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Abstract 

Erectile dysfunction (ED) is an important kind of postoperative complication of pelvic surgery that affects 
patients' quality of life. Transplantation of mesenchymal stem cells (MSC) has been found to alleviate ED 
caused by cavernous nerve injury (CNI) in rats. However, little is known about whether induced 
pluripotent stem cell–derived mesenchymal stem cells (iMSC) have a therapeutic effect on CNI ED. We 
established an ED model on rats and evaluated the effect of iMSC on it. 
Methods: Eight-week-old male Sprague-Dawley rats were assigned to four groups and received 
following operation: sham operation (sham group); bilateral CNI and phosphate-buffered saline (PBS) 
injections (PBS group); bilateral CNI and adipose-derived mesenchymal stem cells transplantation 
(adMSC group); or bilateral CNI and iMSC injection (iMSC group). After therapy, the cavernous nerve 
was stimulated by electricity and the intracavernous pressure (IAP)/mean arterial blood pressure (MAP) 
was measured. The endothelial and smooth muscle tissue in the penis was assessed histologically with 
Masson’s trichrome stain. Immunofluorescence/immunohistochemical stains were applied for the 
detection of nNOS, vWF, eNOS, SMA, Desmin, S100β, and caspase-3. Nude rats CNI ED model was 
established for the evaluation of iMSC longevity and differentiation capacity. The paracrine factors were 
assessed by real-time PCR. 
Results: Transplantation of iMSC significantly restored the IAP/MAP in this CNI ED model and showed 
long-term effects. It could rescue the expression of vWF, eNOS, SMA, and Desmin, which indicated the 
alleviation of endothelial and smooth muscle tissues of the penis. iMSC therapy also could increase the 
expression of nNOS in the cavernosum and S100β in the major pelvic ganglia (MPG) which contributed 
to the erectile function. Moreover, the level of BAX and caspase-3 were reduced and Bcl-2 was 
increased, which indicated the anti-apoptosis effects of iMSC. The iMSC showed little transdifferentiation 
and exerted their function by activating the secretome of the host.  
Conclusion: Transplantation of iMSC significantly improved ED induced by CNI. The iMSC may exert 
their effects via paracrine factors and may be a promising therapeutic candidate for treating CNI ED in the 
future. 

Key words: induced pluripotent stem cell-derived mesenchymal stem cell, cavernous nerve injury, erectile 
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Introduction 
Defined as the insufficient ability to attain or 

maintain an erection for satisfactory sexual 
performance, erectile dysfunction (ED) is a disorder 
that affects physical and mental health [1]. 
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Epidemiological research has revealed that ED is 
becoming increasingly common among men and 
affected more than 300 million people in 2015 [2]. The 
erectile function of the penis requires the coordinated 
function of both neuronal and vascular tissues [3,4]. 
Postoperative ED is an important kind of 
complication of pelvic surgery and accounts for a 
large proportion of ED cases. This kind of ED results 
from injuries to neurovascular bundles and most of 
these patients are unable to restore normal erectile 
function [5]. Some preclinical studies have revealed 
that phosphodiesterase-5 (PDE5) inhibitors may be 
helpful for penile rehabilitation on 
postprostatectomey patients [6,7]. Preliminary human 
trial by Schwartz et al. found that postprostatectomey 
patients with 100mg Sildenafil per night for 6 months 
showed significant increase on smooth muscle content 
[8]. However, large clinical trials showed that the 
efficacy of PDE5 inhibitors was limited and other 
means should be explored [9-11]. Thus, new treatment 
strategies for this kind of ED are urgently needed to 
make improvement on the quality of life in pelvic 
surgery patients. 

Mesenchymal stem cells (MSC) are special cells 
with multi-lineage differentiation abilities [12]. There 
is a variety of sources for MSC obtaining which covers 
umbilical cord blood, adipose tissue, and bone 
marrow [13]. MSC can be amplified in vitro and used 
for cell-based medical therapies because of their 
multi-lineage differentiation potential and ability to 
secrete factors associated with healing [14, 15]. 
Showing promising results, the MSC based medical 
therapies has been reported on some disease types 
including vaginal injury, corneal alloimmunity, and 
spinal cord injury [16-18]. Recently, it was found that 
MSC could be potential therapeutic cells for restoring 
erectile function in cavernous nerve injury (CNI) 
related ED rat models [19]. Moreover, some 
preliminary clinical trials used MSC in the 
postprostatectomy ED patients and showed positive 
results. For example, the human phase 1 trial 
conducted by Haahr et al. enrolled postprostatectomy 
patients suffering from ED and treated them with 
transplantation of autologous adipose-derived 
regenerative cells. After a 6 months follow up, the 
results showed that patients received cell 
transplantation showed recovered erectile function 
[20]. The study by Yiou et al. demonstrated that 
intracavernous injection of autologous bone 
marrow-mononuclear cells was safe and effective for 
postprostatectomy ED patients [21]. However, the 
procedures to obtain stem cells were all invasive and 
the visual analog scale for pain scoring could reach up 
to grade 6. Moreover, all patients need anesthesia and 
need to be hospitalized for stem cells collection. Last 

but not least, the amplification ability of MSC is low 
and it is easy to senescence, which significantly limit 
its use in clinic. Hence, it is urgently to find strategy to 
avoid these limitations of MSC. 

