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Abstract

Aims: We investigated the molecular mechanism by which ethyl pyruvate (EP) induces heme oxygenase-1 (HO-
1) in RAW 264.7 cells and its effect on survival rate in cecal ligation and puncture (CLP)-induced wild-type (WT)
and HO-1 knockout (HO-1 - / - ) septic mice. Results: EP induced HO-1 in a dose- and time-dependent manner,
which was mediated through p38 mitogen-activated protein kinase (MAPK) and NF-E2-related factor 2 (Nrf2)
signaling cascade in RAW 264.7 cells. EP significantly inhibited the lipopolysaccharide (LPS)-stimulated in-
ducible nitric oxide synthase (iNOS) expression and high-mobility group box 1 (HMGB1) release in RAW 264.7
cells. The inhibitory effect of EP on LPS-stimulated iNOS expression and HMGB1 release was reversed by
transfection with siHO-1RNA in RAW 264.7 cells, but EP failed to reduce them in HO-1 - / - peritoneal mac-
rophages treated with LPS. Moreover, treatment of cells with glutathione ethyl ester (GSH-Et), SB203580 (p38
MAPK inhibitor), siHO-1, or p38-siRNA transfection inhibited anti-inflammatory effect of EP. Interestingly, both
HO-1 induction and phosphorylation of p38 by EP were reversed by GSH-Et, and antioxidant redox element-
luciferase activity by EP was reversed by SB203580 in LPS-activated cells. EP increased survival and decreased
serum HMGB1 in CLP-WT mice, whereas it did not increase survival or decrease circulating HMGB1 in
HO-1 - / - CLP-mice. Innovation and Conclusion: Our work provides new insights into the understanding the
molecular mechanism by showing that EP induces HO-1 through a p38 MAPK- and NRF2-dependent pathway
by decreasing GSH cellular levels. We conclude that EP inhibits proinflammatory response to LPS in macro-
phages and increases survival in CLP-induced septic mice by upregulation of HO-1 level, in which p38 MAPK
and Nrf2 play an important role. Antioxid. Redox Signal. 17, 878–889.

Introduction

Sepsis is a serious medical condition, which is an extreme
immune system response to an infection that has spread

throughout the blood and tissues and is characterized by a
generalized inflammatory response and activation of the co-
agulation and fibrinolytic cascades, resulting in endothelial
injury (7). It occurs in 750,000 patients per year in the United
States and is fatal in 20%–40% of cases (43). The pathological
sequence of sepsis is mediated by proinflammatory cytokines,
such as tumor necrosis factor (TNF), interleukin-1 (IL-1), and
high-mobility group box 1 (HMGB1), that are released from
macrophages, neutrophils, and other cells of innate immune
system (26). HMGB1 was first identified as a nuclear protein

that participates in maintenance of nucleosome structure and
regulation of gene transcription (25). Recently, it has been
discovered that HMGB1 can be released from immune cells

Innovation

Improvement of sepsis by EP has been well known in
the mouse model, but the underlying mechanisms of its
down-regulation of sepsis are poorly understood. In this
study, the ameliorating mechanisms of EP in the sepsis are
clearly demonstrated. EP causes the depletion of glu-
tathione, which activates p38 MAPK leading to HO-1 in-
duction. EP-induced HO-1 plays an important role in
improvement of the survival rate for septic mice.
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under proinflammatory stimulus and acts as a late mediator in
sepsis (45). Administration of neutralizing antibodies to
HMGB1 significantly improved survival in septic animals,
suggesting a potential window for therapeutic intervention (43).

Heme oxygenase-1 (HO-1) is a stress-responsive protein
that can be induced by stimulants such as cytokines, heat
shock, heavy metals, and oxidants, and it degrades heme into
three products: Fe + + , biliverdin, and carbon monoxide (CO)
(27). It has been already documented that the HO-1/CO
system provides a therapeutic effect in many experimental
pathological conditions (2, 31). Recently, we and others
demonstrated that HO-1/CO can improve survival and de-
crease the circulating HMGB1 level in septic animals, which
further supports beneficial effects of HO-1 in inflammatory
disorders (37, 38, 40).

Ethyl pyruvate (EP) is a simple aliphatic ester of the met-
abolic intermediate pyruvate, and it has been demonstrated as
a potent anti-inflammatory agent in a variety of in vivo and
in vitro model systems, including sepsis (8, 10, 34, 41). Im-
portantly, anti-inflammatory effects of EP may be related to
inhibition of HMGB1 secretion (41). Although HO-1 induction
by EP was recently reported in macrophages and ameliorated
murine colitis (8) and endotoxic rats (20), no report is available
for the signal mechanisms by which EP induces HO-1, and
this induction of HO-1 brings about the improvement of
survival in septic animals by reduction of HMGB1 release. In
this report, we claim that EP is able to induce HO-1 by de-
pletion of glutathione (GSH), which activates p38 mitogen-
activated protein kinase (MAPK) and NF-E2-related factor 2
(Nrf2) expression in macrophages, and it improves survival
rates in septic mice via reduction of HMGB1.

