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a b s t r a c t

In this study, we demonstrate that raloxifene, a selective estrogen receptor modulator, is a potent inducer
of the anti-inflammatory enzyme heme oxygenase-1 (HO-1). In RAW264.7 macrophages, raloxifene
induced HO-1 mRNA and protein expression. Pretreatment of ICI182780, an estrogen receptor (ER)
antagonist or knock-down of endogenous ERa or ERb gene by RNA interference failed to reverse ralox-
ifene-mediated HO-1 induction, indicating an estrogen receptor-independent mechanism. Interestingly,
the raloxifene-induced HO-1 expression was suppressed by reactive oxygen species (ROS) scavengers,
including glutathione, TEMPO, Me(2)SO, 1,10-phenanthroline, or allopurinol. In addition, buthionine
sulfoximine, an inhibitor of reduced glutathione synthesis, or Fe2þ/Cu2þ ions enhanced the positive effect
of raloxifene on HO-1 expression. Consistent with these findings, raloxifene induced production of
intracellular ROS and increased xanthine oxidase activity in vitro. Additional experiments revealed the
involvement of mitogen-activated protein kinase (MAPK) kinase6 and p38 MAPK in the up-regulation of
HO-1 by raloxifene and identified p38 MAPK as a downstream effector of ROS. Furthermore, the ROS-p38
MAPK cascade targeted the transcription factor cAMP-responsive element-binding protein (CREB).
Finally, the functional significance of HO-1 induction was revealed by raloxifene-mediated inhibition of
inducible nitric oxide synthase expression and nitric oxide production, a response reversed by the
inhibition of HO-1 protein synthesis or blockade of p38 MAPK or xanthine oxidase activity. Therefore,
identification of ROS-p38 MAPK-CREB-linked cascade as cellular relays in raloxifene-mediated HO-1
expression defines the signaling events that could participate in raloxifene-mediated anti-inflammatory
response.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heme oxygenase (HO, EC 1.14.99.3) is a microsomal enzyme that
catalyzes the breakdown of heme into equimolar amounts of
carbon monoxide, biliverdin, and free iron using molecular oxygen
and reduces equivalents from NADPH:cytochrome P450 reductase
[1]. Two different mammalian HO isoforms have been character-
ized, one of which is, HO-1, ubiquitously distributed and highly
: þ82 33 242 0459.
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induced by variety of stress stimuli [2]. The beneficial effects of HO-
1 induction by pathological stimuli may occur via several mecha-
nisms. Carbon monoxide, a key product of HO, inhibits inducible
nitric oxide synthase (iNOS) mRNA induction in cytokine-stimu-
lated intestinal epithelial cells [3]. Bilirubin, a potent antioxidant, is
produced from biliverdin, markedly inhibits iNOS expression and
nitric oxide (NO) production in lipopolysaccharide (LPS)-stimulated
RAW264.7 macrophage cells [4].

Selective estrogen receptor modulators (SERMs) are synthetic
estrogen ligands. These compounds bind with high affinity
to estrogen receptors but have tissue-specific effects distinct from
estrogen [5]. Raloxifene, a prototypic SERM, ameliorates progres-
sive bone loss in postmenopausal women. Recent observations
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point to an action of raloxifene as a potent anti-inflammatory agent.
In LPS-treated microglial cells, it inhibits the secretion of NO and
interleukin (IL)-6 by modulating the LPS-activated pro-inflamma-
tory signaling [6]. Raloxifene also reduces carrageenan-induced
acute inflammation by up-regulating peroxisome proliferators-
activated receptor (PPAR)-gamma and cytoprotective heat shock
protein72 in normal and ovariectomized rats [7]. However, the
molecular mechanisms by which raloxifene mediates its anti-
inflammatory effects are largely unknown. We here demonstrate
that raloxifene is a potent inducer of HO-1, exerting its anti-
inflammatory activity through the xanthine oxidase-ROS-p38
MAPK-CREB signaling to the up-regulation of HO-1.

2. Materials and methods

2.1. Chemicals

Raloxifene, LPS, actinomycin D, cyclohexamide, buthionine
sulfoximine (BSO), allopurinol, antimycin A, rotenone, TTFA, and
diphenylene iodonium (DPI) were purchased from Sigma Chemical
Co. (St. Louis, MI, USA). PD98059, SB203580, SP600125, and
reduced glutathione were from Calbiochem (La Jolla, CA). Small
interfering ribonucleic acids (siRNAs) for control, mouse ERa, and
ERb were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA).

