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Abnormal angiogenesis is central to the pathophysi-
ology of diverse disease processes including cancers,
ischemic and atherosclerotic heart disease, and visu-
ally debilitating eye disease. Resveratrol is a naturally
occurring phytoalexin that has been demonstrated to
ameliorate and decelerate the aging process as well as
blunt end organ damage from obesity. These effects of
resveratrol are largely mediated by members of the
sirtuin family of proteins. We demonstrate that res-
veratrol can inhibit pathological angiogenesis in vivo
and in vitro by a sirtuin-independent pathway. Res-
veratrol inhibits the proliferation and migration of
vascular endothelial cells by activating eukaryotic
elongation factor-2 kinase. The active kinase in turn
phosphorylates and inactivates elongation factor-2, a
key mediator of ribosomal transfer and protein trans-
lation. Functional inhibition of the kinase by gene
deletion in vivo or RNA as well as pharmacological
inhibition in vitro is able to completely reverse the
effects of resveratrol on blood vessel growth. These
studies have identified a novel and critical pathway
that promotes aberrant vascular proliferation and
one that is amenable to modulation by pharmacolog-
ical means. In addition, these results have uncovered
a sirtuin-independent pathway by which resveratrol
regulates angiogenesis. (Am J Pathol 2010, 177:481–492;
DOI: 10.2353/ajpath.2010.090836)

Resveratrol (3, 4�, 5-trihydroxy-trans-stilbène) is a natural
phytoalexin found in grapes, red more than white, and a
variety of natural plants. It is reported to have specific

protective effects against tumors and in Alzheimer dis-
ease while also having significant beneficial effects on
overall health.1–4 In mice fed high-fat diets, resveratrol
has been shown to protect organs from obesity-associ-
ated damage and increase life span.1 Mice fed resvera-
trol also demonstrate decreased insulin resistance,
improved motor function, and elevated mitochondrial
numbers. A carbohydrate-enriched diet has been shown
to induce insulin resistance and hyperinsulinemia, which
in turn is associated with elevated blood pressure and
initiation of a complex biochemical cascade that leads to
vascular cell damage.5,6 Oral administration of resvera-
trol was shown to inhibit insulin sensitivity and to reduce
the body weight of mice fed on high-fat diet.7 Most of the
effects of resveratrol on lifespan in lower life forms are
thought to be mediated by the deacetylase sir-2, a mem-
ber of the conserved sirtuin family of proteins.8 In mam-
mals, there have been seven sirtuins described to date
and the mammalian homolog of sir-2 is called Sirt1. Res-
veratrol is a potent activator of mammalian Sirt1, and
most of the described effects of resveratrol in higher life
forms on the regulation of glucose and insulin production
and sensitivity, cell survival, fat metabolism, and effects
of caloric restriction are thought to be mediated by
Sirt1.1–4 Resveratrol also improves vascular endothelial
and postischemic cardiac function in various experimen-
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tal models, such as myocardial infarction and diabetes,
but the precise effects of resveratrol on postdevelopmen-
tal angiogenesis remain unknown.5,9–11 The effects of
resveratrol on angiogenesis are complex as resveratrol
has been shown to be proangiogenic in the ischemic
myocardium but antiangiogenic in cancers.12,13 As res-
veratrol has been shown to decelerate the aging process
and modulate vascular endothelial cell function in diverse
angiogenic beds, we explored its potential in regulating
pathological angiogenesis.

Aberrant or pathological angiogenesis is central to the
pathophysiology of disease in several types of cancers,
atheromatous heart disease, and in diseases of the eye.
In the eye, abnormal angiogenesis leads to blindness
and can affect either the retina, as seen in diabetic reti-
nopathy (the leading cause of blindness in working
adults), retinopathy of prematurity (the leading cause of
blindness in premature infants), or the choroid, as char-
acterized by choroidal neovascularization (CNV) in age-
related macular degeneration (AMD). We assessed the
effects of resveratrol on angiogenesis in vivo and in vitro
and analyzed the mechanism by which resveratrol regu-
lates angiogenic behavior. The findings in this study have
significant bearing on our understanding of vascular en-
dothelial proliferation and abnormal angiogenesis in dis-
ease processes.

Materials and Methods

Animals

All work was performed in accordance with the Associa-
tion for Research in Vision and Ophthalmology (ARVO)
guidelines. Comprehensive protocols of animal care
and experimental design outlined in this study are on
file and have been approved by the Washington Uni-
versity Committee on the Humane Care of Laboratory
Animals (CHCLA). All animal caretakers and laboratory
personnel have appropriate approvals based on spe-
cific American Association for Laboratory Animal Care
(AALAC)-approved training programs. The facilities
are inspected at regular intervals by a local University
Committee and by unannounced visits directed by the
Federal Government.

C57BL6 mice were purchased from Jackson Labora-
tories (Bar Harbor, ME). eEF2k�/� mice (C57BL6) have
been previously characterized and were provided by Dr.
Alexey G. Ryazanov of UMDNJ-Robert Wood Johnson
Medical School, Piscataway NJ.14

Cell Lines and Reagents

Human microvascular endothelial cells (HMVECs) were
purchased from Lonza (Walkersville, MD) and were main-
tained in EBM-2 medium fortified with growth factors. Res-
veratrol, antiphosphoserine, antiphosphothreonine, and an-
tiphosphotyrosine were purchased from Sigma (St. Louis,
MO). PeEF-2 (phosphorylated eukaryotic elongation fac-
tor 2) and eEF2k were purchased from Cell Signaling
Technology (Danvers, MA). eEF2, peEF2k, pAMPK (Thr