Results

EP significantly attenuates inflammatory
response to endotoxin in macrophages

To identify the potential anti-inflammatory effect of EP, cells
were incubated with EP in the presence of lipopolysaccharide
(LPS). As shown in Figure 1, EP significantly inhibited pro-
duction of nitric oxide (NO) (Fig. 1A), inducible nitric oxide
synthase (iNOS) protein expression (Fig. 1B), and HMGB1 re-
lease (Fig. 1C) in LPS-activated macrophages. Thus, we con-
firmed the previous report that EP can inhibit the expression of
pro-inflammatory proteins such as iNOS and HMGB1 (8, 20).

EP induces HO-1 through p38 MAPK
but not ERK or JNK

Next, we asked whether EP can induce HO-1 in macro-
phages. Figure 2A and B clearly show that EP significantly
induced HO-1 level in a dose-dependent (Fig. 2A) and time-
dependent (Fig. 2B) fashion. EP potentiated the LPS-induced
HO-1 expression (Supplementary Fig. S1; Supplementary
Methods and Data are available online at www.liebertonline
.com/ars). To identify through which MAPK signaling cas-
cade EP upregulates HO-1, we used different pharmacologi-
cal signal inhibitors. As shown in Figure 3A, EP potently
induced HO-1 in macrophages, which was inhibited only by
SB203580 (p38 inhibitor) but not by either SP600125 ( JNK
inhibitor) or PD98059 (ERK inhibitor), suggesting the in-
volvement of p38, but not ERK or JNK, in HO-1 regulation by
EP. However, signal inhibitors by themselves (SB203580,

SP600125, and PD98059) did not affect HO-1 expression
(Fig. 3A). Furthermore, we observed that EP increased phos-
phorylation of p38 MAPK (Fig. 3B).

EP depletes GSH and activates P38 MAPK
and Nrf2 in LPS-activated RAW 264.7 cells

Then what is the molecular mechanism by which EP in-
duces HO-1? Recently, it has been demonstrated that a che-
mical that depletes GSH induced HO-1 by activation of p38
MAPK in airway smooth muscle cells (33). In addition, EP has
also been shown to deplete GSH in LPS-stimulated RAW
264.7 cells (36). Thus, we were interested whether EP is able to
induce HO-1 by activation of P38 MAPK in macrophages due
to depletion of GSH. As shown in Figure 4A, EP concentration
dependently reduced the intracellular level of both reduced
(GSH) and oxidized forms of glutathione (GSSG) in LPS-
activated RAW 264.7 cells. Next, we asked whether GSH
depletion increases phosphorylation of p38 MAPK and HO-1
expression, and reduces iNOS expression in response to LPS.
We found that EP increased p-p38 and HO-1 expression,
which was reduced by GSH-ethyl ester (GSH-Et) treatment
(Fig. 4B). The expression of p-p38 was further intensified by

FIG. 1. Effect of EP on the expression of iNOS/NO and
HMGB1 release in LPS-stimulated macrophages (A–C).
Cells were pretreated with EP for 1 h at doses 5, 10, and
25 mM. Then, the cells were stimulated with LPS (1 lg/ml)
for 16 h. The culture medium was collected and subjected to
NO assay (A) and HMGB1 analysis (C). Cells were lysed and
harvested and subjected to western blot for iNOS detection
(B) as described in the Materials and Methods section. Data
are presented as – SD of three independent experiments.
Significance compared with control, **p < 0.01; significance
compared with LPS, {p < 0.05 and {{p < 0.01. EP, ethyl pyruvate;
HMGB1, high-mobility group box 1; iNOS, inducible nitric
oxide synthase; LPS, lipopolysaccharide; NO, nitric oxide.
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the presence of LPS, which was again reduced by N-acetyl
cysteine (NAC) or GSH-Et (Fig. 4C). In addition, treatment
with GSH-Et reversed the effect of EP on the expression of
iNOS and HO-1 in LPS-activated RAW 264.7 cells (Fig. 4D).
To understand whether p38 MAPK plays a key role for in-
duction of HO-1 via Nrf2 activation, we checked Nrf2 trans-
location and antioxidant redox element (ARE)-luciferase
activity by EP. Figure 5A clearly showed that EP stimulated
nuclear accumulation of Nrf2 in macrophages. Moreover, EP
increased ARE-luciferase activity, which was significantly
reduced by SB203580, indicating that Nrf2 to DNA-binding
site by EP is dependent on p38 activity (Fig. 5B). P38 MAPK
inhibitor, SB203580, itself did not affect the ARE-luciferase
activity and EP also increased ARE-luciferase activity in the
presence of LPS (Supplementary Fig. S2). To further identify
whether EP-mediated HO-1 expression underlies Nrf2 acti-
vation, we used siNrf2. As shown in Figure 5C, EP signifi-
cantly reduced HO-1 expression in siNrf2-transfected cells
suggesting the critical role of p38/Nrf2 signaling in HO-1

expression. To verify that Nrf2 is a target gene for EP, we
investigated the expression of another Nrf2-dependent gene,
NQO1. Indeed, EP induced HO-1 protein and NQO1 mRNA
expression, which was significantly reduced by siNrf2 trans-
fection (Supplementary Fig. S3).

