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In Vivo by Inhibiting Signal Transducer
and Activator of Transcription-1
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Activation of AMPK suppresses inflammation, but the
underlying mechanisms remain poorly understood. This
study was designed to characterize the molecular
mechanisms by which AMPK suppresses vascular
inflammation. In cultured human aortic smooth mus-
cle cells, pharmacologic or genetic activation of
AMPK inhibited the signal transducer and activator
of transcription-1 (STAT1), while inhibition of AMPK
had opposite effects. Deletion of AMPKa1 or AMPKa2
resulted in activation of STAT1 and in increases in proin-
flammatory mediators, both of which were attenuated by
administration of STAT1 small interfering RNA or fludara-
bine, a selective STAT1 inhibitor. Moreover, AMPK activation
attenuated the proinflammatory actions induced by STAT1
activators such as interferon-g and angiotensin II (AngII).
Mechanistically, we found that AMPK activation increased,
whereas AMPK inhibition decreased, the levels of mitogen-
activated protein kinase phosphatase-1 (MKP-1), an
inducible nuclear phosphatase, by regulating proteasome-
dependent degradation of MKP-1. Gene silencing of MKP-1
increased STAT1 phosphorylation and prevented 5-amino-
imidazole-4-carboxyamide ribonucleoside–reduced STAT1
phosphorylation. Finally, we found that infusion of AngII
caused a more severe inflammatory response in AMPKa2
knockout mouse aortas, all of which were suppressed by
chronic administration of fludarabine. We conclude that
AMPK activation suppresses STAT1 signaling and inhibits
vascular inflammation through the upregulation of MKP-1.

Chronic low-grade inflammation is an important patho-
genic factor in the development of type 2 diabetes and

cardiovascular diseases (1). The metabolic abnormalities
of type 2 diabetes, including hyperglycemia, dyslipidemia,
and insulin resistance, activate the Janus kinases/signal
transducer and activator of transcription (JAK/STAT) sig-
naling pathway, a major intracellular inflammatory cas-
cade that transmits the intracellular signaling to the
nucleus (2), promoting inflammatory response, inducing
insulin resistance (3), and accelerating the development of
cardiovascular complications (4). In the vasculature, activa-
tion of STAT1 and STAT3 promotes inflammatory response
(5), increases neointimal formation (6), and accelerates the
development of atherosclerosis (7), a chronic disease char-
acterized by inflammation in the artery wall (8). Conversely,
inhibition of STAT3 improves insulin sensitivity (3). Dele-
tion of STAT1 attenuates the progression of atherosclerosis
(9). Thus, the JAK/STAT pathway is an attractive therapeu-
tic target for treating metabolic and cardiovascular diseases.

AMPK is a trimeric enzyme that contains a catalytic
a-subunit and regulatory b- and g-subunits (10). In addi-
tion to regulating energy metabolism, AMPK participates
in the regulation of many other cellular processes, includ-
ing autophagy, apoptosis (11–14), and inflammation. For
example, reduction of AMPK activity is associated with
inflammation in metabolic syndrome, including obesity
and type 2 diabetes (1,15). In addition, AMPK activation
promotes macrophage polarization to an anti-inflammatory
phenotype (16), prevents the nuclear translocation of
nuclear factor-kB (NF-kB), and inhibits the proinflam-
matory actions of interferon-g (IFN-g) and tumor necrosis
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factor-a (TNF-a) (17). However, the molecular mecha-
nisms by which AMPK suppresses the inflammatory re-
sponse are incompletely understood. In the current study,
we reported that AMPK activation enhances the expres-
sion of mitogen-activated protein kinase phosphase-1
(MKP-1), resulting in suppression of STAT1 signaling
and inhibition of vascular inflammation. Our studies
have established a central role for AMPK in promoting
an anti-inflammatory phenotype that is vital for protect-
ing against insulin resistance and limiting the progression
of inflammatory vascular diseases.

RESEARCH DESIGN AND METHODS

Human aortic smooth muscle cells (HASMCs) and cell
culture media (Medium 231) were purchased from
Cascade Biologics (Portland, OR). DMEM/Ham’s F12
medium was obtained from Mediatech (Herndon, VA).
Phosphorylated (phospho)-STAT1 (Tyr701) antibody,
Alexa-Fluor 594 goat anti-rabbit, and Alexa-Fluor 594
goat anti-mouse IgG were purchased from the Invitrogen
Corporation (Carlsbad, CA). STAT1 antibody was acquired
from Upstate Biotechnology (Lake Placid, NY). Antibodies
against phospho-AMPK (Thr172), AMPK, monocyte che-
motactic protein-1 (MCP-1), CD45, and the Src homology-2
domain–containing protein tyrosine phosphatase 2 (SHP2)
were purchased from Cell Signaling Technology (Beverly,
MA). Anti-CD68 antibody was obtained from Abcam
(Cambridge, MA). Anti–MKP-1 antibody and MKP-1–specific
small interfering (si)RNA duplexes were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) were procured from BD Bio-
science (Franklin Lakes, NJ). IFN-g was purchased from
R&D Systems (Minneapolis, MN). AICAR (5-aminoimidazole-
4-carboxyamide ribonucleoside) was obtained from Toronto
Research Chemicals Inc., and compound C was bought from
Calbiochem (San Diego, CA). Fludarabine was obtained
from Bosche Scientific (New Brunswick, NJ). Angiotensin
II (AngII) and other chemicals, as well as organic solvents
of research grade, were purchased from Sigma-Aldrich
(St. Louis, MO).

