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Background: Angiogenesis plays an important role in maintaining adequate oxygen delivery, and nitric oxide 
(NO) is a potential regulator of angiogenesis. NO is synthesized through three isoforms of NO synthase (NOS). It 
is hypothesized that the NO derived from inducible NOS (iNOS) may promote survival of ischemic tissue through 
angiogenesis. To test this hypothesis, we investigated the effect of iNOS deficiency (by L-NIL) on angiogenesis in a 
hindlimb ischemia model.

Methods: Thirty-two male wistar rats randomly divided into four groups. In groups 1 & 2, hindlimb ischemia was 
induced by ligation of femoral artery and they received L-NIL and saline respectively. The animals in groups 3 and 
4 also received L-NIL and saline respectively without surgical procedure. After 21 days, the serum concentration of 
nitrite, capillary density and expression of HIF1α were determined.

Results: Serum nitrite levels were significantly lower in L-NIL groups (p<0.05). The capillary density in group 1 
(ischemia + L-NIL) was significantly different from group 2 (ischemia + saline); group 1: 360.33 ± 77.02, group 2: 549 
± 81.85 /mm2 , p<0.05) .In addition, expression of HIF1α was significantly increased in ischemic groups (p<0.05). 

Conclusion: Selective inhibition of iNOS by L-NIL inhibits angiogenesis in a hindlimb ischemic rat model. In ad-
dition, ischemia induces expression of HIF1α in hypoxic tissue.

INTRODUCTION

Angiogenesis is the postnatal process whereby an 
existing microvascular network is expanded1. In adults, 
angiogenesis occurs physiologically in wound healing and 
in the menstrual cycle. It may also occur in pathological 
conditions2,3. In general, angiogenesis requires several 
important processes including dissolution of matrix, en-
dothelial cell proliferation and migration, and organiza-
tion into tubes, followed by lumen formation.

Nitric oxide (NO) is a free radical, produced from 
L-arginine by NO synthase (NOS), and it is an important 
regulator of angiogenesis4 . There are three different forms 
of NOS; neural NOS (nNOS, NOS-I), endothelial NOS 
(eNOS, NOS-III), and inducible NOS (iNOS, NOS-II)5. 
NO can induce angiogenesis in vivo6, and it also has a 
proangiogenic effect5. eNOS modulates angiogenesis in 
response to ischemia7, and it plays a predominant role in 
vascular endothelial growth factor (VEGF)-induced ang-
iogenesis. Although iNOS appears to have a small but ad-
ditive effect on angiogenesis8, but it has been subjected of 
various studies. iNOS is expressed in severe corneal alkali 
burns and inhibits neovascularization9. For proangiogenic 
effect of iNOS in capillary formation, it is demonstrated 
that iNOS and VEGF are over expressed in ameloblas-

tomas, and both promote tumoral growth, invasion and 
metastasis10. iNOS also appears to play a key role in tu-
mor angiogenesis in head and neck cancer11, and the NO 
derived from iNOS promotes survival of ischemic tissue 
through angiogenesis in a skin flap model12.

The angiogenesis depended iNOS in pathological and 
physiological conditions may have different mechanisms. 
The regulation of angiogenesis by hypoxia is an important 
component of homeostatic control13. The major factor 
which responds to hypoxia is hypoxia-inducible factor-1 
(HIF-1) including two subunits of alpha (HIF-1α) and 
beta (HIF-1β). HIF-1α modulates transcriptional control 
of several genes such as VEGF, eNOS and angiopoie-
tin-214. Hindlimb ischemia is a valid model for investigat-
ing in-vivo angiogenesis. To explain the role of eNOS 
on angiogenesis, Akasaki et al induced angiogenesis 
via eNOS using thermal therapy in mice with hindlimb 
ischemia15, and angiogenesis was also induced by injection 
of animal eNOS plasmid and human eNOS gene transfer 
in ischemic hindlimb model16,17, but the role of iNOS in 
angiogenesis has not been explained completely. In this 
study we tested the role of iNOS on angiogenesis in a 
rat model of hindlimb ischemia. HIF-1α expression in 
ischemic muscles was also evaluated.
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MATERIALS AND METHODS

This study was reviewed and approved by the Ethics 
Committee of Isfahan University of Medical Sciences.

Experimental design: Thirty-two male wistar rats 
(170 ± 20 g) were kept in a temperature controlled room 
and allowed free access to food and water. Animals were 
randomly divided into four groups. Groups 1 (n = 10) 
and 2 (n = 9) were subjected to induced hindlimb 
ischemia experimentally. No surgical procedure for hind-
limb ischemia was induced in groups 3 (n = 7) and 4 
(n = 5). The rats in groups 1 & 3 received N6-iminoethyl-
L-lysine (L-NIL) and the other groups received an equal 
volume of saline.

