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ABSTRACT  Androgen deficiency (hypogonadism) affects males of all ages. Testosterone replacement therapy 

(TRT) is effective in restoring serum testosterone and relieving symptoms. TRT, however, is reported to have pos-

sible adverse effects in part because administered testosterone is not produced in response to the hypothalamic–

pituitary–gonadal (HPG) axis. Progress in stem cell biology offers potential alternatives for treating hypogonadism. 

Adult Leydig cells (ALCs) are generated by stem Leydig cells (SLCs) during puberty. SLCs persist in the adult testis. 

Considerable progress has been made in the identification, isolation, expansion and differentiation of SLCs in vitro. 

In addition to forming ALCs, SLCs are multipotent, with the ability to give rise to all 3 major cell lineages of typical 

mesenchymal stem cells, including osteoblasts, adipocytes, and chondrocytes. Several regulatory factors, including 

Desert hedgehog and platelet-derived growth factor, have been reported to play key roles in the proliferation 

and differentiation of SLCs into the Leydig lineage. In addition, stem cells from several nonsteroidogenic sources, 
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including embryonic stem cells, induced pluripotent stem cells, mature fibroblasts, and mesenchymal stem cells 

from bone marrow, adipose tissue, and umbilical cord have been transdifferentiated into Leydig-like cells under 

a variety of induction protocols. ALCs generated from SLCs in vitro, as well as Leydig-like cells, have been success-

fully transplanted into ALC-depleted animals, restoring serum testosterone levels under HPG control. However, 

important questions remain, including: How long will the transplanted cells continue to function? Which induction 

protocol is safest and most effective? For translational purposes, more work is needed with primate cells, espe-

cially human. (Endocrine Reviews 41: 22 – 32, 2020)

GRAPHICAL ABSTRACT 

Keywords: stem Leydig cells; steroidogenic stem cells; transdifferentiation;  

testosterone; hypogonadism; transplantation

ESSENTIAL POINTS

1.  Adult Leydig cells differentiate from both stem cells of the fetal testis and regressed fetal Leydig 

cells during puberty

2.  Depending on the species, stem Leydig cells of the adult testis express one or more of the fol-

lowing specific markers: nestin, CD51, P75NTR, ARX, COUP-TF2, CD90, and PDGFRA

3.  The proliferation and differentiation of stem Leydig cells is under the control of multiple para-

crine factors, including DHH, PDGF, FGF2, activin, and TGFB

4.  Cells from multiple nonsteroidogenic tissues, including various stem cells and mature fibro-

blasts, have been transdifferentiated into Leydig-like cells in vitro

5.  The Leydig-like cells generated from testicular stem cells and from nonsteroidogenic organs 

have been used to increase serum testosterone levels in rodent models upon their transplant-

ation into the testis or to locations outside the testis, with testosterone production under 

hypothalamic-pituitary-gonad axis control
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Introduction

Androgens, particularly testosterone, are essen-

tial for the development of the male reproductive 

system and for the maintenance of male reproduc-

tive functions. Androgen deficiency (hypogon-

adism) in men results from reduced production of 

testosterone due to defects at one or more levels of 

the hypothalamic-pituitary-gonadal (HPG) axis. 

Hypogonadism is generally seen in 4 major patient 

groups: fetal-onset hypogonadism, which may re-

sult in a disorder of sexual development, including 

female or ambiguous genitalia (1); childhood-onset 

hypogonadism, which may delay puberty (2); 

young adult hypogonadism, which may affect fer-

tility, physical well-being, and quality of life; and 

late-onset hypogonadism, which may contribute to 

multiple physical and mental changes in the aged 

(3–5). Hypogonadism also can be classified into pri-

mary and secondary, depending upon the etiology. 

Primary hypogonadism is due to testicular defects 

resulting in reduced testosterone despite elevated 

luteinizing hormone (LH), whereas secondary hy-

pogonadism involves pathology of the pituitary or 

hypothalamus leading to a disturbance in the HPG 

axis and subsequently in reduced testosterone (6).

Testosterone replacement therapy (TRT) is the 

most common way to treat symptoms of hypogon-

adism (7–9). TRT is effective in providing eugonadal 

levels of serum testosterone and thus relieving most 

symptoms associated with hypogonadism. However, 

there are reports of TRT being associated with car-

diovascular and prostate issues, and with reduced 

spermatogenesis (9–11). Recent progress in stem cell 

biology has suggested the possibility of restoring tes-

tosterone levels by providing newly differentiated 

testosterone-producing cells. This approach has the 

potential to provide physiological levels of testosterone 

with normal circadian rhythm and pulsatility, and 

under the regulation of the HPG axis. Both daily circa-

dian rhythm and hourly pulsatility could be important 

factors for elevating testosterone levels safely (10–13).

