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Abstract
Activation of c-Jun N-terminal kinase (JNK) has been implicated as a mechanism in the
development of steatohepatitis. This finding together with the reported role of JNK signaling in
the development of obesity and insulin resistance, two components of the metabolic syndrome and
predisposing factors for fatty liver disease, suggest that JNK may be a central mediator of the
metabolic syndrome and an important therapeutic target in steatohepatitis. To define the isoform
specific functions of JNK in steatohepatitis associated with obesity and insulin resistance, the
effects of JNK1 or JNK2 ablation were determined in developing and established steatohepatitis
induced by a high fat diet. High fat diet-fed jnk1 null mice failed to develop excessive weight gain,
insulin resistance or steatohepatitis. In contrast, jnk2-/- mice fed a high fat diet were obese and
insulin resistant similar to wild-type mice and had increased liver injury. In mice with established
steatohepatitis, an antisense oligonucleotide knockdown of jnk1 decreased the amount of
steatohepatitis in concert with a normalization of insulin sensitivity. Knockdown of jnk2 improved
insulin sensitivity but had no effect on hepatic steatosis and markedly increased liver injury. A
jnk2 knockdown increased hepatic expression of the pro-apoptotic Bcl-2 family members Bim and
Bax and the increase in liver injury resulted in part from a Bim-dependent activation of the
mitochondrial death pathway.

Conclusion: JNK1 and JNK2 both mediate insulin resistance in high fat diet-fed mice, but the
JNK isoforms have distinct effects on steatohepatitis with JNK1 promoting steatosis and hepatitis
and JNK2 inhibiting hepatocyte cell death by blocking the mitochondrial death pathway.
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The hepatocellular mechanisms underlying the development of steatosis and the progression
to steatohepatitis in nonalcoholic fatty liver disease (NAFLD) remain unclear.1 A critical
factor in the pathogenesis of this disease is thought to be the existence of insulin resistance,
and NAFLD can be considered a component of the metabolic syndrome whose
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manifestations also include obesity and diabetes.2,3 Recent investigations have suggested
that activation of the mitogen-activated protein kinase c-Jun N-terminal kinase (JNK) is a
central mechanism for the development of obesity and insulin resistance as well as for
steatohepatitis.4-7 JNK may therefore represent a unique common target for the therapy of a
variety of diseases that comprise the metabolic syndrome, but whether an inhibition of JNK
function will decrease or prevent further progression of established steatohepatitis is
currently unknown.

Most cells including hepatocytes express two JNK genes, jnk1 and jnk2, which are
alternatively spliced to yield α and β forms of both a p54 and p46 protein.8 Recent studies
have demonstrated that the JNK isoforms differ in function as exemplified by the ability of
JNK1 to phosphorylate and activate the transcription factor c-Jun, whereas JNK2 lacks this
activity and may even oppose this action of JNK1.9 Our prior studies have implicated JNK
signaling in the development of steatohepatitis. First, it was demonstrated that hepatocyte
overexpression of the prooxidant enzyme cytochrome P450 2E1 as occurs in human
NAFLD induced sustained JNK activation and insulin resistance.10 Second, the
development of murine steatohepatitis induced by a methionine- and choline-deficient diet
was associated with increased JNK activation.6 The development of steatosis and liver
injury was prevented in jnk1 but not jnk2 null mice, indicating that JNK1 specifically
functions in the development of this disease.6 JNK1 has also been demonstrated to mediate
the development of obesity and insulin resistance in both high fat diet (HFD)-fed and
genetically obese mouse models.4 JNK2 was reportedly not involved in these processes, but
subsequent studies in mice haploinsufficient for jnk1 and null for jnk2 suggested that JNK2
may also promote the development of obesity and insulin resistance.7 These mice and jnk1-/-

mice also failed to develop steatosis from a HFD.7 Thus, JNK1 function is clearly linked to
the development of steatohepatitis, obesity and insulin resistance whereas the function of
JNK2 in these conditions is less clear.

To more clearly establish the function of JNK1 and JNK2 in steatohepatitis occurring in the
setting of obesity and insulin resistance, the effect of JNK1 or JNK2 ablation on the
development of steatohepatitis was examined in HFD-fed mice. Although such studies are
important to our understanding of the pathophysiology of NAFLD, findings derived from
investigations of developing disease do not define JNK function in the progression or
perpetuation of established steatohepatitis. Studies to examine the role of JNK in existing
steatohepatitis have not been performed and are critical to determine whether JNK is a
viable therapeutic target in this disease. The development of antisense oligonucleotides
(ASO) that are effective in inhibiting JNK1 or JNK2 expression in the liver,11 led us to
examine the effects of JNK inhibition in established as well as developing steatohepatitis in
HFD-fed mice. The studies demonstrate that JNK1 mediates insulin resistance and both the
development and progression of steatohepatitis. In contrast, although JNK2 promoted
insulin resistance, this JNK isoform did not mediate the development or progression of
steatohepatitis. These findings indicate that the JNK isoforms have distinct functions that
differ among the various manifestations of the metabolic syndrome and have important
implications for JNK as a therapeutic target in this disorder.

