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Inhibition of JNK suppresses autophagy and attenuates insulin
resistance in a rat model of nonalcoholic fatty liver disease
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Abstract. Nonalcoholic fatty liver disease (NAFLD) is a
common chronic liver disease, the pathological process of
which is complex. Activation of the c-Jun N-terminal kinase
(JNK) signaling pathway is associated with the mechanism
underlying obesity-induced insulin resistance. Furthermore,
the JNK signaling pathway and dysfunctional autophagy serve
important roles in hepatic lipid metabolism. However, the exact
role of JNK in autophagy and obesity-induced insulin resistance
is not fully understood. Therefore, the present study aimed to
investigate the underlying mechanisms by which the JNK
signaling pathway regulates autophagy and insulin resistance
in fatty liver. A rat model of NAFLD was established using a
high-fat diet (HFD), and insulin resistance in the livers of HFD
rats was determined by peritoneal glucose tolerance testing. The
results indicated that a HFD induced impaired glucose tolerance,
liver function injury, insulin resistance and increased autophagy
in rats. Treatment with SP600125, an inhibitor of JNK, relieved
NAFLD in rats. Furthermore, SP600125 decreased the expres-
sion levels of autophagy-associated genes, including Beclin-1,
microtubule-associated protein 1A/1B light chain 3, autophagy
related gene (Atg)3 and Atg5, and the phosphorylation of insulin
receptor (IR) B-subunit, IR substrate-1 and protein kinase B
in vivo. In conclusion, JNK inhibition may suppress autophagy
and attenuate insulin resistance. Therefore, INK inhibition
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may provide a novel therapeutic strategy for the treatment of
NAFLD.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently consid-
ered the most common chronic liver disease in developed
countries, and is closely associated with insulin resistance
and other metabolic risk factors, including central abdominal
obesity and dyslipidemia (1). In recent years, the morbidity
associated with NAFLD has increased, whereas the age of
onset is decreasing. However, the exact pathogenesis of NAFLD
remains to be fully elucidated, and at present, there is no specific
pharmacological approach to regulate hepatic steatosis.

Due to insulin resistance, elevated insulin stimulates blood
sugar uptake and storage through binding to the insulin receptor
(IR), which promotes phosphorylation of IR -subunit (IRf3) and
IR substrate-1 (IRS-1), and activation of downstream signaling
via phosphatidylinositol 3-kinase (PI3K)-protein kinase B
(Akt) (2,3). C-Jun N-terminal kinase (JNK; including JNKI,
JNK2 and JNK3 isoforms) is associated with insulin resistance
and is activated by inflammatory cytokines and free fatty acids
(FFAs), which are associated with type 2 diabetes (2,4,5). A
previous study suggested that JNK activation accelerates lipid
accumulation and causes liver injury (6). Furthermore, activated
JNK phosphorylates its downstream target, IRS-1, on serine 307
to attenuate insulin sensitivity (7). Sun ef al (8) reported that
activation of the inositol-requiring protein 1 (IREI)-JNK
pathway is a key factor in impaired hepatic insulin signaling
transduction in the livers of mice fed a high-fructose diet (8).
In addition, JNK activation is able to upregulate the expression
levels of Beclin-1 and microtubule-associated protein 1A/1B
light chain 3 (LC3)II in cancer cells, whereas SP600125 (an
inhibitor of JNK) or JNK knockdown reversed this process (9).
Kluwe et al demonstrated that hepatic fibrosis was modulated
by JNK inhibition in hepatic stellate cells and JNK1-deficient
mice (10). These findings suggested that JNK signaling may
serve a crucial role in the initiation and progression of NAFLD.

