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ABSTRACT
c-Jun NH2-terminal kinase (JNK) activation plays a major role in
acetaminophen (APAP)-induced hepatotoxicity. However, the
exact mechanism of APAP-induced JNK activation is incom-
pletely understood. It has been established that apoptosis sig-
nal-regulating kinase 1 (ASK1) regulates the late phase of
APAP-induced JNK activation, but the mitogen-activated pro-
tein kinase kinase kinase that mediates the initial phase of
APAP-induced JNK activation has not been identified. Oxida-
tive stress produced during APAP metabolism causes JNK
activation, which promotes mitochondrial dysfunction and re-
sults in the amplification of oxidative stress. Therefore, inhibi-
tion of the initial phase of JNK activation may be key to pro-
tection against APAP-induced liver injury. The goal of this study
was to determine whether mixed-lineage kinase 3 (MLK3) me-
diates the initial, ASK1-independent phase of APAP-induced
JNK activation and thus promotes drug-induced hepatotoxic-

ity. We found that MLK3 was activated by oxidative stress and
was required for JNK activation in response to oxidative stress.
Loss of MLK3 attenuated APAP-induced JNK activation and
hepatocyte death in vitro, independent of receptor-interacting
protein 1. Moreover, JNK and glycogen synthase kinase 3�
activation was significantly attenuated, and Mcl-1 degradation
was inhibited in APAP-treated MLK3-knockout mice. Further-
more, we showed that loss of MLK3 increased expression of
glutamate cysteine ligase, accelerated hepatic GSH recovery,
and decreased production of reactive oxygen species after
APAP treatment. MLK3-deficient mice were significantly pro-
tected from APAP-induced liver injury, compared with wild-
type mice. Together, these studies establish a novel role for
MLK3 in APAP-induced JNK activation and hepatotoxicity, and
they suggest MLK3 as a possible target in the treatment of
APAP-induced liver injury.

Introduction
Acetaminophen (APAP) overdose is the leading cause of

drug-induced liver injury in the United States (Larson et al.,
2005). The underlying mechanism of APAP hepatotoxicity is
thought to be conversion of APAP to N-acetyl-p-benzoquinon-
eimine (NAPQI), which is mediated by members of the cyto-
chrome P450 family, especially CYP2E1 (Nelson, 1990).
NAPQI is detoxified through conjugation with GSH (Mitchell
et al., 1973). Once the intracellular pool of GSH is depleted,
NAPQI covalently modifies cellular proteins, which results in
mitochondrial dysfunction and oxidative stress (Hinson et

al., 2004; Jaeschke and Bajt, 2006). Oxidative stress induces
c-Jun NH2-terminal kinase (JNK) activation, which is
thought to promote mitochondrial dysfunction and mitochon-
drial permeability transition and thereby to amplify oxida-
tive stress and to lead to sustained JNK activation, which
ultimately causes cell death (Saito et al., 2010; Chambers
and LoGrasso, 2011). Genetic deletion and pharmacological
inhibition studies suggested that JNK activation plays a
major role in APAP-induced hepatotoxicity (Gunawan et al.,
2006; Henderson et al., 2007; Latchoumycandane et al., 2007;
Hanawa et al., 2008). APAP-induced liver injury results from
mainly necrotic rather than apoptotic cell death (Gujral et
al., 2002). This finding suggests that JNK may mediate both
necrotic and apoptotic signaling pathways in hepatocytes.
JNK activity is also required for hepatocyte proliferation and
liver regeneration (Schwabe et al., 2003), however, and direct
targeting of JNK may ultimately inhibit recovery from
APAP-induced liver injury. A detailed understanding of the
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exact mechanisms of APAP-induced JNK activation is criti-
cal for therapeutic intervention.

