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Abstract: The development of techniques to increase sperm longevity
demands knowledge about cell metabolism. Sperm requires a constant
supply of energy to maintain its cell functions. Approximately 500 metabolic
reactions take place in somatic cells, and several of them require energy.
Most of the produced energy goes for sperm motility, which is an ATP-
dependent specialized process. Spermatozoa possess the required
mechanisms to produce energy through glycolysis, citric acid cycle (Krebs
cycle) and oxidative phosphorylation. Understanding these pathways
provides knowledge on the interactions between the semen extender
substrates and sperm cells. The aim of this review is to approach the major
energy producing pathways of the sperm, as well as the substrates available
for this metabolism.
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1 Introduction

During spermatogenesis, spermatozoa are reshuffled, causing
compaction of organelles and loss of significant cytoplasm enzymes and
energy reserve (Mann, 1964). Consequently, sperm is extremely dependent of
the extracellular environment, using enzymes and substrates to supply
energy and functional demands, from ejaculation to fertilization (Amann;

Graham, 2011; Bucci et al., 2011).
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After the release in seminiferous tubules lumen, mammalian sperm is
not capable to fertilize an oocyte, even though this capacity is acquired from
the epididymal traffic until the passage through the female reproductive tract
(Yanagimachi, 2005). The post-testicular maturations (i.e. sperm motility
acquisition, capacitation and acrosome reaction) make the sperm able to
fertilize (Gautier et al., 2016). This process demands an increased metabolism
and, consequently, energy expenditure (Baldi et al., 2000).

Approximately 500 metabolic reactions occur in somatic cells, and
several of them require energy (Alberts; Johnson; Lewis, 2002). Although the
basal metabolism of the sperm cell needs low energy, several substrates are
required to ensure its motility and fertilizer capacity after ejaculation.
Therefore, knowledge on metabolic pathways to energy production enables
comprehension of failures on the fertilization process, or implementation of
sperm reproductive biotechnology.

The use of reproductive biotechnologies to increase livestock
productivity or to genetic conservation of endangered species, encourages the
funding for sperm research, as sperm cells preservation techniques are widely
used in the animal reproduction market.

The use of artificial insemination (Al) is allowed in equine species
(except Thoroughbred) and has been used in reproductive routines for years.
Nonetheless, the reproductive program rates are under influence of several
facts related to methods and subjects. Substances such as cholesterol, L-
carnitine, and Q10-coenzyme are associated with semen extenders to protect
sperm cell aim during the cryopreservation process (Hartwig et al., 2014;
Lisboa et al., 2014; Carneiro at al., 2018).

In bovine, unlike equine, reproductive performance is used to select
individuals, decreasing the differences between individual fertility in
comparison with stallions. To improve the results, new sperm
cryopreservation techniques (Dias et al., 2018) and semen extenders (Papa et

al., 2015) have been constantly described in equine research.
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There are no differences between husbandry procedures in this
previously related species and porcine production. Similarly, most companies
have used the AI in large-scale to genetic improvement of strains. In
consequence, several modifications in semen extenders and new techniques
of semen cryopreservation have been developed based on knowledge about
sperm metabolism (Torres et al., 2018; Nesci et al., 2020).

This review gathers information on the major metabolic pathways of
mammalian spermatozoa, by energy production and availability of substrates

to metabolization.

2 Development

2.1 Sperm motility

The control of sperm motility occurs in three steps: in epididymis,
motility is suppressed; in ejaculation, motility is activated; and in oviduct,
motility is hyperactivated (Brito, 2007).

Sperm cells have intrinsic movement capacity in epididymis; however,
they present motility after ejaculation (Morris; Tiplady; Allen, 2002). It is
known that certain inhibitor proteins found in the epididymal cauda of rats
allow motility activation when removed (Silva, et al., 2012). A pH-dependent
inhibitor factor has been reported in bovine, demonstrating that acid pH can
inhibit motility in epididymal environment (Varner; Johnson, 2007).

The epididymal cauda fluid pH in bovine is 5.5, while sperm cytoplasm
pH after ejaculation is 6,5-6,6. Furthermore, epididymal cauda fluid in bovine,
ovine, porcine, and equine have no expressive amount of bicarbonate (HCOs3),
which is a key-point in sperm motility. Bicarbonate is found in largest
concentrations on the seminal plasma, where the contact between the sperm

cell and plasma can activate its motility (Luconi; Baldi, 2003).
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Signaling pathways are not completely elucidated, as it is known that
environment factors may activate sperm motility. However, studies have
shown that the compounds HCOs3, calcium (Ca**) and cyclic AMP (cAMP) are
the producers of said signalization (Varner; Johnson, 2007). These substances
are correlated to the increase in the sperm pH, that activates the regulation
of cAMP in Na-K-ATPase, which acts on ensuring sperm motility (Demarco;
Espinosa; Edwards, 2003).