In this article, we will briefly summarize recent 

developments in stem cell research in relationship 

to steroidogenesis, and the potential use of stem 

cells for the treatment of hypogonadism. Since most 

such studies were done with model animals, we also 

will discuss the gaps and challenges in the field be-

fore translation to patients might be considered.

Stem Leydig Cells (SLCs) in Model Animals 

and Humans

Adult Leydig cells (ALCs) develop from SLCs during 

puberty. Four distinct stages of ALC development 

have been identified: SLCs, progenitor Leydig cells, 

immature Leydig cells, and ALCs (14). In this sec-

tion, we will briefly discuss the origin, identification, 

differentiation, and in vivo transplantation of testic-

ular SLCs in both rodents and humans.

Leydig cell development in rodents and humans

Distinct populations of Leydig cells appear in the 

mammalian testis during an individual’s lifetime 

(15). In rodents, Leydig cells have been identified 

in the fetal testis (fetal Leydig cells or FLCs) and 

adult testis (ALCs). In primates, including humans, 

there is an additional generation that appears 

briefly during the neonatal stage (16, 17). The 

androgens produced by FLCs in the embryonic 

period are crucial for the masculinization of the 

male fetal genital tract and brain (18). The second 

generation of Leydig cells in primates occurs be-

fore the development of ALCs at puberty (17). The 

function of the brief neonatal rise in androgen by 

these cells (also referred to as “mini-puberty”) is 

still largely unknown, but may be important in 

imprinting various androgen-targeted tissues such 

as the prostate, kidney, and brain (19). ALCs de-

velop from stem cells during puberty under the 

regulation of the HPG axis, and are responsible for 

testicular androgen production in the adult.

ALCs in rodents arise from SLCs localized to 

both peritubular and perivascular compartments 

of the fetal testis (20). The precursors for ALCs 

in mice derive from 3 fetal sources, identified by 

lineage-tracing and specific markers: peritubular 

progenitors (Hes1+/Arx+) of the coelomic epi-

thelium (21), perivascular progenitors (nestin+/

Notch+) of the gonadal-mesonephros border (22), 

and FLCs that are dedifferentiated at the end of the 

fetal stage (23). The 2 progenitor lineages differ in 

their dependence on Desert hedgehog (Dhh) and 

Notch signaling (21, 22); the differentiation of the 

peritubular lineage depends more on the activation 

of Dhh signaling (21), while the differentiation of 

the perivascular lineage depends more on the de-

activation of Notch signaling (22). The 3 sources of 

precursors and their relationships are summarized 

in Fig. 1. The perinatal generation of Leydig cells 

in primates is thought to originate from both stem 

cells and from redifferentiation of the regressed 

FLCs (16). Similarly, ALCs in primates are also 

thought to originate from both stem cells and 

regressed FLCs and/or perinatal Leydig cells, 

which may undergo repeated dedifferentiation/

redifferentiation cycles (15, 16).

Although ALCs arise from SLCs during pu-

berty, SLCs persist in the adult testis. ALCs are 

postmitotic and normally do not divide (24). SLCs 
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might therefore play a critical role in maintaining 

ALC homeostasis in the adult (25–27). While their 

ability to form ALCs is well established in the 

adult testis, additional studies utilizing such tools 

as lineage-tracing and single cell–sequencing are 

needed to determine whether the SLCs represent 

a unique stem cell population or, alternatively, a 

mixed population of specialized mesenchymal 

progenitors and/or pericytes (27). Detailed infor-

mation about adult SLCs and their potential for 

treating primary hypogonadism can be found in 

several recent reviews (19, 25, 26, 28–31).

Characterization, culture, and transplantation of 

rodent SLCs

In the adult testis, SLCs are located around both 

seminiferous tubules and blood vessels of the in-

terstitial compartment. SLCs from both sources 

have been shown to be capable of generating new 

Leydig cells upon loss of existing ALCs (25–27, 32). 

