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Background:Oxidative stress increases vascular permeability though caveolin-1 phosphorylation. The exact role of AMPK
is unknown.
Results:AMP-dependent kinase (AMPK) inhibits caveolin-1 phosphorylation by stabilizing the interaction between c-Abl and
Prdx-1.
Conclusion: AMPK activation inhibits oxidant induced-vascular permeability.
Significance: The present study shows a novel protective role of AMPK in the vascular homeostasis.

Caveolin-1 is the primary structural component of endothe-
lial caveolae that is essential for transcellular trafficking of albu-
min and is also a critical scaffolding protein that regulates the
activity of signaling molecules in caveolae. Phosphorylation of
caveolin-1 plays a fundamental role in the mechanism of oxi-
dant-induced vascular hyper permeability. However, the regu-
latory mechanism of caveolin-1 phosphorylation remains
unclear. Here we identify a previously unexpected role for
AMPK in inhibition of caveolin-1 phosphorylation under oxida-
tive stress. A pharmacological activator of AMPK, 5-amino-4-
imidazole carboxamide riboside (AICAR), inhibited oxidative
stress-induced phosphorylation of both caveolin-1 and c-Abl,
which is themajor kinase of caveolin-1, and endocytosis of albu-
min in humanumbilical vein endothelial cell. These effectswere
abolished by treatment with two specific inhibitors of AICAR,
dipyridamole, and 5-iodotubericidin. Consistently, knockdown
of the catalytic AMPK� subunit by siRNA abolished the inhibi-
tory effect of AICAR on oxidant-induced phosphorylation of
both caveolin-1 and c-Abl. Pretreatment with specific c-Abl
inhibitor, imatinib mesylate, and knock down of c-Abl signifi-
cantly decreased the caveolin-1 phosphorylation after H2O2
exposure and abolished the inhibitory effect of AICAR on the
caveolin-1 phosphorylation. Interestingly, knockdown of
Prdx-1, an antioxidant enzyme associated with c-Abl, increased
phosphorylation of both caveolin-1 and c-Abl and abolished the
inhibitory effect of AICAR on the caveolin-1 phosphorylation.

Furthermore, co-immunoprecipitation experiment showed that
AICAR suppressed the oxidant-induced dissociation between
c-Abl and Prdx1. Overall, our results suggest that activation of
AMPK inhibits oxidative stress-induced caveolin-1 phosphory-
lation and endocytosis, and this effect is mediated in part by
stabilizing the interaction between c-Abl and Prdx-1.

Vascular endothelial permeability plays a pivotal role in reg-
ulating many physiological and pathological processes, includ-
ing inflammation and angiogenesis and in diseases such as can-
cer, rheumatoid arthritis, atherosclerosis, and diabetes (1).
There are two pathways regulating vascular permeability; one
paracellular, through inter-endothelial junctions, and the other
transcellular, via caveolae-mediated vesicular transport (2).
Caveolae, fission of plasmamembranemacrodomains enriched
with caveolin-1, are particularly abundant in endothelial cells
and essential for transport of albumin, albumin-bound ligands,
and hormones and for control of tissue oncotic pressure in the
normal continuous endothelium (1).
Caveolin-1, an integral membrane protein (20–22 kDa), is

the primary structural component of endothelial caveolae and
is also a critical scaffolding protein functioning as a “master
regulator” of signaling molecules in caveolae (3). Although
caveolin-1 and caveolin-2 are abundantly expressed in the
endothelium, caveolae formation and transcytosis of albumin
are exclusively regulated by caveolin-1 (4–6). Recent studies
indicated that phosphorylation of caveolin-1 at Tyr-14 plays a
fundamental role in the mechanism of oxidant-induced vascu-
lar hyperpermeability (7).However, the regulatorymechanisms
of caveolin-1 phosphorylation are obscure.
AMP-activated protein kinase (AMPK) is a serine/threonine

kinase that regulates energy homeostasis and metabolic stress
(8). AMPK acts as a sensor of cellular energy status and main-
tains the balance between ATP production and consumption.
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In mammals, AMPK exists as a heterotrimer with �, �, and �
subunits, each of which is encoded by two or three genes (�1,
�2, �1, �2, �1, �2, and �3). The � subunit possesses catalytic
activity, whereas the � and � subunits are regulatory andmain-
tain the stability of the heterotrimer complex. The importance
of AMPK� is illustrated by the fact that dual deficiency of
AMPK�1 and AMPK�2 is embryonic lethal (9).

