aspet’

0026-895X/03/6302-401-408

MOLECULAR PHARMACOLOGY

U.S. Government work not protected by U.S. copyright
Mol Pharmacol 63:401-408, 2003

Vol. 63, No. 2
1872/1041049
Printed in U.S.A.

Critical Role of c-Jun N-Terminal Protein Kinase Activation in
Troglitazone-Induced Apoptosis of Human HepG2 Hepatoma

Cells

MYUNG-AE BAE and BYOUNG J. SONG

Laboratory of Membrane Biochemistry and Biophysics, National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health,

Rockville, Maryland
Received May 24, 2002; accepted November 12, 2002

This article is available online at http://molpharm.aspetjournals.org

ABSTRACT

The peroxisome proliferator-activated receptor agonist trogli-
tazone (TRO) was used for treatment of non-insulin-dependent
diabetes until its removal from the market because of its severe
hepatotoxicity. However, the mechanism for its hepatotoxicity
is still poorly understood. In this study, we investigated whether
TRO caused cell death by altering signaling pathways associ-
ated with cell damage and survival in human hepatoma cells.
Our data reveal that TRO caused time- and concentration-
dependent apoptosis of HepG2 and Chang liver human hepa-
toma cells, as evidenced by DNA fragmentation and staining
with Hoechst 33342. In contrast, 50 or 100 uM rosiglitazone, a
structural analog of TRO, did not cause apoptosis in these
hepatoma cells. TRO activated both c-Jun N-terminal protein
kinase (JNK) and p38 kinase about 5-fold between 0.5 and 8 h
before they returned to control levels at 16 h in HepG2 cells. In
contrast, TRO failed to activate the extracellular signal-regu-
lated kinase. Furthermore, TRO increased the levels of pro-
apoptotic proteins, Bad, Bax, release of cytochrome ¢, and
cleavage of Bid in a time-dependent manner. The antiapoptotic

Bcl-2 protein level decreased in hepatoma cells treated with
TRO. Pretreatment of hepatoma cells with a selective JNK
inhibitor, anthra[1,9-cd]pyrazol-6(2H)-one (SP600125), signifi-
cantly reduced the rate of TRO-induced cell death, whereas
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-
imidazole (SB203580), an inhibitor of p38 kinase, had little
effect on apoptosis. Pretreatment with SP600125 also pre-
vented JNK activation and c-Jun phosphorylation. In addition,
rosiglitazone, which is not as toxic to hepatoma cells as TRO,
did not stimulate JNK activity. Transfection of cDNA for the
dominant-negative mutant JNK-KR (Lys—Arg) or SEK1-KR
(Lys—Arg), an immediate upstream kinase of JNK, significantly
reduced TRO-induced JNK activation and cell death rate. Fur-
thermore, SP600125 pretreatment effectively prevented the
TRO-mediated changes in Bad, Bax, Bid cleavage, and cyto-
chrome c release. These data strongly suggest that hepatotoxic
TRO causes apoptosis by activating the JNK-dependent cell
death pathway accompanied by increased Bid cleavage and
elevation of proapoptotic proteins.

Troglitazone (TRO; Rezulin), a thiazolidinedione com-
pound, is a novel antidiabetic agent that was originally ap-
proved to treat patients with adult-onset non—insulin-depen-
dent diabetes. TRO is an agonist of the peroxisome
proliferator-activated receptor y (PPARy) (Lehmann et al.,
1995; Mahler and Adler, 1999) that sensitizes target cells to
insulin, thereby improving the metabolic conditions associ-
ated with adult-onset diabetes. Although the precise mecha-
nism of action of TRO is still not fully understood, the insu-
lin-sensitizing effects of TRO are believed to be mediated
through the activation of PPARY. This notion is supported by
the fact that the binding affinity of TRO analogs to PPARYy
corresponds to the potency of their anti-diabetic action (Wil-

son et al., 1996; Beales et al., 1998; Day, 1999; Lebovitz et al.,
2002).

Despite the many benefits of TRO, it is known to also
induce apoptosis in experimental animal models (Ohtani et
al., 1998; Keelan et al., 1999). In addition, during preclinical
trials and clinical use, approximately 1.9% of patients devel-
oped severe hepatic problems with elevated serum transam-
inase activities (Watkins and Whitcomb, 1998). In some se-
vere cases, TRO caused fulminant hepatic failures, leading to
multiple human deaths. Because of severe side effects of TRO
and the availability of its structural derivatives such as ros-
iglitazone (RSG) and pioglitazone (Day, 1999), TRO was re-
moved from the market in 2000. However, the mechanism by

