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Abstract
Tobacco use is associated with erectile dysfunction (ED) via a number of mechanisms

including vascular injury and oxidative stress in corporal tissue. Adipose derived stem cells

(ADSC) have been shown to ameliorate vascular/corporal injury and oxidative stress by

releasing cytokines, growth factors and antioxidants. We assessed the therapeutic effects

of intracavernous injection of ADSC in a rat model of tobacco-associated ED. Thirty male

rats were used in this study. Ten rats exposed to room air only served as negative controls.

The remaining 20 rats were passively exposed to cigarette smoke (CS) for 12 weeks. At the

12-week time point, ADSC were isolated from paragonadal fat in all rats. Amongst the 20

CS exposed rats, 10 each were assigned to one of the two following conditions: (i) injection

of phosphate buffered saline (PBS) into the corpora cavernosa (CS+PBS); or (ii) injection of

autologous ADSC in PBS into the corpora cavernosa (CS+ADSC). Negative control ani-

mals received PBS injection into the corpora cavernosa (normal rats [NR] + PBS). After

injections all rats were returned to their previous air versus CS exposure state. Twenty-eight

days after injection, all rats were placed in a metabolic cage for 24-hour urine collection to

be testing for markers of oxidative stress. After 24-hour urine collection all 30 rats also

underwent erectile function testing via intracavernous pressure (ICP) testing and were then

sacrificed. Corporal tissues were obtained for histological assessment and Western blot-

ting. Mean body weight was significantly lower in CS-exposed rats than in control animals.

Mean ICP, ICP /mean arterial pressure ratio, serum nitric oxide level were significantly

lower in the CS+PBS group compared to the NR+PBS and CS+ADSC groups. Urine mark-

ers for oxidative stress were significantly higher in the CS+PBS group compared to the NR

+PBS and CS+ADSC groups. Mean expression of corporal nNOS and histological markers

for endothelial and smooth muscle cells was significantly lower, and tissue apoptotic index

significantly higher, in the CS+PBS group compared to the NR+PBS and CS+ADSC

groups. Our findings confirm that chronic tobacco exposure causes ultrastructural damage

to the corporal tissue and increases systemic oxidative stress states. Treatment with ADSC
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ameliorates these adverse effects and holds promise as a potential therapy for tobacco-

related ED.

Introduction
Erectile dysfunction (ED) is defined as the inability to attain and/or maintain an erection suffi-
cient for satisfactory sexual intercourse [1]. ED affects 29% men in Taiwan over the age of 40
years and will become more prevalent as the population ages [2]. Although ED is a benign dis-
order, it may cause substantial psychological problems and can have a significant negative
impact on quality of life for men and their partners [3].

Several treatment options are available for ED. Oral phosphodiesterase type 5 inhibitors
(PDE5I) are the first line pharmacotherapy of choice for men with ED who do not have a spe-
cific contraindication to their use [4]. However, PDE5I do not produce sufficient tumescence
in all patients nor do they resolve the underlying functional disorder. Furthermore, while
PDE5I are generally safe, a variety of mild but troublesome adverse effects including headache,
flushing, dyspepsia, nasal congestion, abnormal vision, and back pain may reduce their suit-
ability for some patients [5]. Alternative treatments such as intracavernous injection, vacuum
tumescence devices, and penile prosthesis may be options for some men, but the tolerability of
these agents is variable. A treatment that resolves the underlying disease process of ED would
be preferable to currently available “on demand” interventions.

One of the therapeutic strategies currently being evaluated for definitive management of ED
is stem cell therapy. Embryonic stem cells exhibit unlimited differentiation potential both in
vitro and in vivo and are an ideal source for cell based therapies. However, there are substantial
legal, ethical, and medical concerns regarding their use [6]. Somatic cells (e.g. mouse fibro-
blasts) have been transformed into pluripotent, stem-cell-like cells by introducing a set of
embryonic transcription factors [7]. Unfortunately, the risk of malignant transformation is
high in induced pluripotent stem cells [8]. Therefore, the greatest potential source for stem cell
therapies appears to be progenitor cells isolated from adult tissues such as adipose. Adipose-
derived stem cells (ADSC) are multipotent progenitor cells isolated from the stromal vascular
fraction of adipose tissue [9]. Investigators have postulated a number of nonexclusive mecha-
nisms (e.g. differentiation into somatic cells, secretion of cytokines and growth factors, reduc-
tion in oxidative stress) through which ADSC may restore tissue integrity in disease states [10,
11].

Tobacco use has been linked to significantly higher rates of ED with greater or longer dura-
tion of exposure leading to additive increases in risk [12]. The mechanisms of tobacco-associ-
ated ED are myriad and likely include oxidative stress and vascular injury [13, 14]. We
previously reported impaired penile hemodynamics, decreased penile neuronal nitric oxide
synthase (nNOS) and expression of endothelial and smooth muscle markers, and increased
oxidative stress and apoptosis state in a rat model of ED from cigarette smoke (CS) exposure
[15]. In this study, we investigate the efficacy of ADSC in the treatment of impaired penile
hemodynamics and penile histological changes in the same rat model of CS-related ED.

Materials and Methods

Experimental design
This study was carried out in strict accordance with the rules of Association for Assessment
and Accreditation of Laboratory Animal Care International and was approved by the
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Institutional Animal Care and Use Committee of the Laboratory Animal Center at our institu-
tion. All surgery was performed under Zoletil-50 anesthesia, and efforts were made to mini-
mize discomfort in subject animals.

