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Abstract 

C-X-C motif chemokine 10 (CXCL10) is a crucial pro-inflammatory factor in chronic hepatitis. Autophagy 
dysregulation is known to contribute to hepatic inflammatory injury. Hence, we investigated the regulatory 
effect of CXCL10 on the autophagosome-lysosome system during non-alcoholic fatty liver disease (NAFLD) 
development. The effect of CXCL10 ablation by neutralizing monoclonal antibody (mAb) or genetic knockout 
on autophagic flux was evaluated in cultured hepatocytes and animal models of NAFLD. Results 
demonstrated that CXCL10 ablation protected against hepatocyte injury in vitro and steatohepatitis 
development in mice. Autophagic flux impairment was rectified by CXCL10 inhibition using anti-CXCL10 
mAb in AML-12 and HepG2 liver cell lines and primary hepatocytes as evidenced by the attenuated 
accumulation of p62/SQSTM1 and LC3-II proteins and increased autophagic protein degradation. Impaired 
autophagic flux was significantly restored by CXCL10 knockout or anti-CXCL10 mAb in mice. Bafilomycin 
A1, an inhibitor of autolysosome formation, abolished the rectifying effect of anti-CXCL10 mAb or CXCL10 
knockdown in AML-12 and primary hepatocytes, indicating CXCL10 impaired late-stage autophagy in 
NAFLD. Anti-CXCL10 mAb treatment also increased the fusion of LC3-positive autophagosomes with 
lysosomes in HepG2 cells challenged with palmitic acid, suggesting that CXCL10 ablation restored 
autolysosome formation. Consistently, the number of autolysosomes was significantly increased by CXCL10 
knockout in mice as shown by electron microscopy. In conclusion, upregulated CXCL10 in steatohepatitis 
impairs autophagic flux by reducing autolysosome formation, thereby inhibiting autophagic protein 
degradation and the accumulation of ubiquitinated proteins, leading to the development of steatohepatitis. 
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Introduction 
Non-alcoholic fatty liver disease (NAFLD) is 

currently the most common cause of chronic liver 
disease worldwide. The prevalence of NAFLD in 
Hong Kong has increased to over 27% in the general 
population (1). The pathological spectrum of NAFLD 
ranges from simple steatosis to nonalcoholic 
steatohepatitis (NASH), the latter of which can lead to 
progressive liver fibrosis, cirrhosis and eventually 

hepatocellular carcinoma (HCC). However, the 
molecular mechanisms driving NAFLD progression 
remain largely elusive and thus treatment options for 
this disease remain limited. There is a compelling 
need for understanding the molecular pathogenesis of 
NASH to provide new insights into mechanism-based 
therapy. 

Autophagy is a critical catabolic pathway that 
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targets cellular components for lysosomal 
degradation (2). During this process, the cytoplasm is 
engulfed by double-membrane vesicles. The resulting 
autophagosomes ultimately fuse with lysosomes in 
which the engulfed contents are degraded (3). 
Autophagy has been implicated in pathophysiological 
processes including lipid metabolism (4), insulin 
resistance (5, 6), inflammation (7), oxidative stress (8) 
and endoplasmic reticulum (ER) stress (6). In the liver, 
decreased autophagic function is associated with the 
progression of steatosis to steatohepatitis (9). Patients 
with NASH also display impaired autophagic 
function (9). However, the molecular mechanisms 
underlying autophagic dysfunction in the 
pathogenesis of NASH are still largely unclear.  

Chemokines play important roles in the 
regulation of autophagy (10). A crosstalk between 
autophagy and chemokine production has been 
indicated (10), in which inhibition of autophagy 
enhances pro-inflammatory cytokine expression (7). 
In influenza virus infection, C-X-C motif chemokine 
10 (CXCL10), a pro-inflammatory mediator, is 
induced by the autophagic response (11). CXCL10 is 
also implicated in mediating inflammation in various 
types of hepatitis, including hepatitis C virus 
infection, hepatitis B virus infection and 
steatohepatitis (12). However, it is uncertain whether 
CXCL10 could regulate autophagy in NAFLD 
development. In this study, we aim to elucidate the 
role and molecular consequences of CXCL10 in 
regulating autophagy during the development of 
steatohepatitis using cultured hepatocytes and 
CXCL10 knockout (CXCL10-/-) mouse model. Here, 
we show for the first time that CXCL10 impairs the 
autophagosome-lysosome system in the development 
of steatohepatitis. We also provide evidence that 
elimination of CXCL10 by genetic ablation or 
antibody-mediated neutralization restores 
autolysosome formation in NAFLD, thus promoting 
degradation of endogenous substrates, including 
ubiquitinated proteins, p62/SQSTM1 and damaged 
mitochondria. These findings suggest that CXCL10 
contributes to defective autolysosome formation that 
impairs the autophagic pathway in the evolution of 
steatohepatitis.  

Materials and Methods 
Cell culture 

The human hepatoma cell line HepG2 and 
immortalized hepatocyte cell line LO2 were cultured 
in Dulbecco's Modified Eagle's Medium (DMEM) 
medium (Thermo Fisher Scientific, Waltham, MA). 
The immortalized mouse hepatocyte cell line AML-12 
was cultured in DMEM/F-12 medium (Thermo Fisher 

Scientific). Primary hepatocytes were isolated from 
C57BL/6 mice and cultured in William’s E medium 
(Thermo Fisher Scientific). AML-12 and LO2 cells 
were subsequently exposed to control medium or 
DMEM/F12 medium deficient in methionine and 
choline (MCD) for 24h. HepG2 cells and primary 
hepatocytes were treated with 200μM palmitic acid 
or bovine serum albumin (BSA) control for 24h. For 
CXCL10 inhibition, cells were treated with 1μg/mL 
anti-CXCL10 mAb or isotype-matched control IgG2A 
antibody for 24h. Primary hepatocytes and AML-12 
cells were also treated with 0.3nM or 10nM 
bafilomycin A1 (Sigma-Aldrich, St. Louis, MO) to 
determine autophagic flux. For the gain of function of 
CXCL10, cells were administrated with 10ng/mL 
CXCL10 recombinant protein for 24h (PeproTech, 
Rocky Hill, NJ). To evaluate the fusion of 
autophagosomes with lysosomes, HepG2 cells were 
transfected with RFP-GFP-LC3 plasmid and the 
immunofluorescence signals were detected by 
confocal microscopy.  