Several groups of mitogen-activated protein kinase kinase
kinases (MAP3Ks), including MEK kinases 1 to 4, MLKs 1 to
4, transforming growth factor �-activated kinase 1, ASK1,
and tumor progression locus 2 (Weston and Davis, 2007),
have been implicated in the regulation of JNK. MAP3Ks can
provide selectivity for the activation of JNK by upstream
stimuli. ASK1 is required for endoplasmic reticulum stress-
and oxidative stress-induced JNK activation (Matsuzawa et
al., 2002), whereas MLK3 mediates JNK activation in re-
sponse to saturated free fatty acids (Jaeschke and Davis,
2007; Sharma et al., 2012). In addition, MAP3Ks can function
either cooperatively or sequentially. For example, transform-
ing growth factor �-activated kinase 1 is essential for the
early phase of tumor necrosis factor �-induced JNK activa-
tion, whereas ASK1 plays an important role in the late phase
(Tobiume et al., 2001; Sato et al., 2005). Studies using
ASK1-KO mice established a late, ASK1-dependent phase
and an early, ASK1-independent phase of JNK activation
after APAP treatment (Nakagawa et al., 2008). However, the
MAP3K that mediates the early phase of APAP-induced JNK
activation is not known. It was demonstrated that glycogen
synthase kinase 3� (GSK3�) is required for the initial phase
of APAP-induced JNK activation (Shinohara et al., 2010),
and several studies suggested that GSK3� mediates JNK
activation through MLK3 (Mishra et al., 2007; Wang et al.,
2010). Moreover, it was demonstrated that both MLK3 and
GSK3� are required for saturated fatty acid-induced JNK
activation and lipoapoptosis (Jaeschke and Davis, 2007; Ibra-
him et al., 2011; Sharma et al., 2012); saturated free fatty
acids are thought to promote mitochondrial dysfunction, to
increase production of reactive oxygen species (ROS), and
thus to induce oxidative stress (Srivastava and Chan, 2007;
Schönfeld and Wojtczak, 2008). The goal of this study was to
determine whether MLK3 mediates the initial, ASK1-inde-
pendent phase of APAP-induced JNK activation and thus
promotes drug-induced hepatotoxicity. Loss of MLK3 atten-
uated APAP-induced JNK activation, accelerated hepatic
GSH recovery, decreased ROS production, and limited liver
injury. Together, these studies establish an important role
for MLK3 in APAP-induced liver injury.

Materials and Methods
Antibodies and Reagents. Antibodies were purchased as fol-

lows: anti-MLK3 antibody from Santa Cruz Biotechnology (Santa
Cruz, CA), anti-GLCc antibody from Novus Biologicals (Littleton,
CO), anti-tubulin antibody from Sigma-Aldrich (St. Louis, MO),
anti-actin, anti-phospho-JNK, anti-phospho-MLK3, anti-Mcl-1,
anti-GSK3, anti-GS, anti-phospho-GS, and anti-phospho-Src
(Tyr416) antibodies from Cell Signaling Technology (Danvers,
MA), anti-cyclooxygenase IV antibody from Invitrogen (Carlsbad,
CA), anti-Rac1 antibody from Millipore (Billerica, MA), anti-RIP1
antibodies from BD Biosciences (San Jose, CA) and BioVision
(Mountain View, CA), and anti-JNK antibody from BD Biosciences
Pharmingen (San Jose, CA). Acetaminophen was obtained from
Sigma-Aldrich, and necrostatin-1 and 6,7-dimethoxy-N-(4-
phenoxyphenyl)-4-quinazolinamine (Src I1) were obtained from
Tocris Bioscience (Ellisville, MO).

