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Abstract: The incidence of male infertility has been increasing over the years and is now becoming
a serious health problem. This trend has been followed by an increase in metabolic diseases, which
are known to induce clear alterations in testicular metabolism, although the underlying mecha-
nismremain unclear. Testicular metabolism displays several unique features, with testicular somatic
cells being central in providing the conditions needed for spermatogenesis, including its nutritional
and hormonal support. In addition to glucose and lactate, the two main energy sources used by
the testis, glycogen is also present in testicular cells. Glycogen metabolism is a potential source of
glucose to both testicular somatic (namely Sertoli and Leydig cells) and germ cells. Many of the
enzymes involved in the pathways of the synthesis and degradation of glycogen were identified in
these cells, emphasising the relevance of this complex carbohydrate. Glycogen, however, has other
non-canonical functions in testicular cells; besides its role as a source of energy, it is also associated
with events such as cellular differentiation and apoptosis. In this review, we address the relevance of
testicular glycogen metabolism, focusing on its role in Sertoli and Leydig cells and spermatogenesis.
In addition, all the available information on the role of glycogen and related pathways in male
infertility cases is discussed. Our discussion highlights that glycogen metabolism has been somewhat
overlooked in testis and its contribution to spermatogenesis may be underestimated.

Keywords: glycogen; male infertility; glycogen synthase; glycogen phosphorylase; Sertoli cell;
Leydig cell; spermatogenesis

1. Introduction

The incidence of male infertility has been increasing over the last few decades, particu-
larly due to environmental and lifestyle factors that negatively affect spermatogenesis [1–4].
A study performed between 1990 and 2017, by the Global Burden of Disease, showed
that the incidence of male infertility increased annually by 0.3% [5]. It has been estimated
that infertility affects 15% of couples worldwide, with the male factor being implicated in
half the cases [6,7]. Although 30% to 40% of these cases are of unknown origin (classified
as idiopathic infertility) [8], several diseases have been associated with male infertility,
including metabolic diseases, particularly obesity and type 2 diabetes mellitus [9].

Metabolic diseases are linked to increased oxidative stress and testicular metabolic
dysfunction, which are also known causes of dysfunction in sperm production and male
infertility [9]. Obesity in males is associated with oligospermia and azoospermia [10], with
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hyperlipidaemia being intimately connected to poorer sperm morphology [11], and type
2 diabetes mellitus to poorer sperm parameters [12,13]. Indeed, a low percentage of motile
spermatozoa in the ejaculate is one of the main causes underlying male infertility (with
a prevalence of 19%), and this value increases to 63% when combined with other defects in
sperm [14]. Decreased sperm motility is observed in the majority of the cases of idiopathic
male infertility [15,16].

The metabolism and bioenergetics of testicular cells are known for their unique char-
acteristics. Sertoli cells (SCs) are testicular somatic cells that play an important role in
supporting spermatogenesis due to their location in the seminiferous tubules. The seminif-
erous tubule is compartmentalised into basal and adluminal spaces by junctions between
adjacent SCs, creating the blood–testis barrier (BTB) [17]. This barrier offers immunological
protection by regulating the infiltration of cytokines into the adluminal space and the move-
ment of substances between the bloodstream and the lumen of the seminiferous tubule [18].
SCs take up nutrients from the bloodstream, particularly glucose, providing nutritional
support for the development of male germ cells [19]. SCs are the main energy regulators of
spermatogenesis, as they produce the lactate needed for developing germ cells, primarily
through the metabolism of glucose taken from circulation. However, the metabolism of
these cells is highly plastic, as they can also metabolise lipids and amino acids [20,21].
Leydig cells are the predominant extra-tubular somatic cells, being embedded in the tes-
ticular interstitial tissue. They produce androgens, primarily testosterone, in response to
luteinising hormone (LH) stimulation by the pituitary [19]. The androgens produced by
Leydig cells are important for initiating, maintaining, and regulating spermatogenesis [22].

The energy source that supplies Leydig cells comes primarily from mitochondrial
oxidative phosphorylation, but also glycolysis [23]. As for mammalian spermatozoa, they
also exhibit a high degree of flexibility concerning their preferred metabolic pathways [24].
Although it is known that spermatozoa need large amounts of adenosine triphosphate (ATP)
to maintain their motility and fertilising ability, their main metabolic pathway responsible
for ATP production is still under debate, with data showing that both mitochondrial
oxidative phosphorylation and glycolysis are active and contribute to human spermatozoa
capacitation and motility [25].

