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Previously we demonstrated that c-Jun N-terminal kinase
(JNK) plays a central role in acetaminophen (APAP)-induced
liver injury. In the current work, we examined other possible
signaling pathways that may also contribute to APAP hepato-
toxicity. APAP treatment to mice caused glycogen synthase
kinase-38 (GSK-3) activation and translocation to mitochon-
dria during the initial phase of APAP-induced liver injury (~1
h). The silencing of GSK-3f3, but not Akt-2 (protein kinase B) or
glycogen synthase kinase-3a (GSK-3a), using antisense signifi-
cantly protected mice from APAP-induced liver injury. The
silencing of GSK-3f3 affected several key pathways important in
conferring protection against APAP-induced liver injury. APAP
treatment was observed to promote the loss of glutamate cys-
teine ligase (GCL, rate-limiting enzyme in GSH synthesis) in
liver. The silencing of GSK-3f3 decreased the loss of hepatic
GCL, and promoted greater GSH recovery in liver following
APAP treatment. Silencing JNK1 and -2 also prevented the loss
of GCL. APAP treatment also resulted in GSK-3f translocation
to mitochondria and the degradation of myeloid cell leukemia
sequence 1 (Mcl-1) in mitochondrial membranes in liver. The
silencing of GSK-38 reduced Mcl-1 degradation caused by
APAP treatment. The silencing of GSK-3f also resulted in an
inhibition of the early phase (0-2 h), and blunted the late phase
(after 4 h) of JNK activation and translocation to mitochondria
in liver following APAP treatment. Taken together our results
suggest that activation of GSK-3f is a key mediator of the initial
phase of APAP-induced liver injury through modulating GCL
and Mcl-1 degradation, as well as JNK activation in liver.

Acetaminophen (APAP)? is the leading cause of drug-in-
duced liver injury in the United States (1). APAP also remains
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an important experimental model for drug-induced liver injury,
because it is one of the few drugs that cause liver injury in
humans, which is reproducible in animals. Consequently, a
great deal of our understanding of drug-induced liver injury has
come from studying APAP-induced liver injury in animals (2).
Although research on APAP hepatotoxicity spans nearly four
decades, studies of the mechanisms underlying APAP hepato-
toxicity continue to reveal many new and surprising findings,
particularly regarding the importance of signaling pathways in
mediating APAP-induced liver injury (3). Recent studies have
shown that APAP-induced liver injury is not a passive process
due to overwhelming injury caused by N-acetyl-p-benzo-qui-
noneimine (NAPQI; the reactive metabolite of APAP) as tradi-
tionally believed, but rather an active process involving the
activation of mitogen-activated protein (MAP) kinases, partic-
ularly c-Jun N-terminal kinase (JNK) (4-6). Thus, APAP
causes a type of programmed necrosis of hepatocytes. INK is an
important threonine/serine kinase that is activated by various
stresses including oxidative stress (7, 8). When JNK activation is
prolonged, it is believed to promote cell death (8, 9). The small
molecule inhibitor of JNK (SP600125) or silencing expression
of JNK1 and -2 markedly protected the liver against APAP-
induced injury, despite extensive glutathione (GSH) depletion
and covalent binding caused by the production of NAPQI (5, 6).

The JNK signaling pathway activated by APAP appears to
target mitochondria to mediate APAP-induced liver injury (3).
APAP hepatotoxicity involves two key processes centered on
mitochondria: 1) GSH depletion and covalent binding by
NAPQI in mitochondria and 2) the activation of JNK and trans-
location of JNK to mitochondria (5). APAP is metabolized by
the CYP2E1 isoform of cytochrome P450 to NAPQI, which
depletes GSH and covalently binds to protein thiols, which can
inactivate proteins (2, 10). Traditionally, it had been believed
that GSH depletion and covalent binding in mitochondria
directly lead to inhibition of bioenergetics and trigger mito-
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chondrial permeability transition (MPT; opening of the mito-
chondria mega-pore) resulting in hepatocyte necrosis and liver
injury. However, recent studies by our lab suggest that mito-
chondrial GSH depletion and covalent binding act only as a first
hit, which moderately impairs mitochondria function and leads
to release of reactive oxygen species (ROS), but inhibition of
mitochondrial bioenergetics remains below a critical threshold
for hepatocyte viability. However, the first hit (mitochondrial
GSH depletion and covalent binding) leads to ROS-mediated
activation of MAP kinase and sensitizes mitochondria to a sec-
ond hit, the translocation of activated JNK to mitochondria,
which leads to MPT and marked inhibition of mitochondria
function (3, 5, 6). JNK translocates to mitochondria and pro-
motes MPT, cytochrome c release, and causes loss of mitochon-
drial bioenergetics in various model systems (7, 8, 11). Inhibi-
tion of JNK protects against mitochondrial dysfunction and
MPT caused by APAP treatment, which prevents hepatocyte
death and liver injury (5). Similarly, deletion of apoptosis sig-
naling-regulated kinase 1 (ASK-1), an important upstream
MAP kinase involved in JNK activation has also been shown to
prevent APAP-induced liver injury (12). The exact mechanism
by which JNK impairs mitochondria function and promotes
MPT has not been completely elucidated.

The importance of the ROS-activated MAP kinase pathway
in APAP hepatotoxicity suggests the possibility that other ROS-
activated signaling pathways, both related and unrelated to
JNK, may also modulate APAP liver injury. Recently, glycogen
synthase kinase-3 (GSK-33) has received a great deal of atten-
tion in various pathologies including ischemia reperfusion
injury in the heart (13, 14). GSK-3f is an important kinase that
was first identified as the major regulator of glycogen synthase,
the key enzyme involved in glycogen synthesis. However, like
many other kinases, GSK-38 was found to regulate many other
processes, including those involving cell death (14, 15). In myo-
cardial ischemia-reperfusion injury, GSK-3B, like JNK, has
been shown to translocate to mitochondria and promote MPT,
through interactions with voltage-dependent anion channels or
through degradation of Mcl-1, an antiapoptotic Bcl-2 protein in
mitochondrial membranes (16-18). Therefore, the present
studies were designed to determine whether GSK-38 plays a
role in APAP hepatotoxicity and to understand its mechanism
of action.

