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Bone marrow-derived mononuclear cells (BMMNCs)
enhance postischemic neovascularization, and their
therapeutic use is currently under clinical investiga-
tion. However, cardiovascular risk factors, including
diabetes mellitus and hypercholesterolemia, lead to
the abrogation of BMMNCs proangiogenic potential.
NO has been shown to be critical for the proangio-
genic function of BMMNCs, and increased endothelial
NO synthase (eNOS) activity promotes vessel growth
in ischemic conditions. We therefore hypothesized
that eNOS overexpression could restore both the im-
paired neovascularization response and decreased
proangiogenic function of BMMNC s in clinically rele-
vant models of diabetes and hypercholesterolemia.
Transgenic eNOS overexpression in diabetic, athero-
sclerotic, and wild-type mice induced a 1.5- to 2.3-fold
increase in postischemic neovascularization com-
pared with control. eNOS overexpression in diabetic
or atherosclerotic BMMNCs restored their reduced
proangiogenic potential in ischemic hind limb. This
effect was associated with an increase in BMMNC abil-
ity to differentiate into cells with endothelial pheno-
type in vitro and in vivo and an increase in BMMNCs
paracrine function, including vascular endothelial
growth factor A release and NO-dependent vasodila-
tion. Moreover, although wild-type BMMNCs treat-
ment resulted in significant progression of athero-
sclerotic plaque in ischemic mice, eNOS transgenic
atherosclerotic BMMNCs treatment even had anti-
atherogenic effects. Cell-based eNOS gene therapy
has both proangiogenic and antiatherogenic effects

Therapy

and should be further investigated for the develop-
ment of efficient therapeutic neovascularization de-
signed to treat ischemic cardiovascular disease. (4m
J Patbol 2011, 178:55—60; DOI: 10.1016/j.ajpath.2010.11.043)

To prevent or treat ischemic diseases, therapeutic neovas-
cularization, the stimulation of tissue vascularization after
ischemia, has recently progressed from the bench to the
bedside. Strategies include transplantation of angiogenic
bone marrow-derived mononuclear cells (BMMNCs) or
gene transfer for systemic or local up-regulation of proan-
giogenic proteins. Clinical studies have demonstrated the
safety, feasibility, and efficacy of intracoronary and intra-
muscular infusion of adult BMMNCs in patients with periph-
eral arterial disease, acute myocardial infarction, and isch-
emic cardiomyopathy.’?

However, despite the excitement surrounding the pos-
sible clinical use of BMMNCs, in atherosclerosis, diabe-
tes mellitus, and other risk factors for cardiovascular dis-
eases the availability of bone marrow and progenitor cells
is reduced and their function impaired to varying de-
grees.”? Moreover, the safety of BMMNCs treatment has
been questioned by studies that found an increase in
atherosclerotic plaque size after BMMNCs treatment.®
This potentially hazardous dual effect of therapeutic neo-
vascularization on atherogenesis is explained by the
many common pathways of both mechanisms and has
been named the Janus phenomenon.*

Impaired bioavailability of NO is a hallmark in patients
with cardiovascular disease. Moreover, the enzyme endo-

Supported by grants from Stichting Lijf en Leven (R.d.C), Breedtestrat-
egie Erasmus MC (R.d.C.); by The Netherlands Organization for Health
Research and Development (AGIKO stipend 920-0-291) (B.M.); by Prof.
Michaél van Vloten Fund (B.M.); by Leducq Foundation network of excel-
lence; and by Fondation de France (J.-S.S.).

Accepted for publication September 21, 2010.

Address reprint requests to Jean-Sébastien Silvestre, Ph.D, INSERM
U970, Paris Cardiovascular Research Center — PARCC, Université Paris
Descartes, UMR-S970, Paris, 56 rue Leblanc, 75737 Paris cedex 15,
France. E-mail: Jean-Sebastien.Silvestre@inserm.fr.

