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Recently, SCs including adipose‑derived SC (ADSC),7 bone marrow 
SC (BMSC),8 embryonic SC (ESC),9 endothelial progenitor cell (EPC),10 
and skeletal muscle SC11 have drawn great attention in reversing 
the pathological changes in erectile tissues of ED in animal model. 
Increasing evidences have shown that SCs improve pathological 
changes in the ED mainly by secreting some cytokines.7,12,13 Notably, 
the using of ESC has many limitations because of the ethical issues 
and immunogenicity. Recently, new technologies are springing up 
to reprogram adult somatic cells to enter a pluripotent state.14 These 
cells, normally termed “induced pluripotent stem (iPS) cells,” enable 
the transplantation without the need for immunosuppression. But we 
also should bear in mind that iPS cells have a risk of tumorigenicity 
and in some circumstances may cause immunological reaction. On 
the other hands, many postnatal tissues contain SCs which normally 
termed “adult SCs (ASCs)” or “tissue‑specific SCs.” ASCs have recently 
developed as a foundation for regenerative therapy because they are 
easily available and used for therapeutics after ex vivo purification 
and expansion. However, time/cost‑intensive, invasive procedures, 
and low retention rate in the injected site have limited the clinical 
application of ASCs.15

Stem/progenitor cells reside in every adult organ and tissue, 
which might play an important role in tissue homeostasis and injury 
repair. Although increasing evidences suggest the presence of penile 
endogenous SCs, the regenerative potential that rely on endogenous 
SCs/progenitor cells thus offer new insights into ED therapy,16–18 while 
underline mechanisms about their mobilization and recruitment are far 
from well understood. This review presents a brief outline on the 

INTRODUCTION
The morbidity of erectile dysfunction (ED) is about 50% in adult men 
which means this disease bothers >300 million male in worldwide. 
Although oral phosphodiesterase type  5 inhibitors  (PDE5‑Is) is a 
commonly used as first‑line treatment for ED. The clinical efficacy of 
PDE5‑Is reaches to 70% with mild side effects, however, the clinical 
efficacy of PDE5‑Is for the severe ED caused by diabetes, surgery, 
and severe cardiovascular disease is limited.1 Although recent data 
have revealed that daily intake of tadalafil  (5  mg) help to improve 
the function of endothelial cells in ED patients, but this is only a 
preliminary research, and its mechanism is still unknown.2 The second 
line treatments for ED include vacuum devices and intracavernosal 
injection therapy. Penile erection is usually induced after 5–10 min post 
the drug injection with an effective rate of about 70%, but accompanied 
with common complications such as pain, priapism, and fibration.3 For 
patients without a response to the first‑line and second line treatment, 
prosthesis implantation is usually as the last choice. Though its effective 
rate is about 90%, high cost, risk of infection, erosion, and equipment 
failure are the significant limitations.4

All these methods of current therapies on ED are mainly used 
as on demanded treatment to temporarily enhance erectile function 
to relieve the symptoms, which could not reverse the pathological 
changes in erectile tissues,5,6 and the most of patients are expected an 
ideal method to restore their natural erectile function, which provide 
important scientific issue on future research on ED.

It is found that stem cells (SCs) are unspecialized precursor cells 
that are uniquely capable of both differentiation and self‑renewal. 
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detection methods and possible regulatory mechanisms of endogenous 
SCs, with particular emphasis placed upon the characterization and 
possible regulatory mechanisms of activating and mobilizing penile 
endogenous SCs.

STEM CELLS RESIDE IN NICHES
Stem cell niche, consisting signaling molecules, intercellular 
communication and the interaction between SCs and their in  vivo 
milieu, is highly organized microenvironment. Within a niche, SCs 
are in contact with supporting cells, which provide short‑range signals 
via soluble factors as well as via transmembrane proteins. SCs also 
keep closely contacting with extracellular matrix, a chemically and 
physically cross‑linked complex network that provides biochemical 
and mechanical signals. Blood vessels are believed to constitute 
niches, transport long‑range signals, and recruit circulating cells 
into the bone marrow (BM) or tissue‑specific niches.19,20 Moreover, 
metabolic signals such as reactive oxygen species can also influence 
niche function.21 The pivotal function of SC niche is to maintain the 
dynamic balance of quiescent and activated SCs. SCs physiologically 
resident in tissue‑specific niches are capable of sustaining/replenishing 
the SC pool and differentiating into multiple matching cell lineages.22

