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Abstract
Erectile dysfunction (ED) is a common clinical condition that mainly affects men aged over 40 years. Various causes contrib‑
ute to the progression of ED, including pelvic nerve injury, diabetes, metabolic syndrome, age, Peyronie’s disease, smoking, 
and psychological disorders. Current treatments for ED are limited to symptom relief and do not address the root cause. Stem 
cells, with their powerful ability to proliferate and differentiate, are a promising approach for the treatment of male ED and 
are gradually gaining widespread attention. Current uses for treating ED have been studied primarily in experimental animals, 
with most studies observing improvements in erectile quality as well as improvements in erectile tissue. However, research 
on stem cell therapy for human ED is still limited. This article summarizes the recent literature on basic stem cell research 
on ED, including cavernous nerve injury, aging, diabetes, and sclerosing penile disease, and describes mechanisms of action 
and therapeutic effects of various stem cell therapies in experimental animals. Stem cells are also believed to interact with 
host tissue in a paracrine manner, and improved function can be supported through both implantation and paracrine factors. 
To date, stem cells have shown some preliminary promising results in animal and human models of ED.

 * Zhen‑duo Shi 
 bujiniao2008@qq.com

 * Cong‑hui Han 
 hanchdoctor@st.btbu.edu.cn

1 School of Medicine, Southeast University, Nanjing, China
2 Department of Urology, Xuzhou Central Hospital, Xuzhou, 

China
3 Department of Central Laboratory, Xuzhou Central Hospital, 

Xuzhou, China
4 Xuzhou Engineering Research Center of Medical Genetics 

and Transformation, Key Laboratory of Genetic Foundation 
and Clinical Application, Department of Genetics, Xuzhou 
Medical University, Xuzhou, China

5 School of Medicine, Jiangsu University, Zhenjiang, China
6 Department of Reproductive Medicine, Xuzhou Central 

Hospital, Xuzhou, China
7 The Affiliated Jiangsu Shengze Hospital of Nanjing Medical 

University, Suzhou, China

Key Points 

Erectile dysfunction (ED) is the persistent inability of the 
penis to achieve and/or maintain an erection sufficient for 
satisfactory sexual intercourse, seriously jeopardizing the 
patient’s quality of life and sense of well‑being.

Stem cell therapy is a promising new area of treatment 
for ED compared with traditional treatments.

Animal model studies and clinical trials revealed the 
potential use of various sources of stem cells in ED treat‑
ment.

1 Introduction

The high incidence and rising prevalence of erectile dys‑
function (ED) worldwide is an important sign of a condition 
that seriously affects men’s physical and mental health, and 
adversely affects the quality of life of couples [1]. Research 

has found that ED is closely associated with various factors 
such as age, smoking, diabetes, hypertension, dyslipidemia, 
obesity, and psychological states [2]. Studies have also 
shown that accidental injury to penile cavernous nerve tis‑
sue due to surgery, chemical side effects, traumatic injury to 
genital tissue structures, underlying physiological dysfunc‑
tion of the endocrine system, and fibrosis of penile vascular 
smooth muscle tissue are important clinical causes inducing 
the development of ED in men [3].
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Treatment of ED has had mixed results and currently 
focuses on symptom relief rather than a permanent cure. 
Guidelines from the American Urological Association sug‑
gest that consultation with a mental health professional may 
be an adjunctive treatment and has been shown to improve 
adherence to treatment plans and enhance the effectiveness 
of other treatments in patients with ED [4]. Various thera‑
peutic strategies exist to improve erectile function, such 
as oral medications, urethral suppositories, intracorporeal 
injections, vacuum erection devices, penile implants, and 
stem cell therapy. In recent years, as theoretical research 
on regenerative medicine has continued to advance, stem 
cells are considered to be a promising approach in the 
treatment of male erectile dysfunction, gradually attract‑
ing widespread attention from researchers in related fields. 
Stem cells play an important role in the treatment of differ‑
ent causes of ED not only by maximizing the replacement 
of damaged or apoptotic penile tissue cells, but also by 
secreting factors that repair damaged penile tissue (Fig. 1). 
Phosphodiesterase type 5 (PDE5) inhibitors are drugs that 
inhibit phosphodiesterase activity. They increase the intra‑
cellular concentration of cyclic guanosine monophosphate 
(cGMP) by inhibiting the activity of cGMP‑degrading 
PDE5, which leads to relaxation of the smooth muscle and 
increased blood flow to the intracavernous arteries of the 
penis, resulting in an erection. Most international clinical 
guidelines, for example, the European Association of Urol‑
ogy Guidelines, consider PDE5 inhibitors to have good 
efficacy and safety as first‑line treatment for ED [5]. In 
addition, PDE5 inhibitors provide only temporary relief of 
symptoms and rarely address the underlying etiology of ED 
in the patient [6, 7]. Invasive treatments, including vacuum 
constriction devices, intraurethral and extracorporeal injec‑
tions, and surgical implantation of penile prostheses, have 

been shown to be effective for many men. However, these 
invasive treatments lack long‑term efficacy and remain gen‑
erally unsatisfactory.

