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Abstract

We tested the hypothesis that oxidized low-density lipopro-
tein (oxLDL)-induced inactivation of Akt within endothelial
progenitor cells (EPCs) is mediated at the level of Phos-
phoinositide 3-kinase (PI3K), specifically by nitrosylation of
the p85 subunit of PI3K, and that this action is critical in pro-
voking oxLDL-induced EPC apoptosis. Hypercholesterol-
emic ApoE null mice had a significant reduction of the phos-
phorylated Akt (p-Akt)/Akt ratio in EPCs, as well as a greater
percentage of apoptosis in these cells than EPCs isolated
from wild-type (WT) C57BI/6 mice. EPCs were isolated from
WT spleen and exposed to oxLDL in vitro. oxLDL increased
03 and H,0, in these cells and induced a dose- and time-
dependent reduction in the p-Akt/Akt ratio and increase in
EPC apoptosis. These effects were significantly reduced by
the antioxidants superoxide dismutase, L-NAME, epicatechin
and FeTPPs. oxLDL also induced nitrosylation of the p85 sub-
unit of PI3K and subsequent dissociation of the p85 and p110
subunits, an effect significantly reduced by all the antioxi-
dantagents tested. EPC transfection with a constitutively ac-

tive Akt isoform (Ad-myrAkt) significantly reduced oxLDL-
induced apoptosis of WT EPCs. The present findings indicate
that oxLDL disrupts the PI3K/Akt signaling pathway at the
level of p85 in EPCs. This dysfunction can be reversed by ex
vivo antioxidant therapy. Copyright © 2010 S. Karger AG, Basel

Introduction

Endothelial progenitor cells (EPCs) play a critical role
in postischemic vascular repair [1-3]. These cells, found
in bone marrow and peripheral blood as well as in organs
such as the spleen and liver, home to the sites of vascular
injury in response to several chemokines [2-4]. Origi-
nally, EPCs were thought to participate in vascular repair
by differentiation and subsequent incorporation into the
vessel as endothelial cells [1]. It is now believed that EPCs
function in a paracrine manner to promote growth of
surrounding tissue [5]. Clinical conditions that compro-
mise EPC function impair their neovascularization po-
tential and thus place a patient at greater risk of cardio-
vascular disease; indeed, the number and functional
capacity of EPCs in peripheral blood are excellent predic-
tors of adverse cardiovascular events [6].
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Oxidized low-density lipoprotein (oxLDL) is taken up
by EPCs in a receptor-dependent manner wherein it gen-
erates oxidative stress [7]. This effect is mediated by at
least three mechanisms: activation of NADPH oxidase
[8], uncoupling of endothelial nitric oxide synthase
(eNOS) [9] and generation of lipid peroxide radicals with-
in the plasma membrane that establish an oxidative chain
reaction [10]. oxLDL-induced oxidative stress can lead to
cell necrosis or apoptosis [7]. Catalase and N-acetylcyste-
ine reduce both the oxidant stress and apoptosis pro-
duced by oxLDL, although superoxide dismutase (SOD)
does not [7]. Collectively, these observations suggest that
oxLDL may impair EPC survival, a circumstance that
would impair their participation in postischemic vascu-
lar repair.

The phosphoinositide 3-kinase (PI3K)/Akt pathway is
a ubiquitous signaling system that is requisite for normal
EPC function [11]. PI3K-induced phosphorylation of Akt
leads to downstream activation of eNOS and the produc-
tion of nitric oxide (NO) [12], a critical stimulus for EPC
differentiation toward an endothelial cell phenotype and
for postischemic vascular repair [13]. oxLDL can impair
Akt activation in EPCs [14]. However, the mechanism for
this effect and the role of Akt inhibition in the induction
of EPC apoptosis have not been fully clarified. The goal
of this study was to test the hypothesis that oxLDL-in-
duced inactivation of Akt is mediated at the level of PI3K,
specifically by nitration of the p85 subunit of PI3K, and
that this action is critical in provoking oxLDL-induced
EPC apoptosis.

