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Background—Statins exert pleiotropic effects on the cardiovascular system, in part through an increase in nitric oxide
(NO) bioavailability. AMP-activated protein kinase (AMPK) plays a central role in controlling energy and metabolism
homeostasis in various organs. We therefore studied whether statins can activate AMPK, and if so, whether the activated
AMPK regulates nitric oxide (NO) production and angiogenesis mediated by endothelial NO synthase, a substrate of
AMPK in vascular endothelial cells.
Methods and Results—Western blotting of protein extracts from human umbilical vein endothelial cells treated with
atorvastatin revealed increased phosphorylation of AMPK at Thr-172 in a time- and dose-dependent manner. The
AMPK activity, assessed by SAMS assay, was also increased accordingly. The phosphorylation of acetyl-CoA
carboxylase at Ser-79 and of endothelial NO synthase at Ser-1177, 2 putative downstream targets of AMPK, was
inhibited by an adenovirus that expressed a dominant-negative mutant of AMPK (Ad-AMPK-DN) and compound C, an
AMPK antagonist. The positive effects of atorvastatin, including NO production, cGMP accumulation, and in vitro
angiogenesis in Matrigel, were all blocked by Ad-AMPK-DN. Mice given atorvastatin through gastric gavage showed
increased AMPK, acetyl-CoA carboxylase, and endothelial NO synthase phosphorylation in mouse aorta and
myocardium.
Conclusions—Statins can rapidly activate AMPK via increased Thr-172 phosphorylation in vitro and in vivo. Such
phosphorylation results in endothelial NO synthase activation, which provides a novel explanation for the pleiotropic
effects of statins that benefit the cardiovascular system. (Circulation. 2006;114:2655-2662.)
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rabbits.4 At the cellular and molecular levels, treatment of
vascular endothelial cells (ECs) with statins activates endothelial NO synthase (eNOS), with increased NO production,
which has been suggested to be mediated through the
phosphatidylinositol-3 kinase–Akt/PKB pathway.5

he clinical efficacy of statin therapy in decreasing cardiovascular mortality and morbidity is clearly demonstrated by several cohort trials, such as the Heart Protection
Study.1 Functioning as competitive inhibitors of 3-hydroxy3-methylglutaryl coenzyme A reductase, statins increase the
hepatic expression of the low-density lipoprotein receptor,
which results in enhanced low-density lipoprotein clearance
in the circulation. In addition to their cholesterol-lowering
effect, statins display other cardiovascular protective effects.
Such pleiotropic effects on the vessel wall have been suggested to contribute to antioxidative, antiinflammatory, and
improved endothelial functions through enhanced bioavailability of nitric oxide (NO; see Wolfrum et al2 for review). In
the experimental myocardial infarction model in mice, atorvastatin treatment was shown to enhance neovascularization
in myocardium.3 Simvastatin administration also promoted
angiogenesis in ischemic limbs of normocholesterolemic
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AMP-activated protein kinase (AMPK) is a trimeric enzyme comprising a catalytic ␣-subunit and regulatory ␤,␥subunits.6 AMPK was first identified as an upstream kinase
that phosphorylates and hence inactivates 3-hydroxy-3methylglutaryl coenzyme A reductase and acetyl-CoA carboxylase (ACC), the key enzymes controlling cholesterol/
isoprenoid and fatty acid biosynthesis, respectively. AMPK
can function as a fuel gauge to regulate the homeostasis of
energy in the form of glucose and fatty acids in skeletal
muscles, liver, and adipocytes (see Kahn et al7 and Rutter et
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al8 for review). Recent findings suggest that the fuel-sensing
mechanism of AMPK is also present in the hypothalamus to
regulate food intake, energy expenditure, and body weight.9,10
The involvement of AMPK in diabetes mellitus is demonstrated by insulin resistance, with associated high levels of
plasma glucose and low levels of insulin in mice with ablated
AMPK-␣2.11
Although Akt has been demonstrated to be a major kinase
phosphorylating human eNOS at Ser-1177 (Ser-1179 in
bovine eNOS), with ensuing increased activity of eNOS,12
AMPK can also phosphorylate eNOS at Ser-1177/1179,
particularly in ECs.13 AMPK may have a beneficial effect on
the vessel wall, because several recent studies demonstrated
that adiponectin, high-density lipoprotein, apolipoprotein AI,
estradiol, and shear stress all activate AMPK in ECs, with
augmented NO production.13–18 Given the pleiotropic effects
of statins on endothelium-mediated vascular functions, we
investigated the role of AMPK in statin-induced eNOS
phosphorylation and NO bioavailability in vitro and in vivo.
Our results demonstrate for the first time that 3-hydroxy-3methylglutaryl coenzyme A reductase inhibitors activate
AMPK in ECs. At a clinical dosage, atorvastatin activates
AMPK in the vessel wall and the myocardium in mice, with
attendant activation of eNOS.

