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Introduction: The prevalence of erectile dysfunction (ED) is substantial and continues to rise. Current thera-
peutics for ED consist of oral medications, intracavernosal injections, vacuum erection devices, and penile
implants. While such options may manage the disease state, none of these modalities, however, restore function.
Stem cell therapy has been evaluated for erectile restoration in animal models. These cells have been derived from
multiple tissues, have varied potential, and may function via local engraftment or paracrine signaling. Bone
marrow-derived stem cells (BMSC) and adipose-derived stem cells (ASC) have both been used in these models
with noteworthy effects.

Aim: Herein, we will review the pathophysiology of ED, animal models, current and novel stem-cell based
therapeutics, clinical trials and areas for future research.

Methods: The relevant literature and contemporary data using keywords, “stem cells and erectile dysfunction”
was reviewed.

Main outcome measure: Examination of evidence supporting the association between erectile dysfunction and
adipose derived stem cells, bone marrow derived stem cells, placental stem cells, urine stem cells and stem cell
therapy respectively.

Results: Placental-derived stem cells and urine-derived stem cells possess many similar properties as BMSC and
ASC, but the methods of acquisition are favorable. Human clinical trials have already demonstrated successful use
of stem cells for improvement of erectile function.

Conclusion: The future of stem cell research is constantly being evaluated, although, the evidence suggests a
place for stem cells in erectile dysfunction therapeutics. Matz EL, Terlecki R, Zhang Y, et al. Stem Cell
Therapy for Erectile Dysfunction. Sex Med Rev 2019;7:321e328.
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EPIDEMIOLOGY AND PATHOPHYSIOLOGY

Erectile dysfunction (ED) is defined by the NIH as the
inability to maintain a penile erection sufficient for successful
penetration.1 The etiology may be psychogenic, organic, or
mixed. Organic ED may be of a neurogenic, vasculogenic, hor-
monal, intra-cavernosal (ie, structural), or drug-induced origin
(Table 1).16 Despite technical advances in pelvic surgery (eg,
radical prostatectomy) and in the management of pelvic trauma,
patients experiencing either phenomena are still at considerable
risk for consequent ED.17 Excluding trauma-related cases,
10%e19% of ED is presumed neurogenic.18
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Data from the late 1990s reported the prevalence of organic
ED as 7% in men aged 18e29, 9% for those aged 30e39, 11%
for those aged 40e49, and 18% for those aged 50e59 years.18

In a longitudinal study by Johannes et al,19 it was estimated
that the incidence of ED was 25.9 cases per 1,000 man-years
with an age-adjusted higher risk for men with lower education,
pelvic injuries, diabetes mellitus (DM), coronary artery disease,
and hypertension.19e22 Increased physical activity is inversely
associated with ED, while obesity is correlated with a higher risk.
Men without chronic medical conditions, and who engage
in healthy behavior have the lowest prevalence of ED.23 Psy-
chological disorders, such as anxiety and depression, can also
threaten erectile function through psychogenic and medication-
related pathways.24

Physiologically, an erection is achieved through the release
of nitric oxide (NO) from parasympathetic nerve terminals.
NO causes relaxation of cavernosal smooth muscle leading to
increased blood flow.25,26 Thus, conditions capable of
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Table 1. Rodent erectile dysfunction models

Clinical condition(s) Model type Basic description References

Pelvic surgery (radical prostatectomy),
trauma

Neurogenic or neuro-vascular
injuries

CN crush, IPB ligation 2,3

Diabetes mellitus type 2 Diabetogenic High-fat diet with streptozotocin
injection

4,5

Atherosclerosis Vascular Bilateral internal iliac artery ligation 6e10

Hypogonadism, low testosterone Hormonal Orchiectomy, LH agonist 11,12

Advanced age Aging Allowing aging of animals 13e15

CN ¼ cavernous nerve; IPB ¼ internal pudendal bundle; LH ¼ luteinizing hormone.
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reducing NO release and/or restricting penile blood flow can
result in ED.
CURRENT MANAGEMENT OPTIONS