ABBREVIATIONS: TRO, troglitazone; PPAR, peroxisome proliferator-activated receptor; RSG, rosiglitazone; ERK, extracellular signal-regulated
kinase; JNK, c-Jun N-terminal protein kinase; p38 kinase, p38 mitogen activated protein kinase; MAP, mitogen-activated protein; DMSO, dimethyl
sulfoxide; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; ATF, activator transcription factor; wt, wild type; SEK, stress
activated protein kinase kinase; JNK-KR, c-Jun N-terminal protein kinase Lys—Arg mutant; SEK1-KR, stress activated protein kinase kinase 1
Lys—Arg mutant; SP600125, anthra[1,9-cd]pyrazol-6(2H)-one; SB203580, 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-1H-imida-
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which TRO induces liver damage or hepatotoxicity is poorly
understood. TRO-induced apoptosis does not seem to be me-
diated through PPARYy activation, because other structural
analogs of TRO, such as RSG and pioglitazone, both of which
stimulate the PPARy, do not seem to cause increased cell
death (Day, 1999; Lebovitz et al., 2002).

Extracellular signal-regulated kinase (ERK) plays an im-
portant role in cell proliferation, differentiation, and survival
promoted by many endogenous and exogenous growth stim-
uli (Karin, 1995). On the other hand, various pro-inflamma-
tory cytokines, removal of growth factors, chemotherapeutic
agents and many toxic compounds usually stimulate the
activities of c-Jun N-terminal protein kinase (JNK) or stress-
activated protein kinase and p38 mitogen-activated protein
kinase (p38 kinase), leading to cell death. It is also known
that these mitogen-activated protein (MAP) kinases are often
regulated in an opposing manner upon exposure to exoge-
nous factors or toxicants (Xia et al., 1995). To our knowledge,
the effects of TRO on these MAP kinases and their roles in
TRO-induced apoptosis have not been studied systemati-
cally. Therefore, in this study, we investigated the effects of
TRO on various proteins involved in the early signaling path-
way and apoptosis-related proteins in human hepatoma cells.

Materials and Methods

Materials. Dimethyl sulfoxide (DMSO; tissue culture grade),
trypan blue, bromphenol blue, and ethidium bromide were pur-
chased from Sigma Chemicals (St. Louis, MO). TRO was kindly
provided by Parke-Davis Company (Ann Arbor, MI) and Dr. Herman
Rhee (US Food and Drug Administration, Rockville, MD). RSG was
kindly provided from Dr. Joong-Kwon Choi (Korea Research Insti-
tute of Chemical Technologies, Daejon, Korea). All tissue culture
media, including fetal bovine serum, antibiotics, and trypsin were
purchased from Invitrogen (Carlsbad, CA). SP600125, SB203580,
and Hoechst 33342 were from Calbiochem (San Diego, CA). Specific
antibodies to the proteins analyzed were purchased from Santa Cruz
Biotechnologies (Santa Cruz, CA).

Hepatoma Cell Culture and Determination of Cell Viabil-
ity. HepG2 and Chang liver human hepatoma cells, and McA-
RH7777 rat hepatoma cells were purchased from American Type
Culture Collection (Manassas, VA) and maintained in minimal es-
sential medium with Earl’s salts, 10% (v/v) fetal bovine serum, 100
IU/ml penicillin, and 100 ug/ml streptomycin in a humidified incu-
bator under 5% CO,/95% air at 37°C. HepG2 and Chang liver cells,
grown in 96-well microtiter plates (1 X 10* cells/well) for 2 days, were
incubated with varying concentrations of TRO or RSG (diluted in
DMSO at 0.05% final concentration) for different times. Cell viability
was measured by using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyl tetrazolium bromide) as a substrate. Trypan blue dye exclusion
assay was performed to confirm and verify cell viability.

Detection of DNA Fragmentation by Agarose Gel Electro-
phoresis. High-molecular-weight DNA was isolated from TRO-
treated HepG2 cells (5 X 10° cells/culture flask) and analyzed by
agarose gel electrophoresis as described recently (Bae et al., 2001).

Immunoblot Analyses. HepG2 cells, grown in a culture flask
(150-mm diameter), were treated with TRO for different times and
harvested by centrifugation at 3000g for 5 min at 4°C. The levels of
JNK, p38 kinase, ERK, Bax, Bad, cytochrome c release, Bcl-2, phos-
pho-JNK, phospho—c-Jun, and phospho-stress activated protein ki-
nase kinase (SEK) were determined by immunoblot analysis as de-
scribed previously (Bae et al., 2001). Briefly, whole cell lysates were
separated on SDS-polyacrylamide gels, electrically transferred onto
nitrocellulose membranes, and then incubated with polyclonal anti-
bodies against the target proteins followed by incubation with a

secondary antibody. The bound antigen-antibody complexes were
finally recognized by enhanced chemiluminescence detection with a
SuperSignal West Pico ECL detection kit (Pierce Chemicals, Rock-
ford, IL).