Induced pluripotent stem cells (iPSC) are 
pluripotent stem cells generated by reprogramming 
somatic cells [22]. iPSC can differentiate into MSC 
(induced pluripotent stem cell-derived mesenchymal 
stem cells, iMSC), providing a new source of MSC 
[23]. The characters of iMSC includes non-invasive 
obtaining, easy to amplify and better homogeneity, 
which would be promising for circumventing the 
MSC drawbacks mentioned above. The optimized 
characteristics indicated that it could be a better idea 
to use iMSC rather than traditional MSC in cell 
therapy. Previous studies have explored the potential 
therapeutic effects of iMSC on some type of diseases 
[23, 24]. For example, researchers used iMSC on 
chronic mouse asthma model and found that iMSC 
therapy exerted a long-term effect on alleviating 
chronic allergic airway inflammation [25]. 
Soontararak and colleagues applied iMSC on mouse 
inflammatory bowel disease model and demonstrated 
that transplantation of iMSC helped improve 
intestinal health and microbiome normalization [26]. 
However, to our knowledge, no studies have explored 
the effects of iMSC on CNI ED and its underlying 
mechanisms. In this study, we established a CNI ED 
model to evaluate the related therapeutic functions of 
iMSC. Moreover, we compared the therapeutic effects 
between iMSC and adipose-derived mesenchymal 
stem cells transplantation (adMSC). We also explored 
the underlying therapeutic mechanisms that iMSC 
might exert, hoping to have a more comprehensive 
understanding of its effects. 

Methods 
Human iPSC maintaining and iMSC inducing 

iPSC were purchased (ATCC, Manassas, VA) 
and cultured in mTESRTM1 medium (STEMCELL 
Technologies, Vancouver, Canada) in six-well plates 
coated with Matrigel (Corning, Corning, NY). After 
proliferation, iPSC were passaged and cultured in 
knockout Dulbecco’s modified Eagle’s medium 
(DMEM; Invitrogen, Waltham, MA). The DMEM was 
added by 20% fetal bovine serum (FBS; Gibco, Grand 
Island, NJ), 1% non-essential amino acids 
(Invitrogen), 0.1 mM β-mercaptoethanol (Sigma, St. 
Louis, MO), 1mM L-glutamine (Invitrogen), and 1% 
penicillin-streptomycin (Gibco). After the aggregates 
developed, the cells were transferred to gelatin-coated 
plates and cultured in iMSC media (DMEM, Gibco). 
The media were supplemented with 10% FBS (Gibco), 
1% double antibiotics (Gibco), and 2mM L-glutamine 
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(Invitrogen). We changed the medium every 2 days 
and the iMSC were characterized by flow cytometry. 

Isolation and culture of adMSC 
After review and discussion, this research was 

permitted by the Ethics Committee of The Third 
Affiliated Hospital of Sun Yat-sen University. Healthy 
young males were recruited to donate human adipose 
tissue. We obtained the written informed consent 
from the participators whose tissues were included in 
this study. Human adMSC were isolated using a 
previously reported protocol [27]. Human adMSC 
were resuspended and seeded in culture medium 
containing low-glucose DMEM (Gibco) supplemented 
with 10% FBS (Gibco) and 1% double antibiotics 
(Gibco). We placed the cultures in a humidified 
incubator at 37°C with 5% CO2. 
Trypsin/ethylenediaminetetraacetic acid was used for 
passage when the cells reached 75% confluence.  

Characterization of MSC 
We characterized iMSC and adMSC by 

incubating them in specific-conjugated antibodies. 
First, the nonspecific antigens of the cells were 
blocked with 1% bovine serum albumin (Gibco). Then 
the cells were subjected to the following specific 
conjugated antibodies: CD11b, CD29, CD31, CD34, 
CD44, CD45, CD73, CD90, CD105, and HLA-DR. 
Phosphate-buffered saline (PBS; Gibco) were used to 
wash the cells two times. We evaluated the expression 
of specific markers by FACSCalibur flow cytometer 
and Cell Quest software (BD Bioscience). 

Real-time PCR 
TRIzol reagent kit (Invitrogen) was applied for 

the extraction of total RNAs from penile tissue. 
Reverse transcription of RNA was conducted with the 
PrimeScript® RT reagent Kit (TaKaRa). For classical 
PCR, we adopt Premix Taq (TaKaRa) on GeneAmp 
PCR System 9700 (Applied Biosystems) using specific 
human or rat primers and made electrophoresis using 
1% agarose. The primers are showed in Table S1. For 
quantitative real time PCR, SYBR® Premix Ex Taq™ 
(Perfect Real Time) (TaKaRa) and ABI PRISM 7000 
sequence detector (Applied Biosystems) were used. 
The GAPDH gene was used as an internal control. 
The primers used are presented in Table S2. 

PKH67 for cell labelling 
The cells were digested and washed by no serum 

medium three times. Then the Diluent C 
(Sigma-Aldrich, St. Louis, MO, USA) were added to 
the cells to make cell suspension. PKH67 ethanolic 
dye solution (Sigma-Aldrich) were added to the above 
cell suspension and mixed well to disperse. The cell 
suspension were incubated for 2 mins in room 

temperature and stopped by equal volume of fetal 
bovine serum. We centrifuged the cells and washed 
the cell pellet with complete medium and put to use. 
The cells were injected into the cavernosum of CNI 
ED nude rat. The PKH67 labelled cells were detected 
by laser scanning confocal microscope (CarlZeiss 
LSM710, Oberkochen, Germany) in 3 and 7 days after 
cell administration.  

Animal treatment 
Eight-week-old Sprague-Dawley rats with an 

average weight of 250 g were purchased from 
Guangdong Medical Laboratory Animal Center 
(Guangzhou, China). Eight-week-old nude rats with 
an average weight of 250 g were obtained from 
Charles River (Beijing, China). The rats were kept in 
an animal center and allowed to acclimate to the 
surroundings. The food and water were abundant 
and easy to obtain by the rats. The Institutional 
Animal Care and Use Subcommittee of The Third 
Affiliated Hospital of Sun Yat-sen University has 
reviewed and permitted the present study. 

The rats were anesthetized with 2.5–3% 
isoflurane before surgery. A 4-5 cm incision in middle 
hypogastric region was made to expose the major 
pelvic ganglia (MPG) and the cavernous nerve (CN). 
CNI was performed (CNI group) and other rats 
receive laparotomy without CNI (sham group). We 
used a non-serrated hemostat (Karl Storz) to crush 
bilateral CNs in the CNI group. Each CN was crushed 
by hemostat in the 1 mm location away from MPG for 
120 s. The CNI rats were assigned to 3 subgroups, 
which received the following: (1) an injection of 
adMSC (20 μL PBS containing 1×106 adMSC cells; 
adMSC groups); (2) an injection of iMSC (20 μL PBS 
containing 1×106 iMSC cells; iMSC group); or (3) an 
injection of 20 μL PBS (PBS groups). In accordance 
with the manufacturer’s instructions, a Porcine Fibrin 
Sealant Kit (Hangzhou Puji Medical Technology 
Development Co., Ltd.) was applied for preparing cell 
fibrin scaffolds. We inserted the needle into the lateral 
cavernosum about 5 mm, withdrawed the needle 
slowly and made injection simultaneously. 

