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Abstract: Gonads and adrenal glands are the primary organs for the production of steroid hormones in mammals. Steroid 

hormones play important roles in development and are essential for the maintenance of homeostasis during adult life. To supply 

sufficient amounts of hormones, gonads and adrenal glands maintain their functions by replenishment of steroidogenic cells. It 

has been hypothesized that stem/progenitor cells of steroidogenic cells are important for this phenomenon. In fact, such cells 

have been recently identified in gonads and adrenal glands. However, steroid hormone production decreases progressively with 

age, causing problems such as menopausal disorders in women. Although steroid hormones are administered to these patients, 

induction of steroidogenic cells from stem cells is a potential strategy to prevent menopausal disorders. Here, we review the 

current knowledge on stem cells that replenish steroid hormone-producing cells in the gonads and adrenal glands. We also 

discuss induction of steroidogenic cells from stem cells derived from non-steroidogenic organs. 
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1. Introduction 

In mammals, steroid hormones are mainly synthesized in 

gonads (testes and ovaries) and adrenal glands [1, 2]. Gonads 

produce sex steroids, androgens and estrogens, for 

gametogenesis and the development of sex characteristics, 

while adrenal glands produce corticoids for glucose 

metabolism, stress responses, and fluid balance. In testes, 

interstitial Leydig cells are responsible for the production of 

androgens under luteinizing hormone (LH) stimulation. In 

ovaries, theca and granulosa cells produce estrogens 

cooperatively. The former synthesize androgen autonomously, 

whereas the latter only convert theca cell-derived androgen to 

estrogen. However, granulosa cells differentiate into 

progesterone-producing luteal cells during ovulation. In 

adrenal glands, three layers of the cortex are responsible for 

steroid hormone production. The outermost layer, the zona 

glomerulosa, produces mineralocorticoid through regulation 

by renin-angiotensin. The middle layer, the zona fasciculate, 

produces glucocorticoid by adrenocorticotropic hormone 

(ACTH) stimulation. In some primates including humans, 

adrenal androgens are produced in the inner layer, the zona 

reticularis [3, 4]. Such organ- and zone-dependent differences 

in steroid hormone profiles are caused by cell-specific 

expression of steroidogenic enzymes including cytochrome 

P450 steroid hydroxylases and hydroxysteroid 

dehydrogenases (Fig. 1). 

Even though gonads and the adrenal cortex produce 

different steroid hormones, they have a common 

developmental origin [5-7]. In the early embryo, they are 

derived from the adrenogonadal primordium (AGP) within the 

urogenital ridge. The AGP originates mainly from the 

intermediate mesoderm. As embryogenesis proceeds, it 

separates into adrenocortical and gonadal primordia that are 

characterized by chromaffin cell precursors and primordial 

germ cells (PGCs), respectively, which originate and migrate 

from other germ layers. Steroidogenic factor-1 (SF-1; also 

known as Ad4BP) is one of the earliest markers of the 

appearance of the AGP [5, 8]. Its expression is detectable 

within primitive urogenital ridges from the stage at which the 
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AGP is not discernible by morphological criteria. After 

separation of the AGP into each organ primordium, SF-1 

expression levels increase with the initiation of 

steroidogenesis and are maintained during postnatal life [9]. 

Because SF-1-knockout mice fail to develop gonads and 

adrenal glands, this represents a master regulator of the 

development of primary steroidogenic organs [10-12]. SF-1 is 

also important for steroidogenesis by regulating the 

transcription of various steroidogenesis-related genes [12-15]. 

It belongs to the nuclear receptor (NR) superfamily and 

constitutes the NR5A subfamily together with liver receptor 

homolog-1 (LRH-1), which has a very similar structure to 

SF-1. Consistent with its role, SF-1 expression of primary 

steroidogenic organs is detectable in adults in the three layers 

of the adrenal cortex, testicular Leydig cells, ovarian theca and 

granulosa cells, and to a lesser extent in the corpus lutea [9, 

16]. In corpus lutea, LRH-1 is essential for the progesterone 

production to maintain the pregnancy [17, 18]. 

 

Figure 1. Steroidogenic pathways in gonad and adrenal. 

