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Sertoli cells are somatic cells present in seminiferous tubules which have essential roles in regulating spermatogenesis. Considering that each Sertoli cell is able to support a limited number of germ cells, the final number of Sertoli cells reached during the proliferative period determines sperm production capacity. Only immature Sertoli cells, which have not established the blood-testis barrier, proliferate. A number of hormonal cues regulate Sertoli cell proliferation. Among them, FSH, the insulin family of growth factors, activin, and cytokines action must be highlighted. It has been demonstrated that cAMP/PKA, ERK1/2, PI3K/Akt, and mTORC1/p70SK6 pathways are the main signal transduction pathways involved in Sertoli cell proliferation. Additionally, c-Myc and hypoxia inducible factor are transcription factors which participate in the induction by FSH of various genes of relevance in cell cycle progression. Cessation of proliferation is a pre-requisite to Sertoli cell maturation accompanied by the establishment of the blood-testis barrier. With respect to this barrier, the participation of androgens, estrogens, thyroid hormones, retinoic acid and opioids has been reported. Additionally, two central enzymes that are involved in sensing cell energy status have been associated with the suppression of Sertoli cell proliferation, namely AMPK and Sirtuin 1 (SIRT1). Among the molecular mechanisms involved in the cessation of proliferation and in the maturation of Sertoli cells, it is worth mentioning the up-regulation of the cell cycle inhibitors p21Cip1, p27Kip, and p19INK4, and of the gap junction protein connexin 43. A decrease in Sertoli cell proliferation due to administration of certain therapeutic drugs and exposure to xenobiotic agents before puberty has been experimentally demonstrated. This review focuses on the hormones, locally produced factors, signal transduction pathways, and molecular mechanisms controlling Sertoli cell proliferation and maturation. The comprehension of how the final number of Sertoli cells in adulthood is established constitutes a pre-requisite to understand the underlying causes responsible for the progressive decrease in sperm production that has been observed during the last 50 years in humans.
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INTRODUCTION

Sertoli cells represent one of the most complex cells in the organism. Not only because of their three-dimensional structure but also due to their function to create a unique environment which allows germ cell development. The concept of “nurse cells” is widely used to refer to this cell type as they create a complete lining within the tubular walls which envelope spermatogenic cells. They also, by virtue of tight junction formation, constitute the main component of the blood testis barrier (BTB).

Positive correlations between total Sertoli cell number and the daily sperm production in several species, including humans, have been reported (1–3). This relationship exists because each Sertoli cell is able to sustain a limited number of germ cells (4). Thus, it may be concluded that appropriate development of the Sertoli cell population, with respect to their number and functionality, will determine spermatogenic capacity through adulthood.

Only immature Sertoli cells proliferate and, even when there are differences between species as to the pre-dominant periods of mitotic activity, it is generally accepted that proliferation stops at puberty in most species (5). Thus, the regulation of Sertoli cell proliferation—determining the final Sertoli cell number—and cessation of the proliferation concomitant with maturation—establishing adequate cell function—constitutes the foundation of adult testicular function and occurs in fetal and early postnatal life.

From the initial studies of Sertoli (6) significant advances have been made in understanding the functionality of this cell type. It is well-known that the gonadotropin Follicle-Stimulating Hormone (FSH) and also androgens regulate the proliferation and functional maturation of this cell type. In addition to these classical hormones, a great number of locally produced factors participate in the regulation of Sertoli cells reflecting one of the most representative examples of cell-cell communication (7).

Noticeably, while a huge number of reports deal with the regulation of several aspects of Sertoli cell physiology and at least two books of biblical proportions have been published (8, 9), much less is known on the regulation of proliferation of this cell type. Clermont and Perey (10) performed the earliest quantitative study of Sertoli cell proliferation based on the analysis of the percentage of Sertoli cells undergoing mitosis. More than 10 years later, Steinberger and Steinberger (11) utilizing organ culture pulsed with [3H]-thymidine and determining the labeling index showed that this index decreased with the age of the animal. A few years later, Griswold et al. (12) showed that FSH stimulates DNA synthesis and mitosis of immature Sertoli cells in culture and that mitotic activity is limited to immature cells. Furthermore, studies performed by Orth (13, 14) identified fetal and postnatal life in the rat as moments of high mitotic activity. From these initial studies that established the basic concepts on Sertoli cell proliferation a great number of investigators have tried to deeply understand the molecular mechanisms underlying this physiological process.

Increasing evidence for the quantitative and qualitative decline in human sperm over the past few decades has been presented (15–17). A recent study by Levine et al. (18) reported a 50–60% decline in sperm counts. The reasons for this decline are not clear yet, but modern lifestyle may be a cause (19–22). A variety of factors including those that affect Sertoli cell proliferation and maturation at cessation of mitosis might be somehow related to the impairment observed in seminiferous tubule function. Our review will highlight molecular mechanisms related to the above-mentioned processes, i.e., proliferation and maturation, which may be affected by exposure to certain therapeutic drugs or pollutants.

MAIN FACTORS INVOLVED IN THE STIMULATION OF SERTOLI CELL PROLIFERATION

Even though a considerable variation in the number of Sertoli cells among members of the same specie exists, it is assumed that the final number of Sertoli cells in adults results from events in fetal, neonatal or peripubertal life (23). Therefore, the hormones and locally produced factors as well as signaling pathways and molecular mechanisms involved in the stimulation of Sertoli cell proliferation are crucial to define sperm production in adult animals. Current knowledge of the roles FSH, the insulin family of growth factors, the activins and cytokines play in Sertoli cell proliferation will be summarized in the following sections.

Follicle-Stimulating Hormone

FSH is a gonadotropin synthesized and secreted by the gonadotropic cells of the anterior pituitary gland. FSH consists of two different glycoprotein subunits: a common α subunit, which is present in other pituitary hormones, and a specific β subunit, which confers its specific biologic action (24). FSH is a central regulator of reproductive function in mammals. Physiological effects of FSH are mediated by its association with the FSH receptor (FSHR), a seven-transmembrane-domain protein, which belongs to the G protein-coupled receptor (GPCR) superfamily (25, 26). It is widely accepted that FSHR in the male is expressed exclusively in Sertoli cells (27). Consistent with the presence of receptors, FSH actions can be demonstrated during fetal life and throughout postnatal lifespan. However, the physiological response to FSH varies depending on the state of maturation of Sertoli cells (5). FSH regulates Sertoli cell proliferation only during fetal and early postnatal life, whereas it regulates differentiation after cessation of mitosis at puberty. The first demonstration of a stimulatory role of FSH in the proliferation of Sertoli cells came from studies of Griswold et al. (12, 28, 29). Other pioneering studies that established the relevance of FSH in the regulation of Sertoli cell proliferation consisted of in vivo procedures that lead to diminished endogenous FSH levels -decapitation in utero or addition of FSH antiserum to rat fetuses. These experiments showed that, as a result of lower FSH levels, incorporation of [3H]-thymidine in Sertoli cells decreased (14). In these studies, it was also shown that FSH increases the number of Sertoli cells in organ culture. In addition, it was shown that hemicastration of 3-day-old rats evokes enhanced Sertoli cell proliferation in the remaining testis that is accompanied by elevated levels of FSH, and that testosterone administration abrogates the compensatory hypertrophy (30). This negative effect of testosterone on Sertoli cell proliferation was interpreted to be a consequence of the negative feedback on FSH secretion that testosterone exerts. The importance of FSH in the regulation of Sertoli cell proliferation was further confirmed by a study conducted by Almirón and Chemes (31). The latter authors observed that Sertoli cell mitotic index was reduced in immature rats with FSH withdrawal accomplished by administration of high doses of testosterone propionate, and that the index increased when FSH levels were restored by injection of human FSH. Years later, the results obtained utilizing gonadotropin-deficient hypogonadal (hpg) mice treated with recombinant FSH (32, 33) or hpg mice expressing transgenic FSH (34, 35) strengthened the role of FSH in the regulation of Sertoli cell proliferation. Complementarily, a reduction in Sertoli cell number in mice with a null mutation in Fshr gene was observed (36–38).

