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Abstract Hormonal regulation is essential to spermato-
genesis. Sertoli cells (SCs) have functions that reach far
beyond the physical support of germ cells, as they are
responsible for creating the adequate ionic and metabolic
environment for germ cell development. Thus, much
attention has been given to the metabolic functioning of
SCs. During spermatogenesis, germ cells are provided with
suitable metabolic substrates, in a set of events mediated by
SCs. Multiple signaling cascades regulate SC function and
several of these signaling pathways are hormone-dependent
and cell-specific. Within the seminiferous tubules, only
SCs possess receptors for some hormones rendering them
major targets for the hormonal signaling that regulates
spermatogenesis. Although the mechanisms by which SCs
fulfill their own and germ cells metabolic needs are mostly
studied in vitro, SC metabolism is unquestionably a
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regulation point for germ cell development and the hor-
monal control of these processes is required for a normal
spermatogenesis.
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Abbreviations

[1-'*C]glycine  Glycine enriched with "*C in carbon 1

ABP Androgen-binding protein

AICAR 5-Aminoimidazole-4-carboxamide-1-f-p-
ribofuranoside

AMH Anti-Miillerian hormone

cAMP Cyclic adenosine monophosphate

AMPK 5’ Adenosine monophosphate-activated

protein kinase
AR Androgen receptor

ARKO Androgen receptor knockout
ATP Adenosine triphosphate
bFGF Basic fibroblast growth factor
BTB Blood-testis barrier

DHT Sa-Dihydrotestosterone

E, 17 p-estradiol

ER Estrogen receptor

FSH Follicle-stimulating hormone
gGTP Guanosine triphosphate
GLUTs Glucose transporters

GnRH Gonadotropin-releasing hormone
IGF-1 Insulin-like growth factor-I
IL-1 Interleukin-1

LDH Lactate dehydrogenase

LH Luteinizing hormone
MCTs Monocarboxylate transporters
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NADPH Nicotinamide adenine dinucleotide
phosphate-oxidase

PI3K Phosphatidylinositol 3-kinase

PKB Protein kinase b

PTM Peritubular myoid cells

SCs Sertoli cells

T Testosterone

T3 Triiodothyronine (T3)

TH Thyroid hormones

TNF Tumor necrosis factor

Introduction

The testes have two major functions, the synthesis of ste-
roid hormones (steroidogenesis) and the production of
mature sperm (spermatogenesis), which are achieved
through coordination between the various cell types (Ser-
toli, Leydig, peritubular myoid, and germ cells) within the
testis. The number of Sertoli cells (SCs) is an important
determinant of testis size [1] and the adjacent SCs form
tight junctions with each other, such that nothing larger
than 1,000 Da can pass from the outside to the inside of the
tubule [2], creating one of the tightest blood—tissue barriers
known to exist in mammalian tissues, the blood—testis
barrier (BTB) [3]. Several proteins and other products are
known to be secreted by SCs, e.g., androgen-binding pro-
tein [4], transferrin [5], plasminogen activator [6],
glycoproteins [7], sulpho-proteins [8], and myo-inositol
[9]. They can also transport water from the interstitial
space into the lumen, serving as the vehicle for moving
sperm from the testis to the epididymis [10] and they can
also control the pH in the seminiferous fluid [11, 12].

The SC structure is very complex, with several cup-
shaped processes encompassing the various germ cell types
that are distributed within the seminiferous epithelium in a
very arranged way [13]. The germ cells form intimate
associations with SCs and multiple germ cells are in con-
tact with a single SC. It is this unique association between
germ and SCs that is in the basis of the seminiferous epi-
thelium cycle. Each particular association of germ cells is
referred to as a stage and thus, the number of stages of
spermatogenesis in a species is defined by the number of
morphologically recognizable germ cell associations
within the testis [14].

Often called “nurse cells”, fully differentiated SCs must
ensure a physical and nutritional support for germ cells.
SCs deposit extracellular matrix components (e.g., collagen
and laminin), form specialized junctions and exhibit a well-
organized cytoskeleton important for maintenance of the
seminiferous epithelium [15]. SCs also secrete specific
products that are necessary for germ cell development and
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survival. Amongst these products, are the anti-Miillerian
hormone (AMH), the c kit ligand and the inhibin. In
addition, SCs secrete peptides such as prodynorphin and
nutrients or metabolic intermediates [16, 17]. This trans-
ference of metabolic products, such as amino acids,
carbohydrates, lipids, vitamins, and metal ions [15] from
the SCs to the developing germ cells is only possible due to
the close relationship between these two cell types and, for
that it is imperative that germ cells receive an adequate
level of energy substrates [18-20].

Despite the abundance of published data on the response
of the SCs and testis in general to hormonal treatment or
hormonal deprivation, the exact roles for hormonal control
over SCs metabolism and spermatogenesis remain unclear.
There are several drawbacks in hormonal studies con-
cerning SC metabolic and physiological functions. Most of
these studies are performed in vitro using cultured SCs and
under these circumstances there are a number of different
substrates and pathways available, which makes it difficult
to infer about the real impact on germ cells. Furthermore,
in vivo, the relative importance of the different metabolic
pathways to SCs is likely to be determined by multiple
factors, including substrate concentrations, and the over-
lapping and synergistic actions of hormones can mask the
relative contribution of each pathway to a normal sper-
matogenesis. In an attempt to isolate hormone-regulated
effects, several genes have been knocked out selectively in
SCs of rodents, mainly those encoding hormone receptors.
In this work, we aim to review and discuss the literature on
SCs energy metabolism (de)regulation, hormonal control
of SCs metabolism, and finally on the pathways known to
occur during the control of SCs metabolism.

