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Abstract Nonalcoholic fatty liver disease (NAFLD), especially nonalcoholic steatohepatitis (NASH), is a

common hepatic manifestation of metabolic syndrome. However, there are no effective therapy to treat this

devastating disease. Accumulating evidence suggests that the generation of elastin-derived peptides (EDPs)

and the inhibition of adiponectin receptors (AdipoR)1/2 plays essential roles in hepatic lipid metabolism

and liver fibrosis.We recently reported that theAdipoR1/2 dual agonist JT003 significantly degraded the extra-

cellular matrix (ECM) and ameliorated liver fibrosis. However, the degradation of the ECM lead to the gener-

ation of EDPs, which could further alter liver homeostasis negatively. Thus, in this study, we successfully

combined AdipoR1/2 agonist JT003 with V14, which acted as an inhibitor of EDPseEBP interaction to over-

come the defect of ECM degradation. We found that combination of JT003 and V14 possessed excellent syn-

ergistic benefits on ameliorating NASH and liver fibrosis than either alone since they compensate the shortage

of each other. These effects are induced by the enhancement of the mitochondrial antioxidant capacity, mito-

phagy, and mitochondrial biogenesis viaAMPK pathway. Furthermore, specific suppression of AMPK could

block the effects of the combination of JT003 and V14 on reduced oxidative stress, increased mitophagy and
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mitochondrial biogenesis. These positive results suggested that this administration of combination of Adi-

poR1/2dual agonist and inhibitor ofEDPseEBP interaction can be recommended alternatively for an effective

and promising therapeutic strategy for the treatment of NAFLD and NASH related fibrosis.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a progressive liver
disease caused by excessive triglycerides (TG) accumulation in
hepatocytes, mainly ranges from simple steatosis to hepatitis and
progression to advanced fibrosis, cirrhosis and hepatocellular
carcinoma1,2. At present, there are many different classes of
NAFLD drugs which are underdevelopment, for example farne-
soid X receptor agonists, thyroid hormone receptor agonists,
fibroblast growth factor agonists, and peroxisome proliferator-
activated receptor (PPAR) agonists3,4. Unfortunately, the clinical
trials of these NAFLD candidates were far from satisfactory5.
Genfit announced that elafibranor, a dual PPARa/d agonist, failed
to achieve significant improvement in non-alcoholic steatohepa-
titis (NASH) patients with stage 2 or 3 fibrosis6. Ocaliva, a far-
nesoid X receptor agonist, was recently rejected by the US Food
and Drug Administration7. Therefore, it is urgent to develop new
approaches for developing promising treatment strategies for
NAFLD. Because the pathophysiology of NAFLD is complex,
several targets and pathways must be tackled to improve the
therapeutic efficacy of NAFLD treatments, more and more
attention has been gained on the combination therapy8.

Adiponectin, an adipocytokine, mainly produced by mature
adipocytes9, plays a pivotal role in cellular energy management10,11,
extracellular matrix (ECM) metabolism12,13, proliferation14,15, and
migration16,17. Clinical studies had demonstrated that plasma adi-
ponectin decreased in NAFLD individuals18,19. And accumulating
evidence demonstrated that adiponectin receptors (AdipoRs) are
potential drug targets for NAFLD therapy20e22. We reported pre-
viously that JT003 (P-Nva-LYYFA), an AdipoR1/2 dual agonist,
attenuated liver fibrosis via amelioration of ECM metabolism and
mitochondrial function23. However, it is not harmless to degrade
ECM because the elastin, the main components of ECM in hepatic
fibrosis nodules, undergoes a breakdown24. Elastin is abnormally
synthesized and degraded in the diseased liver leading to the release
of bioactive elastin-derived peptides (EDPs)25,26. It has been re-
ported that plasma EDPs level are positively correlated with the
degree of NAFLD. In addition, the accumulation of EDPs induces
hepatic lipogenesis and fibrosis by the LKB1-adenosine
monophosphate-activated protein kinase (AMPK) pathway fol-
lowed by elastin receptor complex activation27. The V14 peptide
(VVGSPSAQDEASPL), which correspond to part of the elastin
binding protein sequence, can bind to the circulated EDPs and
block their effects28. JT003 induces the production of EDPs, which
in turn affect the therapeutic ability of JT003. And it will be a better
strategy if the effect of EDPs was blocked during the treatment.
What’s more, synergistic drug combinations have many advantages
over monotherapy for complex diseases, including reduced side
effects, reduced drug resistance, and increased efficacy. These ad-
vantages are mainly due to the targeting of multiple molecular
networks in the body29. Therefore, we hypothesize that a combi-
nation of JT003 and V14 is more effective than either alone for
amelioration of NAFLD in vitro and in vivo.

To gain a better understanding of the scope of this conceptual
combined therapeutic strategy and expand the traditional meth-
odologies developing an efficient protocol for accessing potential
candidates. In the current study, we identified a combination of
AdipoR1/2 dual agonist and inhibitor of EDPseEBP interaction as
a positive synergistic therapeutic strategy to treat NAFLD in mice.
We found that a combination of JT003 and V14 is more effective
than either alone for the attenuation of lipid accumulation, hepa-
titis and liver fibrosis in mice by enhancing mitochondrial function
and improving mitochondrial oxidative capacity via activation of
AMPK pathways in vitro and in vivo. And the combination of
AdipoR1/2 dual agonist and inhibitor of EDPseEBP interaction
has not been applied in NAFLD and will be a promising alter-
native therapeutic strategy.

2. Materials and methods

2.1. Human liver and serum samples

All procedures that involved human samples were approved by the
First Affiliated Hospital of Sun Yat-sen University Review Board
(Guangzhou, China) and were performed in a manner consistent
with the principles outlined in the Declaration of Helsinki. Written
informed consent was obtained from all study participants. Human
serum samples were drawn after an overnight fast on the day of
elective diagnostic liver biopsy procedure at the First Affiliated
Hospital of Sun Yat-sen University. Control serum samples were
collected form healthy female and male donors. Plasma was ob-
tained by centrifugation of blood samples for 30 min at 3500 rpm
at 4 �C and was immediately stored at �80 �C until further
preparation. Human fibrotic liver biopsy was derived from patients
undergoing liver transplant surgery who had been diagnosed as
cirrhosis or hepatocellular carcinoma. Human non-fibrotic liver
samples were collected from healthy regions of the livers from
donors who had undergone liver resection because of a hepato-
cellular carcinoma or hepatic cyst. Patients with other liver dis-
eases, including viral hepatitis, autoimmune hepatitis, primary
biliary cirrhosis, hemochromatosis, drug-induced liver disease and
other secondary hepatic diseases were excluded from this study.
Human serum adiponectin levels were analyzed by enzyme linked
immunosorbent assay (ELISA) kit for adiponectin (SEA605Hu).
Human serum EDPs were measured by Fastin™ Elastin Assay
(Biocolor, Carrickfergus, UK). In addition, the detailed informa-
tion for the clinical characteristics of these samples is provided in
Supporting Information Tables S1 and S2.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Animal models and tissue collection

Male C57BL/6J mice (7e8 weeks old) were purchased from
Guangdong Medical Laboratory Animal Center and used to
establish NASH and liver fibrosis models. The mice were housed
in a standard environment with a 12 h day/night cycle and free to
food and water. All animal protocols were approved by the
Institutional Animal and Care Use Committee of the Sun Yat-sen
University. The animals received humane care according to the
criteria outlined in the Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of Sciences and
published by the National Institutes of Health.

