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ABSTRACT
Overactivation of c-Jun N-terminal kinase (JNK)/c-Jun signaling is a central mechanism of hepatocyte injury and death including that from

oxidative stress. However, the functions of JNK and c-Jun are still unclear, and this pathway also inhibits hepatocyte death. Previous studies of

menadione-induced oxidant stress demonstrated that toxicity resulted from sustained JNK/c-Jun activation as death was blocked by the c-Jun

dominant negative TAM67. To further delineate the function of JNK/c-Jun signaling in hepatocyte injury from oxidant stress, the effects of

direct JNK inhibition on menadione-induced death were examined. In contrast to the inhibitory effect of TAM67, pharmacological JNK

inhibition by SP600125 sensitized the rat hepatocyte cell line RALA255-10G to death from menadione. SP600125 similarly sensitized mouse

primary hepatocytes to menadione toxicity. Death from SP600125/menadione was c-Jun dependent as it was blocked by TAM67, but

independent of c-Jun phosphorylation. Death occurred by apoptosis and necrosis and activation of the mitochondrial death pathway.

Short hairpin RNA knockdowns of total JNK or JNK2 sensitized to death from menadione, whereas a jnk1 knockdown was protective.

Jnk2 null mouse primary hepatocytes were also sensitized to menadione death. JNK inhibition magnified decreases in cellular ATP content

and b-oxidation induced by menadione. This effect mediated cell death as chemical inhibition of b-oxidation also sensitized cells to death

frommenadione, and supplementation with the b-oxidation substrate oleate blocked death. Components of the JNK/c-Jun signaling pathway

have opposing functions in hepatocyte oxidant stress with JNK2 mediating resistance to cell death and c-Jun promoting death. J. Cell.

Biochem. 113: 3254–3265, 2012. � 2012 Wiley Periodicals, Inc.
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O veractivation of the mitogen-activated protein kinase

(MAPK) c-Jun N-terminal kinase (JNK) is a mechanism of

hepatocyte death from central mediators of liver injury such

as oxidants and tumor necrosis factor a (TNF) [Xu et al., 1997;

Liu et al., 2002; Czaja et al., 2003; Schwabe et al., 2004; Gunawan

et al., 2006; Malhi et al., 2006]. Two JNK genes, jnk1 and jnk2, each

encode for four distinct JNK isoforms expressed in all cells including

hepatocytes [Czaja, 2010]. The classic function of JNK is to

phosphorylate and activate c-Jun to increase AP-1 gene transcrip-

tion, but JNK regulates cellular responses through other mechanisms

such as altering protein degradation [Chang et al., 2006; Kodama

et al., 2009b]. The mechanisms underlying the effects of JNK/c-Jun

on hepatocyte death, and how the specific jnk isoforms individually

regulate this process, remain unclear.

Recent investigations have yielded varied findings on the

functions of the two JNK genes in liver injury. JNK1 was initially

reported to promote death from toxins such as galactosamine

[Chang et al., 2006]. However, we demonstrated that JNK2 mediates

death from galactosamine plus lipopolysaccharide [Wang et al.,

2006], a finding confirmed by others in this model [Kodama et al.,

2009b], additional hepatotoxic models [Gunawan et al., 2006],

and in other forms of liver injury such as ischemia/reperfusion

[Theruvath et al., 2008; Devey et al., 2009]. However, JNK function

in hepatic injury varies depending on the setting of the injury and

the stimulus. For example, in contrast to the findings from liver

injury induced by toxins or ischemia/reperfusion, JNK1 promotes

liver injury in hepatic steatosis, whereas JNK2 is protective

[Schattenberg et al., 2006; Singh et al., 2009c]. Contributions of

JNK in different hepatic cell types may explain in part some of these

differences [Kodama et al., 2009a; Kluwe et al., 2010]. Distinct JNK

functions that promote or inhibit hepatocyte death depending

on the injury, may also explain these conflicting findings and

others suggesting that JNK does not modulate injury [Hong et al.,

2009].
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Studies of JNK function have been performed with the

pharmacological JNK inhibitor SP600125 [Bennett et al., 2001] or

in jnk1 and jnk2 knockout mice or primary hepatocytes. SP600125

cannot differentiate between JNK1 and JNK2 effects and may have

off-target effects [Bain et al., 2003]. Studies of jnk knockout mice

and cells differentiate JNK1 and JNK2 functions, but these models

may have unknown compensatory responses from the loss of these

critical genes. Another strategy has been to block the downstream

JNK effector c-Jun with the dominant negative protein TAM67

[Bradham et al., 2001]. The present study was predicated on the

finding that SP600125 and TAM67 had opposing effects on

hepatocyte death from menadione-induced oxidant stress. To

resolve this apparent contradiction, we generated JNK isoform-

specific knockdowns in a hepatocyte cell line and found that JNK2

was hepatoprotective whereas c-Jun promoted death. These findings

demonstrate that JNK and c-Jun have distinct, opposing functions

in oxidant-induced hepatocyte death which has important

implications for the manipulation of this signaling pathway to

prevent liver injury.

MATERIALS AND METHODS

CELL CULTURE AND TREATMENTS

The adult rat hepatocyte line RALA255-10G (RALA hepatocytes) is

conditionally immortalized with a mutant SV40 virus expressing a

temperature sensitive T antigen [Chou, 1983]. Cells were routinely

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Media-

tech, Manassas, VA) supplemented with 4% fetal bovine serum

(Atlanta Biologicals, Lawrenceville, GA), and antibiotics (Invitro-

gen, Carlsbad, CA) at the permissive temperature of 338C. For

experiments cells were plated and cultured at 338C for 24 h, and then

cultured in DMEM, 2% fetal bovine serum, antibiotics and 1mM

dexamethasone (Sigma, St. Louis, MO) at the restrictive temperature

of 378C, as previously described [Jones et al., 2000]. Under these

culture conditions, T antigen expression is suppressed, the cells

are nontransformed, and become differentiated [Chou, 1983]. Cells

were then placed in serum-free medium containing dexamethasone

for 18 h prior to the start of an experiment.

