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We hypothesized that diabetes-induced oxidative
stress may affect postischemic neovascularization.
The response to unilateral femoral artery ligation was
studied in wild-type or gp91phox-deficient control or
type 1 diabetic mice or in animals treated with the
anti-oxidant N-acetyl-L-cysteine (NAC) or with in vivo
electrotransfer of a plasmid encoding dominant-neg-
ative Rac1 (50 �g) for 21 days. Postischemic neovas-
cularization was reduced in diabetic mice in associa-
tion with down-regulated vascular endothelial growth
factor-A protein levels. In diabetic animals vascular
endothelial growth factor levels and postischemic
neovascularization were restored to nondiabetic lev-
els by the scavenging of reactive oxygen species (ROS)
by NAC administration or the inhibition of ROS gen-
eration by gp91phox deficiency or by administration
of dominant-negative Rac1. Finally, diabetes reduced
the ability of adherent bone marrow-derived mono-
nuclear cells (BM-MNCs) to differentiate into endothe-
lial progenitor cells. Treatment with NAC (3 mmol/L),
apocynin (200 �mol/L), or the p38MAPK inhibitor
LY333351 (10 �mol/L) up-regulated the number of
endothelial progenitor cell colonies derived from di-
abetic BM-MNCs by 1.5-, 1.6- , and 1.5-fold, respec-
tively (P < 0.05). In the ischemic hindlimb model,
injection of diabetic BM-MNCs isolated from NAC-
treated or gp91phox-deficient diabetic mice increased
neovascularization by �1.5-fold greater than un-

treated diabetic BM-MNCs (P < 0.05). Thus, inhibition
of NADPH oxidase-derived ROS overproduction im-
proves the angiogenic and vasculogenic processes
and restores postischemic neovascularization in type
1 diabetic mice. (Am J Pathol 2006, 169:719–728; DOI:

10.2353/ajpath.2006.060042)

Cardiovascular complications are the leading cause of
morbidity and mortality in patients with diabetes mellitus.
In particular, diabetes is associated with a poor outcome
after vascular occlusion. This can be attributed in part
to impaired neovascularization. Three principal events,
ie, vasculogenesis, true angiogenesis, and collateral
growth, contribute to postnatal vessel growth and each
may be affected by diabetes. Indeed, there are a number
of equally tenable hypotheses regarding the mechanisms
underlying alterations in blood vessel growth in diabetes,
including a reduction in vascular endothelial growth fac-
tor-A (VEGF-A) signaling, changes in inflammation-re-
lated pathways,1,2 and accumulation of advanced glyca-
tion end products.3 Postnatal vasculogenesis can also be
affected because the proangiogenic effects of bone mar-
row mononuclear cells (BM-MNCs) and endothelial pro-
genitor cells (EPCs) are reduced in diabetic mice and
patients with either type 1 or 2 diabetes.4–6 Each hypoth-
esis might be a different aspect of common underlying
pathogenic mechanisms that remain to be defined.
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Reactive oxygen species (ROS) including superoxide,
hydrogen peroxide, hydroxyl radical, and reactive nitro-
gen species, such as nitric oxide and peroxynitrite, are
biologically active species that are increasingly recog-
nized to play major roles in vascular biology through
redox signaling.7–9 Each of these species derives from
specific enzymatic or chemical reactions. A predominant
source of ROS in the normal vessel is thought to be a
family of membrane-associated NADPH oxidases.7,8,10

The NADPH oxidase, as found in neutrophils and endo-
thelial cells,7,8,11 consists of a membrane-localized cyto-
chrome b558 comprised of two subunits, gp91phox (or
Nox 2) and p22phox, as well as cytosolic components
p47phox and p67phox. The small GTPase Rac1 is also
necessary for full NADPH oxidase activity. ROS have
been suggested as important mediators of angiogenesis.
H2O2 stimulates cell migration and proliferation in endo-
thelial cells,12 and ROS directly modulate VEGF-A ex-
pression and vascular smooth muscle cell proliferation.13

Previous reports also suggest that both the gp91phox-
containing NADPH oxidase and Rac1 play a major role in
VEGF-A-induced endothelial cell proliferation.14 Similarly,
mice lacking gp91phox displayed impaired postischemic
neovascularization.15 Taken together, these observations
suggest that both gp91phox and Rac1 play a significant
role in NADPH oxidase-induced angiogenesis.