Materials and Methods
Animal Models

Male wild-type C57BL/6, jnk1-/-,12 jnk2-/-,13 and bim-/-14 mice (Jackson Laboratory, Bar
Harbor, ME) were maintained under 12 h light/dark cycles with unlimited access to food and
water. Genotyping was performed by PCR with established primers.12-14 Knockout mice
had been backcrossed onto a C57BL/6 background for greater than six generations. At 4
weeks of age mice were continued on regular diet (Lab Diet, Richmond, IN, #5058) or
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begun on a HFD (60% kcal in fat; Research Diets, New Brunswick, NJ; #D12492). At the
end of 16 weeks of HFD feeding, the mice were fasted for 6 h and then sacrificed. All
studies were approved by the Animal Care and Use Committee of the Albert Einstein
College of Medicine and followed the National Institutes of Health guidelines on the care
and use of animals.

An acute knockdown of JNK1 and JNK2 in mice with established steatohepatitis was
achieved by the administration of ASO to JNK1 and JNK2 as previously performed by
Gunawan et al.11 A control oligonucleotide (Isis 141923) and ASO targeting mouse JNK1
(Isis 104492) and JNK2 (Isis 101759) were synthesized as 20 nucleotide, uniform
phosphorothioate chimeric oligonucleotides and purified as previously described.15 These
oligonucleotides are chimeric oligonucleotides containing 5 nuclease resistant 2′-O-
methoxyethylribose-modified phosphorothioate residues on the 5′ and 3′ ends that flank a 2′-
deoxyribonucleotide/phosphorothioate region that supports RNase H-based cleavage of the
targeted messenger RNA. The sequences of the ASO are: control - 5′-
CCTTCCCTGAAGGTTCCTCC-3′; JNK1 - 5′-TGTTGTCACGTTTACTTCTG-3′; and
JNK2 -5′-GCTCAGTGGACATGGATGAG-3′. Mice fed 12 weeks of HFD were begun on
twice weekly intraperitoneal injections of 25 mg/kg of ASO and received a total of 8
injections before sacrifice after 16 weeks on HFD. Some mice were similarly injected with
equal volumes of phosphate-buffered saline (PBS). Studies were performed on mice two
days after their last ASO injection.

Serum Assays
Serum alanine aminotransferase (ALT) was measured by commercial kit (TECO
Diagnostics, Anaheim, CA). Serum glucoses were determined with an Ascensia Contour™
glucose meter (Bayer HealthCare, Mishawaka, IN). Serum insulin levels were measured by
radioimmunoassay, as previously described.16 Levels of insulin resistance were determined
by the homeostasis model assessment of insulin resistance, or HOMA (insulin resistance =
fasting glucose mmol/L × fasting insulin mU/ml).17

Protein Isolation and Western Blotting
Total protein isolation from mouse liver and Western blotting was performed, as previously
described.6 The primary antibodies were: rabbit anti-JNK, rabbit anti-c-Jun, rabbit anti-
phospho-c-Jun, mouse anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
phospho-JNK, rabbit anti-phospho-Bim, rabbit anti-Bad, rabbit anti-caspase 3, rabbit anti-
caspase 7 (Cell Signaling, Beverly, MA), rabbit anti-Bim (EMD Biosciences, San Diego,
CA), rabbit anti-Bid (kind gift of Xiao-Ming Yin, University of Pittsburgh, Pittsburgh, PA),
rabbit anti-Mcl-1 (Rockland, Gilbertsville, PA) and rabbit protein disulfide isomerase (PDI;
kind gift of Richard Stockert, Albert Einstein College of Medicine, Bronx, NY). Cytosolic
and mitochondrial protein fractions were isolated from mouse liver, as previously described,
18 and immunoblotting was performed with mouse anti-cytochrome c (PharMingen, San
Diego, CA), and mouse anti-cytochrome oxidase (MitoSciences, Eugene, Oregon)
antibodies in addition to the previous antibodies.

Histologic Analysis
Formalin fixed, hematoxylin and eosin stained liver sections were examined in a blinded
fashion by a single pathologist and graded for steatosis and inflammation. The degree of
steatosis in each specimen was determined by assessing the overall percentage of liver
parenchyma containing lipid vacuoles with 0 = none, 1 = mild (<30%), 2 = moderate
(30-60%), and 3 = marked (>60%). Inflammation was graded by the presence or absence of
inflammatory cells with 0 = absent, 1 = minimal or focal occasional single clusters of
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inflammatory cells present in a few microscopic fields, 2 = mild inflammation, 3 = moderate
inflammation, and 4 = marked inflammation.