Management of organic ED involves an arsenal of therapies
including phosphodiesterase (PDE) 5 inhibitors (PDE5i), pros-
taglandin (alprostadil) urethral suppositories, vasoactive intra-
cavernosal injections (ICI), vacuum erection devices, and
penile implants.16,17 Psychosexual therapy also has a valid role,
especially in the setting of couples’ health. All patients should
be counseled toward valuable lifestyle modifications such as
smoking cessation, decreased alcohol consumption, weight
management, and physical exercise.16

Once reversible causes have been addressed, oral PDE5i
(eg, sildenafil) are often first line in management. These agents
are cyclic guanosine monophosphate analogs and bind to the
catalytic site of PDE5, inhibiting hydrolytic activity. Conse-
quently, cyclic guanosine monophosphate levels rise and increase
penile blood flow and amplify the neurologic signal for erec-
tion.27 Non-responders or patients deemed ineligible for PDE5i
(eg, men taking nitrates) may be offered vasoactive intra-
cavernosal injections (ICI). Alternatively, vacuum erection de-
vices can be considered and involve negative pressure to engorge
the penis, coupled with a constriction band to effectively trap
blood for a period of minutes so as to allow rigidity perhaps
sufficient for penetration.28 Penile implants have traditionally
Table 2. Stem cells studied in erectile dysfunction rat models

Cell type Sources Benefits

BMSC Trochanteric bone marrow Bx Autologous, low immunog
ASC Adipose extract (liposuction) Autologous or xenogenou
PSC Placental tissue, discarded Waste source, numerous
USC Urine samples Waste source, easily obta

human and large anima
enzymatic digestion, co
advantage, sufficient ce

ASC ¼ adipose-derived stem cells; BMSC ¼ bone marrowederived stem cell; B
cells.
been reserved for failure of medical therapy. A 3-piece inflatable
penile prosthesis is the most widely used design within the
United States.16,29
STEM CELL THERAPY

Interest in stem cell technology for erectile restoration is
increasing. The exact mechanism of benefit, however, remains
unclear.30 Mesenchymal stem cells (MSC), an adult stem cell
population, are capable of self-renewal and can differentiate into
multiple lineages, including muscle, cartilage, bone, and fat.31

Mesenchyme, an embryonic connective tissue, is derived from
mesoderm. Thus, MSCs can be obtained from the tissues they
form (Table 2). MSC-mediated regeneration involves multiple
cellular mechanisms. Positive effects from use of these undiffer-
entiated stem cells are not due to cell differentiation and direct
integration within target tissues. Rather, immunomodulation
is achieved through a paracrine effect whereby secretion of
cytokines and growth factors decrease inflammation and promote
healing.48e50 Efficacy of stem cell therapy may potentially be
related to acuity. In theory, if reductions in inflammation occur
proximate to the inciting event, normal wound healing may be
facilitated.

A variety of cell-labeling techniques have been investigated to
track the fate of injected stem cells. Examples of tracers include
green fluorescent protein; LacZ; 40,6-diamidino-2-phenylindole;
bromodeoxyuridine; fluorescent carbocyanine (fluorescent dye);
Drawbacks References

enic Small number of cells in Bx, painful 32e34

s Small number of cells, procedural 35e39

cells Potentially immunogenic 33,40,41

ined from
ls, no
st
ll clones

Difficult to obtain in rodents due to
limited urine production

42e47

x ¼ biopsy; PSC ¼ placental-derived stem cells; USC ¼ urine-derived stem
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and 5-ethynyl-2-deoxyuridine (EdU).51 Green fluorescent pro-
tein, derived from jellyfish, is a widely used marker but can be
difficult to discern due to autofluorescence in mammalian tis-
sue.35 EdU has the advantage of not requiring tissue manipula-
tion, allowing tissue preservation for histology.52

To determine the destination of cells delivered through intra-
cavernosal injection, Fandel et al53 labeled adipose-derived stem
cells (ASC) with 5EdU prior to administration. The cells
migrated to the major pelvic ganglion (MPG), notably the site of
cavernous nerve (CN) injury. They postulated that CN injury
up-regulates stromal cell-derived factore1, attracting both
endogenous stem cells and the injected ASC. This appears
promising as ASC have neuro-regenerative effects that may result
in recovery of erectile function.53

