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Abstract
Introduction—Hyperlipidemia has been associated with erectile dysfunction (ED) via damage to
the cavernous endothelium and nerves. Adipose tissue-derived stem cells (ADSC) have been
shown to differentiate into endothelial cells and secrete vasculotrophic and neurotrophic factors.

Aim—To assess whether ADSC have therapeutic effects on hyperlipidemia-associated ED.

Methods—Twenty-eight male rats were induced to develop hyperlipidemia with a high fat diet
(hyperlipidemic rats, HR). Ten additional male rats were fed a normal diet to serve as controls
(normal rats, NR). Five months later, all rats were subjected to ADSC isolation from paragonadal
fat. The cells were cultured for one week, labeled with 5-ethynyl-2′-deoxyuridine (EdU), and then
injected autologously into the corpus cavernosum of 18 HR. The remaining 10 HR rats were
injected with phosphate-buffered saline (PBS). At 3 and 14 days post-transplantation, 4 rats in the
HR+ADSC group were sacrificed for tracking of the transplanted cells. At one month post-
transplantation, all remaining rats were analyzed for serum biochemistry, erectile function and
penile histology.

Main Outcome Measures—Erectile function was assessed by intracavernous pressure
measurement during electrostimulation of the cavernous nerve. Cavernous nerves, endothelium,
and smooth muscle were assessed by immunohistochemistry.

Results—Serum total cholesterol and low-density lipoprotein levels were significantly higher in
HR than in NR. High-density lipoprotein level was significantly lower in HR than in NR. Mean
intracavernous pressure/mean arterial pressure ratio was significantly lower in HR+PBS than in
NR+PBS or HR+ADSC. Neuronal nitric oxide synthase (nNOS)-positive nerve fibers and
endothelial cells were fewer in HR+PBS than in HR+ADSC. Smooth muscle content was
significantly higher in both HR groups than in NR.

Conclusions—Hyperlipidemia is associated with abnormalities in both the nerves and
endothelium. Treatment with ADSC ameliorates these adverse effects and holds promise as a
potential new therapy for ED.

INTRODUCTION
Hyperlipidemia is a major risk factor for the development of erectile dysfunction (ED) [1] It
has been demonstrated that there is a linear relationship between severity of hyperlipidemia
and risk of ED; Wei reported that for every mmol/liter increase in total cholesterol there was
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an associated 32% increase in risk of ED, whereas there was a substantial decline in risk of
ED for every mmol/liter increase in high density lipoprotein (HDL) [2] Hyperlipidemia may
impair erectile function by affecting endothelial function as a common mechanism [3–5]. At
the cellular level, endothelial dysfunction results in impaired bioavailability of nitric oxide
(NO) [6]

Phosphodiesterase type-5 (PDE5) inhibitors are an important first line treatment for men
with ED including those with coexisting hyperlipidemia [7] The use of PDE5 inhibitors has
a proven record of safety in preclinical and human trials. However, PDE5 inhibitors do not
produce adequate relief in all patients with hyperlipidemia. In a prospective, randomized,
double-blind, placebo-controlled study, it has been reported that 10 mg challenge dose of
vardenafil may often fail to achieve initial penetration (16%) or completion of intercourse
(28%) for men with hyperlipidemia [8]. In addition, these medications have potential
adverse effects including headache, flushing, dyspepsia, nasal congestion, abnormal vision,
diarrhea, dizziness, skin rash, rhinitis, and back pain [9] Numerous alternative treatments are
available for the management of ED but their efficacy and tolerability are variable; a means
to treat the underlying disease process of ED would be preferable to currently available
interventions.

Adipose-derived stem cells (ADSC) are multipotent progenitor cells isolated from the
stromal vascular fraction of adipose tissue [10] In previous studies, we have demonstrated
that ADSC can differentiate into neuron-like, endothelial and smooth muscle cells in vitro
[11,12]. This capacity makes ADSC an attractive potential therapy for conditions known to
be associated with disruption of endothelial tissues.

In this study, we investigate the efficacy of ADSC in the treatment of impaired penile
hemodynamics and penile histological changes associated with hyperlipidemia in a rat
model.