172), and AMPK antibodies were purchased from Santa
Cruz Inc. (Santa Cruz, CA). Resveratrol, antiphosphoserine
(anti-pSer), antithreonine (anti-Thr) antibodies, 1-Hexade-
cyl-2-methyl-3-(phenyl methyl)�1H-imidazolium iodide
(NH125, IC50 � 60 nmol/L), fluorescein-labeled dex-
tran, Cystamine (Cys), and Phenyl acetic acid (PAA)
were purchased from Sigma (St. Louis, MO).15,16 Sirt1
inhibitor III (IC50 � 98 nmol/L) was purchased from
Calbiochem (Gibbstown, NJ). Streptavidin beads and
BCA protein estimation kit was purchased from Pierce
Biotech (Rockford, IL), and Streptavidin POD was pur-
chased from Roche (Hague, IN). Tritiated (3H) thymidine
(TRA61) was purchased from GE Health Care (Piscat-
away, NJ). Fixative for the eyes was purchased from
Biomeda (Foster City, CA). Alzet pumps were purchased
from Direct Corporation (Cupertino, CA). Nitrocellulose
membranes were purchased from Invitrogen (Carlsbad,
CA). AMPK inhibitor BML275 (Ki � 109 nmol/L) was
purchased from Biomol (Plymouth, CA).17

Treatment of Laser-Induced CNV in Mice

Slow release osmotic Alzet pumps were loaded with ei-
ther i) vehicle (25% EtOH), ii) resveratrol (45), iii) Sirt1
inhibitor III (25 mg/kg) or NH125 (25 mg/kg) alone, or iv)
resveratrol (45 mg/kg) � Sirt1 inhibitor III (25 mg/kg) or
NH125 (25 mg/kg) and surgically placed subcutaneously
on the flanks of mice 7 days before laser-induced injury
(day �7) and treatment was continued for 7 days after
laser. Rupture of the Bruch membrane with laser was
used to initiate CNV in C57BL6 mice as described pre-
viously.18,19 Briefly, mice were anesthetized by injecting
ketamine hydrochloride (100 mg/kg) and xylazine (13.4
mg/kg) intraperitoneally, and their pupils were dilated
with 1% tropicamide and 2.5% phenylephrine. Using
krypton red laser, four laser burns were placed around
the optic nerve (0.05 seconds, 50 �m, and 110 mW).
Seven days after laser, mice were anesthetized as de-
scribed above and perfused intraventricularly with fluo-
rescein-labeled dextran. Mice were killed in a CO2 cham-
ber, and their eyes were harvested for tissue processing.
A dissecting microscope was used to remove the cornea
and lens and to gently separate the retina from the un-
derlying choroid and sclera. Micro scissors were used to
make four radial incisions in the sclerochoroidal “eyecup”
to prepare choroidal flat mounts on glass slides. The
tissues were incubated in 4% paraformaldehyde for 45
minutes and washed 3 times with 3% bovine serum al-
bumin. A drop of fixative and a glass coverslip was
placed on each slide. The choroidal flat mounts were
analyzed for the presence of CNV by confocal micros-
copy. The extent of choroidal neovascularization was
quantified by Metamorph Imaging software. We used n �
5 mice for each group.

Proliferation Assay

HMVECs in log phase were cultured in 96-well flat bottom
plates for adherence. Cells were then preincubated with
either Sirt1 inhibitor III (IC50 � 98 nmol/L)20 (25 nmol/L,
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50 nmol/L, 100 nmol/L, and 200 nmol/L), NH125 (IC50 �
95 nmol/L)21 (50 nmol/L, 100 nmol/L, and 200 nmol/L),
BML275 (Ki � 109 nmol/L)17 (100 nmol/L), Cys (1 mmol/
L),15 or PAA (5 mmol/L)22 for 2 hours and then stimulated
with resveratrol (4 �g/ml � 18 �M) for 8 hours. HMVECs
were then incubated with 3H thymidine (40 �Ci/ml) for an
additional 12 hours. Plates were harvested and read
using a Top count harvester and micro plate reader
(Packard, Meriden, CT) to obtain counts. Resveratrol was
dissolved in 0.2% of EtOH and used at concentrations
ranging from 9 �mol/L to 154 �mol/L for in vitro assays.

Scratch Assay

The assay has been described previously.23 Briefly,
HMVECs were cultured to confluence in six-well plates.
Cells were then pretreated with or without Sirt1 inhibitor III
(50 nmol/L, 100 nmol/L, and 200 nmol/L) or NH125 (50
nmol/L, 100 nmol/L, and 200 nmol/L) or PAA (5 mmol/L)
or Cys (1 mmol/L) or BML275 (100 nmol/L) for 2 hours,
and a scratch was placed using a 200 �l pipette tip.
HMVECs were then incubated for an additional 20 hours
with or without added resveratrol (18 �mol/L), and im-
ages were taken at 0 hours and 20 hours of resveratrol
treatment.

Western Blot Analysis

HMVECs were stimulated with resveratrol (18 �l) for sev-
eral time points (0 to 1 hour) or were pretreated with
NH125 (50 nmol/L, 100 nmol/L, and 200 nmol/L) or
BML275 (100 nmol/L). Cells were then lysed using Triton
X-100 lysis buffer (25 mmol/L Tris-HCl, pH 7.5, 150
mmol/L NaCl, and 1% triton X �100). Proteins were mea-
sured by a BCA kit, and 20 to 30 �g/lane of proteins were
electrophoretically separated on 10% SDS-PAGE gels
and then transferred onto nitrocellulose membranes.
Membranes were either probed with pan antiphospho-
serine, antiphosphothreonine, or antiphosphotyrosine an-
tibodies or specific antibodies to �-Actin, peEF2 (Thr 56),
eEF2, or eEF2k.eEF2k.

Immunoprecipitation

Cell lysates were incubated with isotype control antibody
or with either anti-pSerine or anti-pThreonine and Strepta-
vidin beads, respectively, overnight at 4°C. Beads were
then washed three times using lysis buffer at 5000 rpm for
5 minutes each. Sample loading dye (1�) was added to
the beads, and the samples were heated for 20 minutes
at 95°C. Beads were then loaded on to 10% SDS-PAGE
gels and proteins were transferred onto nitrocellulose
membranes for Western blotting as described above.

