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The mechanism underlying the wogonin-mediated increase in the expression of suppressor of cytokine
signaling 3 (SOCS3) is unclear. Promoter deletion assay results revealed that wogonin-induced SOCS3
expression is dependent on the AP-1 consensus sequences and two STAT responsive elements
(TTACAAGAA and TTCCAGGAA) in the 50-flanking region of the SOCS3 gene in SH-SY5Y cells. Wogonin-
induced SOCS3 expression was blocked by inhibitors of PI3K, Akt, Raf, p38, JNK, MEK, and STAT3,
respectively. However, JAK2 inhibitors did not inhibit wogonin-induced SOCS3 expression. These results
indicate that SOCS3-inducing effect of wogonin is caused by the activation of PI3K-mediated MAPK sig-
naling pathways (Akt, ERK1/2, p38, and JNK), and the subsequent activation of AP-1 consensus sequences
and STAT responsive elements in SH-SY5Y cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Wogonin (5,7-dihydroxy-8-methoxyflavone) is one of the major
constituents of Scutellaria baicalensis Georgi, a plant that has been
used widely in traditional Oriental medicine to treat various
inflammatory and neurological symptoms [1]. Wogonin protects
neurons in damaged brain through the facilitation of neuronal
precursor cell differentiation and also alleviates inflammatory pro-
cesses by decreasing the expression of inducible cyclooxygenase-2
and monocyte chemoattractant protein-1 (MCP-1), a crucial factor
for early inflammatory responses [2,3]. Moreover, the neuroprotec-
tive activity of wogonin has also been demonstrated in different
ischemic animal models. Wogonin significantly reduced infarct
volume after transient focal ischemia/reperfusion [4] or permanent
ischemia induced in rats [5]. The neuroprotective effect of wogonin
is considered to be due in part to its suppressive activity on the
production of inflammatory cytokines in microglia [6]. Following
the onset of cerebral ischemia, a multifaceted inflammatory reac-
tion emerges over the course of the next few hours. Numerous
inflammatory mediators are induced at the transcriptional level,
including enzymes required for prostaglandin synthesis, cytokines
of the tumor necrosis factor (TNF) family, and chemokines. The up-
regulation of inflammatory genes is not restricted to glial cells but
also occurs in neurons [7]. Experimental studies have firmly
established that inflammation is closely interrelated with neuronal
cell death and thereby promotes the neurological deficit.

In these inflammatory responses, NF-jB plays a central role by
regulating genes encoding pro-inflammatory cytokines, chemo-
kines, and adhesion molecules [8]. The molecular mechanisms
underlying NF-jB activation have been investigated extensively
and involve a sequential activation of cytoplasmic protein kinases
and the ultimate nuclear translocation of the active subunit of NF-
jB [9,10]. Recently, Wiejak et al. reported that flavonoids induce
the expression of the suppressor of cytokine signaling (SOCS3)
gene in vascular endothelial cells [11].

Cytokine signaling pathways are negatively regulated by the
SOCS family of proteins [12,13]. These constitute a family of eight
related members, SOCS1 through SOCS7 and cytokine-inducible
Src homology 2 (SH2)-containing protein (CIS), which are charac-
terized by the presence of a central SH2 domain, an N-terminal
domain of variable length, and a C-terminal conserved domain
termed the SOCS box [14]. In addition, SOCS1 and SOCS3 have a
kinase inhibitory region (KIR) in their N-terminal domain. SOCS
proteins are inducible by a number of cytokines and they affect sig-
naling by inhibiting the JAK-STAT pathway in a classic negative
feedback loop, using a variety of mechanisms for inhibition [15].
The SOCS3 protein plays a critical role in regulating signaling by
the IL-6 family of cytokines by inhibiting STAT-3 activation
[11,16]. Recent studies suggest that SOCS3 has a broader spectrum
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of action in that it can positively regulate the ERK-MAPK pathway
[17], inhibit the NF-jB pathway [18], and antagonize cAMP-
mediated signaling [19]. SOCS3 deficiency is embryonic lethal
due to defects in placental development by an enhanced activation
of the LIF signaling pathway [20]. Targeted deletion of SOCS3 in
macrophages results in markedly enhanced IL-6-induced STAT-3
activation [21]. Mice deficient in SOCS3 in hematopoietic and
endothelial cells demonstrate exacerbated IL-1-dependent arthritis
[22]. Conversely, forced expression of SOCS3 in mouse arthritis
models suppressed the induction and/or development of disease
[23]. Furthermore, intracellular administration of a cell-
penetrating SOCS3 suppressed the cytokine-mediated signal trans-
duction associated with acute inflammation [24]. In spite of many
previous studies, the relationship between wogonin and SOCS3 in
neuronal cells has not been reported to date.