The increase in sperm pH during its path to the uterine tube also
activates the Ca*™ channel, causing an augmentation of calcium influx to
cytoplasm and resulting in motility hyperactivation, as Figure 1 shows (Ho;

Suarez, 2001).
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Figure 1. (A) Model of hypothetical spermatic events associated with sperm motility
activation and hyperactivation. (B) Magnified illustration of transversal section of principal
piece and midpiece of equine spermatozoa. (a) Plasma membrane. (b) Mitochondrion. (c)
Outer dense fibers. (d) Pair of microtubules. (e) Pair of axonemes. (f) Sheath of central pair
of axonemes. (g) Radial spoke. (h) Fibrous sheath. (i) Outer dynein arm. (j) Central dynein
arm. (k) Longitudinal column of fibrous sheath. (I) Connection bridge of the central pair of
microtubules. (m) Nexin connections. (n) Annulus (Luconi; Baldi, 2003).

The basic mechanism of tail sperm movement is similar to the myosin
in muscle. However, the loss and rewiring of ATP products occur two or three

times more quickly than spermatozoa (Ruiz-Pesini et al., 2007).
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Progressive motility is the result of flagellar beating, which is caused
by a series of coordinated waves propagated from the midpiece. The last form
of flagellar movement results from active forces inside the sperm tail, working
against restrictions produced for the nexin connections, radial spokes, dense
fibers, and fibrous sheath (Amann; Graham, 2011). The extender viscosity is
another factor to be considered, as it interferes in the normal frequency of
flagellar beating (Marquez; Suarez, 2004).

Flagellar beating is produced by the sliding of microtubule pairs
connected by the dynein arms. The sperm cell has nine pairs of microtubules,
which contract and relax alternately. Dynein connection in the axoneme pairs

1s ATP dependent, as described in Figure 2 (Brito, 2007).

ATP = ADP + energia Elevacéo

Sem ATP bfir_?éao Re-extenséo

Re-ligacéo Deslizamento

Dineina Dineina Dineina inclinada, Dineina encurtada

alongada destacada e alongada e ligada e novamente na

e ligada encurtada em um sitio horizontal.
inferior Produzindo o

deslizamento

Figure 2. The slide mechanism of microtubule pairs resulted of separation, shortening,
elongation and rewiring of dynein arms (Amann; Graham, 2011).

2.2 Metabolic pathways to energy production

Monosaccharides like glucose and fructose are quickly metabolized by
sperm, but not all sugar and carbohydrates are used. Substrates like lactate,
pyruvate, fatty acids, and amino acids also are metabolized, in contrast, only

for aerobic pathways. In equines, glucose is the primary source of energy,
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considering that the sperm is not able to metabolize fructose in this species
(Varner; Johnson, 2007).

Studies have found high concentration of fructose in bovine, ovine and
human seminal plasma (40-1000 mg/ml), and extremely lower in stallions (<1
mg/100 ml), which demonstrates that fructose is its main energy source.
Additionally, horses are extremely dependent of aerobic pathways like
oxidative phosphorylation; in contrast, bovine, ovine, and porcine sperm uses
mostly anaerobic pathways, such as glycolysis (Mann; Lutwak-Mann, 1981;
Nesci et al., 2020).

Several monosaccharides have been considered species-specific, as the
spermatozoa of each species present a greater amount of hexose carriers for
these sugars (Rigau et al., 2002). However, the presence of these other
monosaccharides in other seminal plasma is not completely elucidated
(Rodriguez-Gil; Bonet, 2016). Comparative studies between porcine and
canine have shown porcine sperm presents no specific sugar, that is, its
functions remained unchanged in the presence of both glucose and fructose
(Fernandez-Novel et al.,, 2011). Consequently, the presence or absence of
specific sugar and proteins in porcine and canine semen, which control hexose
metabolism, may be corelated with changes in these effects against different
sugars (Rodriguez-Gil; Bonet, 2016).