Experimental Animals and Treatments
C57BL/6 (wild-type [WT]), AMPKa1 knockout (AMPKa12/2),
and AMPKa22/2 mice were bred at the animal facility of
the University of Oklahoma Health Sciences Center. At
8 weeks of age, WT and AMPKa22/2 mice were ran-
domly assigned to receive subcutaneous implantation
of a minipump (Model 2004; ALZA Corp., Palo Alto,
CA) loaded with AngII (0.7 mg/kg/day) or phosphate
buffered saline (PBS) (18). Simultaneously, the mice
were assigned to be treated with fludarabine (100 mg/kg,
i.p.) or vehicle once every other day (19). After 4 weeks of
treatment, blood pressures were measured using Millar
Mikro-Tip catheter (Millar Instruments) (20), and aortas
were harvested for immunohistochemical and molecular
biological analyses. The animal protocol was reviewed and

approved by the University Institutional Animal Care and
Use Committee.

Cell Culture
HASMCs were maintained in Medium 231 with Smooth
Muscle Growth Supplement. Mouse aortic smooth muscle
cells (MASMCs) were isolated from thoracic aortas of WT,
AMPKa12/2, and AMPKa22/2 mice, as described previ-
ously (21), and were grown in DMEM/F12 medium sup-
plemented with 5% FBS and Smooth Muscle Growth
Supplement. All culture media were supplemented with
penicillin (100 units/mL) and streptomycin (100 mg/mL).
Cultured cells were incubated in a humidified atmosphere
of 5% CO2 and 95% air at 37°C and used between passage
3 and 10.

Adenovirus Infection and siRNA Transfection
Cells were infected with adenovirus encoding AMPK-CA
(constitutively active) or AMPK-DN (dominant-negative) at
a multiplicity of infection of 50 in medium with 5% FBS for
48 h. An adenovirus encoding green fluorescent protein
(Ad-GFP) was used as a control. Under these conditions,
infection efficiency was .80%, as determined by measur-
ing GFP expression (22,23). MKP-1 siRNA and control
siRNA were obtained from Santa Cruz Biotechnology.
HASMCs were transfected with MKP-1 siRNA or control
siRNA for 48 h using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacturer’s instructions (24).

Determination of Cytokines Release
HASMCs and MASMCs were grown in 12-well plates.
After the treatment, media were harvested for measure-
ment of IL-6, IL-1b, MCP-1, and TNF-a. The cytokine
levels were determined using an ELISA kit (Bio-Rad, Her-
cules, CA) according to the manufacturer’s instructions.
The assay selectively recognizes each cytokine with a limit
of detection of .3.2 pg/mL.

RNA Isolation and Quantitative Real-Time PCR
Detailed methods are provided in the Supplementary
Data.

Western Blot Analysis
Cells and aortic tissues were homogenized in lysis buffer,
and the protein content was assayed with bicinchoninic
acid protein assay reagent (Pierce, Rockford, IL). Protein
(50–80 mg) was resolved by SDS-PAGE, transferred to
nitrocellulose membranes, and probed with specific anti-
bodies. The signals were visualized by enhanced chemilu-
minescence (GE Healthcare), and then the membranes
were stripped and probed with total protein and/or b-actin
to verify equal loading, as described previously (22,
25,26). The intensity of individual bands was measured
by AlphaEase (Alpha Innotech, Santa Clara, CA), and the
background was subtracted from the calculated area.

26S Proteasome Activity Assay
26S proteasome activity was assayed by measuring ATP-
dependent degradation of proteasome fluorescence sub-
strates, as described previously (27).

4286 AMPK Suppresses STAT1 Signaling Diabetes Volume 64, December 2015

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0107/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0107/-/DC1


Electrophoretic Mobility Shift Assay
Nuclear fractions for the electrophoretic mobility shift
assay (EMSA) were prepared using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce) according to the
manufacturer’s protocol. EMSA was done using a gel shift
kit (Panomics) following the manufacturer’s instructions.
The specificity of binding was verified with an unlabeled
consensus oligonucleotide corresponding to the STAT1
binding sequence as a competitor in the binding reaction.

Immunohistochemical Staining and
Immunofluorescence Microscopy
The thoracic aortas were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 4 mm. The sec-
tions were deparaffinized and stained with vascular cell
adhesion molecule 1 (VCAM-1), MCP-1, iNOS, TNF-a, or
IL-1b antibodies, as described previously (28).

Statistical Analysis
Data are expressed as mean 6 SEM. Statistical differences
were analyzed by one-way ANOVA, followed by Bonferroni
post hoc analysis, except for the time course data, which were
analyzed with repeated-measures ANOVA. Comparisons be-
tween the groups were assessed using the Student t test. A
value of P , 0.05 was considered statistically significant.

