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Astrocytes Induce Hemeoxygenase-1 Expression in
Microglia: A Feasible Mechanism for Preventing Excessive
Brain Inflammation
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Microglia are the major inflammatory cells in the brain, in which microglial inflammatory responses are modulated by interactions with
other brain cells. Here, we show that astrocytes, the most abundant cells in the brain, can secrete one or more factors capable of
modulating microglial activation by regulating the microglial levels of reactive oxygen species (ROS). Treatment of microglia with
astrocyte culture-conditioned media (ACM) increased the expression level and activity of hemeoxygenase-1 (HO-1). ACM also induced
nuclear translocation of the nuclear factor E2-related factor 2 transcription factor, increased the binding activity of the antioxidant
response element (ARE), and enhanced HO-1 promoter activity in an ARE-dependent manner. Furthermore, treatment with ACM
suppressed interferon-� (IFN-�)-induced ROS production, leading to reduced inducible nitric oxide synthase (iNOS) expression and
nitric oxide (NO) release. In agreement with these results, mimickers of HO-1 products, such as bilirubin, ferrous iron, and a carbon
monoxide-releasing molecule, reduced IFN-�-induced iNOS expression and/or NO release. Finally, we found that the active compo-
nent(s) in ACM was heat labile and smaller than 3 kDa. Together, these results suggest that astrocytes could cooperate with microglia to
prevent excessive inflammatory responses in the brain by regulating microglial expression of HO-1 and production of ROS.
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Introduction
After brain injury, brain macrophages called microglia are acti-
vated, leading to production of inflammatory mediators such as
nitric oxide (NO), tumor necrosis factor-� (TNF-�), and pros-
taglandins. Although inflammation is an indispensable defense
mechanism against pathogens, it often damages surrounding tis-
sues. Therefore, the extent of inflammation should be tightly
controlled to maximize the antipathogenic effect while minimiz-
ing tissue damage.

Studies have shown that a number of cell types act in concert
to regulate inflammation via cell– cell interaction. Neutrophils
were recently shown to suppress TNF-� and interleukin-6 (IL-6)
release from macrophages in a mouse wound model, indicating
that neutrophils can negatively regulate inflammation. This type
of coordinated inflammatory regulation is also found in the
brain, in which microglia act as the major inflammatory cells in
concert with the highly abundant astrocytes. Previous studies

have reported that astrocytes suppress the expression of IL-12
and inducible nitric oxide synthase (iNOS) in activated microglia
(Aloisi et al., 1997; Vincent et al., 1997; Pyo et al., 2003). How-
ever, little is known regarding how astrocytes exert this effect.

Our group and others reported that reactive oxygen species
(ROS) are one of the major signaling molecules capable of mediating
microglial activation induced by several inflammatory stimulators
(Min et al., 2003, 2004; Qin et al., 2004). Therefore, microglial acti-
vation could be regulated by modulating intracellular ROS level.
Antioxidant enzymes such as heme oxygenase-1 (HO-1) could be
considered as candidate molecules to regulate intracellular ROS.
HO-1 catalyzes the degradation of heme, resulting in production of
biliverdin, carbon monoxide (CO), and ferrous iron (Fe 2�)
(Maines, 1988). Many studies have reported the anti-inflammatory
as well as antioxidant roles of HO-1. Biliverdin reductase converts
biliverdin into bilirubin, and bilirubin alleviates oxidative damage at
injury sites in experimental autoimmune encephalomyelitis models
and inhibits lipopolysaccharide-induced NO production in macro-
phages (Liu et al., 2003; Wang et al., 2004). Carbon monoxide atten-
uates bronchial inflammation induced by aeroallergen and prevents
liver inflammation (Chapman et al., 2001; Ott et al., 2005). And
finally, ferrous iron released by HO activity rapidly induces expres-
sion of ferritin, protecting cells under oxidizing conditions by se-
questering free cytosolic iron (Ward et al., 1994).

The induction of HO-1 is regulated at the level of transcrip-
tion. Nuclear factor E2-related factor 2 (Nrf2), a basic leucine
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zipper transcription factor, plays an important role in the expres-
sion of HO-1 in response to diverse HO-1 inducers, including the
HO-1 substrate heme, various environmental and industrial tox-
ins, and even antioxidants (for review, see Alam and Cook, 2003).
In response to these inducers, Nrf2 translocates to the nucleus
and binds to the antioxidant response element (ARE) in the pro-
moter region of HO-1 gene (Itoh et al., 1997).

