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Nitropravastatin stimulates reparative
neovascularisation and improves recovery from
limb ischaemia in type-1 diabetic mice

C Emanueli1,2, A Monopoli3, N Kraenkel1,2, M Meloni2, S Gadau2, I Campesi2, E Ongini3,

P Madeddu1,2,4

1Bristol Heart Institute, University of Bristol, Bristol, UK; 2National Institute of Biostructures and Biosystems (INBB), Osilo and
Alghero, Italy; 3NicOx Research Institute, Milan, Italy and 4Multimedica IRCCS, Milan, Italy

Background and purpose: Mature endothelial cells and their progenitors are dysfunctional in diabetes, resulting in deficient
neovascularisation following arterial occlusion. This study aimed to evaluate the therapeutic activity of a nitric oxide (NO)
releasing statin in the setting of experimental diabetes and peripheral ischaemia.
Experimental approach: The effects of NCX 6550, an NO-releasing pravastatin derivative, on angiogenesis in ischaemic limbs
was studied in normoglycaemic mice or mice made diabetic by treatment with streptozotocin (STZ). Control mice received an
equimolar dosage of the parent statin compound, pravastatin. The therapeutic action of NCX 6550 was also tested in mice
lacking the gene for endothelial nitric oxide synthase (eNOS).
Key Results: In normoglycaemic or STZ-diabetic CD1 mice, only NCX 6550 stimulated skeletal muscle revascularisation. In
addition, NCX 6550 induced greater improvement in limb reperfusion and salvage, than pravastatin. The number of
circulating endothelial progenitor cells was decreased in STZ-diabetic mice, this defect being prevented by NCX 6550 and, to a
lesser extent by pravastatin. In vitro, high glucose concentrations reduced the migratory capacity of endothelial progenitor
EPCs, which was partly reversed by preincubation with pravastatin and completely reversed by NCX 6550. The postischaemic
recovery of eNOS knockout mice was severely impaired as a consequence of depressed angiogenesis and this recovery was
improved by treatment with NCX 6550, but not with pravastatin.
Conclusions and implications: These findings indicate that incorporation of a bioactive NO moiety improves the therapeutic
profile of statins for the treatment of peripheral vascular disease.
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Introduction

Clinical evidence indicates that the cholesterol-lowering

drugs, statins, alleviate ischaemic symptoms (Mohler et al.,

2003) and reduce cardiovascular-related morbidity and

mortality in patients with or without hypercholesterolaemia

(Lewis et al., 1998; Athyros et al., 2002; MRC/BHF, 2002;

Collins et al., 2003; Sever et al., 2003). Benefit could derive

from the improvement of endothelial function, inhibition of

inflammation and modulation of cardiovascular remodel-

ling. In addition, statins promoted arterial collateral growth

in response to acute ischaemia in normocholesterolaemic

(Kureishi et al., 2000; Sata et al., 2001) as well as in

atherosclerotic mice (Sata et al., 2004), reports which are

contradicted by a recent finding that these drugs do not

increase collateral-dependent perfusion in hypercholestero-

laemic pigs with chronic myocardial ischaemia (Boodhwani

et al., 2006).

The mechanisms by which statins may influence neovascu-

larization are under intense investigation. Besides acting as

competitive inhibitors of 3-hydroxy-3-methylglutaryl-coen-

zyme A reductase (Edwards and Ericsson, 1999; Maron et al.,

2000), statins activate protein kinase B (Akt), facilitate the Akt-
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endothelial nitric oxide synthase (eNOS) interaction in

endothelial caveolae and thereby promote the activation/

phosphorylation of eNOS and nitric oxide (NO)-mediated

angiogenesis (Dimmeler et al., 1999; Fulton et al., 1999;

Kureishi et al., 2000; Brouet et al., 2001). They also enhance

eNOS mRNA stability by blocking the geranylgeranylation of

the GTPase Rho (Laufs and Liao, 1998). Interestingly, statins

mobilise endothelial progenitor cells (EPCs) from bone marrow

via the phosphatidylinositol 3 kinase/Akt pathway and thereby

facilitate their incorporation into the neovasculature of

ischaemic tissues (Dimmeler et al., 2001; Llevadot et al., 2001).