Hepatic Triglyceride Content
Hepatic triglyceride (TG) content was determined by the Trig/GB Kit™ (Roche Diagnostics
Indianapolis, IN), as previously described.6

Terminal Deoxynucleotide Transferase-mediated Deoxyuridine Triphosphate Nick
Endlabeling (TUNEL) Assay

The TUNEL assay was employed to determine the numbers of apoptotic cells in liver
sections. TUNEL was performed with a commercial kit (Promega, Madison, WI), as
previously described.18 Numbers of TUNEL positive cells were counted per high powered
field (400X magnification) under light microscopy in 20 random fields per liver.

Statistical analysis
Numerical results are expressed as mean ± SE that represents data from a minimum of three
independent experiments. Statistical significance was determined by the Student's t test and
defined as P<0.05. Calculations were made with Sigma Plot 2000 (SPSS Science, Chicago,
IL).

Results
Absence of JNK1 Prevents Weight Gain and the Development of Insulin Resistance in
HFD-fed Mice

To define JNK isoform specific functions in the development of steatohepatitis occurring in
the setting of obesity and peripheral insulin resistance, wild-type, jnk1-/- and jnk2-/- mice
were fed a HFD for 16 weeks. Wild-type mice fed the HFD had a 31% greater increase in
body weight at the end of the 16 week period than mice fed regular diet (Table 1). In
association with this weight gain, HFD-fed mice developed peripheral insulin resistance as
demonstrated by significantly increased HOMA values (Table 1). Thus, 16 weeks of HFD
feeding was sufficient to develop an overweight, insulin resistant mouse model.

JNK activation has been previously reported to mediate weight gain and the development of
peripheral insulin resistance,4 two predisposing factors for human NAFLD. Consistent with
this prior report, mice lacking JNK1 failed to develop the increases in total body and liver
weight from the HFD feeding that occurred in wild-type mice (Table 1). HFD-induced
peripheral insulin resistance also failed to develop in jnk1-/- mice. Serum glucose and insulin
levels and HOMAs were significantly decreased in jnk1-/- mice as compared to wild-type
mice with HFD feeding (Table 1). Insulin levels and HOMA values in HFD-fed jnk1-/- mice
were even significantly lower than those of regular diet-fed wild-type mice (Table 1). In
contrast, HFD-fed jnk2-/- animals had significantly greater weight gain and higher HOMA
values than wild-type mice, although the differences in HOMAs did not reach statistical
significance (Table 1). Thus, the excessive weight gain and insulin resistance that developed
in this HFD-fed mouse model were JNK1 dependent whereas the absence of JNK2 led to
increased body weight.

JNK1 but not JNK2 Null Mice Develop Decreased Steatohepatitis from a HFD
JNK activation in response to a HFD was assessed by immunoblot analysis of levels of the
active, phosphorylated forms of JNK and its downstream substrate c-Jun. Protein levels of
phospho-JNK and phospho-c-Jun were increased in the livers of mice fed 16 weeks of HFD
(Fig. 1A). Levels of total JNK were unchanged whereas levels of total c-Jun were
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moderately increased (Fig. 1A). Thus, consistent with our previous findings in the
methionine- and choline-deficient model of steatohepatitis,6 JNK/c-Jun activation occurred
in association with the development of steatohepatitis. Jnk1-/- mice had a predominant loss
of hepatic p46 JNK whereas jnk2-/- mice had decreased levels of p54 JNK (Fig. 1B and 1C),
as previously reported.6 Phospho-JNK levels were decreased in both HFD-fed jnk knockout
mice although jnk1-/- mice had marked decreases in both p54 and p46 phospho-JNK
whereas in jnk2-/- mice the decrease was predominantly in p54 phospho-JNK (Fig. 1B and
1C). Levels of phospho-c-Jun were decreased in HFD-fed jnk1-/- mice and increased in
jnk2-/- mice consistent with the known effects of the two JNK isoforms on c-Jun
phosphorylation (Fig. 1B and 1C).

By histology wild-type mice developed significant steatosis and hepatitis with a HFD (Fig.
2A and 2B). Blinded histological grading of the degree of steatosis revealed increased
hepatic fat accumulation in wild-type mice fed the HFD (Fig. 3A). In contrast, steatosis did
not develop in jnk1-/- mice (Fig. 2C and 3A). Histological evidence of steatosis in jnk2-/-

mice was equivalent to that in wild-type mice (Fig. 2D and 3A). The protective effect of
JNK1 ablation on the development of steatosis was confirmed by measures of hepatic TG
levels. A significant increase in TG content occurred with HFD feeding in wild-type and
jnk2-/- mice, but jnk1-/- mice had levels equivalent to regular diet-fed wild-type mice (Fig.
3B). The development of hepatic steatosis in response to a HFD was therefore JNK1 but not
JNK2 dependent.

