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Glycogen synthase Kinase-3 (GSK-3) inhibition attenuates
hepatocyte lipoapoptosis
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Backgrounds & Aims: Saturated free fatty acids induce hepato-
cyte lipoapoptosis, a key pathologic feature of non-alcoholic ste-
atohepatitis. The saturated free fatty acid palmitate induces
hepatocyte lipoapoptosis via an endoplasmic reticulum stress
pathway resulting in c-Jun-N-terminal (JNK) activation. Glycogen
synthase kinase (GSK)-3 is a serine/threonine kinase which may
also promote JNK activation. Thus, our aim was to determine if
GSK-3 inhibition suppresses palmitate induced JNK activation
and lipoapoptosis.

Methods: For these studies, we employed mouse primary hepa-
tocytes, Huh-7 and Hep3B cell lines.

Results: Palmitate-induced GSK-3 activation was identified by
phosphorylation of its substrate glycogen synthase. GSK-3 phar-
macologic inhibition, by GSK-3 inhibitor IX and enzastaurin, sig-
nificantly reduced PA-mediated lipoapoptosis. More importantly,
Huh-7 cells, in which either GSK-3a or GSK-38 isoforms were sta-
bly and selectively knocked down by shRNA, displayed resistance
to palmitate-induced cytotoxicity. GSK-3 pharmacological inhib-
itors and shRNA-targeted knockdown of GSK-3a or GSK-3p also
suppressed JNK activation by palmitate. JNK activation, in part,
promotes lipoapotosis by inducing expression of the pro-apopto-
tic effector p53-upregulated modulator of apoptosis (PUMA).
Consistent with this concept, GSK-3 pharmacologic inhibition
also reduced PUMA cellular protein levels during exposure to pal-
mitate. On the other hand, the GSK-3 inhibitors did not prevent
PA induction of ER stress.
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Conclusions: Our results suggest that GSK-3 activation promotes
a JNK-dependent cytotoxic signaling cascade culminating in
lipoapoptosis.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is an emerging public
health problem linked to the increased incidence of obesity, insu-
lin resistance, and overt diabetes [1]. Up to 30% of the population
is afflicted by NAFLD [2] and a subset of these patients develop
non-alcoholic steatohepatitis (NASH). Individuals with NASH
can progress to cirrhosis with its sequelae including the develop-
ment of portal hypertension, end-stage liver disease, and hepato-
cellular carcinoma [3]. Thus, the cellular and molecular
mechanisms promoting liver injury in NASH are of biomedical
and public health interest.

Obesity and insulin resistance are associated with increased
circulating levels of non-esterified or free fatty acids (FFA), which
are disproportionately increased in NASH as compared to NAFLD
[4]. FFAs are taken up in the liver where they are esterified into
neutral triglycerides. However, an excess of FFA is deleterious
for the liver. Indeed, saturated FFAs are directly hepatotoxic, in
part, by promoting apoptosis, which in this context is referred
to as lipoapoptosis [5,6]. The importance of this process in human
diseases is highlighted by the observation that hepatocyte lipo-
apoptosis and serum biomarkers of this pathologic process corre-
late with NASH severity [7,8]. Saturated FFAs are more toxic than
unsaturated FFAs, presumably given their ability to disrupt the
endoplasmic reticulum (ER) homeostasis and leading to an ER
stress response [9]. Biosensors of ER stress include protein kinase
RNA-like ER kinase (PERK) and inositol-requiring protein-1a
(IRE-1a). These two resident transmembrane-ER proteins sense
and transduce the ER stress response [10]. PERK activation drives
the expression of the transcription factor C/EBP-homologous pro-
tein (CHOP) [11,12]. CHOP in turn increases expression of the
growth arrest and DNA damage protein 34 (GADD34). PERK
dimerization also results in inactivating phosphorylation of the
elongation initiation factor 2o (elF2a), thereby limiting protein
synthesis. On the other hand, GADD34 promotes protein synthe-
sis by dephosphorylating elF2a, shutting down the unfolded
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protein response, and exacerbating the ER stress [11]. IRE-1a
possesses an endonuclease activity for XBP-1 mRNA, creating a
spliced form of XBP-1. The resultant spliced XBP-1 mRNA, via
transcriptional activity, promotes degradation of misfolded ER
glycoproteins [10,13].