55


mailto:Jean-Sebastien.Silvestre@inserm.fr

56 Mees et al
AJP January 2011, Vol. 178, No. 1

thelial NO synthase (eNOS) has also been shown to be
essential for neovascularization. It has a key regulatory
function in endothelial cell growth,® vascular remodeling,®
angiogenesis,” and vasodilation® and plays a crucial role
in the functional activity of BMMNCs.®'° Thus, impaired
bioavailability of NO may significantly contribute to the im-
paired neovascularization response to ischemia in athero-
sclerosis or diabetes. Therefore, using homebred trans-
genic mice overexpressing human eNOS,™" the purposes
of the present study were to evaluate whether eNOS gene
therapy would be able to improve the postischemic neo-
vascularization response in diabetes and atherosclerosis
and to restore the impaired proangiogenic potential of
BMMNCs without causing simultaneous detrimental pro-
atherogenic effects, overcoming the Janus phenomenon.

Materials and Methods
Mice

The experimental protocol was approved by the Animal
Experiments Committee under the national Experiments
on Animals Act and adhered to the rules laid down in this
national law that serves the implementation of the Guide-
lines on the Protection of Experimental Animals by the
Council of Europe (1986) (directive 86/609/EC). C57BL/6
and apolipoprotein E-deficient (ApoE KO) transgenic
mice overexpressing the human eNOS gene under reg-
ulation of the human eNOS promoter were obtained, as
previously described.’” Mice were backcrossed to
C57BI6 for at least 10 generations (>96% C57BI6). To
induce diabetes, 8-week-old mice were injected intra-
peritoneally with 40 mg/kg of streptozotocin (Sigma-Al-
drich Corp, St. Louis, MO) in 0.05 mol/L sodium citrate,
pH 4.5, daily for 5 days.'® Mice were treated with or
without NO synthase inhibitor N(G)-nitro-L-arginine
methyl ester (10 mg/kg/day in the drinking water; Sigma).

Hind Limb Ischemia Model and Quantification of
Neovascularization

Mice underwent surgery to induce unilateral hind limb
ischemia, as previously described.'® A total of 1 x 10°
freshly isolated BMMNCs were intravenously injected 24
hours after femoral artery ligation. Two weeks after liga-
tion, postischemic neovascularization was evaluated by
laser Doppler imaging and microangiography, as previ-
ously described.’

Atherosclerosis

Plasma cholesterol levels were measured, and athero-
sclerotic plague lesion size and composition in the aortic
root were evaluated by immunohistochemistry, as previ-
ously described.®

NO and ROS Production

NO production in BMMNCs was assessed by measuring
intracellular nitrosation of NO-sensitive fluorochrome 4,5-

diaminofluorescein diacetate (Enzo Life Sciences Inter-
national Inc., Plymouth Meeting, PA). Briefly, BMMNCs
were incubated with 10 umol/L 4,5-diaminofluorescein
diacetate for 180 minutes (37°C). Exposure to light was
avoided as far as possible throughout experimentation.
At 180 minutes, supernatants were removed and cells
were washed in fresh 4,5-diaminofluorescein diac-
etate-free buffer followed by immediate FACS analysis.
A FACSCalibur analyzer (BD, Franklin Lakes, NJ) was used
to quantify fluorescence (excitation wavelength:, 488 nm;
emission wavelength, 530 nm) at the single-cell level, and
data were analyzed using Cellquest version 3.3 (BD)
software. Cellular reactive oxygen species (ROS) levels,
reflecting a balance between oxidant production and re-
moval by endogenous antioxidants, were also quantified
using L-012 as described recently.'? BMMNCs were ly-
sed in 50 mmol/L Tris buffer (pH 7.5) containing protease
inhibitors (Boehringer Ingelheim GmbH, Ingelheim am
Rhein, Germany) and centrifuged at 10,000 X g for 15
minutes at 4°C. Supernatants were then incubated with
100 mmol/L L-012 (Wako Chemical USA Inc., Richmond,
VA). Luminescence was counted (Topcount NXT; Perkin
Elmer, Waltham, MA) during 20 seconds after a 10-
minute interval allowing for the plates to become adapted
to the dark.

Growth Factor Assay

After isolation of adherent cells in cell cultures, culture
medium was collected and analyzed for vascular endo-
thelial growth factor A (VEGF-A) by enzyme-linked immu-
nosorbent assay (R&D Systems Inc, Minneapolis, MN).