In this study, we investigated the effect of wogonin on the
molecular mechanism involved in SOCS3 gene induction in
neuronal cells.
2. Materials and methods

2.1. Plant materials and isolation of wogonin

Wogonin (5,7-dihydroxy-8-methoxyflavone) was isolated from
S. baicalensis Georgi as described previously [25], with slight mod-
ifications. Samples containing 99% wogonin or more were used in
all experiments unless otherwise indicated. Wogonin was dis-
solved in dimethyl sulfoxide (DMSO) as a stock solution for
in vitro study, stored at �20 �C, and diluted with medium before
each experiment. The final DMSO concentration did not exceed
0.2% throughout the study.
2.2. Materials and cell culture

Human SH-SY5Y neuroblastoma cells were purchased from
American Type Culture Collection (ATCC, Manassas, VA). The cells
were cultured in DMED with 10% Qualified FBS at 37 �C in humid-
ified 5% (v/v) CO2. Primary antibodies to total anti-SOCS3, Akt1/2/3
(H-136), phospho-Akt (Ser473), anti-b-actin, anti-rabbit IgG-PE,
farnesyl thiosalicylic acid, sorafenib tosylate, and wartmanin were
purchased from Santa Cruz Biotechnology (Dallas, TX). Anti-NeuN
antibody, SD1029, and SB230580 were obtained from EDM Milli-
pore Co. (Billerica, MA). The anti-Iba-1 antibody and the secondary
antibody anti-mouse IgG (Alexa Fluor 488) were purchased from
Abcam Co. (Cambridge, UK). The anti-GFAP antibody was from
BD Biosciences (Franklin Lakes, NJ). Anti-rabbit IgG conjugated
with horse radish peroxidase (HRP) was obtained from GE Health-
care (Buckinghamshire, UK). Tyrphostin AG490, Cryptotanshinone,
U0126, SP600125, LY294002, and Akt inhibitor were purchased
from Sigma (St. Louis, MO).
2.3. Animals

Male Sprague–Dawley (SD) rats weighing 260–300 g were pur-
chased from Samtaco Laboratories (Seoul, Korea) and maintained
on a 12-h light/dark cycle with ad libitum access to food and water.
Rats were acclimated to their environment for a minimum of
3 days prior to use in all experiments. All experimental procedures
involving animals were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were
approved by Soonchunhyang University Institutional Animal Care
& Use Committee (SCH-2012-12-01). All efforts were made to
minimize animal suffering, reduce the number of animals used,
and utilize alternatives to in vivo techniques, if available.
2.4. In vivo ischemic model: focal transient cerebral ischemia model

Rats were initially anesthetized with 3.0% isoflurane in 70% N2O
and 30% O2 (v/v). Focal cerebral ischemia was produced by right-
sided endovascular middle cerebral artery occlusion (MCAO), as
described previously [26] with slight modification. After 90 min
of ischemia, sutures were released and animals were allowed to
recover. Sham-operated controls were subjected to the same
surgical procedures except that they did not receive MCAO.
2.5. Immunohistochemical detection of SOCS3, neurons (NeuN),
astrocytes (GFAP), and microglia (Iba1)