Mouse primary hepatocytes from C57BL/6, jnk1�/� or jnk2�/�

mice (Jackson Labs, Bar Harbor, ME) were obtained by collagenase

perfusion [Xu et al., 1998b]. The cells were purified by Percoll

(Sigma) density centrifugation and cultured in RPMI 1640 with 5%

fetal bovine serum, 1.7mM insulin, 1mM dexamethasone and

antibiotics on Biocoat plates (Becton Dickinson, Franklin Lakes, NJ).

The medium was changed 3 h after plating and again at 18 h at

which time experiments were started. All studies were approved by

the Animal Care and Use Committee of the Albert Einstein College of

Medicine and followed the National Institutes of Health guidelines

on the care and use of animals.

Cells were treated with menadione (Sigma) at the concentrations

indicated, SP600125 (Calbiochem, San Diego, CA) at a 10mM

concentration unless otherwise noted, 15 ng/ml TNF (R&D Systems,

Minneapolis, MN), 50 ng/ml phorbol myristate acetate (Sigma),

10mM Q-Val-Asp-OPh (Q-VD-OPh; MP Biomedicals, Aurora, OH),

25mM etomoxir and 2.5mM 2-deoxyglucose (Sigma). Unless

otherwise indicated, cells were pretreated with SP600125, Q-VD-

OPh or etomoxir for 1 h prior to menadione administration. Control

cells received an equivalent amount of dimethyl sulfoxide vehicle

alone for studies involving SP600125 or Q-VD-OPh. Oleic acid

(Sigma) was conjugated to bovine serum albumin as previously

described [Singh et al., 2009a], and used at a 250mM concentration.

ADENOVIRUSES

Adenoviruses were grown in 293 cells, purified by banding twice on

CsCl gradients, tittered by plaque assay and used to infect RALA

hepatocytes at an MOI of 20, as previously described [Xu et al.,

1998a; Jones et al., 2000]. As a control, cells were infected with the

adenovirus Ad5LacZ which expresses the b-galactosidase gene

[Bradham et al., 2001]. Cells were also infected with Ad5TAM which

expresses TAM-67, a dominant negative c-Jun [Bradham et al.,

2001], or viruses expressing Bcl-2 or Bcl-XL [Shinoura et al., 2000;

Liedtke et al., 2002].

JNK KINASE ASSAY

JNK activity was measured by commercial kit according to the

manufacturer’s instructions (Cell Signaling, Beverly, MA). JNK was

immobilized from cell lysates by binding to an N-terminal c-Jun (1-

89) fusion protein bound to glutathione sepharose beads. The kinase

reaction was performed in the presence of cold ATP using the c-Jun

fusion protein as a substrate. The reaction products were resolved on

10% SDS–polyacrylamide gels, and the amount of phosphorylated

c-Jun detected with an antibody specific for c-Jun phosphorylated

at serine 63. Total c-Jun levels were determined to assess the

equivalency of loading among samples.

3-(4,5-DIMETHYLTHIAZOL-2-YL)-2,5-DIPHENYLTETRAZOLIUM

BROMIDE (MTT) ASSAY

Cell death was quantified by MTT assay [Xu et al., 1998a]. At 24 h

after menadione treatment, the cell culture medium was replaced by

an equal volume of a 1mg/ml MTT solution, pH 7.4, in DMEM. After

incubation at 378C for 1 h, the MTT solution was discarded, the

formazan product solubilized with 1-propanol and the absorbance

of this compound measured at 560 nm in a spectrophotometer. The

percentage of cell death was determined by dividing the optical

density of the treated group by the optical density for untreated,

control cells, multiplying by 100, and subtracting that number

from 100.

FLUORESCENCE MICROSCOPY

The steady-state levels of apoptotic and necrotic cells were

quantified by examining acridine orange and ethidium bromide

costained cells under fluorescence microscopy, as previously

described [Xu et al., 1996]. Cells with condensed or fragmented

nuclei and a shrunken cytoplasm by acridine orange staining were

considered apoptotic, and necrotic cells were detected by positive

staining with ethidium bromide. A minimum of 400 cells per dish

were examined, and the numbers of apoptotic and necrotic cells

expressed as a percentage of the total number of cells.
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PROTEIN ISOLATION AND WESTERN BLOTTING

Total protein was isolated from cells as described previously [Wang

et al., 2004]. Protein concentrations were determined by the Bio-Rad

(Hercules, CA) protein assay according to the manufacturer’s

instructions. Western blotting was performed, as previously

described [Singh et al., 2009b]. Nitrocellulose membranes were

exposed to antibodies that recognized phosphorylated and total

JNK1 and JNK2, phosphorylated and total c-Jun (Santa Cruz

Biotechnology, Santa Cruz, CA and Abcam, Cambridge, MA),

phosphorylated and total ERK1/2 (Cell Signaling). Membranes were

stripped and reprobed with b-actin (Abcam) to assess for equivalent

loading among samples.

Mitochondrial and cytosolic protein fractions were isolated as

previously described [Wang et al., 2006]. Western blotting was

performed as above with antibodies to cytochrome c (BD

Biosciences, San Diego, CA), cytochrome oxidase (MitoSciences,

Eugene, OR) and tubulin (Cell Signaling).

