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bstract

Heme oxygenase-1 (HO-1) is induced under infectious diseases in macrophages. We performed experiments using various gene deficient mouse-
erived macrophages to determine a detailed induction mechanism of HO-1 by lipopolysaccharide (LPS) and the functional role of HO-1 induction
n macrophages. LPS (1 �g/mL) maximally induced inducible nitric oxide synthase (iNOS) and HO-1 mRNAs in wild-type (WT) macrophages at
h and 12 h after treatment, respectively, and liberated tumor necrosis factor � (TNF�) from WT macrophages. LPS also induced iNOS and HO-1

n TNF�(−/−) macrophages, but not in iNOS(−/−) macrophages. Interestingly, although LPS strongly induced iNOS, it failed to induce HO-1
lmost completely in nuclear-factor erythroid 2-related factor 2 (Nrf2)(−/−) macrophages. The LPS-induced iNOS gene expression was suppressed
y pretreatment with HO-1 inducers, hemin and Co-protoporphyrin (CoPP), but not with HO-1 inhibitor, Sn-protoporphyrin in WT macrophages.

n the Nrf2(−/−) macrophages, the ability of CoPP to induce HO-1 and its inhibitory effect on the LPS-induced iNOS gene expression were lower
han seen in WT macrophages. The present findings suggest that HO-1 is induced via NO-induced nuclear translocation of Nrf2, and the enzymatic
unction of HO-1 inhibits the overproduction of NO in macrophages.

2007 Elsevier Ltd. All rights reserved.
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Abbreviations: HO-1, heme oxygenase-1; LPS, lipopolysaccharide; iNOS,
nducible nitric oxide synthase; WT, wild-type; TNF�, tumor necrosis factor
; Nrf2, nuclear-factor erythroid 2-related factor 2; CoPP, Co-protoporphyrin;
nPP, Sn-protoporphyrin; IL, interleukin; CO, carbon monoxide; MAPK,
itogen-activated protein kinase; JNK, c-Jun N-terminal kinase; TLR4, toll-

ike receptor 4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ARE,
ntioxidant response element; EpRE, electrophile response element; NO, nitric
xide; NF�B, nuclear factor-kappa B; ANOVA, analysis of variance.
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. Introduction

Macrophages serve as the first-line of defense against
nvading pathogens by undergoing immediate oxidative burst
nd nitric oxide (NO) production, and releasing various
nflammatory cytokines which regulate immune function. The
verproduced NO generates peroxynitrite, a strong oxidizing
nd cytotoxic product, through reaction with superoxide anion
hat can kill the invading pathogens directly (MacMicking et
l., 1997). While the NO can kill invading pathogens, it can

lso influence macrophages themselves or surrounding tissues.
n the other hand, interleukin (IL)-1�, IL-6 and tumor necrosis

actor (TNF) � are known as inflammatory cytokines and
lay important roles in the regulation of the immune system.

mailto:ashino@pharm.showa-u.ac.jp
dx.doi.org/10.1016/j.molimm.2007.10.011
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imilar to NO, overliberation of inflammatory cytokines from
acrophages causes oxidative stress, systemic inflammation

nd cell dysfunction. Therefore, macrophages are armed with
arious detoxify reactive oxygen species systems, such as
n-superoxide dismutase, catalase, glutathione and heme

xygenase-1 (HO-1) (Campos et al., 2005; Ishii et al., 1999).
HO-1, a rate-limiting enzyme for heme degradation, breaks

own heme into Fe2+, carbon monoxide (CO) and biliverdin.
iliverdin is then rapidly converted into bilirubin by biliverdin

eductase. HO-1 isozyme is normally expressed at low levels
n almost all tissues and sensitively induced by heavy metals,
lutathione depletors, immunostimulants and various stress and
athophysiological conditions (Bach, 2002; Oguro and Yoshida,
004). Several studies have reported that the biological defense
ffect of HO-1 is provided by its enzymatic reaction products,
O and biliverdin which function as an anti-inflammatory agent
nd a radical scavenger, respectively (Camara and Soares, 2005;
irkby and Adin, 2006; Ryter et al., 2006). Evidence is increas-

ngly accumulating that the induction of HO-1 by stress agents,
uch as electrophile compounds and heavy metals, is regulated
y nuclear-factor erithroid 2-related factor 2 (Nrf2) subcellu-
ar localization (Ishii et al., 2000). Additionally, we previously
eported that TNF� plays a pivotal role in the lipopolysaccha-
ide (LPS)-mediated induction of HO-1 gene expression, and
ts signal is conducted via p38 mitogen-activated protein kinase
MAPK) and/or c-Jun N-terminal kinase (JNK) in the mouse
iver (Oguro et al., 2002). However, the contribution of Nrf2 in
he HO-1 gene expression by LPS is not clear to date.