Thirty 12-week old male Sprague-Dawley rats were obtained from BioLASCO Taiwan Co.,
Ltd and divided into 3 groups. Ten rats exposed only to room air served as negative controls.
The remaining 20 rats were passively exposed to CS for 12 weeks. This has been shown in a
prior study to induce impairment of penile hemodynamics in rats [15]. Twelve weeks after ini-
tiation of room air or CS exposure, all 30 rats underwent para-gonadal fat harvest to procure
ADSC. The 20 CS-exposed rats were randomly divided into 2 groups: (i) injection of phosphate
buffered saline (PBS) into the corpora cavernosa (CS+PBS); and (ii) injection of 1 million
autologous ADSC into the corpora cavernosa (CS+ADSC). Negative control animals received
PBS injection into the corpora cavernosa (normal rats [NR] + PBS). After injections all rats
were returned to their previous air versus CS exposure state. Twenty-eight days after injection,
all rats were placed in a metabolic cage for 24-hour urine collection. Urine samples were
obtained to measure systemic oxidants. After urine collection, all 30 rats also underwent penile
hemodynamic testing and were then sacrificed. Serum samples were obtained to measure
serum testosterone, nitric oxide (NO) and antioxidant scavenging enzymes. Penile tissues were
collected for Masson’s trichrome, immunohistochemistry, and Western blot analyses.

Cigarette smoke exposure
The procedures were performed as described previously [15]. Briefly, rats were housed in
enclosed plastic cages measuring 28×28×19 cm. Rats exposed to CS were housed in cages
treated with a constant influx of CS using a small air pump. One lighted cigarette was placed
into an inverted tube connected to a peristaltic pump communicating with the cage. The
smoke was distributed by a small fan and exited through a second opening. Cigarettes (con-
tents: 10 mg of tar and 0.8 mg of nicotine, Marlboro, Philip Morris, Richmond, VA, USA) with
filter was combusted consecutively to exhaustion at a rate of one cigarette per 6 minute. Rats in
the CS groups were exposed to 2 hours of continuous CS per day, 5 days per week.

ADSC harvest, processing and EdU labeling
ADSC was isolated as previously described [16]. Briefly, under Zoletil-50 anesthesia, perigona-
dal adipose tissue was harvested in all rats. The adipose specimen was washed with sterile PBS
and minced, followed by digestion with 0.075% collagenase I (Sigma-Aldrich, St. Louis, MO,
USA) for 1 hour at 37C with shaking. The top lipid layer was removed and the remaining liquid
portion was centrifuged at 220 X gravity for 10 minutes. The pellet was treated with 160 mM
NH4Cl for 10 minutes to lyse red blood cells. Remaining cells were suspended in culture
medium and placed in a culture dish. The culture dishes were stored in a 5% CO2 incubator for
3 to 5 days to allow ADSC colonies to form. ADSC were then cultured and labeled with 5-ethy-
nyl-2’-deoxyuridine (EdU, Invitrogen, Carlsbad, CA, USA) for 48 hours before injection.

ADSC Injection
As described in detail previously [16], under Zoletil 50 (20 mg/kg, IM) anesthesia, a skin inci-
sion was made to expose the penis. Using blunt dissection, the penile base and crura were
exposed. The corpora cavernosa were then gently cannulated using a 25-gauge needle. The
penile base was constricted with a polyethylene (PE)-90 tourniquet to reduce the potential of
cells to escape into systemic circulation. Each rat underwent injection of either 0.3mL PBS (NR
+PBS and CS+PBS groups) or 1 million autologous ADSC in 0.3 mL PBS into the corpora
cavernosa (CS+ADSC group). Following injection, the needle and tourniquet were left in place
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for 5 minutes. The needle and tourniquet were then removed and the wound closed in one
layer with absorbable suture.

Erectile Function Evaluation
At 28 days post-injection, erectile function testing was done as prior study [15]. Under anes-
thesia with Zoletil 50 (20 mg/kg), the bilateral cavernous nerves were isolated via midline
laparotomy. The penis was cannulated with a heparinized 23-gauge needle connected to a
real-time continuous pressure transducer. The cavernous nerves were then stimulated with
a stainless steel bipolar hook electrode; stimulation parameters were 50 seconds continuous
trains at 20 Hz, and 1.5 mAmp (A-M Systems, Sequim, WA, USA) [17]. Real-time response
of the erectile tissue was determined by a change in intracavernous pressure (ICP) using
LabView 6.0 software (National Instruments, Austin, TX, USA). The maximum increase in
ICP for three stimuli per side for each animal was utilized for further analysis. After func-
tional 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). Penile hemodynamics are reported as the ICP/MAP ratios. After
aortic puncture, serum was obtained from the aortic cannula and the corpora cavernosa
were harvested for histological and molecular studies. The animals were then euthanized by
bilateral thoracotomy [16].

Oxidative Stress Assay
In serum, we analyzed antioxidant scavenging enzymes, including plasma total antioxidant
capacity (TAC, as assessment of cumulative action of all the antioxidants present in plasma
and body fluids) and erythrocyte glutathione peroxidase (GPx, a physiologic free radical scav-
enger) [18, 19]. The plasma TAC and erythrocyte GPx were determined using ferric-reducing
ability of plasma assay (Roche Diagnostics, Mannheim, Germany) and the colorimetric kinetic
method (Randox Laboratories, Co. Antrim, UK), respectively, according to the manufacturer’s
recommendation [20, 21].

We evaluated the oxidative stress state in urine, including malondialdehyde (MDA, the
most commonly used marker for lipid peroxidation) and 8-hydrox-2’-deoxyguanosine
(8-OHdG, one of the predominant forms of free radical-induced oxidative DNA damage
products) [22, 23]. The concentration of MDA and 8-OHdG were measured by the thiobar-
bituric acid method (Oxford Biomedical Research, Rochester Hills, MN, USA) and enzyme-
linked immunosorbent assay (Trevigen, Gaithersburg, MD, USA), respectively, according to
the manufacturer ‘s instructions [24]. The urinary concentration of MDA and 8-OHdG
were normalized to urinary creatinine to mitigate differences potentially attributable to
urine volume.