Livers were also examined for the extent of injury and inflammation. In parallel with an
absence of steatosis, jnk1-/- mice had reduced liver injury as reflected in decreased serum
ALT levels and numbers of TUNEL positive cells (Fig. 3C and 3D). Histological evidence
of inflammation was also significantly decreased in HFD-fed jnk1-/- mice (Fig. 3E). In
contrast, HFD-fed jnk2-/- mice had significantly higher levels of serum ALT and TUNEL
staining as compared to wild-type mice indicating that liver injury was increased in the
absence of JNK2 (Fig. 3C and 3D). Thus, JNK1 function was critical for the development of
steatosis and hepatitis in response to a HFD. In contrast, although lipid accumulation was
unaffected by loss of JNK2, JNK2 functioned to protect against hepatocyte injury in the
setting of a fatty liver.

Knockdowns of JNK1 and JNK2 both Reverse Insulin Resistance but have Opposing
Effects on Established Steatohepatitis in HFD-fed Animals

Although initial studies established that the development of HFD-induced murine
steatohepatitis was differentially regulated by JNK1 and JNK2, these investigations did not
address the function of these factors in established liver disease. In an effort to define
whether JNK1 could be a therapeutic target in NAFLD, it was necessary to investigate the
role of the JNK isoforms in promoting or perpetuating established steatohepatitis. To test the
effect of JNK inhibition on existing steatohepatitis, and to obtain further evidence of the
differential effects of JNK1 and JNK2 in the pathophysiology of this disease, we employed
ASO to acutely inhibit JNK function. In addition to allowing the initiation of JNK inhibition
late in the progression of the disease, this alternative approach to knocking down JNK
function had the potential advantage of avoiding the confounding variable of compensatory
changes that may develop in knockout mice and affect their biological responses.

Within 12 weeks of being started on a HFD, wild-type mice developed significant insulin
resistance (HOMA values of 41.9 ± 7.6 in HFD versus 16.5 ± 4.5 with regular diet),
steatosis (triglyceride levels of 95.3 ± 16.8 and 22.1 ± 7.3 ug/mg protein in HFD- and
regular diet-fed mice, respectively) and steatohepatitis (ALT levels of 95.3 ± 16.8 IU/ml in
HFD-fed and 22.1 ± 7.3 IU/ml in regular diet-fed mice). Mice fed 12 weeks of the HFD
were randomly assigned to twice weekly injections of a control oligonucleotide or the JNK1
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or JNK2 ASO. Injections were continued for 4 weeks during which time the animals were
continued on a HFD. The effectiveness and specificity of the ASO treatment protocol were
assessed by immunoblots for total JNK levels as compared to PBS and control ASO-injected
animals. Administration of the JNK1 ASO significantly decreased levels of p46 JNK
without affecting those for p54 JNK (Fig. 4). Conversely JNK2 ASO treatment reduced
levels of p54 but not p46 JNK (Fig. 4). The effects of the JNK ASO on levels of phospho-
and total c-Jun (Fig. 4) were also similar to those in the knockout mice (Fig. 1B and 1C).

ASO-treated animals were sacrificed after 16 weeks of HFD to determine the effect of 4
weeks of JNK inhibition on established steatohepatitis. Injection of the JNK1 ASO led to a
complete reversal of insulin resistance as these animals had significantly reduced serum
levels of glucose (Fig. 5A) and insulin (Fig. 5B) and HOMA (Fig. 5C). Surprisingly JNK2
ASO-injected animals had an even more profound decrease in serum glucose levels as well
as a reduction in insulin levels (Fig. 5A and 5B). HOMA values were decreased to a greater
extent in these animals than in JNK1 ASO-injected mice (Fig. 5C).

Control ASO-injected mice had significant steatohepatitis by histology (Fig. 6A). In
contrast, JNK1 ASO-injected mice had markedly decreased steatosis and hepatitis (Fig. 6B).
JNK2 ASO-injected mice had marked liver injury with lobular disarray, increased
inflammation and dying hepatocytes (Fig. 6C and 6D). These histological impressions were
confirmed by biochemical analyses that revealed significantly decreased TG content, serum
ALT levels and TUNEL positivity in JNK1 ASO-injected mice as compared to control
ASO-injected mice (Fig. 5D, 5E and 5F). There was some nonspecific effect of ASO
treatment as control ASO-injected animals had lower ALT levels, but similar TUNEL
positivity, than uninjected animals (Fig. 3C and 3D versus Fig. 5E and 5F). TG levels were
unaffected by the JNK2 ASO but levels of ALT and TUNEL positivity were markedly
increased (Fig. 5D, 5E and 5F). Thus, similar to the effects of genetic JNK1 and JNK2
ablation on the development of steatohepatitis, knockdown of JNK1 reduced established
steatohepatitis whereas a JNK2 knockdown worsened hepatitis without affecting the degree
of steatosis. However, in the case of established steatohepatitis the effect of a loss of JNK2
on liver injury was far more pronounced.

