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Abstract

Introduction—Angiotensin (Ang)-(1-7) is a recently identified vasoprotective heptapeptide and
it appears to activate the reparative functions of bone marrow-derived stem/progenitor cells
(BMPCs).

Aim—This study evaluated the effect of Ang-(1-7) in the angiogenic function of cavernosum in
type 1 diabetes (T1D) and delineated the role of BMPCs in this protective function.

Methods—T1D was induced by streptozotocin in mice and mice with 20-24 weeks of diabetes
were used for the study. Ang-(1-7) was administered subcutaneously by using osmatic pumps.
Cavernosa, and BMPCs from peripheral blood and bone marrow were evaluated in different assay
systems.

Main outcome measures—Angiogenic function was determined by endothelial tube formation
in matrigel assay. Circulating BMPCs were enumerated by flow cytometry and proliferation was
determined by BrdU incorporation. Cell-free supernatant of BMPCs were collected and tested for
paracrine angiogenic effect. Expression of angiogenic factors in BMPCs and cavernosa were
determined by real-time PCR.

Results—Ang-(1-7) (100 nM) stimulated angiogenesis in mouse cavernosum that was partially
inhibited by Mas1 receptor antagonist, A779 (10 uM) (P<0.05). In cavernosa of T1D, the
angiogenic responses to Ang-(1-7) (P<0.005) and VEGF (100 nM) (P<0.03) were diminished.
Ang-(1-7) treatment for four weeks reversed T1D-induced decrease in the VEGF-mediated
angiogenesis. Ang-(1-7) treatment increased the circulating number of BMPCs and proliferation
that were decreased in T1D (P<0.02). Paracrine angiogenic function of BMPCs was reduced in
diabetic BMPCs, which was reversed by Ang-(1-7). In diabetic BMPCs, SDF and angiopoietin-1
were up-regulated by Ang-(1-7) and in cavernosum, VEGFRL1, Tie-2 and SDF were up-regulated
and angiopoietin-2 was down-regulated.

Conclusions—Ang-(1-7) stimulates angiogenic function of cavernosum in diabetes via its
stimulating effects on both cavernosal microvasculature and BMPCs.
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Introduction

Long-term diabetes is a risk factor for cardiovascular disease including erectile dysfunction
(ED). Prevalence of ED among diabetic individuals ranges from 35-70% [1,2]. Dysfunction
of cavernosal endothelium, characterized by impaired vasodilatory and angiogenic
functions, largely contributes to erectile dysfunction [3,4].

Angiotensin-(1-7) (Ang-(1-7) is a heptapeptide produced by angiotensin-converting enzyme
(ACE)-2 from the substrate angiotensin 11 [5,6]. Ang-(1-7) produces its physiological effects
by activating Mas receptor [7]. Accumulating evidence supports the notion that activation of
ACE2/Ang-(1-7)/Mas axis is cardiovascular protective in several models of cardiovascular
disease [8]. Recent studies provide compelling evidence for the protective effects of Ang-
(1-7) in diabetic erectile dysfunction. Ang-(1-7) or Mas receptor activation stimulates
erectile response in rodents [9,10] and Ang-(1-7) treatment reversed the cavernosal
dysfunction induced by diabetes and hyperlipidemia [11-13].