Mass Spectrometry for Protein Identification

HMVECs were treated with resveratrol (18 �mol/L) for 30
minutes. The cells were then lysed and lysates (300 �g to
500 �g/sample) were immunoprecipitated with anti-pSer

or anti-pThr antibodies overnight at 4°C. Immunoprecipi-
tates were then electrophoretically resolved onto a 10%
SDS PAGE gel, and the gel was stained with Brilliant Blue
stain (Sigma). The gel was then treated with destaining
solution (40% methanol, 50% water, and 10% glacial
acetic acid). Visible bands of 95 and 130 kDa (p-Thr)
proteins and 75 kDa and 130 kDa (p-Ser) proteins were
excised and sent for mass spectrometric analysis to Dr.
Ross Tomaino in the Taplin biological mass spectrometry
laboratory at Harvard Medical School, Cambridge, MA.

Sirt1 Activity Assay

In vitro activity of Sirt1 was assessed according to the
manufacturer’s protocol (Biomol, Plymouth, PA). Briefly,
assays were performed using Fluor de Lys-SIRT1, NAD�,
and SIRT1, in the absence and presence of resveratrol in
SIRT1 assay buffer (25 mmol/L Tris-Cl, pH 8.0, 137
mmol/L NaCl, 2.7 mmol/L KCl, 1 mmol/L MgCl2, 1 mg/ml
bovine serum albumin). The buffer, dimethyl sulfoxide,
resveratrol, suramin, Sirt1 inh III (200 nmol/L), and SIRT1
were preincubated for 10 minutes. Reactions were initi-
ated by the addition of 2� concentrations of the Fluor de
Lys peptide and NAD�. Before quenching the reaction, 2
mmol/L nicotinamide was added to 1� Developer II in the
assay buffer (25 mmol/L Tris, pH 8.0, 137 mmol/L NaCl,
2.7 mmol/L KCl, 1 mmol/L MgCl2) as indicated in the
BioMol product sheets. At each time point, 50 �l of the
reaction was removed and mixed with 50 �l of the devel-
oper solution. The quenched samples were kept at 37°C
for 45 minutes before fluorescence reading. Fluores-
cence readings were obtained using the SpectraMax
Gemini EM fluorometer (Molecular Devices, Sunnyvale-
CA), with the excitation wavelength set to 360 nm and the
emission set to 460 nm (according to Biomol specifica-
tion). For sirt1 activity in vivo, lysates from the eyes treated
with i) Vehicle (25% EtOH), ii) Resveratrol (45 mg/kg), iii)
Sirt1 Inhibitor III (25 mg/kg), and iv) Sirt1 Inhibitor III �
resveratrol were incubated with substrate (Fluor de Lys-
Sirt1 � NAD�) for 45 minutes. Samples were read by a
micro plate-reading fluorometer at an excitation wave-
length of 360 nm and emission wavelength of 460 nm.3,24

Matrigel Plug Assay

Matrigel assay was performed as described previously.25

Briefly, C57BL6 Mice (n � 5) were treated with i) Vehicle
(25% EtOH), ii) Resveratrol (45 mg/kg), iii) NH125 (25
mg/kg), and iv) NH125 � Resveratrol using osmotic
pumps 7 days before matrigel (BD Biosciences, San
Jose, CA) injection. Matrigel (200 �l/mouse) was injected
subcutaneously. Treatment was continued for 7 more
days. Mice were then killed, and matrigel plugs along
with blood vessels were collected in PBS and incubated
at 4°C for 24 hours. Matrigel plugs were vortexed and
supernatants were analyzed for hemoglobin by using
Quantichrome Hemoglobin assay kit (Bio Assay Systems,
Hayward, CA).26
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siRNA Transfection

Transfection was performed using manufacturer’s proto-
col (Santa Cruz Biotech, Santa Cruz, CA). Healthy and
subconfluent cells (2 � 105 cells per well) were cultured
in six-well tissue culture plates and incubated at 37°C in
a CO2 incubator until the cells were 60 to 80% confluent.
Cell viability was confirmed one day before siRNA
transfection.

Solution A: For each transfection, 6 �l of siRNA duplex
(i.e., 0.8 �g or 60 pmols siRNA) was diluted in 100 �l
siRNA Transfection Medium: sc-36868.

Solution B: For each transfection, 6 �l of siRNA trans-
fection reagent (sc-29528) was diluted in 100 �l siRNA
Transfection Medium. siRNA duplex solution (Solution A)
was directly added to the transfection reagent (Solution
B) and mixed gently by pipetting the solution up and
down and incubated the mixture for 30 minutes at room
temperature. Cells were washed twice with 1 ml of siRNA
transfection medium. Transfection medium (0.8 ml) was
added to siRNA solutions (Solution A and Solution B) for
each transfection to each tube and mixed gently. SiRNA
solution was overlaid over the cells, and cells were incu-
bated at 37°C for 6 hours. One ml of fresh medium with
2� Fetal Calf Serum (FCS) was added to the cells with
siRNA solution and incubated further for 18 to 20 hours.
Medium was removed from the cells, fresh medium with
1� Fetal Calf Serum (FCS) was added to the cells, and
cells were used for proliferation and migration. RT-PCR
and Western blot analysis were used to confirm the
down-regulation of gene and protein expression. Speci-
ficity of RNA inhibition was confirmed using control
siRNA.

Cell Cycle Analysis

Cells were trypsinized and suspended in medium con-
taining 10% Fetal Calf Serum (FCS) and centrifuged
(1000 rpm, 5 minutes). Pellets were then suspended in
PBS (1 ml). Cells were fixed by adding the cell suspen-
sion to 2.5 ml absolute EtOH (final concentration approx.
70%), vortexed at 500 rpm while adding the EtOH to
prevent clustering of cells during the fixation. Cells were
incubated on ice for 15 minutes and then centrifuged at
1500 rpm for 5 minutes. Cells were suspended in 500 �l
propidium iodide solution (50 �g/ml, 0.05% Triton X-100,
and 0.1 mg/ml RNase A in PBS) and incubated for 40
minutes at 37°C. 3 ml of PBS was added to pellet the cells
(1500 rpm, 5 minutes) and supernatants were discarded.
Cells were then suspended in 500 �l PBS for flow cyto-
metric analysis.