METHODS
Animal Groups and Experimental Design

Thirty eight (38) 3-month old male Sprague-Dawley rats were obtained from Charles River
Laboratories (Wilmington, MA, USA). All animal care, treatments and procedures were
approved by the Institutional Animal Care and Use Committee at our institution.

Ten rats fed a diet of standard rat chow served as negative controls. The remaining 28 rats
(hyperlipidemic rats, HR) were fed a high-fat diet consisting of 2% cholesterol and 10% lard
(Zeigler Brothers, Gardner, PA, USA) for 5 months. This has been shown in prior studies to
induce a condition of hyperlipidemia and impaired penile hemodynamics [13].

At the five month time point, all rats underwent paragonadal fat harvest for procurement of
ADSC. ADSC were cultured for one week and labeled with 5-ethynyl-2′-deoxyuridine
(EdU). The 28 HR were divided into two groups: 1) injection of phosphate buffered saline
(PBS) into the corpus cavernosum (HR+PBS, n=10), and 2) Injection of ADSC in PBS into
the corpus cavernosum (HR+ADSC, n=18). Negative control animals underwent PBS
injection into the corpus cavernosum (NR+PBS). At the 3 and 14 day time-points after
ADSC transplantation, four rats were randomly selected from the HR+ADSC group and
were euthanized with IP pentobarbital (200 mg/kg) and bilateral thoracotomy. The penis
samples were harvested for EdU staining.
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One month after injection the remaining rats underwent erectile function testing. Animals
were then sacrificed, and serum samples and penile tissues were obtained for biochemical
and immunohistochemical analysis.

Harvest and Processing of ADSC and EdU Labeling
Animals were anesthetized with isoflurane. A midline abdominal incision was made to
expose the perigonadal fat pad. A specimen of para-testicular fat was harvested and placed
in ice cold PBS. The animal was then closed in two layers with absorbable suture and
anesthesia was weaned.

Fat tissue was rinsed with PBS in a 50 ml conical tube. Adipose tissue was removed from
the upper layer to a fresh tube, and digested in 0.075% collagenase I (Sigma-Aldrich Cp., St
Louis, MO, USA) for 1 hr at 37°C with shaking. The top lipid layer was removed and the
remaining liquid portion was centrifuged at 220 × g for 10 min. The pellet was then treated
with 160 mM NH4Cl for 10 min to lyse red blood cells. The remaining cells were suspended
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), and plated at a density of 1 × 106 cells in a 10-cm dish. The culture dish was
placed in a 5% CO2 incubator for 3–5 days to allow the formation of ADSC colonies. For
the purpose of cell tracking, ADSC were treated with 10 μM EdU (Invitrogen, Carlsbad,
CA, USA) overnight. A total of 2 × 106 EdU-labeled ADSC were collected into a 2-ml
conical tube containing 0.5 ml PBS; these ADSC were subsequently utilized for injection.

ADSC Injection
All animals were anesthetized with isoflurane and a 1.5 cm oblique incision was made in the
lower abdominal midline. The skin was dissected from the anterior surface of the penis and
the penis was retracted anterior with the foreskin left intact. Using blunt dissection the penile
base and crura were exposed. The corpus cavernosum was then gently cannulated using a 25
gauge needle. Animals underwent injection of 0.5 ml PBS (NR+PBS and HR+PBS group),
or 2 million autologous ADSC in 0.5 mL PBS (HR+ADSC) into the left corpus cavernosum.
After treatment the wound was closed in one layer with absorbable suture.

Functional Evaluation
At the one month time point all rats were anesthetized with ketamine and midazolam (100
mg/kg and 5 mg/kg, respectively) by IP injection. A lower midline abdominal incision was
made and the cavernous nerves isolated bilaterally. The penis was denuded of overlying skin
and cannulated with a heparinized 25 gauge needle connected to a real time continuous
pressure transducer. The cavernous nerves were then stimulated with a stainless steel bipolar
hook electrode attached to a multi-jointed clamp; stimulation parameters were 50 second
continuous trains at 20 Hz, 1.5 mAmp. Real time response of the erectile tissue was
determined by change in intracavernous pressure (ICP); the maximum change in ICP was
utilized for further analysis.

