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Abstract

Mitochondrial dysfunction plays a crucial role in the development of non-alcoholic steatohepatitis (NASH).
However, the regulator of mitochondrial dysfunction in the pathogenesis of NASH is still largely unclear.
CXCR3 is an essential pro-inflammatory factor in chronic liver diseases. We explored the significance of
CXCR3 in regulating mitochondrial function during NASH development in animal models and cultured
hepatocytes.

Methods: The effects of CXCR3 on mitochondrial function were evaluated by genetic knockout or
pharmacological inhibition in mouse models and in vitro. The ultrastructural changes of mitochondria were
assessed by transmission electron microscopy (TEM). Hepatic levels of mitochondrial reactive oxygen species
(ROS), DNA damage, membrane potential and ATP were examined.

Results: CXCR3 ablation by genetic knockout or pharmacological inhibition in mice protected against NASH
development by influencing mitochondrial function. Similarly, depletion of CXCR3 reduced steatohepatitis
injury in cultured hepatocytes. TEM analysis revealed that liver mitochondrial integrity was much improved in
CXCR3 knockout (CXCR3--) compared to wildtype (WT) mice. In agreement with this, impaired
mitochondrial function was pronounced in WT mice compared to CXCR3-- mice, evidenced by increased
protein expression of dynamic-related protein-1 (DRPI) and fission-1 (FISI) and decreased protein
expression of mitofusin-1 (MFNT). Mitochondrial dysfunction was induced in AML-12 hepatocytes by
methionine and choline deficient medium and in HepG2 cells by palmitic acid. The impaired mitochondrial
function in both cell lines was evidenced by reduced membrane potential and ATP content, and by increased
mitochondrial ROS accumulation and DNA damage. However, CXCR3 knockdown by siCXCR3 significantly
diminished the mitochondrial dysfunction in both AML-12 and HepG2 hepatocytes. In addition, inhibition of
CXCR3 by CXCR3 specific antagonists SCH546738 and AMG487 restored mitochondrial function and
inhibited mitochondrial-dependent apoptosis in the liver of WT mice fed with methionine and choline
deficient diet.

Conclusion: CXCR3 induces mitochondrial dysfunction, which contributes to the pathogenesis of

steatohepatitis. Pharmacologic blockade of CXCR3 prevents mitochondrial dysfunction and restores the
severity of steatohepatitis, indicating a potential clinical impact for controlling the disease.

Key words: CXCR3; non-alcoholic fatty liver diseases; mitochondria; apoptosis.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the =~ Non-alcoholic steatohepatitis (NASH) is a more
most common chronic liver disease worldwide.  severe form of NAFLD that is characterized by lobular
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inflammation, hepatocellular ballooning, and fibrosis
with an inherent risk of progression to end-stage
hepatocellular carcinoma (HCC) (1). Although the
mechanisms of NASH progression have not been fully
understood, accumulating evidence revealed a pivotal
role of mitochondrial dysfunction in the development
of steatohepatitis (2, 3). Mitochondria are the primary
cellular organelles for the oxidation and metabolism
of fatty acid and glucose. Mitochondrial dysfunction
not only impairs fat homeostasis in the liver but also
leads to the accumulation of reactive oxygen species
(ROS) that trigger lipid peroxidation, cytokine
overproduction and cell death. Abnormal
morphologic changes and increased production of
ROS in liver mitochondria have been observed in
patients and animal models with NASH (4, 5).
However, the molecular mechanisms underlying the
regulation of mitochondria in the pathogenesis of
NASH are still largely unclear.

Chemokines are ubiquitous chemotactic
molecules that play major roles in acute and chronic
inflammatory conditions (6). CXC chemokines are the
largest families, members of which are expressed in
acutely inflamed and fibrotic livers (7). CXCR3 is a G
protein-coupled receptor of cytokine CXCL10,
CXCL11 and CXCL9, and is essential in chronic liver
inflammation (8, 9). CXCR3 is highly expressed in T
lymphocytes, monocytes/macrophages and resident
cells (Kupffer cells, hepatocytes and hepatic stellate
cells) (10, 11). It could promote lipid accumulation,
inflammatory cell infiltration and endoplasmic
reticulum (ER) stress in the development of
steatohepatitis (12). However, whether CXCR3 could
act as a key regulator of mitochondrial dysfunction in
NASH development is still unknown. In this study,
we explored the effect and molecular mechanisms of
CXCR3 on mitochondrial dysfunction during the
progression of NASH using CXCR3 knockout
(CXCR3/-) mouse model and hepatocytes cell line
models. Here we demonstrate for the first time that
CXCRS3 impairs mitochondrial integrity and function
in the development of nutritional steatohepatitis
through the induction of mitochondrial ROS,
mitochondrial DNA damage and
mitochondrial-related apoptosis. We show that the
elimination of CXCR3 by genetic depletion or drug
antagonists could restore mitochondrial integrity and
therefore its function in NASH.