LPS is a major component of the outer membrane of Gram-
egative bacteria. LPS acts as a prototypical endotoxin because it
inds the CD14/toll-like receptor 4 (TLR4)/MD2 receptor com-
lex, which promotes the secretion of inflammatory cytokines
nd induces the inducible nitric oxide synthase (iNOS) gene
xpression in immune cells in particular. LPS-released exces-
ive inflammatory cytokines and/or NO lead to endotoxin shock.
everal studies have reported that LPS induces HO-1 in var-

ous tissues and cells. A number of studies have elucidated
he mechanisms of HO-1 induction by LPS in macrophages
sing the established cell line of a mouse macrophage (RAW
64.7) treated with chemical compounds, such as a competitive
nhibitor of NOS activity (L-NG-nitrosoarginine-methyester)
Srisook and Cha, 2004) or a NO-donor (spermine NONOate)
Srisook and Cha, 2005). However, there are some experimen-
al problems in these studies; for example, we consider that
hese compounds evoke oxidative stress, and NO released from
O-donor does not reflect the intracellar NO produced via the

nduction of iNOS gene expression.
A number of studies have reported that HO-1 is induced under

nfectious diseases and inflammatory diseases in macrophages
nd monocytes (Schaer et al., 2006; Yachie et al., 2003);
owever, the detailed induction mechanism of HO-1 and its
unction in macrophages have yet to be understood. Further-
ore, since cytokines have many overlapping functions, few
tudies have focused on the role of each cytokine exerting the
O-1 gene expression in macrophages. By employing peri-

oneal macrophages collected from TNF�(−/−), iNOS(−/−) or
rf2(−/−) mice, we investigated the mechanism of the HO-1
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ene expression by LPS and the function of HO-1 using HO-
inducers, hemin and cobalt-protoporphyrin (CoPP), or HO-1

nhibitor, tin-protoporphyrin (SnPP).

. Materials and methods

.1. Materials

LPS from Escherichia coli serotype (O111:B4) was pur-
hased from Sigma–Aldrich Japan (Tokyo, Japan). The
xScritpTM RT reagent Kit and SYBR® Premix Ex TaqTM were
btained from Takara Bio (Tokyo, Japan). HO-1 antibody was
rom Stressgen Bioreagents (Victria, BC Canada). iNOS and
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibod-
es were from Santa Cruz Biotechnology (Santa Cruz, CA).
�B-� and phospho-I�B-� (Ser32) antibodies were from Cell
ignaling Technology, Inc (Beverly, MA). All other reagents
sed were of the highest grade commercially available.

.2. Animals

All mouse experiments were carried out under the control
f the Committee Regulation of Animal Care and Welfare of
howa University. The TNF�(−/−) mice were established by
agawa et al. (1997), the iNOS(−/−) mice were established by
acMicking et al. (1995) and Nrf2(−/−) mice were established

y Itoh et al. (1997). C57BL/6 mice (8 weeks old) were pur-
hased from Japan SLC (Shizuoka, Japan). All protocols used
n this study were reviewed and approved by the Institutional
nimal Care and Use Committee of Showa University (#27004).

.3. Preparation of macrophages and cell culture

Four days after an intraperitoneal injection of 3 mL 3% thio-
lycolate medium, peritoneal exudate cells were obtained by
avage. The cells were separated by centrifugation, resuspended
n an RPMI 1640 medium, plated at 1 × 106 cells/10-cm2 culture
ish in RPMI 1640 containing 20 mM Hepes, 10% fetal bovine
erum, 10 unit/mL penicillin and 100 �g/mL streptomycin, and
ncubated at 37 ◦C in 5% CO2 in air. After 1 h the medium was
eplaced with a fresh medium in order to remove the nonadherent
ells.