Bone marrow-derived stem/progenitor cells (BMPCs) have been shown to play a key role in
the cardiovascular homeostasis [14]. Re-endothelialization of cardiovascular tissues by
different population of BMPCs is now being considered as a promising approach for the
treatment of cardiovascular complications [15,16]. The therapeutic potential of cell-based
therapies for the treatment of ED or cavernosal injury has recently been shown in
experimental studies using muscle- or adipose-derived stem cells [17,18]. In mice, lineage-
negative (Lin") cells expressing either Sca-1 or cKit or both are well known as
hematopoietic cells, possess vasoprotective/regenerative functions [19,20]. Mobilization of
BMPCs from BM in response to vascular injury or endothelial damage is an essential event
in the endogenous vascular repair process [21,22]. BMPCs are recruited to the areas of
endothelial damage by the tissue-derived hypoxia-regulated factors such as stromal derived
factor-1 (SDF) and vascular endothelial growth factor (VEGF) [23]. Recent studies indicate
that in diabetes the dysfunction of vasoprotective BMPCs triggers the onset of diabetic
complications [24]. Recruitment of BMPCs to the areas of vascular injury and the reparative
functions are impaired in diabetes [25]. Proliferation and migration of diabetic BMPCs to
hypoxia-regulated factors are impaired [26,27], and cannot induce re-endothelialization or
support vascular regeneration in the areas of ischemia [27,28].

The involvement of BMPCs in the cardiovascular protection by Ang-(1-7) has recently been
investigated. Ang-(1-7) expression enhanced in vitro and in vivo vasoreparative functions of
dysfunctional CD34" cells derived from individuals with diabetes [29]. In this study we
have evaluated the beneficial effects of Ang-(1-7) in the angiogenic function of corpus
cavernosum in diabetes and tested the hypothesis that BMPCs participate in the protective
functions of Ang-(1-7). This study is performed in a mouse model of type 1 diabetes
induced by streptozotocin (STZ). It is important to note that while this model produces
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erectile dysfunction due to hyperglycemia, it would not ideally represent the current clinical
scenario of diabetes, which is type 2 characterized by hyperinsulinemia and metabolic
syndrome in addition to hyperglycemia.

All the animal procedures were carried in accordance with the Institutional Animal Care and
Use Committee (IACUC) of North Dakota State University. Male C57BI/6 mice (Harlan
laboratories) at approximately 6 weeks of age were acclimatized for up to two weeks before
experimentation. Type 1 diabetes, was induced by STZ and mice with blood glucose of 300
- 400 mg/dl were assigned to treatment groups at 20+2 weeks of diabetes. A total of 32 mice
were used in the study.

For tissue collection, mice were killed by cervical dislocation under deep isoflurane
anesthesia immediately followed by thoracotomy. The penis was removed from each animal
by separating the crura at the point of adhesion to the lower pubic bone, and the corpus
cavernosa were then excised. The central penile artery was removed and the cavernosal
strips were either used for matrigel angiogenesis assay or snap-frozen in liquid nitrogen
followed by preservation at -80°C, for molecular expression studies.

Ang-(1-7) was administered by continuous subcutaneous infusion by using osmotic pumps
(Alzet) at a rate of 1 pg/Kg/minute for four weeks. Angiogenesis assays were carried out in
matrigel and the tube formation was quantified by measuring tubular length using ImageJ
Software (NIH). Circulating BMPCs, Lin~ or Lin"Sca-1* (LS) cells were enumerated in
peripheral blood or isolated from bone marrow for in vitro or ex vivo studies including
proliferation assay, preparation of conditioned media and gene expression studies.

Conditioned media was obtained by plating LS cells in endothelial basal medium (EBM2,
Lonza), at a density of 2x104 cells/150 microL/well in a U-bottom 96-well plate. After
18-20 hours, cell suspension was collected and cell-free medium was obtained by
centrifuging at 150 g for 10 minutes. Conditioned medium was preserved at -80°C until
further use. When required, medium was thawed at 4-8°C and used in the angiogenesis
assay.

Cell proliferation was evaluated by determining BrdU incorporation (Cell Proliferation
ELISA; Roche Bioscience). Assay was carried out using 1x10* cells/well in 100 ml of the
assay buffer and BrdU was added after 18 hours. Following 24 hours of incubation with
BrdU, incorporation into cells was assayed as per the manufacturer’s instructions. Cell
proliferation in a treated cell sample was expressed relative to the proliferation in a negative
control i.e. cells treated with 10 uM mitomycin C, an inhibitor of proliferation.