Autophagy is a crucial physiological process that has an
important role in cellular homeostasis by regulating intracel-
lular lipid stores, and eliminating damaged organelles and
misfolded proteins in obesity (11,12). Autophagy has been
reported to be implicated in liver physiology and pathogen-
esis (13). Autophagy dysfunction has been detected in the liver
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from patients with NAFLD and in murine models of NAFLD,
as well as in lipid-overloaded human hepatocytes (14-16). A
previous study demonstrated that activation of autophagy by
rapamycin ameliorated endoplasmic reticulum (ER) stress and
decreased apoptosis in human hepatocarcinoma-7 cells (17).
Furthermore, inhibition of autophagy using 3-methyladenine
markedly increased triglyceride levels in hepatocytes treated
with oleate (11). Defective hepatic autophagy in mouse models
of obesity also promoted accumulation of fat in the liver and
aggravated HFD-induced liver injury. In addition, genetic or
molecular suppression of autophagy in various cells promotes
ER stress and results in defective IR signaling. Overexpression
of autophagy related gene 7 (Atg7) by adenovirus-Atg7 injec-
tion was able to alleviate liver condition and insulin resistance
in ob/ob mice and in HFD-fed mice (18). These findings
suggested that autophagy may serve a protective role in liver
injury; however, conflicting results have also been published
regarding the function of autophagy in the progression of
NAFLD (11,19). A previous study in mice with liver-specific
FAK family kinase-interacting protein of 200 kDa deficiency
demonstrated that autophagy inhibition prevents lipogenesis
and reduces hepatic steatosis (14). Similarly, Kim et al demon-
strated that skeletal muscle-specific Atg7 deficiency ameliorated
insulin resistance and reduced diet-induced obesity in mice fed
a HFD (12). The protective mechanism of autophagy in the
pathological process of NAFLD requires further elucidation to
provide guidance for autophagy-targeting therapeutic strategies
for the treatment of NAFLD.

The JNK signaling pathway is essential for the autophagic
process. Activation of JNK contributes to Beclin-1 expres-
sion, mediates dysregulated autophagy modulation and
mediates p53 phosphorylation (20). Wei et al demonstrated
that JNK1-mediated multisite phosphorylation of B-cell
Ilymphoma 2 (Bcl-2) stimulates starvation-induced autophagy
by disrupting the Bcl-2/Beclin-1 complex (21). A recent study
reported that FFA-stimulated autophagy in INS-1 cells is
suppressed by JNK inhibitor II (SB202190 and SB203580).
Furthermore, conversion of LC3I to LC3II in INS-1 cells
treated with JNK1-targeted small interfering RNA was signifi-
cantly inhibited compared with in the control group (22). These
findings suggested that abnormal autophagy interferes with
lipid metabolism, and dysfunctional autophagy may promote
the pathogenesis of NAFLD. However, the precise function
of autophagy in lipid metabolism remains controversial, since
lipolytic and lipogenic functions of autophagy have both been
reported.

JNK, autophagy and insulin resistance are all associated
with the pathological process of NAFLD; however, the inter-
active relationships among them are not fully understood.
Therefore, understanding the molecular mechanisms by which
the JNK signaling pathway mediates lipid-induced metabolic
stress will be of great significance for the development of novel
treatments for various obesity-associated diseases. In the present
study, the relationships among them were illustrated in vivo. A
rat model of NAFLD was used to investigate the roles of the
JNK signaling pathway in insulin resistance and autophagy. In
addition, the present study examined whether the symptoms of
NAFLD in rats could be alleviated by inhibition of JNK. The
findings of the present study define a core function for JNK in
the progression of NAFLD.

Materials and methods

Animals. Male Sprague Dawley rats (age, 8 weeks; 180-200 g)
were obtained from the Animal Center of Xi'an Jiaotong
University (Xi'an, China). Rats were maintained under stan-
dard conditions: Temperature, 25°C; 12 h light/dark cycle;
and ad libitum standard laboratory feed and water. Rats were
randomly divided into two groups (n=10/group): Normal chow
diet (ND) group or HFD group (D12451; 45 kcal% fat; Research
Diets, Inc., New Brunswick, NJ, USA). The rats received the
respective diets for 20 weeks. At the end of treatment, rats were
anesthetized with sodium pentobarbital (Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany; 40 mg/kg body weight; intra-
peritoneal injection) were sacrificed by cervical dislocation for
biochemical analysis. Muscle, adipose and liver samples from
the rats were subjected to western blotting.

Rats fed a HFD were intraperitoneally injected with
SP600125 (n=6;30 mg/kg body weight; Calbiochem; EMD
Millipore, Billerica, MA, USA) or phosphate-buffered saline
(PBS; n=6) each day at the end of 20 weeks for an additional
8 weeks. After treatment, the rats were sacrificed by cervical
dislocation for biochemical analysis. Liver samples from the rats
were subjected to western blotting. The animal experiments were
reviewed and approved by the Animal Care and Use Committee
of Shaanxi Provincial People's Hospital (Xi'an, China), and were
conducted in compliance with Guide for the Care and Use of
Laboratory Animals (version 8 in Chinese, 2012).

