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Excessive neuroinflammation contributes to many neurolog-
ical disorders and is poorly controlled therapeutically. The sig-
nal transducer and activator of transcription (STAT) family of
transcription factors has a central role in inflammatory reac-
tions, being stimulated by multiple cytokines and interferons
and regulating the expression of many proteins involved in
inflammation. We found that STAT3 activation is highly
dependent on glycogen synthase kinase-3 (GSK3). Inhibitors of
GSK3 greatly reduced (>75%) the activating STAT3 tyrosine
phosphorylation in mouse primary astrocytes, microglia, and
macrophage-derived RAW264.7 cells induced by interferon-�
(IFN�), IFN�, interleukin-6, or insulin. GSK3 inhibitors
blocked STAT3 DNA binding activity and the expression of
STAT3-induced GFAP and Bcl-3. GSK3 dependence was selec-
tive for activation of STAT3 and STAT5, whereas STAT1 and
STAT6 activation were GSK3-independent. Knockdown of the
two GSK3 isoforms showed STAT3 and STAT5 activation were
dependent on GSK3�, but not GSK3�. The regulatory mecha-
nism involved GSK3� binding STAT3 and promoting its asso-
ciation with the IFN� receptor-associated intracellular signal-
ing complex responsible for activating STAT3. Furthermore,
GSK3� associated with the IFN� receptor and was activated by
stimulation with IFN�. Thus, inhibitors of GSK3 reduce the
activation of STAT3 and STAT5, providing amechanism to dif-
ferentially regulate STATs to modulate the inflammatory
response.

The brain mounts a crucial inflammatory response to con-
trol the detrimental effects of injury, infection, and other
insults. This neuroinflammatory response is mediated by
astrocytes, the most numerous cells in the brain, and mac-
rophage-derived microglia, which assume the immune sur-
veillance role in the brain. If neuroinflammation is excessive or
chronic, neuronal function and survival can be impaired, which
contributes to many widespread neurodegenerative diseases,
such as Alzheimer disease and multiple sclerosis (1–3). There-
fore, clarifying inflammatory signaling pathways in the brain is
critical for developing new methods to control the detrimental
consequences of neuroinflammation.

A central component of inflammatory signaling is the Janus
kinase (JAK)2/signal transducer and activator of transcription
(STAT) cascade (4). Activated by cytokines and interferons,
receptor-associated tyrosine kinase JAKs phosphorylate
STATs on an activating tyrosine residue (e.g. Tyr701-STAT1
and Tyr705-STAT3). STATs are nucleocytoplasmic shuttling
transcription factors that accumulate in the nucleus as a result
of tyrosine phosphorylation increasing the STATbinding affin-
ity to DNA, which slows dephosphorylation of STATs that is
necessary for nuclear export, leading to regulation of gene
expression (reviewed in Ref. 5). Besides regulation by tyrosine
phosphorylation, the duration and degree of gene activation by
STATs can be regulated by serine phosphorylation, by binding
to transcriptional coactivators, and bymodulation of the rate of
nuclear export, which is required for renewing the non-phos-
phorylated pool of STATs available for reactivation (6, 7). This
reflects the short half-life of activated STATs (�15min) even at
optimal DNA binding sites (8). The rapid activation of STATs
in response to inflammatory stimuli has heightened interest in
developing strategies targeting STATs to control inflammatory
responses in the periphery and the brain. In astrocytes, STAT3
is crucial for their differentiation (9, 10), and STAT3 is activated
in numerous neuropathological conditions such as autoim-
mune encephalomyelitis (11) and ischemia (12) and has been
implicated in reactive astrogliosis (13). The participation of
STAT3 in neuroinflammation suggests that regulating STAT3
activation in astrocytes is a promising strategy for intervention.
Recently, glycogen synthase kinase-3 (GSK3) was identified

as a crucial regulator of innate inflammatory processes (14, 15).
GSK3 is a constitutively active Ser/Thr kinase consisting of two
isoforms, GSK3� and GSK3� (16). GSK3 activity is tightly reg-
ulated, primarily by the phosphorylation of regulatory serines,
Ser21 in GSK3� and Ser9 in GSK3�, that inhibit its activity, and
also by its association in protein complexes and its subcellular
localization (17). GSK3 was found to be a strong promoter of
Toll-like receptor (TLR)-induced production of pro-inflamma-
tory cytokines, including interleukin-6 (IL-6), tumor necrosis
factor-�, IL-12p40, and interferon-� (IFN�), in part by promot-
ing NF-�B activity (14), and inhibition of GSK3 protects
rodents from a variety of peripheral inflammatory conditions
(reviewed in Ref. 18).
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As reviewed by Yoshimura (19),
“three major transcription factors,
including NF-�B, STAT3, and
STAT1 have been shown to play
major roles in transmitting inflam-
matory cytokine signals to the
nucleus.” The recent revelations
that GSK3 promotes inflammation
and the activation of NF-�B (14, 20,
21) raised the question of whether
GSK3 also promotes the activation
of STAT3 or STAT1. Examination
of this revealed that GSK3, particu-
larly GSK3�, is required for the acti-
vating tyrosine phosphorylation of
STAT3, but not STAT1, in astro-
cytes, microglia, and macrophages
induced by IFN� and other stimuli.
Surprisingly, GSK3 was found to be
associated with the IFN� receptor
and activated following stimulation
with IFN�. Thus, inhibition of
GSK3 reduces activation of two crit-
ical pathways of the inflammatory
response, NF-�B and STAT3.

