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Male infertility has become an increasingly prominent health issue worldwide.

This review systematically evaluated the therapeutic application of different types

of MSCs in various male infertility models. The therapeutic effects of MSCs are

attributed to mechanisms such as in vivo and in vitro differentiation into germ

cells, improved antioxidant capacity of testicular tissue, inhibited secretion of

inflammatory factors and elevated anti-inflammatory level of testicular tissue,

prevention of excessive apoptosis of testicular tissue cells, restoration of the

normal secretion of sexual hormone levels in vivo, and regulation of sperm

autophagy. Simultaneously, this study also emphasized on the latest progress in

the research of MSC-Exos, with the discussion of its potential advantages over

traditional MSC therapy. In addition, this review also elucidated challenges in the

clinical translation of MSCs, including safety and standardization issues, as well as

the necessity of conducting human clinical trials. On these basis, this research

proposed corresponding improvement plans, such as developing engineered

MSCs products, optimizing delivery methods and exploring combination

therapies, which may provide potential reference for the clinical application of

MSCs and MSC-Exos on a large scale.
KEYWORDS

mesenchymal stem cells, male infertility, testicles, sperm, regenerative medicine,
mesenchymal stem cells-derived exosomes
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GRAPHICAL ABSTRACT
1 Introduction

Male infertility has become an increasingly serious health issue

worldwide recently, which may involve around 2.5% -12% of the

global male population (1). The affected males may usually present

with reduced sperm count, decreased sperm motility, or loss of

fertilization ability (2). At present, the treatment of male fertility has

been benefited a lot by the assisted reproductive technology and

drug therapy (3). However, existing therapies are still insufficient for

infertility caused by testicular and other reproductive organ lesions

or failures (4). Stem cell (SC) therapy has emerged has a novel

therapeutic solution with great potential in treating male infertility.

Therefore, it underscores the great importance of applying SC

therapy to reshape the male reproductive microenvironment and

effectively intervene in sperm production for the treatment of

refractory male infertility.

SCs are widely present in embryos, fetuses, and adult tissues,

which are a type of undifferentiated primitive cells with multipotent

differentiation potential. SCs are mainly divided into three
Frontiers in Endocrinology 02
categories of embryonic SCs, induced pluripotent SCs, and adult

SCs based on their sources and characteristics (5). Acting as one of

the most promising applications in regenerative medicine, SC

therapy has been widely applied and studied for the treatment of

various diseases, such as musculoskeletal and neurological

disorders, immune disorders, blood dysfunction, and degenerative

diseases (6). Among them, mesenchymal SCs (MSCs) stand out in

the past two decades due to their widespread distribution, strong

tissue repair ability, and significant immune regulatory properties

(7). For example, in terms of their immune regulation, MSCs could

upregulate the expression of CD24, converting activated

neutrophils into senescent neutrophils, thereby reducing

chemotaxis, reactive oxygen species (ROS) production,

nicotinamide adenine dinucleotide phosphate (reduced form)

oxidation, and granule secretion, ultimately mitigating acute lung

injury (8). As for tissue repair, MSCs could effectively increase the

length of the epithelial margin, collagen content and micro-vessel

density of the wound bed of rats, and promote the expression of

vascular endothelial growth factor (VEGF), thereby accelerating the
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healing of ischemic wounds in rats with diabetes through systemic

or local administration (9). Meanwhile, MSCs outperform other

types of SCs for their good isolation characteristics, lower toxicity

and side effects, and less ethical controversy (10). Furthermore, with

the deepening of research on MSCs in recent decades, MSC-derived

exosomes (MSC Exos), are highly concerned as an important

mediators of intercellular communication, and have been

documented to possess therapeutic properties similar to parental

cells, and, to some extent, avoid adverse reactions such as infusion

toxicity (11). In the field of research on male infertility, great

attention has been attached to the potential roles of MSCs and

their extracellular vesicles (EVs) gradually. For example, bone

marrow-derived MSCs (BM-MSCs) can increase the proportion

of G2-M phase mitotic cells in testicular cells, maintain cell viability,

promote the expansion of seminiferous tubules and cavities, thereby

promoting the survival, expansion, and differentiation of

spermatogonial SCs. Moreover, BM-MSCs can also promote the

in vitro maturation of testes before puberty, providing a potential

therapeutic option for chemotherapy-induced childhood infertility

(12). In addition, under the induction of retinoic acid (RA) and

testosterone (T), adipose-derived MSCs (ADSCs), through co-

culturing with Sertoli cells, can activate transforming growth

factor b (TGFb)-SMAD family member 2/3, Janus kinase 2-signal

transducer and activator of transcription 3 and phosphoinositide 3-

kinase-protein kinase B (AKT) signaling pathway, thereby

effectively stimulating the differentiation of ADSCs into male

germ cells in vitro (13). Therefore, MSCs and their EVs exhibit

unique advantages and broad application prospects in the treatment

of male infertility, underlining the great significance of

summarizing the related research progress comprehensively.

Accordingly, this study was designed to review the latest research

progress of MSCs and their exosomes (Exos) in treating male

infertility, and to deeply explore the functional mechanisms of

MSCs from different sources and their enormous potential in

improving spermatogenesis, enhancing sperm quality, repairing

testicular tissue damage, and in vitro and in vivo differentiating

into germ cell. This study also discussed about the key roles of MSC

Exos in intercellular signaling and their unique advantages in

avoiding cell therapy-related side effects such as immune rejection

and infusion toxicity. Through such comprehensive analysis of

current research results, this study is anticipated to provide

theoretical basis for the development of appropriate therapeutic

strategies for male infertility, to explore the translational potential

of MSCs and their EVs in regenerative medicine, and to offer new

research ideas for future basic research and clinical applications.
2 Classification and characteristics of
MSCs

MSCs are a type of multipotent progenitor cells enabling self-

renewal in vitro and differentiation into various MSCs, which are

critical for exerting their therapeutic roles in tissue regeneration,
Frontiers in Endocrinology 03
immune regulation, anti-inflammatory, and wound healing (10).