Griess nitrite assay
NO production after erectile function testing was estimated spectrophotometrically as a
formed nitrite, which is one of two primary, stable and nonvolatile breakdown productions of
NO. To measure serum nitrite content, 50μL of the nitrite standards or serum was incubated
with 50 μL of Griess reagent for 5–10 minutes, and then N-1-napthylethylenediamine dihy-
drochloride solution for another 5–10 minutes (Promega, WI, USA). Absorbance was mea-
sured at 550 nm using a spectrophotometric reader. The nitrite content was calculated based
on a standard curve and expressed as μM [25].
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Western Blot Analysis
As described in detail previously, the urethra was dissected free from penile tissue samples [15].
Corporal tissue from the penile base were homogenized in tissue protein extraction exigent
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The lysate was centrifuged at 17,900 g for
15 minutes, and the supernatant was collected as the protein samples. Tissue lysates containing
40 μg of protein were electrophoresed in gradient SDS-PAGE and then transferred onto a PVDF
membrane (Millipore, Darmstadt, Germany). Detection of protein on the membrane was per-
formed with the ECL kit (Amersham Life Sciences, Pittsburgh, PA, USA) using a rabbit anti-
nNOS (Santa Cruz Biotechnology, Dallas, TX, USA). Before re-probing with an anti-β-actin anti-
body, the membrane was stripped in 62.5mM Tris-HCl, pH 6.7, 2% SDS, 10 mM 2-mercap-
toethanol at 56°C for 30 minutes and then washed four times in 1xTBST. Results were quantified
by densitometry.

Immunohistochemical Staining
Penile mid-shaft tissues were harvested, fixed and further processed for immunohistochemical
staining as previously described [15]. Briefly, tissues 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 immer-
sion in buffer containing 30% sucrose. The specimens were then embedded in OCT Com-
pound (American Master Tech Scientific, 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 minutes. Representa-
tive slides were stained with Masson’s trichrome for connective tissue and smooth muscle
histology.

For immunohistochemical examination, tissue sections were stained with mouse anti-rat
endothelial cell antigen-1 (RECA-1, Abcam Inc, Cambridge, MA, USA) and terminal deoxynu-
cleotidyl transferasemediated deoxyuridine triphosphate nick-end labeling (TUNEL, Roche
Diagnostics Corporation, Indianapolis, IN, USA) using standard techniques [16]. To visualize
ADSC, EdU staining with immunostaining for α-smooth muscle actin (α-SMA) was done with
mouse anti-α-SMA (Sigma-Aldrich, St. Louis, MO, USA) and freshly made Click-IT reaction
cocktail (Invitrogen, Carlsbad, CA, USA). Nuclear staining was performed with 4’,6-diami-
dino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA) [26].

Image and Statistical Analysis
The image results were analyzed by computerized densitometry using Image-Pro plus imaging
software (Media Cybernetics, Silver Spring, MD, USA) coupled to a digital camera (Nikon
DXM1200) and ACT-1 software (Nikon Instruments Inc., Melville, NY, USA). Data were ana-
lyzed with Prism version 6 (GraphPad Software, La Jolla, CA, USA) and expressed as
mean ± standard error of the mean for all continuous variables. Continuous data were com-
pared using one-way analysis of variance; followed by the Tukey–Kramer test for post hoc
comparisons. Statistical significance was set at P< 0.05.

Quantification of Masson’s trichrome and RECA-1 was performed at x40 magnification
(comprising approximately one half of one corporal body). To quantify Masson’s trichrome
staining, the specimen was assessed for smooth muscle (stained in red) and collagen (stained in
blue); data are expressed as the percentage of smooth muscle normalized to collagen content.
For RECA-1 staining, the area of positive staining was assessed and results expressed as the
percentage of positive area vs. total area of the corpora cavernosa. For TUNEL staining, five
randomly selected fields of the corpora cavernosa were examined at x100 magnification; results
were expressed as the number of TUNEL-positive nuclei in the corpora cavernosa. All histolog-
ical analyses were performed by one reviewer who was blinded to treatment group.
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Results

BodyWeight, Erectile Function, Serum NO and Testosterone
Total body weight was significantly lower in CS+PBS and CS+ADSC groups than in NR+PBS
group (p = 0.0018, Table 1). There was no statistically significant difference in weight between
the CS+PBS and CS+ADSC groups (p = 0.9988).

Mean ICP and ICP/MAP ratios were significantly lower in CS+PBS group compared to NR
+PBS and CS+ADSC groups (p = 0.0105 and p = 0.0011, respectively). The CS+ADSC group
also had lower mean ICP and ICP/MAP ratio than the NR+PBS group but the difference did
not reach statistical significance (p = 0.9191 and p = 0.2403, respectively). Although there was
no statistically significant difference in MAP (p = 0.2577), there was a trend of higher MAP in
CS-exposed rats than in control animals.

Serum NO was significantly higher in NR+PBS and CS+ADSC groups than in CS+PBS
group (p = 0.0011). Although there was no statistically significant difference in serum testoster-
one (p = 0.4799), there was a trend towards decreased testosterone level in the rats that exposed
to CS without ADSC treatment (Table 1).

Oxidative Stress State
TAC level in the CS+PBS group was significantly lower relative to all other groups (p = 0.0191)
but there was no significant difference between NR+PBS and CS+ADSC groups (p = 0.9943).
The level of 8-OHdG in the CS+PBS group was significantly higher than what was observed in
NR+PBS and CS+ADSC groups (p = 0.0202); no significant differences between NR+PBS and
CS+ADSC were noted for 8-OHdG (p = 0.9798). There were no significant differences in GPx
or MDA levels between the three groups (Table 2).

Tracking Transplanted ADSC
Autologous EdU labeled ADSC were transplanted into corpora cavernosa (CS+ADSC group)
and identified by Alexa-594 stain. Four weeks after intracavernous injection, histological exam-
ination revealed no EdU-labeled cells in the corpora cavernosa but scant cells in the dorsal
penis, suggesting that ADSC either migrated or died rather than differentiating into somatic
cells (Fig 1).

Table 1. Total body weight, erectile function and serum biochemistry.

