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A B S T R A C T

Introduction. Low-energy shockwave therapy (LESWT) has been shown to improve erectile function in patients
suffering from diabetes mellitus (DM)-associated erectile dysfunction (ED). However, the underlying mechanism
remains unknown.
Aim. The aim of this study is to investigate whether LESWT can ameliorate DM-associated ED in a rat model and
examine the associated changes in the erectile tissues.
Methods. Newborn male rats were intraperitoneally injected with 5-ethynyl-2-deoxyuridine (EdU; 50 mg/kg) for
the purpose of tracking endogenous mesenchymal stem cells (MSCs). Eight weeks later, eight of these rats were
randomly chosen to serve as normal control (N group). The remaining rats were injected intraperitoneally with
60 mg/kg of streptozotocin (STZ) to induce DM. Eight of these rats were randomly chosen to serve as DM control
(DM group), whereas another eight rats were subject to shockwave (SW) treatment (DM+SW group). Each rat in
the DM+SW group received 300 shocks at energy level of 0.1 mJ/mm2 and frequency of 120/minute. This procedure
was repeated three times a week for 2 weeks. Another 2 weeks later, all 24 rats were evaluated for erectile function
by intracavernous pressure (ICP) measurement. Afterward, their penile tissues were examined by histology.
Main Outcome Measures. Erectile function was measured by ICP. Neuronal nitric oxide synthase (nNOS)-positive
nerves and the endothelium were examined by immunofluorescence staining. Smooth muscle and MSCs were
examined by phalloidin and EdU staining, respectively.
Results. STZ treatment caused a significant decrease in erectile function and in the number of nNOS-positive nerves
and in endothelial and smooth muscle contents. These DM-associated deficits were all partially but significantly
reversed by LESWT. MSCs (EdU-positive cells) were significantly more numerous in DM+SW than in DM rats.
Conclusion. LESWT can partially ameliorate DM-associated ED by promoting regeneration of nNOS-positive
nerves, endothelium, and smooth muscle in the penis. These beneficial effects appear to be mediated by recruitment
of endogenous MSCs. Qiu X, Lin G, Xin Z, Ferretti L, Zhang H, Lue TF, and Lin C-S. Effects of low-energy
shockwave therapy on the erectile function and tissue of a diabetic rat model. J Sex Med **;**:**–**.
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Introduction

E rectile dysfunction (ED) is a prevailing health
problem that seriously impacts the quality of

life of men and their spouses or partners [1].
Although the majority of ED patients can be sat-

isfactorily treated with phosphodiesterase type 5
inhibitors (PDE5), a substantial population (30–
40%) cannot [2]. This includes patients who are
intolerant to PDE5 inhibitors’ side effects, taking
nitrate medication for angina, or having certain
types of ED refractory to PDE5 inhibitors. In par-
ticular, diabetes mellitus (DM) and surgery-
induced cavernous nerve injuries (mainly due to
radical prostatectomy) are currently the most‡These authors contributed equally to this study.
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common causes of refractory ED [2]. To treat
these types of ED, one of the proposed strategies is
low-energy shockwave therapy (LESWT), as seen
in recently published studies [3–5] and ongoing
clinical trials (NCT01317693, NCT01274923,
NCT01442077, and NCT01317680 at http://
clinicaltrials.gov). In one study involving 29 severe
ED patients, LESWT was found to substantially
increase erectile function scores with concomitant
improvement of penile hemodynamics [3]. Note-
worthy is that the majority of these patients (21 out
of 29) were diabetic, and thus their positive
response to LESWT raises the question whether
LESWT is specifically effective for treating
DM-associated ED. Although the answer awaits
further clinical studies, it should be pointed out
that, despite successful demonstration in clinical
trials, LESWT as an ED treatment modality has
not been investigated at the basic science level and
has no known mechanistic basis.

