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To test the hypothesis that the phosphatidylinositol 3-kinase (PI3 kinase)/protein kinase Akt signaling
pathway is involved in nitric oxide (NO)-induced endothelial cell migration and angiogenesis, we treated
human and bovine endothelial cells with NO donors, S-nitroso-L-glutathione (GSNO) and S-nitroso-N-peni-
cillamine (SNAP). Both GSNO and SNAP increased Akt phosphorylation and activity, which were blocked by
cotreatment with the PI3 kinase inhibitor wortmannin. The mechanism was due to the activation of soluble
guanylyl cyclase because 8-bromo-cyclic GMP activated PI3 kinase and the soluble guanylyl cyclase inhibitor
1H-[1,2,4]oxadiazolo[4,3-a] quinoxalin-1-one (ODQ) blocked NO-induced PI3 kinase activity. Indeed, trans-
fection with adenovirus containing endothelial cell NO synthase (eNOS) or protein kinase G (PKG) increased
endothelial cell migration, which was inhibited by cotransfection with a dominant-negative mutant of PI3 kinase
(dnPI3 kinase). In a rat model of hind limb ischemia, adenovirus-mediated delivery of human eNOS c¢DNA in
adductor muscles resulted in time-dependent expression of recombinant eNOS, which was accompanied by
significant increases in regional blood perfusion and capillary density. Coinjection of adenovirus carrying
dnPI3 kinase abolished neovascularization in ischemic hind limb induced by eNOS gene transfer. These
findings indicate that NO promotes endothelial cell migration and neovascularization via cGMP-dependent
activation of PI3 kinase and suggest that this pathway is important in mediating NO-induced angiogenesis.

Endothelial cells play critical roles in angiogenesis, a physi-
ological or pathological neovascularization process in response
to tissue ischemia and tumor growth or metastasis (6, 14).
Nitric oxide (NO) has diverse biological functions, has been
shown to regulate endothelial cell growth (17, 42), apoptosis
(13), migration (10, 20, 26), and is essential for angiogenesis
(25, 41). NO is a physiological metabolite of L-arginine to
citrulline conversion by the three NO synthases (NOS) neuro-
nal NOS (nNOS), inducible NOS (iNOS), and endothelial
NOS (eNOS) (34). Many biological functions of NO, including
vasodilatation, are mediated by the activation of the soluble
guanylyl cyclase and the subsequent production of cyclic GMP
(cGMP). This leads to the activation of cGMP-dependent pro-
tein kinase, cGMP-regulated phosphodiesterase, and cGMP-
gated ion channels (9). In addition, depending on local
concentration and microenvironment, NO assumes distinct
chemical forms that can be either the immediate NO synthase
reaction products (NO, NO~, and NO™) or NO adducts and
conversion products (peroxynitrite, S-nitrosothiol, NO,,
NO;™, etc.) (34). These different forms of NO can directly
modify cellular proteins, which results in cGMP-independent
signaling events and the regulation of gene expression (3, 9).

Endothelial NO synthase (eNOS) produces NO constitu-
tively at low levels but can be transiently stimulated to produce
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high levels of NO by hormones or environmental stimuli (19,
31). Many growth factors and hormones have been shown to
exert their cellular functions, including the activation of eNOS
activity, via the phosphatidylinositol 3-kinase (PI3 kinase)-pro-
tein kinase B/Akt signaling pathway (8). Akt is a serine/thre-
onine protein kinase that is recruited to the membrane by its
binding to PI3 kinase-produced phosphoinositides. At the
membrane, Akt is phosphorylated and activated by phosphoi-
nositide-dependent kinases (8, 38). Akt subsequently phos-
phorylates and activates eNOS, leading to the production of
NO (11, 16).

The angiogenic response to vascular endothelial growth fac-
tor (VEGF) is, in part, mediated by eNOS, since VEGF-in-
duced angiogenesis is defective in eNOS ™/~ mice (15). How-
ever, the precise mechanism by which NO induces the
angiogenic response is not known. Because NO and PI3 kinase/
Akt have certain functional similarities such as regulation of
endothelial cell survival, we hypothesized that NO may exert
some of its angiogenic effects via the PI3 kinase/Akt signaling
pathway. The purpose of this study, therefore, was to deter-
mine the mechanisms by which NO induces endothelial cell
migration and neovascularization, an important and necessary
part of angiogenesis.

MATERIALS AND METHODS

Cell culture and reagents. Human saphenous vein endothelial cells (HSVEC)
were prepared as previously described (21) and used between passages 3 and 4.
Human aortic endothelial cells (HAEC) were obtained from Cambrex and used
at passage 4. Bovine aortic endothelial cells (BAEC) were freshly prepared as
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previously described and used at passage 2. Antibodies were from the following
companies: Akt (H-136), p110a (H-201), and VEGF, Santa Cruz Biotech; phos-
pho-eNOS (Ser'!”7) and phospho-Akt (Ser473 and Thr308), Cell Signaling Tech;
p85a antiserum, Upstate Biotech; phosphotyrosine (4G10), Transduction Labs;
a-tubulin (DM1A), Sigma. NO donors S-nitroso-L-glutathione (GSNO) and
S-nitroso-N-acetylpenicillamine (SNAP), and 1H-[1,2,4Joxadiazolo[4,3-a]qui-
noxalin-1-one (ODQ) were from Calbiochem. LY294002 was obtained from
Alexis Co., and wortmannin was from Sigma. Shingosine 1-phosphate was from
BioMol. The replication-deficient adenovirus vector harboring the human endo-
thelial nitric oxide synthase DNA (Ad.CMV-NO synthase) under the control of
the cytomegalovirus (CMV) enhancer-promoter and adenovirus vector alone
(Ad.CMV-null) were constructed and prepared as previously described (32).
Adenovirus carrying the cDNA for the dominant-negative regulatory subunit of
PI3 kinase, p85a (Ad.CMV-dnPI3K), was kindly provided by Masato Kasuga
(Kobe University, Kobe, Japan).

