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Cholestatic models induced by lithocholic acid and
o-naphthylisothiocyanate: Different etiological mechanisms
for liver injury but shared JNK/STAT3 signaling
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Abstract. a-naphthylisothiocyanate (ANIT) is used to induce
intrahepatic cholestasis and it is frequently used for investiga-
tions into the disease mechanism. The lithocholic acid (LCA)
cholestatic model has also been extensively used in various
studies; however, to the best of our knowledge, a comparative
study determining the hepatotoxic mechanisms induced by
these two models has not been previously conducted. In the
present study, ICR mice were treated with ANIT or LCA to
induce cholestatic liver injury. Biochemical analysis was used
to determine the serum. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase
(ALP) and total bile acid (TBA) levels, and histopathological
assessment was used to examine the liver tissue. Metabolomic
analysis was used for the serum biomarker identification.
Reverse transcription-quantitative PCR analysis and western
blotting were used to analyze the inflammation biomarkers.
The serum metabolome of the ANIT group clustered away
from of the LCA group, which was demonstrated by the
different modifications of the BA components. ALP level was
found to be preferentially increased in the ANIT group from
24 to 48 h. Total BA levels was only increased in the ANIT
group at 24 h. In contrast, AST and ALT activity levels were
preferentially increased in the LCA group. The bile ducts in
the hepatic tissues of the ANIT group were observed to be
severely dilated, whereas the presence of edematous hepato-
cytes around the necrotic lesions and neutrophil infiltration
were identified in the LCA group. The expression levels
of cholesterol 7a-hydroxylase and sterol 12a-hydroxylase
genes were significantly downregulated in the ANIT group
compared with the LCA group, where a stronger adaptation
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of BA metabolism was supported by major differences in the
concentration of the BA components. Despite the aforemen-
tioned etiological differences in the cholestasis induced by
each treatment, the activation of the INK/STAT3 signaling
pathway was similar between the two cholestatic models. In
conclusion, these data suggested that the liver injury induced
by ANIT may be cholestatic, while the liver injury caused in
the LCA model may be hepatocellular. Moreover, the down-
stream cholestatic liver injury in both models was indicated to
be mediated by the JNK/STAT3 signaling pathway.

Introduction

Primary biliary cholangitis (PBC) and Primary sclerosing
cholangitis (PSC) are typical cholestatic disorders, which are
characterized by the retention of bile acid (BA) (1). The preva-
lence of PBC in northern Europe and Asian countries has been
estimated to be 7-402 and 400-500 cases per million, respec-
tively (2,3). In Vistra Gotaland, which is a regional healthcare
unit in Sweden, the reported prevalence of PSC was 162 cases
per million subjects in 2005 (4). It has also been reported
that >50% of patients with PSC may not survive without liver
transplantation in the late stages of the disease (5,6). Therefore,
cholestasis is one of the most difficult diseases to be handled in
hepatology research.

The a-naphthylisothiocyanate (ANIT) cholestatic model
is the most widely used model for investigating cholestatic
liver diseases (7,8); for instance, following the administration
of one dose of ANIT into mice, significant hepatic injury was
observed (9). The STAT3 and NF-«xB signaling pathways
have been discovered to serve an important role in this type
of cholestatic liver injury (9). In a previous study, upon the
treatment of mice with a high dose of ANIT (300 mg/kg),
rapid (15-24 h) cholestasis developed alongside severe chol-
angiocyte destruction, which was extended to the periportal
hepatocytes (10). In addition, in mouse cholestasis induced
by one dose of ANIT, c-Jun and c-Fos transcription was
significantly upregulated and phosphorylated (p)-STAT3
activation was also observed (11). In male Sprague-Dawley
rats treated with a single dose of ANIT for 24 h, the
AMP-activated protein kinase/Farnesoid X receptor (FXR)
signaling pathway served a critical role in the disruption of
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BA homeostasis (12). Therefore, the inflammatory pathways
involved in cholestatic liver disease remain as the main
research topic for investigation.