MSCs are widely present in various tissues of the human body,

including peripheral blood, dental pulp, bone marrow, fat, umbilical

cord, amniotic fluid, and placenta (6, 14). Among them, bone

marrow, adipose tissue, and umbilical cord tissue are currently the

main sources of MSCs for clinical application (15). BM-MSCs are

renowned for their outstanding multi-directional differentiation

ability, which are essential in facilitating tissue repair (16), immune

regulation (17), hematopoietic support (18), etc. For example, in

tissue repair, under low oxygen conditions, BM-MSCs could promote

autophagy of epidermal cells, and enhance the proliferation and

migration of epidermal cells by activating hypoxia-inducible factor-

1a/TGFb 1/SMAD family member signaling pathway, providing a

novel strategy for diabetic wound treatment (19). However, the

clinical application of BM-MSCs is still restricted by limitations

such as highly invasive acquisition methods, unsustainable

differentiation cycles, and tumorigenic risks (20). In contrast,

ADSCs have significant advantages in aspects of accessibility,

cellular activity, and proliferation ability, with demonstrated better

safety and efficacy in the treatment of autoimmune diseases (21).

ADSCs have been reported to enable the upregulation of Cluster of

Differentiation (CD) 96, which is the inhibitory receptor of natural

killer (NK) cells, while downregulating the expression of their

activated receptors (e.g., NK group 2D, NK p30, and NK p46) and

receptor subunits of interleukin-2 (IL - 2) (IL - 2 receptor a, IL - 2Ra,
and IL - 2 receptor g, IL - 2Rg). By upregulating IL - 2 mediated

negative regulatory factors (e.g., cytokine inducible SH2-containing

protein) and dual specificity protein phosphatase 4 signaling

pathway, ADSCs can effectively inhibit IL - 2-mediated NK cell

effector function, but without impact on NK cell proliferation. Based

on this mechanism, ADSCs can be useful for treating autoimmune

diseases caused by excessive activation of NK cells (22). Moreover,

human umbilical cord MSCs (HUC-MSCs) have recently become a

research hotspot for their abundant sources, low ethical controversies

and infection risk, as well as strong proliferation and differentiation

abilities (23, 24). HUC-MSCs have been demonstrated to secrete

various growth factors, cytokines, and chemokines (25), exhibiting

significant therapeutic effects in lung diseases (26), skin diseases (27),

neurological diseases (28), digestive system diseases (29), etc. Besides,

the potential of HUC-MSCs in the treatment of diabetes and its

complications has gradually emerged with the deepening of research

(30–32). For example, Liu et al. found that intravenous injection of

HUC-MSCs could effectively alleviate high glucose-induced oxidative

stress, and protect pancreatic beta cells from damage by activating

nuclear factor erythroid 2-related factor 2/heme oxygenase-1

signaling pathway. Therefore, HUC-MSCs can be used to treat type

I diabetes caused by pancreatic beta cell damage (Figure 1) (27). With

respect to the above, MSCs from different sources have exhibited

unique functional mechanisms and significant therapeutic effects of

in the treatment of various diseases, especially their advantages in cell

regeneration, immune regulation, and tissue repair. All these

characteristics support the vast potential of MSCs in male infertility

treatment (Table 1).
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3 Application of MSCs from different
sources in the treatment of male
infertility

3.1 Adipose-derived stem cells

The application of ADSCs in the treatment of various diseases

has attracted widespread research attention worldwide (60). There

have been a series of experimental studies on the application of

ADSCs to treat various types of male infertility. Among them,

ADSCs exhibit therapeutic characteristics that can effectively

restore male reproductive ability through multiple mechanisms

for male infertility induced bythe use of chemotherapic agents,

varicocele, and testicular torsion (Figure 2).

It has been reported that chemotherapic agents commonly

administrated in cancer treatment could cause toxic damage to

the reproductive system, which is inevitable in this process and is

also an important factor leading to nonobstructive azoospermia

(NOA) in the clinical setting (61) For example, Busulfan and

cisplatin, two common chemotherapic agents in cancer treatment,
Frontiers in Endocrinology 04
may trigger significant side effects including damage to testicular

tissue structure and function, leading to decreased fertility and, in

severe cases, inducing NOA (62, 63). It highlights an urgent need

for novel therapeutic schemes to overcome the toxicity of

chemotherapic agents to the reproductive organs and reshape the

damaged reproductive microenvironment. Existing studies have

documented that a single-dose injection of ADSCs at a specific

quantity can significantly enhance the recovery of chemotherapy-

induced reproductive impairment across various experimental

animal models through multiple mechanisms. For instance, in

related experiments, Ganjibakhsh et al. induced azoospermia in

mice via intraperitoneal injection of busulfan, followed by a single-

dose administration of 1×105ADSCs into the peritoneal cavity of

these azoospermic mice, aiming to elucidate the in vivomechanisms

underlying its fertility-restoring effects in mice. The results showed

that through actions of secreting different types of cell growth

factors basic fibroblast growth factor/fibroblast growth factor 2

(FGF - 2), epidermal growth factor (EGF), and hepatocyte growth

factor (HGF), etc., ADSCs could upregulate the mRNA levels of

germ cell markers VASA homolog (VASA), deleted in

azoospermia-like (DAZL), promyelocyic leukemia zinc finger
FIGURE 1

Classification and characteristics of commonly applied MSCs.
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(PLZF), Nanos homolog 3, Synaptonemal complex protein 3

(SCP3) and STELLA homolog (STELLA). These regulations

further could improve the number of germ related cells in the

seminiferous tubules of busulfan induced azoospermia mice,

thereby significantly restoring the reproductive ability of busulfan

induced azoospermia mice. This study provides an important

cellular therapy basis for the treatment of male azoospermia (64).