In a research conducted by Martin-Cano et al. (2020), the proteomic
profile of equine fresh and frozen semen was compared, and changes in
mitochondrial proteins related to citric acid cycle and oxidative
phosphorylation were found evident. Furthermore, ATP-synthase is another
protein that is impacted by frozen process, elucidating the mechanisms that
worsen frozen semen quality when compared with fresh semen regarding
motility.

The transport of monosaccharides through the membrane is an ATP-
dependent process, and requires carrier proteins (Varner; Johnson, 2007). In

cattle, the transport of proteins that carry glucose have limited capacity to
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deliver fructose, which is carried by an exclusive mechanism that allows its
quick use (Varner; Johnson, 2007). Fructose transport mechanisms are
probably absent in stallion’s semen, which may explain the low ability to
metabolize this substrate (Amann; Graham, 2011).

The metabolism of endogenous components corresponds to
approximately 10% of sperm ATP production; the other 90% are produced by
exogenous substrates. Among the endogenous substrates are, for instance,
phospholipids oxidated by mitochondria. In a similar way, exogenous
substrates are essential to energy production, proving the importance of
environmental factors for the sperm longevity (Amann; Graham, 2011;
Varner; Johnson, 2007; Hammerstedt, 1983).

Sperm has mechanisms to perform glycolysis, citric acid cycle (Krebs
cycle), and oxidative phosphorylation. Nonetheless, glycogen, glycogen-
synthase and glycogen-phosphorylase have been identified in ovine, porcine,
and equine sperm; gluconeogenesis mechanism had only established in
canine sperm (Ballester et al., 2000). In this study, canine semen incubation
associated to an extender without energy substrates caused a decrease in the
sperm glycogen level. In contrast, the addition of extenders with glucoses or
fructose resulted in glycogen accumulation and deposition site changed with
the supplied sugar (Palomo et al., 2003; Ballester et al., 2000). Nevertheless,
the knowledge about gluconeogenesis occurrence in the sperm cell of another
species is less convincing (Ford, 2006).

Equine sperm metabolization involves oxidative phosphorylation,
carbon metabolism, glycolysis and gluconeogenesis, citric acid cycle, fatty acid
degradation, valine metabolism, leucin, methionine and cysteine, as well as
amino acid synthesis. In addition, the involvement between fatty acids
oxidation and amino acid consumption had been recently reported as another
energy source to these cells. Even mitochondrial inhibition studies have

highlighted the oxidative phosphorylation contribution for sperm energy
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production, acknowledging the importance of its glycolysis for the sperm
function as slightly more complex (Gibb et al., 2014).

Studies suggest that porcine sperm have 95% of its energy demands
supplied for glycolysis (Marin et al., 2003; Rodriguez-Gil, 2006), while equines
are dependents of mitochondrial oxidative phosphorylation (Varner, Gibb,
Aitken, 2015). The indicative of glycolysis as the main pathway for energy in
some species, emphasizes the questions about the specific role of
mitochondria in sperm metabolism (Rodriguez-Gil; Bonet, 2016).

The role of estrogens and its receptors in the sperm cell have been
studied in several species (Gautier et al., 2016; Guido et al., 2011; Rago et al.,
2014), as it can affect adiposity process, modulation of lipogenesis, lipolysis
or adipogenesis (Pallottini et al., 2008). Additionally, estrogens play an
important role in glucose homeostasis and modulation of insulin sensitivity
(Bryzgalova et al., 2006). The mechanisms involved with estrogen-receptor
actions and their relation to sperm have not yet been elucidated. However, it
1s known that these hormones are essential to high quality sperm production
(Meccariello et al., 2014). Estrogen-receptors such as ERa and ERB had been
1dentified from spermatogonia to sperm cell (Hess et al., 1995; Aquila et al.,
2004). Furthermore, animals with ESR1 deficiency had shown impaired
spermatogenesis and decreased fertility (Joseph et al., 2010). Moreover,
sperm can synthetize estrogen (Aquila et al., 2002), which confirms that they
are exposed to hormones in the female reproductive tract as well and are also

able to produce part of the demands (Guido et al., 2011).

2.2.1 Glycolysis

The glycolytic pathway is used in all tissues for lysis of glucose, as a
means of providing energy, either in ATP form or intermediating other

metabolic pathways (Champe; Harvey; Ferrier, 2006). In aerobic organisms

or tissues in aerobic conditions, glycolysis only represents the first stage of
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complete glucose degradation (Cox; Nelson, 2002). As previously described,
most sperm of the studied species, including rodents, are dependent of
glycolysis for ATP production (Storey, 2008).