SLCs from the testes of adult rodents and humans 

have been successfully isolated, expanded, and 

differentiated in vitro. Several markers have been 

identified for SLCs across different ages and spe-

cies. These include CD90 (Thy1) (32), nestin (27, 

33), PDGFRA (platelet-derived growth factor re-

ceptor alpha) (34, 35), ARX (aristaless-related 

homeobox) (36), COUP-TF2 (chicken oval-

bumin upstream promoter-transcriptional factor 

2 (37), CD51 (integrin alpha V) (33, 38), and 

P75NTR (p75 neurotrophin receptor) (39). There 

is apparent species specificity for markers. For 

example, nestin, CD51, and P75NTR overlap for 

mouse SLCs; PDGFRA, COUP-TF2, and CD90 

are most useful for rat; and PDGFRA, nestin, and 

P75NTR are found in human SLCs.

Our laboratory found it possible to expand 

and differentiate the SLCs associated with the sur-

face of rat seminiferous tubules by culturing iso-

lated tubules after depleting the existing ALCs 

in vivo with injected ethane dimethanesulfonate 

(EDS) (32). The SLCs on the tubule surfaces first 

proliferated during week 1, and then differentiated 

into testosterone-producing cells during weeks 2 

to 3.  Interestingly, SLCs associated with stages IX 

to XI of the cycle of the seminiferous epithelium 

were more active in proliferation and differentia-

tion than SLCs associated with stages VII to VIII. 

However, when the SLCs were isolated from each 

of the 2 groups of tubules and cultured in vitro, 

no differences were seen in their ability to pro-

liferate or differentiate. These results suggest that 

stage-dependent local factors affect the SLCs as-

sociated with the tubules, and therefore that the 

paracrine factors derived from the tubular cells 

(Sertoli, germ, or myoid) must vary depending on 

the stage of the cycle (40). We were able to screen 

about 30 different hormones and growth factors 

for effects on SLC proliferation and/or differenti-

ation (32). Platelet-derived growth factor (PDGF), 

fibroblast growth factor 2 (FGF2), Dhh, and activin 

were found to stimulate SLC proliferation, while 

Dhh, lithium-related signaling, PDGFAA (PDGF 

alpha dimer), and activin promoted SLC differen-

tiation. TGFB (transforming growth factor beta), 

FGF2, and PDGFBB (PDGF beta dimer) inhib-

ited proliferation and/or differentiation (32, 41). 

These factors also may be relevant to humans since 

human induced pluripotent stem cells (iPSCs) and 

adipose tissue-derived mesenchymal stem cells 

(AMSCs) were recently successfully differentiated 

into Leydig-like cells in vitro in response to some 

of these same factors (42, 43).

To identify tubule-associated SLCs in the rat, we 

studied a group of cell surface proteins whose genes 

were differentially regulated during the commitment 

of SLCs to the Leydig lineage. We identified CD90 

as a marker for SLCs (32). The ability of CD90+ 

and CD90− cells to differentiate into steroidogenic 

cells was assessed by culturing the cells with LH 

for 3 weeks with or without the Dhh agonist SAG 

(smoothened agonist). CD90+ but not CD90− cells 

were able to form testosterone-producing cells in the 

presence of LH plus SAG. These results indicated 

that CD90 is a suitable marker to identify tubule-

associated SLCs. Furthermore, Dhh appeared to be 

Figure 1. Three possible sources of ALCs in fetal and neonatal 

mouse testes: peritubular progenitors (Hes1+/Arx+) that come 

from coelomic epithelium (21); perivascular progenitors (nestin+/

Notch+) that come from the gonadal-mesonephros border (22); 

and dedifferentiated FLCs that occur by the end of the fetal stage 

(23). Depending on the source, SLCS may differ in their depend-

ence on Dhh and Notch signaling. Thus, the differentiation of the 

peritubular progenitors depends more on the activation of Dhh 

signaling (21), while the differentiation of perivascular lineage de-

pends more on the deactivation of Notch signaling (22).
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critical for inducing differentiation, since CD90+ 

cells could not differentiate in the absence of the 

Dhh agonist (32).

Based on the observation that nestin is expressed 

in putative SLCs in both fetal and adult testes (27), 

Xiang and colleagues were able to identify nestin 

and CD51 as specific markers for SLCs in mice (33, 

37). SLCs that were isolated based on these markers 

were able to expand in vitro for up to 50 passages 

without significant loss of their differentiation po-

tential. Interestingly, in addition to forming Leydig 

cells, the cells appeared multipotent, able to give 

rise to all lineages of typical mesenchymal stem 

cells (MSCs) including osteogenic, adipogenic, 

and chondrogenic cells (33, 35, 39), or to trans-

differentiate into uterine and prostatic epithelium 

in vivo, indicating their multipotent potential to 

form mesodermal and endodermal cells (44). This 

multipotency is consistent with the results of an 

early microarray study which showed that rat SLCs 

had very similar transcriptome profiles to those 

of bone marrow-derived mesenchymal stem cells 

(BMSCs) (45). These studies suggest that SLCs may 

represent one of the specialized MSC populations.