Cell Lines and Cell Culture. Hepa-1c1c7 cells were purchased
from American Type Culture Collection (Manassas, VA) and were
maintained in � minimal essential medium supplemented with 10%
NuSerum (BD Biosciences). Primary hepatocytes were isolated from

C57BL/6 and MLK3-KO mice as described previously (Seglen, 1976).
Under anesthesia, livers were perfused with Ca2�-free Krebs-Ring-
er-Henseleit buffer (115 mM NaCl, 20 mM Hepes, pH 7.4, 5 mM KCl,
1 mM KH2PO4, 0.5 mM EGTA), followed by perfusion with Krebs-
Ringer-Henseleit buffer containing CaCl2 and collagenase B (Roche
Diagnostics, Indianapolis, IN). Hepatocytes were purified through
Percoll centrifugation and were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% NuSerum (BD Biosciences).
Cell viability, as judged through Trypan blue exclusion, was greater
than 90%. After 4 h, the medium was changed to control medium or
medium containing different concentrations of APAP.

Sytox Green Staining. After 20 h of APAP treatment, the cells
were stained with 1 �M Sytox Green (Invitrogen) for 15 min. Cells
stained with Sytox Green were counted as necrotic cells. Cells were
imaged by using an Olympus IX71 inverted epifluorescence micro-
scope (Olympus, Tokyo, Japan) with a 20�/0.40 objective. Hepato-
cytes in five random fields were counted, the Sytox-positive counts
were divided by the total number of cells, as determined from corre-
sponding phase-contrast images, and results were plotted as the
proportion of Sytox-positive cells.

Animals. After an overnight fast, male mice (10–12 weeks of age)
received intraperitoneal injections of 300 mg/kg APAP dissolved in
warm saline solution or saline solution alone. At various time points,
mice were sacrificed and blood and livers were harvested. For histo-
logical analyses, tissue samples were fixed in 10% formalin, dehy-
drated, and embedded in paraffin. Sections were stained with hema-
toxylin and eosin. The animal studies were approved by the
institutional animal care and use committee of the University of
Cincinnati.

Biochemical Assays. Cell extracts were prepared by using Tri-
ton lysis buffer, as described previously (Jaeschke and Davis, 2007).
Mitochondria were isolated as described previously (Shinohara et al.,
2010). Livers were excised and homogenized in H-buffer (210 mM
mannitol, 70 mM sucrose, 20 mM Hepes, 0.05% bovine serum albu-
min). The homogenate was centrifuged for 10 min at 800g, and the
resulting supernatant was centrifuged for 15 min at 8500g. The
pellet (mitochondrial fraction) was washed once and resuspended in
H-buffer. Rac1 activation was analyzed by using a Rac1 activation
assay kit from Millipore, according to the manufacturer’s instruc-
tions. For measurement of RIP1 activity, hepatocytes were lysed in
Triton lysis buffer. Immunoprecipitation was performed overnight at
4°C with a polyclonal anti-RIP1 antibody (BioVision). Protein A-
Sepharose was added the following morning for 1 h, followed by two
washes with Triton lysis buffer and one wash with kinase buffer (20
mM Hepes, pH 7.4, 5 mM MnCl2, 5 mM MgCl2). Kinase reactions
were performed for 30 min at 37°C in kinase buffer with 5 �M ATP,
1 �Ci of [�-32P]ATP, and 1 �g of myelin basic protein.

ALT Measurements. Plasma ALT levels were measured by using
an alanine transaminase activity assay kit (Cayman Chemical, Ann
Arbor, MI), according to the manufacturer’s instructions.

GSH Measurements. Total liver homogenates were mixed with
metaphosphoric acid to prevent GSH auto-oxidation. GSH levels
were measured by using a glutathione kit (Cayman Chemical), ac-
cording to the manufacturer’s instructions.