Because they are highly susceptible to vascular complica-

tions, patients with diabetes mellitus require more effective

therapy for the consequences of ischaemia. Therapeutic

angiogenesis reportedly improves peripheral microangio-

pathic complications in type I, insulin-dependent diabetes

(Rivard et al., 1999; Emanueli et al., 2004a, b, c) and statins

improve coronary collateral development in patients with

type II, insulin-resistant diabetes, when given in association

with other cardioprotective drugs (Dincer et al., 2006). Yet,

to the best of our knowledge, whether or not statins are

proangiogenic in type I diabetes remains undetermined.

Because the proangiogenic action of statins is dependent

on the Akt/eNOS pathway, impairment of this pathway

could theoretically prevent or reduce statin-induced vascular

benefit. Importantly, eNOS was found to be dysfunctional in

type I, streptozotocin (STZ)-diabetic mice, due to reduced

bioavailability of tetrahydrobiopterin (BH4) (Cai et al., 2005).

Furthermore, we have shown that the migratory and NO-

releasing capacity of EPCs is impaired by diabetes (Kraenkel

et al., 2005).

Based on this background, we proposed that the ther-

apeutic profile of statins would be improved by adding an

NO-releasing moiety to the statin molecule. Specifically, this

study aimed to evaluate the healing potential of pravastatin

and its nitrostatin derivative, NCX 6550 (Ongini et al., 2004;

Presotto et al., 2005; Rossiello et al., 2005; Dever et al., 2006)

in normoglycaemic and STZ-induced diabetic mice, in which

hindlimb ischaemia was induced. We also tested the

therapeutic potential of the two compounds in eNOS

knockout mice, which show inadequate reparative neovas-

cularization in response to ischaemia. Finally, we evaluated

whether the nitrostatin NCX 6550 could improve the

mobilization and migratory activity of bone marrow-derived

EPCs in a high-glucose environment.

Methods

Mice and type-I diabetes induction and assessment

All procedures complied with the Guide for the Care and Use

of Laboratory Animals (Institute of Laboratory Animal

Resources, National Academy of Sciences, Bethesda, MD,

USA, 1996) and approved by the Italian Minister of Health

and by the INBB ethical committee. Experiments were

conducted in 4-month-old CD1 male mice (Charles River,

Calco, Milan, Italy) with or without superimposed diabetes.

Mice were made diabetic using STZ (40 mg kg�1, i.p. per day

for 5 days; Sigma, Milan, Italy) (Emanueli et al., 2004a). Mice

were considered diabetic only if they developed glycaemia

42.5 mg ml�1 and overt glycosuria at 14 days from the first

STZ injection. Persistence of diabetes was determined at the

end of the study.

In addition, the therapeutic potential of pravastatin and

NCX 6550 was tested vs vehicle in normoglycaemic eNOS

knockout mice (eNOS�/�, Jackson Laboratories, Bar Harbour,

ME, USA) and wild-type controls (eNOSþ /þ ) of the same

genetic background (C57/Bl6, Charles River).

Experimental protocol

Tail-cuff blood pressure (BP) was measured by a plethysmo-

graphy apparatus (Visitech Systems, Apex, NC, USA) during

three basal sessions and then once a week during the

experimental period. Body weight was recorded at the same

occasion. Then, animals were assigned randomly to receive

regular chow (vehicle group), or the same chow containing

pravastatin (10 mg kg�1 daily) or equimolar NCX 6550

(12 mg kg�1 daily), which is fourfold less than that previously

shown to exert antithrombotic effects in rodents (Rossiello

et al., 2005). As statins are thought to be pro-angiogenic at

low dosages (Sata et al., 2001, 2004), we wished to evaluate

whether the addition of a NO-releasing moiety could

potentiate this effect in vivo. Drug treatment was started 4

days before surgical induction of unilateral limb ischemia

(Emanueli et al., 2004a) and maintained for the following 2

weeks (experimental period).

The following end points were evaluated: (i) clinical outcome,

(ii) hindlimb blood flow (BF), (iii) muscular neo-angiogenesis,

(iv) circulating EPCs, (v) expression of angiogenesis modulators

and (vi) levels of NO derivatives (NOx) in limb muscle.