Glycogen is one of the most overlooked and understudied energy sources in male
reproductive cells. While the liver has the highest concentration of stored glycogen, which
can be degraded into glucose and released into the bloodstream to maintain glucose
homeostasis, this polymer can also be found in the male reproductive tract. Glycogen is
also found in other tissues such as skeletal muscle, brain, kidneys, adipose tissue, heart,
and erythrocytes [26]. However, its role in male fertility remains to be fully elucidated. In
this review, we discuss the presence and metabolism of glycogen in the male reproductive
tract cells, namely in Sertoli and Leydig cells, and also in spermatozoa. In addition, we aim
to discuss the potential role of glycogen and related pathways in male infertility scenarios.

2. Glycogen Dynamics—Synthesis and Degradation

Glycogen is a highly branched glucose polymer, with glucose residues connected by
α-1,4-glycosidic linkages, while α-1,6-glycosidic bonds create the branch points. It contains
also minor amounts of phosphate and glucosamine [27]. Glycogen is used as a source of
energy storage, and its production or degradation occurs in response to the energy needs of
the organism, with high levels of glucose in the blood leading to the synthesis of glycogen,
while lower levels of blood glucose promote its degradation to produce glucose [28].

The elevation of glycemia stimulates the secretion of insulin. Insulin, in turn, pro-
motes not only the uptake of glucose into tissues but also its conversion into lipids and
glycogen [29]. Glucose enters cells through glucose transporters (GLUTs). After glucose
uptake, it is phosphorylated by hexokinase isoenzymes, producing glucose-6-phosphate.
Humans express four hexokinase isoenzymes (I, II, III, and IV). Hexokinases I, II, and III
are inhibited by glucose-6-phosphate, while hexokinase IV (glucokinase) is regulated by
the glucokinase regulatory protein. The glucose-6-phosphate suffers an isomerisation to
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glucose-1-phosphate by phosphoglucomutase isoenzymes (PGM1 to PGM5). UDP-glucose
pyrophosphorylase (UGP) catalyses the formation of uridine diphosphate glucose (UDP-
glucose) from uridine 5′-triphosphate (UTP) and glucose-1-phosphate. UGP is ubiquitously
present in human tissues, with two known isoforms (UGP1 and UGP2). Ultimately, UDP-
glucose is the source of glucose residues that are necessary for the initiation and elongation
of glycogen synthesis [26,29].

Glycogenin is a glycosyltransferase that catalyses the transference of glucose residues
from UDP-glucose, creating a linear glucose polymer of 10 to 20 glucose residues with
α-1,4-glycosidic linkages. There are two known isoforms of glycogenin (GYG1 and GYG2)
expressed in humans. The GYG1 isoform is present in multiple tissues but has not been
described in the liver, while the GYG2 is fundamentally expressed in the liver [30,31]. The
formed glucose polymer suffers the combined actions of glycogen synthase (GYS) and the
glycogen-branching enzyme (GBE) to form glycogen (Figure 1).
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Figure 1. Schematic illustration of glycogen synthesis: (1) glycogenin catalyses the transference of glucose
residues from UDP-glucose to itself, forming a linear chain with residues of glucose linked by (α-1 → 4)
linkages; (2) the linear chain suffers the action of glycogen synthase which creates (α-1 → 4) glycosidic
linkages; (3) glycogen-branching enzyme creates (α-1 → 6) glycosidic linkages, forming a highly branched
polymer of glycogen.

GYS is a glycosyltransferase since it catalyses the incorporation of glucose residues
from UDP-glucose to the polymer, which links carbon-1 of the donated glucose to carbon-4
of the polymer of glycogen, thus forming α-1,4-glycosidic linkages and releasing UDP. In
humans, there are two known isoforms of GYS: GYS1 and GYS2. GYS1 is abundant in
skeletal muscle but is also present in other tissues, such as the adipose tissue, kidney, spleen,
nervous system, and testis, while GYS2 is tissue-specific [32–34]. These enzymes are acti-
vated by phosphatases such as protein phosphatase-1 (PP1), which dephosphorylate their
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target proteins, and are stimulated by the allosteric activator glucose 6-phosphate. On the
other hand, GYS are inactivated through phosphorylation by kinases such as 5’adenosine
monophosphate-activated protein kinase (AMPK) and high levels of glycogen [26,29]. GYS1
is also phosphorylated by glycogen synthase kinase 3 beta (GSK3-β), cAMP-dependent
protein kinase A (PKA), phosphorylase kinase, calmodulin-dependent protein kinase II
(CAMKII), and casein kinase I and II [33,35,36]. Finally, GBE catalyses the transfer of a gly-
cosyl chain to form a highly branched polymer of glycogen, originating α-1,6-glycosidic
linkages [26,29].