EXPERIMENTAL PROCEDURES

Reagents—Protein-freeEscherichia
coli (K235) lipopolysaccharide (LPS)
was prepared as described before
(22). IFN� was obtained from R&D
Systems, IFN� from PBL Biomedi-
cal Laboratories, IL-4 and GM-CSF
from RayBiotech Inc., SB216763
and SB415286 from Tocris, ken-
paullone, indirubin-3�-monoxime,
6-bromoindirubin-3�-oxime (BIO),
TDZD-8 and GSK3 inhibitor II
from Calbiochem, IL-6 from
eBioscience, insulin and LiCl from
Sigma, and JSI-124 (cucurbitacin)
from the NCI Developmental Ther-
apeutic Program, National Insti-
tutes of Health.
Cell Culture—Primary astrocytes

were prepared from cerebral cortex
of 1-day-old C57Bl/6 mice as
described previously with minor
modifications (23), cultured in Dul-
becco’s modified Eagle’s medium/
F-12 medium supplemented with
10% fetal bovine serum, 0.3% glu-
cose, 2 mM L-glutamine, 5 units/ml
penicillin, and 5 �g/ml streptomy-
cin, and after 10 days of culture
shaken 30 h at 250 rpm, resulting in
�95% pure astrocytes as deter-
mined by immunostaining with the

FIGURE 1. GSK3 promotes STAT3 activation. A, mouse primary astrocytes were treated with 1 ng/ml IFN�, 100
ng/ml LPS, or both for 15 min to 4 h, and cell lysates were immunoblotted for phospho-Tyr705-STAT3 and total
STAT3. Mouse primary astrocytes were treated with 100 ng/ml LPS, 1 ng/ml IFN�, or both, in the absence or presence
of 20 mM lithium (LiCl) (B) for 15 min to 6 h or (C) for 30 min, followed by analysis of cell lysates by immunoblotting
with phosphorylation-specific antibodies to assess the phosphorylation of STAT3 (Tyr705 and Ser727) (n � 4).
D, mouse primary astrocytes were treated with 100 ng/ml LPS and/or 1 ng/ml IFN� for 30 min without or with a
pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M other GSK3 inhibitors (SB415286, SB216763, indirubin-
3�-monoxime, and TDZD-8), and cell lysates were analyzed by immunoblotting. E, mouse primary astrocytes were
treated with 1 ng/ml IFN� for 30 min without or with a pretreatment of 30 min with 2, 5, 10, or 20 mM lithium, or 1, 2,
4, or 10 �M SB216763, and cell lysates were immunoblotted for phospho-Tyr705-STAT3 and total STAT3. RAW264.7
cells (F) or primary microglia (G) were treated with 100 ng/ml LPS and/or 1 ng/ml IFN� for 30 min without or with a
pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M of other GSK3 inhibitors (SB415286, SB216763, indirubin-
3�-monoxime, kenpaullone, and TDZD-8), and cell lysates were analyzed by immunoblotting. The ratio of phospho-
Tyr705-STAT3 (PYSTAT3) to total STAT3 was calculated, and values represent the mean�S.E.; n �3–4. Immunoblots
were reblotted for �-actin to ensure equal protein loading.

GSK3 Regulates STAT3

AUGUST 8, 2008 • VOLUME 283 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 21935



astrocyte marker glial fibrillary acidic protein. After the first
hour of shaking, the medium containing microglia cells was
collected. RAW264.7 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 50 units/ml penicillin, and 50 �g/ml
streptomycin. IFN� (1 ng/ml), LPS (100 ng/ml), or both, IFN�
(103 units/ml), IL-4 (25 ng/ml), GM-CSF (25 ng/ml), IL-6 (50
ng/ml), or insulin (50 ng/ml)were added to cell culturemedium
without supplements for 5 min to 6 h before cells were
harvested.
Western Blotting, Immunoprecipitation, and GSK3 Kinase

Assay—Cells were lysed in 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 1 �g/ml of
leupeptin, aprotinin, and pepstatin A, 1 mM orthovanadate, 10
mM NaF, 0.1 �M okadaic acid, 1 mM phenylmethylsulfonyl flu-
oride. Membrane and soluble fractions were separated using a
membrane extraction kit (Calbiochem), and nuclear and
cytosolic fractions were fractionated using a nuclear extrac-
tion kit (Active Motif). Proteins were resolved with SDS-
PAGE, and nitrocellulose membranes were immunoblotted
with antibodies to phospho-Tyr705-STAT3, phospho-Ser727-
STAT3, phospho-Tyr701-STAT1, phospho-Tyr694-STAT5,

phospho-Tyr641-STAT6, STAT3, STAT1, STAT5, STAT6,
phospho-Tyr1022/1023-JAK1, phospho-Tyr1007/1008-JAK2, phos-
pho-Tyr1054/1055-TYK2 (Cell Signaling Technology, Danvers,
MA), total phosphotyrosine, glial fibrillary acidic protein
(GFAP), GSK3�/� (Upstate/Millipore, Lake Placid, NY), TLR4
(eBioscience, San Diego, CA), CD119, JAK1 (BD Pharmingen,
San Diego, CA), JAK2 (BIOSOURCE), Bcl-3 (Santa Cruz Bio-
technology, Santa Cruz, CA), and �-actin (Sigma). For immu-
noprecipitation, sampleswere incubatedwith the indicated pri-
mary antibody overnight at 4 °C with gentle agitation, followed
by incubation with protein G-Sepharose beads (Amersham
Biosciences) for 2 h at 4 °C, and the immune complexes were
washed three times. GSK3 activity was assayed in CD119 and
TLR4 immunoprecipitants from primary astrocytes as
described previously (24). As a negative control, GSK3 activity
was inhibitedwith lithium (20mM) in the kinase assay to ensure
specificity.
STAT3 DNA Binding—Nuclei from mouse astrocytes were

extracted with a nuclear extraction kit (Active Motif). Astro-
cyte nuclear extracts (2�g)were assayed for STAT3DNAbind-
ing activity using the TransAM kit (Active Motif) according to
the manufacturer’s instructions.

FIGURE 2. GSK3 inhibitors block STAT3 transcription factor activity. Mouse primary astrocytes were treated (A) for 5, 30, 60 or 120 min with 1 ng/ml IFN�
without or with 20 mM lithium (LiCl), or (B) for 30 min with 1 ng/ml IFN�, 100 ng/ml LPS, or both, without or with 10 �M TDZD-8, and nuclear fractions were
immunoblotted for phospho-Tyr705-STAT3 (PYSTAT3) (n � 3). C, STAT3 DNA binding activity was measured in astrocytes after 30-min stimulation with 1 ng/ml
IFN� modulated by treatments with 20 mM lithium or 10 �M TDZD-8. Values represent the mean � S.E.; n � 5, *, p � 0.05 compared with samples not treated
with a GSK3 inhibitor. Constitutively active STAT3C was expressed after infection with the FLAG-tagged STAT3 adenovirus (Ad5STAT3C) in mouse primary
astrocytes for 24 h without or with 20 mM lithium (LiCl), and cell lysates were analyzed by immunoblotting for phospho-Tyr705-STAT3 (D) or GFAP or Bcl-3 (E).
The ratio of phospho-Tyr705-STAT3 (PYSTAT3) to total STAT3 or the total levels of GFAP or Bcl-3 were calculated, and values represent the mean � S.E.; n � 3– 4.
F, mouse primary astrocytes were treated for 24 h, 48 h, or 72 h without or with 20 mM lithium (LiCl), and cell lysates were analyzed by immunoblotting. The level
of GFAP was calculated and values represent the mean � S.E.; n � 3.
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Adenoviral Transduction—Mouse astrocytes were rinsed
twice with Dulbecco’s modified Eagle’s medium/F-12
medium without supplements, infected with 50 multiplicity