.4. RNA extraction, reverse-transcription, and real-time
olymerase chain reaction

Total RNA was isolated from macrophages using the acid
uanidine thiocyanate–phenol–chloroform extraction method as
reviously described (Chomczynski and Sacchi, 1987), and first-
tranded cDNA was synthesized with an ExScriptTM RT reagent
it. The quantitative real-time PCR was performed according to
he manufacturer’s protocol using ABI PRISM® 7000 Sequence
etection System (Applied Biosystems Japan, Tokyo, Japan)
nd SYBR® Premix Ex TaqTM. PCR was performed with a 10 s
reincubation at 95 ◦C followed by 40 cycles of 5 s at 95 ◦C and
1 s at 60 ◦C. PCR products were subjected to melting curve
nalysis, using the ABI PRISM® 7000 Sequence Detection Sys-
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em, to exclude amplification of unspecific products. The mRNA
evels were measured as the relative ratio to the GAPDH mRNA.
he following primers were used:

HO-1 forward: (5′-TCTCCAGTCGCCTCCAGAGTT-3′).
HO-1 reverse: (5′-GCAGGCTCCACTCACTGGTT-3′).
iNOS forward: (5′-AAACTGTGTGCCTGGAGGTTCTG-
3′).
iNOS reverse: (5′-CAAGGCCTCCAATCTCTGCCTA-3′).
GAPDH forward: (5′-AAATGGTGAAGGTCGGTGTG-3′).
GAPDH reverse: (5′-TGAAGGGGTCGTTGATGG-3′).

.5. Western blot analysis

The macrophages were solubilized with 4% sodium dodecyl
ulfate, and the proteins were separated by sodium dode-
yl sulfate-polyacrylamide gel electrophoresis (HO-1, GAPDH
nd I�B; 5% stacking gel and 10% separating gel, iNOS;
% stacking gel and 8% separating gel) according to the
ethod of Laemmli (1970). After electrophoresis, the pro-

eins were transferred to polyvinylidene difluoride membranes
Japan Genetics Co., Tokyo, Japan) at 100 mA for 60 min.

estern blots were performed using respective antibodies. A
ignal was detected using chemiluminescence (ECL; Amersham
iosciences Corp., Piscataway, NJ). Molecular weight was cal-
ulated with prestained protein marker (Bio-Rad) applied to the
ame gel run samples. The relative densities were analyzed using
cion Image software (Scion Image Beta 4.03).
.6. Measurement of cytokine concentrations

IL-1�, IL-6 and TNF� concentrations of the cul-
ure medium were determined using their respective

p
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ig. 1. Time-dependent inductions of iNOS and HO-1 in LPS-stimulated WT macrop
imes indicated. (A) Total RNA was isolated from the macrophages, and real-time PCR
ith that for GAPDH mRNA. (B) The macrophages were solubilized with 4% SDS

mmune-blot analysis. Blots for iNOS and HO-1 proteins were semiquantified by no
n = 3). The significance of difference was assessed by one-way ANOVA, followed by
ology 45 (2008) 2106–2115

nzyme-linked immunosorbent assay kits (Mouse IL-1�,
L-6 and TNF� ELISA Kit; Pierce Endogen, Rockford,
L).

.7. Statistical analysis

All data are expressed as mean ± S.E.M. and represent at least
hree independent experiments. The statistical analysis was per-
ormed using the one-way analysis of variance (ANOVA), with
he Tukey–Kramer test for post hoc comparisons when signif-
cance was determined by ANOVA or Student’s t-test at the
nalysis indicated in the figures. The accepted level of signifi-
ance was set at p < 0.05.

