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Abstract: In adulthood, the main function of the testes is the production of male gametes. In this process, 

Sertoli cells are essential for sustained spermatogenesis, providing the developing germ cells with the physi-

cal and nutritional support required. The total number of Sertoli cells in adulthood determines the daily gam-

ete production, since Sertoli cells can support only a limited number of developing germ cells. Considering 

that Sertoli cell proliferation only occurs during the immature period, proper development and proliferation of 

the Sertoli cells during the proliferative phase are crucial to male reproductive health in adulthood. The proliferation process 

of the Sertoli cells is finely regulated by an assortment of hormonal and paracrine/autocrine factors, which regulate the rate 

and extent of proliferation. In the present review, we discuss the most important hormonal and paracrine factors involved in 

the regulation of Sertoli cell proliferation, as well as the signaling mechanisms by which they exert their effects. 
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1. INTRODUCTION 

 The testes have basically two main functions: to produce 
testosterone (steroidogenesis) and to support germ cell de-
velopment (spermatogenesis) [1]. The testicular somatic cells 
present within the seminiferous tubules, called Sertoli cells 
(SCs), are the major structural components of the testes [2]. 
The most recognized function of SCs is to provide physical 
and nutritional support to developing germ cells [3]. This 
dependence of germ cells on SCs support is due to the exis-
tence of a blood-tissue barrier that physically divides the 
seminiferous epithelium into basal and adluminal compart-
ments [4]. Tight junctions, ectoplasmic specialization, gap 
junctions, and desmosomes constitute this barrier, which is 
called the blood-testis barrier (BTB), and is formed by adja-
cent SCs [5]. Thus, the meiotic and post-meiotic germ cells 
become isolated in the immunologically privileged luminal 
compartment [6]. As a result, blood-to-germ cell communi-
cation is under the tight control of SCs, which control the 
movement of substances between these two compartments, 
as well as receiving, integrating and retransmitting hormonal 
signals that are essential for spermatogenesis [7]. Since hap-
loid germ cells are isolated within the seminiferous tubules, 
well-functioning adult SCs provide differentiation factors 
and energy sources to them [1]. Thus, the formation and 
proper functioning of the SCs and the BTB are crucial for 
developing germ cells, as this creates an appropriate micro-
environment, which enables germ cell development into  
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fully functional spermatozoa [4]. In addition, developing 
germ cells are unable to metabolize and use glucose as an 
energy source [8], whereas other glucose metabolites cannot 
cross the BTB [9]. Lactate is the main energy source of germ 
cells, and its production and secretion by SCs determine the 
function and survival of pachytene spermatocytes. Thus, SCs 
have the task of supplying germ cells with glucose metabo-
lites, such as lactate, to sustain the spermatogenic process 
[8]. SCs can produce lactate from the metabolism of various 
substrates, but preferentially glucose [10]. Besides glucose 
metabolites, such as lactate and pyruvate, SCs also ensure 
the nutritional support of germ cells by secreting nutrients or 
metabolic intermediates, such as amino acids, carbohydrates, 
lipids, vitamins, and metal ions [11]. These cells are respon-
sible not only for the production of energy sources for germ 
cells, but also produce and secrete many other proteins (such 
as androgen binding protein and transferrin), growth factors 
(such as insulin-like growth factor 1 and TNF- ), and in-
flammatory cytokines (interleukins) [12-15]. Altogether, 
these compounds ensure the correct development of germ 
cells. In addition, during the proliferative phase, SCs need 
substrates such as carbon, nitrogen, and free energy to sup-
port the synthesis of new proteins, lipids, and nucleic acids 
[16].  

 Despite the irrefutable role of SCs in maintaining sper-
matogenesis, the adult testes are only capable of producing 
spermatozoa (in number and quality) if the proliferation and 
maturation processes of SCs occur properly during the im-
mature period [3]. As reviewed by Sharpe et al. [3], the pro-
liferative stage of SCs varies depending on the species. It 
appears that SCs proliferate during two periods of life, in 
fetal or neonatal life and in the pre-pubertal period in all spe-
cies. However, because the neonatal period overlaps with the 
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pre-pubertal period in species such as the rat, it is therefore 
difficult to discern the two periods of SCs proliferation. Con-
sequently, it is assumed that rat SCs proliferate until 15 days 
of age [3]. The failure in both functioning and develop-
ment/proliferation of SCs is involved in pathological proc-
esses that lead to a reduction in semen quality [1]. This is 
due to several structural and functional features that change 
during development of the testes, enabling SCs to support 
spermatogenesis. 

 Mature and immature SCs differ extensively from each 
other in morphological and biochemical aspects. In immature 
testes, the SCs are proliferating and growing. They lay on the 
basement membrane and their cytoplasm has projections that 
fill the center of the seminiferous cords [17]. The seminifer-
ous cords contain only peritubular and germ stem cells in 
addition to SCs, presenting a solid aspect with the absence of 
a lumen [18]. On the other hand, after puberty SCs become 
elongated and BTB begins to be established [1, 3]. Around 
the onset of puberty, the SCs switch from an immature and 
proliferative state to a mature and non-proliferative state. 
Additionally, radical changes in their morphology and func-
tions occur. The nucleus enlarges and the nucleolus becomes 
more prominent. The tight junctions begin to be formed and 
create an adluminal compartment, allowing the formation of 
a fluid-filled lumen [3]. Functionally, SCs enhance their lac-
tate production capacity [19] and lose their proliferative abil-
ity [3]. Maturation and proliferation of SCs depend on a tight 
hormonal and paracrine/autocrine regulation. A broad range 
of hormones [1, 20], cytokines [15] and growth factors [1, 
21] have been described to be related to the proliferation and 
differentiation of SCs. 

 Hormonal control of testicular development and sper-
matogenesis is primarily accomplished by the hypothalamus-
pituitary-gonad (HPG) axis as reviewed by Alves and col-
laborators [20]. This axis functionally connects the brain 
with the testis and its malfunction leads to infertility [20, 22, 
23] (Fig. 1). The gonadotropins follicle stimulating hormone 
(FSH) and luteinizing hormone (LH), produced and secreted 
by adenohypophysis, are recognized as the central regulators 
of testicular functions. FSH mainly regulates SCs prolifera-
tion, whereas LH is primarily involved in regulating testos-
terone production. However, the pituitary regulation exerted 
by the gonadotropins is not independent. Local mechanisms 
of regulation within the testis relay this endocrine control. 
There is a paracrine interaction between peritubular myoid 
cells, germ cells and SCs, as well as between Leydig cells 
and the seminiferous tubules and, more specifically SCs, 
which modulates this pituitary control [3, 24]. A complex 
assortment of peptides and hormones has been shown to be 
involved in the regulation of SCs proliferation [1, 21]; hence, 
it is very difficult to determine the real role of each regula-
tory protein in vivo. Furthermore, the majority of these stud-
ies were performed using in vitro models; thus, additional 
evidence for the in vivo implications of regulatory proteins 
that have already been described is still needed. Further stud-
ies are required for a full understanding of the hormonal 
regulation of SCs proliferation. However, it is well known 
that an appropriate hormonal regulation of such process dur-
ing the pre-pubertal phase is crucial for normal reproductive 
function in adulthood [3, 21], since gametes production is 
directly related to the SC number [3, 25]. Thus, this review is 

focused on hormonal regulation of the proliferative phase of 
SCs, with special focus on FSH, insulin and IGF-1 action, 
since this testicular stage of development is critical for nor-
mal reproductive health in adulthood. 

2. FOLLICLE STIMULATING HORMONE 

 FSH is critical for male fertility, influencing both SC 
proliferation in perinatal life and the synthesis of SC-derived 
products, which are essential for germ cell survival and the 
proper functioning of the developing and adult testis [26]. 
Although recent studies have demonstrated a broad range of 

 

Fig. (1). Simplified representation of the hypothalamus–pituitary–

testis axis control of SC proliferation. The hypothalamic GnRH 

modulates the biosynthesis and secretion of the pituitary hormones, 

LH and FSH. LH induces testosterone production by Leydig cells, 

which is involved in the end of SC proliferation period and pro-

vides a negative feedback reducing GnRH and LH production. FSH 

acts on SCs inducing the production and secretion of inhibin and 

IGF-I, which provide a negative feedback in FSH releasing and a 

positive feedback in SC proliferation, respectively. Circulating 

insulin also modulates the HPG axis stimulating testosterone secre-

tion through the action in hypothalamus and pituitary, as well as 

directly in Leydig cells. Black lines with circled plus – positive 

feedback; Dashed lines with circled minus – negative feedback; 

GnRH – gonadotropin-releasing hormone; FSH – follicle-stimulating 

hormone; LH – luteinizing hormone; T–testosterone; LC – Leydig 
cell; SC – Sertoli cell; GC – Germ cell. 
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hormonal factors involved in SC proliferation and matura-
tion, FSH is still considered the most important regulator of 
these processes [1]. FSH belongs to the pituitary glycopro-
tein hormone family, which also comprises LH, chorionic 
gonadotropin (hCG) and thyroid-stimulating hormone 
(TSH). These hormones share a common  subunit which 
associates to a specific -subunit to form a functional het-
erodimer [27]. FSH binds to and activates a plasma mem-
brane receptor belonging to the G protein-coupled receptor 
(GPCR) superfamily. The FSH receptor (FSHR) displays a 
high degree of tissue specificity, being expressed only in 
granulosa cells in females and SCs in males, as reviewed 
by Simoni et al. [28]. Classically known as a G s protein-
coupled receptor, the ability of FSHR to associate with 
other types of G proteins, such as G i, has recently been 
demonstrated [29, 30]. As FSHR has the ability to associate 
with different G proteins and stimulate diverse signaling 
pathways, FSH is able to modulate a vast array of SCs 
functions, thus regulating testis development and sper-
matogenesis [31].  

 In fact, FSH is the main factor responsible for SCs mito-

gens and several works have shown that FSH stimulates the 

expression of markers of SCs proliferation exclusively in 

immature SCs, such as cyclin A2, and D1, c-Myc, and the 

proliferating cell nuclear antigen (PNCA) [26, 32, 33]. The 

exact mechanism whereby FSH stimulates SCs proliferation 

is not well understood, as well as the mechanisms involved 

in SCs differentiation. Despite the fact that FSH levels and 

FSHR expression are stable during puberty [28], the signal-

ing pathways involved in SCs response to FSH in the prolif-

eration and differentiation stages are different. At the time of 

SC transition from the proliferative to differentiated state, 

there is a change in the signaling pathways triggered by FSH 

action [34]. Some of these pathways, such as calcium uptake 

and FSH-mediated ERK activation, occur exclusively in 

immature SCs during the proliferative stage [29, 32]. This 

opposite action of FSH on immature and mature SCs seems 

to be related to the changes in cAMP kinetics. The cAMP 

basal level is weak in cultured SCs from neonatal rats, which 

is explained by the low basal activity of phosphodiesterase 

(cAMP- degrading enzyme) on SCs from 5-day-old rats. In 

SCs from 19-day-old rats, the basal level of cAMP is high 

and the phosphodiesterase activity in mature SCs is 4-fold 

increased [29, 35]. Besides that FSH stimulates the cAMP-

independent amino acid transport by A system only in imma-
ture rats (from 10 to 20 day-old-rats) [36].  

 The FSH binding to the FSHR stimulates the activation of 
the heterodimeric G  protein, which is followed by dissocia-

tion into two molecules, the G -subunit and the G /  het-

erodimer [37]. This dissociation may result in the activation of 
adenylate cyclase (AC)/cyclic adenosine monophosphate 

(cAMP)/protein kinase A (PKA), mitogen-activated protein 

kinase (MAPK), or phosphoinositide 3-kinase (PI3K)/protein 
kinase B (PKB) signaling pathways, with consequent biologi-

cal effects, such as changes in SC membrane potential and 

calcium influx [29, 30, 33]. The G -subunit is known to acti-
vate the AC, with the consequent formation of cAMP and 

phosphorylation of PKA [37]. PKA is capable of activating 

structural proteins, enzymes, and transcription factors, trigger-
ing diverse biological effects [38].  