of infection of the designated ade-
novirus construct for 30 min, and
supplemental medium was added
for incubation for 36–48 h. All
infected cultures were examined
for adequate infection efficiency
(�80%) as assessed by green fluo-
rescent protein fluorescence.
siRNA Transfection—The pre-

validated siRNA oligonucleotide
sequence for STAT3 (25) and
Silencer negative control were
obtained fromAmbion, and those of
GSK3� and GSK3� (Smart pool)
were purchased from Dharmacon
Research, Inc. Cells were trans-
fected using liposome-mediated
transfection reagent Lipofectamine
RNAiMAX (Invitrogen) with 50 nM

siRNA according to the manufacturer’s instructions.
Statistical Analysis—Statistical significance between groups

was evaluated by analysis of variance or Student’s t test.

RESULTS

GSK3 Inhibitors Block STAT3 Activation—Stimulation of
TLR4 with LPS activates inflammatory signaling in responsive
cells, and this inflammatory response can be amplified by co-
stimulating the IFN� receptor (26), which predominantly acti-
vates the JAK/STAT signaling pathway (27). Therefore, the
kinetics of STAT3 activation in mouse primary astrocytes was
determined in response to treatment with LPS, IFN�, or both,
at the minimal concentration of IFN� sufficient to induce syn-
ergistic physiological responses. Stimulation with LPS plus
IFN� caused a rapid (15min) and long lasting increase in phos-
pho-Tyr705-STAT3 in primary astrocytes (Fig. 1A).Most of this
STAT3 activation was due to IFN� (28), because IFN� alone
increased phospho-Tyr705-STAT3 to a similar degree as
attained following treatment with LPS plus IFN�. The total
level of STAT3 remained unaltered following each treatment.
Thus, treatment with IFN� induced a robust and long lasting
activation of STAT3 in astrocytes.
GSK3 was found to be crucial for the activation of STAT3 in

primary astrocytes. Treatment with the selective GSK3 inhibi-
tor lithium (29) reduced the initial tyrosine phosphorylation of
STAT3 attained after 15min of stimulationwith LPSplus IFN�,
and the inhibition by lithiumwasmaintained throughout 6 h of
treatment (Fig. 1B). Lithium blocked by 77 � 9% (mean � S.E.,
n � 4) the increase in phospho-Tyr705-STAT3 induced by a
30-min treatment with LPS plus IFN� (Fig. 1C) but did not
markedly affect the phosphorylation of STAT3 on Ser727 or the
total level of STAT3. To confirm that reduced STAT3 tyrosine
phosphorylation caused by lithium treatment was due to GSK3
inhibition, four other structurally diverse, selective GSK3
inhibitors were tested, including SB415286, SB216763 (30),
indirubin-3�-monoxime (31), and TDZD-8 (32). Along with
lithium, all five GSK3 inhibitors greatly reduced the tyrosine
phosphorylation of STAT3 induced by treatment with LPS plus
IFN� in primary astrocytes without modifying the total level of

FIGURE 3. GSK3 inhibitors block phospho-Tyr705-STAT3. Mouse primary astrocytes were treated with 1
ng/ml IFN� for 30 min, with or without a 30-min pretreatment with 10 �M JSI-124 or 20 mM lithium, and cell
lysates (A), membrane (B), or nuclear fractions (C) were analyzed by immunoblotting. The ratios of phospho-
Tyr705-STAT3 (PYSTAT3) to total STAT3 were calculated and values represent the mean � S.E.; n � 4, *, p � 0.05
compared with IFN� alone. RAW264.7 cells (D) or microglia (E) were treated with 1 ng/ml IFN� for 30 min, with
or without a 30-min pretreatment with 10 �M JSI-124 or 20 mM lithium, and cell lysates were analyzed by
immunoblotting. Immunoblots were reblotted for �-actin for cell lysates or CREB for nuclear lysates to ensure
equal protein loading.

FIGURE 4. GSK3 promotes the activation of STAT3 induced by other stim-
ulants. A, mouse primary astrocytes were treated with 50 ng/ml IL-6 for 30
min, in the absence or presence of a 30-min pretreatment with 10 �M JSI-124
or 20 mM lithium (LiCl), and lysates were immunoblotted for phospho-Tyr705-
STAT3 and STAT3. B, mouse primary astrocytes and RAW264.7 cells were
treated with 103 units/ml IFN� or 50 ng/ml insulin for 30 min in the absence or
presence of a 30-min pretreatment with 20 mM lithium (LiCl) or 10 �M

SB216763, and lysates were immunoblotted for phospho-Tyr705-STAT3 and
STAT3 (n � 3). Immunoblots were reblotted for �-actin to ensure equal pro-
tein loading.
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STAT3 (Fig. 1D). Furthermore, the concentration dependen-
cies of lithium and SB216763 in reducing IFN�-stimulated
STAT3 tyrosine phosphorylation (Fig. 1E) were consistent
with the original reports describing their inhibitions of
GSK3 (30, 33).
To determine if GSK3 also is required for STAT3 activation

in other types of cells besides primary astrocytes, macrophage-
derived RAW264.7 cells and primary mouse microglia were
examined. GSK3 inhibitors greatly reduced IFN�-induced
STAT3 tyrosine phosphorylation in both RAW264.7 cells (Fig.
1F) and mouse primary microglia (Fig. 1G), indicating that
GSK3 is required for STAT3 activation induced by IFN� in
multiple cell types.
Tyr705 phosphorylation of STAT3 promotes its accumula-