Clinical outcome. The number of necrotic toes and the

occurrence of foot auto-amputation were recorded.

Hindlimb BF. The superficial BF of both feet was sequen-

tially assessed by a perfusion imager system (Lisca colour

laser Doppler, Perimed, Stockholm, Sweden). At 14 days after

femoral artery occlusion, the BF of ischaemic and contral-

ateral adductors was measured by means of an OxyLite/

OxyFlo probe (Oxford Optronix Ltd, Oxford, UK). Perfusion

values were expressed in Doppler Arbitrary Units (DAU).

Histological procedures. Hindlimb muscles were harvested

following in situ perfusion fixation at physiological pressure

and then processed for paraffin embedding. Transverse

sections (5mM) of adductor and gastrocnemius muscles were

stained with haematoxylin/eosin (for capillary counting) or

submitted to a-smooth muscle actin immunohistochemistry

(to recognize arterioles). Capillary density was expressed as

the absolute capillary number per millimetre square of

transverse section (ncap mm�2) or normalised to myofibre

density (ncap nfiber
�1 ). Arteriolar density was expressed as

arteriole number per millimetre square (nart mm�2) (Ema-

nueli et al., 2001, 2002a, 2002b, 2004b).

Circulating EPCs. At 2 weeks after ischaemia, peripheral

blood mononuclear cells (MNCs) were isolated from 500 ml of

blood by density gradient centrifugation with Histopaque-

1083 (Sigma). After 4 days of culture on rat vitronectin, cells
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were stained with acetylated LDL (acLDL)-DiI (Biomedical

Technologies, Villalba, Madrid, Spain) and fluorescein

isothiocyanate (FITC)-conjugated with Bandeiraea simplicifo-

lia lectin I (Vector Laboratories, Burlingame, CA, USA) and

examined using fluorescent microscopy. EPCs, identified as

double-positive cells, were automatically counted in six

randomly selected microscopic fields (at � 100).

Migration of EPCs. Human MNCs were isolated by density

gradient centrifugation (Histopaque 1077; Sigma) from the

bone marrow of patients undergoing hip replacement

surgery. Written consent was obtained from all patients

and the procedure complied with the institutional guidelines

of the University of Bristol and was approved by the local

ethics committee. After isolation, MNC were cultured on

fibronectin-coated (Sigma) six-well plates at a density of

1�106 MNC cm�2 in EBM-2 medium (Cambrex, Verviers,

Belgium) supplemented with 10% foetal calf serum (Bio-

chrom, Cambridge, UK), endothelial growth factors (Cam-

brex), and 15 mM D-glucose (High glucose (HG)) for 4 days.

In control samples, D-glucose was not supplemented (normal

glucose (NG)). After 4 days, the medium was changed and

vehicle (dimethylsulphoxide), pravastatin (100 mM) or NCX

6550 (10 mM) was added to the medium for 24 h before

assessment of migratory capacity. The percentage of migrat-

ing EPCs was assessed as described previously (Kraenkel et al.,

2005). Briefly, 2�104 EPCs of each group were applied per

well to the upper chamber of a 96-well transmigration

chamber (Neuroprobe; membrane pore size: 8 mM). The assay

was conducted in serum- and growth factor-free EBM-2

(Cambrex) overnight in a cell culture incubator using SDF-1

(10 ng ml�1; Serotec, Oxford, UK) as the migratory stimulus.

Migrated cells, attached to the lower side of the membrane,

were stained for the uptake of DiI-acLDL and the binding

of FITC-conjugated Ulex europaeus lectin I. EPC in five

randomly chosen microscopic fields were counted (ImagePro

PLUS, Media Cybernetics Inc., Silver Spring, MD, USA).

Immunoblotting. Western blot analyses of eNOS, Ser-473-

phosphorylated and total Akt and vascular endothelial

growth factor-A (VEGF-A) were performed, as described

previously (Emanueli et al., 2004b), on homogenates of limb

adductors obtained at 3 days after induction of ischemia.

b-actin served as loading control. Specific protein was

detected by chemiluminescence reaction, followed by soft-

ware-assisted analysis of immunoblot density (Scion

Corporation, Frederick, MD, USA).