Furthermore, ROS, as one of the factors that affect male

reproductive function, also play a key role in sperm agglutination

and liquefaction processes (65). At an excessive concentration of
Frontiers in Endocrinology 05
ROS exceeding physiological levels, it may induce oxidative stress in

testicular tissue and cause tissue damage, significantly

compromising the sperm motility, capacitation process, acrosome

response, and the ability to fuse with oocytes (66). Therefore,

maintaining a steady-state ROS level is one of the critical

strategies for preventing oxidative stress-induced testicular tissue

damage. For example, supported by their ability of scavenging ROS,

1×10 (6) ADSCs injected as a single dose into the testes of

azoospermia rabbits could significantly increase the level of

glutathione (GSH) in testicular tissue and reduce the content of
TABLE 1 Classification and characteristics of commonly applied MSCs.

ADSCs BM-MSCs HUC-MSCs

Surface
markers

CD13, CD90, CD105, and STRO - 1 (33) CD90, CD105, CD146, and CD271 (34) CD44, CD73, CD90, and CD105 (35)

Treatment
characteristics

Tissue regeneration (36), immune regulation (37),
tissue repair (38), and anti-aging (39)

Organizational repair (16), immune regulation
(17), and hematopoietic support (18)

Immune regulation (40), and tissue
repair (41)

Clinical
application

Skeletal diseases (42), cardiovascular diseases (38),
kidney diseases (43), liver diseases (44), ophthalmic
diseases (45), and skin diseases (46)

Skeletal diseases (47), cardiovascular diseases
(48), lung diseases (49), kidney diseases (50),
and neurological diseases (51)

Liver disease (52), lung disease (53),
neurological disease (54), kidney disease
(55), and bone disease (56)

Advantage
Rich sources, low ethical controversy, low risk of
infection, high proliferation and differentiation ability
(23, 24)

Mature research, sufficient sources, low
immunogenicity, and few ethical issues (57, 58)

Convenient access, strong proliferation
ability, low immunogenicity, and minimal
ethical controversy (59)
FIGURE 2

Application of ADSCs in the treatment for male infertility.
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malondialdehyde (MDA) in cisplatin-induced azoospermia rabbit

model, thereby enhancing the antioxidant capacity of rabbit

testicular tissue and effectively preventing against cisplatin-

induced oxidative stress damage (67). This study also confirmed

the anti-apoptotic mechanism of ADSCs on testicular tissue cells, in

which the occurrence of germ cell apoptosis in immature testes was

a necessary physiological phenomenon under physiological

conditions during the development of male germ cells. However,

excessive activation of apoptosis can cause damage to the process of

spermatogenesis and lead to reproductive dysfunction (68). The

experiment further revealed that intratesticular injection of ADSCs

significantly improved the excessive cell apoptosis in the

seminiferous tubules of azoospermia rabbits through reducing the

protein level of Caspase-3, an apoptosis marker, in testicular tissue

cells, thereby restoring cisplatin-induced fertility in azoospermia

rabbits (67).

In addition to improving chemotherapic agent-induced fertility

decline, ADSCs also present with significant therapeutic potential in

varicocele-induced male infertility. The impact of varicocele, a

common disease that leads to male infertility, is mainly

manifested as decreased sperm count, vitality, and reduced

proportion of normal sperm morphology (69). Oxidative stress

response caused by varicocele has been recognized to be one of the

key factors affecting sperm quality parameters (70), clearly

supporting the significance of inhibiting oxidative stress for

treating male infertility caused by varicocele. Among them,

superoxide dismutase (SOD), as a key antioxidant enzyme, can

effectively eliminate free radicals and inhibit oxidative damage (71).

Prior research revealed that a single-dose injection of 1×10 (6)

ADSCs into the testes of mice with varicocele could effectively

increase the level of SOD, while reducing the concentration of

serum MDA, thereby effectively inhibiting oxidative stress response

and improving varicocele-caused decline in sperm quality (72).

Meanwhile, ADSCs can effectively improve sperm quality by

inhibiting oxidative stress through multiple pathways. At the

same time, Claudin-11 is a key tight junction protein expressed

by Sertoli cells, which is also a major player in the formation and

maintenance of the blood testis barrier (BTB) and is crucial for the

process of spermatogenesis (73). The injection of ADSCs into the

testes of mice with varicocele could not only regulate oxidative

stress-related indicators, but also significantly increase the protein

expression level of Claudin-11 in the testes of varicocele mice,

further improving the BTB damage caused by varicocele, thereby

restoring mouse fertility (74). Collectively, there are reasons to

believe that ADSCs are promising for application in repairing

testicular tissue and promoting normal sperm production through

multiple mechanisms.

Testicular torsion is a common clinical emergency that may

result in male infertility (75). Therefore, discussion on the main

therapeutic mechanisms of ADSCs in treating testicular torsion

may also provide valuable insights for their clinical application.

According to existing research, reperfusion after testicular torsion

could not only cause an increase in ROS production and oxidative

damage, but also inhibit testicular endocrine function, subsequently

disturbing the levels of reproductive hormones e.g., follicle
Frontiers in Endocrinology 06
stimulating hormone (FSH), luteinizing hormone (LH), and T,

ultimately affecting sperm production (75). In the study of

ADSCs restoring male infertility caused by testicular torsion,

Hsiao et al. found that 3×104 ADSCs could upregulate the protein

expression of stem cell factor (SCF) in rats with testicular torsion,

activate the SCF/cellular kinase in tyrosine (C-KIT) signaling

pathway, significantly reduce the expression levels of Caspase-3

and Bax, thereby promoting germ cell proliferation and migration;

it could also restore T secretion and improve sperm production in

these rats (76).

In summary, single-dose injection of ADSCs at a specific

quantity into different sites of different experimental subjects can

effectively reconstruct the reproductive microenvironment. Its

underlying mechanisms may involve the inhibition of oxidative

stress response, reduction of testicular tissue cell apoptosis,

promotion of BTB repair, regulation of reproductive hormone

metabolism, and facilitation of the migration of reproductive cells.