Diabetes is associated with increased NADPH oxidase
activation leading to ROS overproduction.16,17 A link be-
tween ROS and diabetes has been evidenced in exper-
imental models of type 1 and 2 diabetes, as well as in
human patients with type 2 diabetes.7,8,16,17 Further-
more, increased ROS production may contribute to dia-
betes-induced vascular complications. In support of this
view, ROS overproduction has been shown to participate
in endothelial dysfunction in both rodent models and
patients with type 2 diabetes.16,18

The aim of our study was to analyze the role of diabe-
tes-induced ROS overproduction in postischemic neo-
vascularization in a mouse model of unilateral hindlimb
ischemia. We hypothesized that oxidative stress is one of
the key events that triggers pathways leading to vascular
complications in diabetes. In particular, we sought to
investigate the involvement of NADPH oxidase-derived
ROS in diabetes-induced alterations of VEGF-A expres-
sion and postnatal vasculogenesis.

Materials and Methods

Experimental Protocol

All of the experiments were performed in accordance
with the European Community guidelines for the care and
use of laboratory animals (no. 07430). To induce diabe-
tes, C57BL/6 wild-type mice and C57BL/6 gp91phox-de-
ficient mice were injected intraperitoneally with 60 mg/kg
streptozotocin in sodium citrate buffer (0.05 mol/L, pH
4.5) daily for 5 days. Three days after the fifth injection,
blood glucose levels were measured. Mice with glucose
levels �300 mg/dl were excluded from the study, as
previously described.3,5 In control groups, mice were

injected intraperitoneally with sodium citrate buffer (0.05
mol/L, pH 4.5). After 2 months of monitored diabetes,
mice underwent surgical ligation of the proximal part of
the right femoral artery, just above the origin of the cir-
comflexa femoris lateralis, as previously described.19,20

Diabetic and nondiabetic mice were then treated with or
without the anti-oxidant N-acetyl-L-cysteine (NAC; 200
mg/kg/day, i.p.) and in vivo electrotransfer of a pCAG
expression plasmid encoding for dominant-negative mu-
tant Rac1 (N17Rac1, 50 �g injected in the gastrocnemius
muscle). An additional group of mice also received 50 �g
of empty pCAG expression plasmid as a negative con-
trol. To further analyze the role of VEGF-A up-regulation in
NAC-induced restoration of neovascularization, NAC-
treated diabetic mice also received an intraperitoneal
injection of neutralizing antibody directed against VEGF
receptor 2 (anti-Flk-1, 100 �g/day, clone DC101; ImClone
Systems Inc., New York, NY21).

Quantification of Neovascularization in the
Hindlimb

Three weeks after the onset of ischemia, vessel density
was evaluated by three different methods, as previously
described19,20: 1) high-definition microangiography us-
ing barium sulfate (1 g/ml) injected in the abdominal
aorta, followed by image acquisition with a digital X-ray
transducer and computerized quantification of vessel
density expressed as a percentage of pixels per image
occupied by vessels in the quantification area; 2) assess-
ment of capillary density in gastrocnemius muscle by
immunostaining with a rabbit polyclonal antibody di-
rected against total fibronectin (dilution 1/50; Chemicon
Int., Temecula, CA) and morphometric quantification us-
ing Histolab software (Microvisions, Paris, France); and
3) laser Doppler perfusion imaging to assess in vivo tissue
foot perfusion.