In view of the above‑noted research background, this arti‑
cle reviews recent advances in basic research and clinical 
applications of stem cells for the treatment of ED of different 
etiologies, highlighting the importance of stem cell research 
in the field of male science and suggesting potential thera‑
peutic options suitable for future research.

2  Stem Cells in the Treatment of ED 
Resulting from Cavernous Nerve Injury

ED is a common complication after radical prostatectomy 
and major pelvic surgery. The development of nerve‑pre‑
serving surgical techniques and the use of robot‑assisted 
laparoscopic techniques still cannot completely prevent post‑
operative ED [8]. Statistically, the prevalence of ED after 
radical prostatectomy can be as high as 90% [9]. In clinical 
practice, oral PDE5 inhibitors are the first‑line treatment for 
patients with ED caused by cavernous nerve injury (CNI). 
However, the treatment outcomes are poor compared with 
those in the general ED population [10]. Several studies have 
now demonstrated the ability of stem cell therapy to improve 
nerve injury ED and reduce patients’ dependence on PDE5 
inhibitors [11], with therapeutic effects varying by stem cell 
source (Supplementary Table 1).

First, adipose‑derived stem cells (ADSCs) are abundant 
and readily available in adipose tissue; second, ADSCs are 
derived from autologous cells, which are more helpful in 
reducing complications. ADSCs are more readily induced 
and stably expressed by genetic factors in the initial state. 
Intracavernosal injection of ADSCs was performed in rats 

Fig. 1  Stem cells injected into the corpus cavernosum may act in 
three ways: 1. Stem cells migrate directly to the site of injury and dif‑
ferentiate into neuronal cells, endothelial cells, and smooth muscle 
cells; 2. stem cells may produce  paracrine angiogenic factors, neu‑

rostimulatory factors, immunomodulatory factors, and anti‑apoptotic 
factors; 3. stem cells may play a role in cytotoxicity by releasing 
microvesicles and exosomes.
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with CNI, confirming that ADSCs prevented neuronal cell 
apoptosis [12]. The recovery of erectile function and the 
regeneration of cavernous nerves are neuromodulated by 
the in vitro induction of ADSC differentiated nerve cells 
injected into the cavernous nerve injury site [13]. In vitro 
pretreatment of ADSCs accelerates the recovery of cav‑
ernous structure and function in vivo after transplantation 
[14]. Other researchers transplanted muscle‑derived stem 
cells (MDSCs) into the cavernous body of rats to improve 
erectile function by repairing and replacing cavernous 
nerves [15, 16]. They also induced pluripotent stem cells 
to improve erectile dysfunction caused by cavernous nerve 
injury through paracrine secretion [17]. Acquisition of 
bone‑marrow‑derived stem cells and adipose‑derived stem 
cells requires invasive procedures and carries the risk of 
infection, yet placental tissue is rich in stem cells and is 
often discarded as medical waste. Studies have found that 
embryonic stem cells may replace existing damaged nerve 
cells or stimulate host factors to stimulate nerve growth 
to promote regeneration. Gu et al. [18] reported improved 
erectile function after applying embryonic neural stem cell 
therapy in a pelvic neurovascular injury rat model. The 
apoptosis of embryonic stem cells was monitored in real 
time by labeling the cells and observing the recovery of 
endothelial cells, smooth muscle cells and nerve fibers. That 
study had the longest reported follow‑up, but the optimal 
dose for stem cell application and the distribution of trophic 
factors have not been studied. Ethical issues remain a limit‑
ing factor for the clinical application of human embryonic 
stem cell therapy. Little is known about the therapeutic 
effects of human gingiva‑derived mesenchymal stem cells 
(hGMSCs) in CNI rats. Wu et al. [19] injected hGMSCs 
around the bilateral major pelvic ganglia (MPG) in a CNI 
rat model and evaluated their efficacy. The results showed 
that hGMSCs deflected macrophage polarity from M1 
to M2 antiinflammatory phenotype on the one hand, and 
on the other hand enhanced smooth muscle and vascular 
endothelial content and restored neuronal nitric oxide syn‑
thase (nNOS) expression, among other functions. This study 
confirmed that hGMSCs significantly improved CNI‑related 
ED, which provides new clues for preclinical applications.

As research continues, scholars have suggested that 
in a rat model of cavernous nerve injury, the mechanism 
of mesenchymal stem cells (MSCs) action may be due to 
soluble factors released during paracrine secretion and 
activation of receptor regeneration in tissue cells. Even if 
stem cells do not differentiate directly into replacement 
cells in damaged tissues, paracrine effects promote tissue 
repair by producing anti‑apoptotic factors and angiogenic 
factors. Thus, MSCs do not need to be transplanted into 
host tissues to produce structural and functional effects 
[20]. Exosomes are microvesicles derived from various 

stem cells and are rich in DNA, mRNA, microRNA, and 
proteins that can be transported to recipient cells and are 
involved in the regulation of pathophysiological processes 
in many diseases. Given these benefits, exosomes are now 
widely used in experimental animal research. Li et al. [16] 
applied exosomes of ADSCs and bone marrow mesenchy‑
mal stem cells (BMSCs) to a rat model of ED with bilat‑
eral cavernous nerve injury, aiming to explore the potential 
therapeutic effects. Research has shown that both ADSC‑
Exo and BMSC‑Exo attenuate pathological changes such 
as endothelial cells, smooth muscle cells, and collagen in 
bilateral CNI‑related ED rats, thereby improving ED. In 
the future, ADSC‑Exo and BMSC‑Exo may be a potential 
alternative to PDE5 inhibitors for the treatment of postop‑
erative radical prostatectomy.

