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Abstract
The production of testosterone occurs within the Leydig cells of the testes. When production fails at this level from either congenital, acquired, or systemic disorders, the result is primary hypogonadism. While numerous testosterone formulations have been developed, none are yet fully capable of replicating the physiological patterns of testosterone secretion. Multiple stem cell therapies to restore androgenic function of the testes are under investigation. Leydig cells derived from bone marrow, adipose tissue, umbilical cord, and the testes have shown promise for future therapy for primary hypogonadism. In particular, the discovery and utilization of a group of progenitor stem cells within the testes, known as stem Leydig cells (SLCs), has led not only to a better understanding of testicular development, but of treatment as well. When combining this with an understanding of the mechanisms that lead to Leydig cell dysfunction, researchers and physicians will be able to develop stem cell therapies that target the specific step in the steroidogenic process that is deficient. The current preclinical studies highlight the complex nature of regenerating this steroidogenic process and the problems remain unresolved. In summary, there appears to be two current directions for stem cell therapy in male primary hypogonadism. The first method involves differentiating adult Leydig cells from stem cells of various origins from bone marrow, adipose, or embryonic sources. The second method involves isolating, identifying, and transplanting stem Leydig cells into testicular tissue. Theoretically, in-vivo re-activation of SLCs in men with primary hypogonadism due to age would be another alternative method to treat hypogonadism while eliminating the need for transplantation.
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Core tip: Although clinicians are capable of treating primary hypogonadism with exogenous testosterone, there is no therapy that mimics its physiologic release. Two current directions exist for stem cell therapy in male primary hypogonadism. The first method involves differentiating adult Leydig cells from stem cells of various origins from bone marrow, adipose, or embryonic sources. The second method involves isolating, identifying, and transplanting stem Leydig cells (SLCs) into testicular tissue. Re-activation of SLCs in men with primary hypogonadism due to age would also be an alternative method. As researchers are better able to replicate the differentiation process of androgenic tissue, treatments will hopefully follow. 
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INTRODUCTION	
Testosterone is an essential hormone that is required for normal male physiologic development. It not only plays a role in the growth of genital organs in utero, but also initiates spermatogenesis, as well as the development of secondary sexual characteristics during puberty (Figure 1). Low testosterone, otherwise known as hypogonadism, can result from a primary defect within the testes or secondarily from a disruption in the hypothalamic-pituitary-gonadal (HPG) axis. 
Primary hypogonadism can result from a number of disorders, the most common of which is Klinefelter’s syndrome, which occurs in one in every 2500 adult males[1]. Other disorders can be separated into those that are congenital, those that are acquired, and those related to systemic conditions (Figure 2). Congenital disorders, that frequently are associated with hypogonadism, include, among others, myotonic dystrophy, Down syndrome, bilateral cryptorchidism, defects in testosterone biosynthetic enzymes, and luteinizing hormone receptor mutations. Acquired disorders include dysfunction related to aging, trauma, orchitis, and testicular failure secondary to radiation or exposure to chemotherapy. Systemic disorders include chronic liver disease, chronic kidney disease, sickle cell, and vasculitides. Age-related dysfunction, in particular, has become an intensely debated subject as physicians continue to discuss how to properly diagnose and treat hypogonadal men. This debate has led researchers to better understand the role of testosterone in the aging male, and to appreciate just how common this deficiency is in the general population. For example, in the Hypogonadism in Males (HIM) study, researchers found that when using a testosterone threshold of 300 ng/dL to define hypogonadism, the overall prevalence of androgen deficiency in men over 45 years of age was 38.7%[2]. 
The detrimental effects that hypogonadism can have on patients are multiple. Symptomatically, patients can experience fatigue, depressed mood, decreased libido, erectile dysfunction, infertility, alterations in body composition, and decreased cognitive function. Furthermore, there is evidence to suggest that hypogonadal patients are at an increased risk for coronary artery disease, cerebral vascular disease, and metabolic syndrome[3-5]. Though numerous testosterone formulations have been developed, none are fully capable of replicating the physiological patterns of testosterone secretion from within the testes. With an understanding of Leydig cell development, and an appreciation for the mechanisms that lead to their dysfunction in some of the more commonly encountered etiologies of primary hypogonadism, we can utilize the recent advances in stem cell therapy to provide a long-lasting treatment.