Once the mitogenic role of FSH was convincingly demonstrated, further studies focused on elucidating signal transduction pathways involved in the regulation of Sertoli cell proliferation triggered by the hormone. For more than 20 years, it had been widely accepted that the canonical Gs/cyclic adenosine monophosphate (cAMP)/cAMP-dependent kinase (PKA) pathway was the unique mechanism that contributed to FSH actions (39, 40). The increase in [3H]-thymidine incorporation in immature Sertoli cells caused by dibutyryl-cAMP (dbcAMP) incubations (14, 29) was the first evidence for the participation of cAMP-dependent pathways in the regulation of Sertoli cell proliferation. Nowadays, growing evidence indicates the complexity associated with FSH-induced cellular signaling (41, 42). Crépieux et al. (43) showed that FSH activates the extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) pathway following dual coupling of the FSHR both to Gs and to Gi heterotrimeric proteins, in a PKA- and also Src-dependent manner, leading to cell cycle progression through cyclin D1 induction and the concomitant proliferation of Sertoli cells from immature rats. The complexity of the signaling network triggered by FSHR is also reflected by the activation of phosphatidyl-inositide-3 kinase (PI3K)/Akt/p70 S6 kinase (p70S6K) by FSH in proliferating Sertoli cells (44). More recently, Riera et al. (45) showed that FSH regulates proliferation through PI3K/Akt/mammalian target of rapamycin complex 1 (mTORC1) signaling pathway. At the molecular level, an increase in phosphorylated (P)-Akt, P-mTOR, and P-p70S6K levels induced by FSH in proliferative Sertoli cells was observed. Additionally, FSH increased the levels of P-PRAS40, a substrate of Akt and a component of the mTORC1, probably contributing to improving mTORC1 signaling. Furthermore, the decrease in FSH-stimulated P-Akt, P-mTOR, P-p70S6K, and P-PRAS40 levels in the presence of a PI3K specific inhibitor emphasized the participation of PI3K in FSH signaling. Additionally, the inhibition of FSH-stimulated Sertoli cell proliferation by the effect of specific inhibitors of PI3K and mTOR confirmed the relevance of the PI3K/Akt/mTORC1 signaling pathway in the mitotic activity of FSH. These authors also showed that FSH decreased the levels of P-AMP-activated protein kinase (AMPK)—serine/threonine protein kinase that antagonizes mTORC1 actions—and concluded that AMPK-dependent mechanisms counteract FSH proliferative effects.

The intricate signaling actions of FSH are responsible for extensive alterations in the expression of genes due to the activation of a number of transcription factors in Sertoli cells. In addition to cAMP response element binding protein (CREB) (46), FSH modulates the transcriptional activity of: NFκB (47), AP1 (48), c-Myc (49), hypoxia-inducible factor (HIF)1 (50), and HIF2 (50, 51). The majority of the latter studies on transcription, with the exception of those performed on c-Myc and HIF2, were carried out in non-proliferative Sertoli cells and did not address whether these FSH-activated transcription factors might be involved in the regulation of Sertoli cell proliferation. Concerning c-Myc, it was observed that c-Myc mRNA is clearly detectable in Sertoli cells from 8-day-old rats but hardly detectable in cells from those aged 14 and 28 days. Besides, it was observed that FSH, in a cAMP-dependent manner, stimulates c-Myc mRNA expression in Sertoli cells derived from 8- to 14-day-old rats but has almost no effect in those derived from 28-day-old rats (49). This age-dependent regulation of expression strongly suggests a role of c-Myc in immature Sertoli cells. A cAMP-dependent pathway is not the only one regulating c-Myc expression as the involvement of PI3K signaling pathway has also been demonstrated (45). As for HIFs, it was shown that FSH upregulates the expression of HIF1α and HIF2α in Sertoli cells obtained from 20-day-old rats (50), a developmental stage in which rat Sertoli cells barely proliferate and have established the BTB. On the other hand, in Sertoli cells obtained from 8-day-old rats, a stage in which Sertoli cells are actively proliferating, FSH upregulates only HIF2α levels (51). In addition, it is worth mentioning that it has been observed that HIF1 and HIF2 have the opposite effects on regulation of proliferation in other cell types—while HIF2 promotes cell cycle progression, HIF1 inhibits it (52, 53). The participation of HIF2 in the regulation of proliferation by FSH was further confirmed by the demonstration that inhibitors of HIFs down-regulate bromo-deoxyuridine (BrdU) incorporation, cyclin D1 expression and c-Myc activity stimulated by FSH in immature Sertoli cells (51).

In summary, FSH positively regulates the proliferation of Sertoli cells by activating cAMP/PKA/ERK1/2 and PI3K/Akt/mTORC1 dependent-pathways, and by increasing the transcriptional activity of c-Myc and HIF2 and the expression of cyclin D1. The characterization of some of the signaling pathways regulated by FSH has been an important step toward the understanding of how this hormone promotes, on the one hand, Sertoli cell proliferation during fetal and early postnatal life and, on the other hand, maturation after cessation of mitosis at puberty. Nevertheless, many of the mechanisms by which FSH exerts its biological actions which, as mentioned above, vary with the developmental status of the animal, remain to be fully understood. Finally, yet importantly, the involvement of FSH-promoted autocrine factors in Sertoli cell proliferation should be considered.

Insulin Family of Growth Factors

The insulin family of growth factors—insulin, insulin like growth factors I (IGF-1) and II (IGF-2) and relaxin– are small polypeptides that are responsible for the control of growth, metabolism, and reproductive functions. IGF-1 and IGF-2, which share 70% of their amino acid sequence, are ubiquitously expressed unlike insulin that is expressed in the pancreatic islets of Langerhans β-cells. The physiological effects of these peptides are mediated through the activation of two related tyrosine kinase receptors: the insulin receptor (InsR), and the IGF-1 receptor (IGF-1R). Ligand binding activates receptor tyrosine kinase activity and subsequently, phosphorylation of tyrosine residues in the receptor itself and a set of proteins known as insulin receptor substrates (IRS) occurs. Four IRS proteins that initiate intracellular pathways, named IRS1-4, have been identified (54). Activation of the receptor will lead to stimulation of two major signaling pathways: PI3K and ERK1/2, both of which are associated with proliferation, differentiation, metabolism, and cell survival.

The members of this family that have been more extensively studied in the context of testicular function are insulin and IGF-1. Utilizing different approaches, crucial roles for both peptides in testicular development were established. In their analysis of Igf-1 knock-out (KO) mice, Baker et al. (55) showed the importance of IGF-1 for the development and fate of the mouse male gonad. Sertoli cell characteristics were not evaluated in these initial studies. Other studies, related specifically to Sertoli cell proliferation, indicated that IGF-1 effects take place both during embryonic and neonatal periods. It has been shown that Sertoli cells isolated from embryonic mouse testis express IGF-1 and IGF-1R and that IGF-1 treatment increases BrdU incorporation and promotes cell cycle progression (56). Furthermore, IGF-1 receptors were identified in neonatal Sertoli cells (57, 58) and a positive role of IGF-1 in regulating Sertoli cell proliferation in cultured cells from different species (rat, pig, and bull) was demonstrated (57, 59–61). Moreover, cultured Sertoli cells with inactivated IGF-1R showed decreased BrdU incorporation and cyclin D2 expression and increased p21Cip1 and p53 protein levels (62). As for the role of insulin, early studies showed that insulin exerts proliferative effects as well as IGF-1, however, as higher concentrations of insulin (micromolar) than those of IGF-1 (nanomolar) were required to elicit biological responses, it was suggested that insulin acted via IGF-1 receptors (63). More recently, additional support to the concept that both peptides, IGF-1 and insulin, are involved in proliferation of Sertoli cells was provided by analyzing mice lacking Insr and/or Igf1r specifically in Sertoli cells. Adult testes of mice lacking both Insr and Igf1r in Sertoli cells (SC-Insr;Igf1r) displayed a 72% reduction in testis size and a 79% reduction in daily sperm production. Reduced proliferation of immature Sertoli cells during late fetal and early neonatal development in these animals was also observed. However, despite the marked reduction in sperm production they were fertile indicating that the absence of IGF signaling in Sertoli cells does not impair spermatogenesis (64). As a whole, these investigations established that insulin and IGF-1 are essential components of the endocrine and paracrine network that regulates Sertoli cell proliferation.

Regarding the signal transduction pathways elicited by insulin/IGF-1 system in Sertoli cells, there is general agreement that they can activate PI3K/Akt and ERK1/2 signaling pathways and, additionally, that this is mediated by IRS2. With regard to the latter, it has been shown that adult Irs2 KO mice show a 45% reduction in testis weight, with a reduction in the number of Sertoli cells, spermatogonia, spermatocytes, elongated spermatids, and spermatozoa, whereas testicular development in Irs1 KO mice does not evince these reductions (65). A reduced testicular size was observed as early as the neonatal period, suggesting that testicular development impairment in Irs2 KO mice also occurs in the fetal period. Altogether, these data indicate that IRS2, by mediating IGF-1 signaling during embryonic and early postnatal periods, plays a critical role in testicular development. The role of the ERK1/2 pathway in mediating IGF-1 effects on Sertoli cell proliferation had been suggested in experiments showing that the effects of IGF-1 on embryonic Sertoli cell proliferation were inhibited by a specific ERK1/2 pathway inhibitor (56). Regarding PI3K/Akt pathway, it has been shown that IGF-1 can stimulate this pathway in immature Sertoli cells (60). However, a direct relationship of the activation of PI3K/Akt pathway in mediating IGF-1 action in Sertoli cell proliferation has not been determined yet.