 In immature rats, FSH promotes a biphasic effect on the 
membrane potential of SC, which is characterized by a short 
membrane hyperpolarization (30 seconds) followed by a 
prolonged depolarization (6 minutes) [31, 39]. The AC acti-
vator forskolin also produces a rapid hyperpolarization of the 
SC membrane which is blocked by tobultamide and gliben-
clamide (KATP blockers), indicating the activation of G s by 
FSH [31, 40]. ATP reduction, resulting from the formation 
of cAMP, causes ATP-sensitive potassium channels (K

+
ATP) 

to close, and leads to membrane hyperpolarization [31, 41]. 
After the hyperpolarizing effect, the stimulation of SCs with 
FSH promotes a rapid (60 seconds) and sustained (10 min-
utes) depolarization and increase of intracellular calcium 
levels. The depolarizing effect is a result of calcium influx 
through L-type voltage-dependent calcium channels (VDCC) 
and is inhibited by verapamil, an L-type VDCC blocker [30, 
40]. In addition, perfusion of the seminiferous tubules with 
the pertussis toxin (PTX), which inhibits G i-G /  dissocia-
tion, prevents the depolarization phase, suggesting that depo-
larization is mediated by G i activation [31]. Experiments 
performed by Gorczynska and co-workers [42] revealed the 
involvement of both G s and G i in FSH-stimulated cal-
cium increase in immature SCs. Additionally, GPCRs could 
bind to a more than one type of G protein. This dual mecha-
nism explains the biphasic electrophysiological response of 
SCs from immature rats to FSH action described above [31]. 
The implication of both G s and G i heterotrimeric com-
plexes is also observed in FSH-mediated extracellular-
signal-regulated kinases (ERK) phosphorylation in immature 
SCs [29]. ERK1/2 is a part of the MAPK family, the activa-
tion of which promotes a series of signal transduction path-
ways that regulate cellular processes, such as cell prolifera-
tion and differentiation [43]. Crépieux and colleagues 
showed that this ERK phosphorylation is cAMP/PKA-
dependent and is stage-specific, as it is observed in SC pri-
mary culture from 5- and 12-day-old but not 19-day-old rats. 

 Several works have shown that AC/cAMP/PKA pathway 
is involved in calcium uptake [30, 42]. Gorczynska et al. 
[42] suggested that in response to FSH, cAMP/PKA medi-
ates protein phosphorylation to activate calcium channels or 
their regulators. The exact mechanism through cAMP/PKA 
stimulated by FSH mediates VDCC modulation is not clear. 
Some studies performed in muscle tissues and chromaffin 
cells have indicated that PKA phosphorylates the 1-subunit 
of the VDCC resulting in calcium current potentiation [44, 
45]. However, to date, there have been no studies showing 
this mechanism in SCs. Nevertheless, SC incubation with 
AC and PKA inhibitors (MDL, (Bu)2cAMP, and stauros- 
porine) only partially prevents FSH-stimulated calcium up-
take, suggesting the involvement of other pathways in the 
calcium influx [42].  

 Experiments using EGTA (a calcium chelator) and vera-
pamil revealed that the main source of calcium is the ex-
tracellular compartment by influx through type VDCC; how-
ever, voltage-independent calcium channels and intracellular 
sources are also found to be associated [42, 46]. Calcium is 
an important intracellular signaling messenger, which is in-
volved in several cellular processes, including cellular pro-
liferation. The FSH-induced calcium uptake observed exclu-
sively in immature rat SCs strongly suggests its involvement 
in SC proliferation [32, 47]. Nonetheless, besides the effect 
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of AC/cAMP/PKA on regulating calcium influx, it also oc-
curs through an AC/cAMP-independent pathway [30, 31, 
42]. After G i activation, FSH-mediated the dissociation of 
the G i /  heterodimer, resulting in calcium influx through 
L-type VDCC and [

14
C]-MeAIB transport [31, 36, 40]. The 

FSH-mediated depolarization of the SC membrane is pro-
longed and potentiated by [

14
C]-MeAIB [40]. FSH acts on 

[
14

C]-MeAIB influx, increasing the activity (Vmax) of System 
A of amino acid transport, which is Na

+
- and energy-

dependent [48, 49]. The System A mediates the symport of 
neutral amino acids with small side chains (alanine, serine, 
and glutamine) and with sodium [50]. The non-metabo- 
lizable alanine analogue MeAIB is also a substrate for this 
system [51]. The FSH-mediated increase in System A activ-
ity provides a source of nitrogen from neutral amino acids 
required for protein and nucleotide biosynthesis that is essen-
tial for cell growth and metabolism [16, 51]. Alanine can be 
converted to pyruvate and used as an energy substrate by SC 
[10]. Glutamine is the main amino acid in the body and has 
an important role in the proliferation of several tissues [52, 
53]. Nevertheless, the FSH actions on calcium uptake and 
[

14
C]-MeAIB transport are blocked by PTX, verapamil and 

wortmannin (a PI3K blocker) [31]. PI3K is a member of the 
cytosolic lipid kinase family [54], which accumulates at the 
plasma membrane when it is stimulated [55]. The PI3K fam-
ily is divided into classes I, II, and III [56]. Class I comprises 
of a p110 catalytic subunit and a regulatory adapter subunit; 
Class I converts extracellular signals into the intracellular 
environment [56]. This PI3K class is subdivided into class 
IA (isoforms a, b, and g), activated by tyrosine kinase recep-
tors or non-receptor tyrosine kinases, and class IB (PI3K ) 
which is exclusively activated by GPCRs and mostly regu-
lated by the Gi /  subunit [57]. Considering that the effects 
of FSH are blocked by PTX and wortmannin, its action 
seems to involve the PI3K  isoform [31]. Once activated, 
PI3K  converts the plasma membrane lipid phosphatidyli-
nositol-4,5-bisphosphate (PIP2) to phosphatidyl-inositol-
3,4,5-trisphosphate (PIP3) [56]. PIP3 binds to pleckstrin-
homology (PH) domains of signaling proteins and enhances 
phosphorylation [54]. The activation of these proteins initi-
ates a complex downstream process of events that controls 
protein synthesis, actin polymerization, cell survival, and cell 
cycle entry [56]. The best-characterized downstream target 
of PI3K, PKB, is a key regulator of cell growth, proliferation 
and metabolism [58]. Acting through PKB, FSH increases 
the glucose uptake [59], calcium and MeAIB [33]. These 
effects are blocked by verapamil, indicating L-type-VDCC 
involvement [31]. Experiments performed by Viard [60] 
showed that PKB stimulates the trafficking of calcium chan-
nels to the plasma membrane, possibly by phosphorylation 
of the B regulatory subunit (CavB2) of VDCC. Considering 
that AC/PKA inhibitors only partially decrease FSH-induced 
calcium influx, whereas wortmannin completely blocks this 
FSH effect; there is a clear evidence of cross-talk between 
the AC/cAMP/PKA and PI3K/PKB signaling pathways acti-
vated by FSH, modulating VDCC and calcium influx in im-
mature SCs. 

 In addition, PI3K/PKB/Akt activates the mammalian 
target of rapamycin (mTOR), a serine/ threonine kinase, 
which plays an important role in the control of protein syn-
thesis [61]. After being activated, mTOR interacts with many 

proteins (mTOR, mLST8/GBL, Raptor, PRAS40, and DEP-
TOR) to form the mTOR complex 1 (mTORC1) [33]. Acti-
vation of mTORC1 results in phosphorylation of several 
downstream targets such as p70S6K, which are involved in 
protein synthesis [33]. The activation of PI3K/PKB/ 
mTORC1 by FSH is blocked by wortmannin and rapamycin 
(mTOR inhibitor) [33, 62]. However, the PKA blocker H89 
did not alter the phosphorylation of PKB, indicating that this 
pathway is PKA-independent [59]. The key role of FSH on 
SC proliferation could be observed in the recent studies per-
formed with animal models lacking FSH (FSHBKO) and the 
FSH receptor (FSHRKO). Adult FSHRKO mice are fertile, 
besides the low SC number and germ cells [63-65]. Another 
study with FSHBKO and FSHRKO mice showed reduction 
in numbers of spermatogonia, spermatocytes and spermatids, 
as reviewed in [66]. Also, both in vivo and in vitro analyses 
revealed that FSH requires the insulin/IGF signaling pathway 
to mediate its proliferative effects on immature SCs. Thus, it 
becomes clear that FSH is not the only factor responsible for 
SC proliferation. Otherwise, the local production of 
paracrine factors, such as insulin and IGFs, is also crucial, 
and the insulin signaling family is the major intra-testicular 
signal that is responsible for regulating SC number, testis 
size and sperm output in mammals [21]. 

3. INSULIN RECEPTOR SIGNALING FAMILY 

 The insulin receptor tyrosine kinase family comprises of 

insulin receptor (IR), IGF-1 receptor (IGF-1R) and insulin-
related receptor (Irr), and is present in virtually all cell types 

[67]. This family of receptors is indispensable for pre- and 

postnatal growth and development in both rodents and hu-
mans [68]. Pups lacking IR die from ketoacidosis within 4 

days of birth [68], whereas those who do not express IGF-1R 

die at birth from respiratory failure and show several abnor-
malities, including reduced size [68, 69]. The absence of 

both IR and IGF-1R affects mice development even more 

severely [70]. On the other hand, Irr-deficient mice are vi-
able and no physiological function has been attributed to this 

receptor [67]. The involvement of the insulin receptor signal-

ing family in the male reproductive function has been studied 
since the 1970s, with studies focused on insulin and IGF-1 

action in all of the different cell types of the testes [71-73]. 

In the last few decades, plenty of data were published pro-
viding new insights concerning the importance of these hor-

mones in male reproductive physiology [21, 23, 33, 67, 74-

76]. Also, a recent study from Pitetti and collaborators [21] 
demonstrated in vivo that IR and IGF-1R act in a synergistic 

manner to regulate SC number and testis size. Thereby, both 

receptors and their associated downstream signaling mole-
cules are required for the appearance of male gonads, and 

thus for male sexual differentiation [21, 67, 76].  

 IR and IGF-1R are membrane-bound glycoproteins. They 
display a similar overall structural organization, which con-
sists of two - and two -subunits linked by disulfide bonds 
(Fig. 2). The intracellular -subunit is a ligand-stimulated 
tyrosine kinase domain, while the extracellular -subunits 
configure the ligand binding sites. Both receptors display a 
similar structural organization, with overall similarity at the 
amino acid sequence level of approximately 50% [77]. In 
addition to that, their receptors, insulin and IGF-1 are struc-
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turally very similar, and thus both hormones are capable of 
binding and eliciting effects through all members of the insu-
lin receptor signaling family [77]. To further complicate mat-
ters, the signaling pathways activated by insulin and IGF-1 
are largely overlapping [78], inducing many of the same 
signaling pathways. The activation of both receptors leads to 
the phosphorylation of common substrates that activate a 
network of downstream effectors, including the PI3K and 
ERK pathways (Fig. 2). Both signaling pathways are associ-
ated with proliferation, differentiation and cell survival [21, 
79]. Thereby, this capability of binding to all receptors of the 
family makes the investigation of the action of insulin and 
IGF-1 difficult when both receptors are expressed in the 
same cell [78]. Despite these similarities, IR and IGF-1R are 
not functionally redundant molecules and one cannot com-
pensate for the absence of the other. The functional differ-
ence between these receptors becomes clear in the distinct 
phenotype of IR- and IGF-1R-deficient mice [21, 78]. There-
fore, both hormones play an essential role in regulating SC 
proliferation, and are crucial to male reproductive function 
[21]. Although several factors are related to the proliferation 
and differentiation of SCs, insulin and IGF-1 signaling are 
intimately involved in such processes and, among FSH, seem 
to be the most important signals in regulating the final num-
ber of SCs during the pre-pubertal period [21]. 