Importance of Sertoli cell for normal spermatogenesis

Spermatogenesis is a complex cellular event that takes
place in the seminiferous tubules epithelium and requires
the involvement of a complex assortment of peptides and
hormones. These hormonal messengers regulate not only
germ cell differentiation, but also the proliferation and
function of the somatic cell types required for the proper
development and function of the testis [21]. During sper-
matogenesis the spermatogonia (2n) undergo mitosis,
followed by a cellular transformation of type B spermato-
gonia into spermatocytes, which enter meiosis to form
spermatids (n), and finally develop to spermatozoa through
spermiogenesis [14]. Spermatogenesis is regulated by the
hypothalamus—pituitary—testis axis, essentially by two
pituitary hormones [follicle-stimulating hormone (FSH)
and luteinizing hormone (LH)] [22], which functionally
connect the brain with the testis and the dysfunction of this
axis leads to infertility [23]. The process is finely regulated



Hormonal control of Sertoli cell metabolism

779

! &tu itary H
A / \ |
FS LH

H

Testicle

%—l_/Testosterone o 17B-estradiol
Fig. 1 Simplified diagram of the hypothalamus—pituitary—testis axis
control of spermatogenesis. The two pituitary hormones, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), are respon-
sible for the connection between the brain and the testis. The
production of inhibin by SCs and testosterone (T) by Leydig cells
provide a negative feedback control that results in reduction of
gonadotropin-releasing hormone (GnRH) production in the hypothal-
amus and reduced LH and FSH production on pituitary, thus
maintaining the homeostasis of FSH, LH, T and inhibin. All these

hormones and factors have a tight control on spermatogenesis.
Circled plus positive feedback, Circled minus negative feedback

and follows an intricate network of signals and pathways
(Fig. 1). The production of inhibin by SCs, as well as
testosterone (T) and 17pf-estradiol (E;) by Leydig cells,
provides a negative feedback loop that reduces the secre-
tion of gonadotropin-releasing hormone (GnRH) in the
hypothalamus and of LH in the pituitary, in order to
maintain the homeostasis of FSH, LH, T, E,, and inhibin
within the hypothalamic—pituitary—testicular axis [24, 25].
In fact, all these hormones and factors support the sper-
matogenesis (Fig. 1).

Support and nurturing by SCs is essential for the normal
development of spermatogenesis and each SC has the ability
to support approximately 30-50 germ cells by providing
required factors for their development [26]. SC multiplica-
tion depends of several conditions that are species-specific.
For instance, in rats, the SCs cease to divide by

approximately 15 days postpartum [27] while in humans,
they cease to maturate at birth [28] with their number
remaining relatively constant in the testis throughout
adulthood at about 40 million per testis in rats [27] and from
260 million at birth to approximately 3,700 million per testis
in humans [29]. As such, approximately 75 % of germ cells
[30] undergo spontaneous degeneration in the seminiferous
epithelium via an extrinsic pathway of apoptosis involving
Fas and the Fas ligand (FasL) or a mitochondrial pathway
that involves the Bcl-2 family of proteins [31] so that the
Sertoli:germ cell ratio can approximately be maintained
between 1:30 and 1:50 [26, 27]. Thus SCs importance
reaches far beyond their own biological processes since
germ cells development and maintenance are intimately
linked to the SCs physiological state.

Glucose, lactate, and pyruvate as fuels for germ cells

Glucose is essential for the maintenance of spermatogenesis
in vivo [32, 33] however, there are low levels of this sugar
in the tubular fluid, mainly due to the metabolism of glucose
to different metabolic subproducts [34, 35]. These meta-
bolic intermediates derived from glucose metabolism are
crucial and point to a possible role for SCs as feeders in
germ cell development because they produce lactate at a
high rate [34, 36-38] and pachytene spermatocytes and
round spermatids require exogenous lactate or pyruvate for
energy production [36, 39, 40]. These observations, tested
in vitro, reported that pachytene spermatocytes survival and
activity was regulated by the supply of lactate from SCs
[41]. Tt is known that lactate is the preferred substrate for
round spermatids and the energy production is more effi-
cient when this metabolite is present in high concentrations
and pyruvate in low concentrations [39]. Nevertheless, both
lactate and pyruvate are major products with a crucial role
in maintaining a high rate of protein synthesis in isolated
spermatocytes and spermatids during short-term incuba-
tions [42]. The importance of lactate as preferred substrate
for spermatocytes and spermatids has been widely tested
under in vitro conditions. For instance, in a substrate
competition work, it was reported that the addition of lac-
tate, but not glucose, results in enhanced rates of respiration
and protein and RNA synthesis by isolated pachytene
spermatocytes or round spermatids [36]. It has also been
highlighted that lactate is a player in other metabolic
pathways and crossroads in spermatids as it increases pro-
tein synthesis by producing adenosine triphosphate (ATP)
[43] and thus modulates the rate of nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH) oxidation and
the pentose phosphate pathway [44].

Furthermore, the importance of lactate for a normal
spermatogenesis was highlighted by reports showing: (1)
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that spermatogenesis in adult cryptorchid testis is improved
by intratesticular infusion of lactate [45]; and (2) an anti-
apoptotic effect of lactate on germ cells [20]. Being so, the
lactate production by SCs reported both in vitro and in vivo
appears as an excellent point for the metabolic control of
spermatogenesis [35].

Moreover, the importance of glucose metabolism and
glucose-related metabolic subproducts is far beyond the
simple nutritional maintenance of developing germ cells,
as in mammals the ideal spermatozoa motility and capac-
itation is achieved through aerobic glycolysis [46, 47]. In
fact, the glycolysable substrates are essential for several
functions such as protein tyrosine phosphorylation and
hyperactivation. The last process is associated with
capacitation [48-50], sperm motility [48, 51], and fertil-
ization [52, 53] and thus, glucose metabolism can be
ultimately responsible for fertilization ability.

Importantly, the conversion of pyruvate to lactate by
lactate dehydrogenase (LDH) with the concomitant oxi-
dation of NADH to NAD™ is essential for the continued
production of ATP by glycolysis [54] (Fig. 2) and germ
cells specifically express a unique isozyme of LDH [55,
56], LDH type C (LDHC), which is abundant in spermatids
and spermatozoa [57]. This unique characteristic of germ
cells is related to their unique dependence on lactate and as
expected, the targeted disruption of the Ldhc gene results in
male infertility due to a progressive decrease in sperm
motility, failure in the capacity to develop the hyperacti-
vated motility pattern essential for fertilization and a
decline in ATP levels [58]. Also, the in vivo macromo-
lecular organization of enzymes is crucial in the regulation
of glycolysis in the sperm flagellum, and LDHC is an
integral component of a complex containing an ATP carrier
protein that re-distributes ATP from phosphoglycerate
kinase 2 to hexokinase type 1, thus regulating the initial
phase of glycolysis [59]. Undoubtedly, LDHC is a control
point in germ cells metabolic needs and development.