Detection of NO and cGMP Assay
We determined accumulated nitrite (NO2⫺), a stable breakdown
product of NO, in culture media by mixing an aliquot of cell culture
media with an equal volume of Griess reagent and then incubating it
at room temperature for 15 minutes. The azo dye production was
analyzed by use of a spectrophotometer with absorbance set at 540
nm. Sodium nitrite was used as a standard. Intracellular levels of
cGMP in ECs were assessed over 4 hours. After removal of culture
media, ECs were lysed, and the extracts were collected and centrifuged for 5 minutes at 5000g. cGMP level was determined by use of
a cGMP enzyme immunoassay kit (R&D Systems, Minneapolis,
Minn), then normalized to protein content as determined by Bradford
assay.

Western Blotting
ECs were lysed with a buffer that contained 10 mmol/L Tris, pH 7.4,
100 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L
NaF, 20 mmol/L Na4P2O7, 2 mmol/L Na3VO4, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Triton-X 100, 10% glycerol, 10 g/mL
leupeptin, 60 g/mL aprotinin, and 1 mmol/L phenylmethanesulfonyl fluoride. Frozen mouse aortas and hearts were thawed and
homogenized in the same buffer as above. EC lysates and mouse
aortic and myocardial extracts were resolved on SDS-PAGE according to standard protocols. After being transferred to membranes, the
samples were immunoblotted with primary antibodies, followed by
secondary antibodies conjugated with horseradish peroxidase. Bands
were revealed by use of an enzyme-linked chemiluminescence
detection kit (Amersham Biosciences, Piscataway, NJ), and density
was quantified by use of Scion Image software (Scion Corp,
Frederick, Md).

Methods
Materials
Antibodies used in the present study and their commercial sources
were as follows: anti-phospho-AMPK Thr-172, anti-pan-␣-AMPK,
anti-phospho-Akt Ser-473, and anti-phospho-ACC Ser-79 (Cell Signaling Technology, Beverly, Mass); anti-phospho-eNOS Ser-1177/
1179, polyclonal anti-eNOS (BD Biosciences Pharmingen, San
Diego, Calif); and anti-␣-tubulin (Santa Cruz Biotechnology, Santa
Cruz, Calif). Griess reagent, 5-aminoimidazole-4-carboxamide
1-ribofuranoside (AICAR), and 2,4-dinitrophenol were purchased
from Sigma (St. Louis, Mo), whereas compound C was from
Calbiochem (San Diego, Calif). Matrigel was obtained from BD
Biosciences (San Jose, Calif). Atorvastatin and lovastatin were from
Toronto Research Chemicals, Inc (North York, Canada) and A.G.
Scientific (San Diego, Calif), respectively. The specific AMPKtargeted SAMS peptide used in AMPK activity assays was from
GenScript (Piscataway, NJ).

Cell Culture, Adenovirus, and EC Infection
Human umbilical vein endothelial cells (HUVECs) were cultured in
medium M199 (Gibco Life Technology, Karlsruhe, Germany) with
15% fetal bovine serum (Omega, Tarzana, Calif), 3 ng/mL ␤-endothelial cell growth factor (Sigma), 4 U/mL heparin, and 100 U/mL
penicillin-streptomycin. Human capillary ECs obtained from Clonetics (San Diego, Calif) and bovine aortic ECs isolated from bovine
aorta were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, Calif) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 g/mL streptomycin. ECs were
maintained in a humidified 95% air-5% CO2 incubator at 37°C. Cells
within passages 2 to 5 were used in all experiments. We used a
recombinant adenovirus expressing a dominant-negative mutant of
AMPK␣1, henceforth referred to as Ad-AMPK-DN, described
previously.18,19 The parental adenoviral vector was referred to as null
when used as a control. Confluent ECs were infected with recombinant adenoviruses at the indicated multiplicity of infection and
incubated for 24 hours before experiments.

In Vitro Angiogenesis (Tube Formation) Assays
The angiogenic effect of the statin-activated AMPK was examined
with the use of human capillary ECs. Cells were infected with
recombinant adenovirus for 24 hours, then seeded on Matrigel
(3⫻104 cells/cm2) in 24-well culture plates for another 24 hours, in
the presence or absence of atorvastatin. Tube formation was assessed
by microscopic imaging and quantified by counting the number of
branch points.