ROS Measurements. Two probes, i.e., 2�,7�-dichlorodihydrofluo-
rescein diacetate (DCFH-DA) and dihydroethidium (DHE), were
used for measurement of ROS levels. Hepatic ROS contents were
measured by using DCFH-DA (Sigma-Aldrich), as described previ-
ously (Abubakar et al., 2003). Liver homogenates were diluted 100-
fold with phosphate-buffered saline (pH 7.4). The homogenates were
then loaded with 5 �mol/ml DCFH-DA and were incubated for 30
min at 37°C in the dark. Fluorescence was measured by using a
fluorescence spectrophotometer (Synergy HT; BioTek, Winooski,
VT), with wavelengths of 485 nm for excitation and 528 nm for
emission. Hepatic ROS levels were determined from DCFH-DA mea-
surements and were normalized to the protein concentrations in the
homogenates, as quantified with a Bio-Rad protein assay kit (Bio-
Rad Laboratories, Hercules, CA). ROS contents in hepatocytes were
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measured by using DHE assays. After 16 h of APAP treatment,
hepatocytes were stained with 5 �M DHE (Invitrogen) for 15 min.
DHE fluorescence was detected with an Olympus IX71 inverted
epifluorescence microscope with a 20�/0.40 objective.

Quantitative PCR Assays. RNA was prepared by using a
RNeasy kit from QIAGEN (Valencia, CA), according to the manufac-
turer’s instructions. RNA was reverse-transcribed by using an
iScript cDNA synthesis kit from Bio-Rad Laboratories, interleukin 1
(Mm00434228_m1) and interleukin 6 (Mm00446190_m1) gene ex-
pression was determined through quantitative PCR analyses with a
Bio-Rad iCycler iQ real-time PCR detection system, and results were
normalized to the expression of actin (Mm00607939_s1) by using
TaqMan assays (Applied Biosystems, Foster City, CA).

Statistical Analyses. Statistical analyses were performed by
using Student’s t test or analysis of variance; p values of �0.05 were
considered statistically significant.

Results
Role of MLK3 in APAP-Induced JNK Activation.

MLK3 was shown to mediate ROS-dependent JNK activation
in a variety of cell types, such as neurons (Lotharius et al.,
2005; Pan et al., 2006) and prostate cancer cells (Hong and
Kim, 2007). We found that MLK3 and its upstream activator
Rac1 were activated by H2O2 in hepatic cells and were re-
quired for oxidative stress-induced JNK activation in pri-
mary mouse hepatocytes (data not shown). Because JNK
activation is thought to be a result of oxidative stress pro-
duced during APAP metabolism and we established that
MLK3 plays a major role in oxidative stress-induced JNK
activation, we hypothesized that MLK3 mediates APAP-in-
duced JNK activation in hepatocytes. Treatment of primary
mouse hepatocytes with APAP induced JNK phosphorylation
in WT cells but not in MLK3-deficient cells (Fig. 1A). We
investigated whether MLK3 was required for APAP-induced
JNK activation in vivo. We found that JNK phosphorylation
1, 3, and 6 h after APAP treatment was significantly atten-
uated in MLK3-KO mice (Fig. 1B), which indicates that
MLK3 mediates APAP-stimulated JNK activation in vivo.
Together, these data suggest that MLK3 is required for
APAP-induced JNK activation in vitro and in vivo.