LESWT has been investigated in animal models
of heart failure [6], coronary arterial disease [7],
ischemic myocardial dysfunction [8], ischemic
tissue necrosis [9], chronic hind limb ischemia [10],
and bone defects [11]. The outcomes invariably
point to induction of angiogenesis as one of the
underlying mechanisms for LESWT’s therapeutic
effects. In addition, one of these studies also iden-
tified recruitment of mesenchymal stem cells
(MSCs) as a possible mechanism [11]. In ED field,
angiogenesis is known to play important roles for
the therapeutic effects of growth factors and gene
therapies [12–14], and both exogenously applied
and endogenously recruited MSCs have been
shown to enhance recovery of erectile function in
ED animal models [15,16]. Thus, the observed
therapeutic effects of LESWT in ED patients are
likely mediated by angiogenesis and MSC recruit-
ment. In the present study, we tested this hypoth-
esis; specifically, we investigated the effects of
LESWT on erectile function and related tissue
structures in a streptozotocin (STZ)-induced DM
rat model. We also examined whether LESWT
enhanced MSC recruitment by using the label-
retaining cell (LRC) strategy [17] with 5-ethynyl-
2-deoxyuridine (EdU) being the thymidine analog
for such labeling [18].

Materials and Methods

Animals
All animal experiments in this study were approved
by the Institutional Animal Care and Use Com-
mittee at our institution. Pregnant Sprague-

Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA, USA) for the
investigation of childbirth-related urinary inconti-
nence in separate projects. Their newborn male
rats were used for this study. For the purpose of
tracking endogenous MSCs, each pup received
intraperitoneal injection of EdU (50 mg/kg, Invit-
rogen, Carlsbad, CA, USA) immediately after
birth, as described previously [18–20]. At 8 weeks
of age, eight of these rats were randomly selected
to serve as normal control (N). The remaining rats
were each injected intraperitoneally with
60 mg/kg of STZ (Sigma-Aldrich, St. Louis, MO,
USA), and their blood glucose level was monitored
weekly by checking tail vein blood with Accutrend
strip (Roche Diagnostics, Indianapolis, IN, USA).
Rats with fasting blood glucose of �200 mg/dL
were designated as diabetic and selected for
further tests. A total of 16 such rats were equally
randomized into a diabetic group (DM) and a dia-
betic plus LESWT group (DM+SW).

Shockwave Treatment
Four weeks post-STZ injection, rats in the
DM+SW group were treated with shockwaves as
depicted in Figure 1 and explained in the follow-
ing. Under anesthesia, each rat was placed in a
supine position, its lower abdomen shaved, and its
penis drawn out of the prepuce and held in place
with a loop made of suture line and syringe. After
application of ultrasound gel (Aquasonic, Parker
Laboratories, Inc, Fairfield, NJ, USA) on the
penis, a shockwave applicator (DermaGold, MTS

Figure 1 Shockwave application to the rat penis. Under
anesthesia, the penis was drawn out of the prepuce, held in
place with a loop made of suture line and syringe (shown
in inset), applied with ultrasound gel, and treated with
shockwave.

2 Qiu et al.

J Sex Med **;**:**–**



Europe GmbH, Konstanz, Germany) was placed
in contact with the penis, and a total of 300 shocks
were delivered at energy level of 0.1 mJ/mm2 and
frequency of 120/minute. This procedure was
repeated three times a week for 2 weeks, and the
entire treatment course is comparable with clinical
shockwave treatment for ED patients [3–5]. Due
to the fact that DermaGold is clinically approved
to treat superficial wounds, its delivered shock-
wave is expected to penetrate a few centimeters
(probably the thickness of a rat penis) in the con-
tacted area.

Erectile Function Evaluation
Two weeks after the final shockwave treatment for
rats in the DM+SW group, all 24 rats (in N, DM,
and DM+SW groups) were tested for erectile
function by measuring intracavernous pressure
(ICP) in response to electrostimulation of cavern-
ous nerves. Briefly, under ketamine (100 mg/kg)
and midazolam (5 mg/kg) anesthesia, the cavern-
ous nerves were exposed via midline laparotomy.
The corpus cavernosum was cannulated with a
heparinized (200 U/mL) 25G needle connected to
a pressure transducer (Utah Medical Products,
Midvale, UT, USA). The stimulus parameters
were 20 Hz, pulse width of 0.2 ms, and duration of
50 seconds with three different current settings:
0.5 mA, 1.0 mA, and 1.5 mA. The maximum
increase of ICP of three stimuli per side was
selected for statistical analysis in each animal. ICP
was normalized to mean arterial pressure (MAP),
which was recorded using a 25G needle inserted
into the aortic bifurcation.