Recent evidence suggests thatAMPKhas amuchwider range
of functions, including the regulation of cell growth, cell prolif-
eration, cell polarity, and autophagy (10, 11). We have recently
demonstrated that activation of AMPK inhibits retinoblastoma
cell proliferation, tumor growth, angiogenesis, ocular inflam-
mation, and MMP-9 expression (11–15). Because these func-
tions of AMPK are closely linked to the vascular hyper-perme-
ability induced by oxidative stress, we hypothesized that AMPK
has a protective role for vascular permeability. Indeed, recent
studies reported that AMPK protects the paracellular pathway
by supporting the adherens junction proteins of N-cadherin
and VE-cadherin (16). However, the role of AMPK in the tran-
scellular pathway remains unclear. Thus, in the present study
we examined the role of AMPK in the transcellular pathway,
particularly the effect of AMPK activation on the phosphory-
lation of caveolin-1 under oxidative stress.

EXPERIMENTAL PROCEDURES

Materials—Antibodies for (p-) caveolin-1, (p-) c-Abl, peroxire-
doxin I (Prdx1),2 (p-) AMPK, AMPK�1, AMPK�2, and VE-cad-
herin were purchased from Cell Signaling Technologies (Beverly,
MA). Antibodies for �-actin and p-caveolin-1 (for immunofluo-
rescence)were obtained fromAbcam (Cambridge,MA) andR&D
Systems (Minneapolis,MN), respectively. Secondary antibodies of
Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 647 goat
anti-rabbit IgG were purchased from Invitrogen. 5-Amino-4-im-
idazole carboxamide riboside (AICAR), a pharmacological activa-
tor of AMPK, was purchased from Toronto Research Chemicals
(Toronto, ON, Canada). Hydrogen peroxide (H2O2), 5-iodotu-
bericidin (IODO), and dipyridamole (DPY) were purchased from
Sigma. Imatinib mesylate, c-Abl inhibitor, was purchased from
Cayman Chemicals (Ann Arbor, MI). siRNAs targeting c-Abl,
AMPK�1, AMPK�2, and Prdx1 and control siRNA were pur-
chased fromThermoscientific (Rockford, IL).
Cell Culture—HUVECs (Lonza, Walkersville, MD) were cul-

tured in endothelial growth medium (Lonza, Walkersville, MD).
For all experiments cells were grown at 37 °C in a humidified
atmosphere of 5%CO2 and 95% air. Experiments were performed
on cells below passage 3–6 grown to 80–90% confluence.
Protein Extraction and Western Blotting—Protein extraction

and Western blotting were carried out as described previously
(15). Densitometric analysis of bandswas performed using ImageJ
software. Lane-loading differences were normalized by �-actin.
Immunoprecipitation—Immunoprecipitation was performed

with theUniversalMagneticCo-IPKit (ActiveMotifNorthAmer-
ica, Carlsbad, CA) according to themanufacturer’s instruction.

siRNA—Cells were transfected with siRNAs using a Nucleo-
fection kit (Amaxa Biosystems, Gaithersburg, MD) following
the manufacturer’s protocol. The medium was changed at 6 h
after transfection. The down-regulation of each protein was
evaluated at 3 days after nucleofection.
Albumin Endocytosis Assay—After serum starvation over-

night, HUVECswere pretreatedwithAICAR (2mM) for 2 h and
then stimulated with H2O2 (2 mM) for 30 min. We added BSA
conjugated with Alexa 555 (50 �g/ml, Invitrogen) in the
medium during the experiment. Cells on coverslips were
washed 3 times with cold TBS and fixed in 100% methanol at
�20 °C for 15 min. Cells were then permeabilized in 0.3% Tri-
ton X-100, 0.15% BSA in TBS with 0.05% Tween 20 (TBST) for
15 min at room temperature and blocked with 0.5% skim milk
in TBST for 60 min at room temperature. Cells were incubated
in p-caveolin-1 antibody diluted 1:200 and VE-cadherin anti-
body diluted 1:400 overnight at 4 °C and then incubated for 2 h
in secondary antibody diluted 1:300. Cells were then rinsed
three times in TBST before mounting in Toto3 (Invitrogen).
Images were acquired with a confocal microscope, Leica TCS
SP2 spectral confocal laser scanning microscope (Leica Micro-
systems, Wetzlar, Germany).
Statistical Analysis—All experiments were repeated a mini-

mum of three times. All data were expressed as the means �
S.D. Statistical differences were analyzed by the unpaired Stu-
dent’s t test. Differenceswere considered significant atp� 0.05.