3.1. Insulin 

 Insulin has long been recognized as the main regulator of 
energy homeostasis, but this hormone also modulates prolif-
eration and differentiation in virtually all cell types. Unfortu-
nately, the relevance of insulin for the development of the 
male reproductive system has been underestimated and the 
data accumulated until now are poor. On the other hand, in-
creasing evidences have recently demonstrated the funda-

mental role of this hormone in male reproduction [21, 23, 67, 
75, 80]. The effects of insulin are mediated by the insulin 
receptor (IR), which is widely expressed in testicular tissue 
[22]. After insulin binding and the consequent induction of 
IR phosphorylation, the classical signaling mechanisms acti-
vated are mediated by adaptor proteins, such as insulin re-
ceptor substrate-1 (IRS-1). The adaptor proteins subse-
quently recruit diverse effector proteins containing Src ho-
mology 2 (SH2) domains, such as PI3K. In turn, these effec-
tor proteins activate different signaling pathways that are 
involved in modulating metabolism, proliferation and differ-
entiation [81, 82]. Although the molecular mechanisms have 
not been completely described yet, it is clear that insulin 
affects reproductive function at multiple levels. A number of 
studies have demonstrated the involvement of insulin in tes-
ticular development [21, 67], in modulating testicular cells 
function [74, 75, 83, 84], or even influencing HPG axis func-
tioning [22, 23]. 

 Increasing observations have demonstrated that patho-
logical conditions which compromise insulin produc-
tion/action, such as Diabetes Mellitus (DM), are usually ac-
companied by altered testosterone levels [22, 23, 85]. These 
findings revealed the importance of insulin in regulating tes-
tosterone secretion, in both men and in animal models. In-
deed, insulin seems to influence testosterone secretion and 
production either as a direct effect on Leydig cell steroi-
dogenesis [84, 86] or through modulation of the HPG axis 
[22, 23]. In the central nervous system (CNS), IR is widely 
distributed, including the hypothalamus and pituitary [87]. 
Insulin is also described to be expressed in the CNS in higher 
levels than that observed in plasma [88], although the rela-
tive importance of insulin in these regions remains to be 
fully determined [89]. The insulin interaction with hypotha-
lamic neurons modulates the secretion of gonadotropins, 

 

Fig. (2). Schematic representation of hormonal regulation of SCs proliferation. The main hormones described activate mainly the PI3K/PKB 

and MEK/ERK signaling pathways to induce SC proliferation. K
+

ATP – ATP-sensitive potassium channel; AC – adenylate cyclase; ATP – 

adenosine triphosphate; cAMP – cyclic adenosine monophophate; PKA –phosphokinase A; FSH – follicle-stimulating hormone; GPCR – G 

protein-coupled receptor; G s – G protein isoform s; G i – G protein isoform i; MEK/ERK - mitogen extracellular kinase /extracellular 

signal-regulated kinase pathway; PI3K – phosphatidyl inositol 3-kinase; PKB – protein kinase B; IRS – insulin receptor substrate; VDCC – 

voltage-dependent calcium channel; TKR – tyrosine kinase receptor; PIP2 and PIP3 – phosphatidyl inositol biphosphate and phosphatidyl 
inositol triphosphate; SC – Sertoli cell; GC – germ cell. 
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altering serum hormone levels that are essential for sper-
matogenesis [90]. In both men and rodents, insulin clearly 
affects LH plasma levels, and consequently testosterone con-
centrations, by the action on the CNS neurons, modulating 
HPG axis activity [23, 90]. The exact mechanism by which 
insulin regulates LH secretion in the CNS is not yet well 
established. However, alterations in LH levels are a common 
complication of DM and culminate in reduced testosterone 
concentrations, which impairs male fertility, reducing sper-
matogenesis and libido [23]. In the Akita mouse model, 
which is a model of type 1 diabetes resulting from a mutation 
in the ins2 gene, the LH and testosterone levels were restored 
after exogenous insulin treatment [23]. In addition, Ballester 
and colleagues [22] found that diabetic rats present reduced 
FSH levels, thereby indicating a role for insulin in regulating 
FSH secretion. Thus, insulin might regulate SC proliferation 
not only by a direct effect in SC, but also through modulat-
ing FSH action. However, further investigations are neces-
sary to corroborate these hypotheses.  

 Insulin also alters testosterone concentration by a direct 

action in Leydig cells [84]. This direct effect modulates ster-

oidogenesis through regulation of aromatase activity and 

expression, as well as by modulating LH receptors in these 

cells [73, 84, 86]. Although the effects of testosterone on 

postnatal SC proliferation are controversial, it has an impor-

tant influence on prenatal testicular development [91, 92]. As 

insulin is also indispensable to prenatal SC proliferation [67], 

the interrelationship of these hormones may play an impor-

tant role in prenatal testicular development, as well as in SC 
proliferation. 

 For the cells to be able to proliferate, they need to adapt 

their metabolism to support the conversion of available nu-

trients; however, the way in which cell metabolism is regu-

lated to balance the production of ATP remains unclear [93]. 

It is known that regulation of SC metabolism is also impor-

tant for spermatogenesis [10]. Since a vast array of hormones 

regulates SC metabolism, it is probable that this hormonal 

modulation is also involved in SC proliferation and devel-

opment. Insulin directly affects SC metabolism, stimulating 

glucose transport [80], lactate production [83] and amino 

acid accumulation [80], altering the expression pattern of 

glucose transporters, and modifying important glycolytic 

enzymes activity and expression [75]. Also, SCs cultured in 

the absence of insulin present reduced acetate production and 

altered caspase-dependent apoptotic signaling [94, 95]. Insu-

lin also induces a calcium-dependent membrane depolariza-

tion in immature SCs, which is, curiously, mainly induced 

through IGF-1R activation [74]. Some of these effects were 

demonstrated in both mature [19, 75] and immature [19, 80] 

SCs, and may be crucial for SC development. As the germ 

cells depend on SC metabolism, these alterations seem to be 

associated with impaired spermatogenesis, and perhaps SC 

proliferation, but the molecular mechanisms remain un-

known. Furthermore, several studies show that metabolic 

diseases such as DM, which are associated with insulin de-

regulation, are related to male infertility [22, 96-98]. Since 

insulin has an important role in the regulation of SC metabo-

lism, this deregulation may be a possible mechanism by 

which insulin deregulation may be involved in the develop-
ment of infertility. 

 Probably, the clearest evidence of insulin-mediated SC 
proliferation was provided by Pitetti and collaborators in 
2013. Using knockout mouse models, these authors demon-
strated in vivo that insulin receptor is crucial in regulating 
immature SC proliferation, maturation and ultimately the 
total pool of adult SCs. The molecular mechanisms behind 
insulin-mediated SC proliferation are not fully understood, 
but may be explained by the signaling pathways which are 
activated by this hormone. The binding of insulin to its cog-
nate receptor can stimulate an assortment of different signal-
ing pathways, which makes it difficult to identify how insu-
lin regulates SC proliferation [99, 100]. The most commonly 
observed signaling pathways stimulated by this hormone in 
different cell types are the PI3K/PKB and MEK/ERK path-
ways. The MEK/ERK pathway is a well-known signaling 
pathway activated by insulin and growth factors in several 
cell types [101], including SCs [102]. Growth factors stimu-
late this signaling pathway, inducing cell proliferation 
through the GTPase Ras. Active Ras binds to and activates 
Raf-1, which in turn, phosphorylates and activates MEK, 
which then phosphorylates and activates ERK [79]. Other 
growth factors, such as transforming growth factor-  [102], 
have been demonstrated to induce SC proliferation through 
ERK activation. However, it is not yet known whether insu-
lin is capable of inducing SC proliferation through this sig-
naling pathway. On the other hand, the PI3K/PKB signaling 
pathway was previously shown to be activated in SC by FSH 
and insulin and regulates the proliferation and metabolism of 
these cells, respectively [33, 80]. We recently demonstrated 
that PI3K/PKB signaling pathway is involved in insulin-
induced glucose, amino acid and calcium uptake in immature 
rat SCs [80]. Similarly to MEK/ERK signaling, PI3K/PKB is 
also usually associated with cell proliferation [82]. The in-
volvement of PI3K/PKB signaling in FSH-induced SC pro-
liferation has already been demonstrated [33]. Considering 
that FSH-induced amino acid transport occurs only in imma-
ture SCs and is associated with PI3K signaling, it is possible 
that the regulation of SC metabolism by insulin is an impor-
tant step in SC proliferation. However, the exact role of this 
signaling pathway in insulin- and IGF-1-regulated SC prolif-
eration remains to be elucidated. Notwithstanding, the main 
docking proteins phosphorylated by the insulin signaling 
family are the insulin receptor substrate (IRS) proteins, 
which are involved in PI3K/PKB activation [103]. The four 
IRS proteins identified to date (IRS1-4) show structural ho-
mology, but studies with knockout models indicate that they 
serve as complementary signaling molecules rather than re-
dundant. In rodent models, the lack of IRS1 causes severe 
growth retardation and the absence of IRS2 is responsible for 
diabetes development. IRS3 and IRS4 deletion causes mini-
mal alterations in metabolism, endocrine system and growth 
[76]. IRS1 and 2 are expressed in human testis [104], and 
Griffeth and collaborators [76] demonstrated that the dele-
tion of IRS2, but not IRS1, causes a 45% reduction in testis 
size as a consequence of a decrease in the cell population 
within the seminiferous tubules, including SCs, spermatogo-
nia and spermatocytes. These evidences strongly suggest that 
insulin-induced SC proliferation is mainly due to the activa-
tion of IRS2/PI3K/PKB signaling, which is known to regu-
late proliferation. However, the relative role of Raf-
1/MEK/ERK pathway in this process cannot be excluded. 
Finally, other growth factors that induce IRS activation, such 
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as IGF-1, might regulate SC proliferation through this same 
signaling pathway. 

3.2. Insulin-like Growth Factor 1 

 Insulin-like growth factor 1 (IGF-1) is a small polypep-
tide with structural homology to pro-insulin and can be pro-
duced by several tissues. This growth factor may act as an 
autocrine/paracrine signal [105] or as a classical hormone, 
since it circulates in the plasma associated with cognate 
binding proteins [69]. The IGF-1 action is mediated by sig-
naling pathways initiated in response to autophosphorylation 
of IGF-1R on specific tyrosine residues with the consequent 
recruitment of several adapter proteins [106]. IGF-1R, a 
transmembrane tyrosine kinase, is widely expressed in the 
testes, including in SCs [71, 107, 108]. Generically, activa-
tion of the receptor following binding of the secreted IGF-1 
elicits assorted cellular responses including proliferation, and 
the protection of cells from programmed cell death [109]. 
Similar to insulin and its receptor, the activation of IGF-1R 
leads to the stimulation of diverse signaling pathways that 
have been implicated in the effects of growth factors on cell 
survival and proliferation, such as PI3K/PKB and 
MEK/ERK pathways [110]. In addition to the expression of 
IGF-1R, SCs also express and secrete IGF-1 and IGF-
binding proteins (IGFBPs), predominantly IGFBP3, which 
inhibits the effects of exogenous IGF-1 on SCs [111]. Thus, 
SCs possess all of he necessary components for generating, 
receiving and modulating IGF-1 action [105], which is also 
known as the IGF-1 system. Furthermore, in SCs, the IGF-1 
system can be modulated by FSH, which stimulates IGF-1 
production whilst inhibiting the secretion of IGFBP3 by im-
mature SCs in vitro [111, 112]. The indispensable role of 
IGF-1 and its receptor in male reproduction has long been 
demonstrated [113], and several studies have shown that 
IGF-1 regulates SC metabolism [74, 83, 114], proliferation 
[21, 115] and differentiation [113]. 

 IGF-1 exerts important effects on SC metabolism, similar 

to those observed for insulin, such as stimulating lactate pro-
duction [83], glucose transport [74, 83] and transferrin pro-

duction [116]. Indeed, distinguishing the effects of IGF-1 

and insulin in cells that express both IR and IGF-1R is very 
difficult, since both hormones can bind to both receptors and 

activate many of the same downstream signaling molecules 

[78]. Some effects that can be observed in the action of these 
hormones are also very similar. However, recent studies 

have provided new insights into the effects and specificity of 

insulin and IGF-1 [78, 117, 118]. Versteyhe and collabora-
tors [118] demonstrated that IGF-1 and insulin, even acting 

upon the same receptor, specifically regulate different groups 

of transcripts from the other ligand in the culture of fibro-
blasts. However, the authors could not draw a definitive con-

clusion concerning whether one ligand creates a more meta-

bolic or mitogenic response in comparison to the other. On 
the other hand, previous experiments with IR- and IGF-1R-

deficient mice demonstrated that IR is more important in fuel 

metabolism, whereas IGF-1R is more associated with growth 
regulation [68, 78]. Despite the effects on SC metabolism, 

IGF-1 seems to be the most significant regulator of SC pro-

liferation [21]. According to Pitetti and collaborators [21] 
SCs lacking IR are less affected then those lacking IGF-1R. 