It is now well‑documented that SC niches are present in many adult 
organs and tissues, including BM, brain, skin, skeletal muscle, heart, 
gut, and ovarian epithelium.23–25 The BM is the main reservoir of many 
types of SCs. Under steady state, a small quantity of SCs constantly 
leaves the BM, enters the blood or tissues, and travels back to the BM 
or peripheral tissue‑specific niches. Specific cellular components within 
the BM niche, including vascular/perivascular cells,26 nestin positive 
MSCs,27 osteoblasts,28 macrophages,29,30 and neurons of the sympathetic 
nervous system31 have been identified as important regulators of SCs 
maintenance and function. As demonstrated in the hematopoietic 
SC (HSC) niche, interstitial cells express adhesion molecules such as 
vascular cellular adhesion molecule 1 (VCAM‑1) and SC factor (SCF), 
which binds to HSC receptor α4 β1and c‑kit respectively.32 In addition, 
the binding of stromal derived factor‑1 (SDF‑1, also called CXCL‑12) 
to its receptor (cxc chemokine receptor 4, CXCR4) on HSC surface 
also plays a key role in the HSC retention within the BM.33

The SC microenvironment (niche) is thought to influence/control 
the “stemness” of SCs, that is, self‑maintenance or differentiation.34 The 
importance of the niche as an SC regulator for cell fate determination 
is exemplified by the fact that SCs tend to quickly differentiate 
when removed from their microenvironment and cultured in vitro. 
An interesting theory is that SCs can undergo various patterns 
of differentiation depending on appropriate epigenetic signals in 
mature tissues. For example, Galli et al.35 demonstrated that human 
neural SCs could generate skeletal muscle cells in vitro and in vivo, 
following direct exposure to myoblasts and transplantation into 
skeletal muscle respectively. Zhao et al.36 found that human BMSCs 
implanted into the brain can differentiate into neural cells expressed 
markers for astrocytes  (GFAP(+)), oligodendroglia  (GalC(+)), and 
neurons (beta III(+), NF160(+), NF200(+), hNSE(+), and hNF70(+)). 
These findings support that SCs can generate terminal differentiated 
cells specific to the host niche in which they reside. Nevertheless, 
the mechanism of SC differentiation regulated by specific niche still 
warrants further investigation.

QUIESCENT AND ACTIVATION OF ENDOGENOUS STEM CELLS
The tissue‑specific ASCs are crucial for physiological tissue turnover 
and regeneration. Mammalian ASCs are generally in a predominantly 
quiescent (out of cell cycle and in a lower metabolic level) state,28 but are 

able to exit quiescence and rapidly expand and differentiate in response 
to stress. In principle, SCs in their niches undergo different fates: SCs 
(i) remain in a relatively quiescent (nondividing) state, (ii) undergo 
apoptosis or death, and (iii) trigger self‑renewal divisions that result 
in two daughter SCs (termed symmetric divisions), one daughter SC 
and one committed progenitor (termed asymmetric divisions), or two 
differentiated cells.37 In general, rapidly growing tissues co‑exist two 
states of activation and quiescent SCs, and states can convert to each 
other. An improved understanding of the regulatory mechanisms that 
direct SC fate determination has great significance to modulate and 
activate existing SCs within tissues.

The quiescent state appears to be necessary for preserving 
long‑term reconstituting capacity of SCs. This is best exemplified by 
HSC, it remains quiescent under steady state and only a rare set of 
HSC undergo a massive expansion to produce mature blood cells, 
which provides a lifelong blood supply without exhausting the HSC 
pool.38 However, HSC can exit quiescence and rapidly proliferate to 
re‑establish homeostatic conditions in response to stress.39 Defects in 
the regulation of the quiescent state will result in premature exhaustion 
of the HSC pool.40 SCs quiescence and activation are likely controlled 
by cooperation of intrinsic mechanisms and extrinsic signals.