Cellular glycogen can be degraded in either lysosomes or the cytosol. Glycogen can
be deposited inside the lysosomes, probably due to the action of autophagic vacuoles that
encase a piece of cytoplasm and fuse with these organelles to process their content [37].
Glycogen is then hydrolysed by acid α-1,4-glucosidase (GAA), releasing glucose. GAA
hydrolyses 1,4-linked α-glucose polymers first, but the mode by which the branch points
are untied remains unclear. GAA needs to suffer post-translational processing to act in
the degradation of glycogen. After the synthesis of a precursor polypeptide with seven
glycosylation sites, allowing the attachment of carbohydrate chains to asparagine residues
to form the N-linked glycosylation of GAA, the maturation of GAA occurs due to proteolytic
processing in the amino and carboxyl terminus, which results in the formation of two GAA [38].
In the cytosol, glycogen degradation is catalysed by two enzymes—glycogen phosphorylase
(PYG) and glycogen debranching enzyme (AGL). PYG catalyses the phosphorolysis of
α-1,4-glycosidic bonds, releasing glucose-1-phosphate. This enzyme, however, only acts
until four glucose residues remain in the branch before the α-1,6-branch point. Thus, the
degradation of glycogen needs the action of AGL to surpass the branch points. This enzyme
has two catalytic activities, α-1,4-glucanotransferase and amylo-α-1,6-glucosidase. The first
one moves three of the four glucose from the lateral string to another linear strand, while
the glucosidase hydrolyses the α-1-6-glycosidic bond of the branch point, releasing glucose
and allowing the action of PYG in α-1,4 linkages (Figure 2) [39].
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with the phosphorolysis of the (α-1 → 4) glycosidic bonds by glycogen phosphorylase, releasing
glucose-1-phosphate, until four glucose residues remain at a branch point. The glycogen debranching
enzyme has two activities; (2) the transferase activity catalyses the movement of three residues of
glucose from a lateral to a linear chain; (3) the α-1,6-glucosidase activity hydrolyses the (α-1 → 6)
linkages, releasing glucose.

3. Glycogen in the Testicular Environment

The testes have two important functions: the production of mature sperm (spermatoge-
nesis) and the synthesis of steroid hormones (steroidogenesis). The action of Sertoli, Leydig,
and germ cells must be coordinated to accomplish all these events. The metabolic coop-
eration established within these cells is fundamental to supporting the energy needs for
spermatogenesis and steroidogenesis in the testis, although the particular role of glycogen
in this event is far from being fully elucidated (Figure 3).BioChem 2022, 2, FOR PEER REVIEW  6 
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Figure 3. Illustration of effects of glycogen metabolism in testicular somatic and germ cells. In
Sertoli cells, glycogen is hypothesised to be a source of energy for embryonic testis development
and cytoskeleton remodelling, but also an apoptosis regulator. In other somatic cells, Leydig cells,
glycogen metabolism is hypothesised to offer energy for differentiation, but its accumulation arrests
their differentiation. Glycogen could also provide energy for spermatogenesis and capacitation and
be an apoptosis regulator in germ cells.

3.1. Glycogen Metabolism in Sertoli Cells

In 1865, SCs were described for the first time by Enrico Sertoli [46]. SCs, also known as
“nurse cells”, are somatic cells that have fundamental roles in the regulation of spermatoge-
nesis. SCs are responsible for the formation of the BTB, providing structural and nutritional
support to the developing germ cells [47,48]. They also create an immunological barrier
that regulates the infiltration of cytokines and immune cells in seminiferous tubules and
controls the movement of substances between the lumen of the seminiferous tubules and
the interstitial compartment [18,49,50].