Several biochemical steps are involved in lactate pro-
duction by SCs, and glucose transport across the cell
membrane is an important event for the whole process. A
family of structurally related glycoproteins, designated as
glucose transporters (GLUT), is responsible for mediating
passive glucose transport [60] and studies with cultured
mammalian cells suggest that glucose itself may regulate
its own transport and metabolism [60]. Until now, the
GLUT isoforms GLUT1, GLUTS3, and GLUTS, have been
identified in SCs [61-63]. However, GLUTS has not been
localized at the plasma membrane, thus excluding its role
in glucose transport from the extracellular milieu [64, 65]
while GLUT1 and GLUT3 are present at the plasma
membrane, and thus, it may be assumed that they mediate
glucose incorporation into SCs (Fig. 2). Also, some sub-
stances, such as hormones, cytokines or growth factors,
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promote an increment of glucose incorporation into SCs by
differentially regulating GLUT1 and GLUT3 expression
[62]. When glucose is removed from the culture medium,
there is an increase in GLUT1 and a decrease in GLUT3
expression levels in SCs [66] leading to the assumption that
changes in extracellular milieu glucose levels may also
constitute a signal for SCs to upregulate their glucose
transport system and ensure the appropriate lactate pro-
duction for germ cell development. This kind of
mechanism has been reported in some cell types where the
absence or deprivation of glucose leads to a compensatory
increase in the glucose uptake to optimize glucose utili-
zation and maintain energy levels [60]. Of course, this
assumption based on in vitro observations is correct only
under these circumstances because in vivo conditions may
reveal a more complex signaling cascade. Nevertheless, the
expected results from in vivo punctual glucose deprivation
or low glucose availability should be in line with a phys-
iological adaptation in GLUTs levels.

Often underestimated, glycogen contribution to SC
metabolism should deserve special attention. Although
histochemical evidences of the presence of glycogen and
glycogen phosphorylase activity in these cells have been
reported for several years [67, 68], few has been done to
unravel the exact role of glycogen in SCs metabolic control
of spermatogenesis. It should be noted however that the
presence of glycogen or glycogen metabolism machinery
in SCs could be a valuable data for the explanation of the
adaptive mechanisms described earlier to maintain lactate
production.

The available data on SCs metabolism point to a crucial
role in glucose metabolism and glucose metabolism inter-
mediates. So, the glucose transport mediated by GLUTs,
the LDH isoenzyme system that reversibly catalyzes the
interconversion of pyruvate into lactate, and the lactate
transport across the plasma membrane mediated by
monocarboxylate transporters (MCTs) are prime targets for
achieving an optimal lactate offer to germ cells (Fig. 2).
Germ cells, on the other hand, have to metabolize lactate in
optimal conditions and even spermatozoa maturation is
dependent upon a specific metabolic need. Thus, the opti-
mal metabolic functioning of all cells types involved in
spermatogenesis, spermiogenesis, and spermatozoa matu-
ration is crucial for the achievement of an optimal sperm
quality and fertilization.

Lipids, p-oxidation, and amino acids as energy suppliers
to Sertoli cells

The lipids play a crucial role in the testis since this organ
has high rates of cellular proliferation, measured by
phospholipid synthesis, which is related to the number of
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Fig. 2 Schematic illustration of the main metabolic pathways
described in Sertoli cells (SCs). The extracellular glucose enters via
glucose transporters (GLUT1 and GLUT3) and is converted in
pyruvate that can either be transported into the mitochondrial matrix
to form Acetyl-coA, or can be converted into lactate or alanine.
Sertoli cells actively consume glucose producing large quantities of
lactate, for the developing germ cells, which is then exported to the

proliferating germ cells [69]. In fact, Leydig cells and SCs
multiply very slowly and a testicle actively producing
spermatozoa requires constant membrane synthesis and
thus a large substrate pool of phospholipids. Being so, these
somatic cells are not expected to contribute meaningfully to
phospholipid synthesis [69]. Furthermore, in normal rats,
SCs and Leydig cells have some differences regarding the
amount of lipids and fatty acid composition, which is
related to their specific functions in the testis [70] and thus it
is difficult to isolate the role of each testicular cell in lipids
metabolism. In fact, the lipid ff-oxidation and glycolysis are
two metabolic pathways to produce energy within cells and
each cell type predominantly utilizes one of the two energy
substrates for ATP production and although both lipids and
glucose can be energy sources, glycolysis is an active ATP-
producing pathway in the majority of cell types whereas the
lipids normally function as storage of energy. The SCs
produce significantly higher ATP levels than interstitial and
spermatogenic cells and they can utilize lipids to produce
energy via the ff-oxidation pathway [71]. The importance of
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extracellular medium by proton-linked plasma membrane transport-
ers, the monocarboxylate transporters (MCT1 and MCT4).
Nevertheless, although glucose is one of the main substrates for
SCs, they can metabolize ketone bodies, fatty acids and glycogen.
ALT alanine transaminase, GLUT glucose transporter, LDH lactate
dehydrogenase, MCT monocarboxylate transporter, PFK phospho-
fructokinase, TFP trifunctional protein