Even the effect of FSH on SC proliferation seems to be, at 

least in part, dependent on IGF-1 signaling [21]. 

 In fact, IGF-1 and FSH actions on regulating SC function 
and proliferation are closely related [105, 111, 119]. Several 
authors have shown that IGF-1 and FSH interact with each 
other to regulate SC proliferation [21], aromatase regulation, 
and PKB phosphorylation [105]. Once both hormones are 
known to activate PI3K/PKB, it could be postulated that in-
teraction between IGF-1 and FSH is due to the modulation of 
this signaling pathway. Khan and collaborators [105] sug-
gested that the effect of FSH on PKB phosphorylation could 
be due to a combination of increased secretion of endoge-
nous IGF-1, decreased IGFBP3, and the maintenance of the 
synergistic action of FSH on IGF-1-dependent PI3K activa-
tion. Although Khan and co-workers [105] demonstrated that 
FSH amplifies IGF-1-stimulated PKB signaling but is not 
able to induce PKB phosphorylation alone. Jacobus et al. 
[31] demonstrated that the FSH-induced calcium influx in 
immature SCs is due to the activation of PI3K but independ-
ent of IGF-1 action. It is probable that the molecular signal-
ing by which IGF-1 stimulates SC proliferation is similar to 
that proposed for insulin. In addition, the interaction between 
IGF-1 and FSH is clear, but the molecular mechanisms must 
be further investigated in order to provide a full understand-
ing of the hormonal regulation of SC proliferation process. 
The specific mechanisms by which IGF-1 regulates SC pro-
liferation still require further elucidation, and although this 
growth factor, as well as insulin, is responsible for stimulat-
ing around 60% of SC proliferation [21], other growth fac-
tors and cytokines also appear to be involved in this process. 

4. OTHER REGULATORY FACTORS 

 There are strong evidences that FSH, IGF-1 and insulin 
are the main regulators of SC proliferation. However, the 
effects of these hormones are not sufficient to explain the 
entire process. In this context, many other hormones, growth 
factors and inflammatory cytokines have been demonstrated 
to be involved in the SC proliferation process. 

4.1. Growth Factors 

 IGF-1 is the most characterized growth factor that regu-
lates SC proliferation. However, a number of other growth 
factors have been found to stimulate the growth of these 
cells. Several other growth factors and their receptors are 
expressed in the testes, including fibroblast growth factor 
(FGF), IGF-2, epidermal growth factor (EGF), transforming 
growth factor  (TGF- ), and the transforming growth factor 

 (TGF- ) superfamily, which includes TGF- , activins and 
inhibins, which seem to have a relevant impact on SC prolif-
eration in vitro [120-124]. The transforming growth factor  
(TGF- ) superfamily is defined as a group of over 40 
ligands. The members of this family best studied in mam-
malian reproduction include: the TGF- s 1–3, the inhibins 
and activins, the bone morphogenetic proteins (BMPs), the 
anti-Müllerian hormone, the growth and differentiation fac-
tors (GDFs) and the distantly related glial cell line-derived 
neurotropic factor (GDNF) [125]. TGF-  itself and its recep-
tors are expressed within the testis [Konrad 2006], but its 
relative importance on SCs proliferation remains to be fully 
elucidated. Among the TGF-  superfamily members, activin 
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A seems to be most important regulator of SC proliferation. 
According to Boitani and co-workers [126], activin A stimu-
lates SC proliferation in vitro in a defined phase of postnatal 
testis development, when the proliferative activity of these 
cells is approaching its final stage. Activin A seems to main-
tain SC mitotic activity by an FSH-dependent manner at this 
stage, working as a fine modulator of FSH action on SC pro-
liferation [126]. Petersen and colleagues [102] also described 
TGF-  as a potent stimulator of SC proliferation in vitro in a 
dose-dependent manner. However, there is not enough in 
vivo evidence corroborating the biological relevance of these 
growth factors as regulators of SC proliferation. It appears 
that all of these growth factors are able to regulate SC prolif-
eration at some extend, contributing to regulate such process, 
and their redundant effect ensures that SC proliferation does 
not depend on a single one of them [1]. The conflicting in-
formation regarding whether TNF-  stimulates or not the SC 
proliferation [102, 127] reinforces the necessity of in vivo 
studies. Several growth factors, especially those of TGF-  
superfamily, are likely to be involved in the regulation of SC 
proliferation, and they must be further investigated. 

4.2. Inflammatory Cytokines 

 Inflammatory cytokines produced by macrophages in 
response to inflammatory stimuli may also be produced by 
cultured SCs, and appear to be involved in regulating SC 
proliferation [1, 15]. The cytokines expressed by SCs include 
interleukin-1 and 6 (IL-1 and IL-6) and tumor necrosis factor 

 (TNF- ). In vitro studies have demonstrated that all of 
these inflammatory factors alter SC metabolism, i.e., enhanc-
ing transferrin production. IL-1, but not IL-6 and TNF- , 
which may also enhance lactate production and secretion [1]. 
In isolated SCs, both IL-1 and TNF-  stimulate the prolifera-
tion of immature cells [1]. However, the physiological rele-
vance of these cytokines in such processes remains obscure 
due the lack of in vivo studies. Moreover, no alterations in 
testicular phenotype of animal models with disrupted IL or 
TNF receptors were observed, and no testicular pathology 
associated with it has been described [1]. 

4.3. Estrogens 

 The testes of several mammals express aromatase, and 
thereby produce significant amounts of estrogen [121], 
which plays an important role in male reproductive function 
and fertility (as reviewed in Lazari et al. [128]). Estrogens 
exert biological effects by interacting with the classical nu-
clear estrogen receptors (ESRs) ESR1 and ESR2 (also 
known as ERa and ERb) and through the non-classical mem-
brane receptor, a G protein-coupled estrogen receptor 1 
(GPER) [129, 130]. It was demonstrated by Royer and col-
laborators [129] that 17 -estradiol may induce the prolifera-
tion of 15-day-old cultured SCs. The same study demon-
strated that this effect of E2 might occur due the activation of 
both ER and GPER, as both induce CREB activation via 
stimulation of the MAPK and PI3K signaling pathways. It is 
important to note that aromatase expression in testicular cells 
vary throughout the testis development. The mRNA levels 
for aromatase are higher in SCs from 20-day-old than from 
10- or 30-day-old animals, whereas the aromatase transcripts 
are undetectable in SCs from adult rats. However, in these 
animals, aromatase can be found in Leydig cells, pachytene 

spermatocytes and round spermatids [131]. Thus, SCs are the 
major source of estrogens in immature animals, while Leydig 
and germ cells synthesize these hormones in adult animals 
[132]. Taking into account the different pattern of aromatase 
expression throughout testis development and the association 
of E2 with SC proliferation [129], the paracrine effects of 
estrogens must be considered to the full understanding of 
physiological importance of E2 in all testicular cells’ devel-
opment. 

4.4. Thyroid Hormones 

 It is known that thyroid hormones regulate diverse effects 
in SCs, such as lactate production, GLUT1 mRNA levels, 
aromatase activity, SC proliferation and others [133-136]. 
The high quantities of thyroid hormone receptors present in 
neonatal SCs indicate that immature SCs may be an impor-
tant thyroid hormone target [137]. Indeed, the involvement 
of thyroid hormones in the establishment of the adult SC 
population have been extensively studied, and the evidences 
indicate that thyroid hormones can affect SC proliferation 
both directly and indirectly [138]. Indirectly, tri-
iodothyronine (T3) has been demonstrated to stimulate inhi-
bin production by SCs, which in turn might inhibit FSH pro-
duction leading to a reduction in SC proliferation [133]. On 
the other hand, van Haaster and collaborators [134] demon-
strated that 6-n-propylthiouracil (PTU)-induced hypothyroid-
ism in rats, retards SC differentiation and prolongs SC pro-
liferation period. Thus, hypothyroidism leads to an increase 
in the SC number and testis size [134]. However, subsequent 
studies demonstrated that treatment with T3 directly affects 
SC proliferation, reducing the SC proliferative activity, as 
well as the SC proliferation period and the final number of 
SCs [92, 133, 135]. T3 also stimulates the in vitro maturation 
of SC, thereby indicating that T3 terminates SC proliferation 
and stimulates the functional maturation of these cells [138]. 
Finally, Palmero and colleagues [135] demonstrated that T3-
dependent effects in cultured SCs are age-dependent, with no 
significant effects observed after finishing the proliferative 
period of these cells. Thus, the involvement of the thyroid 
hormones in SC proliferation process is clear but also an 
intricate process that requires better elucidation. However, it 
is clear that the levels of thyroid hormones early in life are 
important for the terminal differentiation of SCs and, there-
fore, for determining adult testis size. 

4.5. Androgens 

 During the fetal life, Leydig cells produce high amounts 
of androgens, especially testosterone. The intratesticular tes-
tosterone concentration is high at the end of fetal life, and 
decreases after birth remaining low until puberty, when it 
increases again [139, 140]. Androgens are responsible for the 
development of the male reproductive tract, the formation 
and maintenance of the BTB and spermatogenesis. Although 
testosterone is capable of acting through both classical and 
non-classical mechanisms, most of testosterone effects are 
associated to the classical mechanism. In the classical 
mechanism, the androgen diffuses through the plasma mem-
brane and binds to the intracellular androgen receptor (iAR) 
localized in the cytoplasm or nucleus. Then the hormone-
receptor complex formed is translocated to the nucleus 
where it binds to androgen response elements (AREs), result-
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ing in the recruitment of co-activators, and in the regulation 
of gene expression [141, 142]. The iAR is present in Leydig 
cells and peritubular cells since fetal life. A slight iAR ex-
pression takes place in SCs after postnatal day 5 and be-
comes progressively stronger during pre-pubertal develop-
ment. Until recently, it was believed that androgens have 
little or any effect on SCs proliferation due to the absence of 
iAR in the beginning of the proliferative phase. However, 
over the last few decades several studies have been evaluat-
ing the involvement of androgen on SCs proliferation.  

 Orth and co-workers [143] revealed that in vivo testoster-
one treatment decrease [H

3
] thymidine incorporation by SC 

in hemicastrated and intact animals, suggesting an inhibitory 
effect of testosterone on SCs proliferation. In their work, 
Buzzard and colleagues [92] showed that testosterone treat-
ment of cultured SCs not only causes a progressive suppres-
sion of SCs proliferation but also increases the expression of 
the cell cycle inhibitors p27Kip1 and p21Cip1 and induces 
the expression of Gata-1, a marker of SCs differentiation. 
Thereby contributing to SC maturation process. Subsequent 
studies have been carried with genetic loss-of-function and 
gain-of-function animal models. However, the results regard-
ing the SC proliferation in these genetic models are contro-
versial. Works developed using Tfm mutant mice [144], 
which lack functional androgen receptor, and AR Knockout 
mice (ARKO) [63, 91] show a decrease in SCs number. 
However, in both approaches it is impossible to establish 
whether the observed effects result from the lack of androgen 
action specifically on SCs or on other testicular cells, such as 
peritubular cells. Nevertheless, the works performed with 
SC-selective AR knockout mice (SCARKO) did not show 
any reduction in SCs number [63, 64, 91] or alteration in the 
maturation markers of SCs [91]. These results suggest an 
indirect effect of androgens on SCs proliferation. It is known 
that the several factors secreted by peritubular cells (such as 
Activin A) acts in a paracrine manner influencing SCs 
physiology [145-147]. On the other hand, experiments with 
TgSCAR, a gain-of-function transgenic (Tg) mouse model, 
show a reduced SC proliferation. Recently, Hazra and col-
laborators [148] developed the TgSCAR model, which pro-
vides premature expression of AR on SCs (SCAR). TgSCAR 
animals showed strong immunodetection of AR in SC from 
pnd 5 comparing with the sparse and very weak SC staining 
observed in WT littermates. The total SC number was sig-
nificantly reduced in TgSCAR resulting in smaller testis. 
TgSCAR testis also present premature SC maturation, which 
is demonstrated by an accelerated formation of the 
seminiferous lumen and early onset of meiotic phase. In a 
subsequent study of the same group the TgSCAR mouse 
model also show an accelerated LC development and a de-
creased LC number, which are tightly linked to the total SC 
population [149]. The results from this gain-of-function 
model suggest that the iAR expression ontogeny on SC is 
carefully orchestrated in order to protect SC from early 
maturation. 