Determination of NO metabolites (NOx). The muscular con-

tent of NO metabolites was measured by a colorimetric non-

enzymatic assay (Invitrogen, Paisley, UK), as described

previously (Emanueli et al., 2004c). Tissue NOx were normal-

ized by protein levels which were determined using Lowry’s

method.

Statistics

All results are expressed as mean7standard error (s.e.m.).

Multivariate repeated-measures analysis of variance (ANOVA)

was performed to test for interaction between time and

grouping factor. In multiple comparisons in which ANOVA

indicated significant differences, the statistical value was

determined according to Bonferroni’s method. Differences

within and between groups were determined using paired

or unpaired Student’s t-test, respectively. The comparative

incidence of toe necrosis and the ratio of foot auto-

amputation was evaluated by Wilcoxon/Kruskal–Wallis tests

(rank sums) for non-parametric distribution. A P-value

o0.05 was taken as showing statistically significant differ-

ences between means.

Results

NCX 6550 improves postischaemic healing

As illustrated in Figure 1a and d, NCX 6550-treated

normoglycemic CD1 mice showed an improved clinical

outcome compared with control mice given pravastatin or

vehicle (20 mice per group). Similarly, NCX 6550 improved

foot salvage in STZ-diabetic CD1 mice, compared with

vehicle or pravastatin (n¼15 per group, Figure 1b and e).

The clinical outcome of vehicle-treated eNOSþ /þ mice

(C57BL/6 strain) was similar to that of CD1 mice (data not

shown). In the vehicle-treated eNOS�/� strain, we observed

an increased incidence of toe necrosis and auto-amputation.

In this strain, treatment with NCX 6550, but not with

pravastatin, prevented the adverse outcome (n¼8 per group,

Figure 1c and f).

Both NCX 6550 and pravastatin reduce BP in hypertensive

eNOS�/�, but not in normotensive mice

Diabetes did not affect BP in CD1 mice (data not shown).

Neither pravastatin nor NCX 6550 altered the BP of

normoglycaemic or STZ-diabetic CD1 mice (data not

shown). In hypertensive eNOS�/� mice, pravastatin reduced

BP from 13271 to 11773 mm Hg). A hypotensive effect was

also observed with NCX 6550 (from 13472 to 12671 mm

Hg), whereas in animals maintained on a control diet, BP

increased from 13671 to 14872 mm Hg.

NCX 6550 accelerates the recovery of limb BF

BF was assessed by measuring the shift of a laser beam

produced by erythrocytes passing through a blood vessel,

either in the superficial or intramuscular microcirculations.

Owing to the additional discomfort provoked by invasive

measurement of muscular BF, this parameter was measured

at only one occasion, just before the animals were killed.

In normoglycaemic mice treated with NCX 6550, we

observed that, at 1 week after ischaemia induction, the

recovery of superficial BF was improved compared with

vehicle or pravastatin (Figure 2a). The superficial BF regained

normal levels at 2 weeks from ischaemia, with no significant

difference among treatments (data not shown). However,

measurement of muscular BF by the OxyLite/OxyFlo probe

showed a persistent perfusion deficit in vehicle- or pravas-

tatin-treated mice (ischaemic to contralateral BF ratio:

0.6170.04 and 0.6270.03, respectively), whereas the recov-
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ery was improved in NCX 6550-treated mice (0.9870.05;

Po0.05 vs vehicle or pravastatin).

Similarly, in STZ-diabetic mice, NCX 6550 was the only

agent able to improve BF at the level of the foot skin

(Figure 2b). At 2 weeks postischaemia, the BF of the

ischaemic adductor (measured by the intramuscular Oxy-

Lite/OxyFlo probe) was higher in NCX 6550-treated diabetic

mice (0.9770.03 DAU) than in vehicle (0.3270.02 D.A.U.)

or pravastatin (0.5170.10 DAU), leading to significantly

higher ischaemic to contralateral BF ratios in mice treated

with NCX 6550 (1.0270.05) compared with vehicle

(0.5170.03) or pravastatin (0.5470.04).

As shown by Figure 2c, at 1 week postischaemia, in

vehicle-treated eNOS�/� mice, BF to the ischaemic foot was

compromised, as compared with vehicle-treated eNOSþ /þ

animals. The BF to the ischaemic foot was not influenced by

pravastatin, but was significantly improved by NCX 6550.

