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Abstract 
Background: Diabetes mellitus is an important risk factor for erectile dys-
function. Renin-angiotensin system with its branches Angiotensin II and An-
giotensin 1-7 [Ang-(1-7)] are altered in diabetes and could affect erection. So, in 
this study we determine the level of Ang-(1-7), nitrite (the major nitric oxide 
metabolite) and histopathological changes in penile tissues of type I diabetic 
rats. A total of 60 male albino rats were divided into two groups: group I 
(control) and group II (diabetic) for either 4 weeks in group IIa, or 8 weeks in 
group IIb. Diabetes was induced by intraperitoneal injection of streptozotocin 
(60 mg/kg). Penile levels of Ang-(1-7), nitrite and histopathological examina-
tion were assessed at 4 and 8 weeks after diabetes induction. Results: 
Ang-(1-7) and nitrite were decreased in diabetic rats at 4 weeks and continued 
to be lower at 8 weeks for Ang-(1-7) only. Loss of corpus cavernosum smooth 
muscle was present in 25% and 85% of rats at 4 and 8 weeks of diabetes re-
spectively (P < 0.001). The loss of smooth muscle was replaced by dense fibr-
ous tissue and was correlated positively with the reduced Ang-(1-7). Conclu-
sion: Diabetes induced progressive decrease in the release of Ang-(1-7) and 
nitric oxide from the corpora cavernosa in a time-dependent manner with 
concomitant fibro-muscular changes that end by corporal fibrosis affecting 
subsequently erectile functions. 
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1. Introduction 

Erectile dysfunction (ED) is characterized by the inability to achieve and main-
tain adequate penile erection for satisfactory sexual intercourse [1]. Upon sexual 
stimulation, erection occurs by the release of neurotransmitters, mainly nitric 
oxide (NO) from the cavernous nerve terminals and subsequently the endothe-
lium. It causes relaxation of smooth muscle cells in cavernosal arterioles and si-
nuses, resulting in an increased penile blood flow with partial occlusion of the 
venous outflow, causing erection [2]. 

Diabetes mellitus (DM) is an important risk factor for ED and one of the most 
difficult conditions to treat [3]. Nearly, 50% of diabetic men will complain from 
ED within 10 years of the diagnosis [4]. It appears that disease progression limits 
the efficacy of conventional drugs like phosphodiesterase-5 inhibitors. So, there 
is a need to discover newer more successful treatment based on a better under-
standing of the mechanisms of diabetic ED [5]. 

The pathogenesis of ED in diabetes is multifactorial. One of the most impor-
tant pathophysiological mechanisms is endothelial dysfunction presented by the 
decreased NO bioavailability resulting in incomplete relaxation of the vascular 
smooth muscle of the corpora cavernosa (CC) [6]. Many factors are implicated 
in this dysfunction; namely increased levels of oxygen free radicals; impaired 
endothelial and neuronal NO synthesis and activity; and finally an imbalance 
between vasoconstrictive and vasorelaxant mediators favoring vasoconstriction 
[7] [8]. 

The renin-angiotensin system (RAS) has been shown to play an active role 
within the erectile tissues [9]. It includes two branches, one deleterious triggered 
by Angiotensin II (Ang II) and the other protective triggered by Angioten-
sin-(1-7) (Ang-(1-7)) [10]. It is evidenced now that Ang II is expressed in the 
penis in higher amount than that present in the systemic circulation [11]. It 
causes vasoconstriction, oxidative stress and fibrosis which are thought to play a 
critical role in the progression of diabetic ED [12] [13]. 

In the last decade, a counter-regulatory pathway in which Ang-(1-7) acts as 
the main effector has been discovered in the erectile tissue [14]. By acting 
through Mas receptor, which is highly expressed in the penile vasculature [15], 
Ang-(1-7) promotes many beneficial outcomes, including vasodilation [16] 
(Lemos et al., 2005), anti-inflammatory [17] and antiproliferative effects [18]. 
Recent evidence suggests the involvement of Ang-(1-7) in diabetic ED [12]. 
Acute, ex-vivo administration of Ang-(1-7) to diabetic rabbit corpus cavernosal 
segments was effective in attenuating diabetes or Ang II-induced hyper reactivity 
suggesting a possible role for Ang-(1-7) in the treatment of diabetic ED [19]. 
However, the exact mechanisms underlying this protection are still not fully un-
derstood. 

Based on the concept that DM contributes to the onset of ED and that the 
RAS components are involved in both DM and ED, the purpose of this study 
was to assess the level of Ang-(1-7) and nitrite in the CC of diabetic rats at 4 and 
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8 weeks after diabetes induction and to investigate the associated histopatholog-
ical changes. 