P13 kinase activity assay. PI3 kinase activity assays were performed as previ-
ously described (31). Briefly, HSVEC were treated and collected in lysis buffer
(20 mM Tris [pH 7.4], 10 mM EDTA, 100 mM NaCl, 1% (octylphenoxy)poly-
ethoxyethanol, 1 mM Na;VO,, 50 mM NaF, and complete protease inhibitor
[Roche]). Protein concentration was determined by a micro-BCA assay kit
(Pierce) and 300 pg of cell lysate was used in the PI3 kinase reaction with
substrates L-a-phosphatidylinositol-4,5-bisphosphate (Biomol) and y-[**P]ATP.
The generation of 3?P-labeled L-a-phosphatidylinositol-3,4,5-trisphosphate was
determined by thin-layer chromatography and autoradiography.

Akt kinase activity assay. Akt activity was measured with an immunoprecipi-
tation-kinase assay kit according to the manufacturer’s protocol (Cell Signaling
Tech). Briefly, HSVEC were treated and collected in lysis buffer (20 mM Tris
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM Na;VO,, 1 mg of leupeptin per liter, and 1 mM
phenylmethylsulfonyl fluoride). The protein concentration was determined, and
200 pg of protein lysate was incubated with an immobilized Akt antibody over-
night. The immunoprecipitated Akt was incubated in reaction buffer (25 mM
Tris [pH 7.5], 5 mM B-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM Naz;VO,,
10 mM MgCl,, 200 pM ATP) and 1 pg of glycogen synthase kinase 3 fusion
protein for 30 min at 30°C. Akt kinase activity was determined by the amount of
phosphorylated glycogen synthase kinase 3 fusion protein as detected by Western
blot analysis with an antibody to phospho-glycogen synthase kinase 3 o/f.

Immunoprecipitation and Western blot analysis. Total cell lysates were pre-
pared as described for the PI3 kinase assay. Lysates (500 pg of protein) were
incubated with antibodies to p85a, p110a, or phosphotyrosine overnight at 4°C
and then with 60 wl of 50% protein A—agarose slurry for 2 h. The beads were
washed four times with lysis buffer containing 150 mM NaCl and then boiled for
5 min in 30 pl of sample loading buffer. Immunoprecipitated proteins were
separated by electrophoresis in sodium dodecyl sulfate-10% polyacrylamide gels
and transferred onto nitrocellulose membranes (Osmonics). After blocking with
phosphate-buffered saline containing 0.1% Tween 20 and 5% milk, the mem-
branes were incubated with the antibodies indicated in the figures and detected
by enhanced chemiluminescence reagent (NEN). Quantifications were per-
formed by densitometric analysis with the NIH Image program (National Insti-
tutes of Health, Bethesda, Md.).

Endothelial cell migration and adhesion assays. Endothelial cell migration
was estimated in a Transwell with 24 wells (Costar) or a modified Boyden
chamber with 48 wells (Neuro Probe). HAEC at passage 4 were grown to
confluence in EGM-2 medium (Cambrex), and BAEC at passage 2 were grown
to 90% confluence and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 0.4% fetal bovine serum (FBS) for 18 h before the exper-
iment. Inhibitors were added 30 min prior to assays. Polyvinylpyrrolidone-free
polycarbonate filters with a pore size of 8 M were coated with 0.1% gelatin.
Cells were briefly incubated with trypsin to obtain a single-cell suspension at 2 X
10° cells/ml in EGM-2 medium (for HAEC) or 0.4% FBS-DMEM (for BAEC).
Then 2 X 10* cells (for Transwell) or 1 X 10* cells (for Boyden chamber) in
suspension were added to the upper chamber with or without the inhibitors
indicated in the figure legends. The bottom chamber was filled with 500 pl (for
Transwell) or 26 wl (for Boyden chamber) of medium containing SNAP, 8-bro-
mo-cyclic GMP (¢cGMP), or VEGF and inhibitors when indicated. The assembly
was then incubated at 37°C to allow cell migration. After 4 h the cells were fixed
and stained by Diff-Quik solutions (VWR).

Cells that did not migrate through the membrane were gently removed from
the upper surface. Cell migration was scored in three (for Transwell) or four (for
Boyden chamber) representative fields (magnification, 400X), and each group
was carried out in triplicate (for Transwell) or quadruplicate (for Boyden cham-
ber). For the cell adhesion assay, 100 pl of BAEC (2 X 10* cells) were seeded
into 0.1% gelatin-coated 96-well dishes and incubated at 37°C. After 1 h, cells
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were washed with phosphate-buffered saline to remove unattached cells and
stained. Cell attachment was quantified by measurement of absorbance at 590
nm with a microplate reader (Tecan). For the adenovirus-infected HAEC mi-
gration assay, cells at 90% confluency were incubated with the indicated adeno-
virus for 2 h before changing to fresh medium and incubated for another 18 h
before the migration assay.

Endothelial cell proliferation assays. BAEC (100 pl, 5,000 cells) were seeded
into gelatin-coated 96-well plates and incubated in 0.4% FBS-DMEM at 37°C.
After 24 or 72 h of incubation, cells were fixed and stained. The number of cells
was quantified by measurement of absorbance at 590 nm with a microplate
reader (Tecan).