Evaluation of erectile function 
Four weeks after treatment, the SD rats were 

subjected to functional evaluation and sample 
collection. Three months (90 days) after MSC 
injection, the nude rats received erectile function 
evaluation and sample collection. The CN was 
electrically stimulated to evaluate erectile function. 
The rats were anesthetized with 2.5–3% isoflurane. 
For the detection of mean arterial pressure (MAP), we 
carved from the up chest to the neck and showed right 
carotid artery. The MAP was measured by 
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heparinized 24-gauge silastic cannula. To expose the 
corpus cavernosa for measurement of intracavernous 
pressure (ICP), we stripped off the skin of the penis. 
We implanted a detective needle on the root of penis. 
Using the two-way electrode (1.5 mA/20 Hz), we 
excited the CN at for 5/6 min. We recorded maximal 
ICP (ICPmax) and total ICP during tumescence. 
Pressure curves for MAP and ICP were recorded by 
BL-420s Biological Functional System (Chengdu 
Taimeng Technology Ltd.). Erection function was 
determined using the ratios of ICPmax and total ICP 
to MAP. After erectile function was evaluated, the 
penis and the MPG were collect for further 
assessment. 

Masson’s trichrome staining 
A portion of the penis was cut and washed with 

PBS. The 4% paraform was used for fixation and 
paraffin for embedding. This thickness of the slice was 
5μm and prepared using Masson’s trichrome staining. 
With this stain, the corpus cavernosum smooth 
muscle cells appear red while the collagen fibrils 
appear blue. The tissue sections were photographed 
using a digital camera and three sections per rat were 
selected for statistical analysis. Quantitative image 
analysis was made using Image-Pro Plus 6.0 software 
(Media Cybernetics, Rockville, MD). 

Immunofluorescence and 
immunohistochemical staining 

The remaining portion of the penis and the MPG 
segments were collected. The tissues were prepared as 
10μm frozen slices and properly preserved until use. 
For the purpose of detecting fluorescence, we fixed 
the penis and MPG sections in methyl alcohol for 15 
min at 4°C. PBS was used to wash the sections and the 
mixed liquor (bovine serum albumin and Triton) were 
used for blocking. The penis samples were covered by 
antibodies nNOS (Abcam; 1:200), eNOS (Abcam; 
1:100), RECA-1 (Abcam; 1:50), SMA (Abcam; 1:200) 
and Desmin (Abcam; 1:100). The MPG slices were 
bathed with S100β (Chemicon; 1:100) and caspase-3 
(Abcam; 1:200). PBS was used for washing the 
sections and the conjugated antibodies for daylight 
488 or 555 (Invitrogen) were adopted for incubation. 
Nuclei were stained by DAPI. We then used a 
fluorescence microscope to visualize signals and 
obtain digital images. Image-Pro Plus 6.0 software 
(Media Cybernetics) was applied to assess the degree 
of fluorescence. 

For immunohistochemical staining, the penile 
tissue was prepared as 4 μm slices. The samples were 
then rehydrated, received antigen retrieval, and 
blocked by non-immune serum for 30 min. The 
samples have incubations with antibodies, including 

vWF (Abclonal; 1:200) and nNOS (Abcam; 1:200). We 
detected immunoreactions using the Cytomation 
Envision HRP System (Dako) and redye the sections 
with hematoxylin (Sigma). We performed 
quantitative image analysis using Image-Pro Plus 6.0 
software. 

Western blot 
Proteins were extracted from the penis with the 

RIPA protein extraction reagent (Beyotime, Beijing, 
China). The extraction reagent was supplemented 
with phenylmethylsulfonyl fluoride (Beyotime). The 
BCA Protein Assay Kit (Beyotime, Beijing, China) was 
obtained for detecting protein concentrations and 40 
μgaliquots of protein were subjected for 
electrophoresis. After electrophoresis, the protein was 
passed on to PVDF membrane and probed with 
primary antibodies including nNOS (Santa Cruz 
Biotechnology; 1:500), caspase-3 (Abcam; 1:1000), 
Bcl-2 (Cell Signaling Technology; 1:1000), BAX (Cell 
Signaling Technology; 1:1000) and β-Actin (Abcam; 
1:500). We bathed membranes with secondary 
antibody (Abcam; 1:5000) and visualized the bands 
using enhanced chemiluminescence substrates 
(Millipore, MA). 

Statistical analysis 
GraphPad Prism V.7.0 (GraphPad, La Jolla, CA) 

was used for the comparisons between groups and 
statistical analysis. We presented the data are means ± 
standard deviations. The differences among groups 
were compared using analysis of variance and 
Newman-Keuls post hoc analysis. P<0.05 was set as 
statistical difference. 

Results 
Characterization of iMSC and adMSC 

iMSC were induced from iPSC, and adMSC were 
isolated from healthy volunteer’s adipose tissue. After 
induction or isolation, the iMSC and adMSC were 
identified by specific surface antigens using flow 
cytometry. The iMSC exhibited well-known MSC 
markers, including CD44, CD73, and CD105, but not 
endothelial or hematopoietic markers CD11b, CD34, 
and CD45 (Figure 1A). The adMSC expressed CD29, 
CD44, and CD90, but not CD31, CD34, and HLA-DR 
(Figure 1B). 

iMSC therapy improved erectile function in 
CNI rat models 

We established CNI rat models and evaluated 
whether injection of iMSC or adMSC could exert any 
effect on the injury. Four weeks after treatment, the 
CN was electrically stimulated and blood pressure 
changes (MAP and ICP) were recorded. There was no 
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difference in MAP among four groups during 
electrostimulation. However, the maximal ICP 
(ICPmax)/MAP and total ICP/MAP were remarkably 
decreased in PBS group than sham group 
(Figure 2A-B). In addition, transplantation of iMSC or 
adMSC significantly improved the ICPmax/MAP and 
total ICP/MAP ratios when compared with the 

PBS-treated group (Figure 2C-D). The administration 
of iMSC or adMSC induced noteworthy recovery of 
erectile function at 4 weeks after treatment 
(Figure 2E-F). However, the markers of erectile 
function did not differ significantly between the 
groups treats with iMSC and adMSC. 

