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Abstract
Background & Aims—c-Jun N-terminal kinase (JNK) is activated by multiple profibrogenic
mediators; JNK activation occurs during toxic, metabolic, and autoimmune liver injury. However,
its role in hepatic fibrogenesis is unknown.

Methods—JNK phosphorylation was detected by immunoblot analysis and confocal
immunofluorescent microscopy in fibrotic livers from mice after bile duct ligation (BDL) or CCl4
administration and in liver samples from patients with chronic hepatitis C and non-alcoholic
steatohepatitis. Fibrogenesis was investigated in mice given the JNK inhibitor SP600125 and in
JNK1- and JNK2-deficient mice following BDL or CCl4 administration. Hepatic stellate cell (HSC)
activation was determined in primary mouse HSCs incubated with pan-JNK inhibitors SP600125
and VIII.

Results—JNK phosphorylation was strongly increased in livers of mice following BDL or CCl4
administration as well as in human fibrotic livers, occurring predominantly in myofibroblasts. In
vitro, pan-JNK inhibitors prevented transforming growth factor (TGF)β-, platelet-derived growth
factor (PDGF)-, and angiotensin II-induced murine HSC activation and decreased PDGF and
TGFβ signaling in human HSCs. In vivo, pan-JNK inhibition did not affect liver injury but
significantly reduced fibrosis after BDL or CCl4. JNK1-deficient mice had decreased fibrosis after
BDL or CCl4 whereas JNK2-deficient mice displayed increased fibrosis after BDL but fibrosis was
not changed after CCl4. Moreover, patients with chronic hepatitis C who displayed decreased fibrosis
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in response to the angiotensin receptor type 1 blocker losartan showed decreased JNK
phosphorylation.

Conclusion—JNK is involved in HSC activation and fibrogenesis and represents a potential target
for antifibrotic treatment approaches.

Introduction
Hepatic fibrosis is the result of chronic hepatocellular injury and the first step towards the
development of clinically relevant complications such as cirrhosis and hepatocellular
carcinoma1,2. While acute hepatocellular injury leads to the activation of a transient wound
healing response and restoration of normal liver architecture, chronic liver injury leads to a
persistent activation of wound healing responses and increasing deposition of extracellular
matrix (ECM) proteins. In advanced stages, increased ECM leads to changes in the hepatic
blood-flow and portal hypertension, as well as the replacement of healthy liver parenchyma
by scar tissue1,2. However, the signals that promote the activation of myofibroblasts and
deposition of ECM are only incompletely understood.

c-Jun N-terminal kinase (JNK) is a member of the MAP kinase family and involved in the
regulation of proliferation, cell death, inflammation and metabolism3,4. JNK1 and JNK2 are
ubiquitously expressed whereas JNK3 expression is largely restricted to the central nervous
system, testis and heart. JNKs are activated in response to stimuli such as inflammatory
cytokines, bacterial products, oxidative stress and irradiation3,4. Many effects of JNKs are
mediated through phosphorylation of their target c-Jun that hetero- and homodimerizes with
other Jun and Fos family members to form AP-1 transcription factors5. In addition to their
archetypical target c-Jun, JNKs also phosphorylate a number of other targets which is likely
the basis for their involvement in a wide range of biological processes such as cell death,
proliferation and inflammation6. JNKs play a crucial role in liver regeneration7,8 and
hepatocyte death9,10. Although JNKs are involved in the regulation of liver injury in response
to TNFα, Concanavalin A, ischemia-reperfusion, acetaminophen intoxication, high-fat diet and
hepatic carcinogens9,11–16, their role in the subsequent wound healing response is not known.
In hepatic stellate cells (HSCs), a cell type that is crucially involved in the promotion of hepatic
fibrosis17, profibrogenic mediators such as platelet-derived growth factor (PDGF),
transforming growth factor (TGF)β and angiotensin II (AngII) promote JNK activation18,19.
Moreover, JNK contributes to α-smooth muscle actin (αSMA) expression in early stages of
HSC activation and to HSC migration19,20 supporting a potential role for JNK in the
development of liver fibrosis. On the other hand, JNK is also involved in potential anti-
fibrogenic effects such as the promotion of TNFα- and sulfasalazine-induced cell death in HSCs
and fibroblasts21,22.