NORMAL LEYDIG CELL DEVELOPMENT
Leydig cells, in the testicle, produce testosterone. They are present in clusters in the interstitium between seminiferous tubules within the testes, totaling 700 million cells. They constitute 2%-4% of testicle volume. The development of Leydig cell function comprises three stages, corresponding to the triphasic development of plasma testosterone levels (Figure 2)[6,7]. It begins in the sixth to seventh week of gestation, when fetal Leydig cells begin producing testosterone[8]. This occurs independent of luteinizing hormone (LH), from the anterior pituitary, and human chorionic gonadotropin (hCG), which is secreted from the placenta[7,9]. After seven weeks, however, hCG and LH are required for Leydig cells to produce enough testosterone for masculinization of the external genitalia[10]. The proliferation and differentiation of Leydig cells continues until 19 wk, at which time cells undergo regression[11]. The second stage begins after birth in the neonatal period, at which time a second testosterone surge occurs that is associated with the development of a second wave of Leydig cells that reach a peak at three months of age[12]. These cells are believed to be a mixture of developing Leydig cells and fetal Leydig cells. Thereafter, regression of fetal Leydig cells occurs, reaching a nadir at one year of age[13]. In addition, immature Leydig cells remain within the interstitium of the testes until activated during the third stage of development that occurs during puberty[13,14]. With the onset of puberty, the immature Leydig cells, visualized surrounding the outer peritubular layer of the seminiferous tubules and vasculature of the interstitial tissue, undergo a cytological transformation that allows for a significant production of testosterone in an LH-dependent manner[15]. This rise in testosterone will then lead to the development of secondary sexual characteristics and sexual reproduction. 