Measurement of Arterial Diameter in Isolated
Femoral Arteries

After 24 hours of ischemia, ischemic femoral arteries from
control animals were isolated and cannulated at both ex-
tremities in a video-monitored perfusion system (arterio-
graph; Living Systems Instrumentation, Burlington, VT). A
total of 0.5 X 10° BMMNCs from wild-type (WT), eNOS
transgenic control, and diabetic or hypercholesterolemic
mice were then perfused, as earlier described.®

Isolation and Incorporation of BMMNCs

Bone marrow cells were obtained by flushing tibiae and
femora of donor mice. Low-density BMMNCs were then
isolated by density gradient centrifugation with Ficoll.
BMMNCs were plated at a density of 1 x 10° cells/cm? on
24-well plates (Nalge Nunc International, Rochester, NY)
coated with 10 ug/ml of fibronectin (Sigma) and cultured up
to 7 days in M199 medium supplemented with 20% fetal
bovine serum (Invitrogen), 0.05 mg/ml of bovine pituitary
extract (Invitrogen), antibiotics, and 10 U/ml of heparin (Leo
Pharma BV, Breda, The Netherlands). Nonadherent cells
were then removed and adherent cells were analyzed by
immunochemical assay with Dil-labeled acetylated low-
density lipoprotein (Dil-LDL; Molecular Probes, Eugene,
OR), fluorescein isothiocyanate-labeled Bandeiraea simplici-



folia lectin (BS-1 lectin; Sigma), goat anti-eNOS (Santa Cruz
Biotechnology Inc., Santa Cruz, CA), and subsequently rab-
bit anti-goat Alexa fluor 594. Endothelial cell phenotype
was revealed by double positive staining for both Dil-
LDL and BS-1 lectin and both eNOS and BS-1 lectin.
These double-positive cells were negative for the
monocytic marker CD45 (data not shown). Cell num-
bers were counted and expressed in cells per field.
Three fields from each culture were counted.

To demonstrate incorporation of BMMNC-derived en-
dothelial cells into ischemic muscles, green Alexa fluor
546-labeled BMMNCs (1 X 10° cells/100 ulL of PBS) were
intravenously administered 24 hours after induction of
hind limb ischemia. The gastrocnemius muscles were
harvested 4 days after injection of BMMNCs. Incorpo-
rated BMMNCs were detected by immunostaining with a
biotinylated isolectin B4 (Sigma) followed by incubation
with rhodamine red streptavidin (Jackson ImmunoRe-
search Laboratories Inc., West Grove, PA). The number
of infiltrating cells was also evaluated using green Alexa
fluor 546-labeled BMMNCs isolated from WT or eNOS
transgenic mice. Two days after BMMNCs injection, the
ischemic gastrocnemius muscles were harvested,
weighed, minced, and digested in 450 U/ml of collage-
nase |, 125 U/ml of collagenase XI, 60 U/ml of DNAsel,
and 60 U/ml of hyaluronidase (Sigma-Aldrich) for 1 hour
at 37°C. Cell suspensions were layered on Histopaque
1083 (Sigma-Aldrich) for gradient density centrifugation.
In the mononuclear cells fraction, the number of cells
being green Alexa fluor 546/DAPI* was then evaluated
on a LSRII Flow Cytometer (BD) with the FACSDiva soft-
ware (BD).

Statistical Analysis

Statistical analysis was performed using Student’s t-
test or 1-way analysis of variance, followed by post
hoc analysis, as appropriate. Data are reported as
mean *= SEM. Statistical significance was accepted
when P < 0.05.

Results

eNOS Overexpression Is Proangiogenic

Postischemic hind limb neovascularization was im-
paired in diabetic mice and ApoE KO mice compared
with WT mice, demonstrated by a 1.3-fold decreased
foot perfusion and vessel density (P < 0.05, Figure 1A).
eNOS overexpression in the endothelium of diabetic
mice and ApoE KO mice resulted in an increase in foot
perfusion and vessel density (P < 0.001), reaching
above WT levels. Endothelial eNOS overexpression in
WT mice resulted in the strongest neovascularization
response (1.5- to 1.7-fold increase compared with WT
controls; P < 0.001). Of interest, treatment with the
NOS inhibitor N(G)-nitro-L-arginine methyl ester abro-
gated postischemic vessel growth in mice overex-
pressing eNOS, underscoring the role of NO in the
observed protective effects.
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Figure 1. A: eNOS overexpression increases postischemic neovasculariza-
tion. Quantification of foot perfusion (upper) measurements by laser Dopp-
ler imaging and vessel density measurements by microangiography (lower).
Values are mean *= SEM; n = 10. *P < 0.05 versus WT control mice, TP <
0.01 and P < 0.001 versus WT mice, and P < 0.001 versus eNOS
transgenic mice. B: Bone marrow eNOS overexpression restores the proan-
giogenic effect on postischemic neovascularization. Quantitative evaluation
(upper) of foot perfusion by laser Doppler imaging and vessel density
measurements by microangiography (lower). Values are = SEM; n = 10.
*P < 0.05 and ***P < 0.001 versus PBS-treated mice, *P < 0.05 and P < 0.01
versus mice receiving WT BMMNCs, P < 0.01 versus diabetic mice receiving
diabetic BMMNC, and %P < 0.01 and P < 0.001 versus ApoE KO mice
receiving ApoEKO BMMNCs.