2. Material and Methods 

The study was conducted on 60 adult male albino rats 8 - 10 weeks (150 - 200 g) 
supplied by the laboratory of Physiology Department, Faculty of Medicine, 
Alexandria University. They were housed in plastic cages at room temperature 
with free access to standard diet and drinking water. All procedures were ap-
proved by the Ethics Committee of the Faculty of Medicine, Alexandria Univer-
sity. 

Animals were randomly divided into two main groups: Group I: Nondiabetic 
control group (n = 20) and Group II: Diabetic group (n = 40) that was further 
subdivided into group IIa and IIb sacrificed at 4 and 8 weeks of DM respectively. 

Diabetes was induced by a single intraperitoneal injection of freshly prepared 
streptozotocin in a dose of 60 mg/Kg (STZ; Sigma Chemical, St Louis, MO, 
USA) and dissolved in sterile citrate buffer (pH 4.5) [20]. Nondiabetic rats were 
injected with an equivalent volume of saline. 72 hours after STZ injection, the 
rats were examined for blood glucose via tail vein prick using glucose-oxidase 
reagent strips (One Touch Ultra, Johnson & Johnson®, New Brunswick, NJ, 
USA). Rats with fasting blood glucose (FBG) levels > 300 mg/dL were classified 
as diabetic and included in the study [21]. Rats that did not develop diabetes or 
dead during the experiment were replaced by others. No hypoglycemic drugs 
were given in the study. 

2.1. Tissue Preparation 

At the end of the study, at 4 weeks of saline or STZ injection in group I or group 
IIa or at 8 weeks of STZ injection in group IIb, FBG was checked after an over-
night fasting. Then, rats were anesthetized intramuscularly with a mixture of ke-
tamine (10 mg/kg) and xylazine (2 mg/kg) and sacrificed. 

The penis was removed en bloc by doing a circular incision at its base with 
removal of the foreskin, shaft skin and amputation of the penis at the most 
proximal position in relation to the body. It was gently blotted on sterile cotton 
gauze to remove excess blood and the underlying cavernosal tissue was dissected 
from the adjacent connective tissue and cut into two longitudinal halves. 

One halves of the penises were stored at −80˚C until homogenization of 100 
mg of each tissue sample in cold phosphate buffered saline (0.01 mol/L, pH 7.0 - 
7.2). The homogenate was centrifuged at 5000× g for 15 minutes at 4˚C and the 
supernatant was stored at −80˚C until use [20]. 

2.2. Biochemical Assessment of Ang-(1-7) by ELISA 

Ang-(1-7) levels were determined in the supernatant’ aliquots with an ELISA kit 
using Rat Ang-(1-7) specific monoclonal antibodies according to the manufac-
turer’s instructions (Cloud-Clone Corp, Houtston, TX, USA). For results nor-
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malization, the amount of total protein in each sample was estimated using Lo-
wry’s method [22], and Tissue Ang-(1-7) was expressed as pg/mg protein. 

2.3. Measurement of Nitrites 

Nitrite, the primary metabolite of nitric oxide, was quantified colorimetrically in 
the penile tissue homogenate using Griess Reagents and its results were ex-
pressed as µmol/mg protein [23]. 

2.4. Histopathological Examination of Penile Tissues 

The other halves of excised penises were immersed immediately in 10% buffered 
formalin for 24 hours. Specimens were embedded subsequently in paraffin and 
sectioned at 5 μm using a rotor microtome. Sections were stained using Hema-
toxylin-Eosin (H & E) and Masson’s trichrome (MT) stains to assess the extent 
of corporal fibrosis if present [24]. All histopathological analyses were per-
formed in 200× magnification images. 

2.5. Statistical Analysis 

All data were expressed as mean ± SD. To compare among multiple groups, 
one-way analysis of variance (ANOVA) was used. Post Hoc least significant dif-
ference test (LSD) was employed for comparison between each 2 groups. All sta-
tistical analyses were performed using SPSS version 20.0 for Windows (SPSS Inc., 
Chicago, Illinois). Statistical significance was set at P ≤ 0.05. 

3. Results 
3.1. Biochemical Analysis 
3.1.1. Blood Glucose Levels 
STZ-induced diabetes led to a significant elevation in blood glucose level.72 
hours after diabetes induction, the mean FBG was 405.8 ± 57 mg/dl in diabetic 
rats by contrast to normal ones which had FBG 71.5 ± 7.09 mg/dl. Hyperglyce-
mia persisted in diabetic rats and was 430.65 ± 50.77 mg/dl after 4 weeks of di-
abetes in group IIa and 510.9 ± 40.64 mg/dl after 8 weeks in group IIb. Signifi-
cant increase in FBG was noted in group IIb in relation to group IIa (P < 0.001). 