STEM LEYDIG CELLS 
Despite the well-understood, temporal progression of Leydig cell maturation, the origin of Leydig cells had not been fully elucidated. We now know that stem Leydig cells (SLCs) do exist, and that they are critical to the maturation process. This has been understood through studies that demonstrated the repopulation of adult Leydig cells in rat testes after being depleted by the alkylating agent, ethane dimethanesulfonate (EDS)[16-18]. In further support of this theory, it has been shown that the regeneration of cells does not result from quiescent progenitor cells that have already differentiated into Leydig cell lineage, but rather true stem cells that remain undifferentiated and have the ability to proliferate for extended periods of time without expressing Leydig cell markers[19]. In attempting to isolate these stem cells in rat models, researchers have not clearly identified the location of these cells. Some studies provide evidence to suggest that they exist within the interstitium as the pericytes and vascular smooth muscle cells along the vessel walls[20-22]. Others point towards a peritubular location, lying on the surface of the seminiferous tubules[19,23,24]. 
To highlight the vascular hypothesis, Davidoff et al[22] demonstrated that after destroying mature Ledyig cells, regeneration was preceded by a proliferation of nestin-expressing vascular smooth muscle cells and pericytes. Expression of nestin, an intermediate filament protein, has not only been observed in stem cells in the nervous system, but in other tissues, including the testes. The proliferating cells in this study were then capable of conversion into steroidogenic Leydig cells. Evidence for the transdifferentiation into Leydig cells was based on the coinciding expression of nestin with steroidogenic genes in newly generated Leydig cells. 
In order to elucidate the peritubular hypothesis, it is important to understand that the peritubular compartment contains myofibroblasts, testicular peritubular cells (TPCs), and extracellular matrix[25]. Specifically, the TPCs contribute to testicular function by secreting paracrine factors and components of the extracellular matrix[26]. In Stanley et al[19] researchers isolated cells expressing platelet-derived growth factor receptor-α, but not 3β-hydroxysteroid dehydrogenase (3β-HSDneg) from the testes of EDS-treated adult rats. These were later determined to be the SLC. To localize these cells, the seminiferous tubules and interstitium were physically separated and cultured. During culture, the 3β-HSDneg cells on the tubule surfaces underwent divisions, eventually expressing 3β-HSD and producing testosterone. Removal of these testosterone-producing cells from the tubule surfaces, followed by further culture of the stripped tubules, resulted in their reappearance. In contrast, the interstitial compartment did not develop 3β-HSDpos cells or produce testosterone when cultured. The fact that functional Leydig cells are able to differentiate in the absence of interstitium suggests that macrophages and cells associated with blood vessels in the interstitial compartment (vascular smooth muscle cells, pericytes) may not be critical for the development of new Leydig cells, as suggested in some previous studies. These results were further corroborated in a study using human TPCs[27]. In this study, researchers demonstrated that these cells expressed pluripotency markers, SLC markers, and steroidogenic genes involved in the biosynthesis of sex steroids. Furthermore, these cells were activated to express steroidogenic enzymes that led to the production of pregnenolone and progesterone. Testosterone was not produced, but this may highlight the fact that these progenitor cells have not fully differentiated into a Leydig cell lineage.
It should be noted that the discrepancies in the location of these stem cells might result from differing conditions within the testicular tissue. It maybe that SLCs reside in both peritubular and interstitial locales, as suggested by Chen et al[28]. For example, Leydig cell regeneration has been shown to occur more rapidly around regressed tubules than near tubules with normal spermatogenesis[29]. Likewise, in testes with normal spermatogenesis, regeneration appears to occur in proximity to both tubules and the interstitial blood vessels[30]. A third plausible hypothesis that researchers have put forth is that the adult Leydig cells differentiate not from stem cells, but rather from myoid cells, vascular smooth muscle cells, or pericytes that have transdifferentiated[28].