Lithocholic acid (LCA)-induced cholestasis is a cholestatic
model that has been previously used in multiple studies (13,14).
For example, C57BL/6 mice were intraperitoneally injected
with 250 mg/kg LCA twice daily for 4 days and the patho-
logical changes of the liver tissues were observed, including
severe hepatic necrosis and diffuse vacuolization (13). In
C57BL/6 mice treated with a 1% LCA diet (g/g) for 4 days,
the upregulation of the levels of the inflammatory factors
interleukin (/1)1, 116 and 1110 were observed (15). In addition,
in male mice treated with 125 mg/kg LCA (b.i.d) for 7 days,
NF-xB activation was increased, which was accompanied
by an elevation in the expression levels of the inflammatory
cytokines tumor necrosis factor (7inf)a and 116 (16). Finally, in
C57BL/6 mice, an intraperitoneal injection of 125 mg/kg LCA
twice daily for 4 days promoted an increase in NF-kB gene
expression, as well as in Tnfo and 111§ levels (17). However, to
the best of our knowledge, the comparison of the toxicity and
the mechanisms of action between the LCA and ANIT models
has not been previously reported.

In the present study, ICR mice were treated with ANIT
or LCA to induce cholestatic liver injury. The etiological
differences of cholestasis between the two cholestatic models
were revealed using metabolomics and traditional approaches.
Notably, it was discovered that the INK/STAT?3 signaling
pathway mediated the cholestatic liver injury in both models.

Materials and methods

Chemicals, reagents and assay kits. ANIT and LCA were
purchased from Sigma-Aldrich (Merck KGaA). The BA
components, taurocholic acid (TCA), tauro-a-muricholic
acid (T-aMCA), tauro-f-muricholic acid (T-pMCA),
tauro-m-muricholic acid (T-wMCA), taurochenodeoxycholic
acid (TCDCA), tauroursodeoxycholic acid (TUDCA) and
taurodeoxycholic acid (TDCA), were also purchased from
Sigma-Aldrich (Merck KGaA). Assay kits for the liver injury
markers alanine aminotransferase (ALT; cat. no. 181017101),
aspartate aminotransferase (AST; cat. no. 181012101), alkaline
phosphatase (ALP; cat. no. 1060-717) and total BA (TBA;
cat.no. 1025-717) were purchased from Ruiyuan Biotechnology
(http://www.reebio.com/about.html). TRIzol® reagent and
cDNA Synthesis kit were both purchased from Thermo Fisher
Scientific, Inc. LightCycle 480 SYBR Green I Master mix
was purchased from Roche Diagnostics (Shanghai) Co., Ltd.
The antibodies against total (t)-JNK (1:1,000; cat. no. 9252)
and p-JNK (1:1,000; cat. no. 9912) were purchased from Cell
Signaling Technology, Inc. Finally, the primary antibodies
against p-p65 (1:5,000; cat. no. ab86299), t-p65 (1:5,000;
cat. no. ab32536), t-STAT3 (1:5,000; cat. no. ab109085),
p-STAT3 (1:5,000; cat. no. ab76315) and GAPDH (1:5,000;
cat. no. abl81602) were obtained from Abcam. Secondary
antibodies [IgG H&L (horseradish peroxidase)] used were
obtained from Abcam (1:2,000; cat. no. ab205718).

Animals and treatment. The animal studies were performed
following the approval of the protocol by the Institutional
Animal Care and Use Committee (approval no. IACUC
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201707-138) at Ningbo University (Zhejiang, China). In total,
15 male ICR mice (age, 5-7 weeks; weight, 20+£5 g) were
purchased from Slac Laboratory Animal (Shanghai, China)
Co., Ltd. Prior to the experiments, the mice were housed at
the Medical School of Ningbo University Animal Services
Unit at 23+1°C, with a relative humidity of 60-70%, a light/
dark cycle of 12 h and with free access to water and standard
mouse chow. The mice were kept in standard cages (n=5) with
aspen bedding. The ICR mice were assigned to the following
three groups: Control group, LCA group and ANIT group.
The LCA group was orally treated with 150 mg/kg LCA in
corn oil two times a day. The animals were sacrificed 12 h
following the 5th treatment. The ANIT group was treated
with 75 mg/kg ANIT in corn oil once by oral gavage and the
animals were sacrificed after 48 h. The blood samples (50 pl)
were collected in the two models by tail bleeding at 0, 12,
24 and 36 h following the 1st dose to monitor the progress
of toxicity.