Interestingly, the insulin/IGF-1 signaling pathway has been proposed to play a role in mediating FSH effects in immature Sertoli cells. Initial studies on the regulation of IGF-1 system by FSH demonstrated that this gonadotropin stimulates IGF-1 and inhibits IGF binding protein (IGFBP) 3 secretion in Sertoli cells (66–69). By the fact that, in Fshr KO mice, testis weight, and Sertoli cell numbers were reduced ~50% (70), while in SC-Insr;Igf1r KO mice, a greater reduction was observed (64), it has been suggested that the effects of FSH on the proliferation and differentiation of immature Sertoli cells are mediated, at least in part, by IGF-1. Pitetti et al. (64) studied the potential interaction between FSH and the insulin/IGF signaling pathway. The authors utilized an experimental model consisting of neonatal hemicastration of wild type and SC-Insr;Igf1r KO animals. While testis size and epididymal sperm counts were increased in hemicastrated wild type males, no effects were observed in hemicastrated SC-Insr;Igf1r mutant mice. Moreover, human recombinant FSH therapy did not increase testicular size and sperm output in SC-Insr;Igf1r KO mice. Based on these results the authors suggested that FSH requires the insulin/IGF-1 signaling pathway to mediate its proliferative effect on immature Sertoli cells. However, it has to be kept in mind that in these SC-Insr;Igf1r KO mice a reduction in FSHR and Akt signaling was also observed. Thus, the inability of Sertoli cells to proliferate after hemicastration or after FSH treatment might be accounted for by the reduction in both FSHR and Akt signaling. In summary, it can be concluded that the effects of FSH on immature Sertoli cells can be mediated, at least in part, by IGF-1 and that local production of IGF-1 is an important component of the intratesticular network involved in the regulation of Sertoli cell number, testis size and sperm output in mammals.

Relaxin is another member of the insulin-related peptide family involved in Sertoli cell proliferation. This peptide was first recognized for its important role during pregnancy and parturition (71, 72). Relaxin is structurally similar to insulin, but binds to GPCRs termed the relaxin family peptide receptors (RXFP 1 and 2) (73). Relaxin mRNA levels are higher in the testis of immature rats than in the adult ones, which suggests an important role in an early period of life (74). Considering that relaxin and RXFP1 expression is found in immature Sertoli cells, an autocrine regulation has been predicted (75). Relaxin increases the incorporation of [3H]-thymidine and the levels of proliferating cell nuclear antigen (PCNA) in Sertoli cell cultures. Relaxin-induced Sertoli cell proliferation involves activation of a Gi protein and activation of EKR1/2 and PI3K/Akt pathways (76). Supporting the hypothesis that relaxin has a role on Sertoli cell proliferation, it has been observed that KO mice for this gene have smaller testes (77). More recently, a crosstalk between FSH and relaxin at the end of the proliferative stage in rat Sertoli cells was demonstrated, and the authors postulate that whereas FSH action predominates and seems essential to direct cell maturation, relaxin seems to preferentially promote Sertoli cell proliferation (78, 79).

Activins and Inhibins

The gonadal peptides activins and inhibins belong to the transforming growth factor (TGF) β superfamily, and have important roles in reproduction and development. Activins and inhibins were discovered and named based on their abilities to stimulate or inhibit FSH release by gonadotrophs (80, 81). Activins are homodimers of two β inhibin subunits encoded by five genes designated Inhba to Inhbe (82–85). The most studied activins are those called activin A (βAβA) and activin B (βBβB). On the other hand, inhibins are heterodimers of one of the β subunits –βA or βB– with a common inhibin α-subunit, encoded by Inha gene, namely inhibin A (αβA), and inhibin B (αβB), respectively (82, 86).

All information related to activin regulation of Sertoli cell function has been obtained using activin A. Activin A is expressed in fetal and postnatal testis with variable cell localizations (87–91). In the fetal testis, Leydig cells are the main source of activin A in the mouse and human (92, 93). Barakat et al. (94) showed that Inh βA subunit is detected by immunohistochemistry in Sertoli cells, Leydig cells, peritubular myoid cells (PTMC), and different types of germ cells. This latter study, which included studies in newborn mice, also showed that testicular concentration of activin A is high during the period of Sertoli cell proliferation and then decreases to reach a low value that remains constant until adulthood. Considering that Buzzard et al. (89) had previously shown that neonatal PTMC in culture produce higher levels of activin A than Sertoli cells, it has been proposed that the high concentrations of activin A found in neonatal testis are due to activin A produced by PTMC.

Activin A signaling is mediated by binding to a type II receptor subunit, either ActRIIa or ActRIIb, which causes type II receptor to phosphorylate type I receptor, ActRIb (ALK4). Phosphorylated type I receptor recruits and phosphorylates SMAD2 and/or SMAD3, also called regulatory SMADs. The latter phosphorylated proteins dissociate from the receptor and oligomerize with the common SMAD4. This oligomer translocates to the nucleus and affects specific gene transcription. The relevance that activin A may have in Sertoli cell mitosis is pointed out by the presence of type II and type I receptors in mitotically active Sertoli cells (89, 95).

More than 20 years ago, at the time when the TGFβ peptide superfamily was being characterized, the need to investigate possible paracrine effects within the testis became apparent. To this respect, a synergistic effect of activin A with FSH on Sertoli cell proliferation in the neonatal period was described (89, 96). The effect of activin A on fetal Sertoli cell mitosis was analyzed in Inhba KO mice. Inhba KO males have significantly fewer Sertoli cells and a lower testis weight than wild type males at birth. Concomitantly, a reduction in BrdU- and PCNA-positive Sertoli cells and a decrease in cyclin D2 expression in Sertoli cells in these animals were observed (97). A study using genetic disruption of Inhba specifically in fetal Leydig cells (Inhba cKO) showed decreased proliferation of Sertoli cells, and the authors postulated that activin A produced by Leydig cells is the relevant paracrine regulator of fetal Sertoli cell mitosis (93). Noticeably, it has been shown that activin A is present in fetal human testis and that activin A increases Sertoli cell proliferation in fetal human testis in culture (92, 98). These results point out the physiological relevance of this peptide in fetal Sertoli cell mitosis.

The role of different activin receptors and of the SMAD signaling pathway in the proliferative effect of activin A has also been studied. It has been shown that mice with deletion of ActrIIa have smaller testis size and a reduced number of Sertoli cells (99). On the other hand, abrogation of ALK4/5/7 signaling in gonad cultures has been shown to promote a significant reduction in fetal Sertoli cell proliferation (100). As for the participation of SMAD signaling pathway, Itman et al. (101) showed that activin A promotes nuclear accumulation of SMAD3 rather than SMAD2 in proliferative Sertoli cell cultures. These results suggest that activin A signals preferentially through SMAD3 in immature Sertoli cells. Moreover, mice with conditional deletion of Smad4 in Sertoli cells showed decreased Sertoli cell proliferation and a reduction in testis size (93). Altogether, these studies support the notion that activin receptors and SMAD3-SMAD4 signaling dependent pathways are involved in the regulation of Sertoli cell proliferation.

As mentioned before, activin A production decreases with the age of the animal. The most marked drop occurs at puberty at the time that Sertoli cells mature and are in a non-proliferative state (94). Even though activin A production decreases, it is present throughout adulthood, and investigators searched for a role of the peptide in maturing Sertoli cells. In this context, Nicholls et al. (102) using Sertoli cell cultures that have hallmarks of mature cells—tight junction formation, mitotic arrest and expression of maturity markers—showed that activin A inhibits tight junction formation between neighboring Sertoli cells. In addition, the authors showed that activin A induces proliferation of these mature Sertoli cells and increases cytokeratin 18 expression, a marker of immature Sertoli cells. These in vitro studies were complemented with an in vivo approach. Adult mice with increased systemic activin A levels showed a disruption of the BTB, an increase in the number of seminiferous tubules with severe spermatogenic defects and a decrease in testis weight. The authors concluded that the switch from high to low activin A levels during testis development is physiologically relevant and might be important for appropriate Sertoli cell function and fertility.

The role of activin B on Sertoli cell function is much less understood. Studies using Inhbb KO mice suggest that activin B is not involved in Sertoli cell proliferation or testicular development (103). However, further studies will be necessary to determine if activin B has any role in the regulation of Sertoli cell proliferation.

Regarding the inhibins, it has been shown that inhibin B is the major circulating inhibin in males and that it is produced mainly by Sertoli cells in the testis (92, 94, 104). Mice with a deletion of Inha have normal testicular development during embryogenesis but develop testicular tumors by 30 days of age. These tumors completely alter testicular architecture and render the mice infertile (105). Based on the latter observations, a marked inhibition of Sertoli cell proliferation by inhibin B was initially postulated. A few years later, it was shown that Inha KO mice, which do not produce inhibin B, have overproduction, and unbalanced action of activin A that might be responsible for the observed phenotype (106). In support of the latter hypothesis, it has been observed that the genetic deletion of Smad3, an important activin A signaling molecule, relieves the Sertoli cell tumor-forming phenotype of Inha KO mice (107, 108). Altogether, this evidence suggests that in adulthood inhibin B has no role by itself but plays a role in the modulation of activin A-induced Sertoli cell proliferation.