Importantly, MSC express low levels of major histocompati-
bility complex (MHC) class I and no MHC class II in their
undifferentiated state, making them minimally immuno-
genic.36,54 This permits the use of either allogeneic or autologous
stem cells. Selection of a specific stem cell type is then dictated by
matters of practicality, such as ease of retrieval and packaging.
Harvest of autologous bone marrowederived stem cells (BMSC)
or ASC involve procedural risks from trochanteric bone marrow
biopsy and liposuction, respectively.55,56 Placental stem cells
(PSC), however, are simply acquired given they are considered
medical waste after human birth.32

Prior work has sought to characterize the immunogenicity of
allografted PSC and the optimal growth media. Evaluation of
amnion-derived progenitor cells grown in the absence of animal-
derived serum found the cells expressed MHC type I, but neither
MHC II nor co-stimulatory molecules B7-1 and B7-2 for acti-
vation of T cells. In the absence of pre-activated T cells, PSC had
an immunomodulatory effect.37 Work with PSCs treated with
interferon gamma demonstrated up-regulation of HLA-DR, an
MHC class II cell surface receptor, and moderate T-cell prolif-
eration.36 Interestingly, BMSC appear more immunomodulatory
than PSCs, displaying a better effect against activated T cells.40

To determine the best isolation and growth protocol for PSC,
Yuan et al41 isolated these cells using the time-gradient method.
PSC were less immunogenic with neither HLA II nor HLA-D-
related marker expression, compared to other MSCs. The time
gradient method was such that non-adherent cells were re-plated
24 hours after the initial cell seeding. After 48 hours, the non-
adherent cells were again seeded into another plate for 72
hours. The attached cells at the 3 time points were harvested and
passaged for use.41

A current area of interest is the potential bioactivity of stem
cell culture media. The so-called “secretome” is a collection of
factors (growth factors, cytokines, and chemokines) secreted by
cultured stem cells in vitro.33 The biofactor-rich conditioned
media (CM) could represent an effective therapeutic modality.
This concept has been examined thoroughly in the context of
wound healing. Lee et al57 examined the secretory factors of
Sex Med Rev 2019;7:321e328
endothelial precursor cells derived from human embryonic stem
cells. They determined that the CM of these cells accelerated
wound healing after both topical treatment and subcutaneous
injection. Protein analysis showed that several key factors for
tissue repair such as epidermal growth factor, fibroblast growth
factor, granulocyte-macrophage colony-stimulating factor, in-
terleukins, platelet-derived growth factor AA, and vascular
endothelial growth factor were found in the CM.57 Additionally,
in 2007, Kim et al38 established that CM from ASC promoted
the proliferation and migration of human dermal fibroblasts,
causing increased collagen type I secretion. This implied that
CM from ASC may be useful in the treatment of wound healing.

Recently, exosomes have been investigated within both cancer
research and stem cellemediated tissue regeneration. Exosomes
are phospholipid vesicles that bud from a cell and shuttle
proteins, lipids, and nucleic acids to neighboring cells.58 The
paracrine mechanism of stem cellebased therapy is believed to
involve secretion of exosomes or trophic factors to recruit resi-
dent endogenous stem cells. Signals from stem cell exosomes
include microRNA, messenger RNA, growth factors, cytokines,
and chemokines, which activate endogenous stem cells to
participate in tissue repair.59 Exosomes generated from stem cells
demonstrate mitogenic and reparative properties that decrease
scarring, apoptosis, and inflammation, and promote angiogen-
esis.2 In a recent study by Chen et al,58 exosomes isolated
from ASC had a positive effect in a diabetogenic ED model in a
cell-free experiment.
ANIMAL MODELS