2.2. DNA constructs

The 19-nucleotide gene-specific sequence spanning from
nucleotides 969 to 987 downstream of the gene transcription start
site was selected to suppress mouse HO-1 gene expression. The
selected sequence was inserted into a BglII/HindIII-cut pSUPER
vector to generate the pSUPER-shHO-1 vector. The depletion of
endogenous HO-1 by shRNAwas verified by RT-PCR. The expression
vectors containing wild type CREB and mutant CREB (S133A) were
obtained from Addgene. The expression vectors containing
pcDNA3-MEK1 (AA), pcDNA3-SEK1 (KR) and pcDNA3-MKK6 (KR),
dominant negative forms of MEK1, SEK1 and MKK6, respectively,
were kindly provided by Dr. Gutkind J. S. (National Institutes of
Health). Recombinant adenoviruses expressing GFP and an inactive
form of p38a, p38a (AF), were obtained from Dr. Jiahuai Han (The
Scripps Research Institute, California). The plasmid pHO-1-Luc was
provided by Dr. Norbert Leitinger (Department of Vascular Biology
and Thrombosis Research, University of Vienna, Vienna, Austria) as
described previously [8]. The mouse iNOS promoter-luciferase
plasmid DNA, piNOS-Luc, was a gift from Dr. Young-Myeong Kim
(Kangwon National University, Chuncheon, Korea).

2.3. Establishment of stable cell lines

RAW264.7 cells, a mouse macrophage cell line, obtained from
American Type Culture Collection (Manassas, VA) were transfected
with pcDNA3, pcDNA3-dnMEK1, pcDNA3-dnMKK6, pcDNA3-
dnSEK1, pSUPER, or pSUPER-HO-1 using the FuGENE 6 (Roche,
Mannheim, Germany). Stable cells were initially screened for
resistance to neomycin, (Invitrogen, Carlsbad, CA), and verified
through immunoblot analysis.

2.4. Xanthine oxidase activity assay

Xanthine oxidase activity was determined by monitoring the
rate of uric acid formation [9]. Briefly, different concentrations of
cow milk xanthine oxidase (Roche Diagnostics) in a reaction
mixture containing 0.1 mM xanthine and 0.1 mM EDTA in 50 mM
phosphate potassium buffer (pH 7.4) were incubated at 37 �C with
vehicle or raloxifene. The reaction was stopped after 20 min by
addition of 100 ml of 100% (w/v) trichloroacetic acid. After centri-
fugation at 10,000�g for 15 min, the uric acid produced in the
supernatants was measured on the basis of the change in the
absorbance at 293 nm.

2.5. Immunoblot analysis

Immunoblot analysis was done previously [10] using anti-HO-1
(H105; Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-
p38 (G9; Cell Signaling Technology, Beverly, MA), anti-phospho-
CREB (2B1; Cell Signaling Technology, Beverly, MA), anti-iNOS (54;
Transduction Laboratories, Lexington, KY), anti-FLAG (M5; Sigma
Chemical Co. St. Louis, MI), and anti-b-actin (AC-15; Sigma, St. Louis,
MO) antibodies.

2.6. Statistical analysis

All data presented were expressed as mean� SD, and a repre-
sentative of three or more independent experiments. Statistical
analyses were assessed by Student’s t test for paired data. Results
were considered significant at p< 0.05.

Detailed of materials and methods used in this study are
provided in Supplementary materials and methods. Measurement
of intracellular ROS, RT-PCR, and transfectionwere performed using
standard methods.

3. Results

3.1. Raloxifene induces HO-1 expression in an estrogen
receptor-independent manner

We firstly examined whether raloxifene affects ho-1 gene
expression. Immunoblot analysis revealed dose- (Fig.1A), and time-
dependent (Fig 1B) induction of HO-1 by raloxifene. Consistent
with this result, treatment of RAW264.7 cells with raloxifene-
stimulated HO-1 promoter activity in dose- (Fig. 1C), and time-
dependent (Fig. 1D) manners. This raloxifene induction of HO-1
expression resulted primarily from transcriptional activation
(Supplementary Fig. 1A and B).