After 7 days of acclimatization, mice NASH and liver fibrosis
models were established by methionine-choline deficient (MCD)
or high fat diet (HFD) or carbon tetrachloride (CCl4)

30,31. In
MCD-induced NASH model, mice were fed an MCD diet for 8
weeks (protein: 17%; carbohydrates: 66%; fat: 10%; MD12052,
Medicience, Jiangsu, China). Mice administered a methionine-
choline sufficient (MCS) diet serves as control group (protein:
17%; carbohydrates: 65%; fat: 10%; L-methionine: 0.3%; hydro-
chloride tartrate: 0.2%; MD12051, Medicience, Yangzhou,
China). Then mice were randomly assigned into five groups ac-
cording to different demands: MCS control group, MCD model
group, MCD þ JT003 group, MCD þ V14 group, and
MCD þ JT003 þ V14 group (n Z 6 for each group).

In HFD-induced NASH model, mice were fed with an HFD
diet (n Z 6; protein: 18.1%; carbohydrates: 20.3%; fat: 61.6%;
D12492, Research Diets, USA) or a regular chow diet (n Z 6;
protein: 18.3%; carbohydrates: 71.5%; fat: 10.2%; D12450B,
Research Diets, USA) for 24 weeks. Then mice were randomly
assigned into five groups according to different demands: Control
group, HFD model group, HFD þ JT003 group, HFD þ V14
group, and HFD þ JT003 þ V14 group (n Z 6 for each group).

In CCl4-induced liver fibrosis model, mice were exposed to
CCl4 (dissolved 1:4 in corn oil) by intraperitoneally adminis-
tered at a dose of 0.5 mL/kg twice a week for 6 weeks. The
negative group mice were injected with corn oil (Aladdin,
China) alone at the equivalent volume and frequency. Then
mice were randomly assigned into five groups according to
different demands: Oil group, CCl4 model group, CCl4þJT003
group, CCl4þV14 group, and CCl4þJT003 þ V14 group
(n Z 6 for each group).

All peptides were synthesized and purified according to the
standard method of solid-phase peptide synthesis and dissolved in
PBS to prepare. JT003 (500 mg/kg/day) and V14 (150 mg/kg/3
days) were intraperitoneally (i.p.) administered in the last 4 weeks
during HFD or MCD feeding and in the last 3 weeks during CCl4
inducing damage. JT003 þ V14 were administered separately
according to the frequency and dose of the peptide itself.

At the end of the experiments, all mice above were need to
overnight fast 8 h for further histological, biochemical, and
mechanism studies. Blood was collected from the posterior
orbital venous plexus of the eyes of ether anesthetized mice.
Serum samples was obtained from centrifugation of blood at
3500 rpm for 15 min. Liver tissue was flash-frozen in liquid
nitrogen prior to the store at �80 �C. The remaining tissue were
fixed in 10% paraformaldehyde (Solarbio, Beijing, China) and
prepared for subsequent pathological sections. The levels of
aspartate aminotransferase (ALT), Aspartate transaminase
(AST), TG, and superoxide dismutase (SOD) in serum were
determined using commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.3. Cell culture and treatment

TheHepG2 (humanhepatocellular liver carcinoma cell line) cell lines
were purchased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) containing
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin
(Gibco). For HepG2 cells, 0.25 mmol/L palmitic acid (PA) was
administered to establish a cellmodel of lipid accumulation. The cells
were randomly assigned into five groups according to different de-
mands: bovine serum albumin (BSA), PA model group, PAþ JT003
(200 mmol/L) group, PAþV14 (10 mmol/L) group, and PAþ JT003
(200 mmol/L)þV14 (10 mmol/L) group (nZ 3 for each group).

2.4. Primary cell isolation

Primary hepatocytes were acquired from 6- to 8-week-old fe-
male C57BL/6J mice using collagenase perfusion and gradient
centrifugation32. In brief, the isolated cells were the filtered
through a 70 mm cell strainer and were plated in collagen I-
coated well plated in DMEM containing 10% fetal bovine serum
and 1% penicillinestreptomycin. The cells were induced by
0.25 mmol/L PA and randomly assigned into five groups ac-
cording to different demands: BSA, PA model group,
PA þ JT003 (200 mmol/L) group, PA þV14 (10 mmol/L) group,
and PA þ JT003 (200 mmol/L) þ V14 (10 mmol/L) group (n Z 5
for each group). PA or peptides were incubated with for 24 h.
Then Oil Red O staining and cellular TG contents were per-
formed to evaluate the accumulation of lipid droplets.

2.5. Histopathology assessment

The liver was embedded with tissue-Tek optimal cutting tem-
perature compound (Sakura Finetek, Japan), or paraffin, and liver
sections were prepared. Liver sections were used for H&E, Sirius
Red, and Oil Red O staining (Servicebio, Wuhan, China). For
immunohistochemistry, antigen retrieval was performed under
high pressure and temperature in 0.01 mmol/L citrate buffer
(pH Z 6.0). Then, the sections were then incubated with 3%
H2O2 at room temperature for 10 min to block the endogenous
peroxidase activity. After blocked with 1% BSA, the sections
were incubated with primary antibodies overnight at 4 �C and
then secondary antibodies were used for 1 h at 37 �C. Immu-
nochemical staining of collagen type I (Col1a), CD68, and 4
hydroxynonenal (4-HNE) was performed using paraffin-
embedded liver sections. Detailed information about antibodies
is listed in Supporting Information Table S3. Quantitative anal-
ysis was performed using open-source software (Image-J soft-
ware (http://imagej.nib.gov/)).

2.6. CCK-8 viability assay

HepG2 cells were seeded in a 96-well plate with 7000 cells/well.
Cell viability was detected by a Cell Counting Kit-8 (CCK-8,
Beyotime Biotechnology, Shanghai, China) according to manufac-
turer’s instructions. To assess the impact on cell viability, various
concentrations of PAwere added to the HepG2 cells for 24 h. After

http://imagej.nib.gov/
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incubation, the CCK-8 solution was added to the each well and
incubated at 37 �C for 4 h. The absorbance was measured at 450 nm
using a microplate reader. Cell viability was calculated by Eq. (1):

Cell viability (%) Z (Experimental group absorbance value/
Control group absorbance value) � 100 (1)

2.7. Quantitative real-time PCR analysis

Total RNA was extracted from primary hepatocytes, HepG2 cells,
and tissue samples using TRIzol™ Reagent (Invitrogen, New
York, USA). According to the TransStart� Top Green qPCR
SuperMix (TransGen Biotech, Beijing, China), the extracted total
RNA was reverse transcribed into cDNA for subsequent qPCR
experiments. These primers were designed and synthesized by
Sangon Biotech. And the sequences of the primers are listed in
Supporting Information Tables S4 and S5. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH ) expression was used to
normalize the mRNA expression levels of targets genes.