Measurement of JNK, p38 Kinase, and ERK Activities.
HepG2 cells, grown in culture flasks (150-mm diameter) and treated
with TRO for indicated times, were harvested and homogenized in
ice-cold lysis buffer, as described previously (Soh et al., 2000). The
activity of specific MAP kinases in the soluble extracts was deter-
mined by using activator transcription factor-2 (ATF-2) or myelin
basic protein as a substrate (Soh et al., 2000). The whole-cell extracts
(300 pg of protein/reaction) were incubated with polyclonal antibod-
ies to JNK, p38 kinase, and ERK, respectively, for 2 h followed by
incubation with protein A-agarose beads for an additional 2 h at 4°C.
The immunoprecipitated protein was washed with the lysis buffer
three times before washing with the kinase buffer twice. The protein
kinase reaction buffer contained: 20 mM Tris-HCI, pH 7.5, 20 mM
MgCl,, 5 mM EGTA, 0.5 mM dithiothreitol, 0.1 ug myelin basic
protein or ATF-2, 30 uM ATP, and 10 uCi of [*?P]ATP. After incu-
bation for 15 min at 37°C, the enzyme reaction was terminated by
adding 2X SDS sample buffer. The samples were separated on a 10%
SDS-polyacrylamide gel, visualized by staining, and processed for
autoradiography. Alternatively, activation of each MAP kinase was
also determined by immunoblot analysis using the antibody that
specifically recognizes the phosphorylated form of each MAP kinase.

Transient Expression of Various c¢cDNAs. The respective
cDNA construct (8 pg each) for JNK wild type (wt), SEK1 wt,
JNK-KR (Lys—Arg), or SEK1-KR (Lys—Arg) dominant-negative
mutant was transfected into HepG2 cells (60-70% confluence; grown
on 6-cm culture dishes), using LipofectAMINE 2000 reagent accord-
ing to the manufacturer’s instruction, as described previously (Soh et
al., 2000; Bae et al., 2001). The level of protein expressed after
transfection of the respective cDNA was also determined by immu-
noblot analysis using the specific antibody toward each target pro-
tein.

Statistical Analysis. Experimental results shown were repeated
two or three times, unless otherwise indicated. Results are expressed
as means = S.E.M. The mean values were compared using Student’s
t test. P < 0.05 value is considered statistically significant. Other
methods not described in this report were as same as described
previously (Soh et al., 2000; Bae et al., 2001)

Results

Time- and TRO Concentration-Dependent Apoptosis
of Human Hepatoma Cells. To evaluate the cytotoxic ef-
fects of TRO on cultured hepatoma cells, we treated HepG2
and Chang liver cells with varying concentrations of TRO for
different times and measured the cell viability by trypan blue
exclusion or the reduction of MTT. TRO caused cell death of
HepG2 and Chang liver cells in a time- and concentration-
dependent manner (Fig. 1). At 5 and 25 uM TRO, about 10 to
20% of HepG2 and Chang liver cells died after 24 h of treat-
ment, whereas very few cells died (<1%) in the DMSO-
treated control. Between 20 and 40% of cells died after expo-
sure to 50 and 100 uM TRO, respectively, at 24 h; more cells
(41-87%) died at 48 h. The morphology of TRO-treated hep-
atoma cells changed considerably, whereas the DMSO-
treated control remained the same (data not shown). Cells
treated with 50 uM TRO for 36 h showed cell shrinkage,
rounding, and partial detachment along with the lobulated
appearance of apoptotic cells (data not shown) and by stain-
ing with Hoechst 33342 (data not shown). Fluorescence-acti-
vated cell sorting analysis revealed that TRO increased the
population of cells under sub-G; stage (20.9% at 24 h and
40.1% at 48 h) compared with DMSO-treated control (1.2%).
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Fig. 1. Time- and TRO concentration-dependent cell death. HepG2 and
Chang liver hepatoma cells, grown in 96-well microplates, were exposed
to different concentrations of TRO as indicated. Cell viability was deter-
mined 24 and 48 h after TRO exposure by the reduction of MTT. Results
represent the average = S.E.M. from three to five different experiments.

In contrast, RSG did not change the population of the sub-G,
stage (1.9% at 48 h).

Very little DNA fragmentation, a hallmark of apoptosis,
was observed when HepG2 cells were treated with 1 or 25 uM
TRO for 36 h but was clearly visible after treatment with 50
or 100 uM TRO (Fig. 2A). In addition, DNA fragmentation
was time-dependent. Apoptosis was not evident at 12 h but
was clearly visible at 24, 36, and 48 h after hepatoma cells
were exposed to 50 uM TRO (Fig. 2B), further supporting
TRO-induced apoptosis of HepG2 cells.

