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Abstract
In vitro studies of hepatocytes have implicated over-activation of c-Jun N-terminal kinase (JNK)
signaling as a mechanism of tumor necrosis factor-α (TNF)-induced apoptosis. However, the
functional significance of JNK activation and the role of specific JNK isoforms in TNF-induced
hepatic apoptosis in vivo remain unclear. JNK1 and JNK2 function was, therefore, investigated in
the TNF-dependent, galactosamine/lipopolysaccharide (GalN/LPS) model of liver injury. The
toxin GalN converted LPS-induced JNK signaling from a transient to prolonged activation. Liver
injury and mortality from GalN/LPS was equivalent in wild-type and jnk1−/− mice but markedly
decreased in jnk2−/− mice. This effect was not secondary to down-regulation of TNF receptor 1
expression or TNF production. In the absence of jnk2, the caspase-dependent, TNF death pathway
was blocked, as reflected by the failure of caspase-3 and -7 and poly(ADP-ribose) polymerase
cleavage to occur. JNK2 was critical for activation of the mitochondrial death pathway, as in
jnk2−/− mice Bid cleavage and mitochondrial translocation and cytochrome c release were
markedly decreased. This effect was secondary to the failure of jnk2−/− mice to activate caspase-8.
Liver injury and caspase activation were similarly decreased in jnk2 null mice after GalN/TNF
treatment. Ablation of jnk2 did not inhibit GalN/LPS-induced c-Jun kinase activity, although
activity was completely blocked in jnk1−/− mice. Toxic liver injury is, therefore, associated with
JNK over-activation and mediated by JNK2 promotion of caspase-8 activation and the TNF
mitochondrial death pathway through a mechanism independent of c-Jun kinase activity.

Tumor necrosis factor-α (TNF)2 mediates a number of forms of organ injury through its
induction of cellular apoptosis. In the liver the biological effects of TNF have been
implicated as a mechanism of hepatic injury from toxins (1, 2), ischemia/reperfusion (3, 4),
viral hepatitis (5, 6), and cholestasis (7, 8). Experimental toxin-induced liver injury results in
large part not from the biochemical effects of the toxin but from TNF cytotoxicity (1, 2).
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This concept has been proven by studies in which TNF inhibition dramatically reduced liver
injury from toxins such as carbon tetrachloride (1), galactosamine (9), and ethanol (2).
Hepatocytes are normally resistant to TNF toxicity (10, 11) and proliferate in response to
this cytokine (12), as exemplified by the mitogenic role of TNF in vivo after partial
hepatectomy (13). Hepatotoxins, therefore, act by an unknown mechanism to convert the
cellular outcome emanating from TNF stimulation from one of proliferation to one of cell
death.

The sequential steps of the TNF-induced death receptor pathway have been well
characterized. Binding of TNF to TNF receptor 1 (TNFR1) results in receptor trimerization
and the recruitment of a series of intracellular proteins (14) that ultimately bind caspase-8,
leading to its activation (15). Activated caspase-8 initiates a proteolytic cascade that results
in release of lysosomal cathepsin B (16), cleavage of the proapoptotic Bcl-2 family member
Bid (17), initiation of the mitochondrial death pathway with release of cytochrome c, and
activation of downstream effector caspases that ultimately induce apoptosis (18). The
inherent resistance of hepatocytes to TNF-induced cytotoxicity results from up-regulation of
a protective factor(s). This conclusion is based on findings that inhibition of RNA or protein
synthesis sensitizes hepatocytes to death from TNF (10, 11). NF-κB has been identified as
the transcriptional regulator of the hepatocyte protective response to TNF (19, 20). Blocking
TNF-induced NF-κB activation in cultured hepatocytes (20) or the liver in vivo (21)
converts the hepatocellular TNF response from proliferation to apoptosis. NF-κB
inactivation sensitizes hepatocytes to the classic TNF death pathway involving cathepsin B,
mitochondria, and caspases (16, 19, 20).

NF-κB activation mediates resistance to TNF toxicity by down-regulating the mitogen-
activated protein kinase c-Jun N-terminal kinase (JNK) in hepatocytes and nonhepatic cells
(22–24). Hepatocytes like most cell types express two JNK genes, jnk1 and jnk2. Their
respective gene products, JNK1 and JNK2, both consist of two alternative splicing forms,
p54 and p46 JNK (25). The p54 JNK isoform is predominantly expressed by jnk2, and p46
JNK is primarily a jnk1 product (26, 27). jnk1 and jnk2 null mice are both viable (26, 27),
whereas the double knock-out is an embryonic lethal (28), suggesting that JNK1 and JNK2
have redundant functions. Recent studies, however, have demonstrated that the products of
jnk1 and jnk2 may have distinct functions (29–31). In cultured hepatocytes, bile acid
toxicity is mediated by jnk1, whereas jnk2 expression is cytoprotective (32). One possible
reason for the two gene products to have differential functions is the in vitro finding that
JNK1 accounts for classical JNK activity as measured by c-Jun phosphorylation, whereas
JNK2 lacks this kinase activity and may even act to decrease overall JNK activity (33, 34).
Whether JNK1 and JNK2 perform differential functions in TNF-mediated cell death is
uncertain, with prior in vitro studies in mouse embryonic fibroblasts demonstrating the
promotion of cell death specifically by JNK1 or JNK2 (33, 35).

