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Abstract

The anti-inflammatory effect of retinoic acid (RA) has been investigated for several decades. However, the underlying mecha-
nisms responsible for this effect are largely unknown. In this study, we demonstrate that 9-cis-RA (cRA) and all-trans-RA (tRA)
inhibit interferon-c (IFN-c)-induced inflammatory responses in astrocytes. In primary cultured rat brain astrocytes and C6 astro-
glioma cells, both cRA and tRA decreased IFN-c-induced expression of interferon regulatory factor-1. Both RA isoforms also
reduced IFN-c-induced activation of signal transducers and activators of transcription (STAT)1, STAT3, Janus kinase (JAK)1,
and JAK2. This inhibitory effect was significant when cells were pre-treated with RA prior to IFN-c. Furthermore, the effect of
pre-treated RA was abolished in the presence of cycloheximide, indicating a requirement for de novo protein synthesis. Suppressors
of cytokine signaling (SOCS), which are negative regulators of the JAK/STAT pathway, may be candidate mediators of the anti-
inflammatory function of RA. Both cRA and tRA induced SOCS3 mRNA expression. These results suggest that RA induces an
anti-inflammatory effect by suppressing the activation of the JAK/STAT pathway in IFN-c-treated astrocytes. SOCS3 may be at
least one of the mechanisms that mediate the anti-inflammatory roles of RA.
� 2005 Elsevier Inc. All rights reserved.
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Brain inflammation aggravates brain injury and is
thus a risk factor of neurodegenerative disorders, includ-
ing Alzheimer�s disease and Parkinson�s disease [1].
Astrocytes, the most abundant cells in the central ner-
vous system, participate in brain inflammation. In re-
sponse to brain injury, astrocytes produce several
inflammatory mediators, such as cytokines, cell adhe-
sion molecules, and extracellular matrix proteins [2,3].

Interferon-c (IFN-c) plays predominant immuno-
modulatory roles in astrocytes. Exposure of astrocytes
to IFN-c leads to increased expression of various
inflammation-associated molecules, including interferon
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regulatory factor-1 (IRF-1), intracellular adhesion mol-
ecule-1 (ICAM-1), and macrophage chemoattractant
protein 1 (MCP-1) [4–6]. IFN-c activates two Janus ki-
nases (JAK), specifically, JAK1 and JAK2, via phos-
phorylation. In turn, phosphorylated JAK1 and JAK2
stimulate the phosphorylation of tyrosine residues in
the cytoplasmic tail of IFN-c receptors, which provide
the docking sites for signal transducers and activators
of transcription (STAT). Following recruitment to the
receptor, STAT proteins are phosphorylated on both
tyrosine and serine residues, released from the receptor
complex, and form homodimers that translocate to the
nucleus where they regulate the transcription of
IFN-c-responsive genes [7,8].

Suppressors of cytokine signaling (SOCS) family pro-
teins negatively regulate JAK and STAT pathways that
mediate the action of cytokines [9–14]. SOCS family pro-
teins contain a central SH2 domain, a conserved SOCS
box in the C-terminus, and a unique N-terminus. To
date, CIS and SOCS1–SOCS7 have been identified.
SOCS proteins directly interact with the JAK family
and inhibit their catalytic activity or interact with phos-
phorylated tyrosine residues in the cytoplasmic domains
of cytokine receptors [12–14]. In particular, SOCS1 and
SOCS3 play significant roles in the regulation of inflam-
mation [15,16]. In keratinocytes, SOCS1 and SOCS3 in-
hibit the activation of STAT1 and STAT3, and reduce
IFN-c-induced expression of ICAM-1, HLA-DR, IFN-
c-inducible protein-10 (IP-10), andMCP-1 [15]. Stronger
STAT3 activation and more severe colitis are detected in
SOCS mutant transgenic mice, compared to wild-type
animals [16]. Thus, SOCS1 and SOCS3 specifically inhi-
bit IFN-c-induced activation and/or activity of JAK1
and JAK2, and consequently STAT activation [12–14].