EXPERIMENTAL PROCEDURES

Materials—Antisense oligonucleotides (ASO) targeting
mouse GSK-3«a, GSK-38, Akt2, JNK1, JNK2, and a control oli-
gonucleotide were synthesized as 20 nucleotides, uniform
phosphorothioate chimeric oligonucleotides, and purified as
previously described (5). The oligonucleotides used in these
studies were chimeric oligonucleotides containing five nucle-
ase-resistant 2'-O-methoxyethylribose-modified phosphoro-
thioate residues on the 5’ and 3’ ends, flanking a 2’-deoxyribo-
nucleotide/phosphorothioate region that supports RNase
H-based cleavage of the targeted mRNA. The sequences of the
mouse GSK-38 ASO and GSK-3a ASO are 5'-TGGCTT-
GATATACCACACCA-3’ and 5'-CACACATCGATGGAC-
GAGGT-3’, respectively. The sequence for Akt2 ASO was
5'-ACCTCATTCATGGTGGCAGC-3' and the control oligo-
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nucleotide nonsense sequence was 5'-CCTTCCCTGAA-
GGTTCCTCC-3'. Anti-phospho-GSK-38 (Tyr-216, Ser-9),
GSK-38, phospho-Akt (Thr-308), Akt, phospho-PKA, PKA,
phospho-JNK, JNK, glycogen synthase, phosphoglycogen syn-
thase, actin, and cytochrome oxidase IV (COX IV) antisera
were purchased from Cell Signaling (Beverly, MA). Anti-GCL
was purchased from Novus (Littleton, CO). Anti-Bax and cyto-
chrome c antisera were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Anti-myeloid cell leukemia sequence 1
(Mcl-1) antibody was purchased from either Santa Cruz Bio-
technology or Rockland (Gilbertsville, PA).

Animals—Male mice (C57BL/6; 6—8 weeks of age) were
obtained from Harlan Bioproducts for Science Inc. (Indianap-
olis, IN). The animals were housed in a temperature-controlled
room and allowed to acclimatize for a minimum of 3 days prior
to use in experiments. They were maintained on a commercial
pellet diet ad libitum. The animals were fasted overnight (no
food, but water was available) prior to experiments. All the
treatments were administered intraperitoneally. APAP (Sigma)
was dissolved in warm PBS (55 °C) and cooled to 37 °C before
injection into mice (5). For ASO experiments, the animals were
given 50 mg/kg in sterile saline (intraperitoneally, 7 injections
total, one every other day, an ~0.3 ml volume injected) prior to
APAP administration (6). The last dose of ASO was given 1 day
prior to APAP administration. In experiments involving JNK
inhibitor (SP600125), JNK inhibitor was dissolved in DMSO
(8.3%, v/v) in PBS (1 mgin 125 ul of DMSO diluted with 1375 ul
of PBS). JNK inhibitor (10 mg/kg) was injected (intraperitone-
ally, ~0.3 ml volume injected) into mice 1 h prior to APAP
injection. Blood was obtained after mice were anesthetized at
the indicated time periods and serum alanine transaminase
(ALT) was measured at the University of Southern California
Pathology Reference Laboratory. All animals received care
according to methods approved under institutional guidelines
for the care and use of laboratory animals in research.

Cell Isolation and Culture—Primary cultured hepatocytes
were isolated as previously described (19). The liver was per-
fused with collagenase and isolated hepatocytes were sus-
pended in Dulbecco’s modified Eagle’s medium/F-12 contain-
ing 10% heat-inactive fetal bovine serum, 1 nm bovine insulin,
100 units/ml of penicillin, and 0.1 mg/ml of streptomycin, 50
nm hydrocortisone, and 0.15 mg/ml of methionine. 1.2 X 10°
cells in 4 ml were plated in individual 60-mm diameter LUX
culture dishes coated with 0.03% (w/v) rat tail collagen and
cultured in a 5% CO, atmosphere at 37 °C. The viability of the
isolated hepatocytes was greater than 90% as judged by trypan
blue exclusion. After 3 h, the culture medium was changed to
serum-free medium containing 100 units/ml of penicillin and
0.1 mg/ml of streptomycin. At this time, APAP and buthionine
sulfoximine (BSO) were added to cultured hepatocytes. APAP
was dissolved in culture medium and sterile filtered before
treatment to cells. BSO, dissolved in PBS, was immediately
added after APAP treatment. The GSK-38 inhibitor
(SB216763) was dissolved in DMSO and added 2 h before APAP
treatment. After 20-24 h of treatment, cells were double-
stained with 8 ug/ml of Hoechst 33258 and 1 uMm Sytox Green
(20). After staining, the culture dishes were observed under an
OLYMPUS fluorescent microscope. Quantitation of total and
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apoptotic cells were performed by counting a minimum of 1000
cells in 10 different fields. Necrotic cells (Sytox Green positive)
were determined by counting the same field. APAP, in the pres-
ence or absence of BSO, primarily caused necrosis with very
little apoptosis being observed (<1%).

Isolation of Liver Mitochondria and Cytoplasm—Mitochon-
dria were isolated from liver of mice by differential centrifuga-
tion as previously described (21). Livers were excised, washed
with 0.25 M sucrose, and homogenized in H-medium (210 mm
mannitol, 70 mm sucrose, 2 mm HEPES, 0.05% bovine serum
albumin (w/v), plus protease and phosphatase inhibitors). The
homogenate was centrifuged at 800 X g for 10 min, the pellet
removed, and the centrifugation process repeated. The result-
ing supernatant was centrifuged at 8,500 X g for 15 min. The
supernatant (“cytoplasmic fraction,” postmitochondrial S9
fraction) was collected and saved at —80 °C for future analysis.
The pellet, which represents the mitochondria fraction, was
washed with H-medium and the centrifugation repeated. The
mitochondria were resuspended in H-medium before oxygen
electrode and Western blot analysis.

Measurements of Respiration in Isolated Mitochondria—Res-
piration was measured in freshly isolated mitochondria by
monitoring oxygen consumption polarographically with a
Clark-type electrode (Hanstech, UK) in respiration buffer con-
taining 230 mM mannitol, 70 mM sucrose, 30 mm Tris-HCI, 5
mm KH,PO,, 1 mM EDTA, pH 7.4 (21). For isolated mitochon-
dria, 0.75 mg of mitochondria protein was added to 1 ml of
respiration buffer and oxygen consumption was monitored in
the presence of mitochondrial substrates (21).

Immunoblotting—Aliquots of cytoplasmic or mitochondria
extracts were fractionated by electrophoresis on a 12% SDS-
polyacrylamide gel (Bio-Rad). Subsequently, proteins were
transferred to nitrocellulose membrane and blots were blocked
with 5% (w/v) nonfat milk dissolved in Tris-buffered saline with
Tween 20. The blots were then incubated with the desired pri-
mary and secondary antibodies. Finally, the proteins were
detected by Luminol ECL reagent (Santa Cruz Biotechnology,
Santa Cruz, CA). Multiple bands in immunoblots of GS and
GSK-3p often observed are likely to be the result of multiple
phosphorylation sites on these proteins. All gels shown are rep-
resentative samples from three experiments. Densitometry was
performed using Image J program from NIH.

