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Improvement of neovascularization capacity of
bone marrow mononuclear cells from diabetic mice
by ex vivo pretreatment with resveratrol

Lu Gan1,2,4, Hirohide Matsuura1,4, Toshihiro Ichiki1,3, Xinhua Yin2, Ryohei Miyazaki1, Toru Hashimoto1,
Juan Cui2, Kotaro Takeda1,3 and Kenji Sunagawa1

Implantation of bone marrow-derived mononuclear cells (BMMCs) is known to accelerate blood flow recovery in a hindlimb

ischemia model in mice. However, the neovascularization capacity of BMMCs from diabetic mice is impaired. Resveratrol,

a natural polyphenolic compound abundant in red wine, is known to extend the lifespan of high cholesterol-fed mice. We tested

whether resveratrol improves the neovascularization capacity of BMMCs from diabetic mice. Diabetes was induced by the

injection of streptozotocin into C57B/6 mice. BMMCs from normal mice and diabetic mice were implanted into the ischemic

limb induced by ligation of the unilateral femoral artery. Blood flow recovery measured by the laser Doppler method was

significantly decreased in mice that received BMMCs from diabetic mice compared with BMMCs from normal mice. However,

ex vivo treatment of BMMCs from diabetic mice, but not from normal mice, with resveratrol for 30min significantly improved

blood flow recovery. Capillary density measured by PECAM-1 positive cells was significantly increased in mice that received

either normal BMMCs or diabetic BMMCs treated with resveratrol. Treatment of BMMCs from diabetic mice with resveratrol

increased mRNA expression of vascular endothelial growth factor and endothelial nitric oxide synthase and decreased production

of reactive oxygen species. Resveratrol improved the impaired neovascularization capacity of BMMCs derived from diabetic mice.

The effects of resveratrol may be due to a reduction of oxidative stress and an induction of angiogenic factors. Resveratrol may

be beneficial by improving the neovascularization capacity of BMMCs in patients with diabetes mellitus.
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INTRODUCTION

The ability of organisms to develop collateral vessels is an important
protective mechanism against ischemia that is also important in
wound repair. Initially, ischemia-induced postnatal neovascularization
was thought to rely exclusively on sprouting, proliferation and
migration of pre-existing mature endothelial cells, a process known
as angiogenesis. However, Asahara et al.1 have shown that CD34-
positive peripheral blood mononuclear cells have the ability to
differentiate into mature endothelial cells, and evidence suggests that
these cells, the so-called endothelial progenitor cells (EPCs), can home
in on ischemic tissues and also contribute to postnatal neovascular-
ization.2

Bone marrow-derived mononuclear cells (BMMCs) are the major
source of EPCs. BMMCs can secrete various proangiogenic factors,

such as vascular endothelial growth factor (VEGF) and angiopoietin-
1, that are critical for the induction of angiogenesis.3 Autologous
implantation of BMMCs improves blood flow recovery of patients
with peripheral arterial occlusive diseases.4 Moreover, recent clinical
trials have reported that implantation of BMMCs or EPCs improved
cardiac function both in ischemic cardiomyopathy5 and after acute
myocardial infarction.6 However, both positive and negative results of
BMMCs therapy on cardiac function after acute myocardial infarction
have been reported.7

Patients with peripheral arterial occlusive disease or ischemic heart
disease frequently have other risk factors for atherosclerosis, such as
diabetes mellitus, hypertension and hyperlipidemia, which reduce the
number and function of EPCs.8 The number of EPCs is decreased in
patients with type 1 diabetes,9 and Tamarat et al.10 have shown that
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the mobilization of BMMCs to the peripheral blood is significantly
impaired in streptozotocin (STZ)-induced diabetic mice, resulting in
an abrogated neovascularization after implantation into an ischemic
hindlimb. Moreover, it has been reported that EPCs from patients
with type 2 diabetes show impaired proliferation, adhesion and tube
formation in a Matrigel assay.11