ATP production in SCs mainly results from the phagocytosis of apoptotic germ cells
and residual bodies, through the uptake of lipids that undergo beta-oxidation [51]. Glucose
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is canalised into lactate production by SCs, which is preferentially used by germs cells over
glucose for ATP production, although the reason behind the preference for this energy
substrate remains unclear [48]. Lactate stimulates the synthesis of ribonucleic acid (RNA)
and proteins and inhibits apoptosis in germ cells [47,52]. Hence, SC metabolism is of
foremost importance for spermatogenesis [53]. SCs present a Warburg-like metabolism
and prefer fermentative metabolism to the oxidative metabolism of glucose. As in cancer
cells, SCs have a high glycolytic flux for lactate production to be used by developing germ
cells and not to sustain high rates of cellular proliferation [53]. Glucose is transported into
SCs by GLUTs. The presence of GLUT1, GLUT2, GLUT3, and GLUT4 has been identified
in SCs [54–57]. Glucose is metabolised through glycolysis, producing pyruvate. This
metabolite can follow three different paths. Pyruvate may be converted to acetyl-CoA and
enter the Krebs cycle through the action of the pyruvate dehydrogenase complex. Acetyl-
CoA, in turn, can be converted to acetate or used in the Krebs cycle in the mitochondria.
Pyruvate may also be converted into alanine through the action of alanine aminotransferase.
Most of the pyruvate from the SCs, however, follows a third path—conversion to lactate
via the action of lactate dehydrogenase (LDH) [53]. LDH is reported to be regulated by
growth factors, cytokines, and sex steroid hormones in SCs [13,58,59]. Interestingly, LDH
has been identified to bind and regulate mRNAs [60]. The lactate and acetate produced by
SCs are then transported to germ cells by monocarboxylate transporters (MCTs). MCT1
and MCT4 were identified in SCs as being primarily responsible for the release of lactate in
the intratubular fluid and used by germ cells [61,62]. MCT4 is an important lactate exporter
in cells with high glycolytic capacity, which suggests it has an important role in SCs [61,62].

Interestingly, SCs can continue to produce lactate in the absence of glucose [21].
SCs produce lactate mainly as a product of glycolysis, but also as a product of glycogen
degradation (Figure 4). It is estimated that only about 1% of the total glucose that is
incorporated into SCs is converted into lipids and glycogen, whereas about 95% is converted
to lactate [63]. Compelling evidence suggests that the endogenous sources of energy
substrates in SCs, including glycogen, are crucial for the development of germ cells [32].
In 1969, Leiderman and Mancini reported the presence of glycogen in SCs by using the
method of periodic acid–Schiff reaction (PAS) in different ages of rats, suggesting that
glycogen may have a role in gonadal differentiation [64]. Slaughter and Means identified
the presence of PGY in SCs and hypothesised that it had the function of providing energy
for cytoskeletal motility. The low presence of glycogen in SCs and the high activity of
PYG indicate that it can be used in situations where other energy sources are scarce [65].
Glycogen is also important during embryonic testicular development. In the embryonic
stages of mouse sex determination, the differentiation of SCs is promoted via the activation
of the sex-determining region Y (SRY), which leads to the activation of SOX9 in XY gonads,
resulting in testis formation. Glycogen accumulation begins in the pre-SCs of developing
mice, right after the onset of SRY expression. This accumulation is necessary for the
activation of SOX9, suggesting that an energy source of glucose is immediately needed for
testicular morphogenesis [66]. During postnatal stages, it was reported that less than 2% of
incorporated glucose is converted to glycogen [63].