GSH Measurements—GSH was detected using HPLC elec-
trochemical detection as previously described (19). Total liver
homogenate or mitochondria were mixed with metaphosphor-
ic acid to obtain a 5% metaphosphoric acid solution to prevent
GSH autoxidation. Samples were centrifuged (12,000 X g for 5
min) and the supernatant injected into the HPLC.

Glutamate Cysteine Ligase (GCL) Measurements—GCL
activity was measured spectrophotometrically as previously
described (22). Cytoplasmic liver fraction was run twice, once
without and once with BSO, a specific irreversible inhibitor of
GCL (23). The specific GCL activity was calculated from the
NADH consumption in samples without BSO minus the sam-
ples with BSO.

Quantitative Reverse Transcription-PCR for GCL mRNA
Levels—Total RNA was extracted using the RNeasy Plus Mini
kit according to the manufacturer’s instructions (Qiagen). First
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strand cDNA was produced using the Omniscript reverse tran-
scription kit (Qiagen) with 10 um random primers (Applied
Biosystems). Two micrograms of total RNA were used for each
reverse transcription reaction mixture (20 ul). Real time PCR
was carried out using an ABI Prism 7900HT (Applied Biosys-
tems). 10-ul reactions were carried out in a 384-well PCR plate
using the following final concentrations: 1 umol each of for-
ward and reverse primers, 1 X SYBR Green PCR master mix
(Quanti Tect SYBR Green PCR kit, Qiagen), and 5 ng of cDNA.
For each condition triplicates were used to minimize the varia-
tion. Cycling conditions were as follows: initial step (50 °C for 2
min), hot activation (95 °C for 10 min), amplification (95 °C for
15 s and 60 °C for 1 min), repeated 40 times, and quantification
with a single fluorescence measurement at the dissociation
stage. Data were analyzed using ABI Prism SDS 2.1 software.
We used the standard curve method provided by the system
software (SDS2.1) for relative quantification following the man-
ufacturer’s instructions (Applied Biosystems). Briefly, the
resultant mRNA was normalized to its own glyceraldehyde-3-
phosphate dehydrogenase. Final results were expressed as
n-fold difference in gene expression relative to glyceraldehyde-
3-phosphate dehydrogenase mRNA. For C57BL/6 mouse, the
primer pair for Gcl-c was 5-GGGGTGACGAGGTG-
GAGTA-3" and 5'-GTTGGGGTTTGTCCTCTCCC-3’), and
the primer pair for glyceraldehyde-3-phosphate dehydrogenase
was 5'-AGGTCGGTGTGAACGGATTTG-3’ and 5'-TGTA-
GACCATGTAGTTGAGGTCA-3'.

Statistical Analysis—Statistical analyses were performed
using the Student’s ¢ test for unpaired data or analysis of vari-
ance for comparison of multiple groups. p < 0.05 was defined as
statistically significant.

RESULTS

Signaling Pathways Involved in APAP-induced Liver Injury—
To determine whether other signaling pathways besides JNK
play animportant role in APAP hepatotoxicity, the activation of
various signaling pathways following APAP treatment was
investigated in liver. Fig. 1A shows that APAP treatment results
inincreased phosphorylation of both GSK-38 and Akt, but does
not affect the protein kinase A (PKA) phosphorylation status.
Phosphorylation of Akt at the site of threonine 308 is generally
associated with activation and once activated, Akt can phos-
phorylate many proteins including GSK-33 on the site of serine
9 (14). GSK-3p is constitutively active in the cytoplasm, but its
activity can be enhanced by phosphorylation at tyrosine 216 or
inhibited by phosphorylation at the site of serine 9 (15, 24).
Although APAP treatment increased levels of both the active
and inhibited forms of GSK-38, APAP caused an increase in
glycogen synthase phosphorylation, an important downstream
target of GSK-3, suggesting APAP treatment leads to an over-
all increase in GSK-3B activity. Fig. 1B shows the time course of
GSK-3pB (serine 9) and JNK phosphorylation. Both GSK-3f3
(serine 9) and JNK phosphorylation occurred within 1 h of
APAP treatment; however, GSK-383 phosphorylation appears
to peak at 2 h, and begins to decline at 4 h, unlike JNK phos-
phorylation, which peaked at 4 h. Previous studies have also
suggested that GSK-3, like JNK, once further activated, trans-
locates to mitochondria. APAP treatment resulted in translo-
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FIGURE 1. Signaling pathways in liver activated by APAP treatment in vivo. A, effect of APAP treatment on
PKA, AKT, JNK, GSK-38, and glycogen synthase (GS) phosphorylation in liver cytoplasm. B, time course of JNK
(@) and GSK-3 (A; Ser-9) phosphorylation following APAP treatment in the liver. C, translocation of GSK-33
and JNK to mitochondria. D, time course of total JNK (@) and GSK-33 (A) translocation to mitochondria. Mice
were treated with APAP (300 mg/kg, intraperitoneally). At the times indicated, mice were sacrificed, the liver
was removed, and the cytoplasm and mitochondria fractions were separated using differential centrifugation.
Immunoblotting was performed on the cytoplasm and mitochondria. Immunoblotting of actin was used to
show equal loading in cytoplasm samples, whereas COX was utilized to show equal loading in mitochondrial
fractions. Densitometry was performed using the Image J program from NIH. Gels are representative of three

samples and B and D show mean = S.D. (n = 3-5).

cation of GSK-3f (both phosphorylated forms and total GSK-
3B) to mitochondria, similar to JNK (Fig. 1C). Again, both
GSK-3B and JNK translocation to mitochondria started at 1 h.
GSK-3p translocation to mitochondria peaked at 2 h, whereas
JNK translocation peaked at 4 h. The signaling changes to
Akt, JNK, GSK-38, and glycogen synthase as well as GSK-3f3
and JNK translocation to mitochondria, all preceded liver
injury (ALT increased at ~6 h) caused by APAP. GSK-3f trans-
location to mitochondria only occurred at APAP doses that
caused liver injury (i.e. >200 mg/kg) and not at doses that do
not cause liver injury (i.e. <200 mg/kg).