Here we investigate the role of JNK in hepatic fibrogenesis using a combination of
pharmacologic and genetic in vivo approaches as well as experiments in primary HSCs. We
present evidence that JNK activation in the fibrotic liver occurs in myofibroblasts in both mice
and humans, and that JNK plays a crucial role in the activation of HSCs and development of
liver fibrosis.

Methods
Mice and fibrosis induction

Balb/c mice, JNK1-deficient mice (backcrossed 5 times to C57B1/6,
http://jaxmice.jax.org/strain/004319.html) and JNK2-deficient mice (in pure C57Bl/6
background, http://jaxmice.jax.org/strain/004321.html) and C57Bl/6 were obtained from
Jackson laboratories. JNK1-deficient mice were crossed with C57Bl/6 mice, and the resulting

Kluwe et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://jaxmice.jax.org/strain/004319.html
http://jaxmice.jax.org/strain/004321.html


heterozygous mice were used to establish JNK1-deficient and wild-type JNK1 control strains.
Mice were kept in a specific pathogen-free environment at Columbia University. Transgenic
mice expressing collagen α1(I)-driven green fluorescent protein (GFP) and αSMA-driven red
fluorescent protein (RFP) have been described23,24. Hepatic fibrosis was induced in 8–12
week-old age-matched male mice by ligating the common bile duct (BDL) as described24, by
4–6 gavages or 8 intraperitoneal injections of CCl4 (0.5 µl/g body weight, diluted 1:3 in corn
oil, given every 3 days). For pharmacologic JNK inhibition, mice were injected twice daily
intraperitoneally with 0.5 or 1 mg SP600125 dissolved in 15 µl DMSO (LC Laboratories), or
DMSO vehicle.

Mouse HSC isolation and culture
HSCs were isolated by pronase-collagenase perfusion followed by Nycodenz-based density
centrifugation and cultured as described24. Purity as determined by vitamin A autofluorescence
routinely exceeded 95%. Experiments in murine HSCs were performed between 2 and 7 days
after isolation. All animal procedures were approved by the Columbia University Institutional
Animal Care and Use Committee.

Human liver samples and HSCs
Human liver samples were from liver biopsies performed in patients with chronic hepatitis C
and non-alcoholic steatohepatitis (NASH). Fragments of normal livers were obtained from
resections of liver metastasis of colon cancer. Human HSCs were isolated by density gradient-
based centrifugation from normal liver as described25 and used between passage 3 and 5.
Procedures involving human materials were approved by the Investigational Review Board of
the Hospital Clínic of Barcelona. Paraffin-embedded samples were also obtained from patients
with chronic hepatitis C that were enrolled in an open-label study with the angiotensin type 1
receptor blocker losartan (50 mg/day for 18 months)26,27. The protocol was approved by the
Ethics Committee of the Hospital Clínic of Barcelona and the Agencia Española del
Medicamento as a phase IV trial (ARAHEPC 02-0491), and registered into the protocol
registration system (NCT00298714).

Fibrosis evaluation by Sirius red staining and hydroxyproline assay
Sirius red staining of paraffin-embedded liver sections was performed as described24. The
Sirius red-positive area was quantified in at least 10 low-power fields using Adobe Photoshop
and ImageJ in a blinded fashion. Hydroxyproline assays were performed as described24.

Immunoblot analysis
Electrophoresis and immunblotting were performed as described24. Blots were incubated with
anti-αSMA (Sigma) at 1:5000, anti-phospho c-Jun (Santa Cruz), total c-Jun, total JNK or anti-
phospho JNK (all Cell Signaling) at 1:1000, and reprobed with anti-actin (MP Biomedicals)
or anti-tubulin (Santa Cruz) mouse antibodies.