Groups NR+PBS CS+PBS CS+ADSC P value

Body weight (gram) 608 ± 24.4* 534 ± 4.6 535 ± 7.4 0.0018

ICP (mm-Hg) 88±7.1 54±10.8* 85±3.8 0.0105

MAP (mm-Hg) 106±6.4 116±3.7 119±6.4 0.2577

ICP/MAP ratios 0.83 ± 0.020 0.46 ± 0.079* 0.69 ± 0.041 0.0011

Testosterone (ng/mL) 4.3 ± 0.67 3.1 ± 0.46 4.3 ± 1.06 0.4799

Nitric oxide (μM) 3.2 ± 0.31 2.0 ± 0.08* 2.9 ± 0.21 0.0011

Eight to ten rats were selected for analysis from each group.

* Versus other groups p < 0.05.

Abbreviations: NR, normal rat; PBS, phosphate buffered saline; CS, cigarette smoking; ADSC, adipose-derived stem cells; ICP, intracavernous pressure;

MAP, mean arterial pressure.

doi:10.1371/journal.pone.0156725.t001
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nNOSWestern Blot
Protein expression of penile nNOS was significantly lower in the CS+PBS group (0.45±0.080)
compared with NR+PBS (1.07±0.201) and CS+ADSC (0.88±0.099) groups (p = 0.0065). There
was no significant difference in nNOS expression between the NR+PBS and CS+ADSC groups
(p = 0.6107). Representative images of nNOSWestern blot are presented in Fig 2.

Endothelial Integrity
RECA-1 staining for endothelial tissue in the corpora cavernosa was significantly lower in the
CS+PBS (1.7±0.19) group relative to the NR+PBS (3.8±0.54) and CS+ADSC (3.4±0.47) groups
(p = 0.0055). There was no significant difference in RECA-1 positivity between NR+PBS and
CS+ADSC groups (p = 0.8146). Representative images of RECA-1 staining are presented in
Fig 3.

Smooth Muscle Content
Masson’s trichrome demonstrated a significantly lower smooth muscle to collagen percentage
in CS+PBS (13.6±2.04) group compared to the NR+PBS (23.0±1.55) and CS+ADSC (20.7
±1.17) groups (p = 0.0039). There was no significant difference in smooth muscle to collagen
ration between NR+PBS and CS+ADSC groups (p = 0.7104). Representative images of Mas-
son’s trichrome staining are presented in Fig 4.

Table 2. Oxidative and anti-oxidative activity in plasma and urine.

Groups NR+PBS CS+PBS CS+ADSC P value

TAC (μmol/L) 217 ± 13.2 140 ± 9.6* 220 ± 30.3 0.0191

GPx (U/g) 828 ± 119.2 592 ± 59.2 752 ± 69.4 0.2105

8-OHdG/creatinine (ng/mg) 34.2 ± 2.30 49.1 ± 5.07* 35.2 ± 3.72 0.0202

MDA/creatinine (μmol/g) 9.8 ± 1.70 11.4 ± 1.33 9.7 ± 2.34 0.7489

Eight to ten rats were selected for analysis from each group.

To avoid the effect of urine volume fluctuation, the urinary concentration of 8-OHdG and MDA were normalized to urinary creatinine.

The antioxidant scavenging enzymes, including TAC and GSH, were determined in plasma and erythrocyte, respectively.

* Versus other groups p < 0.05.

Abbreviations: NR, normal rat; PBS, phosphate buffered saline; CS, cigarette smoking; ADSC, adipose-derived stem cells; TAC, total anti-oxidant

capacity; GPx, glutathione peroxidase; 8-OHdG, 8-hydrox-2’-deoxyguanosine; MDA, malondialdehyde.

doi:10.1371/journal.pone.0156725.t002

Fig 1. Tracking transplanted ADSC. Penis was stained with DAPI (blue area), anti-α-SMA antibody (green
areas) and Alexa-594 (red areas). Only EdU positive cells showed red fluorescence (arrows). No EdU
positive cell was identified in NR+PBS (A) and CS+PBS (B) groups. Only few EdU positive cells were
identified in the dorsal penis of CS+ADSC group (C). Original magnification: x 400. Abbreviations: NR,
normal rat; CS, cigarette smoke; PBS, phosphate buffered saline; ADSC, adipose-derived stem cell; DAPI,
4’,6-diamidino-2-phenylindole; SMA, smooth muscle actin; EdU, 5-ethynyl-2’-deoxyuridine.

doi:10.1371/journal.pone.0156725.g001

ADSC Ameliorates Tobacco-Associated ED

PLOSONE | DOI:10.1371/journal.pone.0156725 June 3, 2016 7 / 13



Fig 2. Western blot for nNOS. (A) Western blot normalized to β-actin; (B) mean nNOS positivity. Eight to ten
rats were selected for nNOS analysis from each group. Mean nNOS was significantly lower in the CS+PBS
group compared with all others. *, p < 0.05; **, p < 0.01. Abbreviations: nNOS, neuronal nitric oxide
synthase; NR, normal rat; PBS, phosphate buffered saline; CS, cigarette smoke; ADSC, adipose derived
stem cell.

doi:10.1371/journal.pone.0156725.g002

Fig 3. Endothelium content in the corpora cavernosa. Representative images from rats in the NR+PBS
(A), CS+PBS (B) and CS+ADSC (C) groups. Endothelial cells are stained brown with the RECA-1 antibody.
Eight to ten rats were selected for endothelium content analysis from each group. The intense positivity of
RECA-1 was lower in CS+PBS than in NR+PBS and CS+ADSC groups (D). Magnification is x200. *, p < 0.05;
**, p < 0.01. Abbreviations: NR, normal rat; PBS, phosphate buffered saline; CS, cigarette smoke; ADSC,
adipose derived stem cell; RECA-1, rat endothelial cell antigen-1.

doi:10.1371/journal.pone.0156725.g003
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TUNEL Immunohistochemistry
TUNEL-positive cells were significantly more frequent in CS+PBS (21.0±4.28) compared to
the NR+PBS (6.2±0.89) and CS+ADSC (11.4±1.24) groups (p = 0.0013). There was no signifi-
cant difference in the number of TUNEL positive cells between NR+PBS and CS+ADSC
groups (p = 0.3207). Representative images of TUNEL staining are presented in Fig 5.