Histology
At the conclusion of erectile function evaluation,
the rats were sacrificed, and their penises were
harvested for histology. The penis (mid-shaft
portion) was fixed with 2% formaldehyde and
0.002% picric acid in 0.1 M phosphate-buffered
saline (PBS) for 4 hours, followed by immersion in
30% sucrose in PBS overnight at 4°C. The fixed
tissue was then embedded in optimal cutting tem-
perature compound (Sakura Finetek, Torrance,
CA, USA), cut into 5-mm-thick sections, mounted
on glass slides (3 sections per slide), and subjected
to immunofluorescent (IF) and EdU staining. For
IF staining, the slides were placed in 0.3% H2O2/
methanol for 10 minutes, washed twice in PBS for
5 minutes, and incubated with 3% horse serum in
PBS/0.3% Triton X-100 for 30 minutes at room
temperature. After draining this solution from the
tissue section, the slides were incubated at room

temperature with rabbit antineuronal nitric oxide
synthase (nNOS) (1:100, SC-648, Santa Cruz Bio-
technology, Santa Cruz, CA, USA) or mouse
antirat endothelial cell antigen (RECA; 1:500;
MCA-970R, AbD Serotec, Raleigh, NC, USA)
antibody overnight. Control tissue sections were
similarly prepared except no primary antibody
was added. After rinses with PBS, the sections
were incubated with Alexa-488- or Alexa-594-
conjugated secondary antibody (Invitrogen).
Smooth muscle was stained by incubation with
Alexa-488-conjugated phalloidin (Invitrogen)
for 20 minutes at room temperature. Nuclei
were stained with 4′,6-diamidino-2-phenylindole
(Invitrogen). For tracking EdU-positive cells,
tissue sections were incubated with Click-IT reac-
tion cocktail (Invitrogen) for 30 minutes at room
temperature.

Image Analysis and Quantification
The stained tissues were examined with Nikon
Eclipse E600 fluorescence microscope (Nikon
Instruments, Melville, NY, USA) and photo-
graphed with Retiga 1300 Q-imaging camera
(Nikon Instruments Inc.) using the ACT-1 soft-
ware (Nikon Instruments Inc.). For evaluation of
cavernous smooth muscle and endothelial con-
tents, two fields (both sides of the corpus caverno-
sum at 200¥ magnification) on each tissue section
were photographed. For evaluation of arterial
endothelial content, two arteries within the corpus
cavernosum at 1000¥ magnification on each tissue
section were photographed. For evaluation of
dorsal nerve nNOS expression, two fields (the two
largest dorsal nerve branches at 400¥ magnifica-
tion) on each tissue section were photographed.
For evaluation of nNOS expression around dorsal
arteries, the two dorsal arteries on each tissue
section at 400¥ were photographed. For evalua-
tion of nNOS expression in the corpus cave-
rnosum, two fields (both sides of the corpus
cavernosum at 400¥ magnification) on each tissue
section were photographed. In each of these pho-
tographic recordings, the images were generated
in green, red, and blue channels, and these single-
color images were then superimposed to generate
the multicolor figures. For quantification, the
single-color images were analyzed with Image-
Plus 5.1 software (Media Cybernetics, Bethesda,
MD, USA). To quantify cavernous endothelium,
RECA-stained area (in red) was measured and
expressed as pixel number. To quantify arterial
endothelium, RECA-stained area (in red) was
measured and expressed as a ratio (in percentage)
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to the phalloidin-stained area. To quantify nNOS
expression, nNOS-stained dots (in red) were
manually counted. To quantify cavernous smooth
muscle, phalloidin-stained area (in green) was
measured and expressed as a percentage of the
entire corpus cavernosa.

Statistical Analysis
Data were analyzed using Prism 5 (GraphPad
Software, San Diego, CA, USA) and expressed as
mean � standard error of mean (SEM). Multiple
groups were compared using one-way analysis of
variance followed by the Tukey–Kramer test for
post hoc comparisons. Statistical significance was
set at P < 0.05.

Results

LESWT Improves Erectile Function in Diabetic Rats
STZ treatment significantly impaired erectile
function as seen in the sharp decline of the ICP/
MAP value in DM rats vs. normal control
(Figure 2). LESWT significantly restored erectile
function to levels similar to normal control (at
settings of 1.0 and 1.5 mA; Figure 2).

LESWT Promotes Nerve Regeneration
STZ treatment caused significant decreases of
nNOS-containing nerves in the penis (Figure 3).

LESWT partially but significantly restored these
nNOS-positive nerves in the sinusoids, around the
dorsal arteries, and within the dorsal nerves
(Figure 3).