Anti-inflammatory effect of EP is mediated
through HO-1

EP possesses potent anti-inflammatory activities (8, 10, 15,
20, 34, 36, 41). We investigated how HO-1 induction is

FIG. 2. Effect of EP on the expression of HO-1 in mac-
rophages. Cells were treated with EP at doses 5, 10, and
25 mM for 8 h (A) or at dose 25 mM for 1, 2, 4, 6, 8, 12, and
24 h (B). After incubation, cells were harvested and subjected
to western blot as described in the Materials and Methods
section. Data are presented as – SD of three independent
experiments. Significance compared with control, *p < 0.05
and **p < 0.01. HO-1, heme oxygenase-1.

FIG. 3. EP induces HO-1 through p38 MAPK. Cells were
pretreated with SB203580 (10 lM), SP600125 (10 lM), and
PD98059 (10 lM) for 1 h, and then cells were treated with EP
(25 mM) for 8 h (A, for HO-1) and for 6 h (B, for p-p38). After
incubation, cells were harvested and subjected to western
blot as described in the Materials and Methods section. Data
are presented as – SD of three independent experiments.
Significance compared with control, *p < 0.05 and **p < 0.01;
significance compared with EP alone, {p < 0.05. MAPK, mi-
togen-activated protein kinase.
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important for EP-mediated anti-inflammation. As shown in
Figure 6A, first, we checked siHO-1 RNA transfection effi-
ciency by western blot of EP-induced HO-1 expression. Next
we investigated whether EP is able to inhibit LPS-induced
iNOS expression or HMGB1 release in macrophages trans-
fected with HO-1 siRNA. We identified that siHO-1 RNA
transfection significantly reversed the anti-inflammatory ef-
fect of EP (Fig. 6B). Interestingly, EP-mediated inhibition of
iNOS and HMGB1 was also reversed in the presence
SB203580 (Fig. 7A) or p38-siRNA (Fig. 7C), suggesting the
importance of p38/HO-1 signaling in anti-inflammatory
properties of EP. Figure 7B shows the p38-siRNA transfec-
tion efficiency.

Therapeutic effect of EP in cecal ligation
and puncture-induced sepsis model
is mediated through HO-1

Although HO-1 induction by EP is responsible for ame-
lioration of acute lung injury in the sepsis model (20), it has

not yet been reported whether HO-1 induction by EP is ac-
counted for protection from lethal death in septic animals.
We observed that EP significantly improved the survival rate
and decreased serum HMGB1 levels in cecal ligation and
puncture (CLP)-induced wild-type (WT) septic mice. In WT
animals, survival in vehicle-treated controls for 5 days after
CLP was 30%, whereas treatment with EP significantly
increased survival to 70% (Fig. 8A). The survival rate was
drastically reduced to 20% in WT animals that cotreated
EP with ZnPPIX (data not shown). However, EP failed to
increase the survival rate in HO-1 - / - mice (Fig. 8A). In
peritoneal macrophages isolated from HO-1 - / - mice, EP
treatment did not reduce the iNOS, HMGB1, and NO pro-
duction in response to LPS (Supplementary Fig. S4). As ex-
pected, circulating HMGB1 in blood by EP significantly
reduced in CLP-treated WT but not in HO-1 - / - animals (Fig.
8B). Likewise, EP significantly reduced pro-inflammatory
cytokines (TNF-a and IL-1b) in the serum of CLP-induced
WT mice but not in HO-1 - / - mice (Fig. 8C). Finally, CLP
operation by itself increased the level of p-p38 in lung tissues

FIG. 4. Effect of EP on intracellular
GSH levels and p38 phosphorylation
in RAW 264.7 cells. The cells were
incubated for 24 h without or with
LPS, or LPS with different concentra-
tions of EP (5, 10, and 25 mM). In-
tracellular levels of reduced (GSH) and
oxidized (GSSG) glutathione were as-
sayed (A) as described in the Materials
and Methods section. To see the effect
of EP on p38 phosphorylation and HO-
1 expression, cells were incubated with
EP (25 mM) in the presence or absence
of GSH-Et (10 mM) for 8 h (B). To
check the expression of HO-1 and p38
phosphorylation by NAC and GSH-Et,
cells were incubated for 8 h in the
presence of LPS + EP (C). To see whe-
ther GSH-Et reverses the EP effect on
LPS-activated iNOS and HO-1 ex-
pression, cells were treated with EP
(25 mM) or EP with GSH-Et (10 mM)
for 8 h (HO-1) or for 16 h (HMGB1) in
the presence of LPS (D). After incuba-
tion, cells were harvested and sub-
jected to western blot as described in
the Materials and Methods section.
Data are presented as means – SD of
three independent experiments. Sig-
nificance compared with control,
*p < 0.05 and **p < 0.01; significance
compared with LPS, {p < 0.05 and
{{p < 0.01; significance compared with
EP, #p < 0.05; significance compared
with LPS + EP, xp < 0.05 and xxp < 0.01.
GSH-Et, glutathione ethyl ester; NAC,
N-acetyl cysteine.
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in WT animals, but EP treatment further increased the
phosphorylation of p38 (Supplementary Fig. S5). Thus, we
showed direct evidence that the therapeutic effect of EP is
mediated via HO-1.