Recent researches have shown that p53 is critical for SC self‑renewal 
and quiescence. Meletis et al.41 found that p53 suppresses neural SC 
proliferation and self‑renewal. Liu et  al.42 demonstrated that two 
p53 target genes, Gfi‑1, and Necdin, are important regulators of HSC 
quiescence. Foxo 3a is a forkhead‑type transcription factor that is 
essential for SC quiescence.43 Without Foxo 3a, NSC may lose their 
ability to re‑enter a state of relative quiescence, which may lead to the 
amplification of progenitors and the exhaustion of the NSC in vivo.44 
Hypoxia‑inducible factor‑1α  (HIF‑1 α) is a master transcriptional 
regulator under low oxygen conditions. HSCs from HIF‑1α‑deficient 
model reduced quiescence and decreased the number during various 
stresses including bone marrow transplantation, myelosuppression, 
or aging.45

It has been reported that nuclear factor of activated T cells 
c1 (NFATc1) is preferentially expressed by hair follicle SCs in their 
niche, where its expression is activated by bone morphogenic 
proteins  (BMPs) signaling upstream and it acts downstream to 
transcriptionally repress CDK4 and maintain SC quiescence. When 
NFATc1 is suppressed pharmacologically  (e.g.,  cyclosporine A), 
hair follicle SCs are activated to proliferate and form the new hair 
follicle.46 Goldstein et  al.47 showed that NFATc1 up‑regulates the 
expression of prolactin receptor which drives quiescence of hair 
follicle SCs via JAK/STAT5 signaling. Interactions between SCs and 
their in vivo milieu are crucial for adult hematopoiesis. Members of 
the transforming growth factor‑beta  (TGF‑β) family involves in a 
wide range of cell functions, such as cell cycle regulation, neuronal 
differentiation, and survival. Neutralization of TGF‑β1 release of 
early human hematopoietic progenitors from quiescence into cycling 
in  vitro.48  Kandasamy  et  al.49  demonstrated that TGF‑β1 can both 
promote SC quiescence and neuronal survival. BMP have been 
implicated as key regulators of hematopoietic development. In addition, 
the interaction between BMP and Wnt signaling pathway takes part in 
the hair follicle SC activation by inducing the entry of β‑catenin into 
nucleus.50,51 Arai et al.28 demonstrated that the Tie2/Angiopoietin‑1 
signaling pathway plays a critical role in the maintenance of HSCs in a 
quiescent state in the BM niche. Other extrinsic micro‑environmental 
regulatory mechanisms include adhesion molecules (e.g., N‑cadherin 
and β1‑integrin), thrombopoietin, osteopontin (Opn), and more.
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STME CELL MOBILIZATION
Appropriate SC functions require SC trafficking regardless of whether 
the cell is endogenous or exogenous administered.52,53 In the field of 
SC research, SC homing refers to the capability to find its way to a 
particular anatomic destination. In response to diseases or tissue 
injuries, the body’s self‑healing via host cells likely involves recruiting 
endogenous SCs from either the BM through bloodstream or a 
tissue‑specific niche.54–56 Asahara et al.55 found that EPCs exist in the 
human peripheral blood, and they could incorporate into the sites 
of active angiogenesis. Rochefort et al.57 reported that multipotential 
mesenchymal SCs could be mobilized into peripheral blood when 
animals are exposed to chronic hypoxia. In addition, SCs/progenitor 
cells residing within surrounding healthy tissues may also be recruited 
to an injury site for therapeutics. For example, neural precursors in 
the subventricular zone (SVZ) play an important role in the repairing 
of focal brain lesion.58 In this regard, therapeutic interventions by 
endogenous SC homing hold great promise in the clinical aspect.