AMPK Activity Assay and High-Performance
Liquid Chromatography Determination of Cellular
AMP and ATP
EC lysates were incubated with SAMS peptide and (␥-32P)ATP, and
the catalytic activity of AMPK was determined by the incorporation
of 32P into SAMS peptide. HUVECs were treated with atorvastatin or
2,4-dinitrophenol, and nucleotides were extracted according to published procedures.20 The high-performance liquid chromatography
used was composed of a Surveyor MS pump, a Surveyor PDA
(Thermo, Waltham, Mass), and a YMC ODS-AQ S-5 column
(4.6⫻250 mm, 5 m in particle size, and 120 Å in pore size; YMC
Co, Ltd, Kyoto, Japan). The flow rate was 500 L/min, and a UV
detector was set at 260 nm to monitor the fractions. The mobile
phases were 50 mmol/L triethylammonium acetate, pH 6.5 (buffer
A) and 30% acetonitrile in A (buffer B), and the gradient program
was composed of 40-minute 0% to 90% buffer B, 5-minute 90% to
100% buffer B, and 1-minute 100% to 0% buffer B.

Animal Experiments
The animal experimental protocols were approved by the UCR
institutional Animal Care and Use Committee. All experiments were
performed in 8-week-old male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, Me). Mice were fed with atorvastatin at 50 mg/kg
body weight by gastric gavage. Saline was fed to control animals as
a vehicle control. After 2, 4, 8, 12, or 24 hours, mice were killed.
Abdominal aortas and hearts were removed and stored in ⫺80°C.
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Figure 1. Atorvastatin activates AMPK in cultured ECs. HUVECs were treated with (A) atorvastatin 1 mol/L for the times indicated and
(C), various concentrations of atorvastatin for 10 minutes. The cells were then lysed, and 100 g of the cell lysates underwent SDSPAGE followed by Western blotting with various primary antibodies as shown, then were visualized by the enzyme-linked chemiluminescence system. The bar graphs below are densitometry analyses of the ratio of phosphorylated AMPK to that of total AMPK. Data
presented are mean⫾SD from 5 independent experiments, with nontreated controls set as 1. In separate sets of experiments shown in
B and D, 2 g of protein extracts underwent AMPK activity assays with SAMS peptide and (␥-32P)ATP used as substrates. The data
represent mean⫾SD from 3 separate experiments. *P⬍0.05 between atorvastatin-treated groups and nontreated controls.

Statistical Analysis
The significance of variability was determined by unpaired Student
t test or ANOVA. Each experiment included triplicate measurements
for each condition tested, unless otherwise indicated. All results are
expressed as mean⫾SD from at least 3 independent experiments. In
all cases, P⬍0.05 was considered to be statistically significant.
The authors had full access to the data and take full responsibility
for the integrity of the data. All authors have read and agree to the
manuscript as written.

Results
Statins Increase AMPK, ACC, and eNOS
Phosphorylation in Cultured ECs
To test whether statins can phosphorylate AMPK in ECs,
HUVECs were treated with atorvastatin for up to 60 minutes.
As shown in Figure 1A, the phosphorylation of Thr-172 of
AMPK in HUVECs increased transiently, with a peak level at
15 minutes. Treatment with atorvastatin did not change the
levels of AMPK in ECs. The transient increase in AMPK
phosphorylation was accompanied by transient augmentation
of phosphorylation of ACC at Ser-79, a downstream target of
AMPK. As a putative effector of AMPK, eNOS was also
phosphorylated at Ser-1177 in HUVECs in response to
atorvastatin. The increased AMPK phosphorylation coincided
with an augmented AMPK activity, as assessed by SAMS
peptide assay (Figure 1B). In control cells, the addition of
MeOH (atorvastatin vehicle) with a dilution of 1:104 (vol/vol)

did not increase any of these phosphorylation events (data not
shown). As shown in Figure 1C and 1D, AMPK, ACC, and
eNOS phosphorylation and AMPK activity increased in an
atorvastatin dose– dependent manner. The activation of
AMPK by the statin was also observed in bovine aortic ECs
stimulated with lovastatin (online-only Data Supplement,
Figure I).

Statin-Activated AMPK Is Involved in eNOS
Phosphorylation and NO Production
We have previously demonstrated that ECs infected with a
recombinant adenovirus expressing the constitutively active
form of AMPK (Ad-AMPK-CA) showed activated eNOS and
increased NO production.18 Given that statins activate both
AMPK and eNOS in ECs in a time- and dose-dependent
manner, we then investigated whether the statin-activated
eNOS and the consequent NO production involves AMPK.
HUVECs infected with Ad-AMPK-DN were incubated with
atorvastatin 1 mol/L for 10 minutes. As shown in Figure
2A, cells infected with the Ad-null control showed an
increased phosphorylation of AMPK at Thr-172, ACC at
Ser-79, and eNOS at Ser-1177. However, Ad-AMPK-DN
expression, as indicated by positive antihemagglutinin Western blotting, attenuated these phosphorylation events. Functional assays shown in Figure 3A and 3B demonstrated that
treatment with atorvastatin enhanced the NO production and
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Figure 2. AMPK mediates statin-phosphorylated ACC and eNOS in ECs. A, HUVECs were infected with control null virus (Ad-null, 50
multiplicities of infection) or an adenovirus expressing the dominant-negative mutant of AMPK (Ad-AMPK-DN, 50 multiplicities of infection) for 24 hours. The infected cells were then treated with atorvastatin (1 mol/L) for 10 minutes. B, HUVECs were treated with compound C (20 mol/L) for 20 minutes or were untreated before atorvastatin (1 mol/L) treatment for 10 minutes. In parallel positive controls, cells were treated with AICAR (1 mmol/L) for 20 minutes. The phosphorylation of AMPK, ACC, and eNOS was analyzed by
Western blotting. The bands revealed by anti-hemagglutinin (HA) in A indicate the expression of the exogenous hemagglutinin-AMPKDN. C, The activity of AMPK in ECs with various conditions as indicated was measured by SAMS assays. The data represent results of
4 separate experiments. In A, *P⬍0.05 between atorvastatin-treated and nontreated cells infected with Ad-null. In B, *P⬍0.05 between
atorvastatin- or AICAR-treated cells and nontreated controls. In C, *P⬍0.05 between Ad-AMPK-DN or compound C groups and nontreated controls, and #P⬍0.05 between AICAR-treated groups and nontreated controls.