Serial 20-lm sections were prepared using a cryostat (Leica
1850, Leica, Germany). To reduce non-specific binding, sections
were first blocked with 5% normal goat serum for 1 h, and then
stained with rabbit polyclonal anti-SOCS3 (1:200; Santa Cruz), or
mouse monoclonal anti-NeuN (A60; 1:100; EMD Millipore) or
mouse anti-GFAP (1:100; BD Biosciences), or mouse monoclonal
anti-Iba1 (1:50; Abcam) antibodies at 4 �C overnight. After
washing, sections were co-incubated with PE-conjugated goat
anti-rabbit and Alexa 488 goat anti-mouse IgG (2 lg/ml) for 1 h
at room temperature and then counterstained with Hoechst
33258 for 20 min. Fluorescence intensity and the number of immu-
noreactive cells were measured by confocal laser microscopy (Zeiss
LSM510; Zeiss, Oberkochen, Germany).
2.6. Analysis of phospho-Akt expression by immunocytochemistry

SH-SY5Y cells (1 � 104) were cultured with or without wogonin
(30 lM) in eight-well plates (Nalge Nunc Int, NY, USA) for 24 h and
then gently rinsed twice in PBS. Cells were fixed by incubation in
100% (v/v) methanol for 10 min at RT, and permeabilized with
0.5% Triton X-100 and 5% fetal bovine serum in PBS for 1 h at RT.
These cells were incubated with anti-phospho-Akt primary anti-
body (1:50) (Santa Cruz Biotechnology, TX) for 2 h at RT. Rinsed
cells were treated with, anti-rabbit IgG-PE secondary antibody
(1:200) (Santa Cruz Biotechnology) for 1 h at RT. After 1 h, the cells
were rinsed three times for 5 min in 5% FBS containing PBS. Cells
were then counter-stained with Hoechst (2 lg/ml) for 20 min at
RT. Results were evaluated by confocal microscope (Zeiss
LSM510; Zeiss, Oberkochen, Germany).
2.7. SOCS3 promoter constructs, permanent transfection, and
luciferase assays

The 2056-bp (�2709 to �650 bp) human SOCS3 promoter was
amplified from genomic DNA using the forward primer 50-
CGGGGTACCTGGTCTTGAATGTCCATGCTC-30 and the reverse pri-
mer 50-ACTGAAGCTTCTGGTCCCGAATCGAAGTCTC-30 and cloned
into the KpnI and HindIII sites of the pGL4.20-puro vector. Serial
deletions were synthesized by PCR using Pfu DNA polymerase
and inserted into the KpnI/HindIII restriction site of pGL4.20-puro
vector, which contains the luciferase gene as a reporter. The SOCS3
promoter sequence was confirmed by automatic sequence analy-
sis. The SOCS3 promoter constructs (1 lg) were permanently
transfected into SH-SY5Y cells in six-well plates using the Lipofect-
amine Plus™ method. Puromycin-selected cells were treated with
medium or wogonin for 24 h, and the luciferase activity of each
sample was normalized to the total protein concentration of each
well. Luciferase activity from the untreated sample was arbitrarily
set at 1 for the calculation of fold-induction.
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2.8. Western blotting analysis

Wogonin (30 lM)-treated SH-SY5Y cells were washed twice
with PBS and then lysed for 10 min at 4 �C in a lysis buffer contain-
ing 25 mM HEPES-NaOH (pH 7.4), 2 mM EGTA, 1% Triton X-100,
10% glycerol, 1 mM Na3VO4, 5 mM NaF, 1 mM 4-(2-aminoethyl)
benzene sulfonyl fluoride, 10 lg/ml aprotinin, and 10 lg/ml leu-
peptin. The protein concentration was measured using the BCA
Protein Assay Kit (Thermo Scientific Inc., IL, USA). The lysate was
diluted 1:5 with 5� sample buffer and heated at 95 �C for 5 min
prior to resolution by SDS–PAGE. Proteins were transferred onto
polyvinylidene difluoride membranes. Membranes were blocked
with 5% nonfat milk in TBST (25 mM Tris [pH 8], 150 mM NaCl,
and 0.1% Tween 20) and then incubated at 4 �C overnight with a
1:500 dilution of rabbit anti-b-actin (NeoMarkers, Fremont, CA),
1:200 dilution of mouse anti-Akt, and phospho-Akt (Santa Cruz),
or in 5% milk in TBST. Reactive proteins were visualized by
HRP-conjugated secondary antibodies (Amersham Biosciences,
Buckinghamshire, UK; 1:3000 dilution in 5% milk in TBST) and
chemiluminescence using Western Lightning� ECL (Amersham
Biosciences).
A