In summary, activin A stimulates Sertoli cell proliferation during fetal and postnatal period. Increasing levels of inhibin B at puberty may counteract activin A effects.

Cytokines

Cytokines are typically characterized as factors made by more than one cell type that act locally in an autocrine or paracrine fashion and play a pivotal role in the regulation of immune and non-immune cells. Different cell types in the testis under both physiological and pathological conditions produce cytokines (109, 110). Considering that the mammalian testis is a notable immune-privileged site, which protects haploid immunogenic germ cells from the harmful effects of immune responses, most studies focused on the effects of cytokines on the maintenance or disruption of the immune environment. However, a few addressed cytokine regulation of Sertoli cell proliferation.

Interleukin 1 (IL-1) exists as two major agonist isotypes, IL-1α, and IL-1β, and these cytokines have a naturally antagonist named IL-1 receptor antagonist (IL-1ra). In rodent testis, IL-1α, and IL-1β are produced by Sertoli cells, interstitial macrophages and Leydig cells (111–115). The production of IL-1α by human Sertoli and Leydig cells has also been demonstrated (116). Both IL-1s exert their effects by binding IL-1 receptor type I that is constitutively expressed in Sertoli cells (117, 118). As for Sertoli cell proliferation, it has been shown that IL-1α and IL-1β increase DNA synthesis and Sertoli cell number in vitro and that IL-1α has a more potent effect than IL-1β (118). Petersen et al. (119) explored the signaling pathways activated by IL-1α and their participation in the proliferative effects on Sertoli cells. The authors showed that IL-1α activates p38 MAPK and JNK pathways but not the ERK1/2 cascade in immature Sertoli cells, and that the p38 MAPK pathway mediates the mitogenic effect of IL-1α. IL-1α expression can be demonstrated at about 20 days of age increasing thereafter in the rat testis (120). Tumor necrosis factor (TNF) α is another cytokine with known effects in the pro-inflammatory and immunoregulatory responses, and apoptosis. TNFα is produced by interstitial macrophages, spermatocytes and spermatids in the adult testis (121). Only TNF receptor 1 has been detected in Sertoli cells and probably mediates TNFα biological actions (122). Petersen et al. (123) presented data consistent with a possible positive role of TNFα on Sertoli cell proliferation. Considering that neither IL-1α nor TNFα were detected in the immature testis, the possible role of these cytokines in Sertoli cell proliferation under physiological conditions is at least arguable.

In summary, the effects of cytokines on Sertoli cell proliferation under physiological conditions are unlikely, however, they may have some relevance under pathological conditions with elevated intratesticular cytokine levels.

MAIN FACTORS INVOLVED IN CESSATION OF PROLIFERATION AND IN MATURATION OF SERTOLI CELL

Cessation of proliferation of Sertoli cells is accompanied by a maturation process that consists in profound changes in gene expression, BTB establishment and the acquisition of full capacity to sustain developing germ cells. Therefore, the analysis of hormones and locally produced factors as well as the analysis of the signaling pathways and molecular mechanisms involved in cell cycle arrest and maturation of Sertoli cells are also relevant to the understanding of possible alterations in sperm production. Current knowledge of the role of androgens, estrogens, thyroid hormones, retinoic acid, and opioids in the cessation of proliferation and/or maturation will be summarized in the following sections.

Androgens

The role of androgens in male fertility and in the maintenance of spermatogenesis is well-known and has been extensively reviewed (124, 125). During embryogenesis, fetal Leydig cells secrete testosterone shortly after differentiation to ensure virilization of the male embryo, and this secretion gradually declines preceding birth (126). Another testosterone surge occurs following birth and the profile of this neonatal testosterone surge has been characterized in different species (127). Then, testosterone decreases to very low levels until the onset of puberty (128, 129). At puberty, serum testosterone rises again reaching adult levels that cause development of secondary sex characteristics and progressive acquisition of reproductive capacity.

Androgens exert most of their effects through genomic actions, which involve diffusion through the plasma membrane to bind the androgen receptor (AR), which is sequestered by heat shock proteins in the cytoplasm. The interaction of the steroid with the AR leads to a conformational change in AR which causes its release from heat shock proteins. Ligand-bound AR then translocates to the nucleus where it interacts with androgen response elements (AREs) in gene promoter regions, recruiting co-regulator proteins and regulating gene transcription. An extensive review dealing with the mechanism by which AR acts as a ligand-dependent transcription factor was published by Heemers and Tindall (130).

AR is widely expressed in the rat testis, specifically in Sertoli, Leydig, and PTMC (131). The localization of AR in germ cells is controversial, with some studies showing absence of AR (131–134) and other studies presenting evidence of AR expression in germ cells (135–137). AR is absent in fetal rat Sertoli cells, and its expression becomes progressively stronger during postnatal development (131, 138, 139).

It was generally believed that androgens played little if any role in Sertoli cell proliferation in rodents, primarily because the AR is weakly expressed in Sertoli cells during early postnatal life. Precisely, the fact that the treatment of neonatal mice with testosterone propionate did not modify the expression of proliferation markers—c-Myc and PCNA—in immature Sertoli cells was interpreted as a consequence of the low levels of expression of AR (140). This hypothesis was questioned by studies in testicular feminized mice (Tfm, nonsense mutation in Ar gene resulting in a complete absence of nuclear receptor protein in all tissues) showing a decrease in the number of Sertoli cells in adulthood (141). However, a controversy arose on these observations as these animals suffer cryptorchidism that may be the cause of reduced Sertoli cell number. A year later, Atanassova et al. (142) also postulated a positive effect of androgens on Sertoli cell proliferation. These authors treated neonatal rats with the antiandrogen flutamide and observed reduced Sertoli cell number despite the presence of elevated FSH levels. The development of a Sertoli cell-selective Ar knockout mouse (SCARKO) opened up new possibilities for elucidating the role that androgens play in regulating Sertoli cell proliferation. In sharp contrast to what was observed in Tfm, flutamide-treated animals and ARKO—Ar KO mice with an analog phenotype to Tfm—models, the final number of Sertoli cells in SCARKO mice was unaltered (143). SCARKO animals conclusively evinced that AR expression in Sertoli cells is not required for attainment of a normal Sertoli cell number. Tan et al. (143) suggested that AR expression in other testicular cell types might be important for the modulatory role of testosterone on Sertoli cell proliferation. As PTMC express AR intensely throughout fetal and postnatal life, and, there is abundant evidence that PTMC secretions can modify Sertoli cell function (144, 145), it was hypothesized that androgens regulated Sertoli cell proliferation indirectly through their effects on PTMC. Interestingly, transgenic PTMC-Ar−/y mice exhibit decreased testicular weight and sperm count, and even though the authors did not determine the number of Sertoli cells, it is reasonable to think that the reduction in germ cell number in this model might be a consequence of a diminution in the number of Sertoli cells (146). Taking into account that there is evidence that activin A produced by PTMC can stimulate Sertoli cell proliferation (89), it was proposed that activin A might be the paracrine factor involved in the indirect action of androgens. The development of a transgenic model that prematurely expresses the AR specifically in Sertoli cells (TgSCAR) enabled to demonstrate that androgens, by acting specifically on Sertoli cell AR, induce cell maturation. Sertoli cell maturation in TgSCAR mice was demonstrated by the observation of accelerated postnatal formation of seminiferous tubular lumen and for elevated levels of mRNAs coding for tight junction or phagocytic function proteins. Additionally, a premature AR expression in Sertoli cells led to a reduction of the pool of immature cells available for FSH induced mitotic expansion and resulted in fewer Sertoli cells in adulthood (147). In agreement with these findings, Buzzard et al. (148) had previously shown that testosterone inhibited rat Sertoli cell proliferation in primary cultures through the induction of cell cycle inhibitors p21Cip1 and p27Kip1.

In addition to the classical AR-mediated androgen responses, the regulation by androgens of Sertoli cell function may involve non-classical responses (149, 150). Recently, a novel membrane receptor for androgens, which is unrelated to AR, was identified. The zinc transporter ZRT-and Irt-like Protein (ZIP) 9, one of the 14 members of the solute carrier family 39 (SLC39) that regulates zinc homeostasis, is now known to mediate some androgen actions (151). To this respect, the expression of ZIP9 and its participation in the regulation of claudin-1 and—5 expression and the assembly of tight junctions have been described in a Sertoli cell line (152). Thus, the contribution of ZIP9 to androgen regulation of Sertoli cell maturation should be considered.

In summary, while androgens were initially thought to have a positive effect on Sertoli cell proliferation, studies on transgenic mice suggest that androgen-dependent regulation of Sertoli cell proliferation is an indirect effect probably exerted through the secretion of a paracrine factor. Direct effects of androgens on Sertoli cells seem to be related to maturation of this cell type. The mechanisms participating in androgen regulation of Sertoli cell function remain to be fully elucidated.