As the plasma membrane is impervious to glucose, two systems are
used for it to penetrate the cell and be metabolized: facilitated diffusion
transport, independent of Na*; and the monosaccharide-Na* co-transport
system (Marzzoco; Torres, 1999).

Transport by facilitated diffusion is mediated by a family of 14 carriers
designated as GLUT (Glucose Transporters). Glucose binds to the transporter,
which undergoes a change in its conformation, transporting it across the
membrane. Even so, the glucose movement follows the concentration gradient,
in other words, it moves from the most concentrated medium to the least
(Champe; Harvey; Ferrier, 2006).

Glucose transporters are expressed in tissue and cell-specific forms,
with distinct kinetic and regulatory properties. The function of the same
isoform can be different from one tissue to another because of the cell
differentiation process (Machado; Shaan; Seraphin, 2006).

For instance, GLUT-3 is the main transporter of glucose in neurons,
GLUT-1 in erythrocytes and GLUT-4 in adipose tissue (Champe; Harvey;
Ferrier, 2006). Transporters 1, 3 and 4 are involved in the uptake of glucose
from the bloodstream, while GLUT-2, which is found in the liver, kidneys and
in the B cells of the pancreas, can both capture and remove glucose from the
cell according to glycemia (Cox; Nelson, 2002). The only transporter capable
of binding to a substance other than glucose is GLUT-5, which is responsible
for the capture of fructose (Bucci et al., 2011).

Research in cattle have shown the presence of GLUT-1, 2, 3, and 5 in
sperm, changing its concentrations according to the gamete region, such as:
acrosome, head, intermediate piece and tail (Angulo et al., 1998). Bucci et al.
(2010) have shown the presence of GLUT-1,2,3,4 and 5 in porcine, canine, and

equine sperm.
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The monosaccharide-Na* co-transport system (SGLT) is a more
specialized and energy-demanding process, as it transports glucose against
the concentration gradient. This system is found in smaller number in sperm,
when compared to GLUT (Gibb; Aitken, 2016). This process is mediated by a
carrier, in which it is coupled to the Na* concentration gradient that is
transported along with glucose into the cell (Bucci et al., 2011). SGLT-1 was
found in the peri-acrosomal region and in the midpiece of canine sperm,
enabling the hypothesis that canine sperm cell performs different metabolic
pathways, each showing greater affinity with specific substrates (Rigau et al.,
2002).

Cell membranes do not have specific carriers for phosphorylated
molecules. In addition, these molecules are very polar and have difficulty
diffusing through the membrane. As a consequence, glucose is immediately
phosphorylated after entering the cell, which ensures its permanence within
the cytoplasm for later oxidation. The enzyme that transforms glucose into
glucose-6-phosphate is hexokinase, one of the three enzymes that regulate
glycolysis (Murray et al., 2000). It has a high affinity to the glucose molecule,
which guarantees efficient phosphorylation even with low glucose
concentrations. However, this enzyme has a low Viax,, 1n other words, it is
not able to phosphorylate larger amounts of glycids or retain them for future
metabolization, since in these cases all of its active centers remain occupied.

The next steps in glycolysis consist of isomeric reactions, oxidation, and
phosphorylation, resulting in a balance of energy production of 2 ATP and 2
NADH for each glucose molecule. The end product of glucose metabolization
1s two molecules of pyruvate. In sperm, according to environmental conditions,
pyruvate can take two different routes: under aerobic conditions it undergoes
oxidation and forms acetyl-CoA, which is the main substrate of the Krebs
cycle; and under anaerobic conditions it is reduced to lactate (Cox; Nelson,

2002).
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Fructose 1s also metabolized through glycolysis, however, to enter the
intermediate metabolism its phosphorylation is required. At first, it is
phosphorylated by the enzyme fructokinase, forming fructose-1-phosphate.
Unlike glucose oxidation, fructose-1-phosphate is not directly converted to
fructose-6-phosphate (intermediate metabolite of glycolysis), but cleaved by
aldolase B, producing dihydroxyacetone phosphate (DHAP) and
glyceraldehyde. DHCP can directly enter glycolysis, whereas glyceraldehyde
needs to be transformed into glyceraldehyde-3-phosphate to follow its
oxidation (Marzzoco; Torres, 1999).