Biochemical analyses. Serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), total cholesterol (T-CHO) and
triglyceride (TG) levels were determined using the cobas auto-
matic analyzer system (Roche Diagnostics, Basel, Switzerland).
Blood samples were centrifuged at 1,500 x g for 10 min at 4°C.
The serum levels of tumor necrosis factor (TNF)-a, FFA and
insulin were measured using ELISA kits (Assaypro, St. Charles,
MO, USA) according to the manufacturer's protocols.

Glucose tolerance and insulin resistance tests. Glucose toler-
ance tests were conducted after the rats had been fed a ND or
HFD for 20 weeks. After 6 h fasting, rats in the ND and HFD
groups were injected intraperitoneally with glucose (2.0 g/kg
body weight). Blood was collected from the tail vein at various
time points (0, 15, 30, 60 and 120 min), and blood glucose levels
were measured using a portable glucose meter (Glu-test Sensor;
Yuwell-Jiangsu Yuyue Medical Equipment & Supply Co., Ltd.,
Nanjing, China). To assess whether insulin resistance occurs in
the liver of rats fed a HFD, rats (n=6) were fasted overnight and
treated with an intraperitoneal injection of insulin (1.5 U/kg).
After 30 min, the livers were isolated and subjected to western
blot analysis for detection of p-IRf, p-IRS-1 and p-Akt.

Western blot analysis. Proteins were isolated from tissues
using radioimmunoprecipitation assay lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China). The homogenates
were centrifuged at 15,000 x g for 30 min at 4°C and the pellets
were discarded. Protein concentration was measured using a
BioSpectrometer kinetic spectrometer using the Lowry protein
assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). A total of 20 ug protein was separated by 8%
SDS-polyacrylamide gel electrophoresis, with samples being
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loaded onto each lane of the polyacrylamide gels. Subsequently,
proteins in the gels were blotted onto polyvinylidene difluo-
ride membranes (EMD Millipore, Bedford, MA, USA). The
membranes were blocked with 5% nonfat milk in TBS
containing 0.1% Tween-20 at room temperature for 1 h, and
were then probed with primary antibodies at 4°C overnight. The
following primary antibodies were used: Anti-Akt (cat. no.2920;
1:1,000), anti-phosphorylated (p)-Akt (Ser473) (cat. no. 4060;
1:1,000), anti-Atg3 (cat. no. 3415; 1:1,000), anti-Atg5
(cat. no. 12994; 1:1,000), anti-LC3 (cat. no. 4108; 1:1,000),
anti-Beclin-1 (cat. no. 3783; all Cell Signaling Technology,
Inc., Danvers, MA, USA); anti-IRS1 (cat. no. 05-784R;
1:2,000), anti-p-IRS1 (Ser307) (cat. no. 05-1087; 1:2,000) (both
EMD Millipore); anti-IRf (cat. no. sc-711; 1:500), anti-p-IRp
(Tyr 1150/1151) (cat. no. sc-81500; 1:500), anti-p-JNK1 (Thr183)
(cat. no. sc-135642; 1:200), anti-JNK1 (cat. no. sc-571; 1:400)
and anti-GAPDH (cat. no. sc-20357; 1:1,000; all Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). Blots were then incu-
bated with corresponding horseradish peroxidase-conjugated
secondary antibodies (Invitrogen; Thermo Fisher Scientific,
Inc.) for 1 hour at room temperature. The blots were visual-
ized using an enhanced chemiluminescence detection system
(EMD Millipore) and were exposed to film. Quantification was
performed using Image Lab version 2.0 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA)

Statistical analysis. The results are presented as the
mean + standard deviation. Data were analyzed by unpaired
Student's t-test. One-way analysis of variance was used to
compare the means of =3 groups. All data analyses were
performed using SPSS v. 17.0 software (SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