. Results

.1. The induction of HO-1 following iNOS induction by
PS in WT macrophages

LPS is a well-known endotoxin used as a model of bacterial
nfection. Macrophages recognize LPS via TLR4 and activate
he immune system. It is known that the iNOS gene is strongly
nduced by LPS treatment. Consequently, we first performed
ime-course experiments to characterize the induction pattern of
O-1 and iNOS in WT macrophages. WT macrophages were

ultured and incubated with LPS, and the mRNA and protein
evels of HO-1 and iNOS were determined by real-time PCR
nd Western blot analysis, respectively (Fig. 1). LPS (1 �g/mL)
nduced iNOS mRNA from 3 h after treatment and reached a

eak level at 6 h. The peak of HO-1 mRNA induction by LPS
as observed 12 h after treatment (Fig. 1A). There was apparent

ime lag between iNOS and HO-1 induction for 6 h. Likewise,
he iNOS protein reached a peak level at 12 h after LPS treat-

hages. The macrophages were treated with LPS (1 �g/mL) and harvested at the
was performed. iNOS and HO-1 mRNAs were semiquantified by normalizing

, and were analyzed to determine the content of iNOS and HO-1 employing
rmalizing with that for GAPDH protein. Values represent the mean ± S.E.M.
the Tukey–Kramer test ((*) significantly different from the controls at p < 0.05).
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Fig. 2. Liberation of inflammatory cytokines from LPS-stimulated WT, TNF�(−/−) and iNOS(−/−) macrophages. Respective macrophages were treated with LPS
(1 �g/mL), and the culture medium was collected at the times indicated. Cytokine concentrations in the culture medium were determined by respective ELISA kits.
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HO-1 protein of the control level in Nrf2(−/−) macrophages
alues represent the mean ± S.E.M. (n = 3). The significance of difference was
ifferent from the controls at p < 0.05).

ent and followed the HO-1 protein peak level at 6 h later
Fig. 1B).

.2. The release of inflammatory cytokines from WT,
NFα(−/−) and iNOS(−/−) macrophages by LPS

Inflammatory cytokines are released as a result of the immune
esponse from macrophages. To investigate the pattern of
PS-released inflammatory cytokines from macrophages, we
easured IL-1�, IL-6 and TNF� concentrations in all cul-

ure media of WT, iNOS(−/−) and TNF�(−/−) macrophages
Fig. 2A). LPS-treated WT and iNOS(−/−) macrophages
esulted in a time-dependent release of large amounts of TNF�
nto the culture medium. TNF� concentrations of the LPS-
reated WT macrophage culture medium (1120 ± 20 pg/mL)
ere higher than those of the LPS-treated iNOS(−/−)
acrophage culture medium (530 ± 24 pg/mL). LPS-mediated

elease of IL-6 from WT and iNOS(−/−) macrophages was
imilar but different from that of TNF�(−/−) macrophages;
owever, the amount of liberated IL-6 was less extensive com-
ared with the amount of TNF� liberation. On the other hand,
L-1� showed no release under this condition.

.3. Changes of iNOS and HO-1 inductions by LPS in WT,
NFα(−/−) and iNOS(−/−) macrophages

Since LPS strongly induced iNOS and released TNF� in WT
acrophages, we next investigated the induction of iNOS and
O-1 by LPS using TNF�(−/−) and iNOS(−/−) macrophages

Fig. 3). LPS strongly increased the iNOS protein in TNF�(−/−)
acrophages as well as in WT macrophages at 18 h after
reatment (Fig. 3A). LPS also significantly induced HO-1
RNA in TNF�(−/−) macrophages (230% of control) and WT
acrophages (250% of control). Interestingly, LPS failed to

nduce HO-1 mRNA in iNOS(−/−) macrophages (Fig. 3B). The

w
B
t
H

ed by one-way ANOVA, followed by the Tukey–Kramer test ((*) significantly

O-1 protein levels were also changed in a similar manner to
hat seen in the mRNA levels (Fig. 3C).

.4. Phosphorylation of IκB-α by LPS in WT and
NOS(−/−) macrophages

The nuclear factor-kappa B (NF-�B) transcription factor is
resent in the cytosol in an inactive state complexed with the
�B-� protein. Activation occurs via phosphorylation of I�B-�
ollowed by proteasome-mediated degradation, resulting in the
elease and nuclear translocation of active NF-�B. To inves-
igate the reason for the lack of HO-1 mRNA induction by
PS in iNOS(−/−)-derived macrophages, we examined LPS-

nduced phosphorylation of I�B-� using WT and iNOS(−/−)
acrophages (Fig. 4). Phosphorylation of I�B-� was similarly

bserved in macrophages derived from either WT or iNOS(−/−)
ice from 0.5 h after LPS treatment.