All these discoveries may provide innovative therapeutic regimes

for various male infertility diseases.
3.2 Bone marrow mesenchymal stem cells

BM-MSCs have excellent tissue repair and immune regulatory

properties, which hence have been widely used in the clinical

treatment of various diseases (21). The application prospects of

BM-MSCs in the field of male infertility treatment continue to

expand as the study on their therapeutic mechanisms progressed,

and they exhibit similar yet unique therapeutic characteristics as

ADSCs. In addition to their significant therapeutic effect in male

infertility caused by NOA and chemotherapic agents, significant

advancements have been achieved in the treatment of male

infertility induced by excessive apoptosis of testicular tissue cells

and diabetes (Figure 3).

As a type of stem cells, MSCs also possess the multipotent

differentiation potential of stem cells, and exhibit outstanding

characteristics in the process of differentiation into germ cells. In

a study of NOA treatment, Zhang et al. innovatively combined in

vitro culture with in vivo differentiation. Rat BM-MSCs and

testicular Sertoli cells were co-cultured in the Transwell system

through simulating the reproductive microenvironment, which

were then transplanted into the spermatogenic tubules of

busulfan-induced azoospermia rats. There was improved

differentiation efficiency of 1×105 BM-MSCs-transplanted

recipient tissues. The results showed significantly upregulated

mRNA levels of various reproductive related markers e.g., VASA,

STELLA, mothers against decapentaplegic homolog 1 (SMAD1),

DAZL and the expression of spermatogenic related proteins e.g.,

germ cell nuclear factor (GCNF), heat shock protein 90 alpha

(HSP90a), integrin b1, and C-KIT, without any adverse reactions.

Therefore, BM-MSCs can effectively differentiate into germ cells in

vivo, thereby promoting fertility recovery for the treatment of

NOA (77).

In the research on male infertility caused by other tumor

suppressor drugs, BM-MSCs have also demonstrated excellent
frontiersin.org
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therapeutic properties. Among them, cyclophosphamide (CYP) is a

potent chemotherapic agent that plays an important role in tumor

treatment (78). However, its anti-mitotic properties can hinder the

development of testicular interstitial cells, affect the normal secretion

of sex hormones, damage male reproductive function, and gradually

lead to NOA (79). According to previous investigation, intraperitoneal

injection of 1×10 (6) BM-MSCs in rats could significantly elevate SOD

enzyme activity and total antioxidant capacity (TAC), thereby

alleviating CYP-induced oxidative stress damage to testicular tissue

in infertile rats. Moreover, this intervention could inhibit the elevation

of serum FSH and LH caused by CYP by negatively regulating

pituitary function, and restore the normal levels of FSH, LH, free T

(FT) in the testes, and FT in the serum. Thus, BM-MSCs could

manage the damage to testicular tissue and recover the disordered

reproductive hormone levels caused by CYP in rats, thereby

promoting spermatogenesis (79).

Furthermore, in a completed clinical trial on BM-MSCs

(NCT02025270), 60 azoospermic patients with normal karyotypes

were recruited and subjected to the injection of 20×106 autologous

BM-MSCs into their testes. During the follow-up one year later, 36

patients showed increased testicular volume, heightened T levels,

and decreased LSH levels. Among these, sperm appeared in the

semen of 3 men, sperm was found in 12 patients through puncture

aspiration, and sperm was detected in 8 men via testicular biopsy.
Frontiers in Endocrinology 07
Despite a poor understanding of the specific therapeutic

mechanism, BM-MSCs can be confirmed to exhibit intimate

association with the regulation of sex hormone levels in the

human body and restoration of normal spermatogenesis.

Meanwhile, in another clinical trial (NCT02414295), congenital

male oligozoospermia or azoospermia caused by Klinefelter

syndrome was also investigated through the injection of BM-

MSCs into the testes. Patients with oligozoospermia or

azoospermia 3 – 12 months later were examined to measure the

levels of sex hormones, azoospermia factors, testicular size, etc., thus

identifying the therapeutic effect of BM-MSCs. However, no data of

research has been retrieved so far, and its therapeutic effect remains

to be further verified.

Furthermore, multiple experiments have verified the anti-

excessive apoptosis effect of BM-MSCs on testicular tissue cells in

the treatment of male infertility. Compared with the anti-apoptotic

mechanism of ADSCs, BM-MSCs exhibit similar but more diverse

anti-apoptotic pathways. For example, Zickri found that the

injection of BM-MSCs into the testes could effectively reduce

Caspase-3 expression in the spermatogenic epithelium of rats

with busulfan-induced oligozoospermia. It could further

significantly improved spermatogenic arrest, and reduced

numbers of spermatogonia, spermatocytes, and sperm cells

caused by increased cell apoptosis. Besides, the study also
FIGURE 3

Application of BM-MSCs in the treatment of male infertility.
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revealed a novel antioxidant mechanism of BM-MSCs. Specifically,

BM-MSCs could significantly reduce the protein level ofinducible

nitric oxide synthase (iNOS), an oxidative stress marker, in rat

seminiferous epithelium, thereby alleviating oxidative stress damage

to testicular tissue (80). Eventually, these findings support that

MSCs can effectively restore normal sperm production by inhibiting

oxidative stress and testicular tissue cell apoptosis through multiple

pathways. Additional studies have also deciphered the unique

mechanism of BM-MSCs in combating mitochondrial apoptosis

in testicular tissue. They reported that BM-MSCs could inhibit the

expression and mitochondria translocation of pro-apoptotic

proteins B-cell lymphoma 2 (Bcl-2) interacting mediator of cell

death (Bim) and Bcl-2-associated X protein (Bax). Meanwhile, BM-

MSCs could upregulate anti-apoptotic Bcl-2 protein expression,

prevent the release of Cytochrome C and apoptosis inducing factor

(AIF) from mitochondria, activate Bim-Bax/Bcl-2 Cytochrome C-

Caspase-dependent and Bim-Bax/Bcl-2 AIF-independent

mitochondrial apoptosis pathways, thereby exerting a reparative

effect on cadmium (Cd)-induced testicular injury (81).

