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Abstract. Drug-induced liver injury has become a serious 
public health problem. Although the mechanism of acet-
aminophen (APAP)-induced liver injury has been studied for 
decades it has not been fully elucidated. In-depth study into 
the mechanisms underlying APAP-induced liver injury may 
provide useful information for more effective prevention and 
treatment. In the present study, the role of C-X-C motif chemo-
kine ligand-9 (CXCL9) in APAP-induced liver injury was 
investigated thus providing a novel direction for the prevention 
and treatment of drug hepatitis. A total of 20 fasting male 
patients ingested APAP tablets at Nanjing First Hospital. In 
addition, wild type (WT) mice were treated with 250 mg/kg 
APAP or isodose PBS for 1, 3, 6 and 12 h, respectively. Results 
from reverse-transcription-quantitative polymerase chain 
reaction analyses demonstrated that CXCL9 mRNA levels 
were increased in the blood of patients who took APAP in 
a fasting state and in the livers of APAP-treated WT mice, 
compared with their respective controls. Hepatocyte apoptosis 
in the liver tissue of APAP-treated mice decreased following 
administration of a CXCL9 neutralizing antibody. Caspase-3, 
caspase-8 and phosphorylated-AKT (S437) were activated in 
primary hepatocytes isolated from WT mice following CXCL9 
treatment. However, no significant differences in expression 
of caspase-3, caspase-8 and p-AKT (S437) were detected in 
hepatocytes isolated from C-X-C motif chemokine receptor 3 
(CXCR3)-/- mice following CXCL9 treatment. After CXCL9 
administration, WT mice exhibited higher serum levels of 
aspartate transaminase and increased caspase-3 and caspase-8 
activity in liver tissue compared with controls. The same trends 
were not observed in CXCR3-/- mice. In conclusion, CXCL9 
regulated APAP-induced liver injury through stimulation of 
hepatocyte apoptosis via binding to CXCR3. These findings 
provide a novel prevention and treatment strategy for DILI.

Introduction

Drug-induced liver injury (DILI) is a common side effect of 
drug administration and is also one of the leading causes of 
acute liver failure and liver transplantation in Western coun-
tries (1). DILI has a significant role in failure of numerous new 
drug developments and withdrawals from the market (2,3).

Acetaminophen (APAP) is an acetanilide antipyretic 
analgesic, which is frequently utilized as an over-the-counter 
drug due to its safety and reliability. APAP has been used as 
an adjunct therapy for acute and chronic hepatitis in China 
for several decades (4). However, APAP overdose is one of 
the leading causes of DILI globally accounting for >50% of 
cases (5). It has proven difficult to elucidate the specific patho-
genesis of DILI due to the differing severity of symptoms 
between patients resulting from individual differences (6).

A small amount of APAP in the liver produces biologi-
cally active N-acetyl-p-benzoquinone imine (NAPQI), 
which is detoxified via binding to glutathione (GSH). APAP 
overdose results in NAPQI accumulation in the liver, thereby 
over‑consuming GSH (7). GSH deficiency inhibits the 
function of peroxide inactivation leading to further accu-
mulation in the body (8). It is reported that the subsequent 
inflammatory response cascade serves an essential role in 
DILI (9). Among multiple pathological changes in DILI, 
hepatocyte apoptosis is considered to be the leading cause 
of APAP-induced liver injury (10,11). Therefore, investiga-
tion into the pathogenesis of APAP-induced liver injury is of 
great significance to improve clinical outcomes of affected 
patients.

Chemokines are capable of inducing immune cell 
migration to inflammatory lesions and they directly affect 
the function of intrinsic cells (12). C-X-C motif chemokine 
receptor 3 (CXCR3) and its ligands, C-X-C motif chemokine 
ligand (CXCL)-9, CXCL10 and CXCL11 have been reported to 
be involved in various pathological processes, such as tumor 
development, immunity and inflammation (13,14). Chemokines 
are difficult to detect in non‑lymphoid tissues under physi-
ological conditions, however they are released at high levels 
during inflammation, infection or injury (15). CXCL9 and its 
receptors have been widely reported to regulate tumor inva-
sion, metastasis, leukocyte invasion and T cell activation (16). 
The specific role of CXCL9 in cell apoptosis remains unclear. 
In the present study, it was hypothesized that CXCL9 could 
promote hepatocyte apoptosis via binding to CXCR3, thereby 
aggravating APAP-induced liver injury.
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Materials and methods