Protective Effects of Silencing GSK-33 against APAP Hepato-
toxicity in Vivo and in Cultured Primary Hepatocytes—We next
examined whether the signaling pathways activated (Akt, GSK-
3B) by APAP treatment in vivo were important in mediating
hepatotoxicity. In liver, there are three isoforms of Akt (Aktl,
Akt2, and Akt3), with Akt2 being an important regulator of
insulin signaling (25). To determine whether Akt2 may be
important in APAP-induced liver injury, Akt2 was silenced
using antisense. Although Akt levels were significantly reduced
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lowered ALT levels compared with
control at all time points examined,
up to 48 h (Fig. 34). This demon-
strates that silencing GSK-3 actu-
ally prevents, and does not simply
delay, APAP-induced liver injury.
Liver histological sections showed a
significant decrease in necrosis fol-
lowing APAP treatment when
GSK-38 was silenced (Fig. 3B), con-
firming the ALT findings. Se-
veral chemical GSK-38 inhibitors
(SB216763 and SB415286) were also
tested in vivo to determine their
protective effects against APAP-in-
duced liver injury. However, prob-
lems with solubility requiring large
amounts of DMSO, which greatly
modulates APAP injury, and ineffectiveness of inhibiting
GSK-3p activity precluded the use of these chemical GSK-3f3
inhibitors iz vivo (data not shown).

Cultured primary hepatocytes isolated from GSK-3p-si-
lenced mice were also significantly protected from necrosis
caused by various doses of APAP (Fig. 44), supporting the role
of GSK-30 in hepatocytes as opposed to nonparenchymal cells.
Similarly, pretreatment (2 h) of hepatocytes (both B and « iso-
forms) with 20 um SB216763 (an inhibitor specific for GSK-3)
(26), also protected hepatocytes from APAP-induced necrosis
(Fig. 4B). Because the GSK-3 inhibitor was dissolved in DMSO,
which alters APAP hepatotoxicity (27), slightly higher levels of
APAP were used in experiments involving GSK-3 inhibitor. At
very high doses of APAP (>10 mm), GSK-3p silencing or inhi-
bition no longer conferred protection against APAP, suggesting
that there is a threshold of protection. The protective effects of
silencing or inhibiting GSK-3 in primary cultured hepatocytes
was not as effective in preventing APAP hepatotoxicity as was
observed when GSK-3 was silenced in vivo. However, this is
very similar to effects observed with JNK inhibition, in which
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FIGURE 2. Silencing GSK-33, but not Akt2 or GSK-3«, protects against
APAP-induced liver injury in vivo. Effect of Akt2 antisense (A), GSK-3 anti-
sense (B), and GSK-3« (C) antisense treatment on APAP-induced liver injury.
Mice were treated with Akt2, GSK-3 3, GSK-3«, or control scrambled antisense
for 2 weeks. The day following the last antisense injection, APAP (300 mg/kg,
intraperitoneally) was injected into mice. Serum was taken 20-24 h following
APAP injection for ALT measurements. Western blots (insets) were performed
on liver samples from mice not treated with APAP to confirm the silencing of
the proteins by antisense injection. Results are mean = S.D.from experiments
using 4-9 mice. ¥, p < 0.05 versus control antisense-treated mice.

the inhibition of JNK only partially protected against APAP
hepatotoxicity in cultured hepatocytes (~35%), but JNK inhi-
bition almost completely protected against APAP hepatotoxic-
ity in vivo (6, 28), suggesting significant differences exist
between the two models. Silencing GSK-38 did not protect
hepatocytes against tumor necrosis factor and actinomycin-in-
duced apoptosis. Hepatocytes with GSK-38 silenced had equal
death (~99%) as control hepatocytes when treated with tumor
necrosis factor (5 ng) plus actinomycin D (10 um). These find-
ings suggest that GSK-38 in hepatocytes plays a key role in
APAP-induced liver injury, but does not play a role in all forms
of liver injury.
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FIGURE 3. Silencing GSK-3B protects mice from APAP-induced liver
injury. A, ALT time course for control (®) and GSK-33-silenced (M) mice.
B, H&E histology of APAP-induced liver injury in control and GSK-3-silenced
mice at 24 h (top and bottom panels show different mice). Control and GSK-
3B-silenced mice, using antisense (ASO), were treated with APAP (300 mg/kg,
intraperitoneally). At various times, mice were sacrificed, the liver removed
for histology, and serum was collected for ALT measurements. Results are
mean = S.D. for three to nine experiments. *, p < 0.05 versus control ASO-
treated mice.

Effect of GSK-33 on GSH Levels in Liver following APAP
Treatment—Many potential mechanisms may underlie the
protective effects of silencing GSK-3 against APAP-induced
liver injury. First, we investigated the possibility that silencing
GSK-3p could be modulating Cyp2el levels, the major protein
involved in generating NAPQI responsible for GSH depletion
(2). Fig. 5A shows that silencing GSK-3 did not affect expres-
sion of Cyp2el, suggesting NAPQI formation was unaffected by
GSK-3B. GSH depletion is a major component of APAP hepa-
totoxicity and modulation of GSH synthesis can greatly influ-
ence APAP-induced injury. To determine whether GSK-3f3
modulates GSH in liver following APAP treatment, we next
examined the time course of GSH levels in the liver of GSK-33-
silenced and control mice following APAP treatment (Fig. 5, B
and C). Baseline GSH levels were not altered by silencing
GSK-38 (control ASO = 46.3 + 9.5, GSK-33 ASO = 49.6 +
17.5 nmol/mg of protein). APAP treatment (300 mg/kg) caused
an identical sharp decline in GSH levels in whole liver and mito-
chondria (1-2 h following APAP treatment) in both control
and GSK-3B-silenced mice. This suggests that the initial
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FIGURE 4. Silencing or inhibiting GSK-3 8 protects primary cultured hepa-
tocytes from APAP hepatotoxicity. A, effect of APAP treatment on primary
cultured hepatocytes from control and GSK-33-silenced mice; B, effect of
APAP treatment on primary cultured hepatocytes pretreated with GSK-33
inhibitor (SB216763; 20 um pretreatment for 2 h). Open bar, control hepato-
cytes; solid bar, GSK-3 silenced hepatocytes; and striped bars, GSK-33 inhib-
itor-pretreated hepatocytes. Primary cultured hepatocytes were isolated
from mice treated with control ASO, GSK-33 ASO, or untreated. Necrosis was
determined 20-24 h following APAP treatment using Sytox green as
described under "Experimental Procedures.” Results are mean =+ S.D. for four
to five experiments. *, p < 0.05 versus control.

NAPQI production was not altered, consistent with the lack of
effect of silencing GSK-38 on Cyp2el expression. On the other
hand, the recovery of GSH beginning 2 h following APAP treat-
ment was accelerated in mice lacking GSK-38 compared with
control. Because GSH depletion is a key component in APAP-
induced liver injury, the inhibition of GSH recovery when mice
were treated with APAP alone may be an important component
in APAP-induced liver injury.