Immunohistochemistry, confocal immunofluorescent microscopy, and image quantification
Paraffin sections were incubated with anti-αSMA (Abcam, 1:100), anti-p-JNK (Cell Signaling,
1:30), anti-keratin (Dako, 1:1500), anti-keratin 8 (DSHB, 1:50), anti-F4/80 (eBioscience, 1:50
to 1:350), anti-GFP (Abcam, 1:100) and either with secondary labeled polymer HRP anti-rabbit
envision antibody (Dako) followed by DAB or the fluorescent horseradish-peroxidase
substrate TSA solution Cyanin3 (Perkin Elmer), or a secondary AlexaFluor488-conjugated
chicken anti-goat or anti-rat antibody (both Molecular Probes). Immunofluorescent staining
was visualized on a Zeiss LSM510 confocal microscope using 1 µM plane thickness. αSMA
and p-JNK were quantified with Adobe Photoshop and AnalySIS software, respectively.
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TGFβ reporter assays
HSCs were co-infected with Ad(CAGA)9-Luc and AdLacZ at a multiplicity of infection of
100 and 10 particles/cell, respectively, for 12 hours as described24. Following serum starvation,
cells were treated with recombinant human TGFβ1 (R&D systems) at 10–100 pg/ml for 6h.
Luciferase activity was measured in a platereader (Fluostar Optima) and normalized to β-
galactosidase as described28.

[3H]-thymidine incorporation
Serum-starved HSCs (0.4 × 105/well) were pretreated with SP600125 (5 µM), JNK inhibitor
VIII (Calbiochem, 16 µM) or vehicle (0.1% DMSO) followed by PDGF treatment (20 nM) for
26h. Eighteen hours after PDGF stimulation, cells were pulsed with 1 µCi/mL [3H]-thymidine
(Amersham Biosciences) for 8h, followed by TCA-precipitation, lysis, and measurement in a
scintillation counter.

Real time PCR
Quantitative real time PCR (qPCR) was performed as previously described using commercial
primer-probe pairs (Applied Biosystems), normalization to 18s and relative quantification by
standard curve24.

Statistical Analysis
All data are expressed as mean ±SD. Differences between experimental and control groups
were assessed by two-tailed unpaired Student t test. p values less than 0.05 were considered
significant.

Results
JNK is activated in hepatic myofibroblasts during hepatic fibrogenesis

JNK plays a key role in liver injury after concanavalin A, TNFα, high-fat diet, acetaminophen
intoxication, carcinogen exposure or ischemia-reperfusion injury 9,11–16. To test the role of
JNK in hepatic wound healing responses to chronic injury, we first analyzed the
phosphorylation status of JNK and its target c-Jun in mice following BDL or CCl4 treatment.
We observed a strong activation of the JNK pathway as demonstrated by elevated
phosphorylated JNK (p-JNK), phosphorylated c-Jun and total c-Jun levels in livers extracts of
BDL- and CCl4-treated mice (Fig. 1A–B, Supplementary Fig. 1A). Immunohistochemistry
revealed almost no p-JNK in hepatocytes of BDL-treated mice (Fig. 1C–D) but intense p-JNK
staining in periportal areas of BDL mice that markedly reproduced the pattern of fibrotic areas
(Fig. 1C). In CCl4-induced fibrosis we also detected p-JNK in fibrotic septae, and not within
the hepatic parenchyma (Fig. 1D). To assess whether p-JNK was localized in myofibroblasts
within the fibrotic areas, mice expressing collagen-driven GFP underwent CCl4 treatment or
BDL followed by costaining of liver sections for GFP and p-JNK. Confocal microscopy
revealed that myofibroblasts constituted a large proportion of p-JNK-expressing cells both in
the BDL and the CCl4 fibrosis model as seen by orange fluorescence (Fig. 1E–F). Following
BDL, there was also some p-JNK staining in bile duct epithelial cells as previously
reported29 (Supplementary Fig. 1 B,C). There was no p-JNK staining in the great majority of
Kupffer cells both in the BDL and the CCl4 model (Supplementary Fig. 1 D,E).