All-trans-retinoic acid (tRA) and 9-cis-retinoic acid
(cRA) are natural derivatives of vitamin A. The anti-in-
flammatory effect of retinoic acid was reported several
decades ago. Retinoid inhibits the production of super-
oxide anion radicals by human polymorphonuclear
leukocytes [17]. Oral administration of cRA reduces
inflammation in rats with experimentally induced arthri-
tis and iodide ointment-induced skin inflammation
[18,19]. In macrophages and mesangial cells, RA reduces
iNOS expression [20,21]. However, despite considerable
research on the anti-inflammatory activity of retinoic
acid, the specific mechanism by which RA exerts this ef-
fect remains to be determined. In this study, we propose
that inhibition of the JAK/STAT pathway via expres-
sion of SOCS3 is at least one mechanism that mediates
the anti-inflammatory effect of RA in astrocytes.
Materials and methods

Reagents. IFN-c was purchased from Calbiochem (LA, CA). 9-cis-
Retinoic acid and all-trans-retinoic acid were from Biomol (Plymouth
Meeting, PA). Minimal essential medium (MEM) was from Gibco
(Grand Island, NY). Dulbecco�s modified Eagle�s medium (DMEM)
and fetal bovine serum (FBS) were from Hyclone (Logan, UT).
Antibodies against STAT1, STAT3, and phosphorylated STAT1 and 3
were purchased from Cell Signaling Technology (Beverly, MA).
Antibody against phosphorylated JAK1 was from Calbiochem (San
Diego, CA), while the antibody specific for phosphorylated JAK2 was
from UBI (Charlottesville, VA). Antibody against SOCS3 was from
Santa Cruz Biotechnology (Santa Cruz, CA). Peroxidase-conjugated
secondary antibodies were acquired from Vector Lab. (Burlingame,
CA), and the enhanced chemiluminescence (ECL) system was obtained
from Sigma. PCR primers were from Bioneer (Seoul, Korea). RNAzol
B and reverse transcriptase from avian myeloblastosis virus were
purchased from TEL-TEST (Friendswood, TX) and Takara (Japan),
respectively.

Preparation of cells. Primary astrocytes were cultured from 1- to 3-
day-old Sprague–Dawley rats, as described previously [22]. Cortices
were triturated into single cells in MEM (Gibco) containing 10% fetal
bovine serum (Hyclone) and plated into 75 cm2 T-flasks (0.5 hemi-
sphere/flask) for 10–14 days. To prepare pure astrocytes, microglia
were removed from T-flasks by mild shaking. Cells remaining in flasks
after the removal of microglia were harvested with 0.1% trypsin and
plated onto dishes or plates. C6 rat astroglioma cells were obtained
from the American Type Culture Collection (ATCC, CCL-107). Cells
were grown in DMEM supplemented with 5%(v/v) FBS.

Reverse transcription and polymerase chain reaction (RT-PCR).

Total RNA was extracted using RNAzol B, and the corresponding
cDNA was prepared using reverse transcriptase originating from
Avian Myeloblastosis Virus, according to the manufacturer�s instruc-
tions. The following PCR primers were employed: (R) 5 0-AGCAGC
TCGAAAAGGCAGTC-3 0, (F) 5 0-ACACTCACTTCCGCACCTTC-
3 0 for SOCS1; (R) 5 0-GTGGAGCATCATACTGATCC-3 0, (F) 5 0-AC
CAGCGCCACTTCTTCACG-3 0 for SOCS3; and (F) 5 0-TCCCTCAA
GATTGTCAGCAA-3 0, (R) 5 0-AGATCCACAACGGATACATT-3 0

for GAPDH. PCR 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 phos-
phate-buffered saline and lysed in ice-cold modified RIPA 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, 100 lg/ml leupeptin,
10 lg/ml pepstatin, 1 lg/ml aprotinin, and 2 mM EDTA). Cell lysates
were centrifuged for 20 min at 13,000g at 4 �C, and the supernatant
was collected. Proteins were separated by SDS–PAGE and transferred
to nitrocellulose membrane. The membrane was incubated with pri-
mary antibodies, followed by peroxidase-conjugated secondary anti-
bodies, and visualized using an enhanced chemiluminescence system.
Results