Villarroel-Espíndola et al. demonstrated the presence of the muscle isoform of glyco-
gen synthase (GYS1) in SCs, although it was found to have low intrinsic activity. Still,
it can synthesise glycogen. These authors also reported that GYS is more active during
the first 5 postnatal days in mouse testis [32]. Maldonado et al. observed that GYS1 is
localised in the nucleus and cytoplasm of SCs, although it was hypothesised to be mostly
inactive because of the low quantity of glucose that is converted into glycogen by SCs.
In addition, it was shown that higher quantities of glycogen decreased the activity of
GYS1 [67]. The kinases that regulate GYS1 activity, such as GSK3β, p38 mitogen-activated
protein kinases (p38 MAPK), the dual-specificity tyrosine-regulated kinases (DYRK) family,
and casein kinase II (CK2), are equally expressed in SCs [68,69]. In other cell types, GYS
was identified as a component of ribosomes using proteomic multidimensional protein
identification technology, and the authors hypothesised it to have a non-metabolic role due
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to the association of this enzyme with translationally active ribosomes, specifically in the
phosphorylated form [70]. In support of these results, Maldonado et al. reported that GYS1
in SCs interacts with the molecules of rRNAs and mRNAs, suggesting a potential regulatory
role [67]. Studies highlight that GYS is regulated by the malin–laforin complex through
polyubiquitination and proteasomal degradation processes [71]. Malin (a ubiquitin ligase)
and laforin (a phosphatase complex), which promotes the polyubiquitination of GYS, are
expressed in SCs [32]. The malin–laforin complex is important for glycogen homeostasis
maintenance [32], as glycogen accumulation is associated with apoptosis [71]. In SCs, glyco-
gen accumulation negatively affects the remodelling of the cytoskeleton and disorganises
the germinal epithelium [72,73]. Studies have reported that lithium carbonate, an activator
of GYS, causes the desquamation of the male germinal epithelium due to a failure in the
integrity of the junctions between SCs and the basal lamina in adult rats [73,74].
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Figure 4. Illustration of the role of glycogen on Sertoli cell and germ cell metabolism. In Sertoli cells,
glycogenolysis results in the release of glucose which undergoes glycolysis to produce lactate, the
preferential energy source of germ cells. Lactate is transported from Sertoli cells to germ cells by
monocarboxylate transporters (MCTs). Pyruvate, resultant from glycolysis, can also be used for energy
production through oxidative phosphorylation in the mitochondria. Abbreviations: GLU—glucose
transporter, LDH—lactate dehydrogenase, MCT—monocarboxylate transporter.

Glycogen synthesis and degradation are also altered in metabolic dysfunction sce-
narios. Our group showed that diabetic rats accumulate glycogen in SCs. Our results
suggest that SCs use glycogen for germ cell survival in situations of alterations in glucose
and insulin homeostasis. In addition, a decrease in glycogen storage occurs when there is
a decrease in insulinemia in diabetic rats [13]. Insulin deficiency results in the activation
of GSK3, which inhibits GYS1 and keeps the PYG activated, resulting in the inhibition of
glycogen synthesis [75]. Taken together, these findings suggest that GYS could play a role
in the apoptosis and degeneration of seminiferous tubules, shedding light on its potential
role in the crosstalk between male infertility and type 2 diabetes mellitus.

3.2. Glycogen Metabolism in Leydig Cells

In 1850, Franz Leydig described these testicular cells and observed that their location
is restricted to the interstitial space, later named Leydig cells [76]. The type of Leydig
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cells that differentiate prenatally and postnatally are designed as foetal and adult Leydig
cells, respectively. The development of the postnatal cells involves events such as the
proliferation of stem Leydig cells, the differentiation of stem Leydig cells to immature
Leydig cells, and the subsequent differentiation process into mature adult Leydig cells [77].

Leydig cells are the primary source of androgens [78]. The production of androgens
is regulated by the hypothalamic–pituitary–gonadal axis, which not only regulates the
secretion of androgens to the systemic circulation but also into the testicular environment.
The binding of LH to its receptor on the Leydig cell membrane stimulates the production
of testosterone, which is essential for the development of male germ cells [79]. Testosterone
also has a role in controlling meiosis in spermatogenesis [80–82], spermiation [83,84],
maintenance of BTB [85], and modulating the action of SCs [86].

The synthesis of testosterone (steroidogenesis) is a complex multistep process that
starts with cholesterol entering the mitochondria. This process is catalysed through the
action of the steroidogenic acute regulatory protein (StAR) and the translocator protein
(TSPO) [87,88]. This action is dependent on the binding of LH to its receptor in Leydig
cells, activating adenyl cyclase to increase the concentration of cAMP, activating PKA, and
a signalling cascade effect that allows the transport of cholesterol to the inside of mitochon-
dria through the StAR protein. After cholesterol enters the mitochondria, it is converted
into pregnenolone by the side-chain cleavage cytochrome P450 enzyme (CYP11A1). In the
smooth endoplasmic reticulum, pregnenolone is converted into testosterone through the
action of 3β-hydroxysteroid dehydrogenase (HSD3B), 17α-hydroxylase (CYP17A1), and
17β-hydroxysteroid dehydrogenase (HSD17B) [79,89].

Androgens have a key role in sexual behaviour and male sex differentiation [90] and
are very important for initiating, maintaining, and regulating the process of spermato-
genesis [22]. Although there are no functional androgen receptors (ARs) in germ cells,
androgens are central to the maintenance of germ cell development. SCs and peritubular
myoid cells, in turn, express ARs, which are the pathways for androgen signalling into
the developing germ cells [91]. Compelling evidence highlights that Leydig cells also
regulate spermatogenesis by producing growth factors such as interleukin 1α, transform-
ing growth factor β (TGFβ), inhibin, insulin-like growth factors 1 (IGF1), and insulin-like
peptide 3 (INSL3) [92,93].