Subjects. A total of 20 healthy men aged 24-66 (37.2±12.0) 
ingested APAP (500 mg) after fasting for 24 h; as a control 
a further 20 healthy male volunteers, aged 18-63 (37.8±10.7), 
who had fasted for 24 but not ingested APAP were enrolled in 
this study. 5 ml of blood was acquired from the peripheral vein 
of each patient and the blood samples were then centrifuged 
at 2,500 x g at 4˚C for 5 min to obtain serum. None of the 
subjects had suffered from viral hepatitis or other autoimmune 
diseases, and there was no statistically significant difference in 
ages between the two groups.

Experimental animals. CXCR3-/- mice used in the present 
study were obtained from the Jackson Laboratory (Bar Harbor, 
ME, USA). A total of 100 8 week-old male wild type (WT) 
mice and 50 CXCR3-/- mice weighing between 18-22 g, were 
used for experiments, with 6‑8 mice in each group. All mice 
were housed individually in a specific pathogen-free level 
animal experimental center with free access to water and food.

Animal model construction. The 8 week-old male WT and 
CXCR3-/- mice were intraperitoneally injected with 250 mg/kg 
APAP (5). Immediately after this, the experimental group mice 
were further injected with 100 µg (in 100 µl volume) CXCL9 
neutralizing antibody (cat no 50155-R277; Sino Biological 
Inc., Beijing, China) or 5 µg (in 100 µl volume) recombinant 
CXCL9 (cat no 50155-MNAE; Sino Biological Inc.). Mice in 
the control group were injected with an equivalent dose of 
control IgG or saline. A total of 0.1 ml blood was collected 
from the tail vein of each mouse before the mice were sacri-
ficed using 5% isoflurane followed by cervical dislocation. 
Mice were sacrificed and liver tissues were harvested after 
8 (n=3) or 24 (n=3) h. Blood samples were centrifuged at 
4,500 x g at 4˚C for 5 min to obtain serum.

Biochemical and pathological analyses. Serum samples from 
APAP-treated WT and CXCR3-/- mice were collected for 
the analysis of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels. Biochemical analyzer (model 
AU480; Beckman Coulter, Inc.) was used for ALT and AST 
colorimetric detection. Caspase‑3 expression in liver tissues 
was determined using a caspase-3 detection kit (Beyotime 
Institute of Biotechnology; cat. no. C1168S) according to the 
instructions of the manufacturer.

Transferase‑mediated deoxyuridine triphosphate‑biotin 
nick end labeling (TUNEL) staining. Mice were sacrificed, 
then livers were dissected. After overnight incubation in 4% 
paraformaldehyde, livers were dehydrated and embedded in 
paraffin. Sections of 5 µm thickness were cut and mounted 
on poly-lysine-coated slides, and hepatocyte apoptosis 
was detected using a TUNEL assay (Beyotime Institute 
of Biotechnology) according to the instructions of the 
manufacturer.

Hematoxylin and eosin (H&E) staining. Mice were sacrificed 
and their livers were dissected. After overnight incubation 
at room temperature in 4% paraformaldehyde, livers were 
dehydrated and embedded in paraffin. Sections of 5 µm 

thickness were cut and mounted on poly-lysine-coated slides 
(10 slides per tissue). After H&E staining (hematoxylin, 
5 min at room temperature and eosin, 3 min at 20˚C) sections 
were observed (5 views per slide) with a light microscope 
(magnification x400).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from cells using the 
TRIzol® method (Invitrogen; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) then quantified. cDNA was synthesized 
using the Prime Script™ RT-PCR Kit (Takara Bio, Inc., Otsu, 
Japan) according to the instructions of the manufacturer. A 
total of 2 µl cDNA was used for each reaction, amplified by 
real-time PCR using SYBR® Premix Ex Taq™ II (Takara Bio, 
Inc.). Relative mRNA expression was analyzed by qPCR using 
the IQ™ 5 System (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). Primers were synthesized by Shanghai ShengGong Co., 
Ltd. (Shanghai, China). Primer sequences were as follows: 
CXCL9, forward 5'‑CCT AGT GAT AAG GAA TGC ACG 
ATG‑3' and reverse 5'‑CTA GGC AGG TTT GAT CTC CGT 
TC‑3'; and GAPDH, forward 5'‑TGA AGG TCG GAG TCA 
ACG GAT T‑3' and reverse 5'‑CCT GGA AGA TGG TGA TGG 
GAT T‑3'. The 2-∆∆Cq method was used to calculate the relative 
mRNA expression (17). The thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 5 min, followed by 
40 cycles of 95˚C for 30 sec, 95˚C for 5 sec and 60˚C for 31 sec, 
before a final extension at 94˚C for 15 sec. Each experiment 
was repeated in triplicate.