No further measurement was possible at 2 weeks, owing to

the high rate of auto-amputation that imposed early

termination of the experiment.

NCX 6550 stimulates angiogenesis and arteriogenesis

As shown by Figure 3a, in normoglycaemic CD1 mice, NCX

6550 enhanced capillary density in ischaemic adductor

muscles, above the values for vehicle or pravastatin mice,

but not in contralateral, normally perfused muscles. Com-

parison between treatments indicates that NCX 6550 is more
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effective than pravastatin in promoting reparative angiogen-

esis, either expressed as capillary density (Figure 3a) or as

capillaries per myofibre unit (1.8070.06 vs 1.3070.06 in

pravastatin group; Po0.001). Furthermore, NCX 6550

significantly increased arteriole density in ischaemic adduc-

tor muscles (8.171.8 vs 3.570.6 arterioles mm�2 in vehicle

and 4.170.6 arterioles mm�2 in pravastatin treatment

groups; Po0.05 for both comparisons).

Figure 3b illustrates the effect of NCX 6550 on angiogen-

esis in STZ-diabetic mice, whereas Figure 3c shows the

response to treatment with NCX 6550 in eNOS�/� mice. In

both models, NCX 6550, but not pravastatin, improved the

reparative capillarization of the ischaemic adductor muscle.

NCX 6550 increases the number of circulating EPCs in STZ-

diabetic mice

As shown in Figure 4a (upper panel), the numbers of

circulating EPCs were significantly reduced in diabetic mice,

relative to those in the normoglycaemic mice. Pravastatin

partially counteracted this diabetes-induced EPC deficit.

However, NCX 6550 exerted a greater improvement, restor-

ing EPC numbers to a level not significantly different from

that in normoglycaemic mice. Typical microphotographs of

EPCs (identified in yellow by acLDL-DiI/lectin I costaining)

are presented in lower panels of Figure 4a.

NCX 6550 enhances EPC migratory capacity in HG

concentrations

As shown in Figure 4b, incubation of EPCs in HG media

(15 mM glucose) led to a significant decrease in the migratory

capacity of EPCs, compared with those incubated with NG

levels. This decrease was partly reversed by 24 h preincuba-

tion with pravastatin and completely reversed by preincuba-

tion with NCX 6550. The lower panel of Figure 4b shows

migrating EPCs, stained with FITC-conjugated Ulex europaeus

lectin I.

Figure 2 The effects of drug treatments on the superficial BF of feet are shown. (a): Normoglycaemic CD1 mice; (b): STZ-induced diabetic
CD1 mice; (c): eNOS�/�. Photographs show typical laser doppler images of superficial BF in lower limbs. The dotted squares include the area of
interest (the feet) in which average perfusion was computed by the Perimed software. Colour scale from blue to brown indicates progressive
increases in BF. Bar graphs illustrate the average BF, 1 week postsurgery, at the level of the ischaemic (I, filled columns) or contralateral foot
(C, open columns). Values (expressed as DAU) are mean7s.e.m. þPo0.05 and þ þPo0.01 vs C; *Po0.05 vs vehicle; yPo0.05 vs pravastatin,
11Po0.01 vs eNOSþ /þ mice.
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NCX 6550 preserves eNOS, phospho-Akt and VEGF-A levels in

ischaemic muscles

As shown by Figure 5a, Western blot analysis showed

reduced levels of eNOS in ischaemic muscles of normogly-

caemic CD1 mice treated with pravastatin, but not in those

given NCX 6550. The treatment with NCX 6550 also

increased NOx levels in ischaemic muscles (Figure 5b), but

neither NCX 6550 nor pravastatin affected NOx levels in

the contralateral, non-ischaemic muscles (NCX 6550:

2.870.2 mmol NOx mg�1 protein; pravastatin: 3.570.4mmol

NOx mg�1 protein; and vehicle: 2.370.3 mmol NOx mg�1

protein).

In Figure 6, the data show that whereas treatment with

pravastin decreased Ser-473-phosphorylation of Akt in

ischaemic muscles of CD1 mice, treatment with NCX 6550

maintained this variable at normal levels.

