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A proinflammatory role for glycogen synthase kinase 3� (GSK-3�) has been demonstrated. Here, we
addressed its roles on heat-inactivated Staphylococcus aureus-induced microglial inflammation. Heat-inacti-
vated S. aureus induced tumor necrosis factor alpha (TNF-�) and nitric oxide (NO) production, at least in part,
via a Toll-like receptor 2-regulated pathway. Neutralization of TNF-� largely blocked heat-inactivated S.
aureus-induced NO. Heat-inactivated S. aureus activated GSK-3�, and inhibiting GSK-3� reduced TNF-�
production as well as inducible NO synthase (iNOS)/NO biosynthesis. While activation of NF-�B was essential
for heat-inactivated S. aureus-induced TNF-� and NO, inhibiting GSK-3� blocked heat-inactivated S. aureus-
induced NF-�B p65 nuclear translocation. Additionally, inhibiting GSK-3� enhanced heat-inactivated S.
aureus-induced interleukin-10 (IL-10) production (IL-10 is an anti-inflammatory cytokine which inhibits
TNF-� production). Neutralization of IL-10 reduced TNF-� downregulation caused by GSK-3� inhibition.
These results suggest that GSK-3� regulates heat-inactivated S. aureus-induced TNF-� and NO production in
microglia mainly by activating NF-�B and probably by inhibiting IL-10.

Staphylococcus aureus, a gram-positive bacterium, causes a
variety of diseases, such as bacteremia, peritonitis, subcutane-
ous and brain abscess, and life-threatening staphylococcal sep-
tic shock (15). The mechanisms that lead to staphylococcal
septic shock are multifactorial but involve especially immuno-
genic and toxic injuries (10, 40). Cell wall components and
secreted virulence factors, including enterotoxins and exotox-
ins, have been shown to be inflammatory and cytotoxic to the
host. Pathogen-associated molecular patterns are recognized
by the innate immune system through a family of pattern
recognition receptors, such as Toll-like receptors (TLRs) (2,
6, 26). Microglia, the resident macrophages in the brain,
express TLR2 to recognize S. aureus peptidoglycan and play
a critical role in neuroinflammation (7, 35, 37). Induction of
neuroinflammation by S. aureus is partially mediated by
TLR2- and nuclear factor-�B (NF-�B)-regulated pathways
(23, 26, 36, 51).

Infection of S. aureus causes the deregulated production
of inflammatory cytokines, including tumor necrosis factor
alpha (TNF-�), interleukin-6 (IL-6), and IL-10, and chemo-
kines, including monocyte chemoattractant protein 1
(MCP-1) and RANTES (regulated on activation, normal T
cell expressed and secreted protein) (24, 25, 32, 45). TNF-�,
a potent proinflammatory cytokine, causes severe inflamma-
tory responses, including cytokine and chemokine produc-
tion and inducible nitric oxide (NO) synthase (iNOS)/NO

biosynthesis in S. aureus infection (49). The deregulated
generation of NO contributes to S. aureus-induced circula-
tory failure and liver injury (34). IL-10, a potent anti-inflam-
matory cytokine, inhibits the synthesis of the proinflamma-
tory cytokines (TNF-�, IL-1, IL-6, IL-12, IL-18, and IL-10
itself), chemokines (IL-8, MCP-1, and RANTES), and
iNOS/NO (4, 30, 43). IL-10 knockout mice display high
mortality and are more susceptible to S. aureus-induced
brain abscess (48). Exogenous IL-10 inhibits lethal sepsis,
hepatic injury, and TNF-� production induced by staphylo-
coccal enterotoxin B in mice (46, 48).

Inhibiting glycogen synthase kinase 3� (GSK-3�) downregu-
lates TLR-mediated inflammatory responses but increases
IL-10 production (41, 53). Since NF-�B is important for in-
flammatory activation, GSK-3� is also involved in activating
NF-�B in response to inflammatory stimuli (17–21, 29, 44, 50,
52). Therefore, GSK-3� inhibitors have been used to confer
anti-inflammation against TNF-� administration, endotox-
emia, experimental colitis, type II collagen-induced arthritis,
ovalbumin-induced asthma, and experimental autoimmune en-
cephalomyelitis (5, 12–14, 18, 20, 31, 41, 50, 52). Notably,
current studies also show the effects of GSK-3� inhibition in
reducing gram-negative coccobacillus Francisella-induced in-
flammation (55). GSK-3� inhibitors have also been widely
used to reduce microglial inflammation and neurotoxicity (31,
54). In search of strategies against S. aureus-induced microglial
inflammation, we investigated the possible effects of GSK-3�
inhibition. In the present study, we report that inhibiting
GSK-3� blocks NF-�B activation, TNF-� production, and
iNOS/NO biosynthesis, but increases IL-10 production in heat-
inactivated S. aureus-stimulated microglia.
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MATERIALS AND METHODS