Western blot analysis. Cells were lysed with RIPA buffer 
(Beyotime Institute of Biotechnology) containing protease 
inhibitors. Protein concentration was quantified using bicincho-
ninic acid protein assay (Pierce; Thermo Fisher Scientific, Inc.). 
Protein samples (10 µg) were separated on 12% SDS‑PAGE 
gel and transferred to polyvinylidene fluoride membranes 
(Roche, Basel, Switzerland). Membranes were incubated in 
5% non‑fat milk at 25˚C for 1 h to block non‑specific binding. 
Membranes were then membranes incubated overnight 
at 4˚C with primary antibodies targeting phosphorylated 
(p-) Akt (cat. no. ab81283; 1:500; Abcam, Cambridge, MA, 
USA), total Akt (cat. no. ab18785; 1:500; Abcam), and β-actin 
(cat. no. ab8226; 1:500; Abcam). Membranes were washed 
three times with PBS, then samples were incubated with 
anti-rabbit or anti-mouse secondary antibodies purchased from 
Beyotime Institute of Biotechnology (cat. no. A0208/A0216; 
1:1,000). Bands were visualized using enhanced chemilumi-
nescence substrate (Thermo Fisher Scientific Inc.). Quantity 
One (version 4.0; Bio-Rad Laboratories, Inc.) was used for 
densitometric analysis.

ELISA. Human serum samples were collected and CXCL9 
levels were determined, in accordance with ELISA kit instruc-
tions (cat. no. ab119588; Abcam). The absorbance of each 
sample was detected at wavelengths 562 and 450 nm.

Isolation and culture of primary hepatocytes. Isolation and 
culture of primary hepatocytes were performed as previ-
ously described (18). In brief, WT and CXCR3-/- mice were 
sacrificed for access to the liver. Liver tissues were digested 
with digestive buffer containing collagenase, ground, and then 
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filtered for preparation of single cell suspension. After gradient 
centrifugation and lysis with red blood cell lysis buffer, mouse 
primary hepatocytes were obtained. Cells were cultured 
in William's E medium (Gibco; Thermo Fisher Scientific, 
Inc.) for 14 h, serum-starved for 3 h, and then treated with 
100 ng/ml CXCL9. Protein samples were collected at 5 min, 
20 min, 1, 4 or 8 h post-treatment.

Statistical analysis. Graphpad Prism (v6.0) software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used for statistical 
analysis. Data are presented as the mean ± the standard devia-
tion. Differences amongst groups were compared using one-way 
analysis of variance, followed by Bonferroni correction. P<0.05 
was considered to indicate significant difference.

Results

CXCL9 participates in the pathological process of 
APAP‑induced liver injury. Serum levels of CXCL9 were 
determined in 20 male patients who took APAP tablets in 
a fasting state and in 20 fasted male controls. The results 
demonstrated that serum levels of CXCL9 were significantly 
higher in patients who took APAP compared with the control 
group (Fig. 1A).

For the animal experiments, male WT mice were randomly 
assigned into one of two groups, receiving either intraperito-
neal injection of APAP or PBS. The mRNA levels of CXCL9 
in liver tissues were detected at 1, 3, 6 and 12 h following injec-
tion. Compared with mice injected with PBS, those injected 
with APAP presented significantly increased mRNA levels of 
CXCL9, even up to 12 h post-injection (Fig. 1B).