RESULTS

Activation of AMPK Suppresses STAT1 in HASMCs
Recent evidence indicates that inhibition of AMPK is involved
in the low-grade inflammation found in metabolic syndrome
(29). Because STAT1 activation often correlates with cellular
proinflammatory activity, we first determined whether AMPK
suppresses inflammation through inhibition of STAT1 sig-
naling in HASMCs, because vascular smooth muscle cells
(VSMCs) are the main component of the vascular media and
the activities of VSMCs are important in normal vascular
repair and in pathological processes. HASMCs were incubated
with AICAR (2 mmol/L) for the indicated time points, and
AMPK activation was determined by evaluating the phos-
phorylation of AMPK at Thr172. A significant increase in
AMPK phosphorylation was observed at 2 h after AICAR
treatment and reached a peak at 8 h (Fig. 1A). As a putative
target of AMPK, the phosphorylation of STAT1 at Tyr701
started to decline at 2 h after the treatment and remained
suppressed at 16 h. AICAR did not change the protein levels
of STAT1 (Fig. 1A), suggesting that the alteration in STAT1
phosphorylation was not due to the reduction in STAT1 pro-
tein expression. In addition, AICAR increased AMPK Thr172
phosphorylation in a dose-dependent manner, which was
paralleled by decreased STAT1 phosphorylation (Fig. 1B). Sim-
ilarly, activation of AMPK by metformin, another AMPK ac-
tivator, decreased STAT1 phosphorylation (Supplementary
Fig. 1). In contrast to inhibition of STAT1 phosphorylation
by AICAR-activated AMPK, compound C, a well-characterized
AMPK inhibitor, reduced AMPK phosphorylation and en-
hanced STAT1 phosphorylation at 20 mmol/L (Fig. 1C). The
administration of compound C also increased STAT1 phos-
phorylation in a time-dependent manner (Fig. 1D).

Once activated, the phospho-STAT proteins trans-
located to the nucleus, bound to specific promoters, and
induced the expression of target genes (30). We therefore
determined whether AMPK influences STAT1 subcellular
localization. In control HASMCs, the phospho-STAT1 was
mainly present in the cytoplasm. Notably, in HASMCs
exposed to compound C (20 mmol/L, 16 h) the phospho-
STAT1 was mainly detected in the nucleus, suggesting that
AMPK inhibition induces STAT1 nuclear translocation
(Fig. 1E). We further examined whether AMPK influences
the DNA-binding activity of STAT1. As revealed by EMSA,
AICAR reduced STAT1 DNA-binding signal intensity,
whereas compound C increased the DNA-binding activity
of STAT1 (Fig. 1F–H), suggesting that AMPK negatively
regulates STAT1 signaling in HASMCs.

AMPK Activation Attenuates IFN-g–Enhanced STAT1
Activity
The JAK/STAT pathway was initially identified as a pri-
mary mediator of intracellular signaling induced by IFN-g
(2). To determine the inhibitory effect of AMPK on
STAT1 signaling, we studied whether AMPK activation
suppresses IFN-g–stimulated STAT1 activity. IFN-g
inhibited AMPK, as demonstrated by decreased AMPK
phosphorylation, accompanied by increased STAT1 phos-
phorylation (Fig. 2A). AICAR activated AMPK and mark-
edly attenuated IFN-g–induced STAT1 phosphorylation
(Fig. 2A). Immunocytochemical staining showed that
in control and AICAR-treated HASMCs, the phospho-
STAT1 was mainly present in the cytoplasm. IFN-g en-
hanced the fluorescence intensity of phospho-STAT1 in the
nucleus, indicating the nuclear translocation of phospho-
STAT1. Administration of AICAR ameliorated this nuclear
translocation (Fig. 2B).

AMPK Activation Inhibits AngII-Induced Cytokine
Expression
AngII induces vascular inflammation by activating the JAK/
STAT cascade and increasing the production of inflammatory
cytokines (31). We therefore studied whether AMPK activa-
tion could prevent the proinflammatory actions of AngII in
cultured HASMCs. Administration of AngII inhibited AMPK
phosphorylation along with increased STAT1 phosphorylation
and nuclear translocation (Fig. 2C and D). Notably, activation
of AMPK by AICAR prevented AngII-enhanced STAT1 phos-
phorylation and nuclear translocation (Fig. 2C and D). Quan-
titative analyses of inflammatory cytokine contents in
conditioned media revealed that AngII significantly upregu-
lated the production of inflammatory cytokines, including
IL-6 and MCP-1 (Fig. 2E and F). AICAR treatment diminished
AngII-induced production of proinflammatory cytokines (Fig.
2E and F).