Thyroid Hormones

Thyroid hormones T3 and T4 (TH) are critical regulators of growth, development, and metabolism in virtually all tissues. TH initiate biological responses via classical genomic pathways by binding to TH receptors (TRs) that are codified by two genes, Tra, and Trb. Alternative splicing of the RNA transcript of both genes generates several different protein isoforms. Only four of these TR isoforms, TRα1, TRβ1, TRβ2, and TRβ3, seem to bind TH and act as TRs (153, 154). Additionally, a 43-kDa truncated form of the nuclear receptor TRα1 (p43) synthesized by the use of an internal initiation site of translation in the TRα1 transcript was identified in the mitochondrial matrix (155). The p43 stimulates mitochondrial transcription and protein synthesis in the presence of T3 (156). Nongenomic effects of TH initiated by activation of a plasma membrane receptor integrin αvβ3 have also been described (157).

Testicular TR expression varies with the age of the animal, particularly in Sertoli cells. TRα1 is expressed in proliferating Sertoli cell nuclei, and its expression decreases coincident with the cessation of proliferation. On the other hand, TRβ1 mRNAs is expressed at low levels throughout lifespan and the corresponding protein is not detected (158). High-affinity binding sites for T3 have been observed in rat Sertoli cell mitochondria (159) and these results suggest the presence of the p43 receptor in this cell type. TH interactions with the integrin αvβ3 receptor, which mediate rapid responses, have also been described in Sertoli cells (160).

Concerning the role of TH in immature Sertoli cells, an extensive body of data obtained from in vivo and in vitro models shows that TH inhibit Sertoli cell proliferation and stimulate their functional maturation in prepubertal testis through its interaction with different TH receptors. The central role of TH in regulating immature Sertoli cell function was highlighted by studying the effects of hypothyroidism and hyperthyroidism on neonatal rats. On the one hand, it was shown that early hypothyroidism causes an increase in testis size and in daily sperm production in adult rats (161), which is correlated with an increment in Sertoli cell number and with a delay in Sertoli cell maturation (162). On the other hand, high neonatal TH levels reduced the period of Sertoli cell proliferation, accelerated tubular lumen formation, and increased inhibin secretion (163). These results indicated that, additionally to its role in halting proliferation, TH also promote Sertoli cell maturation. A more recent study made similar observations on Sertoli cell proliferation and maturation as a consequence of neonatal hypothyroidism and hyperthyroidism, which were also induced by propylthiouracil (PTU) and T3 treatment, respectively. The total number of Sertoli cells per testis was significantly increased in PTU-treated mice in comparison to the controls, whereas the opposite occurred in T3-treated mice. Although the meiotic index and Sertoli cell spermatogenic efficiency were similar in all three experimental groups, the total daily sperm production per testis was significantly higher and lower than in control animals in PTU- and T3-treated mice, respectively (164).

Culture of immature Sertoli cells constitutes another experimental approach that was used to analyze the role of TH in Sertoli cell proliferation and maturation. In these in vitro studies, it was observed that TH inhibited FSH-stimulated Sertoli cell mitosis (165, 166) and that TH inhibition of Sertoli cell proliferation was accompanied by an increase in the expression of the cell cycle inhibitors p21Cip1 and p27Kip1 (148). It is worth mentioning that studies in KO animals for these cyclin-dependent kinase inhibitors (CDKIs) demonstrated that both are important inhibitors of Sertoli cell proliferation, and that loss of these CDKIs leads to a large increase in the adult Sertoli cell population, as well as an increase in daily sperm production and in testis weight (167). On the other hand, TH treatment stimulated the expression of Sertoli cell maturation markers such as inhibin B, clusterin, and AR and inhibited the expression of immature Sertoli cell markers such as aromatase and Anti-Müllerian hormone (AMH) (165, 168–171). Taking together, the evidence indicates that TH are central players in the transition from an immature to a functionally mature Sertoli cell phenotype.

Studies in KO animals for different THR (Trα KO and Trβ KO mice) were used to determine the roles of these receptors in mediating TH effects on Sertoli cells and testicular development (172). These studies on transgenic mice showed that TRα1, but not TRβ, is the receptor by which TH promote Sertoli cell maturation. This conclusion was further confirmed by analyzing a specific Sertoli cell Trα1 mutant animals, TrαAMI-SC (173). Additionally, it was shown that p43 KO mice depict a testicular phenotype very similar to that observed in Trα KO and TrαAMI-SC mice, suggesting that mitochondrial p43 receptor has a physiological role in Sertoli cell development (174).

Regarding the molecular mechanisms involved in the cessation of Sertoli cell proliferation by TH, the role of connexin 43 (Cx43), a constitutive protein of gap junctions that participates in the control of cell proliferation and tight junction formation, deserves special attention. To this respect, it was observed that the inhibitory effect of TH on Sertoli cell mitosis is associated with a time- and dose-dependent increase in Cx43 levels (175). The authors also showed that TH increased Cx43 levels in Sertoli cell cultures. Interestingly, specific Sertoli cell Cx43 KO mice (SC-Cx43KO) showed sustained proliferation and delayed maturation of Sertoli cells in adulthood (176). Altogether, the results support the idea that Cx43, by promoting the tight junction formation between Sertoli cells, plays a pivotal role in the ability of TH to promote Sertoli cell maturation. The participation of p21Cip1 and p27Kip1 also merits consideration. Early studies showed that p27Kip1 levels in Sertoli cells are inversely related to the proliferative activity of these cells (177). Additionally, it has been shown that TH status affects p27Kip1 expression in neonatal Sertoli cells in vivo (178). It is well-known that p27Kip1 and to a lesser extent p21Cip1 are primarily regulated through changes in proteolytic degradation (179, 180), however, conclusive evidence for the relevance of this mechanism in Sertoli cell physiology has not been obtained yet. Other molecular mechanisms underlying the ability of TH to promote Sertoli cell cycle arrest are those that involve transcription factors c-Myc and JunD, activator and repressor, respectively of cyclin-dependent kinase 4 (CDK4) expression. By utilizing TrαAMI-SC and p43 KO animals, up-regulation of CDK4 and c-Myc was observed and it was postulated that these proteins are main factors controlling the proliferation of Sertoli cells (173, 174). However, direct effects of TH on c-Myc expression or on transcriptional activity in Sertoli cells remain to be determined.

The participation of signal transduction pathways in TH effects on immature Sertoli cells was scarcely analyzed. To this respect, Sun et al. (181) postulated that the effects of TH on Sertoli cell proliferation are dependent on inhibition of PI3K/Akt signaling and that this effect is mediated by the cell membrane receptor integrin αvβ3.

Finally yet importantly, given that one of the well-recognized functions of TH is related to energetic metabolism that is tightly associated with cell cycle progression, it can be proposed that the effect of TH on Sertoli cell proliferation may be linked to metabolic regulation. In this context, it might be hypothesized that TH utilize cellular energetic sensors such as AMPK and Sirtuins as mediators of their actions on immature Sertoli cells.

AMPK functions as a key energy-sensing kinase by virtue of its exquisite sensitivity to the cellular AMP/ATP ratio. An increase in the latter ratio promotes AMPK phosphorylation and activation by upstream kinases. Recently, the role of AMPK in cell growth and proliferation has captured attention. It has been demonstrated that AMPK activation causes G1/S phase cell cycle arrest in several cell lines (182, 183) and also that mTORC1 signaling can be downregulated by AMPK (184). Riera et al. (45) have shown that AMPK activation reduces FSH-stimulated Sertoli cell proliferation. Activation of AMPK in FSH-stimulated conditions increases p19INK4d, p27Kip1, and p21Cip1 expression. As mentioned before, the regulation of p21Cip1 and p27Kip1 protein levels in response to TH has previously been related to the cessation of proliferation in FSH-stimulated Sertoli cells (148). Noticeably, TH activate AMPK in several cell lines (185–187). Altogether, the above-mentioned results let us speculate that AMPK activation may be involved in the mechanism of action of TH to regulate the transition of Sertoli cells from the mitotic to the postmitotic state during early postnatal development.