2.8. Western blot analysis

Primary hepatocytes, HepG2 cells, and liver samples were
collected after treatment. It was lysed with RIPA buffer (Sigma-
eAldrich, England) for 30 min and then centrifuged at 12,000 � g
for another 30 min. Mitochondrial protein was isolated using
Mitochondria Isolation Kit (Beyotime Biotechnology, Shanghai,
China). Protein concentration was measured using a Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, New York,
USA). The proteins were separated on an SDS-PAGE gel and
transferred to a polyvinylidene fluoride membranes (Millipore,
MA, USA). The membrane was blocked with 5% non-fat milk and
the antibodies were incubated overnight at 4 �C. The next day, the
membrane was washed in TBST and incubated with a secondary
antibody, and the signal was chemiluminescence enhanced by
Immobilon ECL Ultra Western HRP Substrate (Millipore, MA,
USA). Detailed information about antibodies is listed in Table S3.

2.9. Mitochondrial DNA (mtDNA) quantification

Total DNAwas extracted from liver tissues or primary hepatocytes
using Mitochondrial DNA Isolation Kit (BioVision, USA). The
mtDNA copy number was analyzed by normalizing the
mitochondrial-encoded gene mitochondrially encoded cytochrome
c (mtCol) to the nuclear-encoded gene NADH dehydrogenase
flavoprotein 1 (Ndufv1) by qPCR using SYBR. Detailed infor-
mation about primer sequence is listed in Table S4.

2.10. Flow cytometry

Primary hepatocytes were seeded in 6-well plate and incubated with
Ad-GFP-LC3B (30 MOI) at 37 �C for 24 h. After incubation, the
primary hepatocyteswerewashedwithPBS and the cellswere treated
with or without 25 mmol/L chloroquine (CQ; SigmaeAldrich, UK)
for 6 h. Primary hepatocytes were harvested and washed with either
immunostaining permeabilization solution with saponin (Beyotime
Biotechnology, Shanghai, China) or PBS alone. After three times
washing, the cells were detected with a CytoFLEX S Flow cytometer
(Beckman, CA, USA) and analyzed using FlowJo software.
2.11. Agilent seahorse XF Cell Mito Stress test

The mitochondrial oxygen consumption rate (OCR) was measured
using the Seahorse XFe96 analyzer (Agilent Technologies, CA,
USA). Primary hepatocyte and HepG2 cells were seeded into a 96-
well cell culture plate, and the cells were treated with drugs after
adherence. The cell medium was replaced with a test solution
(DMEM containing 5 mmol/L glucose, 4 mmol/L L-glutamine,
2 mmol/L sodium pyruvate, pHZ 7.4) and the plate was placed in a
37 �C CO2-free incubator for 1 h. The different mitochondrial in-
hibitors were used in the Seahorse XF Cell Mito Stress test kit
(Agilent Technologies), including 1 mmol/L oligomycin, 1 mmol/L
FCCP, and 0.5 mmol/L rotenone/antimycin A. Basal and maximal
OCR were normalized with the mitochondrial protein concentration.
2.12. Cell confocal imaging

Mitochondrial superoxide was detected using MitoSOX Red
Mitochondrial Superoxide Indicator (Yeasen, Shanghai, China), a
mitochondrial superoxide indicator. Primary hepatocyte and
HepG2 cells were seeded into a laser confocal Petri dish, adhered
with drugs for 24 h, then cells were stained with 1 mmol/L
MitoSOX for 20 min in the dark at 37 �C and counterstained with
Hoechst33258 (SigmaeAldrich, UK).

Mitochondrial membrane potential assay kit with JC-1
(Beyotime Biotechnology, Shanghai, China) was used to mea-
sure mitochondrial membrane potential. PA-induced primary he-
patocytes and PA-induced HepG2 cells were washed with PBS
and incubated with JC-1 buffer supplied by the JC-1 kit.

Cell mitochondria were co-stained with 200 nmol/L Mito-
Tracker™ Green FM or 50 nmol/L Lyso-Tracker Red and Ad-GFP-
LC3B (30 MOI; Beyotime Biotechnology, Shanghai, China). In
short, primary hepatocytes and HepG2 cells were seeded in a laser
confocal dish and infected with Ad-GFP-LC3B for 24 h. Then cells
were incubated with according to drugs. Finally, the cells were as
washed with PBS and incubated with MitoTracker™Green FM. For
mitochondrial and lysosomal colocalization, the cells were incubated
for 1 h with MitoTracker™ Green FM and then added Lyso-Tracker
Red for staining.
2.13. AMPK inhibition measurement

To verify the specificity of combination of JT003 and V14 in
AMPK activation, we tested the effects of the AMPK inhibitor
compound C (Selleck.cn, TX, USA). Cells were seeded into a 6-
well plate and treated with 20 mmol/L compound C after cell
adherence. After 3 h, cells were subjected to JT003 (200 mmol/L),
V14 (10 mmol/L), and PA (0.25 mol/L) cotreatment for 24 h. After
that, the cells were obtained for different experiments.
2.14. Statistical analysis

All positive area of stainingwas quantified by ImageJ (https://imagej.
nih.gov/ij/). For graphs, all data are represented as mean � standard
error of mean (SEM) using Dunnett’s test as the post hoc test
following the one-way ANOVA or Tukey’s test as the post hoc test
following the two-way ANOVA. #P < 0.05, ##P < 0.01 versus the
control group; *P < 0.05, and **P < 0.01 versus the model group.

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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2.15. Data availability

All relevant data are available from the corresponding author upon
reasonable request. All the data supporting the findings of this
study are available within this article, supplementary information
Figure 1 Histology and serum analysis in human samples along with J

tocytes. (AeC) Representative images showing immunohistochemistry (I

positive area in formalin-fixed paraffin-embedding (FFPE) sections from n

E) The levels of adiponectin and serum elastin-derived peptides (EDPs) wer

individuals with liver fibrosis (n Z 14). (F, G) Representative Oil Red O

PA þ JT003 þ V14 (n Z 5). (H) Analysis of triglyceride (TG) conten

metabolism and inflammation in primary hepatocytes treated with PA or

primary hepatocytes treated with PA or JT003 þ V14 (nZ 3). (L) Genes a

For graphs, all data are represented as mean � SEM using Dunnett’s test as

post hoc test following the two-way ANOVA. *P < 0.05, **P < 0.01, **
files, and Source Data file (https://doi.org/10.6084/m9.figshare.
20494719). RNA-sequencing data that support the findings of
this study have been deposited in the Sequence Read Archive
under accession code SRR17305899 and SRR18385098. Source
data are provided with this paper.
T003 þ V14 attenuates lipid metabolism, and inflammation in hepa-

HC) staining of AdipoR and elastin as well as image analysis of the

on-fibrotic donors and from individuals with liver fibrosis (n Z 8). (D,

e measured in human serum sample from non-fibrotic donors and from

staining in primary hepatocytes treated with palmitic acid (PA) or

ts in the primary hepatocytes (n Z 5). (I, J) mRNA levels of lipid

PA þ JT003 þ V14 (n Z 5). (K) GSEA pathways were analyzed in

ssociated to lipid metabolism and inflammation in microarray analysis.

the post hoc test following the one-way ANOVA or Tukey’s test as the

*P < 0.001, ns represents no significance.
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3. Results

3.1. JT003 þ V14 attenuates lipid metabolism and inflammation
in PA-induced hepatocytes

To detect the potential trends of adiponectin and EDPs levels in liver
fibrosis, we first analyzed 14 Chinese patients with liver fibrosis and
10 healthy volunteers, using immunohistochemistry (IHC),ELISAor
Fastin™ Elastin Assay, respectively. Compared with healthy volun-
teers, the levels of AdipoR in hepatic sections and serum adiponectin
were significantly decreased in patients with liver fibrosis, while the
expression of elastin or serum EDPs were increased (Fig. 1AeE).
These data verified the changing trends of adiponectin and EDPs in
the fibrosis, and also provided a reliable basis for the combination of
AdipoR1/2 dual agonist and antagonist of the EDPs receptor18,33.

