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Abstract
Background & Aims—c-Jun N-terminal kinase (JNK) plays a pivotal role in the development of
the metabolic syndrome including NAFLD. However, the mechanism underlying the contribution
of JNK to the progression from simple steatosis to steatohepatitis and liver fibrosis is unresolved.

Methods—Hepatic steatosis, inflammation, and fibrosis were examined in wild-type, jnk1−/−, or
jnk2−/− mice fed a choline-deficient L-amino acid-defined (CDAA) diet for 20 weeks. The functional
contribution of JNK isoforms in Kupffer cells was assessed in vitro and in vivo using chimeric mice
in which the hematopoietic compartment including Kupffer cells was replaced by wild-type,
jnk1−/−, or jnk2−/− cells.

Results—CDAA diet induced significantly less hepatic inflammation and less liver fibrosis despite
similar level of hepatic steatosis in jnk1−/− mice as compared to wild-type or jnk2−/− mice. CDAA
diet-induced hepatic inflammation was chronic and mediated by Kupffer cells. Pharmacological
inhibition of JNK or gene deletion of jnk1 but not jnk2 repressed the expression of inflammatory and
fibrogenic mediators in primary Kupffer cells. In vivo, CDAA diet induced less hepatic inflammation
and liver fibrosis despite equivalent level of hepatic steatosis in chimeric mice with jnk1−/−

hematopoietic cells as compared to chimeric mice with wild-type or jnk2−/− hematopoietic cells.

Conclusions—jnk1−/− mice are resistant to diet-induced steatohepatitis and liver fibrosis. JNK1
in hematopoietic cells, especially in Kupffer cells, contributes to the development of liver fibrosis
by inducing chronic inflammation.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is a spectrum of liver disorders ranging from simple
steatosis to nonalcoholic steatohepatitis (NASH) and liver fibrosis,1–4 and is commonly
associated with the clinical features of the metabolic syndrome such as obesity, type II diabetes,
and dyslipidemia.2–5A “two-hit” model has been proposed for the development of NAFLD.6
The “first hit” is the initial hepatic lipid accumulation, but a “second hit” is required for liver
injury, inflammation, and fibrosis. The major candidate for the “second hit” is hepatic oxidative
stress that could cause cellular injury and trigger the recruitment of inflammatory cells.7–10

Kupffer cells have been shown to play a critical role in the development of hepatic inflammation
in both patients with NASH and experimental animal models.11–13 Indeed, various pro-
inflammatory mediators such as tumor necrosis factor-α (TNF-α), interleukin (IL)-6, IL-1β,
and cyclooxygenase-2 are increased in the livers.14–16 Furthermore, recent studies have
demonstrated that depletion of Kupffer cells or inhibition of these pro-inflammatory mediators
substantially protect against the development of steatohepatitis and subsequent liver fibrosis,
suggesting the pivotal role of chronic inflammation in the progression of NAFLD.12, 13, 17, 18

c-Jun N-terminal kinase (JNK) has been implicated to play a role in both of these “hits” of
NAFLD. First, increased JNK activity can promote the insulin resistance that underlies the
development of metabolic syndrome, including hepatic steatosis.19, 20 Second, hepatic
oxidative stress can activate JNK to mediate inflammation through activator protein-1 (AP-1)-
dependent transcription of pro-inflammatory cytokines. Indeed, the JNK isoforms, especially
JNK1, contribute to the development of hepatic steatosis and steatohepatitis in mice induced
by high fat diet (16 weeks) and methionine- and choline-deficient (MCD) diet (4 weeks),
respectively.21, 22 Although deletion of JNK1 diminishes hepatic inflammation in these
studies, it is unclear whether this is a direct effect of JNK1 deletion on inflammatory signaling
or a secondary effect through less hepatic steatosis. Recently, Solinas et al. demonstrated that
selective JNK1 deletion in hematopoietic cells by bone marrow transplantation prevents
systemic and hepatic inflammation and subsequent development of insulin resistance induced
by high fat diet without affecting the level of obesity or hepatic steatosis.23 Thus, not only
JNK1 in insulin target cells such as hepatocytes but also in hematopoietic cells contributes to
the development of NAFLD. Given the impact of these multiple roles of JNK in the
pathogenesis of insulin resistance, obesity, hepatic steatosis, and inflammation, JNK might
play a central role in the progression of NAFLD.24 However, the mechanisms underlying the
contribution of JNK to the development of NASH-induced hepatic fibrosis, which leads to the
most important clinical consequence of cirrhosis, liver failure, and hepatocelullar cancer, are
still unresolved, partly because high fat diet fails to induce liver fibrosis, and MCD diet
develops minimal fibrosis with substantial body weight loss.