Pharmacologic JNK inhibition reduces experimental fibrogenesis in mice
As our data showed p-JNK activation predominantly in myofibroblasts of the fibrotic liver, we
next evaluated whether JNK is functionally involved in fibrogenesis. For this purpose, we
inhibited JNK activation in mice that underwent BDL or CCl4 treatment using SP600125, a
well-characterized JNK inhibitor that has shown significant effects in acetaminophen-induced
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liver injury13,14. SP600125 significantly reduced hepatic fibrosis after BDL as assessed by
Sirius Red staining, hydroxyproline quantification, αSMA immunohistochemistry and
immunoblot analysis in two independent cohorts (Fig. 2A–D, Supplementary Fig. 2A). Five
days after BDL, a time point at which injury is most prominent, we found no significant
reduction of hepatocellular injury as determined by serum ALT levels, and quantification of
bile infarcts (Fig. 2E–F). A similar reduction of the Sirius Red positive area, hydroxyproline
content and αSMA expression but no reduction in injury was found in SP600125-treated mice
that received CCl4 (Fig. 3A–E). Quantification of keratin-positive cholangiocytes revealed no
significant difference in bile duct proliferation by SP600125 (Supplementary Fig. 2 B). There
was a reduction of some inflammatory parameters in mice treated with SP600125 with
significant reductions of MCP-1 in the BDL model, and TNFα in the CCl4 model
(Supplementary Fig. 3A,B). There was no significant difference in the infiltration of F4/80-
positive macrophages between SP600125- and vehicle-treated mice in both fibrosis models
(Supplementary Fig. 2 C, D).

JNK activity is required for TGFβ-, AngII- and PDGF-induced HSC activation and proliferation
As myofibroblasts were the only cell population in which pJNK was found consistently at high
levels in both models of fibrogenesis, we next determined the role of JNK in the activation of
HSCs, an important source of hepatic myofibroblasts. TGFβ strongly promoted JNK activation
in HSCs, and JNK inhibitors SP600125 and inhibitor VIII efficiently reduced TGFβ-induced
JNK activation (Fig. 4A). Neither inhibitor had toxic effects in HSCs (Supplementary Fig. 4).
We found a significant reduction of TGFβ-driven CAGA activity by SP600125 and inhibitor
VIII (data not shown) confirming previous findings that JNK inhibition blocks the activity of
a Smad-dependent PAI-I reporter19. Notably, incubation of HSCs with SP600125 or JNK
inhibitor VIII blunted αSMA induction by TGFβ (Fig. 4B). Moreover, JNK inhibitors
drastically reduced TGFβ-induced α-SMA reporter activity in HSCs isolated from transgenic
mice expressing RFP under the control of the αSMA promoter (Fig. 4C). AngII, another well-
established profibrogenic mediator, also strongly induced c-Jun phosphorylation which was
efficiently inhibited by both SP600125 and inhibitor VIII (Fig. 4D). Moreover, SP600125 and
inhibitor VIII blunted the strong induction of Ang-induced αSMA expression and αSMA-
dependent RFP reporter activity (Fig. 4E–F). Moreover, SP600125 and inhibitor VIII markedly
reduced PDGF-mediated [3H]-thymidine uptake (Supplementary Fig. 5).