Granulocyte colony‑stimulating factor  (CSF) is the most 
commonly used agent for clinical HSC mobilization. It has been used 
to mobilize CD34(+) cells into peripheral blood which has largely 
replaced BM as a source of SCs for both autologous and allogeneic 
cell transplantation.56 Possible mechanisms underlying its function 
include the promotion of granulocyte expansion, clearance of 
VCAM‑1, also called CD10659 and disruption of the SDF‑1/CXCR4 
axis.60 SDF‑1/CXCR4 axis plays a pivotal role in HSC quiescence and 
retention within the BM. Plerixafor (Mozobil, AMD3100), a CXCR4 
antagonist, can inhibit the binding of SDF‑1α to its receptor CXCR4. 
It facilitates rapid mobilization of CD34(+) cells from the BM into 
the peripheral blood.61 Other agents clinical used for SC mobilization 
includes cyclophosphamide, granulocyte‑macrophage CSF, and 
recombinant human SCF.

In addition, there are also some novel and experimental 
strategies for SC mobilization. These ways mainly target cell adhesion 
molecules (VCAM/VLA4 inhibitors and proteasome inhibitors), redox 
signaling (stabilization of HIF), chemokines (CCL2, CXCL‑1, CXCL‑7, 
CXCL‑12) and their receptors (CCR2, CXCR3, CXCR4). Shen et al.62 
developed a knitted silk‑collagen sponge scaffold by incorporating of 
SDF‑1α to encourage recruiting of endogenous SCs for in situ tendon 
regeneration. After 4 weeks, SDF‑1α treatment group had increased 
expression of tendon repair gene markers and exhibited a better 
therapeutic effect than the control group. Meanwhile, Chim et al.63 used 
SDF‑1α in combination with BMP or TGF‑β1 to induce cell migration 
in a rat model. The results showed that SDF‑1α promotes cell migration 
into the scaffolds and can result in osteogenic and chondrogenic 
differentiation. In both studies, no exogenous SCs were used before 
scaffold implantation. Rather, they all relied on endogenous SC 
recruitment and local tissue responses to achieve tendon regeneration, 
osteogenesis, and chondrogenesis.

CLASSIFICAITON LOCALIZATION OF ENDOGENOUS STEM 
CELLS
It is generally believed that tissue‑specific SCs exist in most postnatal 
tissues. BM is the biggest SC pool that contains at least two types of SCs: 
HSC and mesenchymal SCs; the former gives the entire hematopoietic 
system, and the latter is a subpopulation of perivascular cells.27,64,65 
Neural SCs mainly reside in their specialized microenvironments: the 
SVZ of the lateral ventricles and the subgranular zone of the dentate 
gyrus within the hippocampus.66,67 Skeletal muscle has a tremendous 
ability to regenerate due to the mobilization of its own tissue‑specific 
SCs, known as satellite cells, which are located between the basal 

lamina and the sarcolemma of the muscle fiber.68 In 2008, Lin et al.69 
firstly defined the location of ADSCs within human adipose tissue, 
and they found that ADSC are likely vascular SCs at various stages 
of differentiation. A study conducted by Bussolati et al.70 showed that 
adult renal progenitor cells expressing PAX2 and the antigen CD133 
(a marker of HSC) could be isolated from human renal cortex samples. 
In adulthood, tissue homeostasis and repair are critically dependent 
on both the self‑renewal and the differentiation capacity of these SCs.

To identify such cells, various approaches have been employed, 
including the use of SC markers. Leucine‑rich G protein‑coupled 
receptor 5 (Lgr5) is a 7‑transmembrane receptor which has recently 
gained prominence as a marker of ASC populations in the hair‑follicle 
and intestine.71–73 A closely‑related protein, Lgr6 marks ASCs in the 
hair follicle that generate all cell lineages of the skin.74 However, it is 
worth to note that CD34 is the classical marker for HSC, while it also 
expresses in some non‑SCs such as endothelial cells75 as well as c‑kit, 
another HSC marker, is also expressed in the interstitial cells of Cajal 
and urinary tracts.76,77 Stro‑1 is one of the most well‑known markers for 
MSCs, but it is not universally expressed in all reported types of MSCs.78