.5. Changes of iNOS and HO-1 expressions by LPS in WT
nd Nrf2(−/−) macrophages

It has been reported that Nrf2 is a major transcriptional regula-
or of HO-1. Although there are many reports on HO-1 induction
ia Nrf2 nuclear translocation by electrophilic compounds, so
ar there are no reports concerning HO-1 induction by LPS in
rf2(−/−) macrophages. Accordingly, we investigated iNOS

nd HO-1 induction by LPS using Nrf2(−/−) macrophages
Fig. 5). HO-1 mRNA of the control level in Nrf2(−/−)
acrophages was lower than that of the WT macrophages (65%

f WT macrophages) (Fig. 5C). Similar to HO-1 mRNA, the
as also lower than that of the WT macrophages (Fig. 5A and
). As shown in Fig. 5A, LPS strongly induced the iNOS pro-

ein in Nrf2(−/−) macrophages. However, LPS failed to induce
O-1 in Nrf2(−/−) macrophages (Fig. 5A–C).
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Fig. 3. Induction of iNOS and HO-1 by LPS in WT, TNF�(−/−) and iNOS(−/−) macrophages. (A and C) The respective macrophages were treated with LPS
(1 �g/mL) and harvested at 18 h after treatment. The macrophages were solubilized with 4% SDS, and were analyzed to determine the content of iNOS and HO-1
employing immune-blot analysis. The blot for the HO-1 protein was semiquantified by normalizing with that for GAPDH protein. (B) The respective macrophages
were treated with LPS (1 �g/mL) and harvested at 12 h after treatment. Total RNA was isolated from the macrophages, and real-time PCR was performed. HO-1
mRNA was semiquantified by normalizing with that for GAPDH mRNA. Values represent the mean ± S.E.M. (n = 4). The significance of difference was assessed
b
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y the Student’s t-test (*p < 0.05).

.6. Inhibition of LPS-mediated induction of iNOS by
retreatment with HO-1 inducers

It is well known that HO-1 is induced by infectious agents
n macrophages. However, the function of infectious disease-

nduced HO-1 has yet to be clarified. NO is known as one
f the major factors causing endotoxin shock. Therefore, we
nvestigated the relationship between HO-1 and iNOS by pre-
reatment with HO-1 inducers, hemin and CoPP, or HO-1 activity

h
d
o
S

nhibitor, SnPP (Fig. 6). Pretreatment with hemin (20 �M) and
oPP (20 �M) significantly inhibited LPS-mediated induction
f the iNOS gene expression in WT macrophages approxi-
ately 80% and 95%, respectively. Although SnPP (20 �M)

nduced HO-1 protein in WT macrophages the same as

emin or CoPP (data not shown), pretreatment with SnPP
id not have the inhibitory effect of LPS-mediated induction
f iNOS because HO-1 activity was probably inhibited by
nPP.
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ig. 4. Phosphorylation of I�B-� by LPS in WT and iNOS(−/−) macrophages
imes indicated. The macrophages were solubilized with 4% SDS, and were an
mmune-blot analysis.

.7. Change of inhibitory effect of CoPP on LPS-mediated
nduction of iNOS in Nrf2(−/−) macrophages

LPS failed to induce HO-1 in Nrf2(−/−) macrophages
Fig. 5). The increased HO-1 led to the inhibition of LPS-
ediated induction of iNOS (Fig. 6). Subsequently, we

xamined whether inhibition of LPS-mediated induction of
NOS by CoPP required HO-1 induction. We investigated
his by comparing the effect of CoPP in WT and Nrf2(−/−)

acrophages. The ability of Nrf2(−/−)-derived macrophages
o induce HO-1 by CoPP was markedly lower than that of WT

acrophages (Fig. 7A). The effect of CoPP on LPS-mediated
nduction of iNOS in Nrf2(−/−) macrophages (61% suppres-
ion) was significantly weaker as compared to WT macrophages
92% suppression) (Fig. 7B).

.8. Decrease of LPS-mediated phosphorylation of IκB-α
y pretreatment with CoPP

We found that the increase in HO-1 resulted in the inhi-
ition of LPS-mediated induction of iNOS in macrophages
Figs. 6 and 7). Therefore, we investigated the effect of pre-
reatment with CoPP or SnPP on phosphorylation of I�B-�
y LPS in macrophages (Fig. 8). Pretreatment with CoPP sig-
ificantly suppressed LPS-mediated phosphorylation of I�B-�
n macrophages, and pretreatment with SnPP did not have the
uppressive effect of LPS-mediated phosphorylation of I�B-�.