Retinoic acid reduces IFN-c-induced IRF-1 protein
expression

Previous studies have shown that retinoic acid (RA)
reduces IFN-c-induced expression of iNOS and TNF-a
in macrophages and mesangial cells [20,21]. In view of
this finding, we propose that RA may affect several mol-
ecules induced by IFN-c. Interferon regulatory factor
(IRF) family proteins mediate the inflammatory effect
of IFN-c [23]. Accordingly, we examined the effect of
RA on IFN-c-induced IRF-1 protein expression. In
Western blot analysis, IRF-1 protein synthesis was de-
tected within 1 h of treatment with IFN-c (10 U/ml) in



Fig. 1. Retinoic acid reduces IFN-c-induced IRF-1 expression.
Primary cultured rat brain astrocytes (A) and C6 cells (B) were
treated with 9-cis-retinoic acid (cRA, 20 lM) or all-trans-retinoic acid
(tRA, 20 lM) 4 h prior to IFN-c (10 U/ml). After 1 h, cell lysates were
separated by SDS–PAGE and Western blot analysis was performed
using anti-IRF-1 antibody, as described in Materials and methods. The
membrane was stripped and analyzed sequentially with anti-STAT1
antibodies as a loading control. Data are representative of three
independent experiments.
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both primary cultured rat astrocytes and C6 rat astro-
glioma cells (Fig. 1). Primary cultured astrocytes (Fig.
1A) and C6 astroglioma cells (Fig. 1B) pre-treated with
9-cis-RA (cRA) or all-trans-RA (tRA) 4 h prior to IFN-c
displayed decreased IRF-1 expression.

Retinoic acid inhibits IFN-c-induced JAK and STAT

activation

Since IFN-c induces IRF-1 expression via activation
of STAT family transcription factors [24], we examined
whether RA affected STAT activation. We investigated
the tyrosine phosphorylation of STAT1 and STAT3
(markers of activation) in Western blots using antibod-
ies against phospho-tyrosine-specific STAT1 (pSTAT1)
and STAT3 (pSTAT3). IFN-c-induced phosphorylation
of STAT1 and STAT3 was significantly reduced when
primary cultured astrocytes and C6 cells were pre-trea-
ted with RA compounds 4 h prior to IFN-c (pre). How-
ever, co-treated RA compounds (co) exerted less effect
on the phosphorylation of STAT1 and STAT3 in pri-
mary cultured astrocytes and no effect in C6 cells (Figs.
2A–D). RA compounds did not reduce the expression
levels of STAT1 and STAT3 (Figs. 2A and C). We also
found that tRA suppressed IFN-c-induced phosphory-
lation of STAT1 during the whole experimental time-pe-
riod from 15 to 60 min (Fig. 2E). In a dose–response
experiment, an obvious inhibitory effect was observed
at a minimum concentration of 10 lM tRA (Fig. 2F).
These results indicate that both cRA and tRA sup-
pressed IFN-c-induced Tyr-phosphorylation of STATs
without changing the expression level of STATs. Fur-
thermore, pre-treated RA compounds exerted a stronger
effect on the phosphorylation level of STATs than co-
treated ones.