Acute JNK2 Knockdown Results in Bim Overexpression in HFD-fed Mice
Inhibition of JNK2 function not only failed to block the development of steatohepatitis or
decrease the extent of preexistent disease but also worsened liver injury in both models. The
fact that loss of JNK2 function did not affect the amount of steatosis suggested that
increased injury resulted not from greater fat accumulation but rather from the induction of a
cellular injury/death pathway. JNK is known to regulate the function of several Bcl-2 family
proteins suggesting that an effect on one of these proteins may mediate the pro-apoptotic
effect of the JNK2 knockdown. Investigations in cultured hepatocytes by Malhi et al.,19
previously demonstrated that increased levels of fatty acids induce JNK-dependent injury
mediated by the pro-apoptotic Bcl-2 family member Bim. To investigate the possibility that
loss of JNK2 may increase liver injury by altering Bim expression, the effects of JNK
knockdowns on levels of the pro-apoptotic Bcl-2 family members were examined in HFD-
fed mice. Levels of BimEL were markedly increased with ASO-mediated JNK2 inhibition
(Fig. 4). BimL levels were also increased and BimS was undetectable (Fig. 4). Bim is
regulated at the post-translational level by phosphorylation at Ser65 which triggers Bim
degradation.20 In parallel with the increase in total Bim, levels of Ser65 phosphorylated
Bim were decreased (Fig. 4). Levels of total and phospho-Bim were unaffected by JNK1
knockdown. In addition to the changes in Bim, levels of Bax were also significantly
increased in JNK2 ASO-treated animals and to a lesser extent in mice with a knockdown of
JNK1 (Fig. 4). Levels of Bid and Bad were equivalent in all animals (Fig. 4). The anti-
apoptotic Bcl-2 family member Mcl-1 is also regulated by JNK phosphorylation which acts
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to decrease Mcl-1's anti-apoptotic effect.21 JNK2 ASO treatment led to a slight increase in
Mcl-1 levels but no shift in mobility to indicate an alteration in Mcl-1 phosphorylation and
therefore Mcl-1 function.

The function of pro-apoptotic Bcl-2 family members is also regulated by their release from
cytoplasmic binding partners and translocation to the mitochondria where they activate the
mitochondrial death pathway.22 Bim and Bax translocated to the mitochondria in HFD-fed,
JNK2 ASO-treated mice but not in control ASO-injected mice (Fig. 7A). Similar to the
findings for total protein, mitochondrial Bid and Bad levels were unaffected by ASO
treatment (Fig. 7A). Low levels of mitochondrial Bim and Bax were detected in JNK1 ASO-
treated animals (Fig. 7A). Bim/Bax mitochondrial translocation led to activation of the
mitochondrial death pathway as demonstrated by the presence of cytoplasmic cytochrome c
only in HFD-fed mice treated with the JNK2 ASO (Fig. 7B). Interestingly, despite
mitochondrial release of cytochrome c, JNK2 ASO-treated mice had increased levels of
mitochondrial cytochrome c whereas JNK1 ASO-treated mice had decreased levels (Fig.
7A), suggesting that JNK functioned to regulate mitochondrial cytochrome c levels
exclusive of the effects of apoptosis. Purity of the mitochondrial and cytoplasmic isolates
along with equivalency of protein loading was confirmed by probing stripped membranes
for cytochrome oxidase and protein disulfide isomerase, respectively (Fig. 7A and 7B). In
parallel with cytochrome c release, activation of the effector caspases 3 and 7 was detectable
only in JNK2 ASO-treated mice fed a HFD as indicated by the presence of the active,
cleaved caspase forms in these animals (Fig. 4). These data demonstrate that JNK2
inhibition in the setting of steatohepatitis led to increased levels of Bim/Bax, translocation of
these proteins to the mitochondria and activation of the mitochondrial death pathway and
downstream effector caspases.

Bim Null Mice Are Protected Against the Increase in Steatohepatitis Induced by a JNK2
Knockdown

To determine whether increased Bim expression was a mechanism of the increased hepatic
injury that resulted from JNK2 inhibition, liver injury was compared in HFD-fed wild-type
and bim-/- mice treated with the JNK2 ASO. JNK2 ASO-injected bim null mice had
significant decreases in serum ALT levels (Fig. 8A), and the numbers of TUNEL positive
cells (Fig. 8B), as compared to JNK2 ASO-treated wild-type mice. Thus, the increase in
Bim expression that resulted from JNK2 inhibition mediated the increase in liver injury in
HFD-fed mice.