LESWT Restores Endothelial and Smooth Muscle
Contents
STZ treatment caused a significant decrease of
endothelial content in both the cavernous sinuso-
ids and small arteries and which was partially but
significantly reversed by LESWT (Figure 4).
Likewise, STZ treatment caused a significant
reduction of cavernous smooth muscle content
and which was partially but significantly reversed
by LESWT (Figure 5).

LESWT Enhances Recruitment of MSCs
MSCs, recognized by their ability to retain thymi-
dine analog EdU, were significantly more numer-
ous in the penis of rats in the DM+SW group than
in the DM group (Figure 6).

Discussion

Despite tremendous advances in the management
of ED in the past decade, DM-associated ED
remains difficult to treat. To overcome this
obstacle, one of the proposed therapeutic strate-
gies is stem cell therapy, which has been actively
pursued in several clinical and preclinical trials
[16]. Another lesser known strategy is LESWT,
which has been tested in clinical trials, but in sharp
contrast to stem cell therapy, has not been inves-
tigated at the preclinical level. Thus, the present
study was designed to provide, for the first time, a
mechanistic basis for LESWT’s therapeutic effects
by using a well-established STZ-induced DM-ED
rat model.

STZ-induced diabetic rats have been consis-
tently shown to have poor erectile function
[21,22]. In the present study, we further confirmed
this observation, and more importantly, we
showed that LESWT significantly improved erec-
tile function in STZ-induced diabetic rats. It has
also been known that STZ treatment caused a
significant loss of nNOS-positive nerves in rat
penis [22,23], and a recent study also identified a
significant reduction of nNOS-positive nerves in
the penis of diabetic patients [24]. In the present
study, we showed that, when compared with DM
rats, shockwave-treated rats displayed significantly
higher numbers of nNOS-positive nerves in dif-
ferent compartments of the erectile tissue, includ-
ing the dorsal nerves, around the dorsal arteries,

Figure 2 Evaluation of erectile function. Rats in N group
(N = 8) were normal control. Rats in DM group (N = 8) were
diabetic. Rats in DM+SW group (N = 8) were diabetic and
treated with shockwaves. Their erectile function was evalu-
ated as response in ICP to electrostimulation of cavernous
nerves at three different amperages (0.5, 1.0, and 1.5). ICP
was normalized with MAP. “*” denotes P < 0.05 when com-
pared with the DM group. ICP = intracavernous pressure;
MAP = mean arterial pressure.
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Figure 3 Evaluation of nNOS expression. Rats were grouped and treated as described in Figure 1. Their penile tissues were
examined by IF staining for nNOS expression. The results are shown in the representative histological images with red,
green, and blue stains indicating nNOS-positive nerves, smooth muscle, and cell nuclei, respectively. For clarity, the
histological images are divided into the dorsal nerves (panels A–C), the dorsal arteries (panels D–F), and the sinusoids
(panels G–I). White arrows point at representative nNOS-positive dots. Quantitative data of nNOS expression in these three
tissue compartments are shown in the bar chart with the asterisk denoting P < 0.05 when compared with the DM group.
IF = immunofluorescence; DAPI = 4′,6-diamidino-2-phenylindole; nNOS = neuronal nitric oxide synthase
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and in the corpora cavernosa. This preservation of
nNOS-positive nerves thus appears to be an
underlying mechanism for LESWT’s therapeutic
effects on diabetic patients.

Endothelial injury and dysfunction in cavernous
tissue have been consistently identified in diabetic
men with ED and in diabetic animal models [25].
Specifically, a reduced cavernous endothelial

Figure 4 Evaluation of endothelial content. Rats were grouped and treated as described in Figure 1. Their penile tissues
were examined by IF staining for RECA expression. The results are shown in the representative histological images with red,
green, and blue stains indicating the endothelium, smooth muscle, and cell nuclei, respectively. Quantitative data of RECA
expression in cavernous sinusoids and arteries are shown in the left and right bar charts, respectively, with the asterisk
denoting P < 0.05 when compared with the DM group. IF = immunofluorescence; RECA = rat endothelial cell antigen;
DAPI = 4′,6-diamidino-2-phenylindole
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content is one of the most consistent features of
STZ-induced diabetic rats [22,26]. In the present
study, we found that the endothelial contents in
both the cavernous sinusoids and arteries were sig-
nificantly reduced in STZ-treated rats. More
importantly, we also found that LESWT was able
to significantly restore the endothelial contents in
both of these two tissue compartments. Thus, pro-
tection or regeneration of the endothelium repre-
sents another possible underlying mechanism for
LESWT’s therapeutic efficacy in diabetic patients.
In addition, it has also been shown that diabetic
men and animals have reduced cavernous smooth
muscle content [22,26,27]. In the present study, we
confirmed this finding in the STZ-treated rats,
and more importantly, we showed that LESWT
was able to significantly restore the smooth muscle
content.