When the treatment finished, euthanasia was performed
using CO, (20% volume displacement rate/min) at a flow
rate of 2 I/min. Ventilation was maintained for 1-2 min until
no breathing was observed in the mice, and corneal reflexes
and body stiffness were also checked to confirm mortality.
Cervical dislocation was used as the secondary means of
euthanasia for those mice that survived. Serum and liver
samples were collected in a same manner as described previ-
ously (18). A section of freshly isolated liver tissues (1/5 of
the liver tissues) was excised and immediately fixed in 10%
neutral buffered formalin at room temperature for at least 24 h
after a brief wash with PBS. The remaining liver tissues for
reverse transcription-quantitative PCR (RT-qPCR; 2/5 of the
liver tissues) and western blotting (2/5 of the liver tissues) were
flash-frozen in liquid nitrogen and stored at -80°C.

Biochemical analysis. The blood samples were centrifuged at
800 x g at 4°C for 10 min to obtain the serum. The serum
ALT, AST, ALP and TBA levels were analyzed using the kits
at 0,24, 36 and 48 h, according to the manufacturer's protocol,
and a Multiskan GO microplate reader (Thermo Fisher
Scientific, Inc.).

Histopathological assessment. The liver fixed tissues were
dehydrated in an ascending series of alcohol (70, 80, 90 and
100%) and washed with xylene. The tissues were embedded
in paraffin at 60°C and cooled to -20°C, prior to being cut into
4-um sections. The sections were stained with hematoxylin for
3 min and eosin for 2 min at room temperature. The stained
liver sections were visualized under an Olympus BX51 light
microscope (Olympus Corporation) at x40 and x400 magni-
fication and ten serial sections per preparation were analyzed
blindly by a pathologist.

Serum metabolome analysis. The analysis of the serum metab-
olome was performed as described previously (18). After being
processed by Marker Lynx 4.1 (Waters Corporation), a data
matrix of peak areas organized by retention time and m/z was
generated and then exported into SIMCA-P 13.0.3 (Umetrics;
Sartorius AG; https://umetrics.com/products/simca) for pareto
transformation. Then, unsupervised principal component
analysis was used to produce score plot. Orthogonal projection
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Figure 1. Biochemical markers indicating the hepatotoxicity following ANIT and LCA treatment. (A) ALT level in the control, LCA and ANIT groups.
(B) AST level in the control, LCA and ANIT groups. (C) ALP level in the control, LCA and ANIT groups. (D) TBA level in the control, LCA and ANIT groups.
The data were expressed as the mean + SD. "P<0.05 vs. control group; "P<0.05 vs. LCA group. ANIT, a-naphthylisothiocyanate; LCA, lithocholic acid; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TBA, total bile acid.

to latent structures discriminant analysis was exploited to
produce the loading S-plot of LCA-treated and ANIT-treated
mice vs. the control mice where the BAs contributing to
the pattern recognition were exhibited. Accurate molecular
weights of known BA components were used to match the
contributing items, which were determined to be TCA,
T-0/p/oMCA, TCDCA, TUDCA and TDCA by subsequent
comparison of the MS/MS spectra with those of the authentic
compounds. The relative abundance of these BAs in the serum
were normalized by comparing their peak areas with those of
internal standard. Their abundance in serum was expressed as
fold changes of LCA-treated and ANIT-treated mice vs. the
control groups. In the score (S)-plot, the five components
were identified as TCA, T-a/p/wMCA, TCDCA, TUDCA and
TDCA by comparison with authentic standards. T-aMCA,
T-BMCA and T-oMCA could not be separated at baseline
during chromatographic analysis and were consequently
combined and named as T-a/f/oMCA.

RT-gPCR. The liver tissues (20 mg) were homogenized using
TRIzol® reagent following the manufacturer's protocol. Then
pure chloroform was added for 5 min to extract total RNA at
room temperature. Centrifugation was performed at 3,200 x g
for 20 min at 4°C and precipitated with 75% ethanol. Total RNA
was quantified using the Multiskan GO microplate reader. Total
RNA was reverse transcribed into cDNA using a RT system
(20 ul) including the following: 4 ul 5X reaction buffer, 1 ug
total RNA, 1 pl Oligo dT18, 1 ul random primer, 2 ul dNTPs
(10 mM) mix, 1 ul reverse transcriptase, 1 #l RNase inhibitor
and 2 ul RNase-free water. The RT temperature protocol was
as follows: Annealing at 25°C for 5 min, extension at 42°C
for 1 h, inactivation at 70°C for 5 min and chilling at 4°C for
holding. gPCR was subsequently performed using a 5 ul gPCR
system in a 384-well plate, which included 1 pl total cDNA,
2.5 ul SYBR-Green I Master Mix, 0.2 ul forward and reverse