LEYDIG CELL DYSFUNCTION
Understanding the mechanisms that cause Leydig cell dysfunction will ultimately lead researchers and physicians to develop therapies that target the specific step or steps in the steroidogenic process that has been damaged, whether it is at the level of the adult Leydig cell, the Leydig stem cell, or beyond. In an attempt to further elucidate these mechanisms, we will cover those disease states that have been comprehensively studied in the lab, and those that may one day indeed be amenable to stem cell therapy. For example, some congenital and systemic disorders leading to hypogonadism often lead to dysfunction at multiple levels in the HPG axis. Our focus will remain specifically at the level of the testis. Likewise, primary hypogonadism due to genetic mutations or enzymatic deficiencies would not be amenable to autologous stem cell transplant because the stem cells themselves would carry the mutation and/or deficiency. 
Despite Klinefelter’s Syndrome being the most common abnormality of sex chromosomes that invariably leads to testicular failure, researchers have not determined what the mechanisms are that underlie the global degeneration of testicular tissue. In a recent study by D’Aurora et al[31] researchers conducted testicular gene expression profiling by a whole genome microarray approach using testicular tissue from patients with Klinefelter’s Syndrome. They found that the genes responsible for increased apoptotic processes were overexpressed. Furthermore, the data suggested that the disregulation of genes involved in the inflammation process were responsible for the high degree of fibrosis that is described in the testicular involution process of patients. They also identified the overexpression of genes central to the steroidogenic activity of the Leydig cells. This finding supports the recently demonstrated increase of intratesticular testosterone concentrations in Klinefelter patients in comparison to control patients[32]. Thus, the low testosterone serum levels commonly seen in these patients could be related to an altered release of the hormone into the bloodstream. Researchers have not yet determined whether the altered release is due to the decreased testicular vasculature commonly seen in these patients, or if it is due to some active transporter that might be involved in testosterone release from Leydig cells[32]. If it is indeed an issue of vasculature, then a cell-based therapy that regenerates not only Leydig cells but also the entire testicular microenvironment may be necessary. However, if an active transporter within the Leydig cell is identified then a more cell-specific approach would be feasible.
Interestingly, primary hypogonadism secondary to aging does not result from a loss of Leydig cells. Instead, studies have indicated that it is Leydig cell function that is lost through a process that is independent of LH secretion[33,34]. Indeed, when LH is administered in vitro to Leydig cells from aged rats, testosterone production remains significantly below that of cells from young rats[35]. Because the steroidogenic process involves a complex interplay of biochemical pathways, researchers have proposed a number of mechanisms responsible for the decreased function[36]. 
Critical to function is the interaction between LH, its receptor on the Leydig cell, and the subsequent production of 3',5'-cyclic adenosine monophosphate (cAMP) initiating the steroidogenic process. Researchers have demonstrated a coupling defect of the LH receptor to adenylate cyclase, reducing cAMP production and directly inhibiting testosterone synthesis[37]. There is also evidence to suggest that increased oxidative stress plays a critical role, not only in the above-mentioned uncoupling defect, but also in cell membrane stability. With increasing age, cells experience increased levels of reactive oxygen species (ROS), due in part to the decreased levels of free radical-scavenging proteins[38-41]. With increased ROS, lipid peroxidation within the Leydig cell leads to a destruction of membrane stability[42]. Because steroidogenesis depends on this stability for cholesterol transport, testosterone synthesis is inhibited. Other studies have shown that arachidonic acid positively regulates the effects of LH on steroidogenesis[43,44]. It, however, can be metabolized by cyclooxygenase 2 (COX2). It has been suggested that with increased levels of COX2 in aged Leydig cells, there is a reduction in arachidonic acid, and thus testosterone[45]. Further corroborating the oxidative stress hypothesis, researchers have determined that phosphorylation of p38 mitogen-activated protein kinase (MAPK), may serve as the mediating interaction between increased oxidative stress and decreased steroidogenesis[46]. Relating COX2 inhibition to this theory, it is possible that phosphorylated p38 MAPK increases COX2 synthesis, in turn inhibiting steroidogenic function, although this has not been evaluated in Leydig cells[28,47].
Hypogonadism is frequently found in men who have undergone chemotherapy. While far less evidence explains how Leydig cells are affected, Al-Bader et al[48] studied how bleomycin, etoposide, and cisplatin affected the HPG axis in a rat model. They found that chemotherapy induced both Leydig cell hyperplasia and degenerative changes in Leydig cells after exposure. These degenerative changes persisted after 63 days. The question remains as to whether the observed hyperplasia resulted from activated SLCs. Given that the degenerative changes persisted after recovery, this might suggest that the chemotherapy permanently altered the SLCs. This would stand in contrast to the aging SLCs, which remain quiescent and genomically stable throughout life. Critical to an understanding of these degenerative changes, researchers measured the testicular oxidative stress, which was found to be significantly increased at the end of the chemotherapy, but returned to a normal level after the recovery time. This study went further to evaluate the expression of steroidogenic genes. They found that the two genes critical for completion of the testosterone biosynthesis pathway were downregulated, namely 17β-hydroxysteroid dehydrogenase and 3β-hydroxysteroid dehydrogenase, thus explaining the decreased testosterone levels at the end of chemotherapy. Even after the recovery time, the chemotherapy still had inhibitory effects on the transcription of these genes. However, testosterone levels did not show any significant differences with the control group, most likely due to unaffected steroidogenic acute regulatory protein (StAR) expression in the testis, which actually indicated a trend to increase. The StAR protein mediates transmembrane cholesterol transport in mitochondria, an essential rate-limiting step in testosterone synthesis[49]. 
Radiation also alters Leydig cell function. Sivakumar et al[50] evaluated the mechanism behind radiation-induced dysfunction by culturing Leydig cells and exposing them to different doses of fractioned gamma radiation. Researchers found that radiation exposure inhibited Leydig cell steroidogenesis in a dose-dependent manner. They found that at higher doses, radiation exposure impaired Leydig cell steroidogenesis by affecting LH signal transduction at the level of both pre- and post-cAMP generation. Just as in the chemotherapy-treated model, radiation seems to directly alter the steroidogenic pathways of the Leydig cells. However, it has not been determined how radiation affects SLCs. To fully design effective therapies, it will be important to understand the pathologic effects of radiation on SLCs. This will determine the point in the process at which time therapy will intervene.