Resveratrol (trans-3,4,5¢-trihydroxystilbene) is a natural polyphe-
nolic compound abundant in grape skin and red wine. A moderate
intake of red wine is associated with decreased incidence of ischemic
heart disease despite a high-fat diet, a trend called the French
paradox.12,13 The precise mechanisms of cardiovascular protection
by red wine are not completely understood but may be due, at least in
part, to polyphenolic compounds such as resveratrol. For instance,
resveratrol reduces the oxidation of low-density lipoproteins,14 inhi-
bits the proliferation of vascular smooth muscle cells15 and protects
against cigarette smoke-mediated oxidative stress,16 indicating the
anti-atherogenic effects of resveratrol. Resveratrol also increases the
number and activity of EPCs from human peripheral blood as well as
the expression of VEGF,17 suggesting that resveratrol has angiogenic
properties. However, it has also been shown that resveratrol inhibits
VEGF and bFGF-induced angiogenesis.18,19 These data suggest that
the effect of resveratrol on angiogenesis may be context dependent.
Therefore, we investigated whether resveratrol could improve the

neovascularization capacity of BMMCs from diabetic mice. In this
study, we show that the short-term ex vivo treatment of BMMCs from
diabetic mice with resveratrol improved impaired angiogenic activity.

METHODS

Materials
Streptozotocin and resveratrol were purchased from Sigma Chemical Co.

(St Louis, MO, USA). Anti-PECAM1 antibody was purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Dulbecco’s modified Eagle’s

medium was purchased from GIBCO BRL (Carlsbad, CA, USA). Other

chemical reagents were purchased from Wako Pure Chemicals (Osaka, Japan),

unless specified otherwise.

Induction of diabetes
All procedures and animal care practices were approved by the Committee on

Ethics of Animal Experiments, Kyushu University, and were conducted in

accordance with Institutional Guidelines. C57BL/6 mice (4–5 weeks old, Kyudo

Co. Ltd, Saga, Japan) were intraperitoneally injected with 40mg kg�1 of STZ in

0.05M sodium citrate, pH 4.5, daily for 5 days.20 Three days after the last

injection, blood glucose levels were measured through the tail vein. If blood

glucose was less than 162mg per 100ml, the mice received five additional

injections of STZ at the same dosage. Mice with glucose levels more than

200mg per 100ml were considered to be diabetic. In the non-diabetic groups,

mice were injected intraperitoneally with 0.05M sodium citrate. BMMCs were

prepared after waiting for another 4 weeks to establish the diabetic condition.

A murine model of hindlimb ischemia, isolation of BMMCs
and implantation of BMMCs
Unilateral hindlimb ischemia was created in 10-week-old C57BL/6 mice to

which the age of BMMC donor mice was matched.21 After the mice were given

general anesthesia by ether, the left femoral artery was exposed and ligated, and

its branches were dissected and excised. The femoral artery was excised from its

proximal origin as a branch of the external iliac artery to the distal point where

it bifurcates into the saphenous and popliteal arteries. BMMCs were isolated

from the femur and tibiae of 10-week-old normal and diabetic C57BL/6 mice

by flushing the bone marrow cavities followed by density gradient centrifuga-

tion of the marrow.22 Once isolated, BMMCs were incubated with resveratrol

(10 and 100mM) in phosphate-buffered saline (PBS) or PBS alone for 30min.

The doses of resveratrol were chosen on the basis of the activation of SIRT1, a

longevity gene, by resveratrol.23 After centrifugation, the cells were washed once

with PBS and resuspended in PBS. BMMCs (3�106) or PBS were injected at 2

points of the adductor muscle and at 1 point of the quadriceps and gastro-

cnemius muscles of the ischemic hindlimb of normal mice.

Experimental groups
The following four groups were examined: (1) hindlimb ischemia operation in

normal mice followed by PBS injection into ischemic muscles (control; Con),

(2) hindlimb ischemia operation in normal mice followed by implantation of

BMMCs derived from normal mice into ischemic muscles (normal bone

marrow; NB), (3) hindlimb ischemia operation in normal mice followed by

implantation of untreated BMMCs derived from diabetic mice into ischemic

muscles (diabetic bone marrow; DB) and (4) hindlimb ischemia operation in

normal mice followed by implantation of resveratrol-treated (100mM for

30min) BMMCs derived from diabetic mice into ischemic muscles (DB+res-

veratrol; DBR).