Sirtuins are metabolic sensors that have been implicated in a wide range of cellular processes. The mammalian Sir2 family consists of seven members (SIRT1-7) of NAD+ dependent type III histone and protein deacetylases. The most extensive studies of these enzymes were conducted toward functions of SIRT1, which is the founding member of this family. Beyond histone deacetylation, this enzyme also deacetylates many non-histone proteins that are involved in several processes ranging from cell cycle regulation to energy homeostasis. Noteworthy, Sirt1 KO animals are infertile showing decreased testis size and sperm quality, and this fact is accompanied by Sertoli cell immaturity (188). As a consequence, a physiological relevance of SIRT1 in Sertoli cell maturation has been proposed. It has been shown that SIRT1 is present in immature Sertoli cells at least up to 30-day-old rats and that SIRT1 expression in Sertoli cells decreases with the age of the animal. Additionally, SIRT1 activation markedly decreases proliferation and antagonizes FSH action in immature Sertoli cells. The molecular mechanisms involved in antiproliferative effects of SIRT1 activation were also studied. Activation of SIRT1 decreased cyclin D1 and D2 levels and increased p21Cip1 mRNA levels. SIRT1 activation also decreased c-Myc transcriptional activity (189). Remarkably, TH regulate SIRT1 expression and activity in different experimental models (190–192). SIRT1 activation might also be a molecular mechanism utilized by TH operating in immature Sertoli cells at the time of cessation of proliferation and terminal maturation of this cell type aimed to sustain spermatogenesis. However, experimental evidence for the involvement of AMPK and SIRT1 in the mechanism of action utilized by TH to regulate Sertoli cell proliferation has not been obtained yet.

In summary, studies performed so far have demonstrated that TH have a central role in the cessation of Sertoli cell proliferation and promote Sertoli cell maturation through TRα1 and p43 receptors. The mechanisms participating in these processes involve the regulation of Cx43, c-Myc, p21Cip1, and p27Kip1.

Estrogens

Estrogens play important roles in the regulation of testis development and spermatogenesis (193, 194). 17β-estradiol (E2) is the pre-dominant and most active estrogen produced from testosterone by aromatase enzyme cytochrome P45019 A1, encoded by the Cyp19a1 gene (195). In males, E2 is present in low concentrations in blood, but its concentration in semen and the rete testis can reach values even higher than in female serum, suggesting a role for estrogens within the testis (196). Sertoli and Leydig cells, spermatocytes and spermatids express the aromatase enzyme (197, 198). Sertoli cells are the major source of estrogens in immature rats whereas Leydig cells are the main source in adult animals (197, 199). Sertoli cell E2 production is regulated by FSH through the increase of Cyp19a1 expression (200). This response of the Sertoli cells to FSH in terms of aromatase activity and E2 secretion markedly declines with age (201).

Genomic actions of estrogens are mediated by the classical nuclear estrogen receptor alpha (ERα or ESR1) and estrogen receptor beta (ERβ or ESR2). In addition to the genomic actions, rapid signaling events have been described. These latter rapid effects may be mediated by: (a) ERα and ERβ localized at or near the plasma membrane (202), (b) truncated variants of ERα called ERα-46 or ERα-36 (203, 204), and/or (c) G protein-coupled estrogen receptor (GPER or GPR30) (205). The rapid responses include activation of different downstream signaling pathways. It has been suggested that receptor post-translational lipid modifications, such as palmitoylation, can play a role facilitating membrane localization of ER (206).

Regarding ER expression in the testis, in situ hybridization and immnohistochemical studies carried out in rats at all ages suggested that ERβ was present in nuclei of Sertoli and Leydig cells, whereas ERα was only present in the interstitial space (207, 208). Years later, in studies performed in rat Sertoli cell cultures and utilizing more sensitive techniques, the presence of ERα was demonstrated (209, 210). Lucas et al. (210) found that ERα protein levels decrease, whereas ERβ protein levels increase in Sertoli cells with the age of the animals. There existed conflicting data regarding GPER expression in human and rodent testis (211–215). A careful study confirmed the presence of GPER in Sertoli cells from immature rats (216). Furthermore, GPER was immunodetected in the endoplasmic reticulum and Golgi apparatus, whereas almost no localization in the plasma membrane was observed (217).

One of the first approaches employed to assess the effect of estrogens on Sertoli cell proliferation consisted of the in vivo administration of estrogens to rats. In this regard, estrogen treatment reduced Sertoli cell number when administered during proliferative periods (218). Similarly, results obtained in studies carried out in vivo using an aromatase inhibitor and a non-specific ER antagonist (ICI 182,780) suggested that Sertoli cell proliferation diminishes by activation of estrogen receptors (219, 220). As ICI 182,780 is able to antagonize the effect of both ERα and ERβ, the results obtained do not distinguish the type of receptor participating in the observed biological effect.

In order to clarify the role of estrogens on testis development, several models of transgenic mice were studied. Among them are those mice overexpressing aromatase (221), Cyp19a1 KO (222), Erα KO (223–225), and Erβ KO (225, 226). These transgenic mice were not selective for Sertoli cells, and due to the pleiotropic actions of estrogens, the phenotypes observed could not be straightforwardly attributed to direct actions of estrogens on Sertoli cell proliferation.

Studies performed in isolated Sertoli cells using specific agonists and antagonists of ERα and ERβ shed some light to the role of estrogens in proliferation. Estrogens might regulate both proliferation and cell maturation depending on the ER isoform through which they exert the effect. While estrogens modulate Sertoli cell proliferation through ERα, cell cycle exit, and differentiation involve ERβ. Taking into account that ERα expression decreases while ERβ expression increases with the age of the animals, it was postulated that the ERα/ERβ ratio is physiologically relevant to determine the end of cell proliferation and the start of cell differentiation (210).

Concerning the signaling pathways involved in estrogen action in Sertoli cells, Lucas et al. (210) have shown that the interaction of E2 with ERα promotes cell proliferation through the activation of NFκB in a PI3K- and a ERK1/2-dependent manner and that this is accompanied by cyclin D1 induction. On the other hand, the interaction of E2 with ERβ promotes cell cycle exit and cell maturation through the activation of CREB in a PI3K-dependent manner and this leads to the expression of the Sertoli cell differentiation markers –p27Kip, GATA1, and DMRT1. More recent studies have shown that not only are the classical receptors involved in Sertoli cell proliferation but GPER as well. To this respect, Yang et al. (227) have shown that GPER triggers the activation of Src/PI3K/Akt pathway which is involved in E2-induced Sertoli cell proliferation via regulating the expression of S-phase kinase-associated protein 2 (Skp2). Additional studies destined to evaluate the participation of GPER, either alone or in conjunction with ERs, will be necessary for our overall understanding of estrogen biological function in Sertoli cells.

In summary, investigations performed so far have led to the conclusion that estrogens increase proliferation of Sertoli cells through ERα and GPER. On the other hand, at the end of the proliferative period estrogens promote cessation of proliferation and cell maturation through ERβ.

Retinoic Acid

It has been recognized for decades that signaling through vitamin A is essential for male reproduction. The biologically active form of vitamin A is retinoic acid (RA), which includes all-trans-RA (atRA), and 9-cis-RA (9-cRA). atRA is synthesized and also stored in lipid droplets in the testis (228–231). atRA content of the testis is practically independent from the plasma levels of this metabolite (232), suggesting that endogenous production of atRA has a vital importance for the maintenance of atRA-dependent processes in the seminiferous tubules. Cavazzini et al. (228) showed that atRA synthesizing activity rises about 5-fold at the time of transition to the non-proliferative phenotype of Sertoli cells and that it continues nearly constant thereafter. On the other hand, Raverdeaua et al. (233) showed that preleptotene spermatocytes may be another source of atRA at the time of meiotic initiation. It is worth mentioning that RA may have biological roles in all testicular cell types including germ cells at different stages of maturation. To this respect, several studies demonstrated that vitamin A deficiency in rats induces a progressive loss of germ cells, ultimately yielding seminiferous tubules that contain only Sertoli cells and premeiotic germ cells (234–237).

The actions of RA are mediated through specific nuclear receptors, the so-called retinoic acid receptors (RAR), which work as ligand-dependent transcription factors and that form heterodimers with retinoic X receptors (RXR). There exist three major subtypes of both, RAR protein (α, β, and γ) and RXR protein (α, β, and γ). Expression of various subtypes of RAR and RXR in Sertoli cells of fetal, neonatal, and adult animals has been demonstrated. Particularly, it has been observed that mitotically active rodent Sertoli cells express RARα and β and RXRα and γ (230, 238–240).

The regulation of Sertoli cell mitosis by atRA was evaluated in in vitro studies. Buzzard et al. (148) demonstrated that atRA decreases FSH-stimulated [3H]-thymidine and BrdU incorporation in cultures of immature Sertoli cells. Concomitantly, atRA increases p21Cip1 and p27Kip1 expression, proteins that are widely known to be involved in cell cycle arrest and in differentiation of Sertoli cells. Additionally, Nicholls et al. (241) showed that atRA inhibits activin A-stimulated Sertoli cell proliferation. Furthermore, the authors showed that inhibition of cell proliferation is accompanied by a decrease in activin A-stimulated cyclin E1 expression and by an increase in the levels of the cell cycle inhibitor p15INK4. These in vitro studies suggest that atRA participates in cessation of Sertoli cell proliferation. As previously mentioned, the cessation of Sertoli cell mitosis is accompanied by the formation of inter-Sertoli cell tight junctions, the main component of the BTB in seminiferous tubules. Noticeably, Nicholls et al. (241) also showed that atRA increases transepithelial electrical resistance (TER), a measurement of tight junctions integrity in Sertoli cell cultures, and promotes plasma membrane localization of the tight junction-related proteins claudin-11 and Tjp1. Altogether, these observations are consistent with an anti-proliferative and pro-differentiative role of RA.