Tube Formation Assay

Tube assay was performed as previously described.18

Briefly, matrigel (100 �l per well) was coated in a 96-well
plate and the plate was incubated at 37°C for 30 minutes.
Cells were plated at 15,000 cells per well density and
then cultured in medium with or without resveratrol (18

�mol/L) for 20 hours. Photographs were then taken at 1
hour and 20 hours for analysis of tube formation.

Statistical Analysis

Student t test (Sigmaplot) was used for statistical analysis
of results. A P value �0.05 was recorded as significant.

Results

Resveratrol Inhibits Injury-Induced Angiogenesis
by a SIRT1-Independent Pathway

Laser injury-induced CNV has been used as a murine
surrogate for studying abnormal angiogenesis in the eye
as seen in AMD.18,19,27 Although an acute injury model
for a chronic disease process, it is well characterized and
has been highly predictive of agents that have since
been proven to be efficacious in treatment.28 To test the
effect of resveratrol on injury-induced angiogenesis in the
eye, mice were treated with i) vehicle (25% EtOH), ii)
resveratrol (22.5 mg/kg), or iii) resveratrol (45 mg/kg) 7
days before and after the laser-induced injury. We ob-
served a significant (P � 0.034) reduction in CNV at
higher dose of resveratrol treatment (45 mg/kg), suggest-
ing a protective role for resveratrol against the develop-
ment and/or sustenance of CNV (Figure 1, A and B).
Earlier studies dissolved resveratrol in drinking water and
used higher doses in the range of 100 mg/kg to 400
mg/kg. We chose to use lower doses as we used subcu-
taneous osmotic pumps with higher and more sustained
drug availability in our study. Given the importance of
sirtuins in mediating the effects of resveratrol, it is inter-
esting that Sirt1 has been shown to regulate vascular
endothelial sprouting in vitro.29 We tested the ability of
Sirt1 inhibitor III, a specific inhibitor of Sirt1 activity, to
reverse resveratrol-mediated inhibition of CNV. Sirt1 in-
hibitor III in molar excess (25 mg/kg) did not reverse the
inhibitory effects of resveratrol on CNV (Figure 1, C and
D). The ability of Sirt1 to inhibit Sirt1 activity in vitro and in
vivo was assessed in the Sirt1 activity assay as described
above. Sirt1 inh III inhibited Sirt1 activity in vitro (P � 1.3
e�3) more efficiently than suramin (P � 4.5 e�3), a known
inhibitor of Sirt1, confirming robust inhibition of Sirt1 ac-
tivity with this inhibitor (see supplemental Figure S1 at
http://ajp.amjpathol.org). For in vivo Sirt1 activity, C57BL6
mice were treated with i) vehicle (25% EtOH), ii) resvera-
trol (45 mg/kg), iii) Sirt1 inh III (25 mg/kg), and iv) res-
veratrol � Sirt1 inh III for 7 days before laser injury. Mice
were lasered at day 7, and treatment was continued for 7
more days. Mice were then killed and eyes were col-
lected and lysed. Sirt1 activity was measured in the ly-
sates of these eyes. We found that Sirt1 inhibitor III sig-
nificantly inhibited Sirt1 activity in vivo (see supplemental
Figure S1B at http://ajp.amjpathol.org). These data sug-
gest that the Sirt1 does not mediate the effects of res-
veratrol on CNV.
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Resveratrol-Induced Endothelial Cell
Proliferation and Migration Is Independent
of Sirt1 Activity
Cell cycle plays an important role in the proliferation and
migration of endothelial cells. We evaluated whether res-
veratrol had any effect on cell cycle in these cells.
HMVECs were cultured with or without resveratrol (4 �g/
ml) for 20 hours, and cell cycle events were assessed by
flow cytometry. We found that resveratrol arrested about
40% of HMVECs in S phase, suggesting that resveratrol
might play a role in proliferation and migration of endo-
thelial cells (Figure 2A). Proliferation and migration of
vascular endothelial cells is a prerequisite for blood ves-
sel formation. Therefore, we tested the effect of resvera-
trol on proliferation of HMVECs in a modified 3H thymidine
assay described above. HMVECs were treated with dif-
ferent doses of resveratrol (2 to 16 �g/ml) for 8 hours, and
proliferation was assessed by the ability of these cells to
incorporate 3H thymidine (40 �Ci/ml). We observed a
dose-dependent inhibition of HMVEC proliferation, and 4
�g/ml was found to be the optimal dose (Figure 2B). To
determine whether sirt1 was involved in the ability of
resveratrol to inhibit proliferation of endothelial cells,
HMVECs were treated with i) medium, ii) resveratrol (4
�g/ml) only, iii) Sirt1 inhibitor III (200 nmol/L) only, or iv)
resveratrol (4 �g/ml) � Sirt1 inhibitor III (25 to 200 nmol/L)
(pretreatment with Sirt1 inhibitor III for 2 hours before

adding resveratrol). Cell proliferation was assessed by
the ability to incorporate 3H thymidine (40 �Ci/ml). Treat-
ment with resveratrol significantly inhibited (P � 0.001)
proliferation of HMVECs, and Sirt1 inhibitor III (25 to 200
nmol/L) did not reverse the effect of resveratrol (P �
0.001). Moreover, Sirt1 inhibitor III alone did not have any
effect (P � 0.2559) on HMVEC proliferation, confirming
that the effect was independent of Sirt1 (Figure 2 C). We
also tested the ability of resveratrol to inhibit the migration
of HMVECs in a scratch assay.23 HMVECs were treated
with i) medium only or ii) pretreated with Sirt1 inhibitor III
(200 nmol/L) for 2 hours and then treated with resveratrol
(4 �g/ml) for 20 hours. Resveratrol significantly inhibited
the ability of HMVECs to fill the gap (P � 0.001) (i.e.,
migrate into the scratched area as compared with un-
treated cells which completely filled the gap by the 20
hours time point). Sirt1 inhibitor III did not affect the ability
of resveratrol to inhibit migration of HMVECs (P � 0.001),
confirming that the effect of resveratrol on vascular en-
dothelial cell migration was Sirt1-independent (Figure
2D). To definitively prove that the effects of resveratrol are
indeed Sirt1-independent, we knocked down Sirt1 ex-
pression in HMVECs using inhibitory RNA. Inhibition of
Sirt1 expression by RNA inhibition did not reverse the
effects of resveratrol on the proliferation or migration of
HMVECS (Figure 2, E and F, and see supplemental Fig-
ure S2D at http://ajp.amjpathol.org).