We and others have reported that FFA-induced ER stress is
associated with c-Jun-N-terminal kinase (JNK) activation, which
has been well documented in both rodent and human steato-
hepatitis [14-17]. ER stress-associated JNK activation promotes
apoptosis by modifying the expression and function of pro-

apoptotic members of the Bcl-2 family, especially the Bcl-2
homology 3 (BH3) only protein Bcl-2-interacting mediator of cell
death (Bim) and p53-upregulated modulator of apoptosis (PUMA)
[18,19]. During lipotoxicity, JNK appears to promote apoptosis
predominantly by inducing expression of PUMA. As we have pre-
viously reported, JNK inhibition reduces PA-induced increases of
PUMA expression [18], and protects against PA induced apoptosis
[14]; moreover, PUMA knockdown by shRNA markedly reduces
lipoapoptosis [18]. On the other hand, JNK inhibition does not
prevent PA-induced Bim protein induction/activation during
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Fig. 1. GSK-3 inhibition attenuates PA mediated apoptosis. (A) Whole cell lysates were prepared from Huh-7 cells treated with vehicle (Veh) or PA at 800 pM in the
presence of the GSK-3 inhibitors, GSK IX or enzastaurin (Enz) (10 uM) for 4, 8, and 16 h, or ZVAD (25 pM) for 16 h. Immunoblot analyses were performed for phosphorylated
glycogen synthase (Phospho-GS), and B-actin was used as a control for protein loading. (B and C) Huh-7 cells were treated for 24 h with Veh or PA at 800 puM in the presence
of either an increasing concentration of GSK IX or Enz up to 2 uM, or ZVAD (25 uM). Apoptosis was assessed by morphological criteria after DAPI staining. Data represent
the mean + SEM for three experiments. (D and E) Huh-7 cells were treated for 24 h with Veh or PA at 800 pM in the presence of either GSK IX, Enz at 2 puM, or ZVAD (25 pM).
(F) Hep3B cells or (G) mouse primary hepatocytes were treated for 16 h with Veh or PA at 400 uM in the presence of GSK IX at 2 uM. (D, E, F and G) Caspase 3/7 catalytic
activity was measured by a fluorogenic assay. Fold-increase was determined over control value (vehicle-treated cells), arbitrarily set to 1. Data represent the mean + SEM
for three experiments. *p <0.05, Veh-treated cells vs. PA-treated cells; **p <0.05, PA-treated cells vs. PA plus GSK [X-treated cells, or PA plus Enz-treated cells or PA plus

ZVAD.
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lipoapoptosis [20]. However, the precise cellular and molecular
mechanisms resulting in JNK activation have not been fully eluci-
dated, and mechanistic insights into this process may identify
therapeutic targets to treat human NASH.

Glycogen synthase kinase GSK-3a and GSK-3p are serine/thre-
onine kinases which can participate in pro-apoptotic signaling
[21-24]. These kinases share 84% overall identity and 98% homol-
ogy in their catalytic domains [25]. The mechanisms governing
their respective and unique activation remain unclear. However,
several studies have shown GSK-3 activation during ER stress
[26-28]. For example, pharmacologic inhibition of GSK-3 attenu-
ates ER stress-induced apoptosis in neuroblastoma cells, neurons,
and fibroblasts [29,30]. Moreover, GSK-3 is capable of activating
JNK directly and GSK-3 activation of JNK contributes to an acute
model of liver injury by acetaminophen [24]. Given this informa-
tion, a potential role for GSK-3, in FFA-associated ER stress med-
iated JNK activation, warrants exploration.