Fig 4. Smooth muscle content in the corpora cavernosa. Representative images from rats in the NR
+PBS (A), CS+PBS (B) and CS+ADSC (C) groups were shown. Smooth muscle and connective tissue are
stained with red and blue, respectively, using the trichromemethod. Eight to ten rats were selected for
smooth muscle content analysis from each group. The smooth muscle content was lower in CS+PBS group
than in NR+PBS and CS+ADSC groups (D). Magnification is x200. *, p < 0.05; **, p < 0.01. Abbreviations:
NR, normal rat; PBS, phosphate buffered saline; CS, cigarette smoke; ADSC, adipose derived stem cell.

doi:10.1371/journal.pone.0156725.g004

Fig 5. Analysis of apoptosis-positive cells by TUNEL stain.Representative images from rats in the NR
+PBS (A), CS+PBS (B) and CS+ADSC (C) groups were shown. The corpora cavernosa was stained with
TUNEL stain (green) and DAPI (blue) for the visualization of apoptotic cells and cell nuclei, respectively. Nine
to ten rats were selected for apoptosis analysis from each group. The result showed the increase of the
number of apoptosis-positive cells in CS+PBS group than in NR+PBS and CS+ADSC groups (D).
Magnification is x 800. *, p < 0.05; ***, p < 0.001. Abbreviations: TUNEL, terminal deoxynucleotidyl
transferasemediated deoxyuridine triphosphate nick-end labeling; NR, normal rat; PBS, phosphate buffered
saline; CS, cigarette smoke; ADSC, adipose derived stem cell; DAPI, 4’,6-diamidino-2-phenylindole.

doi:10.1371/journal.pone.0156725.g005
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Discussion
Epidemiological studies have clearly documented that cigarette smoke is associated with devel-
opment of ED [27, 28]. Ethical considerations preclude the possibility of a randomized trial of
tobacco as a cause of ED and hence observational data must suffice to establish a relationship
between tobacco and ED. In this study, a rat model of tobacco-exposure related ED was used to
investigate the therapeutic impact of ADSC. Tobacco exposed rats develop a phenotype consis-
tent with tobacco-related ED in humans. CS exposure was associated with alternations in sys-
temic redox state, increased penile apoptosis, and ultra-structural damage to the corporal
nerve, smooth muscle, and endothelium. These effects likely mediate the impairment of penile
hemodynamics observed in these rats. Lastly, transplanted ADSC may ameliorate tobacco-
related ED, possibly via anti-oxidative effects. To our knowledge, this is the first study to dem-
onstrate that the significant deleterious effects of CS exposure on physiology, penile hemody-
namics, systemic redox status, endothelial, nNOS and smooth muscle contents may be reduced
by ADSC.

The mechanism by which ADSC exerts a protective/restorative effect is unclear [29].
Indeed, in the face of a remarkable protective and regenerative effect, the engraftment of EdU-
labeled ADSC was quantitatively very low in the corporal tissue 4 weeks after injection. The
absence of significant cells incorporation into smooth muscle cells argues against differentia-
tion into new cells as a major mechanism of ADSC. Based on our observations it is logical to
hypothesize that paracrine release of cytokines, growth factors, and/or antioxidants by the
transplanted ADSC is responsible for the observed effects. Further study is needed to determine
which factor or combination of factors is driving the effects of ADSC in vivo.

Bonafede et al. demonstrated that ADSC can secrete exosomes to protect cells from oxida-
tive damage in vitro [30]. Similarly, Pan et al. used a rat model of non-alcoholic fatty liver dis-
ease to demonstrate a significant reduction in oxidative stress and attenuation of disease
progression in ADSC-treated animals [31]. In the present study, we confirmed that ADSC-
treated animals had higher level of antioxidant scavenging enzymes (as determined by TAC
expression in plasma) when comparing to control animals; this may underlie the efficacy of
ADSC in treatment of smoking-associated compromise of penile hemodynamics in this model.
Further study of the specific antioxidant enzymes secreted by ADSC in vivo is required to clar-
ify this issue.

NO, a vasodilator produced by the endothelium and nerve terminals in the penis, is thought
to be the principal stimulator of cavernosal relaxation and penile erection [32]. NO formation
occurs via the regulatory actions of NOS in nitrergic nerves and penile endothelial cells.
Although the pathophysiology of CS-induced ED is not entirely clear, studies from several lab-
oratories and clinical trials have demonstrated that smoking-related ED is associated with
reduced bioavailability of NO due to increased ROS, thereby resulting in oxidative stress [33].
Free radicals not only cause ultrastructural damage to the corporal tissue but also produce
alteration in NOS activities in mice, rats and humans; all of these mechanisms are considered
to play a role in chronic smoking-induced ED [15, 33, 34]. In the present study, low level of
NO in plasma was observed in CS-exposed rats. CS-exposed rats also showed reduction of
nNOS, endothelial and smooth muscle contents in corporal tissue. These results are consistent
with previous findings in CS rats [15, 33]. Unique to this study, we have demonstrated that
ADSC ameliorate these negative effects. We hypothesize from these findings that antioxidant
therapy (and possibly stem cell therapy) may be of benefit for the prevention or treatment of
ED in men who smoke. The validity and clinical application of these antioxidants in ED
requires additional study.
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An interesting finding of our study was that body weight was significantly lower in the CS-
exposed rats than in the controls. This finding supports prior reports of decrease body weight
in CS exposed rats [35]. Nicotine, the main addictive component of tobacco, is a well-known
appetite suppressants and increases resting metabolic rate [36]. It is logical to conjecture that
this effect may explain the decreased body weight in our model system.