Animals and treatments 
CXCL10-/- and C57BL/6 wildtype (WT) mice 

were randomly fed with MCD diet to induce NASH 
or the corresponding control diet supplemented with 
choline bitartrate (2g/kg) and DL-methionine (3g/kg) 
(ICN Biomedicals, Costa Mesa, CA) for 4 weeks. 
CXCL10-/- and WT mice were also fed with high-fat 
high-cholesterol diet (HFHC) (Specialty feeds, Glen 
Forrest, WA, Australia) or normal chow for 8 
weeks. In another experiment, WT mice were 
administered with anti-CXCL10 monoclonal 
antibodies (mAb) (MAB466, R&D systems, 
Minneapolis, MN) or control mAb (MAB006, R&D 
systems) by intraperitoneal injection (50 μg per 
mouse) for 10 days after induction of steatohepatitis 
by feeding mice with the MCD diet for 3 weeks. 
Animals were housed in a temperature-controlled 
room under a 12h light /12h dark cycle and had free 
access to food and water. All animal studies were 
performed in accordance with guidelines approved 
by the Animal Experimentation Ethics Committee of 
the Chinese University of Hong Kong. 

Human subjects 
The relationship between CXCL10 and 

p62/SQSTM1 levels was investigated in human 
serum samples from 129 patients with biopsy-proven 
NAFLD and 66 healthy subjects. Two experienced 
pathologists scored the histological grading and 
staging of NAFLD. Control subjects had normal liver 
histology or less than 5% of hepatic triglyceride 
content measured by proton-magnetic resonance 
spectroscopy with no history of diabetes or 
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hypertension, while NAFLD patients were defined by 
the presence of steatosis (12). All subjects had given 
written informed consent and the study protocol was 
approved by the Clinical Research Ethics Committee 
of the Chinese University of Hong Kong. 

Autophagic protein degradation assay  
Click-iT AHA Alexa Fluor 488 Protein Synthesis 

HCS Assay kit (Thermo Fisher Scientific) was used to 
determine the long-lived protein degradation. 
Isolated primary hepatocytes and HepG2 cells were 
treated with palmitic acid challenged with 1μg/mL 
anti-CXCL10 mAb or isotype-matched control IgG2A 
antibody, or 10ng/mL CXCL10 recombinant protein 
for 24h. Cells were first cultured in methionine-free 
medium to deplete the intracellular L-methionine. 
Click-iT L-azidohomoalanine (AHA) reagent was 
added for 18h and the cultured cells were incubated 
with complete medium for 2h. The cells were then 
subject to a click reaction to tag the AHA-containing 
proteins with a fluorescently-tagged alkyne probe. 
Lastly, the fluorescence intensity of the cells was 
analyzed by flow cytometry. 

Western blot analysis  
Total proteins were extracted using CytoBuster 

Protein Extraction Reagent containing a protease 
inhibitor cocktail (Roche, Indianapolis, MN) and 
Phosphatase Inhibitor Cocktail (Roche). Western blot 
was performed as previously described with the 
following primary antibodies: LC3B (NB100-2220, 
Novus Biologicals, Littleton, CO), p62/SQSTM1 
(H00008878, Novus Biologicals), cathepsin D 
(sc-10725, Santa Cruz), Lysosomal-associated 
membrane protein (LAMP2) (NBP1-71692, Novus 
Biologicals), Rubicon (8465, Cell Signaling 
Technology, Danvers, MA), phospho-AMPKα (2535, 
Cell Signaling), phospho-mTOR (2971, Cell 
Signaling), phosphor-p70 ribosomal protein S6 kinase 
(p70 S6 Kinase) (9205, Cell Signaling), 
phosphor-4E-BP1 (2855, Cell Signaling), ubiquitin 
(3936S, Cell Signaling), GRP78 (sc-13968, Santa Cruz 
Biotechnology, Santa Cruz, CA), phosphorylated 
inositol-requiring enzyme 1α (p-IRE1α) (NB100-2323, 
Novus Biologicals), IRE1α (3294, Cell Signaling), 
C/EBP homologous protein (CHOP) (2895, Cell 
Signaling), X-box binding protein 1 (XBP-1) (sc-7160, 
Santa Cruz), β-Actin (sc-4778, Santa Cruz), and 
GAPDH (sc-25778, Santa Cruz) .  

Transmission electron microscopy in liver 
tissues  

Liver sections with a size less than 1mm3 were 
fixed in 2.5% glutaraldehyde in cacodylate buffer at 

4°C. The tissues were then post-fixed in 1% osmium 
tetroxide for 1h at room temperature, dehydrated and 
infiltrated with epoxy resin/propylene oxide and 
epoxy resin. The tissues were sliced into 60-80nm 
sections. The sections were then observed under a 
Philips CM100 transmission electron microscope with 
a TENGRA 2.3K X 2.3K TEM camera. 