Figure 1. Resveratrol inhibits CNV in mice in a
Sirt1-independent manner. A: C57BL6 mice (n �
5 per group) were treated with sham (vehicle-
25% EtOH) or resveratrol (Res-22.5 mg/kg or 45
mg/kg) seven days before laser-induced injury,
and treatment was continued for seven more
days. CNV was quantified by confocal micros-
copy. B: Representative CNV lesions from sham-
or resveratrol-treated mice. C: C57BL6 mice (n �
5 per group) were treated with sham (vehicle),
resveratrol (45 mg/kg), Sirt1 Inh III (25 mg/kg),
or resveratrol � Sirt1 Inh III for seven days
before laser. Treatment was then continued for
seven additional days after laser. CNV was quan-
tified by confocal microscopy D: Representative
CNV lesions from sham-treated, resveratrol-
treated, or sirt1 inh III � resveratrol-treated
mice. CNV volumes are average values � SE.
*P � 0.05 by Student t test.
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Resveratrol Induces Differential Phosphorylation
of Serine and Threonine Residues but Not
Tyrosine Residues in HMVECs

We evaluated the effects of resveratrol on intracellular
signaling pathways in HMVECs to determine key mole-
cules that may be involved in inhibiting endothelial cell
proliferation and migration. Intracellular phosphorylation
events are critical, necessary, and ubiquitous mecha-
nisms of cell activation. We assessed the serine, thre-
onine, and tyrosine phosphorylation patterns within
HMVECs and the effect of resveratrol on these events. To
determine differential phosphorylation of serine, threo-
nine, and tyrosine residues, HMVECs were treated with
resveratrol (4 �g/ml) for several time points (0, 15, 30, or
60 minutes). Cells were lysed, and the lysates were eval-
uated for serine, threonine, and tyrosine phosphorylation
by Western blotting. On resveratrol treatment, we ob-
served prominent phosphorylation of serine residues of

75 kDa and 130 kDa proteins, and threonine residues of
95 kDa and 130 kDa proteins (see supplemental Figure
S3, A and B at http://ajp.amjpathol.org). There was no
difference in tyrosine phosphorylation observed with im-
munoblotting with anti-ptyr antibodies before or after
treatment of HMVECs with resveratrol (data not shown).

Immunoprecipitation of HMVECs Lysates after
Resveratrol Treatment and Mass Spectrometry
Leads to Identification of Potential Target
Proteins

Resveratrol treatment of HMVECs leads to phosphoryla-
tion of serine and threonine residues of 75 kDa and 130
kDa; and 95 kDa and 130 kDa proteins, respectively. To
determine the identity of these molecules, mass spec-
trometric analysis was performed. We could identify
the following three unique proteins after mass spectro-

Figure 2. Resveratrol inhibits proliferation and migration of HMVECs in a Sirt1-independent manner. A: Cell cycle analysis: HMVECs were treated with resveratrol
(4 �g/ml) then stained with propidium iodide and analyzed by FACS (Flow Cytometry). B: HMVECs were treated with resveratrol (2 to 16 �g/ml), and cell
proliferation was assayed. C: Proliferation assay: HMVECs were pretreated with Sirt1 inh III (25 to 200 nmol/L) for two hours, and then the cells were treated with
resveratrol (4 �g/ml) for eight hours. Cell proliferation was quantified by measuring incorporation of 3H thymidine (40 �Ci/ml). D: HMVECs were cultured to
confluence, and a scratch was placed in the center of the wells. Migration of cells into the gap was measured at 20 hours. E: HMVECs were transfected with Sirt1
siRNA or control siRNA (60 pmols) and then treated with resveratrol (4 �g/ml) for eight hours. Cell proliferation was measured as described in the Materials and
Methods. F: HMVECs were transfected with Sirt1 siRNA or control siRNA (60 pmols) and then treated with resveratrol (4 �g/ml). Migration of cells into the gap
was measured in a scratch assay as described in the Materials and Methods. UNL indicates unlabeled cells; LAB, labeled. Values are averages � SE. *P � 0.05
by Student t test.
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metric analysis of the samples (see supplemental Ta-
ble 1 at http://ajp.amjpathol.org): pyruvate carboxylase
(PCB)-130 kDa-serine; tissue Transglutaminase II
(TGM2)-77 kDa-serine; elongation Factor 2 (eEF2)-95
kDa-threonine.

PCB and TGM2 Do Not Mediate
Resveratrol-Induced Effects on Endothelial Cells

While PCB is an enzyme involved in the TCA cycle and
TGM2 regulates extracellular matrix and tissue protec-
tion, eEF2 plays a robust role in ribosomal translocation
during protein translation and the growth and proliferation
of diverse cell types.30–34 The dephosphorylated form of
eEF2 is the active protein that gets inactivated on threo-
nine phosphorylation.33 HMVECs were pretreated with 1
mmol/L Cys, an inhibitor of TGM2, or 5 mmol/L PAA, a
PCB inhibitor before resveratrol treatment and tested in
the scratch and 3H thymidine proliferation assays. PAA
and Cys failed to neutralize the effect of resveratrol on
migration or proliferation of HMVECs (see supplemental
Figure S3, D–F at http://ajp.amjpathol.org). These results
suggest that the effects of resveratrol on vascular endo-
thelial cells are independent of PCB or TGM2.