Gonads and adrenal glands must continually supply steroid 

hormones for development as well as maintenance of 

homeostasis throughout life. Therefore, it is conceivable that 

steroidogenic cells are replenished from stem/progenitor cell 

pools. In fact, such stem/progenitor cells have been identified 

in the adrenal cortex, testes, and ovaries. However, the 

production of various steroid hormones declines with age. 

Testicular testosterone production is decreased by a reduction 

in the steroidogenic capability of aged Leydig cells [19, 20]. In 

ovaries, the development of granulosa and theca cells does not 

occur after menopause because of the cessation of new follicle 

recruitment. Therefore, ovarian androgen and estrogen 

production ceases in post-menopausal women [21, 22]. In 

adrenal glands, it is well known that the decline in adrenal 

androgen production is closely associated with aging [23]. 

The deficiency of steroid hormones causes various clinical 

symptoms, resulting in a low quality of life. Although 

hormone replacement therapy is well established for the 

treatment of such patients, we and others have attempted to 

regenerate steroidogenic cells from stem cells for the 

development of a novel therapy [24]. This article reviews our 

current knowledge of the stem cells for gonadal and adrenal 

steroidogenic cells, and recent studies of the differentiation of 

steroidogenic cells from non-steroidogenic stem cells. 

2. Stem Cells of Steroidogenic Cells 

2.1. Testicular Leydig Cells and Their Stem Cells 

There are two types of Leydig cell populations: fetal and 

adult. Even though the cells in these two populations share 

the common characteristic of androgen production, they are 

different in terms of their origin, ultrastructure, lifespan, and 

steroidogenic pathways and regulation [25]. Fetal Leydig 

cells have multiple origins and appear in the interstitial space 

to induce sex differentiation just after formation of the testis 

cord [26]. Their main product is androstenedione because they 

lack any 17β-hydroxysteroid dehydrogenase (HSD) isoforms 

that catalyze the final step of testosterone synthesis [27, 28]. 

Androstenedione is a very weak androgen and insufficient to 

induce virilization. Therefore, Sertoli cells convert 

androstenedione into testosterone during fetal life [27]. Adult 

Leydig cells (ALCs) originate from putative stem cells that are 

non-steroidogenic mesenchymal cells adjacent to 

seminiferous tubules [29]. They are initiated to differentiate 

into testosterone-producing cells from the neonatal period. At 
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this time, fetal Leydig cells are progressively replaced with 

ALCs, even though the fetal type remains as a minor 

population in adult testes [30]. ALCs proliferate until puberty 

for the development of male sexual characteristics. During 

adult life, Leydig cells are stable populations that are rarely 

replaced by apoptosis and division. However, it has been 

demonstrated that stem Leydig cells (SLC) reside in the adult 

rodent testis. The alkylating agent ethane dimethane sulfonate 

(EDS) is a selective toxin for ALCs in rats. EDS injection 

eliminates ALCs completely, following the depletion of 

testosterone [31]. After a recovery period, ALCs repopulate, 

and testosterone levels return to normal. It is interesting that 

aged Leydig cells can be replaced with active Leydig cells in 

older animals by EDS treatment [32]. Similar to Leydig cells 

in young animals, the repopulated cells produce testosterone 

at high levels. In addition, it has been reported that serum 

testosterone reduction in functional ALC-deficient mice can 

be recovered by transplantation of a testicular Hoechst-dim 

side population derived from normal mice into the testicular 

interstitium [33]. Based on these findings, most researchers 

have been convinced of the existence of SLCs during the 

entire lifespan, even though they were impossible to identify 

because of the lack of a specific cell lineage or surface 

markers until recently.  

In 2006, Hardy and colleagues first purified SLCs from 

neonatal rat testes by selecting LH receptor (LHR)-negative 

and platelet-derived growth factor receptor 

(PDGFR)-α-positive cell populations [34]. These cells 

expressed c-kit, leukemia inhibitory factor receptor, and 

GATA4, which are important proteins for Leydig cell 

development, but they were negative for 3β-HSD and did not 

produce testosterone. The putative SLCs proliferated in an 

undifferentiated state for long periods in vitro and 

differentiated into testosterone-producing cells by culture in 

medium containing thyroid hormone, insulin-like growth 

factor-1 (IGF-1), and LH. Injection of these cells repopulated 

3β-HSD-positive cells in EDS-treated rat testes. Taken 

together, they concluded that this cell population represented 

the long-sought SLCs. Following this study, it has been 

recently reported that PDGFRα-positive peritubular cells 

exhibit SLC-like characteristics in adult human testes [35]. 