. Discussion

To our knowledge, this is the first report demonstrating that
PS-mediated induction of iNOS is inhibited in a feedback man-
er under HO-1 induction due to Nrf2 nuclear translocation
sing the iNOS(−/−) and Nrf2(−/−) primary macrophages.
here have been reports on HO-1 induction by NO using RAW
64.7 with NO-donor and/or iNOS inhibitor (Srisook and Cha,
004; Srisook and Cha, 2005). However, there has been no report
oncerned with the involvement of NO in HO-1 induction by
PS using iNOS(−/−) primary macrophages. We also found
hat LPS-released TNF� is not involved in HO-1 induction. We
uggest that to explain these phenomena using normal peritoneal
acrophages and gene deficient macrophages is of particular

mportance because these cells can avoid the impact of stress

m
i
v
i

respective macrophages were treated with LPS (1 �g/mL) and harvested at the
d to determine the content of I�B-� and its phosphorylated forms employing

y chemical compounds and the transformation of the murin
eukemia virus.

HO-1 is induced by various compounds, such as heavy met-
ls, glutathione depletors and electrophiles (Ishii et al., 2000;
guro and Yoshida, 2004), and various pathological condi-

ions, such as infectious diseases and inflammation (Bach,
002), which induce oxidative stress. Genomic analysis of HO-
revealed an antioxidant response element (ARE) (Rushmore

t al., 1990; Rushmore et al., 1991) and electrophile response
lement (EpRE) (Friling et al., 1990) that were identified as
is-acting elements required for gene expression induced by
ntioxidants and electrophiles, respectively. The oxidative stress
iberates Nrf2 from the hold cytoplasmic compartment by Kelch-
ike ECH-associated protein 1 into the nucleus. Nrf2 then forms a
eterodimer with a small Maf protein, interacts with ARE/EpRE,
nd induces transcription of HO-1 (Numazawa and Yoshida,
004). In this study, we demonstrated that LPS did not induce
O-1 in iNOS(−/−) macrophages (Fig. 3); however, CoPP and
emin induced HO-1 in iNOS(−/−) macrophages (data not
hown) and the LPS-mediated increase in NO did not induce
O-1 in Nrf2(−/−) macrophages (Fig. 5). These results suggest

hat NO causes oxidative stress and changes the redox condition,
nd induces nuclear transport of Nrf2.

LPS is recognized by TLR4, and induces degradation of I�B
y phosphorylation following activation of I�B kinase. I�B-
ssociated NF-�B is transferred to the nucleus followed by
egradation of I�B enhancing transcriptional activation of target
enes (Guha and Mackman, 2001). In this study, LPS mediated
hosphorylation of I�B-� in iNOS(−/−) macrophages, as well
s in WT macrophages (Fig. 4). Consequently, we suggest that
NOS(−/−) macrophages can normally recognize LPS.

There are also reports showing that MAPKs, such as p44/42
APK, JNK and p38 MAPK, are involved in the induction of
O-1 (Alam et al., 2000; Otterbein et al., 2000; Zipper and
ulcahy, 2000). However, it is still not clear how MAPKs induce
RE/EpRE-dependent transcription because there is no direct

vidence indicating that activation of the kinase affects subcel-
ular localization of Nrf2. Though MAPKs were phosphorylated
y LPS treatment in iNOS(−/−) macrophages the same as WT