The principal limitations of our study were a lack of molecular data on the underlying
mechanisms of antioxidant effect and use of an animal model system. In fact, it is not clearly
that the improvement of cavernosal structures is directly induced by ADSC implantation or is
a consequence of a generalized effect of ADSC in cardiovascular system. We did not include a
study arm that involved cessation of CS exposure, with or without ADSC injection. The nature
of exposure (2 hours a day, five days a week) does not reflect the standard human exposure of
repeated short doses throughout the course of the day. Differences in tobacco products may
also contribute to variations in exposure that might change biological effects. These important
questions will be the subject of additional research projects. Another critical question is the
long-term durability of our results. The rats were followed for only 4 weeks. A longer term
study would permit more longitudinal data on the durability of ADSC response in this animal
model. Further research is now ongoing to determine the optimal protocol for cellular therapy
of smoking-associated ED.

Nevertheless, this study is the first to use ADSC treatments in a rat model of tobacco associ-
ated ED. The findings suggest that intracavernous injection of ADSC holds promise as a thera-
peutic approach for the treatment of ED in men who smoke. Although this is a promising
development, responsible physicians must continue to advise patients to stop using tobacco
altogether as a critical health intervention that has implications even beyond sexual function.

Conclusions
The current study further confirms that chronic CS exposure causes ultrastructural damage to
the corporal tissue and alters systemic redox states as indicated by increase oxidative markers
in the urine and decreased antioxidative markers in plasma. Intracavernous injection of autolo-
gous ADSC results in partial recovery of penile hemodynamics in a rat model of smoking asso-
ciated ED. While this in vivomodel demonstrate the benefits of ADSC, more comprehensive
cellular and molecular analysis are needed to elucidate the true mechanism behind ADSC-
mediated reversal of CS-exposure-induced ED.

Acknowledgments
We would like to acknowledge the technical support for analysis of oxidative and antioxidative
markers by Mr. Gu, Po-Wen at the Department of Laboratory Medicine, Chang Gung Memo-
rial Hospital, Linkou, Taiwan and the language editing for modification of English grammar by
Dr. Alan W. Shindel at the Volunteer Faculty, Department of Urology, University of California
at San Francisco, USA.

Author Contributions
Conceived and designed the experiments: YCH CSS CSC. Performed the experiments: YCH
YHK. Analyzed the data: YCH CSS. Contributed reagents/materials/analysis tools: DRH YCH.
Wrote the paper: YHH CSS.

References
1. NIH Consensus Conference. Impotence. NIH Consensus Development Panel on Impotence. JAMA.

1993; 270(1):83–90. PMID: 8510302.

ADSC Ameliorates Tobacco-Associated ED

PLOSONE | DOI:10.1371/journal.pone.0156725 June 3, 2016 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/8510302


2. Hwang TI, Tsai TF, Lin YC, Chiang HS, Chang LS. A survey of erectile dysfunction in Taiwan: use of
the erection hardness score and quality of erection questionnaire. J Sex Med. 2010; 7(8):2817–24. doi:
10.1111/j.1743-6109.2010.01837.x PMID: 20456624.

3. Montorsi F, Adaikan G, Becher E, Giuliano F, Khoury S, Lue TF, et al. Summary of the recommenda-
tions on sexual dysfunctions in men. The journal of sexual medicine. 2010; 7(11):3572–88. Epub 2010/
11/03. doi: 10.1111/j.1743-6109.2010.02062.x PMID: 21040491.

4. Hatzimouratidis K, Amar E, Eardley I, Giuliano F, Hatzichristou D, Montorsi F, et al. Guidelines on male
sexual dysfunction: erectile dysfunction and premature ejaculation. Eur Urol. 2010; 57(5):804–14. doi:
10.1016/j.eururo.2010.02.020 PMID: 20189712.

5. Rosen RC, Kostis JB. Overview of phosphodiesterase 5 inhibition in erectile dysfunction. Am J Cardiol.
2003; 92(9A):9M–18M. PMID: 14609619.

6. Kaiser J, Vogel G. Embryonic stem cells. Controversial ruling throws U.S. research into a tailspin. Sci-
ence. 2010; 329(5996):1132–3. Epub 2010/09/04. doi: 10.1126/science.329.5996.1132 PMID:
20813924.

7. Takahashi K, Yamanaka S. Induction of pluripotent stem cells frommouse embryonic and adult fibro-
blast cultures by defined factors. Cell. 2006; 126(4):663–76. Epub 2006/08/15. doi: 10.1016/j.cell.2006.
07.024 PMID: 16904174.

8. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007; 131(5):861–72. Epub 2007/11/24. doi:
10.1016/j.cell.2007.11.019 PMID: 18035408.

9. Lin G, Garcia M, Ning H, Banie L, Guo YL, Lue TF, et al. Defining stem and progenitor cells within adi-
pose tissue. Stem cells and development. 2008; 17(6):1053–63. doi: 10.1089/scd.2008.0117 PMID:
18597617; PubMed Central PMCID: PMC2865901.

10. Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells for regenerative medicine. Circ Res.
2007; 100(9):1249–60. doi: 10.1161/01.RES.0000265074.83288.09 PMID: 17495232.

11. Spees JL, Olson SD,Whitney MJ, Prockop DJ. Mitochondrial transfer between cells can rescue aerobic
respiration. Proceedings of the National Academy of Sciences of the United States of America. 2006;
103(5):1283–8. Epub 2006/01/25. doi: 10.1073/pnas.0510511103 PMID: 16432190; PubMed Central
PMCID: PMC1345715.

12. Cao S, Gan Y, Dong X, Liu J, Lu Z. Association of quantity and duration of smoking with erectile dys-
function: a dose-response meta-analysis. J Sex Med. 2014; 11(10):2376–84. doi: 10.1111/jsm.12641
PMID: 25052869.

