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ADP responses underlie therapeutic approaches tomany car-
diovascular diseases, and ADP receptor antagonists are in wide-
spread clinical use. The role of ADP in platelet biology has been
extensively studied, yet ADP signaling pathways in endothelial
cells remain incompletely understood.We found that ADP pro-
moted phosphorylation of the endothelial isoform of nitric-ox-
ide synthase (eNOS) at Ser1179 and Ser635 and dephosphoryla-
tion at Ser116 in cultured endothelial cells. Although eNOS
activity was stimulated by both ADP andATP, only ADP signal-
ing was significantly inhibited by the P2Y1 receptor antagonist
MRS 2179 or by knockdown of P2Y1 using small interfering
RNA (siRNA). ADP activated the small GTPase Rac1 and pro-
moted endothelial cell migration. siRNA-mediated knockdown
of Rac1 blockedADP-dependent eNOS Ser1179 and Ser635 phos-
phorylation, as well as eNOS activation. We analyzed pathways
known to regulate eNOS, including phosphoinositide 3-kinase/
Akt, ERK1/2, Src, and calcium/calmodulin-dependent kinase
kinase-� (CaMKK�) using the inhibitors wortmannin,
PD98059, PP2, and STO-609, respectively. None of these inhib-
itors altered ADP-modulated eNOS phosphorylation. In con-
trast, siRNA-mediated knockdown of AMP-activated protein
kinase (AMPK) inhibited ADP-dependent eNOS Ser635 phos-
phorylation and eNOS activity but did not affect eNOS Ser1179

phosphorylation. Importantly, the AMPK enzyme inhibitor
compound C had no effect on ADP-stimulated eNOS activity,
despite completely blocking AMPK activity. CaMKK� knock-
down suppressed ADP-stimulated eNOS activity, yet inhibition
of CaMKK� kinase activity using STO-609 failed to affect eNOS
activation by ADP. These data suggest that the expression, but
not the kinase activity, of AMPK and CaMKK� is necessary for
ADP signaling to eNOS.

Purine nucleotides have long been known to play critical
intracellular roles in nucleic acid synthesis and energy metabo-
lism, yet these nucleotides also serve as important extracellular
signaling molecules. Nucleotides such as ADP and ATP regu-
late vascular homeostasis through their activation of a family of
selective cell surface receptors located on platelets, endothelial

cells, and vascular smooth muscle cells (1). Receptors for
purine nucleotides include the G protein-coupled P2Y
receptors and the ligand-gated P2X ion channel receptors.
Upon binding to their cognate receptors, purine nucleotides
exert their effects via multiple second messenger pathways,
including mobilization of intracellular calcium and alter-
ations in cyclic nucleotides.
Receptors for extracellular nucleotides have been found in

many different cell types (2), and purinergic signaling is espe-
cially important in the maintenance of vascular tone and func-
tion. More than 80 years ago, purine nucleotides were found to
cause vasodilatation and hypotension (3), yet the signaling
pathways activated by purinergic receptors in the vasculature
have turned out to be complex and are not fully understood.
Different vascular responses are elicited depending on the
source of the nucleotide agonist, the target cell, and the recep-
tor subtype. To date, most attention has been focused on the
roles of ATP andUTP in the vasculature. For example, ATP has
been shown to promote vasoconstriction through P2X1 recep-
tors located on vascular smooth muscle cells (4), whereas in
endothelial cells, ATP-dependent activation of P2X4 receptors
promotes vasodilation in the context of shear stress (5). Activa-
tion of P2Y2 receptors by ATP andUTP contributes to vascular
smooth muscle cell contraction, as well as vascular smooth
muscle cell and endothelial cell migration (4, 6, 7). Recent work
has shown that ATP promotes activation of eNOS2 (8). In con-
trast to the numerous studies of vascular responses to ATP,
ADP signaling in the vessel wall has not been extensively inves-
tigated. There have been recent studies showing that ADP
mediates vasoconstriction via P2Y12 receptors in vascular
smooth muscle cells and stimulates endothelial cell migra-
tion through P2Y1 receptor-mediated pathways (9, 10).
However, ADP signaling pathways in the endothelium
remain incompletely characterized. Importantly, endothe-
lial cells can respond to ADP released by red blood cells and
platelets, and endothelial cells themselves can release purine
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nucleotides in an autocrine signaling pathway (4, 11). The
proximity of the endothelium to cellular sources of ADP, as
well as the widespread use of ADP receptor antagonists in
cardiovascular therapeutics, led us to explore the molecular
mechanisms mediating these paracrine and autocrine effects
of ADP in endothelial cells. The present studies explored the
hypothesis that ADP modulates nitric oxide-dependent
pathways involving eNOS.
eNOS is a key determinant of vascular homeostasis and

appears to be a plausible target for ADP-modulated signaling
responses. eNOS is a Ca2�/calmodulin-dependent enzyme that
is activated in response to the stimulation of a number of dif-
ferent Ca2�-mobilizing cell surface receptors (12). Regulation
of eNOS is also achieved by phosphorylation ofmultiple sites in
the protein (13): phosphorylation at Ser1179 or Ser635 activates
eNOS, whereas phosphorylation at Thr497 or Ser116 is associ-
ated with inhibition of enzyme activity (the residues refer to the
sequence of the well characterized bovine eNOS; correspond-
ing human eNOS residues are Ser1177, Ser633, Thr495, and
Ser114). The regulation of eNOS Ser1179 has been studied most
extensively: many protein kinases, including protein kinase Akt
(14), AMP-activated protein kinase (AMPK) (15), cyclic AMP-
dependent protein kinase/protein kinase A (PKA) (16), and
PLC (17), as well as cyclic GMP-dependent protein kinase (18),
modulate eNOS activity, at least in part through regulation of
this Ser1179 phosphorylation site. Other kinase pathways,
including various protein kinase C (PKC) isoforms (19, 20),
members of the MAPK family (21), and calcium/calmodulin-
dependent kinase kinase-� (CaMKK�) (22), have also been
implicated in modulation of eNOS phosphorylation. Addition-
ally, the small GTPase Rac1, an important regulator of cell
migration and the actin cytoskeleton (23, 24), appears to be an
essential upstream modulator of receptor-regulated phos-
phorylation and activation of eNOS (25). Activation of different
cell surface receptors elicits distinct kinase pathways associated
with eNOS activation, yet the roles of these various kinase path-
ways or of Rac1 in mediating endothelial ADP responses have
not been fully elucidated. Significantly, nitric oxide (NO) syn-
thesized by activated eNOS promotes the relaxation of vascular
smooth muscle cells, inhibits vascular smooth muscle cell pro-
liferation/migration, and blocks platelet aggregation (26). NO
also regulates endothelial cell survival and migration (27).
Given the overlap in physiological responses of vascular cells to
NO andADP, we considered eNOS a plausible candidatemedi-
ator of ADP effects on the endothelium.
The present studies investigated the signaling pathways

involved in ADP-induced modulation of eNOS and cell migra-
tion in cultured endothelial cells. We provide evidence that
distinguishes ADP fromATP responses in these cells and show
data to suggest that it is the expression, rather than the kinase
activity, of AMPK and CaMKK� that is necessary for the ability
of ADP to regulate eNOS activity. Furthermore, we establish
Rac1 as a critical mediator of ADP signaling to eNOS, as well as
ADP-induced cell migration, and we propose a critical role for
Rac1 in purinergic control of NO-dependent pathways and cel-
lular responses in the vascular endothelium.