In order to investigate the effect of JT003 þ V14 on inflam-
mation and lipid accumulation in hepatocytes, primary hepatocytes
and HepG2 cells were treated in presence of PA stimulation for
24 h. We first performed the CCK-8 kit to detect the viability of
hepatocytes induced by various concentrations of PA. The result
shows that an average of 20% cell viability decreased after treat-
ment with PA in the range of concentration from 0.1 to 0.5 mmol/L
was observed and the highest concentration of PA caused a 50%
reduction in HepG2 cells viability. Combined with previous
report34, the 0.25 mmol/L concentration of PAwere applied in the
following activity studies (Supporting Information Fig. S1A).
Then, we found that JT003 þ V14 markedly reduced cellular lipid
droplet accumulation, as shown by Oil Red O staining (Fig. 1F and
G) and measurement of cellular TG contents (Fig. 1H). In addition,
fatty acid metabolism genes, including acyl-CoA dehydrogenase
(Lcad ), peroxisome proliferator-activated receptor alpha (Ppara),
and peroxisomal acyl-coenzyme A oxidase (Acox) (Fig. 1I) were
increased and inflammatory gene, including interleukin 6 (Il-6),
interleukin 1 beta (Il-1b), and tumor necrosis factor alpha-like
(Tnfa) (Fig. 1J) were decreased by JT003 þ V14 treatment.
Those results are similar with the finding that the levels of gene
expression related to lipogenesis (3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR), and stearoyl-CoA desaturase 1 (SCD-1))
and lipid metabolism (LCAD, PPARa, and ACOX ) in PA-induced
HepG2 cell, as quantified by qPCR (Fig. S1B). We found that
JT003 þ V14 is more effective than either JT003 or V14 alone for
the prevention of hepatic steatosis and inflammation.

To further examine potential effects of JT003 þ V14 on
inflammation and lipid metabolism, we performed the RNA-seq
analysis in primary hepatocytes. Gene Set Enrichment Analysis
(GSEA) biological processes enrichment results show that bio-
logical processes associated to lipid metabolism and inflamma-
tion were enriched. JT003 þ V14 treatment markedly
upregulated lipid metabolism and downregulated inflammation
process. (Fig. 1K). A heatmap based on the GSEA results further
reveals that genes associated to lipid metabolism, and inflam-
mation pathways were significantly upregulated or down-
regulated, respectively, by JT003 þ V14 treatment (Fig. 1L).
Altogether, these data indicate that JT003 þ V14 might be a
useful therapeutic approach to specifically attenuate hepatic
steatosis and inflammatory infiltration.

3.2. JT003 þ V14 attenuates MCD-induced NASH features

Given the protective effects of JT003 þ V14 in in vitro assays, we
next investigated whether JT003 þ V14 also have synergetic effect
on the attenuation of hepatic steatosis in mice fed by MCD diet.
First, to detect the potential trends of adiponectin and EDPs levels in
NASH model, we analyzed MCD model mice and control mice,
using ELISA or Fastin assay, respectively. Compared with control
mice, the levels of adiponectin were significantly decreased in
model mice (Supporting Information Fig. S2A), while the expres-
sion of serum EDPs were slight increase in MCD-fed mice
(Fig. S2B). Then, we performed the H&E staining and Oil Red O
staining, as expected, the mice fed an MCD diet for 8 weeks
exhibited a significantly increase in hepatic steatosis compared to
MCS-fed control mice (Fig. 2A). After 4 weeks of treatment,
JT003þV14markedly reduced hepatic steatosis and inflammatory
infiltration showing changes in hepatic sections with H&E staining
(Fig. 2A and D), Oil Red O staining (Fig. 2B and E), and immu-
nohistochemistry of CD68 (Fig. 2C and F), as compared to MCD
group, JT003 group, and V14 group in MCD-induced NASH mice
model. Next, we evaluated serum markers of hepatocellular dam-
age. Compared with mice exposed to JT003 or V14 alone, the
cotreatment of JT003 þ V14 markedly decreased the AST level
(Fig. 2G), and slight decreased the ALT level although this did not
reach statistical significance (Fig. S2C). In addition, to further
evaluated potential benefits on lipid accumulation and inflammatory
infiltration, we assessed changes in hepatic TG contents.
JT003 þ V14 group displayed lower hepatic TG levels (Fig. 2H).
qPCR analyses of the levels of gene expression related to lipogen-
esis (Acci, Fas, and Srebp-1a) (Fig. 2I), lipid metabolism (Ppara,
and Acox) (Fig. 2J and K), and inflammation (Tnfa, F4/80, and
lymphocyte antigen six complex locus G6D (Ly6g)) (Fig. 2L) in the
liver tissue, also show the same results as immunohistochemistry
staining. Because lipotoxicity eventually contributes to hepatic
stellate cell activation and collagen deposition33, we next examined
the expression of collagen using Sirius Red staining. MCD-fed
model mice exhibited an increase in collagen deposition
compared to control mice. In contrast, these effects were partially
reversed by JT003þV14 (Fig. S2D and S2E). Taken together, these
results show that JT003 þ V14 attenuates lipid deposition, inflam-
matory infiltration, hepatocellular damage, and collagen deposition
in MCD-induced NASH mice model.

3.3. JT003 þ V14 enhances mitochondrial function in vivo and
in vitro

Given that hepatic oxidative stress and mitochondrial dysfunction
have been considered as the initial trigger of NAFLD35e37, we next
examined the expression of 4-HNE (a biomarker of hepatic oxida-
tive stress) by immunohistochemistry staining and the number of
hepatic apoptosis by TUNEL staining in the liver samples of MCD-
fedmice. The resultmanifested that JT003þV14markedly reduced
the number of 4-HNE-positive (Fig. 3A andC) andTUNEL-positive
cells (Fig. 3B andD) compared to theMCDgroup, JT003 group, and
V14group. Then,we assessed themarker of antioxidant enzymes by
performing kit assay to detect the levels of SOD1 in the serum. The
results show that MCD decreased the levels of SOD1 in MCD-
induced mice. In contrast, these effects were partially reversed by
JT003 þ V14 (Fig. 3E). Furthermore, we also evaluated the
expression of various oxidative stress genes. Treatment with
JT003þV14 increased the expression of antioxidant enzymes gene
in liver tissue, including catalase (Cat), Sod1, heme oxygenase-1
(Ho-1), and glutathione peroxidase 1 (Gpx1) (Supporting
Informaiton Fig. S3A). Indeed, it is well established that mito-
chondrial are protected from reactive oxygen species (ROS) by
antioxidants38. These data demonstrate that JT003þV14 improves
mitochondrial oxidative capacity in MCD-fed mice.