B D

Fig. 1. Wogonin induces activation of the 2.0-kb human SOCS3 promoter in neuronal cel
(a, d, g: red), NeuN (b: green), GFAP (e: green), and Iba1 (h: green) immunostaining in the
specific protein (NeuN), astrocytes (GFAP), and microglia (Iba1). (B) SH-SY5Y cells wer
treated with wogonin (50–3.125 lM) for 24 h, and then analyzed for luciferase activity. (C
for luciferase activity. (D) The 2.0-kb human SOCS3 promoter deletion assay values were
wogonin (30 lM) treatment values by the untreated values. Data are presented as the
three individual experiments.
2.9. Statistical analysis

Data were expressed as means ± SD or SEM, and analyzed for
statistical significance using Student’s t-tests or ANOVA, followed
by Scheffe’s test for multiple comparisons. A p value of <0.05 was
considered to indicate significance.

3. Results

3.1. SOCS3 expression in rat brain

In the rat brain, neurons displayed unique SOCS3 expression.
Microglia and astrocytes did not express SOCS3 in the focal ische-
mia-induced rat brain (Fig. 1A).

3.2. Wogonin induces human SOCS3 promoter-driven luciferase
activity in SH-SY5Y cells

Neuroblastoma SH-SY5Y cells express SOCS3, and SOCS3 plays
an important role in the negative regulation of cytokine-induced
inflammatory gene expression. Wogonin showed a dose-dependent
C

ls. (A) SOCS3 expressed only in neuronal cells in rat brain. Confocal images of SOCS3
striatal penumbra and merged images with Hoechst-labeled nuclei (c, f, i). Neuron-

e permanently transfected with 2.0-kb human SOCS3 promoter-driven luciferase,
) The cells were treated with wogonin (30 lM) for 0 min to 24 h, and then analyzed

normalized to total protein levels and fold-induction was calculated by dividing the
means ± SD of three experiments. ⁄P < 0.05, ⁄⁄P < 0.01; data represent the means of
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increase in the expression of 2.0 kb SOCS3 promoter-driven
luciferase activity in SH-SY5Y cells (Fig. 1B). The expression
was not affected until 12 h after the addition of wogonin, and it
peaked at 24 h (fivefold induction) in SH-SY5Y cells (Fig. 1C).
Collectively, these results demonstrate that wogonin induces
SOCS3 expression in a time-dependent manner in human neuro-
blastoma cells.
3.3. Wogonin-induced SOCS3 promoter activity requires AP-1- and
STAT-binding elements