intracellular cGMP accumulation, which was attenuated in
cells expressing AMPK-DN. Interestingly, atorvastatin and
AICAR, an AMPK agonist, had similar effects in augmenting
the phosphorylation of ACC and eNOS in HUVECs (Figure
2B). Such atorvastatin-increased phosphorylation of ACC
and eNOS was also abolished by compound C, an AMPK
antagonist (Figure 2B). The AMPK activity in both the
Ad-AMPK-DN–infected and compound C–treated cells was
reduced to a level lower than that of control cells (Figure 2C).
However, the lack of AMPK activity by either AdAMPK-DN or compound C increased Akt Ser-473 phosphorylation regardless of the presence or absence of atorvastatin,
as shown in Figure 2A and 2B.

AMPK Mediates Statin-Induced Tube Formation
Statins have been shown to facilitate EC-derived angiogenesis in vitro and in vivo, which is mediated through the
eNOS-produced NO.4 To investigate further the role of
AMPK in statin-enhanced NO bioavailability, we performed
tube formation assays. Human capillary ECs infected with
null adenovirus or Ad-AMPK-DN were seeded on Matrigel
in the presence or absence of atorvastatin. As shown in Figure
4, atorvastatin enhanced EC tube formation in Matrigel
regardless of the presence of the Ad-null. However, the
atorvastatin-induced tube formation was significantly attenuated with Ad-AMPK-DN infection or compound C treatment.
These results agree with the notion that AMPK is involved in
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Figure 3. AMPK is involved in statin-enhanced NO production in
ECs. HUVECs were infected with Ad-null or Ad-AMPK-DN (50
multiplicities of infection). The infected ECs were then treated
with atorvastatin (1 mol/L) for 4 hours. NO production in ECs
was revealed by Griess assay (A) and accumulation of intracellular cGMP (B). *P⬍0.05 between atorvastatin-treated and nontreated ECs.

statin-enhanced angiogenesis because of increased NO
bioavailability.

Atorvastatin Activates AMPK Phosphorylation
In Vivo
To explore whether AMPK in the vessel wall and heart can be
activated by statin in vivo, C57BL/6J mice were given
atorvastatin at 50 mg/kg body weight, then aorta and apex
myocardium were removed at different time points (2 to 24
hours) to detect the level of AMPK, ACC, and eNOS
phosphorylation. As shown in Figure 5A and 5B, the level of
phosphorylated AMPK Thr-172 in aorta and myocardium
increased 2 to 4 hours after atorvastatin administration and
lasted for at least 24 hours. The phosphorylation of ACC and
eNOS was elevated, with a similar pattern to that of phosphorylated AMPK. The activity of AMPK increased in these
tissues as well, as revealed by SAMS assay (Figure 5C and 5D).

Discussion
Results from the Scandinavian Simvastatin Survival Study
(4S) and the Heart Protection Study demonstrate clearly that
statin therapy achieves a greater reduction of both myocardial
infarction and death rate.1,21 Although statins reduce cardiovascular incidents, anti-type II diabetic drugs such as metformin and rosiglitazone, a peroxisome proliferator–activated
receptor-␥ agonist, can activate AMPK.20,22 Although AMPK
has emerged as a new target for treating metabolic syndromes
in various tissue types, the principal finding of the present

Figure 4. AMPK is involved in atorvastatin-induced angiogenesis in vitro. Human capillary ECs cultured in Matrigel were kept
as controls or treated with atorvastatin (1 mol/L) for 24 hours.
In parallel sets of experiments, human capillary ECs were
infected with Ad-null (50 multiplicities of infection) or
Ad-AMPK-DN (50 multiplicities of infection) or treated with compound C (10 mol/L), in the presence or absence of atorvastatin. The photos are representative micrographs (magnification
⫻40) of the indicated experiments. The bar graphs below indicate the number of branch points in the full microscopy view
(mean⫾SD) averaged from results of 3 separate experiments.