Materials and Methods

Reagents and Antibodies

Native LDL (nLDL), epicatechin, L-NAME, SOD-PEG, dichlo-
rofluorescein diactetate (DCF), dihydroethidine (DHE) and His-
topaque 1083 were purchased from Sigma-Aldrich (St. Louis, Mo.,
USA). Monoclonal antibodies were purchased as follows: lectin,
B-actin (Sigma-Aldrich); phosphorylated Akt (p-Akt), Akt, phos-
phorylated GSK3a and GSK3a (Cell Signaling Technology, Bev-
erly, Mass., USA); p85 and p110 subunits of PI3K (Upstate Bio-
technology, Lake Placid, N.Y., USA); nitrotyrosine (Cayman Bio-
chemical, Ann Arbor, Mich., USA); KDR, AC133, CD34 (eBiosci-
ence, San Diego, Calif., USA); CD31 (BD Pharmigen, San Jose,
Calif., USA); VWF (Abcam, Cambridge, Mass., USA); Dil-Ac-LDL
(Biomedical Technologies, Stoughton, Mass., USA); eNOS (BD
Transduction Laboratories, Lexington, K.Y., USA); VE-cadherin
(Santa Cruz Biotechnology, Santa Cruz, Calif., USA). Secondary
antibodies were obtained from Jackson ImmunoResearch Labo-
ratories (West Grove, Pa., USA). 5,10,15,20-tetrakis(4-sulfonato-
phenyl) porphyrinato iron (III) chloride (FeTPPs) was purchased
from Calbiochem EMD (San Diego, Calif.,, USA). The TUNEL
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apoptosis detection kit was purchased from Chemicon Interna-
tional (Temecula, Calif., USA). All other reagents were of ana-
lytical grade and purchased from Sigma-Aldrich.

Care and Use of Laboratory Animals

C57Bl/6 and ApoE™!U"¢ (ApoE) mice were purchased from
Jackson Laboratories (Bar Harbor, Me., USA). The chow (Prolab®
Isopro® RMH3000 5P76) contained 5.4% fat by weight (14% of
total calories as fat). ApoE mice were generated on a C57Bl/6 back-
ground and when fed the aforementioned diet developed signifi-
cant hypercholesterolemia with elevated oxLDL [15]. All mice
were housed in a standard vivarium facility and allowed free ac-
cess to chow and water. Mice were anesthetized with 1% isoflu-
rane prior to phlebotomy. The University of California San Fran-
cisco and the University of Massachusetts Medical School Insti-
tutional Animal Care and Use Committees approved the protocol.

Transfection of EPCs

The adenovirus encoding myrAkt cDNA (Ad-myrAkt) was a
generous gift from Kenneth Walsh, MD (Boston University
School of Medicine). The virus was propagated and titrated in 293
cells. myrAkt is a constitutively active Akt mutant and has the c-
Src myrisolyation sequence fused in-frame to the NB terminus of
the wild-type (WT) Akt. Ad-DLEL, an empty adenovirus con-
struct, was used as the control vector in transfections. All adeno-
virus stock was stored at -80°C and thawed immediately before
use. Adenoviral stocks were diluted in sterile phosphate-buffered
saline (PBS) to achieve a final concentration of 10'° plaque-form-
ing units/ml. Experiments were carried out 48 h after transfec-
tion.