Within the �1.1 kb human SOCS3 promoter, three potential AP-
1 sites, one G-rich region and two STAT binding elements (TTACA-
AGAA and TTCCAGGAA) were identified by the TFSEARCH program
(Fig. 1D). To ascertain the functional roles of human SOCS3-regula-
tory elements, deletion constructs were generated from the 2.0-kb
50-end of the SOCS3 promoter, as described in Section 2. The 2.0-kb
wild-type human SOCS3 promoter and various deletion constructs
were permanently transfected into SH-SY5Y cells, which were trea-
ted with wogonin (30 lM) for 24 h and then tested for luciferase
activity. Wogonin stimulation caused a fivefold induction of
human SOCS3 promoter-driven luciferase activity in SH-SY5Y cells.
Deletion of the distal AP-1 element reduced the wogonin-induced
SOCS3 promoter activity by 27.8% (Fig. 1D). Deletion of both AP-1-
and STAT-responsive elements reduced wogonin-induced SOCS3
promoter activity by 77.8% (Fig. 1D). These data indicate that the
AP-1 and STAT responsive elements are important for wogonin-
induced SOCS3 promoter activity.
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Fig. 2. Inhibition of wogonin-induced SOCS3 expression by Ras, Raf, MEK, JNK, p38, JA
promoter-driven luciferase assay in SH-SY5Y cells. (A) JAK2 inhibitors SD1029 and Tyrph
cells. (B) The STAT3 inhibitor cryptotanshinone (10 lM) blocked wogonin (30 lM)-indu
(10 lM), and p38 inhibitor SB20358 (10 lM) blocked wogonin (30 lM)-induced lucifer
slightly inhibited by the Ras inhibitor farnesyl thiosalicyclic acid in a dose-dependent ma
means of three individual experiments performed in duplicate.
3.4. Jak2 receptor is independent of STAT-3 activators in wogonin-
induce human SOCS3 promoter activity

It has been reported that STAT-3 activation is caused by activa-
tion of the Jaks receptor by many cytokines to induce SOCS3 gene
transcription. However, whether the small molecule wogonin is
recruited to Jak2-mediated SOCS3 gene transcription is unknown.
To monitor transcription factor binding to the endogenous SOCS3
promoter, wogonin was incubated in the absence or presence of
Jak2 inhibitors. Luciferase analysis indicated that the Jak2 inhibitors
(Tyrphostin AG490 and SD1029) did not block the 2.0-kb human
SOCS3 promoter-driven luciferase activity in SH-SY5Y cells
(Fig. 2A). However, the STAT-3 inhibitor Cryptotanshinone blocked
the SOCS3 promoter-driven luciferase activity in SH-SY5Y cells in a
dose-dependent manner (Fig. 2B). These results indicate that Jak2
signal transduction is independent of the wogonin-induced SOCS3
expression. Moreover, STAT-3 plays a pivotal role in the SOCS3
up-regulation.

3.5. The PI3K, Akt, ERK1/2, JNK, and p38 MAPK pathways were
involved in wogonin-induced SOCS3 gene expression

To determine the effect of wogonin on MAPK pathways, wogonin
was treated to SH-SY5Y cells containing the 2.0-kb human SOCS3
promoter-driven luciferase gene. Specific pharmacological inhibi-
tors of MEK1/2, JNK, p38, Ras, Raf, Akt, and PI3K were co-treated with
wogonin (30 lM). As shown in Fig. 3C, wogonin activation was
blocked by the MEK1 inhibitor U0126, by the JNK inhibitor
SP600125, and by p38 MAPK inhibitor SB230580, respectively
R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

(C
.P

.S
 x

 1
03

)

0

200

400

600

800

1000

1200

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

(C
.P

.S
 x

 1
0

3 )

0

20

40

60

80

100

120

140

Wogonin (30 μM) - 
-
-
-

+ 
-
-
-

U0126 (10 μM)
+ 
+ 
-
-

-
+ 
-
-

+ 
-
+ 
-

-
-
+ 
-

+ 
-
-
+ 

-
-
-
+ 

SP600125 (10 μM)
SB20358 (10 μM)

C
**

**

**

+ 
10

+ 
5

+ 
2.5

**
*

Wogonin (30 μM) - 
-

+ 
-rafenib tosylate (μM)

-
10

+ 
10

+ 
1

+ 
0.1

E
**

**

K, and STAT-3 inhibitors. Schematic representations of the 2.0-kb human SOCS3
ostin AG490 did not inhibit wogonin (30 lM)-induced luciferase activity in SH-SY5Y

ced luciferase activity. (C) MEK inhibitor U0126 (10 lM), JNK inhibitor SP600125
ase activity, respectively. (D) Wogonin (30 lM)-stimulated luciferase activity was
nner. (E) The Raf inhibitor sorafenib tosylate. ⁄P < 0.05, ⁄⁄P < 0.01; data represent the