At present, there is a continuous rise i n the incidence of

diabetes with the change of lifestyle. The disease may induce male

infertility by influencing the hypothalamus pituitary gonad (HPG)

axis and inducing oxidative stress in reproductive organs (82).

Therefore, hyperglycemia-related male infertility may be treatable

by utilizing the antioxidant properties of MSCs and regulating the

normal metabolism of sex hormonesy. As discovered by several

researchers, intraperitoneal injection of BM-MSCs could

significantly increase testicular TAC and reduce MDA level in

diabetic rats, thereby mitigating oxidative stress damage, as well

as improving sperm number, morphology, vitality and chromatin

compression rate. Noticeably, co-culture of BM-MSCs with caffeine

led to further enhanced antioxidant effect in the culture medium,

providing a new potential therapy for the treatment of male

infertility caused by diabetes (83).

In recent years, researchers have developed novel cultivation

platforms to enhance the therapeutic efficacy of BM-MSCs. For

example, Önen et al. developed a pumpless monodimethylsiloxane

layered testis-on-chip platform, providing a continuous and

stabilized microfluidic flow and real-time cellular paracrine

contribution of allogeneic BM-MSCs. Compared with hanging

droplets and non-BM-MSCs (controls), this platform could

increase T concentration and improve the growth of seminiferous

tubules for 42 days, revealing significant advantages in

differentiating spermatogonia, VASA (+) total germ cells, meiotic

cells (e.g., spermatocytes and sperm cells), and testicular

maturation, thereby significantly improving in vitro sperm

production (84).

Therefore, BM-MSCs can exert multiple functional

mechanisms such as differentiating into germ cells in vivo,

resisting oxidative stress and excessive apoptosis in testicular

tissue, and improving spermatogenic ability to improve the

spermatogenesis capacity. All these advantages can be utilized,

coupled with the development of other new devices, to enhance

its therapeutic efficacy, thereby providing a reliable reference for the

treatment of male infertility.
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3.3 Human umbilical cord mesenchymal
stem cells

HUC-MSCs have been demonstrated to enable the secretion of

multiple cytokines and differentiation into different types of cells,

while significantly reducing the risk of immune rejection and ethical

controversies, supporting them an ideal source of cells in

regenerative medicine field (85). Therefore, the relevant

functional mechanisms of HUC-MSCs in testicular torsion as well

as in in vivo and in vitro differentiation into germ cells were

reported in studies on male infertility (Figure 4).

In male infertility caused by testicular torsion, administration of

10 (7) HUC-MSCs through tail vein injection was reported to

effectively downregulate the mRNA expression levels of pro-

inflammatory factors tumor necrosis factor alpha (TNF-a), IL -

1b and Selectin-E in the testes of rats with testicular torsion, while

increasing the expression levels of anti-inflammatory cytokines (IL -

1ra, IL - 10, IL - 13, and TGF-b1) and the content of various

nutritional cytokines germ cell nuclear factor (GCNF), ciliary

neurotrophic factor, HGF, FGF, EGF, VEGF, etc. These changes

significantly reduced neutrophil infiltration and ROS production,

facilitating the alleviation of testicular torsion-induced

inflammatory response and oxidative stress, and further

promoting the proliferation and differentiation of spermatogonia

(86). This discovery reveals the mechanism by which HUC-MSCs

improve the local microenvironment of the testes through their

anti-inflammatory properties to restore spermatogenesis, providing

a novel theoretical basis of MSC therapy for male infertility.

In addition to its therapeutic properties, HUC-MSCs also

exhibit the potential of in vivo and in vitro transforming into

germ cells. As revealed by in vivo experiment, transplantation of

HUC-MSCs into the seminiferous tubules of busulfan-induced

germ cell deficient mice resulted in detectable expressions of germ

cell-specific markers Octamer binding transcription factor 4 (Oct-

4), a 6 integrin, C-KIT, and VASA in the mouse testes after 30 days,

with sustained expressions for at least 120 days. Therefore,

transplanted HUC-MSCs could survive for a long time and

differentiate into germ cells in the testes of mice with normal

immune function, while promoting the morphological recovery of

damaged seminiferous tubules (85). Simultaneously, in in vitro

investigation, when cell-free testicular tissue treated with mono-

phosphoryl lipid A (MPLA) was co-cultured with RA-pretreated

HUC-MSCs, there were obvious increase in the mRNA levels of

migration related genes in HUC-MSCs C-X-C chemokine receptor

type 4 (CXCR4), vascular cell adhesion molecule 1 (VCAM1),

VEGF, Matrix Metalloproteinase 2 and very late antigen-4

(VLA4), and sperm differentiation marker related genes DAZL,

VASA, and P-element induced wimpy testis like protein 2

(PIWIL2). It could be interpreted that HUC-MSCs cultured

under specific niche conditions could effectively differentiate

towards germ cells (87).

In summary, HUC-MSCs can also differentiate into germ cells

in vitro and in vivo, beyond repairing testicular tissue damage

through actions of anti-inflammatory and antioxidant stress,

providing innovative strategies for the treatment of male infertility.
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3.4 Other types of mesenchymal stem cells

Indeed, ADSCs, BM-MSCs, and HUC-MSCs have shown great

potential in the treatment of male infertility caused by various

etiologies, and they also exert their therapeutic effects through

various pathways and molecular mechanisms. Other types of

MSCs have also exhibit strong therapeutic potential, further

enriching the application scope and theoretical basis of MSCs in

treating male infertility (Table 2). In addition to unique therapeutic

mechanism in the treatment of chemotherapeutic agent- and

diabetes-induced male infertility, these other types of MSCs have

also been confirmed to have effectiveness in the treatment of

radiation-induced male infertility. These findings may provide an

important theoretical basis and new research direction for clinical

standardization of the selection of different types of MSCs for

individualized treatment of male infertility.