To further test the functions of nestin+ and 

CD51+ cells in vivo, purified cells based on these 

2 markers were transplanted back into testes of rats 

from which ALCs had been depleted by EDS treat-

ment, the latter resulting in complete loss of ALCs 

in 3 days and an undetectable level of serum tes-

tosterone within 2 weeks (33, 38). Spermatogenesis 

also was affected, as were androgen-sensitive re-

productive organ weights. Normally, a new gen-

eration of Leydig cells was gradually restored 

to the testis by in situ SLCs in 3 to 8 weeks. 

Transplantation of either nestin+ or CD51+ cells 

into ALC-depleted rats resulted in the coloniza-

tion of cells in the interstitium of recipient testes 

and their further differentiation into Leydig cells. 

This significantly enhanced the recovery of serum 

testosterone levels and had positive effects on sper-

matogenesis and androgen-sensitive reproduc-

tive organ weights. Analysis of serum testosterone 

levels in a 24-hour window revealed a clear circa-

dian rhythm in rats receiving CD51+ cells, similar 

to the pattern of non–EDS-treated controls (38). 

These results indicated that the transplanted cells 

were under the regulation of the HPG axis. The 

effect of the transplanted cells on aging-related 

hypogonadism also was tested. When the cells 

were transplanted into the testes of 22-month-old 

mice, the age-related reductions in serum testos-

terone seen in controls were reversed (33). These 

results demonstrated that SLC transplantation was 

capable not only of enhancing testosterone levels in 

ALC-depleted animals, but also of restoring Leydig 

cell defects that occur with aging.

Characterization, culture, and in vivo transplan-

tation of human SLCs to rodents

As in rodents, the human testis contains SLCs that 

are associated with the seminiferous tubules (19, 

46). Early work indicated that these cells express 

the SLC markers PDGFRA and LIFR (leukemia in-

hibitory factor receptor) (46). Their ability to pro-

duce testosterone can be induced in vitro by cyclic 

adenosine monophosphate (cAMP) agonists and 

PDGF treatments. Xiang and colleagues identified 

nestin and P75NTR as markers for SLCs in human 

testes (39). The P75NTR+ cells showed clone-

forming properties in vitro and the ability to form 

Leydig cells. Additionally, the P75NTR+ cells were 

found to be multipotent, with the ability to form all 

3 lineages of typical MSCs, including osteoblasts, 

adipocytes, and chondrocytes. Transplantation of 

the cells into ALC-depleted rat testes resulted in 

their successful differentiation into Leydig cells, 

and this enhanced the recovery of serum testos-

terone, spermatogenesis, and reproductive organ 

weights (39). Recently, a similar cell population 

was isolated from human testis based on mul-

tiple cell surface markers (HLA-A,B,C+/CD34−/

PDGFRα+) (35). Interestingly, these cells also 

expressed common MSC markers, such as CD90, 

CD73, and CD105, and were able to form all 3 

lineages of typical MSCs, including osteoblasts, 

adipocytes, and chondrocytes. However, unlike 

the cells derived from P75NTR+ cells (39), the 

steroidogenic cells differentiated from PDGFRA+ 

cells produced androstenedione and progesterone, 

precusors of testosterone, but not testosterone it-

self. The relationship between these 2 populations 

deserves further study. Overall, the finding provides 

the groundwork for further characterization of the 

cells, study of their regulatory mechanisms, and 

perhaps future clinical application.

Generation and In Vivo Transplantation of 

Leydig-like Cells from Non-Testicular Cells in 

Model Animals

During the past decade, as progress has been 

made to isolate and culture SLCs from the testis, 

even more intriguing progress has been made 

in the generation and in vivo transplantation of 

steroidogenic cells from cells of nonsteroidogenic 

tissues (Fig. 2).
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Generation of Leydig-like cells by stem cells of 

non-testicular origin

 Differentiation of steroidogenic cells from 

stem cells of nonsteroidogenic tissues has been 

attempted in vitro by many laboratories. Most of 

the work was done by transfecting the cells with 

Sf1 (steroidogenic factor 1; also known as Nr5a1), 

a key steroidogenesis-related transcription factor 

that is an important inducing factor in the devel-

opment of steroidogenic cells in both adrenal and 

testis. Without it, male mice developed female 

internal genitalia and died during the early neo-

natal period due to lack of both testosterone- and 

adrenocortical-producing cells (47). Although 

the cells transfected with Sf1 eventually became 

steroidogenic, they did not necessarily produce 

testosterone, but instead a mixture of steroids (31). 