Materials and methods
Cell lines, cell isolation, and transfection

The human hepatocellular carcinoma cell lines, Huh-7, and Hep3B, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), as previously described [31].
Mouse hepatocytes were isolated from C57/Bl6 wild type mice by collagenase
perfusion, purified by Percoll gradient, and cultured in Waymouth Medium
[32]. Huh-7 cells were transfected separately with 1 pg/ml DNA plasmid (GSK-
3o or GSK-3p MISSION short hairpin (sh) RNA lentiviral plasmid; Sigma Aldrich)
using Lipofectamine (Invitrogen, Carlsbad, CA). Stably transfected GSK-3o and
GSK-3B clones were selected in medium containing 1200 mg/L G418 and
screened by immunoblot analysis.

Fatty acid treatment

Palmitate (PA) (#P5585) was obtained from Sigma-Aldrich (St. Louis, MO). PA
was dissolved in isopropanol at a concentration of 160 mM. PA was added to
DMEM containing 1% bovine serum albumin to obtain a physiologic ratio
between bound and unbound FFA in the media [33]. The concentrations of PA
used in the experiments varied between 400-800 M and were similar to the
fasting total FFA plasma concentrations observed in human with non-alcoholic
steatohepatitis [4,34].
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Quantification of apoptosis, Bax activation, and mitochondrial membrane potential
(MMP) assay

Apoptosis was quantified by evaluating the characteristic nuclear changes of
apoptosis using the nuclear binding dye DAPI (Molecular Probes, Eugene, OR)
and fluorescence microscopy (Zeiss LSM 510, Carl Zeiss, Jena, Germany) [14]. Cas-
pase 3/7 activation in cell lines was measured using the Apo-ONE homogeneous
caspase 3/7 kit (Promega, Madison, WI), according to the manufacturer’s instruc-
tions [14]. Immunocytochemistry for detection of active Bax was performed using
mouse anti-universal Bax (clone 6A7, 1:100 dilution, Santa Cruz), as previously
described by us in detail [18]. Huh 7 cells were cultured on glass-bottom plates
(MatTek, Ashland, MA) and treated with reagents for 18 h. The mitochondrial
membrane potential was quantified as previously described by us in detail [35].

Real time polymerase chain reaction (PCR)

Real-time PCR was performed as previously discussed by us [20] using the follow-
ing primers: human PUMA, forward 5'-GACGACCTCAACGCACAGTA-3' and reverse
5'-AGGAGTCCCATGATGAGATTGT-3', size 101 bp; human CHOP, forward 5'-ATGG-
CAGCTGAGTCATTGCCTTTC-3' and reverse 5'-AGAAGCAGGGTCAAGAGTGGTGAA-
3, size 177 bp; and human GADD34, forward 5-CGACTGCAAAGGCGGC-3' and
reverse 5-CAGGAAATGGACAGTGACCTTC-3/, size 107 bp. As internal control,
primers for 18S ribosomal RNA (rRNA) were used: forward 5-CGTTCTT
AGTTGGTGGAGCG-3' and reverse 5'-CGCTGAGCCAGTCAGTGTAG-3', size 212 bp.

Detection of XBP-1 splicing

Human XBP-1 ¢cDNA encompassing the region of Pstl restriction site was ampli-
fied using the following primers: forward 5'-AAACAGAGTAGCAGCTCAGACTGC-
3’ and reverse 5-TCCTTCTGGGTAGACCTCTGGGAG-3'. The PCR products were
then digested with Pstl restriction enzyme (Biolabs, catalog #R0140) for 1h at
37 °C, and subjected to 1.5% agarose gel electrophoresis; gels were photographed
under UV transillumination, as previously described by us in detail [31]. Thapsi-
gargin (TG) was used as an established inducer of XBP-1 splicing [9].