RESULTS

AICAR Suppresses Oxidative Stress-induced Phosphorylation
of Caveolin-1 and c-Abl—It has already been reported that
caveolin-1 is phosphorylated on tyrosine 14 under hyperos-
motic shock and oxidative stress (17, 18) and that c-Abl, which
is an upstream kinase of caveolin-1, is required for oxidative
stress-induced phosphorylation of caveolin-1 (19). To study the
effect of oxidative stress on the phosphorylation of caveolin-1
and c-Abl in HUVEC, we exposed HUVEC to H2O2 and deter-
mined the phosphorylation by Western blotting. Incubation
with H2O2 resulted in the phosphorylation of both caveolin-1
and c-Abl dose-dependently (Fig. 1A). To investigate whether
AMPK activation inhibits oxidative stress-induced phosphor-
ylation of caveolin-1 and c-Abl, we pretreated HUVEC with a
pharmacological activator of AMPK, AICAR, before H2O2
exposure. As shown in Fig. 1, A, B, and C), AICAR significantly
suppressed the phosphorylation of both caveolin-1 and c-Abl.
Caveolin-1 is the main component of the caveolae plasma
membranes and is involved in receptor-independent endocyto-
sis (2, 20). To determine the effect of H2O2 and AICAR on the
endocytosis, we evaluated the amount of fluorescein-conju-
gated albumin endocytosed by HUVEC. Exposure to H2O2
resulted in the elevation of albumin endocytosis together with
caveolin-1 phosphorylation (Fig. 1D). By contrast, pretreat-
ment by AICAR suppressed both endocytosis and caveolin-1
phosphorylation (Fig. 1D).
AICAR Inhibits H2O2-induced Phosphorylation of Caveolin-1

via Activation of AMPK—It has been reported that AICAR has
several effects independent of AMPK pathway (21–24). To deter-
mine the effect of AICAR onAMPK phosphorylation inHUVEC,
we investigated phosphorylation of AMPK after AICAR adminis-

2 The abbreviations used are: Prdx1, peroxiredoxin I; HUVEC, human umbilical
vein endothelial cell(s); AICAR, 5-amino-4-imidazole carboxamide riboside;
IODO, 5-iodotubericidin; DPY, dipyridamole.
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tration by Western blotting. As shown in Fig. 2A, AICAR phos-
phorylatedAMPKdose-dependently. Next, we used two different
inhibitors of AICAR, DPY and IODO, to exclude the possibility
that the inhibitory effect of AICAR on caveolin-1 phosphory-
lation was caused bymechanisms other than AMPK activation.
DPY blocks adenosine transporters and prevents uptake of
AICAR into the cells (11, 25). IODO inhibits adenosine kinase
in the cell and prevents conversion of AICAR to AICARmono-
phosphate (ZMP), which activates AMPK (11, 25). Pretreat-
ment with DPY or IODO inhibited AICAR-induced AMPK
phosphorylation dose-dependently (Fig. 2, B and F). Further-
more, pretreatment with DPY or IODO before H2O2 exposure
significantly restored the inhibitory effect of AICAR on phos-
phorylation of both caveolin-1 and c-Abl (Fig. 2). These results

indicate that ZMP accumulation through both transport and
phosphorylation of AICAR is required for the suppression of
caveolin-1 phosphorylation, suggesting that AMPK activation
is a key process for the inhibitory effect of AICAR.
Both AMPK�1 and -�2 Isoforms Are Required for the Inhibi-

tion of Caveolin-1 Phosphorylation under Oxidative Stress—
The catalytic subunit of AMPK, AMPK�, has two isoforms (i.e.
AMPK�1 and -�2) that showdifferential tissue-specific expres-
sion (8, 9, 15). To determine the role of both isoforms in the
inhibitory effect of AMPK on caveolin-1 phosphorylation
under oxidative stress, we usedRNA interference technology to
knock down AMPK�1 or -�2 in HUVEC. Knockdown of either
isoform of AMPK� abolished the inhibitory effect of AICAR on
H2O2-induced phosphorylation of caveolin-1 and c-Abl (Fig. 3).