For example, BMSCs that were transdifferentiated 

into steroidogenic cells by Sf1expression produced 

a mixture of adrenal and gonadal steroids (48), 

suggesting that BMSCs have the potential to form 

both adrenal and gonadal lineages. In the presence 

of cAMP agonist, the cells could be reprogrammed 

to produce primarily testosterone (49). The flexi-

bility to generate either gonad steroid- or adrenal 

steroid–producing cells may well be due to the fact 

that the steroidogenic cells of both organs come 

from a common Sf1+ progenitor during embry-

onic development (50).

In a study that compared BMSCs and AMSCs 

from the same mice for their steroidogenic 

properties after forced expression of Sf1 plus ret-

inoic acid treatment (51), the resulting cell lines 

were different in their steroidogenic properties. 

AMSCs were more likely to produce corticos-

terone than testosterone, whereas the opposite 

was true for BMSCs. These novel results suggest 

the possibility of using adult tissue stem cells for 

autologous cell regeneration therapy for patients 

with steroid insufficiency, and point to the need for 

specific tissue selection and appropriate induction 

procedures depending on the desired outcome.

In addition to differentiation of stem cells from 

adult tissues, attempts were also made with em-

bryonic stem cells (ESCs) (52–55). These studies 

showed that in contrast to tissue-specific stem 

cells, Sf1 by itself either was not able to differen-

tiate ESCs or did so at extremely low efficiency. 

However, co-treatment of Sf1-transfected cells with 

retinoic acid and cAMP agonist greatly enhanced 

differentiation efficiency (52, 55). Depending on 

the procedure, the resulting cells produced various 

steroids, including estradiol (54), corticosterone 

(53), or testosterone (55). Overall, the results sug-

gest that ESCs have the potential to form multiple 

steroidogenic lineages, but that the induction pro-

tocol is again critical in determining the steroid 

output.

ESC-derived Leydig-like cells were also tested 

for their ability to modify testosterone levels in 

vivo (55). When the cells were transplanted into 

ALC-depleted rat testes, they survived in vivo and 

produced testosterone, which enhanced the re-

covery of serum testosterone levels. Unfortunately, 

the study did not carefully examine whether the 

transplanted cells, which did not express lute-

inizing hormone/choriogonadotropin receptor 

(LHCGR) before their transplantation, eventually 

became LH-responsive in vivo (55). This is im-

portant since it should be determined whether or 

not non-LH responsive cells may eventually gain 

responsiveness to LH after exposure to the testic-

ular environment. Such responsiveness is critical to 

normal testicular function.

Generation of Leydig-like cells by reprogramming 

fibroblasts

As indicated above, a number of studies used stem 

or progenitor cells in attempts to create testosterone-

producing cells. A  recent study has successfully 

reprogrammed fibroblasts into such cells (56). Sf1, 

Gata4, and Dmrt1 were found to be critically re-

quired for the reprogramming process. Further 

studies indicated that Sf1 by itself was sufficient 

to finish the reprogramming process, confirming 

early observations that Sf1 is a particularly critical 

Figure 2. Summary of the cell sources in rodents and humans 

that have been successfully differentiated into Leydig-like cells in 

vitro. Differentiation was done by forced expression of transcription 

factors (Expression of TF), induction by defined chemical medium 

(Defined medium), or a combination of the two (Combinational). 

Some of the resulting cells were tested in vivo by their transplant-

ation either into the testes of model animals, or in locations outside 

the testis. SC, stem cell; MSC, mesenchymal stem cell.
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factor in reprogramming Leydig cells (31). Gata4 

and Dmrt1 contributed significantly to the expres-

sion of LHCGR and to the final testosterone output. 

Importantly, transcriptome analysis indicated that 

the reprogramming process converted fibroblasts 

into cells that not only expressed the steroidogenic 

pathway genes, but also reset their transcriptome, 

including global DNA-methylations, to resemble 

more closely ALCs than fibroblasts (56).