LUCIGENIN ASSAY

ROS production was determined by lucigenin chemiluminescence.

Cells were exposed to 1mg/ml of lucigenin in Krebs–Ringer

solution. Chemiluminescence was measured in a microplate reader

and normalized to cellular protein.

LENTIVIRUS CONSTRUCTION AND INFECTION

The nucleotide sequences shown in Table I were used for shRNAs to

jnk, jnk1, and jnk2. Oligonucleotides were annealed and cloned into

the BglII–XhoI site of pSUPER (Ambion). The SmaI–XhoI fragments

of the corresponding pSUPER plasmids, which included the

H1 promoter-shRNA cassette, were subcloned into the EcoRV–

XhoI sites of the lentiviral vector pCCL.sin.PPT.hPGK.GFPWpre

[Piva et al., 2006].

High titer lentiviral stocks were produced by calcium phosphate-

mediated transfection of the modified transfer vectors and the

packaging vectors pMDLg/pRRE, pRSV-Rev, and pMD2.VSVG into

HEK-293T cells. Supernatants were harvested over 36–48 h, titered

by plaque assay and used at an MOI of 5 to infect RALA hepatocytes.

The efficiency of infection was calculated at 72 h by determining the

numbers of GFP positive cells under fluorescence microscopy which

exceeded 98% for all constructs. All studies were performed in stably

infected cells.

ATP ASSAY

Intracellular ATP concentrations were determined by colorimetric

kit (BioVision, Mountain View, CA) using the manufacturer’s

instructions. Values were normalized to protein concentration and

expressed as values relative to untreated control cells.

LACTATE ASSAY

Levels of lactate in the cell culture medium were assayed by

commercial kit (BioVision) using the manufacturer’s instructions.

Lactate production was measured over a 2 or 4 h period and levels

normalized to total cellular protein.

b-OXIDATION ASSAY

Rates of fatty acid b-oxidation were determined by amodification of

the method of Hoppel et al. [1979], as previously described [Singh

et al., 2009a]. Rates of b-oxidation were measured from the

production of radioactive carbon dioxide from the oxidation of

[14C]oleate. Rates are expressed as cpm normalized to total

protein.

STATISTICAL ANALYSIS

The numerical results are reported as mean� SE and derived from at

least three independent experiments. Groups were compared by the

Student’s t-test with statistical significance defined as P< 0.05

using Sigma Plot (Jandel Scientific, San Rafael, CA).

RESULTS

PHARMACOLOGICAL JNK INHIBITION SENSITIZES RALA

HEPATOCYTES TO MENADIONE-INDUCED CELL DEATH

Previous studies demonstrated that RALA [Czaja et al., 2003; Wang

et al., 2004] and primary [Conde de la Rosa et al., 2006] hepatocytes

are sensitized to oxidant-induced cell death from the superoxide

generator menadione by sustained JNK/c-Jun activation. In RALA

hepatocytes death was blocked by the c-Jun dominant negative

TAM67, suggesting that JNK-induced activation of c-Jun mediates

cell death [Czaja et al., 2003]. However, in light of findings that

TAM67 can directly inhibit JNK as well as c-Jun [Reuther-Madrid

et al., 2002], we reevaluated the roles of JNK and c-Jun in oxidant-

induced hepatocyte death.

Initially we investigated whether TAM67 affected menadione-

induced JNK activation. Similar to fibroblasts [Reuther-Madrid

et al., 2002], adenoviral TAM67 expression inhibited JNK activation

in RALA hepatocytes as determined by in vitro kinase activity assay

employing c-Jun as substrate. In cells infected with the control virus

Ad5LacZ, JNK activity increased with menadione treatment as

indicated by increased c-Jun phosphorylation on immunoblots

(Fig. 1A). TAM67 is a c-Jun truncation mutant lacking amino acids

3-122 [Brown et al., 1993]. As expected, Ad5TAM did not alter wild-

type 43 kDa c-Jun levels on immunoblots probed with an amino-

terminal anti-c-Jun antibody (Fig. 1B). TAM67 was detected with a

carboxy-terminal anti-c-Jun antibody in Ad5TAM-infected cells as

a series of 20–30 kD bands representing post-translationally

modified TAM67 proteins (Fig. 1B), as previously reported [Brown

et al., 1993]. TAM67 decreased basal JNK activity in untreated cells,

and blocked the menadione-induced increase (Fig. 1A). These data

suggested that our previous findings with TAM67may have resulted

from direct effects of this construct on JNK rather than c-Jun.

To determine the direct actions of JNK on hepatocyte death from

menadione, we examined the effects of the JNK inhibitor SP600125

[Bennett et al., 2001]. Pretreatment with 10mM SP600125 decreased

JNK activity in cells that were untreated or treated with nontoxic

(30mM) and toxic (50mM) menadione concentrations or the JNK

inducers TNF and phorbol myristate acetate (Fig. 1C). Concentra-

tions of 20–100mM SP600125 were only slightly more effective in

TABLE I. shRNA Sequences

jnk 50-GCATGGGCTACAAGGAGAA-30
jnk1 50-GGAATAGTGTGTGCAGCTT-30
jnk2 50-GGAATTGTTTGTGCTGCTT-30
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blocking JNK, and 50–100mM concentrations were toxic (data not

shown). With the efficacy of SP600125 established, its ability to

block death from menadione was examined with the expectation

that similar to TAM67 this chemical would prevent death that was

mediated by JNK directly, or JNK-dependent c-Jun activation.