Lactate is formed by the action of lactate dehydrogenase (LDH), and
the direction of this reaction depends on the intracellular concentration of
pyruvate / lactate and the NADH / NAD + ratio in the cell (Champe; Harvey;
Ferrier, 2006). In this reaction, a reduction of a NADH molecule formed
during glycolysis occurs, generating 1 NAD +. In aerobic conditions, the
NADH molecule enters the respiratory chain, generating approximately 3
ATP at the end (Cox; Nelson, 2002). However, under conditions of
anaerobiosis, the NAD + molecules produced in the formation of lactate can
be oxidized again at the beginning of glycolysis, guaranteeing the indirect
production of energy in two ways (Marzzoco; Torres, 1999).

Pesch et al. (2006) found a positive correlation between LDH and total
motility, progressive motility, and percentage of live sperm in stallions, which
indicates that extracellular LDH ensures sperm metabolism. Corroborating
this study, Guo et al. (2019) have shown that the amount of lactate and LDH
in seminal samples of porcine increased with the use of extracellular ATP in
seminal plasma, suggesting that this form of extracellular energy may
stimulate lactate to produce intracellular ATP, enabling sperm motility.

In contrast, Dogan et al. (2009) have found only a correlation between
ejaculation volume and activity of the enzymes ALP (Alkaline Phosphatase)

and AST (Aspartate Amino Transferase). These results prove the sperm’s
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ability to produce energy from lactate both in the presence and in the absence
of oxygen.

Despite the production of a certain amount of ATP during glycolysis,
the final products, pyruvate or lactate, still retain the largest amount of
energy originally contained in glucose. The citric acid cycle is necessary for
the complete release of this energy (Marzzoco; Torres, 1999).

An alternative to the oxidation of glucose-6-phosphate by the citric acid
cycle is the pentose-phosphate pathway, which is divided into an oxidative
and a non-oxidative phase. This mechanism, in humans, has been described
as supplying the needs of NADPH, being related to the expression of G6PD
(Glucose-6-phosphate dehydrogenase) and sperm capacitation (Miraglia et al.,
2010).

Humans with diabetes mellitus present changes in glucose transport
through GLUTS, glucose metabolism, oxidative stress, nuclear fragmentation,
and mitochondrial apoptosis, which is attributed to the action of insulin and
has deleterious effects on the reproductive system of these individuals,

through the different mechanisms presented (Dias et al., 2014).

2.2.2 Citric acid cycle

The citric acid cycle, also known as Krebs cycle, unlike glycolysis, is
strictly aerobic. It is considered the final route to which the oxidative
metabolism of carbohydrates, amino acids and fatty acids converges, being
finally converted into CO2 and H2O (Murray et al., 2000).

Pyruvate, the final product of glycolysis, is converted to acetyl-CoA
through a pyruvate-dehydrogenase complex. In strict sense, this complex is
not part of the citric acid cycle, but it is an important source of acetyl-CoA,
which is the main substrate of the cycle. For this reaction to occur, it is
required to reduce a NAD + to NADH, and there is also the release of a COq

molecule. In addition to pyruvate, fatty acids and amino acids metabolized by
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other metabolic pathways also provide substrates for energy production
through this route (Champe; Harvey; Ferrier, 2006).

The molecular processes that involve the consumption of Oz and the
release of COg2 by cells are also called cellular respiration (Murray et al., 2000),
and can be divided into three stages: the first consists of glycolysis and
includes the conversion of pyruvate to acetyl-CoA; in the second stage, the
acetyl groups provided by acetyl-CoA, are introduced into the Krebs cycle and
oxidized to CO2, however, the energy released by oxidation is conserved by
NADH and FADH: and reduced therein; third stage consists of the oxidation
of these reduced coenzymes through electron transport chain, where the
energy is released in the form of ATP (Delvin, 1997).

During the Krebs cycle, a great amount of energy is produced, but not
directly in the form of ATP. From the introduction of acetyl-CoA to the release
of CO2, the balance of energy production in the cycle is three molecules of
NADH, one of FADH3z and one of GDP. The oxidation of these coenzymes is
carried out by the electron transport chain, where for each NADH the
production is of 2,5 ATP, while for each FADH3> the production is of 1,5 ATP.
GDP, like ADP, is phosphorylated to form one ATP. Thus, for each oxidized
acetyl-CoA molecule, 10 molecules of ATP are produced (Nelson; Cox, 2014).