The reprogrammed cells were also tested in vivo 

by their transplantation into ALC-depleted rat and 

mouse testes (56). EDS treatment of rats resulted in 

a complete loss of the ALC population and decline 

in serum testosterone in the first 2 weeks, with re-

covery of approximately 25% to 50% by 4 weeks and 

100% by 8 weeks. Implantation of reprogrammed 

cells into the testes of EDS-treated rats dramatically 

improved the recovery process, so that by 4 weeks 

the serum testosterone concentrations had already 

reached control levels. These results indicated that 

the reprogrammed cells functioned similarly to 

Leydig cells in vivo, with the ability to enhance the 

restoration of serum testosterone levels in rats that 

had chemically-induced hypogonadism.

Transplantation of SLCs to locations outside 

the testis

Transplantation of stem cells or induced Leydig 

cells into testes represent approaches to in-

crease serum testosterone. Another is to provide 

hormone-producing cells implanted at locations 

outside the testis. This approach would be of par-

ticular benefit to castrated individuals or to men 

whose testes have become incapable of supporting 

the function of the transplanted cells. Indeed, 

transplantation and/or generating testosterone-

producing cells at locations outside the testis may 

be preferred, even when not the only choice.

Ramasamy and colleagues recently tested the 

idea of generating Leydig cells outside the testis 

(57). Mouse SLCs were encapsulated into matrigel 

with other testicular cells, including Sertoli and 

myoid cells, and then subcutaneously autografted 

into castrated mice. The SLCs underwent self-re-

newal, as well as differentiation, to give rise to 

steroidogenic cells within 1  month. As a result, 

the recipient mice showed significantly increased 

serum testosterone levels associated with reduced 

LH, suggesting that the transplanted cells were ac-

tive in producing testosterone and modifying the 

HPG axis. Interestingly, if SLCs were implanted 

in the absence of other testicular cells, such as 

Sertoli cells, the implanted cells were not capable 

of self-renewing and differentiating, suggesting 

that factors generated by testicular cells are critical 

for the survival and differentiation of transplanted 

SLCs. However, if the SLCs were incubated with 

the Sertoli cell product Dhh before implantation, 

the cells were able to differentiate without other 

testicular cells, confirming that Dhh is a critically 

required factor (32). The study established the con-

cept that it is possible to differentiate testosterone-

producing cells from SLCs in vivo at locations 

outside the testis if appropriate supporting factors 

also are provided.

In addition to transplanting cells to organs 

outside the testis, one study tested the effects of 

transplanting undifferentiated stem cells into the 

circulation (58). Glycation product accumula-

tion is one of the phenotypes of aging, especially 

in slowly renewing tissues. Treatment of young 

rats with D-galactose (D-gal) can induce aging 

phenotypes, resulting in significant reductions in 

both 3β-hydroxysteroid dehydrogenase (HSD3B)+ 

cells and serum testosterone levels. When AMSCs 

were directly introduced into the circulation of 

D-gal treated rats, the aging phenotypes, including 

changes in the reproductive system, were par-

tially reversed (58). Importantly, some AMSCs 

were retained in the testis and differentiated into 

steroidogenic cells. The study suggested that it 

is possible to supply stem cells to the testis by 

introducing the cells into the general circulation.

Generation of Steroidogenic Cells from Cells 

of Nonsteroidogenic Human Tissues

In the last decade, progress has been made in 

generating steroidogenic cells from cells of 

nonsteroidogenic tissues in model animals. 

Additionally, there have been some studies in 

which steroidogenic cells have been generated 

using cells from nonsteroidogenic human tissues.

Differentiation of Leydig-like cells from human 

stem cells transplanted into rat testes

The ability of human stem cells to give rise to tes-

tosterone producing cells when transplanted to rat 

testes was tested (59). MSCs from human umbilical 

cord (UMSCs) were transplanted into the testes of 

ALC-depleted rats. The transplanted cells gained 

steroidogenic capacity after 3 weeks, and this 

resulted in significantly increased serum testos-

terone levels compared to the controls. This study 

with human cells confirmed earlier findings with 

rodents and pointed to the critical role played by 

the testicular interstitial compartment in defining 

the fates of transplanted stem cells (49, 60). It also 

raises the possibility of treating hypogonadism by 
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directly transplanting undifferentiated stem cells 

into the testis.