Methods

Animals and treatments

CXCR3-/- mice were established as previously
described (12). Male CXCR3-/- mice and age-matched
wild-type (WT) C57BL/6] mice (8-9 weeks old) were

fed ad libitum with methionine and choline deficient
(MCD) diet (ICN Biomedical, Costa Mesa, CA) for 4
weeks or high fat-high carbohydrate-high cholesterol
(HFHC) diet (Specialty feeds, Glen forest, WA,
Australia) for 12 weeks to induce steatohepatitis (12).
N=5-8/group. Normal chow and -corresponding
control diet supplemented with choline bitartate (2
g/kg) and DL-methionine (3 g/kg) were fed to
control group.

In a separate experiment, C57BL/6 WT mice
were given AMG487 (5 mg/kg daily, R&D systems,
Minneapolis, MN) or SCH546738 (10 mg/kg daily,
Medchemexpress LLC, Princeton, NJ) for 10 days after
2 week MCD diet as previous described (13).

All  animals were maintained in an
environmentally controlled facility with diurnal light
cycle and free access to water. All animal studies were
performed in accordance with guidelines approved
by the Animal Experimentation Ethics Committee of
the Chinese University of Hong Kong.

Transmission electron microscopy

Mitochondprial ultrastructure in mouse liver was
evaluated using transmission electron microscopy
(TEM). Liver was dissected and fixed in 2.5%
glutaraldehyde for 2 h at 4°C, post-fixed in 1%
osmium tetroxide for 1 h at 4 °C, dehydrated, and
embedded in epoxy resin. The tissue was sliced using
an ultramicrotome (RMC/MTX; Elexience). Ultrathin
sections (60-80 nm) were mounted on copper grids,
contrasted with 8% uranyl acetate and lead citrate,
and observed with a Philips CM100 transmission
electron microscope equipped with a TENGRA 2.3K X
2.3K TEM camera. Analysis was performed with the
Soft Imaging System.

Isolation of mitochondria from liver tissue

Liver mitochondria and cytosol fractions were
separated according to the instructions included with
the Qproteome Mitochondria Isolation Kit (catalog
No. 37612, QIAGEN, Hong Kong). Briefly, the liver
cells were suspended in ice-cold Lysis Buffer and
incubated for 10 min at 4 °C on a shaker. The lysate
was then centrifuged at 1000 x g for 10 min and the
supernatant was collected as cytosolic proteins. The
cell pellet was suspended in ice-cold Disruption
Buffer and disrupted by a blunt-ended needle and a
syringe. The lysate was then centrifuged at 1000 x g
for 10 min. After that, the supernatant was collected
and centrifuged again at 6000 x g for 10 min. The
pellet contains mitochondria.

Western blot analysis

Liver tissues or cells were lysed in RIPA buffer.
Lysates were centrifuged (14,000 x g for 10 min) and
the supernatant was collected. The proteins were
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size-separated by 10% SDS-PAGE, transferred to
PVDF membranes, and blocked with 5% non-fat dry
milk before being incubated with primary antibodies:
mitofusin-1 (MFN1) (Proteintech, Chicago, IL),
dynamic-related protein-1 (DRP1) (Proteintech),
fission-1 (FIS1) (Santa Cruz Biotechnology, Santa
Cruz, CA), apoptosis signal-regulating kinase 1
(ASK1) (Cell Signaling Technology, Danvers, MA),
phosphorated-c-Jun N-terminal Kinase (p-JNK) (Cell
Signaling Technology), phosphorated-c-Jun (p-c-Jun)
(Cell Signaling Technology), apoptosis protease
activating factor-1 (Apaf-1) (Proteintech), cytochrome
¢ (Cyt c) (Cell Signaling Technology), caspase 3 (Cell

Signaling Technology), cleaved caspase 3 (Cell
Signaling Technology), PARP (Cell Signaling
Technology), cleaved PARP (Cell Signaling

Technology), apoptosis-inducing factor (AIF) (Cell
Signaling Technology), and endonuclease G (EndoG)
(Cell Signaling Technology). Secondary antibodies
were anti-mouse IgG and anti-rabbit IgG (1:5000
dilutions, Cell Signaling Technology). The membrane

was visualized using the ECL-Plus
chemiluminescence  reagent (GE  Healthcare,
Buckinghamshire, UK).