STEM CELL THERAPY
Multiple stem cell therapies to restore androgenic function of the testes are under investigation (Table 1). Leydig cells derived from bone marrow, adipose tissue, umbilical cord, and the testes have shown promise in future therapy for primary hypogonadism. An initial study by Lue et al[51] injected unfractionated bone marrow cells into the seminiferous tubules and testicular interstitium of mice. The results demonstrated that the murine bone marrow cells had the potential to differentiate into germ cells, Sertoli, and Leydig cells in vivo. However, it was unknown which precursor cell from the bone marrow differentiated into each end testicular cell type. Lo et al[52] demonstrated that murine testicular stem cells, isolated from the interstitial space of the testis and transplanted into the interstitial space of LH receptor knockout mice, yielded a time dependent production of testosterone in a hypogonadal murine model. Yet, these cells were derived from a side population and contained stem cells of multiple lineages including spermatogonial stem cells, SLCs, and possibly myoid stem cells. As in the previous study, it was difficult to determine which cell lineage led to the final end testosterone-secreting cell. 
Yazawa et al[53] injected murine bone marrow-derived mesenchymal cells (BMSCs) into murine testis and demonstrated their differentiation into Leydig cells. They also demonstrated that the same murine BMSCs, when cultured in vitro with steroidogenic factor -1 (SF-1) followed by cAMP stimulation, underwent differentiation into Leydig cells. However, when this group cultured human BMSCs with SF-1 followed by cAMP, the cells differentiated into human-derived steroidogenic cells that preferentially produced glucocorticoids, rather than testosterone. Furthermore, when the group injected human BMSCs into murine testis, the cells did not survive long enough for analysis. Researchers hypothesized that the differing steroidogenic products observed in the mouse and human BMSCs were due to heterogeneous populations of stem cells that had different differentiation potentials. Thus, the mouse BMSCs had already committed to the gonadal lineage, whereas the human BMSCs were already committed to the adrenal lineage. This group later demonstrated that human BMSC differentiation into steroidogenic cells was possible with cAMP and liver receptor homolog-1 (LRH-1), rather than cAMP and SF-1, indicating another possible regulator of Leydig stem cell differentiation[54]. Interestingly, when this group used the method of SF-1 and cAMP on umbilical cord blood-derived MSCs, these steroidogenic cells had similar characteristics of granulosa-luteal cells[55]. These studies highlighted the fact that stem cells from multiple species have the potential to differentiate into different types steroidogenic cells. 
Yang et al[56] administered adipose-derived mesenchymal stem cells (ADSCs) into the caudal vein of a D-galactose aging rat model. D-galactose accelerates aging and causes symptoms simulating natural senescence, thus creating an ideal pathophysiological model for evaluating stem cell therapy. This group found that ADSCs migrated to damaged areas of the testes, reduced the number of apoptotic Leydig cells, and increased serum testosterone. The authors suggested that the ADSCs might prevent ROS production and reduce SLC apoptosis. Supporting this line of reasoning, they found that the increased testicular lipid peroxidation in the aged model was reversed by a subsequent increase in antioxidant enzymes after ADSC therapy. As has been observed in other disease states treated by ADSCs, the mechanism of action is more likely due to a secretion of cytokines and growth factors, with little direct effect on stem cell differentiation. As proof, only a few ADSCs differentiated into new Leydig cells based on labeling and 3β-HSD expression, while serum testosterone concentrations increased progressively. The immunohistochemical results of the present study suggest that the treatment effect of ADSCs is mediated, at least in part, by a decrease in intracorporal tissue apoptosis and increase in sinusoidal endothelial cells.
Researchers have also been able to manipulate the hormonal milieu to induce the differentiation of human BMSCs into Leydig cells in vitro. By using a medium containing human menopausal gonadotropin/luteinizing hormone, hCG, platelet-derived growth factor, and interleukin-1α, they were able to promote the differentiation of human BMSCs into Leydig cells. However, the cells exhibited senescence and thus androgen decline after three weeks of culture. These results highlight the aforementioned problem that Leydig cells are mitotically inactive and that the primary immature Leydig cells lose their desired characteristics during prolonged cultures[57]. Using murine embryonic stem cells, one study used SF-1, 8-bromoadenosine-3’,5’-cyclic monophosphate (8-Br-cAMP), and forskolin to direct differentiation towards Leydig like cells. In vitro, these cells produced progesterone and testosterone. When injected into EDS-treated rat testes, these cells improved serum testosterone levels. However, this research group was plagued by a difficulty in obtaining a large enough number Leydig-like cells given that they do not proliferate as readily as the undifferentiated cells[58]. Despite using different stem cells reservoirs, bone marrow, and embryonic stem cells, neither group was able to produce mitotically active Leydig cells.
And while there have been numerous studies evaluating the use of stem cells from various tissue origins to regenerate mature Leydig cells, few have attempted to reactivate SLCs. However, there are select studies that in exploring the mechanisms that underlie the SLC maturation process, have found growth factors that lead to reactivation. An initial study explored the role of nerve growth factor (NGF) during SLC differentiation[59]. They found that in an in vitro model, NGF significantly promoted the proliferation of SLCs and also induced steroidogenic enzyme gene expression and 3β-HSD protein expression. Another group evaluated platelet-derived growth factor alpha (PDGF-AA) and beta (PDGF-BB)[60]. They found that both ligands stimulated SLC proliferation during the first week of culture. After this first week, PDGF-AA had a stimulatory effect on SLC differentiation. In contrast PDGF-BB, began inhibiting differentiation after this first week. Corroborating some of the results of this study, another group developed an in vitro system of cultured seminiferous tubules to assess the ability of factors from the seminiferous tubules to regulate the proliferation and differentiation of SLCs[61]. SLC proliferation was stimulated by Desert hedgehog (DHH), basic fibroblast growth factor (FGF2), platelet-derived growth factor (PDGF), and activin. Differentiation of the stem cells was activated by DHH, lithium- induced signaling, and activin, and inhibited by TGF-β, PDGF-BB, and FGF2. Building upon these initial studies, it will be necessary to evaluate these growth factors in an in vivo animal model.