After functional testing, systemic blood pressure was measured via aortic cannulation. Mean
arterial pressure (MAP) was calculated by the formula MAP = (2/3 diastolic blood pressure
+ 1/3 systolic blood pressure). After aortic puncture, serum samples were obtained, and then
animals were sacrificed with bilateral thoracotomy. Penile tissues were obtained for
immunohistochemistry.

Immunohistochemical Staining
After euthanasia, tissue samples were fixed in cold 2% formaldehyde and 0.002% picric acid
in 0.1 M phosphate buffer, PH 8.0, for 4 hours followed by overnight immersion in buffer
containing 30% sucrose. The specimens were then embedded in OCT Compound (American
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Master Tech Scientific, Inc, Lodi, CA, USA) and stored at −70°C until use. Sections were
cut at 5 μm, mounted into charged slides and air dried for 5 min. representative slides were
stained with Masson’s trichrome for connective tissue and smooth muscle histology.

For immunohistochemical examination, tissue sections were stained with Click-iT™ reaction
cocktail (Invitrogen, Carlsbad, CA, USA) followed by Dilute Hoechst (Invitrogen, Carlsbad,
CA, USA), mouse anti-neuronal nitric oxide synthase (nNOS, BD Transduction
Laboratories, Franklin Lakes, NJ, USA), mouse anti- rat endothelial cell antigen-1
(RECA-1, Abcam Inc, Cambridge, MA, USA), mouse anti-α-smooth muscle actin (α-SMA,
Sigma-Aldrich, St. Louis, MO, USA) and terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL, Roche Diagnostics Corporation,
Indianapolis, IN, USA) using standard techniques.

Image and Statistical Analysis
Image analysis was performed by computerized densitometry using Image-Pro Plus imaging
software (Media Cybernetics, Silver Spring, MD, USA) coupled to a digital still camera
(Nikon DXM1200) and ACT-1 software (Nikon Instruments Inc., Melville, NY, USA).

To quantify EdU staining, corpus cavernosum was analyzed at 40 magnification and
expressed as the number of EdU-positive nuclei in the corpus cavernosum. For nNOS
staining, dorsal penile nerve was examined at × 100 magnification and expressed as the
number of nNOS-positive nerve fibers in the dorsal penile nerves [14]. For RECA-1 and α-
SMA staining, bilateral fields at × 40 magnification pictures of the penis composed of one
half of the corpus cavernosum was analyzed and expressed as the percentage of positive area
versus total area of the corpus cavernosum. For Masson’s trichrome staining, bilateral fields
at × 40 magnification pictures of the penis composed of one half of the corpus cavernosum
but excluding the sinusoidal spaces were analyzed for smooth muscle (stained in red) and
collagen (stained in blue). The data was expressed as the smooth muscle/collagen ratio [15]

Data was analyzed with Prism 4 (GraphPad Software, Inc., San Diego, CA, USA) and
expressed as mean ± standard error of the mean for continuous variables. The continuous
data was compared the groups using one-way analysis of variance. The Student-Neuman-
Keuls test was used for post-hoc comparisons. Statistical significance was set at p < 0.05.

RESULTS
A lethal reaction to ketamine anesthesia at the time of functional testing occurred in 2 rats (1
each from HR+PBS and HR+ADSC groups). They were excluded from all subsequent
analyses.

Body Weight and Serum Biochemistry
Total body weight was significantly higher in HR than in rats fed a normal diet (NR) (p <
0.05). Serum total cholesterol and LDL levels were significantly higher and HDL level was
significantly lower in HR than in NR (p < 0.01). There were no significant differences in
glucose, triglyceride or testosterone levels between the three groups (Table 1).

Functional Study
Representative ICP measurement from electrostimulation of cavernous nerve in NR+PBS,
HR+PBS and HR+ADSC rats are presented in figure 1. Mean ICP/MAP ratios were
significantly lower in the HR+PBS (0.28 ± 0.268) compared to the NR+PBS group (0.84 ±
0.186) and HR+ADSC (0.59 ± 0.312) groups (Table 2). The NR+PBS group also had higher

Huang et al. Page 4

J Sex Med. Author manuscript; available in PMC 2011 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mean ICP/MAP ratio than the HR+ADSC group, but the difference did not reach statistical
significance. MAP was not significantly different between the three groups.