Discussion
Activation of the mitogen-activated protein kinase JNK has been increasingly implicated as
a central mechanism of hepatic injury.6,11,18,19,23-26 Our previous studies demonstrated
that JNK was activated during the development of murine steatohepatitis induced by a
methionine- and choline-deficient diet, and that ablation of JNK1 but not JNK2 decreased
steatosis and hepatitis.6 However, this dietary model lacks the human NAFLD features of
obesity and peripheral insulin resistance,27 although the mice do develop hepatic insulin
resistance.10 The fact that activation of JNK contributes to both obesity and insulin
resistance,4,5,7,28 suggested that JNK may play an even more important role in
steatohepatitis occurring in the setting of these two NAFLD risk factors. The present studies
employed a HFD-fed mice model with excessive weight gain and insulin resistance to
demonstrate that JNK1 promotes the development and persistence of steatohepatitis,
whereas JNK2 performs the protective function of down regulating cell death.

The studies of JNK1 null mice and NAFLD development and JNK1 ASO-treated mice and
established NAFLD demonstrated the same function for JNK1 - promotion of steatosis and
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liver injury. JNK1 inhibition by either method dramatically reduced hepatic TG content in
concert with decreased liver injury and cell death. In particular, JNK1 was critical in
steatosis development as HFD-fed jnk1-/- mice had hepatic TG levels equivalent to regular
diet-fed wild-type mice. The ability of JNK1 to mediate both steatosis and cellular injury
may reflect one or multiple functions of this kinase. JNK1 may simply promote hepatic lipid
accumulation, and the dramatic reduction in steatosis from JNK1 inhibition decreases liver
injury as well. Alternatively, JNK1 may promote steatosis and hepatitis by distinct
mechanisms. The mechanism by which JNK1 promotes steatosis remains to be defined and
may involve hepatic and/or peripheral effects. The prevention or reversal of steatosis may
have resulted simply from the dramatic effect of JNK inhibition on insulin sensitivity. JNK1
is known to induce insulin resistance by phosphorylating inhibitory serine residues on
insulin receptor substrate 1 and mediating obesity-induced inflammation.29 Against the
reduction in hepatic lipid being merely secondary to effects on insulin resistance is our
finding that JNK2 ASO treatment restored insulin sensitivity but did not affect steatosis.
Thus, direct effects of JNK1 on lipid metabolism may underlie the development and
maintenance of hepatic steatosis. Further studies will examine the regulation of components
of lipid metabolism as JNK targets in these pathways have not yet been reported.30

The studies demonstrate a different function for JNK2 in HFD-induced steatohepatitis. In
both developing and established steatohepatitis, JNK2 inhibition did not affect the amount of
steatosis and worsened liver injury. As discussed above, JNK2 ASO administration had no
effect on steatosis despite a reversal of insulin resistance. This effect was different from
findings in the HFD-fed JNK2 null animals which had no improvement in insulin sensitivity
and even a trend to greater resistance. This difference may have been secondary to
compensatory changes in jnk2 null mice that did not occur in ASO-treated mice, or to
disparate functions of JNK2 in developing versus established insulin resistance. A similar
explanation likely underlies the differences between our findings and those of Tuncman et
al.7 who reported that JNK1 and JNK2 both contribute to steatosis based on studies of jnk2
null mice haploinsufficient for jnk1. Alternatively, findings in the ASO-treated mice may
have differed because ASO treatment resulted in a more liver specific effect of JNK
inhibition as the liver has one of the highest concentrations of delivered ASO among tissues.
31 In addition, the findings with JNK2 inhibition suggest that improved insulin sensitivity
by itself is not sufficient to reverse established steatosis. Other recent studies have found that
steatosis can persist despite reversal of insulin resistance,28 or suggested that insulin
resistance may not mediate the development of this disease.32