To overcome these problems in studying the genetics of NASH-induced fibrosis, we used the
choline-deficient L-amino acid-defined (CDAA) diet model (20 weeks) in mice, that has been
previously demonstrated to mimic human NASH in both mice and rats by sequentially
producing steatohepatitis, liver fibrosis, and liver cancer without any body weight loss.25–28

Our study shows that jnk1−/− mice were resistant to liver fibrosis as compared to wild-type or
jnk2−/− mice. Moreover, utilizing a similar system of bone marrow transplantation as described
by Solinas et al.,23 we found that JNK1 in hematopoietic cells, especially in Kupffer cells,
promotes the progression from simple steatosis to steatohepatitis and subsequent liver fibrosis
through mediating steatosis-induced chronic inflammation.
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Materials and Methods
Animal Model

Male and female wild-type C57BL/6, jnk1−/−, and jnk2−/− mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Mice were bred and housed in a temperature- and light-
controlled facility with unlimited access to food and water. For the CDAA diet-induced
steatohepatitis/liver fibrosis animal model, male 10 to 12 week-old mice were fed CDAA diet
or a corresponding control diet choline-supplemented L-amino acid-defined (CSAA) diet
(Dyets Inc., Bethlehem, PA) for 4 or 20 weeks. Serum levels of alanine aminotransferase (ALT)
were measured using a commercial kit (Biotron Diagnostic Inc., Hemet, CA). Serum endotoxin
level was measured using a commercial kit (Lonza, Walkersville, MD). The studies were
approved by the University of California San Diego Institutional Animal Care and Use
Committee and followed the National Institutes of Health guidelines outlined in “Guide for
the Care and Use of Laboratory Animals”.

Bone Marrow Transplantation
Chimeric mice were generated by bone marrow transplantation as previously described.29

Briefly, liposomal clodronate was intravenously injected (200 μl/mouse) into male 8 week-old
wild-type recipient mice to deplete endogenous Kupffer cells at one day before irradiation.
Bone marrow cells were then harvested in a sterile fashion from the tibia and femur of donor
mice and filtrated. After washing with Hank’s balanced salt solution, 1×107 bone marrow cells
were injected into tail veins of lethally irradiated (12 Gy) recipient mice. Full reconstitution of
hematopoietic cells including Kupffer cells by this system was evaluated by fluorescent-
activated cell sorting (FACS) analysis of peripheral blood cells and immunofluorescent
staining of liver sections in chimeric mice containing bone marrow cells from β-actin promoter-
driven green fluorescent protein (GFP) transgenic mice (Jackson Laboratories, Bar Harbor,
ME).29, 30 Eight weeks after transplanta tion, chimeric mice were fed CDAA diet or a
corresponding control diet for 20 weeks.

Fractionation of liver cells
Liver cells of wild-type mice fed CDAA diet for four weeks were fractionated into four major
cell populations i.e., hepatocytes, Kupffer cells, endothelial cells, and hepatic stellate cells as
previously described.31 For details, please refer to Supplementary Materials and Methods.

Isolation, culture, and treatment of Primary Kupffer cells
Mouse Kupffer cells were isolated and cultured as previously described.29, 32 For details, please
refer to Supplementary Materials and Methods.