The role of eNOS overexpression on cell-based thera-
peutic neovascularization was evaluated by intravenous
transplantation of different BMMNCs after induction of
ischemia in WT, diabetic, and ApoE KO recipient mice. In
WT recipient mice, transplantation of WT BMMNCs and
eNOS transgenic BMMNCs resulted in a comparable 1.3-
to 1.9-fold increase in foot perfusion and vessel density
compared with saline (P < 0.01, Figure 1B). In diabetic
mice, diabetic BMMNC transplantation did not improve
neovascularization response. Conversely, administration
of WT BMMNCs increased vessel growth in the diabetic
ischemic area but to a lesser extent than that of eNOS
transgenic BMMNCs. Interestingly, eNOS transgenic di-
abetic BMMNC transplantation resulted in a significant
1.3- to 1.5-fold increase in postischemic neovascular-
ization and reached WT BMMNCs levels compared
with saline and diabetic BMMNCs (P < 0.01). Similarly,
eNOS overexpression restored the therapeutic poten-
tial of ApoE KO BMMNCs.
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Differentiation of eNOS Overexpressing BMMNCs

Western blot analysis of BMMNCs confirmed an in-
creased presence of eNOS protein in eNOS transgenic
BMMNCs (P < 0.05, Figure 2A). Concordantly, NO pro-
duction by eNOS transgenic BMMNCs was significantly
elevated compared with control BMMNCs (P < 0.05,
Figure 2B). We also showed that BMMNC-derived ROS
were up-regulated in diabetic and ApoE KO BMMNCs, as
previously described.’® However, eNOS overexpression
did not affect ROS levels (Figure 2B).
Immunohistochemical analysis of BMMNCs cultured in
endothelial-specific medium demonstrated a significant in-
crease in BMMNCs differentiation into cells with endothelial
phenotype of eNOS transgenic BMMNCs compared with

WT Diab BMMNC

lectin and Dil-LDL (upper) or BS-1 lectin and
eNOS (lower), regarding the cells with the en-
dothelial phenotype. D: Representative images
of BMMNC cultures. Arrows indicate double
positive cells with endothelial phenotype for
Dil-LDL (red) and BS-1 lectin (green) or eNOS
(red) and BS-1 lectin, respectively. Nuclei were
stained with DAPI (blue). E: Quantitative evalu-
eNOStg Diab ation of the number of infiltrating BMMNCs in
BMMNC the ischemic area. BMMNCs were isolated from
e WT or eNOS transgenic control, diabetic, and
ApoE KO mice. Two days after BMMNCs injec-
tion in WT mice with hind limb ischemia, the
gastrocnemius muscles were digested and the
number of cells that were green Alexa fluor 546
hi/DAPI™ was then evaluated in the mononu-
clear cells fraction. Quantitative analysis (F) and
representative photomicrographs (G) of incor-
porated BMMNC-derived endothelial cells in his-
tological sections from ischemic skeletal mus-
cles. BMMNCs were stained using Alexa fluor
546 cell tracker (green). Mouse vasculature was
identified by isolectin B4 staining (red). Nuclei
were stained with DAPI (blue). Arrows indicate
incorporated BMMNC-derived endothelial cells.
Values are mean = SEM: n = 4. *P < 0.05 and
#P < 0.01 versus WT BMMNCs, ¥P < 0.05 versus
WT diabetic BMMNCs, and P < 0.05 and P <
0.01 versus ApoE KO BMMNCs.

eNOStg Diab
BMMNC

BMMNCs, revealed by a greater percentage of BS-1 lectin/
Dil-LDL and BS-1 lectin/eNOS double positive cells (P <
0.01, Figure 2, C and D). Similarly, eNOS overexpression
increased the number of incorporated BMMNCs-derived
endothelial cells into capillaries of ischemic muscle (Figure
2, F and G). Conversely, administration of WT or eNOS
transgenic BMMNCs did not affect the number of infiltrating
BMMNCs in the ischemic area (Figure 2E).