Later, stem cell therapy was also gradually combined 
with other therapies to improve ED, combining nanotech‑
nology with stem cells to more effectively retain ADSCs in 
the corpus cavernosum. This approach offers better results 
in improving erectile function than conventional stem cell 
therapy, while reducing the dose of stem cell injections 
reduces the risk of tumor formation [21, 22]. Cheng et al. 
[23] further combined genetic recombination, nanotechnol‑
ogy, and stem cell therapy, and transfected the Neuregu-
lin-1 gene into rat‑derived ADSCs with superparamagnetic 
iron oxide nanoparticles to further enhance the therapeutic 
effect of ADSCs on ED. This approach provides a new 
strategy for the treatment of EDs by ADSCs. Shao et al. 
[24] designed an erythropoietin (EPO) multifunctional 
hydrogel equipped with ADSCs applied in a rat ED model. 
This method effectively enhanced the proliferation and par‑
acrine activity of ADSC therapy, ensuring the aggrega‑
tion of ADSC at the injury site, inhibiting apoptosis in a 
timely and effective manner, and promoting the repair of 
denervated penile tissue and nerves. Liang et al. [25] estab‑
lished polydopamine nanoparticles that incorporated poly 
(ethylene glycol)‑poly(ε‑caprolactone‑co‑lactide) (PDNPs‑
PELA) temperature‑sensitive hydrogel to prepare ADSC 
exosomes for precise injection in the white membranes 
of ED rats under the guidance of photoacoustic imaging. 
That process effectively inhibited apoptosis of cavernous 
sinus smooth muscle cells, promoted recovery of vascular 
endothelial cells, and accelerated the recovery of erectile 
function to overcome some of the limitations of stem cell 
therapy, such as nutritional deficiencies and oxygen sup‑
ply to transplanted stem cells. Jung et al. [26] used a stem 
cell/oxygen‑releasing hollow microparticles (HPs) hybrid 
system to prolong BMSCs survival and further improve 
cyclic guanosine monophosphate levels and NOS levels, 
thus improving erectile function in a rat model of bilateral 
cavernous nerve injury.
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3  Stem Cells in the ED of Diabetes 
and Metabolic Syndrome

A high prevalence of ED has been reported in patients with 
diabetes mellitus (DM), reaching about 67.4% [27]. As a 
result, DM is considered a major risk factor for the devel‑
opment of sexual dysfunction in men, which is three times 
the risk of healthy men developing ED. The main effects 
of DM on erectile function are endothelial cell dysfunction 
and smooth muscle structure and dysfunction, nitrogener‑
gic neuropathy, and endocrine abnormalities [28]. Other 
factors such as psychological factors and diabetes‑related 
infection may also influence the development of ED in 
men with diabetes [29]. Insulin‑resistance‑induced vascu‑
lar and erectile tissue damage is a hallmark of ED in DM 
[34]. The regenerative ability of stem cells may allow them 
to repair cavernous nerves, endothelial cells, and smooth 
muscle cells that have been damaged by DM. Currently, 
therapy with stem cells has been considered a promising 
approach for the treatment of diabetic ED (DMED), and 
most related studies have observed improvements in erec‑
tile tissue as well as erection quality in experimental ani‑
mals (Supplementary Table 2).

However, the application of stem cell therapy alone has 
a short maintenance time in vivo, and Wang et al. [30] 
improved this short maintenance time by combining probu‑
col and BMSCs. In recent years, non‑coding RNAs (lncR‑
NAs) have gradually become a hot spot for ED research. 
Long‑stranded lncRNAs are reported to be involved in 
the biological functions of BMSCs. Researchers [31, 32] 
have identified the lncRNA maternally expressed gene 3 
(MEG3), a bone marrow‑associated lncRNA that inhibits 
the proliferation and migration of endothelial cells. MEG3 
was found to be involved in endothelial cell differentiation 
of BMSCs through the regulation of Recombinant Fork‑
head Box Protein M1/vascular endothelial growth factor 
(FOXM1/VEGF). Metastasis‑associated lung adenocarci‑
noma transcript 1 (MALAT1) contains a binding site for 
miR‑206 that can target the 3′‑UTR of VEGFA. The inter‑
action between miR‑206 and MALAT1 or VEGFA was 
explored subsequently, finding that MALAT1 promotes the 
differentiation of BMSCs into endothelial cells by regu‑
lating the miR‑206/VEGFA axis [31]. These results have 
provided new insights into the role of BMSCs in restoring 
endothelial cell function and improving DMED.