Isolation and Identification of EPCs

Spleens were used as the source of EPCs as they offered a read-
ily available, reproducible, and plentiful source of these cells, as
has been described by others [16]. The spleens were explanted and
mechanically minced using a syringe plunger and a 40-pm nylon
cell strainer (BD Falcon). The resulting cell suspension was laid
over Histopaque 1083 and centrifuged at 400 g for 30 min. A band
of mononuclear cells (MNCs) in the middle of tubes were col-
lected, washed and repelleted twice. Before seeded on fibronectin-
coated plates, MNCs were washed 2 times with PBS. Spleen MNC
counts were adjusted and 5 X 10° cells were plated on fibronectin-
coated 60-mm plates, in 4 ml endothelial growth medium supple-
mented with hydrocortisone, hEGF, VEGF, hFGF-B, IGF-1,
ascorbic acid, heparin and 2% fetal bovine serum (EGM-2; Cam-
brex, East Rutherford, N.J., USA). After 7 days the identity of ad-
herent cells as EPC was confirmed in some wells by incubation
with 2.4 pg/ml Dil-Ac-LDL for 1 h, followed by fixation in 2%
paraformaldehyde and counterstaining with FITC-labeled lectin.
EPCs were identified as cells labeled with Dil-Ac-LDL and lectin.
Using this method, we noted that approximately 50% of the ad-
herent cells stained positive for Dil-Ac-LDL and lectin. Other
wells were trypsinized and the cells were stained with monoclonal
antibodies for KDR, AC133, eNOS, CD31, CD34, VE-cadherin
and vWF to identify them as EPCs by FACS analysis. FACS sort-
ing for KDR*CD31*AC133" was used to isolate EPC prior to their
use in protocols. By this sorting method, we generally recovered
approximately 7 X 10° cells from a well originally seeded with
5 X 10° spleen MNCs.
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Fig. 1. Presence of apoptosis and Akt phos-
phorylation in EPCs harvested from wild-
type and ApoE~"~ mice. Mononuclear cells
were obtained from the spleens of wild-type
and ApoE~" mice by gradient centrifuga-
tion and then separated by FACS sorting to
obtain CD34+ AC133+ KDR+ cells; these
cells were expanded ex vivo for 48 h in se-
rum-free medium. These cells were evalu-
ated to determine EPC apoptosis and Akt
expression. a Percentage of apoptotic cells
determined by TUNEL staining; mean *
SD, n=3;*p<0.05 versus wild-type group.
b Ratio of p-Akt / total Akt in EPC cell ly-
sates. Densities of the Akt bands were first
corrected with respect to B-actin and then
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In a second protocol, adherent cells were trypsinized (0.5%
trypsin) and stained with monoclonal antibodies for KDR, CD34,
AC133, CD31, eNOS, VE-cadherin and vWF followed by FACS
sorting. Approximately 7 X 10° cells from each well were sorting
as EPCs using this approach.

Preparation of oxLDL

nLDL was incubated with CuSO, (10 pM) at 37°C for 24 h. The
material was dialyzed against a sterile solution of NaCl 150 mM,
EDTA 1 mM and polymixin B 100 pg/ml (pH 7.4). The presence
of oxLDL was confirmed by agarose gel electrophoresis and by
generation of thiobarbituric acid.

Determination of Intracellular Reactive Oxygen Species

Upon completion of the experimental protocol cells were
washed with PBS and then incubated with either DCF or DHE for
30 min. These reagents primarily react with H,O, and O3, respec-
tively, although some cross-reactivity with other reactive oxygen
species occur. The slide was counterstained with 4',6-diamidino-
2-phenylindole (DAPI) to detect nuclei. Fluorescence microscopy
was used to determine uptake of the fluoroprobes by EPCs. Cells
in 10 high power fields (400 X) were counted by a blinded observ-
er and the average calculated. Data for DCF and DHE were ex-
pressed as a percentage of the total number of cells in the field.

Determination of Intracellular Nitrotyrosine

EPC were seeded on 4-well chamber slides at a density of 5 X
10* cells/well. After completion of the experimental protocol, cells
were fixed with 4% paraformaldehyde for 10 min and then incu-
bated with nitrotyrosine antibody overnight (4°C). This 1° anti-
body was detected by FITC-conjugated 2° antibody. The slide was
counterstained with DAPI. Fluorescence microscopy was used to
determine uptake of the fluoroprobes by EPCs. In each study;, cells
in 10 high power fields (400 X) were counted by a blinded observ-
er and the average calculated. Nitrotyrosine data were expressed
as a percentage of the total number of cells in the field.