Neutralization of CXCL9 attenuates APAP‑induced liver 
injury. Following intraperitoneal injection of APAP, WT mice 
received intraperitoneal injection of anti-CXCL9 neutralizing 
antibody or control immunoglobulin (IgG). Serum and liver 
samples were collected after 8 and 24 h. Serum levels of 
ALT and AST were lower in mice injected with anti-CXCL9 
neutralizing antibody and CXCR3-/- mice, compared with 

the control group of WT mice that received APAP and IgG 
only (Fig. 2A and B). There were no significant differences in 
ALT and AST levels between mice injected with anti-CXCL9 
neutralizing antibody and CXCR3-/- mice. (Fig. 2A and B). 
HE staining revealed that neutralization of CXCL9 attenu-
ated APAP-induced liver injury and knockout of CXCR3 also 
alleviated APAP-induced liver injury (Fig. 2C). TUNEL assay 
indicated that hepatocyte apoptosis was alleviated in liver 
tissues from the anti-CXCL9 neutralizing antibody group and 
the CXCR3-/- group (Fig. 2D). These results suggested that 
neutralization of CXCL9 or knockout of CXCR3 attenuated 
APAP-induced liver injury.

CXCL9 promotes hepatocyte apoptosis via the AKT pathway. 
To further explore the specific mechanism of CXCL9 in 
APAP-induced liver injury, primary hepatocytes were isolated 
from WT mice for subsequent experiments. Primary hepato-
cytes were treated with or without recombinant CXCL9 for 
different time periods. Activities of caspase-3 and caspase-8 
in hepatocytes were significantly elevated following CXCL9 
treatment for 4 and 8 h (Fig. 3A and B). The AKT pathway 
was activated within the first 5 min of CXCL9 treatment in a 
time-dependent manner, and the activation lasted for up to 8 h 
(Fig. 3C and D).

CXCL9 induces hepatocyte apoptosis via binding to CXCR3. 
Studies have demonstrated that CXCL9 is involved in tumor 
metastasis and the inflammatory response via binding to the 
CXCR3 receptor. Hence, it was hypothesized that CXCL9 regu-
lates hepatocyte apoptosis through CXCR3 in APAP-induced 
liver injury. Primary hepatocytes from CXCR3-/- mice were 
treated with recombinant CXCL9 or vehicle control. Activities 
of caspase‑3 and caspase‑8 were measured by fluorescence 
spectrophotometry. There was no significant difference in 
expression of caspase‑3 and caspase‑8 after CXCL9 stimu-
lation for 4 and 8 h (Fig. 4A and B). In addition, there was 
no significant difference in p‑AKT (S437) expression for up 
to 8 h following CXCL9 treatment, compared with control 
untreated CXCR3-/- hepatocytes (Fig. 4C and D). The present 

Figure 1. CXCL9 participates in the pathological process of APAP‑induced liver injury. (A) Serum levels of CXCL9 were significantly higher in patients who 
took APAP compared with controls. (B) Compared with mice injected with PBS, those injected with APAP presented increased mRNA levels of CXCL9 
lasting up to 12 h. **P<0.01 and ***P<0.001, with comparisons indicated by lines. CXCL9, C-X-C motif chemokine ligand-9; APAP, acetaminophen.
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Figure 2. Neutralization of CXCL9 attenuates APAP‑induced liver injury. (A) Serum levels of ALT and (B) AST were significantly lower in mice injected with 
anti-CXCL9 neutralizing antibody compared with controls. **P<0.01 vs. WT APAP+IgG. (C) Neutralization of CXCL9 attenuated APAP‑induced liver injury, 
as evidenced by HE staining (magnification x200). (D) TUNEL assay indicated that hepatocyte apoptosis was alleviated in liver tissues following anti‑CXCL9 
neutralizing antibody administration (magnification x200). **P<0.01, with comparisons indicated by lines. CXCL9, C-X-C motif chemokine ligand-9; APAP, 
acetaminophen; ALT, alanine aminotransferase; AST, aspartate aminotransferase; WT, wild‑type; HE, hematoxylin and eosin; TUNEL, transferase‑mediated 
deoxyuridine triphosphate‑biotin nick end labeling.

Figure 3. CXCL9 promotes hepatocyte apoptosis via the AKT pathway. (A) Activities of caspase-3 and (B) caspase-8 in primary WT hepatocytes were elevated 
following CXCL9 treatment for 4 and 8 h. (C and D) The AKT pathway was activated within the first 5 min of CXCL9 treatment in a time‑dependent manner, 
with the effect lasting up to 8 h. **P<0.01 vs. untreated control. CXCL9, C-X-C motif chemokine ligand-9; AKT, protein kinase B; WT, wild type.
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data demonstrated that CXCL9 exerted its function in 
APAP-induced liver injury via binding to CXCR3.