An established mouse model of TNF-dependent liver injury was utilized to investigate JNK
function in the TNF death pathway in vivo. It was hypothesized that similar to the effect of
in vitro NF-κB inhibition, hepatotoxins sensitize the liver to injury from TNF by inducing
over-activation of JNK. This hypothesis was tested in the murine model of TNF-dependent
hepatotoxicity resulting from the combined administration of galactosamine (GalN) and
lipopolysaccharide (LPS) (36, 37). The toxin GalN converted the transient induction of JNK
signaling by LPS into a sustained activation. JNK activation promoted hepatocellular injury
as jnk2 null mice had significantly reduced liver damage and lethality from GalN/LPS. The
effect was specific for jnk2 and involved the requirement of JNK2 for caspase-8 activation,
Bid cleavage, and induction of the mitochondrial death pathway. These effects were
unrelated to changes in classic c-Jun kinase activity, indicating a novel effect of JNK2 in the
promotion of the TNF apoptotic death pathway in vivo.
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EXPERIMENTAL PROCEDURES
Animal Model

Wild-type male and female C57BL/6, jnk1−/− (26), and jnk2−/− (27) mice (The Jackson
Laboratory, Bar Harbor, ME) were maintained under 12-h light/dark cycles with unlimited
access to food and water. Genotypes were confirmed by PCR with established primers (26,
27). Both knock-out mice had been backcrossed onto a C57BL/6 background for greater
than six generations. Six-week-old mice were given intraperitoneal injections of 100 μg/kg
of LPS (Escherichia coli 0111:B4; Sigma) alone or together with 700 mg/kg of D-
galactosamine (Sigma) dissolved in phosphate-buffered saline. Alternatively, mice were
pretreated with GalN for 1 h and then administered 20 μg/kg of mouse recombinant TNF
(R&D Systems, Minneapolis, MN) intraperitoneally. At various intervals after injection,
serum was obtained by retro-orbital bleed, and the mice were sacrificed for the removal of
liver tissue. 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 for
animal care.

Protein Isolation and Western Blotting
For total protein isolation, portions of liver were sonicated in homogenization buffer
containing 1 mM sodium bicarbonate, 0.5 mM calcium chloride, and protease and phosphatase
inhibitors as previously described (38). Western blotting was performed by denaturing 50
μg of protein at 100 °C for 5 min in Laemmli sample buffer containing 62.5 mM Tris-HCl,
pH 6.8, 2% SDS, 25% glycerol, 0.01% bromphenol blue, and 5% β-mercaptoethanol.
Proteins were resolved by SDS-PAGE and transferred to a nitrocellulose membrane
(Schleicher & Schuell) in transfer buffer containing 25 mM Tris, pH 8.3, 192 mM glycine,
0.01% SDS, and 15% methanol using a Bio-Rad Trans-blot SD semidry transfer cell to
which 150 mA were applied for 90 min. Membranes were blocked in 5% nonfat dry milk,
20 mM Tris, pH 7.5, 500 mM sodium chloride, and 0.5% Tween 20 (TBS-T) for 1 h.
Membranes were incubated for 18 h at 4 °C with the following primary antibodies at 1:1000
to 1:2000 dilutions in 5% bovine serum albumin or nonfat milk: rabbit anti-JNK, rabbit anti-
poly(ADP-ribose) polymerase (PARP), mouse anti-Bax, rabbit anti-Bcl-XL, rabbit anti-
cIAP1, rabbit anti-cIAP2, rabbit anti-TNFR1, rabbit anti-TRAF2, and rabbit anti-c-FLIP
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-phospho-JNK, rabbit anti-
caspase-3, rabbit anti-caspase-7, rabbit anti-Bad, and mouse anti-phospho-Bad (Cell
Signaling, Beverly, MA), rat anti-caspase-8 (Axxora Life Sciences, San Diego, CA), rabbit
anti-Bim (EMD Biosciences, San Diego, CA), and rabbit anti-Bid (kind gift of Xiao-Ming
Yin, University of Pittsburgh, PA). Membranes were exposed to goat anti-rabbit, anti-mouse
(KPL, Gaithersburg, MD) or anti-rat (SouthernBiotech, Birmingham, AL) secondary
antibodies conjugated with horseradish peroxidase at a dilution of 1:10,000 in 5% nonfat
milk in TBS-T for 1 h at room temperature. Signals were detected with a
chemiluminescence detection system (Western Lightning Chemiluminescence Plus,
PerkinElmer Life Sciences) and exposure to x-ray film. To ensure that equivalent amounts
of protein were loaded among samples, membranes were stripped and immunoblotted with a
mouse antibody for β-actin (Abcam, Cambridge, MA).

Mitochondrial and cytosolic protein fractions were obtained by homogenization of liver
tissue in buffer A (20 mM Hepes, pH 7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM

EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride) with a
Dounce homogenizer and centrifugation of the homogenate at 4 °C for 10 min at 600 × g.
The resultant supernatant was centrifuged a second time under the same conditions. This
supernatant was centrifuged at 4 °C for 15 min at 10,000 × g. The pellet was redissolved in
buffer A and formed the mitochondrial fraction. The supernatant was further centrifuged at 4
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°C for 10 min at 10,000 × g. This last supernatant comprised the cytosolic protein fraction.
Western blotting was performed as above with mouse anti-cytochrome c (Pharmingen), and
mouse anti-cytochrome oxidase (MitoSciences, Eugene, OR) antibodies in addition to the
antibodies described above.

JNK Activity Assay
JNK activity was measured in portions of liver tissue using a JNK in vitro kinase activity
assay according to the manufacturer’s instructions (Cell Signaling). JNK was
immunoprecipitated from 200 μg of total protein with a c-Jun fusion protein. After washing,
kinase reactions were performed in the presence of 10 mM ATP using c-Jun as substrate.
Samples were resolved in 10% SDS-polyacrylamide gels, and immunoblotting was
performed as previously described. The relative amounts of the phosphorylated c-Jun fusion
protein were detected with a phospho-c-Jun antibody. To control for the loading of
equivalent amounts of protein among samples, membranes were stripped and
immunoblotted with an antibody for total c-Jun (Santa Cruz Biotechnology).

Alanine Aminotransferase (ALT) Assay
Serum ALT was measured by commercial kit (TECO Diagnostics, Anaheim, CA).