Immunoblot analysis

Whole cell lysates were prepared and subjected to immunoblot analysis, as
previously described [20]. Samples containing 50 pig proteins were resolved by
10-15% SDS-PAGE, transferred to nitrocellulose membranes, and incubated with
primary antibodies at a dilution of 1:1000. Membranes were incubated with
appropriate horseradish peroxidase-conjugated secondary antibodies (Biosource
International, Camarillo, CA) at a dilution of 1:3000. Bound antibody was visual-
ized using chemiluminescent substrate (ECL, Amersham, Arlington Heights, IL)
and was exposed to Kodak X-OMAT film (Eastman Kodak, Rochester, NY).
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Fig. 2. GSK-3a and GSK-3p targeted shRNA reduce PA-mediated lipotoxicity. Huh-7 Wild type (WT) or Huh-7 cells stably expressing short hairpin RNA targeting GSK-3a.
(shGSK-3a) or GSK-3 (shGSK-3p) were treated for 16 h with Veh, or PA at 400 pM. (A) Effective and selective downregulation of GSK-3a or GSK-3 protein levels, in shGSK-
3o or shGSK-3B Huh-7 cells, respectively, compared to WT Huh-7 cells, was verified by immunoblot analysis on whole cell lysates. (B) Apoptosis was assessed by
morphological criteria after DAPI staining. (C) Caspase 3/7 catalytic activity was measured by the fluorogenic assay. Fold-increase was determined over control value
(vehicle-treated cells), arbitrarily set to 1. *p <0.05, Veh-treated cells vs. PA-treated cells; **p <0.05, PA-treated WT cells vs. PA-treated shGSK-3a, or shGSK-3p.
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Antibodies and reagents

Rabbit anti-JNK (#9252), rabbit anti-phospho-JNK (Thr183/Tyr185) (#9251), rab-
bit anti-Phospho-elF2a (Ser51) (#9721), rabbit anti-elF2ot (#9722), rabbit anti-
GSK-3o (#9338), rabbit anti-GSK-3p (#9315), and rabbit anti-phospho-glycogen
synthase antibody (Ser649) (#3891) were from Cell Signaling Technology (Bev-
erly, MA). Rabbit anti-PUMA was from Abcam (Cambridge, MA). Goat anti-B-actin
was from Santa Cruz Biotechnology (Inc., Santa Cruz, CA). GSK-3 inhibitor IX (GSK
IX) (#361550) and thapsigargin (#586005) were from Calbiochem (San Diego,
CA). Z-VD(OMe)VAD(OMe)-FMK (ZVAD) was from MP Biomedicals (Aurora, Ohio).
Enzastaurin (Enz) was provided by Lilly (Indianapolis, Indiana). BSA, Bradford
reagent, and all other chemicals were from Sigma Aldrich.

Statistical analysis

All data represent at least three independent experiments and are expressed as
means + SE. Differences between groups were compared using Student’s t tests
and one-way analysis of variance with post hoc Dunnett test, and p values <0.05
were considered statistically significant.

Results
GSK-3 inhibitor attenuates Palmitate-mediated lipoapoptosis

Initially, we examined the effect of GSK-3a and GSK-3p inhibition
on PA-mediated lipoapoptosis in Huh-7 cells. The GSK IX [36] and
enzastaurin (a bisindolylmaleimide serine threonine kinase
inhibitor that inhibits protein kinase C and GSK-3 [37]) were
employed to inhibit both GSK-3a and GSK-3B. We confirmed that
PA stimulated GSK-3 and the inhibitors effectively reduced PA-
induced GSK-3 activity, by assessing phosphorylation of glycogen
synthase, a specific GSK-3 substrate. Following PA treatment, gly-
cogen synthase phosphorylation, monitored by phospho-immu-
noblot analysis, was reduced by both inhibitors (Fig. 1A). The
inhibitors also reduced PA-mediated cytotoxicity in a concentra-
tion-dependent manner, each with a maximal inhibition at 2 uM
(Fig. 1B). Since caspase 3/7 activation mediates the apoptotic
phenotype, we next confirmed that the observed apoptosis was
caspase-mediated. Indeed, PA-induced apoptosis was caspase-
dependent, as it was reduced by the caspase inhibitor ZVAD
(Fig. 1C and D). Both GSK-3 inhibitors also reduced apoptosis,
as assessed by this biochemical parameter (Fig. 1E). Moreover,
the GSK-3a and GSK-3B inhibitor IX also reduced caspase 3/7
activity in Hep3B cells and primary murine hepatocytes (Fig. 1F
and G). Finally, to exclude off-target effect of the pharmacologic
inhibitor, apoptosis was examined in Huh-7 cells, in which
GSK-3a or GSK-3p had been reduced by shRNA (Fig. 2A). Impor-
tantly, the knockdown of either GSK-3a or GSK-3pB reduced PA-
induced lipoapoptosis, as assessed by both morphological and
biochemical criteria (Fig. 2B and C).