Here, we examined whether astrocytes modulate microglial
inflammatory responses through decreasing microglial ROS
level. The results in this study demonstrated that astrocyte culture
conditioned media (ACM) induced nuclear translocation of
Nrf2, increased the ARE binding activity of Nrf2, and enhanced
HO-1 expression and activity in microglia. These responses
might lead to decreased microglial intracellular ROS levels and
suppression of interferon-� (IFN-�)-induced inflammatory re-
sponses, indicating that excessive microglial brain inflammation
and subsequent tissue damage might be prevented by interac-
tions between microglia and astrocytes.

Materials and Methods
Materials. H2O2 was purchase from Duksan Pure Chemical (Ansan, Ko-
rea). Interferon-� was purchased from Peprotech (Rocky Hill, NJ). He-
min was purchased from Porphyrin Products (Logan, UT). PCR primers

were obtained from Bioneer (Daejeon, Korea). The others were pur-
chased from Sigma (St. Louis, MO).

Cell culture. Primary microglia were cultured from the cerebral corti-
ces of 1- to 3-d-old Sprague Dawley rats as described previously (Giulian
and Baker, 1986; Pyo et al., 1998). Briefly, cortices were triturated into
single cells in minimal essential media (MEM) (Sigma) containing 10%
fetal bovine serum (FBS) (JBI, Taegu, Korea), plated in 75 cm 2 T-flasks
(0.5 hemisphere/flask), and incubated for 2 weeks. Microglia were de-
tached from the flasks by mild shaking and filtered through a nylon mesh
to remove astrocytes and cell clumps. Microglia were cultured in MEM
containing 5% FBS. Primary astrocytes remaining in the flask were har-
vested with 0.1% trypsin. Astrocytes were plated in 100 mm dishes and
cultured in MEM supplemented with 10% FBS. BV2 cells (murine mi-
croglial cells) were cultured in DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 5% FBS.

Preparation of ACM. Astrocytes were grown to confluence. On reaching
confluence, culture media were changed with MEM without FBS. ACM were
collected 3 d after the media changed and stored at �70°C until use.

Measurement of ROS. For measurement of intracellular ROS levels,
cells were incubated with 10 �M 5-(and-6)-chloromethyl-2�,7�-
dichlorodihydro-fluorescein diacetate [CM-H2DCF-DA (herein re-
ferred to as DCF) (Invitrogen)] for 10 min. The cells were then washed
with D-PBS (in mM: 2.68 KCl, 1.47 KH2PO4, 136.89 NaCl, and 8.1
Na2HPO4), and the fluorescence and differential interference contrast
(DIC) images were taken using a Zeiss (Oberkochen, Germany) laser
confocal microscope. DCF intensities of cells were also counted using

LSM 5 Image Browser (Zeiss).
HO-1 activity assay. HO enzyme activity was

measured as described previously (Kutty and
Maines, 1982). Briefly, microsomes from BV2
cells and primary microglia were added to a
reaction mixture containing NADPH (0.8
mM), rat liver cytosol (2 mg) as a source of biliv-
erdin reductase, the substrate hemin (10 �M),
glucose-6-phosphate (2 mM), and glucose-6-
phosphate dehydrogenase (0.2 U). The reac-
tion was performed in the dark for 1 h at 37°C
and terminated by the addition of 500 �l of chlo-
roform. The amount of bilirubin left in the chlo-
roform layer was measured by calculating the dif-
ferences in optical densities at 450 and 540 nm.

Immunocytochemistry. Cells were fixed with
100% methanol at �20°C for 20 min, washed
with PBS, and incubated with 10% FBS for 30
min. The cells were then incubated overnight at
4°C with an anti-Nrf2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), washed with
PBS, and reacted with a fluorescence-
conjugated secondary antibody (Cappel,
Durham, NC) for 1 h at room temperature. The
cells were then washed, stained for 5 min with
20 �M Hoechst 33342 (Invitrogen), and finally
examined under a Zeiss laser confocal micro-
scope. Phase images were taken under a Nikon
(Tokyo, Japan) Diaphot 300.

Measurement of NO. The amount of nitrite
formed from NO was measured by mixing the
culture medium (50 �l) with an equal volume
of Griess reagent (0.1% naphthylethylene dia-
mine, 1% sulfanilamide, and 2.5% H3PO4).
The optical density was measured at 540 nm
(Ding et al., 1988) .