Due to the lack of specific markers for tissue‑specific SCs, potential 
SCs in some researches have been identified using the “label‑retaining 
cell  (LRC)” strategy.79,80 Quiescent SCs have some characteristics 
in common, such as low amount of RNA,81 scarce proliferative cell 
markers,82 and retaining of some cell labels.83 LRCs strategy is frequently 
explored for identification of quiescent SCs. The underlying mechanism 
is based on the principle that the rapidly proliferating cells will lose 
cell label in a short time while quiescent cells and slow‑cycling cells 
will retain the label in a longer period. A label‑retaining assay contains 
two essential parts: a pulse period and a chase period. BrdU, EdU or 
radiolabel led DNA analogs can be administrated into the animals for a 
certain time (the pulse) to label all of the proliferating cells. The labeling 
reagents will be then taken away for a prolonged period (the chase) 
before the tissues to be examined. Fast‑cycling cells are constantly 
dividing and dilute the label through each round of division. Therefore, 
after the chase, their original label is diluted to a degree in which it can 
no longer be detected. Conversely, slow‑cycling cells divide infrequently 
during the chase period. Therefore, they retain significant amounts of 
the label and appear as LRCs. EdU labeling was first established in 2008 
and is one of the most effective and important labeling techniques in 
researching endogenous quiescent SCs, as it does not interfere cellular 
duplication, differentiation, secretion, and mobilization.84

PENILE ENDOGENOUS STEM CELLS
The penis is composed of multiple types of tissues, such as skin, tunica 
albuginea (TA), corpora cavernosa, corpus spongiosum, blood vessels, 
nerves, and urethra. Two types of foreskin SCs have been isolated to 
date, including skin‑derived progenitors (SKPs) and MSCs. Toma et al. 
have isolated, expanded, and characterized SKPs from mammalian 
dermis.85 Then, they found that human SKPs grew in suspension 
as spheres in the presence of the mitogens fibroblast growth factor 
2 and expressed nestin. Clonal analysis indicated that single SKPs 
were multipotent and could give rise to both neural and mesodermal 
progeny.86 Meanwhile, MSCs were also isolated from human postnatal 
dermal tissues. The isolated cells could clonal grow and be differentiated 
into adipogenic, osteogenic, and myogenic lineages.87 All these results 
indicated that penile skin may provide an accessible, autologous source 
of SCs.

Vernet et  al.16 investigated whether cells from normal TA and 
Peyronie’s disease  (PD) plaques undergo osteogenesis, express SCs 
markers, or give rise to other cell lineages via processes modulated by 
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TGF‑β1. In this study, osteogenic markers (alkaline phosphatase and 
Opn) and calcification were found in the TA and PD cells in osteogenic 
medium. Both cultures expressed SC marker CD34, but none of the 
cultures underwent adipogenesis in adipogenic medium. Incubation 
with TGF‑β1 increased osteogenesis and myofibroblast differentiation 
and reduced CD34 antigen expression in both cultures. In addition, 
putative endogenous SCs were shown in the penile shaft tissue sections 
from murine by detecting CD34 and a possible Sca1 variant.17

Very recently, Lin et al.18 used LRC strategy to identify potential 
SCs/progenitor cells in the penis. In this study, they found that 
numerous cells in the penis of neonatal rat were labeled by EdU, 
but the number of labeled cells dropped sharply within 1 week. In 
addition, the labeled cells were mainly distributed in the subtunic and 
perisinusoidal spaces (Figure 1). After isolation and culture in vitro, 
the EdU‑labeled LRCs could form cell clones, which is a one of the SC 
properties. However, they also found that labeling of penis cells by EdU 
occurred randomly, and label‑retaining was not associated with some 
SC markers, such as c‑kit or PCNA, except A2B5. The results suggest 
that penile endogenous SC modulation might be viable therapeutic 
approaches for ED.

POSSIBLE APPROACHES TO UTILIZE ENDOGENOUS STEM 
CELLS FOR ERECTILE DYSFUNCTION
The conversion of physical medical signal into biomedical signal 
is regarded as the third revolution in biomedicine. Currently, low 
energy extracorporeal shock wave therapy  (LESWT) has been 
applied widely as a novel noninvasive strategy for wound healing,88 
bone regeneration,89 ameliorating inflammatory,90 osteochondritis 
dissecans,91 chronic hind limb ischemia,92 plantar fasciitis,93 ED94,95 
and many other diseases. Potential mechanisms discussed herein 
mainly include initial angiogenesis, stimulated cell proliferation 
and differentiation, anti‑inflammatory as well as suppression of 
nociception.