Figure 2 JT003 þ V14 attenuates methionine-choline deficient (MCD)-induced non-alcoholic steatohepatitis (NASH) features. (AeC)

Representative images of hematoxylineeosin (H&E) staining (n Z 6), Oil Red O staining (n Z 6) and CD68 (n Z 5) in FFPE sections of livers

from mice. (DeF) Image analysis of the positive area of the liver. (G, H) Hepatic TG contents and serum Aspartate transaminase (AST) levels and

of mice were measured (n Z 5). (IeL) mRNA levels of lipogenesis, lipid metabolism and inflammation in the livers from the indicated groups

after MCD treatment (nZ 6). For graphs, all data are represented as mean � SEM using Dunnett’s test as the post hoc test following the one-way

ANOVA or Tukey’s test as the post hoc test following the two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns represents no significance.
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To further evaluate the effects of JT003 þ V14 treatment on
mitochondrial function, we performed the OCR assay in primary
hepatocytes. Compared to BSA group, PA-treated cells displayed a
lower basal respiration, ATP production, maximal respiration, and
spare capacity (Fig. 3F and G). In contrast, these effects were
partially reversed by JT003 or V14, but that did reach statistical
significance only in JT003 þ V14 treatment (Fig. 3G). A similar
result was observed in the PA-induced HepG2 cells with
JT003 þ V14 treatment (Fig. S3B and S3C). To investigate the
changes in mitochondrial function more closely, the levels of
MitoSOX production and MMPwere also assessed. And the results
showed that JT003 þ V14 treatment markedly attenuated the
release of MitoSOX (Fig. 3H) and restored the disrupted MMP
(Fig. 3I) in primary hepatocytes. Similar beneficial effects were
confirmed in PA-induced HepG2 cells by MitoSOX red staining
(Fig. S3D and S3E). The PCR array further show that genes asso-
ciated with mitochondrial function were upregulated in primary
hepatocytes treated with JT003 þ V14 (Fig. 3J). Taken together,
these results demonstrate that JT003þ V14 reduce oxidative stress
and enhance mitochondrial function in vitro and in vivo.



Figure 3 JT003 þ V14 enhance mitochondrial function in vitro and in vivo. (A, B) Representative images of 4-hydroxynonenal (4-HNE)

staining and TdT-mediated dUTP nick end labeling (TUNEL) in FFPE sections of livers from MCD-induced NASH mice. (C, D) Image analysis

of the positive area of the liver (n Z 5). (E) Superoxide dismutase 1 (SOD1) assay to assess hepatic antioxidation in the liver from MCD-induced

NASH mice (n Z 5). (F) Oxygen consumption rate (OCR) assay was performed in primary hepatocytes. (G) Basal respiration, maximal

respiration, ATP production, and spare capacity normalized to bovine albumin (BSA)-treated primary hepatocytes (n Z 6). (H, I) mtROS staining

and JC-1 staining in primary hepatocytes treated with PA or JT003 þ V14 (n Z 5). (J) Genes associated to mitochondrial function in microarray

analysis from primary hepatocytes (nZ 3). For graphs, all data are represented as mean � SEM using Dunnett’s test as the post hoc test following

the one-way ANOVA or Tukey’s test as the post hoc test following the two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns represents no

significance.
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3.4 JT003þV14 inducesmitochondrialmitophagy andbiogenesis in
primary hepatocytes and MCD-induced NASH model

It is reported that ROS induced autophagy, and which, in turn,
serves to reduce oxidative damage39. Next, we examined whether
JT003 þ V14 induce autophagy. Transmission electron
microscope analyses showed that autophagosome were frequently
observed by JT003 þ V14 treatment in PA-induced primary he-
patocytes (Fig. 4A). Next, we assessed the levels of LC3II/I and
the degradation of the autophagy receptor P62 by Western blot-
ting in PA-induced primary hepatocytes. We found that auto-
phagic flux was obviously induced by the increased the ratio of



Figure 4 JT003þV14 induces mitochondrial mitophagy and biogenesis in vitro and in vivo. (A) Images of electronmicroscopy analyses in primary

hepatocytes treated with PA or JT003þV14 (nZ 5). (B, C) The ratio of microtubule-associated protein 1 light chain 3 (LC3BII/I) and sequestosome 1

(P62) protein expression levels were measured using Western blot (WB) in the PA-induced primary hepatocytes (nZ 5). (D) Confocal microscopy in

primary hepatocytes treated with PA or JT003 þ V14, LC3 protein was detected by GFP, and mitochondria were detected by MitoTracker� Red FM

(n Z 5). (E) Confocal microscopy in primary hepatocytes, lysosome was detected by Lyso-Tracker Red FM and mitochondria were detected by

MitoTracker� Green FM (n Z 5). (F, G) Unc-51-like kinase 1 (ULK) phosphorylation and the ratio of LC3BII/I levels in the mitochondrion were

measured usingWB in theMCD-induced NASHmodels (nZ 5). (H) Genes associated to mitophagy in microarray analysis from primary hepatocytes

treatedwith PA or JT003þV14 (nZ 3). (I, J) The ratio of LC3BII/I weremeasured usingWB in the PA-induced primary hepatocyteswith chloroquine

(CQ) (nZ 5). (K)mtDNAcopy number as evaluated by qPCRdecreased by JT003þV14 treatment inMCD-inducedNASHmodel (nZ 5). For graphs,

all data are represented as mean � SEM using Dunnett’s test as the post hoc test following the one-way ANOVA or Tukey’s test as the post hoc test

following the two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns represents no significance.
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LC3BII/I and decreased the levels of P62 in JT003 þ V14 group,
as compared to PA group, JT003 group, or V14 group (Fig. 4B
and C). CQ, a pharmacological inhibitor of blocking the fusion of
the autophagosome with lysosome, caused LC3BII accumula-
tion40. To further study whether JT003 þ V14 induced autophagy,
we measured the turnover of GFP-LC3B after CQ treatment by
using a flow cytometry-based assay for autophagy41. The results
showed that a markedly increase in the level of GFP-LC3 was
observed after 6 h of JT003 þ V14 or CQ treatment in fluores-
cence and treatment of JT003 þ V14 with CQ further increase in
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the fluorescence signal, indicating that JT003 þ V14 activate
autophagy in primary hepatocytes (Supporting Information
Fig. S4A). In addition, the levels of autophagy-related proteins
autophagy-related 5 (ATG5) and BCL2 interacting protein 3
(BNIP3) (Fig. S4B and S4C) and genes involved in autophagy,
including mechanistic target of rapamycin kinase (mTor), P62,
microtubule-associated protein 1 light chain 3 (Lc3b), autophagy-
related 7 (Atg7), parkin RBRE3 ubiquitin-protein ligase (Park2),
and BCL2 interacting protein 3 like (Bnip3l ) (Fig. S4D), were
also induced by JT003 þ V14 treatment in MCD-induced NASH
model. Taken together, these results indicate that JT003 þ V14
induced autophagy in primary hepatocytes and in MCD-induced
NASH model.