Differentiation of steroidogenic cells from human 

stem cells by virus infections

As discussed above, forced expression of Sf1 can 

turn mouse BMSCs into steroidogenic cells (48, 

49). Similarly, Sf1 expression in human BMSCs 

resulted in cells that produced either glucocor-

ticoid (49) or a mixture of steroids, including 

progesterone, corticosterone, cortisol, dehydro-

epiandrosterone, testosterone, and estradiol (61). 

The induced cells also expressed receptors for 

both adrenocorticotropic hormone (ACTH) and 

LH, suggesting that the cells are akin to FLCs and 

are able to respond to both hormones. Thus, as 

is the case with rodent cells, human BMSCs may 

have the potential to form different steroidogenic 

lineages. However, in order to induce cells for a 

specific steroid, the induction protocol must be 

fine-tuned.

In addition to BMSCs, human AMSCs (51) and 

UMSCs (62) were tested in vitro for their poten-

tial to form steroidogenic cells. Although all these 

cells eventually became steroidogenically active by 

forced expression of Sf1 plus stimulation by small 

signaling molecules, they were very different in their 

final steroid outputs. For example, while BMSCs 

became testosterone-producing (49), AMSCs were 

much more prone to produce the adrenal steroid 

corticosterone (51), and UMSCs exhibited charac-

teristics of ovarian steroidogenic cells by producing 

progesterone and estrogen (62). These results con-

firmed the observations from studies of mice that 

had shown that although the MSCs from different 

sources share the ability to form steroidogenic 

cells, they have intrinsic differences. Tissue selec-

tion could be a key factor when inducing cells for 

particular steroid outcomes (31).

This lineage preference for forming 

steroidogenic cells was also found with human 

ESCs and iPSCs. Unlike tissue stem cells, ESCs 

and iPSCs were not able to be programmed by 

expression of Sf1 alone. When the cells were first 

differentiated into a mesodermal lineage by gly-

cogen synthase kinase 3 beta (GSK-3β) inhibitor, 

Sf1, and cAMP agonist treatments, the result was 

their differentiation into steroidogenic lineages 

(63). However, the cells expressed cytochrome 

P450 family members of adrenal cells, Cyp21a2and 

Cyp11b1, and secreted cortisol rather than testos-

terone. Again, these observations confirmed the 

findings that although forced expression of Sf1 plus 

cAMP treatment could make pluripotent stem cells 

steroidogenic, the cells do not necessarily produce 

testosterone. A more specific induction procedure 

will be needed in order to induce cells to produce 

the desired outcome.

Differentiation of steroidogenic cells from human 

stem cells by defined factors

 Differentiation of steroidogenic cells from stem 

cells or fibroblasts required transfecting the cells 

with vectors carrying critical transcriptional factors 

(48–51, 61–63). Although of considerable basic 

interest, transfection of the cells in this manner 

would make the resulting cells unsuitable for ther-

apeutic use because of safety considerations. For 

the latter purpose, the best solution would be to re-

program cells by exogenous induction factors, such 

as hormones, growth factors, and small molecules. 

Recently such attempts have been made with human 

stem cells (42, 43, 64, 65). Guo and colleagues (42, 

43) successfully differentiated human iPSCs and 

AMSCs into testosterone-producing cells with a 

chemically defined medium. The studies adapted 

a procedure that included “commitment, expan-

sion, differentiation, maturation and enrichment” 

to convert both iPSCs and AMSCs into Leydig-like 

cells. The commitment and differentiation medium, 

formulated based on factors previously identified 

for SLC differentiation (32), consisted of 10 dif-

ferent components, including hormones, growth 

factors, and small signal-modifying molecules. The 

entire induction process took 35  days. With this 

complex procedure, iPSCs and AMSCs were suc-

cessfully differentiated into Leydig-like cells that 

were able to produce testosterone. The cells also 

showed similar gene expression profiles to that of 

human Leydig cells, as well as loss of iPSC-related 

pluripotency markers including NANOG, OCT4, 

and SOX2, suggesting a complete conversion. 