Histological Analysis
Livers were removed, fixed with 10% buffered formalin, embedded in paraffin, and cut into
5-μm-thick sections. For frozen sections, liver tissues were fixed with 4% buffered formalin
and embedded in OCT compound. All specimens were stained with hematoxylin & eosin (HE)
and examined in a blinded fashion by a single pathologist. The degree of inflammation was
graded by the presence or absence of inflammatory cells with 0=none, 1=mild inflammation,
2=moderate inflammation, and 3=marked inflammation. Routine Sirius red (saturated picric
acid containing 0.1% Direct Red 80 and 0.1% Fast Green FCF) staining was performed to
visualize collagen deposition. The sirius red positive area was calculated in five random low-
power views on each slide using Image J Software (NIH). Immunohistochemical staining or
immunofluorescent staining for Kupffer cells was done with antibody against F4/80
(eBioscience, San Diego, CA) on paraffin or frozen sections, respectively. Oil red O staining
was performed with frozen sections for analysis of lipid accumulation in the liver.
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Other Materials and Methods
Other materials and methods for protein analysis, quantitative real-time polymerase chain
reaction (PCR), glucose tolerance test, insulin tolerance test, and hepatic triglyceride
measurement are described in the Supplementary Materials and Methods.

Statistical Analysis
Results were expressed as mean ± standard error of mean from at least three independent
experiments. Data between groups were analyzed by two-tailed t test. A P value of less than
0.05 was considered statistically significant.

Results
jnk1−/− Mice Are Resistant to CDAA diet-Induced Liver Fibrosis

To analyze the distinct roles for JNK isoforms in the development of NASH-induced liver
fibrosis, wild-type, jnk1−/−, and jnk2−/− mice were fed a control diet or a CDAA diet for 20
weeks. In contrast to previous reports with mice fed an MCD diet for shorter periods,7, 21 all
three strains of mice fed an CDAA diet did not show any body weight loss, allowing us to
observe these mice for 20 weeks without any dropouts (Table 1). CDAA diet for 20 weeks
induced hepatic steatosis and liver fibrosis as previously reported (Figure 1A).25–28 Although
wild-type mice fed a CDAA or a control (CSAA) diet showed impaired insulin sensitivity as
compared to mice fed a standard chow (data not shown, manuscript in preparation), there was
no difference in insulin sensitivity between mice on the CDAA diet and those on the control
(CSAA) diet. (Supplementary Figure S1). Levels of liver fibrosis assessed by Sirius red staining
were markedly reduced in jnk1−/− mice as compared to those of wild-type or jnk2−/− mice
(Figure 1A, 1B). This result was confirmed by decreased protein and mRNA levels of fibrosis
markers such as α-SMA, collagen-α1(I), TIMP-1, and TGF-β in the livers of jnk1−/− mice fed
CDAA-diet (Figure 1C, 1D). Thus, jnk1−/− mice are resistant to CDAA diet-induced liver
fibrosis.

CDAA diet-Induced Hepatic Steatosis does not differ between Wild-type, jnk1−/−, and
jnk2−/− Mice

JNK1 plays a critical role in the development of hepatic steatosis by high fat diet or MCD diet
in mice.21, 22 However, in our experimental model, levels of hepatic steatosis in wild-type,
jnk1−/−, and jnk2−/− mice fed the CDAA diet for 4 weeks or 20 weeks were comparable as
assessed by Oil red O staining (Figure 2A, Supplementary Figure S2A). Hepatic triglyceride
content and mRNA expression of lipogenic genes such as SREBP-1c and PPAR-γ induced by
CDAA diet were also equivalent in these three strains of mice (Figure 2B, 2C, Supplementary
Figure S2B, S2C). Furthermore, the ratios of liver weight to body weight that reflect the
hepatomegaly due to hepatic steatosis were similar in wild-type, jnk1−/−, and jnk2−/− mice fed
CDAA diet (Table 1). From these results, at least at the end of the 4 weeks or 20 weeks period,
CDAA diet-induced hepatic steatosis in wild-type, jnk1−/−, and jnk2−/− mice is similar and
does not explain the differences observed in liver fibrosis.