Tracking Transplanted ADSC
Autologous EdU-labeled ADSC were transplanted into corpus cavernosum (HR+ADSC
group) and identified by Alexa-594 stain. The histological data indicated the presence of
EdU-labeled cells in the corpus cavernosum. Many more EdU-labeled cells were identified
in the 3 day time point (109 ± 60.0) relative to the 14 day time point (30 ± 13.9); EdU-
positive nuclei were rare at the 1 month time point (2 ± 0.8, p = 0.0726). It is suggesting that
ADSC either migrated or died rather than differentiating into somatic cells (Fig. 2).

nNOS-Positive Nerve Fibers in the Penile Dorsal Nerves
The HR+PBS group had lower nNOS-positive nerve fibers relative to NR+PBS (Fig. 3).
nNOS-positive nerve fiber content in the HR+ADSC was significantly greater than what
was observed in the NR+PBS and HR+PBS group (Table 3).

Endothelial Integrity
RECA-1 staining for endothelial tissue showed intense positivity in the corpus cavernosum
from the NR+PBS and HR+ADSC groups; there was minimal RECA-1 positivity in the
corpora of the HR+PBS group (Fig. 4). There was no significant difference in RECA-1
positivity between the NR+PBS and HR+ADSC groups (Table 3). There was also intense
positivity for RECA-1 between the tunica albuginea and Buck’s fascia in the NR+PBS (133
± 10.9) and HR+ADSC (112 ± 13.2) groups; there was minimal RECA-1 positivity in the
HR+PBS group in this area (78 ± 9.5, p = 0.0058).

Smooth Muscle Content
All HR groups had significantly higher smooth muscle content in the corpus cavernosum
relative to the NR+PBS group (Fig. 5 & 6). Tissue sections from the HR+ADSC group had
higher smooth muscle percentage than the HR+PBS group (Table 3). However, there was no
significant difference between animals fed a high-fat diet.

TUNEL Immunohistochemistry
There were no significant differences in TUNEL positivity between groups (data not
shown).

DISCUSSION
There is a growing body of evidence that endothelial dysfunction plays a pivotal role in the
development of ED in men with hyperlipidemia [16,17]. In the current study, it was
determined that penile hemodynamics are substantially inferior in rats fed a high-fat diet for
six months relative to those fed a normal diet. Markers for endothelial function and NOS
activity were depressed in hyperlipidemic rats treated with saline alone. ADSC
transplantation led to substantial improvement in penile hemodynamics in hyperlipidemic
rats. It is implied that 1) hyperlipidemia in rats produces a phenotype similar to ED via
endothelial dysfunction, and 2) ADSC may ameliorate hyperlipidemia related ED.

The precise mechanism(s) by which ADSC enhance erectile function remains to be
elucidated. Histological data from our study suggests that ADSC treatment enhances
neuronal and endothelial content of the penis. However, the scant staining for EdU in the
corpus cavernosum at the 1 month time point implies that differentiation of stem cells plays
a relatively minor role in the efficacy of this treatment, despite prior evidence that ADSC
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possess the capacity to develop into smooth muscle-like, endothelial-like, and neuronal-like
cells in vitro.

As cellular differentiation does not appear to play a major role in the therapeutic effect of
ADSC in this model system, it is logical to hypothesize that the paracrine release of
cytokines and growth factors is responsible for the observed effects. It has been
demonstrated that low dose basic Fibroblast Growth Factor (bFGF) increases nNOS
expression in hyperlipidemic rabbit corporal tissue [18]. In a rat model system, treatment
with Vascular Endothelial Growth Factor (VEGF) by corporal injection has been associated
with greater expression of eNOS and iNOS [19]. ADSC have been shown to secrete both
VEGF and bFGF; this action may underlie their efficacy in treatment of hyperlipidemia
associated compromise of penile hemodynamics in this model system [20,21]. Further study
of the specific cytokines and growth factors secreted by ADSC in vivo is required to clarify
this issue.