Effect of APAP on GCL mRNA and Protein Levels—There are
several possible mechanisms by which GSK-38 could be sup-
pressing GSH recovery following APAP treatment. Therefore,
we examined the possibility that GSK-383 or a downstream
effect may regulate GSH synthesis by modulating synthesis or
degradation of GCL (the rate-limiting enzyme in GSH biosyn-
thesis) (23, 29). GCL is a heterodimeric protein composed of
two subunits, a catalytic heavy subunit (GCL-c) and a modula-
tor light subunit (GCL-m) (30, 31). The GCL-c subunit is up-
regulated by various stresses including oxidative stress. GCL-c
mRNA levels have also been shown to be up-regulated by APAP
treatment as a defense to counter GSH depletion caused by

asEve

MARCH 12, 2010+ VOLUME 285-NUMBER 11

Role of GSK-33 in APAP-induced Liver Injury

A ContASO  GSK3B ASO
Ve A N 5 N\
Cyp2e | gy v s i
actin | et
B *
~ 100 W
o 1\
£ 80
8 4o
2 o |
I 20
0 2 4 6 8
Time (h)
CA
5 100 |
§ 80: f
5 60 ] I :
R o401 N\
% 20 - lf__f\+
(D L
0 2 4 6 8
Time (h)

FIGURE 5. GSH recovery in liver is enhanced in GSK-33-silenced mice fol-
lowing APAP treatment. A, Cyp2e1 protein levels; B, GSH levels in total liver
homogenate; C, GSH levels in isolated liver mitochondria. Control ASO (#)
and GSK-38 ASO treated (H) mice were given APAP (300 mg/kg, intraperito-
neally). At the indicated times, mice were sacrificed, the liver removed and
homogenized, and the cytoplasm and mitochondrial fractions were sepa-
rated using differential centrifugation. Liver homogenate and isolated mito-
chondria were immediately placed in 5% metaphosphoric acid to prevent
GSH oxidation. GSH levels were analyzed using HPLC with electrochemical
detection as described under "Experimental Procedures.” Results are mean =+
S.D. for three to five experiments. *, p < 0.05 versus control ASO-treated mice.

NAPQI (32). The transcription of GCL-c is regulated by Nrf-2,
a transcription factor that translocates to the nucleus following
activation by oxidative stress or covalent binding of NAPQI (32,
33). In certain contexts GSK-38 has been shown to phosphor-
ylate Nrf-2, which causes Nrf-2 to move out of the nucleus, thus
preventing Nrf-2 transcriptional activity (i.e. synthesis of
GCL-c mRNA) (34). The effect of silencing GSK-38 on GCL-c
mRNA levels were measured by quantitative reverse transcrip-
tion-PCR. Fig. 6A shows that GCL-c mRNA levels increased
following APAP treatment, in agreement with previous results
that APAP treatment induces Nrf-2-dependent transcription
of GCL mRNA levels (32). However, GCL-c mRNA levels were
lower in mice having GSK-3f silenced compared with control
ASO-treated mice, suggesting that silencing GSK-38 did not
enhance but rather reduced GCL transcription, presumably by
protecting against APAP hepatotoxicity (e.g. decreased mito-
chondrial reactive oxygen species generation). However,
mRNA levels are not always a direct measure of transcription
and other factors besides changes in transcription (i.e. mRNA
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FIGURE 6. Silencing GSK-3 3 prevents loss of GCL-cinduced by APAP, but does not increase GCL-c mRNA.
GCL-c mRNA levels (A), GCL-c protein levels (B), and GCL-c activity (C) following APAP treatment (300 mg/kg,
intraperitoneally) in control and GSK-3B-silenced mice. D, GCL-c protein levels in JNK1 and -2-silenced mice.
Open bar, control ASO; solid bar, GSK-3 3-silenced mice. GCL-c protein levels were analyzed using immunoblot-
ting with antisera to GCL-c. Densitometry was performed using the Image J program from NIH (AU, arbitrary
units). A portion of liver was sectioned off, RNA extracted, and gPCR was performed to assess GCL-c mRNA
levels as described under "Experimental Procedures.” GCL activity was analyzed using a spectophotometric
assay utilizing BSO as described under "Experimental Procedures.” Results are mean = S.D. for four to five

experiments. ¥, p < 0.05 versus control antisense untreated (no APAP) mice.

stability) may account for differences in GCL-c mRNA levels
when GSK-3p is silenced. Similar results were seen in GCL-m
mRNA levels (data not shown).

We next examined whether GCL-c protein levels were mod-
ulated by GSK-3B8 and APAP in liver. Surprisingly, GCL-c levels
in liver dramatically declined following APAP treatment (Fig.
6B), an effect that was significantly abrogated in mice treated
with GSK-3B ASO. To confirm that APAP treatment causes a
decline in GCL-c protein levels, GCL-c activity was measured.
In agreement with the Western blot data, GCL-c activity signif-
icantly declined at 2 and 4 h following APAP treatment in the
liver of control mice, but not in the liver of GSK-3-silenced
mice (Fig. 6C). No changes in GCL-m protein levels were
observed after APAP treatment (data not shown). This data
suggests that silencing GSK-3 preserves GCL-c protein levels
and GCL activity, which helps explain the greater recovery of
GSH following APAP treatment.

To determine whether GCL-c loss was a direct or specific
effect of GSK-3f, or was downstream of JNK activation, we
examined whether GCl-c degradation was also inhibited in
JNK-silenced (both 1 and 2) mice. Silencing JNK1 and -2 dra-
matically reduces APAP-induced liver injury, and was also
associated with prevention of GCL-c degradation (Fig. 6D).
This suggests that GCL-c degradation may be not be directly
mediated by GSK-38.
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tocytes with BSO shifts the toxic
dose curve of APAP, requiring sig-
nificantly lower levels of APAP to
induce necrosis in hepatocytes.
Similarly, GSK-3f3 inhibitor pre-
treatment significantly protected
against hepatotoxicity induced by
APAP and BSO in primary cultured
hepatocytes (Fig. 7B). Thus, inhibit-
ing or silencing GSK-38 protected
against APAP hepatotoxicity even
when GSH synthesis was inhibited
by BSO, suggesting that there is also
a mechanism of action by GSK-33 in APAP hepatotoxicity
independent of its effect on GSH recovery.