JNK1 but not JNK2 promotes fibrogenesis
To confirm the profibrogenic role of JNK by a genetic approach and to assess the contribution
of different JNK isoforms, we next performed BDL in JNK1- and JNK2- deficient mice. We
found a significant reduction of Sirius red staining in JNK1-deficient mice (Fig. 5A) whereas
the Sirius red positive area was increased in two cohorts of JNK2-deficient mice (Fig. 6A,
Supplementary Fig. 6A). Moreover, JNK1-deficient mice displayed a decrease in hepatic
hydroxyproline content and αSMA protein (Fig. 5 B–D) whereas JNK2-deficient mice
displayed increased αSMA expression and hydroxyproline content (Fig. 6B–D). JNK1-
deficiency did not reduce hepatocellular injury 5 days after BDL (Fig. 5 E–F), and showed no
changes in hepatic MCP-1 and TNFα expression (Supplementary Fig. 7A). There was a trend
towards less bile duct proliferation in JNK1-deficient mice but this did not reach statistical
significance (Supplementary Fig. 7B) In contrast, JNK2-deficient mice displayed significant
decreased ALT levels and bile infarcts (Fig. 6 E–F) but no significant changes in MCP-1 and
TNFα expression (Supplementary Fig. 6). In a second model of fibrogenesis, CCl4 treatment,
JNK1-deficient mice again showed a significant reduction of fibrosis (Supplementary Fig. 8)
but no significant changes in hepatic inflammation (data not shown) whereas fibrosis remained
unchanged in JNK2-deficient mice.
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JNK is activated in human fibrogenesis
Immunohistochemistry of fibrotic livers from patients with chronic hepatitis C and NASH
displayed a significant increase in the expression of p-JNK (Suppl. Fig. 9). Although previous
studies had described p-JNK in apoptotic hepatocytes in cirrhotic human liver30, we found p-
JNK predominantly in fibrotic areas and in areas with high αSMA expression similar to the
results observed in mice (Fig. 7A). Notably, confocal immunofluorescent microscopy
demonstrated co-localization of p-JNK and αSMA in patients with hepatitis C (n=3) or NASH
(n=3) as seen by the orange fluorescence (Fig. 7B). In primary human HSCs, both PDGF and
TGFβ strongly increased c-Jun phosphorylation, which was efficiently inhibited by SP600125
and inhibitor VIII (Fig. 7 C,D). Pharmacological inhibition of JNK strongly reduced TGFβ-
induced CAGA reporter activity (Fig. 7C), and significantly decreased PDGF-induced [3H]-
thymidine uptake (Fig. 7D). Notably, SP600125 and inhibitor VIII had no toxic effects on
human HSCs (Supplementary. Fig. 4). To provide additional evidence for the involvement of
JNK in human fibrogenesis, p-JNK expression was investigated in patients with chronic
hepatitis C who were enrolled in an interventional study to study anti-fibrotic effects of the
angiotensin type 1 receptor blocker losartan26,27. We detected a significant reduction of p-JNK
expression in patients who responded to losartan with a reduction of fibrosis whereas p-JNK
expression remained unchanged in patients who did not respond to losartan (Suppl. Fig. 10).

Discussion
The activation of JNK occurs in response to a wide array of cellular stress including injury and
wound healing responses31–33. Moreover, JNK plays an important role in fibroblasts31,34 and
HSCs19,20, and has been implicated in the regulation of injury in toxic, metabolic, autoimmune
and neoplastic liver disease9,11,13–16. Data from our study demonstrate for the first time a
significant decrease in fibrosis by JNK inhibition in models of toxic and biliary liver fibrosis.
Moreover, these results were further expanded by genetic studies which revealed a significant
reduction of fibrosis in JNK1-deficient mice in two models of fibrogenesis. Interestingly, we
did not find any significant effects of pharmacologic JNK inhibition or genetic JNK1 deficiency
on hepatocellular injury suggesting that the reduced fibrogenesis was not secondary to reduced
injury. These results are in agreement with previous studies in which CCl4-induced liver injury
was not reduced by the JNK inhibitor SP60012513,14. Thus, it is likely that JNK inhibition
exerts cytoprotective effects in the liver only under specific conditions, e.g. in TNF-mediated
acute liver injury. The absence of p-JNK in parenchymal cells in both the BDL and CCl4 models
of fibrogenesis further corroborates our finding that JNK inhibition does not protect from
hepatocellular injury in these two models. Although our study found a reduction of some
inflammatory mediators in fibrotic mice treated with SP600125, these parameters were not
consistently reduced in both models of fibrosis, and there was no significant reduction in JNK1-
deficient mice. Moreover, we found no activation of JNK in the majority of Kupffer cells, and
there was no reduction in macrophage infiltration in SP600125-treated mice suggesting that
modulation of inflammation is not the main mechanism by which JNK signaling promotes
toxic and biliary fibrosis.

A common finding in both models of liver fibrosis in our study was the strong staining of p-
JNK in collagen-producing cells supporting the hypothesis that JNK is directly involved in
fibrogenic signaling. This notion is supported by our finding that inhibition of JNK by two
different pharmacologic inhibitors not only attenuated TGFβ-induced HSC activation, but also
decreased AngII-induced HSC activation as well as PDGF-induced HSC proliferation of HSCs,
a crucial fibrogenic cell population of the liver17. These data extend previous studies that
demonstrated a role for JNK in TGFβ- and PDGF-mediated HSC migration as well as serum-
induced HSC proliferation and α-SMA expression19,20. Thus, inhibition of several key
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profibrogenic signaling pathways appears to be the key mechanism by which JNK inhibition
reduces myofibroblast activation and fibrosis in vivo.

