrial areas may be exposed to nickel
through contaminated water, forage, or soil.

MATERIALS AND METHODS

Experimental animals and grouping: One hundred 4-
week-old male Kunming mice (Experimental Animal
Center, North Sichuan Medical College, Sichuan, China)
with an initial weight of 24.02+1.12g were randomly
divided into four groups: gavage nickel group (GN),
gavage normal saline group (GNS), intraperitoneal
injection of nickel group (IN) and intraperitoneal injection
of normal saline group (INS), with five replicates in each
group. All animals were housed in compliance with
guidelines under controlled environmental conditions
(temperature: 24+2°C; humidity: 554+5%). Dietary and
hydration needs were met through the -continuous
availability of a certified rodent maintenance diet and pure
water. Experimental manipulations were conducted as
follows: GN/GNS group: oral administration via gavage
with either 1.6mg/mL NiCl. solution (Wu ef al., 2022a) or
saline; IN/INS  groups: equivalent dosing via
intraperitoneal  injection using identical solution
concentrations (Wu et al., 2022). The group and treatment
methods are shown in Table 1. Among them, the GNS
group was the blank control group for the GN group, and
the INS group was the blank control group for the IN group.
All groups were treated for 28 days.

Table I: Mice grouping and administration methods

Group Exposure model Treatment

GN Gavage 0.25ml NiClx (I.6mg/ml)
GNS Gavage 0.25ml normal saline

IN Intraperitoneal injection 0.25ml NiClz (1.6mg/ml)
INS Intraperitoneal injection 0.25ml normal saline

Organ coefficient determination: Following humane
euthanasia, animals were immediately placed on a
refrigerated surgical platform (4°C) for necropsy. Organ
harvest was conducted under sterile conditions, with each
organ system meticulously excised and cleared of residual
blood via saline perfusion. Post-excision, organs were
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subjected to gravimetric analysis using calibrated
electronic scales, with organometallic indices calculated
according to the standardized formula:

Organ Index = Organ Mass / Body Mass

Observation of pathological changes in intestinal and
hepatic cells: The intestinal and liver tissue samples were
fixed with 4% paraformaldehyde after dissection. Then,
they were dehydrated with 75%, 85%, 95%, 100%l, and
100%]II gradient alcohol for 4h, 2h, 2h, lh, and 30min,
respectively. Dehydrated tissue was treated with xylene to
make it transparent. The transparent tissue was immersed
in melted paraffin for 2h so that the paraffin could
completely replace the transparent agent in the tissue.
Then, the thickness regulator of the microtome was
adjusted to a thickness of S5um for sectioning, followed by
water bath-assisted section flattening. For staining
purposes, standard H&E staining protocols were applied.
Microscopy was employed for histologic examination of
liver and intestinal sections. Quantitative morphometric
analysis was conducted using ViewPoint software,
measuring parameters including intestinal villus height;
crypt depth; and mucosal layer thickness.

TUNEL cell apoptosis and PCNA cell proliferation
assay: The liver paraffin sections were stained according
to the instructions of the TUNEL cell apoptosis detection
kit (DAB chromogenic method) (Cat. No.: C1091,
purchased from Beyotime Biotech. Inc.) and the PCNA cell
proliferation detection kit (IHC) (Cat.No.:E607250,

purchased from Sangon Biotech. Inc.) and then
photographed under a light microscope.
Transmission electron microscopy: Cubic liver

specimens (Imm?) underwent primary fixation in 2.5%
glutaraldehyde followed by secondary fixation in 2%
osmium tetroxide buffered with veronal acetate.
Dehydration proceeded through ascending ethanol series
(50-100%) before infiltration and embedding in araldite.
Ultrathin sections were obtained using an ultramicrotome,
mounted on 200-mesh copper grids, and double-stained
with uranyl acetate and lead citrate. Samples were
visualized using a JEOL JEM-1400 transmission electron
microscope operated.