p-oxidation in SCs is emphasized by their function as re-
cyclers of lipids since they can phagocytize and degrade
apoptotic spermatogenic cells and residual bodies to form
lipids that are then used to produce ATP during spermato-
genesis [71]. Also, in mice, spermatogenesis can be
compromised by inactivation of genes involved in lipid
metabolism suggesting that an appropriated lipid metabo-
lism is critical for male reproduction [72]. Interestingly,
cultured rat SCs can oxidize palmitate to CO,, ketone
bodies and fatty acids and the latter are known as being a
major energy substrate for these cells [73]. The way SCs
respond in vitro to substrate availability and media changes
are often underestimate. In fact, as in other cell types, it is
expected that the culture conditions as well as the media
concentration exert a stoichiometric pressure toward some
pathways over others. Nevertheless, several studies with
different in vitro approaches regarding SCs report the
presence of metabolic enzymes involved in the biosynthesis
of n-6 polyunsaturated fatty acids [74—76] thus emphasizing
the main role that lipid metabolism may have in SCs
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metabolism. However, there are differences regarding the
distinct use of fatty acids by in vitro cultured testicular cells
in mature and immature rats, with the rates of oleate oxi-
dation to CO, being higher in testicular cells from immature
animals [77]. Although the in vivo situation may present a
much more complex situation where fatty acids, such as
oleic acids, are not often within such a high range of con-
centrations, it is remarkable that mature and immature
testicular cells present such differences concerning the use
of lipids thus pointing out for a more important role for
lipids as an energy source for the prepubertal rat testis.
Recently [78], it was described that in vitro cultured human
SCs produce high amounts of acetate that is under strict
hormonal control by insulin, E, and 5a-dihydrotestosterone
(DHT). This hormonal control of acetate metabolism was
suggested to have an important role in producing sub-
products essential to maintain a high rate of lipid synthesis
in the developing germ cells and thus should deserve special
attention as acetate metabolism in these cells remains
unclear.

Besides fatty acids, the oxidation of glutamine and
leucine can yield much of the required energy by SCs [44]
but the relative importance of the endogenous metabolism
of these substrates on the bioenergetics balance of SCs is
far from being disclosed. However, in rat spermatogenic
epithelium the enzyme branched-chain amino acid ami-
notransferase, responsible for the conversion of the
branched-chain amino acids such as valine, leucine, and
isoleucine to the corresponding branched-chain acids, is
confined to SCs and it was reported that cultured SCs can
use glutamine and other amino acids such as alanine, leu-
cine, and valine as energy substrates, which may be very
important for SCs metabolism [79]. Finally, though glycine
does not seem to be an adequate energy substrate, and
perhaps is not easily attained in in vivo conditions, it is
effectively incorporated into proteins and partially con-
verted to lipids as demonstrated by studies performed with
glycine enriched with '*C in carbon 1 ([1-"*C]glycine)
showing that glycine is converted to serine in SCs, and then
incorporated into phospholipids, although SCs have insig-
nificant capacity for oxidizing glycine to CO, [79].

The role of lipids and amino acids in SCs metabolism is
not entirely understood as most of the evidences are
attained under in vitro conditions. Nevertheless, the phys-
iologic meaning of these studies is clear: SCs are capable
and probably required for lipid metabolic remodeling and
amino acid incorporation.

Androgens actions mediate Sertoli cell metabolism

Initiation, maintenance, and reinitiation of spermatogenesis
depend on androgen action [80] and T, which is responsible
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for the promotion of the integrity of the BTB and the
assembly of junctional complexes [81, 82], is produced by
Leydig cells in response to LH stimulation. Most of the
androgenic control of SCs functions is modulated by the
Sa-reduced metabolites of T, such as DHT, which has a
biological activity two- to threefold greater than that of T
[83]. Androgen receptor (AR) activity is regulated by the
steroid ligand T and its derivative DHT, the binding of
which initiates nuclear translocation and the transcriptional
regulatory function of AR [84]. Both androgens, T and
DHT, bind to and activate the same AR protein, but DHT
has a much higher affinity [85]. In hypogonadal mice
genetically deficient in GnRH (Apg mice), T alone is able
to restore spermatogenesis under experimental conditions
where FSH is absent [86], which demonstrates the impor-
tance of T and ARs to spermatogenesis. Using the same
hpg mouse model, which lacks germ cell development, it
was reported that T and DHT have similar effects on the
development of spermatogenesis [86]. However, the dif-
ferential induction of FSH levels by T, but not by DHT,
makes it very likely that in ipg models the aromatization of
T leads to stimulation of pituitary FSH release. Impor-
tantly, in hpg mice with SCs lacking ARs, the non-
aromatizable androgen does not stimulate spermatogenesis,
suggesting that the androgen stimulation of spermatogen-
esis requires direct androgen action on SCs [87]. The ARs
also play an important role in the regulation of T levels that
occurs through autocrine feedback on the Leydig cells, via
hypothalamic GnRH production and through inhibition of
LH secretion by the pituitary [88]. They are localized in the
testicular somatic cells, including Leydig cells, peritubular
myoid, and blood vessel smooth muscle cells and also in
SCs. Conversely, germ cells of the mature testis do not
seem to require functional ARs. Thus, androgens must
affect spermatogenesis indirectly via somatic SCs as these
cells interact directly with developing germ cells and
express functional ARs [89-91].

The ARs present in the SC play a critical role in
maintaining the SC ability to support normal spermato-
genesis, as when ARs are ablated in these cells the germ
cell development stop at the spermatocyte stages [91, 92]
or early spermatid [93], highlighting the fact that SC is the
primary site that mediates androgen support to a regular
spermatogenesis. In contrast, deletion of AR has no effect
on germ cell development [94]. Additionally, although it
was originally suggested that androgen action in peritu-
bular myoid cells (PTM) was not required for male fertility
[95], recent data revealed an essential role in vivo for ARs
signaling via the PTM cells in normal spermatogenesis and
male fertility, using PTM-specific androgen receptor
knockout (PTM-ARKO) mouse model [96]. These animals
presented impaired SC function and reduced expression of
some androgen-dependent SC genes, though the exact
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mode of action by which androgens play their role in SCs
via PTM is not yet fully disclosed.

In mice lacking ARs through either a natural mutation
(Tfm) or genomic manipulation (ARKO), there is severe
interruption in spermatogenesis with a failure of germ cells
to progress from the early stages of meiosis [91]. In con-
trast, mice lacking FSH or the FSH receptor are fertile,
although they present a reduced germ cell number [97-99].
Thus, FSH seems to primarily act in optimization of
spermatogenesis and germ cell number, while androgens
are critical for the completion of meiosis and, conse-
quently, to fertility. In fact, rats lacking both FSH receptors
and ARs in SCs (FSHRKO/SCARKO) show a marked
reduction in the total number of germ cells [100] although
the total number of SCs was not significantly different
between FSHRKO and FSHRKO/SCARKO. Thus, FSH
and androgen interact through the SC to regulate testicular
function by an additive and synergistic way.