tion in the nucleus, and thus its activity as a transcription factor
(34). Treatment of astrocytes with IFN� caused a time-depend-
ent increase in nuclear phospho-Tyr705-STAT3, which reached
a maximum at 30 min (Fig. 2A). The nuclear accumulation of
activated phospho-Tyr705-STAT3 was greatly reduced by inhi-
bition of GSK3 with lithium throughout a 5- to 120-min stim-

ulation with IFN� (Fig. 2A). Stimu-
lated nuclear accumulation of
phospho-Tyr705-STAT3 also was
largely eliminated by treatment
with TDZD-8 (Fig. 2B). Consistent
with the findings that GSK3 inhibi-
tors reduced the activation of
STAT3, treatment with lithium or
TDZD-8 blocked the transcrip-
tional activation of STAT3 as deter-
mined by using nuclear extracts
from primary astrocytes to measure
STAT3 binding to consensus site
oligonucleotides, although they did
not alter the basal level of STAT3
binding (Fig. 2C). Thus, inhibition
of GSK3 depressed the tyrosine
phosphorylation of STAT3, result-
ing in inhibition of STAT3 DNA
binding activity.
The GSK3 dependence of STAT3

tyrosine phosphorylation and DNA
binding activity indicated that
GSK3 inhibitors would block
STAT3-induced gene expression.
To test this, we examined the effect
of inhibiting GSK3 on STAT3-in-
duced increases in levels of proteins
known to be STAT3 targets.
STAT3-mediated expression was
attained by expressing an active
form of STAT3, STAT3C, in which
covalent bonds between cysteines
establishes the active dimer confor-
mation (35). Although originally
thought to be constitutively active,
recent evidence shows that tyrosine
phosphorylation of STAT3C is nec-

essary for it to be active (36). Expressed STAT3C was tyrosine
phosphorylated in the absence of a stimulus, and this was effec-
tively blocked by inhibiting GSK3 with lithium (Fig. 2D).
STAT3C expression in primary astrocytes was sufficient to
increase the levels of GFAP and Bcl-3, proteins widely reported
to be induced by active STAT3 (9, 10, 13, 37–40), and these
increases were blocked by lithium treatment (Fig. 2E). We
noted that lithium reducedGFAP to below the control level and
found that lithium treatment time-dependently reduced GFAP
levels in primary astrocytes independent of any additional
treatment (Fig. 2F). Thus, the inhibition of STAT3C activation
by GSK3 inhibitors was sufficient to block its induction of sev-
eral proteins.
The regulation of STAT3 activation by GSK3 was evaluated

further by comparing the effect of inhibitingGSK3with lithium
to the effect of a direct inhibitor of STAT3 activation, JSI-124
(also called cucurbitacin) (41). Treatment of primary astrocytes
with 10 �M JSI-124 effectively blocked IFN�-induced tyrosine
phosphorylation of STAT3 measured in cell extracts (Fig. 3A),
membrane fractions (Fig. 3B), or nuclear fractions (Fig. 3C), and

FIGURE 5. GSK3 is not a strong modulator of STAT1 and STAT6 but activates STAT5. A, mouse primary
astrocytes (left panel) or RAW264.7 cells (right panel) were treated with 100 ng/ml LPS and 1 ng/ml IFN� for 30
min without or with a pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M other GSK3 inhibitors
(SB415286, SB216763, indirubin-3�-monoxime, kenpaullone, TDZD-8, and GSK3 inhibitor II), and cell lysates
were analyzed by immunoblotting for phospho-Tyr701-STAT1 and STAT1 (n � 3). B, RAW264.7 cells (top panel)
and primary microglia (bottom panel) were treated with 103 units/ml IFN� or 1 ng/ml IFN� for 30 min without
or with a pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M SB216763, and cell lysates were analyzed by
immunoblotting for phospho-Tyr701-STAT1 and STAT1 (n � 2). C, mouse primary astrocytes (left panel),
RAW264.7 cells (middle panel), and mouse primary microglia (right panel) were treated with 25 ng/ml IL-4 for 30
min without or with a pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M other GSK3 inhibitors
(SB415286, SB216763, kenpaullone, TDZD-8, and GSK3 inhibitor II), and cell lysates were analyzed by immuno-
blotting for phospho-Tyr641-STAT6 and STAT6 (n � 4). D, mouse primary astrocytes were treated with 103

units/ml IFN� or 1 ng/ml IFN� for 30 min without or with a pretreatment of 30 min with 20 mM lithium (LiCl) or
10 �M other GSK3 inhibitors (SB216763, BIO, and TDZD-8), and cell lysates were analyzed by immunoblotting
for phospho-Tyr694-STAT5 and STAT5. The ratio of phospho-Tyr694-STAT5 (PYSTAT5) to total STAT5 was calcu-
lated, and values represent the mean � S.E. n � 3. E, mouse primary microglia were treated with 1 ng/ml IFN�
or 25 ng/ml GM-CSF for 30 min without or with a pretreatment of 30 min with 20 mM lithium (LiCl) or 10 �M

other GSK3 inhibitors (BIO and TDZD-8), and cell lysates were analyzed by immunoblotting for phospho-Tyr694-
STAT5 and STAT5 (n � 3). Immunoblots were reblotted for �-actin to ensure equal protein loading.
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inhibition of GSK3 with lithium produced comparable, or
greater, inhibition of STAT3 activation in each preparation.
Treatment with JSI-124 or lithium also caused similar reduc-
tions of STAT3 activation in RAW264.7 cells (Fig. 3D) and
mouse primarymicroglia (Fig. 3E). These findings demonstrate
that GSK3 inhibitors have a strong ability to inhibit STAT3
activation induced by IFN�.