TRO-Induced Activation of JNK and p38 Kinase in
HepG2 Cells. To study the early signaling mechanism dur-
ing TRO-induced apoptosis of hepatoma cells, we investi-
gated changes in the activity of the three MAP kinases: JNK,
p38 kinase, and ERK1 in HepG2 cells by immuno-complex

A) TRO treatment

M 0 100 50 25 1

(uM)

B) TRO treatment

12 24 36 48 (h)

M 0 6

Fig. 2. Effects of TRO on DNA fragmentation in HepG2 cells. Exponen-
tially growing HepG2 cells were collected to assess DNA fragmentation
after exposure to different concentrations of TRO for 24 h (A) or for
different times after exposure to 50 uM TRO (B). DNA prepared from
each group was subjected to electrophoresis on 1.8% agarose gel and
visualized with ethidium bromide.
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kinase assay. As shown in Fig. 3A, TRO treatment resulted
in a time-dependent activation of JNK1 and p38 kinase in
HepG2 cells, as indicated by the increased phosphorylation of
ATF-2 protein. JNK1 and p38 kinase activation reached a
maximal level (5-fold) after 4 h of TRO exposure in HepG2
cells. In contrast, TRO did not change the ERK1 activity in
HepG2 cells (data not shown). Immunoblot analyses verified
that the levels of JNK, p38 kinase, and ERK protein did not
change during TRO treatment (data not shown). These re-
sults suggest that the elevation of JNK and p38 kinase ac-
tivities stem not from the increased expression of JNK and
p38 kinase proteins but from phosphorylation. Consistent
with the JNK activation, TRO also activated (phosphorylat-
ed) SEK1, the immediate upstream kinase of JNK, in a
time-dependent manner in HepG2 cells (Fig. 3B) and McA-
RH7777 cells (data not shown). Given the lack of change in
the ERK1 activity, the elevation of both JNK1 and p38 ki-
nase activity seems to be important in TRO-mediated apo-
ptosis of HepG2 cells. TRO-induced JNK activation (phos-
phorylation) was also observed in two other hepatoma cell
lines (Fig. 3C), similar to that observed in HepG2 cells.
TRO-Induced Changes in the Levels of Apoptosis-
Related Proteins. Levels of proapoptotic Bax and antiapop-
totic Bel-2 proteins and their ratios are considered critical
factors in initiation of apoptosis (Chao and Korsmeyer, 1998).
Therefore, we determined the levels of proapoptotic Bax and
its antiapoptotic counterpart, Bel-2, by immunoblot analysis
(Fig. 4A). TRO significantly increased the level of Bax and
strikingly reduced the level of Bcl-2 at 24 h (Fig. 4A). In fact,

A) TRO treatment

-JNK protein
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ATF-2

|=— — — —— — — <€INKprotein

Fig. 3. Time-dependent activation of JNK and p38 kinase by TRO in
hepatoma cells. A, HepG2 cells were treated with 50 uM TRO for 0, 0.5,
4, 8, and 16 h. Whole-cell extracts (300 pg of protein/measurement)
prepared at different time points were subjected to measurement of JNK
or p38 kinase activity. Catalytic activity and its protein level of each
kinase were determined by immunocomplex assay and immunoblot anal-
yses, respectively, as described under Materials and Methods. B, whole
cell extracts (300 ug of protein/lane) of HepG2 cells treated with TRO for
different time points were subjected to 10% SDS-PAGE followed by im-
munoblot analyses using the specific antibody against phospho-SEK or
SEK protein. C, Chang liver or McA-RH7777 hepatoma cells were treated
with 50 uM TRO for 0, 2, and 4 h. The whole-cell extracts (300 pg of
protein/lane) were then subjected to 10% SDS-PAGE followed by immu-
noblot analyses using the specific antibody against phospho-JNK or JNK
protein.
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Fig. 4. Immunoblot analysis for expression of apoptosis-related proteins.
Exponentially growing HepG2 cells were exposed to 50 uM TRO for the
indicated times and cells were then harvested. A, whole cell extracts (100
ung protein/lane) were separated on 14% SDS-polyacrylamide gels fol-
lowed by immunoblot analyses. Each target protein band was detected
with the respective antibody against Bad, Bax, Bcl-2, cytochrome ¢, or
actin protein. B, levels of Bid and cleaved Bid protein were also deter-
mined by immunoblot analysis.
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Fig. 5. Differential effects of TRO and RSG on cell death rate and JNK
activation. A, HepG2 cells, grown in microtiter plates, were exposed to 50
uM TRO or RSG for 24 h. The rate of cell death was determined by the
method described in Fig. 1 legend. B, exponentially growing HepG2 cells
were exposed to 50 uM TRO or RSG for 0, 0.5, 4, and 8 h before they were
harvested by centrifugation. Whole-cell extracts (300 pg of protein/lane)
were separated on 10% SDS-polyacrylamide gels. JNK activation was
determined by immunoblot analysis using the antibody against phospho-
ATF-2 protein, which also recognizes the unphosphorylated ATF-2 pro-
tein.