Numerous animal models for ED research have been devel-
oped, each according to a different pathophysiology. Most of
these are rodent models, but may serve to provide valuable
insight into the human condition. Table 1 outlines the variety of
ED scenarios in the rat model.
Neurogenic Model
The pudendal nerve is a sensory, autonomic, and motor nerve,

carrying signals to and from the genitalia, urethra, and perianal
region. A neurogenic ED rat model induced by internal pu-
dendal bundle (IPB) or dual pudendal/CN injury may mimic the
clinical scenario of ED consequent to radical prostatectomy or
pelvic fracture. The rodent model primarily used in neurogenic
ED research was first described by Lue and colleagues3 at the
University of California, San Francisco. In brief, the rat un-
dergoes a midline incision under isoflurane anesthesia. The MPG
and CN are exposed on either side of the prostate. A locking
needle driver is applied to the CN 5 mm distal to the origin of
the CN. A subsequent modification included a combined neuro-
vascular model to simulate major pelvic injury. In this model, the
IPB is suture ligated by placing the rat in lithotomy position and
making a horizontal perineal incision. The IPB is identified be-
tween the ischiocavernosus muscle and the bulbospongiosus
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muscle. The IPB is then suture ligated.60 For protocols involving
evaluation of potential therapeutics, pressure is applied to the
nerve for 2 minutes prior to intra-cavernosal stem cell injections.
To facilitate injections, the penis is exposed and a tourniquet is
applied to the base, at the level of the pubic symphysis. Cells are
injected at midshaft and the tourniquet is released after 3
minutes.61

Post-injury evaluations of erectile function have been well
described by Albersen et al.61 In this model, the MPG and CN
were re-exposed at various time points after the original surgery.
A 23-gauge butterfly needle was inserted into one of the proximal
corpus cavernosa, filled with 250 U/mL of heparin solution, and
connected to a pressure transducer to measure intra-cavernosal
pressure (ICP). A bipolar hook was attached to the CN and
stimulated for 50 seconds to induce erections. Mean arterial
pressure (MAP) was recorded using a 23-gauge butterfly needle
inserted into the aorta at the level of the iliac bifurcation. Final
ICP/MAP ratio was determined for each animal.60,61 Following
ICP/MAP measurements, the animals were sacrificed and the
cavernosal tissues were examined by histology, Western blot, and
cell cycle assays for presence of endothelial cells, smooth muscle
cells, neurocytes, and protein levels of neuronal and endothelial
NO synthase (NOS).6,34,50,53,54,60e63

Lue’s group has proposed using low-energy shock wave
(LESW) therapy to treat neurologic injury.34,50,60 Following
application of LESW in a rat neuro-vascular injury model, Li
et al60 described structural recovery of collapsed dorsal penile
arteries in the presence of Schwann cell proliferation into the
s-phase. The effect of LESW on ED has also been studied in
the streptozotocin-induced diabetic model. Following differing
durations of LESW, ICP was recorded. It was determined that
LESW provided benefit according to a dose-dependent
response, with 300 shocks resulting in the most profound
effect.7
Vascular Model and Atherosclerosis
Blood supply to the penis stems from the penile arteries,

arising from the internal pudendal arteries, which are derived
from the internal iliac arteries. Venous outflow from the penis is
via cavernous venules to the deep and superficial dorsal veins.
Vascular pathologies may be arteriogenic, secondary to impaired
cavernosal flow, or veno-occlusive.8 Atherosclerosis and endo-
thelial dysfunction results in decreased NO biosynthesis and
availability.9

Development of a vascular ED model is more challenging as
the pathophysiology in human beings is typically gradual in
onset. Vascular trauma has been shown to decrease ICP in the rat
model. This involves a midline laparotomy in male rats, ligation
of bilateral internal iliac arteries at their origin, and subsequent
ICP/MAP measurements.3 In a subsequent modification, Lee
et al10 followed ICP while progressively ligating vessels through a
perineal approach until pressures were minimal or non-
existent.64
Diabetogenic Model
ED secondary to DM is multi-factorial. Although it involves

endothelial dysfunction, it is more complex than that of pure
vasculogenic ED as it also incorporates neuropathic damage and
reduced availability of NO. Chronic hyperglycemia results in
glycation end products and reactive oxygen species that cause
endothelial dysfunction and consequent impairment of erectile
function.4