Human amniotic MSCs (HAM MSCs) exhibit high

proliferation potential, low immunogenicity, low inflammatory

response, and non-invasive culture advantages, emerging as an

additional SC therapy gradually (103). Cetinkaya et al. found that

HAC MSCs could inhibit the activation of inositol requiring

enzyme 1a by reducing the expression of glucose regulated
Frontiers in Endocrinology 09
protein 78, effectively reversing endoplasmic reticulum stress (ER)

in testicular tissue, reducing the production of apoptosis factors

(e.g., Capase12 and Capase3) in rat seminiferous tubules caused by

ER stress, eventually exerting an effect on mitigating radiation-

induced testicular tissue damage in rat; moreover, HAM MSCs

could effectively inhibit radiation-induced elevation of serum FSH

and LH, improve the resultant decrease in T content, further

contributing to the normal spermatogenesis (99). In another

study, HAM MSCs were discovered to effectively inhibit the

production of ROS, lactate dehydrogenase, and MDA, while

increasing the levels of glutathione reductase (GR), SOD,

glutathione peroxidase, and CAT, thereby improving testicular

tissue damage caused by oxidative stress in mice. Through

upregulating the mRNA levels of germ cell specific genes (e.g.,

DAZL, VASA, and PIWIL2), as well as meiotic genes (e.g., SCP3,

Cyclin A1, and STRA8), HAM MSCs could increase protein

expressions of survivin and Bcl-2, while reducing those of

Capase3 and Capase9, thereby enhancing the anti-apoptotic

ability of testicular tissue cells in mice, thus treating busulfan-

induced damage to testicular tissues in mice (100).

Recently, great concern has been attached to the therapeutic

potential of human placental MSCs (HP MSCs), especially their
FIGURE 4

Application of HUC-MSCs in the treatment for male infertility.
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TABLE 2 Research methods and therapeutic mechanisms of MSCs in the treatment for male infertility.
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pivotal role in regulating sperm autophagy (104–106). Autophagy,

has been recognized as an important intracellular metabolic

regulatory mechanism, which is essential in maintaining cellular

homeostasis (107). With the deepening of research on male

infertility, the key role of sperm autophagy in spermatogenesis

and reproductive processes is becoming increasingly prominent,

and its excessive activation or inhibition can significantly affect male

reproductive function (108). HP MSCs have been found to have the

ability of effectively reducing the protein and mRNA levels of

autophagy-related markers Sequetosome 1 (p62) and

microtubule-associated protein 1 light chain 3 (LC3) in busulfan-

induced mouse testicular toxicity model, while improving the

significant decrease in sperm autophagy caused by busulfan,

thereby boosting the repair of mouse reproductive function (101).

In addition, some researchers also reported the unique

therapeutic mechanism of human breast milk MSCs (BR MSCs)

in diabetes-induced male infertility. According to relevant research

results, BR MSCs could enhance insulin level by interacting with

insulin receptors, thereby enhancing energy metabolism in

kisspeptin neurons, stimulating HPG axis, effectively restoring the

serum levels of FSH, LH and total T of diabetic rats, thereby

improving diabetes-induced fertility decline (102).
4 The application of MSC-Exos in
male infertility

EVs are a group of heterogeneously sized, cell-derived

nanoparticles operating as proficient mediators of intercellular

communication, which are well-established players in various

physiological and pathological processes by transporting bioactive

molecules to target cells, providing novel therapeutic strategies for

disease treatment (109). Noticeably, besides inheriting the powerful

immune regulatory and tissue regenerative properties of mother cell

MSCs in terms of therapeutic characteristics, MSC Exos can also

effectively avoid adverse reactions (e.g., infusion-related toxicity)

that may occur during the implementation of MSC therapies, thus

having significant therapeutic advantages (11). The potential

application of MSC Exos has been a hotspot in the treatment of

male infertility in recent decades. Study on its therapeutic

mechanisms underlying the treatment of male infertility caused

by chemotherapic agents and environmental pollution may

contribute to the establishment of a new feasible approach to

address male infertility.

Guo et al. co-cultured bone marrow MSC-derived Exos (BMSC

Exos) with CYP-induced testicular tissues in mice. Corresponding

results showed that based on the uptake of BMSC Exos, mouse

spermatogonia significantly reduced the intrace l lular

phosphorylation levels of extracellular signal regulated kinase

(ERK), AKT, and p38 Mitogen activated protein kinase

(p38MAPK) proteins. As a result, such phosphorylation reduction

inhibited the activation of p38MAPK/ERK and AKT signaling

pathways, promoted the repair of damaged testicular tissue, and

effectively treated CYP-induced testicular tissue damage (110).

Current evidence has also confirmed that human umbilical cord
Frontiers in Endocrinology 14
MSC-derived Exos (HUCMSC Exos) can significantly reduce the

levels of ROS in mouse testicular tissues, inhibit oxidative stress

response, downregulate the expression of pro-apoptotic proteins

Bax and caspase-3, upregulate the protein level of cell proliferation

marker Bcl-2, significantly increase the mRNA expression of mouse

reproductive related markers (e.g., DAZL, STRA8, and VASA), as

well as connexin 43 intercellular adhesion molecule-1, cytoskeleton

related genes b-catenin and androgen receptor in testicular tissue,

thereby effectively promoting the proliferation and migration of

mouse spermatogonia (111).