primer, and 2 ul RNase-free water. The following primer pairs
used for the qPCR are listed in Table SI. The following ther-
mocycling conditions were used for the gPCR: 95°C for 10 sec,
55°C for 10 sec and 72°C for 15 sec. Expression levels were
quantified using the 2“4 method (19) and normalized to 18S
ribosomal RNA. The expression levels in the control group
were set to 1, and the data of the LCA group and ANIT group
were normalized and expressed as relative expression.

Western blotting. Livers of three mice in each group were used
in protein analysis. Total protein was extracted from freshly cut
liver tissues using RIPA lysis buffer (Beijing Solarbio Science
& Technology Co., Ltd.; 1:10; g/v), supplemented with 1%
phenylmethylsulfonyl fluoride, using a MagNA Lyser instru-
ment (Roche Applied Science). Tissue debris was removed by
centrifugation at 10,000 x g at 4°C for 5 min. Total protein was
quantified using a bicinchoninic acid assay kit (Beyotime Institute
of Biotechnology) and adjusted to 5 mg/ml. 2X loading buffer
(Beijing Solarbio Science & Technology Co., Ltd.) was added to
the samples (volume-volume, 1:1), which were boiled for 5 min
at 100°C. Then, 25 ug protein was separated via SDS-PAGE
(10% separating gel; 5% spacer gel). The separated proteins were
transferred onto PVDF membranes and blocked for 4 h with 5%
fat-free milk in TBS-0.1% Tween-20 at room temperature. The
membranes were incubated overnight at 4°C with the following
primary antibodies: Anti-t-JNK (1:1,000), anti-p-JNK (1:1,000),
anti-p-p65 (1:5,000), anti-t-p65 (1:5,000), anti-t-STAT3 (1:5,000),
anti-p-STAT3 (1:5,000) and anti-GAPDH (1:5,000). Following
the primary antibody incubation, the membranes were incubated
with secondary antibodies (1:2,000) for 1.5 h at room tempera-
ture. Protein bands were visualized by addition of ECL reagents
(Advansta, Inc.) and recorded using a Tanon 4200SF chemilumi-
nescent imaging system (Beijing Solarbio Science & Technology
Co., Ltd.). Protein expression levels were semi-quantified using
ImageJ 1.8.0 software (National Institutes of Health).
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Statistical analysis. Statistical analysis was performed using
SPSS version 23 software (IBM Corp.) and all data are
expressed as the mean + SD. SIMCA-P 13.0.3 (Umetrics;
Sartorius AG) was used for multivariate data analysis (20).
Experiments were repeated three times. Statistical differences
were determined using a one-way ANOVA followed by Tukey's
post hoc test for multiple comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

Levels of the liver injury biomarkers differ between the two
cholestatic models. ALT and AST levels are frequently used
as an indication of liver injury (21). The results revealed that
ALT and AST levels were significantly increased in both the
ANIT and LCA groups compared with the control group in a
time-dependent manner (Fig. 1A and B). Furthermore, ALT
levels were significantly increased in the LCA group compared
with those in the ANIT group at 36 and 48 h (Fig. 1A). AST
levels were significantly lower in the LCA group compared
with the ANIT group at 24 h (Fig. 1B). However, the levels of
AST were significantly higher in the LCA group compared
with the ANIT group at 36 and 48 h (Fig. 1B).

The levels of ALP and TBA were significantly increased in
the ANIT and LCA groups compared with the control group
from 24-48 h (Fig. 1C and D). Moreover, ALP levels in the
ANIT group were significantly higher compared with the LCA
group at 36 and 48 h (Fig. 1C). The levels of TBA were also
significantly increased in the LCA group compared with those
in the ANIT group at 48 h (Fig. 1D).