RNA isolation and real-time reverse
transcription (RT)-PCR

Total RNA was isolated from cells with TRIzol
(Thermo Fisher Scientific, Waltham, MA), and 1 pg
total RNA was reverse transcribed to cDNA with
First-Strand c¢cDNA Synthesis Kit (Roche Applied
Science, Mannheim, Germany), according to the
manufacturers’ instructions. Real-time PCR was
performed in a 15 pL reaction by using Maxima SYBR
Green/ROX qPCR Master Mix (Roche), mouse
CXCR3 primer (F: ATCAGCGCTTCAATGCCAG; R:
TGGCTTTCTCGACCACAGTT), human CXCR3
primer (F: CTGTGGCCGAGAAAGCAG; R: AGGCG
CAAGAGCAGCATC), human tumor necrosis
factor-a  (TNF-a) primer (F:AACCTCCTCTC
TGCCATCAA; R: GGAAGACCCCTCCCAGATAG),
human interleukin (IL)-6 primer (F: TTGGTGT
TGTGCAAGGGTCT; R: GAGAAGGCAACTGGACC

GAA), mouse GAPDH primer: (FFAACGACCC
CTTCATTGAG; R:TCCACGACATACTCAGCA),
human GAPDH primer (F: AGGCAACTAG

GATGGTGTGG; R TTGATTTTGGAGGGATCTCG)
and a Light Cycler 480 real-time PCR system (Roche).
A three-step cycling protocol (initial denaturation at
95 °C for 10 min, 45 cycles of 15 s denaturation at 95
°C, 30 s annealing at 60 °C, and 30 s extension at 72 °C)
was used to amplify the genes. Relative difference in
fold change between an experimental and calibrator
sample were calculated by using the comparative
cycle threshold (2-22¢t) method. GAPDH was used as

internal control to calculate the relative expression.

Cell culture

Mouse immortalized hepatocytes AML-12 were
cultured in DMEM/Ham’s F12 supplemented with
10% fetal bovine serum (FBS), a mixture of
insulin-transferrin-selenium (ITS), 0.1 mM
dexamethasone, penicillin and streptomycin. Human
hepatocytes HepG2 were cultured in DMEM
supplemented with 10% FBS, penicillin and
streptomycin. The cells were maintained under a
humidified atmosphere of 95% air and 5% CO, at 37
°C. They were routinely subcultured using trypsin-
ethylenediaminetetraacetic acid every 5-7 days.
AML-12 cells were exposed to control medium or
DMEM/F12 medium deficient in methionine and
choline (MCD medium) for 24 h. HepG2 cells were
treated with 200 pM palmitic acid or bovine serum
albumin (BSA) control for 24 h.

Knockdown of CXCR3 by siRNA transfection

Double-stranded siRNA oligonucleotides for
CXCR3 (GenePharma, Shanghai, China) were
transfected using Lipofectamine 2000 (Thermo Fisher
Scientific) as recommended by the manufacturer
(Thermo Fisher Scientific). The sense and antisense
sequences of the siRNA are as follows: Mouse
siCXCR3-1: 5'- GGAUUUCAGCCUGAACUUUTT-3'
(sense), 5-AAAGUUCAGGCUGAAAUCCTT-3
(antisense); Mouse siCXCR3-2: 5- GCUAGAUGCC
UCGGACUUUTT-3 (sense), 5-AAAGUCCGAGGC
AUCUAGCTT-3 (antisense); Human siCXCR3-1: 5'-
CCUUCCUGCUGGCUUGUAUTT-3 (sense),5'-AUA
CAAGCCAGCAGGAAGGTT-3 (antisense); Human
siCXCR3-2: 5'- GGUCAUGGCCUACUGCUAUTT -3
(sense), 5- AUAGCAGUAGGCCAUGACCIT-¥
(antisense). AML-12 and HepG2 cells were plated
with 70-90% confluent in 6-well plate at the time of
transfection. 5 pL Lipofectamine 2000 (Thermo Fisher
Scientific) was diluted in 250 pL Opti-MEM Medium
and siRNA plasmid was diluted into 250 pL
Opti-MEM medium. The diluted DNA plasmid was
then added to the diluted Lipofectamine 2000 and
incubated for 20 min. After that, the plasmid-lipid
complex was dispensed into plates. Fresh medium
was added 6 h after transfection. Cells were treated
with MCD medium or palmitic acid 48 h after
transfection and processed for immunofluorescence
or protein extraction 72 h after transfection.

Confocal microscopy

AML-12 and HepG2 hepatocytes were plated on
coverslips and stained with MitoTracker red (Thermo
Fisher Scientific). After washing twice with PBS, the
cells were fixed with 4% paraformaldehyde in PBS for
15 min and then washed three times with PBS. Cell
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images were captured with an LSM 510 Zeiss confocal
microscope (ZEISS, Gottingen, Germany) equipped
with a 63x oil immersion objective and data were
analyzed using LSM Meta software.