The role of RARs and RXRs proteins in testicular physiology has also been analyzed by utilizing total or selective KO animals. Rarα, Rarγ, or Rxrβ null animals have abnormal testicular histology and are infertile, whereas Rarβ and Rxrγ null males are fertile, and their testes and genital tract are histologically normal throughout life (242–247). Rxrα null fetuses died in utero, thus, its precise role in testicular function could not be defined (248). All these previous studies focused on the germ cell population while no specific attention to possible changes in Sertoli cell physiology was paid. Analyzing selective KO animals, Vernet et al. (249) proposed a possible role of RARα in the regulation of Sertoli cell maturation. The latter authors showed in Sertoli cell-specific Rarα-conditional KO mice that there is a marked impairment of Sertoli cell capacity to support germ cell development (249). In addition, Hasegawa and Saga (250) evaluated the impact of the overexpression of a dominant-negative form of the RARα receptor (dn-RARα) in Sertoli cells. They observed that the BTB was disrupted during specific seminiferous tubule stages and postulated that this is partially due to a reduction in occludin expression. A role of RA in BTB function is further supported by the observation of partial disruption of tight junctions in vitamin A deficient rats and in Rarα KO mice (251–253).

In summary, results obtained so far are consistent with a role of RA in cessation of proliferation and in maturation of Sertoli cells.

Opioids

Opioids are also present in the male gonad and are involved in the local control of testicular function. Opioids, such as proopiomelanocortin (POMC), α-melanocyte-stimulating hormone (αMSH), and β-endorphin, are mainly produced in Leydig cells and exert direct paracrine actions on Sertoli cells (254–256). Additionally, high affinity opioid binding sites in Sertoli cells obtained from immature and adult rats have been described (257). Later on three major classes of opioid receptors—mu, delta, and kappa—in Sertoli cells were described (258). As for Sertoli cell proliferation, few studies have focused on this issue. Orth (259), utilizing the opioid receptor blocker naloxone, showed that endogenous opiate-like peptides inhibit the proliferative effects of FSH in fetal rat testis. Moreover, the same research group demonstrated that endorphin suppresses FSH-stimulated proliferation of isolated neonatal Sertoli cells possibly through activation of Gi (260). Sixteen years later, da Silva et al. (261) showed that neonatal treatment with naloxone increases the number of Sertoli cells and daily sperm production per testis in adult animals.

Results available so far are consistent with a negative effect of opioids on FSH-stimulated Sertoli cell proliferation.

PHARMACOLOGICAL AGENTS AND XENOBIOTICS MAY AFFECT SERTOLI CELL PROLIFERATION AND MATURATION

Epidemiological, clinical, and experimental studies suggest that there are multiple possible causes of the progressive decrease in male reproductive function observed over the past 50 years. Drugs used for the treatment of several pathologies or exposure to xenobiotics in early stages of life may alter testicular function and condition future fertility. Current knowledge of the effects of pharmacological agents and xenobiotics on Sertoli cell proliferation and maturation will be summarized in the following sections.

Pharmacological Agents

Chemotherapy drugs are the most extensively studied in terms of their possible testicular toxicity. It is known that male fertility is affected by chemotherapy treatment. For example, men treated with alkylating agents show oligospermia or azoospermia as well as alterations in the histology of the testis (262–264). Although the deleterious effects caused by chemotherapy in adults are well-known, mainly attributed to their cytotoxic action on germ cells, little is known about possible effects on the Sertoli cell population. Few studies have addressed the possible gonadotoxic effect of chemotherapeutic agents during childhood and puberty. In fact, it was postulated that chemotherapeutic drugs were less harmful when used in the prepubertal stage because the testis was considered quiescent (265, 266). However, studies with cohorts of patients who received high doses of chemotherapy before puberty clearly show an increased risk of infertility (267, 268). Testis damage might be related to the loss of germ cell population and/or alterations in the Sertoli cell proliferation and maturation processes that take place in the immature testis. The latter hypothesis is under debate and further studies will be necessary to definitively sustain that chemotherapy drugs affect Sertoli cell proliferation. Thirty years ago, it was observed that in vivo intratesticular injection of cytosine arabinoside, a chemotherapeutic agent, inhibited Sertoli cell proliferation (4). Additionally, it has been observed that treatment of neonatal rats with a single dose of doxorubicin, beyond promoting apoptosis in germ line stem cells, reduced the rate of increase of Sertoli cells leading to a decrease in the final number of them (269). Tremblay and Delbes (270) have also recently observed that doxorubicin decreases Sertoli cell number in culture. In contrast, Nurmio et al. (271) proposed that the germ cell population is the target of doxorubicin toxicity. As for other drugs, it has been shown in immature Sertoli cells in culture that acrolein—a metabolite of cyclophosphamide—induces cytoskeletal changes and oxidative stress (272). On the other hand, a marked loss of germ cells and no change in the Sertoli cell number were observed in neonatal mice testis treated in vitro with cisplatin, doxorubicin or the active metabolite of cyclophosphamide—phosphoramide mustard (273).

Some nucleoside analogs, such as acyclovir and ganciclovir, are used as antiviral agents to treat infections caused by herpes simplex virus, cytomegalovirus, varicella zoster virus, and other viruses. Studies performed in adult animals showed that ganciclovir or acyclovir treatment decreases testis weight and sperm count and increases the number of spermatozoa with abnormalities in head and tail (274, 275). On the other hand, Nihi et al. (276) showed that treatment of pregnant mice with a high dose of ganciclovir decreases the number of gonocytes in fetal testis. In addition, these authors showed that animals that have been exposed in utero to ganciclovir present decreased adult testis weight concomitant with an increase in the number of seminiferous tubules with partial or complete absence of germ cells. However, the authors did not observe differences in Sertoli cell number per tubular cross section and suggested that the effects induced in utero by ganciclovir may result from direct effects on developing germ cells and/or may be secondary to the dysfunction of Sertoli cells. In support of the latter assumption, Qiu et al. (277) showed in the Sertoli cell line SerW3 that ganciclovir and acyclovir induce a decrease in Cx43 expression, a protein that is essential for proper sertoli cell maturation.

Nonsteroidal antiinflammatory drugs and analgesic drugs, such as ibuprofen—isobutylphenylpropionic acid—and paracetamol—acetyl-p-aminophenol–, are widely used to treat inflammation and pain and commonly prescribed in pregnant women and in children. Just a couple of studies analyzed the effect of these drugs in the Sertoli cell population. Ben Maamar et al. (278) showed that in vitro exposure of fetal human testis to ibuprofen does not modify the number of Sertoli cells but decreases AMH and SOX9 expression, suggesting a role in Sertoli cell maturation. Recently, Rossitto et al. (279) showed that treatment of pregnant mice with a combination of paracetamol and ibuprofen promotes a reduction of fetal germ cells mitosis and a decrease in sperm count in offspring's adulthood. These authors also showed that this treatment does not modify fetal or postnatal Sertoli cell proliferation but induces a delay in Sertoli cell maturation. Altogether, these studies support the idea that analgesic drugs may alter Sertoli cell maturation.

Metformin—dimethylbiguanide—is one of the most widely used anti-hyperglycemic agent for treating adult patients with type 2 diabetes. Nowadays, its role as a therapeutic agent is expanding and metformin constitutes the treatment of choice in cases of pregnancy disorders, such as gestational diabetes mellitus or preeclampsia, and also in polycystic ovarian syndrome (280, 281). Considering that metformin can cross the placental barrier, fetuses are exposed to the drug (282). In children, the incidence of both type 2 diabetes and obesity has risen at staggering rates and metformin has started to be used in the pediatric population (283–285). Numerous studies have demonstrated that in addition to its strong antidiabetic properties, metformin shows an anti-proliferative activity in cancer cells (286–288). Despite the latter findings, few studies have analyzed the effect of this drug in non-cancer cells. Particularly in the testis, Tartarin et al. (289) have shown that in vivo administration of metformin to pregnant mice reduces the number of Sertoli cells in fetal life and at birth in male offspring. On the other hand, Faure et al. (290) showed that metformin inhibits Sertoli cell proliferation and increases p21Cip1 levels in vitro and that treatment of chickens for 3 weeks decreases testis weight and seminiferous tubules diameter. More recently, Rindone et al. (291) showed that metformin decreases FSH-stimulated neonatal rat Sertoli cell proliferation in vitro. Concomitantly, a reduction in FSH-stimulated cyclins D1 and D2 and an increase in p21Cip1 expression were observed as a result of metformin treatment. Altogether, these studies support the notion that metformin decreases fetal and postnatal Sertoli cell proliferation.