study is that statins also activate AMPK in the cardiovascular
system.
We used atorvastatin to demonstrate the positive effect of
statins on the phosphorylation of AMPK Thr-172 in ECs.
Such phosphorylation is essential for AMPK activation,
which is also revealed by increased AMPK activity and
increased phosphorylation of ACC Ser-79, a direct target of
AMPK.23,24 The positive effect of statins should not be
limited to atorvastatin, because lovastatin can also cause
AMPK and ACC phosphorylation in bovine aortic ECs
(online Data Supplement, Figure I). A previous study by
Xenos et al25 showed an increase in the level of AMPK
protein in human ECs treated with fluvastatin for 48 hours.
The present data indicate that AMPK phosphorylation/activity in ECs was increased by statins in a rapid and transient
manner. This temporal response is similar to that stimulated
by shear stress, peroxisome proliferator–activated receptor-␥
agonists, adiponectin, metformin, estradiol, and high-density

2660

Circulation

December 12, 2006

Downloaded from http://circ.ahajournals.org/ by guest on July 24, 2017

Figure 5. Atorvastatin activates AMPK in mouse models in vivo. C57BL/6 mice were killed after atorvastatin treatment (50 mg/kg) for
the indicated times. In the control group, mice received the same amount (0.5 mL) of saline 2 hours before they were killed. Tissue
extracts from aorta (A) and heart (B) were analyzed by Western blotting with various antibodies as indicated. The data represent results
of 6 independent sets of experiments. The bottom panels of A and B are densitometry quantification revealing the ratio between levels
of phosphorylated AMPK normalized to those of total AMPK. AMPK kinase activity assays with the use of SAMS peptide as a substrate
were also performed for extracts from aorta (C) and myocardium (D). Results shown are mean⫾SD averaged from 4 animals for each
time point. *P⬍0.05 between saline-treated controls and atorvastatin-treated groups.

lipoprotein.13,16 –18,26 Rosiglitazone activates AMPK by increasing the cellular AMP/ATP ratio.20 With examination by
high-performance liquid chromatography, atorvastatin treatment did not alter the AMP/ATP ratio (online Data Supplement, Figure II), which is similar to the effect of metformin
treatment.20 The phosphorylation/activation of AMPK in
mouse aorta and myocardium was observed as early as 2
hours and peaked at 4 to 8 hours after atorvastatin administration (Figure 5). The delay of atorvastatin delivery to
circulation due to gastric administration in these mice may
account for the discrepant temporal responses of AMPK in
vitro in cultured cells and in vivo in mice. Notably, cardiomyocytes constitute the major cell types in the heart, and
atorvastatin also caused increased AMPK and ACC phosphorylation in cardiomyocytes (W.S. and J.Y.-J.S., unpublished data). Thus, the tissue sources of the detected AMPK
activation in the myocardium in vivo would be both endothelium and cardiomyocytes.
The effect of statins on eNOS activation and the resultant
NO release in ECs have been documented to be dependent on
the phosphatidylinositol-3 kinase–Akt pathway.4,12 The present results indicate that AMPK is also engaged in the
upregulation of eNOS-NO by statins. The experimental
evidence supporting such an argument is the inhibition of
eNOS Ser-1177 phosphorylation, NO/cGMP production, and
tube formation by Ad-AMPK-DN and compound C in vitro.
The association between Akt and AMPK in phosphorylating