Statistical analysis 
Differences between two groups were compared 

by non-parametric Mann-Whitney U test or Student’s 
t test. Multiple group comparisons were made by 
one-way ANOVA after Bonferroni’s correction or 
Kruskal-Wallis test (GraphPad Software, San Diego, 
CA). The co-expression pattern was determined by 
Spearman’s rank-sum correlation analysis. Data were 
expressed as mean ± SEM and considered significant 
at P < 0.05. 

Additional experimental methods are in 
Supplementary Materials and Methods.  

Results  
CXCL10 is associated with impaired 
autophagy and the clearance of 
autophagosomes in hepatocytes 

To elucidate the role of CXCL10 in autophagic 
response in the development of steatohepatitis, 
autophagic flux was determined by measuring the 
protein levels of LC3 and p62/SQSTM1 in two cell 
line models of steatohepatitis (i.e. HepG2 cells treated 
with palmitic acid and AML-12 cells exposed to MCD 
medium) treated with or without anti-CXCL10 mAb. 
After exposing HepG2 cells to palmitic acid for 24h, 
CXCL10 levels were significantly increased in the 
culture medium (Fig. S1A), concomitant with the 
increased lipid accumulation and lipid peroxide 
formation in hepatocytes (Fig. S1B-C). The protein 
levels of LC3-II and p62/SQSTM1 were significantly 
increased in HepG2 cells supplemented with palmitic 
acid for 24h (Fig. 1A), suggesting that the clearance of 
autophagosomes is compromised and autophagic flux 
is impaired in experimental steatohepatitis (13). 
However, when palmitic acid-challenged HepG2 cells 
were treated with anti-CXCL10 mAb, the protein 
expression of LC3-II and p62/SQSTM1 were 
decreased (Fig. 1A) in parallel with decreased 
steatosis and oxidative injury (Fig. S1B-C). Similar 
phenomena were observed in MCD 
medium-challenged AML-12 cells (Fig. 1A) (12). The 
inhibition of CXCL10 release by anti-CXCL10 mAb in 
AML-12 cells was confirmed by macrophage 
transwell chemotaxis assay (Fig. S2). 
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Figure 1. Restoration of autophagy by CXCL10 neutralization in hepatocytes. (A) LC3 and p62/SQSTM1 protein levels in MCD medium cultured mouse AML-12 
hepatocytes and palmitic acid treated human HepG2 hepatocytes administrated with control or anti-CXCL10 mAb (1μg/mL); (B) Decreased LC3 positive autophagic vacuoles 
(LC3+ dots) was demonstrated by immunofluorescence in MCD-cultured AML-12 and palmitic acid treated HepG2 hepatocytes administrated with 1μg/mL anti-CXCL10 mAb 
compared to hepatocytes treated with control mAb, autophagosomes were quantified by counting the number of LC3 positive (LC3+) dots or vacuoles per cells (a minimum of 
50 cells per preparation in two independent experiments); (C) Decreased positive staining of p62/SQSTM1 was determined by immunofluorescence in MCD medium cultured 
AML-12 hepatocytes administrated with 1μg/mL anti-CXCL10 mAb than control mAb, the intensities were quantified by Image J software. (D) Anti-CXCL10 mAb could not 
reduce the expression of LC3-II in the presence of bafilomycin A1 in AML-12 hepatocytes.  



 Theranostics 2017, Vol. 7, Issue 11 
 

 
http://www.thno.org 

2826 

To confirm the inhibitory effect of CXCL10 on 
autophagic flux, we analyzed the accumulation of 
LC3-positive autophagic vacuoles in HepG2 and 
AML-12 cells by immunofluorescent staining with the 
LC3 antibody. Under confocal microscopy, 
LC3-positive dots were more frequently observed in 
both palmitic acid-challenged HepG2 cells and MCD 
medium-challenged AML-12 compared to the control 
cells (Fig. 1B). In contrast, CXCL10 neutralization by 
anti-CXCL10 mAb blunted the increase of 
LC3-positive dots in HepG2 under palmitic acid (P < 
0.001) and AML-12 under MCD medium (P < 0.001) 
(Fig. 1B). Likewise, immunofluorescence analysis of 
p62/SQSTM1 demonstrated decreased accumulation 
of p62/SQSTM1 in anti-CXCL10 mAb-treated 
AML-12 cells in MCD medium (Fig. 1C), suggesting 
that CXCL10 neutralization by its antibody could 
restore autophagic flux in hepatocytes with 
steatohepatitis changes.  

To confirm the effect by which CXCL10 
inhibition restored autophagic flux, we treated 
AML-12 cells with bafilomycin A1, which inhibits 
lysosomal enzyme activity and the fusion of 
autophagosomes with lysosomes. We examined the 
amount of newly formed autophagosomes through 
LC3-II immunoblotting. AML-12 hepatocytes exposed 
in MCD medium showed increased LC3-II level after 
bafilomycin A1 application, whereas CXCL10 
inhibition by anti-CXCL10 mAb did not decrease 
LC3-II in the presence of bafilomycin A1 (Fig. 1D), 
suggesting the decreased autophagosome 
degradation, rather than increased formation, is the 
cause of autophagosome accumulation by CXCL10.  

We also confirmed the direct inhibitory effect of 
CXCL10 on autophagy by treating AML-12 
hepatocytes with CXCL10 recombinant protein. 
p62/SQSTM1 and LC3-II protein levels were 
increased by recombinant CXCL10 in AML-12 
hepatocytes, accompanied by increased intracellular 
lipid accumulation and lipid peroxidation (Fig. 
S3A-B). Collectively, these results indicate that 
CXCL10 is associated with impaired autophagy in 
hepatocytes in steatohepatitis.  