 Besides the androgen classical action it is necessary to 

take in account the involvement of the non-classical effects 

of androgens in the regulation of SCs proliferation. The non-

classical action of androgens promotes the activation of in-

tracellular signaling pathways, and alter cellular process 

within seconds to minutes [150]. The androgen non-classical 

pathway causes the influx of calcium through activation of 

an unidentified membrane receptor. This membrane receptor 

activates phospholipase C (PLC) which causes hydrolysis of 

phosphatidylinositol 4,5 biphosphate (PIP2) [151]. The lack 

of PIP2 reduces negative charges near membranes and pro-

duces closing of K
+

ATP channels and opening of the voltage-

gated calcium channels (VDCC) resulting in calcium influx 

[151, 152]. The calcium influx stimulated by testosterone 

may be involved in several physiological processes such as 

cytoskeleton rearrangement, secretion, gene transcription and 
even cell proliferation [28].  

5. FINAL CONSIDERATIONS 

 The hormonal regulation of SC proliferation is an intri-
cate process, which involves a vast array of hormones, 
growth factors and cytokines that modulate the SC division 
and development in a hormonal and paracrine/autocrine 
manner. Recent studies performed in vivo have made clear 
that FSH, IGF-1 and insulin are the most important regula-
tors of SC proliferation. However, these hormones alone do 
not explain the whole process, and others hormones, growth 
factors, and cytokines have also been demonstrated to be 
involved in this process, but to a lesser extent. These factors 
seem to act as potential paracrine and/or autocrine mediators, 
produced locally within the testis and finely regulating SC 
proliferation. There are enough evidences to corroborate that 
several factors, such as activin A and other TGF-  family 
members, TGF- , TNF- , and IL-1, have a contribution to 
define the final number of SCs. However, little is known 
about their relative importance in this process in in vivo ap-
proaches, such as in specific knockout for receptors in SC. 
Finally, further studies addressing the in vivo effects of these 
regulatory factors are essential for the complete understand-
ing of the SC proliferation process. Also, the precise mecha-
nism of action of these hormones, such as intracellular sig-
naling pathways and their interactions, could give us insights 
to a better comprehension of hormonal regulation of SC pro-
liferation, as well as possible therapeutic targets for infertil-
ity. 

CONFLICT OF INTEREST 

 The authors confirm that this article content has no con-
flict of interest. 

ACKNOWLEDGEMENTS 

 We would like to thank Izabel Lopes Brum for kindly 
designing the figures. 

REFERENCES 

[1]  Petersen, C.; Soder, O. The Sertoli Cell--a Hormonal Target and 

“Super” Nurse for Germ Cells That Determines Testicular Size. 
Horm. Res., 2006, 66, 153-161. 

[2]  Hess, R.A.; França, L.R. Structure of the Sertoli Cell. In Sertoli 
Cell Biology; Skinner, M.K.; Griswold, M.D.; Allan, C.M.; 

Handelsman, D.J., Eds.; Elsevier, 2005. 
[3]  Sharpe, R.M.; McKinnell, C.; Kivlin, C.; Fisher, J.S. Proliferation 

and Functional Maturation of Sertoli Cells, and Their Relevance to 
Disorders of Testis Function in Adulthood. Reproduction, 2003, 

125, 769-784. 
[4]  Mruk, D.D.; Cheng, C.Y. Tight Junctions in the Testis: New 

Perspectives. Philos. Trans. R. Soc. Lond. B. Biol. Sci., 2010, 365, 
1621-1635. 



Mechanisms of Hormonal Regulation of Sertoli Cell Development and Proliferation Current Molecular Pharmacology, 2014, Vol. 7, No. 2    105 

[5]  Wong, C.-H.; Cheng, C.Y. The Blood-Testis Barrier: Its Biology, 

Regulation, and Physiological Role in Spermatogenesis. Curr. Top. 
Dev. Biol., 2005, 71, 263-296. 

[6]  Meng, J.; Holdcraft, R.W.; Shima, J.E.; Griswold, M.D.; Braun, 
R.E. Androgens Regulate the Permeability of the Blood-Testis 

Barrier. Proc. Natl. Acad. Sci. USA, 2005, 102, 16696-16700. 
[7]  O’Donnell, L.; Meachem, S.; Stanton, P.; McLachlan, R. Endocrine 

Regulation of Spermatogenesis. In Knobil and Neill’s Physiology 
of Reproduction; Academic Press: St Louis, 2006; pp. 1017-1069. 

[8]  Jutte, N.H.; Jansen, R.; Grootegoed, J.A.; Rommerts, F.F.; Clausen, 
O.P.; van der Molen, H.J. Regulation of Survival of Rat Pachytene 

Spermatocytes by Lactate Supply from Sertoli Cells. J. Reprod. 
Fertil., 1982, 65, 431-438. 

[9]  Cheng, C.Y.; Mruk, D.D. The Blood-Testis Barrier and Its 
Implications for Male Contraception. Pharmacol. Rev., 2012, 64, 

16-64. 
[10]  Rato, L.; Alves, M.G.; Socorro, S.; Duarte, A.I.; Cavaco, J.E.; 

Oliveira, P.F. Metabolic Regulation Is Important for 
Spermatogenesis. Nat. Rev. Urol., 2012, 9, 330-338. 

[11]  Sylvester, S.R.; Griswold, M.D. The Testicular Iron Shuttle: A 
“Nurse” Function of the Sertoli Cells. J. Androl., 1994, 15, 381-

385. 
[12]  Gérard, N.; Syed, V.; Bardin, W.; Genetet, N.; Jégou, B. Sertoli 

Cells Are the Site of Interleukin-1 Alpha Synthesis in Rat Testis. 
Mol. Cell. Endocrinol., 1991, 82, R13-6. 

[13]  Skinner, M.K.; Cosand, W.L.; Griswold, M.D. Purification and 
Characterization of Testicular Transferrin Secreted by Rat Sertoli 

Cells. Biochem. J., 1984, 218, 313-320. 
[14]  Galdieri, M.; Monaco, L.; Stefanini, M. Secretion of Androgen 

Binding Protein by Sertoli Cells Is Influenced by Contact with 
Germ Cells. J. Androl., 1984, 5, 409-415. 

[15]  Wu, H.; Wang, D.; Shu, Z.; Zhou, H.; Zuo, H.; Wang, S.; Li, Y.; 
Xu, X.; Li, N.; Peng, R. Cytokines Produced by Microwave-

Radiated Sertoli Cells Interfere with Spermatogenesis in Rat Testis. 
Andrologia, 2012, 44 Suppl 1, 590-599. 

[16]  Ward, P.S.; Thompson, C.B. Signaling in Control of Cell Growth 
and Metabolism. Cold Spring Harb. Perspect. Biol., 2012, 4, 

a006783. 
[17]  Novi, A.M.; Saba, P. An Electron Microscopic Study of the 

Development of Rat Testis in the First 10 Postnatal Days. Z. 
Zellforsch. Mikrosk. Anat., 1968, 86, 313-326. 

[18]  Ramos, A.S.; Dym, M. Ultrastructural Differentiation of Rat Sertoli 
Cells. Biol. Reprod., 1979, 21, 909-922. 

[19]  Mullaney, B.P.; Rosselli, M.; Skinner, M.K. Developmental 
Regulation of Sertoli Cell Lactate Production by Hormones and the 

Testicular Paracrine Factor, PModS. Mol Cell Endocrinol, 1994, 
104, 67-73. 

[20]  Alves, M.G.; Rato, L.; Carvalho, R. a; Moreira, P.I.; Socorro, S.; 
Oliveira, P.F. Hormonal Control of Sertoli Cell Metabolism 

Regulates Spermatogenesis. Cell. Mol. life Sci., 2013, 70, 777-793. 
[21]  Pitetti, J.-L.; Calvel, P.; Zimmermann, C.; Conne, B.; Papaioannou, 

M.D.; Aubry, F.; Cederroth, C.R.; Urner, F.; Fumel, B.; Crausaz, 
M.; Docquier, M.; Herrera, P.L.; Pralong, F.; Germond, M.; 

Guillou, F.; Jégou, B.; Nef, S. An Essential Role for Insulin and 
IGF1 Receptors in Regulating Sertoli Cell Proliferation, Testis 

Size, and FSH Action in Mice. Mol. Endocrinol., 2013, 27, 814-
827. 

[22]  Ballester, J.; Muñoz, M.C.; Domínguez, J.; Rigau, T.; Guinovart, 
J.J.; Rodríguez-Gil, J.E. Insulin-Dependent Diabetes Affects 

Testicular Function by FSH- and LH-Linked Mechanisms. J. 
Androl., 2004, 25, 706-719. 

[23]  Schoeller, E.L.; Albanna, G.; Frolova, A.I.; Moley, K.H. Insulin 
Rescues Impaired Spermatogenesis via the Hypothalamic-Pituitary-

Gonadal Axis in Akita Diabetic Mice and Restores Male Fertility. 
Diabetes, 2012, 61, 1869-1878. 

[24]  Saez, J.M. Leydig Cells: Endocrine, Paracrine, and Autocrine 
Regulation. Endocr. Rev., 1994, 15, 574-626. 

[25]  Orth, J.M.; Gunsalus, G.L.; Lamperti, A.A. Evidence from Sertoli 
Cell-Depleted Rats Indicates That Spermatid Number in Adults 

Depends on Numbers of Sertoli Cells Produced during Perinatal 
Development. Endocrinology, 1988, 122, 787-794. 

[26]  Meachem, S.J.; Ruwanpura, S.M.; Ziolkowski, J.; Ague, J.M.; 
Skinner, M.K.; Loveland, K.L. Developmentally Distinct in vivo 

Effects of FSH on Proliferation and Apoptosis during Testis 
Maturation. J. Endocrinol., 2005, 186, 429-446. 

[27]  Alevizaki, M.; Huhtaniemi, I. Structure-Function Relationships of 

Glycoprotein Hormones; Lessons from Mutations and 
Polymorphisms of the Thyrotrophin and Gonadotrophin Subunit 

Genes. Hormones (Athens)., 2002, 1, 224-232. 
[28]  Simoni, M.; Gromoll, J.; Nieschlag, E. The Follicle-Stimulating 

Hormone Receptor: Biochemistry, Molecular Biology, Physiology, 
and Pathophysiology. Endocr. Rev., 1997, 18, 739-773. 

[29]  Crépieux, P.; Marion, S.; Martinat, N.; Fafeur, V.; Vern, Y.L.; 
Kerboeuf, D.; Guillou, F.; Reiter, E. The ERK-Dependent 

Signalling Is Stage-Specifically Modulated by FSH, during Primary 
Sertoli Cell Maturation. Oncogene, 2001, 20, 4696-4709. 

[30]  Gorczynska, E.; Handelsman, D.J. The Role of Calcium in Follicle-
Stimulating Hormone Signal Transduction in Sertoli Cells. J. Biol. 

Chem., 1991, 266, 23739-23744. 
[31]  Jacobus, A.P.; Loss, E.S.; Wassermann, G.F. Pertussis Toxin 

Nullifies the Depolarization of the Membrane Potential and the 
Stimulation of the Rapid Phase of Ca Entry through L-Type 

Calcium Channels That Are Produced by Follicle Stimulating 
Hormone in 10- to 12-Day-Old Rat Sertoli Cells. Front Physiol., 

2010, 1, 138. 
[32]  Dahia, C.L.; Rao, A.J. Regulation of FSH Receptor, PKIbeta, IL-6 

and Calcium Mobilization: Possible Mediators of Differential 
Action of FSH. Mol. Cell. Endocrinol., 2006, 247, 73-81. 