 

 
Figure 1. Characterization of iMSC and adMSC. (A) Flow cytometric analysis of surface markers suggested that iMSC were positive for well-known MSC markers, including 
CD44, CD73, and CD105, but not for endothelial or hematopoietic markers CD11b, CD34, and CD45. (B) Flow cytometric analysis of surface markers indicated that adMSC 
exhibited CD29, CD44, and CD90 but not for CD31, CD34, and HLA-DR. 
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Figure 2. Transplantation of iMSC improved erection function of CNI rats. (A-D) ICP responses to electrostimulation in the sham, PBS, adMSC, and iMSC groups. (E) Maximum 
ICP to MAP ratio responses to electrostimulation in the four groups. (F) Total ICP to MAP ratio responses to electrostimulation in the four groups. Error bars: mean ± SD. 
**p<0.01 comparison with PBS group. 

 

iMSC therapy restored the endothelial 
ingredient and smooth muscle ingredient in 
penile 

The rats were then received euthanasia and the 
penile tissues were collected for further analysis. The 
endothelial and smooth muscle tissues of the penile 
are closely related to erection function and sexual 
performance. The expression of vWF in the penis 
tissues was evaluated by immunohistochemical 
staining, which showed that CNI can induce notable 
downregulation of vWF. Moreover, treatment with 
iMSC or adMSC significantly restored vWF 
expression, indicating the recovery of endothelial 
components in penile tissues (Figure 3A&C). The 
detection of another important endothelial marker, 
eNOS, showed consistent results (Figure S1A&C). 
Masson’s trichrome staining was applied to assess the 
ratio of smooth muscle to collagen. This ratio was 
markedly lower in the PBS group than in the sham 
group, yet rescued in the iMSC and adMSC groups 
(Figure 3B&D). Moreover, the level of a smooth 
muscle cell marker, alpha smooth muscle actin (SMA), 
was determined by immunofluorescent staining in 
four groups. Consistent with the former results, iMSC 
or adMSC therapy was notably able to attenuate the 
decrease in SMA expression caused by CNI 
(Figure 4A&D-E). The evaluation of Desmin, which 
was another important marker of smooth muscle cells, 

showed similar results (Figure S1B&D). Taken 
together, these data indicate that iMSC are as effective 
as adMSC in restoring the endothelial ingredient and 
smooth muscle ingredient of the penile. 

iMSC therapy increased nNOS expression and 
penile tissue weight 

Immunofluorescence and immunohistochemical 
staining assays were applied to determine the 
expression of nNOS in penile tissues. As shown, the 
intensity of nNOS fluorescence in the penile was 
obviously lower in the PBS group than in the sham 
group, but the decrease could be profoundly 
mitigated by iMSC or adMSC therapy (Figure 5A&D). 
Similarly, the immunohistochemical staining of the 
dorsal penile nerve revealed that iMSC were 
equivalent to adMSC in restoring nNOS expression in 
the penis after CNI (Figure 4B-C). Furthermore, 
western blot revealed that nNOS protein expression 
was higher in the iMSC group than PBS group 
(Figure 5B-C). In addition, all the penile tissues and 
rats were weighed at 4 weeks after treatment. The 
penis tissue weight to body weight ratios were 
remarkably lower in the PBS group than the sham 
group, which indicated penile atrophy. However, 
penile weight to body weight ratios were higher in the 
iMSC and adMSC groups than PBS group, suggesting 
a therapeutic effect from the stem cell injections 
(Figure 5E).  
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Figure 3. iMSC therapy restored the endothelial and smooth muscle ingredient of penile. (A, C) Immunohistochemical staining of vWF in the penile of sham, PBS, adMSC, and 
iMSC groups. (B, D) Masson’s trichrome staining of the penile used to assess the smooth muscle/collagen ratio in the four groups. Error bars: mean ± SD. **p<0.01 comparison 
with PBS group. 

 

iMSC therapy exerted anti-apoptotic effects 
and rescued S100β expression in the MPG 

We performed immunofluorescent staining on 
MPG samples. The expression of the 
apoptosis-associated proteins caspase-3 and neural 
component S100β were assessed. The results showed 
that the CNI procedure could profoundly induce the 
expression of caspase-3 and iMSC or adMSC therapy 
could attenuate its expression (Figure 6A&D). 
Moreover, the intensity of S100β was remarkably 
weaker in the PBS group than in the sham group, but 
higher in the iMSC and adMSC groups (Figure 6B&E). 
In addition, we also detected the expression of 

apoptosis-related proteins (caspase-3, Bcl-2, and BAX) 
in the penis using western blot. CNI increased the 
expression of caspase-3 and BAX while repressing 
Bcl-2, suggesting it has pro-apoptotic effects. But these 
effects could be attenuated by iMSC therapy 
(Figure 6C&F-H). Thus, we concluded that iMSC 
therapy was as effective as adMSC therapy and could 
exert anti-apoptotic effects and rescue S100β 
expression in MPG. 

iMSC exerted long-term therapeutic effect 
and the longevity and transdifferentiation 
capacity were determined in nude rat  