EXPERIMENTAL PROCEDURES

Materials—Fetal bovine serum (FBS) was purchased from
HyClone Laboratories (Logan, UT). All other cell culture
reagents,media, and Lipofectamine 2000were from Invitrogen.
Sphingosine 1-phosphate (S1P) and PP2 were purchased from
BIOMOL (Plymouth Meeting, PA). Vascular endothelial
growth factor (VEGF), wortmannin, PD98059, cyclosporine,
STO-609, and compoundCwere fromCalbiochem.Anti-phos-
pho-eNOS (Ser116) and anti-Rac1 antibodies were from
Upstate Biotechnology (Lake Placid,NY). Polyclonal antibodies
against phospho-eNOS (Ser1177), phospho-Akt (Ser473), Akt,
phospho-AMPK� (Thr172), AMPK, phospho-acetyl-CoA car-
boxylase (ACC) (Ser79), ACC, phospho-GSK3� (Ser9), phos-
pho-ERK1/2 (Thr202/Tyr204), and ERK1/2 were from Cell Sig-
naling Technology, Inc. (Beverly, MA). Monoclonal antibodies
against GSK3�, eNOS, CaMKK�, and phospho-eNOS (Ser633)
were from BD Transduction Laboratories. The Rac1 activity
assay kit was purchased from Cytoskeleton, Inc. (Denver, CO).
Protein G-Sepharose beads were from Invitrogen. SuperSignal
chemiluminescence detection reagents and secondary antibod-
ies conjugated with horseradish peroxidase were from Pierce
Biotechnology. All other reagents were from Sigma.
Cell Culture and Transfection—BAEC were obtained from

Genlantis (San Diego, CA) and maintained in culture in Dul-
becco’s modified Eagle’s medium supplemented with fetal
bovine serum (10%, v/v) as described (28). Cells were plated
onto gelatin-coated culture dishes and studied prior to cell con-
fluence between passages 6 and 8. siRNA transfections were
performed as described previously (29). 30 nM siRNAwas trans-
fected using Lipofectamine 2000 (0.15%, v/v) following the pro-
tocol provided by the manufacturer 24 h after cells were split at
a 1:8 ratio. Lipofectamine 2000 was then removed by changing
into fresh medium containing 10% FBS 5 h after transfection.
Cell Treatments and Immunoblot Analysis—ADP, ATP,

MRS 2179, and epinephrine were solubilized in water and
stored at�20 °C. S1Pwas solubilized inmethanol and stored at
�20 °C. The same volume ofmethanol was used as vehicle con-
trol, and the final concentration of methanol did not exceed
0.4% (v/v). VEGF was solubilized in Tris-buffered saline con-
taining 0.1% bovine serum albumin and stored at �80 °C.
Wortmannin, U-73122, PP2, PD98059, STO-609, and com-
pound C were solubilized in dimethyl sulfoxide and kept at
�20 °C. Where indicated, dimethyl sulfoxide 0.1% (v/v) was
used as vehicle control. After drug treatments, lysates from
BAEC were prepared using a cell lysis buffer (50 mM Tris-HCl,
pH 7.4, 150 mMNaCl, 1% Nonidet P-40, 0.025% sodium deoxy-
cholate, 1 mM EDTA, 2 mM Na3VO4, 1 mM NaF, 2 �g/ml leu-
peptin, 2 �g/ml antipain, 2 �g/ml soybean trypsin inhibitor,
and 2 �g/ml lima trypsin inhibitor). Immunoblot analyses of
protein expression and phosphorylation were assessed as
described previously (30). Determinations of protein abun-
dance using immunoblot analyses were quantitated using a
ChemiImager HD4000 (AlphaInnotech, San Leandro, CA).
Duplex siRNA Targeting Constructs—Experimental oligonu-

cleotides were purchased from Ambion (Austin, TX). We
designed a P2Y1 receptor duplex siRNA construct correspond-
ing to positions 639–657 from the open reading frame of
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bovine P2Y1: 5�-CCGUGUACAUGUUCAACUUdTdT-3�
(GenBankTM accession number NM_174410.2). siRNA con-
structs targeting CaMKK�, AMPK�1, PKA, Rac1, and eNOS
have been previously described in detail and validated (25, 30,
31). The nonspecific control siRNA 5�-AUUGUAUGC-
GAUCGCAGAC-dTdT-3� was from Dharmacon (Lafayette,
CO).
eNOS Activity Assay—eNOS activity was quantitated by

measuring the formation of L-[3H]citrulline from L-[3H]argin-
ine as described previously (32). Briefly, the reaction was initi-
ated in cultured BAEC by adding L-[3H]arginine (10 �Ci/ml,
diluted with unlabeled L-arginine to give a final concentration
of 10 �M) plus various drug treatments. Each treatment was
performed in triplicate cultures, which were analyzed in dupli-
cate. NOS activity, measured as L-citrulline formation, was
expressed as pmol of L-citrulline produced/mg of cellular
protein/min.
Rac1 Activity Assay—BAEC in 100-mm dishes were treated

with agonists as indicated, and cells were washed twice with
ice-cold phosphate-buffered saline. The Rac1 activity assay was
performed according to the manufacturer’s protocol. 2 mM

Na3VO4, 1 mM NaF, 0.1% SDS, 2 �g/ml leupeptin, 2 �g/ml
antipain, 2 �g/ml soybean trypsin inhibitor, and 2 �g/ml lima
trypsin inhibitor were added to the lysis buffer as recom-
mended by the manufacturer. Pulldown of the GTP-bound
active formof Rac1was performed by incubating the cell lysates
with glutathione S-transferase fusion protein corresponding to
the p21-binding domain of PAK-1 bound to glutathione-agar-
ose. The beads were washed once with washing buffer provided
in the assay kit, and the proteins bound to the beadswere eluted
with Laemmli sample buffer and analyzed for the amount of
GTP-bound Rac in immunoblots probed with a Rac mono-
clonal antibody supplied by the manufacturer.
Cell Migration Assay—Cell migration was assayed using a

Transwell cell culture chamber containing polycarbonate
membrane inserts with 8-�mpore size (Corning Costar Corp.)
BAEC were transfected with control or specific siRNA as indi-
cated, and experiments were performed 48 h after transfection.
18 h prior to experimentation, the medium was changed, and
cells were starved in Dulbecco’s modified Eagle’s medium sup-
plemented with 0.4% FBS. Cells were incubated with trypsin to
obtain a monodispersed suspension, and 5 � 104 cells in Dul-
becco’s modified Eagle’s medium with 0.4% FBS were added to
the upper Transwell chamber. The bottom chamber was filled
with 600 �l of Dulbecco’s modified Eagle’s medium with 0.4%
FBS, and the assembly was incubated for 1 h at 37 °C to allow
cells to adhere to the membrane. Vehicle, S1P, or ADP was
added to the lower chamber, and the chambers were incubated
at 37 °C overnight to allow cellmigration. TheTranswell inserts
were transferred into a new plate containing 1ml of 0.05% tryp-
sin-EDTA solution to detach the cells from the membrane.
Cells in the lower chamber were counted with a hemocytome-
ter. Each treatment was performed in triplicate, and each sam-
ple was counted twice in four 4 � 4 square fields.
Cell Proliferation Assay—To assess cell proliferation, BAEC

were seeded onto 24-well plates at a density of 5 � 104 cells/
well; each determination was measured in triplicate in two
independent experiments. Cells were treated with 50 �M ADP

or vehicle overnight and labeled for 4 h with [3H]thymidine (1
�Ci/well). Cells were then washed with phosphate-buffered
saline, fixedwithmethanol, precipitatedwith 10% trichloroace-
tic acid, and washed with water; incorporation of [3H]thymi-
dine was determined in a scintillation counter.
Co-immunoprecipitation Assay—BAEC were harvested by

scraping in phosphate-buffered saline containing phosphatase
inhibitors (2 mM NaVO3 and 1 mM NaF), pelleted by centrifu-
gation, and then resuspended in OG lysis buffer (50 mM Tris-
HCl, pH 7.4, 60mM octyl glucopyranoside, 125mMNaCl, 1 mM

EDTA, 0.1 mM EGTA, 2mM dithiothreitol, 2 mMNaVO3, 1mM

NaF, 20 �g/ml leupeptin, 20 �g/ml antipain, 20 �g/ml soybean
trypsin inhibitor, and 20 �g/ml lima bean trypsin inhibitor).
Suspensions were rotated end over end at 4 °C for 20 min and
then centrifuged at 14,000� g. The supernatant was precleared
by incubation with Protein G-Sepharose beads (Invitrogen) for
30 min at 4 °C followed by incubation for 1.5 h at 4 °C with a
previously characterized rabbit eNOS polyclonal antiserum
(33, 34) at a final dilution of 1:100. Protein G-Sepharose beads
were then added for 1 h. After 1 h, immunoprecipitated com-
plexes were washed three times in OG lysis buffer, eluted from
the beads in Laemmli sample buffer, boiled for 10 min at 95 °C,
analyzed by SDS-PAGE, and probed in immunoblots as shown.
Other Methods—All experiments were performed at least

three times. Mean values for experiments were expressed as
mean � S.E. Statistical differences were assessed by analysis of
variance. A p value less than 0.05 was considered statistically
significant.