Antibodies and reagents. Neutralizing antibodies specific for TLR2, TNF-�,
and IL-10 and isotype-matched antibody control were obtained from RD Sys-
tems. Mouse monoclonal antibody specific for �-actin and NF-�B p65 was
purchased from Chemicon International, Inc. (Temecula, CA). Monoclonal anti-
mouse iNOS was obtained from BD Biosciences (Palo Alto, CA). Alexa Fluor
488- and horseradish peroxidase-conjugated goat anti-mouse, goat anti-rabbit,
and donkey anti-goat immunoglobulin G (IgG) antibodies were obtained from
Invitrogen Corp. (Carlsbad, CA). Antibodies against phospho-GSK-3� (Ser9),
phospho-GSK-3� (Tyr216), GSK-3�, phospho-glycogen synthase (GS) (Ser641),
and GS were purchased from Cell Signaling Technology, Inc. (Beverly, MA).
Pyrrolidine dithiocarbamate (PDTC), caffeic acid phenethyl ester (CAPE), and
BAY11-7821 (BAY) were purchased from Tocris Bioscience (Ellisville, MO).
6-Bromo-indirubin-3�-oxime (BIO) and lithium chloride (LiCl) were obtained
from Sigma-Aldrich Co. (St Louis, MO). All drug treatments in cells were
assessed for their cytotoxic effects by using a cytotoxicity assay. Doses without
cytotoxic effects were used.

Cell culture. BV-2 immortalized murine microglial cells were obtained from
C. C. Huang (Department of Pediatrics, National Cheng Kung University,
Tainan, Taiwan). Primary rat microglia-enriched cultures with a purity of �98%
were prepared from whole brains of 1-day-old Sprague-Dawley breeder rat pups
as previously described (31). The cells were grown in Dulbecco’s modified Ea-
gle’s medium (Invitrogen Life Technologies, Rockville, MD) supplemented with
10% heat-inactivated fetal bovine serum (Invitrogen Life Technologies), 50 U/ml
of penicillin, and 50 �g/ml of streptomycin in a humidified atmosphere with 5%
CO2 and 95% air.

Bacterial culture and heat inactivation. Clinical S. aureus isolate S2-1790 is a
pediatric isolate from a patient with sternum osteomyelitis-related bacteremia
from the National Cheng Kung University Medical College Hospital collection.
It shows sensitivity to all antimicrobial agents. To control the standard dosing of
bacteria and to avoid the potentially confounding effects by live organisms,
heat-inactivated S. aureus was prepared by heating an exponential-phase culture
for 1 h at 56°C. Aliquots of heat-inactivated S. aureus were made and stored
at �80°C until use.

Cytotoxicity assay. We used a colorimetric assay (cytotoxicity detection kit;
Roche Diagnostics, Lewes, United Kingdom), according to the manufacturer’s
instructions, to measure lactate dehydrogenase activity, an indicator of cell dam-
age caused by all inhibitors. Aliquots of the incubation medium were transferred
to 96-well microplates, and the absorbance was measured using a microplate
reader (SpectraMax 340PC; Molecular Devices Corporation, Sunnyvale, CA).