The histopathological data revealed that the control
group exhibited a normal microstructure and histology
(Fig. 2A and B). The LCA group exhibited more necrotic
areas compared with the ANIT group (Fig. 2C and D). The
LCA group was demonstrated to have edematous hepatocytes
around the necrotic lesions, with the presence of several
vacuoles, infiltrating neutrophils and a mild dilation of the bile
ducts (Fig. 2E, G and I). However, the ANIT group exhibited
signs of severely dilated bile ducts (Fig. 2F), mild edema,
necrotic lesions, the infiltration of neutrophils (Fig. 2H) and
severe hepatic sinus congestion (Fig. 2J).

Serum metabolome is affected by the BA components. In the
principal component analysis, samples from mice that were
treated with LCA and ANIT were classified into independent
groups from those in the control group. Their movement
direction indicated the different modifications of the serum
metabolome in the two models (Fig. 3A).

In the S-plot, a comparison of the contributing components
in the two models was performed and the five following
components were identified in comparison with commercial
pure substances: TCA, T-a/p/oMCA, TCDCA, TUDCA and
TDCA (Fig. 3B). The diagrams associated with the identifi-
cation of TCA are presented in Fig. 4 and those associated
with the identification of the other components (T-a/f/oMCA,
TCDCA, TUDCA and TDCA) are presented in Figs. S1-4.
The levels of these components (TCA, T-a/f/oMCA, TCDCA,
TUDCA and TDCA) were significantly increased by 41-,
70-, 938-, 202- and 490-fold, respectively, in the LCA group
compared with the control group (Fig. 5). However, their
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Figure 2. Histopathological analysis of liver tissues to determine the liver
injury in the ANIT and LCA group. H&E staining at magnification of
(A) x40 and (B) x400 in the control group. H&E staining at magnification of
x40 in (C) LCA group and (D) ANIT group. (E) H&E staining of liver tissues
in the LCA group at magnification of x400. (F) H&E staining of liver tissues
in the ANIT group at magnification of x400. (G) H&E staining of liver
tissues in the LCA group at magnification of x400. (H) H&E staining of liver
tissues in the ANIT group at magnification of x400. (I) H&E staining of liver
tissues in the LCA group at magnification of x400. (J) H&E staining of liver
tissues in the ANIT group at magnification of x400. Liver tissue histological
damage is indicated by black arrows. ANIT, a-naphthylisothiocyanate; LCA,
lithocholic acid; H&E, hematoxylin and eosin.

increases were estimated to be only 30-, 11-, 32, 4- and 7-fold,
respectively, in the ANIT group (Fig. 5). All the other compo-
nents, except TCA, demonstrated significant differences
between the two groups.

BA metabolism is altered in the two cholestatic models. The
expression levels of the BA synthesis genes were decreased
in the two cholestatic groups. The transcription of cholesterol
7o-hydroxylase (Cyp7al) and sterol 12a-hydroxylase (Cyp8bl)
was significantly decreased in the ANIT group compared with
the control and LCA groups; Cyp7al and Cyp8bl expression
levels were decreased by 98 and 94%, respectively, compared
with the control group (Fig. 6A and B). In the LCA group,
Cyp7al expression levels were significantly decreased by 65%
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compared with the control group; however, Cyp8bl expres-
sion levels were not significantly altered (Fig. 6A and B). This
effect was possibly associated with the different adaptations
caused by the BA component. In addition, organic anion
transporting polypeptide (Oatp)] mRNA expression levels
were significantly decreased by 54% (Fig. 6C), whereas Oatp?2
mRNA expression levels were not significantly altered in the
ANIT group compared with the control group (Fig. 6D).
Notably, in the LCA group, Oatpl mRNA expression levels
were significantly decreased by 71% (Fig. 6C) and Oatp2
mRNA expression levels were significantly decreased by 81%
compared with the control group (Fig. 6D).