Laser Doppler perfusion imaging
Laser Doppler perfusion imaging was performed at days 0, 4, 7 and 14 after

surgery. Excess limb hair was removed by depilatory cream, and mice were

placed on a heating plate at 371C to minimize temperature variation. To reduce

variations owing to ambient light, temperature and experimental procedures,

blood flow was calculated in the foot and expressed as a ratio of ischemic to

non-ischemic leg (Doppler ratio).

Capillary density
After 14 days of femoral artery ligation, all mice were killed. The gastrocnemius

muscles of ischemic and non-ischemic limbs were retrieved, fixed in 10%

buffered formalin, embedded in paraffin and sectioned at a thickness of 5mm
for immunohistochemistry. Blocking was performed with 3% fat-free milk for

1 h at room temperature. The section was incubated with an anti-mouse

PECAM-1 goat monoclonal antibody (dilution 1:500) at 41C followed by

incubation with a rabbit anti-goat IgG antibody labeled by Alexa fluoro 555

(dilution 1:1000, Molecular Probes, Carlsbad, CA, USA). The sections were

then rinsed in PBS three times and observed under a confocal microscope.

Capillary density was analyzed from 15 different fields in three sections of

each mouse under microscopy (�200) and expressed as PECAM-1 positive

cells/high power field.

Real-time PCR
Total mRNA was extracted from BMMCs of all groups with Trizol reagent

(Invitrogen, Carlsbad, CA, USA). Total RNA (2mg) was reverse transcribed to

cDNA with oligo-dT using a reverse transcription kit (Promega, Madison, WI,

USA). Real-time reverse transcription-PCR analysis (Applied Biosystems Inc.,

Foster City, CA, USA; ABI 7500) was carried out with 2ml of cDNA template

using a TaqMan probe (Applied Biosystems Inc.) and b-actin as a reference

control. The sequences for sense, antisense and the specific fluorescent probe

were as follows.

Endothelial nitric oxide synthase (eNOS)-sense: 5¢-CAGGCATCACCAGGA
AGAAGA-3¢, eNOS-antisense: 5¢-GGCCAGTCTCAGAGCCATACA-3¢, eNOS-

P: 5¢-TTGCCTTCACACGCTTCGCC-3¢, VEGF-sense: 5¢-CCCACGACAGAAG
GAGAGCA-3¢, VEGF-antisense: 5¢-GCACACAGGACGGCTTGAA-3¢, VEGF-P:
5¢–CTACTGCCGTCCGATTGAGACCC-3¢, VEGF-R2 sense: 5¢-GCTGTGAA
CGCTTGCCTTAT-3¢, VEGF-R2 antisense: 5¢-CATCTTGACGGCTACTGT
TTTG-3¢, VEGF-R2-P: 5¢-CCAAAAGCGTCTGCCTCAATCAC-3¢.

Measurement of reactive oxygen species production
The level of intracellular reactive oxygen species (ROS) was determined by

measuring oxidative conversion of cell-permeable 2¢,7¢-dichlorofluorescein
diacetate to fluorescent dichlorofluorescein on reaction with cellular oxidants.24

Briefly, after BMMCs were washed by cold PBS (pH 7.4), the cells were

incubated with 10mM 2¢,7¢-dichlorofluorescein diacetate (Beyotime Company,

Haimen, China) in Dulbecco’s modified Eagle’s medium at 371C for 30min in

the dark and then washed three times with cold PBS. The dichlorofluorescein

fluorescence of 1�106 cells was detected by fluorospectrophotometer (970CRT

V2.0, Shanghai, China) analysis at an excitation wavelength of 492 nm and an

emission wavelength of 525 nm.
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Measurement of malon dialdehyde level
Malon dialdehyde (MDA), one of the end products of lipid peroxidation, was

measured by using MDA assay kits (Jiancheng Bioengineering Institute,

Nanjing, China).25 MDA reacts with thiobarbituric acid to form a stable

chromophoric production that can be detected by a spectrophotometer at a

wavelength of 532 nm.26 Briefly, BMMCs (3�106) were washed twice in cold

PBS and homogenized. The homogenate was centrifuged for 10min at

10 000 r.p.m. at 41C, and the supernatant was used for assays according to

the manufacturer’s instructions. The level of MDA was normalized by the

protein concentration of the BMMCs. The results were expressed as nmol MDA

per mg protein.

