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Regenerative therapies as a potential treatment 
of erectile dysfunction
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Erectile dysfunction (ED) is the most common sexual dysfunction disease in adult males. ED can be caused by many factors, such as 
vascular disease, neuropathy, metabolic disturbances, psychosocial causes, and side effects of medications. Although current oral 
phosphodiesterase type 5 inhibitors can achieve a certain effect, they cause temporary dilatation of blood vessels with no curative 
treatment effects. Emerging targeted technologies, such as stem cell therapy, protein therapy, and low-intensity extracorporeal 
shock wave therapy (Li-ESWT), are being used to achieve more natural and long-lasting effects in treating ED. However, the devel-
opment and application of these therapeutic methods are still in their infancy, and their pharmacological pathways and specific 
mechanisms have not been fully discovered. This article reviews the preclinical basic research progress of stem cells, proteins, and 
Li-ESWT therapy, as well as the current status of clinical application of Li-ESWT therapy.
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INTRODUCTION

Erectile dysfunction (ED) refers to the continuous inabil-
ity of the penis to achieve or maintain a sufficient erection 
to complete a satisfactory sexual life [1]. It is estimated to af-
fect approximately 15% of males annually [2] and is expected 
to affect approximately 320 million ED patients by 2025 [3]. 
As first-line drugs for the treatment of ED, oral phosphodi-
esterase type 5 (PDE5) inhibitors promote penile erection by 
enhancing cavernosal smooth muscle relaxation and vasodi-
lation. However, approximately 50% of patients with severe 
vascular or neurogenic ED, such as diabetes, cardiovascular 
disease, and metabolic syndrome, have little or no response 
to this treatment option [4,5]. Although certain treatment 

modalities for ED, such as low-intensity extracorporeal shock 
wave therapy (Li-ESWT), platelet-rich plasma, and stem cell 
therapy, exert some curative effects, but they are still in 
their infancy. Developing new targeted technologies based 
on a deeper understanding of the molecular mechanisms 
involved in the pathogenesis of ED is needed to cure ED 
patients who do not respond to current medical therapy and 
to restore natural erection and normal sex life. To do this, a 
systematic understanding of the current state of preclini-
cal and clinical research on the regenerative technology to 
restore damaged erectile tissue is necessary. Of those regen-
erative therapies, only Li-ESWT is currently used for ED 
patients, whereas stem cell and protein therapy have not 
been launched as treatment methods. Therefore, this article 
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only reviews the preclinical research status of stem cell and 
protein therapy in the field of ED for the past two decades, 
and addresses preclinical and clinical results of Li-ESWT.

PRECLINICAL RESEARCH OF ED  
BIOTHERAPY

1. Cell therapy
1) Overview of cell therapy
Cell therapy is the transfer of cellular material into a 

patient for medical purposes through injection, transplanta-
tion, or implantation methods [6]. Cell therapy has many 
advantages, such as the safety of autologous stem cells, and 
the diverse functions of stem cells, enabling them to provide 
faster treatment and recovery [7]. Cell therapy is broadly 
divided into stem cell and non-stem cell-based single-cell and 
multi-cell therapies, spanning multiple therapeutic areas, 
such as regenerative medicine, immune diseases, and cancer 
[6]. Currently, most cell-based therapies are still in clinical 
trial phases I and II [8]. Additionally, there is little research 
on non-stem cell-based cell therapy, such as peripheral blood 
mononuclear cells [9]. Therefore, in this review, we only 
describe the past 20 years of research related to preclini-
cal stem cell-based therapies for ED and their associated 
strengths and limitations. We also put forward possible new 
target cells and development research opinions.

2) Stem cell-based therapy in ED
After a systematic literature review in PubMed, we 

found approximately 321 publications on stem cell therapy 
for ED in the past two decades (2002–2022). Among them, 
13 were clinical trials, 205 were research articles, 1 was a 
meta-analysis, and 113 were review articles. After sorting, 
we developed five general study categories, such as adipose-
derived stem cells (ADSCs), mesenchymal stem cells (MSCs), 
urine-derived stem cells (USCs), placental stem cells (PSCs), 
muscle-derived stem cells (MDSCs). Here, only some of the 
most representative papers are listed as shown in Table 1 
[10-27].