Inactivation of eEF2 by eEF2k is Responsible for
Effects of Resveratrol on Endothelial Cells

Threonine phosphorylation is a critical event in eEF2
function as threonine phosphorylation leads to inactiva-
tion of eEF2.33,34 Interestingly, resveratrol was shown to
induce eEF2 phosphorylation in neonatal rat cardiac
myocytes and inhibit their proliferation.5 eEF2k is a ded-
icated kinase that phosphorylates eEF2 at threonine and
inactivates it, rendering it unable to catalyze ribosomal
translocation.33,34 This regulation of eEF2 activity by its
kinase is critical in modulating cell proliferation. Regula-
tion of eEF2k in turn is highly complex because it can be
phosphorylated on several serine residues. eEF2k phos-
phorylation at serine 366 is mediated by S6K1 and RSKs
(ribosomal S6 kinases) and leads to inhibition of its ac-
tivity.35 Cdc2-cyclin B phosphorylates eEF2k at serine
359 and inhibits its activity.36 In contrast, phosphorylation
of eEF2k at serine 398 by AMPK activates it.37 The serine
398 phosphorylated form of the kinase is the active form
that catalyzes inactivation of eEF2.14,38 To directly assess
the role of eEF2k inhibition on proliferation and migration
of HMVECs, cells were either treated with i) medium, ii)
resveratrol (4 �g/ml), iii) NH125 (200 nmol/L) alone, or iv)
resveratrol � NH125 (100 nmol/L and 200 nmol/L), a
selective inhibitor of eEF2k function.21 Inhibition of eEF2k
with NH125 completely neutralized (P � 0.18) the anti-
proliferative and antimigration effects of resveratrol treat-
ment on HMVECs, suggesting the involvement of eEF2
and eEF2k in resveratrol-induced effects on endothelial
cells (Figure 3, A–C). To prove conclusively that the res-
veratrol induced effects on HMVEC proliferation and mi-
gration are indeed mediated by eEF2 and eEF2k, we
knocked down either eEF2 or eEF2k in HMVECs (see

supplemental Figure S4, B–C at http://ajp.amjpathol.org).
eEF2k knockdown by itself did not affect the migration
potential of HMVECs but abrogated ability of resveratrol
to inhibit eEF2 and HMVECs proliferation and migration.
(Figure 3, D–E, see supplemental Figure S4A at http://
ajp.amjpathol.org). On the other hand, eEF2 knockdown
by itself inhibited the migration of HMVECs. We next
examined the intracellular activation profiles of eEF2 and
eEF2k after resveratrol treatment. HMVECs were stimu-
lated with resveratrol (4 �g/ml) for various time points,
after which cell lysates were prepared and immunopre-
cipitated with pan anti-pThr antibody and subsequently
blotted with anti-eEF2 antibody. We observed a time-
dependent threonine phosphorylation of eEF2 after treat-
ment with resveratrol (Figure 3F). This was confirmed by
treating HMVECs with resveratrol (4 �g/ml) for several
time points and evaluating threonine phosphorylation of
eEF2 with a specific anti- peEF2Thr antibody at several
time points. A time-dependent increase in threonine
phosphorylation of eEF2 was observed (Figure 3G).
Western blot analysis also showed increased serine 398
phosphorylation of eEF2k after resveratrol treatment (Fig-
ure 3H), suggesting that resveratrol leads to activation of
eEF2k. To further confirm eEF2k activation by resveratrol,
HMVECs were incubated with or without NH125 (50
nmol/L, 100 nmol/L, and 200 nmol/L), a specific eEF2k
inhibitor for 2 hours before resveratrol treatment. Cells
lysates were evaluated for eEF2 phosphorylation. We
observed increased threonine phosphorylation of eEF2
after resveratrol treatment, which was inhibited by NH125
in a dose dependent manner (Figure 3I).

Resveratrol-Induced Effects on eEF2 and eEF2
Kinase Activation Profiles are Mediated by
AMPK

Resveratrol has been shown to activate AMPK by phos-
phorylation at threonine 172.39 We were interested in
testing whether resveratrol inactivates eEF2 via AMPK. To
test this hypothesis, HMVECs were preincubated with a
known AMPK inhibitor before resveratrol treatment. Cell
lysates were then evaluated for eEF2 phosphorylation.
We found dose-dependent inhibition of eEF2 (Thr) phos-
phorylation, suggesting that AMPK is likely to be involved
in resveratrol-induced phosphorylation and deactivation
of eEF2 (Figure 4A). We next determined the effect of
AMPK on eEF2k activation and found that AMPK inhibitor
BML275 reversed the eEF2k (ser 398) phosphorylation
seen with resveratrol treatment (Figure 4B). Because
AMPK appears to mediate the resveratrol-induced ef-
fects on eEF2 and its dedicated kinase, we also evalu-
ated the effect of resveratrol on direct activation of AMPK.
HMVECs were pretreated with medium or BML275 (100
nmol/L) for 2 hours and then treated with resveratrol (4
�g/ml) for 15 minutes. We found that resveratrol induced
AMPK (Thr 172) phosphorylation in HMVECs and that
BML275 completely reversed it (Figure 4C). AMPK inhi-
bition also reversed the effect of resveratrol on prolifera-
tion and migration of HMVECs (P � 0.01) by BML275
(Figure 4, D–F). We further confirmed the role of AMPK in
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resveratrol-induced effects on endothelial cell migration
by RNA inhibition (Figure 4G, and see supplemental Fig-
ure S5 at http://ajp.amjpathol.org). These results con-
firmed that the effects of resveratrol on eEF2 and eEF2k
are mediated by AMPK.

eEF2 Kinase Inhibition Restores Angiogenesis
in Vivo Within and Outside the Eye

So far, we have shown that eEF2k-mediated inactivation
of eEF2 is necessary and sufficient for the effects of
resveratrol on HMVECs in vitro. We next investigated the
in vivo phosphorylation of eEF2 and eEF2k in mice after
treatment with resveratrol. C57BL6 mice were treated
with i) vehicle (25% EtOH), ii) resveratrol (45 mg/kg), iii)
NH125 (25 mg/kg), and iv) resveratrol � NH125 for 7

days before laser injury using osmotic pumps, and the
treatment was continued for 7 days after laser. Mice were
killed, eyes were harvested, and the lysates were ana-
lyzed for eEF2 and eEF2k phosphorylation by Western
blotting. We found that the eyes treated with resveratrol
had increased eEF2 and eEF2k phosphorylation com-
pared with sham or NH125-treated eyes (Figure 5, A and
B), confirming that resveratrol leads to the phosphoryla-
tion of eEF2 (Thr) and eEF2k (ser 398). In contrast, eyes
from eEF2k�/� mice treated with resveratrol (45 mg/kg)
did not demonstrate an increase in phosphorylation of
eEF2 (Thr) (Figure 5C). We further investigated the ef-
fects of inhibiting eEF2k activity with NH125 on CNV in
vivo. Mice were treated with i) vehicle (25% EtOH, ii)
resveratrol (45 mg/kg), iii) NH125 (25 mg/kg), and iv)
NH125 � Resveratrol using 14-day osmotic pumps