RESULTS

ADP-dependent Phosphorylation Responses in Endothelial
Cells—Fig. 1 shows the effects of ADP on the phosphorylation
of several key endothelial signaling proteins. ADP-treated
endothelial cells were analyzed in immunoblots probed with
phosphorylation state-specific antibodies directed against
eNOS, AMPK, Akt, GSK3�, and ERK1/2. In each case, the
immunoblots were stripped and reprobed with antibodies
directed against the corresponding total protein to verify equal
loading under the different conditions studied. ADP promoted
the dose-dependent phosphorylation of eNOS at residues
Ser1179 and Ser635, AMPK (Thr172), kinase Akt (Ser473), GSK3�
(Ser9), and ERK1/2 (Thr202/Tyr204), as well as dephosphoryla-
tion of eNOS at Ser116 (Fig. 1, A–C). The dose response for
these ADP-modulated phosphorylation responses demon-
strated an EC50 of �15 �M, a concentration that is within the
physiological range of ADP in plasma (35, 36). The time course
of these ADP-dependent phosphorylation responses is shown
in Fig. 1,D–F. The addition of 15 �M ADP to BAEC resulted in
an increase in the phosphorylation of eNOS Ser1179 within 2
min of agonist addition. ADP also robustly stimulated the
phosphorylation of AMPK, GSK3�, and ERK1/2 with a similar
temporal pattern. The peak ofADP-promoted phosphorylation
of Akt and eNOS Ser635 was reached only at �15 min after
agonist addition. All of these phosphorylation responses
returned close to basal levels by 40 min. However, ADP-pro-
moted dephosphorylation of eNOS at Ser116, which occurred
within 2 min of adding ADP to the cells, persisted throughout
the time course studied and achieved a persistent 80% decrease
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in phosphorylation. Together, these
data indicate that ADP modulates
the reversible phosphorylation of
multiple residues on eNOS, as well
as critical residues on AMPK, Akt,
GSK3�, and ERK1/2 in endothelial
cells.
ADP, but Not ATP, Signaling to

eNOSIsMediatedbyP2Y1Receptor—
Our finding such robust phosphor-
ylation responses to ADP (Fig. 1) led
to our performing experiments to
determine the receptor subtype
mediating theADP response. This is
particularly important in the con-
text of the well known ATP
responses in the vascular wall: both
ATP and ADP are abundant, and
ATP can easily be converted to ADP
by ectonucleotidases. Indeed, we
found that both ADP and ATP
increased eNOS activity, as mea-
sured using the L-[3H]arginine-
[3H]citrulline assay (Fig. 2A). To
characterize the receptor subtype
that mediates ADP signaling to
eNOS, BAEC were pretreated with
the P2Y1-selective antagonist MRS
2179 before the addition of ADP or
ATP (37). As shown in Fig. 2, B and
C, MRS 2179 inhibited ADP- but
not ATP-mediated phosphoryla-
tion of eNOS Ser1179 and AMPK, as
well as dephosphorylation of eNOS
Ser116. Furthermore, there was no
effect of MRS 2179 on ATP-stimu-
lated eNOS activation, whereas
P2Y1 antagonism with MRS 2179
effectively blocked ADP-promoted
eNOS activation (p � 0.05, n � 3)
with an IC50 of�2 �M (Fig. 2D).We
also found that these ADP
responses were unaffected by per-
tussis toxin (data not shown), a find-
ing consistent with prior reports
that have shown that ADP signaling
in the vascular wall is pertussis tox-
in-insensitive (38). To provide addi-
tional independent evidence for the
involvement of P2Y1 in the ADP
response, we designed a duplex
siRNA construct targeting the P2Y1
receptor (Fig. 2,E–G). siRNA-medi-
ated knockdown of P2Y1 blocked
ADP-promoted eNOS phosphory-
lation at Ser1179 (Fig. 2F) and Ser635,
as well as dephosphorylation at
eNOS Ser116. As shown in Fig. 2G,

FIGURE 1. Dose response and time course for ADP-mediated phosphorylation responses in endothelial
cells. Lysates prepared from ADP-treated BAEC were resolved by SDS-PAGE and analyzed in immunoblots
probed with antibodies directed against phospho-eNOS Ser1179, phospho-eNOS Ser635, phospho-eNOS Ser116,
phospho-AMPK, phospho-Akt, phospho-GSK3�, and phospho-ERK1/2. Equal loading was confirmed by immu-
noblotting with antibodies directed against eNOS, AMPK, Akt, GSK3�, and ERK1/2. Shown on the left are
representative immunoblots, and on the right are quantitative plots derived from pooled data. Each point in
the graphs represents the mean � S.E. of four independent experiments that yielded similar results. * indicates
p � 0.05. ** indicates p � 0.01. A, BAEC were treated with the indicated concentrations of ADP for 5 min.
B, quantitative analysis of phospho-eNOS as a function of concentration. C, quantitation of phospho-AMPK,
phospho-Akt, phospho-GSK3�, and phospho-ERK1/2 as a function of ADP concentration. D, BAEC were treated
with 15 �M ADP for the indicated times. E, quantitation of phospho-eNOS as a function of treatment time.
F, quantitative analysis of phospho-AMPK, phospho-Akt, phospho-GSK3�, and phospho-ERK1/2 abundance as
a function of treatment time. p, phospho.
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P2Y1 siRNA inhibited the ability of ADP to increase eNOS
activity (p � 0.05, n � 3). However, knockdown of P2Y1 had no
effect on the phosphorylation or activation of eNOS after ATP
treatment (Fig. 2, E–G).
Effects of Inhibition of PI3K/Akt, Src Tyrosine Kinase, and

MEK on ADP Signaling in Endothelial Cells—Multiple protein
kinases have been shown to be involved in the regulation of
eNOS, including protein kinase Akt (14), Src tyrosine kinase
(39), andMAPK (21) among others. We therefore used a series
of pharmacological inhibitors to systematically assess the

potential contribution of each of these pathways to ADP
responses in endothelial cells. S1P, a sphingolipid that potently
activates eNOS via a G protein-coupled receptor, was used in
these pharmacologic studies as a positive control. BAEC were
stimulated with agonists after pretreatment with each of the
following inhibitors: wortmannin (PI3K inhibitor), PP2 (Src
tyrosine kinase inhibitor), and PD98059 (MAPK kinase
inhibitor). We found that both wortmannin and PP2 signifi-
cantly blocked S1P-dependent phosphorylation of eNOS
Ser1179 (Fig. 3, A, B, E, and F) and GSK3� (Fig. 3, D and G).

FIGURE 2. Effects of pharmacologic inhibition or siRNA-mediated knockdown of P2Y1 on ADP-modulated eNOS phosphorylation and activity. A, BAEC
were assayed for eNOS enzyme activity by incubating the cells with L-[3H]arginine followed by treatments with nucleotides (50 �M for 20 min) as shown; the
eNOS inhibitor nitro-L-arginine (NNA; 30 �M for 20 min) was added where indicated. Cell extracts were processed and analyzed by ion exchange chromatog-
raphy to quantitate eNOS enzyme activity by measuring levels of L-[3H]citrulline, as described under “Experimental Procedures.” Shown here are the mean
values � S.E. of four to six independent experiments. B, lysates from BAEC were prepared from cells that had been incubated with the indicated concentrations
of the P2Y1 receptor antagonist MRS 2179 or its vehicle for 30 min and then treated with 50 �M ADP (left panel) or ATP (right panel) for 5 min. Cell lysates were
resolved by SDS-PAGE and probed using antibodies directed against phospho-eNOS Ser1179, phospho-eNOS Ser116, and phospho-AMPK. Equal loading was
confirmed by immunoblotting with anti-eNOS and anti-AMPK antibodies. The experiments shown are representative of three independent experiments with
equivalent results. C, digital chemiluminescence was used to quantitate the relative phosphorylation of eNOS Ser1179 in cells preincubated with various
concentrations of MRS 2179 and then treated with 50 �M ADP or ATP for 5 min. D, measurement of eNOS enzyme activity using the L-[3H]arginine-[3H]citrulline
assay in BAEC incubated with the indicated concentrations of MRS 2179 and then treated with 50 �M ADP, 50 �M ATP, or 30 �M nitro-L-arginine plus agonist for
20 min. Each bar in the graph represents the mean � S.E. of three independent experiments. * indicates p � 0.05 compared with vehicle-treated cells. E, BAEC
transfected with control or P2Y1 siRNA were stimulated with 50 �M ADP or ATP for 5 min. Cells were lysed, and phosphorylation of eNOS Ser1179, eNOS Ser635,
eNOS Ser116, and AMPK was analyzed using immunoblots probed with phosphospecific antibodies directed against specific phosphorylated sites in these
proteins. Cell lysates were also probed for total eNOS and AMPK as loading controls. F, analysis of pooled data quantitating the phosphorylation of eNOS Ser1179

from three to five independent experiments yielding similar results is shown. * indicates p � 0.05. G, BAEC transfected with control or P2Y1 siRNA were treated
with ADP (50 �M) or vehicle for 20 min, and eNOS activity was quantitated using the L-[3H]arginine-[3H]citrulline assay. Mean values � S.E. of four independent
experiments are shown with *** indicating p � 0.001. p, phospho; NS, not significant.
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Despite the marked inhibition of
ADP-mediated GSK3� phosphory-
lation following wortmannin treat-
ment (Fig. 3D), wortmannin did not
affect ADP-promoted changes in
eNOS phosphorylation (Fig. 3, B
and C). Similarly, PD98059 treat-
ment inhibited basal aswell as ADP-
and S1P-modulated ERK1/2 phos-
phorylation (Fig. 3, H and J) but
failed to significantly alter eNOS
phosphorylation responses to these
agonists (Fig. 3I). Taken together,
these data suggested that PI3K/Akt,
Src, and MAPK pathways are not
importantly involved in mediating
ADP-dependent phosphorylation
of eNOS and led us to additional
experiments to explore the path-
ways connecting ADP and eNOS
modulation.
Pharmacologic Investigation of