Western blot analysis. We harvested the cells and lysed them with a buffer
containing 1% Triton X-100, 50 mM of Tris (pH 7.5), 10 mM of EDTA, 0.02%
NaN3, and a protease inhibitor cocktail (Roche Boehringer Mannheim Diagnos-
tics, Mannheim, Germany). After they had been freeze-thawed once, the cell
lysates were centrifuged at 12,000 rpm at 4°C for 10 min. The supernatants were
then collected and boiled in sample buffer for 10 min. Following sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, proteins were transferred to polyvi-
nylidene difluoride membrane (Millipore, Billerica, MA), blocked at 4°C over-
night in phosphate-buffered saline (PBS) plus 0.05% Tween 20 containing 5%
skim milk, and probed with a 1:1,000 dilution of primary antibodies at 4°C
overnight. After they had been washed with PBS plus 0.05% Tween 20, the blots
were incubated with a 1:5,000 dilution of horseradish peroxidase-conjugated sec-
ondary antibodies at room temperature for 1 h. The protein bands were visualized
using enhanced chemiluminescence (Pierce Biotechnology Inc., Rockford, IL).

Nitrite assay. We assessed NO production by measuring the accumulated
levels of nitrite in the supernatant with Griess reagent as previously described
(31). Briefly, 100 �l of the culture supernatant was reacted with 100 �l of Griess
reagent (1% sulfanilamide, 0.1% naphthylethylenediamine dihydrochloride, and
2.5% H3PO4) for 10 min at room temperature. The concentration of nitrite was
measured using a microplate reader (SpectraMax 340PC; Molecular Devices) at
540 nm, and the nitrite concentration was calculated using a standard curve of
sodium nitrite with an enzyme-linked immunosorbent assay (ELISA) software
(Softmax Pro; Molecular Devices).

ELISA. The concentrations of TNF-� and IL-10 in cell-conditioned culture
medium were determined using ELISA kits (RD Systems) according to the
manufacturer’s instructions.

Immunostaining NF-�B nuclear translocation. Cells were fixed with 1% form-
aldehyde in PBS at room temperature for 10 min. After they had been washed
twice with PBS, they were stained with anti-mouse NF-�B at a final concentra-
tion of 1 �g/ml at room temperature for 1 h and then incubated with a mixture
of Alexa Fluor 488-conjugated goat anti-mouse IgG plus 4,6-diamidino-2-phe-
nylindole (DAPI; Sigma-Aldrich) at a concentration of 5 �g/ml at room tem-

perature for 1 h. After another washing with PBS, the cells were covered with
mounting fluid and visualized under a confocal laser microscope (Leica TCS
SPII; Nussloch, Germany). In the untreated group (magnification of 	400), the
ratio of nuclear NF-�B-positive cells to total cells was normalized as 100%. The
increases are means of the results obtained from two individual experiments.

Statistical analysis. Student’s t test was used to analyze the data (SigmaPlot 8.0
for Windows; Systat Software, Inc., San Jose, CA). Statistical significance was set at
P 
 0.05.

RESULTS

Heat-inactivated S. aureus induces TLR2-regulated TNF-�
and NO production in BV-2 mouse microglia. Using ELISA
and Griess reagent assay, we found that BV-2 mouse microglial
cells treated with heat-inactivated S. aureus showed a signifi-
cant (P 
 0.05) increase in TNF-� and NO production, com-
pared to untreated cells, both at the time periods of 12 and
24 h of treatment (Fig. 1A). To further characterize signaling
of TLR2, a receptor of gram-positive bacterial peptidoglycan,
for heat-inactivated S. aureus, neutralizing IgG specific for
TLR2 was used. Results showed that anti-TLR2 neutralizing
IgG, but not isotype-matched antibody control, significantly
(P 
 0.05) blocked the production of heat-inactivated S. au-
reus-induced TNF-� and NO (Fig. 1B). TNF-� plays a critical
role for proinflammatory responses induced by S. aureus infec-
tion (36). Using anti-TNF-� neutralizing IgG, we confirmed
that heat-inactivated S. aureus induced NO production in a
TNF-�-regulated manner (Fig. 1C). These results indicate that
heat-inactivated S. aureus induces NO production, at least in
part, via TLR2-mediated and TNF-�-regulated pathways.

Heat-inactivated S. aureus activates GSK-3� in BV-2 mouse
microglia. To investigate the activation of GSK-3� in heat-
inactivated S. aureus-stimulated BV-2 mouse microglial cells,
we used Western blotting to determine the phosphorylation of
GSK-3� and its substrate, GS. GSK-3� activity is positively
regulated by dephosphorylation of GSK-3� at Ser9 and phos-
phorylation of GSK-3� at Tyr216 (11, 27, 28, 33). Results
showed that heat-inactivated S. aureus did not induce GSK-3�
dephosphorylation at Ser9 but significantly induced phosphor-
ylation of GSK-3� (Tyr216) and GS (Ser641) (Fig. 2). Further-
more, GSK-3� inhibitors BIO and LiCl potently blocked these
effects (data not shown). These results indicate that heat-inac-
tivated S. aureus induces GSK-3� activation.