While multiple rodent models are established for type 1 DM,
a type 2 model may be more reflective of the general ED pop-
ulation. Chiou et al5 developed such a model using male
Sprague-Dawley rats and dietary manipulation. 1 Group of
rats were fed high-fat diets (58% fat, 25% protein, and 17%
carbohydrate) for 2 weeks. Next, the rats were injected with low-
dose streptozotocin and maintained their diet. Subsequently, rats
with non-fasting plasma glucose of greater than 300 mg/dL were
considered diabetic.5 Albersen et al11 later undertook a similar
study where they fed rats a chow containing 2% cholesterol and
10% lard. After 2 weeks, they received 2 intra-peritoneal (IP)
injections of streptozotocin 3 days apart. IP insulin challenge
tests were done at 6 and 12 weeks to assess for DM.11
Castration Model
The hormonal model can be accomplished medically and/or

surgically. In a prior study of surgically castrated rats, 1 subset
was subsequently given testosterone and finasteride (a 5-alpha
reductase inhibitor), and assessments were made in regard to
erectile response, as well as neuronal and endothelial NOS ac-
tivity.12 In a rabbit study, Traish et al65 compared surgically
castrated rabbits to those receiving leuprolide acetate (a lutei-
nizing hormone agonist) for 2, 4, and 8 weeks, respectively. ICP,
NOS activity, and histologic evaluations were performed.
Aging Model
As life expectancy for men increases, the number desiring

restoration of sexual function is likely to increase. The prevalence
of ED increases with age from 30.7% in men aged 57e64 years,
to 43.3% in those aged 75e85 years, with a linear increase in
severity.13,66

For the aging model, Lin et al14 obtained rats younger than 6
weeks, fed them a normal diet, and observed them over time.
The rats were sacrificed in equal numbers at young (20 weeks),
intermediate (40 weeks), and old (80 weeks) age.14,15,67 Studies
performed at different time points allowed assessment of veno-
occlusive disease and the relationship to cavernosal function.
PRE-CLINICAL STUDIES

Numerous animal studies involving administration of various
stem cell types (eg, ASC, BMSC) for ED have reported
improvement in erectile response. Further attempts have been
made to determine which cell type performs best. In 2010, using
a rat model, Kendirci et al39 performed ICI of multi-potent
Sex Med Rev 2019;7:321e328
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BMSC activated by antibodies against p75 nerve growth factor
receptor. They determined that both the activated and inacti-
vated cells restored erectile function. However, the activated cells
produced a more profound effect. It was determined that the
p75-activated rat stem cell expressed a higher concentration of
ß-fibroblast growth factor. Another rat study involved intra-
cavernosal or IP injection of BMSC after bilateral CN crush
injury.6 Both injection types restored cavernous endothelial and
smooth muscle content, penile NOS, and neuro-filament con-
tent. Additionally, while both IC and IP injections provided
some recovery, IC was significantly (90%e100% of sham-
control values) superior to IP.

In 2014, Xu et al42 compared intra-cavernosal injection of
plain (free) ASC to those that had been cultured for 3 days in a
hanging drop method (spheroid micro-tissue). They noted
significantly greater cell retention from administration of the
aggregated ASC clusters. Additionally, injection of the ASC
micro-tissues resulted in significantly improved erectile function
based on the ratio of ICP/MAP. Recently Lin et al43 created
adipose deprived stem cells (ADSC) magnetized nanoparticles to
help maintain the cells within the corpora after injection. They
injected these nanoparticles into the corpora of rats and noted
retention of the cells in the corpora at 3 days and improved
erectile function of the nanoparticles as compared to injected
ADSCs.

A population of stem cells can be easily isolated from voided
human urine. A small subpopulation of cells isolated from urine
samples expresses qualities of multi-potent progenitor cells and
has potential for use in tissue engineering.44e47,68 Urine-derived
stem cells (USC) secrete proangiogenic factors that can induce
differentiation into endothelial cells. This could prove useful in
diabetogenic ED. In a study involving intra-cavernosal injection
of USC, there was a significant increase in ICP/MAP ratio
although few cells were seen, suggesting mediation via paracrine
effect.69 Some data suggest USC have a higher affinity toward
ectodermal cells as compared to mesodermal or endodermal
cells.70
Stem Cell Clinical Trials
4 Clinical trials with limited participants have been described.