eNOS Ser-1177/1179 is elusive (see Sessa27 for review).
Wortmannin, a phosphatidylinositol-3 kinase inhibitor, could
block the phosphorylation of eNOS Ser-1177/1179 in ECs in
response to shear stress, which indicates that eNOS is
phosphorylated by phosphatidylinositol-3 kinase–Akt.12
However, later studies showed that dominant-negative mutants of Akt were unable to inhibit eNOS phosphorylation,
although these mutants could inhibit shear-dependent NO
release.28,29 Results of the present immunoprecipitation kinase activity assays revealed that AMPK immunoprecipitated
from sheared ECs phosphorylated glutathione S-transferase–
eNOS, which indicates that AMPK can phosphorylate eNOS
directly.18 This result agrees with those by Chen et al13
showing that a dominant-negative mutant of AMPK but not
of Akt significantly inhibited eNOS phosphorylation and NO
production in ECs in response to adiponectin. Although
eNOS Ser-1177 phosphorylation was largely inhibited in the
Ad-AMPK-DN–infected or compound C–treated HUVECs,
Akt Ser-473 phosphorylation was drastically increased in
these cells that lacked AMPK activity (Figure 2). The
increased Akt phosphorylation may be due to the loss of
feedback inhibition of insulin receptor signaling that has been
observed with ablated AMPK.30,31 Data presented in Figure 2
support the hypothesis that eNOS activation does not depend
on Akt, because inhibition of AMPK mitigated the statinactivated eNOS despite increased Akt phosphorylation. However, others have shown that the dominant-negative mutant of
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Akt blocked adiponectin-stimulated Akt and eNOS phosphorylation without altering AMPK phosphorylation, but
dominant-negative AMPK inhibited adiponectin-induced Akt
phosphorylation.26 These results suggest that AMPK is upstream of Akt. Regardless of the hierarchy or parallel role of
AMPK in activating eNOS-NO in relation to Akt, data
presented in Figure 4 demonstrate that statin-induced angiogenesis, a crucial indication of endothelial NO bioavailability, is mediated at least in part through AMPK.
A dose of 50 mg of atorvastatin per kilogram of body
weight in mice corresponds to ⬇80 mg/d in humans.3,32 The
rapid activation of AMPK-eNOS/ACC in the aorta and
myocardium by this therapeutic dose may have clinical
implications. Endothelium has been considered an organ
system that is not meant for fatty acid biosynthesis and
storage. Fatty acids have been suggested to be a major energy
source of ECs,33 however, and thus the effect of the statinactivated ACC in ECs remains to be investigated. In the
ischemic heart, the oxidation of both free fatty acids and
glucose is inhibited, but glucose transport and ATP production resulting from glycolysis are increased (see Young et al34
for review). Apparently, AMPK in cardiomyocytes plays a
central role in these metabolic regulations. Transgenic mice
expressing a kinase-dead mutant of AMPK showed increased
apoptosis and cardiac dysfunction after ischemia-reperfusion
injury ex vivo.35 Furthermore, adiponectin has been shown to
protect the heart from ischemia-reperfusion injury, which is
AMPK dependent.36 Thus, during ischemic heart disease,
statin-activated AMPK may be beneficial not only through
improved coronary endothelial function and myocardial neovascularization but also through exertion of a cardioprotective effect. Given that metformin, thiazolidinediones, and
adiponectin can activate AMPK in various metabolically
related organs, including skeletal muscle, liver, and pancreatic islets,23,37– 40 statin-activated AMPK is also likely to be
present in tissues other than cardiovascular cells. If so, the
advantages of AMPK activation in response to statins may
extend beyond the protection of vascular endothelium and
myocardium.

Sources of Funding
This study was supported in part by grant HL77448 from NIH (Dr
Shyy) and National Natural Science Foundation of China 30470631
(Dr Zhu).

Disclosures
None.

References
1. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection
Study of cholesterol lowering with simvastatin in 20,536 high-risk individuals: a randomized placebo-controlled trial. Lancet. 2002;360:7–22.
2. Wolfrum S, Jensen KS, Liao JK. Endothelium-dependent effects of
statins. Arterioscler Thromb Vasc Biol. 2003;23:729 –736.
3. Landmesser U, Engberding N, Bahlmann FH, Schaefer A, Wiencke A,
Heineke A, Spiekermann S, Hilfiker-Kleiner D, Templin C, Kotlarz D,
Mueller M, Fuchs M, Hornig B, Haller H, Drexler H. Statin-induced
improvement of endothelial progenitor cell mobilization, myocardial neovascularization, left ventricular function, and survival after experimental
myocardial infarction requires endothelial nitric oxide synthase Circulation. 2004;110:1933–1939.