Determination of Protein Expression

Gastrocnemius muscles from ischemic and nonischemic
hindlimbs were thawed and homogenized in 300 �l of
buffer (200 mmol/L sucrose, 20 mmol/L HEPES, pH 7.4)
with protease inhibitors. Protein extracts from BM-MNCs
were obtained by lysing cells in 200 �l of buffer (20%
sodium dodecyl sulfate, 100 mmol/L sodium orthovana-
date, 0.5 mol/L Tris, pH 7.4) with protease inhibitors.
Proteins were separated in 12% denaturing sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and
blotted onto nitrocellulose sheets (Hybond ECL; Amer-
sham, Orsay, France). Antibodies against VEGF-A (1:
2000, Santa Cruz Biotechnology, Santa Cruz, CA),
gp91phox (1:500, BD Transduction, Franklin Lakes, NJ),
p47phox (1:2000, BD Transduction), p67phox (1:2000, BD
Transduction), Rac1 (1:1000, Cell Signaling, Danvers,
MA), phospho-p38 mitogen-activated protein kinase
(p38MAPK) (1:1000, Cell Signaling) and pan-p38MAPK
(1:1000, Santa Cruz Biotechnology) were used for immu-
noblotting. As a protein loading control, membranes were
stripped, incubated with a goat polyclonal antibody di-
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rected against total actin (dilution 1/1000, Santa Cruz
Biotechnology), and specific chemiluminescent signal
was detected as previously described.19,20

Proangiogenic Effect of BM-MNCs

BM-MNCs were obtained by flushing tibia and femur of
wild-type and gp91phox-deficient control and diabetic
mice treated with or without NAC. Low-density mononu-
clear cells were then isolated by centrifugation on a Ficoll
gradient, as previously described.5 Five hours after hind-
limb ischemia, control animals received intravenous in-
jections of 1 � 106 BM-MNCs. Animals were euthanized
at day 10 after ischemia, and the neovascularization re-
action was assessed as described above.

BM-MNC Differentiation into EPCs

BM-MNCs (1.5 � 106) per ml were plated on 11-mm
cell-culture dishes coated with rat plasma vitronectin
(Sigma, St. Quentin Fallavier, France) and gelatin (0.1%)
and maintained in endothelial basal medium (EGM2; Bio-
Whittaker, Walkersville, MD). BM-MNCs were treated with
or without apocynin (200 �mol/L), NAC (3 mmol/L), or a
p38MAPK inhibitor (LY333351, 10 �mol/L) for 7 days.
Nonadherent cells were then removed and adherent cells
underwent im-munochemical analysis. To detect the up-
take of 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindocarbo-
cyanine-labeled acetylated low-density lipoprotein
(AcLDL-Dil), cells were incubated in medium containing
AcLDL-Dil (Tebu, Le Perray en Yvelines, France) at 37°C
for 1 hour. Cells were then fixed with 2% paraformalde-
hyde and incubated with fluorescein isothiocyanate-
labeled BS-1 lectin (Sigma). Dual-positive staining for
both AcLDL-Dil and BS-1 lectin characterized EPCs. EPC
numbers were counted and expressed in cells per well,
as previously described.5 Five replicates were counted
for each experimental condition. Three independent in-
vestigators evaluated the number of EPCs per well by
counting three randomly selected high-power fields un-
der epifluorescence microscopy. Results are expressed
as percentages of total cell numbers.

BM-MNC Apoptosis Measurement

BM-MNCs were incubated with tumor necrosis factor-�
(10 ng/ml) plus cycloheximide (10 �mol/L) or C2-cer-
amide (100 �mol/L) for 8 hours. BM-MNCs were fixed
with paraformaldehyde for 12 hours at 4°C, stained
with 4,6-diamidino-2-phenylindole (Calbiochem, Paris,
France) for 30 minutes for examination of nuclear mor-
phology by fluorescence microscopy. Total and apopto-
tic nuclei showing condensed chromatin and fragmented
nuclear bodies (karyorrhexis, pyknosis) were counted in
five random fields per treatment, totaling a minimum of
150 cells in each of three independent experiments. Re-
sults are presented as percentage of apoptotic cells.
Alternatively, cell death was assessed by propidium io-
dide DNA staining and fluorescence-activated cell sort-
ing analysis. Fractions of the cell population in the apo-

ptotic G0/G1 and G2/M cell cycle phases were evaluated
and expressed in percentages.