Bahk et al71 injected 1.5 � 107 umbilical MSC into the corpora
of 7 ED patients with DM and noted improvement when
coupled with oral PDE5i. There were no reported adverse effects
of the injections. The International Index of Erectile Function
(IIEF)-5, global assessment questionnaire, erection diary, blood
glucose diary, and medication dosage were monitored for 9
months. 3 Participants regained morning erections in 1 month, 2
participants achieved erection successful for penetration in
conjunction with PDE5i for 6 months, and all but 1 reported
increased desire.

Yiou et al56 administered BMSC in men with ED after radical
prostatectomy. 4 Equal groups of patients were given escalating
doses of BMSC (2 � 107, 2 � 108, 1 � 109, and 2 � 109,
Sex Med Rev 2019;7:321e328
respectively). IIEF-15, erection hardness scale, penile duplex, and
penile NO release tests were all used to assess erectile function.
Significant improvement was noted in 9 of 12 patients treated in
combination with an oral PDE5i. Increased dosages were asso-
ciated with greater incidence of spontaneous erections. This
study reported no serious adverse events.

Haahr et al55 injected ASC into 17 men with a history of
prostatectomy to determine safety and efficacy. 5 Patients had
minor adverse events related to liposuction, 2 men has redness or
swelling at the injection site, and 1 patient developed a scrotal
and penile hematoma. They used IIEF-5 to evaluate erectile
function and found 8 of 17 men able to achieve an erection for
successful intercourse with no mention of use of oral medica-
tions. Post hoc analysis showed an improved response for those
men who had regained continence after prostatectomy.

In a study of 8 men with ED, Levy et al72 injected adult
placental-matrix-derived stem cells (unknown cell number) and
assessed peak systolic velocity, end-diastolic velocity, stretched
penile length, penile width, and erectile function via IIEF-5. 2
Patients at 2 months, and 3 additional patients at 3 months
achieved erections for successful intercourse with use of PDE5i.
The only measure significantly improved was peak systolic
velocity. There were no reported adverse events in this study.
Future of Stem Cells for ED
Many questions remain regarding stem cell therapy for ED.

Uncertainties regarding immunogenicity and whether allogeneic
or autologous cells should be preferred beckon further clarity.
While autologous stem cells would mitigate immunogenic con-
cerns, acquisition is more intensive than banked allogeneic cells.
It is possible that some cell types may produce untoward effects.
The optimal passage number of the cells may be different based
on stem cell type.73 The optimal cell concentration for injection
remains to be determined. It is unknown if dosing should be
based on patient weight or a standard concentration relative to
the target tissue.74 Proper dosing schedules have not been
established and it will be valuable to determine whether single
injections will be adequate, or if multiple injections at distinct
time points would prove advantageous. Furthermore, deter-
mining the detailed stem-cell-mediated mechanism of thera-
peutic effect is essential. Determination of whether stem cells
may help treat other co-morbid conditions such as Peyronie
disease may help produce widespread use.75

Clinical efforts will need to be standardized. Prior to imple-
mentation of large-scale clinical trials, agreed upon validated
measures must be selected. These may involve instruments such
as the IIEF or erection hardness scale, as well as quantitative
measures such as penile duplex. In addition, access to these
therapeutics may be difficult. Kymriah (Novartis, Basel,
Switzerland), tisagenlecleucel, which was approved as a cell
therapy for acute lymphoblastic leukemia in August 2017 uses
the patient’s own T cells has a cost of $475,000.76 Barriers like
this may also become evident in the stem cell realm.
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Despite the level of evidence and scientific explanations
regarding the benefits of stem cell therapy for the variety of
maladies stemming from DM and other conditions, the future
of stem cell research remains in jeopardy. Ethical concerns
have stirred nationwide and global debate that threatens
therapeutic applications. Additionally, attempts by some to
market therapies in unsound and unscientific ways threatens
this field of research. However, PSC and USC may represent
valuable alternatives to other cell types. Their abundance,
accessibility, and the ability to harvest them in the absence of
human harm has led to a consensus regarding safety of use.
Future research with PSC, USC, and the CM derived from
them may open the door to a multitude of novel therapies.
Commercial banking and storage of both cells and CM may
provide a reliable source for research and clinical efforts.
Further scientific inquiry is necessary to determine the long-
term utility of stem cells for ED.
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