In the study of testicular injury caused by environmental

pollution, MSC Exos also exhibit preferable therapeutic

properties. For instance, induced pluripotent SC-derived MSC-

derived Exos (iMSC Exos) could significantly increase the

expression of GC1 spermatogonia (spg) cells (GC1-SPG), and

reduce the number of lesions with H2AX+p53 binding protein 1+

by inhibiting the protein level of phosphorylated gamma-histone

H2A. X (g H2AX), thereby alleviating DNA damage and improving

Cd-induced decline in mouse spermatogenic ability. Meanwhile,

iMSC Exos could effectively increase the formation of

autophagosomes and autolysosomes in mouse germ cell specific

protein 1/spermatogenesis associated protein, enhance autophagy

flux and reduce P62 protein accumulation, improve Cd-induced

autophagy flux deficiency, promote spermatogonial proliferation

and differentiation, protect mice from Cd-induced germ cell

apoptosis, and cope with the decline in reproductive ability

caused by Cd in environmental pollution (112).

Indeed, bacterial infections of the reproductive organs and tract

are regarded as one of the important causes among numerous factors

contributing to male infertility. Among them, Chlamydia trachomatis

infection is a common sexually transmitted disease that has been

supported by a large body of evidence recently to play a role in sperm

dysfunction and poor sperm quality (113). For example, Chlamydia

trachomatis infection can induce sperm apoptosis by increasing

sperm mitochondrial membrane potential and activating Caspase-

3, thereby leading to male infertility (114). However, Chlamydia

trachomatis infection is usually asymptomatic, and the screening cost

is relatively high, posing great challenge to its screening.

Conventional clinical treatments, such as oral azithromycin, can

effectively inhibit Chlamydia trachomatis infection, but they may

impair the body’s ability to maintain a sustained protective immune

response against Chlamydia, increasing the difficulty of treatment

after reinfection. Therefore, there is an urgent need to develop novel

therapeutic approaches to address the damage to Chlamydia

trachomatis infection-induced male reproductive capacity. It has

been reported that through the analysis of the proven therapeutic

properties of MSC-Exos in antibacterial, anti-infective, and

antioxidant effects from previous experiments, MSC-Exos may have

potential therapeutic value for male infertility induced by Chlamydia

trachomatis infection (115). However, there are currently no specific

experimental results to support this argument, and the feasibility of

this inference still needs further verification.

In addition, MSC Exos have shown promising application

prospects in sperm storage. Drug therapy-induced gonadal

toxicity has been accepted as a major contributor to male
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infertility for many years (116). Semen cryopreservation through

traditional method encounter with several problems such as DNA

damage and decreased vitality of sperm after thawing, ultimately

reducing the fertilization potential of frozen-thawed sperm (117).

However, male patients undergoing drug therapies can only use the

sperm with significantly reduced fertilization potential after freeze-

thaw cycles. Therefore, a key approach in response to this challenge

may be the effective preservation of sperm or spermatogonial SCs. It

has been reported that MSC-secreted micorvesicles could effectively

enhance the TAC of frozen-thawed sperm, while increasing the

expression of adhesion molecules CD54, CD106, CD29, and CD44

on the surface of sperm, improving the adhesion of frozen-thawed

sperm, eventually significantly improving the survival and motility

of frozen-preserved sperm (117). It can be acknowledged that

numerous studies have confirmed the therapeutic potential of

EVs in improving sperm quality and fertilization ability (118–

120). However, further research is needed to verify whether EVs

in MSCs do indeed play a critical role in sperm storage.

Therefore, by inheriting the therapeutic properties of MSCs in

treating male infertility, such as antioxidant effects and anti-

apoptosis of testicular tissue cells, MSC-Exos can be used to treat

the damage to reproductive organs caused by the use of

chemotherapeutic drugs and post-chemotherapeutic drugs.

Moreover, MSC-Exos show great potential in addressing the

damage to male reproductive organs and tracts caused by

bacterial infections, as well as in sperm storage (Table 3).
5 Challenges in the use of MSCs

At present, the clinical translation of MSCs, despite well-

documented safety profile, still faces many constraints, including

ethical risks, immune rejection reactions, tumorigenicity, as well as

the scarcity and complexity of applications. Therefore, there are a

limited number of SC therapies that have been clinically validated

and successfully applied (121–123). Tumorigenicity is believed to be

the most severe challenge among the many uncertain factors of

MSCs. As revealed by recent investigation (124), MSCs could

promote the growth of tumor blood vessels and recruit

immunosuppressive myeloid cells by interacting directly with

tumor cells and interacting with other components of the tumor

microenvironment, thereby driving tumor immune rejection aas

well as playing a key role in tumor progression and metastasis.

Furthermore, compared to healthy tissue-derived MSCs, tumor

tissue-retained MSCs were found to exhibit unique expression

profiles and significant tumor-promoting properties (125).

In addition, the clinical application of MSCs has been restricted

greatly owing to the disadvantages of high preparation cost,

complex preparation technology, and relatively underdeveloped

preparation system, making it difficult to achieve mass production

of products and relative uniformity in quality. Taking BM-MSCs as

an example, there is an extremely small number of BM-MSCs that

can be extracted from the bone marrow. Their preparation involves

multiple steps such as in vitro isolation, culture, differentiation, and
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preservation, each of which requires professional operations by

technicians as well as the use of a large number of professional and

expensive consumables and equipment. After the preparation of

qualified products, they also face risks of stem cell senescence after

expansion and tumorigenesis due to mutation, resulting in their

extremely limited application in experiments or clinical settings,

thereby compromising their further large-scale application (126).

Despite safer and more reliable therapeutic properties

compared to MSCs, MSC Exos may still be accompanied by

potential tumor risks, high preparation costs, and incomplete

standardization systems, which limit their further clinical

applications (127, 128). For example, while potentially inhibiting

tumor growth by regulating specific signaling pathways, MSC Exos

might also promote tumor growth, angiogenesis, and metastasis by

delivering specific miRNAs (e.g., miRNA-21 and miRNA-34a) and

proteins. This dual effect may have an intimate association with

factors such as cultivation conditions and tissue sources,

underscoring the urgent need for further standardized research to

clarify its functional mechanism and optimize its application

strategies (129).