VEGF-A content in ischaemic muscles was also reduced

by treatment of the mice with pravastatin (VEGF-A to b-actin

ratios: 1.0870.24 with vehicle and 0.7470.08 after

pravastatin), but remained unchanged in mice given NCX

6550 (1.0170.24; P¼NS vs vehicle and Po0.05 vs pravas-

tatin).

Discussion

The potential advantages of incorporating an NO-releasing

moiety into the statin structure are supported by recent

studies, showing that nitrostatin is more effective than the

respective parent compound in inhibiting vascular smooth

muscle proliferation, platelet aggregation and the expression

of iNOS and tissue factor in lipopolysaccharide-stimulated

cells (Ongini et al., 2004; Rossiello et al., 2005).

Here, we show for the first time that the nitropravastatin

derivative, NCX 6550, promotes therapeutic neovasculariza-

tion, thus improving postischaemic healing in normogly-

caemic mice as well as in STZ-induced type I diabetic mice.

Importantly, NCX 6550, but not pravastatin, was able to

rescue the impaired muscular capillarisation in ischaemic

limbs of eNOS�/� mice, strongly suggesting that the ther-

apeutic proangiogenic action of NCX 6550 is mainly

mediated by the added NO donor part of the the molecule.

The potential therapeutic benefit of increasing bioactive

NO is outlined by previous studies showing that, in

experimental models of limb ischaemia, eNOS gene therapy

successfully promotes neovascularization and accelerates

+

++
* *

§§

1000

0

500

1500

C I C I C I
Vehicle Pravastatin    NCX 6550 Vehicle  Pravastatin    NCX 6550

Normoglycemic      CD1 mice

a

C
ap

ill
ar

y 
D

en
si

ty

Contralateral
Ischemic

(c
ap

 m
m

-2
)

C
ap

ill
ar

y 
D

en
si

ty

(c
ap

 m
m

-2
)

C
ap

ill
ar

y 
D

en
si

ty
(c

ap
 m

m
-2

)

§§

0

500

1000

1500

C  I C I C  I

++
* *

STZ-Diabetic      CD1 mice

b Contralateral
Ischemic

0

200

400

600

800

C  I C  I C  I

+
+

+
§
*

c

Vehicle Pravastatin NCX 6550

eNOS -/-

˚˚
˚˚

C  I

+

eNOS +/+

1000 Contralateral
Ischemic

Figure 3 Bar graphs show the effects of vehicle, pravastatin or NCX 6550 on the capillary density of ischaemic (I, filled columns) and
contralateral (C, open columns) adductor muscles. (a): Normoglycaemic CD1 mice; (b): STZ-induced diabetic CD1 mice; (c): data from
eNOS�/�- and vehicle-treated eNOSþ /þ mice for reference. Values are mean7s.e.m.; þPo0.05 and þ þPo0.01 vs C; *Po0.05 and **Po0.01
vs vehicle; yPo0.05 and yyPo0.01 vs pravastatin, 11Po0.01 vs eNOSþ /þ .

NCX 6550 and therapeutic neovascularisation
C Emanueli et al878

British Journal of Pharmacology (2007) 150 873–882



haemodynamic recovery (Smith et al., 2002; Namba et al.,

2003). It has been argued that the effectiveness of eNOS gene

transfer could be compromised under pathological circum-

stances owing to the shortage of the eNOS cofactor, BH4 (Cai

et al., 2005). Furthermore, uncontrolled production of NO

may be toxic for the vascular endothelium (Heller et al.,

1999). Compounds such as NCX 6550, which releases NO

directly and in a predictable way, could avoid these

limitations.

In the setting of limb ischaemia, pravastatin alone was

unable to induce angiogenesis, which is at variance with

previous reports (Kureishi et al., 2000; Sata et al., 2001, 2004).