2.2.3 Electron transport chain

Knowledge on energy production pathways requires the understanding
of oxidative phosphorylation and electron transport chain, since they
complement the energy production of the other metabolic routes.

During the metabolization of glucose, a small amount of energy is
produced directly in the form of ATP, while most of the energy is produced in
the form of reduced coenzymes (Murray et al., 2000).

The electron transport chain is located in the internal mitochondrial

membrane and is the final route by which electrons from different fuels flow
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to oxygen, which 1s why it i1s also called the respiratory chain (Pesch;

Bergmann; Bostedt, 2006). It is composed of five complexes which, through

oxidation-reduction reactions, are able to reduce oxygen to H2O (Dogan; Polat;

Nur, 2009).

Figure 3. Electron transport chain, shown attached to the proton transport. (Pesch;
Bergmann; Bostedt, 2006).

During this process, metabolic intermediates donate electrons to
specific coenzymes, such as NAD* and FAD, forming reduced energy-rich
coenzymes, NADH and FADHs. These coenzymes interact with the chain
through the donation of a pair of electrons, which, as they are carried, lose a
great amount of free energy (Delvin, 1997). Part of this energy can be used
for the production of ATP through ADP and inorganic phosphate (P;), while
the rest is released in the form of heat. This process is called oxidative
phosphorylation.

The importance of the electron transport chain to energy metabolism
1s thus related to the use of energy of reduced coenzymes, as well as for the
release of oxidized coenzymes, so they return to new nutrient degradation

processes (Murray et al., 2000).
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2.2.4 Oxidative phosphorylation

Oxidative phosphorylation is the final stage of the energy-producing
metabolism in aerobic organisms. This pathway may complement the electron
transport chain, since it uses the proton gradient formed in the previous steps
for the production of ATP (Nelson; Cox, 2014).

The transfer of electrons along the electron transport chain is
energetically favored, since NADH is a strong electron donor, and molecular
oxygen is an avid electron receptor (Champe; Harvey; Ferrier, 2006).

During electron transfer, proton transport occurs simultaneously
through the internal mitochondrial membrane, from the matrix to the inter-
membrane space (FIGURE 3). This process creates an electric gradient and a
pH gradient in the inner membrane (Marzzoco; Torres, 1999).

The inner mitochondrial membrane is impervious to most hydrophilic
or charged substances. There are numerous transport proteins that enable
the passage of substances from the inter-membrane space to the
mitochondrial matrix. Among these proteins, the ATP-synthetase complex
enables the passage of H* ions, which is responsible for the electrical gradient
created during electron transport to the mitochondrial matrix. This passage
of protons (H*) results in the synthesis of ATP through ADP+P; and, at the
same time, dissipates the electrical and pH gradients (Nelson; Cox, 2014).

In porcine, even though glycolysis is commonly cited as a sperm energy
mechanism, the importance of mitochondrial oxidative phosphorylation in the
total and progressive sperm motility has been proven, as this energy derives
from the production of ATP by the ATP-synthase process, while ATP produced
by respiratory complexes of NADH-Oq-oxidases are indirectly impacted by the
production of ATP through the mitochondrial electrochemical gradient (Nesci
et al., 2020).
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2.3 Role of the extender in sperm metabolism

The components and functions of seminal plasma have not been
completely elucidated. It is known that plasma is a source of substrates for
sperm metabolism, maintaining the energy status of sperm cells. However,
proportions greater than 20% of plasma have been reported as harmful to
stallion semen during refrigeration (Loomis, 2006). Studies have shown that
proportions between 0.6 and 20% of seminal plasma are beneficial to seminal
parameters and fertility in stallions (Moore; Squires; Graham, 2005; Arruda
et al., 2008).

In porcine, the exosomes present in large quantities in seminal plasma
are able to produce ATP in extracellular form by glycolytic pathway,
increasing progressive motility and decreasing the rate of seminal apoptosis
(Guo et al., 2019).

For the maintenance of sperm viability for long periods, the use of
semen diluents is essential. In addition to diluting the seminal plasma, its
positive effects are based on the control of pH, osmolarity, and energy supply
(Aurich, 2011; Brinsko, 2011).