CXCL9 induces CXCR3‑mediated apoptosis in mouse liver. 
Mouse experiments were further performed to confirm the roles 
of CXCL9 and CXCR3 in APAP-induced hepatocyte apoptosis 
in vivo. Intraperitoneal injections of CXCL9 were administered 
to both WT and CXCR3-/- mice. At 24 h following CXCL9 
administration, the caspase-3 activity in the liver tissues of WT 
mice was significantly higher compared with CXCR3-/- mice 

(Fig. 5A). In addition, serum levels of ALT and AST were also 
significantly higher in WT mice compared with CXCR3-/- mice, 
following 24 h of CXCL9 administration (Fig. 5B and C).

Discussion

The present study, demonstrated that APAP administration 
resulted in increased secretion of CXCL9, thereby stimulating 
hepatocyte apoptosis and leading to liver damage through 
binding to CXCR3 and via the AKT pathway.

Figure 5. CXCL9 induces CXCR3-mediated apoptosis in mouse liver. (A) At 24 h following intraperitoneal injection of CXCL9, caspase-3 activity in the liver 
tissues of WT mice was significantly higher compared with the liver tissues of CXCR3-/- mice. (B) Serum levels of ALT and (C) AST were also higher in WT 
mice injected with CXCL9 compared with CXCR3-/- mice. **P<0.01, ***P<0.001 vs. control. CXCL9, C-X-C motif chemokine ligand-9; CXCR3, C-X-C motif 
chemokine receptor 3; WT, wild type; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Figure 4. CXCL9 induces hepatocyte apoptosis via binding to CXCR3. (A) No significant differences in expression of caspase‑3 and (B) caspase‑8 were 
detected after CXCL9-stimulation for 4 and 8 h in primary hepatocytes isolated from CXCR3-/- mice. (C and D) There was no significant difference in AKT 
pathway activation after CXCL9 treatment for 8 h. CXCL9, C-X-C motif chemokine ligand-9; CXCR3, C-X-C motif chemokine receptor 3; AKT, protein 
kinase B.
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Three major steps are involved in APAP-induced liver 
injury. Firstly, APAP and its metabolites directly lead to the 
hepatocyte stress response (intrinsic pathway), activation of 
the immune response (extrinsic pathway) and mitochondrial 
dysfunction. Secondly, mitochondrial permeability transition 
pores (MPTs) open. Finally, MPT opening leads to apoptosis 
and necrosis of liver cells (19). It had been previously reported 
that cytokines are involved in the pathogenesis of various 
liver diseases, particularly in immune diseases induced by 
inflammation and T cells (12,20).

The present results suggested that administration of 
a neutralizing CXCL9 antibody significantly reduced 
APAP-induced liver injury in WT mice. Hepatocyte apoptosis 
was increased after CXCL9-treatment in primary hepatocytes. 
CXCR3 is the common receptor of CXCL9 and has been well 
studied for many diseases (15,16). The present data confirmed 
that interaction between CXCL9 and CXCR3 is involved in 
hepatocyte apoptosis induced by APAP. CXCR3 deficiency 
did not induce apoptosis of mouse hepatocytes both in vitro 
and in vivo.

The downstream mechanism of CXCL9 binding to CXCR3 
has not been clearly elucidated. The present study detected 
expression of apoptosis and transcription‑related signaling 
pathways following CXCL9 stimulation. Surprisingly, AKT 
was phosphorylated after APAP induction indicating that 
CXCL9 regulates APAP-induced liver injury via the AKT 
pathway.

Inflammatory factors and macrophages are considered to 
be associated with APAP-induced liver injury (21-24). The 
present study hypothesized that hepatocyte apoptosis was 
the most important factor for APAP-induced liver injury and 
subsequent progression to liver cirrhosis which is consistent 
with previous studies (10-12). Strict control of hepatocyte 
apoptosis contributes to inhibition of inflammatory factors in 
necrotic tissues.

It is of great significance to understand the pathogenesis 
of DILI in order to prevent and treat clinical DILI. It has 
been suggested that DILI is regulated by various aspects, 
such as drug metabolism, mitochondrial function impair-
ment, immune response, signal transduction, genetic and 
environmental factors. The present study determined 
that CXCL9 and CXCR3 exerted key roles in hepatocyte 
apoptosis induced by APAP. Taken together, these find-
ings suggest that CXCL9 may be a potential therapeutic 
intervention target for acute hepatitis and liver failure, 
and could provide a novel prevention and treatment strategy 
for DILI.
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