Surprisingly, rather than protecting against death, SP600125

sensitized RALA hepatocytes to death from 30 to 50mMmenadione

as determined by MTT assay (Fig. 1D). The cytotoxicity of SP600125

and 50mM menadione was confirmed by fluorescence microscopy

of acridine orange/ethidium bromide costained cells to determine

steady-state levels of necrosis and apoptosis. SP600125 or 50mM

menadione alone failed to induce necrosis or apoptosis (Fig. 1E). In

contrast, SP600125/menadione cotreatment significantly increased

the numbers of cells undergoing necrosis and apoptosis (Fig. 1E).

The majority of cell death occurred through the typical menadione-

induced cell death cascade mediated by the mitochondrial death

pathway and caspase activation. The menadione-induced reduction

in mitochondrial cytochrome c and release into the cytoplasm were

increased by SP600125 cotreatment (Fig. 2A). Adenoviral over

expression of Bcl-2 or Bcl-XL, which block the mitochondrial death

pathway, inhibited death by 65–80% (Fig. 2B). An equivalent

decrease was achieved with the caspase inhibitor Q-VD-OPh

(Fig. 2C). In contrast to the protective effect of the c-Jun dominant

negative TAM67, JNK inhibition by SP600125 had the diametrically

opposed effect of sensitizing to death from oxidant stress in RALA

hepatocytes.

PRIMARY HEPATOCYTES ARE SENSITIZED TO DEATH FROM

MENADIONE BY JNK INHIBITION

To insure that the findings were not an artifact of the RALA cell

line, the effect of SP600125 was examined on menadione toxicity

in primary hepatocytes. SP600125 cotreatment significantly

increased cell death in mouse primary hepatocytes over a range

of menadione concentrations (Fig. 2D). JNK signaling was critical

for resistance to oxidant stress identical to findings in RALA

hepatocytes.

SP600125 DOES NOT INCREASE ROS PRODUCTION FROM

MENADIONE

SP600125’s effects are not completely JNK specific [Bain et al.,

2003], suggesting that sensitization to menadione death may be

through another mechanism. One off-target effect could be to alter

levels of oxidant stress. To exclude an effect secondary to altered

oxidative stress, menadione-induced ROS production was deter-

mined in the absence and presence of SP600125. Previous studies

demonstrated that ROS peak at 1 h after menadione [Wang et al.,

2010]. ROS were undetectable in untreated cells, and minimally

increased in SP600125-treated cells (Fig. 2E). In contrast, ROS levels

increased markedly in response to menadione but were equivalent

with SP600125 cotreatment (Fig. 2E), indicating that sensitization to

menadione toxicity by SP600125 was not due to increased ROS

production.

Fig. 1. SP600125 sensitizes RALA hepatocytes to menadione-induced death despite inhibiting JNK. A: Cells were infected with control virus Ad5LacZ or Ad5TAM and treated

with menadione for the indicated number of hours. JNK activity was determined by an in vitro kinase assay with c-Jun as the substrate. Activity was assayed by immunoblots for

phosphorylated c-Jun (P-c-Jun), and membranes were reprobed for total c-Jun to assess loading equivalency. B: Proteins from Ad5LacZ- and Ad5TAM-infected cells treated

with menadione for the indicated hours and immunoblotted with an amino-terminal anti-c-Jun antibody for wild-type c-Jun (c-Jun) and a carboxy-terminal anti-c-Jun

antibody that detects the truncated c-Jun TAM67 (TAM67). b-actin is a loading control. C: JNK assay of cells pretreated with vehicle dimethyl sulfoxide (DMSO) or SP600125

alone, or in combination with 30 or 50mM menadione (Men), TNF, or phorbol myristate acetate (PMA). D: Percentage cell death in RALA hepatocytes treated with menadione

alone (Men) or with SP600125 (SPþMen) at the indicated mM concentrations of menadione for 24 h (�P< 0.0002 as compared to menadione alone; n¼ 5). E: Percentages of

untreated control (Con) cells, or cells treated for 12 h with SP600125 (SP) or 50mMmenadione (Men) alone, or in combination (SP/Men), that were positive by acridine orange/

ethidium bromide costaining for necrosis or apoptosis under fluorescence microscopy (�P< 0.0001 as compared to menadione alone; n¼ 6).
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PHARMACOLOGICAL JNK INHIBITION SENSITIZES TO DEATH

DESPITE BLOCKING C-JUN PHOSPHORYLATION

Phosphorylated c-Jun levels represent the net effect of JNK

phosphorylation and phosphatase-mediated dephosphorylation.

Although SP600125 inhibited JNK activity as measured by

phosphorylation of c-Jun (Fig. 1A), menadione-induced oxidant

stress may decrease phosphatase activity resulting in an overall

increase in c-Jun phosphorylation and cell death. To exclude this

possibility, SP600125 effects on phospho-c-Jun levels with

menadione treatment were examined. By Western blotting,

SP600125 blocked both c-Jun and JNK phosphorylation from

menadione (Fig. 3A). TAM67 similarly blocked c-Jun and JNK

phosphorylation (Fig. 3B). Previously we identified theMAPK ERK1/

2 as a JNK inhibitor that promotes resistance to menadione [Czaja

et al., 2003]. SP600125 and TAM67 specifically inhibited JNK/c-Jun

signaling as neither agent altered ERK1/2 phosphorylation

(Fig. 3A,B). Thus, SP600125 sensitized to death from menadione

despite inhibition of c-Jun phosphorylation.