Next, we determined whether JT003 þ V14 can induce
mitophagy. The electron microscopy analyses revealed that
JT003 þ V14 increased the colocalization of GFP-tagged LC3B
with MitoTracker red both in primary hepatocytes (Fig. 4D) and
HepG2 cells (Fig. S4E). To further confirm these observations, we
evaluated the level of colocalization between LysoTracker and
MitoTracker green in primary hepatocytes (Fig. 4E) and HepG2
cells (Fig. S4F) and found that JT003 þ V14-treated cells
exhibited an obviously higher number of lysosomes that co-
localized with mitochondria. Moreover, we detected changes in
autophagy related protein in mitochondria after JT003 þ V14
treatment inMCD-inducedNASHmice byWestern blotting for the
Unc-51-like kinase 1 (ULK) and LC3BII and found that a marked
increase of ULK phosphorylation and LC3BII accumulation by
JT003 þ V14 treatment, indicating an induction of mitophagy
(Fig. 4F and G). To further investigate mitophagy, mitochondrial
LC3BII accumulation was detected in the primary hepatocytes
treated with or without CQ after JT003 þ V14 treatment. And we
found that when CQ was added together with JT003 þ V14, there
was a further increase in mitochondrial LC3BII level compared to
group treated with JT003 þ V14 alone (Fig. 4I and J), strongly
suggesting that mitophagy flux was induced by JT003 þ V14.
Moreover, the PCR array showed that genes associated with
mitophagy were upregulated in primary hepatocytes treated with
JT003 þ V14 (Fig. 4H). Overall, these results indicate that
JT003þV14 induced complete mitophagy in primary hepatocytes
and MCD-induced NASH model.

We determined whether JT003 þ V14 can induced mito-
chondrial biogenesis and analyzed mitochondrial DNA (mtDNA)
copy number by measuring the ratio of mitochondrial over nu-
clear DNA (mt/nNDA). We found that JT003 þ V14 increased
mtDNA copies in MCD-induced NASH model (Fig. 4K). Similar
results were observed in PA-induced HepG2 cells model
(Fig. S4G). Then, we assessed markers of mitochondrial
biogenesis by qPCR assay to detect the gene expression of nuclear
respiratory factor 1 (Nrf1) and immunoreceptor tyrosine-based
activation motif (Itam) in the liver tissues. The results showed
that MCD decreased the Nrf1 and Itam gene levels (Fig. S4H).
Moreover, we also found that the level of PGC1a protein
expression were obviously elevated in JT003 þ V14-induced
group in comparison with the other groups in mice (Fig. S4I
and S4J). These results indicate that JT003 þ V14 induced
mitochondrial biogenesis in HepG2 cells and MCD-induced
NASH model.

3.5. JT003 þ V14 attenuates HFD-induced NASH features

To further investigate the protective effects of JT003 þ V14
combined therapy against NASH in vivo, we next established an
HFD-induced NASH mouse model that mimic the pathologic
features of patients with NASH. Compared with control mice, the
levels of adiponectin were significantly decreased in HFD-induced
mice, while the expression of serum EDPs were increased in mice
(Supporting Information Fig. S5A and S5B). H&E (Fig. 5A and
D), Oil Red O (Fig. 5B and E) staining and immunohistochemistry
of CD68 (Fig. 5C and F) show that both steatosis and inflamma-
tory response signatures were notably attenuated in mice treated
with JT003 þ V14 combination compared with that of JT003,
V14, or vehicle treatment alone. Moreover, JT003 þ V14
decreased the serum levels of AST and ALT in HFD-induced
NASH models (Fig. 5G, and Fig. S5C), indicating that
JT003 þ V14 improve the hepatocellular damage. In addition, we
observed increased the expression of genes involved in lipid
metabolism (Ppara, and pyruvate dehydrogenase kinase 4 (Pdk4))
(Fig. 5H) and reduced the expression of genes involved in
inflammation (Tnfa and F4/80) (Fig. 5I) by JT003 þ V14 treat-
ment in HFD-induced mice. We next examined the expression of
collagen using Sirius Red staining. HFD-fed model mice exhibited
an increase in collagen deposition compared to control mice. In
contrast, these effects were partially reversed by JT003 þ V14
(Fig. S5D and S5E). Taken together, these results indicate that
JT003 þ V14 treatment prevents hepatic inflammation and hepatic
lipid accumulation in HFD-fed mice.

3.6. JT003 þ V14 induces mitophagy and enhances
mitochondrial function in HFD-fed mice

Having shown the results in MCD-fed NASH mouse model, we
performed the ROS and TUNEL staining to detect the levels of
ROS and hepatic apoptosis in HFD-induced NASH mice. The
results reveal that JT003 þ V14 could reduce ROS contents
(Fig. 6A and C) and hepatic apoptosis (Fig. 6B and D). We next
assessed various antioxidant enzymes genes by qPCR assay and
found that treatment JT003 þ V14 elevated the expression of Cat,
Sod1, Ho-1, and Gpx1 in mice (Supporting Information Fig. S6A).
What’s more, administration of JT003 þ V14 was also related
with a decrease in mRNA expression of a subset of oxidation-
reduction and apoptosis genes (Fig. 6E). Overall, these results
indicate that JT003 þ V14 improves mitochondrial oxidative ca-
pacity and reduced the hepatic apoptosis in MCD-fed NASH
mouse model.

Electron microscopy analyses revealed that autophagosome
and isolation membranes were frequently observed were increased
in HFD mice treated with JT003 þ V14, indicating that the
autophagosome formation were induced by JT003 þ V14
(Fig. 6F). qPCR analyses of the expression of autophagy in the
liver, including Bnip3, and mTor (Fig. 6G and H), also show the
same results as electron microscopy. To determine whether
JT003 þ V14 could induced mitophagy in HFD-induced NASH
model, we assessed changes in p-ULK and LC3BII/I in mito-
chondria of liver tissue. The results show that JT003 þ V14
increased the levels of p-ULK and the ratio of LC3BII/I in mice
treated with JT003 þ V14 (Fig. 6I and J). In agreement with the
increased mitophagy-related protein, a heatmap results further
revealed a significant enhance in mitophagy, indicating that
mitophagy was enhanced in HFD mice treated with JT003 þ V14
(Fig. 6K).

To measure whether JT003 þ V14 could enhance mitochon-
drial biogenesis in HFD-induced NASH model, we measured the
protein expression levels of PGC1a in the liver tissue by Western
blotting. The result shows that JT003 þ V14 could significantly



Figure 5 JT003 þ V14 attenuates high fat diet (HFD)-induced NASH features. (AeC) Representative images of H&E staining, Oil Red O

staining, and IHC of CD68 in FFPE sections of livers in HFD-induced NASH. (DeF) Image analysis of the positive area of the liver from HFD-

induced NASH mice (n Z 5). (G) Serum levels of AST of mice were measured in NASH mice that fed an HFD (n Z 5). (H, I) mRNA levels of

lipid metabolism and inflammation in the livers from the indicated groups after HFD treatment (n Z 5). For graphs, all data are represented as

mean � SEM using Dunnett’s test as the post hoc test following the one-way ANOVA or Tukey’s test as the post hoc test following the two-way

ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns represents no significance.
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increase the expression of PGC1a compared with JT003 or V14
alone (Fig. 6L and M). The results of mtDNA copy number
analysis show that JT003 þ V14 treatment significantly increased
liver mtDNA copy number in HFD-induced NASH model
(Fig. 6N).

Taken together, these results indicate that JT003 þ V14 ame-
liorates oxidative stress, induces mitophagy and increases mito-
chondrial biogenesis in HFD-induced NASH model.