Rat ischemic hindlimb model: Rats were anesthe-
tized with xylazine (2 mg/kg; ip), followed by ketamine 
(100 mg/kg; ip) for unilateral femoral artery ligation. The 
left femoral artery was isolated .Then the entire femoral 
artery and all its major branches were completely ligated 
with 3-00 surgical silk7,18 .As a consequence, blood flow to 
the ischemic limb becomes completely dependent upon 
collateral vessels issuing from the internal iliac artery. 
The wounds were sutured, and the animals were allowed 
to recover. All animals appeared fully recovered within 
12 hour with no signs of tissue necrosis. Antibiotic (ce-
fazoline, 40 mg/kg) was injected in the single daily dose 
for 3days after surgery. 

L-NIL administration: L-NIL (partially-selective iNOS 
inhibitor) is 23 fold selective for iNOS versus nNOS 
and 49 fold selective for iNOS versus eNOS19 . L-NIL 
(Cayman Corp., Michigan, USA) was administrated 
24 hours before the surgery and continued by the end of 

experiment (21 days after surgery). L-NIL was dissolved 
in saline and injected (3/mg/kg/day; ip)20.

Sample preparation and NO assay in serum: Blood 
samples were taken from all animals before and after the 
study. The serums were stored at –70 °C for NO measure-
ment. NO was determined by the evaluation of its stable 
oxidation product (nitrite, NI) by using the Griess reac-
tion (Promega Corp., Madison, USA).

Tissue preparation and Immunohistochemistry (IHC): 
By the end of experiment, the animals were killed with 
an overdose of anesthetic drug. For immunohistochem-
istry, gastrocnemius muscles from ischemic and non 
ischemic left limbs were immediately fixed in formalin 
and paraffin-embedded block were prepared. The 5-μm-
thick sections were used for immunohistochemical anal-
ysis. Identification of endothelial cells was performed 
by staining for endothelial cell adhesion molecule-1 
(PECAM-1 or CD31) using a mouse monoclonal anti-
body directed against rat CD31 (Abcam, Cambridge, 
UK). Determination of HIF-1α expression was performed 
using a mouse monoclonal antibody directed against rat 
HIF-1α (Abcam, Cambridge, UK). In brief; the sections 
were incubated in 3 % hydrogen peroxide to block en-
dogenous peroxide activity. The slides were treated with 
antigen retrieval solution (0.05 % trypsin) at 37 °C for 
20 min. To prevent nonspecific antibody binding; sections 
were preincubated for 45 min in PBS containing 10 % 
goat serum. The sections were incubated with the pri-
mary antibodies directed against either CD31 or HIF-1α 
at appropriate dilutions1hours at 37 °C, and then rinsed 
for 15 min with PBS followed by incubation with second-
ary antibody (Rabbit polyclonal to mouse IgG, Abcam, 

Table 1. The serum nitrite concentrations (μmol/l) in four groups of experiments.

group n before after

ischemia + L-NIL 10 12.15 ± 2.98 9.21 ± 1.11*

ischemia +saline 9 12.26 ± 1.74 11 ± 4

L-NIL 7 12.52 ± 2.96 9.43 ± 0.89*

saline 5 10.05 ± 1.37 11.29 ± 1.42

* Significant difference from before (p < 0.05).

Table 2. The capillary density and capillary/muscle fiber ratio (C:F) in four groups of experiments.

group n Capillary Density 
(/mm2)

Fiber
(/mm2) C : F

ischemia + L-NIL 5 360.33 ± 77.02 385.33 ± 78.08 0.93 ± 0.04

ischemia +saline 5 549 ± 81.85 * 468.4 ± 116.74 * 1.2 ± 0.22 *

L-NIL 3 314 ± 34.21 357.66 ± 36.55 0.87 ± 0.038

saline 3 293.33 ± 6.50 323.66 ± 12.66 0.9 ± 0.01

* Significant difference from other groups (p < 0.05)
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Cambridge, UK) for 1hours at 37 °C. Again the sections 
were rinsed with PBS and incubated with diaminobenzi-
dine and counterstained with hematoxylin. Negative con-
trol slides were prepared by substituting PBS for CD31 
and HIF-1α staining.

Analysis of capillary density: Capillary densities in both 
ischemic and nonischemic limbs were analyzed for specif-
ic evidence of neovascularity. Endothelial cells positively 
stained with CD31 were counted under light microscope. 
Twenty different microscopic fields on three different sec-
tions from each animal were counted. Capillaries were 
counted under a 40× objective to determine the capillary 
density (mean number of capillaries/mm2). To ensure 
that capillary density was not overestimated as a result 
of muscle atrophy or underestimated because of intersti-
tial edema, the capillary/muscle fiber ratio(C:F) also was 
determined for each histological section. All histological 
analyses were performed by two blinded observer.

Analysis of HIF-1α expression: Expression of HIF-1α 
was determined by two independent observers .The immu-
nohistochemical result for HIF-α was graded as follows; 
zero: no staining, 1: nuclear staining in less than 1 % of 
cells, 2: nuclear staining in 1–10 % of cells and/or with 
weak cytoplasmic staining, 3: nuclear staining in 10–50 % 

of cells and/or with distinct cytoplasmic staining, and 4: 

nuclear staining in more than 50 % of cells and/or with 
strong cytoplasmic staining 21.