EARLY JNK SIGNALING MEDIATES RESISTANCE TO MENADIONE

An immediate, transient JNK activation occurs in RALA or primary

hepatocytes from nontoxic menadione concentrations [Czaja et al.,

2003; Conde de la Rosa et al., 2006]. With toxic menadione doses

JNK activation becomes prolonged, and triggers cell death [Czaja

et al., 2003; Conde de la Rosa et al., 2006]. These findings imply that

transient JNK activation is beneficial, but prolonged activation

initiates cell death. We therefore varied the onset of JNK inhibition

to examine whether SP600125 exerts its death-promoting effect by

interfering with early, protective JNK activation. Death decreased

only slightly when SP600125 was given 1 h after menadione

(Fig. 3C). However, death decreased significantly when SP600125

was delayed until 2 h after menadione treatment, and the effect of

SP600125 was lost completely with treatment at 4 h after menadione

(Fig. 3C). Inhibition of early JNK activation by SP600125 abolishes

hepatocyte resistance to death from menadione.

SENSITIZATION TO MENADIONE BY SP600125 IS C-JUN

DEPENDENT

The finding that SP600125 sensitized to death from menadione

despite blocking c-Jun phosphorylation suggested that death may

be c-Jun independent. The effect of direct c-Jun inhibition by

TAM67 was therefore investigated in SP600125/menadione-treated

cells. TAM67 markedly decreased death from SP600125/menadione

(Fig. 4A), demonstrating that death was c-Jun dependent, although

independent of c-Jun phosphorylation.

Fig. 2. Death from SP600125/menadione occurs through mitochondrial death pathway-mediated caspase activation. A: RALA hepatocytes were treated with 50mM

menadione and SP600125 alone or in combination for 8 h. Cytosolic and mitochondrial protein fractions were immunoblotted with antibodies for cytochrome c (Cyt c), and

cytochrome oxidase (Cyt ox) and tubulin to demonstrate fraction purity. B: Percentage cell death by MTT assay in cells infected with Ad5LacZ (LacZ) or Bcl-2- or Bcl-XL-

expressing adenoviruses and treated with SP600125 and 50 or 60mMmenadione for 24 h (�P< 0.005 as compared to Ad5LacZ-infected cells; n¼ 6). C: Percentage cell death

24 h after treatment with SP600125 and 40 or 50mM menadione in the absence (SP) or presence (SPþQVD) of Q-VD-OPh (�P< 0.001 as compared to cells without Q-VD-

OPh; n¼ 5). D: Percentage cell death in primary hepatocytes treated with the indicated mM concentration of menadione alone (Men) or with SP600125 pretreatment

(SPþMen) for 24 h (�P< 0.05, ��P< 0.001 as compared to menadione alone; n¼ 5). E: Relative ROS levels in the absence (SP�) or presence (SPþ) of SP600125 and left

untreated (No tx) or treated with 50mM menadione (Men 50) for 1 h (n¼ 4–5).
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JNK MEDIATES RESISTANCE TO MENADIONE TOXICITY

The divergent effects of the JNK inhibitor SP600125 and the c-Jun

dominant negative TAM67 suggested that rather than the two

signaling molecules functioning in sequence to mediate a common

effect, they have distinct and opposing roles in the menadione death

pathway. The ability of TAM67 to prevent death may have resulted

from an ability to block phosphorylation-independent c-Jun

activity directly, whereas unphosphorylated c-Jun function was

unaffected by SP600125. The finding that TAM67 blocked death

from SP600125/menadione supports this conclusion. However, this

possibility does not completely explain the experimental findings,

as SP600125 was not only ineffective in preventing death, but also

promoted death from oxidative stress. The data therefore suggested

that JNK may have a c-Jun-independent cytoprotective effect that

when blocked by SP600125 sensitizes to death from menadione.

To more specifically determine the effect of JNK inhibition, we

established stable, lentiviral shRNA-mediated knockdowns of both

jnk genes (siJNK cells), jnk1 (siJNK1 cells), and jnk2 (siJNK2 cells) in

RALA hepatocytes. An shRNA directed against a common sequence

of both genes reduced both p54 and p46 JNK (Fig. 4B). Consistent

with findings in jnk1 and jnk2 mouse knockouts [Singh et al.,

2009c], and primary hepatocytes from these livers [Kodama et al.,

2009b], an shRNA directed against jnk1 predominantly decreased

levels of p46 JNK, whereas the jnk2-targeted shRNA reduced p54

JNK (Fig. 4B).

Cells infected with empty lentiviral vector (VEC cells) and the

three knockdowns were treated with menadione. The total jnk

knockdown sensitized to death from menadione (Fig. 4C). siJNK2

cells were similarly sensitized to death, whereas siJNK1 cells had

decreased toxicity (Fig. 4C). These MTT findings were confirmed by

fluorescence microscopic quantification of the numbers of apoptotic

and necrotic cells (Fig. 4D). These results demonstrate that inhibition

of both jnk genes sensitized to death frommenadione identical to the

JNK inhibitor SP600125. The mechanism of this effect was due in

large part to JNK2 as the jnk2 and total jnk knockdown cells were

equally sensitized to death. We confirmed this finding by examining

the sensitivity of primary hepatocytes from jnk knockout mice to

menadione. Jnk2 null mouse primary hepatocytes were significantly

more sensitive to death frommenadione than wild-type hepatocytes

(Fig. 4E). In contrast, jnk1 knockout hepatocytes were protected

against cell death from menadione (Fig. 4E). Thus, in both

knockdown RALA hepatocytes, and knockout primary hepatocytes,

JNK2 mediated survival from menadione whereas JNK1 promoted

cell death.