Surgical induction of hind limb ischemia and virus administration. Male
Wistar rats (Harlan, Indianapolis, Ind.; approximately 200 g) were used for this
study. Animals were anesthetized intraperitoneally with 90 mg of ketamine and
10 mg of xylazine per kg in phosphate-buffered saline. An incision was made
along the inner left hind limb along the line of the femoral artery and vein. The
proximal end of the femoral artery was tied with 4-0 silk suture (Ethicon) and
electrocauterized. The femoral artery was dissected free from the limb and its
peripheral branches. The distal end was severed, the artery was removed, and the
skin was sutured closed. One week after surgery, rats were randomly divided into
four groups. Group 1 was injected with 160 pl of control adenovirus (Ad.CMV-
null), group 2 was injected with 160 wl of an equal mixture of adenovirus carrying
eNOS cDNA (Ad.CMV-eNOS) and Ad.CMV-null, group 3 was injected with
160 wl of an equal mixture of adenovirus encoding dominant-negative PI3 kinase
c¢DNA (Ad.CMV-dnPI3K) and Ad.CMV-eNOS, and group 4 was injected with
160 pl of an equal mixture of Ad.CMV-dnPI3K and Ad.CMV-null (virus stocks
were 10'" PFU/ml in 10 mM Tris-Cl [pH 8.0]). Adenovirus injections were
divided among four to five injection sites in the adductor and surrounding
muscles.

Laser Doppler imaging. A laser Doppler blood flow meter (Laser Doppler
Perfusion Imager System; Lisca) was used to evaluate perfusion of both left
(ischemic) and right (nonischemic) rat hind limb. The perfusion signal was
subdivided into six different intervals, each displayed as a separate color. Low or
no perfusion is displayed as dark blue, whereas the highest perfusion interval is
displayed as red. The stored perfusion values behind the color-coded pixels
remain available for data analysis. Excess hair was removed from the hind limb
with a shaver. Animals were placed on a heating plate at 37°C to minimize
variations in temperature. After recording the laser Doppler images, the average
perfusion values of the ischemic and nonischemic limbs were calculated on the
basis of colored histogram pixels. To minimize variables, including ambient light
and temperature, calculated perfusion was expressed as the ratio of left (isch-
emic) to right (nonischemic) hind limb perfusion in each animal. Perfusion
analyses were performed immediately after surgery and for 4 consecutive weeks
thereafter.

Immunostaining of capillaries. Rat hind limb skeletal muscle was excised 3
weeks after virus injection, fixed in 4% phosphate-buffered saline-buffered form-
aldehyde, and embedded in paraffin. Sections (4 uM) were cut and immuno-
stained (Vectastain ABC kit; Vector Labs) with antibody to platelet endothelial
cell adhesion molecule (PECAM/CD31) (PharMingen). Capillaries were
counted in 10 random fields of 0.25 mm? each per rat.

Human eNOS immunostaining. One rat per group was killed at each time
point after gene transfer (1, 2, and 3 weeks), and rat adductor skeletal muscle was
perfused with phosphate-buffered saline followed by 10% buffered formaldehyde
via cardiac injection. Paraffin-embedded sections were stained with a monoclonal
antibody specific for human eNOS (Transduction Laboratories) with the Dako
Envision immunostaining kit according to the manufacturer’s instructions.

Determination of phospho-Akt (S473) and VEGF protein levels in ischemic
hind limb. Tissue samples (skeletal muscle from ischemic hind limb), obtained at
day 4 after adenovirus infection, were homogenized in lysis buffer containing
protease inhibitors. Phospho-Akt (S473) and VEGF levels in the lysates were
determined by Western blot. As a protein loading control, membranes were
reprobed with antibodies against Akt (for phospho-Akt) or a-tubulin (for
VEGF). Quantifications were performed by densitometric analysis with the NIH
Image program.

RESULTS

Activation of Akt by NO. To test whether NO increases Akt
kinase activity in endothelial cells (endothelial cell), human
saphenous vein endothelial cells (HSVEC) were stimulated
with the NO donor GSNO for various durations (Fig. 1A).
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FIG. 1. NO increases Akt kinase activity and phosphorylation in
endothelial cells. (A) Akt kinase activity was measured after HSVEC
were stimulated with GSNO (100 pM) for the indicated times (left)
and concentrations for 1 h (right). As a control experiment, HSVEC
was also treated for 30 min with wortmannin (Wort, 25 nm) before
GSNO stimulation (right). (B) Akt phosphorylation at the Ser*’® po-
sition was measured after BAEC were stimulated with GSNO at the
indicated times (left) and concentrations for 1 h (right). BAEC was
also treated for 30 min with wortmannin (Wort, 25 nm) before GSNO
stimulation (right). (C) Akt phosphorylation at the Ser*”* position was
measured after BAEC were stimulated with SNAP at the indicated
concentration for 1 h. BAEC was also treated for 30 min with wort-
mannin (Wort, 25 nm) before 100 uM SNAP stimulation. (D) Phos-
phorylation at the Ser473 (S473) and Thr308 (T308) positions of Akt
was measured after stimulating BAEC with GSNO (300 pM).
(E) BAEC were treated with L-nitroarginine methylester (L-NAME, 1
mM) in DMEM with 0% (left) or 10% (right) FBS for the indicated
times and analyzed for Akt phosphorylation at the Ser473 position.
The same blots were stripped and reprobed with antibodies to Akt
(total Akt) and to a-tubulin to demonstrate equal protein loading.
(F) BAEC were stimulated by GSNO (300 uM) and analyzed for the
phosphorylation of eNOS at the Ser1177 position. The same blots were
stripped and reprobed with antibodies to eNOS (total eNOS) and to
a-tubulin to confirm protein loading.

Treatment with GSNO increased Akt kinase activity in a time-
dependent manner (109%, 148%, 156%, 177%, and 180%
increase for 15, 30, 60, 90, and 120 min, respectively, compared
to time zero). Similarly, in a concentration-dependent manner,
GSNO (treatment for 1 h) increased Akt kinase activity by
110%, 144%, 152%, 159%, and 165% at a GSNO concentra-
tion of 3, 10, 30, 100, and 300 .M, respectively, compared to no
treatment (Fig. 1A). Cotreatment with the PI3 kinase inhibitor
wortmannin abolished the induction of Akt kinase activity by
GSNO (Fig. 1A).