Our studies in JNK-deficient mice not only support a role for JNK in fibrogenesis but also
suggest distinct functions for JNK1 and JNK2 in the fibrogenic response with JNK1 acting as
the major profibrogenic isoform. Whereas JNK1-deficiency protected from BDL and CCl4-
induced fibrosis, JNK2-deficiency promoted BDL-induced fibrosis and had no effect on
fibrosis in the CCl4 model. There was a moderate (54%) upregulation of JNK1 mRNA levels
in the JNK2ko mice but this was statistically not significant (p=0.197). Thus, it is unlikely that
increased levels of JNK1 contribute to enhanced fibrogenesis in JNK2-deficient mice. The
different effect of JNK2-deficiency in the two different fibrosis models is likely due to different
activation of profibrogenic pathways in these models such as the TGFβ pathway35. Our data
are comparable to a recent study in which JNK1-deficiency reduced liver fibrosis in a dietary
model of NASH36. However, in this model the profibrotic effects of JNK1 were indirectly
mediated by JNK1-dependent promotion of inflammation. Thus, it is possible that JNK1
promotes fibrosis by different mechanisms depending on the underlying liver disease.
Interestingly, preliminary data show an association of single nucleotide JNK1 polymorphisms
with development of HCV-related liver fibrosis but no association of JNK2 polymorphisms
(personal communication from Javier Chaves, Valencia, Spain) further emphasizing the
potential role for JNK1 in liver fibrogenesis. Distinct and often opposing functions of JNK1
and JNK2 in the liver have been reported for a number of other hepatic diseases such as MCD-
and high-fat diet-induced hepatic steatosis and steatohepatitis15,36,37, TNFα-induced
injury11, and DEN-induced hepatocellular carcinoma8. However, the molecular basis for these
differences is not well understood, and likely to be based on yet-uncharacterized differences
in substrate specificities between JNK1 and JNK2. For example, it has been suggested that
JNK1 is the major c-Jun phosphorylating kinase whereas JNK2 regulates c-Jun stability34. In
the liver, the Jun family member and JNK target JunD exerts profibrogenic effects38. However,
this profibrogenic effect was independent of JNK-mediated phosphorylation38 suggesting that
the JNK and JunD promote fibrogenesis through 2 distinct mechanisms. In our study,
differences in liver injury could not explain the different fibrosis-promoting effects of JNK1
and JNK2 as liver injury in JNK1-deficient mice was unchanged, and liver injury in JNK2-
deficient mice was decreased (which would explain a decrease but not the observed increase
in fibrosis). Data from our study display similarities to the role of JNK1 in kidney and lung
fibrosis. In the lung, JNK1 mediates bleomcyin- and TGFβ-induced pulmonary fibrosis as well
as the expression of TGFβ-regulated genes and genes associated with epithelial-mesenchymal
transition (EMT)39,40. Since the role of EMT in the liver remains controversial, and a recent
study using an advanced cell tracking system found no evidence for EMT of hepatocytes41,
we consider it unlikely that JNK1 predominantly contributes to hepatic fibrosis through this
mechanism. In the kidney, JNK1-deficient but not JNK2-deficient mice display a significant
reduction of αSMA-expressing cells after unilateral ureter obstruction42. Morever, unilateral
ureter obstruction activates JNK1 in an AngII-dependent manner as demonstrated by the ability
of the angiotensin type 1 receptor blocker candesartan to diminish JNK1 activation and to
decrease renal fibrosis43. Thus, JNK1 appears to be a common mediator of the fibrogenic
response, and a key component of the signaling pathway of the profibrogenic TGFβ and AngII
pathways in several organs.