Interestingly, some of these studies pointed out that the beneficial 
tissue effects were likely mediated by recruitment of mesenchymal 
SCs. In one study of a rat model of chronic hind limb ischemia, 
LESWT was found to enhance the recruitment of circulating EPCs 
into nonischemic as well as in chronic ischemic tissue.92 In another 
study, Chen et  al.96 demonstrated that LESWT treatment could 
enhance recruitment of MSCs to improve bone repair by up‑regulating 
the expression of TGF‑β1 and vascular endothelial growth factor. 
More importantly, Qiu et al.97 also found that LESWT can ameliorate 
diabetes mellitus (DM)‑associated ED by promoting regeneration of 

erectile components (nNOS‑positive nerves, endothelium, and smooth 
muscle) in the penis. In this study, they have used LRC strategy for the 
identification of putative SCs, and found that LESWT treatment could 
significantly increase the EdU labeled cell in the penis. However, it is 
still unclear whether these therapeutic effects of LESWT on ED are 
achieved by endogenous SCs or other mechanisms.

ACTIVATION OF ENDOGENOUS STEM CELLS
p38 pathway is essential for the differentiation of various SCs/progenitor 
cells. Jones et al.98 found that somatic SCs could be activated from the 
quiescent state and undergo myogenic differentiation via activation 
of p38 pathway. In addition, adult neural differentiation also can 
be promoted via activation of p38 pathway.99 Herba Epimedii, a 
traditional Chinese medicine, has been traditionally used for the 
treatment of ED for centuries in East Asian countries. Several 
studies100,101 have demonstrated that icariside II (ICA II, C27H32O10, 
514.54) possess notable erectogenic effects in the treatment of ED. 
Interestingly, a recently published study reported that ICA II can 
activate p38 pathway.102 Recently, Xu et al.100 conducted a research, in 
which LCR strategy were used for tracking the putative endogenous 
SCs, to investigate the underlying mechanisms of ICA II in treating 
ED. The results showed that ICA II could effectively restore erectile 
function and prevent distortion of penile histopathological changes 
in a rat model of bilateral cavernous nerve injury. What’s more, the 
results indicated that these therapeutic effects of ICA II involve 
enhanced endogenous SCs differentiation, which may be regulated 
by p38 pathway.

On the other hand, the EPCs play an important role in vascular 
repair,103 and previous study has showed that the number of circulating 
EPCs is reduced in patients with ED.104 Moreover, the EPCs resident in 
the vascular wall are capable to differentiate into mature endothelial 
cells, hematopoietic, and local immune cells.105 These results indicate 
that EPCs in the penis may also serve as a source for progenitor cells 
for postnatal vasculogenesis. Increasing evidences have demonstrated 
that the pathophysiological mechanisms of diabetic ED are associated 
with oxidative stress.106 Melatonin, an antioxidant, can reduce the 
level of oxidative stress induced by diabetes.107 Qiu et al.108 found that 
melatonin has a beneficial effect on preventing ED in a rat model of 
DM. In this study, chronic administration of melatonin increased the 
superoxide dismutase level and decreased the malondialdehyde level 
in BM accompanied with an increased number of circulating EPCs. 
These results indicated that the salutary effect of melatonin on ED may 
result from the mobilization of EPCs.

CONCLUSIONS
Endogenous SCs exist in a certain place of different tissues or organs, 
which is an alternative choice for SCs therapy compared to the 
exogenous SCs. Endogenous SCs possess the ability of self‑renewal and 
are always in a quiescent state with low level of metabolism, but under 
some pathological condition, they will be activated and differentiated 
into various types of cells. As a part of a preventive medicine, the 
maintenance of SCs fitness represents the most obvious method for 
conservation of initial healing capacity of a healthy organism. Likewise, 
in ED patients, reactivation of endogenous SC potential might help the 
rejuvenation of damaged erectile function. Therefore, the enhanced 
proliferation of penile endogenous SCs from these niches, as well as 
their commitment differentiation into damaged cell population should 
be a novel therapeutic approach for future ED therapy.
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Figure 1: Hypothetical scheme of the EdU labeled penile label‑retaining 
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