Immunohistochemistry

Frozen tissue sections (7 �m) were incubated with rabbit
polyclonal anti-nitrotyrosine antibody (dilution of 1/50) to
evaluate 3-nitrotyrosine formation as a biomarker for in
vivo nitration. To account for variables including hetero-
geneity of ROS levels, three different sections were per-
formed at three different levels of gastrocnemius muscle
for each animal. In addition, we compared the number of
nitrotyrosine-specific stainings between the three differ-
ent levels for each animal. Using one-way analysis of
variance, we did not observe any statistical differences in
the experimental group. Immunostains were visualized
by fluorescence microscopy and then analyzed in ran-
domly chosen fields (five fields per section) of a defined
area with Histolab software.

Figure 1. a: Top: Representative photomicrographs of ischemic (Isch) and
nonischemic (NIsch) gastrocnemius muscle sections from control (Cont) and
diabetic (Diab) mice, 7 days after onset of ischemia. There is increased
immunostaining for 3-nitrotyrosine. Bottom: Quantitative analysis of immu-
nostaining with the anti-nitrotyrosine antibody. b: Left: Quantitative analysis
of ROS levels in ischemic muscle from control (Cont) and diabetic mice
(Diab) in presence or absence of DPI or apocynin (APO) during the lumi-
nescence assay. Right: Quantitative analysis of ROS levels in ischemic and
nonischemic control and diabetic gastrocnemius of mice treated in vivo with
NAC or dominant-negative Rac1(dnRac1) or empty pCAG plasmid (pCAG)
or in gp91phox-deficient mice (gp91�/�). Values are mean � SEM, n � 6 per
group. *P � 0.05 nonischemic controls; †P � 0.05, ††P � 0.01 versus ischemic
controls; �P � 0.05, ��P � 0.01 versus nonischemic diabetics; #P � 0.05,
##P � 0.01 versus ischemic diabetics.
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Luminescence Assay

Tissue and cellular ROS levels, reflecting a balance be-
tween oxidant production and removal by endogenous
antioxidants, were also quantified using L-012 as de-
scribed recently.22,23 Gastrocnemius muscle and BM-
MNCs were lysed in 50 mmol/L Tris buffer (pH 7.5)
containing protease inhibitors (Boehringer-Mannheim,
Mannheim, Germany) and centrifuged at 10,000 � g for
15 minutes at 4°C. Supernatants were then incubated
with L-012 100 �mol/L (Wako, Neuss, Germany) with or
without diphenylene iodonium (DPI; 30 �mol/L) or apoc-
ynin (1 mmol/L). The same part of the gastrocnemius
muscle was used in the different treated groups. Lumi-
nescence was counted (Topcount NXT; Perkin Elmer)
during 20 seconds after a 10-minute interval, allowing for
the plates to become dark-adapted.

Statistical Analysis

Results were expressed as mean � SEM. One-way anal-
ysis of variance was used to compare each parameter.
Comparisons between groups were performed using
post hoc Bonferroni t-test when the analysis of variance
test was statistically significant. P � 0.05 was considered
significant.

Results

Changes in ROS Levels and NADPH Oxidase
Subunit Protein Expression

In control animals, 7 days of ischemia raised 3-nitroty-
rosine-positive staining in hindlimb muscle (Figure 1a).
These results were substantiated by L-012 luminescence
demonstrating that ischemia enhanced ROS levels in
control animals (Figure 1b). Treatment with DPI or apoc-
ynin impaired ischemia-induced increase in ROS levels
(P � 0.01 and P � 0.05 for DPI and apocynin treatment,
respectively; Figure 1b). Although the experiments with
DPI and apocynin are suggestive, we used gp91phox-
deficient mice to obtain more definitive evidence and
showed that ischemia-induced up-regulation of ROS lev-
els was abrogated in this setting (Figure 1b). Taken to-
gether, these results suggest that ischemia activates
NADPH oxidase-dependent ROS synthesis. In diabetic
mice, ROS accumulation in ischemic tissue was further
up-regulated by 1.8-fold compared to control animals

Figure 2. Representative Western blot and quantitative evaluation of NADPH
oxidase subunit protein levels in ischemic and nonischemic tissues from
control (Cont) and diabetic (Diab) animals, expressed as mean � SEM, n �
6 per group. *P � 0.05, **P � 0.01, ***P � 0.001 versus nonischemic controls;
†P � 0.05 versus ischemic controls.