Reverse transcription-PCR. Total RNA was
isolated using RNAzol B (iNtRON, Sungnam,
Korea), and cDNA was prepared using the
Avian Myeloblastosis Virus reverse transcrip-
tase (Promega, Madison, WI), according to the
instructions of the manufacturer. Reverse tran-
scription (RT)-PCR was performed using

Figure 1. ACM inhibits H2O2-induced ROS production in microglia. Primary microglia were treated with 100 nM H2O2 for the
indicated time periods (A, B) or pretreated (P) with ACM for the indicated times and then treated with 100 nM H2O2 for 5 min (C,
D). Intracellular ROS levels were assayed using 10 �M DCF as described in Materials and Methods. A, C, Fluorescence (DCF) images;
DIC images were taken using a Zeiss laser confocal microscope. Scale bars, 50 �m. B, D, DCF intensities of cells in A and C were
counted using LSM 5 Image Browser (Zeiss). Values are mean � SEM of 10 –15 cells. *p � 0.01 compared with H2O2. The data are
representative of at least three independent experiments.

Table 1. Primers for RT-PCR of HO-1, GAPDH, and actin

Sense Antisense

Rat HO-1 5�-ACTTTCAGAAGGGTCAGGTGTCC-3� 5�-TTGAGCAGGAAGGCGGTCTTAG-3�
Rat GAPDH 5�-TCCCTCAAGATTGTCAGCAA-3� 5�-AGATCCACAACGGATACATT-3�
Mouse HO-1 5�-CTATGTAAAGCGTCTCCA-3� 5�-GTCTTTGTGTTCCTCTGTC-3’
Mouse actin 5�-CATGTTTGAGACCTTCAACACCCC-3� 5�-GCCATCTCCTGCTCGAAGTCTAG-3�
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primers specific for the HO-1, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and ac-
tin genes (Table 1). The amplified products
were separated by electrophoresis on a 1.5%
agarose gel and detected under UV light.

Western blot analysis. Cells were washed twice
with cold PBS and lysed on ice in modified ra-
dioimmunoprecipitation assay buffer (50 mM

Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM Na3VO4,
and 1 mM NaF) containing protease inhibitors
[2 mM phenylmethylsulfonyl fluoride (PMSF),
10 �g/ml leupeptin, 10 �g/ml pepstatin, and 2
mM EDTA]. Each lysate was centrifuged at
10,000 � g for 10 min at 4°C, and the superna-
tants were collected. Proteins were separated by
SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was incubated with
antibodies against iNOS (Upstate Biotechnol-
ogy, Lake Placid, NY), HO-1 (Stressgen Bio-
technologies, Victoria, British Columbia, Can-
ada), or actin (Santa Cruz Biotechnology),
followed by incubation with peroxidase-
conjugated secondary antibodies (Zymed, San
Francisco, CA) and visualization using an en-
hanced chemiluminescence system.

Plasmid. The wild-type (E1 and E2) and ARE
site-mutated (E1-M739 and E2-M45) HO-1
promoter/luciferase fusion constructs were
kindly provided by Dr. Alam (Ochsner Clinic
Foundation, New Orleans, LA) (Alam et al.,
2003). E1 and E2 are mouse HO-1 promoters
containing three ARE sequences, and E1-M739
and E2-M45 have mutations in three ARE core
sequences.

Transfections and luciferase assay. Transient
transfections were performed in triplicate on 35
mm dishes. One day before transfection, BV2
cells were plated to maintain �60 – 80% conflu-
ence. The cells were transiently transfected with
the plasmid E1, E2, E1-M739, or E2-M45 using
Lipofectamine Plus reagents and Lipofectamine
as instructed by the manufacturer (Invitrogen).
After overnight transfection, cells were treated
with ACM. Luciferase assay was performed ac-
cording to the instructions of the manufacturer
(Promega).

Measurement of ARE binding activity by elec-
trophoresis mobility shift assay and supershift as-
say. ARE binding activities were measured us-
ing electrophoresis mobility shift assay
(EMSA), as described previously (Pier et al.,
1981; Ryu et al., 2000). BV2 cells (1 � 10 6) and
primary microglia (1.5 � 10 6) were harvested
and suspended in 900 �l of hypotonic solution
[in mM: 10 HEPES, 10 KCl, 0.1 EDTA, 0.1
EGTA, 1 dithiothreitol (DTT), and 0.5 PMSF,
pH 7.9] for 15 min, followed by incubation in
hypotonic solution containing 0.5% NP-40 for
5 min. The cells were then centrifuged at 500 �
g for 10 min at 4°C, and the pellet containing the
nuclear fraction was resuspended in buffer con-
taining 20 mM HEPES, 20% glycerol, 0.4 M

NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
and 1 mM PMSF, pH 7.9. The samples were in-
cubated on ice for 60 min with gentle shaking
and then centrifuged at 10,000 � g for 10 min.
The crude nuclear fractions (supernatants)
were collected and stored at �70°C until use.