CONCLUSION
There appears to be two current directions for stem cell therapy in male primary hypogonadism. The first method involves differentiating adult Leydig cells from stem cells of various origins from bone marrow, adipose, or embryonic sources. The second method involves isolating, identifying, and transplanting SLCs into testicular tissue. The first method’s shortcomings that should be resolved in future studies include decoding and promoting stem cells to become testosterone producing steroidogenic cells and improving the mitotic activity of differentiated Leydig cells. One study compared steroidogenic cells from bone marrow mesenchymal cells to those of umbilical cord mesenchymal stem cells and found that umbilical cord mesenchymal stem cells have a greater steroidogenic potential[62]. However, as previously mentioned, the addition of SF-1 and cAMP in vitro to umbilical cord stem cells has been shown to yield cells resembling granulosa-luteal cells, not Leydig-like cells[55]. Another study demonstrated that the addition of SF-1 and cAMP to adipose-derived mesenchymal stem cells yielded cells that preferentially produced corticosterone, rather than testosterone[63]. Undoubtedly much remains unknown about the cellular environment needed to produce specific steroidogenic cell types[64]. Additionally, this type of therapy may not be durable due to adult Leydig cell senescence and androgen production decline. Younger patients who have undergone premature Leydig cell dysfunction due to chemotherapy and radiation may find long-term success with the transplantation of cells with more regenerative capacity. Alternatively, in the aging population, it might be feasible to differentiate mesenchymal stem cells into SLCs. If this strategy would address the issue of growth arrest, the use of mesenchymal stem cells may be in the best interest of these patients, whose SLCs are likely damaged. Finally, there are also concerns about the delivery of SF-1, which is currently performed episomally or virally. Efforts are underway to determine a method of gene-free delivery of inducing SF-1 and LRH-1 expression[64,65].
The second method for stem cell therapy involves the transplantation of SLCs into hypogonadal testicular tissue, with the idea that this therapy’s regenerative capacity will be self-fulfilling and could be used for younger patients. However, it is currently troubled by the technique for identification and isolation of SLCs, which is in its infancy[66]. Additionally, if the transplant were to be autologous in these men, SLCs could be extracted prior to chemotherapy and radiation, as it is likely that these treatments irreversibly damage SLCs. However, another method that has been proposed includes harvesting SLCs in the hypogonadal male, and then amplifying and differentiating these cells into adult Leydig cells in vitro, then transplanting autologously into the same man[66]. Theoretically, the in vivo re-activation of SLCs in men with primary hypogonadism due to age would be an alternative method to treat hypogonadism, while eliminating the need for transplantation. 
These proposed mechanisms all have the advantage of being subject to physiologic cues, standing in contrast to the current option of a lifetime of exogenously administered testosterone. Current and future research collaborations in the field of male hypogonadism and the regeneration of steroidogenic tissue will influence which modalities will become clinical realities for this patient population. 
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Table 1 Summary of preclinical trials showing successful differentiation of various stem cell lines into steroidogenic Leydig-like cells
	Ref.
	Stem cells used
	Study type
	Design
	Results