Transcriptomic analysis of changes in hepatocyte
signaling pathways: Liver tissue samples were subjected
to transcriptome sequencing analysis. First, the total RNA
of each group was extracted by the magnetic bead method,
and mRNA containing polyA structure was enriched by
oligo(dT) magnetic beads. RNA was randomly fragmented
into approximately 300bp fragments, and random hexamer
primers were used to guide reverse transcription for the
synthesis of single-stranded cDNAs, which were then used
as templates for the synthesis of double-stranded cDNAs,
then used it as a template for double-stranded cDNA
synthesis. After completing the steps of library
construction, such as end repair and junction ligation, the
library was enriched by PCR amplification, and the target
fragments of about 450 bp were screened by gel
electrophoresis. An Agilent-2100 Bioanalyzer was used to
perform library quality control and quantify the total



concentration and effective concentration of the library.
According to the requirement of sequencing data volume,
the libraries containing specific Index tags were mixed
proportionally (each sample was set with an independent
Index for subsequent data splitting), and 2nM standard
libraries were prepared. After single-stranded DNA was
obtained by alkaline denaturation, double-end sequencing
was performed on the Illumina sequencing platform. The
raw sequencing data were filtered by quality control to
obtain high-quality clean data. The gene expression
profiles were determined by genomic comparison, and then
bioinformatics analysis, such as differential expression
analysis, functional enrichment analysis, and clustering
analysis, was carried out.

Analysis of bile acid secretion: Fecal specimens from
mice in each experimental group were collected and
processed with ice-cold methanol at a 6uL:1mg (methanol:
fecal aliquot) ratio. The samples were homogenized by
grinding, followed by 1-min vigorous vortex mixing and
30-min sonication at 4°C. After centrifugation at
12,000rpm for 10min, the pellet underwent two
consecutive extraction cycles using the same methanol-
based protocol (vertexing, sonication, centrifugation).
Supernatants from both extractions were pooled and
evaporated to dryness. The extracts were redissolved in
200pL  of methanol (containing internal standard
50ng/mL), centrifuged for 15min, and the supernatant was
used for machine detection. MRM parameters were
obtained, integrated by MultiQuant software and bile acid
content was calculated according to the internal standard
one-point method. The results of principal component
analysis (PCA), OPLS-DA analysis, and differential
component analysis were further examined. Then, principal
component analysis and difference analysis were
performed.

Statistical analysis: Statistical analyses were conducted
with SPSS software (version 26.0), with quantitative data
expressed as meantstandard deviation. Intergroup
comparisons were assessed by one-way ANOVA, followed
by the least significant difference (LSD) post hoc test for
pairwise analyses. Statistical significance thresholds were
defined as P<0.05 for all comparisons.

RESULTS

Effect of nickel on growth performance: As shown in
Table 2, nickel injection decreased the final body weight
and average daily gain of the mice (P<0.01). Nickel
gavaging decreased average daily food intake significantly
(P<0.01).

Table 2: Growth performance of mice

Grouplnit.ial Final weightTc,)taI weightAYerage dainAver?ge daily
weight gain gain feed intake

GN  24.08+1.59°31.64+0.95°7.55+1.10°% 0.30+0.04**® 6.24+0.18®

GNS 24.24+0.55%33.59+1.92°9.35+1.38%*480.37+0.06**8 8.47+0.47**

IN  24.21+0.75°31.15£1.61°6.94+1.26"® 0.28+0.05*® 6.13+0.99"®

INS  23.55+1.57°35.21+1.37°11.65+2.12** 0.47+0.08**  7.55+0.76*8

Effect of nickel on organ coefficients and intestinal
morphology: Nickel exposure resulted in significant
changes in organ coefficients and intestinal structure. As
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shown in Fig. 1A, the liver coefficient was significantly
increased in the IN group compared to INS (P<0.05), while
colon and cecum coefficients were significantly reduced in
both GN and IN groups relative to controls (P<0.05).
Coefficients of the small intestine segments (duodenum,
jejunum, ileum) showed no significant differences.

Histological analysis revealed notable differences
in intestinal morphology among groups (Fig. 1B). The GN
and IN groups showed shortening, fragmentation, and
structural loss of intestinal wvilli. Quantitative
measurements indicated significant reductions in villus
height across all intestinal segments in both GN and IN
groups (Fig. 1C), along with decreased crypt depth (Fig.
1D) and V/C ratio (Fig. 1E), particularly in the duodenum
and ileum.

Further analysis showed that villus width (Fig. 1F),
villus area (Fig. 1G), and mucosal/muscular thickness (Fig.
1H) were all significantly decreased in the GN and IN
groups compared to respective controls (P<0.05).