[33]  Riera, M.F.; Regueira, M.; Galardo, M.N.; Pellizzari, E.H.; Meroni, 
S.B.; Cigorraga, S.B. Signal Transduction Pathways in FSH 

Regulation of Rat Sertoli Cell Proliferation. Am. J. Physiol. 
Endocrinol. Metab., 2012, 302, E914-23. 

[34]  Levallet, G.; Bonnamy, P.-J.; Levallet, J. Alteration of Cell 
Membrane Proteoglycans Impairs FSH receptor/Gs Coupling and 

ERK Activation through PP2A-Dependent Mechanisms in 
Immature Rat Sertoli Cells. Biochim. Biophys. Acta, 2013, 1830, 

3466-3475. 
[35]  Fakunding, J.L.; Tindall, D.J.; Dedman, J.R.; Mena, C.R.; Means, 

A.R. Biochemical Actions of Follice-Stimulating Hormone in the 
Sertoli Cell of the Rat Testis. Endocrinology, 1976, 98, 392-402. 

[36]  Pérez-Sánches, V.H.; Wassermann, G.F. Amino Acid Transport in 
Rat Sertoli Cell Enriched Testes: Studies on the Mechanism of 

Action of Follicle Stimulating Hormone. Braz J Med Biol Res., 
1981, 14, 11-17. 

[37]  Ulloa-Aguirre, A.; Zariñán, T.; Pasapera, A.M.; Casas-González, 
P.; Dias, J.A. Multiple Facets of Follicle-Stimulating Hormone 

Receptor Function. Endocrine, 2007, 32, 251-263. 
[38]  Huhaniemi, I.; Toppari, J. FSH Regulation at the Molecular and 

Cellular Levels: Mechanisms of Action and Functional Effects. In 
Sertoli Cell Biology; Skinner, M.K.; Griswold, M.D., Eds.; 

Elsevier, 2005; pp. 155-169. 
[39]  Nichols, C.G. KATP Channels as Molecular Sensors of Cellular 

Metabolism. Nature, 2006, 440, 470-476. 
[40]  Wassermann, G.F.; Monti Bloch, L.; Grillo, M.L.; Silva, F.R.; 

Loss, E.S.; McConnell, L.L. Electrophysiological Changes of 
Sertoli Cells Produced by the Acute Administration of Amino Acid 

and FSH. Horm Metab Res., 1992, 24, 326-328. 
[41]  Loss, E.S.; Jacobus, A.P.; Wassermann, G.F. Diverse FSH and 

Testosterone Signaling Pathways in the Sertoli Cell. Horm. Metab. 
Res., 2007, 39, 806-812. 

[42]  Gorczynska, E.; Spaliviero, J.; Handelsman, D.J. The Relationship 
between 3’,5'-Cyclic Adenosine Monophosphate and Calcium in 

Mediating Follicle-Stimulating Hormone Signal Transduction in 
Sertoli Cells. Endocrinology, 1994, 134, 293-300. 

[43]  Morrison, D.K. MAP Kinase Pathways. Cold Spring Harb. 
Perspect. Biol., 2012, 4, a011254. 

[44]  Sculptoreanu, A.; Rotman, E.; Takahashi, M.; Scheuer, T.; 
Catterall, W.A. Voltage-Dependent Potentiation of the Activity of 

Cardiac L-Type Calcium Channel Alpha 1 Subunits due to 
Phosphorylation by cAMP-Dependent Protein Kinase. Proc. Natl. 

Acad. Sci. USA, 1993, 90, 10135-10139. 
[45]  Sculptoreanu, A.; Scheuer, T.; Catterall, W.A. Voltage-Dependent 

Potentiation of L-Type Ca2+ Channels due to Phosphorylation by 
cAMP-Dependent Protein Kinase. Nature, 1993, 364, 240-243. 

[46]  Grasso, P.; Reichert, L.E. Follicle-Stimulating Hormone Receptor-
Mediated Uptake of 45Ca2+ by Proteoliposomes and Cultured Rat 

Sertoli Cells: Evidence for Involvement of Voltage-Activated and 
Voltage-Independent Calcium Channels. Endocrinology, 1989, 

125, 3029-3036. 
[47]  Grasso, P.; Reichert, L.E. Follicle-Stimulating Hormone Receptor-

Mediated Uptake of 45Ca2+ by Cultured Rat Sertoli Cells Does 



106    Current Molecular Pharmacology, 2014, Vol. 7, No. 2 Escott et al. 

Not Require Activation of Cholera Toxin- or Pertussis Toxin-

Sensitive Guanine Nucleotide Binding Proteins or Adenylate 
Cyclase. Endocrinology, 1990, 127, 949-956. 

[48]  Da Cruz Curte, A.; Wassermann, G.F. Identification of Amino 
Acid Transport Systems Stimulated by FSH in Rat Testes. J. 

Endocrinol., 1985, 106, 291-294. 
[49]  Silva, F.R.M.B.; Wassermann, G.F. Kinetics of FSH Stimulation of 

Methylaminoisobutyric Acid Uptake in Sertoli Cells in Culture 
from Testes of 15-Day-Old Rats. Med. Sci. Res., 1999, 27, 627-

630. 
[50]  Christensen, H.N.; Oxender, D.L.; Liang, M.; Vatz, K.A. The Use 

of N-Methylation to Direct Route of Mediated Transport of Amino 
Acids. J. Biol. Chem., 1965, 240, 3609-3616. 

[51]  McGivan, J.D.; Pastor-Anglada, M. Regulatory and Molecular 
Aspects of Mammalian Amino Acid Transport. Biochem. J., 1994, 

299 (Pt 2), 321-334. 
[52]  Csibi, A.; Fendt, S.-M.; Li, C.; Poulogiannis, G.; Choo, A.Y.; 

Chapski, D.J.; Jeong, S.M.; Dempsey, J.M.; Parkhitko, A.; 
Morrison, T.; Henske, E.P.; Haigis, M.C.; Cantley, L.C.; 

Stephanopoulos, G.; Yu, J.; Blenis, J. The mTORC1 Pathway 
Stimulates Glutamine Metabolism and Cell Proliferation by 

Repressing SIRT4. Cell, 2013, 153, 840-854. 
[53]  Zielke, H.R.; Ozand, P.T.; Tildon, J.T.; Sevdalian, D.A.; Cornblath, 

M. Reciprocal Regulation of Glucose and Glutamine Utilization by 
Cultured Human Diploid Fibroblasts. J. Cell. Physiol., 1978, 95, 

41-48. 
[54]  Lawlor, M.A.; Alessi, D.R. PKB/Akt: A Key Mediator of Cell 

Proliferation, Survival and Insulin Responses? J. Cell Sci., 2001, 
114, 2903-2910. 

[55]  Cantley, L.C. The Phosphoinositide 3-Kinase Pathway. Science, 
2002, 296, 1655-1657. 

[56]  Cantrell, D.A. Phosphoinositide 3-Kinase Signalling Pathways. J. 
Cell Sci., 2001, 114, 1439-1445. 

[57]  Hirsch, E.; Costa, C.; Ciraolo, E. Phosphoinositide 3-Kinases as a 
Common Platform for Multi-Hormone Signaling. J. Endocrinol., 

2007, 194, 243-256. 
[58]  Milburn, C.C.; Deak, M.; Kelly, S.M.; Price, N.C.; Alessi, D.R.; 

Van Aalten, D.M.F. Binding of Phosphatidylinositol 3,4,5-
Trisphosphate to the Pleckstrin Homology Domain of Protein 

Kinase B Induces a Conformational Change. Biochem. J., 2003, 
375, 531-538. 

[59]  Meroni, S. Regulation of Rat Sertoli Cell Function by FSH: 
Possible Role of Phosphatidylinositol 3-Kinase/protein Kinase B 

Pathway. J. Endocrinol., 2002, 174, 195-204. 
[60]  Viard, P.; Butcher, A.J.; Halet, G.; Davies, A.; Nürnberg, B.; 

Heblich, F.; Dolphin, A.C. PI3K Promotes Voltage-Dependent 
Calcium Channel Trafficking to the Plasma Membrane. Nat. 

Neurosci., 2004, 7, 939-946. 
[61]  Hemmings, B.A.; Restuccia, D.F. PI3K-PKB/Akt Pathway. Cold 

Spring Harb. Perspect. Biol., 2012, 4, a011189. 
[62]  Meroni, S.B.; Riera, M.F.; Pellizzari, E.H.; Galardo, M.N.; 

Cigorraga, S.B. FSH Activates Phosphatidylinositol 3-
Kinase/protein Kinase B Signaling Pathway in 20-Day-Old Sertoli 

Cells Independently of IGF-I. J. Endocrinol., 2004, 180, 257-265. 
[63]  O’Shaughnessy, P.J.; Monteiro, A.; Abel, M. Testicular 

Development in Mice Lacking Receptors for Follicle Stimulating 
Hormone and Androgen. PLoS One, 2012, 7, e35136. 

[64]  Abel, M.H.; Baker, P.J.; Charlton, H.M.; Monteiro, A.; Verhoeven, 
G.; De Gendt, K.; Guillou, F.; O’Shaughnessy, P.J. 

Spermatogenesis and Sertoli Cell Activity in Mice Lacking Sertoli 
Cell Receptors for Follicle-Stimulating Hormone and Androgen. 

Endocrinology, 2008, 149, 3279-3285. 
[65]  Migrenne, S.; Moreau, E.; Pakarinen, P.; Dierich, A.; Merlet, J.; 

Habert, R.; Racine, C. Mouse Testis Development and Function 
Are Differently Regulated by Follicle-Stimulating Hormone 

Receptors Signaling during Fetal and Prepubertal Life. PLoS One, 
2012, 7, e53257. 

[66]  O’Shaughnessy, P.J. Hormonal Control of Germ Cell Development 
and Spermatogenesis. Semin Cell Dev Bio, 2014. 

[67]  Nef, S.; Verma-Kurvari, S.; Merenmies, J.; Vassalli, J.D.; 
Efstratiadis, A.; Accili, D.; Parada, L.F. Testis Determination 

Requires Insulin Receptor Family Function in Mice. Nature, 2003, 
426, 291-295. 

[68]  Rother, K.I.; Accili, D. Role of Insulin Receptors and IGF 
Receptors in Growth and Development. Pediatr. Nephrol., 2000, 

14, 558-561. 

[69]  Baker, J.; Hardy, M.P.; Zhou, J.; Bondy, C.; Lupu, F.; Bellvé, A.R.; 

Efstratiadis, A. Effects of an Igf1 Gene Null Mutation on Mouse 
Reproduction. Mol. Endocrinol., 1996, 10, 903-918. 

[70]  Louvi, A.; Accili, D.; Efstratiadis, A. Growth-Promoting 
Interaction of IGF-II with the Insulin Receptor during Mouse 

Embryonic Development. Dev. Biol., 1997, 189, 33-48. 
[71]  Oonk, R.B.; Grootegoed, J.A. Insulin-like Growth Factor I (IGF-I) 

Receptors on Sertoli Cells from Immature Rats and Age-Dependent 
Testicular Binding of IGF-I and Insulin. Mol Cell Endocrinol, 

1988, 55, 33-43. 
[72]  Tesone, M.; de Souza Valle, L.B.; Foglia, V.G.; Charreau, E.H. 

Endocrine Function of the Testis in Streptozotocin Diabetic Rats. 
Acta Physiol. Lat. Am., 1976, 26, 387-394. 

[73]  Charreau, E.H.; Calvo, J.C.; Tesone, M.; de Souza Valle, L.B.; 
Baranao, J.L. Insulin Regulation of Leydig Cell Luteinizing 

Hormone Receptors. J. Biol. Chem., 1978, 253, 2504-2506. 
[74]  Escott, G.M.; de Castro, A.L.; Jacobus, A.P.; Loss, E.S. Insulin and 

IGF-I Actions on IGF-I Receptor in Seminiferous Tubules from 
Immature Rats. Biochim. Biophys. Acta, 2014, 1838, 1332-1337. 