Histological Analysis
Liver specimens were fixed in 10% neutral formalin, and 6-μm sections were stained with
hematoxylin and eosin. Tissue sections were examined in a blinded fashion by a single
pathologist and graded for the degree of liver injury and inflammation. The approximate
percentage of hepatic parenchyma involved by apoptosis/necrosis or inflammation was
semiquantitatively graded on a sliding scale of 0 (absent), 0.5 (minimal), 1 (mild), 1.5 (mild
to moderate), 2 (moderate), 2.5 (moderate to marked), and 3 (marked).

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

TUNEL-positive cells in liver sections were detected with a commercial kit (Promega,
Madison, WI). Tissue sections were deparaffinized in xylene and gradually rehydrated in
decreasing concentrations of ethanol, and the TUNEL assay was performed according to the
manufacturer’s instructions. Under light microscopy, the numbers of TUNEL-positive cells
in 10 randomly selected high power fields (400× magnification) were counted per liver
section.

TNF Levels
Serum TNF levels were measured by ELISA using a commercial kit (BD Biosciences).

Real-time Reverse Transcription (RT)-PCR
Hepatic total RNA was isolated by cesium chloride gradient centrifugation, as previously
described (39). Real-time RT-PCR for TNF, interferon γ, interleukin-6, and β-actin was
performed with Qiagen QuantiProbes and primers (Qiagen, Valencia, CA) in an ABI
PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). One-step
RT-PCR was carried out in triplicate with 250 ng of total RNA using the QuantiTect
Probe™ RT-PCR kit (Qiagen). The cycling parameters were reverse transcription at 50 °C
for 30 min, HotStar Taq DNA polymerase (Qiagen) activation at 95 °C for 15 min,
extension at 76 °C for 30 s, denaturation at 94 °C for 15 s, and annealing/detection at 56 °C
for 30 s (for 45 cycles). Data analysis was performed using the 2−ΔΔCT method for relative
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quantification (40). All samples were normalized initially to β-actin, which served as an
endogenous control, and then to a control sample.

Caspase-8 Activity
Total liver lysates were prepared as previously described by Zender et al. (41). Briefly, liver
tissue was homogenized in buffer containing 25 mM Hepes, pH 7.5, 5 mM MgCl2, 5 mM

EDTA, 2 mM dithiothreitol, 0.1% CHAPS, 0.5 mM Pefabloc (Roche Applied Science), 0.1
mg/ml leupeptin, and 0.1 mg/ml pepstatin. The homogenates were centrifuged at 12,000 × g
for 15 min at 4 °C, and 50 μg of protein from the supernatant were assayed for caspase-8
activity. Activity was measured with the BD ApoAlert™ caspase-8 colorimetric assay kit
(BD Biosciences) according to the manufacturer’s instructions.

Statistical Analysis
All numerical results are expressed as the mean ± S.E. and represent data from a minimum
of three independent experiments. Calculations were made with Sigma Plot 2000 (SPSS
Science, Chicago, IL).

RESULTS
GalN/LPS-induced Liver Injury Is Associated with Prolonged JNK Activation

The GalN/LPS model of toxin-induced liver injury was examined for the effect of the
hepatotoxin GalN on JNK activation. GalN/LPS induces liver injury that is primarily
apoptotic and mediated by the effects of secreted TNF on TNFR1 (36, 37). An advantage of
this model is that insight into the mechanism by which the toxin GalN sensitizes to liver
injury from TNF can be obtained by contrasting cell signals induced by the nontoxic dose of
LPS to those that occur with the hepatotoxic GalN/LPS combination. Hepatic JNK
activation induced by LPS alone or the combination of GalN and LPS was compared by
Western blot analysis of levels of active, phosphorylated p54 and p46 JNK. LPS alone
induced a transient increase in phosphorylated p54 and p46 JNK within 1 h, but levels
returned to base line within 2 h of LPS administration (Fig. 1A). In contrast, levels of
phosphorylated JNK remained markedly elevated in GalN/LPS-treated mice even at 6 h
(Fig. 1A). Levels of total JNK were unchanged with either treatment (Fig. 1A). JNK over-
activation preceded the onset of significant hepatocyte apoptosis that occurred at 6 h as
indicated by decreased procaspase levels and appearance of the cleaved forms for the
effector caspases-3 and -7 at this time point (Fig. 1A).

As additional confirmation of the effect of GalN on JNK activation, hepatic JNK activity
was assayed by an in vitro kinase assay employing c-Jun as substrate. Identical to the
Western blot findings, the transient 1-h increase in JNK activity induced by LPS was
converted into sustained JNK activation by GalN co-administration (Fig. 1B). TNF-
dependent, GalN-induced liver injury is, therefore, associated with prolonged activation of
the JNK signaling pathway similar to the JNK over-activation that occurs in cultured
hepatocytes sensitized to TNF toxicity by NF-κB inhibition.

Ablation of jnk1 Does Not Reduce Liver Injury from GalN/LPS
To assess whether JNK activation has a functional role in GalN/LPS liver injury, the effect
of jnk1 ablation on liver injury was examined. JNK1 was examined because in vitro studies
in nonhepatic cells have suggested that only the JNK1 and not the JNK2 isoforms are
important in mediating JNK kinase activity (33, 34). Additionally, in cultured hepatocytes,
JNK1 but not JNK2 was shown to mediate hepatocyte injury from bile acids (32). To
determine the function of JNK1, the degree of liver injury was examined in wild-type
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C57BL/6 and jnk1−/− mice after GalN/LPS administration. Consistent with findings in other
organs in jnk1−/− mice (26), the absence of jnk1 expression markedly decreased hepatic
levels of p46 JNK, whereas p54 JNK was minimally affected (Fig. 2A). After GalN/LPS
treatment, levels of both p54 and p46 phospho-JNK increased significantly in jnk1 null
mice, but the levels of both isoforms were decreased relative to those in wild-type mouse
livers (Fig. 2A).