Meanwhile, even stricter conditions are proposed for the

preparation of MSC-Exos. Firstly, in terms of quality control, the

lack of standardized protocols for exosome isolation and

purification triggers evident variations in product characteristics

and therapeutic efficacy. Although ultracentrifugation has been

acccepted as the “gold standard” for exosome isolation, several

issues remain to be addressed, such as expensive equipment, long

processing time (4 – 6 hours), limited recovery rate, and purity

problems caused by co-precipitation of other extracellular vesicles

and protein complexes (127). Furthermore, researchers have

devoted much of their energy in significantly increasing exosome

yields in industrial production through methods such as genetic

engineering, parent cell pretreatment, 3D culture, and optimization

of culture materials, while also reducing batch differences and

contamination risks (130). Nevertheless, these techniques may

alter the biological functions of stem cell exosomes in ways that

are not yet fully understood, which may pose potential risks to some

extent. Therefore, it may be difficult to predict the actual effects of

these methods in large-scale production and clinical applications.

In the aspect of research on male infertility treatment, MSCs

have made significant achievements in animal experiments, tyet

with the absence of relevant human clinical trials due to various

factors. Although experiments have shown that human fetal

testicular tissue can effectively differentiate into male germ cells

when co-cultured with HUC-MSCs in vitro (94), it should be noted

that there are still significant differences between fetal testicular

tissue and adult male testicular tissue. Moreover, whether such

tissue, when directly implanted into the testes of adult males via

injection or other methods, can exert the same therapeutic potential

in the human body without other side effects remains to be verified.

In addition, owing to suboptimal technical level currently, little is

known about the specific molecular mechanism of MSCs restoring

normal sperm production. Related studies often attribute this

phenomenon to a specific therapeutic characteristic of MSCs,

restricting the confirmation of its precise intervention
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mechanism. As a result, related research is highly uncertain and

subjective, which is not conducive to the in-depth development of

subsequent systematic research.

Simultaneously, ethical risks are also issues that need to be

emphasized squarely in the application of MSCs for treating male

infertility. Therefore, how to establish a correct concept to view the

new assisted reproductive models, whether in the clinical trial stage

or the application stage, remains an ideological prerequisite

affecting their further development.
6 Summary and prospect

The present study reviews the latest research progress in the

application of MSCs and MSC Exos in the treatment of male

infertility induced by external factors, such as chemotherapeutic

agent use, diabetes, environmental pollution, and research findings

about their abilities of in vivo and in vitro differentiation into germ

cells under specific conditions (Table 2). This study systematically

analyzes the therapeutic characteristics of MSCs from different

sources (e.g., ADSCs, BM-MSCs, HU-MSCs, etc.) and their

application mechanisms in the treatment of male infertility,

which exhibit significant antioxidant stress, anti-apoptosis,

immune regulation, and tissue repair properties. They can

effectively repair damage to testicular tissues caused by various

etiologies, rebuild the spermatogenic microenvironment, and

restore normal sperm production. Significantly, MSCs can

promote the proliferation and differentiation into germ cells

through the activation of multiple signaling pathways by releasing

various growth factors, cytokines, and chemokines. In addition,

MSC-Exos, as an important mediator for MSCs to exert therapeutic

effects, can both inherit the therapeutic characteristics of MSCs, and

avoid potential adverse reactions effectively during the application

of MSC therapies, providing a new therapeutic option for

male infertility.

Indeed, MSCs have shown broad application prospects in male

infertility treatment, but the presence of many challenges may

hinder their further clinical translation. The potential

tumorigenicity and immune rejection risks of MSCs need to be

addressed through stricter safety assessments and quality control

systems. Furthermore, the actual clinical application of MSC Exos

may be impeded by their high preparation cost and incomplete

standardization system, although they exhibit safer and more

reliable therapeutic properties compared to MSCs. Noticeably,

available data generated from existing research are mostly based

on rodent models, with a lack of data from human clinical trial,

necessitating further verification on the therapeutic efficacy and

safety of MSCs in humans. Simultaneously, further research on the

underlying mechanisms is also required given that there is currently

a poor understanding of the specific molecular mechanism by

which MSCs restore normal sperm production.

In response to the above challenges, future research should

focus on the establishment of standardized processes for the

preparation of MSCs and MSC Exos to ensure their quality

stability and clinical application safety; efforts should also be
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made to explore more efficient and relatively low-cost large-scale

production models for MSCs and MSC-Exos; in-depth exploration

of the molecular mechanisms underlying the repair of damage to

testicular tissues by MSCs and MSC Exos, particularly a systematic

identification of key regulatory molecules and signaling pathways

through high-throughput sequencing technology and multi-omics

analysis; performance of more preclinical studies and early clinical

trials to verify the effectiveness and safety of MSCs in treating male

infertility; investigation on the combined use of MSCs with existing

therapies (e.g., drug therapy, surgical treatment, or assisted

reproductive technology) to further improve treatment efficacy; as

well as the development of. individualized treatment plans for

MSCs targeting specific etiologies to meet the clinical needs of

different patients.

With the development of biomaterials science, microfluidic

technology, and tissue engineering, the construction of MSC-

based tissue-engineered testes will also become a research hotspot

in the future. It is expected to achieve a complete spermatogenesis

process in vitro through the construction of tissue-engineered testes

with biomimetic structures, which may be a source of sperm for

patients with severe oligospermia or azoospermia. Moreover, the

application of gene editing technologies such as CRISPR-Cas9 may

enable a targeted modification of MSCs to enhance their specific

therapeutic functions, which will further enhance the effectiveness

of MSCs in treating male infertility.

In conclusion, the emerging MSCs and MSC Exos have shown

great potential in the field of male infertility treatment. By

addressing existing technological bottlenecks, delving into their

functional mechanisms, and conducting standardized clinical

trials, MSC therapies are anticipated to become an innovative

solution for male infertility, bringing new hope for patients with

refractory male infertility. However, to ensure the reliability and

safety of MSCs’ therapeutic effects, the translation from basic

research to clinical application still requires collaborative efforts

from multiple disciplines and centers.
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