[75]  Oliveira, P.F.; Alves, M.G.; Rato, L.; Laurentino, S.; Silva, J.; Sa, 
R.; Barros, A.; Sousa, M.; Carvalho, R.A.; Cavaco, J.E.; Socorro, 

S. Effect of Insulin Deprivation on Metabolism and Metabolism-
Associated Gene Transcript Levels of in vitro Cultured Human 

Sertoli Cells. Biochim. Biophys. Acta, 2012, 1820, 84-89. 
[76]  Griffeth, R.J.; Carretero, J.; Burks, D.J. Insulin Receptor Substrate 

2 Is Required for Testicular Development. PLoS One, 2013, 8, 
e62103. 

[77]  Andersen, A.S.; Kjeldsen, T.; Wiberg, F.C.; Vissing, H.; Schaffer, 
L.; Rasmussen, J.S.; De Meyts, P.; Moller, N.P. Identification of 

Determinants That Confer Ligand Specificity on the Insulin 
Receptor. J Biol Chem, 1992, 267, 13681-13686. 

[78]  Entingh-Pearsall, A.; Kahn, C.R. Differential Roles of the Insulin 
and Insulin-like Growth Factor-I (IGF-I) Receptors in Response to 

Insulin and IGF-I. J Biol Chem, 2004, 279, 38016-38024. 
[79]  Stork, P.J.S.; Schmitt, J.M. Crosstalk between cAMP and MAP 

Kinase Signaling in the Regulation of Cell Proliferation. Trends 
Cell Biol., 2002, 12, 258-266. 

[80]  Escott, G.M.; Jacobus, A.P.; Loss, E.S. PI3K-Dependent Actions of 
Insulin and IGF-I on Seminiferous Tubules from Immature Rats. 

Pflugers Arch., 2013, 465, 1497-1505. 
[81]  Tsai, M.-Y.; Yeh, S.-D.; Wang, R.-S.; Yeh, S.; Zhang, C.; Lin, H.-

Y.; Tzeng, C.-R.; Chang, C. Differential Effects of 
Spermatogenesis and Fertility in Mice Lacking Androgen Receptor 

in Individual Testis Cells. Proc. Natl. Acad. Sci. USA, 2006, 103, 
18975-18980. 

[82]  Liang, J.; Slingerland, J.M. Multiple Roles of the PI3K/PKB (Akt) 
Pathway in Cell Cycle Progression. Cell Cycle, 2003, 2, 336-342. 

[83]  Oonk, R.B.; Jansen, R.; Grootegoed, J.A. Differential Effects of 
Follicle-Stimulating Hormone, Insulin, and Insulin-like Growth 

Factor I on Hexose Uptake and Lactate Production by Rat Sertoli 
Cells. J Cell Physiol, 1989, 139, 210-218. 

[84]  Ahn, S.W.; Gang, G.-T.; Kim, Y.D.; Ahn, R.-S.; Harris, R.A.; Lee, 
C.-H.; Choi, H.-S. Insulin Directly Regulates Steroidogenesis via 

Induction of the Orphan Nuclear Receptor DAX-1 in Testicular 
Leydig Cells. J. Biol. Chem., 2013, 288, 15937-15946. 

[85]  López-Alvarenga, J.C.; Zariñán, T.; Olivares, A.; González-
Barranco, J.; Veldhuis, J.D.; Ulloa-Aguirre, A. Poorly Controlled 

Type I Diabetes Mellitus in Young Men Selectively Suppresses 
Luteinizing Hormone Secretory Burst Mass. J. Clin. Endocrinol. 

Metab., 2002, 87, 5507-5515. 
[86]  Pasquali, R.; Casimirri, F.; De Iasio, R.; Mesini, P.; Boschi, S.; 

Chierici, R.; Flamia, R.; Biscotti, M.; Vicennati, V. Insulin 
Regulates Testosterone and Sex Hormone-Binding Globulin 

Concentrations in Adult Normal Weight and Obese Men. J. Clin. 
Endocrinol. Metab., 1995, 80, 654-658. 

[87]  Havrankova, J.; Roth, J.; Brownstein, M. Insulin Receptors Are 
Widely Distributed in the Central Nervous System of the Rat. 

Nature, 1978, 272, 827-829. 
[88]  Havrankova, J.; Schmechel, D.; Roth, J.; Brownstein, M. 

Identification of Insulin in Rat Brain. Proc. Natl. Acad. Sci. USA, 
1978, 75, 5737-5741. 

[89]  Brüning, J.C.; Gautam, D.; Burks, D.J.; Gillette, J.; Schubert, M.; 
Orban, P.C.; Klein, R.; Krone, W.; Müller-Wieland, D.; Kahn, C.R. 

Role of Brain Insulin Receptor in Control of Body Weight and 
Reproduction. Science, 2000, 289, 2122-2125. 



Mechanisms of Hormonal Regulation of Sertoli Cell Development and Proliferation Current Molecular Pharmacology, 2014, Vol. 7, No. 2    107 

[90]  Sliwowska, J.H.; Fergani, C.; Gawa ek, M.; Skowronska, B.; 

Fichna, P.; Lehman, M.N. Insulin: Its Role in the Central Control 
of Reproduction. Physiol. Behav., 2014, 133, 197-206. 

[91]  Tan, K.A.L.; De Gendt, K.; Atanassova, N.; Walker, M.; Sharpe, 
R.M.; Saunders, P.T.K.; Denolet, E.; Verhoeven, G. The Role of 

Androgens in Sertoli Cell Proliferation and Functional Maturation: 
Studies in Mice with Total or Sertoli Cell-Selective Ablation of the 

Androgen Receptor. Endocrinology, 2005, 146, 2674-2683. 
[92]  Buzzard, J.J.; Wreford, N.G.; Morrison, J.R. Thyroid Hormone, 

Retinoic Acid, and Testosterone Suppress Proliferation and Induce 
Markers of Differentiation in Cultured Rat Sertoli Cells. 

Endocrinology, 2003, 144, 3722-3731. 
[93]  Vander Heiden, M.G.; Lunt, S.Y.; Dayton, T.L.; Fiske, B.P.; 

Israelsen, W.J.; Mattaini, K.R.; Vokes, N.I.; Stephanopoulos, G.; 
Cantley, L.C.; Metallo, C.M.; Locasale, J.W. Metabolic Pathway 

Alterations That Support Cell Proliferation. Cold Spring Harb. 
Symp. Quant. Biol., 2011, 76, 325-334. 

[94]  Alves, M.G.; Socorro, S.; Silva, J.; Barros, A.; Sousa, M.; Cavaco, 
J.E.; Oliveira, P.F. In vitro Cultured Human Sertoli Cells Secrete 

High Amounts of Acetate That Is Stimulated by 17 -Estradiol and 
Suppressed by Insulin Deprivation. Biochim. Biophys. Acta, 2012, 

1823, 1389-1394. 
[95]  Dias, T.R.; Rato, L.; Martins, A.D.; Simões, V.L.; Jesus, T.T.; 

Alves, M.G.; Oliveira, P.F. Insulin Deprivation Decreases Caspase-
Dependent Apoptotic Signaling in Cultured Rat Sertoli Cells. ISRN 

Urol., 2013, 2013, 970370. 
[96]  Rato, L.; Alves, M.G.; Dias, T.R.; Lopes, G.; Cavaco, J.E.; 

Socorro, S.; Oliveira, P.F. High-Energy Diets May Induce a Pre-
Diabetic State Altering Testicular Glycolytic Metabolic Profile and 

Male Reproductive Parameters. Andrology, 2013, 1, 495-504. 
[97]  Agbaje, I.M.; Rogers, D.A.; McVicar, C.M.; McClure, N.; 

Atkinson, A.B.; Mallidis, C.; Lewis, S.E.M. Insulin Dependant 
Diabetes Mellitus: Implications for Male Reproductive Function. 

Hum. Reprod., 2007, 22, 1871-1877. 
[98]  Bernardino, R.L.; Martins, A.D.; Socorro, S.; Alves, M.G.; 

Oliveira, P.F. Effect of Prediabetes on Membrane Bicarbonate 
Transporters in Testis and Epididymis. J. Membr. Biol., 2013, 246, 

877-883. 
[99]  Siddle, K. Signalling by Insulin and IGF Receptors: Supporting 

Acts and New Players. J. Mol. Endocrinol., 2011, 47, R1-10. 
[100]  Saltiel, A.R.; Kahn, C.R. Insulin Signalling and the Regulation of 

Glucose and Lipid Metabolism. Nature, 2001, 414, 799-806. 
[101]  Zhang, W.; Liu, H.T. MAPK Signal Pathways in the Regulation of 

Cell Proliferation in Mammalian Cells. Cell Res., 2002, 12, 9-18. 
[102]  Petersen, C.; Boitani, C.; Fröysa, B.; Söder, O. Transforming 

Growth Factor-Alpha Stimulates Proliferation of Rat Sertoli Cells. 
Mol. Cell. Endocrinol., 2001, 181, 221-227. 

[103]  White, M.F. The Insulin Signalling System and the IRS Proteins. 
Diabetologia, 1997, 40 Suppl 2, S2-17. 

[104]  Kokk, K.; Verajankorva, E.; Wu, X.K.; Tapfer, H.; Poldoja, E.; 
Simovart, H.E.; Pollanen, P. Expression of Insulin Signaling 

Transmitters and Glucose Transporters at the Protein Level in the 
Rat Testis. Ann N Y Acad Sci, 2007, 1095, 262-273. 

[105]  Khan, S.A.; Ndjountche, L.; Pratchard, L.; Spicer, L.J.; Davis, J.S. 
Follicle-Stimulating Hormone Amplifies Insulin-like Growth Factor 

I-Mediated Activation of AKT/protein Kinase B Signaling in 
Immature Rat Sertoli Cells. Endocrinology, 2002, 143, 2259-2267. 

[106]  LeRoith, D.; Werner, H.; Beitner-Johnson, D.; Roberts, C.T. 
Molecular and Cellular Aspects of the Insulin-like Growth Factor I 

Receptor. Endocr. Rev., 1995, 16, 143-163. 
[107]  Handelsman, D.J.; Spaliviero, J.A.; Scott, C.D.; Baxter, R.C. 

Identification of Insulin-like Growth Factor-I and Its Receptors in 
the Rat Testis. Eur. J. Endocrinol., 1985, 109, 543-549. 

[108]  Yagci, A.; Zik, B. Immunohistochemical Localization of Insulin-
like Growth Factor-I Receptor (IGF-IR) in the Developing and 

Mature Rat Testes. Anat. Histol. Embryol., 2006, 35, 305-309. 
[109]  Adams, T.E.; Epa, V.C.; Garrett, T.P.; Ward, C.W. Structure and 

Function of the Type 1 Insulin-like Growth Factor Receptor. Cell. 
Mol. Life Sci., 2000, 57, 1050-1093. 

[110]  Chitnis, M.M.; Yuen, J.S.P.; Protheroe, A.S.; Pollak, M.; 
Macaulay, V.M. The Type 1 Insulin-like Growth Factor Receptor 

Pathway. Clin. Cancer Res., 2008, 14, 6364-6370. 
[111]  Rappaport, M.S.; Smith, E.P. Insulin-like Growth Factor (IGF) 

Binding Protein 3 in the Rat Testis: Follicle-Stimulating Hormone 
Dependence of mRNA Expression and Inhibition of IGF-I Action 

on Cultured Sertoli Cells. Biol. Reprod., 1995, 52, 419-425. 

[112]  Cailleau, J.; Vermeire, S.; Verhoeven, G. Independent Control of the 

Production of Insulin-like Growth Factor I and Its Binding Protein by 
Cultured Testicular Cells. Mol. Cell. Endocrinol., 1990, 69, 79-89. 

[113]  Saez, J.M.; Chatelain, P.G.; Perrard-Sapori, M.H.; Jaillard, C.; 

Naville, D. Differentiating Effects of Somatomedin-C/insulin-like 

Growth Factor I and Insulin on Leydig and Sertoli Cell Functions. 