The effect of jnk1 ablation on liver injury from GalN/LPS was assessed by ALT levels, liver
histology, and TUNEL staining. Serum levels of ALT, a marker of hepatocellular injury,
were equivalent in wild-type and jnk1−/− mice after GalN/LPS administration with mild
elevations at the 4-h onset of injury and marked increases at the 6-h peak of liver injury (Fig.
2B). Histological evidence of significant liver injury was present in both types of mice at 6 h
and included hepatocyte apoptosis, inflammation, and vascular congestion (Fig. 3, A and B).
Blinded grading of the liver histology confirmed an equivalent degree of apoptosis and
inflammation in both groups of mice (Fig. 2C). As a final measure of liver injury, the
numbers of apoptotic cells were identified by TUNEL staining. Equivalent numbers of
TUNEL-positive cells were present in wild-type and jnk1−/− mice at 4 and 6 h (Figs. 2D and
3, panels d and e). Thus, by the three measures of serum ALT, liver histology, and TUNEL
staining, loss of JNK1 failed to attenuate liver injury induced by GalN/LPS.

jnk2−/− Mice Are Protected from GalN/LPS-induced Liver Injury
With the failure of the absence of jnk1 to alter injury, GalN/LPS-induced liver injury was
compared in wild-type and jnk2−/− mice. Western blot analysis of hepatic JNK expression in
jnk2−/− animals demonstrated a significant decrease in levels of the p54 JNK isoforms and
no significant reduction in p46 JNK (Fig. 4A), consistent with findings in other tissues in
these mice (27). In jnk2 knock-out mice after GalN/LPS treatment, levels of phospho-p54
JNK were markedly decreased, whereas phospho-p46 JNK levels were equivalent to those in
wild-type mice, suggesting that the majority of activated p54 JNK was derived from jnk2
expression.

At 6 h after GalN/LPS administration, jnk2−/− mice had ALT levels that were significantly
decreased by 76% as compared with wild-type mice (Fig. 4B). Histological evidence of liver
injury (Figs. 3, panel c, and 4C) and the numbers of TUNEL-positive cells (Figs. 3, panel f,
and 4D) were also significantly decreased in jnk2−/− animals as compared with wild-type
mice. These data combined with those from the experiments in jnk1−/− mice indicated that
products of the jnk2 and not jnk1 gene promote hepatocellular injury in response to the toxin
GalN.

jnk2−/− Mice Have Reduced Mortality from GalN/LPS
Although the jnk2−/− mice had dramatically decreased liver injury from GalN/LPS, it was
possible that the absence of jnk2 merely delayed liver injury but had no ultimate beneficial
effect on outcome. Shortly after the 6-h peak of injury, GalN/LPS-induced liver injury in
mice led to liver failure and death. Long-term survival after GalN/LPS treatment was
examined as an indication of whether the initial resistance of jnk2 null mice to injury from
GalN/LPS affected the development of fatal liver failure. Within 8 h of GalN/LPS
administration, mortality was 83% in wild-type mice and 100% in jnk1−/− mice but only
16% in jnk2−/− mice (Fig. 5A). Overall survival after GalN/LPS administration was only 5%
in wild-type mice and 0% in jnk1−/− mice but 40% in jnk2−/− mice (Fig. 5A).

Although there was a marked reduction in mortality from GalN/LPS, a significant number of
jnk2−/− mice still died. This mortality may reflect delayed liver injury, an alternative form of
injury such as necrosis, or death from nonhepatic causes perhaps secondary to the systemic
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release of cytokines. To distinguish among these possibilities, mice surviving 24, 48, and 72
h after GalN/LPS treatment were examined for liver injury. At 24 h, ALT levels were
variable but only moderately elevated (Fig. 5B). Serum ALTs decreased at 48 h and were
essentially normal in mice surviving 72 h (Fig. 5B). Evidence of mild apoptosis and some
necrosis was seen on histology of 24- and 48-h livers, but no evidence of liver injury was
present by 72 h (Fig. 5C). The numbers of TUNEL-positive cells were very low in surviving
animals at all three times (Fig. 5D). Knock-out of jnk2, therefore, significantly protected
mice from both GalN/LPS-induced morbidity and mortality.

Absence of jnk2 Does Not Affect Cytokine Induction by GalN/LPS
GalN sensitizes the liver to injury from the cytokine TNF (36, 37). The effects of jnk2
ablation on TNF receptor expression and TNF production were investigated as a potential
mechanism for the decrease in liver injury in jnk2−/− mice. Levels of TNFR1, which
mediates TNF cytotoxicity in GalN/LPS injury (37), were equivalent in the livers of wild-
type and jnk2−/− mice and unaffected by GalN/LPS treatment (Fig. 6A). Serum TNF levels
were markedly increased to similar levels in response to GalN/LPS in wild-type and jnk2−/−

mice (Fig. 6B). Finally, an equivalent increase in levels of hepatic TNF RNA occurred after
GalN/LPS treatment in wild-type and jnk2−/− mice, as determined by quantitative real-time
RT-PCR (Fig. 6C). Similarly, the induction of hepatic RNA expression for the cytokines
interferon γ and interleukin-6, which are also induced in this model and may modulate
hepatocellular injury (9, 42, 43), was equivalent in wild-type and jnk2 null mice (Fig. 6, D
and E). The mechanism of the reduction in GalN/LPS liver injury by jnk2 ablation was not
through the down-regulation of TNF or other cytokines.