	Lo et al[52]

	Mouse mixed testicular stem cells (SP) containing spermatogonial, leydig cell, and myoid stem cells
	In vivo

	SCs were injected into the testes of sterile sertoli-cell only transgenic mice and transgenic mice with a targeted deletion of 4-kb pairs of the LH receptor gene

	SP cell transplanted mice had increased time-dependent serum testosterone and spermatogenesis compared to non-SP cell transplanted mice. 

	Yazawa et al[53]
	Rat bone marrow-derived mesenchymal stem cells (BM-MSCs)


Mouse mesenchymal stem cells (MSCs)
	In vivo




In vitro
	BM-MSCs were injected into the testes of 3-wk old Sprague-Dawley rats


MSCs were transfected with Sf-1 followed by treatment with cAMP and cultured in Iscova’s MEM or DMEM with 10% fetal calf serum
	BM-MSCs differentiated into steroidogenic cells similar to Leydig cells.


Transfected cells differentiated into Leydig cells

	Lue et al[51]

	Unfractionated mouse bone marrow stem cells
	In vivo

	SCs were injected into the testes of busulfan treated mice and c-kit mutant homozygous mice
	SCs differentiated into Leydig, Sertoli, and germ cells after 12 wk. Though germ cells were lacking in c-kit mutant mice.

	Gondo et al[63]

	Mouse adipose derived mesenchymal cells (AMCs)

Mouse bone marrow cells (BMCs)

	In vitro
	AMCs and BMCs were transfected with SF-1 and cultured with Medium A
	AMCs were more likely to differentiate into adrenal-type steroidogenic cells with increased production of corticosterone.