Figure 3. Quantitative evaluation of microangiography (a), capillary density
(b), and foot perfusion (c) in control and diabetic animals, 21 days after
ischemia. Cont, untreated control animals; Cont 	 NAC, control animal
treated with NAC; Cont gp91�/�, control animal lacking gp91phox; Diab,
untreated diabetic animals; Diab 	 NAC, diabetic animal treated with NAC;
Diab gp91�/�, diabetic animal lacking gp91phox; Diab 	 dnRac1, diabetic
animal treated with plasmid encoding for Rac1 dominant-negative; Diab 	
pCAG, diabetic animal treated with empty plasmid; Diab 	 NAC 	 anti-Flk-1,
diabetic animal co-treated with NAC and neutralizing antibody directed
against VEGF receptor type 2, Flk-1. *P � 0.05, **P � 0.01 versus untreated
wild-type controls; †P � 0.05, ††P � 0.01 versus diabetic wild-type animals;
�P � 0.05 versus diabetic animals treated with NAC.
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(P � 0.01 versus ischemic control; Figure 1b). Treatment
with NAC and dominant-negative Rac-1 or gp91phox de-
ficiency abrogated ischemia- and diabetes-induced in-
creases in ROS (Figure 1, a and b).

The increase in ROS was associated with variations in
protein levels of NADPH oxidase subunits. In control
animals, gp91phox and p67phox protein levels were up-
regulated by 2.9-fold and 1.7-fold, respectively, when
compared to nonischemic controls (P � 0.01 and P �
0.05, respectively). p47phox and Rac1 protein levels also
tended to be increased, but this did not reach statistical
significance (Figure 2). In diabetic mice, gp91phox and
Rac1 protein levels were further increased by 1.4- and
1.3-fold in diabetic ischemic hindlimbs compared to isch-
emic controls (P � 0.05; Figure 2). In contrast, p47phox

and p67phox protein content was decreased in diabetic
ischemic muscles in reference to ischemic control ani-
mals (P � 0.05; Figure 2). Taken together, these results
indicate an up-regulation of gp91phox and Rac1 protein
content and increased ROS levels in diabetic ischemic
muscles.

NADPH Oxidase Blockade Restored
Postischemic Neovascularization in Diabetic
Mice

We next assessed the role of ROS and NADPH oxidase
activity in postischemic vessel growth 21 days after isch-
emia. In control animals, neovascularization was im-
paired by NAC administration, or the absence of
gp91phox, as revealed by the 40% decrease in angio-
graphic scores, the 43% decrease in capillary density,
and the 40% reduction in foot Doppler perfusion scores
(Figure 3). In diabetic animals, angiography scores, cap-

illary density, and foot perfusion were decreased by 40%,
60%, and 43%, respectively, compared to control ani-
mals (Figure 3). The scavenging of ROS by NAC admin-
istration or the inhibition of ROS generation by gp91phox

deficiency or administration of dominant-negative Rac1
restored postischemic neovascularization in diabetic an-
imals to control levels (Figure 3). Hence, reduction in
ROS levels restored vessel growth in diabetic ischemic
leg whereas it impaired neovascularization in control
ischemic tissue.

Figure 4. Representative Western blot (a) and quantitative evaluation of
VEGF-A protein levels in ischemic and nonischemic tissues (b), 21 days after
ischemia. Cont, untreated control animals; Cont 	 NAC, control animal
treated with NAC; Cont gp91�/�, control animal lacking gp91phox; Diab,
untreated diabetic animals; Diab 	 NAC, diabetic animal treated with NAC;
Diab 	 dnRac1, diabetic animal treated with plasmid encoding for Rac1
dominant-negative; Diab gp91�/�, diabetic animal lacking gp91phox. Values
are mean � SEM, n � 6 per group. *P � 0.05, ***P � 0.001 versus untreated
wild-type controls; †P � 0.05, ††P � 0.01 versus diabetic wild-type animals.