13. Imamura M, Waseda Y, Marinova GV, Ishibashi T, Obayashi S, Sasaki A, et al. Alterations of NOS,
arginase, and DDAH protein expression in rabbit cavernous tissue after administration of cigarette
smoke extract. Am J Physiol Regul Integr Comp Physiol. 2007; 293(5):R2081–9. doi: 10.1152/ajpregu.
00406.2007 PMID: 17881617.

14. Mobley D, Baum N. Smoking: Its Impact on Urologic Health. Rev Urol. 2015; 17(4):220–5. PMID:
26839519; PubMed Central PMCID: PMCPMC4735668.

15. Huang YC, Chin CC, Chen CS, Shindel AW, Ho DR, Lin CS, et al. Chronic Cigarette Smoking Impairs
Erectile Function through Increased Oxidative Stress and Apoptosis, Decreased nNOS, Endothelial
and Smooth Muscle Contents in a Rat Model. PLoS One. 2015; 10(10):e0140728. doi: 10.1371/journal.
pone.0140728 PMID: 26491965; PubMed Central PMCID: PMCPMC4619638.

16. Huang YC, Ning H, Shindel AW, Fandel TM, Lin G, Harraz AM, et al. The effect of intracavernous injec-
tion of adipose tissue-derived stem cells on hyperlipidemia-associated erectile dysfunction in a rat
model. J Sex Med. 2010; 7(4 Pt 1):1391–400. doi: 10.1111/j.1743-6109.2009.01697.x PMID:
20141586; PubMed Central PMCID: PMCPMC3163604.

17. Wang X, Liu C, Li S, Xu Y, Chen P, Liu Y, et al. Hypoxia precondition promotes adipose-derived mesen-
chymal stem cells based repair of diabetic erectile dysfunction via augmenting angiogenesis and neuro-
protection. PloS one. 2015; 10(3):e0118951. doi: 10.1371/journal.pone.0118951 PMID: 25790284;
PubMed Central PMCID: PMCPMC4366267.

18. Ghiselli A, Serafini M, Natella F, Scaccini C. Total antioxidant capacity as a tool to assess redox status:
critical view and experimental data. Free Radic Biol Med. 2000; 29(11):1106–14. PMID: 11121717.

19. Singhal SS, Singh SP, Singhal P, Horne D, Singhal J, Awasthi S. Antioxidant role of glutathione S-
transferases: 4-Hydroxynonenal, a key molecule in stress-mediated signaling. Toxicol Appl Pharmacol.
2015; 289(3):361–70. doi: 10.1016/j.taap.2015.10.006 PMID: 26476300.

20. Benzie IF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of "antioxidant power":
the FRAP assay. Anal Biochem. 1996; 239(1):70–6. doi: 10.1006/abio.1996.0292 PMID: 8660627.

21. Paglia DE, ValentineWN. Studies on the quantitative and qualitative characterization of erythrocyte
glutathione peroxidase. J Lab Clin Med. 1967; 70(1):158–69. PMID: 6066618.

ADSC Ameliorates Tobacco-Associated ED

PLOSONE | DOI:10.1371/journal.pone.0156725 June 3, 2016 12 / 13

http://dx.doi.org/10.1111/j.1743-6109.2010.01837.x
http://www.ncbi.nlm.nih.gov/pubmed/20456624
http://dx.doi.org/10.1111/j.1743-6109.2010.02062.x
http://www.ncbi.nlm.nih.gov/pubmed/21040491
http://dx.doi.org/10.1016/j.eururo.2010.02.020
http://www.ncbi.nlm.nih.gov/pubmed/20189712
http://www.ncbi.nlm.nih.gov/pubmed/14609619
http://dx.doi.org/10.1126/science.329.5996.1132
http://www.ncbi.nlm.nih.gov/pubmed/20813924
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://dx.doi.org/10.1089/scd.2008.0117
http://www.ncbi.nlm.nih.gov/pubmed/18597617
http://dx.doi.org/10.1161/01.RES.0000265074.83288.09
http://www.ncbi.nlm.nih.gov/pubmed/17495232
http://dx.doi.org/10.1073/pnas.0510511103
http://www.ncbi.nlm.nih.gov/pubmed/16432190
http://dx.doi.org/10.1111/jsm.12641
http://www.ncbi.nlm.nih.gov/pubmed/25052869
http://dx.doi.org/10.1152/ajpregu.00406.2007
http://dx.doi.org/10.1152/ajpregu.00406.2007
http://www.ncbi.nlm.nih.gov/pubmed/17881617
http://www.ncbi.nlm.nih.gov/pubmed/26839519
http://dx.doi.org/10.1371/journal.pone.0140728
http://dx.doi.org/10.1371/journal.pone.0140728
http://www.ncbi.nlm.nih.gov/pubmed/26491965
http://dx.doi.org/10.1111/j.1743-6109.2009.01697.x
http://www.ncbi.nlm.nih.gov/pubmed/20141586
http://dx.doi.org/10.1371/journal.pone.0118951
http://www.ncbi.nlm.nih.gov/pubmed/25790284
http://www.ncbi.nlm.nih.gov/pubmed/11121717
http://dx.doi.org/10.1016/j.taap.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26476300
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://www.ncbi.nlm.nih.gov/pubmed/6066618


22. Erdelmeier I, Gerard-Monnier D, Yadan JC, Chaudiere J. Reactions of N-methyl-2-phenylindole with
malondialdehyde and 4-hydroxyalkenals. Mechanistic aspects of the colorimetric assay of lipid peroxi-
dation. Chemical research in toxicology. 1998; 11(10):1184–94. Epub 1998/10/20. doi: 10.1021/
tx970180z PMID: 9778315.

23. Lin WY, Chen CS, Wu SB, Lin YP, Levin RM, Wei YH. Oxidative stress biomarkers in urine and plasma
of rabbits with partial bladder outlet obstruction. BJU international. 2011; 107(11):1839–43. Epub 2010/
09/30. doi: 10.1111/j.1464-410X.2010.09597.x PMID: 20875092.