Mitochondrial membrane potential

Mitochondrial membrane potential (AWm) was
assessed by tetramethylrhodamine ethyl ester
(TMRM) (Thermo Fisher Scientific), a specific
fluorescent cationic dye that is readily sequestered by
active  mitochondria, depending on  their
transmembrane potential. AML-12 and HepG2 were
treated with MCD medium and palmitic acid,
respectively, for 24 h. Cells were then incubated with
10 nM TMRM for 30 min at 37 °C. The fluorescence
levels were analyzed by flow cytometry.

Flow cytometry

Cells were incubated with TMRM fluorescent
dye for 20 min and washed with PBS. For the
quantification of TMRM, the stained cells were
collected by trypsinization, and the fluorescence
intensities were measured by Accuri C6 cytometer
(BD Biosciences, Franklin Lakes, NJ). The live cells
were gated using forward scatter (FSC) and side
scatter (SSC). The debris and dead cells with low FSC
and high SSC were excluded. The presented results
are the average of at least three independent
experiments.

ATP determination

ATP levels of cells were determined by ATP
Colorimetric/Fluorometric =~ Assay kit (ab83355,
Abcam, Hong Kong) for mitochondrial dysfunction.
Measurements were performed with the colorimetric
assay, following the manufacturer’s instructions, on
106 cells. ATP contents were measured in triplicate
and expressed as % control.

Mitochondrial DNA damage analysis

Mitochondrial DNA (mtDNA) was extracted
using an mtDNA isolation Kit (BioVision, Milpitas,
CA). Mitochondrial DNA was digested with DNAse I
and alkaline phosphatase (Cayman, Ann Arbor, MI).
The amount of 8-hydroxydeoxyguanosine (8-OHdG)
in the DNA digestion was measured by EIA kit
(Cayman). Standard samples of 8-OHdG were
analyzed to ensure good separation.

Statistical analysis

Quantitative analyses using cultured cells are
represented as histograms. Values were obtained
from three independent experiments, and expressed
as mean * standard deviation (SD). Statistical analysis

was carried out using one-way ANOVA or Student’s t
test, withP < 0.05 considered as significant. All
statistical data were calculated with the SPSS 17.0
software.

Results

CXCR3 damages mitochondrial integrity in
nutritional steatohepatitis in mice

WT mice fed with MCD diet for 4 weeks or
HFHC diet for 12 weeks developed steatohepatitis,
whilst CXCR3~/- mice fed with MCD or HFHC diet
showed significantly ameliorated hepatic steatosis
and inflammation (Figure 1A) (12). To examine the
effect of CXCR3 on mitochondria in the development
of steatohepatitis, we analyzed hepatic mitochondrial
morphology in HFHC-fed WT and CXCR3-/- mice.
Using TEM to analyze ultrastructural changes in the
liver, we found that the mitochondria were swollen,
round-shaped, and the mitochondrial cristae were
disrupted in severe steatohepatitis in HFHC-fed WT
mice; whereas mitochondria were less swollen with
well-organized cristae in CXCR3~- mice with mild
steatohepatitis (Figure 1B). In keeping with the
ameliorated steatohepatitis, HFHC-fed CXCR3-/- mice
diet showed improved mitochondrial structure of less
swollen and relatively more organized mitochondrial
cristae compared to WT mice fed the same diet.
Decreased lipid vesicle droplets were also observed in
HFHC-fed CXCR3-/- mice compared to HFHC-fed WT
mice (Figure 1B). These results support a role of
CXCR3 in damaging mitochondrial integrity in the
pathogenesis of nutritional steatohepatitis.

Considering the observed effect of CXCR3 on
reducing mitochondrial integrity in steatohepatitis,
we tested whether CXCR3 would alter the expression
of genes that control mitochondrial integrity.
Mitochondrial metabolic function is regulated by a
family of mitochondrial GTPases, including MFNT1,
DRP1 and FIS1 (14). We found decreased protein
expression of MFN1, increased protein expression of
DRP1 and FIS1 in MCD- or HFHC- fed WT mice with
steatohepatitis compared to WT mice fed with control
diet with normal liver histology (Figure 1C).
However, hepatic expression of MFN1 was induced,
while DRP1 and FIS1 were reduced in MCD-fed
CXCR3”/- compared to MCD-fed WT mice (Figure
1C). The results were confirmed in HFHC-fed
CXCR3/- mice compared to WT mice fed with the
same diet (Figure 1C). Collectively, these results
demonstrate that CXCR3 contributes to mitochondrial
disintegration in the evolution of steatohepatitis by
regulating key mitochondrial morphology regulators.
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Figure 1. Deficiency of CXCR3 protects against dietary-induced steatohepatitis and mitochondrial injury. (A) Representative H&E staining of liver sections from
WT and CXCR3-- mice fed with control or MCD diet for 4 weeks, or HFHC diet for 12 weeks; scale bar = 40 um; (B) Representative transmission electron micrographs of liver
sections from WT and CXCR3-- mice fed with control or HFHC diet. The mitochondria from liver sections of HFHC fed WT mice were swollen and cristae appeared disrupted
(red arrows). In CXCR3-- mice fed HFHC diet, a mixed population composed of disrupted and organized cristae was present. Magnifications: upper panel, 3900%; lower panel,
8900%; (C) Western blot analysis of mitochondrial fusion protein mitofusin-1 (MFNT), mitochondrial fission proteins dynamic-related protein-1 (DRPI) and fission-1 (FIS1) in
liver tissues from WT and CXCR3-- mice fed with control or MCD diet and normal chow or HFHC diet. Values are mean * SD (n=5/group). MCD,
methionine-and-choline-deficient; HFHC, high-fat high-carbohydrate high-cholesterol.
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CXCR3 knockdown prevents mitochondrial
dysfunction in hepatocytes