During steroidogenesis, the activity of the StAR protein is a limiting step. This protein
needs ATP for its activity and imports cholesterol into the mitochondrion [94]. It is hy-
pothesised that the ATP comes from oxidative phosphorylation and cytosolic glycolysis in
Leydig cells, but the last pathway produces much less ATP than the first pathway [23]. The
dependence of glucose in steroidogenesis was also reported since the inhibition of glucose
uptake could induce a decrease in testosterone production [95]. Glucose transporters such
as GLUT1, GLUT3, and GLUT8 were identified in rats’ Leydig cells, and it was hypothe-
sised that these transporters are essential for steroidogenesis occurrence [96]. A study by
Banerjee et al. explored the association of glucose and GLUTs with steroidogenesis. Stimu-
lation with LH increased testosterone production and led to an increase in the expression
of GLUT8 and StAR proteins. In addition, a decline in GLUT expression and glucose levels
is linked with hypoandrogenism or andropause [97].

The presence of phosphoenolpyruvate carboxykinase, (an enzyme that catalyses the
conversion of oxaloacetate to phosphoenolpyruvate with the release of carbon dioxide)
and the enzyme glucose-6-phosphatase (involved in the conversion of glucose-6-phosphate
into glucose), have been reported in mouse Leydig cells. These enzymes belong to the glu-
coneogenesis pathway, which may indicate that Leydig cells support a low rate of glucose
synthesis. In addition, the importance of these enzymes in supporting steroidogenesis has
been reported, because the inhibition of these enzymes decreased steroidogenesis [98].

Besides glucose, glycogen is another energy source available in Leydig cells, and data
suggest that it plays a role in cell differentiation and synthesis. Glycogen was found in the
Leydig cells of newborn mice, with high levels of glycogen in the form of clusters of beta
particles, while in mature Leydig cells, low concentrations of glycogen distributed along
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the structure of the endoplasmic reticulum are present. Hence, glycogen distribution in
these cells suggests that it may play a role in Leydig cell differentiation by being a source
of energy or building material for the synthesis of membranous components by Leydig
cells [99]. In fact, a study by Prince showed the presence of glycogen in the cytoplasm
of immature human Leydig cells, where higher levels of glycogen were found in cells
with the low presence of smooth endoplasmic reticulum [100]. Interestingly, Khalaf et al.
reported that the Leydig cells are unable to enter the pubertal phase and remain in the
prepubertal phase, containing higher levels of glycogen, in the absence of zinc [101].
Glycogen was also detected in foetal rat Leydig cells [102]. Thus, glycogen metabolism in
Leydig cells can not only be a source of energy for steroidogenesis but also play a role in their
differentiation and maturation.

3.3. Glycogen Metabolism in Germ Cells and Spermatozoa

Spermatogenesis is a process that involves three events—mitotic spermatogonial
proliferation and differentiation, meiotic phase, and spermiogenesis [103]. Spermatogo-
nia are defined as undifferentiated germ cells localised in the basal compartment of the
seminiferous tubules and mitotically replicate to give rise to spermatogonia A and sper-
matogonia B, the latter devoted to differentiating and moving along the seminiferous
epithelium [103,104].

Spermatogonia B will differentiate into preleptotene spermatocytes, which undergo
a final replication of nuclear DNA and cross the BTB from the basal to the apical com-
partment. Then, preleptotene spermatocytes differentiate into secondary spermatocytes
through meiosis. The second meiotic division produces round spermatocytes. After the
formation of spermatids, cell division stops, and spermiogenesis starts to form elongated
spermatids. At the end of spermiogenesis, spermatids that were elongated are released into
the lumen of the tubule as immature spermatozoa [103].

Germ cells have unique nutritional requirements during spermatogenesis, altering
their metabolic profile through their development [105]. The reason behind this divergence
is unknown, but it has been assumed to be due to the structure and compartmentalisa-
tion of the testis [106]. The testis has been reported as an organ commonly deprived of
oxygen [107], which could explain why germ cells utilise different metabolic pathways to
produce energy for their various development stages. Germ cells in development rigorously
depend on carbohydrate metabolism, utilising both aerobic and anaerobic pathways [105].
The spermatogonia use mostly glucose for ATP production, while spermatocytes and
spermatids use lactate supplied by SCs. For this reason, spermatogenesis essentially re-
quires glucose, directly as fuel for spermatogonia, or indirectly for lactate production in
spermatocytes and spermatids by Sertoli cells [48].