HFD induces impaired insulin resistance and liver function
injury in rats. The body weight of 8-week-old rats fed a ND
or HFD was measured every 4 weeks for 20 weeks. After
8 weeks of feeding, the body weight of the HFD-fed rats
was markedly higher compared with the ND rats (Fig. 1A).
To investigate the effects of NAFLD on insulin resistance,
glucose concentration was measured in rats intraperitone-
ally injected with glucose. After the injection, blood glucose
concentration in ND rats increased slightly, but decreased to
fasting levels by 120 min. In HFD-fed rats, the blood glucose
concentration increased gradually and reached its peak
at 60 min. Glucose concentration did not return to normal
levels until 120 min (Fig. 1B). Furthermore, the serum levels
of ALT, AST, T-CHO, TG, TNF-a, FFA and insulin were
markedly higher in HFD-fed rats compared with ND-fed rats
(Fig. 1C-F).

HFD induces JNK activation, increased autophagy and
insulin resistance in the liver. The INK pathway is known
to be activated by several factors, including oxidative stress,
FFAs and TNF-a. To investigate the effects of HFD on the
JNK pathway, rats were fed a HFD for 20 weeks, and the
protein expression levels of p-JNK1 and JNK1 were detected
in muscle, adipose and liver samples from the rats. As shown
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in Fig. 2A, the protein expression levels of p-JNKI1 were
significantly increased in HFD-fed rats compared with in the
control group. These results indicate that JNK is activated in
muscle, adipose and liver tissues from HFD-fed rats.

To investigate the roles of autophagy in NAFLD, liver
samples from rats fed a ND or HFD were subjected to western
blotting. Notably, HFD markedly elevated autophagy in the
liver samples of the NAFLD rat model, as evidenced by LC3
conversion (LC3 I to LC3 II), and upregulation of Beclin-1,
Atg5 and Atg3 protein expression levels (Fig. 2B). These data
indicate that autophagy may be upregulated in NAFLD. It
may be hypothesized that autophagy signals are associated
with the pathogenesis of NAFLD.

To assess whether insulin resistance occurs in the liver of
rats fed a HFD, rats were fasted overnight and treated with an
intraperitoneal injection of insulin (1.5 U/kg). After 30 min, the
livers were isolated and subjected to western blot analysis. The
expression levels of p-IR, p-IRS-1 and p-Akt were significantly
higher in HFD-fed rats compared with in the control group ,
which indicated that HFD increased insulin resistance in the
liver of rats (Fig. 2C).

JNK inhibition suppresses autophagy and improves the insulin
signaling pathway in HFD rats. A previous study reported that
autophagy-mediated insulin receptor downregulation contrib-
utes to insulinresistance in vitro and in vivo (23).In addition, JINK
has been shown to be implicated in impaired insulin signaling
transduction via the IRE1-JNK pathway (8). To investigate
the exact role of JNK in the pathological process of NAFLD,
the present study examined whether SP600125 was able to
reverse pathological events, including abnormal autophagy
and decreased insulin sensitivity, in the livers of HFD-fed rats.
JNKIT activity was suppressed in rats by SP600125 treatment
(Fig. 3A). Subsequently, protein expression levels were detected
in rats intraperitoneally injected with SP600125 or PBS, in
order to assess changes in autophagy and insulin signaling. The
protein expression levels of LC3 11, Beclin-1, Atg5, Atg3, p-IRp,
p-IRS-1 and p-Akt were markedly decreased in the livers of
rats treated with SP600125 compared with in the control group
(Fig. 3B and C). These results suggest that inhibition of JNKI1
phosphorylation may suppress autophagy and improve insulin
signaling in a rat model of NAFLD.

SP600125 treatment alleviates symptoms of NAFLD in rats
fed a HFD. Serum biochemical indexes in HFD-fed rats were
detected following intraperitoneal injection with SP600125
or PBS for an additional 8 weeks. The serum levels of ALT,
AST, T-CHO, TG, TNF-a, FFA and insulin were significantly
decreased in HFD-fed rats treated with SP600125 compared
with in the control group (Fig. 4A-D). These results indicate that
JNK inhibition may ameliorate NAFLD in HFD-fed rats.