The GSK3 dependence of IFN�-induced STAT3 activation
raised the question of whether GSK3 also is required for other
stimuli to activate STAT3. IL-6 (50 ng/ml) (42) induced a large
increase in phospho-Tyr705-STAT3 in primary astrocytes, and
this was blocked by inhibition of GSK3 with lithium or by JSI-
124 (Fig. 4A). Similarly, GSK3 inhibitors also greatly reduced
the stimulation of phospho-Tyr705-STAT3 induced by IFN�
(103 units/ml) (43) or by insulin (50 ng/ml) (44) in both primary
astrocytes and RAW264.7 cells (Fig. 4B). These findings indi-
cate thatGSK3 is required for STAT3 tyrosine phosphorylation
induced by a variety of stimuli in multiple types of cells.
GSK3 Selectively Regulates STAT3 Activation—Because

GSK3 strongly promoted STAT3 activation, we examined if
this effect is selective or if GSK3 is also required for activation of
other members of the STAT family. Treatment of primary
astrocytes or RAW264.7 cells with LPS plus IFN� increased the
tyrosine phosphorylation of STAT1 (27, 28, 43), and this was
unaffected by GSK3 inhibitors (Fig. 5, A and B). Moreover, the
absence of effect of GSK3 inhibitors on STAT1 activation was
not dependent on the stimulus, because the phosphorylation of
Tyr701-STAT1 induced by IFN� (43) was not affected by GSK3
inhibitors (Fig. 5B). Thus, GSK3 inhibitors did not completely
block IFN�-induced signaling but selectively inhibited IFN�-
induced activation of STAT3 but not of STAT1. Activation of
STAT6 alsowas independent ofGSK3. IL-4was used to activate
STAT6 (45) in primary astrocytes, microglia, and RAW264.7
cells, and GSK3 inhibitors did not reduce the stimulated pro-
duction of phospho-Tyr641-STAT6 (Fig. 5C). However, STAT5
(STAT5A and STAT5B) activation demonstrated GSK3
dependence in primary astrocytes, because stimulation of
STAT5 tyrosine phosphorylation by either IFN� or IFN� (43)
was blocked by inhibitors of GSK3 (Fig. 5D). GSK3 inhibitors
also inhibited the production of phospho-Tyr694-STAT5
induced by treatment with GM-CSF (46) or IFN� in primary
microglia (Fig. 5E). Thus, the activation of STAT3 and STAT5
displayed a dependence on GSK3, whereas STAT1 and STAT6
were GSK3-independent.
STAT3 Tyr705 Phosphorylation Is Dependent on the GSK3�

Isoform—Both isoforms of GSK3, GSK3� and GSK3�, are
expressed and constitutively active in most cells and are
blocked by all GSK3 inhibitors. To test if either isoform was
predominant in facilitating STAT3 or STAT5 activation in
astrocytes, the level of each isoform of GSK3 was selectively
reduced by �70% using siRNA (Fig. 6A). IFN�-induced tyro-
sine phosphorylations of STAT3 and of STAT5 were reduced
by knocking down GSK3� comparably with the knockdown
efficiency, consistent with the effects of GSK3 inhibitors on the
activation of STAT3 and STAT5 (Fig. 6, B and C). Surprisingly,
the IFN�-induced activation of STAT3 and STAT5 were
increased by knockdownofGSK3�. In contrast, knocking down
either isoform of GSK3 was without effect on the activation of

STAT1 or on the total levels of the STATs (data not shown).
Thus, GSK3� is essential for the activation of STAT3 or STAT5
by tyrosine phosphorylation, whereas GSK3� has a different
regulatory role. Reinforcing these conclusions, expression of
constitutively active S9A-GSK3� in astrocytes was sufficient to
induce tyrosine phosphorylation of STAT3 in the absence of
additional stimuli (Fig. 6D). In contrast, STAT3 tyrosine phos-
phorylation was not affected by expression of constitutively
active S21A-GSK3�.
STAT3 Inhibition by BlockingGSK3 IsNotMediated by Phos-

phatases or JAKs—Because full activation of STAT3 is depend-
ent on GSK3, we examined if GSK3 regulates phosphatase or
kinase actions associated with STAT3 tyrosine phosphoryla-
tion (42). The inhibitory effect of lithium on IFN�-induced
phospho-Tyr705-STAT3 was still evident after inhibition of
phospho-tyrosine phosphatases with pervanadate (Fig. 7A).
Both nuclear and cytosolic phospho-Tyr705-STAT3 were
increased by pervanadate and reduced by lithium, but lithium
did not cause a general reduction of protein tyrosine phospho-
rylation induced by pervanadate (bottom panel), indicating that

FIGURE 6. GSK3� isoform is responsible for the phospho-Tyr705-STAT3.
Mouse primary astrocytes were treated with control siRNA (Ctl) or siRNA for
GSK3� and GSK3� for 48 h followed by stimulation with 1 ng/ml IFN� for 30
min, and cell lysates were analyzed by immunoblot. The level of GSK3� (left)
and GSK3� (right) are shown in A. Cell lysates were analyzed by immunoblot.
The ratio of phospho-Tyr705-STAT3 (PYSTAT3) to total STAT3 (B) and phospho-
Tyr694-STAT5 to STAT5 (C) was calculated, and values represent the mean �
S.E.; n � 5; *, p � 0.05 compared with control. D, control green fluorescent
protein or constitutively active S21A-GSK3� and S9A-GSK3� were expressed
in mouse primary astrocytes for 48 h. Cell lysates were analyzed by immuno-
blot (n � 3). Immunoblots were reblotted for �-actin to ensure equal protein
loading.
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GSK3 selectively modulates phosphorylation, rather than
dephosphorylation, of phospho-Tyr705-STAT3. We next
examined tyrosine kinases that may be linked to STAT3 activa-
tion (27, 43, 47, 48). Src did not contribute to IFN�-induced
phospho-Tyr705-STAT3 in primary astrocytes, because the Src
family inhibitor PP-2 did not affect phospho-Tyr705-STAT3
induced by IFN� (data not shown), suggesting a JAK family
kinase likely mediates GSK3-dependent STAT3 tyrosine phos-
phorylation. However, inhibitors of GSK3 did not affect the
phosphorylation of JAK2 induced by treatment with LPS plus
IFN� in primary astrocytes (Fig. 7B), RAW264.7 cells (Fig. 7C),
or primary microglia (Fig. 7D). GSK3 inhibitors also did not
alter IFN�-induced activation of TYK2 or JAK1 in astrocytes,
RAW264.7 cells, or microglia (Fig. 7E). These results, taken
together with the lack of effect on STAT1 activation, demon-
strate that GSK3 does not function upstream of STAT3-acti-
vating tyrosine kinases, but instead regulates their ability to
phosphorylate STAT3, raising the possibility that GSK3may be
associated with STAT3 to modulate its activation at the
receptor.
GSK3 Is Associated with STAT3—Because GSK3 is required

for STAT3 activation but not for the kinases that phosphorylate
it, we speculated that GSK3may directly associate with STAT3
to facilitate its delivery to the IFN� receptor-associated signal-
ing complex. Co-immunoprecipitation measurements showed
that endogenous GSK3 was associated with endogenous
STAT3, because STAT3 co-immunoprecipitated with both