CDAA diet-Induced Hepatic Inflammation Is Reduced in jnk1−/− Mice
We next analyzed the levels of hepatic inflammation induced by CDAA diet in mice.
Immunohistochemical staining of liver sections for F4/80, a marker for Kupffer cells, revealed
that Kupffer cell accumulation was markedly greater in wild-type and jnk2−/− mice fed CDAA
diet than that of jnk1−/− mice despite similar levels of hepatic steatosis (Figure 3A,
Supplementary Figure 3A). The decreased inflammation in jnk1−/− mice was further
documented by a lower inflammatory score, lower ALT level, and lower hepatic protein and
mRNA expression of inflammatory markers such as TNF-α, IL-1β, IL-6, MCP-1, ICAM-1,
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and CD68 (Figure 3B, 3C, 3D, Supplementary Figure S3B). Since jnk1−/− mice had less liver
fibrosis and less inflammation despite similar levels of hepatic steatosis as compared to wild-
type or jnk2−/− mice, hepatic inflammation rather than steatosis correlates with liver fibrosis.

Kupffer Cells Contribute to the Development of CDAA diet-Induced Hepatic Inflammation
To characterize the hepatic inflammation in CDAA diet model, hepatic expression of
inflammatory genes was analyzed at several time points after the CDAA or control diet was
started. Hepatic mRNA levels of TNF-α and MCP-1 were already up-regulated in mice fed
CDAA diet for 2 weeks, and maintained high levels of expression until the end of the 20 week
period, suggestive of chronic inflammation in the liver (Figure 4A). To identify the cells
responsible for this persistent inflammation, liver cells of mice fed CDAA diet for four weeks
were fractionated into four major cell populations i.e., hepatocytes, Kupffer cells, endothelial
cells, and hepatic stellate cells, and expression of proinflammatory genes was analyzed. TNF-
α, IL-1β, and IL-6, were predominantly expressed in the Kupffer cell fraction (Figure 4B). In
addition to these genes, TGF-β, a pro-fibrogenic gene, was also predominantly expressed in
the Kupffer cell fraction, suggesting the crucial role of Kupffer cells in the development of
both hepatic inflammation and liver fibrosis (Figure 4B).

JNK1 Is Required for Cytokine Production in Kupffer Cells
To assess the role of JNK isoforms in Kupffer cells, primary Kupffer cells were isolated from
wild-type mice and treated with LPS, which is a potent activator of cytokine production in
Kupffer cells and LPS plasma levels are elevated in both patients with NAFLD and
experimental animal models, including our present study (Supplementary Figure S4).13, 33,
34 LPS treatment dramatically induced mRNA expression of TNF-α, IL-1β, and IL-6 in Kupffer
cells as expected, whereas these gene inductions were significantly blocked by pretreatment
with a JNK inhibitor, SP600125, suggesting the important role of JNK isoforms in Kupffer
cells (Figure 5A). To further assess the distinct roles for JNK1 and JNK2, Kupffer cells were
isolated from wild-type, jnk1−/−, and jnk2−/− mice, and treated with LPS. The results revealed
that the mRNA expression of TNF-α, IL-1β, and IL-6 was significantly reduced in jnk1−/−

Kupffer cells as compared to wild-type or jnk2−/− Kupffer cells (Figure 5B). These results
demonstrate that JNK1 is required for the production of proinflammatory cytokines in Kupffer
cells.