ADSCs have attracted much attention as promising 
tools for the treatment of DMED and are very similar to 
BMSCs in terms of differentiation and therapeutic poten‑
tial, since they are able to express and secrete a wide range 
of growth factors and cytokines. The role of ADSCs in the 
treatment of DMED appears to be an indirect mechanism, 
that is, ADSCs improve the extracellular environment and 

local tissue function in the treated area through paracrine 
effects, rather than through direct conversion of ADSCs 
to local cell types [33]. Stem cells in DM mitigate tis‑
sue damage and promote tissue repair not only by par‑
acrine secretion of many trophic factors, cytokines, and 
signaling molecules, but also by the secretion of a large 
number of exosomes [34]. Chen et al. [35] first reported 
that exosomes improve erectile function in rats with DM‑
related ED after isolating exosomes from the supernatant 
of cultured ADSCs and observing their efficacy in improv‑
ing DM‑related ED in rats. Thus, exosomes may possibly 
be used as a new therapeutic strategy and as an alterna‑
tive to ADSCs, thus avoiding the adverse consequences 
of cell therapy. Although extracellular vesicles have gen‑
erated widespread interest in the field of medicine and 
biology, their low yield is the main factor hindering the 
use of extracellular vesicle treatment in clinical applica‑
tions. Some studies have combined gene therapy with stem 
cell therapy to improve ED treatment outcomes. Liu et al. 
[36] found that erectile dysfunction was closely associ‑
ated with impaired endothelial function and disruption of 
the vascular endothelial growth factor (VEGF) signaling 
pathway. VEGF‑expressing ADSCs were used to enhance 
endothelial function and increase smooth muscle con‑
tent to promote the recovery of erectile function. ADSCs 
modified by the VEGF gene showed a greater therapeu‑
tic effect than unmodified ADSCs in improving erectile 
function in DMED rats. However, considering the risk of 
integrating exogenous genes into the host genome, trans‑
genic technology remains limited in clinical applications. 
Endothelial progenitor cells (EPCs) play an important 
role in the regeneration of injured blood vessels in vivo 
and have the ability to generate mature endothelial cells 
in vitro and in vivo [37]. Yang et al. [38] found that par‑
acrine stromal cell‑derived factor‑1 (SDF‑1) from ADSCs 
enhanced the value‑added differentiation of EPCs, and 
enhanced the expression of cavernous smooth muscle and 
nNOS. SDF‑1 also had a synergistic effect on the repair 
of endothelial function by combined transplantation of 
ADSCs and EPCs, which had a significantly better thera‑
peutic effect than treatment with ADSCs or EPCs alone, 
providing new therapeutic opportunities for patients with 
type 2 diabetes. Some scholars have recently suggested 
that diabetes impairs the regenerative capacity of MSCs, 
and by comparing the erectile function of diabetic rats 
with that of non‑diabetic rats, they found that diabetes 
is not a limiting factor for autologous ADSCs [39]. Luo 
et al. [40] transfected short hairpin nucleotide‑binding oli‑
gomerization domain (NOD)‑, leucine‑rich repeat (LRR)‑, 
and pyrin domain‑containing protein 3 (shNLRP3) len‑
tivirus into ADSCs to detect the levels of apoptosis and 
reactive oxygen species (ROS) in each group under high 
glucose conditions and thus evaluate the effect of ADSCs 
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on erectile function. That study found that shNLRP3 lenti‑
virus (LV‑shNLRP3) enhanced ADSCs to improve DMED 
by protecting the paracrine function of ADSCs in hyper‑
glycemic state through anti‑apoptotic and anti‑ROS depo‑
sition mechanisms, reducing cavernous endothelial dys‑
function and smooth muscle cell injury. They also found 
that knockdown or overexpression of certain genes in stem 
cells such as NRIP1 and HIF 1α increased the response of 
stem cells in a hyperglycemic hypoxic environment.

Most studies have focused on bone marrow or adipose 
tissue‑derived MSCs for use in diabetic ED [38, 41, 42]. 
However, some scholars have argued that urine‑derived stem 
cells (USCs) have the advantages of being obtained nonin‑
vasively and at low cost, characteristics that suggest strong 
potential in treating endothelial function in diabetes‑related 
ED [17, 43]. Ouyang et al. [40] demonstrated that USCs or 
basic fibroblast growth factor (bFGF) gene‑modified USCs 
improved the expression of functional endothelial pro‑
teins and repaired intracorporeal structures, which in turn 
improved erectile function in DMED models. It is known 
that the regenerative effect of stem cells can be achieved 
through their paracrine action and differentiation. USCs can 
improve DMED by producing many pro‑angiogenic growth 
factors through paracrine action and have endothelial dif‑
ferentiation potential. Galhom et al. [44] showed that in a 

rat model of DMED, the use of USCs to produce cytoactive 
molecules via paracrine action repaired the cavernous struc‑
ture and improve copulatory function in rats. Comparing the 
effects of USCs or their lysates (usc‑l) on improving cavern‑
ous function in rats with DMED, the USCs lysates avoided 
the problems of poor differentiation and low viability of 
USCs after transplantation, and appeared to be a more valu‑
able new treatment for DMED [44]. Zhang et al. [45] sug‑
gested that the repair of cavernous endothelial dysfunction 
by USCs acts by regulating autophagic activity. Impaired 
autophagy was found to be associated with cavernous 
endothelial dysfunction and ED in rats with diabetes‑related 
ED. USCs improve cavernous endothelial dysfunction by 
enhancing the autophagic activity of cavernous endothe‑
lial cells. Stem‑cell‑based preclinical studies highlight the 
improvement in erectile function in animals with diabetes‑
related ED after stem cell treatment and explain the underly‑
ing mechanisms (Fig 2).