FIGURE 1. AICAR suppresses phosphorylation of caveolin-1 and c-Abl, and albumin endocytosis under oxidative stress. A, cells were cultured in AICAR
(2 mM) containing medium for 2 h and then stimulated with each different concentration (0, 0.5, 1.0, 2.0 mM) of H2O2 for 30 min. The amounts of p-caveolin-1
and p-c-Abl in HUVEC were then examined by Western blotting. B, densitometry of p-caveolin-1 in A is shown. C, densitometry of p-c-Abl in A. D, shown is an
albumin endocytosis assay. a, control (untreated cells). b, H2O2 (2 mM) stimulation for 30 min. c, pretreated with AICAR (2 mM) for 2 h. d, pretreated with AICAR
for 2 h followed by H2O2 (2 mM) stimulation for 30 min. BSA was conjugated with Alexa 555 (red), p-caveolin (green), VE-cadherin (blue). Scale bar � 50 �m. A,
representative blots are shown. *, p � 0.01.
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FIGURE 2. AICAR inhibits H2O2-induced phosphorylation of caveolin-1 via activation of AMPK. A, cells were treated with each concentration of AICAR for
2 h. B, cells were treated with each concentration of DPY for 1 h and then stimulated with 2 mM AICAR for 2 h. C, cells were treated with 8 �M DPY for 1 h and
then stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. D, densitometry of p-caveolin-1 in C is shown. E, densitometry of
p-c-Abl in C is shown. F, cells were treated with each concentration of IODO for 1 h and then stimulated with 2 mM AICAR for 2 h. G, cells were treated with 0.4
�M IODO for 1 h and then stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. H, densitometry of p-caveolin-1 in G is shown. I,
densitometry of p-c-Abl in G is shown. A[en]E, representative blots are shown. *, p � 0.01.
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FIGURE 3. Both AMPK�1 and -�2 isoforms are required for the inhibition of caveolin-1 phosphorylation under oxidative stress. A and D, the amounts
of p-caveolin-1 and p-c-Abl in HUVEC were examined by Western blotting. Cells were transfected with siRNA against AMPK�1 (A) or �2 (D). Three days after
transfection cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. B, densitometry of p-caveolin-1 in A is shown. C,
densitometry of p-c-Abl in A is shown. E, densitometry of p-caveolin-1 in D is shown. F, densitometry of p-c-Abl in D is shown. A and B, representative blots are
shown. *, p � 0.01.
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Knockdown of both AMPK isoforms with two different siRNA
oligos showed similar results (Fig. 4). These results suggest that
both AMPK�1 and -�2 isoforms are required to inhibit caveo-
lin-1 phosphorylation under oxidative stress.
Inhibitory Effect of AMPK on Caveolin-1 Phosphorylation

under Oxidative Stress Is Dependent on c-Abl—Next, to deter-
mine the roleof c-Abl in theoxidative stress-inducedphosphor-
ylation of caveolin-1, we utilized a c-Abl inhibitor, imatinibmesy-
late (26, 27). As shown in Fig. 5, A, B, and C, imatinib mesylate
inhibited H2O2-induced phosphorylation of both caveolin-1 and

c-Abl dose- and time-dependently, indicating that c-Abl is an
upstream kinase of caveolin-1 in HUVEC. We next investigated
the role of c-Abl in the inhibitory effect of AICAR on canveolin-1
phosphorylation by knockdown c-Abl with siRNA. Deletion of
c-Abl resulted in the significant decrease in caveolin-1 phosphor-
ylation after H2O2 exposure (Fig. 5, D and E). Furthermore, pre-
treatment with AICAR before H2O2 exposure did not change
caveolin-1 phosphorylation significantly, suggesting that the
inhibitory effect of AICAR on caveolin-1 phosphorylation under
oxidative stress is dependent on c-Abl (Fig. 5,D and E).