Wogonin-30 μM

(24 H)

Control  

(24 H)

p-Akt Hoechst Merged

C

0          6         12         24        48       72

Akt

p-Akt

Actin

Wogonin (30 μM)

Time (h) 

R
el

at
iv

e 
A

kt
 p

ho
sp

ho
ry

la
tio

n
0

1

2

3

Time (h)  0 6      12    24  48 72

*

**

**

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

(C
.P

.S
 x

10
3 )

0

20

40

60

80

100

120

140

LY294002 (10 μM)

Wogonin (30 μM) - 
- 
-

+ 
- 
-

Wortmanin (2 μM)
+ 
+ 
-

- 
+ 
-

+ 
- 
+

- 
- 
+

**

**A

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

(C
.P

.S
 x

 1
03

)

0

200

400

600

800

Wogonin (30 μM) - 
-

+ 
-Akt inhibitor (μM)

-
10

+ 
10

+ 
1

+ 
0.1

B **

**

D

Fig. 3. Inhibition of wogonin-induced SOCS3 expression by PI3K and Akt inhibitors. (A) Schematic representations of the 2.0-kb human SOCS3 promoter-driven luciferase
assay in SH-SY5Y cells. Wogonin (30 lM)-stimulated luciferase activity was blocked by the PI3K inhibitors wortmannin (2 lM) and LY-294002 (10 lM), respectively. (B) Akt
inhibitor inhibited wogonin (30 lM)-induced luciferase activity dose-dependently in SH-SY5Y cells. (C) Western blot analysis of Akt and p-Akt at the indicated times in
wogonin (30 lM)-treated SH-SY5Y cells. In bar graphs, the levels of Akt and p-Akt were normalized with respect to b-actin and then expressed as relative fold-changes in
comparison with 0, 6, 12, 24, 48 and 72 h p-Akt of the wogonin-treatment group. (D) SH-SY5Y cells were treated with wogonin (30 lM) for 24 h, and then immunostained
with phospho-Akt (p-Akt) antibody. Confocal images of p-Akt (red) and merged images with Hoechst-labeled nuclei (blue). N = 3. ⁄P < 0.05, ⁄⁄P < 0.01, significantly different
between the groups indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2C). Ras inhibitor farnesyl thiosalicylic acids showed modest
inhibition of wogonin-induced SOCS3 expression, whereas the Raf
inhibitor sorafenib tosylate blocked wogonin-induced SOCS3
expression (Fig. 2D and E). The PI3K inhibitors wortmannin and
LY294002 blocked wogonin-induced SOCS3 expression (Fig. 3A).
Wogonin treatment increased Akt phosphorylation from 12 h,
which was and maintained at 48 h but decreased at 72 h (Fig. 3C
and D); the Akt inhibitor blocked this wogonin-induced SOCS3
expression in a dose-dependent manner (Fig. 3B). These results
demonstrated that the PI3K, Akt, and Raf pathways are involved in
wogonin-induced SOCS3 gene expression, with a lesser contribution
from the Ras pathway.

4. Discussion

The effects of SOCS3 on the JAK cytokine receptors play critical
roles against inflammatory neurotoxic mediators of microglia and
macrophage origin in the delayed stages following stroke SOCS3
might act either directly by hampering JAKs activation or by medi-
ating the ubiquitination and subsequent proteasome-mediated
degradation of cytokine/growth factor/hormone signal transduc-
tion [27]. It has been reported that microglia/macrophages and
astrocytes express SOCS3 [28,29]; however, in the rat brain, neu-
rons displayed unique SOCS3 expression. Microglia and astrocytes
did not express SOCS3 in the focal ischemia-induced rat brain.
Thus, in this study, we focused on the mechanism underlying
wogonin-mediated SOCS3 induction in neuronal cells.