CXCL10 inhibits autophagic protein 
degradation in hepatocytes 

To further evaluate the detrimental role of 
CXCL10 in autophagic function, we quantified the 
degradation of long-lived proteins, which is a classic 
and gold standard method of measuring autophagic 
flux (14), in hepatocytes treated with anti-CXCL10 
mAb or challenged with recombinant CXCL10 
protein. Autophagic protein degradation was 
measured by the Click-iT AHA, which is a surrogate 
for L-methionine with an azide group that is 

incorporated into proteins during protein synthesis. 
Inhibition of autophagy or inhibition of lysosome 
proton pump activity has been shown to increase the 
signal from fluorescent long-lived proteins (15). 
Herein we found that treatment with palmitic acid in 
both primary hepatocytes and HepG2 cell lines 
increased the amount of fluorescently-labelled 
long-lived proteins compared to control, suggesting 
the impairment of autophagic flux by palmitic acid 
(Fig. 2A-B). Conversely, CXCL10 neutralization by 
anti-CXCL10 mAb blunted the increases in 
fluorescent signals in primary hepatocytes (P < 0.01) 
and HepG2 under palmitic acid (P < 0.0001) (Fig. 
2A-B). Consistently, fluorescently-labelled long-lived 
proteins were increased by recombinant CXCL10 
protein treatment compared to control in both 
primary hepatocytes and HepG2 cells (P < 0.05) (Fig. 
2A-B), indicating that CXCL10 inhibits 
autophagic proteolysis of long-lived proteins in 
hepatocytes. Taken together, these results further 
confirmed that CXCL10 impairs autophagic flux in 
hepatocytes.  

CXCL10 knockout restores autophagy in mice 
steatohepatitis  

To elucidate the role of CXCL10 in autophagy in 
the development of steatohepatitis in vivo, autophagic 
flux was determined by measuring hepatic protein 
levels of LC3 and p62/SQSTM1 in CXCL10-/- and 
C57BL/6 WT mice. WT mice fed with MCD diet 
developed more pronounced steatohepatitis 
compared to CXCL10-/- mice fed with the same diet 
(Fig. S4A). Increased protein levels of p62/SQSTM1 
and LC3-II were observed in MCD-fed WT mice with 
severe steatohepatitis compared with control diet-fed 
WT mice with normal liver histology (Fig. 3A). 
Hepatic accumulation of p62/SQSTM1 and LC3-II 
expression was significantly decreased in CXCL10-/- 
mice compared to WT mice fed with MCD diet, 
indicating that restoration of autophagic flux was due 
to CXCL10 deficiency (Fig. 3A). However, p62 mRNA 
levels did not change in CXCL10-/- and WT mice (Fig. 
S4B), indicating that the decreased p62 levels in 
CXCL10-/- mice were caused by autophagic 
degradation but not reduced oxidative stress and 
inflammation. To further confirm the effect of 
CXCL10 in inhibiting autophagic flux in 
steatohepatitis, we detected LC3-positive 
autophagosomes by LC3 immunofluorescence 
staining in liver tissue sections of CXCL10-/- mice and 
WT mice. A reduced accumulation of 
autophagosomes was found in CXCL10-/- mice 
compared to WT mice fed with MCD diet (Fig. 3B). 
Likewise, reduced accumulation of p62/SQSTM1 
protein by immunofluorescence staining was 
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observed in CXCL10-/- mice as compared with WT 
mice fed with MCD (P < 0.05, Fig. 3B). These findings 
were further corroborated by a second dietary 
steatohepatitis model, which showed that LC3-II and 
p62/SQSTM1 protein levels, as well as lipid 
peroxidation, were decreased in primary hepatocytes 
isolated from HFHC-fed CXCL10-/- mice compared to 
those from HFHC-fed WT mice (Fig. S5A-B). Notably, 
these effects could be abolished by bafilomycin A1 
(Fig. S5C). Collectively, these results suggest that 
CXCL10 could be associated with the accumulation of 
autophagosomes as a result of impaired autophagic 
flux in steatohepatitis.  

CXCL10 neutralization restores autophagy in 
mice with steatohepatitis 

To determine whether anti-CXCL10 mAb 
treatment could restore impaired autophagy in mice, 
we assessed the status of the 
autophagosome-lysosome system in MCD-fed WT 
mice with or without the administration of 
anti-CXCL10 mAb. As shown in Fig. 3C, anti-CXCL10 
mAb treatment reduced LC3-II and p62/SQSTM1 
levels in MCD-fed C57BL/6 mice compared to 
untreated MCD-fed mice by Western blot analysis, 
suggesting CXCL10 neutralization by its antibody 
increased autophagic flux. Moreover, 
immunofluorescence of LC3 and p62/SQSTM1 
showed decreased accumulation of autophagosomes 
and p62/SQSTM1 in mice administered with 
anti-CXCL10 mAb (Fig. 3D-E), indicating that 

CXCL10 neutralization restores autophagy activity by 
preventing autophagosome accumulation in 
steatohepatitis.  

CXCL10 impairs autophagy at the late stage 
by blocking the fusion of autophagic vesicles 
with lysosomes  

Autophagy is comprised of early and late stages. 
During the early stage, there is a formation of 
double-membrane bound vacuoles 
(autophagosomes), while the late stage is 
characterized by the production of autolysosomes 
(through the fusion of autophagosomes with 
lysosomes) and lysosome-dependent degradation. 
The accumulation of autophagosomes, LC3-II and 
p62/SQTM1, found in WT mice with steatohepatitis 
and their restoration in CXCL10-/- mice suggests that 
CXCL10 might mediate late-stage autophagic 
impairment in the pathogenesis of steatohepatitis. To 
confirm this postulation, we stained anti-CXCL10 
mAb-treated cells with anti-LC3 and anti-LAMP1 
antibodies to visualize autophagosomes and 
lysosomes, respectively. HepG2 cells treated with 
palmitic acid showed a substantial dissociation 
between LC3 and LAMP1, which respectively 
correspond to autophagosomes and late lysosomes 
(Fig. 4A). In contrast, anti-CXCL10 mAb treatment 
increased fusion of LC3-positive autophagosomes 
with LAMP1-positive lysosomes in HepG2 cells under 
palmitic acid condition as indicated by increased 
LAMP1/LC3 co-localization (Fig. 4A).  