Effector Caspase Activation Is Inhibited by the Loss of jnk2
In vitro and in vivo hepatocyte death from TNF occurs through caspase-dependent apoptosis
(19, 20, 44). The failure of jnk2 ablation to affect cytokine expression suggested that JNK2
might function as a critical component in the hepatocyte, TNF-dependent, apoptotic
pathway. To assess whether loss of JNK2 affected TNF-induced apoptosis, activation of the
downstream effector caspases -3 and -7 was examined. Caspase-3 and -7 activation was
detected in wild-type mice 6 h after GalN/LPS treatment by immunoblotting for the cleaved,
active caspase forms, but activation failed to occur in GalN/LPS-treated jnk2−/− mice (Fig.
4A). In contrast, activation of caspase-3 and -7 did occur in jnk1−/− mice (Fig. 2A). The
caspases were functionally active as indicated by the presence of PARP cleavage in wild-
type and jnk1−/− mice at 6 h (Fig. 2A). In contrast, PARP cleavage was absent in GalN/LPS-
treated jnk2−/− mice (Fig. 4A), indicating that JNK2 was required for TNF-induced
activation of downstream caspases.

JNK2 Acts at the Level of Caspase-8 Activation to Promote Bid Cleavage and Cytochrome
c Release

In vitro JNK-dependent TNF toxicity from NF-κB inhibition in hepatocytes results from
activation of the mitochondrial death pathway with release of cytochrome c into the
cytoplasm (19, 20). Critical to induction of the mitochondrial death pathway is activation of
the initiator caspase-8 that cleaves the proapoptotic Bcl-2 family member Bid (17, 45). To
further define the mechanism by which JNK2 promotes the TNF apoptotic death pathway,
the effects of JNK2 ablation on caspase-8 activation, Bid cleavage, and hepatic
mitochondrial cytochrome c release in response to GalN/LPS were examined. At 6 h after
treatment, caspase-8 cleavage was detected in wild-type animals as reflected in reduced
procaspase levels and the appearance of the p43 cleavage product on immunoblots (Fig.
7A). Caspase-8 activation was associated with cytosolic cleavage of Bid to tBid (Fig. 7A).
Caspase-8 activation and Bid cleavage were both blocked in jnk2−/− mice (Fig. 7A).

Wang et al. Page 7

J Biol Chem. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western blot findings of inhibition of GalN/LPS-induced caspase-8 activation in jnk2−/−

mice were confirmed by a caspase-8 activity assay. The 2-fold increase in caspase-8 activity
5 h after GalN/LPS treatment in wild-type mice was completely blocked in jnk2−/− mice
(Fig. 7B). In contrast to findings in jnk2 null mice, caspase-8 and Bid cleavage occurred in
jnk1−/− mice (Fig. 7C).

Bid cleavage leads to its translocation to the mitochondria where it induces release of
proapoptotic factors such as cytochrome c (18). Immunoblots of mitochondrial protein
isolates from wild-type mice demonstrated that GalN/LPS treatment induced tBid
translocation to the mitochondria in association with loss of cytochrome c (Fig. 7D). No
translocation of JNK or phospho-JNK was detected (data not shown). Translocation of tBid
and cytochrome c loss did not occur in jnk2 null mice (Fig. 7D). As expected, tBid
translocated to the mitochondria in jnk1−/− mice, resulting in cytochrome c release (Fig. 7E).
No differential effect on the mitochondrial levels of other proapoptotic Bcl-2 family
members occurred among the three types of mice. Low levels of Bax and Bim were present
in the mitochondria of all mice and were unchanged with GalN/LPS treatment (Fig. 7, D and
E). All mice had significant levels of Bad that decreased markedly with GalN/LPS treatment
(Fig. 7, D and E). Equivalent levels of cytochrome oxidase demonstrated equal loading of
mitochondrial protein among samples (Fig. 7, D and E). JNK2 but not JNK1 is, therefore,
critical for caspase-8 activation, Bid cleavage, and activation of the mitochondrial death
pathway.

To further validate the finding that JNK2 acts at the level of caspase-8/Bid, the effect of jnk2
expression on cytosolic modifiers of TNF-induced apoptosis was examined by
immunoblotting. Loss of jnk2 had no effect on the steady-state expression of other pro- and
anti-apoptotic proteins in the TNF death pathway including TRAF2, c-FLIPL, and Bcl-2
family members and the inhibitor of apoptosis proteins (IAP) (Fig. 7F). The only effect of
GalN/LPS on expression of these proteins was to increase levels of phospho-Bad in both
wild-type and jnk2−/− mice (Fig. 7F).

jnk2 Ablation Prevents Liver Injury and Caspase Activation from GalN/TNF
As further evidence of the proapoptotic function of JNK2 in hepatocyte death from TNF, the
effect of jnk2 on liver injury from GalN/TNF was examined. Similar to the findings for
GalN/LPS-induced liver injury, jnk2−/− mice had markedly reduced levels of liver injury
from GalN/TNF in comparison to wild-type mice. ALT levels (Fig. 8A), the degree of liver
injury and inflammation by histology (Fig. 8B), and the numbers of TUNEL-positive cells
(Fig. 8C) were all significantly decreased in jnk2−/− mice. GalN/TNF treatment induced
activation of caspase-8, -3, and -7 and cleavage of PARP in wild-type but not jnk2−/− mice
(Fig. 8D).

Loss of jnk1 but Not jnk2 Inhibits Hepatic c-Jun Kinase Activity
A potential explanation for the distinct functions of the JNK1 and JNK2 isoforms in liver
injury could be their differences in c-Jun kinase activity. Cell culture studies have suggested
that JNK1 isoforms exhibit classic JNK kinase activity as defined by phosphorylation of c-
Jun, whereas the JNK2 forms lack this activity (33, 34). However, it is unknown whether
JNK1 and JNK2 function similarly in hepatocytes or in the liver in vivo. To assess whether
JNK1 and JNK2 had differential effects on GalN/LPS-induced c-Jun kinase activation, JNK
activity was determined by in vitro kinase assay in the two knock-out animals. GalN/LPS-
induced c-Jun kinase activity was completely blocked in jnk1−/− mice (Fig. 9A). In contrast,
the increase in c-Jun kinase activity induced by GalN/LPS was equivalent in wild-type and
jnk2 null mice (Fig. 9B), indicating that hepatic JNK2 had no c-Jun kinase activity. Thus,
consistent with previous findings in nonhepatic, in vitro systems, c-Jun kinase activity in the
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liver was exclusively dependent on JNK1 and independent of JNK2. Both the inability of
jnk1 ablation to prevent liver injury despite effective inhibition of c-Jun kinase activity and
the effectiveness of loss of jnk2 in blocking liver injury in the absence of any decrease in
JNK activity support the conclusion that hepatocellular injury is promoted by JNK2 through
a mechanism unrelated to the classical c-Jun kinase activity of this protein.