Since raloxifene is known to exhibit a tissue-specific estrogen-
agonist effect by binding with high affinity to estrogen receptors
[5], we investigated whether induction of HO-1 by raloxifene is
dependent on estrogen receptors. ICI 182,780, an antagonist of
estrogen receptor, had no effect on up-regulation of HO-1 by
raloxifene (Supplementary Fig. 2). Furthermore, raloxifene-induced
HO-1 expression (Fig. 1E) and promoter activity (Fig. 1F) were not
affected by transfection with siRNA specific for ERa or ERb.

3.2. ROS generation via Fenton reaction is required for
raloxifen-induced HO-1 expression

Because changes in the intracellular redox status have been
implicated in the induction of HO-1 [11], we examined the effects of
GSH and BSO, an inhibitor of glutathione synthesis. Fig. 2A showed
that GSH dramatically inhibited raloxifene-induced HO-1 expres-
sion, whereas BSO further enhanced it. In addition, BSO by itself
was able to induce HO-1 expression (Fig. 2A). The induction of HO-1
protein by raloxifene was completely suppressed by TEMPO,
a superoxide dismutase mimetic for superoxide anion (O2

�) or
Me2SO, a scavenger of hydroxyl radicals (�OH) (Fig. 2B). Consistent
with these observations, raloxifene increased the level of intracel-
lular ROS (Supplementary Fig. 3).

The most likely mode of intracellular production of highly active
ROS, such as _OH, is via Fenton reaction in many cell types [12]. We



Fig. 1. Raloxifene (RAL) induces HO-1 expression in an ER-independent manner in RAW264.7 cells. Cells were incubated with various concentrations of RAL for 24 h (A) or with RAL
(10�7 M) for the indicated periods (B). Cells were transfected with an HO-1 promoter-containing luciferase reporter plasmid (pHO-1-Luc). The transfectants were treated with
indicated concentrations of RAL for 24 h (C) or with RAL (10�7 M) for the indicated periods (D). (E) Cells transfected with siRNA for control or ERa were treated without or with RAL
(10�7 M) for 24 h. (F) Subconfluent cells, which were co-transfected with pHO-1-Luc and siRNA for control or various concentrations of ERb, were incubated with vehicle (0.1%
ethanol) or RAL (10�7 M) for 24 h. Immunoblots of whole cell lysates were probed with anti-ho-1 (A and B), anti-ERa (E), and b-actin (A, B, and E) antibodies. Luciferase activities
were measured and normalized to co-transfected b-galactosidase activities (C, D, and F). Bars depict the mean� SD of three independent experiments. *p< 0.05 and **p< 0.025
compared with control cells untreated with RAL.
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thus examined whether chemical species generated from H2O2
through the Fenton reactions could affect raloxifene-induced HO-1
expression. As shown in Fig. 2C, the addition of Fe2þ or Cu2þ ions
markedly enhanced raloxifene-induced HO-1 expression and
promoter activity. Notably, when the cells were incubated with
Fe2þ or Cu2þ ions alone, a detectable expression of HO-1 protein
also took place. By contrast, treatment with 1,10-phenanthroline,
a chelator of copper and iron ions, completely diminished HO-1
expression and promoter activity (Fig. 2C) in raloxifene-stimulated
RAW264.7 cells.
3.3. Involvement of the xanthine/xanthine oxidase system
on raloxifene-induced HO-1 expression

The NADPH oxidase complex, the xanthine/xanthine oxidase
system, and the mitochondrial respiratory chain are largely
attributed as the major source of intracellular ROS production in
most cell types [13,14]. Pretreatment of cells with an inhibitor of
NADPH oxidase, diphenylene iodonium chloride, or stable trans-
fection of cells with plasmid carrying manganese superoxide dis-
mutase, a main mitochondrial enzyme scavenging superoxide, did
not change ROS production induced by raloxifene (Supplementary
Fig. 4). By contrast, pretreatment of cells with allopurinol,
a xanthine oxidase inhibitor markedly diminished raloxifene-
induced ROS production (Fig. 3A) and HO-1 expression (Fig. 3B). To
further evaluate the involvement of xanthine oxidase in the
raloxifene signaling to ROS generation and HO-1 expression, we
assayed xanthine oxidase activity of raloxifene under an in vitro
condition. The enzyme activity was determined by measuring the
formation of uric acid, the other product, besides O2