Role of MLK3 in APAP-Induced Hepatotoxicity. Be-
cause JNK activation mediates APAP-induced hepatotoxicity
(Gunawan et al., 2006; Henderson et al., 2007; Latchoumy-
candane et al., 2007; Hanawa et al., 2008), we analyzed cell
death of primary mouse hepatocytes. We observed that cells
isolated from MLK3-KO mice were partially protected from
necrosis caused by treatment with APAP, compared with
hepatocytes isolated from WT mice (Fig. 2A). This protection
was lost with high doses of APAP (�5 mM), which suggests a
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Fig. 1. Role of MLK3 in APAP-induced JNK activation. A, primary
hepatocytes from wild-type and Mlk3(�/�) mice were treated with 5 mM
APAP for the indicated times. A representative immunoblot for expres-
sion and phosphorylation of JNK, from three independent experiments, is
shown. B, wild-type and Mlk3(�/�) mice were treated with APAP (300
mg/kg i.p.) for the indicated times. Livers from three mice per time point
and genotype were excised, and total liver lysates were analyzed. A
representative immunoblot for expression and phosphorylation of JNK is
shown.
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Fig. 2. Role of MLK3 in APAP-induced
hepatotoxicity. A, necrosis was deter-
mined through Sytox green staining af-
ter 20 h of treatment of primary hepa-
tocytes with increasing amounts of
APAP. Results are mean � S.D. from
three independent experiments. �, p �
0.05. B and C, hepatotoxicity was ana-
lyzed through measurements of serum
ALT levels 3 and 6 h (B) and histolog-
ical analyses of hematoxylin- and eo-
sin-stained samples from WT (left) and
MLK3-KO (right) mice 6 h (C) after
APAP treatment (300 mg/kg i.p.); top
and bottom panels show data for differ-
ent mice. D, relative interleukin 1�
(IL-1) and interleukin 6 (IL-6) mRNA
levels 6 h after APAP treatment were
determined through quantitative PCR
analyses. Results are mean � S.D. (n �
6 or 7). �, p � 0.05.
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threshold of protection. The protective effect of MLK3 defi-
ciency in vitro suggests that MLK3 may serve an important
role in APAP-induced liver injury in vivo. Loss of MLK3
resulted in significantly lower ALT levels 3 and 6 h after
APAP treatment (Fig. 2B). Liver histological analyses
showed significant decreases in necrosis in response to APAP
treatment in the absence of MLK3 (Fig. 2C), consistent with
reduced serum ALT levels. Inflammatory cytokine levels are
increased in APAP-induced liver injury and seem to be cor-
related with the severity of injury (James et al., 2005). In
agreement with decreased liver injury, we observed de-
creased inflammatory cytokine expression in Mlk(�/�) mice
treated with APAP, compared with WT mice (Fig. 2D). To-
gether, these data suggest that MLK3 mediates, in part,
APAP-induced cell death of hepatocytes and plays an impor-
tant role in APAP-induced liver injury.

Role of RIP1 in APAP-Induced Hepatotoxicity.
APAP-induced liver injury is thought to involve primarily
hepatocyte necrosis, and RIP1 is emerging as a key regulator
of necrotic cell death (for review, see Vanlangenakker et al.,
2012). Because RIP1 is thought to contribute to JNK activa-
tion in response to distinct stimuli (Devin et al., 2003; Zhang
et al., 2007; Seok et al., 2008), we examined the effects of
APAP on RIP1 activity in WT and MLK3-KO hepatocytes.
We found that loss of MLK3 did not affect APAP-induced
RIP1 activity, which suggests that APAP induces RIP1 acti-
vation independent of MLK3 (Fig. 3A). Likewise, inhibition of
RIP1 by necrostatin-1 had no effect on APAP-induced JNK
activation (Fig. 3A). Treatment of hepatocytes with necrosta-
tin-1, a specific RIP1 inhibitor, significantly decreased
APAP-induced necrosis in WT hepatocytes and increased the
protective effect of MLK3 deficiency in KO hepatocytes (Fig.
3B). Together, these data suggest that MLK3 and RIP1 act
independently in promoting APAP-induced hepatotoxicity.

Role of MLK3 in GSH Recovery. To determine whether
attenuated liver injury is a result of altered APAP metabo-
lism, we examined the levels of expression of CYP2E1, a
protein involved in the conversion of APAP to NAPQI (Nel-
son, 1990). CYP2E1 expression levels were similar in WT and
MLK3-KO mice (Fig. 4A), which indicates that the loss of
MLK3 does not affect NAPQI production. This is consistent
with the results of previous studies that suggested that in-
hibition of JNK does not affect APAP metabolism (Henderson
et al., 2007). Because NAPQI is detoxified mainly by GSH in
hepatocytes (Mitchell et al., 1973) and modulation of GSH
levels significantly affects APAP hepatotoxicity, we analyzed
hepatic GSH levels. Basal GSH levels were comparable (WT,
33 � 2.2 nmol/mg protein; KO, 29 � 1.9 nmol/mg protein) and
the kinetic characteristics of APAP-induced GSH depletion
were similar in mice with the two genotypes (Fig. 4B). These
data are consistent with unaltered APAP metabolism in
MLK3-deficient mice, compared with WT mice. However,
recovery of hepatic GSH levels at later time points was ac-
celerated in MLK3-deficient mice (Fig. 4B). To determine the
mechanism through which MLK3 deficiency promoted GSH
recovery, we analyzed the expression of GCLc, the catalytic
subunit of the rate-limiting enzyme in GSH synthesis, which
is known to be regulated by oxidative stress (Franklin et al.,
2009). We found that basal GCLc levels were increased in
MLK3-deficient mice and APAP treatment caused significant
decreases in GCLc levels in WT but not MLK3-KO mice (Fig.
4A). These data suggest that MLK3 regulates GCLc expres-