DISCUSSION
Recent in vitro studies in several cell types including hepatocytes have implicated sustained
activation of the JNK signaling pathway as a mechanism of TNF-induced apoptosis (22–24,
46). However, the relevance of this finding to TNF-mediated injury in vivo, the JNK
isoform(s) involved, and the mechanism of this proapoptotic JNK effect remain unclear. The
present investigations employed the in vivo model of TNF-dependent liver injury induced
by GalN/LPS to examine these questions. In this model the toxin GalN sensitizes the liver to
LPS-induced injury that results from TNF-dependent apoptosis mediated by TNFR1 (36,
37). Administration of a nontoxic dose of LPS alone induced a transient hepatic activation of
JNK as determined by both Western blot analysis for levels of phosphorylated JNK and an
in vitro activity assay using c-Jun as substrate. In contrast, the toxic combination of GalN
and LPS was associated with a sustained activation of JNK. These results mirror those from
studies in cultured hepatocytes in which NF-κB inhibition similarly led to over-activation of
JNK (23, 47). JNK over-activation in vivo may be secondary to GalN-induced inhibition of
the expression of NF-κB-dependent genes, although this possibility was not examined in the
present study. Recent investigations in non-hepatic cells have indicated that NF-κB down-
regulates JNK activation by limiting oxidative stress that otherwise inhibits the activity of
phosphatases (48). A similar mechanism may promote the over-activation of JNK in GalN/
LPS liver injury.

To test the mechanistic involvement of JNK in toxic liver injury, the extent of hepatic injury
from GalN/LPS was examined in jnk1−/− and jnk2−/− mice. Loss of jnk1 failed to alter liver
injury from GalN/LPS. However, hepatic injury was markedly decreased in jnk2−/− mice as
indicated by reductions in serum ALT and the number of TUNEL-positive cells, improved
histology, and increased survival. These results demonstrate a dramatic, differential function
of the JNK1 and JNK2 isoforms in toxic liver injury. Findings of isoform-specific JNK
effects are consistent with recent in vitro investigations, suggesting that the jnk1 and jnk2
gene products have distinct functions (29–32), although the findings of these studies have
been contradictory. In vivo studies in non-hepatic tissues have demonstrated specific effects
of JNK2 in promoting inflammatory injury in the pancreas yet protecting against arthritis in
joints (30, 49). For TNF toxicity, prior investigations in murine embryonic fibroblasts have
supported the promotion of TNF toxicity by both selective jnk1 and jnk2 expression (33,
35). In immune-mediated liver injury induced by the T cell activator concanavalin A, Maeda
et al. (50) demonstrated that liver injury was decreased in both jnk1 and jnk2 null mice.
These findings together with those in organs other than liver suggest that the functions of
JNK1 and JNK2 in cell death pathways are complex and likely to differ depending on the
cell type and nature of the death stimulus. The complexity of JNK signaling particularly
during in vivo injury is illustrated by the recent findings of Kaiser et al. (51), which show
that, surprisingly, the activation or suppression of either the JNK1 or JNK2 isoforms
induced protection against ischemic cardiac damage.

The mechanism of JNK2 promotion of GalN-induced liver injury could not be explained by
a pro-inflammatory effect as the absence of jnk2 failed to affect the expression of TNF or
other cytokines. Injury induced by GalN and TNF directly rather than LPS was also blocked
in jnk2−/− mice. These data suggested a possible direct effect of JNK2 in promotion of the
hepatocyte TNF death pathway. Despite normal hepatic TNFR1 expression and TNF
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production in GalN/LPS-treated jnk2−/− mice, the apoptotic TNF death receptor signaling
cascade was blocked, as indicated by the failure of caspase-3 and -7 activation or PARP
cleavage to occur. JNK2 performed an essential proapoptotic function above the level of Bid
activation, as cleavage of Bid was markedly reduced in jnk2 knock-out mice. As a result,
mitochondrial release of cytochrome c failed to occur in these animals. These findings are
consistent with prior investigations in non-hepatic cell lines that have implicated JNK in the
promotion of the mitochondrial death pathway by several apoptotic stimuli (52–56)
including TNF (23, 46). However, prior investigations attributed the mechanism of this JNK
effect to phosphorylation events that activated the proapoptotic Bcl-2 family members Bad
or Bax (55, 56) or to the ability of JNK to translocate to the mitochondria (53). In contrast,
the present studies demonstrate a specific effect of hepatic JNK2 on Bid cleavage and not
other Bcl-2 family members. Mitochondrial levels of Bax, Bim, and Bad were equivalent in
wild-type and jnk2−/− mice. In contrast to a previous report of Bax mitochondrial
translocation after GalN/LPS treatment (18), an increase in mitochondrial Bax was not
detected in our studies. However, Bax does not appear to regulate TNF-dependent liver
injury, as the same study demonstrated no decrease in GalN/LPS injury in bax null mice
(18). Mitochondrial Bad levels fell in parallel with increased levels of cytosolic phospho-
Bad, consistent with previous in vitro studies in which Bad phosphorylation led to its
translocation to the cytoplasm and inactivation (57, 58). JNK2 had no effect on Bad
translocation, as mitochondrial levels of Bad were equivalent in wild-type and jnk2−/− mice.