JNK INHIBITION ALTERS ENERGY HOMEOSTASIS DURING

MENADIONE-INDUCED INJURY

Our recent studies demonstrated that maintenance of energy

homeostasis is critical for RALA hepatocyte resistance to menadione

[Wang et al., 2010]. Others have shown that JNK regulates

mitochondrial bioenergetics in response to acetaminophen [Hanawa

et al., 2008]. We therefore investigated whether JNK inhibition

compromised energy levels during menadione-induced stress. ATP

levels were moderately decreased 2 h after 50mM menadione

treatment (Fig. 5A), but returned back towards baseline by 4 h

(Fig. 5B). In contrast, SP600125/menadione cotreatment led to

significantly greater decreases in ATP at 2 and 4 h than menadione

alone, and by 4 h levels had decreased further rather than

normalizing (Fig. 5A,B). Cellular ATP is maintained by the glycolytic

breakdown of glucose or the b-oxidation of fatty acids. Glycolysis

was assessed by lactate production which decreased significantly

Fig. 3. Cell death from SP600125/menadione treatment occurs from a block

in early JNK activation and is independent of c-Jun phosphorylation. A: RALA

hepatocytes were treated with dimethyl sulfoxide (DMSO) or SP600125 alone

or with 50mM menadione for the indicated hours. Total protein was isolated

and immunoblotted for phospho- (P-c-Jun) and total (c-Jun) c-Jun, phospho-

(P-JNK) and total (JNK) JNK, phospho- (P-ERK1/2) and total (ERK1/2) ERK1/2

and b-actin as a loading control. B: Cells were infected with Ad5LacZ or

Ad5TAM and treated with 50mM menadione. Total protein from these cells

was immunoblotted with the same antibodies as in (A). C: Percentage cell death

at 24 h in untreated control (Con) RALA hepatocytes, and cells treated with

50mM menadione together with SP600125 1 h before (�1 h), or 1 (þ1 h), 2

(þ2 h), or 4 (þ4 h) h after menadione treatment (�P< 0.01, ��P< 0.001 as

compared to cells treated with SP600125 1 h before menadione; n¼ 4).
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Fig. 4. SP600125/menadione death is c-Jun dependent. A: RALA hepatocytes were infected with Ad5LacZ or Ad5TAM, pretreated with SP600125 and treated with 40 or

50mM menadione. Percentage cell death was determined at 24 h by MTT assay (�P< 0.00004 as compared to Ad5LacZ-infected cells; n¼ 4–8). B: Immunoblots for total JNK

and b-actin in jnk knockdown cells. C: Percentage cell death 24 h after treatment with the indicated menadione concentrations in knockdown cells (�P< 0.002, #P< 0.01 as

compared to VEC cells; n¼ 5–7). D: Percentages of apoptotic and necrotic cells by fluorescence microscopy 12 h after 50mM menadione treatment (�P< 0.01 as compared to

menadione-treated VEC cells; n¼ 4). E: Percentage cell death in wild-type (WT), jnk1�/� and jnk2�/� mouse primary hepatocytes by MTT assay after 24 h treatment with the

menadione concentrations shown (�P< 0.03, ��P< 0.005 as compared to menadione-treated wild-type cells; n¼ 3–5).

Fig. 5. SP600125/menadione leads to ATP depletion and decreased b-oxidation. A: ATP levels in RALA hepatocytes treated with 50mM menadione for 2 h in the absence

(SP�) or presence (SPþ) of SP600125 (�P< 0.001 as compared to SP�/menadione-treated cells; n¼ 4). B: ATP levels in identically treated cells at 4 h (�P< 0.00004; n¼ 3).

C,D: Lactate production in similarly treated cells at 2 h (n¼ 3–4) (C), and 4 h (n¼ 4) (D) after menadione. E,F: Rates of b-oxidation at 2 h (E) and 4 h (F) after menadione

(�P< 0.02; n¼ 5–6).
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with menadione, but to an equivalent extent in the absence or

presence of SP600125 (Fig. 5C,D). In contrast, the menadione-

induced decrease in fatty acid b-oxidation was significantly greater

with SP600125 cotreatment (Fig. 5E,F). The decreases in ATP and b-

oxidation induced by JNK inhibition preceded cell death as

apoptotic and necrotic cells were not detected by fluorescence

microscopy until 8 h after menadione administration (data not

shown).

A genetic JNK knockdown had similar effects on energy

homeostasis. Identical to wild-type cells, a nontoxic menadione

dose significantly decreased ATP content in control VEC cells at 2 h

(Fig. 6A), but levels almost returned to baseline within 4 h (Fig. 6B).

ATP levels in siJNK1 and siJNK2 cells followed a similar pattern as

VEC cells in response to menadione (Fig. 6A,B). However, siJNK cells

had a significantly larger decrease in ATP at 2 and 4 h with a greater

depletion by 4 h (Fig. 6A,B). Lactate levels decreased equivalently

with menadione in VEC cells and all three knockdowns at both 2 and

4 h (Fig. 6C,D). In contrast, although b-oxidation rates were

decreased by menadione in all cell types at both time points, the

decrease was significantly greater in siJNK cells (Fig. 6E,F). Thus,

chemical or genetic inhibition of total JNK function sensitized to

death from menadione in association with a more profound

depletion of ATP and decrease in b-oxidation.

b-OXIDATION MEDIATES RESISTANCE TO MENADIONE TOXICITY

To determine whether the reduction in b-oxidation was causal in

menadione-induced death, the effect of an inhibition of b-oxidation

on hepatocyte death from menadione was examined. Wild-type

RALA hepatocytes were treated with the carnitine palmitoyltrans-

ferase-1 inhibitor etomoxir to block b-oxidation [Abdel-aleem

et al., 1994]. Etomoxir treatment for 24 h was not toxic, but this

agent significantly increased death from menadione (Fig. 7A). In

contrast, inhibition of glycolysis with 2-deoxyglucose was mildly

toxic but failed to amplify menadione toxicity (data not shown).