 
Figure 2. CXCL10 inhibits autophagic proteolysis of long-lived proteins in hepatocytes. Fluorescently-labelled long-lived proteins were decreased by 
anti-CXCL10 mAb treatment and increased by recombinant CXCL10 protein treatment compared to control in both (A) primary hepatocytes and (B) HepG2 cells. 
AHA-positive fluorescent was quantified by flow cytometry as described in the materials and methods. *P < 0.05, **P < 0.01, ***P < 0.0001. 
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Figure 3. CXCL10 ablation by genetic knockout or antibody neutralization prevents hepatic autophagic impairment induced by experimental 
steatohepatitis in mice. (A) Hepatic LC3 and p62/SQSTM1 protein levels in the liver sections of the WT and CXCL10-/- mice fed with control or methionine and choline 
deficient (MCD) diet for 4 weeks. GAPDH was detected as loading control; (B) Representative immunofluorescent staining of LC3 and p62/SQSTM1 in the livers of WT and 
CXCL10-/- mice fed with control or MCD diet for 4 weeks; (C) LC3-II and p62/SQSTM1 protein expression were downregulated in MCD-fed WT mice administrated with 
anti-CXCL10 mAb (50 μg per mouse) than mice administrated with control mAb by Western blot; (D) Representative immunofluorescent staining of LC3 and CXCL10 in 
MCD-fed WT mice administrated with anti-CXCL10 mAb or control mAb; (E) Representative immunofluorescent staining of p62/SQSTM1 and CXCL10 in MCD-fed WT mice 
administrated with anti-CXCL10 mAb or control mAb.  
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Figure 4. CXCL10 impairs autophagosome-lysosome fusion. (A) LC3 and LAMP1 co-localization was increased by anti-CXCL10 mAb treatment in palmitic acid-treated 
HepG2 hepatocytes compared to cells treated with control mAb by co-immunofluorescent staining. (B) RFP- and GFP-labeled LC3 was transfected into HepG2 cells. The 
overlapped signals (yellow) of the RFP-LC3 (red) and GFP-LC3 (green) fluorescence were increased in palmitic acid-treated HepG2 cells compared with control cells by confocal 
microscope; whereas the overlapped signals (yellow) in HepG2 cells were reduced by anti-CXCL10 mAb treatment. *P < 0.05 vs control, **P < 0.01 vs control, #P < 0.05 vs 
palmitic acid; (C) Electron microscope images showed the accumulation of autophagosomes (yellow arrows) were mainly observed in WT mice with HFHC, while 
autolysosomes (blue arrows) were frequently identified in CXCL10-/- mice compared with WT mice, autophagosomes and autolysosomes were counted from electron 
microscopy. 
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Moreover, we transfected RFP/GFP dual-labeled 
LC3 into HepG2 cells treated with palmitic acid in the 
presence or absence of anti-CXCL10 mAb to evaluate 
autophagosomes and autolysosomes. As shown in 
Fig. 4B, we found a clear increase in the overlapped 
signals (yellow) of RFP-LC3 (red) and GFP-LC3 
(green) fluorescence in palmitic acid-treated HepG2 
cells compared with control cells (Fig. 4B), indicating 
the accumulation of unfused autophagosomes. In the 
presence of anti-CXCL10 mAb, the overlapped signals 
(yellow) in HepG2 cells were dramatically reduced, 
suggesting fewer autophagosomes but increased 
autolysosomes (Fig. 4B). These results indicate that 
the impaired late-stage autophagy by CXCL10 is 
mediated by blocking the fusion of autophagic 
vesicles with lysosomes in steatohepatitis.  

We subsequently performed electron 
microscopy to determine the histological changes of 
autophagic structures including autophagosomes and 
autolysosomes in liver tissue from CXCL10-/- and WT 
mice. Autophagosomes, known as initial autophagic 
vacuoles, have a double membrane that encloses 
cytosol and organelles with normal morphology. 
Autolysosomes, known as late autophagic vacuoles, 
have one limiting membrane enclosing cytoplasmic 
material and organelles at various stages of 
degradation. As shown in Fig. 4C, the accumulation 
of autophagosomes was mainly observed in WT mice, 
but not in CXCL10-/- mice fed with HFHC diet, while 
autolysosomes were more frequently identified in 
CXCL10-/- compared with WT mice fed with HFHC 
diet (Fig. 4C). These results further suggest that 
CXCL10 inhibits autophagic flux by impairing the 
fusion of autophagosomes with lysosomes in the 
development of nutritional steatohepatitis. 

CXCL10 weakens lysosomal acidification in 
steatohepatitis 

The potential mechanisms underlying impaired 
autophagy by CXCL10 was evaluated by 
characterizing lysosomal alterations in steatohepatitis. 
Acidification of autolysosomes is crucial for activating 
cathepsins and effecting proteolysis of substrates, 
thus contributing to the maintenance of autophagic 
flux. Procathepsin D is a short-lived inactive 
precursor of lysosomal aspartyl protease which is 
cleaved to mature cathepsin D upon acidification in 
lysosomes. Therefore, reduced procathepsin 
D/cathepsin D protein expression ratio indicates the 
induction of lysosomal acidification. We found that 
the procathepsin D/cathepsin D ratio was 
significantly decreased by anti-CXCL10 mAb 
treatment in MCD-fed C57/BL6 WT mice (P < 0.05, 
Fig. 5A). In addition, measurement of average 
lysosomal pH with LysoSensor Yellow/Blue 

DND-160-dextran indicated that lysosomal 
acidification was restored by anti-CXCL10 mAb 
treatment in MCD medium-cultured hepatocytes (Fig. 
5B). These data suggest that CXCL10 impairs 
lysosomal acidification in steatohepatitis. 