Phospholipid- and Calcium-associ-
ated Pathways in Endothelial
Responses to ADP—The next series
of studies investigated phospholip-
id- and calcium-associated path-
ways that have previously been
shown to be involved in eNOS sig-
naling. Pretreatment of cells with
U-73122, a PLC inhibitor, did not
alter eNOS phosphorylation in-
duced by ADP or S1P (Fig. 4, A and
B) but did differentially block only
S1P-mediated GSK3� and ERK1/2
phosphorylation (Fig. 4,C andD). A
recent study has suggested that
extracellular nucleotides signal to
eNOS via the � isoform of protein
kinase C (PKC�) (8). We therefore
used a specific PKC� inhibitor, rot-
tlerin, to test the role of this PKC
isoform in ADP signaling in BAEC.
However, there was no effect of rot-
tlerin on eNOS phosphorylation
after ADP treatment (data not
shown), in contrast to the earlier
findings that demonstrated inhibi-
tion of ATP responses by rottlerin.
We next examined whether cal-
cineurin, a calcium/calmodulin-de-
pendent protein phosphatase that is
inhibited by cyclosporine A (CsA),
is involved in endothelial responses
to ADP (Fig. 4, E–H). Previous work
in our laboratory has investigated
the effects of CsA on inhibition of
eNOS dephosphorylation at Ser116
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(40). Here we found that CsA did not affect dephosphorylation
of eNOS Ser116 in response to epinephrine (Fig. 4F), whereas
CsA treatment significantly blocked the effects of VEGF (Fig.
4G) and ADP (Fig. 4H) on eNOS Ser116 dephosphorylation.We
continued our pharmacologic examination of potential calci-
um-associated regulators of eNOS by exploring the effects of
the CaMKK� inhibitor STO-609 (Fig. 4, I–M). ADP- and S1P-
promoted phosphorylation of AMPK and its downstream sub-
strate, ACC, was almost completely inhibited by pretreatment
with STO-609 (Fig. 4, L andM). We also observed a small (but
statistically significant) effect of STO-609 on S1P-mediated
eNOS Ser1179 phosphorylation (37 � 3% decrease in phos-
phorylation compared with vehicle-treated cells, p � 0.05, n �
3). In contrast, inhibition of CaMKK� using STO-609 failed to
show any effect at all on ADP-modulated eNOS phosphoryla-
tion (Fig. 4, J and K).
Effects of siRNA-mediated Knockdown of PKA and CaMKK�

on ADP Signaling in Endothelial Cells—We next used siRNA
approaches to investigate ADP signaling to eNOS and began by
examining the PKA and CaMKK� pathways, both of which
have been implicated in eNOS regulation (16, 22). BAEC were
transfectedwith previously characterized siRNA targeting PKA
(31) and then treated with vehicle or ADP. PKA siRNA trans-
fection resulted in �90% knockdown of PKA expression, as
shown in Fig. 5A. We saw no effect of siRNA-mediated PKA
knockdown on ADP-promoted phosphorylation of eNOS
Ser1179 or Ser635 (Fig. 5, A–C). We next transfected BAEC with
control or CaMKK� siRNA prior to treatment with vehicle or
ADPand verified efficient knockdownof the target protein (Fig.
5D). Again, there was no alteration of ADP-dependent eNOS
phosphorylation at Ser1179, Ser635, or Ser116 following siRNA-
mediated CaMKK� knockdown (Fig. 5, E–G). Importantly,
cells transfected with CaMKK� siRNA demonstrated almost
no phosphorylation of AMPK (Fig. 5H) and ACC (Fig. 5I) after
ADP treatment. These data suggest that neither PKA nor
CaMKK� is involved in regulation of ADP-mediated eNOS
phosphorylation responses in endothelial cells.
siRNA-mediated Knockdown of AMPKandRac1Alters ADP-

dependent eNOS Phosphorylation in BAEC—We investigated
the role of AMPK and Rac1 in ADP-dependent endothelial
responses: these signaling proteins have been previously impli-
cated in receptor-dependent eNOS regulation (15, 25). Cells
were transfected with control siRNA or with a previously char-
acterized duplex siRNA construct targeting AMPK and then
treated with vehicle or ADP (Fig. 6A). ADP-modulated eNOS
phosphorylations at Ser1179 (Fig. 6B) and Ser116 (Fig. 6D) were
not affected by AMPK knockdown. However, eNOS phosphor-
ylation at Ser635 after ADP treatment (Fig. 6C) was significantly

inhibited following siRNA-mediated AMPK knockdown (p �
0.05, n � 4). As expected, siRNA-mediated AMPK knockdown
led to a marked attenuation in the phosphorylation of its sub-
strate, ACC (Fig. 6E). We next explored the consequences of
siRNA-mediated knockdown of the small GTPase Rac1. Rac1
has been shown to not only regulate eNOS (25) but alsomediate
downstream effects of AMPK (30, 41). siRNA-mediated knock-
down of Rac1 significantly blocked ADP-dependent phos-
phorylation of eNOS Ser1179 (Fig. 6G) and Ser635 (Fig. 6H),
whereas ADP-stimulated phosphorylation of ERK1/2 was not
attenuated (Fig. 6I). These data suggest that both AMPK and
Rac1 are critical determinants of ADP signaling to eNOS in
endothelial cells.
ADP-dependent eNOSActivation Requires the Expression but

Not Kinase Activity of AMPK and CaMKK�—We were
intrigued by the lack of effect of CaMKK� siRNA on ADP-
promoted eNOS phosphorylation. The failure of siRNA-medi-
ated CaMKK� knockdown to affect ADP modulation of eNOS
phosphorylation stands in contrast to the clear inhibition of
eNOS Ser635 phosphorylation that was seen following siRNA-
mediated AMPK knockdown, an unexpected observation con-
sidering that AMPK activity is effectively suppressed in both
contexts, as confirmed by the suppression of ACC phosphory-
lation (Figs. 5,D–I, and 6,A–E). Thus, we decided to investigate
whether alterations in the phosphorylation state of eNOS
might correlate with corresponding changes in eNOS activity.
BAECwere pretreated with compound C, a potent and specific
inhibitor of AMPK enzyme activity (42), and then treated with
vehicle or ADP (Fig. 7A). eNOS activity wasmeasured using the
L-[3H]arginine-[3H]citrulline assay as described. Effective
blockade ofAMPKactivitywith compoundCwas confirmed by
Western blot analysis showing complete inhibition of phos-
phorylation of both AMPK and its downstream substrate, ACC
(Fig. 7A, right panel). We were therefore surprised to find that
treatment of endothelial cells with compound C failed to block
ADP-induced eNOS activation (Fig. 7A, left panel). We
repeated this experiment using AMPK siRNA (Fig. 7B). As
shown in the left panel, siRNA-mediated knockdown of AMPK
attenuated the ADP-promoted increase in eNOS activity (p �
0.01, n � 5); effective siRNA-mediated knockdown of AMPK
expression was confirmed by immunoblot analysis (Fig. 7B,
right panel). We then explored the effects of the CaMKK�
inhibitor STO-609 on eNOS enzyme activity (Fig. 7C). We
found that ADP-stimulated eNOS activity was totally unaf-
fected by blockade of CaMKK� kinase activity (Fig. 7C, left
panel), whereas STO-609 completely inhibited ADP-depen-
dent phosphorylation of AMPK and ACC (Fig. 7C, right panel),
thereby showing effective inhibition of these kinases by STO-