The findings that JNK2 acts above the level of Bid cleavage and apparently functions in the
cytosol, as it failed to translocate to mitochondria, suggested that JNK2 affected caspase-8
activation. Western blots and caspase-8 activity assay confirmed that in the absence of jnk2,
caspase-8 activation was blocked. This finding suggests for the first time that JNK2
regulates the activation of this initiator caspase. JNK2 could function by activating a protein
that promotes caspase-8 autoactivation or by down-regulating an inhibitor of caspase-8
activation. JNK2 failed to affect two likely candidate proteins, TRAF2 and c-FLIPL, and the
JNK2 target remains to be identified. Alternatively, but seemingly less likely, caspase-8
inhibition may have been the indirect result of a lack of amplification by the mitochondrial
release of proapoptotic factors.

Despite the profound effect of jnk2 ablation on early liver injury and hepatocellular
apoptosis, the absence of jnk2 did not completely block GalN/LPS-induced mortality. A
simple explanation for this finding may be that proinflammatory cytokine induction was
unaffected, and the profound systemic effects of these factors and not liver injury led to
death in some animals. Consistent with this possibility is the finding that jnk2−/− mice
surviving for 24–72 h after GalN/LPS treatment had amounts of liver injury that were
incompatible with death from liver failure. Alternatively, JNK2 may be essential for the Bid-
mitochondrial death pathway, but in its absence, TNF-induced death occurs by other
mechanisms. However, GalN/LPS-induced lethality was not prevented but, rather, was only
delayed several hours in bid−/− mice on a C57BL/6 background, whereas long-term survival
similar to our jnk2−/− mice was obtained in knock-out mice on a 129/SvJ background (18).
The greater reduction in mortality in our study raises the possibility that JNK2 has other
proapoptotic effects independent of the Bid-mitochondrial death pathway. Alternatively the
difference between the findings in bid−/− and jnk2−/− mice is that in the jnk2−/− mice
prevention of caspase-8 activation led to a more profound inhibition of the TNF death
pathway rather than simple interference with the Bid-mitochondrial amplification of TNF
death signaling. The final question raised by the incomplete prevention of GalN/LPS-
induced mortality by JNK2 ablation is whether combined inhibition of both JNK2 and JNK1
would be more effective in preventing death. It is inconceivable that JNK1 plays a role in
the early phase of liver injury, as its loss had no effect on injury over the initial 6 h.
However, jnk1 may promote delayed liver injury by inducing alternative TNF death
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pathways or mediating lethal, systemic effects. Because the double jnk1/jnk2 knock-out is
lethal, alternative, non-genetic approaches will have to address this question.

The findings suggest that JNK2 might provide a unique therapeutic target in the prevention
and treatment of toxic liver injury. TNF-dependent liver injury has been implicated in a
number of forms of toxic liver injury including that from hepatotoxins relevant to human
disease such as alcohol (59). Despite strong evidence of the mechanistic involvement of
TNF, attempts at mitigating human alcoholic liver disease with TNF inhibition have been
disappointing (60). This failure may represent the fact that TNF exerts beneficial effects on
liver regeneration and immune function, and global TNF inhibition eliminates these
beneficial functions as well as apoptotic signaling cascades. Selective targeting of signaling
factors such as JNK2 that specifically mediate only the toxic effects of TNF may provide a
more effective approach to the treatment of these diseases.
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FIGURE 1. GalN/LPS co-administration leads to prolonged JNK activation before the onset of
caspase cleavage
A, protein was isolated from the livers of C57BL/6 mice that were untreated or treated with
LPS or GalN/LPS for the number of hours indicated. Samples were immunoblotted with
antibodies against phospho-JNK (P-JNK), total JNK, caspase-3 and -7, PARP, and β-actin.
The p54 and p46 JNK bands are labeled, and arrows indicate the caspase-3 and -7 and PARP
cleavage products. B, hepatic JNK activity was determined in untreated and LPS- or GalN/
LPS-treated livers by an in vitro kinase activity assay employing c-Jun as substrate. JNK
activity was assayed by immunoblots for phosphorylated c-Jun (P-c-Jun) as described under
“Experimental Procedures.” Stripped membranes were immunoblotted with an anti-total c-
Jun antibody to check the equivalency of protein loading. Results are representative of three
independent experiments.
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FIGURE 2. Liver injury from GalN/LPS is unaffected by loss of jnk1
A, total hepatic protein was isolated from wild-type (+/+) or jnk1−/− (−/−) mice at the
indicated hours after treatment with GalN/LPS and immunoblotted with phospho-JNK (P-
JNK), total JNK, caspase-3 and -7, PARP, and β-actin antibodies. The p54 and p46 JNK
bands are labeled, and the caspase-3 and -7 and PARP cleavage products are indicated by
arrows. Findings are representative of three independent experiments. B, serum ALT levels
from wild-type (WT) and jnk1−/− mice at 4 and 6 h after GalN/LPS administration. C,
graded histological scoring of the degree of apoptosis (Apop) and inflammation (Inflam) in
the same livers. D, numbers of TUNEL positive cells per high power field in the identical
liver sections. Data in B–D are from three independent experiments and total five–eight
animals per data point.
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FIGURE 3. Liver histology and TUNEL staining in wild-type and jnk1 and jnk2 knock-out mice
after GalN/LPS treatment
Shown are hematoxylin- and eosin-stained sections of wild-type (A), jnk1−/− (B), and
jnk2−/− (C) mice at 6 h after GalN/LPS treatment. TUNEL staining at the same time point in
wild-type (D), jnk1−/− (E), and jnk2−/− (F) mice (magnification 400×) is also shown.
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FIGURE 4. jnk2−/− mice are protected from GalN/LPS-induced liver injury
A, protein was isolated from the livers of wild-type (+/+) or jnk2−/− (−/−) mice at the
indicated hours after treatment with GalN/LPS and immunoblotted with phospho-JNK (P-
JNK), total JNK, caspase-3 and -7, PARP, and β-actin antibodies. The p54 and p46 JNK
bands are labeled, and arrows indicate the caspase-3 and -7 and PARP cleavage products.
Findings are representative of three independent experiments. B, serum ALT levels from
wild-type (WT) and jnk2−/− mice at 4 and 6 h after GalN/LPS treatment. Results are from 4
independent experiments representing a total of 4 mice at 4 h and 8 mice at 6 h per data
point (*, p < 0.0001 compared with wild type). C, graded histological scoring of the degree
of apoptosis (Apop) and inflammation (Inflam) in the same livers (p < 0.01 (*) and p <
0.001 (#) compared with wild type). D, numbers of TUNEL-positive cells per high power
field in the identical liver sections (p < 0.01 (*) and p < 0.00001 (#) compared with wild-
type mice).
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FIGURE 5. jnk2−/− mice have increased long-term survival after GalN/LPS treatment
A, percentages of survival of wild-type (WT), jnk1−/−, and jnk2−/− mice at the indicated
hours after administration of GalN/LPS. Data are from 3 independent experiments that
include a total of 19 wild-type, 10 jnk1−/−, and 25 jnk2−/− mice (p < 0.01 for jnk2−/− as
compared with wild type or jnk1−/−). B, serum ALT levels in wild-type mice surviving for
the indicated hours after GalN/LPS treatment. C, graded histological scoring of the degree of
apoptosis (Apop) and inflammation (Inflam) in the livers of the same animals. D, numbers
of TUNEL-positive cells per high power field in the identical liver sections. Data in B–D are
from four independent experiments and total three-eight animals per data point.