Discussion

Although previous studies have demonstrated that JNK,
autophagy and insulin resistance are correlated, the role of
JNK in aberrant autophagy and insulin resistance in the patho-
genesis of NAFLD has not yet been addressed. The present
study hypothesized that the JNK signaling pathway may be a
key modulator of autophagy function in HFD-induced insulin
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Figure 1. Effects of a HFD on body weight and biochemical indicators of nonalcoholic fatty liver disease. (A) Body weight of rats fed a ND or HFD for
20 weeks. (B) After 20 weeks of feeding, fasting blood glucose levels in the rat models were determined at 0, 15, 30, 60 and 120 min after glucose injection
(2.0 g/kg body weight). The serum concentrations of (C) ALT, AST, T-CHO and TG; (D) TNF-a; (E) FFA and (F) insulin in rats fed a HFD or ND were
detected. Data are presented as the mean + standard deviation (n=6). ‘P<0.05, “P<0.01, “*P<0.001. HFD, high-fat diet; ND, normal diet; ALT, alanine amino-
transferase; AST, aspartate aminotransferase; T-CHO, total cholesterol; TNF-a, tumor necrosis factor-a; FFA, free fatty acid.

resistance. The results demonstrated that JNK inhibition attenu-
ated insulin resistance and autophagic activity in vivo.

It is widely known that obesity and insulin resistance
increase the risk of NAFLD. After years of research, the asso-
ciation between lipids and insulin resistance is widely accepted.
Insulin resistance is closely associated with the pathological
progression of NAFLD, and JNK is a crucial molecule in the
insulin signaling pathway. JNK is activated by almost all forms
of metabolic stress, which have been implicated in insulin resis-
tance. Previous studies have suggested that TNF-a, FFAs and
reactive oxygen species activate JNK, thus promoting initiation
and progression of insulin resistance (24,25). In the present
study, in HFD-fed obese rats, JNK activity was significantly
increased in insulin-sensitive tissues, such as liver and adipose.
Activated JNK phosphorylates the serine residues of IRSI, thus
contributing to obesity-induced insulin resistance. Furthermore,
JNK is critically involved in the promotion of diet-induced
fatty liver and metabolic inflammation. JNK1, but not INK2,
has been reported to serve as a crucial molecular link between

obesity, metabolic inflammation and disorders of glucose
homeostasis (26). Notably, knockout of INK1 markedly reduced
insulin resistance in HFD-fed INK1-null mice; conversely, mice
with JNK?2 deficiency fed a HFD were obese and insulin-resis-
tant (27). Ozcan et al reported that obesity-induced ER stress
may lead to suppression of insulin receptor signaling via hyper-
activation of JNK (28). Growing evidence has suggested that
JNK may be considered a potential therapeutic target for the
treatment of insulin resistance and diabetes. Therefore, eluci-
dating the exact mechanisms by which JNK triggers insulin
resistance and results in NAFLD is extremely urgent. To explore
this complex pathogenesis, the present study measured JNK
activity in the muscle, adipose and liver tissues of rats fed a ND
or HFD. Consistent with the results of previous studies, INK
was activated in HFD rats. Furthermore, western blot analysis
indicated that autophagy, and IRS-1 and Akt phosphorylation
were induced in the liver of rats fed a HFD. The present study
focused on the effects of JNK inhibition on autophagy and
insulin resistance occurring in NAFLD.
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Figure 2. HFD induces JNK activation, increased autophagy and insulin resistance in the liver. (A) Western blot analysis of p-INK1 and JNKI in muscle,
adipose and liver tissues from a rat model of nonalcoholic fatty liver disease. (B) Autophagy indicators were detected in the liver of rats fed a HFD by western
blot analysis. Autophagy levels were assessed by LC3-II/LC3-I ratio, and Beclin-1, AtgS and Atg3 protein expression. (C) Insulin resistance was examined
by western blot analysis using p-IRf, IRf, p-IRS-1, total IRS-1, p-Akt and total Akt antibodies. GAPDH was used as a loading control. Data are presented
as the mean + standard deviation (n=6). "P<0.05, “P<0.01. HFD, high-fat diet; ND, normal diet; p-, phosphorylated; JNK1, c-Jun N-terminal kinase 1; LC3,
microtubule-associated protein 1A/1B light chain 3; Atg, autophagy related gene; IRf, insulin receptor f3-subunit; IRS, insulin receptor substrate-1; Akt,

protein kinase B.