Our data in murine fibrogenesis was confirmed in human HSCs and in patients with NASH
and HCV: (i) There was a strong upregulation of p-JNK expression in fibrotic HCV and NASH
livers. (ii) p-JNK was localized in myofibroblasts not only in chronic hepatitis C but
surprisingly also in NASH livers. (iii) JNK was involved in TGFβ and PDGF signaling in
human HSCs. (iv) We detected a significant decrease in p-JNK expression in livers from
patients who had responded to the angiotensin receptor 1 blocker losartan with reduced fibrosis
but found no decrease in non-responders. The latter results suggest a relationship between the
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degree of fibrosis and the amount of p-JNK in the liver. Considering that JNK activity was
required for AngII-mediated HSC activation, one could also speculate that AngII represents
an important mediator of JNK activation in the fibrotic liver. In view of the unchanged p-JNK
expression in non-responders, it is most likely that the decreased expression of p-JNK in
responders is a consequence of decreased fibrosis. Together with our results in primary HSCs
and murine models of liver fibrosis, our human data strongly suggest a role for JNK in the
fibrogenic process and render JNK a potential target for anti-fibrotic treatment. Despite our
functional data in human HSCs and the co-localization of p-JNK and α-SMA in human fibrosis,
we cannot exclude that JNK contributes to fibrosis through additional mechanisms in patients
with chronic liver disease: (i) Human and experimental murine fibrosis display considerable
differences: Mice undergo massive injury with a large percentage of necrosis and rapidly
progress to fibrosis in the BDL and CCl4 models whereas most patients display only minor
injury with predominantly apoptotic cell death, and slow disease progression over decades. (ii)
Although p-JNK was expressed in fibrotic areas and co-localized with α-SMA in chronic HCV
or NASH, there was also some p-JNK staining in other areas including the inflammatory
infiltrate, especially in patients with HCV. Thus we cannot exclude that JNK inhibition in
patients might exert anti-fibrotic effects through additional mechanisms, e.g. reduced
inflammation.

In view of our data in JNK1- and JNK2-deficient mice, a JNK1-specific inhibitor would be
most suitable for anti-fibrotic therapies. However, our data clearly show efficacy of a pan-JNK
inhibitor in murine fibrogenesis and no role for JNK2 in toxic fibrogenesis, suggesting that
even pan-JNK inhibition might represent a potential anti-fibrotic approach. A decrease in liver
regeneration might constitute one side effect of JNK inhibition as JNK has been shown to be
involved in hepatocellular proliferation and hepatic regeneration after partial hepatectomy7,
8. However, under most clinical circumstances, such massive loss of liver mass does not occur
and one would not expect defective regeneration to represent a significant clinical challenge
in patients treated with JNK inhibitors. On the contrary, blocking proliferative effects of JNK
may be beneficial as JNK1 promotes hepatocarcinogenesis in mice, and is activated in a high
percentage of human HCCs8,16. In view of the strong association of HCC with advanced liver
fibrosis, and preliminary data showing JNK activation in fibroblasts surrounding HCC lesions
(RB and RFS, unpublished observation), JNK activation in HSCs may contribute to the
microenvironment that promotes tumor formation in the liver. Thus, future investigations need
to establish whether JNK inhibition may represent a strategy for the prevention of both hepatic
fibrosis and hepatocellular carcinoma, especially in patients with high risk for disease
progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. JNK activation during hepatic fibrogenesis occurs in myofibroblasts
A–D. Balb/c mice underwent BDL or sham operation for 15 days, or 8 gavages of oil or
CCl4 (0.5 µl/g). JNK activation was determined by immunoblotting of phospho-c-Jun or p-
JNK (A–B.). Serial sections were stained for p-JNK and by picrosirius red (C–D.). E–F.
Collagen-GFP mice underwent BDL or sham operation for 15 days (E.), or were treated with
8 injections of CCl4 or oil (F.). Sections were stained for GFP (green staining) and p-JNK (red
staining) followed by confocal microscopy.
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Figure 2. JNK inhibition ameliorates bile duct ligation-induced hepatic fibrosis
A–D. Male Balb/c mice underwent BDL for 15 days, and were treated with 1 mg SP600125
twice daily (n=7) or DMSO vehicle (n=10). Hepatic fibrosis was evaluated by Sirius Red
staining (A), αSMA immunohistochemistry (B), αSMA immunoblotting (C), and
hydroxyproline content (D). E.–F. Hepatic injury in SP600125- (n=7) or vehicle-treated (n=8)
mice was determined by ALT levels (E) and bile infarcts 5 days after BDL (F). * p<0.05
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Figure 3. JNK inhibition ameliorates CCl4-induced hepatic fibrosis
A–E. SP600125- treated (n=9) and vehicle-treated (n=9) Balb/c mice received 4 gavages of
CCl4. Hepatic fibrosis and injury were evaluated by Sirius Red staining (A), αSMA
immunohistochemistry (B), αSMA immunoblotting (C), hydroxyproline content (D) and ALT
levels 48h after the last CCl4 injection (E). * p<0.05
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Figure 4. JNK promotes hepatic stellate activation and proliferation
A–B. Primary mouse HSCs were pretreated with SP600125 (5 µM), inhibitor VIII (16 µM) or
vehicle (0.1% DMSO) followed by TGFβ (2 ng/ml) treatment. c-Jun phosphorylation (A) and
αSMA expression (B) were determined by immunoblot 60 minutes and 48h after TGFβ
treatment, respectively. C. HSCs were isolated from αSMA-RFP mice, pretreated with JNK
inhibitors or vehicle for 24h and treated with TGFβ (2 ng/ml) for 48h followed by Hoechst
33342 staining and quantification of RFP expression. D–E. One day after isolation, primary
mouse HSCs were pretreated with JNK inhibitors or vehicle (see above) followed by treatment
with AngII (10−7 M). c-Jun phosphorylation (D) and αSMA expression (E) were determined
by immunoblot 20 minutes and 48h after AngII treatment, respectively. F. HSCs from αSMA-
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RFP mice were pretreated as described above followed by treatment with AngII for 48h and
evaluation of RFP expression.