In isolated rat SCs, it was reported [101] that both T and
DHT can act through an alternative pathway characterized
by a rapid increase in intracellular Ca*" concentration
triggering a transcriptional response that leads to essential
signals to the developing germ cells regulating by this way
the microenvironment within the seminiferous epithelium
and creating the perfect conditions for germ cell differen-
tiation. However, this alternative pathway of androgen
signaling is not easily supported by in vivo evidences.
Moreover, not all actions occurring through this alternative
pathway are mediated via a transcriptional response, which
makes these mechanisms very unlikely to occur in vivo. In
fact, the fatty acid profile of in vitro cultured SCs is
modified by T through modulation in fatty acid desaturases
activity [102] and as discussed earlier, the hormonal con-
trol of lipid metabolism in SC, is important not only for
maintaining the energy of the cells themselves but also for
the control of the spermatogenesis process [103] (Fig. 3).

In rat [38] and human [37] cultured SCs, the glucose
consumption is stimulated after DHT treatment. Interest-
ingly, that increase in glucose consumption is not followed
by an increase in lactate production thus, it is probably
related with a reduced transport of lactate to the extracellular
medium, via MCTs, or a decrease of the conversion of
pyruvate into lactate catalyzed by lactate dehydrogenase
isozyme (LDHA) [38]. In fact, the mRNA levels of MCT4
decrease after 50-h treatment with DHT, which is obviously
concomitant with less lactate production and export. The
decrease of lactate production by DHT-treated cells can also
be a consequence of a lower cellular conversion of pyruvate
to lactate catalyzed by LDH A, as the mRNA levels of LDH
A were found to be decreased. Interestingly, non-treated
cells consumed more glucose in the first 6 h of incubation,
but this consumption was highly decreased after 50 h, sug-
gesting that SCs can change their metabolism according to

the available substrates and that androgens, known to have a
major role on SCs physiological functioning and male fer-
tility [93, 104], are also crucial for the regular metabolic
functioning of these testicular cells. These in vitro obser-
vations are very difficult to follow under in vivo conditions
but present clear evidences that SCs possess a certain degree
of metabolic plasticity, which can be very useful for infer-
tility treatments targeting metabolic therapies. It is not
entirely expected that in vitro hormonal control of DHT may
be overlapping with the in vivo situation, but knowing that
DHT is capable of inhibiting the lactate production/export in
both rat [38] and human SCs [37] give us clear evidences
that androgens are key regulators of lactate production and
thus of spermatogenesis (Fig. 3).

SCs from rats exposed to flutamide, an antagonist of the
ARs, also presented a decrease in lactate production [105].
However, the use of the non-hydrolysable ARs agonist
R1881 to stimulate isolated SCs from 15-day-old rats
showed an increase of LDH A gene expression within 6 h of
stimulation [106]. Nevertheless, R1881 does not exactly
duplicates the effects of T or DHT [107] and it may exhibit
some features that can be called “side-effects” [108] thus
explaining why the stimulation of R1881 is not able to
reproduce the same kind of results of DHT in LDH expres-
sion levels. Also, in DHT-treated rat [38] and human [37]
cultured SCs, a decrease in alanine and lactate production
was reported, suggesting that DHT is responsible for signals
that allow SCs to switch their normal glucose metabolism to
the Krebs cycle and in this condition cells become meta-
bolically more efficient although lactate production can be
compromised (Fig. 3). In accordance with this hypothesis
tested in vitro, is an in vivo study in the rhesus monkey
epididymis reporting succinate dehydrogenase and malate
dehydrogenase activity stimulation by DHT [109].

Androgen action in SCs in culture is under constant
debate and it remains unclear whether these cells lose their
responsiveness to this hormone. When looking for androgen
effects in SCs, it should be noted that some androgen
responsive genes, such as Pem, a homeobox gene that
responds with an up to 50-fold increase in expression in
response to androgens [110], is lost 24 h after SCs isolation
[111]. These phenomena can be either associated with the
fact that most of these studies use immature SCs, which may
be less androgen-responsive than adult cells [112], or with a
low level of ARs expression resulting in poor androgen
responsiveness. Nevertheless, differences in experimental
conditions may improve androgen responsiveness and some
endogenous genes may maintain responsive to androgens
[113]. Also, there are no indications that the ARs in
immature SCs would be physically or functionally defective
and microarray experiments reported that cultured SCs
respond to androgens with a moderate but consistent mod-
ulation of a few endogenous target genes [113].
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Fig. 3 Schematic representation of the hormonal control on some of
the most important metabolic pathways of Sertoli cells (SCs)
metabolism. So far, the hormonal control described is mainly related
to glucose and fatty acids metabolism. While in glucose metabolism
the described effects result in stimulation of glucose uptake, fatty
acids metabolism is stimulated by testosterone (T) but inhibited by
follicle-stimulating hormone (FSH). Importantly, the conversion of
pyruvate to lactate by lactate dehydrogenase and the lactate export by

The mechanisms by which androgens modulate SCs
metabolism are not fully understood but it is clear that they
are responsible for signals that can change the preferred
substrate pathways and modulate one of the main functions
of SCs: lactate production. Further works will be needed to
clarify the role of androgens on SCs metabolism and thus,
in regulating spermatogenesis.