See the supplement for detailed methods for cell preparation, flow cytometry, RNA isolation
for real-time PCR and for the list of primers used for PCR amplification of different genes.

Results were expressed as Mean = SEM and ‘n’ represents the number of mice used. Results
were compared by using unpaired Student’s ‘t’-test or one-way ANOVA with Dunn’s
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multiple comparison, using the program GraphPad Prism (Prism). P-value <0.05 was
considered statistically significant.

Results

Ang-(1-7) stimulates angiogenic response in cavernosum of nondiabetic and diabetic mice

In vitro angiogenic response in matrigel was characterized by migration of sinusoidal
endothelial cells into the 3D matrix, followed by sprouting and formation of tubular
structures. In the untreated cavernosal strips cultured in the basal medium, sprouting of
sinusoidal endothelial cells was observed by day-3. Formation of endothelial tubes was
observed by day 5. Tubular structures tended to degenerate from day 7 onwards. Treatment
with VEGF (100 nM) induced sprouting and tube formation by migrated endothelial cells by
day-4 that continued to grow into an extensive network. Ang-(1-7) (100 nM) induced
endothelial sprouting and tube formation by day 4 that continued to grow, however, the
density of tubular network was not as extensive as observed with VEGF. For comparison of
quantitative responses, the tubular length was measured at day 7 (Figure 1A). Ang-(1-7)
stimulated tube formation (P<0.0001 vs untreated, n=5) that was partially inhibited by A779
(10 uM), a MasL receptor antagonist (P<0.05, n=4).

In diabetic cavernosal tissue, Ang-(1-7) (100 nM) stimulated endothelial tube formation
(P<0.01 compared to untreated, n=5, Figure 1B), however this response was lower than that
observed in nondiabetic (P<0.005, Figure 1B). Furthermore, response to VEGF (100 nM)
was also reduced in diabetic cavernosum (P<0.03 vs nondiabetic, n=5, Figure 1B).

Then, we tested if chronic administration of Ang-(1-7) would reverse the impaired
angiogenic function of diabetic cavernosum. Diabetic mice were treated with saline or Ang-
(1-7) for four weeks and the cavernosa were evaluated for VEGF-induced angiogenesis. The
endothelial tube formation induced by VEGF was lower in diabetic cavernosa (P<0.05 vs
nondiabetic) and Ang-(1-7) treatment robustly enhanced this response (P<0.03 vs untreated
diabetic, n=5, Figure 2).

Ang-(1-7) increases the circulating BMPCs in long-term diabetes

Diabetes decreases mobilization of BMPCs into the peripheral circulation, which in turn
cause/accelerate angiogenic dysfunction of cavernosa [25,30]. Therefore we tested if
BMPCs contribute to the angiogenic functions of Ang-(1-7) in diabetes. The circulating
BMPCs, Lin™ or LS cells, were enumerated in different treatment groups. Long-term
diabetes decreased the circulating BM-Lin™ and LS cells, (P<0.05, vs control, n=7) (Figure
3A). Ang-(1-7) treatment normalized the circulating number of Lin- and LS cells (P<0.02
and P<0.05, respectively, Figure 3A).

Proliferation of primitive BMPCs is a highly regulatory process and is essential for
physiological and induced mobilization of BMPCs [23]. Therefore, we tested if Ang-(1-7)
affected proliferation of BMPCs in diabetes. Proliferation was evaluated ex vivo by
determining BrdU incorporation. This response was highly impaired in cells isolated from
diabetic mice (P<0.003 vs nondiabetic) and this impairment was reversed by administration
of Ang-(1-7) (P<0.002 vs untreated diabetic, n=7, Figure 3B).
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Ang-(1-7) increases paracrine pro-angiogenic function of diabetic BMPCs

BMPCs stimulate the angiogenic functions intrinsic for the resident vasculature largely via
paracrine effects [24]. We tested if Ang-(1-7)-mediated improvement in the cavernosal
angiogenic response involves the paracrine functions of BMPCs. Conditioned media (CM)
were obtained from control, diabetic or Ang-(1-7)-treated diabetic BMSPCs and were
evaluated for the proangiogenic effects in nondiabetic cavernosum. Control-CM stimulated
angiogenic response, which was either impaired or not observed when treated with diabetic-
CM (P<0.05, n=4, Figure 4). CM derived from Ang-(1-7)-treated diabetic mice stimulated
robust angiogenic response (P<0.001 vs diabetic-CM, n=4, Figure 4).