3.1.2. Penile Levels of Ang-(1-7) 
The mean level of Ang-(1-7) in penile tissue of normal rats was 55.26 ± 19.42 
pg/mg protein. It decreased significantly in diabetic rats as compared to normal 
ones to reach 24.70 ± 8.07 and 11.66 ± 5.13 pg/mg protein at 4 and 8 weeks of 
diabetes in group IIa and IIb respectively (P < 0.001). Importantly, the duration 
of diabetes was shown to affect the release of Ang-(1-7) where its mean level de-
creased significantly at 8 weeks of diabetes in group IIb as compared to 4 weeks 
in group IIa (P = 0.002) (Figure 1(a)). 

3.1.3. Penile Levels of Nitrite 
The mean nitrite level in the CC of control rats was 13.80 ± 3.47 µmol/mg 
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Figure 1. The levels of Ang-(1-7) in pg/mg protein and nitrite in µmol/mg protein in 
corpus cavernosum of normal and diabetic rats at 4 and 8 weeks after STZ injection. One 
way ANOVA test was used to analyze the data presented as mean ± SD, where P < 0.001. 
*significant versus control group, #significant versus group IIa (diabetic 4 weeks). 
 

protein. It decreased significantly and became 8.12 ± 3.67 and 7.37 ± 2.49 
µmol/mg protein after 4 and 8 weeks of diabetes in group IIa and IIb respectively 
as compared to normal control rats in group I (P < 0.001). No significant differ-
ence was observed in the nitrite level between both diabetic groups where P = 
0.738 (Figure 1(b)). 

3.2. Histopathological Changes of Corpora Cavernosa of Rats’ 
Penises (Table 1, Figure 2) 

Examination of H & E sections of normal penile tissues revealed normal smooth 
muscle bundles surrounding the blood vessels of CC. In diabetic rats, there was a 
decrease in these bundles. 

These results were confirmed by Masson’s Trichrome staining. The smooth 
muscles were identified as normal with no change, with mild, moderate decrease 
or total loss of muscle mass. Significant loss was noted in diabetic rats in relation 
to normal ones (P < 0.001). This loss was significantly higher in group IIb (total 
loss of smooth muscle mass in 85% of rats) relative to group IIa (total loss in 
25% of rats) (P < 0.001) reflecting worsening of the condition with progression 
of DM. 

Concerning the fibrotic changes, the penile specimens were categorized as nor-
mal with no fibrosis, with mild, moderate or severe fibrosis. Normal appearance 
of corporal smooth muscle was noted in normal healthy rats. In contrast, fibrous 
tissue deposition appeared at 4 weeks of diabetes in group IIa and reached dense 
fibrosis in 25% of rats. It continued progressively at 8 weeks in group IIb result-
ing in dense fibrosis in 80% of rats. A significant increase in corporal fibrosis 
was noted in group IIb in relation to group IIa (P < 0.001). 

3.3. Relation between Ang-(1-7), NO and Histopathological 
Changes in Diabetic Rat Penises 

In this study, there was no association between the levels of Ang-(1-7) and NO  
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Table 1. Comparison between the studied groups according to the histopathological changes in the CC. 

 Group I (Control) Group IIa (Diabetic 4W) Group IIb (Diabetic 8W) 
P value 

 No. % No. % No. % 

Smooth muscle mass       

<0.001* 

Normal 20 100.0 0 0.0 0 0.0 

Mild decrease 0 0 7 35.0 0 0.0 

Moderate decrease 0 0 8 40.0 3 15.0 

Total loss 0 0 5 25.0 17 85.0 

Corporal fibrosis       

No fibrosis 20 100.0 0 0.0 0 0.0 

<0.001* 
Mild 0 0.0 9 45.0 0 0.0 

Moderate 0 0.0 6 30.0 4 20.0 

Dense 0 0.0 5 25.0 16 80.0 

Significance between groups 
P1 < 0.001*, P2 < 0.001*, P3 < 0.001* (muscle mass) 
P1 < 0.001*, P2 < 0.001*, P3 = 0.001* (fibrosis) 

 

χ2: Chi square test, MCp = P value for Monte Carlo test, P1: P value between control and diabetic 4 weeks; P2: P value between control and diabetic 8 weeks; 
P3: P value between diabetic groups at 4 and 8 weeks. *: Statistically significant at P ≤ 0.05. 