Effect of GSK-3 on Mitochondrial Function—W e next inves-
tigated possible GSH independent pathways involved in pro-
tecting liver from APAP when GSK-3 is silenced. Loss of
mitochondrial bioenergetics and MPT play a central role in
APAP-induced liver injury (5). Mitochondrial respiration was
measured to determine whether GSK-3f plays a role in mito-
chondrial dysfunction during APAP-induced liver injury. Fig. 8,
A and B, shows that the decline in state III respiration (gluta-
mate/malate plus ADP) and respiratory control ratio (state III/
state IV (glutamate/malate but no ADP)) caused by APAP
treatment was significantly reduced in mitochondria of mice
lacking GSK-3. Similarly, the release of cytochrome c into the
cytoplasm, which indicates mitochondrial damage, was
reduced following APAP treatment (4 h) in mice when GSK-33
was silenced (Fig. 8C). Overall, silencing GSK-3 was associ-
ated with a protection against loss of mitochondrial function
caused by APAP treatment.

Effect of GSK-3B on the Activation of JNK during APAP
Hepatotoxicity—Previously, we showed that activation and
translocation of JNK to mitochondria was an important step in
causing a decline in mitochondrial bioenergetics during APAP-
induced liver injury (5). Several studies have suggested that
GSK-3B is involved in JNK activation through interaction with
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FIGURE 7. Silencing or inhibiting GSK-3 3 protects primary cultured hepa-
tocytes from APAP hepatotoxicity despite inhibition of GSH synthesis
with buthionine sulfoximine. A, effect of APAP plus BSO (1 mm; GSH synthe-
sis inhibitor) treatment of control and GSK-3B-silenced hepatocytes; B, effect
of APAP plus BSO treatment on primary hepatocytes pretreated with GSK-33
inhibitor (SB216763; 20 um pretreatment for 2 h). Open bar, control; solid bar,
GSK-3B-silenced hepatocytes; and striped bars, GSK-383 inhibitor-treated
hepatocytes. Necrosis was determined 20-24 h following APAP treatment
using Sytox green as described under "Experimental Procedures.” Results are
mean = S.D. for four to five experiments. *, p < 0.05 versus control.
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upstream kinases such as mitogen-activated protein kinase/ex-
tracellular signal-regulated kinase kinase kinase 1 (MEKK1)
and mixed lineage kinase (MLK) (35, 36). To determine
whether GSK-38 is upstream of JNK activation after APAP
treatment, JNK activity and translocation to mitochondria were
measured in control ASO and GSK-33 ASO-treated mice. Fig.
9 demonstrates that the silencing of GSK-3 both significantly
delayed and reduced JNK activation induced by APAP treat-
ment. The phosphorylation of JNK, which occurs within an
hour of APAP treatment in control mice, did not occur in GSK-
3B-silenced mice until 4 h following APAP treatment and
remained reduced up to 8 h following APAP treatment (Fig.
9A). Similarly, translocation of P-JNK and total JNK to mito-
chondria was delayed and at a reduced level (Fig. 9B). The
silencing of GSK-3f did not affect JNK expression, although
there was a trend of increased basal JNK activation (P-JNK in
cytoplasm and mitochondria) when GSK-3B was silenced.
These data suggest that GSK-3 plays a role in the early activa-
tion of INK by APAP treatment and suggests that the protective
effects of silencing GSK-33 may include suppression of JNK
activation and translocation to mitochondria.

asEve

MARCH 12, 2010+ VOLUME 285-NUMBER 11

Role of GSK-33 in APAP-induced Liver Injury

A
c 16 1
23
5 E 2
S £ *
0w £ *
O = 81
=g —0
0 o 4]
TQ —$
5] 0 T T T \
0 2 4 6 8
Time (h)
B 6 1 *
5 I *
x 41 '\* l I ’
2 o] !
2 -
11 -$
0 T T T T T T T 3
0 2 4 6
Time (h)
C
100 1 | ™ — |
S 80 -
<
> 60 1
B ’—L‘ |—L‘
[
QO 20 A
0
Cont APAP Cont APAP
W ~ J “ ~ J
Cont ASO GSK-3B8 ASO

FIGURE 8. Silencing GSK-3f3 protects against mitochondrial dysfunction
and cytochrome c release caused by APAP treatment in vivo. A, state lll
respiration (using glutamate/malate plus ADP); B, RCR (respiratory control
ratio, state Ill/state IV); and C, cytochrome c release from mitochondria. Con-
trol (®) and GSK-3B-silenced (M) mice were treated with APAP (300 mg/kg,
intraperitoneally) and at the times indicated, the liver was removed and cyto-
plasm and mitochondria fractions were separated using differential centrifu-
gation. State lll and respiratory control ratio measurements were performed
by monitoring oxygen consumption using a Clarke-type electrode as
described under “Experimental Procedures.” Immunoblotting for cyto-
chrome ¢ was performed in the cytoplasmic fraction. Actin showed equal
loading of cytoplasmic proteins (data not shown). Results are mean = S.D. for
three to five experiments. *, p < 0.05 versus control antisense-treated mice.
AU, arbitrary unit.

Next, we examined the converse, the effect of inhibition of
JNK on GSK-3p activation during APAP-induced liver injury
(Fig. 10). The pretreatment of mice with the JNK inhibitor
(SP600125) decreased JNK activation (phosphorylation) and
JNK translocation to mitochondria caused by APAP, confirm-
ing our previous studies (5, 6). However, JNK inhibitor treat-
ment did not affect the initial GSK-38 activation (tyrosine 216
phosphorylation), GSK-3 activity (glycogen synthase phos-
phorylation), or GSK-3f translocation to mitochondria at 2 h
following APAP treatments. These findings further support the
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APAP Treatment Induces GSK-3[3
Activation and Translocation to Mi-
tochondria—In this study, we have
identified an important role for
GSK-3B8 in APAP-induced liver
injury in mice. The death promoting
properties of GSK-3B have been
observed previously in ischemia-
reperfusion injury in the heart, in
brain injury, and various degenera-
tive diseases (13, 14, 24). Following
APAP treatment, we observed an
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FIGURE 9. Silencing GSK-3 3 inhibits JNK activation and translocation to mitochondria following APAP
treatment. JNK activation in the cytoplasm (A) and translocation to mitochondria (B). Open bar, control ASO;
solid bar, GSK-3 3-silenced mice for total p-JNKand JNK (JNK 1 + 2). Control ASO and GSK-33 ASO-treated mice
were given APAP (300 mg/kg, intraperitoneally). At the indicated times, the liver was excised, and cytoplasm
and mitochondria fractions were separated using differential centrifugation. Immunoblotting was performed
using antisera against p-JNK, JNK; actin (cytoplasmic loading control), and COX (mitochondria loading control).
Densitometry of total p-JNK and JNK levels was performed using Image J (AU, arbitrary units). Cytoplasmic
p-JNK and JNK density were normalized to actin (not shown), and p-JNK and JNK in mitochondria were nor-
malized to COX (data not shown). Results are mean = S.D. for three to seven experiments. *, p < 0.05 versus

control antisense-treated mice.

conclusion that GSK-3f acts upstream of JNK in APAP hepa-
totoxicity. However, at 4 h GSK-3 phosphorylation, activity,
and mitochondrial translocation declined when JNK was
inhibited, suggesting that JNK is important in maintaining
sustained GSK-3f activity possibly through a feed-forward
mechanism.