Ang-(1-7) induces pro-angiogenic switch in BMPCs and in cavernosum in diabetes

Then, we evaluated the expression of proangiogenic factors in BMPCs and in cavernosal
tissue to delineate the soluble factors produced by BMPCs and their effects on cavernosum.
The gene expression of selected factors, SDF, VEGF, Aptn-1 and Aptn-2, and their
receptors VEGFR1, VEGFR2 and Tie-2, was quantified in BMPCs and cavernosal tissues
from different treatment groups.

In BMPCs (Figure 5), expression of VEGF, VEGFR1, VEGFR2, Aptn-2 and Tie-2 were not
altered by diabetes, whereas significant decrease was observed in the expression of SDF and
Aptn-1 (P<0.05) compared to nondiabetic. Ang-(1-7) reversed this decrease (SDF, P<0.04,
and Aptn-1, P<0.03, vs diabetic, n=5).

In cavernosum (Figure 6), while the expression of SDF, VEGF and Aptn-1 were unchanged
in diabetes, the VEGFR1 expression was down-regulated (P<0.05 vs control, n=5).
Interestingly, Ang-(1-7) differentially altered the expression of angiogenic factors and their
receptors: Aptn-2 was down-regulated (P<0.04), and Tie-2 (P<0.05), SDF (P<0.007), and
VEGFR1 (P<0.01) were up-regulated, and Aptn-1, VEGF and VEGFR2 were unaltered
(n=5, vs untreated diabetic).

Discussion

This study reports several novel findings: 1. Ang-(1-7) is pro-angiogenic in the mouse
corpus cavernosum, 2) cavernosal angiogenic function is impaired in long-term diabetes,
which can be reversed by Ang-(1-7), 3) diabetes is associated with decreased number and
impaired paracrine angiogenic function of circulating BMPCs, both of which were reversed
by Ang-(1-7), and 5) Ang-(1-7) induced pro-angiogenic switch in the expression profile in
both cavernosum and BMPCs.

The current study provides direct evidence for the pro-angiogenic function of Ang-(1-7) in
mouse corpus cavernosum. Earlier studies have shown that Ang-(1-7) is either pro-
angiogenic or antiangiogenic in different assay systems. In culture-derived endothelial
progenitor cells, ACE2-expression enhanced angiogenic function in matrigel assay that was
dependent on Ang-(1-7)/Mas pathway [31]. Similar findings were observed in rat
microvascular endothelial cells [32]. These findings are further supported by in vivo studies
in rat hindlimb ischemia model that showed enhanced neovascularization of ischemic limb
by Ang-(1-7) [32]. In contrast, inhibitory effect of Ang-(1-7) was observed in mouse sponge
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model of angiogenesis [33], and in lung and breast tumor xenografts [34]. These reported
differences could be due to the underlying mechanisms that mediate cancer angiogenesis,
which are complex and believed to be distinct from physiological/therapeutic angiogenesis
[35].