3.7. JT003 þ V14 attenuates CCl4-induced liver fibrosis in mice

Fibrosis is characterized by excessive deposition of extracellular
matrix, which can induce organ dysfunction42,43. Encouraged by
the in HFD or MCD-induced NASH model results, we used a
CCl4-induced liver fibrosis model to assess the effect of
JT003 þ V14 on liver fibrosis and inflammation. Compared with
Oil mice, the levels of adiponectin were significantly decreased in
CCl4-induced mice, while the expression of serum EDPs were
increased in mice (Supporting Information Fig. S7A and S7B).
H&E (Fig. 7A), Sirius Red (Fig. 7B and F) and
immunohistochemistry of CD68 (Fig. 7C and G) staining show
that JT003 þ V14 remarkably reduced collagen deposition and
inflammatory cell infiltration in mice induced by CCl4. Then, we
evaluated makers of liver fibrogenesis by detecting the levels of
Col1a in the liver tissue. The results reveal that the Col1a
(Supporting Information Fig. S8A and S8B) levels are signifi-
cantly lower in the JT003 þ V14 group than in CCl4 group, JT003
group, or V14 group, indicating that JT003 þ V14 prevented the
progression of liver fibrosis. Additionally, JT003 þ V14 decreased
the levels of ECM metabolism genes (Col1a, and Timp1) (Fig. 7J)
and inflammatory cytokines genes (Il-6, iNos, and Ly6g)
(Fig. 7K), which were upregulated in CCl4-treated mice. We
evaluated serum markers of hepatocellular damage. The results
show that the ALT and AST levels were significantly elevated in
the CCl4-treated group in comparison with the control group. And
JT003 þ V14 treatment decreased the levels of these biomarkers
(Fig. 7L and M). Overall, JT003 þ V14 improves liver injury,
collagen accumulation and hepatic stellate cell activation.

Similar to the results obtained with the MCD fed NASH
model, JT003 þ V14 significantly decreased the hepatic 4-HNE



Figure 6 JT003þV14enhancemitochondrial functionand turnover inHFDmice. (A,B)ROSstainingandTUNELstainingof liver sections inHFD-

induced NASHmice. (C, D) Image analysis of the positive area of the liver fromHFD-induced NASHmice (nZ 5). (E) Genes associated to oxidation,

reduction, and apoptosis inmicroarray analysis from the liver ofNASHmice that fed anHFD (nZ 3). (F) Representative images of electronmicroscopy

analyses in HFD mice (nZ 3). (G, H) mRNA levels of mitophagy (Bnip3, mTor) in the livers from the HFD-induced NASH mice (nZ 5). (I, J) ULK

phosphorylation and the ratio ofLC3BII/I levels in themitochondrionweremeasuredusingWBinHFDmice (nZ5). (K)Genes associated tomitophagy

and mitochondrial biogenesis in microarray analysis from the liver of NASH mice that fed an HFD (n Z 3). (L, M) WB analysis of peroxisome

proliferator-activated receptor-gamma coactivator (PGC)-1a inMCD-induced NASHmodels (nZ 5). (N) mtDNA copy number as evaluated by qPCR

decreased by JT003þV14 treatment (nZ 5). For graphs, all data are represented asmean� SEMusingDunnett’s test as the post hoc test following the

one-wayANOVAorTukey’s test as thepost hoc test following the two-wayANOVA.*P< 0.05, **P< 0.01, ***P< 0.001, ns represents no significance.
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contents (Fig. 7D and H) and hepatic apoptosis (Fig. 7E and I) in
CCl4-induced liver fibrosis. The levels of serum glutathione
(GSH) (Fig. 7N) and SOD (Fig. 7O) were enhanced in CCl4 mice
treatment with JT003 þ V14, indicating that JT003 þ V14
improve oxidative stress. Together, these data indicate that
JT003 þ V14 attenuates liver fibrosis, inflammation, and oxidative
stress, exerting potent anti-fibrosis effects.
3.8. JT003 þ V14 improves mitochondrial function by
activating the AMPK pathway

It has been demonstrated that AMPK is the co-downstream protein
of EDPs and adiponectin27,44. We next investigated whether
JT003 þ V14 treatment enhances mitochondrial function and
mitochondria respiration dependent on AMPK activation. We



Figure 7 JT003 þ V14 inhibit the progress of carbon tetrachloride (CCl4)-induced liver fibrosis. (AeC) H&E, Sirius Red staining and IHC of

CD68 in FFPE sections of the livers form the CCl4-induced mice. (D, E) ROS staining and TUNEL staining of liver sections. (FeI) Image

analysis of the positive area of Sirius Red staining, CD68 staining, 4-HNE staining and TUNEL staining (n Z 5). (J, K) qPCR of gene linked to

extracellular matrix (ECM) metabolism and inflammation in liver tissue (n Z 5). (LeO) AST, ALT, glutathione (GSH) and SOD levels in serum

were analyzed in CCl4-induced NASH mice (n Z 5). For graphs, all data are represented as mean � SEM using Dunnett’s test as the post hoc test

following the one-way ANOVA or Tukey’s test as the post hoc test following the two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns

represents no significance.
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found that AMPK phosphorylation was notably upregulation
in vitro and in vivo (Fig. 8A; Supporting Information Fig
S9AeS9C). In addition, to examine whether AMPK phosphory-
lation is necessary for JT003 þ V14 to improve mitochondrial
function, we used the AMPK inhibitor, compound C, to block
AMPK activation in primary hepatocytes. We found that specif-
ically suppressed AMPK by compound C blocked increased
maximal respiratory rates by JT003 þ V14 treatment (Fig. 8CeF)
and decreased mtROS contents (Fig. 8G) in primary hepatocytes,
indicating that JT003 þ V14 improve oxidative stress and en-
hances mitochondrial function via AMPK pathways.

To further confirm the enhancement effects of JT003 þ V14 on
autophagy via AMPK pathways, we evaluated the levels of
autophagosome formation by electron microscopy analysis. We
found that autophagosome and isolation membranes were almost
abrogated in primary hepatocytes by pretreatment with compound
C (Fig. 8B), indicating that JT003 þ V14 induced autophagy via
AMPK pathways.



Figure 8 Decreased mitophagy and mitochondrial biogenesis by compound C in PA-induced primary hepatocytes. (A) Representative WB analysis

for adenosine monophosphate-activated protein kinase (AMPK) expression in the livers of MCD, HFD, and CCl4-induced mice (n Z 5). (B) Repre-

sentative images of electron microscopy analyses in primary hepatocytes with compound C (nZ 5), lipid drops were marked by the white arrow and

autophagosome as well as isolationmembranes were marked by yellow arrow. (C) OCRwas analyzed in primary hepatocytes treated with compound C

(nZ 5). (DeF)Basal respiration,maximal respiration, andATPproduction normalized toBSA-treated primary hepatocytes (nZ 5). (G)Representative

images ofmtROS staining treatedwith compoundC in primary hepatocytes treatedwith compoundC (nZ 5). (H)Confocalmicroscopy ofmitophagy in

primary hepatocytes treatedwith compoundC.LC3proteinwas detected byGFP, andmitochondriawere detected byMitoTracker�RedFM(nZ 5). (I)

Confocalmicroscopy in primary hepatocytes, lysosomewas detected byLyso-TrackerRed FMandmitochondriawere detected byMitoTracker�Green