�, of xanthine/
xanthine oxidase catabolism. As shown in Fig. 3C, upon incubation
with raloxifene, the enzyme activity became increased by about
threefold.
3.4. The p38 MAPK-CREB-linked cascade acts downstream of ROS
in raloxifene signaling to HO-1 expression

We next examined whether signaling pathways involving
mitogen-activated protein kinases (MAPKs) are responsible for the
up-regulation of ho-1 gene expression by raloxifene in macro-
phages. As shown in Fig. 4A, a strong inhibition on HO-1 induction
by raloxifene was observed in RAW264.7pcDNA3-MKK6 (KR) cells,
but not in RAW264.7pcDNA3-MEK1 (AA) cells or RAW264.7-
pcDNA3-SEK1 (KR) cells. Consistent with this observation, infection



Fig. 3. RAL induces ROS production and HO-1 expression via xanthine oxidase in RAW264.7 cells. (A) Cells were preincubated without or with allopurinol (ALLO, 1 mM) for 30 min,
followed by treatment with DCFDA for 20 min prior to RAL (10�7 M) stimulation for 30 min. DCF fluorescence was quantified as described in “Materials and methods”. In bottom,
data are means� SD of the fluorescence intensities measured from three independent experiments. *p< 0.05 compared with cells treated with RAL. (B) Cells were preincubated
with the indicated concentrations of allopurinol for 30 min and then treated or not with RAL (10�7 M) for 24 h. Western blot analysis was performed using anti-HO-1 or anti-b-actin
antibodies, respectively. (C) Xanthine oxidase at the indicated doses was incubated at 37 �C with vehicle (0.1% ethanol) or RAL (10�7 M) for 20 min. Uric acid production was then
measured on the basis of the absorbance at 293 nm. Plotted values are the mean� SD from three independent experiments.

Fig. 2. ROS generation via Fenton reaction is required for raloxifen- induced HO-1 expression. (A) RAW264.7 cells were treated with (A) reduced glutathione (GSH, 3 mM) or
buthionine sulfoximine (BSO, 0.5 mM), (B) TEMPO (100 mM) or Me2SO (0.5%) for 30 min, followed by treatment without or with RAL (10�7 M) for additional 24 h. (C) RAW264.7
cells, which were transfected with pHO-1-Luc, were preincubated with in the absence or presence of 1,10-phenanthroline (1,10-Phe, 20 mM) or FeSO4 plus CuSO4 (50 mM) for 30 min
and then treated or not with RAL (10�7 M) for 24 h. Cell lysates were fractionated on 12% SDS-PAGE to determine the level of HO-1 and b-actin protein expression (upper panel), and
the luciferase activity of HO-1 promoter was measured by luminometer (lower panel). *p< 0.05 compared with cells treated with RAL.

S.-A. Lee et al. / Biochimie 93 (2011) 168e174 171



Fig. 4. The p38 MAPK-CREB-linked cascade acts downstream of ROS in raloxifene signaling to HO-1 expression. (A) RAW264.7pcDNA3, RAW264.7pcDNA3-dnMEK1, RAW264.7-
pcDNA3-dnMKK6 and RAW264.7pcDNA3-dnSEK1 cells were incubated without or with RAL (10�7 M) for 24 h. RAW264.7 cells were infected with adenovirus carrying an inactive
form of p38a cDNA at an m.o.i. of 200. Then the cells were treated with RAL (10�7 M) for 24 h (B) or 30 min (E). Adenovirus carrying a b-galactosidase (m.o.i. of 500) was used as
a control. (C) RAW264.7 cells were preincubated with the indicated concentrations of allopurinol (ALLO) for 30 min. Then the cells were treated or not with RAL (10�7 M) for 30 min.
Whole lysates were analyzed for expression of HO-1 (A and B), p38 (C and D), and b-actin (A, B, C, and E), and extent of phosphorylation of p38 (C) and CREB (E) by western blot. (D)
Cells were infected with adenoviruses with p38a (AF) or LacZ alone (m.o.i. of 200). Then the cells were incubated without or with RAL (10�7 M) for 30 min in the presence of the
H2O2-sensitive fluorescence dye DCFH-DA. DCF fluorescence was quantified by flow cytometry. (F) RAW264.7 cells were co-transfected with pHO-1-Luc and a vector expressing wt-
CREB (WT) or dn-CREB (DN), or a control vector (Vec) and incubated for 24 h. Transfectants were stimulated with vehicle (0.1% ethanol) or RAL (10�7 M) for 24 h. Luciferase
activities were measured. Bars depict the mean� SD of three independent experiments. *p< 0.05 compared with control cells treated with RAL.
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of cells with adenovirus carrying an inactive p38a (AF) resulted in
significant decrease of HO-1 expression upon raloxifene treatment
(Fig. 4B). Likewise, the raloxifene-mediated HO-1 induction was
dramatically blocked by SB203580, a specific inhibitor of p38
MAPK, whereas U0126 and SP600125, specific inhibitors of MEK 1/
2 and JNK1/2, had no significant effects (Supplementary Fig. 5A).
Finally, raloxifene time- (Supplementary Fig. 5B) and concentra-
tion-dependently (Fig. 5C) induced phosphorylation of p38 MAPK.