Statins Activate AMPK

2661

4. Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, Sessa WC,
Walsh K. The HMG-CoA reductase inhibitor simvastatin activates the
protein kinase Akt and promotes angiogenesis in normocholesterolemic
animals. Nat Med. 2000;9:1004 –1010.
5. Skaletz-Rorowski A, Walsh K. Statin therapy and angiogenesis. Curr
Opin Lipidol. 2003;14:599 – 603.
6. Stapleton D, Woollatt E, Mitchelhill KI, Nicholl JK, Fernandez CS,
Michell BJ, Witters LA, Power DA, Sutherland GR, Kemp BE. AMPactivated protein kinase isoenzyme family: subunit structure and chromosomal location. FEBS Lett. 1997;409:452– 456.
7. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein
kinase: ancient energy gauge provides clues to modern understanding of
metabolism. Cell Metab. 2005;1:15–25.
8. Rutter GA, Da Silva Xavier G, Leclerc I. Roles of 5⬘-AMP-activated
protein kinase (AMPK) in mammalian glucose homoeostasis. Biochem J.
2003;375:1–16.
9. Minokoshi Y, Alquier T, Furukawa N, Kim YB, Lee A, Xue B, Mu J,
Foufelle F, Ferre P, Birnbaum MJ, Stuck BJ, Kahn BB. AMP-kinase
regulates food intake by responding to hormonal and nutrient signals in
the hypothalamus. Nature. 2004;428:569 –574.
10. Kim MS, Lee KU. Role of hypothalamic 5⬘-AMP-activated protein
kinase in the regulation of food intake and energy homeostasis. J Mol
Med. 2005;83:514 –520.
11. Viollet B, Andreelli F, Jorgensen SB, Perrin C, Flamez D, Mu J,
Wojtaszewski JF, Schuit FC, Birnbaum M, Richter E, Burcelin R,
Vaulont S. Physiological role of AMP-activated protein kinase (AMPK):
insights from knockout mouse models. Biochem Soc Trans. 2003;31:
216 –219.
12. Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM.
Activation of nitric oxide synthase in endothelial cells by Akt-dependent
phosphorylation. Nature. 1999;399:601– 605.
13. Chen H, Montagnani M, Funahashi T, Shimomura I, Quon MJ. Adiponectin stimulates production of nitric oxide in vascular endothelial
cells. J Biol Chem. 2003;278:45021– 45026.
14. Morrow VA, Foufelle F, Connell JM, Petrie JR, Gould GW, Salt IP.
Direct activation of AMP-activated protein kinase stimulates nitric-oxide
synthesis in human aortic endothelial cells. J Biol Chem. 2003;278:
31629 –31639.
15. Fleming I, Fisslthaler B, Dixit M, Busse R. Role of PECAM-1 in the
shear-stress-induced activation of Akt and the endothelial nitric oxide
synthase (eNOS) in endothelial cells. J Cell Sci. 2005;118:4103– 4111.
16. Drew BG, Fidge NH, Gallon-Beaumier G, Kemp BE, Kingwell BA.
High-density lipoprotein and apolipoprotein AI increase endothelial NO
synthase activity by protein association and multisite phosphorylation.
Proc Natl Acad Sci U S A. 2004;101:6999 –7004.
17. Schulz E, Anter E, Zou MH, Keaney JF Jr. Estradiol-mediated endothelial
nitric oxide synthase association with heat shock protein 90 requires
adenosine monophosphate-dependent protein kinase. Circulation. 2005;
111:3473–3480.
18. Zhang Y, Lee T-S, Kolb EM, Sun K, Lu X, Sladek FM, Kassab GS,
Garland T Jr, Shyy JY. AMP-activated protein kinase is essential for
endothelial nitric-oxide synthase activation in response to shear stress.
Arterioscler Thromb Vasc Biol. 2006;26:1281–1287.
19. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to
control cell growth and survival. Cell. 2003;115:577–590.
20. Fryer LG, Parbu-Patel A, Carling D. The anti-diabetic drugs rosiglitazone
and metformin stimulate AMP-activated protein kinase through distinct
signaling pathways. J Biol Chem. 2002;277:25226 –25232.
21. Scandinavian Simvastatin Study Group. Randomised trial of cholesterol
lowering in 4444 patients with coronary heart disease: the Scandinavian
Simvastatin Survival Study (4S). Lancet. 1994;344:1383–1389.
22. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre
J, Doebber T, Fujii N, Musi N, Hirshman MF, Goodyear LJ, Moller DE.
Role of AMP-activated protein kinase in mechanism of metformin action.
J Clin Invest. 2001;108:1167–1174.
23. Stein SC, Woods A, Jones NA, Davison MD, Carling D. The regulation
of AMP-activated protein kinase by phosphorylation. Biochem J. 2000;
345:437– 443.
24. Davies SP, Sim AT, Hardie DG. Location and function of three sites
phosphorylated on rat acetyl-CoA carboxylase by the AMP-activated
protein kinase. Eur J Biochem. 1990;187:183–190.
25. Xenos ES, Stevens SL, Freeman MB, Cassada DC, Goldman MH. Nitric
oxide mediates the effect of fluvastatin on intercellular adhesion
molecule-1 and platelet endothelial cell adhesion molecule-1 expression
on human endothelial cells. Ann Vasc Surg. 2005;19:386 –392.