Glucose is also the preferred source of energy for human sperm capacitation and
the acquisition of hyperactivated motility. Capacitation is characterised by a cascade of
phosphorylation of proteins involved in signal transduction and the increased oxidation
of energy sources. To achieve that, glucose is a source of energy for spermatozoa [108].
Intracellular ionic balance, which is essential for phosphorylation cascade activation and
hyperactivated motility, requires active transport, and consequently ATP [109]. The sper-
matozoa have a high level of functional metabolic flexibility, and their metabolic pathways
are complex and finely regulated, whereas any alteration that affects the production of ATP
can compromise sperm quality.

Following spermatogonia and sperm requirements of glucose, the presence of GLUTs
was identified in human spermatozoa, the first being GLUT5 in the subequatorial re-
gion, mid- and principal pieces of human spermatozoa [110,111]. In addition, GLUT1
and GLUT2 were identified in the acrosomal region, principal and end pieces of human
spermatozoa [11]. GLUT8 is present in the acrosomal membrane, in the post-acrosomal
region, and in the tail [112]. This transporter is highly expressed in the early stages of
the development of spermatocytes but in lower levels in mature spermatozoa [113]. The
expression of GLUT3 was detected in the midpiece of spermatozoa [114]. Studies with
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rats have also shown the presence of GLUT1 and GLUT3 in spermatocytes, spermatids,
and spermatozoa. A high expression of GLUT3 was found in spermatids, indicating that
GLUTs could participate in the differentiation stage of spermatogenesis [115]. The pres-
ence of these glucose transporters indicates that germ cells can use glucose as an energy
substrate, but data also showed that glucose is not a good energy substrate for male germ
cells [47,116–118]. In addition, the glycolytic pathway is inhibited during the transition of
the spermatocytes to spermatids and is later activated in spermatozoa [119].

A study by Bajpai showed that rat spermatocytes have a higher activity of pentose
phosphate and glycolytic pathways than spermatids, but spermatids have higher activity
in the Krebs cycle than spermatocytes. Higher activity of the glycolytic pathway and lower
activity of the Krebs cycle and pentose phosphate pathway were found in spermatozoa.
Thus, spermatids use lactate due to their lower glycolytic activity, while spermatocytes
can use other substrates, including pyruvate and/or lactate, due to their higher glycolytic
activity [105]. Indeed, spermatids incubated with high levels of glucose [10 mM] showed
a decrease in ATP levels and an increase in 5′-AMP [120]. Still, both the glycolytic and
gluconeogenic pathways may be functional in spermatids due to the metabolic recycling
of lactate to glucose-6-phosphate [121]. Spermatozoa, in turn, seem to prefer glucose or
fructose as an energy substrate, which may be due to their higher glycolytic activity and
lower Krebs cycle activity [122].

Lactate is a major energy substrate produced by SCs and is transported to germ cells
through MCTs. MCT1 is expressed in all types of germ cells, while MCT2 was only detected
in elongated spermatids of rats [123,124]. Spermatocytes and spermatids use preferen-
tially lactate and not glucose to produce ATP, as it was observed that glucose induces the
apoptosis of rat spermatocytes, while lactate could have a protective effect on sperma-
tocytes [124]. Some specific glycolytic enzyme isoforms are predominantly expressed in
spermatogenic cells [125], such as LDH-C, an isoform abundantly expressed in spermatids
and spermatozoa [126,127], which was also detected in preleptotene spermatocytes [128].
Alterations in the Ldhc gene lead to a progressive decline in spermatozoon motility, in-
capacity to develop hyperactivated motility, and a decrease in ATP levels, resulting in
male infertility [129]. Other specific isozymes that are only expressed in spermatogen-
esis are glyceraldehyde-3-phosphate dehydrogenase-S, which converts glyceraldehyde-
3-phosphate to 1,3-diphosphoglycerate [130], and phosphoglycerate kinase-2, which is
involved in the synthesis of pyruvate from glyceraldehyde-3-phosphate [131,132].