Paracrine Effects of eNOS Overexpressing
BMMNCs

BMMNCs are also capable of stimulating neovascular-
ization by secretion of proangiogenic factors. Culture
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Figure 3. eNOS overexpression increases the paracrine potential of
BMMNCs. A: Quantification by enzyme-linked immunosorbent assays of
secretion of VEGF-A in cell culture medium. Values are mean = SEM; n = 4.
P < 0.01 versus WT BMMNCs, *P < 0.05 versus WT diabetic BMMNC, and
TP < 0.01 versus ApoE KO BMMNCs. ND indicates not detected. B: Quanti-
tative evaluation of ischemic femoral artery diameter isolated from control
mice after intraluminal injection of BMMNCs isolated from WT, eNOS trans-
genic control, diabetic, or ApoE KO mice. Values are mean = SEM; n = 10.
*P < 0.05 versus WT, ¥P < 0.05 versus WT diabetic BMMNCs, and TP < 0.05
versus ApoE KO BMMNCs.

medium was collected from BMMNCs differentiation cell
cultures. Using enzyme-linked immunosorbent assay,
quantitative measurements of VEGF-A demonstrated an
increase in VEGF-A secretion in culture medium from
eNOS transgenic BMMNCs compared with WT BMMNCs
(Figure 3A). Finally, because the proangiogenic effects of
BMMNCs also rely on the cells’ ability to modulate vas-
cular function, we assessed BMMNC effects on vascular
diameter in isolated perfused mouse femoral arteries
(238 = 5 um, internal diameter). Intraluminal administra-
tion of BMMNCs induced a rapid vasodilation (internal
diameter increased by 27 = 2 um for 5 X 10° cells/ml).
eNOS transgenic BMMNCs increased vasodilation by
1.7-fold over WT BMMNCs (P < 0.01). Interestingly, WT
diabetic BMMNCs and ApoE KO BMMNCs only slightly
affected vessel diameter, whereas eNOS overexpression
fully restored the vasodilatory potential of diabetic and
ApoE KO BMMNCs (Figure 3B).
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eNOS Overexpression Is Antiatherogenic

Atherosclerotic lesions were analyzed in ApoE KO mice
after induction of hind limb ischemia and subsequent
BMMNCs treatment. Plasma cholesterol levels were sim-
ilar in all groups. Treatment with ApoE KO BMMNCs did
not affect plaque size or composition in contrast with
treatment with WT BMMNCs (60% increase in lesion size,
without differences in composition, P < 0.001; Table 1).
Remarkably, treatment with eNOS transgenic ApoE KO
BMMNCs had an inhibitory effect on plague progression
(44% decrease in lesion size; P < 0.05). Furthermore,
plague composition changed due to eNOS transgenic
ApoE KO BMMNC treatment into a more stable pheno-
type (40% decrease in macrophages, P < 0.05).

Discussion

In the present study, we showed that eNOS overexpres-
sion improved the postischemic neovascularization re-
sponse in healthy, diabetic, and atherosclerotic mice.
Subsequently, eNOS overexpression in bone marrow re-
paired the decreased proangiogenic functional activity of
diabetic and atherosclerotic BMMNCs. Finally, the results
of the present study demonstrated a unique combined
proangiogenic and antiatherogenic effect of cell-based
eNOS gene therapy in atherosclerotic mice.