In addition, LAMP2 protein level was 
upregulated when AML-12 cells were cultured in 
MCD medium compared to control medium and this 
upregulation was blunted by anti-CXCL10 mAb (Fig. 
5C). In keeping with this in vitro result, decreased 
LAMP2 protein expression was observed in MCD-fed 
mice administered with anti-CXCL10 mAb compared 
with MCD-fed mice (Fig. 5C). In addition, the 
co-localization of p62/SQSTM1 and LAMP2, which 
indicates the impaired autolysosome recycling (16), 
was clearly diminished in MCD-fed mice 
administered with CXCL10 mAb compared with 
MCD-fed mice as determined by 
co-immunofluorescent staining of p62/SQSTM1 and 
LAMP2 (Fig. S6A). The decreased p62/SQSTM1 in 
lysosomes by anti-CXCL10 mAb treatment was 
corroborated by decreased co-localization of 
p62/SQSTM1 and LAMP2 in CXCL10-/- mice 
compared to WT mice fed with MCD diet (Fig. S6B). 
Collectively, these results indicate that CXCL10 
neutralization by its antibody restores 
autophagosome-lysosome fusion and autolysosome 
formation in steatohepatitis. 

CXCL10 impairs autophagosome-lysosome 
fusion through regulating Rubicon  

To explore the mechanism underlying 
CXCL10-mediated suppression of autophagosome- 
lysosome fusion, we evaluated Rubicon expression in 
hepatocytes treated with or without anti-CXCL10 
mAb. Rubicon is a Beclin 1-interacting negative 
regulator of autophagosome-lysosome fusion and 
plays a pathogenic role in NASH (17). Our results 
showed that incubation of the HepG2 cell line with 
palmitic acid for 24h increased Rubicon protein levels. 
Conversely, anti-CXCL10 mAb added to HepG2 cells 
with palmitic acid significantly reduced Rubicon 
levels (Fig. 5D). Consistently, recombinant CXCL10 
protein increased Rubicon protein levels in AML-12 
cell line (Fig. S7). Therefore, CXCL10 may suppress 
autophagosome-lysosome fusion through the 
regulation of Rubicon.  

AMPK/mTOR signaling is a well-known 
pathway involved in the regulation of autophagy. 
Therefore, we examined the effect of CXCL10 on this 
pathway. After 24h treatment with palmitic acid, 
phospho-AMPKα levels were decreased compared 
with control cells in HepG2, while anti-CXCL10 mAb 
treatment in palmitic acid-treated HepG2 cells 
increased phospho-AMPKα levels (Fig. 5E). 
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Consistent with results from others (17), we found 
that the phosphorylation of mTOR and its 
downstream signaling kinases phospho-p70S6K and 
phospho-4E-BP1, were significantly suppressed in 
HepG2 cells treated with palmitic acid for 24h 
compared to HepG2 cells treated with BSA control, 
indicating the increased autophagosome formation by 
palmitic acid treatment. However, when palmitic 
acid-treated HepG2 cells were administered with 
anti-CXCL10 mAb, the protein expression of 
phospho-mTOR, phospho-p70S6K and 
phospho-4E-BP1 was increased (Fig. 5F). 

CXCL10 induces mitochondrial dysfunction, 
ubiquitin-positive inclusions and the 
accumulation of ER stress in steatohepatitis 

As impaired autophagy could result in ROS 
production due to the accumulation of damaged 
mitochondria, we evaluated the mitochondria ROS 
production by CXCL10 in steatohepatitis. 
MitoTracker ROS staining was performed in HepG2 

cells and quantified by flow cytometry in hepatocytes. 
We found that HepG2 cells challenged with palmitic 
acid showed significantly increased mitochondrial 
ROS production as compared to HepG2 cells in 
control medium (Fig. 6A). Conversely, treatment with 
anti-CXCL10 mAb significantly abolished 
mitochondrial ROS level in palmitic acid-exposed 
HepG2 cells (Fig. 6A). Similarly, we found 
significantly decreased mitochondrial ROS 
production as evidenced by reduced MitoTracker 
fluorescence by flow cytometry in primary 
hepatocytes isolated from HFHC-fed CXCL10-/- mice 
versus those from WT mice (P < 0.0001, Fig. 6B). 
Anti-CXCL10 mAb treatment also reduced the 
NADP+-to-NADPH ratio in MCD-fed C57BL/6 mice 
compared to untreated mice (Fig. 6C). As NADPH is 
essential for redox homeostasis, the accumulation of 
NADP+ by anti-CXCL10 mAb could result in ROS 
reduction.  

 