Figure 5. Representative Western blot (a) and quantitative evaluation (b) of
NADPH oxidase subunit protein levels in control and diabetic BM-MNCs.
Values are mean � SEM, n � 6 per group. *P � 0.05, **P � 0.01 versus
control BM-MNCs. c: Quantitative evaluation of BM-MNC-derived ROS using
luminescence assay. Values are mean � SEM, n � 5 per group. *P � 0.05,
**P � 0.01 versus control BM-MNCs, †P � 0.05, ††P � 0.01 versus diabetic
BM-MNCs.
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NADPH Oxidase Inhibition Restored VEGF-A
Protein Expression in Diabetic Mice

We sought to determine the molecular and cellular path-
ways affected by diabetes-induced oxidative stress.
VEGF-A signaling represents a critical rate-limiting step
in both physiological and pathological angiogenesis. In
control mice, VEGF-A protein levels were decreased by
25% in NAC-treated animals and gp91phox-deficient mice
compared to control mice (P � 0.05; Figure 4). In dia-
betic mice, VEGF-A levels were reduced by 60% in isch-
emic tissues compared to ischemic control hindlimbs
(P � 0.001; Figure 4). Interestingly, VEGF-A protein con-
tents were significantly increased by 2.5-, 2.0-, and 2.7-
fold in diabetic animals treated with NAC or dominant-
negative Rac1 and in gp91phox-deficient diabetic mice,
respectively, compared to untreated diabetic mice (Fig-
ure 4). In addition, co-treatment with anti-Flk-1 abrogated
NAC-related effects suggesting that VEGF-A up-regula-
tion participates in the restoration of vessel growth in
NAC-treated diabetic mice (Figure 3).

NADPH Oxidase Inhibition Restored Postnatal
Vasculogenesis in Diabetic Animals

We finally evaluated the effects of diabetes-induced in-
creased ROS on the ability of BM-MNCs to stimulate
neovascularization. Protein expression of NADPH oxi-
dase subunits was detected in control BM-MNCs. Their
levels were up-regulated in diabetic versus control BM-
MNCs (Figure 5a). ROS levels were also increased by
2.3-fold in diabetic BM-MNCs compared to control BM-
MNCs (P � 0.01; Figure 5b). Treatment with NAC or
deficiency in gp91phox reduced ROS levels in both con-
trol and diabetic cells.

NADPH Oxidase Inhibition Restored the
Proangiogenic Potential of Diabetic BM-MNCs

The proangiogenic potential of BM-MNCs isolated from
control mice treated with NAC or gp91phox-deficient mice
was lower than that observed with BM-MNCs isolated
from control mice. However, this difference did not reach
statistical significance (Figure 6). In contrast, transplan-
tation of BM-MNCs isolated from diabetic mice treated
with NAC improved the angiography score by 1.6-fold,
capillary numbers by 1.4-fold, and foot perfusion by 1.5-
fold greater than BM-MNCs isolated from untreated dia-
betic animals (Figure 6). Similarly, injection of BM-MNCs
isolated from gp91phox-deficient diabetic mice improved
the angiography score by 1.7-fold, capillary numbers by
1.4-fold, and foot perfusion by 1.6-fold, compared to
BM-MNCs isolated from untreated diabetic animals
(Figure 6).

NADPH Oxidase Inhibition Restored BM-MNC
Differentiation into Endothelial Progenitor Cells
in Vitro

We could not detect any significant difference in percent-
ages of apoptotic cells in control and diabetic animals,
suggesting that major alterations in BM-MNC apoptosis
were not a significant cause of diabetes-induced BM-
MNC dysfunction (Figure 7). Treatment of BM-MNCs iso-
lated from control animals with NAC and apocynin re-
duced the number of DilLDL/BS1 lectin double-positive
cells (Figure 8a) suggesting that low levels of ROS may
facilitate BM-MNC differentiation into EPCs. The ability of
diabetic BM-MNCs to differentiate into EPCs was mark-
edly reduced, as revealed by the 66% reduction in num-