Effect of GSK-3P on Mcl-1 and Bax Levels in Mitochondria—
GSK-3B is known to regulate both pro-apoptotic (Bax) and
anti-apoptotic (Mcl-1) members of the Bcl-2 family that mod-
ulate mitochondrial death pathways (14, 24). GSK-3 has been
shown to phosphorylate Bax and induce its translocation to
mitochondria in neurons (37). Similarly, GSK-38 has been
shown to phosphorylate mitochondrial Mcl-1, which promotes
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increase in both the activated (p-ty-
rosine 216) and inactivated (p-ser-
ine 9) forms of GSK-38 in liver (15,
24). The fact that GSK-38 translo-
cated to mitochondria and in-
creased glycogen synthase phos-
phorylation, a major downstream
target of GSK-38, suggests that
overall GSK-3 activity is increased
during APAP-induced liver injury.
However, it remains to be further
assessed if only the kinase activated
form of GSK-38 (p-tyrosine) is important in mediating APAP
hepatotoxicity, or whether the increase in inactive GSK-38
(p-serine 9) plays some role in mediating liver injury caused by
APAP, possibly by interacting with mitochondrial proteins
(13). Why both a protective and detrimental form of GSK-38 is
activated by APAP remains unclear; however, this is not com-
pletely surprising because APAP hepatotoxicity is associated
with activation of both detrimental (e.g. JNK and Bax) and pro-
tective (e.g. Bcl-2 and Bcl-xl) signaling pathways in liver (3).
Furthermore, the mechanism of GSK-3p activation following
APAP treatment is uncertain at the present. However, it is
known that oxidative stress can activate GSK-3 by Src- and
calcium-dependent mechanisms (39).

time (h)
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FIGURE 10. JNK inhibition does not inhibit initial GSK-3 activation fol-
lowing APAP treatment. Mice were given APAP (300 mg/kg, intraperitone-
ally) with or without JNK inhibitor (inh) (SP600125, 10 mg/kg intraperitone-
ally; 1 h prior to APAP injection). JNK inhibitor was dissolved in 8.3% DMSO/
PBS solution (v/v) and the control received the same amount of DMSO. At the
indicated times, the liver was excised, and mitochondria were separated from
cytoplasm using differential centrifugation. Immunoblot analysis was per-
formed in the cytoplasm and isolated mitochondria. Actin served as loading
controlin the cytoplasm, whereas voltage-dependent anion channels (VDAC)
served as loading control for mitochondria. Gels are representative of three
samples.

Primary cultured hepatocytes from GSK-3p-silenced mice
or treated with GSK-3f inhibitor were also significantly pro-
tected from APAP, suggesting that GSK-3 activation in hepa-
tocytes, and not other cells such as Kupffer cells, is an important
event in APAP-induced liver injury. Some studies have sug-
gested that Kupffer cells may play a role in APAP-induced liver
injury, although this is somewhat controversial (40 —42). Even
if GSK-3pB silencing was affecting Kupffer cell activation,
Kupftfer cells only modestly affect the extent of APAP-induced
liver injury, and therefore the extensive protective effects of
silencing GSK-38 in mice cannot be attributed to effects on
Kupffer cells. Interestingly, the silencing of GSK-38 did not
have any observable pathophysiologic baseline effects in cul-
tured hepatocytes or in vivo, whereas GSK-38 knock-out has
been observed to be embryonic lethal. Thus, although GSK-38
is critical in development, its loss is well tolerated in adult mice.

Effect of GSK-38 on GCL Levels during APAP-induced Liver
Injury—The mechanism by which GSK-33 modulates APAP-
induced liver injury is complex. Based on work with cultured
primary hepatocytes and GSH measurements in vivo, it appears
that GSK-3p affects several pathways to promote APAP hepa-
totoxicity. GSK-38 appears to indirectly modulate loss of
GCL-c degradation in liver following APAP treatment. Thus,
silencing JNK also prevented loss of GCL-c. This observation of
a rapid decline in GCL-c protein levels and activity is a novel
finding in APAP hepatotoxicity, which has not been previously
described, and may play an important role in allowing APAP
hepatotoxicity to progress by interfering with compensatory
up-regulation of GSH synthesis, despite activation of Nrf-2-de-
pendent transcription of GCL. The ~40-70% decrease of
GCL-c caused by APAP is likely to significantly inhibit GSH
synthesis and recovery during APAP-induced liver injury.
However, the decline in GCL-c levels during APAP hepatotox-
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FIGURE 11. Silencing GSK-3 3 prevents loss of Mcl-1 but has no effect on
bax translocation. Control and GSK-3B-silenced mice were treated with
APAP (300 mg/kg, intraperitoneally). At the times indicated, the liver was
excised and mitochondria were isolated using differential centrifugation.
Immunoblot analysis was performed with mitochondria using antisera
against Mcl-1, bax, and COX. Gels are representative of three samples.

icity is not complete and if cysteine supplementation were to
occur (i.e. NAC treatment), GSH levels in liver should still
improve. At present, we do not know if the loss of GCL-c is due
to enhanced degradation or impaired translation. In cultured
hepatocytes, GCL has been reported to undergo cleavage by
caspases during apoptosis caused by transforming growth fac-
tor-B1 (43) and toxins such as diphenylarsinic acid (44). How-
ever, caspase activity does not play a role in APAP-induced liver
injury, probably due to the highly oxidized environment caused
by NAPQI, GSH depletion, and oxidative stress. Whether the
loss of GCL-c is due to degradation by proteasomes initiated
by GSK-38 phosphorylation, as observed with B-catenin, or
through the participation of proteases (e.g. calpains or cathe-
psins) that might degrade GCL-c is currently under
investigation.