AMPK Activation Increased MKP-1 Protein Levels in
VSMCs
STAT1 dephosphorylation by protein phosphatases such
as MKP-1 and SHP2 are critical in the regulation of
STAT1 activity (32). To gain insight into the mechanism
mediating the inhibitory effect of AMPK on the STAT1
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pathway, we determined whether AMPK regulates the
expression of protein phosphatases. Activation of AMPK
by AICAR or overexpression of AMPK-CA adenovirus
enhanced MKP-1 protein levels, whereas inhibition of

AMPK by compound C or AMPK-DN adenovirus reduced
MKP-1 protein expression (Fig. 3A and B). Moreover, de-
letion of AMPKa1 or AMPKa2 in MASMCs reduced MKP-1
protein levels (Supplementary Fig. 2A). We also examined

Figure 1—AMPK activation inhibits STAT1 signaling in HASMCs. A: Confluent HASMCs were treated with AICAR (2 mmol/L) at the
indicated time points. Phosphorylated AMPK at Thr172 (P-AMPK) and phosphorylated STAT1 at Tyr701 (P-STAT1) in cell lysates were
analyzed by Western blotting. B: HASMCs were treated with varying concentrations of AICAR for 16 h. Cell lysates were subjected to
Western analysis of P-AMPK and P-STAT1. C: Phosphorylation of AMPK and STAT1 was detected in HASMCs treated with indicated
concentrations of compound C for 16 h. D: STAT1 and AMPK phosphorylation in response to compound C (20 mmol/L) was measured by
Western blotting (n = 4). *P < 0.05 vs. control (Con). E: Immunofluorescence staining of P-STAT1 in HASMCs treated with or without
compound C. The photographs are representative of three independent experiments. F: HASMCs were treated with AICAR (2 mmol/L) or
compound C (20 mmol/L) for 16 h, and DNA-binding activity of STAT1 was determined by EMSA. G and H: Densitometric analysis of STAT1
DNA-binding activity (n = 4). *P < 0.05 vs. control.
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the effect of AMPK on SHP2, another protein phosphatase
that had been reported to dephosphorylate STAT1. Neither
activation of AMPK by AICAR and metformin nor inhibition
of AMPK by genetic deletion of AMPK and administration
of compound C altered SHP2 expression (Supplementary
Fig. 2B), indicating that AMPK activation increases MKP-1
protein expression in VSMCs.

Inhibition of STAT1 Phosphorylation by AMPK Is
MKP-1 Dependent
Induction of MKP-1 has been demonstrated to inhibit
STAT1 phosphorylation in AngII-activated VSMCs (33)

and to reduce STAT1 activity in macrophages (34). We
therefore determined whether AMPK regulates STAT1
phosphorylation through MKP-1 via genetic means.
Transfection of MASMCs isolated from WT, AMPKa12/2,
and AMPKa22/2 mice with Ad-MKP-1 resulted in higher
expression of MKP-1, whereas Ad-GFP did not. The increase
in MKP-1 protein levels abolished AMPK-deficiency–
enhanced STAT1 phosphorylation (Fig. 3C). Conversely,
transfection of HASMCs with MKP-1 siRNA significantly
reduced MKP-1 protein levels, which were associated with
an increase in STAT1 phosphorylation (Fig. 3D). In addi-
tion, overexpression of AMPK-CA enhanced MKP-1 levels

Figure 2—AICAR treatment attenuates IFN-g–enhanced STAT1 activity and suppresses AngII-induced proinflammatory cytokine expres-
sion. A: HASMCs were pretreated with AICAR (2 mmol/L) for 16 h and then treated with IFN-g (100 ng/mL) for 30 min. Phosphorylation of
AMPK (P-AMPK) and STAT1 (P-STAT1) was examined by Western blotting (n = 3). *P< 0.05 vs. control; †P< 0.05 vs. IFN-g. B: Subcellular
distribution of P-STAT1 was determined by immunocytochemistry. The photographs are representative of three independent experiments.
C: After being treated with AICAR for 16 h, HASMCs were treated with or without AngII (1 mmol/L) for 24 h. AMPK and STAT1 phosphor-
ylation were measured by Western blotting. D: Subcellular distribution of P-STAT1 was determined by immunocytochemistry. The photo-
graps are representative of three independent experiments. E and F: HASMCs were treated with or without AngII (1 mmol/L) for 24 h after
being treated with AICAR for 16 h. IL-6 and MCP-1 in conditioned media were measured by ELISA (n = 4).*P < 0.05 vs. control (Con);
†P < 0.05 vs. AngII.
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and reduced STAT1 phosphorylation, whereas overexpres-
sion of AMPK-DN adenovirus had opposite effects (Fig.
3B). The reduction in MKP-1 expression by MKP-1 siRNA
prevented AICAR-reduced STAT1 phosphorylation (Fig.
3E).

We showed that compound C treatment time-
dependently reduced AMPK phosphorylation with a con-
comitant increase in STAT1 phosphorylation (Fig. 1D).
To determine the role of AMPK in regulating the MKP-
1–STAT1 signaling pathway, we further examined the
sequential alterations in MKP-1 protein expression and
STAT1 nuclear translocation. As AMPK phosphoryla-
tion decreased (Fig. 1D), MKP-1 protein levels gradu-
ally declined (Fig. 3F). At the same time, STAT1
phosphorylation (Fig. 1D) and its nuclear translocation
increased (Fig. 3F). These data suggest that AMPK ac-
tivation suppresses STAT1 signaling through upregula-
tion of MKP-1.