To elucidate the molecular mechanisms
underlying the harmful effect of CXCR3 on
mitochondrial integrity, we investigated the effect of
CXCR3 on mitochondrial function in hepatocytes.
CXCR3 was knocked down by small interfering RNA
in both MCD medium-treated mouse AML-12
hepatocytes and palmitic acid-treated human HepG2
hepatocytes. The knockdown efficiencies of
si-CXCR3-1 and si-CXCR3-2 were confirmed by
quantitative RT-PCR (Figure 2A) and Western blot
(Figure 2B). When AML-12 cells were exposed to
MCD medium and HepG2 cells were treated with
palmitic acid, mitochondrial integrity was reduced as
shown by decreased expression of MFNI1 and
increased expression of DRP1 and FIS1 (Figure 2B),
concomitant with higher CXCR3 mRNA and protein
levels (Figure 2A-B) and increased lipid accumulation
(Figure 2C), lipid peroxidation (Figure 2D) and
production of inflammatory cytokines TNF-a and IL-6
(Figure 2E). However, CXCR3 knockdown by
si-CXCR3-1 and si-CXCR3-2 could abolish the
reduction of MFN1 and induction of DRP1 and FIS1 in
MCD medium-treated AML-12 and palmitic
acid-treated HepG2 hepatocytes (Figure 2B),
paralleled with ameliorated lipid peroxide levels
(Figure 2D). These data further confirm the effect of
CXCR3 in reducing mitochondrial integrity in
hepatocytes. We next analyzed mitochondrial
function by measuring mitochondrial membrane
permeability in hepatocytes using TMRM staining, a
potentiometric dye taken up only by functional
mitochondria (15). Using flow cytometric analysis, we
observed a marked reduction of TMRM fluorescence
intensity in both MCD medium-treated AML-12
hepatocytes and palmitic acid-treated HepG2
hepatocytes compared with control cells (Figure 2F).
However, CXCR3 knockdown by siCXCR3-1 and
siCXCR3-2 significantly restored the levels of TMRM
in AML-12 exposed to MCD medium and HepG2
exposed to palmitic acid (P < 0.01, Figure 2F),
inferring an increase in active mitochondria with
intact membrane potentials by CXCR3 knockdown. In
addition, CXCR3 knockdown increased ATP content
in MCD medium-treated AML-12 hepatocytes and
palmitic acid-treated HepG2 hepatocytes transfected
with  si-CXCR3 compared with hepatocytes
transfected with control siRNA (Figure 2G). These
results suggest that CXCR3 depletion prevents
mitochondrial dysfunction in hepatocytes.

CXCR3 knockdown prevents mitochondrial
ROS accumulation in hepatocytes

As mitochondria are the major producer of ROS
in cells, we examined mitochondrial ROS production
in hepatocytes with MCD medium- or palmitic acid-
induced steatohepatitic changes. Confocal microscopy
analysis of fluorescent stained live AML-12 and
HepG2 hepatocytes showed increased mitochondrial
ROS in MCD medium-exposed AML-12 culture and
palmitic acid-treated HepG2 cells compared to control
cells (Figure 3A). Conversely, CXCR3 knockdown
abolished the induction of mitochondrial ROS in
MCD medium-exposed AML-12 and palmitic
acid-treated HepG2 cells (Figure 3A). These results
suggest that CXCR3 increases ROS production by the
electron  transport chain of  dysfunctional
mitochondria in steatohepatitis. CXCR3 knockdown
could prevent mitochondrial ROS accumulation.