Estrogens are key mediators of Sertoli cell metabolism

The involvement of estrogen in the initiation and mainte-
nance of testicular function and spermatogenesis is a very
complex subject due to estrogen involvement in numerous
functions of male reproductive physiology including in the
hypothalamus—pituitary—testis axis, Leydig cells, SCs,
germ cells, and epididymis. There is a high concentration
of estrogen in rete testis fluid [114] and, the concentration
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acids

monocarboxylate transporters seem to be a hot spot for hormonal
direct or indirect action. The known effects of hormonal and signaling
control on SCs metabolism is signed as Tup arrow for stimulation and
ldown arrow for inhibition. AMPK 5’ adenosine monophosphate-
activated protein kinase, bFGF basic fibroblast growth factor, E, 17 -
estradiol, FSH follicle-stimulating hormone, GLUT glucose trans-
porter, [ insulin, /L interleukin, MCT monocarboxylate transporter,
T testosterone, 73 triiodothyronine

of estrogen in rat epididymis is about 25 times the level
measured in the plasma [115, 116], suggesting that estro-
gen has a central role in the control of spermatogenesis.
Furthermore, some studies led to the assertion that SC is
the major source of estrogens in the immature individuals
although Leydig cells synthesize these hormones in the
adults [117]. The estrogens are produced within the testes
by the aromatization of T and they can disrupt the devel-
opment of fetal Leydig cells, enhance spermatogenesis by
inhibiting apoptosis of the postmeiotic spermatogenic cells,
affect proliferation and differentiation of gonocytes and
spermatogonia and inhibit T production by Leydig cells
[118-120].

Two subtypes of estrogen receptors (ERs), ERo and
ERf, have been described so far in the human male
reproductive tract [121-123] but the expression sites of
ERo in the testis are controversial. Some studies refer that
ERa mainly locates in the efferent ductule epithelium, SCs
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and Leydig cells in human testis while ERf locates mainly
in somatic cells and/or primary spermatocytes [124—126].
Other studies show no ERa expression in human testis
[126], although in human immature germ cells and rat
testis two ERa isoforms (66 and 46 kDa) have been found
[127, 128]. More recently, ERx mRNA and protein
expression were described in human testicular biopsies
[123]. Nevertheless, this controversy is not extended to the
importance of ERs to spermatogenesis. For instance, ER«
is known to control the reabsorption of the fluid of the
seminiferous tubules just before the spermatozoa enter into
the epididymis [129]. Also, the inhibitory effects of
estrogens on testicular steroidogenesis are mediated by
ERa [130] and the induction of spermatogenesis and the
increased serum FSH levels in hApg mice by E, are
dependent on an ERo mechanism [131]. Given that it is
accepted that ERa is expressed throughout the hypotha-
lamic—pituitary—testicular axis, the increase in FSH by E,
suggests both a direct and indirect pathway for estrogenic
stimulation of spermatogenesis [132].

Importantly, estrogens are involved in the function of
mature spermatozoa and the incubation of human sper-
matozoa with estrogens is known to stimulate sperm
functions such as motility [133], lactate production [134],
and the metabolization of several substrates [135]. Estro-
gens are also able to directly induce the spermatogenic cell
apoptosis by the FasL pathway and the cytochrome c
release from mitochondria [136]. Recently, the role of E, in
human [37] and rat SCs [38] metabolism was investigated
and E,-treated cells produced high amounts of alanine.
This fact is remarkable as the appearance of high alanine
content can be associated with a reduced redox cytosolic
state [37, 38] (Fig. 3). It is true that these in vitro obser-
vations may not represent exactly an in vivo situation but
the isolated effect of E; on SCs metabolism presents clear
evidences that under non-physiologic conditions, such as
those occurring in pathologies associated with E, dys-
function, the estrogen concentration that targets SCs is
crucial to the development of a normal spermatogenesis.
Also, these results go a step further to identify key mech-
anisms by which E, regulates metabolite production/export
in SCs. Although little is known about these control
mechanisms on SC metabolism in vivo, there are growing
evidences that point to a close relation between estrogens
and SC metabolism affecting germ cell development.

FSH exerts metabolic control in Sertoli cell

FSH is secreted by the pituitary and acts via specific
G-coupled receptors that are exclusively located on SCs
[137]. FSH importance to the reproductive potential is very
well known as FSH controls SCs proliferation during the

perinatal and/or pubertal period and thus determines the
adult spermatogenic capacity. The FSH molecular mecha-
nism of action involves the adenylyl cyclase/cAMP
pathway, via activation of a G protein and FSH increases
phosphorylated protein kinase B (p-PKB) levels in a
phosphatidylinositol 3-kinase (PI3K)-dependent manner, a
phenomenon closely related to rat SCs function [138]. This
interaction between FSH and PI3K is very important as
PI3K is a key enzyme involved in the regulation of several
biological responses including mitogenesis, oxidative burst
and glucose uptake [139] and there have also been reported
close associations between cAMP, PI3K and PKB signal-
ing pathways in different cell types, such as thyroid and
granulosa cells [140].

In fact, although FSH exerts a metabolic control over
SCs, little is known about these mechanisms. In SCs from
immature rat testes, amino acid accumulation is stimulated
by FSH [141] and FSH stimulation of lactate production
and LDH activity are partially blocked when the cells are
pre-incubated with Wortmannin, a PI3K inhibitor, which
suggests that PI3K/PKB signaling pathway is a key step in
the FSH regulation of those processes [138]. The Wort-
mannin inhibition of glucose uptake mediated by FSH
stimulation points toward an intervention of a PI3K-
dependent pathway in the glucose transport mechanism
through the plasma membrane in SCs [138]. Interestingly,
the stimulation of glucose uptake by FSH was not altered in
the presence of the PKA inhibitor H89 suggesting that
glucose transport in SCs is not dependent of the cAMP/
PKA pathway [138] (Fig. 3). Also, as described earlier, in
vivo studies in FSHRKO/SCARKO rats reported that FSH
and androgens have additive effects in the regulation of
spermatogenesis and SCs activity, thus explaining why is
so difficult to isolate FSH effects on SCs metabolism.