These cells express not only SLC markers, which were 

identified in rodents, but also some pluripotency markers 

(Oct-3/4 and Nanog). In addition, their steroidogenesis can be 

stimulated with PDGF-BB and forskolin. 

2.2. Ovarian Thecal Stem Cells 

Theca cells are the ovarian counterpart of testicular Leydig 

cells. Both cell types share the important characteristic of 

androgen production in response to LH stimulation [36]. 

However, the precise origin and the stem cells of theca cells 

are unclear compared with those of Leydig cells. Theca cells 

were thought to originate from fibroblast-like progenitor cells 

within the ovarian stroma [37]. Similar to SLCs, these 

progenitor cells are non-steroidogenic cells and unresponsive 

to LH [38, 39]. They are recruited around a follicle with two or 

more layers of granulosa cells. As follicle growth proceeds, 

theca cells proliferate and differentiate into steroidogenic cells. 

They mainly produce androstenedione, the precursor of 

estrogen until luteinization. Because theca and follicle cells 

are not present in aged ovaries, the existence of stem cells for 

theca cells was unclear.   

Recently, Ogura and colleagues identified thecal stem cells 

in neonatal mouse ovaries [40]. Using methods for isolation of 

germline stem cells from testes [41], they purified 

colony-forming fibroblast-like cells that were weakly positive 

for alkaline phosphatase staining. Although these cells could 

self-renew in culture for a long period, the purified cells were 

not ovarian germline stem cells because they were deficient 

for markers of germ cells. However, further analyses 

demonstrated that these cells were thecal stem cells. They 

expressed theca cell markers, such as Ptch1 and Gli3, and 

differentiated into androstenedione-producing cells in vitro by 

treatment with LH, IGF-1, stem cell factor, and granulosa 

cell-conditioned medium, and co-culture with granulosa cells. 

Furthermore, these stem cells were recruited to areas 

surrounding follicles by intraovarian transplantation. 

2.3. Adrenocortical Stem Cells 

In early studies, the existence of stem/progenitor cells was 

suggested in the adult adrenal cortex [42-45]. Regeneration of 

the adrenal cortex was reported in various experimental 

models. Unilateral adrenalectomy induces compensatory 

growth of the remaining cortex [46]. Transplantation of the 

adrenal cortex regenerates a functional adrenal cortex in 

recipients [47, 48]. In this model, the zonated cortex can only 

regenerate from the adrenal capsule and adherent cortical cells 

after enucleation by removal of the cortex and medulla [48]. 

These findings strongly indicate localization of adrenocortical 

stem cells within this region.  

Using genetic lineage tracing models, Laufer and 

colleagues showed that adrenocortical cells are derived from 

stem/progenitor cells in the capsule [49]. The hedgehog 

signaling pathway plays important roles in development and 

maintenance by these stem/progenitor cells. After separation 

from gonadal primordia in the AGP, relatively 

undifferentiated cells (SF-1
+
/Cyp11b1/2

-
) of the adrenal 

primordia express Sonic hedgehog (Shh). These cells 

transduce the signal to the overlying non-steroidogenic 

mesenchymal cells (SF-1
-
) for expression of a downstream 

molecule, Gli1. The Gli1-expressing cells migrate to the 

adrenocortex to generate all layers of steroidogenic cells 

during postnatal life. In addition, their descendants provide 

Shh-expressing cells. Conditional Shh knockout in mouse 

adrenal glands causes a thin capsule and cortex. These studies 

strongly suggest that capsular mesenchymal cells serve as 

stem/progenitor cells of the adrenal cortex via Shh signaling 

from subcapsular layers. Additionally, Hammer and 

colleagues reported that adult capsular cells are composed of 

two distinct populations, Gli1- or Tcf21-expressing cells [50]. 

Each population serves as progenitor cells for steroidogenic 

and stromal cells, respectively.  
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3. Induction of Steroidogenic Cell Using 

Stem Cells Derived From 

Non-Steroidogenic Organs 

In addition to identification of stem cells in steroidogenic 

organs, we and others have attempted to induce steroidogenic 

cells from non-steroidogenic stem cells [24, 51-53]. Among 

various types of stem cells, mesenchymal stem cells (MSCs) 

are the most appropriate candidates for induction of 

steroidogenic cells. MSCs are multipotent adult stem cells of 

mesodermal origin, the same origin as steroidogenic cells [54, 

55]. They can differentiate into adipocytes, chondrocytes, and 

osteoblasts both in vivo and ex vivo. MSCs can generate cells 

of all three germ layers, at least in vitro. Although MSCs were 

originally discovered in bone marrow (BM-MSCs), they have 

also been isolated from various tissues [56].  