Discussion

In the present study, we provided direct evidence that
HO-1 induction in macrophages by EP contributed to anti-
inflammatory action. EP induces HO-1 by depletion of intra-
cellular GSH, which, in turn, activates p38 MAPK and Nrf2.
Moreover, EP treatment improved survival in CLP-induced
septic animals, whereas this effect was abrogated either in
HO-1 - / - animals or in WT animals that were co-treated with
ZnPPIX (data not shown). Accordingly, EP could neither in-
hibit inflammatory response (inflammatory cytokines and
HMGB1) nor improve survival in HO-1-deficient animals,
demonstrating concrete evidence that anti-inflammatory ac-
tion of EP is dependent on HO-1. That depletion of intracel-
lular GSH induces Nrf2 expression as a cellular defense
mechanism has been proposed (35). In fact, previous studies
have been shown that depletion of GSH induced HO-1 ex-
pression in different cells (9), including RAW 264.7 cells (12,
24), and inhibited LPS-induced NO production (12, 24).
Moreover, EP has been reported to deplete GSH levels in LPS-
activated RAW 264.7 cells, which is responsible for the anti-
inflammatory effect (36). Thus, it is quite plausible to think
that cellular depletion of GSH by EP could trigger HO-1 in-

duction. Indeed, we found that supplemetation of GSH (either
GSH-Et or NAC) diminished expression of HO-1 by EP. Then
what is the signal mechanism by which EP induces HO-1?
Because activation of MAPKs plays a central role for the in-
duction of HO-1 gene expression (1), and JNK and p38 are
primarily induced by stress-related stimuli (21, 42), it is of
great interest to investigate which MAPKs are responsible for
EP-mediated HO-1 induction. We found that SB203580 (p38
MAPK inhibitor), but neither SP600125 ( JNK inhibitor) nor
PD98059 (ERK inhibitor), significantly inhibited EP-induced
HO-1 induction, indicating that p38 MAPK plays a crucial
role for HO-1 induction. Numerous reports suggested that
activation of p38 MAPK mediates an anti-inflammatory ac-
tion. Indeed, involvement of p38 MAPK is well documented
in many diseases, including inflammatory disorders. Espe-
cially, it has been shown that CO, one of the byproducts of
HO-1, provides an anti-inflammatory effect through activa-
tion of p38 MAPK (3, 19, 32). Because both induction of HO-1
and anti-inflammatory effect of EP were reversed by the
presence of SB203580, we believe that p38 plays a key role for
EP-mediated HO-1 induction. In contrast to the present re-
sults, equally compelling evidence has been shown previ-
ously that EP specifically inhibited the activation of p38
MAPK in LPS-activated RAW 264.7 cells (41) and in a rat
model of an LPS-induced acute lung injury (20). Again, it has
been demonstrated that p38 MAPK activation found to be
critically involved in LPS-induced iNOS expression and NO
release in RAW 264.7 macrophages and in other cells (5).

FIG. 5. Involvement of Nrf2 in EP-
mediated HO-1 expression. Cells were
treated for 1 h with EP at 5, 10, and
25 mM, and then harvested and sub-
jected to cytosol/nuclear fractionation
(A). Cells were transiently transfected
with the ARE-luc vector (B). After in-
cubation, cells were treated with EP (5,
10, and 25 mM) or EP (25 mM) +
SB203580 (10 lM, which was pre-
treated 1 h before addition of EP) for
1 h. After incubation, cells were sub-
jected to luciferase assay as described
in the Materials and Methods section.
Cells were transfected with scramble
(siRNA) or siNrf2 (C) as described in
the Materials and Methods section.
After 8-h incubation with EP (25 mM),
cells were harvested and subjected to
western blot for HO-1 expression.
Transfection efficiency was confirmed
by checking Nrf2 expression. Data are
presented as – SD of three independent
experiments. Significance compared
with control, *p < 0.05 and **p < 0.01;
significance compared with EP alone
or EP + ssiRNA, {p < 0.05 and {{p < 0.01.
ARE, antioxidant redox element; Nrf2,
NF-E2-related factor 2.
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FIG. 6. Importance of HO-1 in the
anti-inflammatory action of EP. Cells
were transfected with ssiRNA or siHO-
1 RNA, which were subjected to
western blot to confirm siHO-1 effi-
ciency by EP (25 mM) for 8 h (A). Cells
were stimulated with LPS (1 lg/ml) in
the presence or absence of EP (25 mM)
for 16 h. Then, cell extract and culture
medium samples were subjected to
western blot for iNOS and HMGB1,
respectively (B). Significance com-
pared with control, **p < 0.01; signifi-
cance compared with LPS, {{p < 0.01;
significance compared with LPS + EP +
ssiRNA, xp < 0.05 and xxp < 0.01; signif-
icance compared with EP + ssiRNA,
#p < 0.05.