jnk1 Deletion in Hematopoietic Cells Decreases CDAA diet-Induced Hepatic Inflammation
To assess the role of JNK isoforms in Kupffer cells in the development of CDAA diet-induced
hepatic inflammation in vivo, we generated chimeric mice in which wild-type, wild-type
expressing transgenic GFP driven by the β-actin promoter, jnk1−/−, or jnk2−/− bone marrow
cells were transplanted to lethally irradiated wild-type recipient mice in combination with
liposomal clodronate to eliminate endogenous Kupffer cells. As previously reported,29 this
method achieves full reconstitution of hematopoietic cells including Kupffer cells, confirmed
by FACS analysis of peripheral blood and immunofluorescent staining of liver sections for
F4/80 in chimeric mice containing bone marrow cells from transgenic mice expressing GFP
driven by β-actin promoter (Supplementary Figure S5). Chimeric mice, in which resident non-
hematopoietic cells were wild-type but hematopoietic cells were replaced by either wild-type,
jnk1−/−, or jnk2−/− bone marrow cells, were then fed a CDAA diet or a control diet for 20 weeks.
As expected, both body weights and liver-to-body weight ratios were similar (Supplementary
Table S1), and also the levels of lipid deposition in the liver were similar between these chimeric
mice fed CDAA diet (Figure 6A). On the other hand, even with the same levels of hepatic
steatosis, Kupffer cell accumulation was markedly reduced in the chimeric mice with jnk1−/−

bone marrow cells as compared to chimeric mice with wild-type or jnk2−/− bone marrow cells
(Figure 6A, Supplementary Figure S6). The diminished inflammation in chimeric mice with
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jnk1−/− bone marrow cells was also confirmed by lower inflammatory score, and decreased
protein and mRNA expression of TNF-α, IL-1β, IL-6, MCP-1, ICAM-1, and CD68 in the liver
(Figure 6B, 6C, 6D). Thus, absence of jnk1 in hematopoietic cells including Kupffer cells
decreases CDAA diet-induced hepatic inflammation.

jnk1 Deletion in Hematopoietic Cells Decreases CDAA diet-Induced Liver Fibrosis
Finally, we assessed the levels of CDAA diet-induced liver fibrosis in these chimeric mice.
Even with similar levels of hepatic steatosis, chimeric mice with jnk1−/− bone marrow cells
had reduced liver fibrosis as compared to those chimeric mice with wild-type or jnk2−/− bone
marrow cells as assessed by Sirius red staining (Figure 7A, 7B). The decreased liver fibrosis
in chimeric mice with jnk1−/− bone marrow cells was further documented by less protein and
mRNA levels of fibrosis markers such as α-SMA, collagen-α1(I), TIMP-1, and TGF-β in the
liver (Figure 7C, 7D). Thus, deletion of jnk1 in hematopoietic cells including Kupffer cells
decreases CDAA diet-induced hepatic fibrosis. These results suggested that the development
of liver fibrosis is closely correlated with the level of hepatic inflammation that requires JNK1
in hematopoietic cells.

Discussion
JNK plays a central role in insulin resistance that underlies the development of the metabolic
syndrome.19, 20, 23 In the liver, in addition to its effect on acute hepatocelluar injury,35–40 JNK
activation is required for hepatic steatosis suggesting the important role of JNK in hepatocytes,
an insulin target cell.21, 22 However, previous studies have not characterized the distinct
contributions of JNK isoforms in the development of liver fibrosis, the final outcome of most
chronic liver diseases including NAFLD. The present study shows that JNK1 in hematopoietic
cells, non-insulin target cells, also plays a pivotal role in the formation of hepatic steatosis-
induced chronic inflammation and liver fibrosis.