To investigate the potential of MSCs to differentiate into 

steroidogenic cells, BM-MSCs from green fluorescent protein 

(GFP)-transgenic rats were transplanted into prepubertal 

testes (adult Leydig cells initiate to differentiate from SLCs), 

followed by tracking of their fates [51]. At 3 weeks 

post-transplantation, GFP-positive cells were localized to the 

interstitium between seminiferous tubules, which were also 

positive for various steroidogenic enzymes including 

Cyp11a1, 3β-HSD, and Cyp17a1. These results indicate that 

MSCs have the capacity to differentiate into steroidogenic 

Leydig cells in vivo. In addition, in vitro studies demonstrated 

that small populations of murine BM-MSCs can 

spontaneously differentiate into Leydig-like cells. A human 

CYP11A1 promoter-driven GFP reporter, which consisted of 

the promoter region that drives reporter gene expression 

selectively in adrenal and gonadal steroidogenic cells [57], 

was transfected into BM-MSCs to detect cell populations 

committed to the steroidogenic lineage. In some transfected 

cell lines, GFP fluorescence was detected in very small 

populations that were positive for Cyp11a1. These cells also 

expressed several Leydig cell markers including 3β-HSD and 

LHR. These observations further support the in vivo findings 

indicating that MSCs have the capacity to differentiate into 

steroidogenic cells.  

 

Figure 2. MSCs are efficiently differentiated into steroidogenic cells by 

introduction of SF-1 and cAMP-treatment.  

Because GFP-positive and -negative cells could be 

completely separated into SF-1-positive and -negative 

fractions, respectively, it is probable that SF-1 can dictate the 

MSC fate for steroidogenic cells. In fact, murine BM-MSCs 

can efficiently differentiate into steroidogenic cells after stable 

expression of SF-1 using plasmids or retroviruses and cAMP 

treatment (Fig. 2). SF-1 by itself induces morphological 

changes in BM-MSCs, such as accumulation of numerous 

lipid droplets, although these cells hardly express 

steroidogenic enzyme genes or produce steroid hormones at 

detectable levels. However, SF-1-expressing cells become 

strongly positive for Cyp11a1 after cAMP treatment . These 

cells express many other steroidogenesis-related genes (SR-BI, 

StAR, 3β-HSD, and other P450 steroid hydroxylases) and 

autonomously produce steroid hormones including androgen, 

estrogen, progestin, glucocorticoid, and aldosterone. Notably, 

this approach differentiates human BM-MSCs into 

cortisol-producing cells in response to ACTH, which are very 

similar to fasciculata cells in the adrenal cortex. 

Adenovirus-mediated transient expression of SF-1 also 

differentiates BM-MSCs into steroidogenic cells with the 

capacity for de novo synthesis of various steroid hormones 

[53]. In addition to BM-MSCs, these methods can induce 

differentiation of MSCs derived from various tissues such as 

adipose, umbilical cord blood, and the uterus [24, 52, 58, 59]. 

However, these methods are not applicable to embryonic stem 

(ES) cells, embryonal carcinoma cells, or terminally 

differentiated cells such as fibroblasts and adipocytes. These 

studies clearly demonstrate that MSCs are suitable stem cells 

for differentiating steroidogenic cells. This inference is 

supported by the fact that, after pre-differentiation into MSCs, 

ES cells can also be subsequently differentiated into 

steroidogenic cells using SF-1 [60]. 

4. Conclusion 

It has long been proposed that stem/progenitor cells play 

important roles in the development and maintenance of 

steroidogenic cells in the gonads and adrenal glands. Although 

such stem cells have been recently identified in human and 

rodents, further studies are necessary to understand the 

biology of these stem cells in steroidogenic organs. Induction 

systems for deriving steroidogenic cells from MSCs could be 

useful tools for studies in this field. Such systems might also 

provide an opportunity for developing novel treatments of 

steroidogenesis deficiencies in aging patients. 
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