Since activation of Akt kinase requires Ser/Thr phosphory-
lation (1), we examined the effects of NO on Akt serine phos-
phorylation. Treatment of bovine aortic endothelial cells
(BAEC) with GSNO increased Akt phosphorylation (phos-
pho-Akt; S473) in a time-dependent manner, producing 89%,
194%, 347%, 417%, and 151% increases after 15, 30, 60, 90,

MoL. CELL. BIOL.

and 120 min, respectively. Similarly, in a concentration-depen-
dent manner, GSNO increased phospho-Akt (S473) by 93%,
160%, 165%, 199%, and 208% at 3, 10, 30, 100, and 300 wM,
respectively, which was inhibited by cotreatment with wort-
mannin (Fig. 1B).

BAEC treated with another NO donor, SNAP, also showed
increases in Akt phosphorylation in a concentration-depen-
dent manner (131% at 3 uM, 159% at 10 n.M, 229% at 30 p.M,
and 275% at 100 pM), which was blocked by pretreatment with
wortmannin (Fig. 1C). In addition, similar effects of NO do-
nors and wortmannin on Akt phosphorylation were observed
in endothelial cells from other vascular beds (i.e., HSVEC and
HAEC) (data not shown). GSNO (100 pM, 1 h) also increased
the phosphorylation of Akt on Thr308 by 266% compared to
control or untreated cells (Fig. 1D).

Interestingly, we did not find that inhibiting endogenous
eNOS activity by the NO synthase inhibitor L-nitroarginine
methylester affected Akt kinase phosphorylation in either the
absence (120% at 30 min, 87% at 60 min, and 109% at 120 min,
not significant) or presence (92% at 30 min, 97% at 60 min,
and 80% at 120 min, not significant) of serum (Fig. 1E). Al-
though GSNO activated PI3 kinase and Akt, GSNO did not
increase eNOS phosphorylation (Ser''””) (Fig. 1F).

Activation of PI3 kinase by NO. Since the activation of Akt
is dependent upon PI3 kinase, we next examined the effect of
NO on PI3 kinase activity. Treatment of HSVEC with GSNO
(300 wM) increased PI3 kinase activity within 30 min, and the
effect was sustained for at least 2 h (Fig. 2A). Cotreatment with
wortmannin prevented GSNO-induced PI3 kinase activity. In a
concentration-dependent manner, GSNO (3 to 300 pM) in-
creased PI3 kinase activity, with maximal activity occurring at
a GSNO concentration of 100 wM. The induction of PI3 kinase
by NO was not limited to that released by GSNO, since the
other NO donor, SNAP, also produced a similar effect (Fig.
2B). Furthermore, the induction of PI3 kinase activity by NO
was not due to a direct effect such as nitrosylation of NO on
PI3 kinase because incubating immunoprecipitated PI3 kinase
with GSNO did not increase its activity and the addition of
dithiothreitol to the immunoprecipitated PI3 kinase from NO-
stimulated cells did not decrease the induced PI3 kinase activ-
ity (Fig. 2C).

Since a major target of NO is the soluble guanylyl cyclase, we
tested whether NO induced PI3 kinase activity via the cGMP-
dependent pathway. Indeed, treatment of HSVEC with 8-bro-
mo-cGMP (300 nM), a stable cGMP analogue, increased PI3
kinase activity (Fig. 2D). Moreover, we showed that the spe-
cific soluble guanylyl cyclase inhibitor ODQ (1 wM) was able to
suppress the induction of PI3 kinase activity by NO (Fig. 2E).

NO increased endothelial cell migration via PI3 Kkinase.
Since both PI3 kinase and NO are implicated in endothelial
cell migration, we tested whether PI3 kinase mediates NO-
induced endothelial cell migration. In HAEC, treatment with
SNAP increased cell migration in a concentration-dependent
manner (133 = 10%, 156 = 13%, and 138 = 7% increase with
10, 100, and 300 uM SNAP, respectively, P < 0.05 compared to
untreated cells) (Fig. 3A and B). When cells were pretreated
with the PI3 kinase inhibitors wortmannin (25 nM) and
LY294002 (10 pwM) or a soluble guanylyl cyclase inhibitor
ODQ (1 pM), NO-induced endothelial cell migration was
greatly attenuated (Fig. 3C). Furthermore, treatment with
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FIG. 2. NO increases PI3 kinase activity. (A) HSVEC were stimu-
lated by GSNO (300 nM), and increases in phosphatidylinositol-3,4,5-
trisphosphate (pIp3) production were measured with and without wort-
mannin (Wort, 25 nm). (B) HSVEC were stimulated z increasing
concentrations of GSNO (3 to 300 wM) or SNAP (100 wM) for 1 h, and
cell lysates were subjected to the PI3 kinase activity assay. (C) HSVEC
protein lysates after immunoprecipitating (IP) by an antibody to phos-
photyrosine were treated with GSNO (300 wM) or with dithiothreitol
(DTT, 1 mM) for 30 min before the PI3 kinase activity assay. Lysates
from HSVEC stimulated by GSNO (300 wM) were used as a positive
control. (D) PI3 kinase activity in HSVEC stimulated or not 8-bromo-
cGMP (300 uM) for 1 h. (E) PI3 kinase activity in endothelial cells
stimulated by GSNO in the presence or absence of the soluble guanylyl
inhibitor ODQ (1 pM) for 1 h. Untreated cells were used as a negative
control.

8-bromo-cGMP (10 to 1,000 wM) increased endothelial cell
migration in a concentration-dependent manner (Fig. 3D),
which was blocked by wortmannin (25 nM) and by LY294002
(10 pM) (Fig. 3E). These results suggested that the effect of
NO on endothelial cell migration required cGMP-dependent
activation of PI3 kinase. Because adhesion to the membrane
filter may also influence endothelial cell transmigration, we
investigated whether NO affects endothelial cell adhesion. Nei-
ther SNAP, 8-Br-cGMP, wortmannin, L.Y294002, nor ODQ
affected endothelial cell adhesion compared to untreated cells.