Diabetes is known to impair endothelial functions, both dilatory and angiogenic, thus
leading to vascular disease [36]. While the vasodilatory dysfunction was well documented in
cavernosum in experimental studies, no studies were focused at angiogenic function. The
current study reports that long-term diabetes is associated with angiogenic dysfunction in
corpus cavernosum that was characterized by reduced response to VEGF, and that Ang-(1-7)
reversed this impairment in vitro and ex vivo. Recent study by Yin et al [37] demonstrated
diabetic dysfunction in vitro in cavernosal angiogensis in a similar assay system. Increased
oxidative stress due to NADPH oxidase overactivity resulting in reduced nitric oxide (NO)
availability is considered to be a major underlying mechanism of Ang-(1-7) protective
effects [38]. Furthermore, Ang-(1-7) has been shown to enhance NO bioavailability, in part,
by reducing NADPH activity and by activating/upregulating eNOS [39].

Current study provides evidence for the role of BMPCs in the proangiogenic effects of Ang-
(1-7) in diabetes. Diabetes is known to be associated with decreased function and number of
circulating BMPCs that play an important role in re-endothelialization and maintaining
vascular health largely by paracrine mechanisms [24,25]. Role of BMPCs in cavernosal
endothelial function is poorly studied. While stem/progenitor cells of diverse sources were
shown to either reverse or improve erectile dysfunction in experimental diabetes [40], no
studies have focused at targeting enhancing the mobilization of BMPCs that was impaired in
diabetes. This study shows that Ang-(1-7) reverses the diabetes-induced decrease in
mobilization of BMPCs. Furthermore, Ang-(1-7) reversed the paracrine proangiogenic
dysfunction. These beneficial effects were associated with increased proliferation of resident
BMPCs, an important event that precedes mobilization into the circulation [23], which was
also impaired in diabetes. Earlier studies have implicated BMPC mobilization in the
protective functions of Ang-(1-7) in experimental models of myocardial [41] or retinal
ischemia [15].

Re-endothelialization of vasculature by BMPCs has been shown to involve both trans-
differentiation into endothelial cells and paracrine mechanisms. The latter mechanism is
strongly supported by several studies and the vascular engraftment by BMPCs is evidently
not more than 10% even at the stage of maximum restoration of blood flow following
ischemic injury [19]. Recent studies indicate that paracrine angiogenic effects of human or
murine BMPCs are impaired in diabetes [42]. Therefore, current study tested the hypothesis
that the reversal of paracrine dysfunction in BMPCs is an underlying mechanism of
beneficial effects of Ang-(1-7) in BMPCs. Current study involving cell-free supernatants
support this hypothesis and that at least in part contributes to the reversal of diabetic
angiogenic dysfunction in cavernosum.

The soluble factors released by circulating BMPCs have autocrine and paracrine functions
i.e. they modulate the function of the cells themselves as well as modulate the target tissue/
cell functions such as vascular endothelium [43]. In the current study, gene expression
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assays of selected pro-angiogenic factors in BMPCs and corpus cavernosum revealed the
involvement of factors that are produced by BMPCs in modulation of angiogenic function in
cavernosum. Murine BMPCs express SDF, VEGF and Aptn-1 and their receptors, CXCR4,
VEGFR1, VEGFR2 and Tie-2, and the expression was differentially affected in diabetes and
by treatment with Ang-(1-7). Specifically, diabetes down-regulated SDF and Aptn-1
expression in diabetic BMPCs, and VEGFR1 expression in cavernosum. Ang-(1-7)
treatment reversed these diabetes-induced molecular changes and further up-regulated SDF
and Tie-2, and down-regulated Aptn-2 in the cavernosal tissue. SDF supports the
proliferation and migratory functions of BMPCs and vascular endothelial cells via its actions
on CXCR4 receptor [44,45]. On the other hand, BMPCs are selectively recruited by tissue-
derived SDF thus concentrating the paracrine effects of BMPCs in the areas, where
endothelium is dysfunctional. Our study shows that SDF expression in diabetic BMPCs is
impaired and that Ang-(1-7) reversed the impairment and furthermore, enhanced SDF
expression in cavernosum, the target tissue.