To further confirm the therapeutic effect, we 
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adopted immunodeficient nude rats and established 
CNI ED model and made MSC injection. Three 
months (90 days) after MSC administration, the 
erectile function of CNI ED nude rats were measured. 
As showed, the therapeutic effect of iMSC lasted for 
three months and the ameliorated function was 
comparable to adMSC (Figure 7A-F). Moreover, the 
detection of eNOS, Desmin, and RECA-1 revealed 
that iMSC administration could obviously rescue the 
endothelial and smooth muscle contents of the corpus 
cavernosum (Figure 7G-J, Figure S2). To further 
understand the underlying mechanism, we labelled 
iMSC and adMSC with PKH67 and injected it into the 
cavernosum of CNI ED nude rats. The MSC longevity 
and its transdifferentiation capacity of specific and 
major cell types in cavernosum, which included 
smooth muscle cells and endothelial cells, were 
determined. Classic PCR and gel electrophoresis were 
performed on penis from CNI ED nude rat in 3, 7 and 

15 days after MSC administration using human 
specific primers. As presented, the transcripts for 
human GAPDH were only detected in days 3 but 
disappeared later (Figure 8A). The monitor for PKH67 
labelled iMSC revealed that iMSC could only be 
identifiable in first 3 days but vanished later 
(Figure 8B-C). These results indicated that the iMSC 
could only survive 3 days after injection. The 
transcripts for human SMA, vWF, and eNOS were not 
detected in both groups in all time points (Figure 8A). 
What’s more, immunohistochemical stainings 
demonstrated that the iMSC labelled with PKH67 in 
penis did not colocalize with endothelial cell markers 
or smooth muscle cell markers (Figure 8B-C). The 
immunohistochemical stainings of adMSC showed 
similar results (Figure S3).These results indicated that 
limited iMSC transdifferentiation and there should be 
other mechanisms for iMSC therapeutic functions. 

 

 
Figure 4. iMSC therapy increased SMA expression in the penis and nNOS in the dorsal penile nerve. (A, E) Immunofluorescent staining of SMA in the penis in sham, PBS, adMSC, 
and iMSC groups. (B-C) The level of nNOS in dorsal penile nerve was evaluated by immunohistochemical staining in the four groups. (D) Detection of SMA RNA by real-time PCR 
in the four groups. Error bars: mean ± SD. **p<0.01 comparison with PBS group. 
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Figure 5. iMSC therapy increased nNOS expression and the weight of the penis. (A, D) Immunofluorescentstaining of nNOS in penile tissue from the sham, PBS, adMSC, and 
iMSC groups. (B-C) nNOS protein expression in penile tissues from the four groups was determined by western blot. (E) Penile tissue weight to body weight ratios were 
evaluated in the four groups. Error bars: mean ± SD. *p<0.05, **p<0.01 comparison with PBS group. 

 

iMSC exerted its function by activating a 
secretome in the host  

One of the most important mechanisms of stem 
cell therapy is paracrine activity. We conducted 
real-time PCR analysis of penile tissues collected from 
CNI rats that received MSC or PBS therapy. We 
explored the expression of secreted soluble factors 
that are known to affect tissue repair. These factors 
were vascular endothelial growth factor a (VEGFa), 
insulin growth factor 1(IGF1), stromal cell-derived 
factor 1 (SDF1), stanniocalcin 1 (STC1), and nerve 
growth factor (NGF).These factors are closely 
associated with angiogenesis, neurogenesis, 
anti-apoptosis, and anti-oxidative stress response. 
These factors were upregulated in the iMSC group at 
3 days after injection. Moreover, the host secretome 
alteration modified by iMSC persisted over 28 days, 
which indicated long-term effects of iMSC 
administration (Figure 9A-E).  

Discussion 
ED caused by pelvic surgery is a worldwide 

problem. It is an important complications and affects 
patients’ psychological and physical health [28]. In 
particular, postoperative ED is a problem in patients 
undergoing pelvic surgery for malignant tumors. 
Injuries to neurovascular bundles, and especially to 
nerves that are essential to sexual function, such as the 
CN, are sometimes unavoidable when a radical tumor 
resection is necessary [29]. ED due to such 
neurovascular injuries is often not well responsive to 
PDE5 inhibitors or, if they are, the side effects may be 
intolerable. Hence, new strategies for treating this 
kind of ED are urgently needed [30]. 

Emerging evidence has revealed that MSC 
transplantation is effective in tissue engineering and 
functional repair. Some studies have shown that MSC 
administration is effective in alleviating ED. For 
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example, Ryu et al. established a diabetic animal ED 
model and found that implantation of MSC could 
improve erectile function [31]. You et al. performed 
periprostatic transplantation of mesenchymal stem 
cells in a CNI ED model. Their results demonstrated 
that administration of MSC was effective in the 
recovery of erectile function [32]. These studies 
suggest that MSC is a promising tool for ED therapy. 
Traditionally, MSC could be derived from skeletal 
muscle, bone marrow, and adipose tissue [33,34]. 
Now iPSC technology allows for new sources of MSC, 
call iMSC in this context. Lian et al. found that iMSC 

could attenuate limb ischemia in mice [23]. Another 
study evaluated the anti-inflammatory abilities of 
iMSC and demonstrated that they exerted similar 
anti-inflammatory effects as those of adMSC in a 
murine model of corneal injury [24]. However, to our 
knowledge, no studies have explored the effects of 
iMSC on ED. 

In the present study, we first used iMSC, to treat 
CNI ED rat models. We introduced iMSC and 
evaluated their therapeutic effect on erectile function. 
The analysis of ICPmax/MAP and total ICP/MAP 
suggests that iMSC are comparable to adMSC in their 

 
Figure 6. iMSC therapy exerted anti-apoptotic effects and rescued S100β expression in the MPG. (A, D) Immunofluorescent staining of caspase-3 in the MPG from the sham, 
PBS, adMSC, and iMSC groups. (B, E) Immunofluorescent staining of S100β in the MPG in the four groups. (C, F-H) Caspase-3, Bcl-2, and BAX protein expression in penile tissue 
was determined by western blot in the four groups. Error bars: mean ± SD. Bar=40 µm. **p<0.01 comparison with PBS group. 
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effects on ED. One of the important causes of CNI ED 
is the deprivation of smooth muscle and endothelial 
tissue [7]. By assaying vWF, eNOS, SMA and Desmin 
expression, we found that iMSC were as effective as 
adMSC in restoring the loss of smooth muscle and 
endothelial content in the penile after CNI. Moreover, 
administration of iMSC mitigated loss of nNOS 
expression which contributed to the lack of 
responsiveness to PDE5 inhibitors [35]. We then tried 
to explore the underlying mechanism of how iMSC 

alleviated CNI ED. The nude rat CNI ED model were 
used for assessing the longevity and differentiation 
capacity of iMSC and it indicated that the cells only 
preserved in the penile for three days and no 
transdifferentiation occurred. Another important 
mechanism of MSC therapy is paracrine. We proved 
that injection of iMSC activated the host’s secretion of 
many important soluble factors and these effects 
lasted long. These findings indicate that iMSC may act 
through a paracrine mechanism. 