GSK3� and GSK3� in primary
astrocytes and stimulation with
IFN� rapidly increased their associ-
ation (Fig. 8A). In contrast, no
STAT1 was found to be associated
with GSK3 (data not shown). Con-
versely, each GSK3 isoform also co-
immunoprecipitated with STAT3,
and examination of the subcellular
localization of these GSK3�STAT3
complexes showed that GSK3
co-immunoprecipitated with STAT3
from membrane (Fig. 8B) and
nuclear (Fig. 8C) fractions prepared
from primary astrocytes. Notably,
GSK3� was primarily associated
with STAT3 in membranes (Fig.
8B), consistent with its regulation of
the initial activation of STAT3,
whereas GSK3� was primarily asso-
ciated with STAT3 in the nucleus
(Fig. 8C), suggesting that GSK3�
may regulate nuclear STAT3, such
as its nucleocytoplasmic shuttling.
Stimulation with LPS plus IFN�
increased the association of GSK3�
with STAT3 (Fig. 8B), consistent
with evidence that GSK3� pro-
motes the activation of STAT3 at
the membrane, and increased the
association of GSK3� with STAT3

in the nucleus (Fig. 8C).
The localization of GSK3� associated with STAT3 in the

membrane fraction raised the possibility that GSK3 may asso-
ciate with receptors for inflammatory molecules. In primary
astrocytes, expressed active mutants of each GSK3 isoform,
S9A-GSK3� and S21A-GSK3�, co-immunoprecipitated with
the IFN� receptor (Fig. 8D). The associations of expressed
active GSK3� and GSK3� with the IFN� receptor were
increased by expression of constitutively active STAT3C.Addi-
tionally, expression of S9A-GSK3� induced a marked increase
in the membrane fraction of the amount of STAT3 associated
withGSK3�, andmore expressed STAT3Cwas recruited to the
membrane fraction upon expression of active GSK3 isoforms
(Fig. 8E). These results indicate that GSK3 and STAT3 cooper-
atively recruit each other to the membrane fraction containing
the IFN� receptor.

Whereas GSK3� clearly associates with STAT3 at the
membrane-localized receptor where it promotes STAT3
tyrosine phosphorylation, the effects of GSK3� differed from
GSK3�. The increased IFN�-induced phospho-Tyr705-
STAT3 obtained with knockdown of GSK3� and the predom-
inant association of GSK3� with STAT3 in the nucleus indi-
cated that GSK3�may control the nucleocytoplasmic shuttling
of STAT3. Therefore, the effects of GSK3 manipulations on
nuclear STAT3 were examined using leptomycin B to inhibit
CRM1-dependent export of STAT3 (6). Knocking down
GSK3� reduced the nuclear level of IFN�-induced phospho-

FIGURE 7. STAT3 inhibition by GSK3 is not mediated by phosphatases or JAKs. A, mouse primary astrocytes
were treated for 30 min with 0.1 mM pervanadate, 1 ng/ml IFN�, and 20 mM lithium (LiCl) as indicated, followed
by immunoblotting nuclear or cytosolic extracts (PY indicates total phosphotyrosine immunoreactivity) (n �
2). B, mouse primary astrocytes; C, RAW264.7 cells; or D, mouse primary microglia were treated for 30 min with
1 ng/ml IFN� and 100 ng/ml LPS, without or with 20 mM lithium (LiCl) or 10 �M other GSK3 inhibitors (SB415286,
SB216763, kenpaullone, TDZD-8, and GSK3 inhibitor II). Cell lysates were analyzed by immunoblot for phos-
pho-Tyr1007/1008-JAK2 and JAK2 (n � 4). E, mouse primary astrocytes, microglia, and RAW264.7 cells were
treated for 30 min with 1 ng/ml IFN�, without or with 20 mM lithium (LiCl) or 10 �M SB216763. Cell lysates were
analyzed by immunoblot for phospho-Tyr1022/1023-JAK1 and JAK1 or phospho-Tyr1054/1055-TYK2. Immunoblots
were reblotted with �-actin to ensure equal protein loading.

GSK3 Regulates STAT3

21940 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 32 • AUGUST 8, 2008



Tyr705-STAT3 in the absence or presence of leptomycin B, as
would be expected by the requirement for GSK3� at the mem-
brane to promote IFN�-induced STAT3 activation. In contrast,
knocking down of GSK3� had the opposite effect of increasing
nuclear phospho-Tyr705-STAT3 (Fig. 8F). These results sug-
gest that, although GSK3� is required for the activation of
STAT3 at the membrane, GSK3� may promote dephosphoryl-
ation and nuclear export of STAT3 to promote the recycling of
STAT3.
GSK3 Is Active at the IFN� Receptor—We examined further

the association of GSK3 with plasmamembrane receptor com-
plexes involved in inflammatory signaling in astrocytes, which
express both IFN� andTLR4 receptors (49–51), to test if recep-
tor stimulation modulated receptor-associated GSK3 activity.
The �-chain of the IFN� receptor was immunoprecipitated
from primary astrocytes and both GSK3� and GSK3� co-im-
munoprecipitatedwith the IFN� receptor andwere recruited to
the receptor after stimulation with LPS plus IFN� (Fig. 9).
Membrane CD119 levels tended to decrease after IFN� stimu-

lation, suggesting a possible inter-
nalization of these receptors after
IFN� stimulation, as reported previ-
ously (52). In contrast, little change
was observed in GSK3 isoforms
associated with TLR4 after stimula-
tion (Fig. 9).
To test if the IFN� receptor-re-

cruited GSK3 was functionally
active, GSK3 activity and STAT3
detection assays were carried out
with receptor immunoprecipitates.
The activity of GSK3 that co-immu-
noprecipitatedwith the IFN� recep-
tor approximately doubled after
stimulation of astrocytes with IFN�
alone or in combination with LPS
(Fig. 9A), a particularly notable
increase considering that GSK3 is a
constitutively active kinase,whereas
stimulants did not significantly alter
the GSK3 activity that co-immuno-
precipitated with TLR4 (Fig. 9B).
These results suggest that active
GSK3 associated with the IFN�
receptor binds and promotes
IFN�-induced STAT3 activation.
This conclusion was confirmed by
the finding that GSK3 inhibitors
blocked the association of STAT3
with the IFN� receptor. To detect
IFN� receptor-bound STAT3,
STAT3C was expressed, and its
association was measured in IFN�
receptor immunoprecipitants. Treat-
ment with lithium inhibited
STAT3C binding to the IFN� re-
ceptor by 77� 10% (n� 4) (Fig. 9C).
Similar inhibitions of the STAT3C�

IFN� receptor complex formation were achieved by two other
GSK3 inhibitors, TDZD-8 and SB415286, as well as lithium,
confirming the requirement for GSK3 (Fig. 9D). Stimulation
with IFN� increased the association of STAT3C with the IFN�
receptor (Fig. 9E), and this also was blocked by inhibition of
GSK3 (Fig. 9F). Thus, GSK3� is bound the IFN� receptor and
activated by IFN� treatment, and GSK3 is necessary for the
recruitment of STAT3 to the receptor to undergo tyrosine
phosphorylation-mediated activation.

DISCUSSION

STAT3 is a key transcription factor involved in inflammatory
responses, especially those mediated by cytokines, as well as in
cellular proliferation, differentiation, and survival (5). The
results reported here demonstrate a strong dependence on
GSK3 for the activation of STAT3 induced by several stimuli in
astrocytes, microglia, andmacrophages, revealing a newmech-
anism that regulates this key inflammatory signaling pathway.
STAT family members were differentially dependent on GSK3,

FIGURE 8. GSK3 associates with STAT3. A, GSK3� or GSK3� were immunoprecipitated (IP) from cell lysates of
primary astrocytes treated for 30 min with 1 ng/ml IFN�, and immunoprecipitated lysates were immuno-
blotted for STAT3 and GSK3�/�. The level of STAT3 associated with each isoform of GSK3 was evaluated, and
values represent the mean � S.E. (n � 3). STAT3 was immunoprecipitated from membrane (B) or nuclear
fractions (C) prepared from primary astrocytes treated for 30 min with 1 ng/ml IFN�, 100 ng/ml LPS, or both,
and immunoprecipitated lysates were immunoblotted for GSK3�/� and STAT3 (n � 4). To ensure the efficiency
of the immunoprecipitation, the recovery in the supernatant after immunoprecipitation (Sup.) was performed.
D, the IFN� receptor �-chain (CD119) or STAT3 (E) was immunoprecipitated from membrane fractions pre-
pared from mouse primary astrocytes after infection with adenovirus for the expression of green fluorescent
protein (control), constitutively active S9A-GSK3�, or constitutively active S21A-GSK3�, without or with con-
stitutively active FLAG-tagged STAT3C (Ad5STAT3C), for 48 h, and immunoprecipitated lysates were immuno-
blotted for GSK3�/�, CD119, or STAT3. (n � 3). To ensure the specificity and the efficiency of the immunopre-
cipitation, an immunoprecipitation with a nonspecific isotypic IgG and the recovery in the supernatant after
immunoprecipitation (Sup) were performed. F, astrocytes were treated with control siRNA (Ctl) or siRNA for
GSK3� and GSK3� for 48 h followed by a pretreatment for 2 h with 10 ng/ml leptomycin B (LMB) and then
addition of IFN� (1 ng/ml) for 2 h, and nuclear fractions were immunoblotted. The level of phospho-Tyr705-
STAT3 (PY-STAT3) was calculated, and values represent the mean � S.E. (n � 5). Immunoblots were reblotted
with CREB to ensure equal protein loading.
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because the activations of STAT3 and STAT5 were blocked by
GSK3 inhibitors, but STAT1 and STAT6 activation were not.
Inhibition of GSK3 largely impeded the activating tyrosine
phosphorylation of STAT3 without altering activation of the
upstreamkinases JAK1, JAK2, or TYK2, or activation of STAT1
induced by IFN�, indicating a STAT3-targeted action of GSK3
in regulating the response to IFN� stimulation. This action of
GSK3 was predominantly mediated by GSK3�, rather than
GSK3�, and was accompanied by the association of GSK3�
with STAT3 in themembrane fraction where IFN� stimulation
increased active GSK3 associated with the IFN� receptor and
GSK3 inhibitors blocked the recruitment of STAT3 to the IFN�
receptor. Thus, GSK3 is intimately associated with the IFN�
receptor signaling to STAT3 in a selectivemanner. This critical
role of GSK3 in the IFN� receptor intracellular signaling pro-
tein complex regulating STAT3 activation may underlie some
of the pleiotropic actions of GSK3 on inflammation and cell
proliferation and survival (17, 53).
The dependence of STAT3 activation on GSK3 was a wide-

spread regulatory interaction, because it was evident with mul-
tiple stimuli and in several types of cells. Thus, IFN�, IFN�,
IL-6, and insulin each activated STAT3 in a GSK3-dependent

manner, although each activates a
different type of receptor. Taken in
conjunction with the association of
STAT3 with GSK3, the lack of
GSK3 dependence of JAK1, JAK2,
and Tyk2 activation, as well as the
lack of effect on STAT1 activation
and the lack of association of GSK3
with STAT1, these findings suggest
that STAT3 association with GSK3
represents the key regulatory inter-
action to promote STAT3 tyrosine
phosphorylation. Stimulation with
IFN� recruited STAT3 to the IFN�
receptor for its activating tyrosine
phosphorylation and increased the
receptor-associated activity of
GSK3, and STAT3 recruitment to
the receptor was blocked by inhibit-
ing GSK3. Because inflammatory
signals are transduced via trans-
membrane receptors that serve as
docking sites for intracellular sig-
naling proteins, identification of a
new partner, GSK3, recruited to this
receptor complex provides a novel
target for regulating inflammatory
signaling. This finding of receptor-
associated GSK3 initially may seem
surprising considering the dogma
that GSK3 is predominantly a cyto-
solic enzyme. However, GSK3 has
recently been shown to be directly
associated with a number of other
plasma membrane receptors (24,
54–56). GSK3 is characteristically