Using a 2.0-kb SOCS3 promoter deletion assay and diverse
kinase inhibitors, we demonstrated that the SOCS3-inducing effect
of wogonin is caused by the activation of PI3K-mediated MAPK sig-
naling pathways (Akt, ERK1/2, p38, and JNK), and the subsequent
activation of AP-1 consensus sequences and STAT responsive ele-
ments (TTACAAGAA and TTCCAGGAA) in the 50-flanking region of
the SOCS3 gene in SH-SY5Y cells. However, JAK2-mediated signal



Fig. 4. Proposed model for wogonin-induced SOCS3 gene expression. Wogonin activates the PI3K mediated MAPK pathways. Akt, Raf, MEK1, JNK, and p38 lead to nuclear
translocation and binding of Ap-1 and STAT responsive elements (TTACAAGAA and TTCCAGGAA) in the 50-flanking region of the SOCS3 gene in SH-SY5Y cells. Concurrently,
wogonin induces SOCS3 up-regulation. Ras is not strong enough to control SOCS3 expression. JAK2-mediated signal transduction is not related to wogonin-induced SOCS3
expression in SH-SY5Y cells.
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transduction was not related to this induction by wogonin in SH-
SY5Y cells. This SOCS3-inducing effect of wogonin acts at a delayed
time point (12 h after stroke), and so would influence the infarct
volume through the inhibition of neuroinflammatory cytokines at
the delayed stages. Lee et al. reported that wogonin inhibits NO
production in rat astrocytes through the suppression of iNOS
induction and NF-jB activation [6]. In the current study, however,
we demonstrated that wogonin increased SOCS3 expression in
neuronal cells and the PI3K-mediated signaling cascades are down-
stream of the wogonin targets. The recruitment of transcription
regulators Akt, Raf, ERK1/2, p38, and JNK are critical for the
increase in SOCS3 gene expression in SH-SY5Y cells (Fig. 4). These
functions and the mechanism of wogonin are different from the
previously described anti-inflammatory effects of wogonin against
NF-jB-mediated signal transduction.

The SOCS3 promoter contains numerous potential regulatory
elements, including Sp1-, GATA-1-, STAT-binding sites (TTACA-
AGAA and TTCCAGGAA), and AP-1. Qin et al. [28] demonstrated
that AP-1 and IFN-c activation sequence (GAS) elements
(TTCNNNGAA) are involved in LPS-induced SOCS3 transcription.
Furthermore, LPS activated the MAPK-ERK1/2, JNK, and p38 path-
ways that, in addition to STAT3, are also involved in LPS-induced
SOCS3 expression. LIF induction of SOCS3 involves both STAT-1
and STAT-3, as STAT-1 homodimers, STAT-3 homodimers, and
STAT-1/STAT-3 heterodimers all bind to the proximal GAS-like ele-
ment in the SOCS3 promoter [29]. Our promoter deletion analysis
of the human SOCS3 promoter-driven luciferase assay suggests
that the proximal AP-1- and STAT-binding elements (TTACAAGAA
and TTCCAGGAA) are critical for the activation of human SOCS3
gene transcription by wogonin. We also demonstrated the
involvement of PI3K as a downstream target of wogonin, which
is documented by the serial results of PI3K, Akt, Ras, Raf, MEK1/
2, p38, JNK, and STAT-3 inhibitors. The inhibitors blocked or inhib-
ited SOCS3 promoter-driven luciferase activity in response to
wogonin stimulation.

Taken together, these results indicate that wogonin interacts
and stimulates a signal upstream from PI3K for SOCS3 gene
expression in neuronal cells. The SOCS3-inducing effect of wogonin
is caused by the activation of PI3K-mediated MAPK signaling path-
ways (Akt, ERK1/2, p38, and JNK), and the subsequent activation of
AP-1 consensus sequences and STAT responsive elements.
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