Measurement of superoxide dismutase activity
Activity of superoxide dismutase (SOD) was determined by using the SOD

assay kits (Jiancheng Bioengineering Institute). The assay for SOD activity was

based on its ability to inhibit the oxidation of hydroxylamine by O2
� produced

from the xanthine–xanthine oxidase system.25 One unit of SOD activity was

defined as the amount that reduced the absorbance at 550nm by 50%. The

supernatant of protein made as described earlier was used for SOD activity

assays according to the manufacturer’s instructions. The activity of SOD was

also normalized by protein concentration of BMMCs, and the results were

expressed as units per mg protein. Protein content was measured using a

bicinchoninic acid assay kit (Beyotime Company).

Statistical analysis
One-way analysis of variance with the Bonferroni post hoc test was used to test

differences between the groups. P-values o0.05 were considered to be

significant. The data are expressed as mean±s.e.m.

RESULTS

Resveratrol increased the neovascularization capacity of BMMCs
derived from diabetic mice
There were no significant differences in body weight, heart rate or
systolic blood pressure among four groups before and after 14 days of
femoral artery ligation and implantation of BMMCs (Table 1).
Figure 1a shows representative results of laser Doppler blood flow

measurements at days 0, 4, 7 and 14 after femoral artery ligation.
Blood flow recovery after hindlimb ischemia was significantly
increased by implantation of BMMCs derived from normal mice
(Figure 1b: 53.2±9.8% in Con vs. 81.5±3.8%, in NB, Po0.01) at day
14. The neovascularization capacity of BMMCs derived from diabetic
mice was significantly impaired compared with that derived from
normal C57BL/6 mice (69.2±15.5% in DB vs. 81.5±3.8% in NB,
Po0.05), which was significantly improved by ex vivo treatment
with resveratrol (93.2±6.1% in DBR vs. 69.2±15.5% in DB,
Po0.01) at day 14.
We counted cells positive for PECAM-1, a specific marker of

endothelium, in the ischemic hindlimb to compare capillary density
at day 14 (Figure 1c). The implantation of normal BMMCs increased
the capillary density, which was impaired in BMMCs derived from
diabetic mice (Figure 1d). Incubation of BMMCs derived from

diabetic mice with resveratrol restored neovascularization capacity to a
level comparable to that of normal BMMCs.
At 2 weeks, low-dose resveratrol (10mM) did not affect the angio-

genic activity of BMMCs derived from both normal and diabetic mice
(Figure 1e). Interestingly, high-dose resveratrol (100mM) suppressed
the angiogenic capacity of BMMCs derived from normal mice.

Resveratrol increased VEGF, VEGF receptor and eNOS expression
in BMMCs
To clarify the mechanisms of the restoration of neovascularization
capacity by resveratrol, we measured the mRNA levels of VEGF, its
type 2 receptor (VEGF-R2) and eNOS (Figure 2). Expression
levels of VEGF, VEGF-R2 and eNOS were suppressed in BMMCs
derived from diabetic mice compared with those derived from
normal mice. Resveratrol increased the expression of VEGF,
VEGF-R2 and eNOS, indicating that the upregulation of these
angiogenic factors may be responsible for the resveratrol-induced
recovery of neovascularization capacity of BMMCs derived from
diabetic mice.

Resveratrol decreased oxidative stress in BMMCs derived from
diabetic mice
It is generally accepted that oxidative stress is increased in the diabetic
condition and that ROS downregulate angiogenic factors. Therefore,
we examined the level of oxidative stress in BMMCs. SOD activity was
decreased in BMMCs derived from diabetic mice, and it was restored
by resveratrol treatment (Figure 3a). Levels of ROS and MDA, one of
the end products of lipid peroxidation, were increased in BMMCs
derived from diabetic mice (Figures 3b and c). The increased levels of
ROS and MDA were normalized by resveratrol treatment. These data
suggest that the anti-oxidative effect of resveratrol may play a critical
role in the upregulation of angiogenic factors, which may be followed
by restoration of the angiogenic capacity of BMMCs derived from
diabetic mice.