Figure 2. ACM induces HO-1 expression in microglia. Primary microglia (A–C) and BV2 cells (D–F ) were treated with
ACM for the indicated times. HO-1 mRNA and protein expression were determined using RT-PCR (A, D) and Western
blotting (B, E). C, F, HO-1 activity was assayed as described in Materials and Methods. Values were mean � SEM of three
samples. #p � 0.05; *p � 0.01 compared with the control. Data are representative of at least three independent
experiments.

Figure 3. ACM induces nuclear translocation of Nrf2. Primary microglia were treated with ACM for the indicated times. A, Cells
were fixed and labeled with an anti-Nrf2 antibody, followed by an FITC-conjugated secondary antibody. The nuclei were visualized
with Hoechst staining as described in Materials and Methods. The fluorescence images were obtained using a Zeiss laser confocal
microscope. B, Phase-contrast images were obtained using a Nikon Diaphot 300. Scale bar, 50 �m. Data are representative of two
independent experiments.

1882 • J. Neurosci., February 8, 2006 • 26(6):1880 –1887 Min et al. • Astrocytes Induce HO-1 Expression in Microglia



Oligonucleotides representing the ARE [5�-TGGGGAACCTGTGCT-
GAGTCACTGGAG-3�; core ARE sequence is underlined) (Santa Cruz
Biotechnology) (Suh et al., 2004)] and its complementary sequence were
end labeled using T4 polynucleotide kinase (Promega) and
[�- 32P]dATP. The labeled DNA probe (�0.5 ng) was incubated for 30
min with 1 �g of nuclear proteins in a reaction mixture containing 21.4
mM EDTA, 21.4 mM EGTA, 20% glycerol, 0.29 mM ZnSO4, 10 ng/ml
poly(dI-dC), 1 mM DTT, 0.4 mg/ml bovine serum albumin, and 8 mM

MgCl2. The reaction mixture was resolved on a 6% polyacrylamide gel,
the gel was dried, and the results were subjected to autoradiography. For
supershift assays, the nuclear extracts were preincubated with 3 �g of
anti-Nrf2 antibody (Santa Cruz Biotechnology) for 3 h at 4°C before the
addition of the probe, and the reaction mixture was subjected to electro-
phoresis on a 6% polyacrylamide gel.

Fractionation of ACM. ACM was fractionated using Amicon (Beverly,
MA) Centriplus YM-3 centrifugal filter devices with a 3000 nominal
molecular weight limit (Millipore, Bedford, MA), using ultrafiltration at
3000 � g for 140 min. The fractions above and below the filter were saved
separately.

Statistical analysis. Data in Figure 2C were analyzed by t test, and others
were analyzed by one-way ANOVA followed by post hoc comparisons
(Student–Newman–Keuls test) using the Statistical Package for Social
Sciences 8.0 (SPSS, Chicago, IL).

Results
ACM suppresses ROS levels in microglia
Astrocytes are known to suppress the expression of inflammatory
mediators in activated microglia (Vincent et al., 1996; Aloisi et al.,
1997; Pyo et al., 2003). Because ROS are important signaling
molecules for mediation of microglial activation induced by sev-
eral stimulators (Min et al., 2003, 2004; Qin et al., 2004), we
hypothesized that astrocytes might be capable of regulating mi-
croglial intracellular ROS levels. First, we examined whether sol-
uble factors produced from astrocytes could regulate microglial
ROS levels using ACM. When microglia were treated with H2O2

(100 nM), the intracellular ROS levels increased within 5 min and
decreased to basal levels by 60 min (Fig. 1A,B). Next, we mea-
sured the intracellular ROS levels induced by H2O2 in microglia
pretreated with ACM for 3–12 h. Interestingly, ROS levels were
significantly reduced in cells pretreated with ACM for 6 and 12 h
but not in cells pretreated with ACM for 3 h (Fig. 1C,D). These
results suggested that soluble factors from astrocytes could regu-
late microglial ROS levels and that these soluble factors do not
have direct ROS scavenging effect.