Activation of Bax, a known mediator of mitochondrial dys-
function, is required for induction of hepatocyte lipoapoptosis
downstream of JNK, and BH3-only proteins activation [14,18].
Activated Bax was identified by immunofluorescence using the
6A7 monoclonal antibody which detects an active Bax conforma-
tion [38]. As previously reported, Bax activation was observed in
PA-treated cells [14], but this activation was decreased when
cells were treated with PA plus GSK IX (Fig. 3A). Likewise, selec-
tive shRNA targeted knockdown of either GSK-3o or GSK-3, also
reduced PA-induced Bax activation (Fig. 3B). Along with Bax acti-
vation, mitochondrial dysfunction, and with loss of mitochondrial
membrane permeability (MMP), is a prominent feature of the

A ..

30 -
c®
S
®° 20 -
=2 ®©
© 0o
R "
é% 10 -
m X
0 L—== ==
Veh PA Veh PA
+ GSK IX
B
30 - x
c®
S
TS 20 A
2 ®©
© 0o
o=
g\g 10 o - N
, Leh 1
Veh WT  shGSK-3a shGSK-38
+PA
(0]
¢ 83 120
£ € 1001 .
® O
E“a 80 -
2o 60
T ~— b
EE 40 A
85 ]
=8 07—~ '

Veh PA  Veh PA
+ GSK IX

Fig. 3. GSK-3 inhibition attenuates Bax activation and drop in MMP induced
by PA. (A) Huh-7 cells were treated for 16 h with Veh or PA at 800 uM in the
presence of the GSK-3 inhibitor GSK IX at 2 pM. (B) WT Huh-7, shGSK-3o Huh-7,
and shGSK-3p Huh-7 were treated for 16 h with Veh, or PA at 400 pM. (A and B)
Cells were fixed and Bax activation was assessed using conformation specific
antisera (6A7) and immunofluorescence microscopy. Representative images of
three independent experiments are depicted. Bax activation was quantified in 5
random 40x objective fields for each condition with automated software. (C)
Huh-7 cells were treated for 16 h with Veh or PA at 400 UM in the presence of the
GSK-3 inhibitor GSK IX at 10 uM. Mitochondrial depolarization was measured
using tetramethylrhodamine methylester. A minimum of 15 randomly selected
cells were analyzed per condition from multiple microscopic fields. Data
represent the mean + SEM for three experiments. *p <0.05, Veh-treated cells vs.
PA-treated cells; **p <0.01, PA-treated cells vs. PA plus GSK IX-treated cells, or PA-
treated WT cells vs. PA-treated shGSK-3o. or sShGSK-3p.
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Fig. 5. Pharmacological or genetic inhibition of GSK-3 reduces PA-induced
activating JNK phosphorylation. Whole cell lysates were prepared from Huh-7
cells treated for 4h (A) with Veh or PA at 800 pM in the presence of the
pharmacological GSK-3 inhibitor GSK IX (2 M), and (C) with Veh or thapsigargin
(TG) (450 nM) in the presence of GSK IX (2 uM). (B) Whole cell lysate were
prepared from WT Huh-7, shGSK-3o Huh-7, and shGSK-3B Huh-7 treated for 4 and
8 h with Veh or PA at 800 puM. (A, B and C) Immunoblot analyses were performed
for phosphorylated JNK; total JNK was used as a control for protein loading.