 
Figure 5 CXCL10 impaired lysosomal acidification. (A) The cleavage of lysosome specific enzyme procathepsin D (Procat D) into mature cathepsin D (mCat 
D) was restored by anti-CXCL10 mAb treatment in MCD-fed mice; (B) Lysosomal pH value was decreased by anti-CXCL10 mAb treatment in MCD medium 
cultured LO2 cells; (C) LAMP2 expression was blunted by anti-CXCL10 mAb treatment in both MCD medium cultured AML-12 cells and MCD-fed mice liver tissues; 
(D) Rubicon expression was blunted by anti-CXCL10 mAb treatment in palmitic acid-challenged HepG2 cells; (E) phospho-AMPKα, (F) phospho-mTOR and 
phosphor-p70S6 Kinase expression was restored by anti-CXCL10 mAb treatment in palmitic acid-challenged HepG2 cells.  
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Figure 6 CXCL10 promotes mitochondria dysfunction, polyubiquitinated proteins accumulation and ER stress. (A) Mitochondrial ROS production 
by Mitotracker staining was abolished by anti-CXCL10 mAb treatment in palmitic acid-treated HepG2 hepatocytes. (B) Mitochondrial ROS production by 
Mitotracker staining was significantly decreased in primary hepatocytes isolated from HFHC-fed CXCL10-/- mice than those isolated from HFHC-fed WT mice; (C) 
Anti-CXCL10 mAb decreased the NADP+ to NADPH ratio in mice; (D) The protein levels of ubiquitinated proteins and (E) protein expression of ER stress markers 
GRP78, p-IRE1α, IRE1α and CHOP in WT and CXCL10-/- mice fed with control or MCD diet for 4 weeks; (F) Protein levels of ER stress markers GRP78, CHOP and 
XBP-1 were downregulated in MCD-fed WT mice administrated with anti-CXCL10 mAb compared to those administrated with control mAb by Western blot. 

 
The accumulation of ubiquitinated proteins is 

one of the hallmarks of autophagy deficiency (18). 
Excessive lipid accumulation in hepatocytes can 
provoke the formation of ubiquitinated proteins 
during NASH development. We further assessed 
hepatic accumulation of ubiquitinated proteins in 
CXCL10-/- and WT mice using an anti-ubiquitin 
antibody capable of detecting all ubiquitinated 

proteins. We found that hepatic accumulation of 
polyubiquitinated proteins was significantly reduced 
in CXCL10-/- mice compared to WT mice fed with 
MCD diet (Fig. 6D), suggesting that CXCL10 induces 
accumulation of ubiquitin-positive inclusions. 
Consistent with the decreased levels of 
polyubiquitinated proteins, MCD-fed CXCL10-/- mice 
showed significantly reduced protein levels of ER 
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stress markers, including GRP78, p-IRE1α and CHOP 
compared to MCD-fed WT mice (Fig. 6E). Moreover, 
CXCL10 neutralization in MCD-fed WT mice 
suppressed the protein levels of GRP78, XBP-1 and 
CHOP (Fig. 6F). Collectively, these findings 
demonstrate that CXCL10 promotes accumulation of 
polyubiquitinated proteins and ER stress in 
steatohepatitis.  

CXCL10 levels are positively correlated with 
p62/SQSTM1 levels in human serum  

We ascertained the clinical impact of CXCL10 in 
the regulation of autophagy in NASH patients. 
Human serum levels of CXCL10 and p62/SQSTM1 
were evaluated using an enzyme-linked 
immunosorbent assay (ELISA)-based assay in a 
well-established prospective cohort of 66 control 
subjects and 129 NAFLD patients (Table S1). Our 
results showed that serum CXCL10 was positively 
correlated with serum p62/SQSTM1 levels (r=0.30, P 
< 0.0001) in human subjects (Fig. 7A), giving clinical 

evidence for the positive relationship of CXCL10 and 
autophagy impairment in steatohepatitis.  

Discussion 
Accumulating evidence suggests that autophagy 

impairment contributes to NASH development in 
human (9) and mice (19). However, the molecular 
mechanism underlying autophagic defects in NASH 
remains obscure and effective therapeutic strategies 
for correcting autophagic defects in NASH are 
limited. Our current study suggests that CXCL10 is 
responsible for autophagic impairment during 
steatohepatitis development. Upregulated CXCL10 in 
in vitro and in vivo steatohepatitis inhibits the fusion of 
autophagosomes and lysosomes, thereby attenuating 
the autophagic flux. This attenuation leads to the 
inhibition of autophagic protein degradation and the 
prominent accumulation of undegraded autophagy 
substrates, such as p62/SQSTM1 aggregates and 
ubiquitinated proteins, ultimately resulting in 
steatohepatitis development. 

 

 
Figure 7. (A) Association of human serum CXCL10 and p62/SQTM1 levels from 66 control subjects and 129 NAFLD patients, including 71 NASH patients; 
(B) Schematic diagram for the mechanism of CXCL10 in the regulation of the autophagosome-lysosome system in experimental 
steatohepatitis. CXCL10 impairs the fusion of autophagosomes and lysosomes and the formation of autolysosomes, and induces mitochondria dysfunction, 
polyubiquitinated proteins accumulation and ER stress, thereby contributing to steatohepatitis development. 
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Hepatocytes are a major source of CXCL10 in the 
liver (20). CXCL10 is mainly secreted by hepatocytes 
in areas of lobular inflammation during liver injury 
(21). We found that CXCL10 is upregulated by 
palmitic acid or MCD medium in hepatocytes and 
MCD diet in mice (12). The increased CXCL10 
expression is required for steatohepatitis 
development (12). In this study, we demonstrated that 
CXCL10 depletion by CXCL10 knockout or CXCL10 
neutralization by anti-CXCL10 mAb blunted the 
accumulation of p62/SQSTM1 and LC3-II in 
accordance with the attenuation of steatosis and 
oxidative injury in hepatocytes and the ameliorated 
steatohepatitis in mice. The autophagosome-lysosome 
pathway is the process by which cellular components 
are delivered to the lysosome for degradation (22). 
p62/SQSTM1, an indicator of autophagic 
degradation, facilitates the delivery of ubiquitinated 
protein aggregates to the autophagic machinery for 
degradation by a direct interaction with LC3 (23). 
Increased p62/SQSTM1 level could be caused by 
either reduced autophagic degradation or 
transcriptional upregulation by cellular stress (24). In 
this study, the alteration of p62/SQSTM1 protein 
levels but not mRNA levels by CXCL10 knockout 
indicate that the altered p62/SQSTM1 levels were 
caused by autophagic degradation but not cellular 
stress. LC3 is a protein marker that can ultimately be 
degraded by acidic hydrolases (25). Decreased LC3-II 
levels may result from a decrease in the conversion of 
LC3-I to LC3-II in the early stage of autophagy, or a 
rapid degradation via lysosomal turnover in the late 
stage. The combined accumulation of p62/SQSTM1, 
LC3-II and autophagosomes reflects a blockade of 
autophagic flux (13). Our results thus suggest that 
CXCL10 is involved in the impairment of the 
autophagic process and subsequent p62/SQSTM1 
degradation in steatohepatitis. Ablating CXCL10 by 
its antibody or genetic depletion restores the 
autophagic flux by enhancing autophagosome 
degradation, which contributes to the hepatic 
improvement of steatohepatitis. Lipid accumulation 
and autophagy dysfunction are interrelated during 
NASH development. Autophagy inhibition increased 
lipid accumulation in cultured hepatocytes and 
mouse liver. On the other hand, abnormal 
intracellular lipid accumulation impairs autophagic 
clearance (4). Therefore, anti-CXCL10 mAb-recovered 
autophagy function could suppress lipid 
accumulation, leading to the further recovery of 
autophagic function that prevents additional lipid 
retention.  