 

 
Figure 7. The iMSC therapeutic effect lasted 3 months in nude rat but showed poor longevity and transdifferentiation potential. (A-D) The ICP of nude rats in sham, PBS, iMSC 
and MSC groups were presented in three months after injection. (E) The maximum ICP to MAP ratio of nude rats were showed. (F) Total ICP to MAP ratio of nude rats were 
presented. (G, I) Immunofluorescent staining of eNOS in penile tissue of nude rats in three months after injection. (H, J) Immunofluorescent staining of Desmin in penile tissue 
of nude rats in three months after injection. Error bars: mean ± SD. **p<0.01 compare with PBS group. 
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Figure 8. The iMSC showed poor longevity and transdifferentiation potential in nude rat ED model. (A) The transcripts for human smooth muscle (SMA) and endothelial 
markers (vWF and eNOS) were detected in 3, 7, and 15 days after intracavernousal injection in penis of CNI ED nude rats. The longevity of iMSC and adMSC in penis were 
determined by the transcripts of human GAPDH. iMSC RNA, adMSC RNA, and rat universal mRNA were also measured. Rat GAPDH was adopted as control. (B-C) There was 
no evidence that iMSC transdifferentiated into smooth muscle cell or endothelial cell for no PKH-67 labelled iMSC colocalized with SMA or vWF expression. The iMSC were also 
disappeared 7 days after intracavernousal injection in penis of CNI ED nude rats.  

 

The development of iMSC enables new strategies 
in cell therapy. Traditional MSCs have obvious 
limitations, such as low expandability and 
susceptibility to senescence [36, 37]. iMSC have 
advantages over MSC and may be a better source for 
biotherapy. First, iPSC can be induced from somatic 
cells such as skin cells, and thus they can be obtained 
noninvasively. Second, iMSC are highly expandable, 
capable of more than 120 population doublings 
without senescence [23]. Third, MSC are more 
variable due to differences in donors and culture 
conditions, while iMSC have better homogeneity 
because they are derived from a single iPSC.  

Our presented study showed that iMSC and 
adMSC appeared similar beneficial effects on 
recovery of erectile function and histological 
structure, which indicated that iMSC was also an 
important therapy cell for ED. Most researchers have 
focused on the therapeutic functions of adMSC on ED 
before and presented promising results. Hence, the 
current study also provokes an important thought 
that whether it is necessary to use iMSC, instead of 
MSC for ED. The authors hold the opinion that iMSC 
should be a better cell source for ED therapy for it has 
many advantages over adMSC and better clinical 
application prospect. Even not, it should be an 
alternative to adMSC for ED therapy in the future. 
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Figure 9. iMSC exerted their effects by activating the secretome of the host. (A-E) The expression of rat VEGFa, SDF1, STC1, IGF1, and NGF was evaluated 3, 7, and 28 days 
after treatment in the sham, PBS, adMSC, and iMSC groups. Error bars: mean ± SD. *p<0.05, **p<0.01 comparison with PBS group. 

 

One of the specialties of our study is that we 
adopt a mixture of fibrin sealent and MSCs. There are 
two reasons why we used fibrin scaffold. The first 
reason is that previous study has revealed that 
intracavernous adMSC injection, but not perineural in 
cavernous, could improve erectile function [38]. 
However, even our research team has focused on this 
area for a long time and skilled in establishing CNI 
ED model, we found it is hard to distinguish between 
intracavernous and perineural area in cavernous body 
when making injection. Hence, when making 
injection we mixed MSC with fibrin scaffolds, inserted 
the needle into the lateral cavernosum about 5 mm, 
withdrawed the needle slowly and made injection 
simultaneously. This strategy would increase the 
probability that the cells were injected into the 
cavernosum and our results indicated that it was 
benefit for the erectile function improvement.  

Secondly, the two main hypotheses of MSC 
therapy for ED include repairing the crushed nerve 
and restoring the target organ corpus cavernosum 
function [9, 32]. In present study, we focused on 
cavernosum and hypothesized that iMSC would 
restore the corpus cavernosum function by activating 
a secretome in the host. The corpus cavernosum is an 
organ which is rich in blood flow and if the cells were 
mixed with fibrin scaffold, it might not be easy to be 
swept away by blood flow and the therapeutic effects 
may last longer. However, we did not explore 
whether using a fibrin scaffold would influence the 

migration capability, viability and differentiation 
capacity of MSC. On future study we would step into 
this area and make a better understanding on the 
effects of fibrin scaffold. 

There are some limitations to our study. Because 
we used a rat model, the results may not be indicative 
of outcomes in humans. The effects of iMSC on CNI 
ED in humans will require future studies. However, 
some studies have indicated that MSC may be 
tumorigenic, while one study indicated that iMSC has 
much less potential to promote tumors than bone 
marrow MSC [39]. Nonetheless, trials of iMSC will 
require a long observation period for proper 
assessment of safety. 

Conclusion 
To our knowledge, this study is the first to 

explore the function of iMSC on ED. We found that 
transplantation of iMSC could significantly restore 
erectile function induced by CNI. Injection of iMSC 
not only restored the IAPmax/MAP and total 
IAP/MAP ratio, but also counteracted the loss of 
endothelial and smooth muscle tissue in the penis and 
nNOS downregulation. We also found that iMSC may 
exert their benefits via paracrine effects. In sum, iMSC 
may be a promising therapeutic candidate for treating 
CNI ED in the future. 