Although high fat diet and MCD diet are commonly used as models of steatohepatitis, the
absence of collagen deposition and the loss of body weight are the major problems for long-
term fibrogenesis experiments. Our present study uses the CDAA diet. The essential difference
between the MCD and CDAA diets is the content of methionine. The CDAA diet is deficient
in choline only, but contains methionine, allowing one to observe the sequential development
of steatohepatitis, liver fibrosis, and cancer in a longer experimental period in both mice and
rats without any body weight loss.25–28 This reproduces the natural course of human NAFLD.
In our present study, no difference was found in body weights between mice fed a CDAA diet
or a control diet, allowing us to observe these mice for 20 weeks without any dropouts. More
importantly, we found a remarkable collagen deposition in wild-type and jnk2−/− mice but less
in jnk1−/− mice, suggesting the important role of JNK1 in the development of liver fibrosis.
On the other hand, unlike the high fat diet or other genetic models of metabolic syndrome such
as ob/ob or A-ZIP/F1 mice, insulin sensitivity was not altered by CDAA diet in wild-type and
jnk1−/− mice. Thus, insulin resistance (IR), another characteristic of NAFLD, was not
reproduced by CDAA diet. However, this fact means that IR is not essential for the development
of liver fibrosis, at least in this model. Given the role of JNK1 in fatty liver formation,21, 22

less liver fibrosis in jnk1−/− mice could be due to less hepatic steatosis. However, to our surprise,
the levels of hepatic fat deposition were equivalent in wild-type, jnk1−/−, and jnk2−/− mice.
This is in contrast to studies demonstrating less steatosis in jnk1−/− mice fed high fat diet or
MCD diet. This is probably because the CDAA diet inhibits lipid secretion from liver that
would induce hepatic steatosis independent from genetic background.41 On the other hand, the
level of hepatic inflammation was less in jnk1−/− mice compared to those of wild-type and
jnk2−/− mice. Thus, in our 20 weeks CDAA diet steatohepatitis/liver fibrosis model, jnk1−/−

mice had less fibrosis with less inflammation despite similar levels of steatosis in the liver.
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Similar to human NASH, the present study demonstrated chronic hepatic inflammation, which
is mediated by Kupffer cells, in mice fed CDAA diet. Furthermore, consistent with previous
reports,23 our in vitro experiments clearly showed that JNK1 but not JNK2 is required for the
production of proinflammatory cytokines in primary Kupffer cells. Based on these results, we
hypothesized that JNK1 in Kupffer cells plays a role in the development of CDAA diet-induced
hepatic inflammation and subsequent liver fibrogenesis. JNK1 and JNK2 are ubiquitously
expressed in most cells including hepatocytes, where have been implicated in hepatic steatosis
and subsequent hepatocellular injury.21, 22, 38, 39 To separate the genetic analysis of Kupffer
cells from other lineages of cells in vivo, we generated chimeric mice in which only the
hematopoietic compartment including Kupffer cells is replaced by either wild-type, jnk1−/−,
or jnk2−/− cells. Although these chimeric mice developed similar levels of hepatic steatosis on
the CDAA diet, chimeric mice with jnk1−/− bone marrow cells had reduced hepatic
inflammation as compared to those chimeric mice with wild-type or jnk2−/− bone marrow cells.
Together with our in vitro data, these results suggested that JNK1 in hematopietic cells is
required for hepatic steatosis-induced inflammation, at least in part, by Kupffer cell activation.
jnk1 deletion in hematopoietic cells also resulted in less accumulation of Kupffer cells in the
liver of mice fed CDAA diet. However, the number of Kupffer cells was equivalent between
the three types of chimeric mice fed the control diet (Supplementary Figure S3, S6), jnk1−/−

Kupffer cells had less induction of proinflammatory cytokines in vitro, and jnk1−/−

macrophages display normal chemotactic activity,23 suggesting that less inflammation due to
less Kupffer cell activation might cause less recruitment of peripheral monocytes. In
accordance with this concept, hepatic expression of ICAM-1 was reduced in both jnk1−/− mice
and chimeric mice with jnk1−/− bone marrow cells.