FIG. 7. SB203580 and p38-siRNA reverse anti-inflammatory effect of EP in macrophages. Cells were incubated with EP
(25 mM) with or without SB203580 (10 lM) for 1 h and stimulated with LPS (1 lg/ml) for 16 h (A), or cells were transfected
with p38-siRNA or ssiRNA (B, C), which were incubated with EP (25 mM) for 1 h and stimulated with LPS (1 lg/ml) for 16 h.
Cell extract and culture medium samples were subjected to western blot for iNOS and HMGB1 analysis, respectively. Data
are presented as – SD of three independent experiments. Significance compared with control, **p < 0.01; significance com-
pared with LPS, {p < 0.05 and {{p < 0.01; significance compared with LPS + EP or LPS + EP + ssiRNA, xp < 0.05; significance
compared with EP + ssiRNA, #p < 0.05.
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Although we cannot properly explain this discrepancy at the
present time, the concentration of the p38 MAPK inhibitor
(SB203580) or different methods or animal models may have
caused this difference. It has been demonstrated that
SB203580 (1 lM) augmented nitrite accumulation in RAW
264.7 cells in response to LPS (29). Likewise, Lahti et al. (22)
reported that the p38 MAPK inhibitor SB203580 has a bidi-
rectional effect on iNOS expression and NO production in
J774 mouse macrophages and T-84 human colon epithelial
cells when activated with LPS. For example, a high concen-
tration of SB203580 (30 lM) showed > 90% NO inhibition
without affecting LPS-activated nuclear factor kappa B (NF-
jB) activation. Actually, the concentration of SB203580 by
Chen et al.’s (5) studies was 30 lM, which may have resulted
in iNOS inhibition, but we used 10 lM SB203580 in the present
study. Consistent with the present result, our previous study
also showed that 10 lM SB203580 did not inhibit iNOS ex-

pression and NO production in LPS-activated RAW 264.7
cells (39). An interesting finding is that inhibition of p38
MAPK enhances JNK activity, which led to stabilization of
iNOS mRNA, so it enhanced iNOS expression and in-
creased NO production in murine macrophages (23). On the
other hand, there are reports that p38 MAPK is not in-
volved in iNOS induction or NO production in RAW 264.7
cells under inflammatory stimulation (30). For example,
both p42/44 MAP kinases and p38 MAP kinase involve in
the regulation of COX-2 but not iNOS induction following
exposure to LPS in RAW 264.7 cells (30), or ERK and p38
MAPK cascades are both rate-limiting for LPS- and IFN-c-
stimulated arginine uptake, but not for iNOS synthesis in
RAW 264.7 cells (4). However, different subunits of p38 can
impact differently and even sometimes contrary. For ex-
ample, the a and b isoforms of p38 play counter-regulatory
roles to the p38c and p38d isoforms in the induction of

FIG. 8. EP fails to increase the sur-
vival rate in the CLP-induced sepsis
model of HO-1 - / - mice. BALB/c WT
(n = 12) and HO-1 - / - mice (n = 12)
were subjected to CLP with EP (n = 6,
40 mg/kg i.p.) or an equal volume of
vehicle (n = 6, saline) treatment at 0
and 24 h, after onset of sepsis. Survival
was monitored daily for up to 5 days
(A). To determine serum HMGB1 lev-
els, WT and HO-1 - / - mice were
treated with EP (40 mg/kg i.p., n = 5)
or an equal volume of vehicle (n = 4,
saline) at 0 and 12 h after onset of
sepsis (CLP). Twenty-four hours later,
blood was collected by cardiac punc-
ture and subjected to HMGB1 (B) and
ELISA (C) analysis. The Kaplan–Meier
program was utilized to compare the
differences in mortality rates between
groups. **p = 0.009, WT + EP versus
WT +saline or HO-1-/-+ EP or HO-1-/-+
saline. *p = 0.047, WT + saline versus
HO-1 - / - + saline or HO-1 - / - + EP
(A). Data are presented as mean – SD
of three independent experiments. In
(B) and (C), significance compared to
sham, **p < 0.01; significance compared
to CLP, {p < 0.05 and {{p < 0.01; signifi-
cance to compared to WT + EP,
xp < 0.05. N.S., not significant; CLP,
cecal ligation and puncture; WT, wild-
type.
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HO-1 by sodium arsenite (14) and LPS (44). These findings
indicate the complexity of the role of p38 MAPK in the
regulation of iNOS (NO) in different cells, including RAW
264.7 cells, under inflammatory stimuli.