BMCs were more likely to differentiate into gonadal-type steroidogenic cells with increased production of testosterone

	Yazawa et al[54]
	Human bone marrow-derived mesenchymal stem cells (BM-MSCs)
	In vitro
	BM-MSCs were transfected with LRH-1 followed by treatment with cAMP and cultured in DMEM with 10% fetal calf serum
	Transfected cells expressed CYP17 and produced testosterone

	Yazawa et al[55]
	Umbilical cord mesenchymal stem cells (UC-MSCs)
	In vitro
	[bookmark: _GoBack]UC-MSCs were transfected with SF-1 followed by treatment with cAMP and cultured in DMEM/Ham’s F-12 supplemented with .1% BSA
	Transfected cells differentiated into cells with similar characteristics to granulosa-luteal cells

	Wei et al[62]

	Human umbilical cord mesenchymal stem cells (UC-MSCs)

Human bone marrow mesenchymal stem cells (BM-MSCs)
	In vitro
	UC-MSCs and BM-MSCs were transfected with SF-1 and cultured in the presence of cAMP
	Differentiated UC-MSCs had higher expression of steroidogenic mRNAs. They also secreted significantly greater amounts of testosterone and cortisol than BM-MSCs

	Yazawa et al[64]

	Rat bone marrow mesenchymal stem cells (BM-MSCs)
	In vivo

	BM-MSCs were transplanted into prepubertal testes
	MSCs were able to differentiate into steroidogenic Leydig cells in vivo. SF-1 expression was also detected.

	Yang et al[56]

	Rat adipose derived stem cells (ADSCs)
	In vivo

	ADSCs were injected into Sprague-dawley rats that had been treated with D-gal (aging model) or saline (control) for 8 wk
	ADSCs migrated to damaged areas, reduced the number of apoptotic Leydig cells, and upregulated enzymes to increase testosterone levels in the testis in those treated with D-gal.

	Yang et al[58]

	Mouse embryonic stem cells (ESCs)
	In vivo
	ESCs were cultured with cAMP, SF-1, and FSK. These derived Leydig-like cells were then injected into Sprague-dawley rats treated with EDS
	FSK enhanced the differentiation of mESCs into Leydig-like cells. Subsequent treatment with these newly differentiated cells led to increased testosterone levels in EDS-treated rats

	Hou et al[57]

	Human bone marrow mesenchymal stem cells (BM-MSCs)
	In vitro
	Experimental – BM-MSCs were cultured in conditional medium with different concentrations of human menopausal gonadotropin/luteinizing hormone (HMG/LH)

Control – BMSCs were cultured in fetal bovine serum (FBS) in DMEM medium with normal sodium
	Experimental culture medium induced the differentiation of BMSCs into Leydig cells

	Zhang et al[59]
	Rat Stem Leydig Cells (SLCs) 
	In vitro
	SLCs were cultured in a seminiferous tubule model using media containing NGF. The proliferative capacity of SLCs, along with testosterone production, and steroidogenic gene/protein expression was measured
	NGF significantly promoted the proliferation of stem Leydig cells and also induced steroidogenic enzyme gene expression and 3β-HSD protein expression

	Odeh et al[60]
	Rat SLCs
	In vitro
	SLCs were cultured on the surfaces of seminiferous tubules in a media containing PDGF-AA or PDGF-BB for up to 4 wk. SLC proliferation and differentiation were measured
	Both PDGF-AA and PDGF-BB stimulated SLC proliferation during the first week of culture. After this first week, PDGF-AA had a stimulatory effect on SLC differentiation. PDGF-BB began inhibiting differentiation after this first week

	Li et al[61]
	Rat SLCs
	In vitro
	SLCs were cultured on the surface of seminiferous tubules to assess the ability of factors from the seminiferous tubules to regulate their proliferation and their subsequent entry into the Leydig cell lineage
	SLC proliferation was stimulated by DHH, FGF2, PDGF, and activin. Differentiation was activated by DHH, lithium- induced signaling, and activin, and inhibited by TGF-β, PDGF-BB, and FGF2
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Figure 1 Testosterone biosynthetic pathway.
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Figure 2 Various possible causes of primary hypogondism.
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