Statistical analysis: All results are expressed as mean ± 
SD. Statistical significance was evaluated using ANOVA 
for comparisons of capillary density and serum NI con-
centration between four groups. Comparison of serum 
NI concentration before and after study was performed 
using paired Student’s t test. The difference in expression 
of HIF-1α between groups was tested using the Kruskal-
wallis test. A p value less than 0.05 was interpreted as 
statistically significant.

RESULTS

Serum NI concentration measurement: The results indi-
cate that, serum NI concentrations in groups 1and 3 were 
significantly decreased (p < 0.05; Table 1) after 3 weeks 
of L-NIL treatment. In contrast serum NI concentration 
in groups 2 and 4 (L-NIL untreated) did not differ sig-
nificantly (Table 1).

Histological determination of capillary density: The 
data for capillary density and capillary/muscle fiber ratio 
in the gastrocnemius muscles in 4 experimental animal 
groups are shown in Table 2. L-NIL (in group 1) signifi-
cantly reduced capillary density (angiogenesis) compared 

Fig. 1. Immunostaining of ischemic hindlimb tissue. Identification of  endothelial cells was performed by staining 
for endothelial cell adhesion molecule-1 (PECAM-1 or CD31) using a mouse monoclonal antibody directed 
against rat CD31. The endothelial cells positively stained with CD31(capillary density)  in group 1(A) mark-
edly reduced compared to group 2(B). (C and D) are capillary densities in groups 3 and 4.
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with group 2 (p < 0.05; Fig. 1). Capillary/muscle fiber 
ratio was also higher in group 2 than group 1 (p < 0.05). 

Expression of HIF-1α: HIF-1α expression was recog-
nized through a nuclear staining of positive cells. There 
was no expression of this protein in nonischemic limb 
samples (Fig. 2). In contrast, histological analysis revealed 
that, amounts of HIF-1α were increased significantly in 
skeletal muscle of the ischemic hindlimb of groups 1and 2 
(Fig. 2). The statistical analysis indicates no significant 
difference in HIF-1a expression between the groups of 1 
and 2 (2 ± 1 vs 1.4 ± 0.54).

DISCUSSION

In this study, we assessed the effect of iNOS inhibition 
on the process of capillary proliferation (angiogenesis), 
and the results indicate that iNOS is essential for angio-
genesis in a model of ischemic tissues. It is clear that a 
large number of molecules are involved in the angiogenic 
cascade22. The regulation of capillary growth by NO is 
complex due to both angiogenic and antiangiogenic ef-
fects of NO6,23,24 . Moreover, the role of NOS isoforms 
in angiogenesis is controversial. It has been shown that 
eNOS (for angiogenesis in ischemic tissues in vivo) and 
iNOS (for angiogenesis in hypoxic mouse hearts in vitro) 
are essential4, 7. iNOS inhibits neovascularization9, and 
selective iNOS inhibitor can reduce the rate of growth 
of solid tumors in mice25. However, iNOS expression has 
been more extensively described in tumour angiogenesis 
where it was found to be increased and correlated with 
vascularization26. Among the NO metabolites, NI is a 
major oxidative metabolite suggesting it is an indicator 
of NOS activity27, and L-NIL is a selective iNOS inhibi-
tor8. Other studies have reported that iNOS activity de-
creased by L-NIL treatment8,28,29. Production of NO by 
iNOS requires dimerization30, and primary mechanism 
of the iNOS inactivation by L-NIL is heme alteration and 
loss31. Pipili-Synetos et al, inhibited chick chorioallantoic 
membrane (CAM) angiogenesis by a transcriptional ac-
tivator of iNOS32 while others demonstrated that iNOS 
has effects on angiogenesis8. Hypoxia is known to induce 

several genes including VEGF and iNOS, and iNOS is 
potentially involved in VEGF-induced angiogenesis33. It 
seems that NO derived from iNOS is a critical regula-
tory molecule for physiologic angiogenesis in response 
to ischemia. However this role may vary depending on 
the nature of the angiogenic stimulus and the tissue in-
volved8,18.

The histological analysis showed that the amount 
HIF-1α was increased in skeletal muscle of the ischemic 
hindlimb. HIF-1α was identified and purified as a nuclear 
factor that induces in hypoxic cells13. Hypoxia results in 
loss of prolyl hydroxylation of HIF-1α and a consequent 
reduction both in the level of HIF-1α ubiquitination and 
in its de g radation by the proteasome, leading to increase 
in HIF-1α abundance and HIF-mediated transcriptional 
responses34. Some studies indicate that constitutively ac-
tive HIF-1α or inhibition of HIF-1α inactivation induces 
angiogenesis and causes differences in HIF-1α expression 
between ischemic groups14,35,36. Whereas there is no pro-
cedure for inhibition of HIF-1α degradation in our study, 
we found no difference in HIF-1α expression between 
ischemic groups. Our observation for HIF-1α is similar 
to Pampin et al37 who suggested that the angiogenic effects 
of HIF-1α are limited to regions of terminal small vessels 
in the myocardial tissue.

In conclusion, this study indicates that iNOS inhibi-
tion significantly reduces angiogenesis in ischemic tissue. 
Thus, modulation of iNOS activity is a promising strategy 
for altering angiogenesis in response to hypoxia in vivo.
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