2662

Circulation

December 12, 2006

Downloaded from http://circ.ahajournals.org/ by guest on July 24, 2017

26. Ouchi N, Kobayashi H, Kihara S, Kumada M, Sato K, Inoue T, Funahashi
T, Walsh K. Adiponectin stimulates angiogenesis by promoting cross-talk
between AMP-activated protein kinase and Akt signaling in endothelial
cells. J Biol Chem. 2004;279:1304 –1309.
27. Sessa WC. eNOS at a glance. J Cell Sci. 2004;117:2427–2429.
28. Boo YC, Sorescu G, Boyd N, Shiojima I, Walsh K, Du J, Jo H. Shear
stress stimulates phosphorylation of endothelial nitric-oxide synthase at
Ser1179 by Akt-independent mechanisms: role of protein kinase A. J Biol
Chem. 2002;277:3388 –3396.
29. Boo YC, Hwang J, Sykes M, Michell BJ, Kemp BE, Lum H, Jo H. Shear
stress stimulates phosphorylation of eNOS at Ser(635) by a protein kinase
A-dependent mechanism. Am J Physiol Heart Circ Physiol. 2002;283:
H1819 –H1828.
30. Corradetti MN, Inoki K, Bardeesy N, DePinho RA, Guan KL. Regulation
of the TSC pathway by LKB1: evidence of a molecular link between
tuberous sclerosis complex and Peutz-Jeghers syndrome. Genes Dev.
2004;18:1533–1538.
31. Zhang H, Cicchetti G, Onda H, Koon HB, Asrican K, Bajraszewski N,
Vazquez F, Carpenter CL, Kwiatkowski DJ. Loss of Tsc1/Tsc2 activates
mTOR and disrupts PI3K-Akt signaling through downregulation of
PDGFR. J Clin Invest. 2003;112:1223–1233.
32. Black AE, Sinz MW, Hayes RN, Woolf TF. Metabolism and excretion
studies in mouse after single and multiple oral doses of the 3-hydroxy3-methylglutaryl-CoA reductase inhibitor atorvastatin. Drug Metab
Dispos. 1998;26:755–763.
33. Dagher Z, Ruderman N, Tornheim K, Ido Y. Acute regulation of fatty
acid oxidation and AMP-activated protein kinase in human umbilical vein
endothelial cells. Circ Rec. 2001;88:1276 –1282.
34. Young LH, Li J, Baron SJ, Russell RR. AMP-activated protein kinase: a
key stress signaling pathway in the heart. Trends Cardiovasc Med. 2005;
15:110 –118.

35. Russell RR III, Li J, Coven DL, Pypaert M, Zechner C, Palmeri M,
Giordano FJ, Mu J, Birnbaum MJ, Young LH. AMP-activated protein
kinase mediates ischemic glucose uptake and prevents postischemic
cardiac dysfunction, apoptosis, and injury. J Clin Invest. 2004;114:
495–503.
36. Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S, Ohashi K,
Funahashi T, Ouchi N, Walsh K. Adiponectin protects against myocardial
ischemia-reperfusion injury through AMPK- and COX-2-dependent
mechanisms. Nat Med. 2005;11:1096 –1103.
37. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA,
Montminy M, Cantley LC. The kinase LKB1 mediates glucose
homeostasis in liver and therapeutic effects of metformin. Science. 2005;
310:1642–1646.
38. Leclerc I, Woltersdorf WW, da Silva Xavier G, Rowe RL, Cross SE,
Korbutt GS, Rajotte RV, Smith R, Rutter GA. Metformin, but not leptin,
regulates AMP-activated protein kinase in pancreatic islets: impact on
glucose-stimulated insulin secretion. Am J Physiol Endocrinol Metab.
2004;286:E1023–E1031.
39. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,
Yamashita S, Noda M, Kita S, Ueki K, Eto K, Akanuma Y, Froguel P,
Foufelle F, Ferre P, Carling D, Kimura S, Nagai R, Kahn BB, Kadowaki
T. Adiponectin stimulates glucose utilization and fatty-acid oxidation by
activating AMP-activated protein kinase. Nat Med. 2002;8:1288 –1295.
40. Kubota N, Terauchi Y, Kubota T, Kumagai H, Itoh S, Satoh H, Yano W,
Ogata H, Tokuyama K, Takamoto I, Mineyama T, Ishikawa M, Moroi M,
Sugi K, Yamauchi T, Ueki K, Tobe K, Noda T, Nagai R, Kadowaki T.
Pioglitazone ameliorates insulin resistance and diabetes by both adiponectin dependent and independent pathway. J Biol Chem. 2006;281:
8748 – 8755.

CLINICAL PERSPECTIVE
The efficacy of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors in preventing and treating cardiovascular
diseases is supported by the results of many evidence-based clinical studies. In addition to cholesterol lowering, the benefits
of statins include pleiotropic effects on the cardiovascular system. Because multiple mechanisms are involved in the
efficacious effects of statins, we explored the connection between statins and AMP-activated protein kinase (AMPK), a
protein kinase that modulates metabolic homeostasis and energy balance in individual cell and in multiple organs. We
demonstrate for the first time that atorvastatin, one of the most widely prescribed statins, can rapidly activate AMPK in
cultured endothelial cells. At a clinical dosage, atorvastatin also activates AMPK in the mouse aorta and myocardium, with
attendant endothelial nitric oxide synthase activation. The activated endothelial nitric oxide synthase in turn increases nitric
oxide production and enhances endothelial cell–mediated angiogenesis. Such an augmentation of nitric oxide bioavailability may enhance the functional modulation of blood vessels, increase blood and oxygen supply, and promote
revascularization after the onset of ischemic myocardial injury. Our finding provides a novel explanation for the pleiotropic
effects of statins on the cardiovascular system. Because AMPK has emerged as a new target for treating metabolic
syndromes in various tissue types, our results suggest that statins, as a modulator of AMPK, may help maintain metabolic
homeostasis and energy balance in metabolic syndromes.
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