FIGURE 4. AMPK mediates AICAR effects on c-Abl and caveolin1 phosphorylation. A, cells were co-transfected with both AMPK�1 and -�2 siRNAs (two
independent oligos) (�1, (PRKAA1)-CCAUACCCUUGAUGAAUUA; �2 (PRKAA2)-CGACUAAGCCCAAAUCUUU). Three days after transfection cells were
stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. The amounts of p-c-Abl and p-caveolin-1 were examined by Western
blotting. B, densitometry of p-c-Abl in A is shown. C, densitometry of p-caveolin-1 in A is shown. D, cells were co-transfected with both AMPK�1 and -�2
siRNAs (two independent oligos: �1�, (PRKAA1)-GCCCAGAGGUAGAUAUAUG, �2� (PRKAA2)-GAGCAUGUACCUACGUUAU). Three days after transfection,
cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. The amounts of p-c-Abl and p-caveolin-1 were examined
by Western blotting. E, densitometry of p-c-Abl in D is shown. F, densitometry of p-caveolin-1 in D is shown. A and D, representative blots are shown. *,
p � 0.01; NS, not significant.
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Prdx1 Is Indispensable for the Inhibitory Effect of AMPK on
the H2O2-induced Phosphorylation of Caveolin-1—Prdx1, one
of the antioxidant enzymes, plays a protective role in cells
against oxidative stress. In cytoplasm, Prdx1 exists as a protein
complex with c-Abl-SH domain (28–31) and protects c-Abl
from phosphorylation (32). Under oxidative stress, oxidant dis-
sociates the protein-protein interaction and phosphorylates
liberated c-Abl. To investigate the role of Prdx1 in the inhibi-
tory effect of AICAR on canveolin-1 phosphorylation, we
knocked down Prdx1 in HUVEC with siRNA and determined
the level of caveolin-1 phosphorylation byWestern blotting. As
shown in Fig. 6, A, B, and C, knockdown of Prdx1 resulted in
increased phosphorylation of both caveolin-1 and c-Abl after
H2O2 exposure. Furthermore, lack of Prdx1 abolished the

inhibitory effect of AICAR on the H2O2-induced phosphoryla-
tion of both caveolin-1 and c-Abl. These results indicate that
Prdx1 is indispensable for the inhibitory effect of AMPK on the
H2O2-induced phosphorylation of caveolin-1.
AMPK Inhibits Caveolin-1 Phosphorylation under Oxidative

Stress by Suppressing the Dissociation between Prdx1 and c-Abl—
To investigate the relationship between AMPK and protein
interaction of c-Abl and Prdx1, we performed co-immunopre-
cipitation experiments. As shown in Fig. 6D, oxidative stress
resulted in the dissociation between Prdx1 and c-Abl. The dis-
sociation was inhibited by treatment with AICAR before H2O2.
In contrast, treatment with IODO before H2O2 and AICAR
restored the dissociation, indicating AICAR inhibits the
H2O2-induced dissociation between c-Abl and Prdx1. To

FIGURE 5. Inhibitory effect of AMPK on caveolin-1 phosphorylation under oxidative stress is dependent on c-Abl. A, cells were treated with 10 or 20 �M

imatinib mesylate for 24, 48, or 72 h before stimulation with H2O2 (2 mM) for 30 min. B, densitometry of p-caveolin-1 in A is shown. C, densitometry of p-c-Abl
in A is shown. D, cells were transfected with siRNA against c-Abl. Three days after transfection cells were stimulated with 2 mM AICAR for 2 h followed by
stimulation with H2O2 (2 mM) for 30 min. E, densitometry of p-caveolin-1 in B is shown. A and D, representative blots are shown. *, p � 0.01; NS, not significant.
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confirm this, we further conducted co-immunoprecipitation
for the cell lysates from HUVEC lacking AMPK�1 or -�2.
Deletion of either AMPK�1 or -�2 isoform decreased the

inhibitory effect of AICAR on the dissociation between
c-Abl and Prdx1 (Fig. 6, F and G). These results indicated
that activation of AMPK inhibits caveolin-1 phosphoryla-
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tion under oxidative stress by suppressing the dissociation
between Prdx1 and c-Abl.
AMPK Is Not Detected in the Prdx1�c-Abl Complex—To fur-

ther investigate the mechanism, we asked if AMPK directly
associates with the c-Abl�Prdx1 complex. Co-immunoprecipi-
tation experiments (Fig. 6H) failed to show any direct associa-
tion. This could be because the association is very weak or
because the effects of AMPK on the Prdx1�c-Abl complex are
indirect.