Finally, we evaluated the level of liver fibrosis in these chimeric mice. Chimeric mice with
jnk1−/− bone marrow cells had reduced liver fibrosis as compared to chimeric mice with wild-
type or jnk2−/− bone marrow cells. The observations that less hepatic inflammation and less
liver fibrosis despite similar hepatic steatosis in chimeric mice with jnk1−/− bone marrow cells
suggests that JNK1 in hematopoietec cells contributes to the development of liver fibrosis
through mediating hepatic inflammation. Previous studies demonstrated that Kupffer cells can
interact with hepatic stellate cells, accelerate their activation, and promote their fibrogenic
responses in vitro.29, 42, 43 The present study demonstrated that Kupffer cells are the major
producer of TGF-β, the most potent fibrogenic cytokine, in the livers of mice fed the CDAA
diet. Taken together, activated Kupffer cells may promote the development liver fibrosis
through directly activating hepatic stellate cells by producing TGF-β. Our present study does
not exclude the possible contribution of JNK1 in non-hematopoietic cells such as hepatocytes,
endothelial cells, or hepatic stellate cells to the development of liver fibrosis. Our ongoing
experiments with bone marrow transplantation of wild-type bone marrow cells into jnk1−/−

mice will quantitate any contribution of JNK1 in these cells.

In summary, our results demonstrate that JNK1 in hematopoietic cells including Kupffer cells
contributes to the development of diet-induced liver fibrosis through mediating the hepatic
steatosis-induced chronic inflammation. Given the multiple roles of JNK signaling in
hepatocyte survival or liver regeneration,44, 45 JNK1 in hematopoietic cells would be an
attractive target for anti-inflammatory therapy against steatohepatitis and liver fibrosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
CDAA  

choline-deficient L-amino acid-defined

FACS  
fluorescent-activated cell sorting

GFP  
green fluorescent protein

HE  
hematoxylin-eosin

ICAM-1  
intracellular adhesion molecule-1

IL  
interleukin

JNK  
c-Jun N-terminal kinase

LPS  
lipopolysaccharide

MCD  
methionine- and choline-deficient

MCP-1  
monocyte chemoattractant protein-1

NAFLD  
nonalcoholic fatty liver disease

NASH  
nonalcoholic steatohepatitis

PCR  
polymerase chain reaction

PPAR-γ  
peroxisome proliferator-activated receptor-γ

α-SMA  
α-smooth muscle actin

SREBP-1c  
sterol regulatory element binding protein-1c

TGF-β  
transforming growth factor-β

TIMP-1  
tissue inhibitor of metalloproteinase-1
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TNF-α  
tumor necrosis factor-α