oxLDL-Induced PI3K Inactivation in
EPC

Determination of EPC Apoptosis

EPCs were seeded on 4-well chamber slides at a density of 5 X
10* cells/well. After completion of the experimental protocol, cells
were fixed with 1% paraformaldehyde for 10 min and then labeled
using the Apotag Plus apoptosis detection reagent (TUNEL stain-
ing), followed by counter staining with DAPI. In each study, cells
from 10 high power fields (400X) were counted by a blinded ob-
server and the average calculated. TUNEL data were expressed as
the percentage of the total number of cells in each field.

Western Blotting

EPCs were lysed in modified NP40 lysis buffer (Tris HCI 10
mM, pH 7.4; EGTA 1 mM; sucrose 0.25 mM; with phenylmethane-
sulphonyl fluoride and aprotinin). Supernatant protein levels
were determine by a bicinchoninic acid assay (Pierce, Rockford,
IIL., USA). Fifty microgram of each protein sample was resolved
on a 10% SDS-PAGE gel, transferred to a nitrocellulose mem-
brane, and probed with 1° antibody. A horseradish peroxidase 2°
antibody was then applied and the membrane developed with an
enhanced chemiluminescence kit. Band intensity was determined
by densitometry.

Immunoprecipitation

EPC lysates were prepared as just described. Five microgram
of monoclonal antibody for the p85 or p110 subunits of PI3K was
added to 100 mg protein and the suspension was gently rocked
overnight (4°C). Protein-antibody conjugates were precipitated
with protein A beads and release of the precipitated protein
achieved with 0.5% mercaptoethanol.

Statistical Analysis

Statistical significance was determined by one- or two-way
analysis of variance and post hoc Student-Newman-Keuls tests.
Significance was accepted at the p < 0.05 level.
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Fig. 2. Effects of nLDL and oxLDL on apoptosis in wild-type EPC.  TUNEL staining. Data are presented as mean £ SD, n = 3 ani-
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Fig. 3. Effects of nLDL and oxLDL on reactive oxygen species in
wild-type EPC. EPC cultures were exposed to nLDL (10 pg/ml),
oxLDL (10 pg/ml), oxLDL (10 pg/ml) + SOD (100 U/ml) or oxLDL
(10 pg/ml) + L-NAME (0.5 mM) in serum-free medium. The con-
trol well was treated with medium alone. a Quantification of DCF
and DHE staining in EPC. Data are presented as mean * SD,n =

oxLDL-Induced PI3K Inactivation in
EPC

3; * p < 0.05 oxLDL versus nLDL or control; * p < 0.05 versus
oxLDL. b Nitrotyrosine staining for protein nitrosylation. Nitro-
tyrosine is stained green. The slide was counterstained with DAPI
to detect nuclei, which appears blue. This set of immunofluores-
cent photomicrographs is from a single experiment and are rep-
resentative of three experiments.
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were exposed to nLDL (10 pg/ml) or ox-
LDL (10 pg/ml), or oxLDL (10 pg/ml) in
the presence of SOD (100 U/ml), L-NAME
(0.5 mM), epicatechin (100 M) or FeTPPs
(2.5 wM) in serum-free medium. A control
well was treated with serum-free medium
alone. Apoptosis was determined by TU-
NEL staining. Data are expressed as the
percentage of TUNEL positive cells with
respect to the total number of cells (DAPI
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Results

Hypercholesterolemia is an important cardiovascular
risk factor and has been shown to be associated with a
reduction in the number of EPCs [6]. One mechanism
that might contribute to this reduction is apoptosis [7]. To
evaluate this possibility, we first established the extent of
apoptosis in EPCs harvested from C57Bl/6 (WT) and
ApoE mice (n = 3 in each group). Spleen MNCs were sort-
ed to obtain CD34*, KDR"and AC133* cells (EPCs) which
were then cultured for 48 h in serum-free medium. EPC
from ApoE mice demonstrated a significantly greater
percentage of apoptosis than WT mice (fig. 1a). Addition-
ally, the ratio of p-Akt/Akt was significantly lower in EPC
harvested from ApoE 9" from WT mice (fig. 1b). The
presence of p-Akt is critical in EPC-mediated postisch-
emic angiogenesis and is also important in preventing
EPC apoptosis [11].