However, the proangiogenic activity of statins is still

controversial. It has been suggested that high doses of

statins inhibit the proliferation of endothelial cells in vitro

and angiogenesis in vivo (Feleszko et al., 1999; Vincent et al.,

2001, 2002; Weis et al., 2002), presumably via inhibition of

prenylation of G-protein and G-protein subunits leading to

decreased Akt activity (Edwards and Ericsson, 1999). This is

consistent with our findings of reduced phospho-Akt in

ischaemic muscles of pravastatin-treated mice. Interestingly,

we found that the NO-releasing statin NCX 6550 restored

normal levels of Akt phosphorylation, which in keeping with

the fact that NO, beside being downstream to Akt (Dimmeler

et al., 1999; Fulton et al., 1999; Brouet et al., 2001), also acts

upstream to the kinase to influence its activity (Tsurumi

et al., 1997). In hypercholesterolaemic pigs with chronic

myocardial ischaemia, high doses of statins reportedly

inhibited myocardial angiogenesis, reduced VEGF-A and

increased endostatin expression in the myocardium (Boodh-

wani et al., 2006). We found similarly reduced levels of VEGF-

A expression in ischaemic muscles of pravastatin-treated

mice, with this reduction being prevented by NCX 6550.

Thus, the NO donor might counteract the suppressive effect

of statins on VEGF-A and Akt.

We demonstrated that the BP of normotensive mice was

unaltered by pravastatin or NCX 6550. In contrast, in

hypertensive eNOS�/� mice, both compounds exerted BP-
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Figure 4 (a) Bar graphs show the effects of vehicle, pravastatin or NCX 6550 on the number of circulating EPCs (number of cells per
microscopic field) in STZ-diabetic CD1 mice with limb ischaemia. The number of EPC in vehicle-treated normoglycaemic CD1 mice are shown
for reference. Values are mean7s.e.m.; *Po0.05 and **Po0.01 vs vehicle-treated normoglycaemic mice; þPo0.05 and þ þPo0.01 vs
vehicle-treated diabetics; yPo0.05 vs pravastatin-treated diabetics. In the lower panel, microphotographs show EPCs identified in yellow by
acLDL-DiI/lectin I costaining. (b) The effect of preincubation with pravastatin or NCX 6550 on migratory capacity of hyperglycaemic EPC. HG
leads to a reduction in EPC migratory capacity, which is partially reversed by pravastatin and completely reversed by NCX 6550. The lower
panel shows migrating cells positive for acLDL uptake and UEAI binding. *Po0.05 vs NG.
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lowering effects, but only NCX 6550 improved reparative

angiogenesis. Therefore, it seems unlikely that NO-induced

vasodilation is responsible for the proangiogenic action

of the nitrostatin. This is in keeping with the lack of

therapeutic utility of systemic vasodilators in the setting of

peripheral artery disease (Bendermacher et al., 2005).

Circulating progenitor cells derived from the bone marrow

contribute to the revascularization of ischaemic tissue.

However, this regenerative mechanism is impaired in type I

diabetes, owing to the negative effect of hyperglycaemia on

EPC mobilization, migration and integration into neovascu-

lature. In addition, exposure to high levels of glucose

reduced eNOS phosphorylation and NO production by EPCs

(Loomans et al., 2004; Kraenkel et al., 2005). Statins improve

the functionality of EPCs via Akt (Dimmeler et al., 2001;

Llevadot et al., 2001) and NO may be involved in the

mobilisation of EPCs from the bone marrow change

nitrosylation and activation of metalloproteinase-9 (Aicher

et al., 2003). In agreement with the above findings, we found

a striking reduction of EPCs in the blood of STZ-diabetic

mice. Importantly, pravastatin partially prevented diabetes-

and HG-induced reduction of EPC number and migratory

capacity. However, NCX 6550 was more effective in counter-

acting the deficit in EPC liberation and function.

Statins are widely used in the clinic because of protective

actions that seem to be independent of the capacity to

decrease cholesterol levels. The results of our study do not

support a proangiogenic action of statins in animals with

type I diabetes or in those lacking the eNOS gene, although

we cannot exclude the possibility that doses of pravastatin

different from those used in the present study may still be

effective in ischaemic disease. On the other hand, adding an

NO-releasing moiety to the pravastatin molecule resulted in

prohealing effects that appeared to be related to potentiation

of vascular regeneration. The benefit obtained in this murine

model of limb ischaemia encourages clinical investigation to

determine if NO-releasing statins could be of therapeutic

value in patients suffering from peripheral ischaemic disease.
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