An interesting finding of our study was that smooth muscle content was significantly higher
in the HR than in the controls. This finding supports prior reports of increased smooth
muscle content in hyperlipidemic rats [13,22]. LDL has been shown to act as a classic
growth factor promoting vascular smooth muscle cell growth via a mitogenic signals
normally elicited by classic growth factors [23] It is logical to conjecture that this effect may
explain the observation of increased smooth muscle content in our model system. This
increase in smooth muscle content may play a role in impaired penile hemodynamics by
enhancement of the contractile properties of the corpora cavernosa. This paradigm, while
somewhat contrary to the usual concept of smooth muscle content as an indicator of corporal
health, merits further exploration.

The principal limitations of our study include the limited number of animals and a lack of
molecular data on the underlying mechanisms of tissue effect. Questions also remain about
the optimal dosing of ADSC and the long term durability of our results. These important
questions will be the subject of additional research projects. Another critical question is the
long-term safety of ADSC with respect to the possibility of tumor formation. Investigation
of the long term fate of ADSC is required before human trials can be considered, although
the lack of ADSC in our 1 month follow-up tissues sections implies that the potential of
these cells to persist and undergo malignant transformation is limited.

CONCLUSIONS
Intracavernous injection of ADSC improved erectile function in rats that developed
hyperlipidemia-associated ED. The underlying mechanism is likely cytokine and growth
factor secretion although stem cell differentiation may also play a role. ADSC may have
promise in the treatment of hyperlipidemia-related ED.
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Figure 1.
Measurement of erectile function.
Representative graphs are presented for rats fed a normal diet and received phosphate
buffered saline (A), rats fed a high-fat diet and received PBS (B), and rats fed a high-fat diet
and received ADSC (C). The green curve and red bar represent the intracavernous pressure
(ICP) values in response to nerve stimulation and the duration of cavernous nerve
stimulation (50 seconds), respectively.
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Figure 2.
Tracking transplanted ADSC.
The corpus cavernosum was stained with Alexa-594 (red fluorescence) and DAPI (blue
fluorescence) for the visualization of EdU-labeled cells (arrows) and cell nuclei,
respectively. Note the decline of the number of EdU-labeled cells from 2 to 14 and to 28
days post-transplantation. Magnification is X 200.
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Figure 3.
Analysis of neuronal nitric oxide synthase (nNOS)-positive nerve fibers in penile dorsal
nerves.
Representative graphs are presented for rats fed a normal diet and received PBS (NR+PBS),
rats fed a high-fat diet and received PBS (HR+PBS), and rats fed high-fat diet and received
ADSC (HR+ADSC). nNOS positive fibers are stained brown (arrows). The number of
nNOS-positive nerve fibers was higher in NR+PBS and HR+ADSC than in HR+PBS.
Magnification is X 400.
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Figure 4.
Analysis of endothelium content in the corpus cavernosum.
Representative graphs are presented for rats fed a normal diet and received PBS (NR+PBS),
rats fed a high-fat diet and received PBS (HR+PBS), and rats fed high-fat diet and received
ADSC (HR+ADSC). Endothelial cells are stained brown with the RECA-1 antibody. The
number of RECA-1 positive cells was higher in NR+PBS and HR+ADSC than in HR+PBS.
Magnification is X 100. TA = tunica albuginea.
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Figure 5.
Analysis of smooth muscle content in the corpus cavernosum by trichrome staining.
Representative graphs are presented for rats fed a normal diet and received PBS (NR+PBS),
rats fed a high-fat diet and received PBS (HR+PBS), and rats fed high-fat diet and received
ADSC (HR+ADSC). Smooth muscle and connective tissue are stained red and blue,
respectively. The smooth muscle content was higher in HR than in NR. Magnification is X
100. TA = tunica albuginea.
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Figure 6.
Analysis of smooth muscle content in the corpus cavernosum by alpha-smooth muscle actin
staining. Representative graphs are presented for rats fed a normal diet and received PBS
(NR+PBS), rats fed a high-fat diet and received PBS (HR+PBS), and rats fed high-fat diet
and received ADSC (HR+ADSC). Smooth muscle is stained brown. The smooth muscle
content was higher in HR than in NR. Magnification is X 100. TA = tunica albuginea.
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