Human umbilical cord mesenchymal stem cells (hUC‑
MSCs) are shown to be a safe and effective treatment for DM 
by reducing diabetic complications through antiinflamma‑
tory, antifibrotic, pro‑angiogenic, and immunomodulatory 
modalities on clinical treatment [46]. Compared with other 
stem cells, hUC‑MSCs are more capable of self‑renewal, 
easier to obtain, and have less immune rejection [47]. Wang 

Fig. 2  The microscopic mechanism of penis erection. GC guanylate 
cyclase, PKG protein kinase G, MLC myosin light chain, AC ade‑
nylate cyclase, PGE1 prostagtandin E1, NANC nonadrenergic non‑
cholinergic, GTP guanosine triphosphate, cGMP cyclic guanosine 
monophosphate, NO nitric oxide, ATP adenosine triphosphate, AMP 

adenosine monophosphate, Ach acetylcholine, eNOS endothelial 
nitric oxide synthase, AKT protein kinase B, PDE5i phosphodies‑
terase 5 inhibitors, PDE5 phosphodiesterase 5, MLCP myosin light 
chain phosphatase
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et al. [48] evaluated the value of hUC‑MSCs in the treatment 
of DMED. Reducing cavernous fibrosis by inhibiting Toll‑
like receptor 4 activation and increasing VEGF and endothe‑
lial nitric oxide synthase (eNOS) expression improved erec‑
tile function in diabetic rats. Mukti et al. [49] showed for 
the first time that hUC‑MSCs improved the expression of 
transforming growth factor‑beta (TGF‑β), α‑smooth muscle 
actin (α‑SMA), and collagen in diabetic rats with ED and 
had a good protective effect on inflammatory response and 
structural improvement in rats with DMED. Feng et al. [50] 
aimed to verify whether iron sagging was associated with 
the progression of DMED. After labeling hUC‑MSCs, only a 
very small number were found to be colonized in the corpus 
cavernosum, along with expansion of smooth muscle in the 
penis, a decrease in collagen, and a significant decrease in 
oxidative stress levels in the penis as well as tissue iron con‑
tent. In addition, hUC‑MSCs restored the normal morphol‑
ogy of mitochondria within the high glucose‑altered corpus 
cavernosum smooth muscle cells (CCSMCs), demonstrat‑
ing that hUC‑MSCs restore erectile function by attenuating 
diabetes‑induced iron prolapse in CCSMCs. These results 
suggest a new idea for hUC‑MSCs as a therapeutic strategy 
for DMED.

In addition to the above, several studies have explored the 
combination of stem cells with conventional therapies. Shan 
et al. [51] combined BMSCs and low‑energy shock‑wave 
therapy (LESWT) to treat a DMED rat model. By increasing 
SDF‑1, LESWT was able to promote BMSC recruitment and 
induce vascular growth in the diabetic cavernosa, establish a 
microenvironment beneficial to stem cell survival, improve 
the survival rate of BMSCs, and more effectively improve 
erectile function in diabetic rats. Liu et al. [52] found that 
low‑intensity pulsed ultrasound (LIPUS) enhanced the 
proliferation and secretion of ADSCs. Those researchers 
combined LIPUS with ADSCs to improve erectile function 
in DMED rats and assessed the effects of LIPUS on the 
proliferation and secretion of ADSCs in vitro, and also pre‑
dicted the mechanisms involved regarding LIPUS‑mediated 
ADSCs. LIPUS was observed to promote the proliferation of 
ADSCs and enhance the secretion of cytokines such as SDF‑
1, fibroblast growth factor 2 (FGF2), and VEGF. LIPUS also 
enhanced the secretion of ADSC‑VEGF by stimulating the 
Piezo‑extracellular regulated protein kinases (ERK) path‑
way, thereby improving erectile function.

Hyperlipidemia occurs as a result of disorders of lipid 
metabolism in the body, leading to serum lipid concen‑
tration beyond normal levels. Hyperlipidemia is another 
metabolic factor that contributes to ED [53]. Studies have 
previously shown a linear relationship between the degree 
of hyperlipidemia and the risk of developing ED [54]. 
Hyperlipidemia causes ED through neuronal and endothe‑
lial dysfunction, leading to reduced cavernous NO levels, 
which are noted for their key role in the development of 

ED in men [55–57]. That study [54]showed that each 1 
mmol/L increase in total cholesterol was associated with 
a 32% increase in ED risk, while each 1 mmol/L increase 
in high‑density lipoprotein (HDL) was associated with a 
significant decrease in ED risk. Huang et al. [55] found 
that ADSC ameliorates hyperlipidemia‑related adverse 
effects by differentiating into endothelial cells and secret‑
ing vasotropic and neurotrophic factors in a rat model.