The expression levels of the BA transporter genes were
also increased in the two groups. Briefly, multidrug resistance

protein (Mdr)2 mRNA expression levels were significantly
increased by 10-fold in the ANIT group compared with the
control group (Fig. 6E). Moreover, a 158-fold increase was
noted in the LCA group compared with the control group
(Fig. 6E). In addition, Mdria mRNA expression levels were
significantly increased by 15-fold in the ANIT group, while
they were significantly increased by 1.6-fold in the LCA group
compared with the control group (Fig. 6F). Finally, multidrug
resistance-related protein (Mrp) 4 mRNA expression level
and organic solute transporter-f (Ostb) mRNA expression
levels were both significantly increased in the LCA and
ANIT groups compared with the control group; however, no
significant difference was identified in the mRNA expression
levels between the two cholestatic groups (Fig. 6G and H).
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Induction of inflammation in the two models is mediated
by the JNK/STAT3 signaling pathway. The mRNA expres-
sion levels of the proinflammatory factors 1110, c-Fos, 116,
suppressor of cytokine signaling 3 (Socs3), fibrinogen a
chain (Fga) and fibrinogen B chain (Fgb) were significantly
increased in the LCA and ANIT groups compared with the
control group (Fig. 7A-F), suggesting a downstream inflam-
matory response in the LCA and ANIT groups. Moreover, the
mRNA expression levels of 1110, c-Fos, 116, Socs3, Fga and
Fgb were significantly increased in the LCA group compared
with the ANIT group (Fig. 7A-F). Although, c-Jun mRNA
levels were significantly increased in the two cholestatic
groups compared with the control, no significant difference
was observed between these two groups (Fig. 7G). However,
the mRNA expression levels of Tnfa were not significantly
different between the two cholestatic groups and the control
group (Fig. 7H).

In western blotting, there was slight difference between
the ratio of p-p65/t-p65 in control, LCA and ANIT groups
(3.2, 1.5 and 2.5; Fig. 8). These patterns were consistent
with the differences identified in the expression levels of
Tnfo mRNA. Therefore, it was speculated that the NF-xB
pathway may not serve a critical role in cholestatic inflam-
mation. However, there was significant difference in the
ratio of p-JNK/t-JNK in control, LCA and ANIT groups
(0.1, 1.0 and 0.7), which was significantly increased in the
LCA and ANIT groups compared with the control group.
In addition, there was a significant difference in the ratio

of p-STAT3/t-STAT3 in control, LCA and ANIT groups
(0.2, 0.9 and 0.3), which was significantly increased in the
LCA and ANIT groups compared with the control group
(Fig. 8). Considering that STAT3 is the transcription factor
downstream of JNK (22), the activation of the JNK/STAT?3
signaling axis was suggested to be a main contributing factor
for the liver injury of the two models.

Discussion

During ANIT-induced cholestasis, a higher biliary concentration
level of ANIT was discovered to be toxic to cholangiocytes (23).
Subsequently, the blocked excretion of BA was discovered to
increase the BA load in the hepatocytes and induce hepato-
toxicity (24). The accumulation of LCA has been implicated
as a major factor contributing to cholestasis due to its inherent
cytotoxicity (25). In the present study, the ANIT group was
treated with a single dose of ANIT (75 mg/kg), which was at
the same level as typically used in mice (9,11), whereas the LCA
group included mice that were orally administered five times
with LCA (150 mg/kg; b.i.d), which was considered a low level
dose compared with the published dose range (13,15,16). This
dose level was validated in this study and could stably produce
cholestatic liver injury without lethal action. Moreover, the
levels of the liver injury biomarkers ALT and AST were higher
in the LCA group, while the levels of the cholestatic biomarker
ALP were higher in the ANIT group. The pathological analysis
revealed that the LCA group exhibited edematous hepatocytes
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Figure 6. Expression levels of genes involved in bile acid synthesis, uptake and export. (A) Cyp7al mRNA expression in the control, LCA and ANIT groups.
(B) Cyp8bl mRNA expression in the control, LCA and ANIT groups. (C) Oatpl mRNA expression in the control, LCA and ANIT groups. (D) Oatp2 mRNA
expression in the control, LCA and ANIT groups. (E) Mdr2 mRNA expression in the control, LCA and ANIT groups. (F) Mdrla mRNA expression in the
control, LCA and ANIT groups. (G) Mrp4 mRNA expression in the control, LCA and ANIT groups. (H) Ostb mRNA expression in the control, LCA and
ANIT groups. The mRNA expression levels were analyzed using reverse transcription-quantitative PCR and normalized to 18S ribosomal RNA. Data from the
liver samples was collected following ANIT and LCA treatment. nRNA expression levels in the vehicle-treated control mice were set as 1 and the results were
expressed as the mean = SD. N=5. "P<0.05 vs. control group; "P<0.05 vs. LCA group. ANIT, a-naphthylisothiocyanate; LCA, lithocholic acid; Cyp7al, choles-
terol 7a-hydroxylase; Cyp8bl, sterol 12a-hydroxylase; Oatpl, organic anion transporting polypeptide 1; Oatp2, organic anion transporting polypeptide 2;
Mdr2, multidrug resistance protein 2; Mdrla, multidrug resistance protein la; Mrp4, multidrug resistance-related protein 4; Ostb, organic solute transporter-f3.