For ADSCs-based ED treatment, He et al. [10] showed 
that injection of extracted ADSCs from the bilateral groin 
area can repair damaged corpus cavernosum nerves and re-
store ED to a certain extent, while injections of ADSCs mod-
ified by overexpression of VEGF and Smad7 can prevent 
penile fibrosis, reduce collagen deposition, and improve re-
laxation properties of smooth muscle cells, thereby restoring 
erectile function in bilateral cavernous nerve injury (BCNI)-
induced ED rats. In addition, Zhang et al. [11] and Cheng et 
al. [12] also isolated ADSCs from epididymal adipose tissues Ta
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and human adipose tissues [11,13,14], and these isolated AD-
SCs can also restore erectile function in different ED models, 
such as type 1 diabetic, neurotic, and age-associated ED.

For MSCs-based ED treatment, most MSCs were extract-
ed from human umbilical cords, gingivae, and bone marrows 
[15-21]. Feng et al. [15], Kang et al. [16], Mukti et al. [17], Sun 
et al. [18], and Wu et al. [19,20] reported that transplanting 
human umbilical cord-derived MSCs can improve erectile 
function in type 1 diabetes patients through dysregulated 
miRNAs, increased production of growth factors, curative 
effects on inflammatory response and structural improve-
ment, and attenuation of  diabetes-induced ferroptosis in 
cavernous smooth muscle cells. Wu et al. [19] reported that 
human gingiva-derived MSC transplantation could signifi-
cantly improve CNI-related ED by reducing fibrosis and 
increasing neuronal nitric oxide synthase (nNOS) expression. 
Liu et al. [21] also found that microRNA-145-engineered bone 
marrow-derived MSCs effectively attenuated age-related ED 
by increasing smooth muscle content in penile tissues.

For other stem cell-based therapies, Yang et al. [22] and 
Galhom et al. [23] showed that transplantation of human 
USCs prevented impairment of erectile function and cav-
ernous structures in a CNI-related ED rat model through 
neuroprotection, increased smooth muscle content, reducing 
fibrosis and apoptosis. Gu et al. [24] and Dou et al. [25] found 
that human PSC therapy can effectively erectile function 
after pelvic neurovascular injury. Masouminia et al. [26] 
and Nakajima et al. [27] reported that injection of MDSCs 
from pre-diabetic rats into the corpus cavernosum improved 
erectile function, but autologous transplantation of MDSCs 
in chronic type 2 diabetic patients may not be effective and 
should be reprogrammed in vitro or replaced by allogeneic 
stem cells from non-diabetic sources.

Collectively, stem cell therapy in ED is mainly based on 
ADSCs and MSCs, while USCs-, PSCs- and MDSCs-based 
therapy only account for a small proportion. However, most 
stem-based treatments can only restore ED to a certain ex-
tent. Most stem cells require further modification to be more 
effective in restoring ED from various causes. Therefore, 
more types of effective stem cells or engineered stem cells 
are needed to treat ED. Recently, cavernous pericytes have 
been recognized for their central role in vascular mainte-
nance and neurovascular regeneration in ED [28-30]. Pericyte 
also have stem cell-like properties and differentiate into 
adipocytes, chondrocytes, osteoblasts and granulocytes [31]. 
Therefore, we believe that using pericytes or pericyte differ-
entiated cells may become a breakthrough in ED treatment.

2. Protein therapy
1) Overview of protein therapy
Since the first recombinant protein therapeutic drug-

-human insulin came out in 1978, about 239 protein thera-
peutic drugs have been approved by the United States Food 
and Drug Administration (FDA) and used clinically [32,33]. 
Many therapeutic proteins are in clinical trials. Initially, 
protein therapies were used rarely, but their use and fre-
quency have recently dramatically increased [34]. Protein 
therapy has many advantages; depending on its high speci-
ficity, autologously produced proteins are well-tolerated and 
less likely to cause an immune response, making them an 
alternative to gene therapy for diseases with gene muta-
tions or deletions [32]. Therefore, protein therapy is accepted 
and plays an important role in almost all areas of medicine, 
but this therapy is still in its infancy. Additionally, about 79 
therapeutic monoclonal antibodies (mAbs), which is the main 
form of  therapeutic protein, have been approved by the 
FDA [35,36]. This article summarizes some of the per-clinical 
research results of protein therapy for ED, summarizes cur-
rently prescribed 15 proteins or mAbs (Table 2) [28,37-57], and 
categorizes them according to their roles in angiogenesis and 
nerve regeneration.