sion and thus modulates the capacity for GSH biosynthesis.
Because APAP-induced GSH depletion is known to lead to
mitochondrial dysfunction, increased ROS production, and ox-
idative stress, we measured 2�,7�-dichlorodihydrofluorescein di-
acetate (DCFH-DA) and DHE fluorescence as indicators of
ROS formation. APAP treatment caused significant in-
creases in DCFH-DA fluorescence in WT but not MLK3-KO
mice (Fig. 4C), which indicates decreased oxidative stress
in Mlk3(�/�) livers. In addition, we observed significantly
fewer DHE-positive cells after 16 h of treatment with the
indicated amounts of APAP in MLK3-deficient hepato-
cytes, compared with WT hepatocytes (Fig. 4D), which
indicates decreased superoxide production in MLK3-KO
hepatocytes. Together, these data suggest that MLK3 reg-
ulates the capacity for GSH biosynthesis and mediates
ROS formation.

Role of MLK3 in Mcl-1 Expression. It was demon-
strated that GSK3� promotes APAP-induced JNK activation
(Shinohara et al., 2010), and several studies suggested that
GSK3� induces JNK activation through MLK3 (Mishra et
al., 2007; Wang et al., 2010). Therefore, we analyzed APAP-
induced GSK3� activation in WT and MLK3-deficient mice.
We found that phosphorylation of the GSK3 substrate GS
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S.D. from two independent experiments. �, p � 0.01; ��, p � 0.001. NS,
not significant.
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was attenuated in MLK3-KO mice (Fig. 5A), which indicates
that MLK3 and subsequent JNK activation are required for
APAP-induced activation of GSK3�. It was shown that phar-
macological inhibition of JNK prevented APAP-induced
GSK3� activation, possibly through attenuation of oxidative
stress (Shinohara et al., 2010). Therefore, it is possible that
loss of MLK3 affects APAP-induced GSK3� activation indi-
rectly, through inhibition of ROS production.

The exact mechanism through which JNK activation pro-
motes hepatotoxicity is unclear. It was shown that JNK reg-
ulates proapoptotic and antiapoptotic members of the Bcl-2
family that modulate mitochondrial death pathways (Dha-
nasekaran and Reddy, 2008). It was demonstrated that
APAP induces Bim expression in a JNK-dependent manner
and loss of Bim results in substantial protection from APAP-

induced liver damage (Badmann et al., 2011). However, Bim
expression levels were similar in wild-type and MLK3-KO
mice (data not shown). It was shown that Mcl-1 phosphoryla-
tion by JNK in response to oxidative stress may be one of the
mechanisms through which oxidative stress induces cellular
damage (Inoshita et al., 2002). In addition, it was demonstrated
that phosphorylation of Mcl-1 by JNK is required for phosphor-
ylation of Mcl-1 by GSK3� and subsequent degradation of the
antiapoptotic protein (Morel et al., 2009). Mcl-1 was degraded
rapidly in WT but not MLK3-deficient livers (Fig. 5B), consis-
tent with attenuated JNK and GSK3� activation.