Autophagy is essential for regulating the degradation of
lipid droplets when a nutritional deficiency occurs in cells.
Autophagic dysfunction may lead to excessive lipid accu-
mulation in the liver, thus contributing to the emergence and
progression of NAFLD (29). Autophagy-related gene expres-
sion, autophagosomes and the protein levels of autophagy
markers have been shown to be significantly increased in
obese adipose tissue, along with insulin resistance (30).
Conversely, hepatic triglyceride content was increased in
rats with an adipose-specific deletion of Atg7 (31). The
mammalian target of rapamycin (mMTOR) pathway is associ-
ated with insulin signaling in several cell lines. A previous
study demonstrated that increased activation of mTOR and
S6 kinase beta-1 (S6K1) may promote serine phosphoryla-
tion of IRS-1, thus resulting in the pathogenesis of hepatic
insulin resistance in obese rats (32). Mitochondrial uncoupling

protein 2 protects against palmitic acid-induced liver injury by
enhancing the function of autophagy (33). The present study
demonstrated that serine 307 of IRS-1 was hyperphosphory-
lated, accompanied by increased p-Akt (Ser473), in HFD-fed
rats. Furthermore, activated autophagic flux was observed in
the livers of rats fed a HFD. It may be hypothesized that the
JNK-mediated autophagy pathway was of great importance
in insulin resistance. These results may provide insight into
potential NAFLD therapies.

JNK has been reported to regulate autophagy in Drosophila
and mammalian cells, in response to various stressors (34).
Using a JNK inhibitor and a dominant-negative mutant of
JNK, Shimizu et al demonstrated that inactivated JNK can
suppress autophagic cell death (20). A previous study demon-
strated that autophagy is inhibited by increased insulin via the
mTOR signaling pathway (17). Further associations between
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Figure 3. Effects of SP600125 on autophagy and the insulin signaling pathway in HFD-fed rats. After 20 weeks of HFD feeding, the rats were intraperitoneally
injected with SP600125 or PBS once a day for 8 weeks, and the rats were then sacrificed. Total protein samples from the livers of HFD rats treated with or
without SP600125 were subjected to western blotting. (A) Phosphorylation of JNK was inhibited by SP600125. (B) LC3 conversion, and Beclin-1, Atg5 and
Atg3 expression were measured as markers of autophagy. (C) Expression levels of p-IRf, p-IRS-1 and p-Akt in the liver of rat models were measured to observe
changes in insulin resistance. GAPDH was used as a loading control. Data are presented as the mean + standard deviation from independent mice (n=6).
“P<0.01, ""P<0.001. HFD, high-fat diet; ND, normal diet; p-, phosphorylated; JNK1, c-Jun N-terminal kinase 1; LC3, microtubule-associated protein 1A/1B
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Figure 4. Treatment with SP600125 ameliorated symptoms of nonalcoholic fatty liver disease in HFD-fed rats. The serum levels of (A) ALT, AST, T-CHO
and TG; (B) TNF-q; (C) insulin and (D) FFA were determined in HFD-fed rats injected with SP600125 or PBS. Data are presented as the mean + SD (n=6).
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TNF-a, tumor necrosis factor-o; FFA, free fatty acid.

dysfunctional autophagy and insulin resistance must be iden-  autophagy and insulin resistance were detected in HFD-fed
tified. In the present study, the effects of JNK inhibition on  rats. The results suggested that JNK inhibition by SP600125
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attenuated autophagy and prevented insulin resistance in the
liver of rats fed a HFD. The molecular mechanism by which
SP600125 inhibits autophagy and improves insulin resistance in
the liver of HFD-fed rats remains to be elucidated.

In conclusion, the present study is the first, to the best of
our knowledge, to demonstrate that JNK-mediated autophagy
was involved in insulin resistance. Further experiments are
required to explore the molecular mechanisms by which
p-JNK interferes with autophagy-related gene expression,
and subsequently contributes to insulin resistance. The
present study also provided evidence suggesting that obesity
is closely associated with abnormally elevated JNK1 activity.
The results of the present study suggested that selective down-
regulation of JNK activity presents an attractive opportunity
for the treatment of human obesity, insulin resistance, type 2
diabetes and NAFLD. JNK may be considered a potential
drug target for the prevention and treatment of NAFLD.
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