The study also tested the function of the cells by 

transplanting them into ALC-depleted rat testes 

(42, 43). The transplanted cells survived in vivo 

and produced testosterone, resulting in recovery of 

serum testosterone levels and testis weights. These 

results demonstrated that it is possible to differ-

entiate both pluripotent (iPSCs) and multipotent 

(AMSCs) cells to testosterone-producing cells by 

chemically defined medium, without introducing 

exogenous genes. Unfortunately, the studies did not 

characterize the cells for their potential to produce 

steroids other than testosterone, and it is also not 

known whether the cells will respond to pituitary 

hormones other than LH.
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Differentiation of steroidogenic cells by 

reprogramming human fibroblasts

In addition to differentiation of steroidogenic cells from 

stem cells, reprogramming human fibroblasts to form 

steroidogenic cells has been achieved (66–68). When 

human foreskin fibroblasts were transfected with vectors 

carrying 4 transcription factors (Sf1, Gata4, Coup-TF2 

and Nr4a1) the cells became steroidogenic and produced 

testosterone (66). Sf1 and Gata4 were particularly impor-

tant for the expression of the major steroidogenic genes, 

while Sf1, Gata4, and Nr4a1 were necessary to generate 

testosterone-producing cells. Unlike the results with 

mouse cells (56), Sf1 by itself was not able to fully repro-

gram human cells. Instead, the transcription factors Sf1, 

Gata4, and Nr4a1 were all required to make human cells 

steroidogenic. This was confirmed by a recent study from 

the same group showing that targeted activation of Sf1, 

Gata4, and Dmrt1 via the CRISPR/dCas9 system can re-

program human fibroblasts into testosterone-producing 

cells (67). This latter approach does not involve the in-

troduction of exogenous genes, but rather relies on the 

forced expression of endogenous genes. However, it still 

requires viral infections, which would make the cells 

problematic for clinical usage.

In a recent study, it was found possible to re-

program human fibroblasts only with Sf1 by pro-

viding a defined small molecule cocktail (68). The 

cocktail formula consisted of forskolin (cAMP/

PKA signaling activator), DAPT (Notch signaling 

inhibitor) and purmorphamine (Hedgehog 

signaling activator). With these small molecules, 

the human foreskin fibroblasts were successfully 

converted into testosterone-producing cells by 

the introduction of only 1 gene, Sf1. The study 

moves closer to a virus-free reprogramming proce-

dure based entirely on defined medium. However, 

the reprogrammed cells either were not carefully 

checked for their responsiveness to LH (66, 68) or 

were found to be very weak in responsiveness (67). 

Also, the studies did not determine whether the 

reprogrammed cells also produced steroids other 

than testosterone. These are important charac-

teristics to define before the resulting cells can be 

considered for clinical usage.

Stem Cells and Hypogonadism: Gaps and 

Challenges

In the last decade, great progress has been made 

in basic understanding of how testosterone-

producing Leydig cells form from stem cells. 

With this basic understanding, progress also has 

been made in the generation of steroidogenic cells 

from cells of nonsteroidogenic tissues. Gaps and 

challenges remain if such cells are to be used suc-

cessfully and safely in a clinical setting. First, most 

of the studies with steroidogenesis-related stem 

cells were done with rodents. More work is needed 

with cells from primates, especially humans. On the 

basic side, researchers must identify more specific 

markers and critical regulatory factors that control 

the self-renewal and differentiation of SLCs.

On the reprogramming front, most trans-

differentiation experiments have been done by 

introducing exogenous genes or by forced ex-

pression of endogenous genes (Fig. 2). Advances 

in chemical medium-based transdifferentiation 

of cells from nonsteroidogenic tissues would be 

of great potential clinical value if the need for 

exogenous genes was eliminated. That is, for 

cells to be usable in the clinic, there should be 

ways to elicit their reprogramming without the 

introduction of genes with viruses. To date, 

reprogrammed cells from tissues other than 

steroidogenic organs typically have produced 

unexpected or mixed steroids. Tissue selection 

and suitable induction protocols are necessary to 

generate cells for specific steroid output. In addi-

tion, to make sure the cells are under the proper 

control of the HPG axis, they must express go-

nadotropin receptors.

For in vivo transplantations, most studies have 

focused only on the initial establishment of the 

transplanted cells, not the long-term survival and 

function of the cells. Future studies will need to 

focus on long-term effects. In addition, more work 

is needed to test the possibility of transplanting 

cells to locations outside the testis. For such 

implantations to be successful, better carrier-

substrates, including nanomaterials, need to be 

developed so that the cells can be better packed 

and protected in vivo. Since transplantation 

experiments, either within or outside the testis, 

have been done mostly in animals in which the in 

situ ALC populations were completely eliminated 

(by EDS treatment or castration), questions re-

main as whether similar benefits of transplanted 

cells would be obtained if the transplantations 

were done in intact animals that contain at least 

some working ALCs. Lastly, for the transplanta-

tion experiments, short- and long-term safety is-

sues will need to be addressed, including the risks 

of rejection and tumorigenesis.
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