DISCUSSION

In this study, we showed that brief ex vivo resveratrol treatment of
BMMCs derived from diabetic mice improved their neovasculariza-
tion capacity. Resveratrol treatment increased angiogenic activity,
which was correlated with increased expression of VEGF and eNOS
mRNA as well as increased SOD activity and which was inversely
correlated with ROS production.
It is reported that hyperglycemia-induced ROS are responsible for

impaired EPC function and angiogenesis. Ceradini et al.27 showed that
transgenic overexpression of Mn-SOD or SOD mimetic manganese(III)
meso-tetrakis(4-carboxyphenyl)porphyrin improved impaired ischemia-
induced vasculogenesis in STZ-induced diabetic mice. Hyperglycemia-
induced methylglyoxal modification of hypoxia-inducible factor-1
inhibited hypoxia-induced expression of stromal derived factor-1 and

Table 1 Body weight, heart rate and systolic blood pressure in each group

Day 0 (before operation) Day 14

Group C NB DB DBR C NB DB DBR

BW (g) 22.3±0.9 21.9±0.8 22.1±1.1 22.2±1.0 23.6±1.5 23.7±1.1 23.2±0.7 23.6±1.4

HR (beatmin�1) 544.6±39.4 539.5±43.8 542.6±47.7 534±29.3 545.5±34.8 549.2±29.6 542.2±38.4 547.8±35.3

SBP (mm Hg) 104.7±4.3 105.3±5.1 105.5±3.9 104.1±3.7 105.6±5.4 107.1±3.9 106.3±4.8 105.1±6.5

Abbreviations: BW, body weight; C, control; DB, diabetic mice; DBR, diabetic bone marrow+resveratrol; HR, heart rate; NB, normal bone marrow; SBP, systolic blood pressure.
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VEGF. Therefore, one possible mechanism by which resveratrol
improved the impaired angiogenic activity of BMMCs derived from
diabetic mice is through its anti-oxidant activity, as suggested in this and
previous studies.14,28 Reduction of ROS levels also increases nitric oxide
bioavailability and improves angiogenesis. As eNOS mRNA expression
was also increased by resveratrol, direct and indirect increases in nitric
oxide bioavailability may be involved in the mechanisms behind

resveratrol-enhanced angiogenesis. In addition, resveratrol is known to
activate SIRT1,23 a longevity gene, and to prolong the lifespan of high-fat
fed mice.29 SIRT1 is reported to enhance angiogenesis,30 and high
medium glucose levels downregulate SIRT1 expression and EPC num-
bers in culture.31 Therefore, another possible mechanism is that resver-
atrol improved angiogenesis through activation of SIRT1.
The function of BMMCs is regulated by various angiogenesis-

related factors, such as VEGF. VEGF induces growth and differentiation
of EPCs, and also mobilizes and recruits EPCs from bone marrow into
tissues.32 Furthermore, eNOS plays an important role in these
processes as an essential mediator of the angiogenic property of
VEGF. VEGF-induced endothelial cell migration and proliferation
was strongly suppressed by inhibition of eNOS.33 Therefore,
co-upregulation of VEGF and eNOS by resveratrol may be critical
for the improvement of angiogenic activity.
It has also been reported that resveratrol promotes EPC prolifera-

tion, adhesion and migration, suggesting that resveratrol may promote
angiogenesis.17 However, the effects of resveratrol on angiogenesis are
controversial. In an experimental myocardial infarction in rats fed a
high-fat diet, resveratrol increased capillary and arteriolar density in
the peri-infarct area and improved left ventricular ejection fraction.34

By contrast, Lin et al.18 reported that resveratrol inhibited
VEGF-induced migration and tube formation of human umbilical
vein endothelial cells through inhibition of VEGF-induced Src kinase
activation and peroxide production. Resveratrol also inhibited
angiogenesis in chollioallantoic membranes and inhibited corneal

Figure 2 Effect of resveratrol on gene expression in bone marrow-derived

mononuclear cell (BMMCs). RNA from BMMCs derived from normal mice or

from diabetic mice (DM) with or without resveratrol (RV) treatment (100mM

for 60min) was prepared and analyzed by real-time PCR. Data are expressed

as mean±s.e.m. **Po0.01 vs. control, ##Po0.01 vs. DM, n¼6.