The generation of oxLDL is a critical determinant in
many of the pathological consequences of hypercholes-
terolemia, including reduction in the number of circulat-
ing EPCs [14]. To evaluate the role of oxLDL in EPC dys-
function in hypercholesterolemia, we next determined
the in vitro effects of oxLDL on apoptosis and reactive
oxygen species in EPCs harvested from WT mice (n = 3
mice for EPC harvest). oxLDL induced EPC apoptosis in
a dose-dependent manner with a threshold for effect of
10 pg/ml; in contrast, nLDL (10 pg/ml) did not induce
apoptosis (fig. 2a, b). oxLDL induces cell damage by in-
ducing oxidative stress [7-10]. Thus, we next evaluated
the effects of oxLDL on intracellular oxidant levels using
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the oxidant-sensitive fluoroprobes DCF and DHE, and
evaluated the presence of oxidative stress by measuring
nitrotyrosine in oxLDL-exposed EPCs. oxLDL (10 g/
ml) increased the presence of O3, H,O,, and nitrotyrosine
in WT EPC:s (fig. 3a, b). Co-administration of oxLDL (10
pg/ml) with the antioxidant compounds SOD-PEG (100
U/ml), .-NAME (0.5 mM), epicatechin (100 M) or
FeTPPs (2.5 wM) decreased oxLDL-induced production
of reactive oxygen species (fig. 3a, b). Importantly, these
antioxidant compounds also significantly reduced ox-
LDL-induced apoptosis (fig. 4). These findings indicate
that oxLDL-induced oxidative stress and apoptosis are
linked.

Akt is important in preventing EPC apoptosis and is
impaired by oxidative stress [14]. Accordingly, we next
determined the effects of oxLDL on the PI3K/Akt signal
transduction system in WT EPCs under in vitro condi-
tions (n = 3 mice for EPC harvest). oxLDL caused a dose-
and time-dependent reduction in the ratio of p-Akt/Akt
with a threshold of effect noted at 10 pg/ml that was most
evident 40 min after oxXLDL administration (fig. 5a, b).
SOD, L-NAME, epicatchein and FeTPPs significantly re-
duced the effect of oxLDL on the p-Akt/Akt ratio in WT
EPCs (fig. 6).

PI3K consists of 2 subunits, p85 and p110, that must
remain associated for Akt to be functional [19]. Accord-
ingly, we next evaluated the effect of oxLDL on PI3K sub-
units in WT EPCs (n = 3 mice for EPC harvest). Im-
munoprecipitation of the PI3K subunits p85 or pl10
followed by blotting for nitrotyrosine revealed that sig-
nificant nitrosylation of the p85 subunit did not occur in
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response to oxLDL (fig. 7a). In contrast, significant nitro-
sylation of the p85 subunit was evident in response to
oxLDL (fig. 7b). Moreover, immunoprecipitation of the
p110 subunit followed by blotting for the p85 and p110
subunits demonstrated that oxLDL induced a significant
dissociation of the subunits (fig. 7c). oxLDL-induced ni-
trosylation of the p85 subunit and dissociation of the
subunits were both significantly reduced by co-adminis-

oxLDL-Induced PI3K Inactivation in
EPC

tration of SOD, L-NAME, epicatechin or FeTPPs. The
greatest reduction in oxLDL-induced p85 nitrosylation
was observed after co-administration of SOD (fig. 7b, ).
These findings indicate that oxLDL interferes with Akt
subunit association by nitrosylation of the p85 subunit.
It is most likely that the effect of oxLDL on p85 nitrosyl-
ation and subsequent subunit dissociation contributed to
the increased EPC apoptosis noted in WT EPCs in vitro,
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as well as the increased EPC apoptosis observed in ApoE
mice in vivo.