Reprod. Nutr. Dev., 1988, 28, 989-1008. 

[114]  Mita, M.; Borland, K.; Price, J.M.; Hall, P.F. The Influence of 

Insulin and Insulin-like Growth Factor-I on Hexose Transport by 

Sertoli Cells. Endocrinology, 1985, 116, 987-992. 

[115]  Villalpando, I.; Lira, E.; Medina, G.; Garcia-Garcia, E.; Echeverria, 

O. Insulin-like Growth Factor 1 Is Expressed in Mouse Developing 

Testis and Regulates Somatic Cell Proliferation. Exp. Biol. Med. 

(Maywood)., 2008, 233, 419-426. 

[116]  Spaliviero, J.A.; Handelsman, D.J. Effect of Epidermal and Insulin-

like Growth Factors on Vectorial Secretion of Transferrin by Rat 

Sertoli Cells in vitro. Mol. Cell. Endocrinol., 1991, 81, 95-104. 

[117]  Dupont, J.; LeRoith, D. Insulin and Insulin-like Growth Factor I 

Receptors: Similarities and Differences in Signal Transduction. 

Horm. Res., 2001, 55 Suppl 2, 22-26. 

[118]  Versteyhe, S.; Klaproth, B.; Borup, R.; Palsgaard, J.; Jensen, M.; 

Gray, S.G.; De Meyts, P. IGF-I, IGF-II, and Insulin Stimulate 

Different Gene Expression Responses through Binding to the IGF-I 

Receptor. Front. Endocrinol. (Lausanne)., 2013, 4, 98. 

[119]  Smith, E.P.; Dickson, B.A.; Chernausek, S.D. Insulin-like Growth 

Factor Binding Protein-3 Secretion from Cultured Rat Sertoli Cells: 

Dual Regulation by Follicle Stimulating Hormone and Insulin-like 

Growth Factor-I. Endocrinology, 1990, 127, 2744-2751. 

[120]  Konrad, L.; Lüers, G.H.; Völck-Badouin, E.; Keilani, M.M.; 

Laible, L.; Aumüller, G.; Hofmann, R. Analysis of the mRNA 

Expression of the TGF-Beta Family in Testicular Cells and 

Localization of the Splice Variant TGF-beta2B in Testis. Mol. 

Reprod. Dev., 2006, 73, 1211-1220. 

[121]  Cancilla, B.; Davies, A.; Ford-Perriss, M.; Risbridger, G.P. 

Discrete Cell- and Stage-Specific Localisation of Fibroblast 

Growth Factors and Receptor Expression during Testis 

Development. J. Endocrinol., 2000, 164, 149-159. 

[122]  Caussanel, V.; Tabone, E.; Mauduit, C.; Dacheux, F.; Benahmed, 

M. Cellular Distribution of EGF, TGF  and Their Receptor during 

Postnatal Development and Spermatogenesis of the Boar Testis. 

Mol. Cell. Endocrinol., 1996, 123, 61-69. 

[123]  Cupp, A.S.; Skinner, M.K. Expression, Action, and Regulation of 

Transforming Growth Factor Alpha and Epidermal Growth Factor 

Receptor during Embryonic and Perinatal Rat Testis Development. 

J. Androl., 2001, 22, 1019-1029. 

[124]  Koike, S.; Noumura, T. Immunohistochemical Localization of 

Insulin-like Growth Factor-II in the Perinatal Rat Gonad. Growth 

Regul., 1995, 5, 185-189. 

[125]  Itman, C.; Mendis, S.; Barakat, B.; Loveland, K.L. All in the 

Family: TGF-Beta Family Action in Testis Development. 

Reproduction, 2006, 132, 233-246. 

[126]  Boitani, C.; Stefanini, M.; Fragale, A.; Morena, A.R. Activin 

Stimulates Sertoli Cell Proliferation in a Defined Period of Rat 

Testis Development. Endocrinology, 1995, 136, 5438-5444. 

[127]  Mullaney, B.P.; Skinner, M.K. Transforming Growth Factor-Alpha 

and Epidermal Growth Factor Receptor Gene Expression and 

Action during Pubertal Development of the Seminiferous Tubule. 

Mol. Endocrinol., 1992, 6, 2103-2113. 

[128]  Lazari, M.F.M.; Lucas, T.F.G.; Yasuhara, F.; Gomes, G.R.O.; Siu, 

E.R.; Royer, C.; Fernandes, S.A.F.; Porto, C.S. Estrogen Receptors 

and Function in the Male Reproductive System. Arq. Bras. 

Endocrinol. Metabol., 2009, 53, 923-933. 

[129]  Royer, C.; Lucas, T.F.G.; Lazari, M.F.M.; Porto, C.S. 17Beta-

Estradiol Signaling and Regulation of Proliferation and Apoptosis 

of Rat Sertoli Cells. Biol. Reprod., 2012, 86, 108. 

[130]  Oliveira, P.F.; Alves, M.G.; Martins, A.D.; Correia, S.; Bernardino, 

R.L.; Silva, J.; Barros, A.; Sousa, M.; Cavaco, J.E.; Socorro, S. 

Expression Pattern of G Protein-Coupled Receptor 30 in Human 

Seminiferous Tubular Cells. Gen. Comp. Endocrinol., 2014, 201, 

16-20. 

[131]  Bois, C.; Delalande, C.; Nurmio, M.; Parvinen, M.; Zanatta, L.; 

Toppari, J.; Carreau, S. Age- and Cell-Related Gene Expression of 

Aromatase and Estrogen Receptors in the Rat Testis. J. Mol. 

Endocrinol., 2010, 45, 147-159. 



108    Current Molecular Pharmacology, 2014, Vol. 7, No. 2 Escott et al. 

[132]  Carreau, S.; Delalande, C.; Silandre, D.; Bourguiba, S.; Lambard, 

S. Aromatase and Estrogen Receptors in Male Reproduction. Mol. 

Cell. Endocrinol., 2006, 246, 65-68. 

[133]  Van Haaster, L.H.; de Jong, F.H.; Docter, R.; de Rooij, D.G. High 

Neonatal Triiodothyronine Levels Reduce the Period of Sertoli Cell 

Proliferation and Accelerate Tubular Lumen Formation in the Rat 

Testis, and Increase Serum Inhibin Levels. Endocrinology, 1993, 

133, 755-760. 

[134]  Van Haaster, L.H.; De Jong, F.H.; Docter, R.; De Rooij, D.G. The 

Effect of Hypothyroidism on Sertoli Cell Proliferation and 

Differentiation and Hormone Levels during Testicular 

Development in the Rat. Endocrinology, 1992, 131, 1574-1576. 

[135]  Palmero, S.; Prati, M.; Bolla, F.; Fugassa, E. Tri-Iodothyronine 

Directly Affects Rat Sertoli Cell Proliferation and Differentiation. 

J. Endocrinol., 1995, 145, 355-362. 

[136]  Andò, S.; Sirianni, R.; Forastieri, P.; Casaburi, I.; Lanzino, M.; 

Rago, V.; Giordano, F.; Giordano, C.; Carpino, A.; Pezzi, V. 

Aromatase Expression in Prepuberal Sertoli Cells: Effect of 

Thyroid Hormone. Mol. Cell. Endocrinol., 2001, 178, 11-21. 

[137]  Palmero, S.; De Marco, P.; Fugassa, E. Thyroid Hormone Receptor 

Beta mRNA Expression in Sertoli Cells Isolated from Prepubertal 

Testis. J. Mol. Endocrinol., 1995, 14, 131-134. 

[138]  Holsberger, D.R.; Kiesewetter, S.E.; Cooke, P.S. Regulation of 

Neonatal Sertoli Cell Development by Thyroid Hormone Receptor 

alpha1. Biol. Reprod., 2005, 73, 396-403. 

[139]  Tapanainen, J.; Kuopio, T.; Pelliniemi, L.J.; Huhtaniemi, I. Rat 

Testicular Endogenous Steroids and Number of Leydig Cells 

between the Fetal Period and Sexual Maturity. Biol. Reprod., 1984, 

31, 1027-1035. 

[140]  Lee, V.W.; de Kretser, D.M.; Hudson, B.; Wang, C. Variations in 

Serum FSH, LH and Testosterone Levels in Male Rats from Birth 

to Sexual Maturity. J. Reprod. Fertil., 1975, 42, 121-126. 

[141]  Walker, W.H. Non-Classical Actions of Testosterone and 

Spermatogenesis. Philos Trans R Soc L. B Biol Sci., 2010, 365, 

1557-1569. 

[142]  Lösel, R.; Wehling, M. Nongenomic Actions of Steroid Hormones. 

Nat. Rev. Mol. Cell Biol., 2003, 4, 46-56. 

[143]  Orth, J.M.; Higginbotham, C.A.; Salisbury, R.L. Hemicastration 

Causes and Testosterone Prevents Enhanced Uptake of [3H] 
Thymidine by Sertoli Cells in Testes of Immature Rats. Biol. 

Reprod., 1984, 30, 263-270. 
[144]  Johnston, H.; Baker, P.J.; Abel, M.; Charlton, H.M.; Jackson, G.; 

Fleming, L.; Kumar, T.R.; O’Shaughnessy, P.J. Regulation of 
Sertoli Cell Number and Activity by Follicle-Stimulating Hormone 

and Androgen during Postnatal Development in the Mouse. 
Endocrinology, 2004, 145, 318-329. 

[145]  Buzzard, J.J.; Farnworth, P.G.; De Kretser, D.M.; O’Connor, A.E.; 
Wreford, N.G.; Morrison, J.R. Proliferative Phase Sertoli Cells 

Display a Developmentally Regulated Response to Activin in vitro. 
Endocrinology, 2003, 144, 474-483. 

[146]  De Winter, J.P.; Vanderstichele, H.M.; Verhoeven, G.; 
Timmerman, M.A.; Wesseling, J.G.; de Jong, F.H. Peritubular 

Myoid Cells from Immature Rat Testes Secrete Activin-A and 
Express Activin Receptor Type II in vitro. Endocrinology, 1994, 

135, 759-767. 
[147]  Nicholls, P.K.; Stanton, P.G.; Chen, J.L.; Olcorn, J.S.; Haverfield, 

J.T.; Qian, H.; Walton, K.L.; Gregorevic, P.; Harrison, C.A. 
Activin Signaling Regulates Sertoli Cell Differentiation and 

Function. Endocrinology, 2012, 153, 6065-6077. 
[148]  Hazra, R.; Corcoran, L.; Robson, M.; McTavish, K.J.; Upton, D.; 

Handelsman, D.J.; Allan, C.M. Temporal Role of Sertoli Cell 
Androgen Receptor Expression in Spermatogenic Development. 

Mol. Endocrinol., 2013, 27, 12-24. 
[149]  Hazra, R.; Jimenez, M.; Desai, R.; Handelsman, D.J.; Allan, C.M. 

Sertoli Cell Androgen Receptor Expression Regulates Temporal 
Fetal and Adult Leydig Cell Differentiation, Function, and 

Population Size. Endocrinology, 2013, 154, 3410-3422. 
[150]  Foradori, C.D.; Weiser, M.J.; Handa, R.J. Non-Genomic Actions of 

Androgens. Front. Neuroendocrinol., 2008, 29, 169-181. 
[151]  Loss, E.S.; Jacobsen, M.; Costa, Z.S.; Jacobus, A.P.; Borelli, F.; 

Wassermann, G.F. Testosterone Modulates K(+)ATP Channels in 
Sertoli Cell Membrane via the PLC-PIP2 Pathway. Horm Metab 

Res., 2004, 36, 519-525. 
[152]  Loss, E.S.; Jacobus, A.P.; Wassermann, G.F. Rapid Signaling 

Responses in Sertoli Cell Membranes Induced by Follicle 
Stimulating Hormone and Testosterone: Calcium Inflow and 

Electrophysiological Changes. Life Sci., 2011, 89, 577-583.  

 

  

Received: August 1, 2014 Revised: November 3, 2014 Accepted: December 19, 2014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PMID: 25620228 