Wang et al. Page 18

J Biol Chem. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 6. TNFR1 expression and cytokine induction are equivalent in wild-type and jnk2−/−

mice
A, total hepatic protein was isolated from the livers of wild-type (+/+) or jnk2−/− (−/−) mice
at the indicated hours after treatment with GalN/LPS and immunoblotted with TNFR1 and
β-actin antibodies. B, levels of serum TNF at the times shown after GalN/LPS treatment.
Serum TNF was undetectable in untreated mice. C–E, total liver RNA was isolated from
wild-type and jnk2 knock-out mouse mice untreated and treated with GalN/LPS for 1, 2, and
4 h. Real-time RT-PCR was performed with primers for TNF, interferon γ (IFN),
interleukin-6 (IL-6), and β-actin as described under “Experimental Procedures.” Levels of
cytokine mRNA were normalized to that of β-actin. TNF mRNA was undetectable in
untreated livers, and the TNF values are expressed relative to levels in 1-h-treated wild-type
animals (C). Levels of interferon γ (D) and interleukin-6 (E) mRNA were normalized to the
level in untreated wild-type livers. The results are from three independent experiments.

Wang et al. Page 19

J Biol Chem. Author manuscript; available in PMC 2013 May 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7. Ablation of jnk2 but not jnk1 inhibits caspase-8 activation, Bid cleavage, and
mitochondrial cytochrome c release
A, the cytosolic protein fraction was isolated from the livers of wild-type (+/+) and jnk2
knock-out (−/−) mice that were untreated or treated with GalN/LPS for 6 h. Samples were
immunoblotted with antibodies against caspase-8, Bid, and β-actin. The top two panels
represent different exposures of the same caspase-8 immunoblot. B, levels of capsase-8
activity in untreated control (Con) and 5-h GalN/LPS-treated wild-type (WT) and jnk2−/−

animals (*, p < 0.02 compared with wild-type mice). C, immunoblots of cytosolic protein
fractions from untreated or 6-h GalN/LPS-treated wild-type and jnk1−/− mice for caspase-8,
Bid, and β-actin. D and E, mitochondrial protein fractions were isolated from the same livers
as for the cytosolic fractions from wild-type, jnk2 (D), and jnk1 (E) knock-out mice and
immunoblotted with antibodies against Bid, cytochrome c (cyto c), and cytochrome oxidase
(cyto ox). F, total hepatic protein was isolated from wild-type (+/+) or jnk2 (−/−) knock-out
mice that were untreated or treated with GalN/LPS for the indicated number of hours.
Western blot analysis was performed with antibodies directed against TRAF-2, c-FLIP, Bax,
Bad, phospho-Bad (P-Bad), Bcl-XL, cellular inhibitor of apoptosis 1 (cIAP1) and 2 (cIAP2),
and β-actin. Arrows in A, C, D, and E indicate procaspase-8 and its p43 cleavage product,
full size Bid and its cleaved form tBid, and the extra long (EL) and long (L) forms of Bim.
Findings are representative of three independent experiments.
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FIGURE 8. jnk2−/− mice are protected from GalN/TNF-induced liver injury
A, serum ALT levels from wild-type (WT) and jnk2−/− mice at 6 h after GalN/TNF
treatment (*, p < 0.04 as compared with wild type). B, graded histological scoring of the
degree of apoptosis (Apop) and inflammation (Inflam) in the same livers (p < 0.01 (*) and p
< 0.02 (#) compared with wild type). C, numbers of TUNEL positive cells per high power
field in the identical liver sections (*, p < 0.002 compared with wild-type mice). D,
immunoblots of total protein isolated from the livers of wild-type (+/+) and jnk2 knock-out
(−/−) mice that were untreated or treated with GalN/TNF for 6 h. Samples were
immunoblotted with antibodies against caspase-8, -3, and -7, PARP, and β-actin. The top
two panels represent different exposures of the same caspase-8 immunoblot. Results are
from three independent experiments with three-five animals per data point.
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FIGURE 9. GalN/LPS-induced JNK c-Jun kinase activity is jnk1- but not jnk2-dependent
Hepatic JNK activity was determined in wild-type (+/+) and jnk1 (A) or jnk2 (B) knock-out
(−/−) mice that were untreated or treated with GalN/LPS for the number of hours shown.
JNK activity is reflected in the levels of phosphorylated c-Jun (P-c-Jun) on immunoblots.
Stripped membranes were immunoblotted for total c-Jun to indicate equal protein loading.
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