The mechanism of action through which metformin exerts its effects has not been completely elucidated. On the one hand, it has been shown that in the liver, metformin is able to inhibit the mitochondrial isoform of the enzyme glycerol phosphate dehydrogenase, resulting in a decrease in the levels of dihydroxyacetone phosphate and an increase in the NADH/NAD+ ratio in the cytoplasm (292). On the other hand, it has been shown that metformin partially inhibits the complex I of the respiratory chain, which produces a decrease in cellular energy levels that results in the activation of the AMPK (293, 294). As mentioned before, it has been demonstrated that AMPK activation inhibits Sertoli cell proliferation (45). In this context, it has been shown that metformin activates AMPK in mitotically active Sertoli cells (290, 291). In addition, Rindone et al. (291) showed that metformin inhibits FSH-stimulated mTORC1/p70S6K pathway, a signaling pathway that is involved in FSH-stimulation of Sertoli cell proliferation (45). These studies suggest that metformin can counteract the effects of FSH on Sertoli cell proliferation by modulating AMPK and mTORC1/p70S6K pathways. Bearing in mind that metformin is now being used in pregnant women, potentially gaining access to male fetuses, and in children at the same time as Sertoli cells proliferate, attention should be paid to a possible alteration in the final number of Sertoli cells in adulthood.

In summary, experimental evidence for chemotherapy, antiviral, analgesic, and anti-hyperglycemic drugs suggests that they may potentially affect the final number and/or the maturation of Sertoli cells and consequently sperm counts in adulthood. Longitudinal studies evaluating fertility in patients treated for prolonged periods with the above-mentioned drugs would be helpful to gain full confidence in their use at any stage of their lifespan.

Xenobiotics

Exposure to environmental foreign chemical substances derived from modern life style represents a growing concern due to the impact of these pollutants on developmental and reproductive functions in mammals. Chemical compounds that derive from industrial manufacturing, pesticides and herbicides utilized in agricultural practices, waste accumulation, and burning residues, generally termed xenobiotics, are only a few examples of the contaminants that affect human daily life. Nowadays, it is well-known that testis function is a primary target of a large number of pollutants. Delayed establishment of spermatogenesis (295), impaired differentiation of internal and external male genital structures (296), reduced sperm production and disruption of the hypothalamic–pituitary–gonadal axis (297), decreased anogenital distance and decreased prostate and seminal vesicle weights (298, 299), among others, represent just some of the multiple observations performed.

Several studies have focused on the understanding of the mechanisms involved in the damage of the male reproductive system. Most of the xenobiotics act as endocrine disruptors in multiple organs by mimicking naturally occurring hormones or by binding to hormone receptors (e.g., ER, AR, TR, and so forth) and blocking the action of the hormone. In some cases, xenobiotics induce oxidative stress, decrease activities of antioxidant enzymes and produce perturbation of the tight junctional proteins (300, 301). In the testis, xenobiotics can alter BTB integrity by promoting a loss of gap junction function (302). Environmental toxicants also induce testicular cell apoptosis, and the role of the Fas/FasL signaling pathway has been demonstrated (303, 304). The latter reports represent a brief list of the numerous effects of xenobiotics that have been observed on testicular function. The majority of the studies were performed in adult animals, while there are few investigations on the possible role of xenobiotics in early periods of life when Sertoli cells are proliferating. In the next paragraphs, available information on the effects of toxicants on Sertoli cells during early periods of life is presented.

Phthalic acid esters are widespread in the environment. These compounds are used as plasticizers in food packaging, some children's products and some polyvinyl chloride (PVC) medical devices. In vitro experiments show that low levels of mono (2-ethylhexyl) phthalate (MEHP) disrupt Sertoli cell-gonocyte physical interaction and suppress Sertoli cell proliferation (305). In addition, treatment of neonatal rats with low levels of di (2-ethylhexyl) phthalate (DEHP) and its metabolite, MEHP, induces a decrease in Sertoli cell proliferation accompanied by a decrease in cyclin D2 levels (306). More recently, it has been shown that MEHP can disrupt prepubertal Sertoli cell proliferation by increasing intracellular ROS levels (307). On the other hand, it has been shown that another plasticizer of the phthalate family, mono-n-butyl phthalate (MBP), induces immature Sertoli cell proliferation up-regulating ERK1/2 signaling pathway (308).

Bisphenol A (BPA) is a monomer used in the manufacture of polycarbonate plastics and epoxy resins that are present in multitude of consumer products. BPA is an estrogenic endocrine disruptor very well-known for its ubiquitous presence and its effects on male reproduction (309). It has been shown that BPA alters Sertoli cell proliferation positively or negatively in a highly dose dependent manner (310). Additional compounds that can act as endocrine disruptors have been analyzed. It has been shown that oral exposure to the pesticide methoxychlor, a compound with estrogenic/antiandrogenic effects, reduces the number of Sertoli cells. Consistent with the importance of Sertoli cell number on daily sperm production, the study also shows that adult testicular weight and the amount of epididymal spermatozoa are significantly reduced (311). Zearalenone, a mycotoxin that is present in human and animal food and that has estrogenic activity, produces Sertoli cell cycle arrest that is mediated by alterations in PI3K/Akt/mTORC1 signaling (312).

Polychlorinated biphenyls, commonly called PCBs, are mixtures of chlorinated compounds that were used as insulation, coolants, and lubricants in transformers, capacitors, and other electrical equipment. They were also used in plasticizers, surface coatings, inks, adhesives, pesticides, and other products. PCBs cause hypothyroidism in animals (313). Regarding Sertoli cell proliferation, continuous exposure of lactating female rats to PCBs increases testis weight, sperm production, and Sertoli cell number in the adult male offspring. The observed increase in Sertoli cell number has been directly related to the hypothyroidism that these animals present (314, 315).

Our research group is presently investigating a possible deleterious effect of glyphosate, a widely used herbicide in agriculture, on Sertoli cell function. We have observed that glyphosate and particularly its commercial formulation Roundup decreases FSH-stimulated BrdU incorporation in Sertoli cell cultures. A decrease in cyclins and an increase in cell cycle inhibitors expression were also observed, and these results suggest that Roundup may affect Sertoli cell proliferation. In vivo studies are currently being performed in order to establish the actual impact of this herbicide in early periods of life.

Finally, gap junctions are potential targets for many environmental compounds. At the gonadal level, by using the Sertoli cell line SerW3, it has been reported that gap junctions and Cx43 expression are particularly altered in response to a large number of xenobiotics, such as toxins, xenoestrogens, pesticides, herbicides, heavy metals, and non-ylphenol (316, 317). The compelling evidence showing that Cx43 is essential for Sertoli and germ cell proliferation, differentiation, and survival and that environmental toxicants can interfere with normal Sertoli cell proliferation by altering Cx43 expression has been extensively reviewed by Pointis et al. (318).

In summary, experimental evidence indicate that Sertoli cell proliferation can also be a process that may be disturbed as a result of the exposure to environmental toxicants.

CONCLUSION

The final number of Sertoli cells reached during the proliferative periods determines both adult testicular size and sperm production capacity in adulthood. This final number of Sertoli cells results from events in fetal, neonatal and peripubertal life. Additionally, terminal differentiation of Sertoli cells, which involves loss of proliferative activity, formation of inter-Sertoli cell tight junctions and establishment of the BTB, is necessary to sustain spermatogenesis. Thus, a perfectly synchronized orchestra involving hormones, signal transduction pathways and molecular mechanisms that play to control Sertoli cell proliferation, and to promote the acquisition of a mature Sertoli cell phenotype is determinant for the future fertility. We have tried to summarize what is known about molecular mechanisms controlling Sertoli cell proliferation and maturation. A few examples of how exposure to environmental toxicants or pharmacological agents in early periods of life can compromise Sertoli cell number are discussed. The topics reviewed are summarized in Figure 1.


[image: image]

FIGURE 1. Schematic representation of the main regulators of proliferation and of cessation of proliferation and/or maturation of Sertoli cells. Hormones and paracrine factors that stimulate proliferation are depicted in green and those that promote the cessation of proliferation and/or maturation are depicted in blue. Signal transduction pathways and possible mechanisms involved are also included in the schema. FSH, Follicle-Stimulating Hormone; E2, 17β-estradiol; ERα, Estrogen Receptor α; GPER, G protein-coupled estrogen receptor; IGF-1, Insulin-like growth factor 1; ins, insulin; PI3K, phosphatidyl-inositide-3 kinase; ERK1/2, extracellular regulated kinase 1/2; PKA, cAMP-dependent kinase; mTORC1, mammalian target of rapamycin complex 1; HIF2, Hypoxia inducible factor 2; TH, thyroid hormones; RA, retinoic acid; ERβ, Estrogen Receptor β; AMPK, AMP-activated protein kinase; SIRT1, sirtuin 1; Cx43, connexin 43.
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