the densitometric ratio of Bax/Bcl-2 increased more than
10-fold at 24 h after TRO treatment compared with the
untreated control cells. Consistent with these changes, the
levels of other apoptosis-related proteins such as Bad and
cytochrome ¢ were also increased in a time-dependent man-
ner after TRO exposure of HepG2 cells (Fig. 4A).
TRO-Induced Cleavage and Translocation of Bid
Protein. It is well established that JNK activation may be

involved in Bid cleavage, and its translocation into mitochon-
dria (Tournier et al., 2000), before initiation of apoptosis
(Slee et al., 2000). Therefore, we determined whether TRO
caused Bid cleavage and mitochondrial translocation. Our
results show a time-dependent cleavage of the mitochondrial
Bid protein. Increased cleavage of Bid protein was observed
at 4, 8, and 12 h and was no longer detected 24 h after TRO
treatment of HepG2 cells (Fig. 4B).

Critical Role of JNK Activation in TRO-Mediated
Apoptosis. Our results suggest that TRO causes apoptosis of
HepG2 cells via JNK activation and Bid cleavage. To deter-
mine whether a correlation between cell death and JNK
activation exists, we studied the effect of RSG, a structural
analog of TRO, on JNK activation and cell death in hepatoma
cells. As shown in Fig. 5A, TRO caused apoptotic cell death of
HepG2 cells in a concentration-dependent manner. However,
50 or 100 uM RSG did not cause significant damage to
HepG2 cells after 24 h of exposure. In addition, 100 uM RSG
did not cause damage to McA-RH7777 rat hepatoma cells
(data not shown), suggesting that RSG is not as toxic to
hepatoma cells as TRO. Furthermore, TRO increased the
JNK activity as measured by phosphorylation of ATF-2 at
0.5, 4, and 8 h. In contrast, RSG did not activate JNK activity
at any time in HepG2 cells (Fig. 5B).

To further demonstrate the role of JNK activation in TRO-
mediated apoptosis, we also studied the effects of the respec-
tive inhibitor of JNK (SP600125; Bennett et al., 2001) or p38
kinase (SB203580; Lee et al., 1994) on cell death and JNK
activation. We first confirmed that SP600125 pretreatment
markedly blocked JNK activation and the phosphorylation of
c-Jun (Fig. 6B). We then tested the effect SP600125 on TRO
mediated cell death. Less than 10% of cells died after expo-
sure to either SP600125 or SB203580 alone, whereas about
36% cells died after treatment with 50 ulM TRO for 24 h (Fig.
6A). SP600125 pretreatment significantly reduced the rate of
TRO-mediated cell death, whereas SB203580 did not prevent
TRO-mediated cell death. These results indicate an impor-
tant role of JNK activation and c-Jun phosphorylation in
TRO-mediated cell death.

To further investigate the critical role of the JNK activa-
tion in TRO-induced cell damage, HepG2 cells were tran-
siently transfected with the ¢cDNA for JNK wt, SEK1 wt,
JNK-KR, or SEK1-KR dominant-negative mutant, followed
by measurements of JNK or SEK activity and relative cell
death rates upon TRO exposure. The transfection efficiency
of each cDNA, determined by the method (Bae et al., 2001),
ranged from 8 to 12% of total HepG2 cells. JNK was activated
(phosphorylated) minimally without TRO treatment (Fig. 7A,
top, lane 1). Consistent with the data in Figs. 3, 5, and 6, TRO
treatment significantly increased JNK activity in HepG2
cells transfected with the pcDNA vector alone (lane 2). In this
system, transfection of the wild-type JNK (lane 4) or SEK1
c¢DNA (lane 6) further increased JNK activity over the TRO-
induced JNK activation (top, lane 2). However, transfection
of the ¢cDNA for JNK-KR or SEK1-KR dominant-negative
mutant markedly decreased the JNK or SEK1 activity after
exposure to TRO (Fig. 7A, top and second blots, lanes 3 and
5), compared with their respective counterpart. The expres-
sion of transduced JNK or SEK1 protein was verified by
immunoblot analysis (Fig. 7A, third and fourth blots). These
results indicate that TRO increased JNK activity through the
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SEK1-JNK pathway, consistent with the data shown in
Fig. 3.