Deletion of AMPK Reduces MKP-1 Protein Levels by
Increasing Proteasome-Mediated Degradation of
MKP-1
Because MKP-1 was rapidly degraded by proteasome after
induction (32,35) and AMPK activation inhibited proteasome
activity (27,36), we investigated whether AMPK increases
MKP-1 protein levels by inhibiting proteasome-dependent

degradation of MKP-1. We found that activation of
AMPK by AICAR reduced 26S proteasome activity in
cultured HASMCs (Fig. 4A), which was accompanied
by an increase in MKP-1 protein levels (Fig. 4B).
However, AICAR treatment had no effect on MKP-1
mRNA expression (Fig. 4C). We next studied whether
deletion of AMPK reduces MKP-1 protein levels by in-
creasing proteasome-mediated degradation of MKP-1
in WT, AMPKa12/2, and AMPKa22/2 MASMCs. Dele-
tion of AMPKa1 or AMPKa2 caused an increase in 26S
proteasome activity. Administration of MG-132, a potent
proteasome inhibitor, suppressed proteasome activity in
WT and AMPK-deficient MASMCs (Fig. 4D). Consistent
with the alterations in proteasome activity, AMPK-deficient
MASMCs had lower levels of MKP-1 protein than did WT
MASMCs. The administration of MG-132 significantly in-
creased MKP-1 protein levels in WT and AMPK-deficient
MASMCs (Fig. 4E). These data indicated that deletion
of AMPK enhanced proteasome-mediated degradation
of MKP-1.

AMPK Deficiency Increases STAT1 Activity in MASMCs
To establish the inhibitory effect of AMPK on vascular
inflammation, we further tested our hypothesis in AMPK-
deficient MASMCs. Compared with WT MASMCs,
AMPKa12/2 and AMPKa22/2 MASMCs had higher levels

Figure 3—MKP-1 mediates suppression of STAT1 by AMPK. A: Confluent HASMCs were treated with AICAR (2 mmol/L) for 4 h or
compound C (Comp C) for 8 h. AMPK phosphorylation (P-AMPK) and MKP-1 protein levels were detected by Western blotting (n = 5).
*P < 0.05 AICAR vs. control (Con). B: HASMCs were transfected with GFP, AMPK-CA, or AMPK-DN adenovirus for 48 h. STAT1
phosphorylation (P-STAT1) and MKP-1 protein levels were detected by Western blotting (n = 4).*P < 0.05 vs. GFP; †P < 0.05 vs.
AMPK-CA. C: WT and AMPK-deficient MASMCs were transfected with adenovirus encoding GFP (Ad-GFP) or MKP-1 (Ad-MKP-1) for
48 h. MKP-1 protein levels and STAT1 phosphorylation were determined by Western blotting (n = 3).*P < 0.05 vs. WT/GFP; †P < 0.05
AMPKa12/2 and AMPKa22/2 plus Ad-GFP vs. AMPKa12/2 and AMPKa22/2 plus Ad-MKP-1. D: MKP-1 protein levels and STAT1 and
P-STAT1 were analyzed by Western blotting in HASMCs transfected with control (C)-siRNA or MKP-1 siRNA (n = 3). *P< 0.05 vs. C-siRNA.
E: HASMCs were transfected with C-siRNA or MKP-1 siRNA for 48 h and then treated with AICAR (2 mmol/L) for 4 h. Cell lysates were
subjected to Western analysis of STAT1 phosphorylation (n = 3). *P < 0.05 vs. C-siRNA; †P < 0.05 vs. AICAR/C-siRNA. F: HASMCs were
treated with compound C (20 mmol/L) for the indicated time points. MKP-1 protein levels in cell lysates and P-STAT1 in nuclear (n) fractions
were analyzed by Western blotting. Histone H2AX was used as a loading control for nuclear fractions.
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of phospho-STAT1 (Fig. 5A). Immunocytochemical staining
of phospho-STAT1 revealed that phospho-STAT1 was
mainly present in the cytoplasm in WTMASMCs but trans-
located into the nucleus in AMPKa12/2 and AMPKa22/2

MASMCs (Fig. 5B). Consistently, gel shift assay showed
that the DNA-binding activity of STAT1 was increased in
AMPKa12/2 and AMPKa22/2 MASMCs compared with
WT MASMCs (Fig. 5C and D). To determine the specificity
of the interaction, anti-STAT1 antibody was added to the
reaction mixtures. The addition of anti-STAT1 antibody,
but not IgG, prevented the interaction between STAT1
and DNA (Fig. 4E).