inactivated by external receptor-mediated signals impacting its
activity, in contrast to most kinases that are activated by recep-
tor-coupled signal transduction mechanisms (57–59). This
GSK3-inactivatingmechanism is used by several types of recep-
tors as they generate intracellular signaling cascades, such as
growth factor receptors, G-protein-coupled receptors, steroid
receptors, and ionotropic glutamatergic GluR1 receptors (24,
60–62). Thus, constitutively active GSK3 is directly or indi-
rectly associated with many types of plasma membrane recep-
tors, and their activation of intracellular signaling often
involves inactivation of GSK3. The present study extends the
known receptors that GSK3 associates with to the IFN� recep-
tor and reveals the less common feature that IFN� receptor
stimulation activates GSK3. This effect is not unique, because
Wnt stimulation causes activation of GSK3 associated with the
LRP6 receptor (56, 63). Thus, as with many other types of
receptors, GSK3 is intimately involved in IFN�-mediated signal
transduction mechanisms andmay have similar roles in signal-
ing inducedby the other stimuli that activate STAT3 in aGSK3-
dependent manner.
The GSK3 dependence of STAT3 activation did not extend

to all members of the STAT family of transcription factors.

FIGURE 9. GSK3 is active at the IFN� receptor. Co-immunoprecipitation (IP) of GSK3�/� with IFN� receptor
�-chain (CD119) (A), or TLR4 from membrane fractions (B) of mouse primary astrocytes, including untreated
cells and following 30-min stimulation with 1 ng/ml IFN�, 100 ng/ml LPS, or both. GSK3 activity was measured
in CD119 or TLR4 immunoprecipitants from primary astrocytes. To ensure the specificity and the efficiency of
the immunoprecipitation, an immunoprecipitation with a nonspecific isotypic IgG and the recovery in the
supernatant after immunoprecipitation (Sup) were performed. Quantified data are presented as mean � S.E.;
n � 5, *, p � 0.05 compared with control. Primary mouse astrocytes were infected with the constitutively active,
FLAG-tagged STAT3 adenovirus (Ad5STAT3C) for 24 h, and CD119 from cell lysates was immunoprecipitated
(IP) after treatment with 20 mM lithium (LiCl) (C); 20 mM lithium, 10 �M TDZD-8, or 10 �M SB415286 for 4 h
(D); 1 ng/ml IFN� for 30 min (E); or 1 ng/ml IFN� and 20 mM lithium (F), and immunoblotted for FLAG and
CD119 (n � 4).
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Extensive examination of IFN�-stimulated activation of
STAT1 failed to reveal any dependence on GSK3. This is note-
worthy because it demonstrates that the regulatory action of
GSK3 does not extend to all signals generated by the IFN�
receptor, supporting the conclusion that it is the interaction
betweenGSK3 and STAT3 that is key to regulation, rather than
regulation byGSK3 of the receptor or receptor-associated tyro-
sine kinases. Furthermore, GSK3 did not regulate STAT6 tyro-
sine phosphorylation induced by IL-4, the most highly docu-
mented activator of STAT6 (45). However, GSK3 was found to
be required for STAT5 activation, because GSK3 inhibitors
reduced STAT5 activation in astrocytes stimulated with IFN�
or IFN� or microglia stimulated by GM-CSF or IFN�. Knock-
ing down the level of GSK3� in astrocytes further confirmed
the dependence of STAT5 activation onGSK3. Themechanism
for this regulatory effect of GSK3 on STAT5 activation remains
to be studied and is currently under investigation.Overall, these
results show that in astrocytes the activation of STAT3 and
STAT5, but not STAT1 or STAT6, is dependent on GSK3,
demonstrating that GSK3 inhibitors can be utilized to differen-
tially modulate the activation of STAT family members. This
selectivity may be a particularly attractive characteristic for
application of GSK3 inhibitors because, for example, both
STAT3 and STAT5 have been shown to be highly activated in
certain types of cancer (35, 47).
Examination of isoform-specific effects of GSK3 revealed

that GSK3� predominately promotes STAT3 activation at the
receptor in the plasmamembrane, whereas the effect of GSK3�
was less clear. STATs activated by tyrosine phosphorylation
accumulate in the nucleus bound to DNA (64), following which
they are dephosphorylated and exported with an active half-life
estimated to be 15min for STAT1 (8). This short active half-life
requires that STATs are exported from the nucleus to re-asso-
ciate with the activated receptor-tyrosine kinase complex for
reactivation. Both GSK3 (65) and STAT3 (34) contain nuclear
localization sequences and undergo rapid nucleocytoplasmic
shuttling under basal conditions. Because in the nucleus
GSK3� was predominantly associated with STAT3, and
siRNA-mediated knockdown of GSK3� increased nuclear lev-
els of phospho-Tyr705-STAT3, GSK3� may play a role in pro-
moting the inactivating dephosphorylation of Tyr705-STAT3
that leads to nuclear export, but this will require further inves-
tigation. This action would be consistent with a previous report
showing that GSK3 promotes Dd-STATa export from the
nucleus in Dictyostelium (66). These findings add to previous
reports of isoform-specific regulatory actions of GSK3 on other
transcription factors, such as NF-�B (20, 67) and Smad3/4 (67).
GSK3 is recognized as an integrator of many signaling path-

ways and the subsequent regulation of a large number of tran-
scription factor effectors (17), and the results reported here
extend this function ofGSK3 to STAT3, a crucial component of
inflammatory signaling. This adds STAT3 to other transcrip-
tion factors involved in inflammatory signaling that are known
to be regulated by GSK3, including NF-�B, CREB, and AP-1
(14, 15, 20, 21). These transcription factors act both independ-
ently to control the expression of inflammatory molecules and
also interactively regulate each other. Thus, in contrast to inter-
ventions targeting individual transcription factors, inhibiting

GSK3 enables simultaneous regulation of multiple transcrip-
tion factors involved in inflammatory signaling. Regulation of
inflammation continues to be a pressing problembecause of the
widespread association of excessive inflammation with many
diseases. This is particularly true of neuroinflammation, which
contributes to a broad range of neurodegenerative diseases
(1–3). The present results show that inhibitors of GSK3 hold
promise for therapeutic intervention of neuroinflammation
based on the findings that GSK3 promotes STAT3 activation in
primary astrocytes and microglia, a therapeutic potential
strengthened by the rapidly growing armament of GSK3 inhib-
itors (32) that includes lithium, a drug already used therapeuti-
cally in psychiatric diseases (68).
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