Inhibiting GSK-3� blocks the production of heat-inacti-
vated S. aureus-induced TNF-� as well as iNOS/NO biosyn-
thesis in microglia. Inhibiting GSK-3� decreases TLR-medi-
ated inflammation (31, 41). We then tested the effects of
GSK-3� inhibition on heat-inactivated S. aureus-induced in-
flammation. We found, using ELISA, that inhibiting GSK-3�
with BIO significantly (P 
 0.05) reduced the production of
heat-inactivated S. aureus-induced TNF-� (Fig. 3A) and, using
Griess reagent, that inhibiting GSK-3� with BIO or LiCl
blocked NO production (Fig. 3B) in BV-2 mouse microglial
cells as well as in primary rat microglia-enriched cultures.
iNOS biosynthesis usually regulates NO production in micro-
glia. To verify that inhibiting GSK-3� causes NO reduction, we
further studied iNOS protein expression in heat-inactivated S.
aureus-stimulated BV-2 mouse microglial cells. We found, us-
ing Western blotting, that BIO and LiCl inhibited iNOS pro-
tein expression (Fig. 3B). We also confirmed that GSK-3�
regulated NO production in BV-2 cells stimulated with the

VOL. 77, 2009 GSK-3� IN S. AUREUS INFECTION 4003



different diseases of S. aureus infection, including muscle ab-
scess (S2-1065), folliculitis (S2-1509), and bacteremia (S-20)
(data not shown). These results provide evidence that inhibit-
ing GSK-3� downregulates TNF-� and iNOS/NO in heat-in-
activated S. aureus-stimulated microglia.

Inhibiting GSK-3� blocks TNF-� and NO production by
downregulating heat-inactivated S. aureus-activated NF-�B in
BV-2 mouse microglia. GSK-3� may act upstream of NF-�B,

an important transcription factor of iNOS and TNF-� (17–21,
29, 44, 50, 52). To confirm the essential role of NF-�B, we
evaluated the effects of selective NF-�B inhibitors, including
PDTC, CAPE, and BAY. All NF-�B inhibitors significantly
(P 
 0.05) reduced the production of heat-inactivated S. au-
reus-induced TNF-� and NO in BV-2 mouse microglial cells
(Fig. 4A). To further investigate the effect of GSK-3� on NF-
�B, we used immunocytochemistry to determine the nuclear
translocation of NF-�B p65. We found that inhibiting GSK-3�
blocked heat-inactivated S. aureus-induced NF-�B p65 nuclear
translocation (Fig. 4B). These results indicate that inhibiting
GSK-3� blocks heat-inactivated S. aureus-induced TNF-� and
NO production by inactivating NF-�B.

Inhibiting GSK-3� increases the production of heat-inacti-
vated S. aureus-induced IL-10 in BV-2 mouse microglia.
TNF-� is critical for the pathogenesis of S. aureus infection,
and IL-10 is essential for diminishing S. aureus-induced inflam-
mation (48). Using ELISA, we determined the time kinetics
and dose response of heat-inactivated S. aureus on TNF-� and
IL-10 production. We found that TNF-� was time-dependently
expressed following the early expression of IL-10 (Fig. 5A). To
further characterize the effects of IL-10 on the production of
heat-inactivated S. aureus-induced TNF-�, neutralizing IgG
specific for IL-10 was used. Results showed that anti-IL-10
neutralizing IgG, but not isotype-matched antibody control,
significantly (P 
 0.05) increased the production of heat-inac-
tivated S. aureus-induced TNF-� (Fig. 5B) as well as NO (data
not shown). Early reports showed that inhibiting GSK-3� in-
creases IL-10 in TLR signaling (31, 41). We next investigated
the effects of inhibiting GSK-3� on IL-10. Treatment of either
BIO or LiCl significantly (P 
 0.05) increased the production
of heat-inactivated S. aureus-induced IL-10 (Fig. 5C). Our pre-
vious study (31) demonstrated that IL-10 is required for inhib-
iting GSK-3�-regulated anti-inflammation in lipopolysaccha-
ride (LPS)-activated microglia. To evaluate the protective role
of upregulated IL-10 by inhibiting GSK-3�, neutralization ex-
periments showed that anti-IL-10 neutralizing IgG, but not
isotype-matched antibody control, significantly (P 
 0.05)
blocked inhibiting GSK-3�-induced downregulation of heat-
inactivated S. aureus-induced TNF-� (Fig. 5D) as well as NO