around the necrotic lesions with the presence of several vacuoles
in the hepatic tissues. In contrast, the ANIT group exhibited
severely dilated bile ducts and severe hepatic sinus congestion.
The toxicity features were consistent with the perspective that
ANIT acted on the biliary epithelial cells, whilst the injury
induced by LCA was considered to be hepatocellular (26,27).
LCA is absorbed in the colon, transported to the liver
and subsequently metabolized in the hepatocytes (25). The
metabolites of LCA include the major metabolite murideoxy-
cholic acid, isolithocholic acid and 3-keto-5-cholanic acid,
whereas 6-ketolithocholic acid and ursodeoxycholic acid are
considered minor metabolites (25). The enzymes involved

in phase I metabolism include cytochrome P450 (CYP)2C,
CYP3A, CYP2A and certain non-cytochrome P450
enzymes (25). In the present study, the measured BA
components were all higher in the LCA group compared
with the ANIT group. However, these components were
not the aforementioned metabolites of LCA. In addition,
the metabolites of LCA have been reported to be protective
for liver function (28,29). Therefore, it was hypothesized
that the metabolites of LCA may be the main contributors
to the toxicity observed, although insufficient evidence is
presented. However, it is also possible that the metabolites
of LCA compete against the metabolism and transport of
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Figure 7. Differentially regulated genes involved in inflammation. mRNA expression levels of (A) [110 mRNA expression in the control, LCA and ANIT groups.
(B) c-Fos mRNA expression in the control, LCA and ANIT groups. (C) I16 mRNA expression in the control, LCA and ANIT groups. (D) Socs3 mRNA expres-
sion in the control, LCA and ANIT groups. (E) Fga mRNA expression in the control, LCA and ANIT groups. (F) Fgb mRNA expression in the control, LCA
and ANIT groups. (G) c-Jun mRNA expression in the control, LCA and ANIT groups. (H) Tnfa mRNA expression in the control, LCA and ANIT groups.
The mRNA levels were analyzed using reverse transcription-quantitative PCR and normalized to 18S ribosomal RNA. The mRNA expression levels in the
vehicle-treated control mice were set as 1 and the results were expressed as the mean + SD. N=5. "P<0.05 vs. control group; "P<0.05 vs. LCA group. ANIT,
a-naphthylisothiocyanate; LCA, lithocholic acid; 1110, interleukin 10; I16, interleukin 6; Socs3, suppressor of cytokine signaling 3; Fga, fibrinogen o chain;

Fgb, fibrinogen (3 chain; Tnfa, tumor necrosis factor a.

the other BA components, which would subsequently lead to
cholestasis and liver injury (25). Based on this evidence, it
was hypothesized that the induced liver injury in the LCA
group was associated with the accumulation of toxic BA due
to LCA administration, rather than due to the direct action of
the LCA metabolites.

With regards to the metabolism of BAs, it has been
previously reported that the expression levels of Cyp7al
and Cyp8bl were reduced following the administration of
the ANIT model, which was mediated by FXR (30). In the
present study, TBA levels were significantly increased in the
ANIT group within the first 24 h. In contrast to these findings,
TBA levels were significantly increased between 36-48 h in
the LCA group. Therefore, a more potent adaptation of BA
metabolism was identified in the ANIT group compared with
that in the LCA group. As expected, the expression levels of
Cyp7al and Cyp8bl mRNA in the ANIT group were lower
compared with the LCA group. The expression levels of
inflammatory factors (//10, c-Fos, 116, Socs3, Fga and Fgb)

were also increased to a higher extent in the LCA group,
further suggesting the weaker adaptation to BA metabolism.
TUDCA is an antagonist of the nuclear factor FXR, whereas
TCA is an agonist of the same receptor, which mediates the
adaptation to BA metabolism (31). In the present study, the
modification of TUDCA (202-fold vs. 3-fold) was consider-
ably higher compared with the TCA (41-fold vs. 30-fold) in the
LCA group compared with the ANIT group. The biochemical
responses, pathological responses, toxic BA levels and the
adaptation mode exhibited a significant association with each
other following LCA and ANIT treatment.