To demonstrate that cGMP-dependent protein kinase G
(PKG) activity is directly involved in NO-induced endothelial
cell migration, we next infected HAEC cells with an adenovirus
expressing a constitutively active form of PKG (Ad-PKGca).
Compared with cells infected with the control adenovirus ex-
pressing B-galactosidase (Ad-LacZ) at a multiplicity of infec-
tion (MOI) of 30, HAEC infected with Ad-PKGca at 30 and
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100 MOI showed significant increases in migration (163 * 13%
and 210 = 12%, respectively), an effect that was comparable to
VEGF stimulation (184 * 4%) (Fig. 4A). The combination of
Ad-PKGca and VEGF further enhanced endothelial cell mi-
gration (286 * 6% and 319 = 9% at 30 and 100 MOI of
Ad-PKGeca, respectively), suggesting an additive effect be-
tween PKG and VEGF (Fig. 4A). Furthermore, BAEC in-
fected with an adenovirus expressing a wild type PKGla (Ad-
PKG) also augmented 8-Br-cGMP-induced endothelial cell
migration (Fig. 4C).

Consistent with these results, infection with Ad-PKG aug-
mented Akt phosphorylation induced by 8-Br-cGMP (phos-
pho-Akt [S473]/total Akt, 150% at 300 pM 8-Br-cGMP in
Ad-LacZ and 226% at 300 pM 8-Br-cGMP in Ad-PKG com-
pared with Ad-LacZ without 8-Br-cGMP) (Fig. 4E). The ex-
pression of PKG in infected endothelial cells with Ad-PKGca
(Fig. 4B) or Ad-PKG (Fig. 4D) was confirmed by immunoblot-
ting for PKG. The promigratory effects of Ad-PKG and Ad-
eNOS on endothelial cells were completely abolished by coin-
fection with Ad-dnPI3K but not Ad-LacZ (Fig. 4F and 4G),
indicating that the promigratory effects of NO and PKG are
mediated by PI3 kinase.

NO increased endothelial cell proliferation via PI3 kinase.
Since endothelial cell proliferation is an essential step in an-
giogenesis, we next investigated whether NO can enhance en-
dothelial proliferation. BAEC were incubated with SNAP in
DMEM including 0.4% FBS for 24 h (Fig. 5A) or 72 h (Fig.
5B). Sphingosine 1-phosphate was used as a positive control.
Treatment of BAEC with SNAP (0.1, 1, and 10 pM for 72 h)
enhanced endothelial cell proliferation (Fig. 5B, left), which
was completely abolished by pretreatment with wortmannin
(25 nM) (Fig. 5B, right). These findings suggest that both
endothelial cell migration and proliferation are mediated by
PI3 kinase. Interestingly, higher concentrations of SNAP (i.e.,
100 uM) did not induce endothelial cell proliferation and, in
conjunction with wortmannin, decreased endothelial cell pro-
liferation below baseline values.

Adenovirus-mediated delivery of eNOS in vivo. To deter-
mine the physiological relevance of NO-mediated endothelial
cell migration, we performed adenoviral delivery of human
eNOS in a rat hind limb ischemia model. In order to localize
the expression of recombinant human eNOS following
Ad.CMV-eNOS gene transfer in ischemic adductor muscles,
we employed immunohistochemistry with an antibody against
eNOS that specifically recognizes the human form. Rats were
sacrificed (one per group) 1, 2, and 3 weeks after gene transfer.
Strong reactivity was seen in adductor muscles 1 week after
gene transfer, which diminished to weaker levels by week 3
(Fig. 6A). Human eNOS was not detected in control tissue
from a noninjected contralateral limb.

Increased capillary density by eNOS gene transfer is medi-
ated by PI3 kinase. To address the question of whether eNOS
gene delivery increased the number of capillaries during isch-
emia, we measured the capillary density of skeletal muscle
sections by immunostaining with antibody against CD-31.
Representative sections are shown from rats injected with
Ad.CMV-null (Ad-null), Ad.CMV-eNOS/Ad.CMV-null (Ad-
eNOS), Ad.CMV-eNOS/Ad.CMV-dnPI3K (Ad-eNOS/Ad-
dnPI3K), and Ad.CMV-null/Ad.CMV-dnPI3K (Ad-dnPI3K)
(Fig. 6B). Quantitative analysis showed a significant increase in
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FIG. 3. NO promotes endothelial cell migration via PI3 kinase and cGMP-dependent protein kinase. (A) HAEC migration through the
membrane filter in response to 10 uM and 100 wM SNAP was analyzed in a Boyden chamber. Original magnification, 200X. (B) Cell migration
was measured in BAEC (percent of control) treated with increasing concentrations of SNAP (1 to 300 uM). (C) Migration was measured in BAEC
treated with SNAP (100 wM) in the presence or absence of the PI3 kinase inhibitors wortmannin (Wort, 25 nm) and LY294002 (LY, 10 uM) or
the soluble guanylyl cyclase inhibitor ODQ (1 wM). (D) Cell migration was measured in BAEC (percent of control) treated with increasing
concentrations of 8-bromo-cGMP (cGMP, 10 to 1000 pM). (E) Migration was measured in BAEC treated with 8-bromo-cGMP (300 wM) in the
presence or absence of wortmannin (Wort, 25 nm) or LY294002 (LY, 10 uM). Asterisks indicate a statistically significant difference (P < 0.05)
between the treated cells and untreated cells (control, Ctrl). The migration data presented are shown as mean * standard error of the mean. Each
experiment was performed in quadruplicate.