Inhibition of STAT1 Attenuates AMPK-Deficiency–
Enhanced Inflammatory Mediators in MASMCs
We next examined whether AMPK-mediated STAT1 in-
hibition results in the suppression of inflammatory
response by measuring the production of inflammatory
mediators in MASMCs transfected with control or STAT1
siRNA. Western blot analysis revealed a significant re-
duction of STAT1 expression in the MASMCs transfected
with STAT1 siRNA compared with the cells transfected
with control siRNA (Fig. 5A). The downregulation of
STAT1 reduced STAT1 phosphorylation in AMPKa12/2

and AMPKa22/2 MASMCs (Fig. 6A). The expression of
iNOS and COX-2 was increased in AMPKa12/2 and
AMPKa22/2 MASMCs. The increase in iNOS and COX-2

expression was diminished by knockdown of STAT1
(Fig. 6B).

To augment the results obtained by genetic inhibition
of STAT1, we investigated whether AMPK suppresses
vascular inflammation through inhibition of STAT1 using
a pharmacologic inhibitor, fludarabine, which has been
reported to specifically inhibit STAT1 in peripheral blood
mononuclear cells and VSMCs (37,38). Consistent with
previous findings, fludarabine treatment significantly
prevented STAT1 phosphorylation in AMPK-deficient
MASMCs. As a result, the increased expression of iNOS
and COX-2 in AMPKa12/2 and AMPKa22/2 MASMCs
was abolished by fludarabine treatment (Fig. 6C and D).
We further quantified IL-1b, TNF-a, IL-6, and MCP-1
levels in conditioned media. IL-1b and TNF-a levels
were undetectable in the conditioned media (data not
shown). Deletion of AMPKa1 or AMPKa2 enhanced
IL-6 and MCP-1 levels by 10-fold in the conditioned
media, and the inhibition of STAT1 by fludarabine dimin-
ished the secretion of IL-6 and MCP-1 (Fig. 6E and F).

Deletion of AMPKa22/2 Reduces MKP-1 Protein
Levels and Enhances STAT1 Phosphorylation in Mouse
Aortas
The catalytic a subunit of AMPK has two isoforms, a1
and a2. Knockout of either the a1 or a2 subunit results
in visually normal mice, but knockout of both a1 and a2

Figure 4—Deletion of AMPK reduces MKP-1 protein levels by increasing proteasome-mediated degradation of MKP-1. A: HASMCs were
treated with AICAR (2 mmol/L) for 4 h. The activity of 26S proteasome in cell lysates was assayed as described in RESEARCH DESIGN AND

METHODS. B: MKP-1 protein levels were detected by Western blotting (n = 5). *P< 0.05 vs. control (Con). C: MKP-1 mRNA was measured by
quantitative real-time PCR (n = 5). D: WT and AMPK-deficient MASMCs were treated with or without MG-132 (0.5 mmol/L) for 4 h. The
activity of 26S proteasome in cell lysates was detected (n = 4). *P < 0.05 vs. WT control; †P < 0.05 vs. AMPKa12/2; ‡P < 0.05 vs.
AMPKa22/2. E: MKP-1 protein levels were determined by Western blotting (n = 4). *P< 0.05 vs. WT control; †P < 0.05 vs. AMPKa12/2;
‡P < 0.05 vs. AMPKa22/2.
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subunits is lethal at around embryonic day 9.5 (24), show-
ing that the a1 and a2 subunits have compensatory roles
in regulating fetal growth and development. AMPKa1 and
AMPKa2 seem to be equally important in maintaining
vascular function. Using AMPKa22/2 mice, we have
shown that reduction of AMPKa2 activates NF-kb and
increases atherosclerosis in vivo (27,39). Thus, we used
these mice to determine the mechanisms underlying the
anti-inflammatory effect of AMPK in vivo. AngII is a
proinflammatory peptide (40) and contributes to diabetes-
induced vascular inflammation (41). Therefore, we infused
WT and AMPKa22/2 mice with AngII (0.7 mg/kg/day) for
4 weeks (18). We first determined the effect of AngII on
blood pressure in these mice. Deletion of AMPKa2 signif-
icantly increased mean blood pressure (WT, 80.1 6 3;
AMPKa22/2, 117 6 6 mmHg; P , 0.05). AngII infusion
did not significantly increase mean blood pressure in WT
(control, 80.1 6 3; AngII, 86.1 6 8 mmHg; P = NS) and
AMPKa22/2 (control, 117 6 6; AngII, 125 6 7; P = NS)
mice.

Next, we examined MKP-1 protein levels and STAT1
phosphorylation by Western blotting and immunohisto-
chemistry. Consistent with the findings in cultured aortic
smooth muscle cells, deletion of AMPKa2 significantly
reduced MKP-1 protein levels in mouse aortas. AngII in-
fusion reduced MKP-1 protein levels in WT mice and led
to a further decrease in MKP-1 protein levels in
AMPKa22/2 mice. Using the STAT1 inhibitor fludarabine
did not affect the expression of MKP-1 in WT and
AMPKa22/2mice under basal and AngII-infusion conditions

(Fig. 7A and B). Consistent with the change in MKP-1
protein levels, AMPKa22/2 mice exhibited higher levels
of phospho-STAT1. Chronic infusion of AngII enhanced
the expression of phospho-STAT1 in WT mice, and the
effect was exaggerated in AMPKa22/2 mice. Fludarabine
treatment significantly reduced STAT1 phosphorylation
in WT and AMPKa22/2 mice (Fig. 7C and D).