FIGURE 3. Differential effects of pharmacologic inhibition of PI3K/Akt, Src tyrosine kinase, and ERK1/2 pathways on ADP- and S1P-mediated phos-
phorylation responses in endothelial cells. A, lysates from BAEC were prepared from cells pretreated with the PI3K inhibitor wortmannin (500 nM) for 30 min
and then treated with ADP (50 �M) or S1P (100 nM) for 5 min. Cell lysates were resolved by SDS-PAGE and probed with the antibodies indicated. Shown is an
immunoblot representative of five individual experiments that yielded equivalent results. Quantitative analysis using digital chemiluminescence shows the
relative phosphorylation of eNOS Ser1179 (B), eNOS Ser116 (C), and GSK3� (D). E, cells were pretreated with PP2 (10 �M) for 30 min and then stimulated with ADP
(50 �M) or S1P (100 nM) for 5 min. This panel shows an immunoblot that is representative of results obtained from three independent experiments. F and G show
the quantitation of pooled data presenting the relative phosphorylation of eNOS Ser1179 and GSK3�, respectively. H, cells were preincubated for 30 min with
PD98059 (50 �M) and then treated for 5 min with ADP (50 �M) or S1P (100 nM). Cell lysates were resolved by SDS-PAGE, and a representative immunoblot
probed with the indicated antibodies is shown. This experiment was repeated three times with equivalent results. Relative phosphorylation of eNOS Ser1179 (I)
and ERK1/2 (J) determined by quantitative chemiluminescence, analyzing pooled data from three experiments, is shown. The bars in each graph in this figure
represent mean values � S.E. with * indicating p � 0.05, ** indicating p � 0.01, and *** indicating p � 0.001. p, phospho; veh, vehicle; NS, not significant.
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609. In Fig. 7D, cells were trans-
fected with control or CaMKK�
siRNA and then treatedwith vehicle
or ADP. ADP-promoted eNOS
activity was significantly inhibited
by CaMKK� siRNA (p � 0.01, n �
3). Thus, ADP signaling to eNOS
appears to be maintained when the
activities of either AMP or
CaMKK� are inhibited (by com-
pound C or STO-609, respectively),
but when the expression of these
kinases is suppressed by siRNA-me-
diated targeting, ADP signaling to
eNOS is blocked.
Association of eNOS and AMPK

in Endothelial Cells—We further
explored the interactions among
eNOS, AMPK, and CaMKK� using
co-immunoprecipitation studies in
BAEC (Fig. 8). Following immuno-
precipitation of eNOS, AMPK was
reproducibly detected by immuno-
blot analysis. As a key control, we
showed that siRNA-mediated
knockdown of either eNOS or
AMPK completely abolished this
association. In contrast, siRNA-me-
diated knockdown of CaMKK� did
not affect co-immunoprecipitation
of eNOS and AMPK nor did the
AMPK and CaMKK� kinase inhibi-
tors compound C or STO-609,
respectively (data not shown).
Rac1 Modulates ADP-induced

eNOS Activation and Cell Migra-
tion in BAEC—In addition to
AMPK and CaMKK�, these studies
identified Rac1 as an important
mediator of ADP-dependent eNOS
phosphorylation based on our
siRNA experiments (Fig. 9). We
examined the role of Rac1 in modu-
lating endothelial cell responses to
ADP stimulation. We first investi-
gated the effects of Rac1 siRNA on
ADP-promoted eNOS activity and
found that knockdown of Rac1
inhibited ADP-dependent eNOS
activation (p � 0.05, n � 4), as
shown in Fig. 9A. Next, we used a
pulldown assay to measure active
GTP-Rac1 and found thatADP acti-
vates Rac1 (Fig. 9B). This activation
of Rac by ADP could be inhibited by
siRNA-mediated knockdown of
AMPK or CaMKK� (Fig. 9B). Given
the importance of Rac1 in regula-
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tion of cell migration and the actin cytoskeleton (23, 24), we
explored the effects of ADP on cell migration in BAEC. Cells
were transfected with control or specific siRNA targeting Rac1,
eNOS, or AMPK and then treated with vehicle, ADP, or S1P.
The number of agonist-treated migratory cells/vehicle-treated
migratory cells is represented as the migratory index within
each siRNA group. As shown in Fig. 9C, both ADP and S1P
significantly increased cell migration in control siRNA-trans-
fected cells. However, siRNA-mediated knockdown of Rac1,
eNOS, orAMPKabrogatedADP and S1P-promoted cellmigra-
tion. Finally, although ADP increased endothelial cell migra-
tion, addition of ADP did not promote cell proliferation, as
measured by incorporation of 3H into cells (Fig. 9D).

DISCUSSION

These studies explored the signaling pathways whereby ADP
modulates eNOS in vascular endothelial cells. ADP and other
purine nucleotides regulate diverse responses in both vascular
smooth muscle and endothelial cells and can modulate short
term changes in vascular tone as well as longer term trophic
processes, such as cell migration and proliferation (4, 6, 10, 43).
Previous investigations have focused on the roles of ATP and
UTP in the vasculature and have shown that the specific vascu-
lar response elicited depends on the nature and cellular source
of the nucleotide agonist, the specific target cell, and the recep-
tor subtype (4). In contrast to these prior studies of ATP and
UTP, ADP has been examined mainly in the context of platelet
biology. Indeed, ADP signaling pathways in platelets have been
extensively characterized, resulting in the development of
widely usedADP receptor antagonists such as clopidogrel. ADP
has previously been found to activate AMPK in a CaMKK�-de-
pendent manner (44). ADP can activate eNOS, leading to
endothelium-dependent arterial relaxation, and can promote
endothelial cell migration via MAPK pathways (10, 45, 46).
However, the mechanisms by which ADP exerts its vasoactive
and trophic effects on endothelial cells remain less well under-
stood, and mechanistic links between AMPK, CaMKK�, and
eNOS in this context have not been established. In the present
studies, we explored endothelial responses to ADP and identi-
fied Rac1 and specifically the expression, but not kinase activi-
ties, of AMPK and CaMKK� as keymediators of ADP signaling
to eNOS.
We found that ADP promoted the reversible phosphoryla-

tion of multiple signaling proteins in vascular endothelial cells.
As shown in Fig. 1, ADP treatment of BAEC resulted in the
phosphorylation of eNOS at two of the phosphoserine residues
associated with eNOS activation, Ser1179 and Ser635. Stimula-

tion of ADP also promoted the reversible phosphorylation of
AMPK at its activation site, Thr172, and resulted in the revers-
ible phosphorylation of kinases Akt, GSK3�, and ERK1/2. All of
these responses were dose- and time-dependent with an EC50
of�15 �M, a concentration that is within the physiologic range
of ADP levels in blood (35, 36).We additionally found that ADP
promoted the dephosphorylation of eNOS at Ser116 (Fig. 1, B
and E), as has been previously reported for a subset of eNOS
agonists, including epinephrine (31) and VEGF (40). Phos-
phorylation of the eNOS Ser116 site leads to enzyme inhibi-
tion (47). Unlike the other more rapid ADP-dependent
phosphorylation responses studied here, eNOS Ser116

dephosphorylation persisted throughout the 40-min time
course, suggesting that dephosphorylation at this site may rep-
resent a longer term regulatory mechanism for eNOS. These
data show that ADP treatment promotes reversible phospho-
rylation responses in multiple endothelial signaling proteins
and elicits both phosphorylation and dephosphorylation of
eNOS at several residues, consistent with activation of the
enzyme. Indeed, as shown in Fig. 2A, ADP promoted a striking
increase in eNOS enzyme activity in endothelial cells.
We next explored the purinergic receptor subtype that mod-

ulates ADP signaling responses in endothelial cells (Fig. 2).
Many studies of purinergic pathways in the vessel wall have
focused onATP, yet ADP represents an important extracellular
signalingmolecule that can exert independent effects quite dis-
tinct from those responses elicited by ATP. Indeed, endothelial
cell purinergic receptor subtypes have preferential affinities for
different nucleotides: the P2X class of receptors responds only
to ATP (1), and P2Y2 receptors respond to both ATP and UTP,
whereas P2Y1 receptors preferentially bind ADP as a ligand (4).
Importantly, ectonucleotidases located on the surface of endo-
thelial cells are responsible for converting ATP to ADP (4).
However, because platelet dense granule concentrations of
ATP � ADP are in the 100mM range (2), a concerted release of
ADP from activated platelets near the endothelium could
potentially overwhelm ectonucleotidase enzymes and lead to
ADP-initiated signaling in endothelial cells. A recent study has
shown that ATP can promote the phosphorylation of eNOS
Ser1179 and activate eNOS (8). In the present studies, we
showed that both ADP and ATP activate eNOS, as measured
with the L-[3H]arginine-[3H]citrulline assay (Fig. 2A). More-
over, both ADP and ATP promoted the phosphorylation of
eNOS Ser1179 and of AMPK, as well as dephosphorylation of
eNOS Ser116 (Fig. 2B). Importantly, we observed that the P2Y1-
selective receptor antagonist MRS 2179 significantly inhibited