2) Recombinant protein therapy in ED
Recombinant protein is a type of protein drug obtained 

through recombinant DNA or recombinant RNA technol-
ogy, which has the advantages of more significant curative 
effect, lower toxicity, and fewer side effects [58,59]. After a 
systematic literature review of recombinant protein thera-
pies in ED, we found that the use of recombinant proteins 
to treat ED is still in its infancy. Most protein therapies 
utilize angiogenic growth factors and neurotrophic factors. 
For example, Hsieh et al. [37] and Rogers et al. [38] initially 
showed that a recombinant VEGF protein or a combination 
of VEGF plus BDNF protein significantly restored erectile 
function in rat models of vasculogenic and neurotic ED. Sub-
sequently, Park et al. [39] validated these effects of VEGF in 
an age-associated ED rat model. Jin et al. [40,41], Ryu et al. [42], 
Kwon et al. [43], Das et al. [44], and Liu et al. [45] also found 
that repeated intracavernous injections of  angiopoietins, 
such as angiopoietin-1, COMP-angiopoietin-1, angiopoietin-4, 
and hepatocyte growth factor, can restore erectile function 
through inducing cavernous angiogenesis, NO-cGMP activ-
ity, and tight junction expression, as well as decreasing reac-
tive oxygen species (ROS) production in several types of dia-
betic ED mice. In addition, sonic hedgehog (Shh) cascade is a 
critical regulator of erectile function, which is significantly 
reduced in diabetic and neurotic ED conditions. The Shh 
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cascade functions to establish and maintain the sinusoidal 
morphology of the penis. There have been 23 related studies 
on ED treatment by regulating the Shh signaling pathway. 
The pathway has been studied in most detail by the Pod-
lasek CA group [46-48]. More recently, Yin et al. [50,52,60] 
evaluated some pro-angiogenic proteins in various ED mod-
els by several in vivo and in vitro experiment approaches. 
The most representative of these is the injection of DKK2 
and LRG1 recombinant proteins, which prove that these pro-
angiogenic proteins can promote the regeneration of penile 
blood vessels and nerves, reduce the production of ROS, and 
finally restore erectile function in different ED models [49-
52,60]. Throughout these studies, it is not difficult to find 
that most therapeutic candidate proteins are angiogenic and 
neurotrophic factors [53]. However, due to some limitations 
of protein therapeutics, such as high production costs, they 
could not be used as orally administered drugs, and large 
proteins could not effectively penetrate tissues to reach their 
targets. Therefore, most of them are currently concentrated 
in the preclinical stage. More candidate proteins need to be 
developed in the future, which will make important contri-
butions to our understanding of ED mechanisms and the 
development of therapeutic drugs.

3) Antibody therapy in ED
Neutralizing mAbs are B cell-derived recombinant 

proteins. Due to their higher safety, lower toxicity, higher 
specificity, and single biological function, they have recently 
emerged as major contributors to the biopharmaceutical 
market [61]. However, most antibody therapeutic drugs are 
used for cancer, asthma, arthritis, transplant rejection, and 
infectious diseases. Only three studies on the use of neutral-
izing antibodies in treating ED have been published. Lin 
et al. [54] demonstrated that intracavernosal injections of 
tyrosine kinase receptor type 1 mAbs (TrkA-mAbs) signifi-
cantly inhibits sympathetic nerve regeneration, stimulates 
parasympathetic nerve regeneration, ultimately promoting 
erectile function in CNI-induced ED rats. Yin et al. [55,56] 
found that intracavernosal blocking ninjurin 1 expression 
in diabetic and CNI-induced ED mice significantly rescued 
erectile function through inducing Ang1-Tie2 signaling, in-
creasing neurotrophic factors expression, and reducing ROS 
production. Chung et al. [57] demonstrated that neutralizing 
antibodies to proNGF also can rescue erectile function by 
regulating the neurotrophic and angiogenic factors in CNI-
induced ED mice. mAb preparation is time-consuming (6–9 
months) and expensive, and the production system is ap-
plicable only to mice and rats. The current antibody-based 
drug therapy is still in its infancy, so finding more new tar-

get antigens is crucial for developing future antibody-based 
therapeutic drugs for ED.

3. Li-ESWT
1) Overview of Li-ESWT therapy
ESWT originated from high-intensity extracorporeal 

shock wave lithotripsy (ESWL), and recent studies have 
shown that Li-ESWT, can have more beneficial effects on 
human tissues [62]. First, Li-ESWT uses less energy than 
traditional ESWL [63,64], making it safer, noninvasive, and 
with fewer side effects. Second, Li-ESWT is simple to operate 
and relatively easy to operate. Third, the Li-ESWT treat-
ment interval is long and the treatment time is short. Thus, 
patients can save a lot of time or money [65]. Because of 
these beneficial properties, Li-ESWT has become a treatment 
of choice for many conditions, including musculoskeletal 
disorders [66,67], wound healing [68], urological disorders [69], 
and restoration of erectile function [70-72]. This article sum-
marizes some of the preclinical research results of Li-ESWT 
for ED, as shown in Table 3 [73-81].