Deletion of AMPKa2 Exacerbates the Inflammatory
Response in Mouse Aortas
We further evaluated inflammatory cell infiltration in
mouse aortas using antibodies against CD68 and CD45 as
markers for macrophages (Fig. 8A) and leukocytes (Sup-
plementary Fig. 3), respectively (42). In WT mice, AngII
infusion increased CD68 and CD45 expression. Fludara-
bine treatment attenuated AngII-induced macrophage
and leukocyte infiltration. In AMPKa22/2 mouse aortas,
AngII infusion induced more macrophage and leukocyte
infiltration compared with WT mouse aortas; the infiltra-
tion was also reduced by fludarabine treatment (Fig. 8A
and Supplementary Fig. 3).

To establish the role of AMPK in the suppression of
vascular inflammation in vivo, the expression of proin-
flammatory mediators in aortas was evaluated at mRNA
and protein levels using quantitative real-time PCR and
immunohistochemistry, respectively. In WT mice, AngII
infusion increased VCAM-1 (Fig. 8B), MCP-1 (Fig. 8C),
iNOS (Fig. 8D), TNF-a (Fig. 8E), and IFN-g (Fig. 8F) ex-
pression at protein and mRNA levels. The increases were
reduced by fludarabine therapy (Fig. 8B–F). Compared

Figure 5—Deletion of AMPK increases STAT1 phosphorylation, nuclear translocation, and DNA-binding activity in MASMCs. A: MASMCs
were isolated from WT, AMPKa12/2, or AMPKa22/2 mice, and cell lysates were subjected to Western blot to determine the phosphor-
ylation of STAT1 (P-STAT1) (n = 4). *P< 0.05 vs. WT. B: Subcellular distribution of P-STAT1 was determined by immunocytochemistry. The
photographs are representative of three independent experiments. C: DNA-binding activity of STAT1 was measured by EMSA. D: Den-
sitometric analysis of STAT1 DNA-binding activity (n = 4). *P < 0.05 vs. WT. E: Anti-STAT1 antibody was added to the reaction mixtures to
test the specificity of the interaction.
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with WT conditions, deletion of AMPKa2 increased the
expression of VCAM-1 (Fig. 8B), iNOS (Fig. 8D), TNF-a
(Fig. 8E), and IFN-g (Fig. 8F), and amplified AngII-
enhanced expression of inflammatory cytokines (VCAM-1,
MCP-1, iNOS, TNF-a, and IFN-g) at protein and mRNA
levels (Fig. 8B–F). Fludarabine treatment attenuated the
AngII-induced expression of inflammatory cytokines in
AMPKa22/2 mice (Fig. 8B–F).

DISCUSSION

Type 2 diabetes is characterized by chronic inflammation,
suppression of AMPK activity, and acceleration of ath-
erosclerosis. However, the mechanisms by which AMPK
inhibition accelerates the inflammatory response remain
elusive. In the current study, we found that AMPK
deletion promoted proteasome-dependent degradation
of MKP-1, activated the STAT1 cascade, enhanced proin-
flammatory mediator production, and exacerbated AngII-
induced vascular inflammation. Conversely, AMPK activation
enhanced MKP-1 protein levels, which inhibited the
STAT1 signaling pathway, resulting in the suppression
of vascular inflammation. These data suggest that AMPK
negatively regulates the STAT1 signaling pathway to
inhibit vascular inflammation, acting as a crucial regulator
of the metabolic pathways governing inflammation.

To examine whether a reduction in AMPK is associated
with the switch to a proinflammatory phenotype, we
demonstrated that AMPK inhibition activated STAT1

signaling along with the upregulation of proinflammatory
mediators. AMPKa2 deletion induced a vascular inflam-
matory response under basal conditions and aggravated
vascular inflammation after AngII infusion. Pharmacolog-
ical (fludarabine) or genetic (STAT1 siRNA) inhibition of
STAT1 reversed the inflammatory phenotype in AMPK-
deficient MASMCs and prevented the exacerbated vascu-
lar inflammation seen in AMPKa22/2 mice. Although
several reports show that AICAR-activated AMPK is asso-
ciated with COX-2 induction, Chang et al. (43) considered
that AICAR may induce COX-2 expression via an AMPK-
independent mechanism (43). Taken together, our data
suggest that AMPK suppression activates STAT1 signal-
ing, resulting in aberrant inflammation in the vascula-
ture and establishing an essential role for AMPK in
promoting an anti-inflammatory phenotype that is vital
for protecting against insulin resistance and cardiovas-
cular diseases.