The critical role of eNOS in postischemic neovascular-
ization has been well established. In eNOS-deficient mice
neovascularization is decreased, resulting in severe limb
loss™; in parallel, up-regulation of eNOS activity by
eNOS gene delivery'® or bovine eNOS overexpression'®
enhances postischemic blood flow recovery and limb
function. In our study we confirmed these findings in
healthy mice and extended them to a more clinically
relevant model, the diabetic and atherosclerotic mouse.
eNOS overexpression in diabetic and atherosclerotic
mice induced a strong postischemic neovascularization
response comparable with WT mice. Mechanisms of the
positive neovascularization effects of eNOS up-regulation
included increase in vasodilation,® increase in vessel
density as shown by microangiographic measurements,
and increase in vasculogenesis as a result of restoration
of pathological bone marrow proangiogenic function. In-
deed, the enhanced postischemic neovascularization re-

Table 1. Bone Marrow eNOS Overexpression Has Inhibitory Effects on Atherosclerotic Lesion Size Progression in the Aortic Sinus of

ApoE KO Mice*

eNOS transgenic

ApoE KO ApoE KO
PBS WT BMMNCs BMMNCs BMMNCs
Total cholesterol, mM 13.2*=16 128+ 1.2 119x24 11.4 3.5
Lesion size, um? 108,838 + 14,257 178,257 = 16,687" 110,654 + 13,458 75,125 + 94581+
MOMA2-positive staining, % 283+ 24 34.2 = 3.1 304 =27 20.1 = 1.9™
a-Actin-positive staining, % 9.4 =03 106 = 1.1 11.1=21 10.2+15
Sirius red-positive staining, % 23126 202 *+1.9 243+ 27 25425

MOMAZ2, monocyte/macrophage marker 2.
*Values are expressed as mean = SEM; n = 10.
TP < 0.05 versus PBS.

¥P < 0.05 versus ApoE KO BMMNCs.
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sponse after treatment of ischemic mice with eNOS trans-
genic diabetic or eNOS transgenic ApoE KO BMMNCs
revealed that up-regulation of eNOS repaired the re-
duced proangiogenic function of pathological BMMNCs.
This was further explained by an increased differentiation
into cells with endothelial phenotype and an increase in
their paracrine potential, including VEGF-A release and
NO-dependent vessel dilation.® It is noteworthy that, al-
though no changes in the amount of total eNOS protein
were observed, NO release was decreased in diabetic
BMMNCs compared with nondiabetic control BMMNCs.
Our findings are consistent with prior reports showing
that hyperglycemia and diabetes are associated with im-
paired eNOS functions, at least in part, through inhibition
of eNOS phosphorylation.'”'8

The term Janus phenomenon has been invented for
the dual effect of protein (FGF, MCP-1)-, gene (VEGF,
TNF)-, or cell (BMMNCs, EPC)-based therapeutic angio-
genesis on progression and destabilization of atherogen-
esis.* NO appears to be a possible exception to the
Janus phenomenon because it has established proneo-
vascularization and antiatherogenic effects. However,
these effects have never been investigated at the same
time in the same model. Our study is the first study using
eNOS cell-based gene therapy for the stimulation of post-
ischemic neovascularization and simultaneously focusing
on prevention of supplemental proatherogenic effects. In-
terestingly, WT BMMNC treatment led to increased plaque
size in ischemic atherosclerotic mice, whereas ApoE KO
BMMNC treatment had no effect on lesion size, as pre-
viously described.® However, at the same time, we could
indeed demonstrate an antiatherogenic effect of eNOS
transgenic atherosclerotic BMMNCs, thus blunting the
Janus phenomenon. In our studies, only occasional do-
nor BMMNCs were identified in the atherosclerotic le-
sions, making a physical or local contribution of trans-
planted BMMNCs to plague growth less likely. Another
possible explanation could be the production of chemo-
kines by transplanted BMMNCs; however, we could not
detect any differences in monocyte chemotactic pro-
tein-1 and VEGF blood levels in the different BMMNCs-
treated mice (data not shown). It is likely that the potent
anti-inflammatory effect of eNOS overexpression is the
main responsible factor in the antiatherogenic effect of
eNOS transgenic ApoE KO BMMNC treatment, as de-
scribed previously.'! Definitely, further studies will be
necessary to investigate in more detail not only our inter-
esting observation of the combined proangiogenic and
antiatherogenic potential of eNOS cell-based therapy but
also the complete concept of BMMNCs treatment-in-
duced atherogenesis. Nevertheless, these results imply
that eNOS up-regulation is a promising target for local or
stem cell-based therapeutic neovascularization in pa-
tients with ischemic (cardio)vascular disease.
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