 

 
Figure 2. Histopathological features of the CC tissue sections in the two groups (H & E stain and Masson’s trichrome stain). Top: 
H & E staining: (a) Representative figure of normal smooth muscle bundles surrounding blood vessels in CC of a normal rat. (b) 
Partial loss of corporal smooth muscles in a diabetic rat of group IIa. This progresses in (c) to near disappearance of smooth mus-
cle in a rat of group IIb. Bottom: Masson’s trichrome staining: (d) Normal smooth muscle bundles (red) with minimal connective 
tissue (blue) in a normal rat. (e) Decrease in smooth muscle with increase in fibrous tissue bands in a rat of group IIa. (f) More 
intensification of fibrotic changes with severe loss of smooth muscle in a rat of group IIb. (Original magnification ×200. Scale bars 
100 µm). 
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in rats at 4 and 8 weeks of diabetes (r = −0.072, P = 0.761 and r = 0.183, P = 
0.439 respectively). 

By contrast, a negative correlation was demonstrated between the level of 
Ang-(1-7), the degree of smooth muscle loss and corporal fibrosis in group IIa 
(P < 0.001, P = 0.02 respectively) and group IIb (P = 0.004, P = 0.001 respective-
ly) (Table 2). 

3.4. Relation between FBG, Ang-(1-7) and Histopathological 
Changes in Diabetic Rat Penises 

There was no significant relation between FBG and the tissue level of Ang-(1-7) 
along the entire study period (P = 0.123 in group IIa and P = 0.368 in group IIb). 
The same was noted between FBG and histopathological changes of CC con-
cerning the loss of smooth muscle and corporal fibrosis in the studied groups (P 
= 0.908, P = 0.339 in group IIa respectively) and (P = 0.229, P = 0.089 in group 
IIb respectively). The impact of diabetes was related mainly to the duration of 
diabetes not the level of FBG. 

4. Discussion 

Ang-(1-7) and the sequential histopathological changes occurring in the erectile 
tissue of type I diabetic rats were the scope of the present study. Intraperitoneal 
injection of STZ induced severe hyperglycemia after 72 hours. The changes in 
FBG level increased significantly along the period of the study. This could be at-
tributed to the progressive damage of ß-cells of islets of Langerhans due to 
apoptosis and necrosis caused by DNA damage, depletion of cellular energy and 
production of oxygen free radicals [25]. 

This hyperglycemia affected harmfully the release of penile Ang-(1-7) which 
decreased significantly after 4 weeks of diabetes induction and kept on decreas-
ing after 8 weeks also. This finding raises evidence on a possible role of Ang-(1-7) 
in the pathogenesis of diabetic ED. Yousif et al. (2007) [19] showed impaired 
Ang-(1-7) mediated relaxation of diabetic CC suggesting that ED caused by 
 
Table 2. Relation between tissue Ang-(1-7) in pg/mg and histopathological changes in 
diabetic rats. 

 Ang-(1-7) 

 
r P 

Smooth muscle mass loss 
  

Group IIa (Diabetic 4W) −0.731 <0.001* 

Group IIb (Diabetic 8W) −0.619 0.004* 

Corporal fibrosis 
  

Group IIa (Diabetic 4W) −0.516 0.020* 

Group IIb (Diabetic 8W) −0.672 0.001* 

A negative correlation was noted between Ang-(1-7) and each of smooth muscle mass loss and corporal fi-
brosis. r: Pearson coefficient, *Statistically significant at P ≤ 0.05. 
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diabetes may be partly due to decreased Ang-(1-7) production in CC. 
It becomes evident that the pro-erectile functions of Ang-(1-7) are mediated 

by several mechanisms; namely enhancement of NO-mediated vasodilatation, 
and inhibition of penile fibrosis [12] [15]. 

In this study, the release of NO from the CC was affected by the state of di-
abetes. The level of nitrite; the primary metabolite of NO, was decreased in di-
abetic rats as compared to normal ones. This decrease continued but was not 
significant with the progression of diabetes. 

Several in vivo and ex vivo studies showed that the relaxation effects of 
Ang-(1-7) in CC of diabetic rats are mediated mainly via NO/cGMP by increas-
ing NO production/bioavailability [19]. Additionally, chronic treatment with 
Ang-(1-7) increased both endothelial and neuronal nitric oxide synthase (NOS) 
protein expression in a mouse model of hypercholesterolaemia-induced ED [26]. 
Also, chronic treatment with Ang-(1-7) was found to reverse up regulation of 
Rho kinases in the diabetic CC [27]. Inhibition of these enzymes was found to 
increase NO signaling, and attenuate corporal fibrosis improving subsequently 
erectile function [28] [29]. These findings together support the crucial role of 
increased NO in mediating the pro-erectile functions of Ang-(1-7). 