Since JAK1 and JAK2 are required for IFN-c-in-
duced Tyr-phosphorylation of STAT [7,8], we examined
the effect of RA on IFN-c-stimulated Tyr-phosphoryla-
tion of JAK1 and JAK2. In primary cultured astrocytes
and C6 cells, both cRA and tRA significantly reduced
IFN-c-induced Tyr-phosphorylation of JAK1 (pJAK1)
and JAK2 (pJAK2) when cells were pre-treated with
RA while the expression level of JAK1 and JAK2 re-
mained unchanged (Figs. 3A and B). As shown in STAT
phosphorylation, RA compounds suppressed IFN-c-in-
duced Tyr-phosphorylation of JAK during the experi-
mental time-period from 15 to 60 min (data not
shown). Taken together, these results suggest that RA
compounds suppressed IFN-c signaling at the level of
JAK without changing the expression of JAK and
STAT.

De novo protein synthesis is involved in the inhibition of

IFN-c signaling by pre-treatment with RA

Since pre-treatment with RA suppressed IFN-c-in-
duced activation of STAT1 and STAT3 in primary
astrocytes and C6 cells, we determined the time-period
required for inhibition. Cells were pre-treated with
20 lM cRA for 1–4 h, followed by IFN-c (10 U/ml)
for 30 min. The inhibitory effect of cRA on STAT1
phosphorylation was evident upon treatment with RA
more than 3 h prior to IFN-c (Fig. 4A). In view of the
data, we propose that de novo protein synthesis is in-
volved in the inhibition of IFN-c signaling by cRA.
As expected, the protein synthesis inhibitor, cyclohexi-
mide (CHX, 100–300 ng/ml), abolished the inhibitory
effect of cRA in a dose-dependent manner, while CHX
alone had little effect on STAT1 phosphorylation (Fig.
4B). These results suggest that de novo protein synthesis
is required for the inhibition of IFN-c signaling by RA
treatment.

Retinoic acid induces SOCS3 mRNA expression

We propose that SOCS family proteins are involved
in the anti-inflammatory effect of RA. In this study,
we focus on SOCS1 and SOCS3, which inhibit the
important mediators of the inflammatory function of
IFN-c, STAT1, and STAT3 [12–14]. Primary cultured
astrocytes and C6 cells were treated with 20 lM cRA
or 20 lM tRA, and SOCS1 and SOCS3 mRNA levels
were assayed using RT-PCR (Fig. 5). In both primary
cultured astrocytes and C6 cells, SOCS3 mRNA expres-
sion increased within 30 min, which was sustained for 2–
3 h in response to both cRA and tRA (Figs. 5A and B).
However, SOCS1 transcription was not significant in
either primary cultured astrocytes or C6 cells (Figs. 5A
and B). RA directly induced SOCS3 expression without



Fig. 2. Retinoic acid reduces IFN-c-induced activation of STAT1 and STAT3. Primary cultured astrocytes (A) and C6 cells (C) were treated with
cRA (20 lM) or tRA (20 lM), together with (co) or 4 h prior to (pre) IFN-c (10 U/ml). Thirty minutes later, activation of STAT1 and STAT3 was
measured by Western blot, using antibodies specific for phospho-Tyr-STAT1 (pSTAT1) and phospho-Tyr-STAT3 (pSTAT3), respectively.
Membranes were stripped and analyzed sequentially with STAT1 and STAT3. (B,D) The intensities of the bands of pSTAT1 and pSTAT3 were
measured using Image Gauge and normalized against those of unphosphorylated counterbands. Values are means ± SEM of three independent
experiments. *p < 0.01 as compared with intensities of the bands of IFN-c-induced pSTATs in the absence of RA. #p < 0.05; ##p < 0.01 as comparing
intensities of co- and pre-treated RA. (E) Primary cultured astrocytes were treated with tRA (20 lM) for 4 h. Then cells were treated with IFN-c
(10 U/ml) for indicated times. Level of pSTAT1 was detected by Western blot. Membranes were sequentially analyzed with STAT1 antibody. (F)
Primary astrocytes were treated with the indicated amount of tRA for 4 h. Then cells were treated with IFN-c (10 U/ml) for 30 min. Levels of
pSTAT1 and STAT1 were detected by Western blot. Data are representative of more than three independent experiments.