Menadione treatment in the setting of an inhibition of b-oxidation

led to a significant reduction in ATP at 4 h (Fig. 7B).

Previously we demonstrated that the b-oxidation substrate oleic

acid increases ATP levels and blocks death from menadione [Wang

et al., 2010]. To determine whether increased b-oxidation could

replenish ATP and prevent sensitization to death frommenadione by

JNK inhibition, siJNK cells were supplemented with oleate. Oleate

blocked death from menadione in siJNK cells (Fig. 7C) in parallel

with the maintenance of normal levels of ATP (Fig. 7D). Oleate

similarly blocked death from SP600125/menadione (Fig. 7E). Thus, a

decreased rate of b-oxidation is the mechanism by which JNK

inhibition sensitizes cells to death from menadione.

DISCUSSION

JNK/c-Jun overactivation is central to a variety of forms of

hepatocyte injury, but the biological outcome from JNK signaling

varies depending on the injury [Schwabe, 2006; Czaja, 2010]. This

complexity undoubtedly results in part from undelineated differ-

ences in function of the JNK isoforms. In addition, potentially

opposing, functions of JNK and c-Jun may exist. Although c-Jun is

the major downstream effector of JNK signaling, JNK can function

independently of c-Jun [Chang et al., 2006; Kodama et al., 2009b],

and c-Junmay have JNK-independent functions as well. The present

Fig. 6. Total jnk knockdown decreases ATP levels and rates of b-oxidation. A,B: ATP levels in VEC and jnk knockdown cells at 2 (A) and 4 (B) h after treatment with 50mM

menadione (�P< 0.004 as compared to VEC cells; n¼ 3–5). C,D: Cumulative lactate production over 2 (C) and 4 (D) h (n¼ 3). E,F: Rates of b-oxidation after 2 h (�P< 0.03 as

compared to VEC cells; n¼ 3) (E), and 4 h (�P< 0.002 as compared to VEC cells; n¼ 3) (F) of menadione.
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study explains some of the complexity of JNK/c-Jun signaling in

hepatocyte injury by identifying distinct JNK and c-Jun functions in

death from oxidant stress.

Hepatocyte resistance to oxidant stress is regulated by cell

signaling pathways including JNK [Czaja, 2007]. In previous studies,

the c-Jun dominant negative TAM67, which inhibits both JNK and

c-Jun function, blocked death from menadione in RALA hepato-

cytes [Czaja et al., 2003]. This finding suggested that JNK/c-Jun

signaling promotes death in superoxide-induced injury. In contrast,

in the present study pharmacological JNK inhibition with SP600125

sensitizes RALA hepatocytes to death from menadione-induced

oxidant stress. An identical effect of SP600125 was seen in mouse

primary hepatocytes. This finding differs from a previous report in

which SP600125 protected against menadione-induced death in rat

primary hepatocytes [Conde de la Rosa et al., 2006]. However, the

prior study did not directly examine overall cell death which may

have included necrosis, but only caspase activation which is an

indirect measure of apoptosis. Although reduced, caspase activation

was still significantly elevated with SP600125/menadione [Conde de

la Rosa et al., 2006]. Thus, the effects of SP600125 on death in this

previous study are unclear. Alternatively, the discordant results may

reflect the use of mouse versus rat primary hepatocytes or

differences in cell culture conditions.

The present findings demonstrate opposing cell protective JNK

effects and death promoting c-Jun effects in oxidant-induced

hepatocyte injury. The effect of c-Jun was phosphorylation

independent because c-Jun-dependent death from menadione

occurred despite SP600125 inhibition of c-Jun phosphorylation.

Both SP600125 and TAM67 blocked menadione-induced c-Jun

phosphorylation as determined by kinase activity assays and

immunoblotting, yet SP600125 promoted death whereas TAM67

prevented it. These findings suggest that a c-Jun independent JNK

function mediates hepatocyte resistance to death from menadione.

However, this JNK effect becomes irrelevant when c-Jun function is

blocked as TAM67 prevented death from SP600125/menadione.

These results suggest that although TAM67 inhibited JNK function

as measured by c-Jun phosphorylation, this dominant negative

protein failed to block other protective functions of JNK.

Alternatively, c-Jun may represent the ultimate mediator of death

from menadione, thus c-Jun inhibition renders other upstream

protective signals irrelevant. Little is known about direct interac-

tions of TAM67 with JNK. It is possible that the JNK inhibitor

SP600125 may block JNK2 functions that are unaffected by TAM67.

This possibility cannot be tested because of the lack of a JNK2-

specific functional assay.

The results with the pharmacological inhibitor SP600125 were

confirmed by the finding that a genetic jnk knockdown similarly

sensitized RALA hepatocytes to death from menadione. These data

confirm that the death-sensitizing effect of SP600125 was not an off

target effect of this chemical. The ability of a selective jnk2, but not

jnk1, knockdown to sensitize to death from menadione indicated

that JNK2 was the protective isoform, a finding confirmed in

Fig. 7. Inhibition of b-oxidation sensitizes to death frommenadione. A: Percentage cell death in wild-type cells 24 h after treatment with etomoxir (Eto) or 50mMmenadione

(Men) alone, or in combination (Menþ Eto) (�P< 0.00001 as compared to menadione-treated cells; n¼ 4–6). B: ATP levels 4 h after menadione in the absence (Eto�) or

presence (Etoþ) of etomoxir (�P< 0.001 as compared to menadione-treated cells; n¼ 4). C: Percentage cell death in siJNK cells 24 h after 50 or 60mM menadione treatment

without (OL�) or with (OLþ) oleate supplementation (�P< 0.0005 as compared to OL� cells; n¼ 3). D: ATP levels in siJNK cells treated with 60mMmenadione for 4 h in the

absence (OL�) or presence (OLþ) of oleate (�P< 0.001 as compared to OL� cells; n¼ 3). E: Percentage cell death at 24 h in wild-type RALA hepatocytes treated with the

indicated concentrations of menadione and SP600125 alone (SP) or with oleate (SPþOL) (�P< 0.00003 as compared to SP cells; n¼ 5).