Finally, we reasoned that if oxLDL-induced dysfunc-
tion of Akt were critical in the induction of oxLDL-in-
duced EPC apoptosis, then transduction with a constitu-
tively active isoform of Akt would prevent this apoptosis
from occurring. To this end, we determined if transduc-
tion of WT EPCs with a constitutively active Akt (Ad-
myrAkt) altered the effect of oxLDL on EPC apoptosis.
Transduction with an empty adenovirus vector (Ad-
DLEI1) served as the control and cultures from 3 mice
were studied for each group. Ad-myrAkt significantly in-
creased the ratio of p-Akt/Akt and induced phosphoryla-
tion of an established downstream target of Akt, glycogen
synthase kinase 3a, thus confirming successful transfec-
tion (fig. 8a). Ad-myrAkt significantly lowered oxLDL-
induced EPC apoptosis, whereas it had no effect on the
basal level of apoptosis in these cells (fig. 8b). This gain-
of-effect study design provides clear evidence that the
Akt pathway is critical in preventing EPC oxLDL-in-
duced apoptosis.

Discussion
Two novel findings were made in this investigation.

First, ApoE mice demonstrated more than a threefold
greater percentage of apoptotic EPCs within the spleno-
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cyte MNC population than did WT mice under in vivo
conditions; moreover, EPCs from ApoE mice exhibited a
significantly reduced p-Akt/Akt ratio compared to EPCs
from WT mice. Second, application of exogenous oxLDL
to WT EPCs under in vitro conditions caused nitrosyl-
ation of the p85 subunit of PI3K, as well as the dissocia-
tion of the p85 and p110 subunits. This in vitro effect was
associated with a reduction of the EPC p-Akt/Akt ratio
and an increase in EPC apoptosis, and the effect could be
attenuated by transfection of EPCs with a constitutively
active Akt. We thus propose that oxLDL-induced nitro-
sylation of the p85 subunit of PI3K is the mechanistic ba-
sis underlying disruption of the PI3K/Akt signaling path-
way by oxLDL in EPCs and that this effect contributes to
oxLDL-induced EPC apoptosis.

The PI3K/Akt signaling pathway is critical for function
and survival of EPCs [11], based in large part on down-
stream activation of eNOS and subsequent production of
NO [14, 18]. Mice genetically deficient in Akt [11] or eNOS
[20] manifest reduced EPC function and compromised
postischemic angiogenesis, effects that confirm an essen-
tial role for EPCs in postischemic vascular repair and ad-
aptation [1-3]. Imanishi et al. [17] and Ma et al. [14] re-
ported that oxLDL impairs EPC function via effects on
Aktand eNOS, respectively. The present findings indicate
that the oxLDL effects on Akt within EPCs are mediated
indirectly, by an upstream disruption of PI3K, specifical-
ly via nitrosylation of the p85 subunit and subsequent dis-
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Fig. 7. Effects of SOD, L-NAME, epicate-
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tative of 3 separate experiments. b The p85
Akt subunit was isolated by immunopre-
cipitation; the expression of p110 and ni-
trotyrosine were determined. Density of
the nitrotyrosine and PI3K p85 subunit
bands were first corrected with respect to
B-actin and then the ratio of nitrotyro-
sine/p85 expression calculated. The ratio
of the control group was assigned a value
of 1.0. Data are presented as mean * SD,
n = 3; ¥ p <0.05 oxLDL versus nLDL or
control; * p < 0.05 versus oxLDL; ** p <
0.01 versus oxLDL. ¢ Density of the PI3K
pl10 and PI3K p85 subunit bands were
first corrected with respect to B-actin and
then the ratio of p85/p110 expression cal-