The functional role of JNK activation was also investigated
by measuring the rate of cell death, after transient transfec-
tion of the same set of cDNAs and then exposure to 50 uM
TRO for additional 24 h, before cell viability assay. Less than
3% of HepG2 cells died in DMSO vehicle control when cells
were transfected with the pcDNA vector alone (data not
shown). Approximately 40% of HepG2 cells died after TRO
exposure (Fig. 7B, lane 1). In contrast, 57 or 48% of cells died
when ¢cDNA for JNK wt or SEK1 wt was transfected and then
exposed to TRO (lanes 2 and 4). However, the rate of cell
death was significantly reduced by transfecting cDNA for the
dominant-negative mutant, JNK-KR (28%, lane 3) or
SEK1-KR (27%, lane 5), compared with its wild-type coun-
terpart. These data clearly establish a critical role of JNK
and SEK1 activation in TRO-induced cell death.

Effect of SP600125 on TRO-Induced Changes in the
Levels of Apoptosis-Related Proteins. To further demon-
strate the role of JNK activation in TRO-induced cell death,
we evaluated the effect of JNK inhibition by SP600125 on
TRO-induced changes in the levels of apoptosis-related pro-
teins. As shown in Fig. 8, pretreatment of HepG2 cells with
SP600125 effectively prevented the TRO-induced changes in
the levels of Bax, Bad, Bcl-2, and cytochrome ¢ release in a
time-dependent manner. In addition, TRO-induced Bid
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Fig. 6. Differential effects of SP600125 and SB203580 on the rate of cell
death, c-Jun phosphorylation and JNK activity. A, HepG2 cells, grown in
microtiter plates, were pretreated with DMSO (control) and 20 or 30 uM
SB203580 or SP600125 for 3 h, as indicated, before exposure to 50 uM
TRO for additional 24 h. Cell viability was then determined by the MTT
viability assay. Results represent the average + S.E.M. from five differ-
ent experiments. Significantly different (*, p < 0.05; **, p < 0.01) from
the TRO-treated samples. B, exponentially growing HepG2 cells were
pretreated with 30 uM SP600125 for 3 h and then treated with 50 uM
TRO for additional 4 h before cells were collected by centrifugation.
Immunoblot analyses were performed by using the specific antibody
against phosphorylated c-Jun, phospho-ATF-2 (JNK activation), or JNK
protein, as described in Fig. 5 legend.
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cleavage was also blocked by the JNK inhibition with
SP600125. These data also support the idea that JNK acti-
vation plays an important role in TRO-induced apoptosis of
hepatoma cells.

Effect of Cycloheximide on TRO-Induced Cell Death
Rate. To study whether TRO-induced cell death is mediated

A)
Vector & =k = = - -
JNK-KR - - + - =
JNK wt - - -+ - -
SEK-KR - - - - -
SEK wt - - e
— W + ~ ™ o phospho-JNK
o - - e phospho-SEK
|4 JNK protein
<4 SEK protein
B) 0

60

*

*k

20

Cell death (% of control)
B

JNK Wt  JNK KR
+TRO +TRO

Vector
+TRO

SEKWt SEKKR
+TRO +TRO

Fig. 7. Critical role of the JNK activation in TRO-induced cell death. A,
the expression vector containing the cDNA for SEK1 wt, JNK wt, SEK1-
KR, or JNK-KR dominant-negative mutant as indicated was transiently
transfected into HepG2 cells for 48 h. Cells were then treated with 50 uM
TRO for 4 h, harvested, homogenized, and subjected to measurement of
JNK or SEK1 activation using the antibody against their respective
phospho-JNK (top) or phospho-SEK1 protein (second blot). Immunoblot
results also represent the relative level of transduced JNK or SEK1
protein (third and fourth blots). B, HepG2 cells (2 X 10* cells/well), grown
in 96-well microtiter plates, were transiently transfected with 0.2 ug of
each construct as indicated and treated with 50 uM TRO for additional
24 h. Cell viability was then measured by the MTT reduction method.
Asterisks indicate significant difference (p < 0.05) from the correspond-
ing JNK wt (*) and SEK1 wt (%*).

SP600125 + TRO

8 12 24 (h)

*- <Bad

4 Bax

!

<+ Bcl-2

= = ; ; 4 Cytochrome C

Fig. 8. Effects of SP600125 on TRO-induced changes in the levels of
apoptosis-related proteins. HepG2 cells were pretreated with 30 uM
SP600125 for 3 h and then treated with 50 uM TRO for additional times
as indicated before cells were collected by centrifugation. Immunoblot
analyses were performed by using the specific antibody against Bad, Bax,
Bcl-2, Bid, and cytochrome ¢, as described in Fig. 4 legend.
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through de novo protein synthesis after JNK activation,
HepG2 cells were pretreated with an inhibitor of protein
synthesis, cycloheximide, for 6 h, before treatment with TRO
for additional 24 h before assaying for cell death. As shown in
Fig. 9, approximately 40% of HepG2 cells died upon exposure
to TRO alone, whereas about 5 and 17% cells died after
treatment with 10 and 50 uM cycloheximide alone. However,
cycloheximide pretreatment did not significantly alter the
rate of cell death caused by TRO in the presence of cyclohex-
imide. These results indicate that new protein synthesis does
not seem to play a major role in TRO-induced cell damage.