VEGF is a well-studied growth factor for its physiological and pathological angiogenic
effects in different clinical settings. In the context of diabetes, pathological or therapeutic
outcomes vary with the organ and the availability of several other factors such as NO that
modulate angiogenesis [46-48]. In the current study, expression of VEGF in BMPCs or
corpus cavernosum was not altered in diabetes. Interestingly, VEGFR1 expression was
down-regulated in diabetic corpus cavernosum that was reversed by Ang-(1-7) thus restoring
the angiogenic response in cavernosal vasculature when exposed to VEGF. Aptn-1 mediates
migration, adhesion and survival of endothelial cells by acting on Tie-2 receptors, and
Aptn-2 opposes the actions of Aptn-1 and promotes vascular regression [49]. Along similar
lines, Aptn-1 and Aptn-2 have opposing effects in BMPCs. BMPC-derived Aptn-1 enhances
the proliferation of BMPCs via autocrine mechanism and promotes angiogenesis in the
target tissue via paracrine effects by stimulating migration of endothelial cells and by
inducing the formation of vascular network [50]. Our findings demonstrate that the
expression of Aptn-1 is down-regulated in diabetic BMPCs, which was reversed by Ang-
(1-7). In addition, the anti-angiogenic factor, Aptn-2, was down-regulated by Ang-(1-7) in
the diabetic corpus cavernosum thus enhancing the paracrine proangiogenic functions of
BMPCs via Aptn-1.

In conclusion, long-term diabetes is associated with angiogenic dysfunction in corpus
cavernosum, decreased number and paracrine function of circulating BMPCs. The paracrine
dysfunction is at least in part, due to the down-regulation of SDF and Aptn-1 in BMPCs, and
due to down regulation of VEGFR1 in cavernosum. Ang-(1-7) reversed diabetes-induced
molecular changes, and further stimulated the expression of proangiogenic Tie-2 and SDF,
and decreased the expression of anti-angiogenic Aptn-2 in cavernosum. The summary of
findings is illustrated in Figure 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ang-(1-7)-induced vascular endothelial tube formation in cavernosal tissue derived
from nondiabetic or diabetic mice

A. Representative bright field images of cavernosal strips showing angiogenic response in
matrigel. Cavernosal strips obtained from either nondiabetic or diabetic mice were treated
with either basal medium/EBM2, 100 nM VEGF, 100 nM Ang-(1-7), or 100 nM Ang-(1-7)
in the presence of 10 UM A779. Images in upper and lower panels were obtained at 4x or
20x objective. Scale bar equals 200 (upper panel) or 50 microns (lower panel). B. Effects of
different treatments on the tubular formation observed in cavernosal tissues derived from
nondiabetic and diabetic mice. Ang-(1-7) increased tubular formation in cavernosal tissue
(P<0.0001 compared to the untreated, n=5), which was partially inhibited by A779
(P<0.007, n=4). Ang-(1-7) stimulated endothelial tube formation in cavernosal tissue
derived from diabetic mice (P<0.01 compared untreated, n=5), which was lower than that
observed in the nondiabetic cavernosum (P<0.005). VEGF induced robust angiogenic
response in the nondiabetic cavernosum which was reduced in diabetes (P<0.03, n=5).
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Figure 2. VEGF-induced endothelial tube formation isimpaired in cavernosal tissue derived
from diabetic mice and this dysfunction wasreversed by in vivo Ang-(1-7) treatment

A. Representative bright field images of cavernosal strips showing angiogenic response in
matrigel. Tissue strips were obtained from either nondiabetic, diabetic or Ang-(1-7)-treated
diabetic mice, treated with 100 nM VEGF. Images were obtained at 4x objective. Scale bar
equals 200 microns. B. VEGF induced a robust angiogenic response in cavernosal tissue
derived from nondiabetic mice, which was reduced in diabetic cavernosum (P<0.05, n=5).
Cavernosal tissue derived from diabetic mice treated with Ang-(1-7) for four weeks, showed
robust angiogenic response to VEGF (P<0.05 compared to untreated diabetic).
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Figure 3. Reversal of diabetic dysfunction in bone marrow stem/progenitor cells (BMPCs) by
Ang-(1-7) treatment
A. Diabetes was associated with reduced number of circulating BMPCs, Lin™ or LS cells