Studies using astrocytes suggested that AMPK does
not affect STAT1 phosphorylation but attenuates nu-
clear translocation, DNA biding, and subsequent gene
expression (44). In contrast, our work demonstrated
that STAT1 phosphorylation significantly increases in
AMPK-deficient MASMCs. Consistent with our findings,
AMPK was reported to inhibit monocyte-to-macrophage
differentiation (45) and prevent the IL-6–stimulated in-
flammatory response by suppressing STAT3 phosphory-
lation (46). The reason for this discrepancy is unclear but

Figure 6—STAT1 inhibition attenuates expression of inflammatory mediators in AMPK-deficient MASMCs. A: MASMCs were transfected
with control (C)-siRNA or STAT1 siRNA for 48 h. STAT1 phosphorylation (P-STAT1) was evaluated by Western blotting. B: Protein levels of
iNOS and COX-2 were analyzed by Western blotting (n = 3). *P < 0.05 vs. WT; †P < 0.05 AMPKa12/2 and AMPKa22/2 vs. AMPKa12/2

and AMPKa22/2 plus STAT1 siRNA. C: MASMCs were treated with fludarabine (50 mmol/L) for 16 h, and P-STAT1 was determined by
Western blotting. D: Western blot analysis was used to determine the expression of iNOS and COX-2 in cell lysates (n = 4). *P < 0.05 vs.
WT; †P < 0.05 AMPKa12/2 and AMPKa22/2 vs. AMPKa12/2 and AMPKa22/2 plus fludarabine. IL-6 (E) and MCP-1 protein (F ) levels in
conditioned media fromWT and AMPK-deficient MASMCs were determined by ELISA (n = 3). *P< 0.05 vs. WT; †P< 0.05 AMPKa12/2 and
AMPKa22/2 vs. AMPKa12/2 and AMPKa22/2 plus fludarabine.
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may be related to the different cell types used in the
studies.

Our results suggest that MKP-1 mediates the regula-
tory effect of AMPK on STAT1 activity. Although MKP-1
overexpression does not reduce tyrosine phosphorylation
of STAT1 in COS-1 cells (47), several studies indicate that
MKP-1 is a negative regulator of STAT1 in macrophages
and VSMCs. In macrophages, global knockout or gene
silencing of MKP-1 significantly enhances and prolongs
the STAT1 phosphorylation induced by lipopolysacchar-
ides (34,48). Further, MKP-1 antisense oligonucleotide
increases STAT1 phosphorylation under basal conditions
and prevents AngII-induced STAT1 phosphorylation (33).
These data suggest that MKP-1 may be the phosphatase
responsible for STAT1 dephosphorylation and inactiva-
tion in VSMCs. In support of this model, we have dem-
onstrated that gene silencing of MKP-1 markedly
increased STAT1 phosphorylation and prevented AICAR-
reduced STAT1 phosphorylation. Taken together, our
results suggest that MKP-1 mediates the inhibitory effect
of AMPK on STAT1 signaling by reducing STAT1 phos-
phorylation, thus playing a critical role in inhibiting vas-
cular inflammation.

MKP-1 is a labile protein and is targeted for degrada-
tion by the proteasome machinery (35). Diabetes has been

documented to increase proteasome activity (49) and re-
duce MKP-1 protein levels in diabetic animals (50), sug-
gesting that diabetes may increase the degradation of
MKP-1 by enhancing proteasome activity. In endothelial
cells, deletion of AMPKa2 is associated with an increase
in 26S proteasome activity (27). Consistently, we also
found that activation of AMPK by AICAR reduced 26S
proteasome activity and enhanced MKP-1 protein levels
in VSMCs, whereas deletion of AMPK has the opposite
effect. Further, administration of MG-132, a potent pro-
teasome inhibitor, dramatically increased MKP-1 protein
levels in WT and AMPK-deficient mouse aortic endothelial
cells, suggesting that AMPK increases MKP-1 protein lev-
els by inhibiting proteasome-dependent degradation of
MKP-1.

In summary, AMPK suppression enhances proteasome-
dependent degradation of MKP-1, resulting in STAT1
activation and aberrant vascular inflammation. Because
AMPK activation mediates an anti-inflammatory pheno-
type, the AMPK–MKP-1–STAT1 pathway may be a valid
pharmacological target for treating inflammation-related
diseases such as metabolic syndrome, insulin resistance,
and cardiovascular diseases. A further understanding of
how AMPK inhibits inflammation in obese individuals
and patients with type 2 diabetes holds promise for

Figure 7—Deletion of AMPKa2 reduces MKP-1 protein levels and enhances STAT1 phosphorylation in mouse aortas. A: Protein levels of
MKP-1 in mouse aortas were measured by Western blotting. B: Aorta sections were stained with MKP-1 antibody, and the stained area was
quantified. The photomicrographs are representative of five independent mouse aortas. C: STAT1 phosphorylation (P-STAT1) in mouse
aortas was measured by Western blotting. D: Aorta sections were stained with P-STAT1 antibody, and the stained areas were quantified
and expressed as a percentage of total tissue area. ♣P < 0.05 vs. WT control; †P < 0.05 vs. WT/AngII; *P < 0.05 vs. AMPKa22/2/control;
#P < 0.05 AMPKa22/2/AngII vs. WT/AngII; ‡P < 0.05 vs. AMPKa22/2/AngII. Flud, fludarabine.
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identifying new therapies and tailoring current therapies
for the prevention and treatment of metabolic and car-
diovascular diseases.
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