Abbreviations 
ED: erectile dysfunction; PDE5: phosphodies-



Theranostics 2019, Vol. 9, Issue 22 
 

 
http://www.thno.org 

6367 

terase-5; MSC: mesenchymal stem cells; CNI: 
cavernous nerve injury; iPSC: Induced pluripotent 
stem cells; iMSC: induced pluripotent stem cell–
derived mesenchymal stem cells; adMSC: 
adipose-derived mesenchymal stem cells; DMEM: 
Dulbecco’s modified Eagle’s medium; FBS: fetal 
bovine serum; PBS: phosphate-buffered saline; IAP: 
intracavernous pressure; MAP: mean arterial blood 
pressure; MPG: major pelvic ganglia; SMA: smooth 
muscle actin; VEGFa: vascular endothelial growth 
factor a; IGF1: insulin growth factor 1; SDF1: stromal 
cell-derived factor 1; STC1: stanniocalcin 1; NGF: 
nerve growth factor. 

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v09p6354s1.pdf  

Acknowledgements 
The Natural Science Foundation of Guangdong 

Province, China (2017A030313505, 2015A030313063) 
and the Science and Technology Planning Project of 
Guangdong Province, China (2014B090901066) 
provided support to this study. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

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

on Impotence. JAMA. 1993; 270: 83-90. 
2. Bacon CG, Mittleman MA, Kawachi I, Giovannucci E, Glasser DB, Rimm EB. 

Sexual function in men older than 50 years of age: results from the health 
professionals follow-up study. Ann Intern Med. 2003; 139: 161-8. 

3. Andersson KE. Mechanisms of penile erection and basis for pharmacological 
treatment of erectile dysfunction. Pharmacol Rev. 2011; 63: 811-59. 

4. Yin GN, Das ND, Choi MJ, Song KM, Kwon MH, Ock J, et al. The pericyte as a 
cellular regulator of penile erection and a novel therapeutic target for erectile 
dysfunction. Sci Rep. 2015; 5: 10891. 

5. Hatzimouratidis K, Burnett AL, Hatzichristou D, McCullough AR, Montorsi F, 
Mulhall JP. Phosphodiesterase type 5 inhibitors in postprostatectomy erectile 
dysfunction: a critical analysis of the basic science rationale and clinical 
application. Eur Urol. 2009; 55: 334-47. 

6. Sirad F, Hlaing S, Kovanecz I, Artaza JN, Garcia LA, Rajfer J, et al. Sildenafil 
promotes smooth muscle preservation and ameliorates fibrosis through 
modulation of extracellular matrix and tissue growth factor gene expression 
after bilateral cavernosal nerve resection in the rat. J Sex Med. 2011; 8: 1048-60. 

7. Vignozzi L, Morelli A, Filippi S, Vannelli GB, Mungai S, Marini M, et al. Effect 
of sildenafil administration on penile hypoxia induced by cavernous 
neurotomy in the rat. Int J Impot Res. 2008; 20: 60-7. 

8. Schwartz EJ, Wong P, Graydon RJ. Sildenafil preserves intracorporeal smooth 
muscle after radical retropubic prostatectomy. J Urol. 2004; 171: 771-4. 

9. Yiou R, Mahrouf-Yorgov M, Trebeau C, Zanaty M, Lecointe C, Souktani R, et 
al. Delivery of human mesenchymal adipose-derived stem cells restores 
multiple urological dysfunctions in a rat model mimicking radical 
prostatectomy damages through tissue-specific paracrine mechanisms. Stem 
Cells. 2016; 34: 392-404. 

10. Montorsi F, Brock G, Lee J, Shapiro J, Van Poppel H, Graefen M, et al. Effect of 
nightly versus on-demand vardenafil on recovery of erectile function in men 
following bilateral nerve-sparing radical prostatectomy. Eur Urol. 2008; 54: 
924-31. 

11. Montorsi F, Brock G, Stolzenburg JU, Mulhall J, Moncada I, Patel HR, et al. 
Effects of tadalafil treatment on erectile function recovery following bilateral 
nerve-sparing radical prostatectomy: a randomised placebo-controlled study 
(REACTT). Eur Urol. 2014; 65: 587-96. 

12. Mahmoudifar N, Doran PM. Mesenchymal Stem Cells Derived from Human 
Adipose Tissue. Methods Mol Biol. 2015; 1340: 53-64. 

13. Teo AK, Vallier L. Emerging use of stem cells in regenerative medicine. 
Biochem J. 2010; 428: 11-23. 

14. Rodriguez AM, Pisani D, Dechesne CA, Turc-Carel C, Kurzenne JY, 
Wdziekonski B, et al. Transplantation of a multipotent cell population from 
human adipose tissue induces dystrophin expression in the 
immunocompetent mdx mouse. J Exp Med. 2005; 201: 1397-405. 

15. Jack GS, Almeida FG, Zhang R, Alfonso ZC, Zuk PA, Rodriguez LV. Processed 
lipoaspirate cells for tissue engineering of the lower urinary tract: implications 
for the treatment of stress urinary incontinence and bladder reconstruction. J 
Urol. 2005; 174: 2041-5. 

16. Ben Menachem-Zidon O, Gropp M, Ben Shushan E, Reubinoff B, Shveiky D. 
Systemically transplanted mesenchymal stem cells induce vascular-like 
structure formation in a rat model of vaginal injury. PLoS One. 2019; 14: 
e0218081. 

17. Cofano F, Boido M, Monticelli M, Zenga F, Ducati A, Vercelli A, et al. 
Mesenchymal Stem Cells for Spinal Cord Injury: Current Options, Limitations, 
and Future of Cell Therapy. Int J Mol Sci. 2019; 20: E2698. 