In all ED-related stem cell studies that have
performed histological examination of the erectile
tissue, restoration of nNOS-positive nerves, the
endothelium, and the smooth muscle has also been
consistently observed [16]. In addition, these
studies also invariably pointed out that the benefi-
cial tissue effects were likely mediated by stem

cell’s paracrine capacity [16]. On the other hand,
in non-ED fields, the involvement of stem cells in
the therapeutic effects of LESWT has been
observed in two instances. In one study of a rat
model of bone defects, LESWT was found to
result in the recruitment of MSCs and increased
expression of Transforming growth factor-beta
(TGF-b) and vascular endothelial growth factor
(VEGF) in the defect tissues [11]. In another study
of a rat model of chronic hind limb ischemia,
LESWT was also found to enhance recruitment of
endothelial progenitor cells in the ischemic tissue
[10]. Thus, it is conceivable that the tissue effects
of LESWT as observed in the present study might
have a stem cell component.

LRC is a frequently employed strategy for the
identification of resident or migrated stem cells
in postnatal tissues [18–20]. It commonly involves
the injection of thymidine analog bromodeoxyuri-
dine (BrdU) in neonatal animals, followed by the
immunohistochemical localization of BrdU in the
tissue of interest weeks or months later. Because
detection of BrdU is technically difficult, we
recently introduced another thymidine analog
EdU as a replacement for BrdU [18–20]. In the

Figure 5 Evaluation of smooth muscle content. Rats were grouped and treated as described in Figure 1. Their penile tissues
were examined by fluorescent phalloidin staining for smooth muscle. The results are shown in the representative histological
images with green and blue stains indicating the smooth muscle and cell nuclei, respectively. Quantitative data of cavernous
smooth muscle content are shown in the bar chart with the asterisk denoting P < 0.05 when compared with the DM group.
DAPI = 4′,6-diamidino-2-phenylindole
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present study, we repeated this strategy for the
identification of migrated stem cells in the rat penis.
The results show that diabetic rats with LESWT
had a significantly higher number of EdU+ cells in
the penis than diabetic rats without LESWT, sug-
gesting an increased recruitment of MSCs.

In summary, the present study showed that
STZ-induced DM is associated with ED and
reduced erectile components (nerves, endothe-
lium, and smooth muscle), and LESWT was able
to partially but significantly restore these function
and tissues. Furthermore, we also showed that
these beneficial effects of LESWT were possibly
mediated by increased recruitment of MSCs into
the erectile tissue. However, it should be cautioned
that the present study is still preliminary and
requires further validation. Specifically, at 4 weeks
after STZ treatment, the nitrergic degeneration
has not yet taken place [23], but in clinical situa-
tions, most patients already have nitrergic degen-
eration and hence no response to PDE5. Thus, in
future studies, extended time points should be
explored in order to better simulate the clinical
situation. In addition, the effect of LESWT on the

vascular supply to the penis and major pelvic gan-
glion should be further investigated, and Western
blot analysis should be employed to more accu-
rately quantify the nNOS, endothelial, and
smooth muscle contents. Finally, the identity and
properties of the EdU+ cells (paracrine? differen-
tiation?) also need to be investigated.

Conclusions

LESWT’s therapeutic efficacy for DM-associated
ED is possibly mediated by increased recruitment
of MSCs that promote the regeneration of
DM-damaged erectile tissues.
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Figure 6 Evaluation of label-retaining cells. Rats were intraperitoneally injected with thymidine analog EdU immediately after
birth. They were then grouped and treated as described in Figure 1. At 14 weeks post-EdU injection, their penile tissues were
examined by fluorescent chemical staining for EdU-positive cells. The results are shown in the representative histological
images with red, green, and blue stains indicating EdU-positive cells, smooth muscle, and cell nuclei, respectively.
Quantitative data of EdU-positive cells are shown in the bar chart with the asterisk denoting P < 0.05 when compared with
the DM group. HPF = high power field (400¥); EdU = 5-ethynyl-2-deoxyuridine
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