Discussion

Troglitazone, a previously popular drug for treating pa-
tients with adult-onset diabetes, was removed from the mar-
ket because of severe hepatotoxicity and the concurrent
availability of structural analogs (RSG and pioglitazone)
with reduced toxicities (Watkins and Whitcomb, 1998; Day,
1999; Lebovitz et al., 2002). TRO was shown to causes apo-
ptosis of many different cell lines including: endothelial cells,
monocyte-derived macrophages (Chinetti et al., 1998), six
colon cell lines (Kitamura et al., 1999), HL60 promyelocytic
leukemia cells (Hirase et al., 1999), and vascular smooth
muscle cells (Okura et al., 2000). TRO was recently shown to
induce apoptosis in human liver cancer cells (Toyoda et al.,
2001, 2002). However, the mechanism by which TRO induces
apoptosis is not well established. In particular, the role of the
MAP kinases in TRO-induced apoptosis has not been studied
systematically in these studies. Therefore, we investigated
the signaling mechanism and its role during TRO-induced
apoptosis in cultured hepatoma cells. We used HepG2, Chang
liver, or McA-RH7777 hepatoma cells as our model systems,
because these cells undergo apoptosis upon exposure to TRO,
similar to the human and porcine primary hepatocyte sys-
tems, as recently reported (Ramachandran et al., 1999; Ko-
strubsky et al., 2000). Our results reveal that TRO treatment
activates JNK and p38 kinase long before the initiation of
apoptosis and thus provides a strong link between the JNK/
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Fig. 9. Effects of cycloheximide on TRO-induced cell death rate. HepG2
cells were pretreated with 10 or 50 uM cycloheximide (CHX) for 6 h and
then treated with 50 uM TRO for additional 24 h before cell death rate
was determined by the MTT reduction assay.

stress-activated kinase pathway and hepatic cell death in-
duced by TRO.

Gouni-Berthold et al. (2001) recently reported that both
TRO and RSG cause apoptosis of vascular smooth muscle
cells. In that study, RSG was about 10-fold more effective in
causing apoptosis than TRO. However, our current data in-
dicates that TRO was much more toxic than RSG, because
100 M RSG did not cause significant damage to HepG2 or
McA-RH7777 hepatoma cells. We do not know the reason for
the apparent differences in cell responses after treatment
with RSG or TRO, but our results are similar to the pattern
of differential apoptosis in rat hepatocytes caused by TRO
and RSG (Toyoda et al., 2001 and 2002) as well as the clinical
results of human liver toxicity between TRO and RSG
(Mahler and Adler, 1999; Lebovitz et al., 2002).

Our data demonstrated that hepatoma cells died mainly by
apoptosis after exposure to 25 or 50 uM TRO, a dose similar
to that used in other studies (Kitamura et al., 1999). TRO
increased the activities of JNK and p38 kinase followed by
elevated levels of proapoptotic proteins: Bad, Bax, and cyto-
chrome ¢ with an opposing reduction in the level of antiapop-
totic Bcl-2 protein. These data suggest that sustained acti-
vation of JNK and p38 kinase up to 8 h may play a key role
in the TRO-induced apoptosis of HepG2 hepatoma cells. Our
data also suggest that activation of p38 kinase may not be as
important as JNK activation because the inhibitor of p38
kinase, SB203580 at 20 or 30 uM, did not change the rate of
TRO-induced cell death. In contrast, pretreatment with the
inhibitor of JNK (SP600125 at 20 or 30 uM) significantly
reduced the cell death rate, JNK activation, and c-Jun phos-
phorylation. Furthermore, SP600125 pretreatment effec-
tively prevented the TRO-induced changes in the levels of
various apoptosis-related proteins such as Bax, Bad, Bid
cleavage, and cytochrome c release. In contrast, 100 uM RSG,
which did not cause damage to HepG2 or MCR7777 hepa-
toma cells under our experimental conditions, did not acti-
vate the JNK. Transfection of dominant-negative JNK-KR or
SEK1-KR mutant not only blocked JNK activation but also
significantly changed the rate of TRO-mediated cell death.
All these results strongly indicate the important role of the
JNK-related pathway in TRO-mediated cell death.