Fig. 3. Retinoic acid reduces IFN-c-induced activation of JAK1 and
JAK2. Primary cultured astrocytes (A) and C6 cells (B) were treated
with cRA (20 lM) or tRA (20 lM) for 4 h prior to IFN-c (10 U/ml).
Thirty minutes later, activation of JAK1 and JAK2 was measured by
Western blot, using antibodies specific for phospho-Tyr-JAK1
(pJAK1) and phospho-Tyr-JAK2 (pJAK2), respectively. Membranes
were stripped and analyzed sequentially with STAT1 or JAK1/2. Data
are representative of three independent experiments.
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de novo protein synthesis since CHX (100 ng/ml) had
no effect on RA-induced SOCS3 expression (Fig. 5C).
SOCS3 protein expression was also detected in primary
cultured astrocytes within 3 h after 20 lM tRA treat-
ment, and the expression was sustained for up to 4 h
(Fig. 5D). These results collectively suggest that SOCS3
transcription is at least one component that mediates the
anti-inflammatory roles of RA.
Discussion

A number of anti-inflammatory roles of RA have
been reported so far. RA compounds have been
clinically employed to treat arthritis and skin inflam-
mation [18,19], although the mechanism of anti-in-
flammation remains to be determined. The findings
in this study indicate that RA significantly suppresses
IFN-c-activated JAK/STAT pathways, prominent
pro-inflammatory signaling pathways, resulting in sup-
pression of the expression of inflammation-associated
molecules, including interferon regulatory factor-1
(IRF-1).



Fig. 4. Pre-treated retinoic acid reduces STAT activation through de
novo protein synthesis. (A) C6 cells were pre-treated with 20 lM cRA
for the indicated time-periods, followed by 10 U/ml IFN-c for 30 min.
pSTAT1 and STAT1 were analyzed by Western blot. (B) C6 cells were
treated with the indicated doses of cycloheximide (CHX) for 30 min
and 20 lM cRA for 4 h. Next, 10 U/ml IFN-c was added to cells for
30 min. pSTAT1 and STAT1 were analyzed by Western blot. Data are
representative of three independent experiments.
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The inhibitory activity of pre-treated RA may require
de novo protein synthesis, since an effect was evident
only when cRA was added more than for 3 h prior to
IFN-c, and was reversed in the presence of cyclohexi-
mide (Fig. 4). SOCS may be candidates for mediators
of the anti-inflammatory function of RA. RA-induced
expression of SOCS3 was detected in RT-PCR and Wes-
tern blot (Fig. 5). SOCS3 is proposed as negative regu-
lators of IFN-c signaling [12–14]. SOCS3 suppresses
the tyrosine phosphorylation of JAK1 and 2 [25]. It is
Fig. 5. Retinoic acid induces SOCS1 and SOCS3 mRNA expression. Primary
or tRA (20 lM) for the indicated time-periods. SOCS1 and SOCS3 trans
methods. The values represent normalized intensities of bands of SOCS1 or
100 ng/ml cycloheximide (CHX) for 30 min, followed by 20 lM tRA for 1 h
cultured astrocytes were treated with tRA (20 lM) for 3 or 4 h. SOCS3 expres
three (A–C) or two (D) independent experiments.
in agreement with the experimental results that show
RA compounds reduced IFN-c signaling at JAK phos-
phorylation. However, SOCS1 expression was not de-
tected in RT-PCR (Fig. 5). Thus, the contribution of
SOCS3 to RA-mediated suppression of IFN-c signaling
could be greater than that of SOCS1.