We next determined whether p38 MAPK activation is situated
upstream or downstream of ROS generation in the raloxifene
signaling to HO-1 up-regulation. Pretreatment of cells with allo-
purinol dose-dependently abolished raloxifene-induced p38 MAPK
phosphorylation (Fig. 5C). However, raloxifene treatment led to the
same level of ROS production in both RAW264.7pcDNA3 and
RAW264.7pcDNA3-p38a (AF) cells (Fig. 5D).

It has been reported that p38 MAPK activates cAMP-responsive
element-binding protein (CREB) and the HO-1 promoter contains
CREB-responsive elements [8]. We thus examined whether ralox-
ifene induces phosphorylation of CREB. Treatment of cells with
raloxifene resulted in dose- (Supplementary Fig. 6A), and time-
dependent (Supplementary Fig. 6B) phosphorylation of CREB, and
this was blocked by allopurinol (Supplementary Fig. 6C) or by stable
expression of p38a (AF) (Fig. 4E). We next determined whether
CREB is required for HO-1 induction by raloxifene. As shown in
Fig. 4F, expression of wild type of CREB significantly enhanced
raloxifene-induced HO-1 promoter activity, whereas expression of
an inactive mutant CREB (S133A), which carries a serine to alanine
mutation at Ser 133 and therefore cannot be phosphorylated,
strongly abolished it.
3.5. Xanthine/xanthine oxidase-ROS-p38 MAPK-HO-1 cascade
mediates the inhibitory effect of raloxifene on LPS-induced
iNOS expression and NO production

We finally determined whether HO-1 plays a role in the
suppressive effect of raloxifene on the NO production. Immunoblot
analysis revealed that raloxifene-induced HO-1 expression was
substantially reduced in RAW264.7pSUPER-shHO-1 cells compared
with the RAW264.7pSUPER control cells (Fig. 5A). The inhibitory
effect of raloxifene on LPS-induced iNOS expression and NO
production was significantly prevented in RAW264.7pSUPER-
shHO-1 cells compared with its control cells (Fig. 5A). We also
investigated whether xanthine oxidase-ROS-p38 MAPK-linked
signaling cascade to HO-1 expression is susceptible to the anti-
inflammatory effect of raloxifene in LPS-stimulated macrophage
cells. As shown in Fig. 5B, SB203580 or allopurinol significantly
attenuated the anti-inflammatory effect of raloxifene.

4. Discussion

SERMs can be used for treatment of inflammatory diseases as
estrogen does. However, the molecular mechanisms underlying
their chemotherapeutic effects are poorly understood. We here
provide the first evidence supporting a pivotal, mediatory role of
HO-1 in the suppression by raloxifene of LPS-induced NO
production.