ACM increases HO-1 expression
Because antioxidant enzymes are considered good candidate
molecules for modulating intracellular ROS levels, we examined
whether ACM could induce expression of an antioxidant en-
zyme, HO-1. In primary cultured microglia, ACM significantly
increased HO-1 mRNA and protein expression within 6 h, and
the expression levels increased at 12 h and were sustained and/or
further increased for up to 24 h (Fig. 2A,B). ACM also increased
HO-1 activity at 12 h (Fig. 2C).

In BV2 microglia, ACM also induced HO-1 mRNA and pro-
tein expression. However, BV2 cells and primary cultured micro-
glia showed slight differences in the time course of HO-1 mRNA
and protein expression. In BV2 cells, both mRNA and protein
levels increased within 3– 6 h, a little earlier than in primary cul-
tured microglia (data not shown), and slightly decreased at 24 h
(Fig. 2D,E). ACM also increased HO-1 activity in BV2 cells.
Within 6 h, HO-1 activity was increased 1.5- to 3-fold depending
on experiments, and the activity was sustained for up to 24 h (Fig.
2F). These results collectively suggested that ACM could modu-
late microglial ROS levels through the expression of HO-1.

ACM activates Nrf2
Nrf2 is a key transcription factor that mediates expression of
HO-1 (Itoh et al., 1997). Therefore, we examined whether
ACM could induce Nrf2 activation, as measured by transloca-
tion of Nrf2 from the cytosol to the nucleus (Itoh et al., 1999).
In primary cultured microglia, nuclear translocation of Nrf2
occurred within 15 min after ACM treatment, and Nrf2 was
located in the nuclei for up to 60 min after ACM treatment
(Fig. 3A). ACM also changed microglial morphology. In re-
sponse to ACM, microglia became flat within 15 min and then
became ramified at �60 min (Fig. 3B) but returned to the
round shape within 12 h (Fig. 1C).

An EMSA revealed that ACM treatment increased the binding
activities of the cellular nuclear extract to ARE-containing oligo-
nucleotides within 5–15 min and that this activity was main-
tained for up to 60 min in rat primary microglia (Fig. 4A, top)
and mouse BV2 cells (Fig. 4A, bottom). We used a supershift
assay to confirm that Nrf2 bound to ARE-containing oligonucle-
otides. In the presence of Nrf2 antibodies, the intensity of the
shifted band was significantly reduced (Fig. 4B).

We further confirmed that ARE mediated ACM-induced

Figure 4. ACM induces ARE binding activity in nuclear extracts and enhances HO-1 promoter
activity in an ARE-dependent manner. A, Primary microglia (top) and BV2 cells (bottom) were
treated with ACM for the indicated times. Nuclear extracts were prepared, and the ARE-specific
oligonucleotide–protein complexes were detected with an electrophoresis mobility shift assay.
Addition of excess (X20) unlabeled oligonucleotide (cold) was used to determine specific bind-
ing of labeled oligonucleotides to the nuclear protein. B, For the supershift assay, nuclear ex-
tracts were prepared from BV2 cells treated with ACM for 30 min, mixed with 3 �g of Nrf2
antibody, and assayed for ARE-specific oligonucleotide–protein complexes as described in Ma-
terials and Methods. C, HO-1 promoter/luciferase fusion constructs, E1 and E2, and ARE site-
mutated E1-M739 and E2-M45 constructs were transfected into BV2 cells. The transfected cells
were treated with ACM for the indicated times and then assayed for luciferase activity as de-
scribed in Materials and Methods. Values in C are mean � SEM of three samples and represent
relative luciferase activity (RLA). *p � 0.01 compared with the vector control. #p � 0.01
compared with the E1 or E2. Data are representative of three independent experiments.
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HO-1 expression using mouse HO-1
promoter/luciferase fusion constructs,
E1, E2, E1-M739, and E2-M45 (Alam et
al., 2003). The mouse HO-1 gene has two
ARE-containing enhancers, E1 and E2,
and each have three intact ARE sites and
several putative CCAAT/enhancer-
binding protein (C/EBP) and stimulat-
ing P-1 (SP-1) sites (Alam, 1994; Alam et
al., 1995, 2000). In E1-M739 and E2-
M45, three ARE sites were mutated
(Alam et al., 2003). In BV2 cells trans-
fected with E1 and E2, ACM induced lu-
ciferase activities within 3 h, and the ac-
tivity decreased to the basal level by 12 h
(Fig. 4C). However, luciferase activities
in cells transfected with E1-M739 and
E2-M45 significantly decreased com-
pared with those in cells transfected with
E1 and E2, respectively (Fig. 4C). These
results collectively indicated that ACM
could activate Nrf2, likely allowing in-
duction of ARE-containing genes.