capillary density in rats receiving Ad-eNOS (relative to null Interestingly, the perfusion and capillary density of the
adenovirus) that increased until week 3, which was antago- group that received Ad-dnPI3K without Ad.CMV-eNOS was
nized by concomitant administration of adenovirus carrying not significantly different from that of the group receiving

the dominant-negative PI3 kinase gene (Ad-dnPI3K) (Fig. Ad.null or the Ad.CMV-eNOS/Ad-dnPI3K combination. The
6C). adenovirus injections were performed 1 week after surgery;
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FIG. 4. P13 kinase and Akt kinase activities are required for eNOS- and cGMP-dependent protein kinase-promoted endothelial cell migration.
(A) HAEC were infected with either a control adenovirus expressing B-galactosidase (Ad-LacZ) at 30 MOI or an adenovirus expressing a
constitutively active form of the cGMP-dependent protein kinase (Ad-PKGca) at 30 or 100 MOI. Cell migration through the membrane filter in
the presence or absence of VEGF (10 ng/ml) after 24 h is shown. Cell migration was quantified as described in Materials and Methods. The data
are shown as mean * standard error of the mean and expressed as a percent of that of the Ad-LacZ-infected cells without VEGF. Asterisks
indicate a statistically significant difference (P < 0.05) from Ad-LacZ-infected cells without VEGF, and # indicates a statistically significant
difference (P < 0.05) from Ad-LacZ-infected cells with VEGF. (B) PKG catalytic domain (=42 kDa) transgene products were detected in lysates
from HAEC infected with Ad-PKGca at 100 MOI. (C) BAEC were infected with Ad-LacZ or an adenovirus expressing a wild-type cGMP-
dependent protein kinase la (Ad-PKG) at 50 MOI for 16 h before measurement of migration as described in the text. Cell migration through the
membrane filter in the presence and absence of 8-bromo-cGMP was measured. The data are shown as mean =+ standard error of the mean and
expressed as a percentage of the control. Asterisks indicate a statistically significant difference (P < 0.05) from Ad-LacZ-infected cells without
8-bromo-cGMP, and # indicates a statistically significant difference (P < 0.05) from Ad-LacZ-infected cells with 8-bromo-cGMP. (D) PKGla
(=76 kDa) transgene products were detected in lysates from BAEC infected with Ad-PKG. (E) BAEC were infected with Ad-LacZ or wild-type
Ad-PKG at 50 MOI for 16 h. Akt phosphorylation at the Ser*’® position was measured after BAEC were incubated in the presence or absence
of 8-bromo-cGMP (300 pm) for 1 h. (F) BAEC were infected with Ad-LacZ (100 MOI), Ad-PKG (50 MOI) plus Ad-LacZ (50 MOI), Ad-PKG
(50 MOI) plus Ad-dnPI3K (50 MOI), or Ad-dnPI3K (50 MOI) plus Ad-LacZ (50 MOI) for 16 h before measurement of migration as described
in the text. Asterisks indicate a statistically significant difference (P < 0.05) from Ad-PKG-infected cells without 8-bromo-cGMP. (G) BAEC were
incubated with Ad-LacZ (100 MOI), Ad-eNOS (50 MOI) plus Ad-LacZ (50 MOI), Ad-eNOS (50 MOI) plus Ad-dnPI3K (50 MOI), or Ad-dnPI3K
(50 MOI) plus Ad-LacZ (50 MOI) for 16 h before measurement of migration as described in the text. Migration was quantified by counting cells
which migrated through the membrane filter. The data are shown as mean * standard error of the mean and expressed as a percentage of the
control. Asterisks indicate a statistically significant difference (P < 0.05) from Ad-LacZ-infected cells.
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FIG. 5. Enhancement of endothelial cell proliferation with SNAP
is involved in PI3 kinase pathway. (A) BAEC were incubated with
SNAP or sphingosine-1 phosphate (S1P) (left) or with wortmannin
(Wort, 25 nM) (right) in DMEM with 0.4% FBS for 24 h. (B) BAEC
were incubated with SNAP or shingosine 1-phosphate (left) or with
wortmannin (Wort, 25 nM) (right) in DMEM with 0.4% FBS for 72 h.
The data are shown as mean =* standard error of the mean and
expressed as a percentage of the control (Ctrl) or the wortmannin-
alone value. Asterisks indicate a statistically significant difference (P <
0.05) from control or wortmannin alone.

and during that week, the majority of spontaneous angiogen-
esis occurred. However, there was a residual amount of natural
recovery from weeks 1 through 3 which was not affected by
Ad-dnPI3K administration. These results indicate that delivery
of the eNOS gene leads to increases in the number of capil-
laries formed in the ischemic hind limb, a process which is
dependent upon PI3 kinase activation.

Laser Doppler perfusion imaging. To determine the physi-
ological consequences of increased capillary density, we mea-
sured the ability of eNOS gene transfer to augment blood
perfusion in the ischemic hind limb of rats by laser Doppler
imaging. This noninvasive technique allows blood flow to be
assessed at multiple time points. Blood perfusion recovery was
measured weekly, and body temperature was maintained by
keeping animals on a heating pad. By 1 week after gene trans-
fer, quantitative analysis showed a significant increase in blood
flow in rats receiving Ad-eNOS (relative to null adenovirus)
that increased until week 3 and was blocked by concomitant
administration of adenovirus carrying the dominant-negative
PI3 kinase gene (Ad-dnPI3K) (Fig. 7A). There was no signif-
icant difference between Ad-null and Ad-dnPI3K. Results
were quantified and expressed as recovery of ischemic to nor-
moperfused limb (eNOS/null, 94.3% * 1.6% versus 75.1% =
2.0% and 75.9% * 1.7%, null and eNOS/dnPI3K, respectively,
P < 0.01,n = 6 to 8, at week 3) (Fig. 7B).

MoL. CELL. BIOL.