DISCUSSION

In the present study we provide evidence that activation of
AMPK suppresses both caveolin-1 phosphorylation and endo-
cytosis inHUVECunder oxidative stress and stabilizes Prdx1�c-
Abl complex. These results reveal for the first time to the best of
our knowledge the suppressive role of AMPK in oxidation-in-
duced caveolin-1 and c-Abl phosphorylation and in stabiliza-
tion of the Prdx1�c-Abl complex.
Our finding of negative control of AMPK on caveolin-1

phosphorylation complements the work by Levine et al. (33)
where they showed that siRNA-mediated knockdown of caveo-
lin-1 significantly enhanced AMPK phosphorylation, suggest-
ing that AMPK is negatively regulated by caveolin-1. Thus our
work together with the work of Levine et al. (33) suggests a
negative feedback loop between AMPK and caveolin-1. This
loop has not been described before.
The initial observed effects of AICAR were mediated by

AMPK. First, AICAR activated AMPK in HUVEC dose-depen-
dently (Fig. 2A). Second, two different inhibitors of AICAR
entry into the cell and activation of AMP, DPY, and IODO
suppressed phosphorylation of AMPK and restored the inhib-
itory effect of AICAR on caveolin-1 phosphorylation (Fig. 2).
Finally, knockdown of AMPK� by two different oligo siRNA
abolished the inhibitory effect of AICAR on H2O2-induced
phosphorylation of caveolin-1 (Fig. 3). These results reveal for
the first time to our knowledge the suppressive role of AMPK in
the oxidative stress-induced caveolin-1 phosphorylation.
Although the possibility of caveolin-1 phosphorylation as a
therapeutic target for oxidant-mediated vascular diseases has
been indicated, only Wogonin, an O-methylated flavone com-
pound that is found in the plant Scutellaria baicalensis, has been
shown to inhibit caveolin-1 phosphorylation in HUVEC under
oxidative stress (34). Here, we identified AICAR as a novel chem-
ical inhibitor of caveolin-1, thus adding it to the short list of known
inhibitory reagent of caveolin-1 phosphorylation.
Using a specific inhibitor of c-Abl, imatinib mesylate, we

showed that c-Abl is upstream of oxidative stress-induced

caveolin-1 phosphorylation in HUVEC. Furthermore, by
knocking down c-Abl by siRNA, we found that AMPK requires
c-Abl for its inhibitory effect on caveolin-1 phosphorylation.
These results indicate that AMPK suppresses caveolin-1 phos-
phorylation by inhibiting c-Abl activation. Although it has been
shown that caveolin-1 is a substrate for kinases of the c-Abl and
Src families (18, 35–37), the importance of these kinases in
caveolin-1 phosphorylation remains unclear. Using fibroblasts
derived from c-Abl or Src knock-out mice, Sanguinetti and
Mastick (19) showed that c-Abl phosphorylates caveolin-1
independently of Src. In contrast, in pulmonary microvascular
endothelial cells, Sun et al. (2, 20, 38) reported that c-Abl acti-
vation and subsequent caveolin-1 phosphorylation is in part
dependent on Src activity. They further mentioned that the
c-Abl pathway becomes more important particularly when
higher concentrations of H2O2 are used to stimulate caveolin-1
phosphorylation. In this study imatinibmesylate, a c-Abl inhib-
itor, and c-Abl siRNA did inhibit H2O2-induced caveolin-1
phosphorylation but failed to abolish the phosphorylation com-
pletely (Fig. 5). These results suggest two possibilities; 1)
involvement of a c-Abl independent pathway such as Src path-
way and 2) increase in the contributing rate of c-Abl dependent
pathway on caveolin-1 phosphorylation by a high concentra-
tion of H2O2 (2 mM), which we applied to HUVEC in the pres-
ent study (19, 39, 40).
Recent studies have shown thatAMPKplays a protective role

in the oxidative stress-induced vascular endothelial dysfunc-
tion. However, the precise mechanism by which AMPK pro-
tects the endothelium from oxidative stress remains unclear.
Ceolotto et al. (41) reported that AMPK protects HUVEC
against glucose-induced oxidative stress by suppressing hyper-
activity of NAD(P)H oxidase. Deng et al. (42) reported that
AMPK protects human aortic endothelium by increasing NO
production via endothelial NOS phosphorylation. In contrast
to these studies, the present study revealed that AMPKprotects
the endothelium by inhibiting the dissociation between c-Abl
and Prdx1. The activity of c-Abl is mostly inactive in cells and is
highly regulated by other proteins, which bind the SH3 domain
of c-Abl. Among a number of known SH3 binding proteins,
Prdx1 is the principal protein that inhibits c-Abl activation
(28–30). Under oxidative stress, reactive oxygen species disso-
ciate c-Abl from Prdx1 and activates c-Abl. Our results using
siRNA and co-immunoprecipitation of Prdx1 indicate that
AMPK inhibits oxidative stress-induced c-Abl activation by
suppressing the dissociation between c-Abl and Prdx1. To our
knowledge this is the first report showing the protective role of