4  Stem Cells in Aging‑Associated ED

Erectile dysfunction is a common condition in older men, 
and as men’s life expectancy increases, the number of those 
desiring to regain sexual function is also likely to grow. The 
prevalence of ED increases with age, from 30.7% in men 
aged 57–64 years to 43.3% in men aged 75–85 years, with a 
linear increase in severity (P < 0.001) [58]. Drug therapy is 
a common treatment method, but the results are not satisfac‑
tory. Therefore, more effective strategies for erectile failure 
associated with older adult males are needed. Little is known 
about the underlying mechanisms of ED in older men, 
although some experts have suggested that it may be associ‑
ated with smooth muscle and collagen content [59]. Accord‑
ingly, increasing the amount of smooth muscle and reducing 
collagen deposition is essential to improving age‑associated 
ED. Aziz et al. [60] evaluated the effect of bone marrow 
mesenchymal stem cells on erection in aged rats. BMSCs 
were found to be a feasible treatment for aging‑induced ED 
by measuring intracavernosal pressure, assessing cyclic 
guanosine monophosphate (cGMP) levels, and examining 
histopathology. Yang et al. [61] applied ADSCs to aged ED 
rats and found that ADSCs significantly improved erectile 
function in aged rats and that these cells also secreted large 
amounts of insulin‑like growth factor‑1 (IGF‑1), bFGF, 
and VEGF in vitro by paracrine action and increased the 
concentrations of IGF‑1, bFGF, and VEGF in penile tissue, 
increasing cavernous smooth muscle and endothelial content 
to further improve erectile function in aged rats. The authors 
therefore concluded that ADSCs improve aging‑related ED 
function by secreting IGF‑1, bFGF, and VEGF. As research 
continues, the potential role of non‑coding RNAs composed 
of lncRNAs and microRNAs has become a hot topic in the 
progress of ED [62]. Liu et al. [63] evaluated the therapeutic 
efficiency of BMSCs overexpressing microRNA‑145 (miR‑
145) in aged ED rats. They found that BMSCs overexpress‑
ing miR‑145 increased the amount of smooth muscle by 
directly targeting Kruppel‑like factor 4 (KLF4) and decreas‑
ing the expression of collagen 1 and matrix metallopeptidase 
2. These changes resulted in a significantly enhanced erectile 
response in aged rats.
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5  Stem Cells in the ED of Peyronie’s Disease 
and Corpus Cavernous Injury

Peyronie’s disease (PD) is a connective tissue disorder 
characterized by the presence of fibrous scar formation 
in the tunica albuginea, resulting in curvature deformity 
of the penis, penile pain on erection, and ED. The preva‑
lence of this disease in the population is estimated to be as 
high as 7.1% [64]. Currently, the main treatments for PD 
include oral medications, ultrasound therapy, local injec‑
tion of drugs into plaque lesions, and surgical correction; 
there is no gold standard for treating this disease [65].

Currently, studies involving rat models have been con‑
ducted to determine the effect of stem cell therapy on 
PD. Castiglione et al. [66] first investigated the applica‑
tion of stem cells in an animal model of PD and found 
that stem cells prevented cavernous fibrosis and elastic 
tissue formation in rats by local injection of ADSCs into 
the active phase of the PD rat model. Gokce et al. [67] 
found that the injection of ADSCs in a rat model both 
prevented and treated PD‑related ED, and reported for the 
first time that the antifibrotic mechanism of ADSCs in 
animal models of PD supported further investigation of 
ADSCs as a new option for PD treatment. The surface 
marker characteristics were similar between BMSCs and 
ADSCs, but BMSCs showed stronger cartilage formation 
than ADSCs. BMSCs may be a more effective treatment 
for PD, but the precise mechanism has not been reported. 
Wang et al. [68] observed the effect of delivering BMSCs 
by spinal injection in a PD rat model during the active and 
chronic phases and analyzed the mechanism to prevent 
penile fibrosis in PD rats. The antifibrotic effect of treat‑
ment with BMSCs in the active phase of the PD rat model 
was found to be superior to that in the chronic phase. The 
antifibrotic mechanism of BMSCs was associated with 
increased mothers‑against‑decapentaplegic homolog 7 
(SMAD7) expression. Some studies have reported that 
exosomes from stem cells significantly alleviate cardiovas‑
cular, pulmonary, and hepatic fibrosis [69–71], but there 
are no reports on the application of exosomes from stem 
cells for the prevention of fibrosis in PD. Yang et al. [72] 
injected exosomes of human USCs into PD rats, which sig‑
nificantly improved leukocyte fibrosis and enhanced erec‑
tile function by inhibiting the differentiation of fibroblasts 
to myofibroblasts and enhancing matrix protease activity 
in leukocytes. This mechanism provided a new therapeu‑
tic measure for the clinical application of USC‑exo in 
the treatment of PD. Levy et al. [73] first used placental 
stroma‑derived mesenchymal stem cells (pm‑MSCs) to 
assess the feasibility and efficacy of treating human PD. At 
6‑week, 3‑month, and 6‑month follow‑up intervals, they 
found a significant increase in peak systolic flow velocity 

in the penis after pm‑MSC injections and the complete dis‑
appearance of seven penile plaques at the 3‑month follow‑
up. Their research has also shown that pm‑MSCs may be 
effective as a non‑surgical treatment for patients with PD. 
Further studies will require observational follow‑up in a 
larger group of patients.