ACM reduces IFN-�-induced ROS and
iNOS expression in microglia
Because previous reports showed that
IFN-�, a proinflammatory cytokine, acti-
vated microglia (Meda et al., 1995; Minghetti
et al., 1998; Kang et al., 2001), we examined
whether IFN-� treatment increased micro-
glial ROS and then tested whether ACM re-
duced these IFN-�-induced ROS levels. We
found that IFN-� treatment of microglia led
to an increase in intracellular ROS levels
from 5 to 30 min after treatment and a de-
crease to basal levels at 60 min (Fig. 5A,B).
ACM pretreatment for 6 and 12 h but not for
3 h significantly blocked the IFN-�-triggered
induction of ROS levels (Fig. 5C,D). Similar
results were obtained when we examined
IFN-�-induced iNOS protein expres-
sion/NO release. In microglia treated with
IFN-�, iNOS protein expression was signifi-
cantly suppressed in cells treated with ACM
compared with non-pretreated cells (Fig. 5E,
left). In addition, the levels of NO production in the media were also
suppressed in ACM-treated cells, as reflected by the amount of ni-
trite converted from NO in the media (Fig. 5E, right). As expected,
ROS scavengers also suppressed IFN-�-induced iNOS expres-
sion/NO release. ROS scavengers such as trolox and butylated hy-
droxyanisole significantly inhibited IFN-�-induced iNOS protein
expression and nitrite production (Fig. 5F). These results indicated
that IFN-� induced iNOS expression through ROS-dependent sig-
naling pathways, and ACM may increase ROS scavenging in micro-
glia, leading to suppression of IFN-�-induced ROS production and
subsequent iNOS expression and NO release.

HO-1 products mimic the anti-inflammatory roles
of astrocytes
Next, we examined whether HO-1 products mimic the effect of
ACM on IFN-�-induced ROS production and iNOS expression/NO
release. HO-1 has been shown to catalyze the degradation of heme

into CO, ferrous ion, and bilirubin (converted from biliverdin)
(Maines, 1988). Therefore, we examined the effect of these HO-1
products on IFN-�-induced iNOS expression. The addition of bili-
rubin and an iron donor (FeSO4) reduced iNOS expression and the
level of nitrite in IFN-�-treated microglia (Fig. 6A,B). In contrast,
tricarbonyldichlororuthenium (II) dimer [a CO-releasing molecule
(CORM)] reduced the level of nitrite but had little effect on iNOS
expression (Fig. 6A,B). Together, these results suggested that HO-1
could be a candidate ACM-induced ROS scavenging molecule in
this context.

The active component(s) in ACM is heat labile and smaller
than 3 kDa
As an attempt to narrow down the candidate molecule(s) in the
ACM responsible for HO-1 expression and suppression of IFN-�-
induced iNOS expression and NO release in microglia, we examined
the heat sensitivity of ACM effect. ACM heated at 70°C for 15 min
lost the ability to induce HO-1 expression and to inhibit IFN-�-

Figure 5. ACM suppresses IFN-�-induced ROS production and iNOS expression/NO release. Primary microglia were treated
with 20 ng/ml IFN-� for the indicated time periods (A, B) or pretreated (P) with ACM for the indicated times and then treated with
20 ng/ml IFN-� for 5 min (C, D). Intracellular ROS levels were assayed using 10 �M DCF as in Figure 1. A, C, Fluorescence (DCF)
images. Scale bar, 50 �m. B, D, DCF intensities of cells in A and C were counted using LSM 5 Image Browser (Zeiss). Values are
mean � SEM of 10 –15 cells. *p � 0.01 compared with IFN-�. E, Primary microglia were treated with 20 ng/ml IFN-� for the
indicated times (left) or 72 h (right) in the absence or presence of ACM. F, Primary microglia were treated with 20 ng/ml IFN-� for
12 h (left) or 72 h (right) in the absence or presence of the ROS scavenging agents trolox (Trol) or butylated hydroxyanisole (BHA).
iNOS protein expression was detected by Western blotting (E, F, left). The amounts of nitrite converted from NO in the media were
measured using Griess reagents, as described in Materials and Methods (E, F, right). Values in E and F are mean � SEM of three
samples. *p � 0.01 compared with IFN-�; #p � 0.05 compared with control. The data are representative of three independent
experiments.
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induced iNOS expression (Fig. 7A,B), indicating that the relevant
molecule(s) is heat sensitive. These findings indicated that heat labile
component(s) in the ACM was capable of actively regulating micro-
glial sensitivity to inflammatory stimulators. Next, ACM was frac-
tionated into molecules below or above molecular weight 3 kDa.
Interestingly, the fraction including molecules �3 kDa induced
HO-1 expression and inhibited IFN-�-induced iNOS expression,
whereas the fraction including molecules larger than 3 kDa neither