Several known inflammatory pathways are associated
with cholestatic liver injury. In a previous study, endoplasmic
reticulum stress-related JNK activation was discovered to be
associated with LCA-induced hepatocyte apoptosis (32). In an
ANIT-induced cholestatic model, the JNK pathway was also
associated with cholestatic liver injury, whereby the inhibi-
tion of JNK prevented the cholestasis-induced liver injury but
not cholestasis itself, suggesting the critical role of the JNK
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Figure 8. Expression and activation of transcription factors JNK, NF-xB and
STAT3 associated with genes detected. (A) Western blots of total and phos-
phorylated JNK, NF-kB and STATS3 in liver extracts. (B) Semi-quantification
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Data are presented as the mean = SD. "P<0.05 vs. control group. GAPDH was
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signaling pathway in this condition (11). In ANIT-treated mice,
cholestatic liver injury was inhibited by chlorogenic acid,
which was involved in the inhibition of NF-kB and STAT3
phosphorylation (9). In addition, the treatment of mice with
LCA (125 mg/kg) twice daily for 7 days resulted in the activa-
tion of the NF-«kB signaling pathway (16). In the present study,
the five doses of LCA were administered with an interval of
12 h, which was associated with increasing toxicity over time.
The ANIT group was treated with a single dose of ANIT as
determined by a previous study (9). In addition, the NF-xB
protein components exhibited a minor activation in the two
cholestatic groups, which was associated with the expression
of the proinflammatory factor Tnfo. In contrast, the expression
level of the p-JNK protein was significantly increased in both
the LCA and ANIT groups and the expression of the p-STAT3
protein was significantly increased in the ANIT group; their
activation was similar between the two groups and consistent
with the expression of their target genes (JNK: c-Fos and c-Jun;
STAT3: Socs3, Fga and Fgb). The differences identified in the
expression levels of the cytokines represented the intensity of
toxicity of the models and not the toxicity mechanism behind
the two models. Based on the aforementioned evidence, the
extent of inflammation in the two models was hypothesized to
be mediated by the INK/STAT3 signaling pathway.
Neutrophils serve a significant role in ANIT-induced liver
injury and neutrophil infiltration is considered the critical step
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in inducing hepatocyte necrosis in cholestatic liver injury (33).
The ANIT concentration gradient between the bile and plasma
was reported to recruit the neutrophils to the periportal
regions and release lysosomal proteases to damage the liver
cells (33). In addition, in a LCA-induced model, intercellular
adhesion molecule-1 (ICAM-1) was found to be involved in
the extravasation of neutrophils from the sinusoids to the
hepatocytes (34). The inhibition of ICAM-1 was also discovered
to be highly effective in preventing neutrophil-induced liver
injury (34). The chemokines C-C motif chemokine ligand 2,
C-X-C chemokine ligand 2, high mobility group protein Bl,
osteopontin, 7117, 1133, 1113 and Tnfa have been identified
to be involved in the chemotaxis of neutrophils (15,35-39).
Certain proteins of the inflammatory pathway, such as ERK,
p38, JNK, NF-kB and STAT3 are also reportedly involved in
the production of chemokines (9,11,40,41). However, to the
best of our knowledge, the type of chemokine and the exact
inflammatory pathways that are the most critical in the inflam-
matory process have not been fully identified. Moreover, the
group of cells that produces these chemokines has not been
completely discovered. Thus, these research questions remain
to be answered.

In conclusion, the ANIT-induced cholestasis promoted
a preferential disruption of the biliary system and trig-
gered a stronger adaptation to BA metabolism, whereas the
LCA-induced cholestasis mainly induced hepatocyte toxicity;
therefore, the treatments were cholestatic and hepatocel-
lular in nature, respectively, due to their different etiological
mechanisms. However, the progression of chemotaxis and the
development of inflammation exhibited certain similarities
between these two models. The data also suggested that the
JNK/STATS3 pathway was significantly activated in the two
cholestatic models despite their different toxicity phenotypes,
suggesting the same potential treatment target of the two
different types of cholestatic liver injuries.
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