Nickel induces liver transcriptomic changes: Principal
component analysis (PCA) revealed distinct clustering of
gene expression profiles among the four treatment groups
(Fig. 2A), indicating that nickel exposure markedly altered
hepatic transcriptomes. Volcano plots showed that 802
differentially expressed genes (DEGs) were identified in
the GN vs. GNS comparison (224 upregulated, 558
downregulated), and 773 DEGs in the IN vs. INS
comparison (421 upregulated, 352 downregulated) (Fig.
2B-a, 3C-a). Heatmaps demonstrated strong intra-group
consistency and separation between treatments and
controls (Fig. 2B-b, 3C-b).

GO enrichment analysis revealed that DEGs in the GN
group were mainly associated with extracellular structure
organization and tissue development, whereas those in the
IN group were enriched in metabolic processes and
immune-related responses (Fig. 2C-c, 2C-d, 2C-e, 2C-f).
KEGG pathway enrichment further indicated that nickel
gavage primarily affected ECM-receptor interaction and
bile secretion pathways, while intraperitoneal injection
influenced cholesterol metabolism, galactose metabolism,
and retinol metabolism (Fig. 2B-c—f).

Effect of nickel on the liver morphology, apoptosis,
proliferation, and ultrastructure: To explore the
damaging effect of nickel on the liver, H&E staining,
TUNEL staining, and PCNA staining methods were used
to observe their pathological changes, cell apoptosis, and
cell proliferation of the liver tissue, as shown in Fig. 3. The
hepatocytes in the INS and GNS groups were orderly
arranged having uniform size with round nuclei, and there
were no large numbers of red blood cells in the central
veins or hepatic sinusoids (Fig. 3A). In the GN and IN
group, the liver cells were arranged disorderly. The cells
were swollen, the hepatic sinusoids became narrow or even
disappeared, the nuclei showed pyknosis with variable
sizes, and many red blood cells were filled in the central
vein and hepatic sinusoids (Fig. 3A). In the IN group, there
were vacuoles in the cells with severe lesions (Fig. 3A). In
the GN and IN groups, there were more positive cells than
in the GNS and INS groups under TUNEL staining. It
shows nickel-induced hepatocyte apoptosis (Fig. 3B). In
addition, PCNA staining results showed fewer positive
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Fig. 2: Transcriptomic profiling of mouse liver following nickel exposure. (A) PCA plot showing separation among groups based on liver gene expression
profiles. (B) Differential expression analysis in GN vs. GNS groups: (a) Volcano plot of DEGs; (b) Heatmap of gene expression; (¢, d) GO enrichment
(bar and bubble charts); (e, f) KEGG pathway enrichment. (C) Differential expression analysis in IN vs. INS groups: (a) Volcano plot; (b) Heatmap; (c,
d) GO enrichment; (e, f) KEGG enrichment. DEGs were defined as P<0.05 and fold change > 2.

cells in the GN and IN groups, suggesting that nickel more serious in the IN group than in the GN group. In
inhibited hepatocyte proliferation (Fig. 3C). In GN and IN contrast, the mitochondria in the INS and GNS groups
groups, swollen mitochondria and disrupted or disappeared showed more complete structures and morphologies (Fig.
cristae were observed in hepatocytes, and the changes were ~ 3D).
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Fig. 3: Effects of nickel on mouse liver: (A) H&E staining of liver tissue; (B) TUNEL staining of liver tissue; (C) PCNA staining in liver tissue; (D)

Ultrastructural changes in hepatocytes.

Nickel induces changes in the liver transcriptomics:
Multivariate analysis of fecal bile acid profiles revealed
significant differences between groups. PCA and biplot
analyses showed that bile acid composition differed
markedly between Ni-treated and control groups, with
clear group separation (Fig. 4A-B). OPLS-DA score
plots further confirmed this separation for both GN vs.
GNS and IN vs. INS comparisons (Fig. 4C-D). Model
quality was verified with high R? and Q? values (Fig. 4E—
F).

Volcano plots (Fig. 4G-H) and VIP analysis (Fig. 41—
J) identified significantly altered bile acids in both GN and
IN groups. Heatmaps showed consistent group-level
clustering and bile acid suppression (Fig. 4K-L).