FIGURE 4. Endothelial responses to ADP and S1P after inhibition of phospholipase C, calcineurin, or CaMKK�. A, BAEC were treated with the PLC inhibitor
U-73122 (10 �M) for 30 min and then stimulated for 5 min with ADP (50 �M) or S1P (100 nM). Immunoblots were probed with antibodies as indicated. Equal
loading was confirmed using antibodies directed against total eNOS, AMPK, GSK3�, and ERK1/2. Shown is a representative immunoblot from four individual
experiments that yielded similar results. Quantitative analysis of pooled data is shown for the relative phosphorylation of eNOS Ser1179 (B), GSK3� (C), and
ERK1/2 (D). E, cell lysates were prepared from BAEC pretreated for 30 min with cyclosporine (100 nM) and then stimulated for the times indicated with
epinephrine (1 �M), VEGF (20 ng/ml), or ADP (50 �M). Lysates from BAEC were resolved by SDS-PAGE and probed using antibodies directed against phospho-
eNOS Ser116 and eNOS. Shown here is an immunoblot representing three individual experiments with equivalent results. Analysis of pooled data quantitating
relative eNOS Ser116 phosphorylation after treatment with epinephrine, VEGF, or ADP is shown in F–H, respectively. * indicates p � 0.05 compared with
agonist-mediated levels of eNOS Ser116 phosphorylation in the absence of cyclosporine. I, BAEC were incubated with STO-609 (10 �M) for 30 min and then
treated with ADP (50 �M) or S1P (100 nM) for 5 min. Shown is a representative immunoblot from three individual experiments with similar results. Pooled
quantitative data comparing relative phosphorylation of eNOS Ser1179 (J), eNOS Ser635 (K), AMPK (L), and ACC (M) are shown. Each bar in the graph represents
the mean value � S.E. * denotes p � 0.05, ** denotes p � 0.01, and *** denotes p � 0.001. p, phospho; veh, vehicle; NS, not significant; Epi, epinephrine.
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ADP- but not ATP-modulated
eNOS phosphorylation and activa-
tion (Fig. 2, B–D). Similarly, siRNA-
mediated knockdown of the P2Y1
receptor completely blocked ADP
signaling responses (Fig. 2, E–G),
whereas pertussis toxin had no
effect. In contrast, previous studies
have shown that ATP-dependent
receptor-mediated signaling is per-
tussis toxin-sensitive (48). Taken
together, these findings establish
that ADP andATP are separate ago-
nists that activate distinct receptors
and provide evidence that P2Y1 is
the critical receptor mediating ADP
signaling to eNOS in endothelial
cells.
We performed a systematic

investigation of signaling pathways
associated with eNOS regulation to
explore the potential involvement
of these pathways in ADP responses
in endothelial cells. We decided
to compare and contrast ADP
responses with the signaling path-
ways modulated by S1P, an exten-
sively characterized eNOS agonist
that activates its cognate G protein-
coupled receptor in these cells. We
used a panel of pharmacological
inhibitors to explore endothelial
signaling responses to ADP and
S1P. Fig. 3,A–D, shows experiments
using the PI3K inhibitor wortman-
nin to probe ADP responses in
endothelial cells. The role of PI3K/
Akt in eNOS regulation has been
extensively studied (14, 49), and
prior work in our laboratory has
shown that eNOS can be regulated
by S1P via an AMPK 3 Rac1 3
Akt 3 eNOS pathway (30). In the
present study, we found that ADP
promoted the phosphorylation of
AMPK (Fig. 2E), and we hypothe-
sized that ADP might signal to
eNOS Ser1179 in a PI3K/Akt-
dependent manner. As expected,
inhibition of the PI3K/Akt pathway
by wortmannin blocked ADP- and
S1P-promoted phosphorylation of
GSK3� (a downstream target of
Akt) and also attenuated S1P-medi-
ated eNOS Ser1179 phosphorylation
(Fig. 3,A, B, andD). However, wort-
mannin failed to inhibit ADP-medi-
ated alterations in eNOS phos-
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phorylation (Fig. 3,A–C), suggesting that ADP signals to eNOS
in BAEC through a PI3K/Akt-independent pathway. The sup-
pression by wortmannin of ADP- or S1P-mediated phosphory-
lation of the Akt substrate GSK3� served as a positive control
(Fig. 3D); the failure of wortmannin to attenuate agonist-mod-
ulated ERK1/2 phosphorylation (Fig. 3A) helped to establish
specificity of the effect seen. Other kinase inhibitors also
revealed important differences between ADP and S1P
responses in these cells. We have previously reported that S1P-

mediated eNOS Ser1179 phosphorylation is completely inhib-
ited by the Src tyrosine kinase inhibitor PP2 (25, 31). Similar to
the effects of wortmannin, we found that PP2 differentially
affected ADP and S1P signaling: the ADP response was entirely
unaltered by PP2, whereas PP2 treatment completely blocked
S1P-mediated phosphorylation of eNOS Ser1179 and GSK3�
(Fig. 3, E–G). We next explored ADP modulation of ERK1/2,
another kinase known to regulate eNOS (21), and found that
theMEK inhibitor PD98059 had no effect on either ADP or S1P

FIGURE 5. Effects of siRNA-mediated knockdown of PKA and CaMKK� on ADP signaling in endothelial cells. A, 48 h after BAEC were transfected with
control or PKA siRNA, cells were treated with 50 �M ADP for 5 min. Cell lysates were resolved by SDS-PAGE, and immunoblots were probed using the indicated
antibodies. Equal loading was confirmed by probing for total eNOS, AMPK, GSK3�, and ERK1/2. siRNA-mediated knockdown was determined by probing with
antibodies for total PKA. Shown is an immunoblot representative of three individual experiments that yielded equivalent results. B and C show quantitative
analysis of pooled data for relative phosphorylation of eNOS Ser1179 and eNOS Ser635, respectively. D, lysates were prepared from cells transfected with control
or CaMKK� siRNA and then treated for 5 min with ADP (50 �M). A representative immunoblot is shown here with knockdown confirmed by probing for total
CaMKK�. Quantitation of relative phosphorylation of eNOS Ser1179 (E), eNOS Ser635 (F), eNOS Ser116 (G), AMPK (H), and ACC (I) was assessed using digital
chemiluminescence analysis of pooled data. Each bar in the graph represents the mean value � S.E. of four independent experiments that yielded similar
results. * indicates p � 0.05, ** indicates p � 0.01, and *** denotes p � 0.001. p, phospho; NS, not significant.