Autophagic flux was further evaluated by LC3-II 
turnover in the presence and absence of lysosomal 
degradation inhibitors (bafilomycin A1) and 

autophagic protein degradation. Bafilomycin A1 is a 
reversible inhibitor of vacuolar-type H+-ATPase that 
can prevent lysosomal degradation by neutralizing 
the lysosomal acidity, thereby blocking fusion of 
autophagosomes with lysosomes and autolysosome 
formation (26). We found that in the presence of 
bafilomycin A1, CXCL10 blockade by its antibody or 
genetic depletion in AML-12 cells or primary 
hepatocytes could not change LC3-II levels anymore, 
suggesting that the restoration of autophagy by 
CXCL10 inhibition in hepatocytes occurs at the late 
stage of autophagy, and that CXCL10 inhibits 
autophagosome-lysosome fusion and/or 
lysosome-dependent degradation. Another classical 
assay for the measurement of autophagic flux is the 
detection of autophagic protein degradation (14). 
During the autophagic process, long-lived cellular 
proteins are sequestered by double-membrane 
autophagosomes, which then fuse with lysosomes for 
degradation (14). AHA, a surrogate for L-methionine, 
is incorporated into proteins during de novo protein 
synthesis. The increased AHA-containing proteins as 
detected by flow cytometry indicates the impaired 
autophagic flux. The decreased long-lived protein 
levels by CXCL10 inhibition and the increased 
long-lived protein levels by CXCL10 supplement 
further confirm that CXCL10 inhibits the functional 
autophagic process.  

The inhibitory effect of CXCL10 on 
autophagosome-lysosome fusion was further 
evaluated by three assays. The first assay is to 
visualize autophagosomes and lysosomes using 
anti-LC3 and anti-LAMP1 antibodies, respectively. 
The association between autophagosomes and 
lysosomes could be restored by anti-CXCL10 mAb in 
HepG2. The second assay involved the autophagic 
flux indicator RFP-GFP-LC3. The decreased 
co-localization of GFP-LC3 and RFP-LC3 signals by 
anti-CXCL10 mAb observed in palmitic 
acid-challenged HepG2 confirmed the restoration of 
autolysosome formation (autophagosome-lysosome 
fusion) by CXCL10 inhibition. We finally utilized 
TEM to detect autophagosomes and autolysosomes 
directly. CXCL10 knockout increased autolysosome 
numbers in mice, suggesting restoration of 
autophagic flux by CXCL10 depletion in murine 
steatohepatitis.  

Autolysosome acidification is critical to the 
degradation of autophagosomal cargos for the 
maintenance of autophagic flux. We discovered that 
the precursor form of cathepsin D, which is cleaved to 
its mature form upon acidification in lysosomes, was 
decreased by anti-CXCL10 mAb treatment in the 
C57BL/6 mouse steatohepatitis model. In addition, 
acidic lysosomal pH was restored in anti-CXCL10 
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mAb-treated steatotic hepatocytes, suggesting that the 
alterations in lysosome acidification contribute to the 
impaired autophagic flux in CXCL10-induced 
steatohepatitis. Our results collectively suggest that 
CXCL10 impairs lysosomal acidification and 
suppresses autophagosomes-lysosome fusion, 
resulting in the accumulation of autophagosomes and 
increased LC3-II and p62/SQSTM1 in the 
development of steatohepatitis. 

The mechanistic findings of impaired autophagy 
by CXCL10 in mouse models of steatohepatitis 
encouraged us to evaluate the correlation between 
CXCL10 and impaired autophagy in patients with 
NAFLD. Serum CXCL10 levels were significantly 
increased in a stepwise fashion from control subjects, 
patients with simple steatosis to patients with NASH 
(12). Serum p62/SQTM1 levels were positively 
associated with CXCL10 levels in 195 human subjects. 
This result further confirmed our observation that 
CXCL10 plays an important role in impaired 
autophagy in the pathogenesis of steatohepatitis.  

In conclusion, CXCL10 contributes to 
impairment of autophagosome-lysosome system by 
impairing lysosomal acidification in experimental 
steatohepatitis, which promotes mitochondria 
dysfunction, the accumulation of polyubiquitinated 
proteins and ER stress. Blocking this cytokine can 
ameliorate steatohepatitis through restoring 
autolysosome formation (Fig. 7B). Our findings 
provide novel mechanistic insights into 
CXCL10-mediated autophagic impairment in NASH 
development in which blockade of CXCL10 may serve 
as a potential therapeutic approach. 
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