WT  
wild-type
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Figure 1. jnk1−/− mice are resistant to CDAA diet-induced liver fibrosis
Wild-type, jnk1−/−, or jnk2−/− mice were fed a CDAA diet (n = 6–8) or a control diet (n = 4–
6) for 20 weeks. (A) HE staining of liver sections is shown (upper panel). Collagen deposition
was evaluated by Sirius red staining (lower panel). (B) Sirius red positive area was quantified.
(C) Protein expression of α-SMA and α-tubulin as loading control in whole liver extracts was
analyzed by Western blot analysis. (D) Hepatic expression of collagen-α1(I), α-SMA, TIMP-1,
and TGF-β mRNA was measured by quantitative real-time PCR and normalized to 18S mRNA
expression. Values are mean±standard error. *P<0.01, **P<0.05 (jnk1−/− vs wild-type). WT,
wild-type.
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Figure 2. CDAA diet-induced hepatic steatosis does not differ between wild-type, jnk1−/−, and
jnk2−/− Mice
Wild-type, jnk1−/−, or jnk2−/− mice were fed a CDAA diet (n = 6–8) or a control diet (n = 4–
6) for 20 weeks. (A) Lipid accumulation was evaluated by Oil red O staining of liver sections.
(B) Hepatic triglyceride content was measured. (C) Hepatic expression of SREBP-1c and
PPAR-γ mRNA was measured by quantitative real-time PCR. Values are mean±standard error.
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Figure 3. CDAA diet-induced hepatic inflammation is reduced in jnk1−/− mice
Wild-type, jnk1−/−, or jnk2−/− mice were fed a CDAA diet (n = 6–8) or a control diet (n = 4–
6) for 20 weeks. (A) Immunohistochemical staining for F4/80 on liver sections is shown. (B)
The degree of hepatic inflammation was graded. (C) Hepatic TNF-α protein level was analyzed
by ELISA. (D) Hepatic expression of TNF-α, IL-1β, IL-6, MCP-1, ICAM-1, and CD68 mRNA
was measured by quantitative real-time PCR. Values are mean±standard error. *P<0.01,
**P<0.05 (jnk1−/− vs wild-type).
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Figure 4. CDAA diet-induced hepatic inflammation is mediated by Kupffer cells
(A) TNF-α and MCP-1 mRNA expression in the liver of mice fed CDAA diet or control diet
were analyzed by quantitative real-time PCR at indicated time points (n = 3/time point). Values
are mean±standard error. (B) Livers from mice fed CDAA diet for four weeks were fractionated
into four major cell populations as described in Materials and Methods section. Expression of
TNF-α, IL-1β, IL-6, and TGF-β mRNA was measured by quantitative real-time PCR. Results
are expressed relative to the expression in hepatocyte fraction. Values are mean±standard error.
Hep, hepatocytes; KC, Kupffer cells; EC, endothelial cells; HSC, hepatic stellate cells.
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Figure 5. JNK1 is required for cytokine production in Kupffer cells
Expression of TNF-α, IL-1β, and IL-6 mRNA was measured by quantitative real-time PCR in
mouse primary Kupffer cells with or without LPS treatment (100 ng/ml) for 3 hours. (A)
Primary Kupffer cells isolated from wild-type mice were pre-treated with DMSO or SP600125
followed by LPS treatment. Values are mean±standard error. *P<0.01 (SP600125 vs DMSO).
(B) Primary Kupffer cells isolated from wild-type, jnk1−/−, and jnk2−/− mice were treated with
LPS. Values are mean±standard error. *P<0.01 (jnk1−/− vs wild-type).
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Figure 6. jnk1 deletion in hematopoietic cells decreases CDAA diet-induced liver fibrosis
Chimeric mice with wild-type, jnk1−/−, or jnk2−/− bone marrow cells were fed a CDAA diet
(n = 8–10) or a control diet (n = 4–6) for 20 weeks. (A) HE staining of liver sections (upper
panel) and immunohistochemical staining for F4/80 on liver sections (lower panel) are shown.
(B) The degree of hepatic inflammation was graded. (C) Hepatic TNF-α protein level was
analyzed by ELISA. (D) Hepatic expression of TNF-α, IL-1β, IL-6, MCP-1, ICAM-1, and
CD68 mRNA was measured by quantitative real-time PCR. Values are mean ±standard error.
*P<0.01, **P<0.05 (jnk1−/−BM vs WT-BM). WT-BM, chimeric mice with wild-type bone
marrow cells; jnk1−/− BM, chimeric mice with jnk1−/− bone marrow cells; jnk2−/− BM,
chimeric mice with jnk2−/− bone marrow cells.
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Figure 7. jnk1 deletion in hematopoietic cells decreases CDAA diet-Induced liver fibrosis
Chimeric mice with wild-type, jnk1−/−, or jnk2−/− bone marrow cells were fed a CDAA diet
(n = 8–10) or a control diet (n = 4–6) for 20 weeks. (A) Collagen deposition was evaluated by
Sirius red staining. (B) Sirius red positive area was quantified. (C) α-SMA and α-tubulin
expression in whole liver extracts were analyzed by Western blot analysis with antibodies
against α-SMA and α-tubulin. (D) Hepatic expression of collagen-α1(I), α-SMA, TIMP-1, and
TGF-β mRNA was measured by quantitative real-time PCR. Values are mean±standard error.
*P<0.01, **P<0.05 (jnk1−/−BM vs WT-BM). WT-BM, chimeric mice with wild-type bone
marrow cells; jnk1−/− BM, chimeric mice with jnk1−/− bone marrow cells; jnk2−/− BM,
chimeric mice with jnk2−/− bone marrow cells.
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