FIG. 1. Effects of TLR2 and TNF-� on heat-inactivated S. aureus-
induced NO production in microglia. (A) BV-2 mouse microglial cells
(3 	 104) were treated with heat-inactivated S. aureus (3 	 105) for 12
and 24 h. After the supernatant had been collected, we determined
TNF-� and NO production by using ELISA and Griess reagent, re-
spectively. Sodium nitrite (NaNO2) was used for the standard calcu-
lation of nitrite concentration. (B) BV-2 cells (3 	 104) were treated
with heat-inactivated S. aureus (3 	 105) for 24 h with cotreatment of
isotype-matched antibody control (50 �g/ml) or anti-TLR2 IgG (50 �g/
ml). ELISA and Griess reagent were used to determine TNF-� and
NO production, respectively. (C) BV-2 cells (3 	 104) were treated
with heat-inactivated S. aureus (3 	 105) for 24 h with cotreatment of
isotype-matched antibody control (50 �g/ml) or anti-TNF-� IgG
(50 �g/ml). Griess reagent was used to determine NO production. The
data are means � the standard deviation (SD) obtained from three
individual experiments. �, P 
 0.05; ��, P 
 0.01; ���, P 
 0.001,
compared with S. aureus alone or S. aureus plus isotype-matched an-
tibody control.

FIG. 2. Activation of GSK-3� in heat-inactivated S. aureus-stimu-
lated microglia. BV-2 mouse microglial cells (2.5 	 105) were treated
with heat-inactivated S. aureus (2.5 	 106) for the different time peri-
ods, as indicated. Western blotting was used to determine phosphory-
lation of GSK-3� (Ser9 and Tyr216) and GS (Ser641). �-Actin was the
internal control. Data shown are representative of the results for three
individual experiments.
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(data not shown). These results indicate that inhibiting
GSK-3� regulates IL-10 production and IL-10 mediates
TNF-� downregulation in heat-inactivated S. aureus-stimu-
lated microglia.

DISCUSSION

Severe microglial inflammation is pathogenic for S. aureus-
induced brain abscess (23, 26, 36, 37, 51). S. aureus infection
causes TLR2- and NF-�B-regulated microglial inflammation,
especially on TNF-�-related inflammatory responses. In search
of strategies against S. aureus-induced inflammation in micro-
glia, here we investigated the potential effects of GSK-3� in-
hibition according to the following rationales. First, GSK-3�
has been demonstrated to be a regulator in TLR-regulated
NF-�B activation and inflammation (17–21, 29, 44, 50, 52).
Second, IL-10 is critical for reducing the progression of S.
aureus-induced neuroinflammation (46, 48), and IL-10 can be
upregulated by inhibiting GSK-3� in TLR signaling (31, 41,
55). In the present study, we provide evidence that GSK-3�

regulates the production of heat-inactivated S. aureus-induced
TNF-� and NO by activating NF-�B in microglia. Further-
more, GSK-3� negatively regulates IL-10 production, and
IL-10 production may confer protection against heat-inacti-
vated S. aureus-induced microglial inflammation.