Previously, the potential therapeutic effect of EP in the
experimental model of sepsis was clearly demonstrated (41).
Interestingly, the HMGB1-inhibitory effect of EP was due to
the blockade of signaling proteins such as NF-jB and p38
MAPK (41). On the other hand, others suggested that neither
NF-jB nor p38 MAPK is involved in HMGB1 release in
LPS-treated macrophages, making a strong emphasis on the
critical role of HO-1, Janus kinase 2/signal transducer and
activator of transcription-1 (STAT-1), and iNOS/NO signal-
ing in HMGB1 release (11, 16, 40). We found that EP strongly
inhibited iNOS (NO) and HMGB1 in LPS-activated RAW
264.7 cells and CLP-induced septic mice that were depended
on HO-1 induction, confirming earlier reports that HO-1 in-
ducers inhibit HMGB1 release in LPS- or CLP-induced septic
animals (37, 40). In addition, EP has been reported to show an
anti-inflammatory effect by inhibition of JAK2/STAT1 and
STAT3 through Rac1 inactivation and SOCS1 induction (15).
In this sense, the JAK/STAT pathway is essential for LPS or
Escherichia coli–induced HMGB1 release (16). Thus, it needs
further study whether the JAK/STAT pathway attributes to
inhibit HMGB1 through induction of HO-1 by EP.

Nrf2 is the transcription factor that can activate the
transcription of antioxidant proteins, including HO-1. Under
the Nrf2 activation, it dissociates from Kelch-like ECH-
associated protein 1 (Keap1) and translocates into the nu-
cleus, where it binds ARE (18). Different pathways may
activate Nrf2, including PI3K/Akt and MAPKs (6, 13, 38).
We found that EP can activate Nrf2 by enhancing Nrf2
nuclear accumulation and the ARE-luciferase activity. This
effect was dependent on p38 MAPK (Fig. 5), further em-
phasizing the importance of p38 MAPK in EP-mediated
HO-1 induction. Moreover, silencing of Nrf2 protein ex-
pression led to the attenuation of HO-1 expression by EP,
signifying the critical role of Nrf2 in induction of HO-1 by
EP (Fig. 5C). Thus, the p38 MAPK/Nrf2 signal plays an
important role for induction of HO-1 by EP in RAW 264.7
cells. These findings are further supported by previous re-
ports that GSH depletion increased the phoshorylation of
p38 MAPK in C6 glioma cells (17), and increased the ex-
pression of the Nrf2 protein in RAW 264.7 cells (12). We
provided firm evidence that Nrf2 is a target gene for EP by
showing that it also increased expression of NQO1, another
Nrf2 target gene. Indeed, increased expression of both HO-1
and phosphorylation of p38 MAPK and decreased expres-
sion of iNOS by EP in the presence of LPS were significantly
diminished by GSH-Et. In addition, treatment with
SB203580 and transfection with p38-siRNA also reversed the
effect of EP on iNOS and HMGB1 expression in LPS-acti-
vated RAW 264.7 cells. These results indicate that the p38/
Nrf2/HO-1 signal is critical for the anti-inflammatory action
of EP (Fig. 9). The increased phosphorylation of p38 MAPK
by EP was not limited to RAW 264.7 cells in vitro. We found
that EP augmented p-p38 MAPK in CLP-induced septic
mouse lung tissues (Supplementary Fig. S5), indicating that
tight regulation of the p38 and HO-1 activity in the anti-
inflammatory action of EP in vivo.

Furthermore, we clearly showed that treatment with EP of
peritoneal macrophages from HO-1 - / - mice did not reduce

LPS-activated expression of iNOS (NO) and HMGB1 in vitro.
Likewise, administration of EP failed to increase survival
rate and reduced circulating pro-inflammatory cytokines, in-
cluding HMGB1 in HO-1 - / - mice in vivo. In contrast, EP
significantly reduced the survival rate along with circulating
pro-inflammatory cytokines (TNF-a and IL-1b) and HMGB1
in HO-1 + / + mice. We confirmed previous report (37) that
circulating HMGB1 levels are higher in HO-1 - / - mice than in
HO-1 + / + mice by CLP-induced sepsis. Although CLP is a
commonly used experimental animal model of sepsis, inves-
tigators must rigorously control the operational conditions,
such as distance of the CLP size. Also, strains influence the

FIG. 9. Possible mechanism by which EP reduces
HMGB1 in sepsis. EP depletes intracellular GSH levels that
change redox states of the cell, which, in turn, stimulates p38
MAPK. The activation of p38 MAPK by phosphorylation
triggers to activate Nrf2, which dissociates from keap1 and
then moves into the nucleus, where it binds to ARE binding
sites to induce the HO-1 gene. Thus, SB203580, p38 inhibitor,
inhibits EP-mediated HO-1 induction. On the other hand,
LPS binds to LPS binding protein (LBP) along with CD14, a
recognition molecule for LPS, which activates toll-like re-
ceptor 4 (TLR4). The activated TLR4 stimulates p38 MAPK,
which then induces HO-1. However, LPS activates NF-jB
through MyD88-dependent signal pathways, and IFN-b,
generated by LPS through TRIF-dependent signal pathways,
activates the JAK/STAT signal pathway to induce inflam-
matory gene expression, such as iNOS, TNF-a, IL-1b, and
release of HMGB1. The induction of HO-1 by EP inhibits
these inflammatory cytokines and release of HMGB1 and
NO production in LPS-activated RAW 264.7 cells. ZnPPIX, a
HO-1 inhibitor, reverses the anti-inflammatory effect of EP
(data not shown). Administration of EP also inhibits iNOS
expression and circulating TNF-a, IL-1b, and HMGB1 in
CLP-induced septic mice, which are dependent on HO-1
induction via activation of p38 MAPK. The schema describes
possible signal pathways by which EP activates HO-1 in-
duction in RAW 264.7 cells. IL-1, interleukin-1; NF-jB, nu-
clear factor kappa B; STAT1, signal transducer and activator
of transcription 1; TNF, tumor necrosis factor.
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mortality rate: ICR mice are more sepsis tolerant than Balb c
strain (unpublished data) in CLP-induced mortality.