2) Li-ESWT in ED: preclinical studies
Lei et al. [73], Liu et al. [74], and Qiu et al. [75] demon-

strated that Li-ESWT can partially ameliorate ED in type 
1 diabetic rats by recruiting endogenous MSCs, possibly by 
inducing nNOS-positive nerve regeneration, endothelium, 
and smooth muscle content in the penis. Using the same rat 
model, Jeong et al. [76] found that Li-ESWT increased endo-
thelial cell regeneration and reduced smooth muscle atrophy 
by increasing nNOS, eNOS expression, and VEGF signaling 
pathway. Furthermore, Assaly-Kaddoum et al. [77] showed 
that Li-ESWT not only significantly improved erectile func-
tion in a type 2 diabetes model, such as in Goto-Kakizaki 
rats, but also can be used together with PDE5i to treat ED. 
However, the mechanism by which Li-ESWT improves erec-
tile function in Goto-Kakizaki rats is not mediated in a NO/
cGMP-dependent manner. To date, most preclinical studies 
using Li-ESWT for ED have been performed in rats with 
diabetes-induced ED, and only a few studies have used aging 
and neurovascular ED models. In these studies [78-81], Behr-
Roussel et al. [78], Peng et al. [79], Wang et al. [80], and Lin et 
al. [81] investigated the effect of Li-ESWT in two neurovas-
cular ED models (BCNI and internal pudendal artery injury 
models) and an aging induced ED model. They found that 
Li-ESWT could induce angiogenesis and tissue regeneration 
in damaged penile areas by recruiting endogenous progeni-
tor cells and proliferating Schwann cells, ultimately success-
fully improving erectile function. However, most studies on 
Li-ESWT for ED have focused on clinical trials, and further 
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experiments are needed to refine factors, such as shock wave 
conditions, treatment duration, and treatment interval. Ad-
ditionally, little is known on specific signaling pathways by 
which Li-ESWT restores erectile function, as all animal ex-
periments were performed on rats. As mice studies have the 
advantages of low operating costs, relatively stable embryon-
ic cells, and the flexibility of various genetic manipulations 
and gene editing, if relevant experiments can be performed 
on mice, it may be possible to better understand detailed sig-
naling pathways of Li-ESWT in promoting erectile function.

3) Li-ESWT in ED: clinical studies
Clinical pilot data on Li-ESWT in ED patients were 

first reported by Vardi et al. [82] in 2010. It reported that 20 
patients with vasculogenic ED treated twice a week for 3 
weeks, which was repeated after a rest period of 3 weeks. In 
this study, the efficiency of Li-ESWT showed a significant 
increase in the International Index of  Erectile Function 
(IIEF) after 1 month and maintained good results after 6 
months. After this study was published, several clinical trial 
studies on Li-ESWT were published. However, Li-ESWT 
treatment protocols have not yet been established, leading 
to differences among studies. The most frequently used Li-
ESWT setup method was an energy density of 0.09 mJ/mm2 
with 1,500–2,000 pulses per section, which was used by Vardi 
et al. [82]. In addition, some conflicting results on Li-ESWT 
also have been reported [83-85]. Particularly, there are ques-
tions about long-term results. For example, Yee et al. [85] re-
ported that there was no statistical differences in IIEF and 
Erectile Hardness Score (EHS) scores after 13 weeks of Li-
ESWT in 29 each in the experimental group and the control 
group, with settings similar to those of Vardi et al. [82].

Therefore, to analyze these conflicting results, meta-
analyses of RCTs on Li-ESWT for ED have been published 
(Table 4) [86-91]. First, a total of 833 patients from 14 studies 
were included in the meta-analysis published by Lu et al. 
[86], which showed that patients who underwent Li-ESWT 
had significantly improved IIEF (weighted mean difference 
[WMD]: 2.00; 95% confidence interval [CI], 0.99–3.00; p<0.0001) 
and EHS (risk difference: 0.16; 95% CI, 0.04–0.29; p=0.01) 
scores compared with the control. Since then, several meta-
analyses have been published. We summarized the results of 
meta-analysis [86-91] in Table 4.