Corpus cavernous injury is the main underlying cause 
of organic injury‑related ED [74]. The corpus cavernosum 
tissue is mainly dependent on the blood supply from the 
cavernous sinus to maintain normal erectile function, so the 
microvascular system is an integral part of cavernous injury 
ED [75]. Corpus cavernous injury is a common cause of 
organic ED and requires safe and effective treatment. The 
cellular origin of the repaired tissue after penile injury 
remains unclear and controversial. One possible source is 
stem cells of endogenous origin in the injured tissue, or stem 
cells that migrate from nearby tissues to the site of tissue 
injury. Exogenous stem cells are another ideal cell source 
for repairing penile injury. Song et al. [76] investigated the 
feasibility of neural crest stem cells (NCSCs) for repairing 
penile corpus cavernosum injury and transplanted human 
neural stem crest cells HNC10. K10 (one of the immortal‑
ized human NCSC lines) immortalized the NCSC cell line 
into adult rat penile corpus cavernosum, and the transplanted 
NCSCs were able to differentiate into endothelial and 
smooth muscle cells in response to signals provided by the 
local microenvironment. Zou et al. [75] transfected miR‑126 
into MDSCs to establish miR126‑MDSCs, which were then 
injected into rats with cavernous lesions. That study found 
that miRNA‑126 MDSCs promoted revascularization and 
increased smooth muscle actin (SMA) content by directly 
targeting insulin receptor substrate 1 and Kruppel‑like factor 
10 (KLF10), which in turn improved erectile function in rats. 
MSC‑Exos have great potential as a new cell‑free therapeu‑
tic approach in ED treatment. Liu et al. [77] explored the 
mechanism of MSC‑Exos treatment in an ED model of arte‑
rial injury in rats. In contrast to stem cell therapy, MSC‑Exos 
provide a basis for clinical treatment of ED caused by severe 
arterial injury by promoting cavernous sinus endothelial for‑
mation, reducing tissue oxidative stress injury, and increas‑
ing nitric oxide synthase and smooth muscle content in the 
cavernous body. An et al. [78] combined mutated MDSCs 
with 3D printing technology to construct a hydrogel scaffold 
expressing hypoxia inducible factor‑1α (HIF‑1α); this was 
then transplanted into a rabbit model of cavernous injury, 
resulting in significant secretion of angiogenic factors by 
MDSCs under both hypoxic and aerobic conditions, pro‑
moting new angiogenesis and cavernous tissue repair and 
successfully restoring erectile and ejaculatory function. That 
was the first report of a 3D‑printed bioengineered scaffold 
that successfully repairs erectile and ejaculatory function 
and restores reproductive capacity in rabbits, providing a 
theoretical basis for clinical application.
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6  Stem Cell Applications in Human Clinical 
Trials

Stem cell transplantation has significantly advanced the 
treatment of animal models of ED, but there are fewer 
human clinical trials of stem cell treatment of ED. Sig‑
nificant differences are shown between animal and human 
models, with human trials focusing on the safety and 
efficacy of stem cell therapy for ED (Table 1). In most 
studies, the primary endpoints have been safety and tol‑
erability of the treatment rather than impact on erectile 
function. In addition, these studies were difficult to stand‑
ardize, which can only be done through further confirma‑
tory studies using stem cells from different sources, lead‑
ing to a broad safety hypothesis. Demour et al. [79] first 
reported the treatment of patients with DMED after two 
consecutive intracavitary autologous BMSC injections to 
observe patient tolerability, safety, and efficacy. That study 
found a significant increase in penile stiffness after a single 
transplant of BMSCs, but administration of a single dose 
and different multiple doses were not sufficient to restore 
penile mating function. Bahk et al. [80] injected hUC‑
MSCs into type 2 diabetic ED patients via cavernous injec‑
tion to observe the effect of stem cell therapy. All patients 
had DMED and had not previously responded to drug 
therapy. After a single injection of allogeneic stem cells, 
some patients were found to have morning erections in 
the first month, and after 11 months of follow‑up, patients 
were found to have improved ED and blood glucose levels 
simultaneously, but the exact mechanism was not eluci‑
dated and the safety of intracavernosal stem cell injec‑
tion was not reported. Levy et al. [81] applied placental 
stem cells to patients with ED with 6‑week, 3‑month, and 
6‑month follow‑ups and measured peak systolic velocity, 
end‑diastolic flow rate, and penile length stretch, width, 
and erectile function, demonstrating that placental stem 
cells are useful for ED treatment. However, the sample 
size was too small and the authors recommended further 
studies. Protogerou et al. [82] introduced a new approach 
in the treatment of DMED by comparing the effects of 
autologous adipose stem cell therapy with those of platelet 
lysate. After 3 months of follow‑up, patients treated with 
only injectable platelet lysate appeared to have compara‑
ble treatment outcomes to those treated with resuspended 
platelet lysate from ADMSCs, and no conclusion was 
made regarding which method was more effective.