The expression of SOCS3 is tightly regulated. The
SOCS3 promoter contains STAT-binding sites [26].
Although JAK/STAT pathways are major pathways
that induce SOCS expression [12–14], STAT-indepen-
dent expression has additionally been reported. Interleu-
kin-10 (IL-10) enhances SOCS3 mRNA expression in
human neutrophils without activation of tyrosine and
serine phosphorylation of STAT1 and STAT3 [27]. In
macrophages and dendritic cells, bacterial DNA CpG-
DNA induces SOCS3 expression via MAPK pathways
[28]. RA does not induce tyrosine phosphorylation of
either STAT1 or STAT3 in C6 cells (data not shown),
and appears to trigger SOCS expression via a STAT-in-
dependent pathway. Since RA binds to transcription
factors belonging to the nuclear receptor superfamily
that regulates the transcription of retinoid-responsive
genes, specifically, retinoic acid receptor (RAR) and ret-
inoid X receptor (RXR) [29]. Activated RAR and RXR
bind to the retinoic acid response element (RARE) lo-
cated in the promoter region of retinoid response genes
and trigger diverse cellular functions, including regula-
tion of cell growth and differentiation [29,30]. However,
the existence of a RARE or RXRE sequence in the pro-
moter regions of SOCS3 has not been identified to date.
Therefore, the underlying mechanisms that mediate
SOCS3 expression in RA-treated cells remain to be elu-
cidated in the future study.
cultured astrocytes (A) and C6 cells (B) were treated with cRA (20 lM)
cription was determined by RT-PCR, as described in Materials and
SOCS3 against those of GAPDH. (C) C6 cells were pre-treated with
. SOCS3 mRNA expression was measured by RT-PCR. (D) Primary
sion was detected in Western blot. Data are representative of more than
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In addition to SOCS, there may be other mechanisms
that mediate the anti-inflammatory effect of RA. One of
the anti-inflammatory mechanisms of RA may comprise
activation and/or induction of phosphatases, such as
SHP and MAP kinase phosphatase 1 (MKP-1). RA in-
creases the phosphatase activity and expression of
SHP-1 in human myeloid leukemia cells [31,32], and in-
duces MKP-1 in bronchial epithelial cells and mesangial
cells [33,34]. SHP-1 and SHP-2 associate with and regu-
late JAK family tyrosine kinases [35,36], and MKP-1
dephosphorylates STAT1 [37]. We also found that phos-
phatase activity increased in primary cultured astrocytes
and microglia in response to tRA (data not shown),
although we could not characterize the type of phospha-
tases at this point. Therefore, these phosphatases may
mediate the anti-inflammatory effects of RA, particu-
larly, the effect of co-treated RA in primary cultured
astrocytes. In addition to JAK/STAT pathways,
RA compounds block NF-jB-mediated transcription
[38–40]. In mesangial cells, RA reduces NO production
by suppressing nuclear levels of p50 and p65 subunits of
NF-jB [21]. In dermal microvascular endothelial cells,
neutrophils, and macrophages, RA inhibits the DNA-
binding activity of NF-jB [38–40]. RXR may compete
with NF-jB to recruit co-activators, such as CBP/p300
and SRC-1 [40]. The anti-oxidant effect of RA may par-
ticipate in the anti-inflammatory mechanism in poly-
morphonuclear leukocytes, hippocampal neurons, and
mesangial cells [17,41,42]. In hippocampal neurons,
RA reduces neuronal ROS content by inducing the
expression of SOD-1 and SOD-2 [41]. RA suppresses
H2O2-triggered JNK activation and the activator pro-
tein 1 (AP-1) pathway in mesangial cells [42]. Therefore,
the anti-inflammatory effect of RA may be achieved via
diverse mechanisms, which require further investigation.

In summary, the results of this study provide initial
evidence that RA compounds induce anti-inflammation
by inhibiting activation of the JAK/STAT pathways.
Furthermore, expression of SOCS3, negative feedback
regulators of the JAK/STAT pathway, contributes to
one of the anti-inflammatory mechanisms of RA. Since
brain inflammation is a risk factor of neurodegenerative
disease, the anti-inflammatory effect of RA may provide
a novel therapeutic option for the treatment of brain in-
jury and neurodegenerative disease.
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