Regulation of INK by GSK-33—The silencing or inhibition of
GSK-3 in primary cultured hepatocytes also protected against
cell death induced by APAP, even when GSH synthesis was
inhibited by BSO. This suggests that GSK-33 mediates APAP-
induced injury by an additional mechanism independent of
impairing GSH synthesis, which likely involves inhibition of
both JNK activation and Mcl-1 degradation. Silencing GSK-38
in mice delayed and suppressed JNK activation and transloca-
tion to mitochondria, which corresponded to significantly
improved mitochondrial functionality and reduced cyto-
chrome c loss caused by APAP treatment. Although some JNK
activation and translocation to mitochondria occurred in GSK-
3B-silenced mice, the levels were lower and occurred when
mitochondrial GSH levels were recovering (starting at 4 h).
Because JNK appears to only inhibit redox-modified mitochon-
dria, the low amounts of JNK that translocate to mitochondria
in GSK-3B-silenced mice may not be effective in inhibiting
mitochondria bioenergetics because GSH levels are recovering
in mitochondria at these later time points. Thus, the partial
inhibition of JNK activation, as well as delaying JNK transloca-
tion to mitochondria to a time when GSH levels are recovering,
may be an important mechanism by which silencing GSK-33
preserves mitochondrial functionality to sustain viability of
hepatocytes following APAP administration.

Because of our previous findings on the pivotal role of [NK in
APAP-induced necrosis, it is important to understand how
GSK-3p relates to JNK, particularly in the sequence of events
leading to loss of viability. Our findings suggest that GSK-3
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activation is upstream of JNK activation. Several previous stud-
ies have suggested that GSK-38 mediates JNK activation
through activation of MEKK1 or MLK in neuronal and kidney
cell lines (35, 36). MEKK1 and MLK, like ASK-1, are MAP
kinase kinase kinases (MAPKKK), which phosphorylate and
activate MKK4/7, which in turn activates JNK. As previously
mentioned, ASK-1 plays a significant role in JNK activation and
APAP-induced liver injury; mice lacking ASK-1 were more
resistant to APAP-induced liver injury (12). However, ASK-1
may not be the only MAPKKK involved in JNK activation fol-
lowing APAP treatment. ASK-1 knock-out mice exhibited an
initial ASK-1 independent activation of JNK (starting ~1.5 h)
following APAP treatment, which was followed by a late ASK-
1-dependent activation of JNK (>3 h) (12). Our data suggest
that silencing GSK-3f inhibited the initial phase of JNK activa-
tion, whereas the later phase of JNK activation, possibly medi-
ated by ASK-1, was less affected. Inhibition of the initial phase
of JNK activation may be a key factor in determining how
silencing GSK-3f3 protects against APAP-induced liver injury.
The role of GSK-3B-induced activation of MEKK1 or MLK in
early JNK activation after APAP will require additional studies.
No link between GSK-383 and ASK-1 has yet been demon-
strated. Although GSK-3 appears to be upstream of JNK, our
data suggests that JNK may still be necessary to sustain GSK-33
activation by APAP. Treatment with JNK inhibitor did not pre-
vent the initial GSK-38 activation and translocation to mito-
chondria caused by APAP (2 h), but did result in decreased
GSK-3p activity and translocation at 4 h. It is conceivable that
JNK directly interacts with GSK-38. In human embryonic kid-
ney cells, JNK has been shown to form a complex with GSK-33
and increase its activity (45). Alternatively, a feed-forward
mechanism may exist between GSK-38 and JNK, whereby
GSK-3p plays an important role in activating JNK, which then
may be necessary to sustain GSK-38 activation by promoting
the stimulus for GSK-38 activation (e.g mitochondrial ROS
production).

Effect of GSK-3B on Mcl-1 Levels—Other effects involving
GSK-3p, besides JNK activation, that may also contribute to the
decline in mitochondrial function following APAP treatment
involve the translocation of GSK-38 to mitochondria, impor-
tant in Mcl-1 degradation and possibly MPT. Mcl-1 is an anti-
apoptotic Bcl-2 family member that is known to be a target for
GSK-3p phosphorylation, which leads to its rapid proteosomal
degradation (38, 46). Rapid degradation of Mcl-1 following
APAP may render mitochondria more susceptible to cyto-
chrome c¢ release, MPT, and other mitochondria changes.
Mcl-1 has been shown to play a protective role in other types of
liver injury (47, 48), and thus its degradation may play an impor-
tant role in APAP-induced liver injury. The translocation of
GSK-3p to mitochondria, independent of Mcl-1 regulation,
has also been shown to promote MPT in heart (17, 18). Thus,
GSK-3B translocation to mitochondria during APAP hepa-
totoxicity may also play an important role in mediating mito-
chondria dysfunction. Consequently, JNK translocation to
mitochondria, GSK-3f translocation to mitochondria, and
Mcl-1 degradation may all contribute to mitochondrial
decline and MPT during APAP-induced liver injury.
Whether all these factors work in concert and are essential
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FIGURE 12. Hypothesis for the role of signal transduction in APAP-in-
duced liver injury. Production and targeting of NAPQI (first hit) to mitochon-
dria leads to ROS production, which then activates extramitochondrial
MAPKK kinase upstream of GSK-33 and JNK. Activation of GSK-33 leads to its
translocation to mitochondria where it targets Mcl-1 for degradation and
activates MAPKK kinase (i.e. MLP and MEKKT) leading to rapid activation of
JNK. Subsequently, ROS release activates ASK-1 leading to sustained JNK acti-
vation. JNK then leads to loss of GCL-c and JNK translocates to mitochondria
in the early and late phases of the evolution of toxicity providing a sustained
second hit to mitochondria. Ultimately, the interplay of these effects of
GSK-3B and JNK may promote mitochondrial membrane permeability transi-
tion pore opening, full collapse of mitochondrial function, and necrotic
death.

for mitochondrial dysfunction during APAP-induced liver
injury needs to be further investigated. Another Bcl-2 family
member of interest is Bax, a pro-apoptotic protein, which
translocates to mitochondria to promote MPT and cyto-
chrome c release. Interestingly, Bax translocation was unal-
tered when GSK-3 was silenced. Although this finding does
not rule out some role of Bax (when GSK-38 and JNK also
translocate to mitochondria), Bax knock-out mice are not
protected against APAP (49).

Summary—In conclusion, we provide evidence that GSK-33
participates in APAP hepatotoxicity through modulating sev-
eral pathways (Fig. 12). We present the novel finding that APAP
induced a rapid loss of GCL-c and Mcl-1 degradation. The early
degradation of these two important proteins in cell survival
may be a key factor in APAP-induced liver injury. GSK-38 also
controls the downstream activation of JNK and its transloca-
tion to mitochondria, a critical event in APAP-induced necro-
sis. Overall, our findings on the role of GSK-3f3, coupled with
our previous work on the role of JNK, provide a striking exam-
ple of the importance of signal transduction pathways in medi-
ating the necrotic response to a toxin (3).
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