Phospho-Akt and VEGF expression in ischemic hind limb of
rats. To determine whether Akt or VEGF is involved in the
proangiogenic effect of NO, we measured phospho-Akt (S473)
and VEGF expression in the adductor muscle at day 4 after
gene transfer. Ad-eNOS gene transfer increased the phospho-
Akt level (151 * 4% compared to Ad-null, P < 0.05) (Fig. 8A
and 8B, upper). In contrast, there was no significant change in
animals treated with Ad-eNOS plus Ad-dnPI3K or Ad-dnPI3K
alone compared to Ad-null (Fig. 8B). These results indicate
that both NO- and VEGF-induced angiogenesis is mediated by
PI3 kinase. However, the angiogenic effect of NO is not me-
diated by VEGF, since Ad-eNOS gene transfer did not affect
VEGF protein levels (Ad-eNOS, 96 = 8%; Ad-eNOS plus
Ad-dnPI3K, 103 = 15%; and Ad-dnPI3K, 100 * 20%, P >
0.05 compared with Ad-null).

DISCUSSION

Mounting evidence exists to support the concept that nitric
oxide mediates angiogenesis (2, 30, 32, 36). However, the mo-
lecular mechanisms that govern this action remain unclear. It is
well known that Akt/protein kinase B lies downstream of PI3
kinase. Akt phosphorylates eNOS (11, 16), which leads to
elevated NO formation and subsequent endothelial cell growth
and migration (10, 24). In this study, we found that NO itself
may directly activate PI3 kinase-Akt signaling, leading to an-
giogenesis in a rat model of hind limb ischemia. Consistent
with a recent study (32), we show that adenovirus-mediated
delivery of eNOS ¢cDNA promotes neovascularization in isch-
emic hind limbs, as evidenced by increased blood perfusion
recovery and capillary density. However, delivery of adenovirus
carrying the dominant negative PI3 kinase ¢cDNA construct
(Ad.CMV-dnPI3K) either alone or in combination with eNOS
was able to block the increased perfusion recovery and capil-
lary density in ischemic limbs of rats. Thus, these results indi-
cate that PI3 kinase mediates a critical pathway in NO- and
VEGF-mediated angiogenesis. These in vivo results demon-
strate that elevated eNOS expression or activity is sufficient to
activate the PI3 kinase-Akt signaling pathway via PKG, leading
to functional neovascularization in ischemic tissues.

NO exerts many important effects on the vascular wall in
addition to its vasodilatory effect. These include suppressing
the inflammatory responses induced by various cytokines (33),
inhibiting apoptosis (13), and regulating cell migration and
angiogenesis (25, 41). Previous studies have shown that the PI3
kinase/Akt signaling pathway activates eNOS (11, 16). It is
therefore intriguing that exogenous NO increased PI3 kinase
and Akt activity, since such an effect could potentially form a
positive feedback mechanism for PI3 kinase, Akt, and eNOS
activation in endothelial cells. Interestingly, we did not find
that the activating effects of NO on PI3 kinase and Akt led to
eNOS activation, as the Akt-dependent phosphorylation on
eNOS (Ser''””) was not increased by NO stimulation. These
results suggest that NO may interfere with Akt-dependent
eNOS phosphorylation or promote “dephosphorylation” of
eNOS. Indeed, previous studies have shown that NO can feed-
back inhibit eNOS activity (5, 18, 29). Furthermore, we found
that basal Akt kinase phosphorylation was not affected by
inhibiting endogenous eNOS activity, suggesting that endoge-
nous PI3 kinase and Akt activities were not modulated by basal
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FIG. 6. Effect of eNOS gene transfer on capillary density in the ischemic hind limb of rats. (A) Paraffin-embedded sections were immunostained for
eNOS expression as described in the text. Representative sections were taken from a control section (control) from the uninjected contralateral limb and
1,2, and 3 weeks after eNOS gene transfer. (B) Adenovirus carrying eNOS, null, or dnPI3K was locally injected into the hind limb of rats after the femoral
artery was removal. Three weeks later, capillary density was assessed by immunostaining paraffin-embedded sections with an antibody against PECAM-1
(CD31). Sections from injected rats with null, eNOS plus null, eNOS plus dnPI3K, and dnPI3K plus null viruses are shown. (C) Results were quantified,
and data are expressed as capillaries/muscle fiber (mean *+ standard error of the mean, n = 5 to 6 per group). *, P < 0.01 versus null or eNOS plus
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FIG. 7. Regional blood flow in the rat ischemic hind limb after gene transfer. Rats underwent unilateral femoral artery ligation and removal.
One week after surgery, rats were locally injected (adductor muscle) with control adenovirus (Ad.CMV-null), an equal mixture of adenoviruses
carrying the eNOS gene (Ad.CMV-eNOS) and null virus, an equal mixture of Ad.CMV-eNOS and adenovirus carrying the dominant negative PI3
kinase gene (Ad.CMV-dnPI3K), or an equal mixture of dnPI3 kinase and null virus. (A) A laser Doppler perfusion imager system (Lisca) was used
to evaluate perfusion of both the left (ischemic) and right (nonischemic) rat hind limbs. The perfusion signal is subdivided into six different
intervals, each displayed as a separate color. Low or no perfusion is displayed as dark blue, whereas the highest perfusion interval is displayed as
red. The stored perfusion values behind the color-coded pixels remain available for data analysis. (B) After recording the laser Doppler images,
average perfusion values of the ischemic and nonischemic limbs were calculated on the basis of colored histogram pixels. To minimize variables,
including ambient light and temperature, calculated perfusion was expressed as the ratio of left (ischemic) to right (nonischemic) hind limb
perfusion in each animal. Blood flow was monitored weekly for 3 weeks after adenovirus injection. Results were quantified, and data are expressed
as the ischemic/nonischemic blood perfusion ratio (mean * standard error of the mean, n = 6 to 8 per group). *, P < 0.01 versus null or eNOS

plus dnPI3K.

eNOS activity, probably due to an insufficient amount of NO
produced by basal eNOS activity. It is possible that this lack of
a positive feedback loop is due to a discriminating signal trans-
duction by Akt to its many downstream effectors or to the
different subcellular localization and availability of exogenous
versus endogenous sources of NO.