PI3K p85 subunit

S o o o = =
N D O O N
T S B S B

p85/p110 subunit ratio

PI3K p110 subunit

Control nLDL oxLDL  oxLDL+ oxLDL+ oxLDL+ oxLDL+
(10 pg/ml) (10 pg/ml) ~ SOD L-NAME epicatechin FeTPPs
(100 U/ml) (0.5 mm) (100 um) (2.5 um)
oxLDL +
nLDL

Control oxLDL SOD L-NAME epicatechin FeTPPs

culated. The ratio of the control group was
assigned a value of 1.0. Data are presented
as mean * SD, n = 3; ¥ p < 0.05 oxLDL
versus nLDL or control; * p < 0.05 versus
oxLDL.

nLDL oxLDL
(10 pg/ml) (10 pg/ml)

oxLDL+ oxLDL+ oxLDL+ oxLDL+
SOD L-NAME epicatechin FeTPPs
(100 U/ml) (0.5 mm) (100 um) (2.5 pum)

Control

sociation of the p85 and p110 subunits. Dissociation of the
p85 and p110 subunits of PI3K renders PI3K dysfunction-
al [19]. Transduction of WT EPCs with Ad-myrAkt, a con-
stitutively active Akt isoform, significantly decreased the
deleterious impact of oxLDL on the p-Akt/Akt ratio and
lowered oxLDL-induced EPC apoptosis. The finding that
Akt activation is critical for EPC survival is consistent
with the reports of Llevadot et al. [21] and Lefevre et al.
[18] who demonstrated enhanced Akt activation and EPC
function as well as survival following EPC treatment with
the HMG-CoA reductase inhibitor simvastatin or the an-
tioxidant resveratrol, respectively.

oxLDL-Induced PI3K Inactivation in
EPC

The present findings confirmed earlier reports that
oxLDL generates intracellular oxidative stress [7-10]. Im-
munofluorescent imaging with the fluoroprobes DHE
and DCF-DA demonstrated an increase in intracellular
0; and H,0,; in EPC exposed to oxLDL in vitro; also,
oxLDL-treated EPC exhibited increase nitrotyrosine, a
finding that indicates the present of peroxynitrite gener-
ated by the reaction of O; with NO. The addition of exog-
enous peroxynitrite to RAW 264.7 cells [22] or microvas-
cular endothelial cells [23] caused nitrosylation of the
PI3K subunit p85. In this context, it is likely that per-
oxynitrite contributed to the nitrosylation of p85 in
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Fig. 8. Effects of myrAkt on nLDL- and oxLDL-induced apoptosis
in wild type EPC. a Effects of Ad-DLE1 (control transduction)
and Admiralty (constitutively active Akt transduction) on p-Akt,
total Akt, p-GSK3a, total GSK3a and B-actin expression in wild-
type EPC. b EPC cultures, transducer with either Ad-DLE1 (con-
trol; empty vector) or Ad-myrAkt (constitutively active Akt) were
exposed to nLDL (10 pg/ml) or oxLDL (10 pg/ml), or oxLDL (10

oxLDL-treated WT EPCs. We cannot, however, rule out
that this nitrosylation occurred secondary to other reac-
tive nitrogen species that might have been generated dur-
ing the course of oxLDL exposure.

The fact that oxLDL induces intracellular oxidative
stressled us to evaluate the effects of several agents known
to function in an antioxidant capacity. Each of these
agents exerts a unique effect, yet each had a similar im-
pact on oxLDL-treated WT EPCs: nitrosylation of p85
decreased, the ratio of p-Akt/Akt increased and EPC
apoptosis decreased. SOD is an enzyme that dismutates
O3 to H,O,. The finding that SOD attenuates the effects
of oxLDL indicates that these effects are primarily medi-
ated by O3, and not by H,0,. L-NAME is an L-arginine
analogue that inhibits all NOS isoforms, although its ef-
fect is 10-fold greater on eNOS than on induced NO syn-
thase [24]. Oxidative stress uncouples eNOS by oxidation
of the essential co-factor tetrahydrobioptein, so that
eNOS activity generates O3, not NO [25], and uncoupled
eNOS is an established source of oxidants generated in
response to oxLDL [9]. The present findings indicate that
eNOS-derived generation of O; was present in oxLDL-
treated EPCs. Epicatechin is a flavoniod that exerts an
antioxidant effect by reducing NADPH oxidase activity
[26]; moreover, epicatechin activates PI3K, Akt and eNOS
in endothelial cells [27] and reduces endothelial cell apop-
tosis [28]. The present findings indicate that epicatechin
effectively reduced oxLDL-induced apoptosis in EPCs.