Differential expression of bile secretion and
cholesterol metabolism genes: In transcriptomic
comparisons between the GN and GNS groups,
differentially expressed genes associated with bile
secretion were identified (Fig. SA). The analysis revealed
3 upregulated and 7 downregulated transcripts in the GN
group relative to the GNS group. Similarly, the
evaluation of cholesterol metabolism pathways in the IN
versus INS comparison demonstrated transcriptional
alterations, with 5 genes showing increased expression
and 2 genes exhibiting reduced expression in the IN
group (Fig. 5B). These pathway-specific modulations
reflected distinct regulatory mechanisms under
experimental conditions.
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DISCUSSION

Nickel ingestion has been associated with a wide
spectrum of hepatic and gastrointestinal disorders. Studies
have shown that Ni exposure can trigger oxidative stress,
hepatocyte apoptosis, and lipid metabolic disturbances in
the liver and intestine (Wu et al., 2013b; Guo ef al., 2016a;
Abudayyak et al., 2020). However, relatively few studies
have investigated how Ni could affect bile secretion,
particularly in relation to coordinated organ- and
transcriptome-level changes. Our study focuses on the
liver—intestine axis, emphasizing bile acid synthesis,
transport, and the systemic consequences of exposure via
different administration routes.

Nickel exposure significantly impaired growth
performance in mice, with both gavage (GN) and
intraperitoneal injection (IN) groups showing reduced body
weight, being consistent with previous findings in rabbits
and broilers (Arpasova et al., 2007; Bersényi et al., 2008).
Decreased feed intake may partly explain this effect, as
nutrient availability and energy metabolism are closely tied
to gastrointestinal function (Winter, 2006).

Nickel ingestion has been linked to gastrointestinal
symptoms such as nausea, diarrhea, and abdominal pain.
Consistent with this, our data showed decreased organ
coefficients of the colon and cecum, particularly in the GN
group. This reduction may be attributable to disrupted bile
acid excretion, which may compromise the intestinal
barrier and digestive capacity (Ringseis et al., 2020). H&E
staining revealed significant structural compromise in the
intestinal villi, especially reduced villus height, crypt
depth, and muscularis thickness. The GN group exhibited
localized injury to the duodenum and ileum, whereas the
IN group showed broader intestinal damage, suggesting
route-dependent differences in gut toxicity. These findings
align with prior studies on other metals such as cadmium
and arsenic, which also impair intestinal architecture and
absorption (Jiang et al., 2020; Zhou et al., 2025). The route-
dependent injury pattern may result from differences in
first-pass metabolism. IN exposure bypasses the gut and
directly enters systemic circulation, likely concentrating Ni
in the liver. This is consistent with our observation of more
severe hepatic lesions in the IN group. By contrast, gavage
exposes the intestinal epithelium directly, contributing to
localized injury. This spatial distribution suggests complex
hepato-intestinal interactions and involvement of bile acid-
mediated signaling. The enterohepatic cycle, comprising
bile secretion, intestinal absorption, and hepatic reuptake is
especially susceptible to toxicant interference (Chiang,
2013).

Our data showed that Ni exposure severely damaged
the liver, particularly in the IN group, with increased
apoptosis, reduced proliferation, and disrupted
mitochondrial ultrastructure. Transcriptomic analysis
indicated that GN-induced DEGs were enriched in
extracellular matrix (ECM)-related functions, while IN-
induced DEGs were enriched in metabolism, immune
signaling, and lipid pathways. ECM remodeling is critical
for maintaining hepatic architecture and cellular
interactions (Hynes, 2009), whereas dysregulated
metabolism is frequently associated with hepatic steatosis
and toxicity (Li et al., 2021).
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Notably, KEGG pathway analysis revealed significant
activation of the PI3K-Akt pathway, a central modulator of
apoptosis, cell survival, and metabolism. Mitochondrial
damage and cytochrome release further confirmed
apoptotic activation via intrinsic pathways (Naryzhnaya et
al., 2019). These molecular findings are consistent with
earlier  toxicological ~models of metal-induced
hepatotoxicity (Tammam et al., 2022; Guo et al., 2023).
Additionally, our study uncovered a striking reduction in
conjugated bile acids in both GN and IN groups, measured
via HPLC-MS, indicating a systemic disruption in bile acid
synthesis and transport. This finding is consistent with
previous work on other toxins such as deoxynivalenol and
nickel nanoparticles, which reduce bile acid levels and
suppress related enzymes (Zhang et al., 2021; Wang et al.,
2022). Transcriptomic results revealed that GN exposure
downregulated bile secretion genes (Slc22a7, Abcbll,
Aqgp8), while IN exposure upregulated cholesterol
metabolism-related genes (SOAT, PLTP, NCEH1), which
may contribute to intracellular fat accumulation and
hepatocyte dysfunction (Sato, 2020).