18. Mittal SK, Foulsham W, Shukla S, Elbasiony E, Omoto M, Chauhan SK. 
Mesenchymal Stromal Cells Modulate Corneal Alloimmunity via Secretion of 
Hepatocyte Growth Factor. Stem Cells Transl Med. 2019; [Epub ahead of 
print]. 

19. Ryu JK, Kim DH, Song KM, Yi T, Suh JK, Song SU. Intracavernous delivery of 
clonal mesenchymal stem cells restores erectile function in a mouse model of 
cavernous nerve injury. J Sex Med. 2014; 11: 411-23. 

20. Haahr MK, Jensen CH, Toyserkani NM, Andersen DC, Damkier P, Sorensen 
JA, et al. Safety and Potential Effect of a Single Intracavernous Injection of 
Autologous Adipose-Derived Regenerative Cells in Patients with Erectile 
Dysfunction Following Radical Prostatectomy: An Open-Label Phase I Clinical 
Trial. EBioMedicine. 2016; 5: 204-10. 

21. Yiou R. Stem-cell therapy for erectile dysfunction. Biomed Mater Eng. 2017; 28: 
S81-S5. 

22. 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: 861-72. 

23. Lian Q, Zhang Y, Zhang J, Zhang HK, Wu X, Zhang Y, et al. Functional 
mesenchymal stem cells derived from human induced pluripotent stem cells 
attenuate limb ischemia in mice. Circulation. 2010; 121: 1113-23. 

24. Yun YI, Park SY, Lee HJ, Ko JH, Kim MK, Wee WR, et al. Comparison of the 
anti-inflammatory effects of induced pluripotent stem cell-derived and bone 
marrow-derived mesenchymal stromal cells in a murine model of corneal 
injury. Cytotherapy. 2017; 19: 28-35. 

25. Zhong H, Fan XL, Fang SB, Lin YD, Wen W, Fu QL. Human pluripotent stem 
cell-derived mesenchymal stem cells prevent chronic allergic airway 
inflammation via TGF-beta1-Smad2/Smad3 signaling pathway in mice. Mol 
Immunol. 2019; 109: 51-7. 

26. Soontararak S, Chow L, Johnson V, Coy J, Wheat W, Regan D, et al. 
Mesenchymal Stem Cells (MSC) Derived from Induced Pluripotent Stem Cells 
(iPSC) Equivalent to Adipose-Derived MSC in Promoting Intestinal Healing 
and Microbiome Normalization in Mouse Inflammatory Bowel Disease 
Model. Stem Cells Transl Med. 2018; 7: 456-67. 

27. Cao Y, Sun Z, Liao L, Meng Y, Han Q, Zhao RC. Human adipose 
tissue-derived stem cells differentiate into endothelial cells in vitro and 
improve postnatal neovascularization in vivo. Biochem Biophys Res 
Commun. 2005; 332: 370-9. 

28. Hendren SK, O'Connor BI, Liu M, Asano T, Cohen Z, Swallow CJ, et al. 
Prevalence of male and female sexual dysfunction is high following surgery 
for rectal cancer. Ann Surg. 2005; 242: 212-23. 

29. Saito S, Fujita S, Mizusawa J, Kanemitsu Y, Saito N, Kinugasa Y, et al. Male 
sexual dysfunction after rectal cancer surgery: Results of a randomized trial 
comparing mesorectal excision with and without lateral lymph node 
dissection for patients with lower rectal cancer: Japan Clinical Oncology 
Group Study JCOG0212. Eur J Surg Oncol. 2016; 42: 1851-8. 

30. Shamloul R, Ghanem H. Erectile dysfunction. Lancet. 2013; 381: 153-65. 
31. Ryu JK, Kim DH, Song KM, Ryu DS, Kim SN, Shin DH, et al. Intracavernous 

delivery of clonal mesenchymal stem cells rescues erectile function in the 
streptozotocin-induced diabetic mouse. Andrology. 2016; 4: 172-84. 

32. You D, Jang MJ, Lee J, Jeong IG, Kim HS, Moon KH, et al. Periprostatic 
implantation of human bone marrow-derived mesenchymal stem cells 
potentiates recovery of erectile function by intracavernosal injection in a rat 
model of cavernous nerve injury. Urology. 2013; 81: 104-10. 

33. Jayaram P, Ikepeama U, Rothenberg JB, Malanga GA. Bone Marrow Derived 
and Adipose Derived Mesenchymal Stem Cell Therapy in Primary Knee 
Osteoarthritis: A Narrative Review. PM R. 2019; 2: 177-91. 

34. Wecht S, Rojas M. Mesenchymal stem cells in the treatment of chronic lung 
disease. Respirology. 2016; 21: 1366-75. 

35. Zagaja GP, Mhoon DA, Aikens JE, Brendler CB. Sildenafil in the treatment of 
erectile dysfunction after radical prostatectomy. Urology. 2000; 56: 631-4. 

36. Larson BL, Ylostalo J, Lee RH, Gregory C, Prockop DJ. Sox11 is expressed in 
early progenitor human multipotent stromal cells and decreases with 
extensive expansion of the cells. Tissue Eng Part A. 2010; 16: 3385-94. 

37. Tolar J, Nauta AJ, Osborn MJ, Panoskaltsis Mortari A, McElmurry RT, Bell S, et 
al. Sarcoma derived from cultured mesenchymal stem cells. Stem Cells. 2007; 
25: 371-9. 

38. Fandel TM, Albersen M, Lin G, Qiu X, Ning H, Banie L, et al. Recruitment of 
intracavernously injected adipose-derived stem cells to the major pelvic 



Theranostics 2019, Vol. 9, Issue 22 
 

 
http://www.thno.org 

6368 

ganglion improves erectile function in a rat model of cavernous nerve injury. 
Eur Urol. 2012; 61: 201-10. 

39. Zhao Q, Gregory CA, Lee RH, Reger RL, Qin L, Hai B, et al. MSCs derived 
from iPSCs with a modified protocol are tumor-tropic but have much less 
potential to promote tumors than bone marrow MSCs. Proc Natl Acad Sci U S 
A. 2015; 112: 530-5. 

 