528 J Vasc Res 2010;47:519-530

pg/ml) in serum-free medium. Apoptosis was determined by TU-
NEL staining. Data are expressed as the percentage of TUNEL
positive cells with respect to the total number of cells (DAPI stain-
ing) per high power field. Data are presented as mean = SD,n =
3;" p<0.05 oxLDL versus nLDL or control; * p < 0.05 Ad-myrAkt
oxLDL versus Ad-DLE1 oxLDL.

FeTPPs is a metalloporphyrin that functions as an
OONO™ decomposition catalyst [29]. The presence of ni-
trotyrosine proves that OONO~ was present in oxLDL-
treated EPCs. The present findings indicate that specific
elimination of OONO™ effectively reduced oxLDL-in-
duced EPC apoptosis. This improvement is not surpris-
ing in light of our finding that nitrosylation of the PI3K
subunit p85 played a critical role in oxLDL-induced com-
promise of Akt activation in EPCs.

Although the focus of this work was on the effects of
oxLDL on Akt and subsequent EPC apoptosis, it is clear
that other signaling pathways are also important in this
process. oxLDL induces a time- and dose-dependent in-
crease in activation of p38 MAPK, while SB203580, a se-
lective inhibitor of p38 MAPK, significantly reduces
oxLDL-induced apoptosis and in vitro functional defi-
ciencies in EPCs [30]. Cross-talk between Akt and p38
MAPK occurs in mature endothelial cells, wherein Akt
reduces p38 MAPK activation and so reduces endothelial
cell apoptosis [31]. oxLDL also stimulates p53 activation
of the proapoptotic protein Bax in differentiated EPCs
[32], whereas oxidant-induced activation of Akt signaling
reduces p53 activity in endothelial cells [32]. It is not pres-
ently known in cross-talk among the Akt, p38 MAPK and
p53 signaling pathways occurs in EPC, although work to
delineate these interactions is presently underway in our
laboratory.

Tie/Yan/Yang/Park/Messina/Raffai/
Nowicki/Messina



EPCs participate in postischemic angiogenesis [1-3]
and it has been proposed that autologous EPC transplant
may be an effective therapeutic modality in the treatment
of ischemic conditions, for example, coronary insuffi-
ciency and critical limb ischemia [34]. Indeed, studies in
mice [35] as well as controlled human trials [36] support
the feasibility of autologous EPC transplantation wherein
EPCs would be harvested, expanded ex vivo, and then
transfused back into the patient. A clear impediment to
this approach, however, is that underlying diseases can
impair the integrity of EPCs and thus potentially render
them ineffective for autologous transfusion [37]. For ex-
ample, conditions such as diabetes [38] and chronic isch-
emic heart disease [39] compromise EPC function and it
is likely that these patient populations would comprise a
substantial percentage of potential candidates for autolo-
gous EPC transplantation for ischemic vascular disease

[30]. In a similar context, Zhou et al. [40] reported that
EPCs treated with oxLDL ex vivo displayed impaired
function when transplanted into athymic nude mice fol-
lowing induction of hindlimb ischemia. The present
findings indicate that oxLDL disrupts the critical PI3K/
Akt signaling pathway at the level of p85 in EPCs, but that
ex vivo treatment of these EPCs with SOD, L-NAME, epi-
catechin or FeTPPs reduces this effect and enhances EPC
survival. This finding lends support to the concept that
damaged EPCs might be successfully restored to effective
function by ex vivo therapy
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