CXCR3 knockdown reduces mitochondrial
DNA damage in hepatocytes

Mitochondrial ROS production could cause
mtDNA damage (16). We thus examined the effect of
CXCR3 on mitochondrial DNA damage by oxidative
mtDNA damage assay to measure the levels of
8-OHdG, a marker for oxidative DNA damage (17).
AML-12 hepatocytes exposed to MCD medium and
HepG2 hepatocytes treated with palmitic acid showed
increased 8-OHAG levels, indicating damaged
mtDNA. Conversely, knockdown of CXCR3 by
siRNA significantly reduced mtDNA damage in the
two hepatocyte cell lines (Figure 3B).

CXCRS3 deficiency prevents
mitochondria-mediated apoptosis in
steatohepatitis in mice

Mitochondria are pivotal in controlling cell
death through the regulation of mitochondrial
intrinsic apoptosis pathway. To identify the molecular
mechanism for the mitochondrial dysfunction
induced by CXCR3 in steatohepatitis, we examined
hepatic apoptosis in liver tissues from WT and
CXCR3/- mice. As shown in Figure 4A, the hepatic
protein expressions of ASK1, p-JNK, p-c-Jun, cleaved
caspase 3, and cleaved PARP were upregulated in WT
mice fed with MCD diet, while these inductions were
abolished by CXCR3 knockout. Similarly, the protein
expression of p-JNK, cleaved caspase 3, and cleaved
PARP was suppressed in HFHC-fed CXCR3-/- mice
compared to HFHC-fed WT mice (Figure 4B). These
results suggest that CXCR3 deficiency prevents
caspase-dependent apoptosis in dietary
steatohepatitis.
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Figure 2. Knockdown of CXCR3 prevents mitochondrial dysfunction in hepatocytes with steatohepatitis changes. (A) AML-12 hepatocytes were exposed to
MCD medium and HepG2 hepatocytes were treated with palmitic acid. CXCR3 knockdown was performed by transfection with two siRNAs. The transfection efficiency was
determined by qRT-PCR. Data are presented as representative results of three independent experiments; (B) Hepatic CXCR3, mitochondrial fusion marker MFNI and fission
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Mitochondrial membrane potential was stained with TMRM for 30 min and analyzed using flow cytometry in MCD medium-cultured AML-12 cells and palmitic acid-treated
HepG2 cells with CXCR3 knockdown; (G) The ATP content of AML-12 and HepG2 treated with MCD medium or palmitic acid with the transfection of siCXCR3 was analyzed
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Figure 3. CXCR3 knockdown prevents mitochondrial ROS accumulation and mitochondrial DNA damage in in vitro steatohepatitis. (A) After transfection
with siCXCR3 and treatment with MCD medium or palmitic acid for 24 h, AML-12 and HepG2 were stained with MitoTracker red for 30 min and analyzed using confocal
microscopy. Data are shown as representative results of three independent experiments; scale bar = 5 ym; (B) The oxidative mitochondrial DNA damage assay was performed
to measure the levels of oxidative DNA damage marker 8-OHdG in MCD medium cultured AML-12 and palmitic acid treated HepG2 hepatocytes transfected with si-CXCR3
or si-control. Data shown are representative of three independent experiments. MCD, methionine-and-choline-deficient; PA, palmitic acid.

Apart from the ASK1/JNK pathway,
caspase-dependent apoptosis could also be caused by
the formation of apoptosome-containing adaptor
Apaf-1, which could bind to Cyt c after its release
from mitochondria to cytoplasm (18). We found that
hepatic accumulation of Apaf-1 was significantly
reduced in MCD-fed CXCR3/- compared to MCD-fed
WT mice (Figure 4A). To determine whether CXCR3
could inhibit the release of Cyt ¢ from mitochondria,
we isolated mitochondria from liver tissues of
MCD-fed WT and CXCR3- mice. Our result showed
that Cyt c expression increased in the mitochondria
and decreased in the cytoplasm in CXCR3-/- mice
compared to WT mice (Figure 4C), suggesting the
decreased release of Cyt c from mitochondria to
cytosol by depletion of CXCR3.

In addition, mitochondria have been reported to
regulate caspase-independent death effectors AIF and
EndoG. To further dissect the role of CXCR3 in
modulating mitochondrial function, we analyzed the
effect of CXCR3 on caspase-independent apoptosis.

The hepatic expression levels of AIF and EndoG in
MCD-fed CXCR3/- mice were significantly increased
in mitochondrial fragment and decreased in cytosol
protein compared to MCD-fed WT mice (Figure 4C),
suggesting that CXCR3 deficiency also prevent
caspase-independent apoptosis.