FM (nZ 5). (J) Scheme of JT003þV14 in recoveringNAFLD. For graphs, all data are represented asmean� SEMusingDunnett’s test as the post hoc

test following the one-way ANOVA or Tukey’s test as the post hoc test following the two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ns

represents no significance.
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Immunofluorescent staining shows that co-localization of
mitochondria within LC3B or lysosome and number of mito-
chondria were decreased by compound C, which was unable to be
recovered by JT003 þ V14 treatment in primary hepatocytes
(Fig. 8H and I) and HepG2 cells (Fig. S9D and S9E). Additionally,
suppression of AMPK reduced the increase of the ULK phos-
phorylation, LC3BII/I ration and PGC1a level by JT003 þ V14 in
HepG2 cells, which was also unable to be recovered by
JT003 þ V14 treatment (Fig. S9F and S9G), indicating that
JT003 þ V14 combination promotes hepatocyte mitophagy
through activation of AMPK pathways in hepatocytes under
metabolic stress condition. We explored whether the upregulation
of AMPK phosphorylation was associated with EDPseERC
pathways by using an EBP inhibitor chondroitin sulfate (CS).
The results show that combined of JT003 and CS can markedly
enhance the expression of AMPK phosphorylation in HepG2 cells,
that is similar to combined of JT003 and V14 (Supporting
Information Fig. S10A), suggesting that combination JT003 and
V14 upregulate AMPK phosphorylation most likely through in-
fluence EBP. Collectively, these data reveal that suppression of
AMPK completely eliminates the protective effects of
JT003 þ V14 therapy on reduces oxidative, mitochondrial func-
tion, mitophagy and mitochondrial biogenesis, indicating that the
therapeutic effects of JT003 þ V14 dependent on activation of
AMPK pathway.

4. Discussion

In this study, we demonstrated that a JT003 þ V14 exerts a
positive synergistic lipid-lowering and fibrosis-lowing effect
in vitro and in vivo. To clarify the effects of JT003 þ V14 on
NAFLD disease, we have performed a series of in vitro and in vivo
studies. Monounsaturated OA was less toxic in hepatocytes and
PA can induced a change in mitochondrial membrane potential,
which is considered to be very early event of NASH45. Therefore,
it was decided to evaluate the effect of combination of JT003 and
V14 on NASH in vitro treated with PA rather than OA. We
observed that JT003 þ V14 reduced hepatic steatosis, inflam-
matory infiltration and fibrosis in multiple models, in addition to
enhanced mitochondrial oxidative capacity, improved mito-
chondrial biogenesis and mitophagy. Furthermore, suppression of
AMPK completely eliminates the protective effects of
JT003 þ V14 on mitochondrial dysfunction, indicating that the
therapeutic effects of JT003 þ V14 dependent on activating
AMPK phosphorylation. Taken together, our findings indicated
that a JT003 þ V14 is more effective than either alone in atten-
uating NASH and liver fibrosis in rodent by enhancing mito-
chondrial function and improving mitochondrial oxidative
capacity via AMPK pathways in vitro and in vivo (Fig. 8J).

Several studies in related fields clearly demonstrated that the
adiponectin and EDPs were involved in NAFLD progression27,46.
Likewise, we quantitated levels of adiponectin and elastin in the
human liver tissues and plasma, and the results confirmed that
there have a lower adiponectin levels and higher elastin
expression in patient with fibrosis than healthy volunteers,
indicating that JT003 þ V14 is beneficial for exertion of
maximum therapeutic efficiency. In this presents study,
JT003 þ V14 improved inflammation and increased lipid b-
oxidation along with a reduction of hepatic apoptosis and ROS
production. The effects on intracellular triglycerides are likely
complex as JT003 þ V14 decreased lipogenesis but also impacts
lipid b-oxidation and mitochondrial function, directly or
indirectly. Interestingly, our data show a markedly enrich of
genes in lipid b-oxidation and mitochondrial turnover. Herein,
we demonstrate that JT003 þ V14 enhanced mitochondrial
turnover and homeostasis, as demonstrated by increasing mito-
chondrial membrane potential and oxygen consumption, result-
ing in an overall more robust mitochondrial population reflected
by increased oxidative capacity. Collectively, this indicates that
increased lipid b-oxidation along with decreased inflammation is
mediated through the improved mitochondrial turnover and
enhanced mitochondrial function.

It is reported that JT003 and V14 are all involved in AMPK
phosphorylation23,27, which has identified as a vital metabolic
switch, which regulates multiple processes involved in lipid
metabolism, and energy47. In this present study, we found that
JT003 þ V14 treatment improve mitochondrial turnover reflected
by increased mitophagy and mitochondrial biogenesis. Moreover,
JT003 þ V14 significantly increased the expression of PGC1a and
ULK, which are the main downstream targets of AMPK, indi-
cating AMPK signals may be activated. It has been previously
reported that AMPK responds to energy stress by inducing
mitochondrial biogenesis and mitophagy48,49, in part through its
promotion of the PGC1a and ULK pathways50. It is noteworthy,
we found that JT003, V14, or JT003 þ V14 treatment increase
AMPK phosphorylation in vivo and did reach statistical signifi-
cance. These data support by studies in JT003 þ V14 treatment
mice point to the results of JT003 þ V14 increased mitophagy and
mitochondrial biogenesis via AMPK pathways. In addition, we
found that more importantly, pharmacological inhibition of
AMPK signaling blocked both the elevated mitochondrial ho-
meostasis and turnover induced by JT003 þ V14 treatment,
indicating the effect of JT003 þ V14 on mitochondria was
mediated by the AMPK. The activation of AMPK signals by
JT003 þ V14 largely enhanced lipid b-oxidation and reduced
lipogenesis in vivo and in vitro. This enhancement may be
attributed to the activation of acetyl CoA carboxylase pathways
which is the downstream of AMPK (Supporting Information
Fig. S11A and S11B). However, not the obviously changes of
body weight were observed after JT003, V14 or JT003 þ V14
treatment in MCD-induced NASH model and CCl4-induced liver
fibrosis model (Supporting Information Fig. S12A and S12B). The
possible reason is that the dose and/or timing of these peptides
administration in our experiments may not be optimal for losing
body weight.

Our studies have three potential advantages: (i) The combi-
nation of JT003 and V14 could directly counteract the low
expression of adiponectin and accumulation of EDPs in the
disease process. (ii) Combination of JT003 and V14 possessed
excellent synergistic effects on NASH and liver fibrosis since
they compensate the shortage of each other. (iii) The combina-
tion of AdipoR1/2 dual agonist and inhibitor of EDPseEBP
interaction has not been applied in NAFLD, and the current
study provides an effective alternative treatment strategy against
NASH and liver fibrosis in this field. Our studies also have
limitations, for example, combination therapy would increase
the pain of administration, while it would be a better choice if
the two drugs were made into a compound preparation or a
coupled drug.

Taken together, the beneficial effects of JT003 þ V14 in
improving steatosis and fibrosis by increasing b-oxidation and
decreasing inflammation are likely related to its ability to
modulate mitochondrial function including mitochondrial ho-
meostasis, oxygen consumption, mitophagy, and mitochondrial
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biogenesis. In conclusion, the synergetic effects of JT003 and
V14 therapy exert a positive synergistic lipid-lowering and
fibrosis-lowing effect. It may be a potential strategy to prevent
NAFLD progression and provide a new theoretical basis for
NAFLD.
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