induced HO-1 expression nor inhibited IFN-�-induced iNOS ex-
pression (Fig. 7C,D). These results indicated that the active compo-
nent(s) in ACM is smaller than 3 kDa and heat labile. Together, our
novel findings in this study suggest that soluble factors released from
astrocytes and acting on microglia could be important regulators
capable of controlling brain inflammation.

Discussion
Accumulating evidences indicate that brain inflammation could be a
risk factor for the onset and progression of brain diseases such as neuro-
degenerative diseases, depression, and even autism (Maes, 1995;
Gonzalez-Scarano and Baltuch, 1999; Jyonouchi et al., 2001; Vila et al.,
2001; Vargas et al., 2005). Many studies have examined the activation of
brain inflammation in separately cultured microglia and astrocytes.
However, brain inflammation is the end result of integrated signaling
across all brain cells. Therefore, we herein examined the possibility of
interactions between astrocytes and microglia by examining whether
astrocytes could modulate microglial inflammatory responses. Indeed,
we found that soluble factor(s) from astrocytes suppressed IFN-�-
inducedmicroglial inflammatoryresponses,andHO-1couldplayarole
in the action of the soluble factor(s). These results suggested that astro-
cytes could act as physiological regulators to prevent excessive inflam-
matory microglial responses.

In this study, we found that two HO-1 products (bilirubin and fer-
rous iron) reduced iNOS expression and NO production in IFN-�-
treated microglia. In contrast, CORM attenuated NO production but
had little effect on iNOS expression. Similar results have been reported
in macrophages, in which CORM treatment reduced NO production
but not iNOS expression (Sawle et al., 2005). Mechanistically, it is
thought that decreased NO production in the absence of iNOS changes
in the presence of CORM could be associated with changes in arginine
(substrate of iNOS) supply, enzyme dimerization, phosphorylation,
proteinstability,orcofactorbinding(forreview,seeAktan,2004). Inthe
brain, HO-1 expression is dramatically increased under several patho-
physiological conditions. After transient occlusion of the middle cere-
bralartery,HO-1-immunoreactivitywasseen inmicroglia in the infarct
area, and in astrocytes and microglia in the penumbra region (Koisti-
naho et al., 1996). After traumatic brain injury, accumulation of HO-1-
positive microglia was detected for up to 6 months (Beschorner et al.,

Figure 6. Effects of HO-1 products, bilirubin, CO, and Fe 2� on IFN-�-induced iNOS expres-
sion/NO release. Primary microglia were treated with 20 ng/ml IFN-� for 12 h (A) or 72 h (B) in
the absence or presence of the indicated amount of BR, CORM, and FeSO4. iNOS protein expres-
sion was measured by Western blotting (A) and the amount of nitrite converted from NO in the
media was measured using the Griess reagents (B). Values in B are mean � SEM of three
samples. *p � 0.05 compared with IFN-�. The data are representative of three independent
experiments.

Figure 7. The active component(s) in ACM is heat labile and smaller than 3 kDa. A, Primary
microglia were treated with ACM or heated ACM (70°C for 15 min) for 12 h. B, Primary microglia
were treated with 20 ng/ml IFN-� for 12 h in the absence or presence of ACM or heated ACM. C,
BV2 cells were treated with ACM components smaller than 3 kDa (32) or ACM components
larger than 3 kDa (31) for 12 h. D, BV2 cells were treated with 20 ng/ml IFN-� for 12 h in the
absence or presence of ACM components smaller than 3 kDa (32) or ACM components larger
than 3 kDa (31). ACM components were fractionated as described in Materials and Methods.
HO-1 (A, C) and iNOS (B, D) expression were measured by Western blotting. The data are
representative of three independent experiments.
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2000). It ispossiblethatHO-1acts toprotect tissuesfromdamageunder
these pathophysiological conditions, because HO-1 has protective anti-
oxidant, antiapoptotic, and anti-inflammatory functions (Lee et al.,
1996; Willis et al., 1996; Dennery et al., 1997). For example, human
pulmonary epithelial cells overexpressing HO-1 are resistant to
hyperoxia-induced cell death (Lee et al., 1996), whereas HO-1-deficient
fibroblast cells are vulnerable to oxidative stress (Dennery et al., 1997).
The anti-inflammatory roles of HO-1 were clearly demonstrated in
HO-1-deficient mice, which showed chronic renal inflammation (Nath
etal.,2001)andenhancedsecretionofproinflammatorycytokines from
splenocytes (Nath et al., 2001; Kapturczak et al., 2004). Consistent with
these findings, cerebral ischemia models using transgenic mice overex-
pressing HO-1 showed significant reductions in lipid peroxidation end
products and infarct sizes (Panahian et al., 1999). These and other find-
ings strongly suggest that HO-1 expression protects against oxidative
stress(Koistinahoetal.,1996;Beschorneretal.,2000)andinflammation
(Yamauchi et al., 2004).