CXCR3 antagonists protect against mitochon-
drial dysfunction by regulating mitochondrial
apoptosis in steatohepatitis mice

We further investigated whether treatment with
CXCR3 antagonists could reverse mitochondrial
dysfunction in established steatohepatitis in mice.
Two CXCR3 antagonists, AMG487 and SCH546738,
were administrated to C57BL/6 mice for 10 days after
2 weeks of MCD diet. Our results showed that both
AMGA487 and SCH546738 significantly up-regulated
the mitochondrial fusion protein MFN1 and
down-regulated the fission protein DRP1 and FIS1
concomitant with decreased CXCR3 levels in
MCD-fed WT mice (Figure 4D), indicating improved
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mitochondrial integrity by CXCR3 antagonists.
Moreover, the effects of CXCR3 antagonists on
mitochondrial apoptosis were also investigated by
evaluating the protein expression of the key
mitochondrial apoptosis-related factors. The results
showed that both AMG487 and SCH546738
suppressed protein expression of ASK1, p-JNK,
cleaved caspase 3 and cleaved PARP in MCD-fed
mice (Figure 4E).

Discussion

In the present study, we demonstrated that
CXCR3  deficiency  significantly = ameliorated
mitochondrial integrity observed under TEM in
experimental NASH mice models for the first time.
Mitochondria exist as a dynamic network that
undergoes constant fission and fusion to maintain
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biogenesis balance (19-21). Mitochondrial fusion is
mediated by fusion protein MFN1, a dynamic-related
GTPase that is responsible for the fusion of outer
mitochondrial membranes (22). Mitochondrial fission
is controlled by another large GTPase DRP1, which
could interact with mitochondrial receptor protein
FIS1. Increased mitochondrial fission and decreased
mitochondrial ~ fusion  indicate  mitochondrial
fragmentation (22). In this connection, we revealed
that hepatic MFN1 fusion protein level was
significantly increased and DRP1, FIS1 fission protein
levels were decreased in the CXCR3~/- mice compared
with WT mice in two dietary models of
steatohepatitis, indicating the induction of
mitochondrial fragmentation by CXCR3 in the disease
development. This was consistent with mitochondrial
swelling and the disarray of mitochondrial cristae by
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Figure 4. Ablation of CXCR3 inhibits caspase-dependent and caspase-independent apoptosis signaling pathways and inhibition of CXCR3 by its
antagonists prevents mitochondrial damage in steatohepatitis. (A) Hepatic apoptosis signal-regulating kinase 1 (ASK1), p-JNK, p-c-Jun, cleaved caspase 3, caspase 3,
cleaved PARP, PARP, apoptosome-containing adaptor apoptosis protease activating factor-1 (Apaf-1) protein levels in the livers from WT and CXCR3-- mice fed with control
or MCD diet; (B) Hepatic p-JNK, JNK, cleaved caspase 3, caspase 3, cleaved PARP, and PARP protein levels in the livers from WT and CXCR3--mice fed with control or HFHC
diet; (C) Hepatic mitochondrial and cytosolic Cyt ¢, AIF and EndoG protein levels from WT and CXCR3-- mice fed with MCD diet. HSP60 was used as a mitochondrial internal
control and GAPDH as a cytosolic internal control. (D) Hepatic CXCR3, mitochondrial fusion marker MFN1 and fission marker DRPI and FIS1 were analyzed by western blot;
(E) Apoptosis related markers, ASK1, p-JNK, cleaved caspase 3 and cleaved PARP were measured by western blot in MCD-fed WT mice treated with vehicle or CXCR3

antagonists SCH546738 and AMG487.
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CXCR3 observed under TEM (Figure 1B). Therefore,
our findings suggest that CXCR3 is involved in the
mitochondrial fragmentation and dysfunction in
steatohepatitis.

To confirm the impaired mitochondrial function
by CXCR3 in steatohepatitis, we evaluated the effects
of CXCR3 on mitochondrial function in hepatocytes
with steatohepatitis changes. In vitro steatohepatitis
models were established in AML-12 cells cultured in
MCD medium and HepG2 cells treated with saturated
fatty acids. We observed impaired mitochondrial
integration, mitochondrial membrane potential, ATP
production, and enhanced mitochondrial ROS
production and mtDNA damage in hepatocytes with
steatohepatitis changes (23-25). However, CXCR3
knockdown by siCXCR3 significantly diminished
mitochondrial fragmentation, mitochondrial ROS
accumulation, mtDNA damage and restored
mitochondrial membrane potential and ATP content.
Determination of the levels of 8-OHdG, a marker for
oxidative DNA damage (17), further confirmed the
significantly reduced 8-OHdG level by CXCR3
knockdown. Moreover, restored ATP by CXCR3
knockdown inhibited the release of Cyt c from
mitochondria to the cytosol in steatohepatitis.
Sustained hepatic oxidative stress and mtDNA
damage have been recently reported in human NASH
(2). ROS-induced damage of mtDNA severely affects
mitochondrial function and induces hepatic steatosis
and lesion (26). Collectively, our findings indicate that
CXCR3 promotes mitochondrial dysfunction by
inducing mitochondrial ROS and mtDNA damage,
which contribute to NASH development (Figure 5).
CXCR3 deficiency may prevent steatohepatitis by
increasing mitochondrial membrane potential and
ATP content, and by decreasing mitochondrial ROS
and ROS induced-mtDNA damage.