Figure 3. Resveratrol-induced effects on endothelial cell migration and proliferation are mediated by eEF2. A: HMVECs were pretreated with NH125 (100 nmol/L
and 200 nmol/L) for two hours and treated with resveratrol (4 �g/ml) for eight hours. 3H Thymidine (40 �Ci/ml) was then added to the culture, and cell
proliferation was measured after 12 hours. B: HMVECs were pretreated with NH125 (200 nmol/L) for two hours and treated with resveratrol (4 �g/ml) for 20 hours.
Cell proliferation was measured in the scratch assay. C: Cells were counted in four random fields in the scratch after 20 hours of incubation to quantify migration
into the gap. D: HMVECs were transfected with eEF2 or eEF2K siRNA for 24 hours and treated with resveratrol (4 �g/ml) for 20 hours. Cell migration was quantified
at 20 hours in the scratch assay. E: HMVECs were transfected with eEF2 or eEF2K siRNA for 24 hours and treated with resveratrol (4 �g/ml) for eight hours. 3H
Thymidine (40 �Ci/ml) was then added to the culture, and cell proliferation was measured after 12 hours. F: HMVECs were treated with resveratrol (4 �g/ml for
0, 15 minutes, 30 minutes, and 1 hour) and immunoprecipitated with anti-pan threonine after cell lysis [lower panel, Anti-pThr (pan)]. Immunoprecipitates were
also analyzed for eEF2 by Western blotting (upper panel eEF2 WB). G: HMVECs were treated with resveratrol (4 �g/ml for 0, 15 minutes, 30 minutes, and 1 hour),
cells were lysed, and lysates were evaluated for peEF2 (Thr) and eEF2. H: HMVECs were treated with resveratrol (4 �g/ml, 20 minutes), lysed, and analyzed for
peEF2K (ser 398) and eEF2K by Western blotting. I: HMVECs were pretreated with NH125 (eEF2k inhibitor, 50 nmol/L, 100 nmol/L, and 200 nmol/L) for two hours.
Cells were then treated with resveratrol (4 �g/ml) for 30 minutes and lysed. Lysates were evaluated for eEF2 and peEF2 (Thr) UNL stands for unlabeled cells and
LAB stands for labeled cells. Values are averages � SE. *P � 0.05 by Student t test.
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placed subcutaneously 7 days before laser injury. Treat-
ment was continued for 7 days after laser injury, and eyes
were harvested for analysis of CNV. Resveratrol-induced
inhibition of CNV was neutralized by NH125 treatment,
confirming that resveratrol-mediated effects on CNV are
eEF2- and eEF2k-dependent (Figure 5D). Because
NH125 is a pharmacological inhibitor of eEF2k function,
we wanted to confirm these findings in eEF2k�/� mice. In
eEF2k�/� mice, resveratrol failed to inhibit CNV while it
showed robust inhibition of CNV in littermate controls
(Figure 5E). We were interested in knowing whether the
inhibitory effects of resveratrol extended to systemic an-
giogenesis outside the eye. We tested the role of resvera-
trol in extraocular angiogenesis in the subcutaneous ma-
trigel plug assay. Mice were treated with i) vehicle control
(25% EtOH), ii) resveratrol (45 mg/kg), iii) NH125 (25
mg/kg), and iv) NH125 � resveratrol for 7 days using
osmotic pumps (14-day pumps) before matrigel injection.
We observed that resveratrol-treated matrigel plugs had
significantly less (P � 0.05) hemoglobin than vehicle-
treated or NH125-treated matrigel plugs (Figure 5F).
These results were further validated in eEF2k�/� mice
(Figure 5G). These data confirm that the effects of res-
veratrol on angiogenesis extend to multiple capillary

beds, are mediated by eEF2 and eEF2k, and are inde-
pendent of Sirt1.

Discussion

Resveratrol is a natural compound that has been of great
interest because of its protective effects in aging and
obesity and its ability to blunt the biochemical effects of
senescence and high-fat Western diets.1–4 The effects of
resveratrol on these diverse processes are thought to be
mediated by sir2 or its mammalian homolog Sirt1. We
have demonstrated that resveratrol can inhibit patholog-
ical angiogenesis by a novel Sirt1-independent pathway.
The effects of resveratrol on angiogenesis extend to mul-
tiple capillary beds. In this article, we have shown that
resveratrol inhibits injury-induced angiogenesis in the
eye and subcutaneous angiogenesis seen in response to
growth factor–enriched matrigel plugs. Although resvera-
trol has previously been shown to be pro- and antiangio-
genic, it has not been shown to affect eEF2 activation.
Resveratrol appears to do so by serine 398 phosphory-
lation and activation of eEF2k, a dedicated kinase that
regulates eEF2 activity.30–34 Activated eEF2k in turn in-