The critical role of JNK-mediated signaling pathway in cell
death is actively being studied in many model systems. Many
toxic compounds, serum removal, y-ray irradiation, UV ex-
posure, and proinflammatory cytokines cause cell damage by
activating the JNK-mediated cell death pathway (Karin,
1995; Xia et al., 1995; Chen et al., 1996). Many investigators
have demonstrated this concept in various experimental
model systems using different experimental tools: antisense
oligonucleotides to JNK (Daily et al., 2001), transfection of
dominant-negative cDNA for JNK and SEK1, immediate up-
stream protein kinase of JNK (Soh et al., 2000), chemical
inhibitors of JNK (Maroney et al., 1999), JNK knock-out mice
or cells (Tournier et al., 2000), as well as others. However,
how JNK activation actually leads to cell death remains
unknown, although several mechanisms are being proposed.
For instance, JNK activation may lead to up-regulation of
c-Jun and Fas ligand (Le-Niculescu et al., 1999), ceramide
production (Engedal and Saatcioglu, 2001), Bid cleavage and
translocation before cytochrome c¢ release (Tafani et al.,
2002), and alteration of Ca®* homeostasis (Inanami et al.,
1999) before activation of caspases and actual cell damage.
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Our data showed that JNK activation took place simulta-
neously or before the up-regulation of proapoptotic proteins
Bax, Bad, Bid cleavage, and cytochrome ¢ release. These
results are consistent with the recent report indicating a key
role of Bid cleavage and cytochrome c release before apopto-
sis (Tafani et al., 2002).

Bid cleavage can be induced by activation of caspase 8 (Li
et al., 1998) or JNK (Yin, 2000). Alternatively, cleavage of
Bid can take place downstream of the Bcl-2 action and cata-
lyzed by caspase 3 activation (Slee et al., 2000). However,
caspase 8 activation may not be absolutely required for Bid
cleavage in TRO-induced apoptosis, mainly because we did
not observe activation of caspase 8 despite the cleavage of Bid
accompanied by cytochrome c release and caspase 3 activa-
tion (data not shown) after exposure of HepG2 cells to TRO.
Our results show a lack of significant activation of caspase 8,
which is consistent with the result of Toyoda et al. (2002),
who recently reported that TRO did not activate caspase 8,
whereas caspase 3 was activated in human hepatoma cells.
Because we could not detect a significant activation of
caspase 8 after TRO treatment, coactivation of JNK and
caspase 3 seems to be responsible for Bid cleavage and the
triggering of apoptosis. Our results with SP600125 (Fig. 8),
in fact, are in agreement with the role of coactivation of JNK
and caspase 3 in Bid cleavage. Furthermore, our results
indicate that TRO-mediated response may depend on the
target cell types and the agent that triggers apoptosis.

Kostrubsky et al. (2000) recently reported that TRO can be
metabolized by CYP3A isozymes to its quinone metabolites,
followed by sulfation and glucuronization (Ramachandran et
al., 1999), and discharge into the bile duct. Another study
suggested that cytochrome P450-mediated metabolism of
TRO can lead to production of quinone intermediate
(Yamazaki et al., 1999) or TRO ring scission pathway (Kas-
sahun et al., 2001), before conjugation with glutathione. Ac-
cording to these reports, cytochrome P450 enzyme-mediated
metabolism of TRO and subsequent binding of its quinone
metabolites to various cellular proteins may be toxic to the
cells. However, the levels of constitutively expressed CYP3A
in vascular smooth muscle cells (Okura et al., 2000) and
HepG2 hepatoma cells (Bai and Cederbaum, 2000) are very
low compared with those in normal hepatocytes (Kostrubsky
et al., 2000). Therefore, the metabolism of TRO and subse-
quent protein bindings by its quinone metabolites may not
necessarily represent the only means of TRO-mediated cell
damage. Our current results show an additional mechanism
of cell death by which TRO may exert its toxicity by directly
activating the JNK-related cell death pathway. In this re-
gard, the current results are analogous to our recent report
showing the critical role of the JNK-related pathway activa-
tion in the acetaminophen-induced cell death pathway (Bae
et al., 2001). In this case, activation of the JNK-related cell
death pathway is distinct from the previously proposed
mechanism of acetaminophen-mediated cell death through
the interaction of acetaminophen or its metabolites with var-
ious cellular components.

In conclusion, our data provide strong evidence that TRO
causes apoptosis of human hepatoma cells by JNK activation
accompanied by up-regulation of the proapoptotic proteins
Bax and Bad with cleavage of Bid protein, and a reduced
level of Bel-2. In contrast, RSG neither stimulated JNK ac-
tivity nor caused apoptosis of hepatoma cells. By using the

Role of JNK Activation in Troglitazone-Induced Apoptosis 407

respective inhibitor of JNK or p38 kinase and DNA transfec-
tion experiments, we also demonstrated a critical role of the
JNK-mediated cell death pathway in TRO-induced cell dam-
age. The JNK-related apoptosis pathway provides a new
mechanism for TRO-mediated cell damage in addition to that
of the possible interaction of TRO-quinone metabolites with
various cellular components.
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