mitochondrial pathway of apoptosis. The MMP was reduced to
39 £ 3% of the control value following treatment with PA; in con-
trast, the MMP was maintained with the addition of the GSK-3
inhibitor (Fig 3C). Taken together, these data indicate that
GSK-3a and GSK-3p pharmacologic or genetic inhibition potently
suppresses saturated FFA cytotoxicity. Both isoforms appear to
contribute to cytotoxicity by PA, suggesting a cooperation
between them during lipoapoptosis. Given that GSK-3 inhibitor
cytoprotection was similar in cell lines and primary mouse
hepatocytes, we employed the Huh-7 cell line for subsequent
studies to further elucidate the role of GSK-3 in lipotoxicity.

GSK-3 activation is downstream of ER stress-induced lipoapoptosis

Lipoapoptosis can be attenuated downstream or upstream of
FFA-induced ER stress [14,18,20,31,39]; therefore, we sought to
determine if GSK-3 inhibition modulated PA-mediated ER stress.
However, the pharmacologic inhibitors GSK-3 IX and enzastaurin
did not prevent CHOP mRNA expression (Fig. 4A). In addition, GSK
IX did not prevent GADD34 mRNA expression (Fig. 4B), or elF2a
phosphorylation (Fig. 4C) by PA, all indices of PERK activation.
Likewise, GSK IX did not block XBP-1 mRNA splicing (Fig. 4D),
an indicator of IRE-1a activation. Collectively, these data suggest
that GSK-3 inhibition attenuates PA-induced lipoapoptosis down-
stream of ER stress.

GSK-3 inhibition reduces JNK activation and PUMA upregulation
during treatment with PA

Interestingly, activating JNK phosphorylation by PA was
significantly reduced in the presence of the GSK IX (Fig. 5A) or
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Fig. 6. GSK-3 inhibitor suppresses PA-mediated PUMA upregulation. (A and B)
Huh-7 cells were treated with Veh or PA at 800 uM in the presence of the GSK-3
inhibitors GSK IX or Enz at 2 pM. (A) Total RNA was extracted 8 h after treatments
and PUMA mRNA was quantified by real-time PCR. Fold induction was
determined after normalization to 18S. Data represent the mean + SEM, of three
independent experiments. *p <0.05, Veh-treated cells vs. PA-treated cells;
**p <0.05, PA-treated cells vs. PA plus GSK IX or PA plus Enz-treated cells. (B)
Whole cell lysates were prepared 16 h after treatments and immunoblot analyses
were performed for PUMA; B-actin was used as a control for protein loading.

enzastaurin (data not shown). Consistent with the pharmacologic
inhibition, knockdown of GSK-3a or GSK-38 also attenuated JNK
activation by palmitate (Fig. 5B). Consistent with this observa-
tion, GSK IX or enzastaurin also effectively attenuated upregula-
tion of PUMA mRNA expression by PA (Fig. 6A). GSK IX was
effective in reducing PA-induced PUMA expression at protein
level (Fig. 6B). However, GSK IX did not reduce JNK activation
by thapsigargin (Fig. 5C). These results suggest that GSK-3 inhibi-
tion may inhibit PA-mediated cell death through inhibition of JNK
and reduction of the associated increase of PUMA.

Discussion

The results of the present study provide mechanistic insights
regarding the pro-apoptotic effects of GSK-3 during FFA-induced
lipoapoptosis. The principal findings of this study indicate that
during PA-mediated lipoapoptosis in vitro: (i) either pharmaco-
logical or genetic inhibition of GSK-3 attenuates apoptosis, (ii)
GSK-3 inhibition does not reduce the ER stress response, and
(iii) GSK-3 inhibition attenuates JNK activation and subsequent
PUMA induction. Each of these results is discussed in greater
details below.