In summary, we found that EP is able to induce HO-1
in macrophages and CLP-induced mice tissues, and this ef-
fect is mediated through p38 MAPK/Nrf2/HO-1 signal-
ing. Thus, we suggest that the HO-1-inducible effect of EP
is necessary to manifest its anti-inflammatory properties
in vitro and in vivo.

Materials and Methods

Materials

Anti-HMGB1 was purchased from Abcam, anti-iNOS from
Transduction Laboratories, and anti-b-actin, anti-HO-1, and
anti-Nrf2 from Santa Cruz Biotechnology. Enhanced chemi-
luminescence (ECL) western blotting detection reagent was
from Amersham. SB203580, SP600125, and PD98059 were
obtained from Calbiochem. All other chemicals, including
LPS (E. coli 0111:B4), were purchased from Sigma-Aldrich.

Cell culture

RAW 264.7 cells were obtained from the American Type
Culture Collection. The cells were grown in the RPMI-1640
medium supplemented with 25 mM N-(2-hydroxyethyl)pi-
perazine-N-2-ethanesulfonic acid (HEPES), 100 U/ml peni-
cillin, 100 lg/ml streptomycin, and 10% heat-inactivated fetal
calf serum.

NO assay

NO was measured as its stable oxidative metabolite, nitrite
(NOx) as described previously (38). At the end of incubation,
100 ll of the culture medium was mixed with the same vol-
ume of Griess solution (0.1% naphthylethylenediamine and
1% sulfanilamide in 5% phosphoric acid). Light absorbance
was measured at 550 nm, and the nitrite concentration was
determined using a curve calibrated on sodium nitrite stan-
dards.

Cytokine assays

The concentration of TNF-a or IL-1b in culture supernatants
was determined using enzyme-linked immunosorbent assay
kits (R &D Systems) according to the instructions provided by
the manufacturer. Concentrations of TNF-a or IL-1b were
calculated with standard curves.

HMGB1 analysis

HMGB1 was measured as described previously (38). In
brief, the culture medium or blood samples were briefly
centrifuged. Same volumes of samples were then concen-
trated 40-fold with Amicon Ultra-4-10000 NMWL (Millipore).
Centrifugation conditions were fixed angle (35�) and 7500 g
for 20 min at 4�C. The concentrated samples were subjected to
sodium dodecyl sulfate (SDS)–polyacrylamide gel electro-
phoresis.

Western blot

Western blot was performed as previously described (40).
In brief, whole-cell lysates were performed using buffer con-
taining 0.5% SDS, 1% Nonidet P-40, 1% sodium deoxycholate,

150 mM NaCl, 50 mM Tris-Cl (pH 7.5), and protease inhibi-
tors. Concentrated supernatants, to detect HMGB1, and
whole-cell lysates, to detect iNOS, b-actin, and HO-1 were
subjected to electrophoresis in different percentage poly-
acrylamide gels depending on the size of the interested pro-
tein. The gels were transferred to polyvinylidene difluoride
(PVDF) membranes by semi-dry electrophoretic transfer at 15
V for 60–75 min. The membranes were stained with the Pon-
ceau S solution (2 lg/ml) for 5 min to determine efficiency of
transfer and/or protein loading levels per track. Then, the
PVDF membranes were blocked overnight at 4�C in 5% bo-
vine serum albumin (BSA). The cells were incubated with
primary antibodies diluted 1:500 in Tris–buffered saline–
Tween 20 (TBS-T) containing 5% BSA for overnight in 4�C and
then incubated with secondary antibody at room temperature
for 1 h. The signals were detected by ECL.

siRNA technique

siHO-1 and scramble siRNA were purchased from In-
vitrogen. siNrf2 and p38-siRNA were acquired from Santa
Cruz Biotechnology. siRNA was transfected into RAW 264.7
cells according to the manufacturer’s protocol using the
transfection reagent Superfectª from Qiagen. The cells were
incubated with 100 nM of target siRNA or scramble siRNA for
4 h in serum- and antibiotic-free media. Then, the cells were
incubated for 16 h in media containing antibiotics and FBS,
and cells were washed and pretreated with or without nico-
tine, following LPS stimulation.