Kluwe et al. Page 16

Gastroenterology. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. JNK1 promotes hepatic fibrosis
A.–D. JNK1-deficient (n=10) or control mice (n=7) underwent BDL for 21 days. Hepatic
fibrosis was evaluated by Sirius Red staining (A), αSMA immunohistochemistry (B), αSMA
immunoblotting (C), and hydroxyproline content (D). E–F. Hepatic injury was quantified by
ALT levels (E) and bile infarcts (f) in JNK1-deficient (n=9) and control mice (n=9) five days
after BDL. * p<0.05
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Figure 6. JNK2 decreases hepatic fibrosis
A–D. JNK2-deficient mice (n=9) or C57Bl/6 control mice (n=10) underwent BDL for 21 days.
Hepatic fibrosis was evaluated by Sirius Red staining (A), αSMA immunohistochemistry (B),
αSMA immunoblotting (C), and hydroxyproline content (D). E–F. Hepatic injury was
quantified by ALT levels (E.) and bile infarcts (F.) in JNK2-deficient (n=8) and C57Bl/6
control mice (n=6) five days after BDL. * p<0.05
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Figure 7. JNK is activated in human liver fibrosis and promotes TGFβ and PDGF signaling in
human hepatic stellate cells
A–B. Serial sections of fibrotic livers from patients with HCV (n=3) or NASH (n=3) were
stained for p-JNK, αSMA or by picrosirius red. Single sections were stained for αSMA (green)
and p-JNK (red) followed by confocal microscopy. Shown are representative images from one
patient each (B). C. Primary human HSCs were pretreated with SP600125 or JNK inhibitor
VIII. c-Jun phosphorylation was determined by immunoblot 60 minutes after TGFβ (2 ng/ml)
treatment (upper panel). (CAGA)9-driven luciferase was determined 6 hours after TGFβ (10
pg/ml) (lower panel). D. Primary human HSCs were pretreated with JNK inhibitors followed
by PDGF (20 ng/ml) treatment. Phosphorylation of c-Jun (upper panel) and [3H]-thymidine
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incorporation (lower panel) were determined 15 minutes and 26h after PDGF stimulation,
respectively. * p<0.05
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