Insulin controls Sertoli cell metabolism

It has been reported that insulin increases the rate of in
vitro lactate production by SCs. This effect was observed
with low insulin concentrations [142] and described as
mediated by insulin-specific receptors existing in SCs
[143]. Others have also reported that micromolar concen-
trations of insulin are responsible for a small stimulatory
effect not only on DNA and protein synthesis, but also in
lactate production by SCs from 2-week-old rats [144].
These were the first clear evidences that insulin could
control SC metabolism. Recently, it was reported that in in
vitro cultured human SCs the first hours of insulin-depri-
vation are critical [145]. Insulin-deprived SCs presented
altered glucose consumption and lactate secretion, as well
as altered expression of metabolism-associated genes
involved in lactate production and export [145].
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Noteworthy was the adaptation exhibited by these cells on
the glucose uptake, by differentially modulating the
expression of GLUT1 and GLUT3 [145]. This hormonal
regulation of GLUT1 and GLUT3 has been observed in
several cell types, as in Ishikawa endometrial cancer cells,
where GLUT1 is up-regulated by estrogen and progester-
one, while the protein expression levels of GLUT3 are not
affected [146]. A similar effect was also observed in
ovarian cells stimulated with interleukin 1 (IL-1) where
both GLUT1 and GLUT3 protein levels increase in
response to insulin [147].

After 48 h of insulin deprivation, human SCs presented
a significant decrease in MCT4 and LDH A mRNA levels,
indicating that lactate interconversion from pyruvate and
the export of lactate are modulated by insulin (Fig. 3). This
was concomitant with a lower lactate concentration in
extracellular media of insulin-deprived cells [145] and
opens new, important insights of the mechanisms by which
insulin can regulate the glucose metabolism in SCs.
Although insulin regulatory signaling mechanisms in SC
metabolism are still unknown, there are clear evidences
that insulin may be crucial for a normal metabolism of
these cells and thus, for spermatogenesis. These in vitro
studies with insulin-deprivation or insulin-stimulation are
crucial to elucidate the effects of pathological conditions,
such as diabetes, that are intimately related with insulin
dysfunction.

Thyroid hormones effects on Sertoli cell metabolism

Thyroid hormones (TH) are essential to postnatal growth
and development and are known to play a crucial role in
the regulation of energy metabolism in several tissues and
organs. In the testis, TH control the early development
although their role during adulthood remains largely
unknown [148]. Early clinical observations showed that
TH are crucial for a normal spermatogenesis. Hyperthyroid
men are reported to have oligospermia and loss of sper-
matozoa [149] and males with thyroid deregulation usually
develop erectile dysfunction and are associated with a loss
of libido or impotence [150, 151]. The effect of TH in SCs
proliferation is well studied and the presence of TH
receptors in SCs is well characterized [152]. In this regard,
it was reported that the injection of triiodothyronine (T3) to
neonatal rats completely stopped SCs proliferation [153]
and this control of T3 over SCs proliferation was suggested
to be mediated through aromatase activity and estradiol
[154] and/or through specific cyclin-dependent kinase
inhibitors [155]. The interaction between TH and estradiol
is under debate but it is known that TH modulate ER
content in SCs [156] thus suggesting that both hormones
may have a synergistic role.
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The TH effects in SCs go far beyond the control of
these cells proliferation, as they are also known to
increase insulin-like growth factor-I (IGF-I) [157], inhibin
[153], and to inhibit androgen-binding protein (ABP)
production [158] and testosterone metabolism [159].
Concerning the effect of TH in SCs metabolism, it was
described that the addition of physiological concentrations
(1 nM) of T3 to the culture medium of rat SCs stimulated
protein synthesis and lactate production [159]. Besides,
T3 is also known to stimulate GLUT1I mRNA synthesis
[61] and both the MCTs and the anion-transporting
polypeptides demonstrate a high specificity towards TH
[160, 161], suggesting that TH are also able to modulate
SCs metabolism in its most relevant function: lactate
production. Although the mechanisms are not yet known,
T3 has been reported to play a role in amino acids
metabolism, as it stimulates amino acids accumulation in
immature rat testes [162].

The clinical effects of disturbance in the normal
euthyroid state and the later identification of functional
thyroid receptors in SCs, clearly indicated that TH affect
the morphological and functional development of the testis.
Several studies have reported that TH control is essential to
spermatogenesis, sperm motility and ultimately fertility.
Although most of the mechanisms remain obscure, it is
undeniable that TH contribute to the hormonal control of
SCs metabolism.

bFGF and interleukins as possible points for hormonal
control of metabolism in Sertoli cell

There are a number of growth factors, paracrine and
autocrine mediators affecting SC and germ cell function
but there are few studies versed on the control of such
factors in SC metabolism. In fact, their role in the overall
signaling for lactate production and germ cells develop-
ment is far from being disclosed. For instance, basic
fibroblast growth factor (bFGF), an intratesticular regulator
of numerous crucial cellular processes implicated in the
normal functioning and maintenance of spermatogenesis
[163], exerts its effects by binding to the tyrosine kinase
family receptors and is known to have an important role as
intermediary in SC metabolism. bFGF is expressed in germ
cells although other cells in the testis, such as SCs, also
express it [164, 165]. Cultured SCs express bFGF receptors
[166] and BFGF modulates several processes such as
transferrin, E, and lactate secretion [163, 165], glucose
uptake, LDH activity, GLUT1 and LDH A mRNA levels
[18], and the number of FSH receptors [167] thus assuming
an important role on SC metabolic control. The mode of
action of bFGF on SC metabolism is not fully understood,
but the short-term bFGF stimulation of glucose involves an



Hormonal control of Sertoli cell metabolism

787

increase in glucose transport rate, LDH activity and
GLUT1 and LDH A mRNA levels (Fig. 3), in order to
increase lactate production [18]. The mechanism by which
bFGF regulates transferrin production, LDH activity and
glucose transport into the cell is very distinct. The first two
involve the MAPK pathway while glucose transport is
mediated by a PI3K/PKB pathway. Although these results
were attained in vitro, they elucidate that, at least in SCs,
there are different signals elicited by bFGF that regulate
distinct biological responses [168].

Other important point for hormonal control in SC
metabolism is IL-1, which is a multifunctional cytokine
that exists in two isoforms, IL-1o and IL-15 [169]. The
functions of IL-1 are very important and within the semi-
niferous tubules it is able to modulate SCs functions [170—
172], differentiation of spermatogonia and preleptotene
spermatocytes and DNA synthesis [173, 174], although the
last steps of spermiogenesis do not require direct action of
IL-1 and the only germ cell types that do not express IL-1
receptor type I (IL-IRI) mRNA are the elongating and
elongated spermatids [175].