Because SERMs bind with high affinity to ERs [5], the expression
of their response genes is thought to be controlled primarily in an
ER-dependent manner. However, the up-regulation of HO-1 by



Fig. 5. Xanthine oxidase-ROS-p38-HO-1 cascade mediate the inhibitory effect of raloxifene on LPS-induced iNOS expression and NO production. (A) RAW264.7pSUPER and
RAW264.7pSUPER-shHO-1 cells were pretreated with RAL (10�7 M) for 3 h before stimulation with LPS (1 mg/ml) for 24 h. (B) RAW264.7 cells were pretreated with SB203580
(10 mM) or allopurinol (ALLO, 0.1 mM) for 30 min, followed by treatment with RAL (10�7 M) for 3 h prior exposure to LPS (1 mg/ml) for 24 h. Immunoblots of whole cell lysates were
probed with iNOS, HO-1 and b-actin antibodies. Nitrite accumulation in culture mediumwas determined with Griess reagent. *p< 0.05 compared with RAW264.7pSUPER cells (A) or
RAW264.7 cells (B) treated with LPS/RAL.

S.-A. Lee et al. / Biochimie 93 (2011) 168e174 173
raloxifene in macrophages was not affected by the ER antagonist ICI
182,780, or siRNA specific to ERa or ERb, suggesting that it can be
regulated by ER-independent mechanisms. In agreement with the
present data, recent accumulating observations also indicate that
SERMs can regulate aspects of diverse cellular signaling in an
ER-independent manner. For example, tamoxifen inhibits prolifer-
ation of ER-negative breast cancer cells via induction of p21WAF1

[15]. 4-Hydroxytamoxifene, an active metabolite of tamoxifen,
triggers programmed cell death of ER-negative HeLa cells via cas-
pase activation [16]. Thus, our finding provides a further clue
supporting the hypothesis that SERMs can regulate cellular
signaling events through interaction with targets other than ER.

The existence of a relationship between the elevation of ROS
levels and the transcriptional activation of genes encoding antiox-
idant enzymes is well established [11]. We provide evidence that
an increased level of ROS contributes to raloxifene-induced
HO-1 expression in RAW264.7 cells. Furthermore, we show that
increased ROS levels upon treatment of raloxifene are due to the
increased activity of xanthine oxidase, and the metal ion-depen-
dent generation of free radicals via the Fenton reaction is primarily
involved in this regulation. This finding is consistent with an earlier
report that suggested a major portion of ROS involved in the up-
regulation of HO-1 by 15-deoxy-prostaglandin J2 in lymphocytes is
generated via the xanthine oxidase [17].

ROS generation in response to external stimuli has been related
to the activation of mitogen-activated protein (MAP) kinases [18].
Our finding that allopurinol decreased raloxifene-induced phos-
pho-p38 MAPK levels, whereas inhibition of p38 MAPK did not
affect raloxifene-induced ROS production suggests that ROS acts
upstream of p38 MAPK in raloxifene signaling to HO-1 expression.

Various transcription factors have been suggested to play key
roles in the regulation of ho-1 gene expression [19]. We examined
the nuclear targets of activated p38 MAPK. The findings of the
present study suggest that phosphorylation of CREB is required for
up-regulation of ho-1 gene by raloxifene and that it may acts as
a downstream target of p38 MAPK. Because Nrf2, a bZIP tran-
scription factor, has been also suggested to be a key transcription
factor regulating HO-1 expression [20,21], we addressed whether
raloxifene induces HO-1 via the Nrf2 pathway in addition to
activating CREB. Our data showed that Nrf2 is a minor contributor
to HO-1 up-regulation by raloxifene (Supplementary Fig. 7A) and
activation of Nrf2 by raloxifene is independent of p38 MAPK
(Supplementary Fig. 7B and C). These results indicate that although
necessary for full stimulation of ho-1 gene promoter by raloxifene,
Nrf2 and p38MAPK/CREB are activated via different signaling
pathways and the ROS-p38 MAPK-CREB-linked cascade represents
a major signaling pathway leading to HO-1 expression in response
to raloxifene.

In summary, raloxifene inhibits iNOS expression and NO
production by inducing HO-1 expression independent of ER via
sequential events such as stimulation of xanthine oxidase, ROS
generation, and activation of p38 MAPK-mediated CREB in
LPS-stimulated macrophages. The data presented here provide the
first evidence that HO-1 plays a pivotal, mediatory role in the anti-
inflammatory function of raloxifene. The identification of HO-1 as
a downstream effecter of raloxifene provides new possibilities for
improved therapeutic approaches for treating inflammatory
diseases.
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