acrophages (data not shown), LPS did not induce HO-1 in

NOS macrophages. This result suggests that Nrf2 is not acti-
ated by MAPKs. Other reports show that protein kinase C
nhibitors significantly suppress the ARE/EpRE-mediated gene
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Fig. 5. Induction of iNOS and HO-1 by LPS in WT and Nrf2(−/−)
macrophages. (A and B) The respective macrophages were treated with LPS
(1 �g/mL) and harvested at 18 h after treatment. The macrophages were sol-
ubilized with 4% SDS, and were analyzed to determine the content of iNOS
and HO-1 employing immune-blot analysis. (A) Western blot analysis was per-
formed. (B) Blots for HO-1 protein were semiquantified by normalizing with that
for GAPDH protein. Values represent the mean ± S.E.M. (n = 3). (C) The respec-
tive macrophages were treated with LPS (1 �g/mL) and harvested at 12 h after
treatment. Total RNA was isolated from the macrophages, and real-time PCR
was performed. HO-1 mRNA was semiquantified by normalizing with that for
G
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Fig. 6. Change of LPS-mediated induction of iNOS by pretreatment with HO-1
inducers or inhibitor in WT macrophages. WT macrophages were pretreated with
hemin (20 �M), CoPP (20 �M) or SnPP (20 �M). After 1 h, the macrophages
were treated with LPS (1 �g/mL) and harvested at 12 h after treatment. Total
RNA was isolated from the macrophages, and real-time PCR was performed.
HO-1 mRNA was semiquantified by normalizing with that for GAPDH mRNA.
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APDH mRNA. Values represent the mean ± S.E.M. (n = 4). The significance
f difference was assessed by one-way ANOVA, followed by the Tukey–Kramer
est (*p < 0.05 and ns, indicating no significant difference).

xpression (Huang et al., 2000; Rushworth et al., 2005). There
s a probability that NO-mediated PKC activation is involved in
hosphorylation dependent Nrf2 activation.

NO plays important antibacterial and antiviral roles
MacMicking et al., 1997). However, its continuous overpro-
uction induces cell dysfunction. It has been reported that
ethality of LPS-induced endotoxin shock is partially decreased

n iNOS(−/−) mice (MacMicking et al., 1995). Thus, it is con-
eivable that the accurate regulatory mechanisms of the iNOS
ene expression exist in cells. The present study demonstrated
hat LPS-mediated induction of HO-1 was elicited following
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r
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alues represent the mean ± S.E.M. (n = 4). The significance of difference was
ssessed by one-way ANOVA, followed by the Tukey–Kramer test (*p < 0.05
nd ns, indicating no significant difference).

he iNOS gene expression in primary macrophages (Fig. 1).
his result complements those reported by Srisook and Cha

2004) who found LPS-derived induction of HO-1 began to
ccur shortly after the iNOS gene expression in RAW264.7 cells.
n this study, we expanded findings that macrophages lacking the
NOS gene almost lost HO-1 inducibility, and LPS-mediated
nduction of iNOS was inhibited by pretreatment with the HO-1
nducers (Figs. 3 and 6). Furthermore, our study was the first
o characterize the critical importance of Nrf2 in HO-1 induc-
ion by NO (Fig. 5). It is reported that disruption of Nrf2 causes
drastic increase in lethality during LPS-induced septic shock

Thimmulappa et al., 2006). Our present findings suggest that
he iNOS gene expression is regulated in a negative feedback

anner under induction of HO-1 via Nrf2.
Numerous studies have shown that HO-1 is induced by treat-

ent with inflammatory cytokines, such as IL-1�, IL-6 and
NF�. TNF� is known as a cytotoxic cytokine which causes

nflammation. In this study we demonstrated that LPS liber-
ted TNF�, in particular from WT macrophages (Fig. 2) and
nduced HO-1 in TNF�(−/−) macrophages, as well as in WT

acrophages (Fig. 3). These results clearly showed that LPS-
ediated release of TNF� from macrophages themselves is not

nvolved in HO-1 induction. Furthermore, it was reported that
ransfection of human monocyte leukemia THP-1 cells with
he dominant negative Nrf2 mutant resulted in no change in
PS-induced TNF� expression (Rushworth et al., 2005), sug-
esting that Nrf2 does not play a role in the LPS-induced TNF�
xpression in these cells.