ATP production in spermatozoa is spatially organised, as glycolysis occurs in the
principal piece, while the mitochondria and oxidative phosphorylation are restricted to
the midpiece. The source of energy for the acrosome reaction, however, is unclear [125].
One potential source of energy is glycogen. Glycogen was found in boar and dog sperma-
tozoa in both the tail and the head [133,134], and glycogen metabolism in sperm appears
to be important for fertilisation. Albarracín et al. reported that glycogen metabolism
occurs during the in vitro capacitation of dog spermatozoa and also demonstrated that the
lactate uptake induces an accumulation of radioactive glycogen, confirming an active gluco-
neogenic activity [135]. Results from our group suggest the presence of endogenous energy
sources that could sustain human spermatozoon motility [109]. The presence of glycogen
was also observed in germ cells, with the highest levels in spermatocytes and lower in
other germ cells [64].

The presence of enzymes that are involved in gluconeogenesis has also been identified
such as fructose-1,6-bisphosphatase, phosphofrutose-1 kinase, and aldolase B, suggesting
the possibility to store glycogen [121,135,136]. In rat spermatids, it was observed that they
can convert lactate to fructose and glucose-6-phosphate which indicates the presence of
glycolytic and gluconeogenic activities [121]. The presence of fructose-1,6-bisphosphatase
in spermatids and spermatozoa but its absence in spermatocytes suggests the importance
of this enzyme in these cells’ differentiation [121,136]. Another study also found the pres-
ence of phosphorylase, glucose-6-phosphatase, fructose-1,6-biphosphatase, and amylase
in mouse epididymal spermatozoa. Additionally, it has been reported that mouse sper-
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matozoa use glycogen to supply glucose for their development, to feed the glycolysis
pathway, and, curiously, the level of activity of the glycolysis pathway is higher in the head
of spermatozoa than in the tail [137].

The expression and activity of PYG were observed in germ cells, but the isoform that
is present was not determined [138,139]. Villarroel-Espíndola et al. reported the presence
of the muscle isoform of GYS as responsible for producing glycogen in the testis. The
levels of glycogen, however, were found lower in germ cells as compared to SCs [32].
Compelling evidence indirectly suggests that an imbalance in glycogen homeostasis in
adult rat testes could induce apoptosis and germ cell degeneration [32,74,140]. The use
of phthalate esters, which inhibits the activity of glycogen debranching enzyme, induces
a higher increase in the apoptosis of germ cells in adult testes [140]. Another study in human
cryptorchid tissue, which showed a strong PAS stain and an abundant fibrosis signal could
indicate an indirect connection of glycogen accumulation with testis degeneration [141].
Villarroel-Espíndola et al. reported that the overexpression of protein targeting glycogen
(PTG), which is an indirect activator of GYS, promotes an increase in glycogen levels
and the presence of a cleaved form of caspase-3, suggesting that the accumulation of
glycogen could be a proapoptotic signal in male germ cells principally in spermatogonia
and spermatocytes [32].

Taken together, these data suggest that glycogen may be a source of glucose in germ
cells in conditions of low substrate conditions, but glycogen accumulation could have
a negative effect that leads to the apoptosis of spermatogenic cells. The function and effects
of glycogen in germ cells remain unclear. Thus, more studies are needed to understand the
impact of glycogen metabolism and accumulation in spermatogenesis.

4. Conclusions and Future Perspectives

Currently, few studies have addressed the potential role of glycogen in the testicular
environment. Glycogen is present in the different testicular cells, particularly in Sertoli and
Leydig cells, and spermatozoa, but its role is still unclear. Glycogen function appears to be
dependent on the type of cell in which it is present. In SCs, glycogen and glycogen-related
enzymes were identified and appear to be involved in SCs’ metabolism. Interestingly,
the accumulation of glycogen could be responsible for the apoptosis and degeneration of
seminiferous tubules, leading to male infertility. In Leydig cells, glycogen can act as a source
of ATP for steroidogenesis. In addition, glycogen is also important for the differentiation
and maturation of Leydig cells. Despite its metabolic function, several other roles for
glycogen have been highlighted. Glycogen has a regulatory role in the translation of
RNAs, and its accumulation is associated with the induction of proapoptotic cascades in
spermatogenic cells. Nevertheless, the data concerning the function of glycogen in the
testis are scarce, so more studies are further needed to disclose the role of glycogen in the
male reproductive tract. Over the years, the interest in testicular metabolomics has been
increasing, and this leads to the possibility of exploring new pathways modulating male
fertility. Another interesting idea is that eating habits that affect the metabolism of glycogen
could be related to male infertility.
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