Angiogenesis is a complex process involving endothelial cell
proliferation, migration, remodeling of extracellular matrix,
and formation of tubular structures (6, 26). Endothelial cell
migration requires both increased cell motility and chemotaxis
that guides the direction of cell movement. The endothelial
cell migration assay employed in our studies detects both in-
creased cell migration and motility. Therefore, although a
rapid NO diffusion across the membrane after its release by

NO donors may prevent the formation of an NO gradient to
induce a directional cell migration, NO may increase endothe-
lial cell motility and result in increased cell redistribution
across the membrane. This mechanism is consistent with the
finding that endothelial cells expressing the constitutive form
of PKG showed an increased migration across the porous
membrane in the absence of any stimulus.

Our findings showing that NO increased endothelial cell
migration/motility and proliferation are consistent with the
ability of NO to promote angiogenesis in a rabbit cornea model
of angiogenesis and that angiogenesis is impaired in eNOS™/~
mice (25, 40, 41). Furthermore, although both Akt and eNOS
activities are required for VEGF-induced endothelial cell mi-
gration (23), only Akt activity is required for sphingosine-1
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FIG. 8. Phospho-Akt levels in rat ischemic hind limb after gene transfer. (A) Phospho-Akt (S473), Akt, and eNOS protein levels in lysates from
rats infected with Ad-null, Ad-eNOS plus Ad-null, Ad-eNOS plus Ad-dnPI3K, or Ad-dnPI3K plus Ad-null. (B) Quantifications were performed
by densitometric analysis with the NIH Image program. The data are shown as the phospho-Akt (S473)/Akt ratio and expressed as a percentage
of that of Ad-null-infected rats (mean * standard error of the mean, n = 5). Asterisks indicate a statistically significant difference (P < 0.05) from

Ad-null-infected rats.

phosphate-induced endothelial cell migration (24). Therefore,
the activation of PI3 kinase/Akt activities and promotion of
endothelial cell migration by NO agree with the notion that
PI3 kinase/Akt signal activation is essential for endothelial cell
angiogenic response. However, depending on the external
stimuli, the activation of eNOS by Akt can be dispensable for
endothelial cell migration. It should be noted that exogenous
NO has been reported to inhibit endothelial cell migration (20)
and failed to restore spontaneous angiogenesis in the ischemic
limb of eNOS™/~ mice (25). It is possible that in those exper-
iments, the older passages of endothelial cells responded dif-
ferently to higher concentrations of NO donors in vitro and
that the direct systemic administration of an NO donor could
not elicit an optimal local pharmacological response in vivo.
Indeed, recent studies suggest that NO donors increase endo-
thelial cell migration (28, 39).

NO can directly modulate protein functions by S-nitrosyla-
tion on susceptible cysteine residues (4). This results in the
inhibition of endothelial cell apoptosis and NF-kB-dependent
gene transcription by inactivating caspases and the p50 subunit

of NF-«B (12, 22). However, we did not find that NO directly
activated PI3 kinase in vitro, nor did we find that dithiothreitol,
which removes protein nitrosylation, suppressed NO-induced
PI3 kinase activity. Therefore, NO does not appear to activate
PI3 kinase through nitrosylation. Instead, our data support the
idea that NO activates PI3 kinase via the cGMP-dependent
pathway. Interestingly, we recently also found that NO in-
creased FLICE inhibitory protein (FLIP) expression in endo-
thelial cells and that this increase in FLIP protein expression
was suppressed by wortmannin (unpublished observations).
These findings are in agreement with a recent report showing
that PI3 kinase/Akt signaling suppresses endothelial cell apo-
ptosis by regulating antiapoptotic FLIP expression in endothe-
lial cells (395).

A previous study suggests that tyrosine phosphorylation of
p85a leads to the activation of PI3 kinase (7). Compared to
unstimulated cells, we did find more p85a and p110«a proteins
immunoprecipitated by an antibody to phosphotyrosine in NO-
stumulated BAEC in Western blot analysis (data not shown).
However, when we performed the reverse experiment by first
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immunoprecipitating p110a or p85«a followed by Western blot
analysis with phosphotyrosine antibody, neither p110a nor
p85a had detectable tyrosine phosphorylation before or after
NO stimulation even though these two proteins were immu-
noprecipitated, as confirmed in subsequent Western blot anal-
yses (data not shown). We speculate that NO/cGMP may act
through a tyrosine-phosphorylated adaptor protein to increase
the PI3 kinase activity.

Our results support an important role of NO in maintaining
vascular integrity by increasing endothelial cell motility and
promoting endothelial cell migration during wound healing
and in response to tissue ischemia (25, 40). Furthermore, our
findings have implications for certain pathophysiological con-
ditions where high local concentrations of NO are produced by
the inducible NO synthase in vascular smooth muscle cells,
inflammatory macrophages and monocytes, and some tumor
cells. Indeed, we have shown that activated macrophages pro-
duced NO at a level comparable to that used in the current
study (27, 33). It remains to be determined whether in a para-
crine or juxtacrine system, high levels of NO secreted from
vascular smooth muscle cells and macrophages could actually
promote angiogenesis at sites of vascular inflammation (27). It
is also interesting that clinical and experimental studies sup-
port a positive relationship between tumor malignancy and NO
synthase activity in certain tumors (37). Thus, it is possible that
tumor-derived NO induces endothelial cell migration and con-
tributes to the angiogenesis required for tumor cell invasive-
ness.

In summary, we have shown that NO increases endothelial
cell migration and produces functional neovascularization via
the PI3 kinase/Akt signaling pathway. Further studies aimed at
elucidating the molecular mechanism(s) by which PKG acti-
vates the PI3 kinase/Akt signaling pathway may help uncover
novel therapeutic strategies for regulating the angiogenic pro-
cess.
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