The present report demonstrated that the abilities of CoPP to

nduce HO-1 and to inhibit LPS-mediated induction of iNOS
ere attenuated in Nrf2(−/−) macrophages (Fig. 7). These

esults suggest that the induction of HO-1 via Nrf2 by CoPP
uppresses the iNOS gene expression by LPS. Little is known
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Fig. 7. Change of inhibitory effect of CoPP on LPS-mediated induction of iNOS
in Nrf2(−/−) macrophages. (A) WT and Nrf2(−/−) macrophages were treated
with CoPP (20 �M) and harvested at 18 h after treatment. The macrophages were
solubilized with 4% SDS, and were analyzed to determine the content of HO-1
employing immune-blot analysis. (B) WT and Nrf2(−/−) macrophages were
pretreated with CoPP (20 �M). After 1 h, the macrophages were treated with
LPS (1 �g/mL) and harvested at 12 h after treatment. Total RNA was isolated
from the macrophages, and real-time PCR was performed. iNOS mRNA was
semiquantified by normalizing with that for GAPDH mRNA. Values represent
the mean ± S.E.M. (n = 4). The significance of difference was assessed by one-
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Fig. 8. Change of LPS-mediated phosphorylation of I�B-� by pretreatment with
CoPP or SnPP in WT macrophages. (A and B) WT macrophages were pretreated
with CoPP (20 �M) or SnPP (20 �M). After 1 h, the macrophages were treated
with LPS (1 �g/mL) and harvested at 2 h after treatment. The macrophages were
solubilized with 4% SDS, and were analyzed to determine the content of I�B-�
and phosphor-I�B-� employing immune-blot analysis. (A) Western blot analy-
sis was performed. (B) Blots for phosphor-I�B-� protein were semiquantified by
normalizing with that for GAPDH protein. Values represent the mean ± S.E.M.
(n = 3). The significance of difference was assessed by one-way ANOVA, fol-
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ay ANOVA, followed by the Tukey–Kramer test (*p < 0.05 and ns, indicating
o significant difference).

bout the suppressive mechanism of the iNOS gene expression.
everal studies have reported that the defense effects of HO-1 on
xidative stress and others depend on biliverdin or CO which are
egradation products of heme catabolizing by HO-1. Biliverdin
unctions as radical scavengers. However, no report is available
n the inhibition of the iNOS gene expression by biliverdin or
ilirubin. It is known that upregulation of the iNOS expression is

romoted by activation of NF-�B (Guha and Mackman, 2001).
t was reported that [Ru(CO)3Cl2], a CO-releasing molecule,
nhibits induction of iNOS by LPS (Srisook et al., 2006), and
ydrogen sulfide-induced HO-1 prevents LPS-induced NF-�B

p
g
N
c

owed by the Tukey–Kramer test (*p < 0.05 and ns, indicating no significant
ifference).

ctivation in RAW 264.7 cells (Oh et al., 2006). In this study, we
emonstrated that the pretreatment with CoPP, a HO-1 inducer,
ignificantly suppressed LPS-mediated I�B-� phosphorylation,
ut not SnPP, a HO-1 inhibitor (Fig. 8). This result suggests
hat LPS-mediated the inhibition of iNOS gene expression by
O-1 induction partially involves prevention of LPS-mediated

�B phosphorylation. Taken together, these results support the
otion that CO from heme degradation by HO-1 inhibits the
NOS gene expression by prevention of LPS-mediated NF-
B activation, which probably leads to its anti-inflammatory
ffect.

In summary, we explored the effect of HO-1 and the impor-
ance of its transcription factor Nrf2 on negative regulation of
he iNOS gene expression in mouse primary macrophages stim-
lated with LPS. LPS induced the HO-1 expression through
he Nrf2-dependent pathway via NO production during the
ncreased iNOS expression. Here we extended the idea of mutual
egulation iNOS and HO-1 gene expressions induced by LPS.
pecifically, the LPS-induced iNOS expression was inhibited
y the HO-1 inducer through the Nrf2 pathway. It is clear
hat Nrf2 is involved in the induction of biological defense
roteins such as antioxidant proteins, associated proteins of

lutathione synthesis and/or phase II detoxification enzymes.
rf2(−/−) mice are much more susceptible to hepatic toxi-

ities of acetaminophen (Chan et al., 2001; Enomoto et al.,
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001), pulmonary toxicities of hyperoxia (Cho et al., 2002)
nd stomach carcinogenesis by benzo[a]pyrene (Ramos-Gomez
t al., 2001). Therefore, Nrf2 plays an important role in the
egulation of the biological defense system. We conclude that
O-1 helps to protect from cell dysfunction by persistence of
O production and to maintain homeostasis. Further studies

re needed in order to elucidate the functional roles of HO-1
n vivo.
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