FIGURE 6. siRNA-mediated knockdown of AMPK or Rac1 and ADP-modulated eNOS phosphorylation. A, BAEC were transfected with control or AMPK
siRNA, and 48 h later, cells were treated for 5 min with ADP (50 �M) or vehicle control. Lysates were resolved by SDS-PAGE, and immunoblots were analyzed by
probing with the indicated antibodies. Equal loading was determined by probing for total eNOS, GSK3�, ACC, and ERK1/2, and AMPK knockdown was
confirmed by probing for total AMPK. This blot is representative of four individual experiments that yielded equivalent results. Quantitative analysis of pooled
data comparing relative eNOS Ser1179, eNOS Ser635, eNOS Ser116, and ACC phosphorylation is shown in B–E, respectively. F shows a representative immunoblot
of lysates from BAEC prepared from cells transfected with control or Rac1 siRNA prior to ADP treatment (50 �M, 5 min). Protein knockdown was determined
using an antibody directed against Rac1. The graphs to the right were obtained by quantitative digital chemiluminescence analysis of pooled data and
represent relative phosphorylation of eNOS Ser1179 (G), eNOS Ser635 (H), and ERK1/2 (I), normalized to total eNOS or ERK where appropriate. These data are the
result of four independent experiments that yielded similar results. * indicates p � 0.05, ** denotes p � 0.01, and *** represents p � 0.001. p, phospho; NS, not
significant.
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FIGURE 7. Differential effects on ADP-mediated responses of siRNA-mediated knockdown of AMPK or CaMKK� versus inhibition of kinase activity.
A, BAEC were treated for 30 min with the AMPK inhibitor compound C (20 �M), and eNOS enzyme activity (left panel) was assayed using the L-[3H]arginine-
[3H]citrulline assay following the addition of ADP (50 �M) for 20 min. Cell extracts were processed to quantitate formation of L-[3H]citrulline, as described
under “Experimental Procedures.” Shown here are data from three separate experiments that yielded similar results. The right panel shows data from
cells treated with compound C (20 �M, 30 min) prior to ADP stimulation (50 �M, 5 min). This experiment was performed at the same time as the eNOS
activity assay was being determined in cells from the same passage. Cell lysates were resolved by SDS-PAGE, and the immunoblot was probed with
antibodies against phospho-AMPK and phospho-ACC. Equal loading was determined in immunoblots probed with antibodies against AMPK, ACC, and
eNOS, as shown. B, BAEC were transfected with control or AMPK siRNA and treated with 50 �M ADP for 20 min. The left panel shows quantitation of eNOS
activity data pooled from three different experiments that yielded equivalent results. siRNA-mediated knockdown of AMPK was determined by
immunoblot analysis (right panel) of cells harvested at the time of the eNOS activity assay. C, BAEC were preincubated with the CaMKK� inhibitor
STO-609 (10 �M) for 30 min and then treated with ADP for 20 min. eNOS enzyme activity is shown on the left with each bar representing the mean value �
S.E. of five independent experiments with similar results. Similar cells were treated with STO-609 (10 �M, 30 min) and then stimulated with ADP (50 �M,
5 min) at the time of eNOS activity measurement. A representative immunoblot probed for phospho-AMPK, AMPK, phospho-ACC, ACC, and eNOS is
shown on the right. D, cells were transfected with control or CaMKK� siRNA, and eNOS activity was measured by quantitating the formation of
[3H]citrulline from L-[3H]arginine after adding ADP (50 �M) for 20 min. Shown on the left are the pooled results analyzing data from three independent
experiments. Specific CaMKK� knockdown was confirmed with an immunoblot probed for CaMKK� and eNOS (right panel). In all graphs, * indicates p �
0.05, ** indicates p � 0.01, and *** represents p � 0.001. p, phospho; NS, not significant.
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modulation of eNOS Ser1179 phosphorylation (Fig. 3,H–J). The
dramatic decreases in basal and agonist-stimulated levels of
phospho-ERK1/2 seen after PD98059 treatment served as a key
positive control for the effects of this kinase inhibitor (Fig. 3J).
Thus, although ADP promoted the robust phosphorylation of
protein substrates for the kinases Akt,MEK, and Src, the failure
of these kinase inhibitors to attenuate ADP signaling to eNOS
(along with appropriate positive experimental controls) sug-
gests that ADP signaling to eNOS is independent of these
kinase pathways. In addition, we found that the PLC inhibitor
U-73122 attenuated S1P-mediated phosphorylation responses
but had no effect on responses to ADP (Fig. 4, A–D). We were
slightly surprised by this finding, as PLC has been implicated in
other agonist-mediated signaling pathways to eNOS (17). A
recent study has suggested that purinergic signaling to eNOS in
endothelial cells is mediated by the PKC� (8). To examine the
potential role of PKC� more closely, we treated cells with rot-
tlerin, an inhibitor specific for PKC�. In contrast to a recent
report (8), we did not find any effect of rottlerin on ADP signal-
ing. This difference may be reconciled by the fact that these
previous studies using rottlerin investigated ATP and UTP sig-
naling responses, whereas our studies focused on ADP. As
shown and discussed above (Fig. 2), we demonstrated that ADP
and ATP are distinct agonists that signal to eNOS through dif-
ferent receptors. Taken together, our studies using protein
kinase inhibitors identified PI3K, Src tyrosine kinase, and PLC
as points of differential regulation of eNOS by ADP versus S1P
in endothelial cells.
Although it is clear that protein kinases play key roles in

eNOS regulation, eNOS is also dynamically modulated by pro-
tein phosphatase pathways. The protein phosphatases involved
in eNOS regulation remain less completely understood, but
several eNOS agonists have been shown to promote eNOS
dephosphorylation. For example, the potent eNOS agonist
VEGF has been shown to activate calcineurin, a calcium/
calmodulin-dependent protein phosphatase (50). Previous
work in our laboratory showed that dephosphorylation of
eNOS Ser116 after VEGF treatment can be blocked by the cal-
cineurin inhibitor CsA (40). In the present study, we demon-

strated that CsA could additionally inhibit ADP- but not epi-
nephrine-promoted dephosphorylation of eNOS Ser116 (Fig. 4,
E–H). Although this observation does not establish that cal-
cineurin directly dephosphorylates eNOS, these findings do
indicate that calcineurin-modulated pathways are involved in
regulation of eNOS dephosphorylation in response to ADP and
VEGF but not epinephrine.
Given the critical role of CaMKK� in AMPK-dependent

eNOS regulation (22, 51), we evaluated the role of CaMKK� in
ADP-mediated eNOS phosphorylation using the specific phar-
macologic inhibitor STO-609 (Fig. 4, I–M). AMPKcanbe phos-
phorylated by several upstream kinases, including CaMKK�,
LKB1, and transforming growth factor-�-activated kinase (52).
STO-609 completely blocked ADP-mediated phosphorylation
ofAMPK (Fig. 4L) andACC (Fig. 4M), indicating thatCaMKK�
is the key upstream AMPK kinase relevant to ADP signaling in
BAEC. However, despite the effective inhibition of CaMKK�
kinase activity established by these multiple positive controls,
STO-609 had no effect at all on ADP-modulated eNOS phos-
phorylation (Fig. 4, I–K). In contrast, Fig. 4J shows that S1P-
mediated eNOS Ser1179 phosphorylation was significantly
blocked by CaMKK� inhibition, consistent with our prior find-
ings (30). Taken together, these studies suggest that the kinase
activity of CaMKK� is not necessary for ADP-promoted eNOS
phosphorylation and identify differential roles for CaMKK� in
ADP versus S1P signaling to eNOS.
As shown in Fig. 5, H and I, studies using siRNA-mediated

CaMKK� knockdown yielded results similar to those from our
experiments examining the CaMKK� inhibitor STO-609: both
pharmacological and siRNA approaches indicated that that
CaMKK� is the upstream kinase responsible for ADP-pro-
moted phosphorylation and activation of AMPK. Importantly,
siRNA-mediated knockdown of CaMKK� did not significantly
alter eNOS phosphorylation at Ser1179, Ser635, or Ser116 (Fig. 5,
D–G), further supporting the hypothesis that ADP-dependent
eNOS phosphorylation is independent of the kinase activity of
CaMKK� or AMPK. Prior studies have established that phos-
phorylation of AMPK at Thr172 is necessary for full AMPK acti-
vation (52), and our findings document that this phosphoryla-
tion response was completely blocked by CaMKK� siRNA (Fig.
5H). Thus, CaMKK� knockdown abolished not only CaMKK�
kinase activity but also the kinase activity of AMPK. Based on
these observations, we expected that siRNA-mediated AMPK
knockdownwould show results similar, if not identical, to those
seen following siRNA-mediated knockdown of CaMKK�. As
shown in Fig. 6, A and E, siRNA-mediated AMPK knockdown
attenuated the phosphorylation of its downstream target, ACC.
Although no changes in phosphorylation of eNOS Ser1179 (Fig.
6B) and Ser116 (Fig. 6D) were observed, we noted a significant
decrease in eNOS Ser635 phosphorylation (Fig. 6C) associated
with the decrease in AMPK abundance following siRNA-medi-
ated AMPK knockdown, an effect that was not seen after inhi-
bition of AMPK enzyme activity using STO-609. The striking
discrepancy between themarked consequence of siRNA-medi-
ated AMPK knockdown and the lack of an effect of CaMKK�
siRNA on eNOS phosphorylation, in both contexts associated
with the complete suppression of AMPK activity, suggested
that it is the expression of AMPK protein, and not its kinase

FIGURE 8. Association of eNOS with AMPK in endothelial cells. Shown in
this figure are the results of an eNOS-AMPK co-immunoprecipitation experi-
ment in BAEC transfected with control, eNOS, or AMPK siRNA targeting con-
structs. Immunoprecipitations using eNOS polyclonal antiserum were per-
formed, as described under “Experimental Procedures.” Immunoprecipitated
complexes were resolved by SDS-PAGE and probed in immunoblots using an
antibody against AMPK. Cell lysates were also probed in immunoblots probed
with anti-eNOS and anti-AMPK antibodies to verify “knockdown” of target pro-
teins. The results shown here are representative of 4–10 independent experi-
ments that yielded similar results. IP, immunoprecipitate; IB, immunoblot.
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activity, that is the key determinant of ADP-dependent eNOS
phosphorylation.
To further explore this surprising observation and to exam-