Consistent with previous studies (23, 26, 36, 37, 51), we
showed that TLR2 is necessary but not sufficient for the pro-
duction of heat-inactivated S. aureus-induced TNF-� as well as
NO in BV-2 mouse microglial cells. In addition to TLR2, other
pattern recognition receptors may also be involved in recogni-
tion of live or heat-inactivated S. aureus and activation of
infected cells. Furthermore, our results showed that proinflam-
matory TNF-� acts upstream of NO production, thereby im-

FIG. 3. Effects of inhibiting GSK-3� on TNF-� production and
iNOS/NO biosynthesis in heat-inactivated S. aureus-stimulated micro-
glia. BV-2 mouse microglial cells or primary rat microglia-enriched
cultures (3 	 104) were pretreated with GSK-3� inhibitors BIO
(10 �M) or LiCl (10 mM) for 0.5 h and then treated with heat-
inactivated S. aureus (3 	 105). For the indicated time periods of
treatment, ELISA was used to determine TNF-� production (A).
Twenty-four hours posttreatment, we determined NO production and
iNOS expression, using Griess reagent and Western blot analysis, re-
spectively (B). �-Actin was the internal control. Data shown are rep-
resentative of the results for three individual experiments. For ELISA
and nitrite assay, the data are means � SD obtained from three
individual cultures. �, P 
 0.05; ��, P 
 0.01; ���, P 
 0.001, compared
with S. aureus alone.

FIG. 4. Relationship between NF-�B and GSK-3� on TNF-� and
NO production in heat-inactivated S. aureus-stimulated microglia.
(A) BV-2 mouse microglia cells (3 	 104) were pretreated with NF-�B
inhibitors PDTC (30 �M), CAPE (10 �M), and BAY (20 �M) for 0.5 h
and then treated with heat-inactivated S. aureus (3 	 105) for 24 h.
ELISA and Griess reagent were used to determine TNF-� and NO
production, respectively. The data are means � SD of the results
obtained from three individual experiments. ��, P 
 0.01; ���, P 

0.001, compared with S. aureus alone. (B) BV-2 cells (3 	 104) were
pretreated with GSK-3� inhibitors BIO (10 �M) or LiCl (10 mM) for
0.5 h and then treated with heat-inactivated S. aureus (3 	 105) for
0.5 h. Immunostaining was used to detect the nuclear translocation of
NF-�B p65, using primary antibodies followed by Alexa Fluor 488-
conjugated secondary antibodies. DAPI was used for nuclear staining.
The n-fold increases are means of the results obtained from two indi-
vidual experiments. a, untreated group; b, heat-inactivated S. aureus-
treated group.
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plicating TNF-� as the cause of heat-inactivated S. aureus-
induced NO. Dysregulation of TNF-� and NO production are
contributing factors to S. aureus-induced circulating failure and
organ injury (34, 49). Decreasing TNF-� and NO may be
useful strategies against S. aureus-induced severe inflamma-
tion.

Although GSK-3� is involved in TLR-induced inflamma-
tion, the mechanisms of TLR-mediated GSK-3� activation are
still unclear. We (31) and others (55) have demonstrated that
TLR caused GSK-3� activation. In general, protein phos-
phatase and Akt are the positive and negative regulators, re-
spectively, of GSK-3� activation by controlling phosphoryla-
tion of GSK-3� at Ser9 (11, 27, 28, 33). Furthermore,
phosphorylation of GSK-3� at Tyr216 positively regulates its
enzymatic activity. Our data show that GSK-3� is transiently
activated after heat-inactivated S. aureus stimulation; however,
the mechanisms need further investigation.

Inhibiting GSK-3� confers neuronal protection against LPS-
induced microglial inflammation in neurodegenerative disor-
ders (9, 31, 42, 54). Additionally, systemic inflammation is also
regulated by GSK-3� (5, 12–14, 18, 20, 31, 41, 50, 52). Here, we
show that inhibiting GSK-3� blocks the production of heat-
inactivated S. aureus-induced TNF-� in BV-2 mouse microglial
cells. Consistent with previous studies (5, 12, 13, 17–21, 29, 31,
41, 44, 50, 52), we found that GSK-3� can be regulated by a
variety of inflammatory stimuli to cause the production of

proinflammatory cytokines, including TNF-�, gamma inter-
feron, IL-1, IL-6, IL-12p40, and COX-2, and chemokines,
including RANTES and MCP-1. Furthermore, inhibiting
GSK-3� blocked LPS- (31, 54) and heat-inactivated S. aureus-
induced iNOS/NO biosynthesis in BV-2 mouse microglial
cells. In addition to TLR4, stimulation of the natural ligands
of TLR2, including peptidoglycan and lipoteichoic acid, and
gram-positive Streptococcus pyogenes also caused GSK-3�-reg-
ulated NO production (data not shown). According to our
results, iNOS/NO biosynthesis is downregulated due to the
diminished expression of TNF-� following GSK-3� inhibition.