The function of JNK2 in liver injury also differed from that of JNK1. In contrast to the
improvement in liver injury in mice lacking JNK1 function, knockout or knockdown of
JNK2 significantly worsened liver injury and apoptosis. The absence of an increase in
steatosis with JNK2 inhibition suggested that JNK2 functioned specifically to block cell
death pathways. Based on the reported ability of JNK to regulate Bim expression,33-35 and
findings that Bim modulated hepatocyte toxicity from fatty acids in vitro,19 the effect of a
knockdown of JNK2 on Bim was examined. Loss of JNK2 led to increased levels of Bim
and to a lesser extent of Bax. Bim regulation is complex with steady-state protein levels
reflecting changes in transcription, phosphorylation-mediated degradation and inhibitory
protein binding and translocation. A number of kinases including JNK, extracellular signal-
regulated kinase 1/2 and Akt have been reported to phosphorylate Bim in different cell
types.20,33,36 In the livers of HFD-fed mice, JNK2 function was required for Bim
phosphorylation at Ser65, a site whose phosphorylation triggers Bim degradation.20 Lack of
Ser65 phosphorylation was associated with increased steady-state levels of total Bim in
JNK2 knockdown mice. Our results are consistent with recent findings in a leukemia cell
line in which JNK promoted chemoresistance by phosphorylating Bim at Ser65 and causing
its degradation,33 and demonstrate that JNK can act to down regulate Bim-dependent
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apoptosis as well as to activate it. The effects of a JNK2 knockdown on Bim/Bax led to
activation of the mitochondrial death pathway and apoptosis as indicated by mitochondrial
cytochrome c release, cleavage of the effector caspases 3 and 7 and increased TUNEL
staining in JNK2 ASO-treated, HFD-fed mice. In contrast to findings with Bim and Bax, in
response to a JNK2 knockdown levels of Bid and Bad were unchanged, Bid cleavage was
not detected and neither protein translocated to the mitochondria, indicating that they were
unaffected by the loss of JNK2 and uninvolved in the increased cell death. Bim clearly
mediated the increase in liver injury from JNK2 inhibition as bim null mice had a
significant, but partial, reduction in liver injury and cell death. The partial nature of the
effect may have been secondary to increased Bax translocation that promoted mitochondrial
death pathway activation independent of Bim. JNK2-dependent promotion of liver injury in
HFD-fed mice by activation of the mitochondrial death pathway is in direct opposition to
our findings in a model of toxin-induced liver injury in which JNK2 functioned to inhibit
this pathway.18 These differences point to the complexity of JNK function in the liver and
likely reflect the effects of different types of injury, the time course of the injury, crosstalk
with other signaling pathways and possible extrahepatic effects of JNK.

The findings from the ASO-treated animals demonstrate that HFD-induced steatohepatitis in
mice is quickly reversible. Despite the fact that approximately two weeks of injections were
required to achieve a JNK knockdown, a dramatic decrease in steatohepatitis was achieved
with only four weeks of therapy. The rapidity of this effect is further evidence of the critical
nature of JNK1 activation in steatohepatitis and the potential efficacy of anti-JNK therapy in
the treatment of this disease.

The findings demonstrate that the JNK isoforms have differential functions in insulin
resistance and steatohepatitis. Both JNK forms contributed to insulin resistance, however,
JNK1 promoted both hepatic fat accumulation and injury whereas JNK2 was uninvolved in
the steatosis and inhibited liver injury. Significantly the findings demonstrate that anti-JNK
therapy can reverse chronic steatohepatitis in the absence of any reduction in the stimulus
for the disease, a high fat diet. Kinase inhibitors are already employed in the treatment of
human diseases,37 and JNK inhibitors have successfully reversed diabetes in animals.5 Our
findings suggest that steatohepatitis can also be treated with this approach but that therapy
will have to be targeted specifically to the JNK1 isoform. Inhibiting JNK2 may be effective
in increasing insulin sensitivity but have detrimental effects on the associated liver disease.
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Fig. 1.
HFD induces hepatic JNK activation and ablation of jnk1 and jnk2 has differential effects on
c-Jun phosphorylation. (A) Total protein was isolated from the livers of regular diet (RD)-
and HFD-fed mice and immunoblotted with antibodies for phospho-JNK (P-JNK), total
JNK, phospho-c-Jun (P-c-Jun) and total c-Jun. Stripped blots were reprobed for PDI. (B)
Protein isolated from HFD-fed wild-type (WT) and jnk1-/- mice was immunoblotted with the
same antibodies. (C) Immunoblots of protein from HFD-fed wild-type and jnk2-/- mice. The
p54 and p46 forms of JNK are indicated with arrows. Findings are representative of those
from 3 independent experiments.

Singh et al. Page 13

Hepatology. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
HFD-fed jnk1-/- mice have improved histology. Hematoxylin and eosin stained sections of
(A) wild-type mice fed a regular diet, (B) wild-type mice fed 16 weeks of a HFD, (C) jnk1-/-

mice fed a HFD, and (D) HFD-fed jnk2-/- mice (magnification 100X).
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Fig. 3.
HFD-induced steatohepatitis is decreased in jnk1-/- mice whereas liver injury increased in
jnk2-/- mice. (A) Histological steatosis grade in HFD-fed wild-type (WT), jnk1-/- and jnk2-/-

mice (n=7-12; *P<0.0001 compared to wild-type or jnk2-/- mice). (B) TG content in the
livers of regular diet (RD)- and HFD-fed wild-type, jnk1-/- and jnk2-/- mice (n=6-15;
*P<0.01 compared to RD-fed wild-type mice; **P<0.0003 compared to jnk1-/- or jnk2-/-

HFD-fed mice). (C) Serum ALT levels from the same animals (n=5-13; *P<0.001 as
compared to RD-fed wild-type mice; **P<0.0001 as compared to HFD-fed wild-type mice;
§P<0.01 when compared to HFD-fed wild-type or jnk1-/- mice). (D) Percentage of TUNEL
positive cells in the same livers (n=5-9; *P<0.0001 compared to RD-fed wild-type mice;
**P<0.00001 compared to wild-type or jnk2-/- HFD-fed mice; §P<0.005 compared to HFD-
fed wild-type mice). (E) Histological inflammation grade in HFD-fed wild-type, jnk1-/- and
jnk2-/- mice (n=7-12; *P<0.02 compared to wild-type or jnk2-/- mice).