However, an unaltered NO levels with a marked decrease in cGMP levels in 
CC with diabetes progression suggested that Ang-(1-7) might not act only 
through stimulation of NO production but also through the regulation of phos-
phodiesterase enzyme responsible for cGMP degradation. PDE activity is mar-
kedly increased in CC of diabetic rats and Ang-(1-7)-mediated relaxation might 
occur by increasing cGMP levels through transcriptional regulation of PDE gene 
[30]. These findings may explain the absence of association between Ang-(1-7) 
and NO in addition to the difference in the time-dependent decrease of both 
Ang-(1-7) and NO levels with the progression of diabetes. 

From another side, the structural changes that could affect the erectile tissue 
with diabetes especially the fibrotic changes would make the CC not only less 
functional during erection but also less responsive to local (prostaglandin E1) 
and systemic (phosphodiesterase-5 inhibitors) vasodilators [31]. Therefore, it was 
important in our study to assess the histopathological changes of diabetic penile 
tissues. The pathologic examination revealed progressive loss of smooth muscle 
mass with concomitant corporal fibrosis. These changes were more pronounced 
at 8 weeks than at 4 weeks of diabetes. As smooth muscle relaxation of the intra-
cavernosal sinuses caused by NO release play a key role in achieving and main-
taining erection, reduction of smooth muscle cells will result in decreased intra-
cavernosal pressure and subsequently ED [32]. 

These results coincide with an alloxan-induced rabbit model of diabetes, in 
which severely diabetic rabbits with blood glucose greater than 400 mg/dl had a 
pronounced decrease in trabecular smooth muscle versus controls. The reduc-
tion in smooth muscle was correlated with the decrease in corporeal vascular 
volume, and cavernous artery diameter in diabetic rabbit penises. This potential 
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arterial insufficiency as well as the increase in diffuse connective tissue of CC 
may contribute to the pathophysiology of diabetic ED [33]. Interestingly, anoth-
er report showed that the mRNA expression of smooth muscle α-actin, and 
smooth muscle myosin heavy chain were decreased in diabetic rats with ED [34]. 

Importantly, in the current study, the progressive deterioration of smooth 
muscle mass and corporal fibrosis were significantly related to the decreased lev-
el of Ang-(1-7) along the whole period of the study. An inhibitory effect of 
Ang-(1-7) was noted via its receptor on the key signaling pathways of fibrogene-
sis [35]. This was evident in mice lacking Mas receptor, which suffered from pe-
nile fibrosis with severely depressed responses to electrical stimulation of the 
major pelvic ganglion [36]. Interestingly, Ang-(1-7) has been shown to reduce 
penile fibrosis and improve penile function when administrated orally in mice 
with hypercholesterolemia [26]. Kilarkaje et al. (2013) [37] reported also the ability 
of Ang-(1-7) to restore DM-induced structural changes in CC by reducing the 
degeneration of the corporeal smooth muscles seen in diabetic rats. 

In the present study, it was evident also that the changes in FBG level had no 
significant relation to the level of penile Ang-(1-7), the deterioration of smooth 
muscle or the degree of corporal fibrosis. Importantly, Yousif et al. (2007) [19] de-
tected that chronic treatment with Ang-(1-7) was able to reverse diabetes-induced 
abnormal CC vascular reactivity without correcting hyperglycemia. 

Lastly, in addition to blocking the development of penile fibrosis, Ang-(1-7) 
was shown to enhance revascularization of the affected penis. Treatment with 
Ang-(1-7) for 4 weeks was demonstrated to reverse diabetes-induced decrease in 
VEGF-mediated angiogenesis in the cavernosa of diabetic mice [38]. This may 
represent a new hope to prevent or even minimize the corporal fibrosis which 
could lead to irreversible damage of erectile tissue. 

5. Conclusion 

In conclusion, in this study, we showed that diabetes induced progressive de-
crease in the release of penile Ang-(1-7), nitric oxide with concomitant loss of 
normal smooth muscle of the CC and its replacement by fibrotic tissue. The as-
sociation of Ang-(1-7) with these histopathological changes provides support for 
future studies to elucidate the mechanisms by which Ang-(1-7) can act to mod-
ulate fibrosis and vascular remodeling in erectile dysfunction. A greater under-
standing of these processes in addition to its impact on inflammation and vas-
cular proliferation will make Ang-(1-7) an attractive target for the development 
of new therapeutics for erectile dysfunction. 
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