Astrocytes play vital roles in the maintenance of normal brain func-
tion; they regulate blood–brain barrier formation, brain homeostasis,
neuronal activities, synaptic transmission, neuronal survival, synapto-
genesis, and neurogenesis (Kesslak et al., 1986; Dani et al., 1992; Vesce et
al., 1999; Lim and Alvarez-Buylla, 1999). In injured brain, astrocytes
regulateneuronal injury inbothdirectandindirectmanners.Astrocytes
directly modulate neuronal survival by producing growth factors
(Dhandapani et al., 2003) and regulate expression of the NMDA recep-
tor subunit (Daniels and Brown, 2001) and the glutamate transporter
EAAC1 (excitatory amino acid carrier) (Canolle et al., 2004), which
influences neuronal sensitivity to glutamate toxicity. In the presence of
astrocytes,neuronsbecomeresistanttooxidativestress(Langeveldetal.,
1995;Tanakaetal.,1999).Indirectly,astrocytesaffectneuronal injuryby
modulating inflammation via decreases in the expression of microglial
inflammatory mediators (Vincent et al., 1996, 1997; Aloisi et al., 1997;
Pyo et al., 2003).

Theresultsinthisstudyshowedthatsolublefactor(s)fromastrocytes
suppressedIFN-�-inducedmicroglial inflammatoryresponses through
the expression of HO-1. ACM induced nuclear translocation of Nrf2
andincreasedthebindingactivityofARE,whichplaysamajorroleinthe
expression of HO-1 (Itoh et al., 1997). The experimental results using
HO-1 promoter/luciferase fusion constructs also showed that ARE sites
are important in HO-1 expression in ACM-treated microglia because
ARE mutation (E1-M739 and E2-M45) significantly decreased lucif-
erase activity. However, we could not exclude the possible involvement
ofothertranscriptionfactor(s)suchasC/EBPandSP-1intheregulation
of HO-1 expression because ARE mutation did not completely abolish
luciferase activity and the luciferase activity was detected a little earlier
than HO-1 protein expression.

ACM is known to contain a number of factors such as transforming
growthfactor-�(TGF-�)(Tranetal.,1999),S100�(EriksenandDruse,
2001), fibroblast growth factor-2 (Reuss and Unsicker, 2000), plasmin-
ogen activator inhibitor-1 (Kimura et al., 2000), and others. Among
them, we examined possible involvement of TGF-� in ACM-induced
HO-1 expression, because TGF-� has been shown to induce HO-1 ex-
pression in epithelial cells (Hill-Kapturczak et al., 2000). Although
TGF-� treatment (10 ng/ml) induced HO-1 expression in microglia,
theTGF-�content inACMwasintherangeof300–500pg/ml,whichis
not enough to induce HO-1 (data not shown). Furthermore, TGF-�
treatmentdidnot trigger translocationofNrf2 intonuclei, andaTGF-�
blocking antibody did not abolish ACM-induced HO-1 expression
(data not shown). We further showed that the factor(s) involved in the
latter pathway is heat labile and smaller than 3 kDa. Daley et al. (2005)
reported recently that neutrophil-producing soluble factor(s) that is
smaller than 3 kDa is capable of modifying the inflammatory responses
of macrophages. Thus, astrocytes and neutrophils may produce similar

soluble factor(s) that modify brain inflammation and systemic inflam-
mation, respectively. These findings suggest that, in vivo, cell–cell inter-
actions could be a critical mechanism for inducing efficient inflamma-
tory responses while concurrently minimizing tissue damage. Thus, we
herein show that soluble astrocyte-based factor(s) modulate microglial
inflammatoryresponsesandproposethatsuchfactorscouldfunctionas
important natural anti-inflammatory agents in the brain.
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