inewhether these changes in eNOSphosphorylation resulted in

any functional consequences, we as-
sessed the effects of AMPK and
CaMKK� kinase activity inhibition
and the consequences of siRNA-
mediated knockdown of protein
expression on ADP-dependent
eNOS activation. As shown in Fig.
7A, we found that the AMPK
enzyme inhibitor compound C
effectively blocked phosphorylation
of AMPK and ACC but failed to
alter ADP-induced eNOS activa-
tion. In contrast, knockdown of
AMPK using siRNA clearly inhib-
ited eNOS activity after ADP stimu-
lation (Fig. 7B). We found similar
results in our studies with
CaMKK�: inhibition of kinase
activity with STO-609 blocked
AMPK activation but failed to affect
ADP-promoted eNOS activation
(Fig. 7C), whereas siRNA-mediated
knockdown of CaMKK� signifi-
cantly inhibited eNOS activity fol-
lowing ADP treatment (Fig. 7D).
We were surprised to discover that
blockade of AMPK and CaMKK�
kinase activities by two highly spe-
cific pharmacologic kinase inhibi-
tors (compound C and STO-609,
respectively) had no effect whatso-
ever on ADP-stimulated eNOS acti-
vation, yet siRNA-mediated knock-
down of AMPK and CaMKK�
significantly decreased eNOS activ-
ity. A number of possible explana-
tions could account for these appar-
ently paradoxical findings. It should
be noted that the siRNAs used in
these studies have been extensively
validated in prior publications with-
out detection of any discernible off-
target effects. Although phosphor-
ylation of the AMPK � subunit at
Thr172 is the main activation site
required for full AMPK activity,
other sites of AMPK phosphoryla-
tion have been identified (53, 54). It
has been suggested that some of
these other AMPK phosphorylation
sites are not involved in AMPK acti-
vation (53). However, a more recent
study has shown that one of these
sites in AMPK can be phosphoryla-

ted by PKA and through an autophosphorylation mechanism
(54). Our studies documented that compound C and STO-609
effectively abrogate phosphorylation of AMPK at Thr172, but it
remains to be determined whether ADP modulates AMPK

FIGURE 9. Rac1 modulates ADP-modulated eNOS activity and cell migration in endothelial cells. A, cells
were transfected with control or Rac1 siRNA, and eNOS activity was assayed by measuring the conversion of
L-[3H]arginine to L-[3H]citrulline, as described under “Experimental Procedures.” These pooled data are derived
from four separate experiments. Each bar in the graphs represents the mean value � S.E. * indicates p � 0.05,
and ** denotes p � 0.01. B, cells were transfected with control, AMPK, or CaMKK� siRNA and then treated for 10
min with ADP (50 �M) or vehicle. Rac1 activity was assayed using the GST-PAK pulldown technique. Represent-
ative immunoblots probed for Rac1 in cell lysates and following GST-PAK pulldown, AMPK, CaMKK�, and
�-actin are shown on the left. On the right is a quantitative analysis of pooled Rac activity data from four
independent experiments with equivalent results. C, BAEC were transfected with duplex siRNA constructs
targeting Rac1, eNOS, or AMPK or control siRNA and incubated in a Transwell cell culture chamber. 50 �M ADP
or 100 nM S1P was added, and cell migration was analyzed, as described under “Experimental Procedures.” The
migration index represents the number of migratory cells following siRNA transfection/number of migratory
cells determined under basal conditions in control siRNA-transfected BAEC. Each bar in the graph represents
the mean � S.E. from four independent experiments. * indicates p � 0.001 compared with vehicle-treated
control siRNA-transfected BAEC, ** indicates p � 0.001 compared with ADP-treated control siRNA-transfected
BAEC, and # indicates p � 0.001 compared with S1P-treated control siRNA-transfected BAEC. D, BAEC were
seeded onto 24-well plates, treated overnight with 50 �M ADP or vehicle, and labeled with [3H]thymidine, as
described under “Experimental Procedures.” Cell proliferation was assayed by measuring incorporation of
[3H]thymidine. Shown here is the pooled data from two independent sets of experiments, each performed in
triplicate.
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phosphorylation at these additional sites. It is formally possible
that these other sites could also regulate AMPK and allow for
residual AMPK activity after compound C or STO-609 treat-
ment, thus accounting for the observed persistence of eNOS
activation by ADP following kinase inhibition. However, this
explanation seems unlikely given the total disappearance of
ACC phosphorylation following AMPK inhibition with com-
pound C and STO-609 (Fig. 7, A and C, right panels), confirm-
ing effective inhibition of AMPKkinase activity following treat-
ment with these inhibitors.
We instead favor a different hypothesis in which protein

expression, rather than the kinase activity, of AMPK and
CaMKK� represents the key determinant of ADP signaling to
eNOS. There are precedents for such a hypothesis: several
other protein kinases have been shown to fulfill signaling roles
independent of their kinase activities. For example, a member
of the family of dual specificity tyrosine phosphorylation-regu-
lated kinases has recently been found to act as a scaffold for an
E3 ubiquitin ligase complex (55). Similarly, kinase-independent
roles for the p110� isoform of the class I PI3Ks have been
shown to be important in insulin signaling and endocytosis (56,
57). Importantly, we documented in endothelial cells an asso-
ciation between AMPK and eNOS that was abolished by
siRNA-mediated knockdown of either protein (Fig. 8). Given
the decrease in eNOS Ser635 phosphorylation observed after
AMPK knockdown, one possible explanation for our results is
that AMPK may act to stabilize eNOS in a conformation that
leaves the Ser635 sitemore accessible to other kinases.However,
indirect regulatory interactions between AMPK and eNOS are
also possible; indeed, there have been prior reports of eNOS-
AMPK interactions in other cell types (15, 58). In the present
studies (Fig. 8), we found that the eNOS-AMPK co-immuno-
precipitation was abrogated by siRNA-mediated knockdown of
either AMPK or eNOS, yet this association was not blocked
either by kinase inhibitors or by siRNA-mediated CaMKK�
knockdown. The differential effects on ADP-promoted eNOS
activation of siRNA-mediated knockdown of AMPK or
CaMKK� versus inhibition of AMPK or CaMKK� kinase activ-
ity (Fig. 7) suggest that these proteins may function in a kinase-
independent manner as part of a signaling complex that con-
nects ADP receptor-mediated signaling to eNOS.
We also investigated the role of Rac1 in ADP regulation of

eNOS in endothelial cells. Rac1 is a smallGTPase that functions
as amolecular switch between inactive, GDP-bound and active,
GTP-bound states. In addition to well established roles in cell
migration and actin cytoskeleton regulation (23, 24), Rac1 has
also been implicated in regulation of eNOS (25). As shown in
Fig. 6, G and H, siRNA-mediated knockdown of Rac1 blocked
ADP-promoted phosphorylation of eNOS Ser1179 and Ser635
while leaving phosphorylation of ERK1/2 (Fig. 6I) unaffected.
We additionally found that ADP activated Rac1 (Fig. 9B) and
observed that siRNA-mediated knockdown of Rac1 signifi-
cantly inhibited ADP-induced eNOS activation (Fig. 9A), indi-
cating for the first time, to our knowledge, an important role for
this small G protein in ADP signaling in endothelial cells. Prior
studies have implicated a role for Rac1 as a downstream medi-
ator of AMPK-dependent regulation of eNOS in endothelial
cells (30, 41), although it appears that Rac1 itself can also regu-

late AMPK (41). Based on the dramatic inhibition of ADP-pro-
moted Rac activation after siRNA-mediated knockdown of
AMPK or CaMKK� (Fig. 9B), we demonstrate here that Rac1
serves as a downstreammediator of AMPK- and CaMKK�-de-
pendent eNOS regulation by ADP. In the present studies, we
further showed that ADP promoted robust endothelial cell
migration to a degree similar to that seen with S1P (Fig. 9C).
siRNA-mediated knockdown of Rac1, eNOS, or AMPK, how-
ever, abrogated this ADP-promoted cell migration, indicating
key roles for these proteins in ADP-modulated endothelial cell
migration. The lack of significantly increased incorporation of
3H thymidine into cells after ADP treatment, as shown in Fig.
9D, suggests that ADP increases endothelial cell migration
rather than cell proliferation.
In summary, these studies pursued pharmacological

approaches and siRNA interference methodologies to examine
the mechanisms of ADP signaling in vascular endothelial cells.
Our findings demonstrate that ADP elicits multiple phos-
phorylation responses in endothelial cells, including striking
alterations in the phosphorylation state of eNOS, and these
experiments show that these responses are dependent on P2Y1
receptor-mediated activation by ADP but not ATP. Although
ADP activates many protein kinase pathways previously impli-
cated in eNOS regulation, we found that most of these kinases
do not appear to mediate ADP modulation of eNOS. Our find-
ings do, however, establish the critical involvement of Rac1 in
ADP-mediated control of NO-dependent pathways and cellu-
lar migration in the vascular endothelium. Furthermore, we
observed that, although protein expression of AMPK and
CaMKK�was required for ADP signaling to eNOS, their kinase
activities did not appear to be necessary. Taken together, these
studies identify distinctive features of ADP-dependent signal-
ing pathways in the vascular endothelium and provide new
insight into the roles of purine nucleotides in vascular
homeostasis.
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