As aforementioned, the treatment protocol for Li-ESWT 
is different for each study. In the published RCT studies, the 
energy density was used 0.09 mJ/mm2 or 0.1–0.2 mJ/mm2, 
and the pulses per section were 600, 1,500–2,000, or >3,000. 
Also, the duration of treatment is different. In this respect, 
several meta-analyses performed subgroup analyses. The Ta
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most recently published meta-analysis by Yao et al. [90] per-
formed subgroup analysis on energy density and pulses per 
section. They reported that a treatment setting plan with 
an energy density of 0.09 mJ/mm2 and a per-section pulse of 
1,500–2,000 was more beneficial for IIEF recovery in ED pa-
tients. However, since these results are not a direct compari-
son between each group, care must be taken in interpreting 
it. Moreover, the results of different meta-analyses show 
different results [86,87]. Therefore, further research on the 
treatment protocol of Li-ESWT is needed to obtain higher 
evidence.

Most studies on Li-ESWT were studies on vasculogenic 
ED and Peyronie’s disease, but a study on Li-ESWT for 
ED after radical prostatectomy (RP) was conducted for the 
first time by Frey et al. [92] They reported that Li-ESWT 
was effective in ED recovery in 18 patients who underwent 
bilateral nerve-sparing. Since then, studies by ED after RP 
have been published, but there is no large-scale RCT study 
yet. Recently, a meta-analysis of ED after RP was performed 
by Rho et al. [88]. The results showed a statistically signifi-
cant effect of Li-ESWT on early ED recovery at 3–4 months 
(WMD: -2.04; 95% CI, -3.72 to -0.35; p<0.020) from penile reha-
bilitation in ED after RP, although there was no statistical 
difference in the long-term results at 9–12 months (WMD: 
-5.37; 95% CI, -12.42 to 1.69; p=0.140).

The analysis of the results of Li-ESWT in ED treatment 
has limitations. In each RCT, there are differences in the 
patient population, such as treatment protocols that have 
not been established and whether recruited patients respond 
to PDE5i. Also, there is a limit to interpreting the duration 
of Li-ESWT effects. There is a lot of controversy about the 
effect, especially after 12 months. However, Li-ESWT has 
no major reported side effects, and although the long-term 
results are controversial, most meta-analyses show that Li-
ESWT is effective in the short-term period. Therefore, it can 
be considered as an additional alternative treatment to ED 
treatment.

4. Combination regenerative therapy
Although there is currently no standardized treatment 

protocol for Li-ESWT for ED, such as energy settings, treat-
ment intervals, duration, suitable disease types, etc [93]. 
However, the role of Li-ESWT in promoting stem/progenitor 
cell differentiation, proliferation and traction is unquestion-
able [94]. Many studies showed that human ADSCs, bone 
marrow-derived MSCs and human MSCs proliferation and 
differentiation were significantly activated by Li-ESWT 
treatment [95,96]. Furthermore, a study by Catalano et al. [97] 
demonstrated that combination of autologous human ADSCs 

and Li-ESWT therapy was shown to improve bone tissue 
repair in tissue engineering procedures. Furthermore, Schuh 
et al. [98] showed that Li-ESWT could be a promising tool 
to improve the quality of ADSCs for cell therapy in regen-
erative medicine applications. In fact, several studies have 
investigated the combination effect of Li-ESWT with stem 
cell therapy for ED treatment. For example, Jeon et al. [99] 
showed that combining Li-ESWT with ADSCs therapy was 
superior to treatment alone in restoring damaged nerves 
and improving corpus cavernosum angiogenesis. More re-
cently, Shin et al. [100] showed that Li-ESWT combined with 
bone marrow-derived MSC therapy significantly improved 
erectile function and penile blood compared to monotherapy. 
However, research on the combined treatment of ED with 
Li-ESWT and stem cells is still in its infancy, and a large 
amount of research data is needed to formulate the best 
regimen to maximize the therapeutic effect. Larger clinical 
trials with longer follow-up are needed to assess efficacy, 
safety, and efficacy.

CONCLUSIONS

With the advancements regarding our understanding of 
the pathogenesis of ED at the molecular and cellular levels, 
there are many emerging targets for curing this condition. 
In terms of  preclinical research, some progress has been 
made in stem cell therapy, protein therapy, and Li-ESWT, 
and Li-ESWT has also been applied in the clinical stage. Al-
though the preclinical results by use of variety of stem cells, 
angiogenic and neurotrophic growth factor protein therapy, 
and mAbs are very promising, these candidate therapeutics 
should be proven with clinical trials. With collaborations 
with biopharmaceutical companies, we hope that regenera-
tive therapy mainly targeting therapeutic angiogenesis and 
neural regeneration would be a future treatment modality 
to overcome the limitations of currently available ED thera-
peutics.
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