3262 JNK/c-Jun IN HEPATOCYTE OXIDANT DEATH JOURNAL OF CELLULAR BIOCHEMISTRY



primary jnk2 null hepatocytes. Early JNK activation mediated

resistance to menadione as SP600125 had to be administered within

1 h of menadione treatment to sensitize to death. These findings

suggest that conclusions on JNK’s role in liver injury based on

findings with SP600125 or other global JNK inhibitors must be

interpreted with caution. A negative result from global inhibition is

not conclusive that JNK is uninvolved in the liver injury because the

finding may reflect the net effect of an inhibition of beneficial as

well as detrimental effects of different JNK isoforms. This fact may

explain the reported failure of SP600125 to block in vivo liver injury

from menadione [Hong et al., 2009], although this finding may

reflect that rodent toxicity from menadione is primarily extrahe-

patic.

Supporting the concept that JNK function varies depending on

the nature of the liver injury is that SP600125 has opposing

effects on hepatocyte death from oxidant stress and TNF even

though both forms of death result from JNK overactivation.

SP600125 inhibits death in cells sensitized to TNF toxicity by an

inhibition of NF-kB in both primary hepatocytes [Schwabe et al.,

2004] and RALA hepatocytes (data not shown). These findings

suggest that JNK2 does not function in hepatocyte resistance to TNF.

Again the availability of JNK1 and JNK2 specific activity assays

might reveal their differential activation by the two types of injury

that would explain these findings. Alternatively, JNK2 may exert a

protective function relevant to oxidant- but not TNF-induced liver

injury.

Chemical or genetic JNK inhibition magnified the ATP depletion

and decrease in b-oxidation caused by menadione. The effect of a

total JNK knockdown was greater than the loss of JNK2 alone even

though the two knockdowns were equivalent in sensitizing to death

from menadione. These data suggest that JNK1 also has some

protective effect in maintaining these determinants of cellular

energy. Although cells died of apoptosis, significant numbers of

cells also died of necrosis. Profound ATP depletion favors cell death

by necrosis rather than apoptosis as apoptosis is energy dependent

[Jaeschke and Lemasters, 2003]. However, the apoptotic machinery

fails only with very profound ATP depletion to levels below 15–20%

of normal [Jaeschke and Lemasters, 2003]. In the absence of JNK,

ATP content after menadione treatment dropped to a mean of 20–

30% of normal levels, indicating that some cells likely had sufficient

ATP to support apoptosis whereas other cells had lower levels that

triggered necrosis. That b-oxidation maintains ATP levels was

demonstrated by findings that an inhibition of b-oxidation

sensitized RALA hepatocytes to death from menadione in parallel

with a decrease in ATP, and the b-oxidation substrate oleate

preserved ATP levels and prevented death from JNK inhibition and

menadione. These findings suggest that preservation of ATP levels is

the likely mechanism by which b-oxidation mediates cellular

resistance to oxidant stress. Oleate blocked necrosis and apoptosis

indicating that ATP depletion promoted both forms of cell death.

ATP depletion may have promoted mitochondrial dysfunction that

triggered apoptosis, and it has recently been reported in neurons and

macrophages that ATP depletion triggers the mitochondrial death

pathway and apoptosis in these cells [Concannon et al., 2010;

Garedew et al., 2010]. That JNK functions to maintain mitochondrial

energy homeostasis contrasts with findings that JNK promotes ATP

depletion from acetaminophen [Hanawa et al., 2008]. These

opposing effects may reflect differences in the two forms of oxidant

stress. In contrast to menadione, acetaminophen causes a profound

depletion of glutathione that leads to JNK activation [Hanawa et al.,

2008].

The result of oxidant-induced JNK activation on cell death

therefore reflects the net effect of JNK-mediated resistance and the

promotion of cell death by c-Jun. The findings raise the question as

to why hepatocytes have components within the same sequential

signaling cascade that oppose each other’s function. Presumably the

potentially fatal outcome from any instance of prolonged activation

of this commonly induced signaling pathway requires safeguards

against death. JNK/c-Jun signaling has been implicated in the

regulation of a number of forms of experimental liver injury

including those mediated by oxidant stress. These models are

directly relevant to human diseases such as acetaminophen drug

toxicity, nonalcoholic fatty liver disease and cholestatic injury from

fatty acids [Gunawan et al., 2006; Malhi et al., 2006; Singh et al.,

2009c]. Studies have confirmed that JNK is activated in human

livers from patients with obstructive cholestasis, nonalcoholic fatty

liver disease and acetaminophen toxicity [Henderson et al., 2007;

Chai et al., 2011; Ferreira et al., 2011]. Thus, there is considerable

interest in manipulating JNK/c-Jun signaling for the treatment of

human diseases [Johnson and Nakamura, 2007]. The complex and

opposing functions of JNK1 and JNK2 as well as c-Jun in various

forms of liver injury render the therapeutic approach of global JNK

inhibition impractical in some forms of hepatocellular injury

including those from oxidant stress. Function-specific inhibitors are

required to target this death signal. Alternatively, delineation of

downstream effectors of JNK/c-Jun-mediated death may better

identify potential therapeutic targets in this critical hepatocyte

death signaling pathway.
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