Figure 6. Representative photomicrographs and quantitative evaluation of microangiography (a), capillary density (b, capillary appears in white, arrows
indicating representative examples of fibronectin-positive capillaries), and foot perfusion (c), 10 days after ischemia and cell transplantation. In this set of
experiments, control animals received BM-MNCs from control mice (Cont), control mice treated with NAC (Cont 	 NAC), gp91phox-deficient control mice (Cont
gp91�/�), diabetic mice (diab), diabetic mice treated with NAC (diab 	 NAC), gp91phox-deficient diabetic mice (diab gp91phox�/�). *P � 0.05 versus control
animals receiving control BM-MNCs. †P � 0.05, ††P � 0.01 versus control animals receiving diabetic BM-MNCs.

Figure 7. a: Quantification (top) and representative photomicrographs
(bottom) of control and diabetic BM-MNC apoptosis after incubation with
tumor necrosis factor-� (10 ng/ml) plus cyclohexamide (CHX) or C2-cer-
amide for 8 hours. BM-MNCs were fixed and stained with 4,6-diamidino-2-
phenylindole. Arrows indicate apoptotic nuclei showing condensed chro-
matin or fragmented nuclear bodies. b: Quantification of control and diabetic
BM-MNC apoptosis assessed by propidium iodide DNA staining and fluores-
cence-activated cell sorting analysis. Fractions of the cell population in the
apoptotic G0/G1 and G2/M cell cycle phases were evaluated and expressed
in percentages.
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bers of DilLDL/BS1 lectin-positive cells (Figure 8a). Treat-
ment with NAC and apocynin restored the percentage of
diabetic double-positive cells to control BM-MNC levels
(Figure 8a). This effect is likely related to changes in

p38MAPK phosphorylation. Indeed, p38MAPK plays a
pivotal role in the signal transduction pathways that reg-
ulate numbers of EPCs ex vivo.24 Diabetes increased
p38MAPK phosphorylation by twofold in BM-MNCs (P �
0.01). NAC treatment reduced p38MAPK phosphoryla-
tion by 44% in diabetic cells. p38MAPK phosphorylation
was also decreased by 45% in diabetic gp91phox-defi-
cient cells (Figure 8c). Furthermore, p38MAPK inhibition
with LY333351 improved the number of diabetic DilLDL/
BS1 lectin-positive cells (Figure 8a), suggesting that the
decreased differentiation of diabetic BM-MNCs into EPCs
is mediated by enhanced p38MAPK phosphorylation re-
sulting from increased ROS levels.

Discussion

This study show that diabetes-induced increases in ROS
levels impairs postischemic neovascularization and
blockade of oxidative stress in the setting of diabetes
restores key pathways involved in angiogenesis, such as
VEGF-A signaling, and postnatal vasculogenesis.
NADPH oxidase activity and ROS production mediate
angiogenesis in both cultured cells and in vivo models of
neovascularization.13,14 A recent study also shows that
vessel growth in ischemic hindlimbs is significantly ham-
pered in mice lacking gp91phox.15 We could confirm
these previous studies, because we found that NAC ad-
ministration and gp91phox deficiency reduced postisch-
emic neovascularization. We could extend those obser-
vations showing that this effect of ROS is likely associated
with impairment in VEGF-A signaling and the ability of
BM-MNCs to differentiate into EPCs.

We found that ROS levels were higher in diabetes, in
association with the up-regulation of gp91phox and Rac1
expression. However, down-regulation of p47phox and
p67phox is puzzling and does not fit with the increase in
ROS levels in ischemic diabetic tissue. One may specu-
late that the time course of ischemia-induced p47phox