Discussion
The main goal of this study was to evaluate the role of

MLK3 in APAP-induced JNK activation and hepatotoxicity.
By using WT and MLK3-deficient primary hepatocytes and
hepatic cell lines, we found that MLK3 and its upstream
activator Rac1 were activated by oxidative stress and were
critically involved in H2O2-dependent JNK activation in
hepatocytes (data not shown). APAP-induced JNK activation
is thought to be a result of oxidative stress produced during
APAP metabolism and, consistent with our finding that
MLK3 is involved in H2O2-induced JNK activation in hepa-
tocytes, we found that loss of MLK3 attenuated APAP-in-
duced JNK activation in vivo (Fig. 1B) and in vitro (Fig. 1A),
which indicates that MLK3 plays a critical role in APAP-
induced JNK activation in hepatocytes. It was demonstrated
that oxidative stress causes JNK activation and translocation to
the mitochondria (Chambers and LoGrasso, 2011). However, it is
not known which cellular compartment MLK3 signals for JNK
activation or whether activated MLK3 also is translocated to the
mitochondria. More studies will be required to address MLK3
compartmentation in response to oxidative stress.

It was proposed that saturated fatty acids induce MLK3
and JNK activation through c-Src (Holzer et al., 2011) and
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immunoblot for expression of GSK3� and expression and phosphorylation
of GS is shown. B, livers from three mice per time point and genotype
were excised, and mitochondria were isolated and analyzed. A represen-
tative immunoblot for expression of Mcl-1 and cyclooxygenase IV
(COXIV) is shown.
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that H2O2-induced JNK activation involves c-Src (Chen et
al., 2001). Here we observed that pharmacological inhibition
of Src prevented APAP-induced activation of JNK in primary
hepatocytes (Supplemental Fig. 1), which indicates an impor-
tant role for c-Src in APAP-induced activation of the MLK3/
JNK axis.

APAP largely induces necrotic cell death, and the serine/
threonine kinase RIP1 was shown to be involved in the reg-
ulation of necrosis and in JNK activation in response to
distinct stimuli (Devin et al., 2003; Zhang et al., 2007; Seok et
al., 2008). To test the relationship between RIP1 and MLK3,
we performed epistatic analysis of the APAP-induced path-
way. Loss of MLK3 did not inhibit RIP1 activation, and
inhibition of RIP1 did not affect MLK3 activity (Fig. 3A).
Moreover, inhibition of both pathways led to increased pro-
tection (Fig. 3B), which suggests that MLK3 and RIP1 act
through independent mechanisms to promote APAP-induced
hepatotoxicity.

We showed that loss of MLK3 significantly attenuated
APAP-induced liver injury, as indicated by decreased necro-
sis and reduced levels of ALT and inflammatory cytokines
(Fig. 2, B–D). However, the exact mechanism through which
MLK3 promotes hepatotoxicity is unclear. We found that
GCLc expression levels were increased and GSH recovery
was accelerated in MLK3-deficient mice (Fig. 4, A and B).
Although we did not observe higher basal GSH levels, which
is probably attributable to GSH negative feedback regulation
of GCLc activity (Franklin et al., 2009), it is possible that
increased GCLc expression enhances GSH synthesis in
MLK3-KO mice, which might account for the decreased
APAP-induced liver injury in Mlk3(�/�) mice. It was dem-
onstrated that overexpression of GCLc does not affect basal
GSH levels but enhances GSH resynthesis after APAP-in-
duced GSH depletion, thereby attenuating drug-induced
liver injury (Botta et al., 2006). GCLc levels are regulated
transcriptionally, post-translationally, and through degrada-
tion, and additional studies will be required to address the
mechanisms through which MLK3 modulates GCLc levels.