The mechanisms underlying mitochondrial
dysfunction by CXCR3 in steatohepatitis were further
investigated. The balance between fission and fusion
is critical for mitochondrial homeostasis and is linked
with apoptosis and mitochondrial fragmentation, an
early phenomenon during apoptotic cell death (27).
Mitochondrial dynamic alteration causes enhanced
JNK phosphorylation through activation of ASK1 (28).
Dietary induced steatohepatitis increased the
activation of ASK1, JNK, and the JNK-associated
transcription factor c¢-Jun. However, CXCR3
deficiency suppressed the activation of ASK1, p-JNK
and p-cJun in both MCD-induced and
HFHC-induced steatohepatitis. ASK1 is a member of
the mitogen-activated protein kinase (MAPK) family,
and is an upstream activator of JNK signaling
cascades (29). Stimulation of the JNK pathway has
been hypothesized as a concurrent pro-apoptotic

mechanism in NASH and lipotoxicity (30). These
observations suggest that the activation of ASK1/JNK
signaling pathway was involved in CXCR3 associated
steatohepatitis.
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Figure 5. Schematic diagram for the mechanisms of CXCR3 in the
induction of mitochondrial dysfunction in experimental steatohepatitis.
CXCR3-induced mitochondrial dysfunction promoted NASH development by
inducing DNA damage, mitochondrial apoptosis and lipid accumulation. CXCR3
impaired mitochondrial function in mice as evidenced by increased DRP1 and FISI and
decreased MFN1. CXCR3-impaired mitochondrial function was confirmed in AML-12
and HepG2 cells demonstrated by reduced membrane potential, ATP content,
increased mitochondrial ROS accumulation and DNA damage. CXCR3 also induced
mitochondria-mediated apoptosis through ASKI/JNK pathway and AIF/EndoG
pathway, which contributed to the evolution of steatohepatitis.

Mitochondria have been shown to be the target
of many pro-apoptotic proteins (31) and play a crucial
role in apoptosis through the regulation of apoptotic
cascade. The present study showed that JNK
activation increased the leakage of Cyt c from
mitochondria to the cytosol and activated caspase 3
“cell execution pathway”. Deficiency of CXCR3
reduced caspase-dependent apoptosis in both dietary
steatohepatitis mouse models. Moreover,
mitochondrial dysfunction induced the release of AIF
and EndoG from mitochondria to cytosol. AIF and
EndoG are mitochondrial proteins that mediate
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caspase-independent apoptosis in a number of
models after translocation into the cytosol or into the
nucleus (32, 33). When AIF and EndoG were released
from the mitochondria in response to apoptotic
stimuli, they became active executioners of the cells
by causing condensation of chromatin in the nuclei
and large-scale fragmentation of DNA (34, 35). These
processes were significantly blunted by CXCR3
deficiency, suggesting the effect of CXCR3 deletion in
inhibiting  caspase-independent  apoptosis  in
steatohepatitis. These findings collectively reveal that
CXCR3 deficiency could prevent non-alcoholic
steatohepatitis through both caspase-dependent and
caspase-independent apoptosis signaling pathways
(Figure 5).

Based on the above findings by CXCR3
depletion, we conducted intervention experiments
using two CXCR3 antagonists on steatohepatitis. Both
AMG487 and SCH546738 ameliorated mitochondrial
dysfunction in steatohepatitis induced by MCD and
HFHC, as indicated by induced MFN1 and reduced
DRP1 and FIS1 levels. This protection was associated
with decreased mitochondrial-related apoptosis.
Therefore, CXCR3 antagonists may prevent
steatohepatitis by ameliorating mitochondrial
dysfunction and have a potential therapeutic impact
for NASH treatment.

In conclusion, we have demonstrated that
CXCR3 deficiency could prevent mitochondrial
dysfunction = during  the  pathogenesis  of
steatohepatitis, as shown by decreased mitochondrial
fragmentation, mitochondrial ROS accumulation,
mtDNA damage and increased membrane potential
and ATP content. CXCR3 induced mitochondrial
dysfunction promoted caspase dependent and
independent apoptosis cascades, thereby inducing
steatohepatitis. Our findings provide new insights
into the role of CXCR3 in mitochondrial dysfunction
in steatohepatitis, and suggest that pharmacologic
blockade of CXCR3 could serve as a potential
therapeutic approach for NASH treatment through
the restoration of mitochondrial function.
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