FIGURE 6. AICAR inhibits caveolin-1 phosphorylation under oxidative stress by suppressing the dissociation between Prdx1 and c-Abl. A, cells were
transfected with siRNA against Prdx1. Three days after transfection cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30
min. The amounts of p-c-Abl, p-caveolin-1 were examined by Western blotting. B, densitometry of p-caveolin-1 in A is shown. C, densitometry of p-c-Abl in A
is shown. D, cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. After total cell lysates of each group were collected,
the interaction between Prdx1 and c-Abl was examined by immunoprecipitation with anti-Prdx1 antibody. Immunoprecipitates were then subjected to
immunoblotting using anti-c-Abl antibody. E, densitometry of p-c-Abl in D is shown. F, cells were transfected with siRNA against AMPK�1 or -�2. Three days
after transfection cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. After total cell lysates of each group were
collected, the interaction between c-Abl and Prdx1 was examined by immunoprecipitation (IP) with anti-Prdx1 antibody. Immunoprecipitates were then
subjected to immunoblotting using anti-c-Abl antibody. G, densitometry of c-Abl in F. H, cells were transfected with siRNA against AMPK�1 or -�2. Three days
after transfection cells were stimulated with 2 mM AICAR for 2 h followed by H2O2 (2 mM) stimulation for 30 min. After total cell lysates of each group were
collected, the interaction between total AMPK and Prdx1 or c-Abl was examined by immunoprecipitation with anti-total AMPK antibody. Immunoprecipitates
were then subjected to immunoblotting using anti-c-Abl and Prdx1 antibody. A, D, and F, representative blots are shown. *, p � 0.01; NS, not significant.
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AMPK in the association between c-Abl and Prdx1. To further
investigate the mechanism, we asked if AMPK directly associ-
ates with the c-Abl�Prdx1 complex. Co-immunoprecipitation
experiments (Fig. 6H) failed to show any direct association.
This could be because the association is very weak or because
the effects of AMPK on the Prdx1�c-Abl complex are indirect.
The complex of c-Abl�Prdx1 is thought to be amajor target of

oxidative stress and has been shown to play an important role in
the pathogenesis of vascular disease, such as atherosclerosis
and diabetesmellitus (43–46) aswell as cancer and other aging-
related diseases such as osteoporosis (47). Further study using
disease-model animal is required to elucidate the significance
of protective role of AMPK on c-Abl�Prdx1 complex in these
diseases.
The catalytic subunit of AMPK has two isoforms, i.e.

AMPK�1 and -�2. Recent studies have shown that these iso-
forms play a differential role in endothelial functions (16,
48–50). We initially speculated that the �1 isoform of AMPK
will be the one to suppress caveolin-1 phosphorylation under
oxidative stress, as Creighton et al. (16) reported that AMPK�1
colocalizes with caveolin-1 membranes in pulmonary micro-
vascular endothelial cells. Surprisingly, our results using siRNA
toward each specific isoform indicated that both AMPK�1 and
-�2 isoforms are required to inhibit caveolin-1 phosphorylation
under oxidative stress (Fig. 3). This result is consistent with the
previous study showing that AMPK�1 and -�2 isoforms are
equally important in the inhibition of lipopolysaccharide-in-
duced endothelial hyperpermeability in pulmonary artery
endothelial cells (51). Recently, it was reported that theAMPK�
subunit is not only a scaffold that assembles � and � subunits
but also determines the subcellular localization and substrate
specificity of the AMPK heterotrimer complex (25, 52). Thus,
further studies understanding the roles of AMPK� and -� sub-

units in the inhibition of caveolin-1 phosphorylation are
needed.
In conclusion, we identified AMPK as a novel negative regu-

lator of caveolin-1 phosphorylation in HUVEC under oxidative
stress by at least partially stabilizing the Prdx1�c-Alb complex
(Fig. 7). This finding along with the finding of negative regula-
tion of AMPK by caveolin-1 by Levine et al. (33) suggest the
presence of a negative feedback loop between these two mole-
cules. Because caveolin-1 and AMPK play an important role in
major diseases such as cancer, atherosclerosis, diabetes, and
inflammation (11–15, 50, 51), our findings might provide
insights not only into the regulatory mechanism of caveolin-1
phosphorylation and the function of AMPK but also into ther-
apeutic targets of these diseases.
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