The cytokines belong to a set of local testicular regu-
lators that may be involved in the signaling of the
metabolic cooperation existing between SCs and germ
cells. It has been suggested that spermatogenesis uses the
redistribution of LDH isoforms, mainly through an increase
in LDH A expression and the activity of LDH A4, under
IL-1a control, as a key mechanism to enhance lactate
production by SCs [176]. In fact, IL-1a produced in the
seminiferous tubules by SCs [177, 178] and germ cells
[179] has a direct inhibitory action on spermatogonia
development and Leydig cell steroidogenesis in vitro [180-
182]. Leydig cells and interstitial macrophages produce IL-
15 [183, 184] and IL-1 receptor type I and II are consti-
tutively expressed by SCs [175]. IL-1f stimulates LDH
activity, glucose uptake and, consequently, lactate pro-
duction in SCs [19, 176] (Fig. 3) and also regulates several
processes in SC such as GTP activity [185] and prolifera-
tion [186], IL-6 expression [187], transferrin and gelatinase
A secretion [188, 189] and E, production [170], among
other functions.

Finally, bFGF, IL-18 and FSH regulate GLUTI
expression on SC (Fig. 3). These cells express GLUT1
and GLUT3 throughout pubertal development but only
GLUT!1 is regulated by bFGF, IL1f and FSH [62], which
points towards a crucial role for hormonal control on
GLUT1 function and ultimately on spermatogenesis.
Although most of these studies were performed in vitro
and the in vivo situation is expected to be different, the
control exerted by these growth factors and these para-
crine and autocrine mediators of SC metabolism, is a first
step to understand the signals that hormones can exert
in SCs.

Activation of AMPK in Sertoli cells is related to energy
supply to germ cells

AMPK is broadly distributed in testicular cells and is
present in the SC [66]. The action of AMPK in eukaryotic
cells is well known and when cells are subjected to meta-
bolic stresses, such as glucose and/or nutrient deprivation,
specific metabolic adaptations are triggered and the intra-
cellular signaling involved in the responses are usually
AMPK-dependent [66] thus AMPK is sensitive to meta-
bolic stress and, interestingly, becomes activated when the
ratio AMP/ATP increases. Once activated, AMPK sup-
presses the biosynthesis of fatty acids and cholesterol and
activates ATP-generating catabolic pathways, such as
glycolysis and fatty acid oxidation, regulating the cellular
ATP levels [190] (Fig. 3). Nevertheless, other intracellular
signaling systems, such as the stress-activated p38 MAPK
[191] and the survival pathway PI3K/PKB [192], may be
involved in the metabolic response to nutrient deprivation.
AMPK pathway is activated under glucose deprivation
and since the pharmacological activation of AMPK is
followed by a decrease in GLUT3 expression, it has been
suggested that the downregulation of GLUT3 is the result
of AMPK activation [193]. In SCs, the activation of AMPK
by 5-aminoimidazole-4-carboxamide-1-f-p-ribofuranoside
(AICAR) promotes a dose- and time-dependent increase in
lactate secretion, increases glucose uptake, GLUT1 and
MCT4 levels and decreases MCT1 expression [193]
(Fig. 3). Interestingly, with the increase on lactate secre-
tion, there is an increase in the AMP/ATP ratio directly
linked with the activation of AMPK in SCs and thus, the
maintenance of the energy supply to germ cells depends
upon these signals [193] and as expected, the knockout
male mice for an upstream activator of the AMPK, the
LKB1 mice, do not possess these signals and are infertile
[194]. Tt is interesting that MCTI mRNA levels are
downregulated by AICAR treatment, while MCT4 mRNA
levels are upregulated leading to the postulation that MCT1
has a role in lactate import from the extracellular milieu.
On the other hand, MCT4, which has a much lower affinity
for lactate than MCT1, has been proposed to serve as
lactate exporter so, the manner in which both transporters
are regulated in SCs by long-term AMPK activation may
reflect a situation of increased lactate export and decreased
lactate recapture from the extracellular milieu leading to
adequate lactate levels made available to germ cells.

Conclusions
Successful spermatogenesis is in the basis of male fertility

and due to SCs role as supporters and feeders of developing
germ cells, these cells certainly merits a special attention in
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this process. The understanding of their energy metabo-
lism, the preferred substrates, the metabolic sub-products
produced and the mechanism of adaptation to different
conditions are primary steps to identify and promote new
therapeutic approaches against several disorders that result
in infertility. The characterization of hormonal control of
SCs metabolism is crucial to understand how the endocrine
system, particularly the hypothalamo-pituitary—testis axis,
can exert a tied control on male physiology and repro-
ductive potential.

Much of what is known about the molecular regulation
and function of SCs has been inferred from in vitro studies
using immature SCs and this should be taken in consider-
ation as adult and immature cells differ in significant ways.
They have structural differences [195] and alterations in
the expression of some factors such as cathepsin and
transferrin [171]. Also, immature SCs are more responsive
to FSH and less responsive to androgens [196]. Interest-
ingly, SCs isolated from aged rat testis, also respond
differently to germ cells in co-culture studies [197]. SCs in
culture may also lose their differentiated function thus
making it difficult to interpret the results. All these con-
siderations should be taken in account when looking to a
major finding in SC function and hormonal response.

Most of the studies focused on SCs metabolic pathways
are done in in vitro conditions and present some important
limitations, as already discussed. Nevertheless, there is a
growing number of studies, especially concerning the
hormonal control of spermatogenesis and the role of hor-
mone receptors, which take advantage of selective
knockout technologies in SCs. These knockout models may
be able to provide a more detailed and mechanistic
assessment of SCs metabolic pathways. Nevertheless,
much remains unexplored concerning the use of these
selective knockout rodent models, especially regarding the
role of some enzymes and transporters in in vivo condi-
tions. In the next years new challenges and answers are
expected as the use of these models is becoming more
widespread.

Further studies will be needed to extend the knowledge
over the activated pathways and signaling events behind
the hormonal response of SCs and the metabolic adapta-
tions that occur. It is unquestionable that SC metabolism is
a key step for germ cell development and the hormonal
control of these processes is crucial for a normal
spermatogenesis.
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