Singh et al. Page 15

Hepatology. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
JNK2 ASO treatment of HFD-fed mice results in increased Bim and Bax expression. Total
protein isolated from the livers of HFD-fed mice treated with PBS, or control (Con), JNK1
or JNK2 ASO was immunoblotted for total JNK, Bim, Ser65 phospho-Bim (P-Bim), Bax,
Bad, Mcl-1, caspase 3 (Casp 3), caspase 7 (Casp 7) or PDI. Arrows indicate the p54 and p46
forms of JNK, BimEL and BimL and the cleaved fragments of caspase 3 and 7. Results are
representative of three independent experiments.
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Fig. 5.
JNK1 and JNK2 ASO treatment of HFD-fed mice has differential effects on insulin
resistance, steatosis and liver injury. (A) Fasting serum glucose levels in HFD-fed mice
treated with the control (Con), JNK1 or JNK2 ASO (n=7-9; *P<0.0002 compared to control
ASO treated; **P<0.00001 as compared to control or JNK1 ASO treated). (B) Fasting
serum insulin levels in the same mice (n=7-9; *P<0.02 compared to control ASO-injected
mice). (C) HOMA values in the animals (n=7-9; *P<0.01 compared to control ASO treated;
**P<0.01 as compared to control or JNK1 ASO treated). (D) Hepatic TG levels (n=7-8;
*P<0.04 as compared to wild-type and P<0.004 when compared to JNK2 mice). (E)
Percentage of TUNEL positive cells in the same livers along with those from regular diet
(RD)-fed mice who did not receive ASO treatment (∅) (n=3-5; *P<0.01 compared to
control ASO injected; **P<0.01 compared to control or JNK1 ASO-treated mice).
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Fig. 6.
JNK1 ASO treatment decreases steatohepatitis in HFD-fed mice whereas JNK2 ASO
treatment worsens liver injury. Hematoxylin and eosin stained sections of HFD-fed mice
treated with the control (A), JNK1 (B) or JNK2 (C) ASO (magnification 100X). (D) Higher
magnification (400X) of (C).
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Fig. 7.
Hepatic mitochondrial Bim and Bax translocation and cytochrome c release occur in JNK2
ASO-treated HFD-fed mice. Mitochondrial (A) and cytoplasmic (B) protein fractions were
isolated from HFD-fed mice administered a control (Con), JNK1 or JNK2 ASO. Proteins
were immunoblotted with antibodies for Bim, Bax, Bid, Bad and cytochrome c (cyt c).
Stripped blots were reprobed for cytochrome oxidase (cyt ox) and PDI as indicated.
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Fig. 8.
Bim null mice are protected from the increase in liver injury and cell death induced by a
JNK2 knockdown. (A) Serum ALT levels in HFD-fed wild-type mice (WT) treated with the
JNK1 or JNK2 ASO and bim-/- mice treated with JNK2 ASO (n=5-12; P<0.0001 as
compared to wild-type mice treated with the JNK2 ASO). (B) Numbers of TUNEL positive
cells in the same mice (n=6; P<0.00001 as compared to wild-type mice treated with the
JNK2 ASO).
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Table 1

Body and liver weights and indices of insulin resistance in regular diet (RD) and HFD fed mice.

WT RD WT HFD jnk1-/- HFD jnk2-/- HFD

Body weight (g) 31.8 ± 1.7 41.7 ± 1.6* 31.2 ± 1.6† 50.6 ± 1.1*†

Liver weight (g) 1.2 ± 0.1 1.6 ± 0.1 1.2 ± 0.1† 1.9 ± 0.1*

Body/liver ratio (%) 3.9 ± 0.2 3.8 ± 0.2 3.8 ± 0.1 3.8 ± 0.1

Glucose (mg/dl) 120 ± 6.7 178 ± 10# 131 ± 6† 157 ± 10#

Insulin (ng/ml) 2.4 ± 0.4 3.6 ± 0.6 1.2 ± 0.2#† 4.1 ± 0.7#

HOMA 16.7 ± 2.4 46.0 ± 9.1* 4.6 ± 0.7#† 80.9 ± 17.5#

*
P<0.05 as compared to wild-type on RD

#
P<0.01 as compared to wild-type on RD

†
P<0.02 as compared to wild-type on HFD. Results are expressed as mean ± SE and each data point represents 6-18 animals.
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