GSK-3 is a serine/threonine protein kinase with two isoforms
(o and B). Both isoforms are ubiquitously expressed in cells and
tissues, and have similar, although, not identical biochemical
properties [25]. However, they are not functionally interchange-
able, as demonstrated by the embryonic-lethal phenotype
observed when the gene encoding GSK-3p was knocked out
[40]. Although GSK-3 has multiple functions in health, in the con-
text of cytotoxic stimuli, GSK-3 (especially GSK-3B) appears to
function as a pro-apoptotic kinase [41]. Previous studies have
suggested that GSK-3B promotes the mitochondrial pathway of
apoptosis through phosphorylation of Bax, thereby facilitating
its mitochondrial translocation [21]. More recently, GSK-38 was
also reported to activate JNK in acetaminophen-induced liver
injury [24]. These prior studies have focused on GSK-3p rendering
the role of GSK-3a in apoptosis ambiguous [42]. Our current
study extends these observations by suggesting that both GSK-
3 isoforms contribute to lipoapoptosis. Indeed, shRNA targeted
knockdown of either GSK-3 isoforms was protective against lip-
oapoptosis. The two isoforms apparently have complementary,
non-redundant roles in this model of apoptosis. The mechanisms
by which these two isoforms cooperate in lipoapoptosis will
require further detailed study.

Lipoapoptosis can be inhibited either upstream or down-
stream of ER stress. Although GSK-3 inhibition has been reported
to reduce ER stress [28], in our current study the PA-induced ER
stress response was not repressed by GSK-3 inhibition. These
observations indicate that GSK-3 inhibition likely attenuates
lipoapoptosis downstream of ER stress; however, we cannot
exclude a non-ER stress-dependent pathway of GSK-3 activation.
How GSK-3 is activated is not clear. Several studies suggest that
GSK-3 is activated by protein phosphatase 2A (PP2A) [43,44],
GSK-3p is also known to be activated by PP2A during ceramide
induced apoptosis [45]. Moreover, we have previously reported
that PP2A activity was stimulated by saturated free fatty acids
in hepatocytes during lipoapotosis [20]. Thus, PP2A activation is
a potential mechanism contributing to GSK-3 stimulation during
lipoapoptosis.

Activated JNK is an important downstream mediator of ER
stress-associated lipoapoptosis and it has been implicated in
human and murine steatohepatitis [15-18]. Several studies have
suggested that GSK-3B is involved in JNK activation through
interaction with upstream kinases such as mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase kinase
(MAPKKK) and mixed lineage kinase (MLK), in neuronal and kid-
ney cell lines [46,47]. GSK-3 was also reported to cooperate with
JNK for the execution of the c-Jun stress response and neuronal
death in response to trophic deprivation [22]. Of note, in our
present study, GSK-3 inhibition reduced PA-induced JNK phos-
phorylation, but it did not inhibit JNK phosphorylation in
response to thapsigargin-induced ER stress. These data indicate
that GSK-3 inhibition is not a general inhibitor of ER stress-
associated JNK activation, but rather specifically antagonizes
JNK activation by cytotoxic FFA.

The current study demonstrates that GSK-3 inhibition attenu-
ates JNK-dependent dysregulation of PUMA, a key pro-apoptotic
protein. PUMA promotes Bax activation and the mitochondrial
pathway of cell death (Fig. 7). Activated Bax induces the mito-
chondrial outer membrane permeabilization (MOMP) which
leads to the egress of these pro-apoptotic mediators into the
cytosol. Subsequently, these mediators help activate downstream
effectors caspases culminating in the apoptotic phenotype [48].
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Fig. 7. Proposed model for the effects of GSK-3 inhibition on PA-induced
apoptosis. GSK-3 inhibition blocks JNK phosphorylation thereby preventing
PUMA upregulation, Bax activation, and attenuates PA-induced cell death. 'Ref.
[9], 2Ref. [18], >Ref. [14].

Collectively, our study suggests that GSK-3 genetic or pharmaco-
logic inhibition attenuates saturated FFA-induced cell death in
hepatocytes by inhibiting JNK-mediated PUMA upregulation.
Given this mechanistic insight, we speculate that GSK-3
inhibition could have a potential therapeutic role in human
NAFLD.
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