24. Chiou CC, Chang PY, Chan EC, Wu TL, Tsao KC, Wu JT. Urinary 8-hydroxydeoxyguanosine and its
analogs as DNAmarker of oxidative stress: development of an ELISA and measurement in both blad-
der and prostate cancers. Clinica chimica acta; international journal of clinical chemistry. 2003; 334(1–
2):87–94. PMID: 12867278.

25. Chae SY, Lee M, Kim SW, Bae YH. Protection of insulin secreting cells from nitric oxide induced cellular
damage by crosslinked hemoglobin. Biomaterials. 2004; 25(5):843–50. PMID: 14609673.

26. Huang YC, Shindel AW, Ning H, Lin G, Harraz AM,Wang G, et al. Adipose derived stem cells amelio-
rate hyperlipidemia associated detrusor overactivity in a rat model. J Urol. 2010; 183(3):1232–40. doi:
10.1016/j.juro.2009.11.012 PMID: 20096880; PubMed Central PMCID: PMCPMC3163606.

27. Mannino DM, Klevens RM, FlandersWD. Cigarette smoking: an independent risk factor for impotence?
Am J Epidemiol. 1994; 140(11):1003–8. PMID: 7985647.

28. Kleinman KP, Feldman HA, Johannes CB, Derby CA, McKinlay JB. A new surrogate variable for erec-
tile dysfunction status in the Massachusetts male aging study. J Clin Epidemiol. 2000; 53(1):71–8.
PMID: 10693906.

29. Alwaal A, Zaid UB, Lin CS, Lue TF. Stem cell treatment of erectile dysfunction. Adv Drug Deliv Rev.
2015; 82–83:137–44. doi: 10.1016/j.addr.2014.11.012 PMID: 25446142.

30. Bonafede R, Scambi I, Peroni D, Potrich V, Boschi F, Benati D, et al. Exosome derived frommurine adi-
pose-derived stromal cells: Neuroprotective effect on in vitro model of amyotrophic lateral sclerosis.
Exp Cell Res. 2016; 340(1):150–8. doi: 10.1016/j.yexcr.2015.12.009 PMID: 26708289.

31. Pan F, Liao N, Zheng Y, Wang Y, Gao Y, Wang S, et al. Intrahepatic transplantation of adipose-derived
stem cells attenuates the progression of non-alcoholic fatty liver disease in rats. Mol Med Rep. 2015; 12
(3):3725–33. doi: 10.3892/mmr.2015.3847 PMID: 26018346.

32. Lue TF. Erectile dysfunction. N Engl J Med. 2000; 342(24):1802–13. doi: 10.1056/
NEJM200006153422407 PMID: 10853004.

33. Tostes RC, Carneiro FS, Lee AJ, Giachini FR, Leite R, Osawa Y, et al. Cigarette smoking and erectile
dysfunction: focus on NO bioavailability and ROS generation. J Sex Med. 2008; 5(6):1284–95. doi: 10.
1111/j.1743-6109.2008.00804.x PMID: 18331273; PubMed Central PMCID: PMCPMC3003263.

34. Bivalacqua TJ, Sussan TE, Gebska MA, Strong TD, Berkowitz DE, Biswal S, et al. Sildenafil inhibits
superoxide formation and prevents endothelial dysfunction in a mouse model of secondhand smoke
induced erectile dysfunction. J Urol. 2009; 181(2):899–906. doi: 10.1016/j.juro.2008.10.062 PMID:
19095260; PubMed Central PMCID: PMCPMC4124638.

35. Ypsilantis P, Politou M, Anagnostopoulos C, Tsigalou C, Kambouromiti G, Kortsaris A, et al. Effects of
cigarette smoke exposure and its cessation on body weight, food intake and circulating leptin, and ghre-
lin levels in the rat. Nicotine Tob Res. 2013; 15(1):206–12. doi: 10.1093/ntr/nts113 PMID: 22589425.

36. Filozof C, Fernandez Pinilla MC, Fernandez-Cruz A. Smoking cessation and weight gain. Obes Rev.
2004; 5(2):95–103. doi: 10.1111/j.1467-789X.2004.00131.x PMID: 15086863.

ADSC Ameliorates Tobacco-Associated ED

PLOSONE | DOI:10.1371/journal.pone.0156725 June 3, 2016 13 / 13

http://dx.doi.org/10.1021/tx970180z
http://dx.doi.org/10.1021/tx970180z
http://www.ncbi.nlm.nih.gov/pubmed/9778315
http://dx.doi.org/10.1111/j.1464-410X.2010.09597.x
http://www.ncbi.nlm.nih.gov/pubmed/20875092
http://www.ncbi.nlm.nih.gov/pubmed/12867278
http://www.ncbi.nlm.nih.gov/pubmed/14609673
http://dx.doi.org/10.1016/j.juro.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20096880
http://www.ncbi.nlm.nih.gov/pubmed/7985647
http://www.ncbi.nlm.nih.gov/pubmed/10693906
http://dx.doi.org/10.1016/j.addr.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25446142
http://dx.doi.org/10.1016/j.yexcr.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26708289
http://dx.doi.org/10.3892/mmr.2015.3847
http://www.ncbi.nlm.nih.gov/pubmed/26018346
http://dx.doi.org/10.1056/NEJM200006153422407
http://dx.doi.org/10.1056/NEJM200006153422407
http://www.ncbi.nlm.nih.gov/pubmed/10853004
http://dx.doi.org/10.1111/j.1743-6109.2008.00804.x
http://dx.doi.org/10.1111/j.1743-6109.2008.00804.x
http://www.ncbi.nlm.nih.gov/pubmed/18331273
http://dx.doi.org/10.1016/j.juro.2008.10.062
http://www.ncbi.nlm.nih.gov/pubmed/19095260
http://dx.doi.org/10.1093/ntr/nts113
http://www.ncbi.nlm.nih.gov/pubmed/22589425
http://dx.doi.org/10.1111/j.1467-789X.2004.00131.x
http://www.ncbi.nlm.nih.gov/pubmed/15086863