and p67phox protein regulation may differ from that ob-
served for gp91phox or Rac-1. Alternatively, the down-
regulation of p67phox and p47phox may counterbalance
the rise in gp91phox and Rac-1 protein levels and limit
ROS overproduction in diabetic tissue. Nevertheless,
previous studies show evidence that NADPH oxidase
activity and expression are significantly increased in di-
abetic tissue.16,18 Antioxidant defense capacity is re-
duced in animal models of diabetes, and this can also
contribute to diabetes-induced oxidative stress.25 We
showed here that blockade of NADPH oxidase activity or
the scavenging of ROS restores postischemic neovascu-
larization in diabetes. This effect is related to an up-
regulation of major proangiogenic factors such as VEGF-
A.3,19,26 We also demonstrated that diabetes-induced
increases in ROS enhanced p38MAPK phosphorylation
in BM-MNCs, reduced BM-MNC differentiation into EPCs
in vitro, and impaired their proangiogenic potential in vivo.
Similarly, diabetes has been shown to activate p38MAPK
in vascular cells via PKC-dependent and -independent
pathways.27 Furthermore, p38MAPK activation is known
to down-regulate EPC proliferation and differentiation.24

Figure 8. a: Top: Representative images of EPCs derived from BM-MNCs of
diabetic mice treated or not with NAC, after 7 days of culture. EPCs were
characterized as adherent cells with double-positive staining for AcLDL-Dil
and BS-1 lectin. Bottom: Quantification of AcLDL-Dil and BS-1 lectin-posi-
tive cells derived from control and diabetic BM-MNCs treated or not with
oxidative stress inhibitors NAC (NAC), apocynin (Apo), or with p38MAPK
inhibitor, LY333351 (LY). Values are mean � SEM, n � 5 per group. *P �
0.05,**P � 0.01, versus control BM-MNCs, †P � 0.05 versus diabetic BM-
MNCs. b: Representative Western blot and quantitative evaluation of phos-
pho p38, p38, and actin protein levels in control BM-MNCs (cont) and
diabetic BM-MNCs (diab) treated with or without NAC or isolated from
gp91phox-deficient mice. Values are mean � SEM, n � 5 per group. *P � 0.05
versus control BM-MNCs, †P � 0.05 versus diabetic BM-MNCs. c: Represen-
tative Western blot of phospho p38 and p38 in control BM-MNCs (cont) and
diabetic BM-MNCs (diab) treated with or without LY333351 showing inhibi-
tion of p38 phosphorylation by LY333351.
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Taken together, our results suggest that increased oxi-
dative stress constitutes an underlying pathogenic mech-
anism that affects both angiogenesis and vasculogenesis
in the setting of diabetes. In addition, this study supports
the concept that the effects of ROS on vascular function
depend critically on the amounts present. In low amounts
under physiological conditions, ROS can act as intracel-
lular second messengers, modulating proangiogenic
pathways such as VEGF-A signaling and postnatal vas-
culogenesis. Conversely, higher amounts of ROS can
bear negatively on vessel growth.7,8,28,29 Nevertheless,
because gp91phox and Rac-1 may have multiple roles in
nonphagocytic cells, one cannot exclude the possibility
that gp91phox and Rac-1 may modulate neovasculariza-
tion through ROS-independent related pathways.

Because ROS are involved in numerous signaling
pathways, the mechanisms by which they may affect
neovascularization are potentially diverse. A consider-
able body of evidence implicates oxidative stress as an
important pathogenic element in diabetic endothelial
dysfunction.30 The chronic treatment of diabetic animals
with NAC improved or normalized endothelium-depen-
dent responses.31 Alternatively, increased superoxide
production by NADPH oxidase likely reduces NO bioac-
tivity by scavenging or through uncoupling of endothelial
nitric oxide synthase and may also lead to the formation
of other signaling species such as peroxynitrite.16,18 In
keeping with this, we found increased 3-nitrotyrosine
staining in ischemic muscles, consistent with increased
levels of nitrating species. Changes in NO signaling
might contribute to alterations in postischemic neovascu-
larization because NO is known to mediate BM-MNC
mobilization and differentiation, as well as basal neovas-
cularization reaction.32,33

In conclusion, this study reports for the first time that
diabetes-induced increases in NADPH oxidase-derived
ROS reduces postischemic neovascularization through
the inhibition of proangiogenic pathways and impaired
postnatal vasculogenesis. Our results also highlight the
concept that inhibition of this oxidative stress might be a
potential therapeutic avenue to promote neovasculariza-
tion in the setting of diabetes.
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