Figure 1 Representative pictures of laser Doppler blood flow measurements and microphotographs of immunostaining of ischemic hindlimb tissue. (a) The

left hindlimb was subjected to femoral artery ligation. Laser Doppler perfusion imaging was serially recorded at days 0, 4, 7 and 14 after ligation. The

picture at day 0 was recorded immediately after femoral artery ligation. (b) The line graphs indicate the ratio of ischemic to normal limb blood flow. The ratio

before femoral artery ligation was designated as 1.0. Data are mean±s.e.m. n¼8 in control and NB groups, and n¼5 in the diabetic mice (DM) and DMR

groups. wPo0.05 NB vs. DB; *Po0.05 DBR vs. DB; **Po0.01 DBR vs. DB; #Po0.05 DBR vs. NB. (c) Microphotographs of immunostaining for PECAM-1.

The number of PECAM-1-positive cells was counted in high power field. (d) Bar graphs indicate the number of PECAM-1-positive cells in high power field.

Data are mean±s.e.m. n¼8 in Con and NB groups, and n¼5 in the DM and DMR groups. **Po0.01 vs. Con; #Po0.05 vs. NB; Po0.05 vs. DB. (e) A bar

graph indicates the ratio of ischemic to normal limb blood flow in mice injected with phosphate-buffered saline (PBS) (Con), bone marrow-derived

mononuclear cell (BMMCs) from normal mice (NB), and BMMCs from DB at 2 weeks. BMMCs were incubated with resveratrol (RV) for 30min at

concentrations indicated in the figure before injection into ischemic hindlimb. n¼5–7, *Po0.05, **Po0.01 vs. Con.
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neovascularization induced by VEGF or FGF-2.19 A recent study
showed that red wine polyphenols are proangiogenic at low doses
but antiangiogenic at high doses.35 The biphasic effect of polyphenols
on angiogenesis may also explain the contradictory results of previous
studies. The suppressive effects of high-dose resveratrol on the
angiogenic capacity of normal BMMCs, compared with that of low-
dose resveratrol, is consistent with the results of this study. However,
the mechanism by which the biphasic effect was not observed in the
angiogenic capacity of resveratrol-treated BMMCs derived from
diabetic mice is not known. As ROS levels are higher in the diabetic
condition, high-dose resveratrol may still adequately quench the ROS
and restore the angiogenic capacity of BMMCs. However, ROS
reduction by high-dose resveratrol in normal BMMCs may be
excessive for an appropriate angiogenesis, resulting in a rather
decreased angiogenic capacity. Although the mechanism is not clear,
it may be possible that the brief ex vivo treatment of BMMCs with
resveratrol used in this study may mimic the condition of systemic
treatment with polyphenol at low doses. Further study is needed to
clarify the precise mechanism by which such a brief treatment with
resveratrol increased neovascularization capacity and the differential
effects of resveratrol on BMMCs between diabetic and normal mice.
In addition, we could not exclude the possibility of the direct effect

of resveratrol on angiogenesis that might be introduced along with
BMMCs. We assume, however, that the direct effect of resveratrol may
be minimal because we washed BMMCs with PBS after incubation
with resveratrol.

A recent study showed that ex vivo pretreatment of BMMCs derived
from patients with ischemic cardiomyopathy with NOS enhancer
AVE9488 restored impaired neovascularization capacity through
increased migration activity.36 The increased angiogenic activity of
AVE9488-stimulated BMMCs was abrogated by a pharmacological
eNOS inhibitor L-NAME, supporting the critical role of nitric oxide in
BMMC-induced angiogenesis. This study and our data suggest that
functional activities of BMMCs, in particular eNOS and nitric oxide
bioavailability, may be critical for angiogenic activity after implanta-
tion in the ischemic hindlimb.
The limitation of this study is that we used normal mice as

recipients of BMMC implantation. Therefore, it is not clear whether
the brief treatment with BMMCs derived from diabetic mice with
resveratrol effectively restores blood flow of ischemic hindlimbs
in diabetic mice. Therefore, further study is necessary to apply
autologous implantation of resveratrol-treated BMMCs to the treat-
ment of peripheral artery diseases in the diabetic condition.
In conclusion, this study showed that brief ex vivo treatment of

BMMCs derived from diabetic mice improved neovascularization
capacity, possibly through the upregulation of eNOS and VEGF and
suppression of oxidative stress. Resveratrol may provide a novel
therapeutic application to cell therapy for peripheral artery diseases
and ischemic heart diseases complicated by diabetes.
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