Figure 4. Resveratrol induced eEF2 and eEF2k phosphorylation are mediated by AMPK. A: HMVECs were
pretreated with AMPK inhibitor BML275 (50 nmol/L and 100 nmol/L) for two hours and then treated with
resveratrol (4 �g/ml) for 30 minutes. Cells were lysed, and lysates were evaluated for peEF2 (Thr) and total
eEF2. B: eEF2k (ser398) phosphorylation and total eEF2k. C: HMVECs were pretreated with BML275 (100
nmol/L) for two hours and then treated with resveratrol (4 �g/ml) for 15 minutes. Cell lysates were evaluated
for AMPK phosphorylation (Threonine). D: HMVECs were pretreated with BML275 (100 nmol/L) for two
hours and then treated with resveratrol (4 �g/ml) for 20 hours. Cell migration was measured in the scratch
assay. E: Cells were counted in four random fields in the scratched area after 20 hours and quantified. F:
HMVECs were pretreated with BML275 (100 nmol/L) for two hours and then treated with resveratrol (4
�g/ml) for 20 hours. Cell proliferation was measured in the proliferation assay after addition of 3H Thymidine.
G: HMVECs were transfected with either control siRNA or AMPK siRNA. Cells were then treated with
resveratrol for 20 hours, and cell migration was quantified in four random fields of scratched area. Values are
averages � SE. *P � 0.05 by Student t test.
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duces threonine phosphorylation and inactivation of
eEF2. Although eEF2k can be autophosphorylated at
serine or threonine residues in the presence of calcium/
calmodulin in cell free systems,32,40 there is no evidence
for in vivo eEF2k autophosphorylation in the literature. On
the other hand, eEF2k can be directly phosphorylated by
various kinases at multiple sites. Most of these kinases
like cdc2 cyclin B, SAPK4 (p38�), MAPKAP-K2/K3, S6K1,
RSKs phosphorylate eEF2k at different serine residues
leading to the inhibition of its activity.35,36,41,42 Unlike
these kinases that inhibit eEF2k activity, AMPK can phos-
phorylate eEF2k on serine 398 leading to its activation.37

This is consistent with our results that AMPK mediates the
activation of eEF2k that subsequently inhibits eEF2 activ-
ity. As shown above, pharmacological inhibition and RNA
silencing of AMPK significantly reversed the effect of
resveratrol on endothelial cells. In contrast, the regulation
of eEF2 is relatively well characterized. It is phosphory-
lated at threonine 56 and threonine 58 residues mostly
by eEF2k, but AMPK can also directly phosphorylate
eEF2.43 This might explain some background phosphor-
ylation seen in eEF2k�/� mice. The eEF2 direct phosphor-
ylation by AMPK does not appear to be relevant to
our phenotype (i.e., pathological angiogenesis, as in
eEF2k�/� mice), as we observed complete reversal of the
effects of resveratrol on ocular and extraocular angiogen-

esis. Eukaryotic EF2 is a critical protein that mediates
ribosomal transfer and protein translation, and mice de-
ficient in eEF2 are not viable. Inactivation of this key
molecule by resveratrol induces cell cycle arrest and
inhibits the proliferation and migration of vascular endo-

Figure 6. Schematic representation of resveratrol-mediated effects on en-
dothelial cells. Resveratrol phosphorylates and activates eEF2 kinase via AMP
kinase. Activation of eEF2 kinase leads to inactivation of eEF2. Inactivation of
eEF2 inhibits vascular endothelial cell proliferation.

Figure 5. Neutralization or deficiency of eEF2k completely abolishes the effect of resveratrol on CNV and angiogenesis in matrigel plugs in vivo. A: C57BL6 mice
were treated with i) vehicle, ii) resveratrol (45 mg/kg), iii) NH125 (25 mg/kg), or iv) resveratrol � NH125 for seven days using osmotic sustained release pumps
before laser injury. Eyes were harvested, and lysates were analyzed for eEF2 phosphorylation (Thr). B: Lysates were also analyzed for eEF2k phosphorylation (ser
398). C: eEF2K�/� mice and wild-type littermate controls were treated with i) vehicle or ii) resveratrol (45 mg/kg). Mice were lasered and eyes were collected
after seven days. Eyes were then lysed and analyzed for eEF2 phosphorylation (Thr). D: C57BL6 mice (n � 5) were treated with resveratrol (45 mg/kg) and NH125
(25 mg/kg). Mice were lasered and treatment was continued for seven more days. CNV was quantified by confocal microscopy. E: eEF2K�/� mice (n � 5) and
littermate controls (n � 5) were treated with vehicle or resveratrol (45 mg/kg) pumps and were lasered. CNV volumes were quantified seven days after laser. F:
C57BL6 (n � 5) were treated with i) vehicle, ii) resveratrol (45 mg/kg), iii) NH125 (25 mg/kg), or iv) resveratrol � NH125 for seven days before matrigel injection.
Matrigel (200 �l/mouse) was injected subcutaneously, and treatment was continued for seven days. Mice were then killed and matrigel plugs were collected and
evaluated for hemoglobin. G: eEF2K�/� mice (n � 5) and wild-type littermate controls were treated with vehicle or resveratrol (45 mg/kg) for seven days. Mice
were then injected subcutaneously with matrigel (200 �l/mouse). Matrigel plugs were collected and evaluated for hemoglobin after seven days. Results are
averages � SE. *P � 0.05 by Student t test.
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thelial cells (HMVECs) in vitro. Endothelial cell prolifera-
tion and migration are necessary events during angio-
genesis in vivo, and as such inhibition of eEF2 activity in
mice either by pharmacological means or by gene dele-
tion leads to a severely blunted neovascular response
after injury in vivo.

The results in this study have unraveled a novel
pathway by which the naturally occurring compound
resveratrol affects vascular behavior (Figure 6). At a
disease pathophysiology level, the findings of this
study might have a significant impact on our under-
standing of angioproliferative diseases that are char-
acterized by abnormal angiogenesis both within and
outside the eye. Examples of ocular diseases with
exuberant and abnormal angiogenesis include age-
related macular degeneration, diabetic retinopathy,
and retinopathy of prematurity. These disorders en-
compass the leading causes of all blindness, and an
understanding of the pathophysiology of abnormal an-
giogenesis in these conditions might facilitate the de-
velopment of novel therapeutic approaches. Examples
of systemic diseases that have abnormal angiogenesis
at the center of their pathobiology include several can-
cers, atherosclerosis, and ischemic heart disease. These
properties of resveratrol, including its ability to inhibit the
migration and proliferation of endothelial cells in sprout-
ing vasculature and to induce cell cycle arrest in these
cells, could be potentially exploited to treat disorders
highlighted above that have abnormal angiogenesis as a
central feature of disease pathogenesis.
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