ARE-luciferase assay

RAW 264.7 cells were plated at a confluence of 50% density
in a 6-well plate and grown in DMEM supplemented with
10% heat-inactivated horse serum at 37�C in a humidified
atmosphere of 5% CO2/95% air. The cells were cotransfected
with 2 lg of the luciferase reporter gene fusion construct (pTi-
luciferase), WT ARE, and 0.5 lg of the pCMV-b-galactosidase
control vector with Superfectª from Qiagen according to the
manufacturer’s instructions. After 24-h transfection, the cells
were treated with EP for additional 6 h, and the cells were
lysed with the 1 · reporter lysis buffer (Promega). After
mixing the cell extract with a luciferase substrate (Promega),
the luciferase activity was measured by a TD-20/20 lumin-
ometer (Tuner Designs) according to the manufacturer’s
protocol. The b-galactosidase assay was done according to the
supplier’s instructions (Promega b-galactosidase Enzyme
Assay System) for normalizing the luciferase activity.

Determination of cellular levels of reduced
and oxidized glutathione

The GSH recycling methods were performed as described
previously (28) with a slight modification. In brief, cells were
washed twice with cold phosphate-buffered saline and
scraped in 100 ll of 4.3% sulfosalicylic acid and 392.5 ll of 0.1
M phosphate buffer. The mixture was centrifuged, and the
supernatants were neutralized with 7.5 ll 5 M KOH per 500 ll
total volume. Fifty-microliter samples of cell lysates or stan-
dards were transferred into the wells of microtiter plates.
After addition of 100 ll of reaction mixture [0.1 M sodium
phosphate buffer, pH 7.5, containing 2.5 mM EDTA, 0.15 mM
5,5¢-dithio-bis(2-nitrobenzoic acid), 0.2 mM NADPH, and
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1.0 U/ml GSH reductase], absorbance at 405 nm was read at
30-s intervals over 5 min using the MRX Revelation micro-
plate reader. The GSH standards were prepared in the back-
ground buffer and treated in the same way as the samples. To
measure GSSG concentration, 100 ll of the above cell lysate
was incubated with 100 ll of 35 mM N-ethylmaleimide (NEM)
for 0.5 h at room temperature to sequester all free (reduced)
GSH. Remaining excess NEM was sequestered by adding
100 ll of 35 mM L-cysteine. Fifty microliters of the cell lysates
or standards was assayed as described above. The concen-
trations of total GSH and GSSG were calculated on the basis of
a calibration curve obtained with authentic GSH as standards.
Protein concentration was determined using the Bio-Rad
protein assay kit with BSA as a standard. Results are ex-
pressed as nmol/lg protein.

Animal model of sepsis

BALB/c HO-1 knockout mice (HO-1 - / - ) were generously
provided by Dr. Perrella MA (Harvard Medical Center).
To induce sepsis, mice were anesthetized with ketamine
(30 mg/kg) and xylazine (6 mg/kg). Next, a 2-cm midline
incision was performed to allow exposure of the cecum with
adjoining intestine. The cecum was tightly ligated with a 3.0-
silk suture at 5.0 mm from the cecal tip and punctured once
with a 22-gauge needle (top and bottom) and then gently
squeezed to extrude a small amount of feces from the perfora-
tion sites and returned to the peritoneal cavity. The laparotomy
site was then stitched with 4.0-silk sutures. In sham control an-
imals, the cecum was exposed but not ligated or punctured and
then returned to the abdominal cavity. Mice were maintained in
accordance with the Guide for the Care and Use of Laboratory An-
imals (NIH publication 85-23, revised 1996) and were treated
ethically. The protocol was approved in advance by the Animal
Research Committee of the Gyeongsang National University.

Statistical evaluation

Scanning densitometry was performed using an Image
Master� VDS (Pharmacia Biotech, Inc.). Data are expressed as
mean – SD of results obtained from the number of replicate
treatments. Differences between data sets were assessed by
one-way analysis of variance followed by Newman–Keuls
tests. The Kaplan–Meier method was used to compare the
differences in mortality rates between groups. p < 0.05 was
accepted as statistically significant.
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CLP¼ cecal ligation and puncture
CO¼ carbon monoxide

ECL¼ enhanced chemiluminescence
EP¼ ethyl pyruvate

GSH-Et¼ glutathione ethyl ester
HEPES¼N-(2-hydroxyethyl)piperazine-N-2-

ethanesulfonic acid
HMGB1¼high-mobility group box 1

HO-1¼heme oxygenase-1
IL-1¼ interleukin-1

iNOS¼ inducible nitric oxide synthase
Keap1¼Kelch-like ECH-associated protein

LPS¼ lipopolysaccharide
MAPK¼mitogen-activated protein kinase

NAC¼N-acetyl cystein
NEM¼N-ethylmaleimide

NF-jB¼nuclear factor kappa B
Nrf2¼NF-E2-related factor 2
NO¼nitric oxide

PVDF¼polyvinylidene difluoride
SDS¼ sodium dodecyl sulfate

STAT1¼ signal transducer and activator of
transcription 1

TNF¼ tumor necrosis factor
WT¼wild-type
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