These differences highlight that while GN primarily
disrupts membrane transporters related to bile acid
excretion, IN exposure primarily affects hepatocyte
metabolism and cholesterol esterification. The shared
downregulation of Abcbll, which encodes BSEP (a
transporter of conjugated bile acids), offers a mechanistic
link to the observed reduction in fecal bile acid output.

Our results thus support a dual-mode model of nickel-
induced liver—gut toxicity: one where route-specific
exposure leads to either transporter dysfunction (GN) or
metabolic disruption (IN), ultimately converging on
impaired enterohepatic circulation. These disruptions may
be compounded by potential Ni-induced alterations in gut
microbiota, which are required for conjugated bile acid
biosynthesis (Wu ef al., 2022a).

The observed hepatointestinal injuries are not only
mechanistically distinct but also biologically relevant to
veterinary contexts. Chronic impairment of nutrient
absorption, bile metabolism, and detoxification capacity
can reduce feed conversion efficiency, increase
susceptibility to infection, and compromise production in
livestock raised under nickel-contaminated environments.
Similarities in bile acid signaling and metabolism across
mammalian species suggest these findings are broadly
translatable to farm animals.

Our findings regarding nickel-induced damage to the
liver and intestines, alongside altered bile acid secretion,
are broadly consistent with prior studies but also introduce
novel mechanistic insights. Several studies have
demonstrated that chronic nickel exposure damages
intestinal morphology, including reduced crypt depth and
mucus production, thereby compromising intestinal
function and barrier integrity. This aligns with our
observations of decreased villus height, crypt depth, and
epithelial integrity (Huang et al., 2022; Feezan et al,
2024). Nickel has also been implicated in hepatic
dysfunction through pathways involving oxidative stress,
mitochondrial disruption, and metabolic imbalance.
Similar to their results, we observed hepatocyte apoptosis,
disrupted proliferation, and mitochondrial cristae
disappearance, particularly following intraperitoneal
injection. Importantly, our data show for the first time that



nickel exposure significantly reduces the secretion of
conjugated bile acids, especially via downregulation of key
transporter genes like Abcbll and Slc22a7. This
complements findings from a metabolomics-based study
that reported nickel nanoparticle exposure in rats reduced
levels of bile acids such as cholic acid and deoxycholic acid
and altered bile acid-related enzymes like CYP7A1 and
SULT2AL1 (Zhang et al., 2021). Additionally, the decrease
in conjugated bile acids may be partially attributed to
nickel-induced damage in bile acid recycling and intestinal
absorption pathways. Other studies have shown that toxins
like deoxynivalenol and other mycotoxins can inhibit the
expression of intestinal bile acid transporters (ASBT,
IBABP, OSTa), leading to reduced reabsorption of
conjugated bile acids (Wang et al., 2022) We speculate that
nickel may exert similar effects, disrupting the
enterohepatic circulation and compounding hepatotoxicity.

Conclusions: This study demonstrates that nickel exposure
causes significant hepato-intestinal toxicity in mice, with
intraperitoneal injections inducing more severe damage
than oral gavage. The observed intestinal villi atrophy,
hepatic apoptosis, and mitochondrial degeneration were
accompanied by decreased bile acid secretion, particularly
conjugated bile acids. Transcriptomic analysis revealed
distinct gene expression alterations associated with bile
acid transport and cholesterol metabolism, including
Slc22a7, Abcbl11, Aqp8, SOAT, PLTP, and NCEHI. These
findings suggest that nickel disrupts the hepato-enteric
circulation and impairs liver detoxification and metabolic
homeostasis. Our work highlights the importance of
considering exposure routes in nickel toxicology and
provides novel insights into the mechanisms underlying
bile acid dysregulation. Future studies should further
explore the interaction between nickel, bile acid transport,
and gut-liver axis function.
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