The efficacy of PDE‑5 inhibitors (e.g., sildenafil, varde‑
nafil, taldalafil, avanafil) in patients with ED with cavern‑
ous nerve denervation due to pelvic surgery and DM has 
not been satisfactory. You et al. [88] selected ten patients 
(five with DM‑related ED and five with post‑prostatec‑
tomy ED) who were unable to have sex despite long‑term 

treatment with PDE5 inhibitors for a phase I clinical trial 
to assess the safety and potential efficacy of autologous 
BMSC treatment in patients with ED. The potential effi‑
cacy of autologous BMSC treatment for ED was assessed 
using international index of erectile function (IIEF) scores 
and participants’ satisfaction with intercourse. Both the 
safety and potential efficacy of the autologous BMSCs 
were demonstrated in patients with ED but the results still 
need to be confirmed with a phase II clinical trial. Haahr 
et al. [85] used freshly isolated autologous ADSCs to treat 
patients with ED after radical prostatectomy; the patients 
regained erectile function within 3 months and this effect 
lasted for 6 months, allowing the authors to conclude that 
freshly isolated ADSCs are a safe and well‑tolerated treat‑
ment for patients. Another study by Haahr et al. [86] inves‑
tigated the safety and effectiveness of ADSCs in treating 
patients with ED after radical prostatectomy. A total of 
21 patients received autologous ADSCs injected into the 
corpus cavernosum and were followed for 1 year, assess‑
ing and recording adverse events using international index 
of erectile function questionnaire‑5 (IIEF‑5) scores and 
erection hardness grading scale (EHGS) scores. Results 
showed that 8 of the 21 participants regained adequate 
erectile function during the 12‑month observation period. 
These eight patients had poor erectile assistance prior to 
stem cell treatment. After treatment, three men were able 
to complete sexual intercourse without erectile assistance. 
Six participants had ED prior to radical prostatectomy, 
and these six patients did not regain erectile function after 
receiving stem cell therapy. Levy et al. [81] studied the 
feasibility and efficacy of transplanting placental stromal 
MSCs in men with ED, concluding that it was a feasi‑
ble treatment for ED. Koga et al. [91] first reported the 
efficacy of mastodontic dental pulp stem cells in patients 
with ED, finding that regeneration of damaged vascular 
tissue in the penile corpus cavernosum and restoration 
of erectile function at the cellular level was achieved by 
injecting conditioned medium of human shed mastodont 
stem cells (SHED‑CM) into the penis of 38 patients with 
ED. According to their findings, patients with ED caused 
by mild‑to‑moderate vascular disease are considered suit‑
able candidates for SHED‑CM treatment. Protogerou et al. 
[92] performed stem cell therapy combined with platelet 
lysate plasma (PLP) in five patients with ED to improve 
erectile function, and erectile function was improved in all 
but one patient. However, the authors concluded that stem 
cell therapy was not a radical treatment, and that it was 
too early to promote this therapy, which should continue 
to be explored.

Human clinical trials have shown the promise of stem cell 
therapy as a restorative therapy for ED. However, despite 
the promise, data on the use of stem cell therapy for ED in 
humans remain very limited. As clinics offering stem cell 
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therapy for ED expand, further research is needed on the 
safety, efficacy, and standardization of stem cell therapy. In 
addition, long‑term follow‑up studies are necessary to evalu‑
ate stem cell therapy.

7  Conclusions

Stem cell therapy is potentially safe and effective in the 
treatment of ED and remains a promising area of research. 
Significant results have been achieved through numerous 
preclinical studies, with stem cells improving erectile func‑
tion by differentiating into neural cells, smooth muscle cells, 
and endothelial cells on the one hand, and enhancing erec‑
tile function by promoting angiogenesis and antifibrosis and 
anti‑apoptosis through paracrine effects on the other hand.

However, stem cells still have many unresolved chal‑
lenges in the treatment of ED. The relevant mechanisms in 
humans have not yet been fully elucidated, and the future 
direction of cell therapy still requires large‑scale human 
studies. Meanwhile, many issues must still be resolved to 
achieve the safety, efficacy, and specific mechanisms of 
action of stem cells in treatment. Previous studies have 
reported that MSC can penetrate into prostate cancer cells, 
including prostate tissue to promote tumorigenesis and pro‑
gression [93]. It is also meaningful to explore the origin of 
stem cells. Current research has found that both autologous 
and exogenous stem cells can improve erectile function, but 
the choice is worth exploring. Autologous stem cells are 
easy to obtain and safe, and can overcome the antigenicity 
problem of cell transplantation. Recently, it was found that 
allogeneic transplantation of ADSC secreted cytokines to 
regulate T cell and natural killer cells, thus avoiding immune 
rejection [12]. Autologous transplantation is not indicated 
in elderly patients and those with cancer [94]. These unre‑
solved issues may include determining the optimal treatment 
protocol to address the immunogenicity and heterogeneity of 
stem cells, and evaluating the high cost and low efficiency 
of their application. Other issues may include small sample 
sizes, lack of blinding, and so on. Secondly, the types of 
stem cells, injectable doses, duration of treatment, and end‑
points for evaluation of therapeutic effects have not yet been 
determined, coupled with ethical, legal, and social issues 
affecting the widespread use of stem cell therapy.

We believe that in the near future, more phase II and 
phase III clinical trials will be conducted to generate a high 
level of evidence, further clarify the specific mechanism of 
action, reduce the drawbacks of high cost and inefficiency, 
and fully prepare for the translation of stem cell therapy for 
ED from preclinical studies to clinical application.
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