It was shown that GSK3� promotes APAP-induced JNK
activation (Shinohara et al., 2010), and several studies sug-
gested that GSK3� is required for MLK3-mediated JNK ac-
tivation, which places MLK3 downstream of GSK3� (Mishra
et al., 2007; Wang et al., 2010). We found that APAP-induced
GSK3� activation was inhibited in MLK3-deficient mice (Fig.
5A); however, the underlying mechanism is unclear. It was
suggested that positive feedback phosphorylation of MLK3
by JNK may lead to sustained JNK activation (Schachter et
al., 2006), which may result in amplification of oxidative
stress. We observed decreased ROS production in APAP-
treated MLK3-KO mice, compared with WT mice (Fig. 4C),
and APAP-treated KO hepatocytes (Fig. 4D). In addition, it
was shown that pharmacological inhibition of JNK activation
resulted in reduced oxidative stress and peroxynitrite forma-
tion (Saito et al., 2010) and decreased APAP-induced GSK3�
activation (Shinohara et al., 2010). Together, these data sug-
gest that MLK3 deficiency may regulate GSK3� indirectly
through modulation of ROS production.

Another mechanism through which MLK3 may promote
hepatotoxicity is JNK-mediated regulation of proapoptotic
and antiapoptotic Bcl-2 family members. It was demon-
strated that Bim-deficient mice are protected from APAP-
induced liver damage and APAP strongly induces Bim ex-

pression in a JNK-dependent manner (Badmann et al.,
2011). Because we did not observe any differences in Bim
expression in MLK3-KO mice, compared with WT mice (data
not shown), regulation of Bim expression does not seem to
account for MLK3-mediated hepatotoxicity. Another possibil-
ity is that loss of MLK3 prevents JNK-mediated phosphory-
lation and inactivation of Bcl-2 and Bcl-XL, thereby prevent-
ing mitochondrial dysfunction (Latchoumycandane et al.,
2007). However, Bcl-2-overexpressing mice showed greater
drug-induced liver injury, compared with wild-type mice,
which calls into question the protective role of Bcl-2 in APAP-
induced hepatotoxicity (Adams et al., 2001). It was suggested
that JNK-mediated Mcl-1 phosphorylation might be one of
the mechanisms through which oxidative stress induces cel-
lular damage (Inoshita et al., 2002), although the role of
Mcl-1 in APAP-induced hepatotoxicity has not been estab-
lished. JNK phosphorylation results in the priming of Mcl-1
for phosphorylation by GSK3� and subsequent degradation
of the antiapoptotic protein (Morel et al., 2009). We observed
that Mcl-1 was rapidly degraded in WT livers but not MLK3-
deficient livers (Fig. 5B). Therefore, stabilization of Mcl-1
may be an important mechanism through which MLK3 defi-
ciency protects against APAP-induced hepatocyte death, al-
though additional studies will be required to evaluate the
role of Mcl-1 in APAP-induced liver injury.

In summary, we show that MLK3 is activated by oxidative
stress in hepatocytes, and we identify MLK3 as the MAP3K
that mediates the initial phase of APAP-induced JNK acti-
vation (Fig. 6). Because APAP-induced JNK activation re-
sults in amplification of oxidative stress and oxidative stress
plays a critical role in the propagation of cell death and liver
injury, our findings suggest that MLK3 may be an important
target in APAP-induced liver injury. In addition, we provide
evidence that MLK3 regulates GCLc expression and thus
modulates the capacity for GSH biosynthesis. Together,
these studies establish a novel role for MLK3 in APAP-
induced liver injury.

APAP NAPQI

GSK3 MLK3

JNK

ASK1

GSH

ROS

GCLc

early late

APAP NAPQI

GSK3β MLK3

JNK

ASK1

GSHGSH

ROSROS

GCLcGCLc

early late

Mcl-1

Fig. 6. Model for the role of MLK3 in APAP-induced hepatotoxicity. The
metabolism of APAP results in NAPQI formation, GSH depletion, mito-
chondrial dysfunction, and ROS production. Oxidative stress-induced
MLK3 activation amplifies ROS formation by modulating the capacity for
GSH biosynthesis through regulation of GCLc expression and by target-
ing JNK- and GSK3�-dependent Mcl-1 degradation, which ultimately
leads to cell death.
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