GSK-3� is an important regulator for a variety of transcrip-
tion factors, including activated protein 1, cyclic AMP response
element binding protein, heat shock factor 1, nuclear factor of
activated T cells, Myc, �-catenin, CCAAT/enhancer binding
protein, and NF-�B (3, 11, 27, 28, 33). A mechanistic study
showed that NF-�B is inactivated in GSK-3�-deficient mice
(29). However, the regulation on NF-�B signaling by GSK-3�
remains unclear. Schwabe and Brenner (47) found that NF-�B
p65 contains four potential GSK-3� phosphorylation sites
within its COOH-terminal domain. This process causes up-
regulation of NF-�B transactivation in TNF-� stimulation. In
the present study, we show that heat-inactivated S. aureus-
induced TNF-� and NO production is NF-�B dependent. Fur-
thermore, we demonstrate that inhibiting GSK-3� blocks heat-
inactivated S. aureus-induced NF-�B p65 nuclear translocation.

FIG. 5. Effects of inhibiting GSK-3� on IL-10 production in heat-inactivated S. aureus-stimulated microglia. (A) BV-2 mouse microglial cells
(3 	 104) were treated with heat-inactivated S. aureus (3 	 104, 1.5 	 105, and 3 	 105) for the indicated time periods. ELISA was used to
determine TNF-� and IL-10 production. (B) BV-2 cells (3 	 104) were treated with heat-inactivated S. aureus (3 	 105) for 6 h with cotreatment
of isotype-matched antibody control (50 �g/ml) or anti-IL-10 IgG (50 �g/ml). ELISA was used to determine TNF-� production. (C) BV-2 cells
(3 	 104) were pretreated with GSK-3� inhibitors BIO (10 �M) or LiCl (10 mM) for 0.5 h and then treated with heat-inactivated S. aureus (3 	
105) for the indicated time periods. We determined IL-10 production, using ELISA. (D) In the absence or presence of BIO (10 �M) or LiCl
(10 mM), BV-2 cells (3 	 104) were treated with heat-inactivated S. aureus (3 	 105) for 6 h with or without cotreatment of isotype-matched
antibody control (50 �g/ml) or anti-IL-10 IgG (50 �g/ml). ELISA was used to determine TNF-� production. The data are means � SD of the
results obtained from three individual experiments. �, P 
 0.05.
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Consistent with previous studies, we show that GSK-3� mod-
ulates NF-�B activation in LPS-, TNF-�-, type II collagen-,
zymosan-, and ovalbumin-induced inflammatory responses (5,
17–21, 44, 50, 52). Thus, we hypothesize that GSK-3� may
contribute to NF-�B transactivation and NF-�B-regulated
TNF-� and NO production. The molecular mechanisms need
further investigation.

Exogenous treatment and transgenic expression of IL-10
have been used to reduce a variety of inflammatory diseases (4,
8, 16, 22, 38). In S. aureus infection, IL-10 plays a key role in
reducing severe inflammation (46, 48). In the present study, we
confirm that inhibiting IL-10 increases the production of heat-
inactivated S. aureus-induced TNF-�. We further provide evi-
dence that inhibiting GSK-3� also enhances the production of
heat-inactivated S. aureus-induced IL-10. Nevertheless, the
mechanisms need further investigation. Consistent with previ-
ous studies (41, 53), we show that inhibiting GSK-3� is able to
increase the production of TLR-induced IL-10. Its biological
effects by increased IL-10 are still unclear, however. IL-10 acts
as an anti-inflammatory cytokine by triggering the expression
of the suppressor of cytokine signaling 3 (4, 43). We previously
showed that IL-10 was required for the downregulation of
TNF-� and RANTES by GSK-3� inhibition in LPS-activated
microglia (31). In this study, we also demonstrate that IL-10 is
partly essential for inhibiting GSK-3�-conferred protection
against S. aureus-induced microglial inflammation. In conclu-
sion, activation of GSK-3� is essential for S. aureus-induced
microglial inflammation. Inhibiting GSK-3� raises anti-inflam-
matory activities against heat-inactivated S. aureus-induced
TNF-� and NO production in microglia mainly by inactivating
NF-�B and probably by upregulating IL-10.
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