(P<0.05, n=6). Ang-(1-7) treatment increased the number of circulating Lin™ or LS cells
(P<0.02 and P<0.05, respectively, n=6). Ang-(1-7) has no significant effect on circulating
BMPCs in nondiabetic mice. B. Ex vivo proliferation of resident BMPCs, as measured by
BrdU incorporation is reduced in diabetes (P<0.003), which was reversed by Ang-(1-7)
treatment (P<0.002).
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Figure 4. Reversal of paracrine angiogenic dysfunction in diabetic BMPCs by Ang-(1-7)
A. Conditioned media (CM) or cell-free supernatants derived from nondiabetic, diabetic or

Ang-(1-7)-treated diabetic BMPCs were evaluated for their angiogenic functions in
cavernosal strips derived from nondiabetic mice. A. Representative bright field images of
cavernosal strips treated with CM derived from different BMPCs showing angiogenic
response in matrigel. Images in upper and lower panels were obtained at 4x or 20x objective.
Scale bar equals 200 (upper panel) or 50 microns (lower panel). B. Endothelial tube
formation induced by Diabetic-CM was significantly lower than that induced by
nondiabetic-CM (P<0.05). Ang-(1-7)-diabetic-CM induced robust increase in the endothelial
tube formation (P<0.001 compared to diabetic-CM).
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Figure 5. Reversal of diabetes-induced changesin the expression of selected angiogenic factorsin
BMPCsby Ang-(1-7)

Diabetes resulted in down-regulation of angiogenic factors, stromal-derived factor-1a (SDF)
(P<0.05, n=5) and angiopoietin-1 (Aptn-1) (P<0.05) in BMPCs compared to nondiabetic.
Ang-(1-7) treatment reversed the diabetes-induced changes in the expression of SDF
(P<0.04) and Aptn-1 (P<0.03). Expression of VEGF, VEGFR1, VEGFR2, Aptn-2 or Tie2
was no affected in diabetes or by Ang-(1-7) treatment.
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Figure 6. Ang-(1-7) up-regulatesthe expression of selected angiogenic factorsin diabetic
cavernosum

Diabetes resulted in the down-regulation of VEGFR1 (P<0.05 vs nondiabetic) in
cavernosum that was reversed by Ang-(1-7) treatment (P<0.01 vs diabetic) while other
factors were unaltered. Ang-(1-7) treatment up-regulated SDF (P<0.007), and Tie-2
(P<0.05), and down-regulated the expression of Aptn-2 (P<0.04), compared to the untreated
diabetic cavernosum.
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Figure 7. Possible mechanism of thereversal of diabetic dysfunction in cavernosal angiogenesis
by Ang-(1-7) in diabetes

Bone marrow stem/progenitor cells (BMPCs) are mobilized into circulation in physiological
conditions and maintain endothelial health by producing paracrine factors such as stromal-
derived factor-1a (SDF), VEGF and angiopoietin-1. In long-term diabetes, mobilization of
BMPCs is decreased and their paracrine protective functions are impaired. The latter could
be, at least in part, due to decreased expression of SDF and Aptn-1 in BMPCs, and VEGFR1
in cavernosam. Therefore, angiogenic function of cavernosal microvasculature is
diminished. Treatment with Ang-(1-7) enhanced the mobilization of BMPCs and their
paracrine angiogenic function. This vasoprotective effect is in part, due to the reversal of
diabetic changes in the expression of paracrine factors, and in the cavernosal
microvasculature - increased expression of SDF and Tie-2, and decreased expression of
Aptn-2, an antiangiogenic factor (molecular changes are not included in the schematic for
clarity).
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