Different classes of seminal additives have been identified, including:
antioxidants such as vitamin E and ascorbic acid; methylxanthines such as
pentoxifylline and caffeine; trace elements such as copper, zinc, and selenium;
enzymes such as superoxide dismutase and glutathione peroxidase; amino
acids and proteins such as cysteine, taurine, hypotaurine, bovine serum
albumin, L-carnitine, pyruvate, and platelet activating factors; and also
polysaccharides such as trehalose and hyaluronic acid (Lisboa et al., 2014;
Gibb et al., 2015; Thangamani et al., 2018).

Storage for long periods requires cryopreservation of the semen, which
can be refrigerated or frozen. Cooling is aimed at reducing the sperm
metabolic rate, allowing it to be transported at 5° for up to 48 hours (Hartwig

et al., 2014).
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As equine sperm is dependent on oxidative phosphorylation to obtain
energy, and this consequently produces reactive oxygen species (ROS), cooling
causes the rate of energy production to decrease, as well as the production of
ROS (Maxwell; Welsch ; Johnson, 1997). However, this reduction in metabolic
rate is also responsible for reducing ATP-production, causing many energy-
dependent sperm functions to be compromised during storage, impairing cell
homeostasis and causing premature sperm death (Moore; Squires; Graham,
2005). Thus, Gibb et al. (2016) developed an extender for storage of semen at
room temperature, aimed at maintaining sperm functions and reducing
damage caused by thermal shock during storage.

Most equine semen centrifugation and refrigeration extenders are
composed of milk or egg yolk (Pagl; Aurich, 2006). However, the positive
effects of milk and egg yolk have not been completely disclosed (Amann;
Graham, 2011). These diluents are a source of lipoproteins that protect sperm
from damage caused by thermal shock (Aurich, 2011).

One of the main problems related to milk based or egg yolk based
extenders is the lack of standardization between batches of raw material
(milk and egg). In addition, only a certain fraction may be necessary to obtain
beneficial effects on sperm, while the other components may have harmful
effects. Due to difficulties in obtaining quality certificates, information on
risks of biological contamination, and individual variability, many studies
have been carried out to define the beneficial substances and possible
replacement of unnecessary components (Battelier et al., 2001; Gil et al., 2003;
Ricker et al., 2006; Gibb et al., 2015).

Among the milk components, phosphocaseinate and B-lactoglobulin are
considered the most effective at maintaining sperm longevity during
refrigeration (Battelier et al., 2001). Pagl et al. (2006) have shown that the
substitution of skimmed milk with caseinates and whey proteins did not

impair the maintenance of seminal quality during refrigeration between 5
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and 8° C, when compared to the extenders based on skimmed milk and
glucose.

In both bovine and equine, certain seminal plasma proteins bind to the
surface of the sperm and stimulate the efflux of cholesterol and phospholipids
from the membrane, which is important for the training process (Bergeron et
al., 2004). During semen processing and storage, this efflux can result in
damage to the sperm membrane (Pagl; Aurich, 2006). Bergeron et al. (2004)
suggested that the sequestration of these seminal proteins may act as a
protection mechanism provided by egg yolk in bovine sperm.

In clots, the addition of bovine serum albumin and skim milk to the
semen was tested, and these two agents acted as protectors of membrane
integrity, increasing the production of intracellular ATP and sperm motility
(Fu et al., 2017).

As all living cells in aerobic conditions, sperm produces reactive-oxygen
species (ROS) as a result of energy metabolism. Most ROS are neutralized by
elements contained in the seminal plasma, maintaining a balance between
production and neutralization. However, when there is an excess of ROS, the
sperm suffers oxidative stress, which can cause damage to membrane and
DNA (Maia; Bicudo, 2009; Rajender; Rahul; Mahdi, 2010).

Lipid peroxidation alters the fluidity and functional integrity of the
membrane, which compromises the fertilization capacity and sperm motility
(Catala, 2006). Unsaturated fatty acids are more susceptible to peroxidative
damage caused by ROS, and equine spermatozoa are especially more
susceptible due to the high concentrations of these fatty acids in their
membrane (Varner; Johnson, 2007).

To minimize the negative effects of ROS generation and improve
seminal parameters, substances such as pyruvate have been associated with
semen diluents, in order to preserve membrane integrity and sperm motility

after the cooling process (Webb ; Arns, 2006; Bruemmer et al., 2002).
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Pyruvate is an effective energy substrate, as it can move freely across
the sperm membrane. It has recently been recognized as a neutralizer of
hydrogen peroxide (H203), which is one of the free radicals responsible for the
oxidative stress of sperm (Varma; Devamanoharan, 1990; Salahudeen; Clark;
Nath, 1991). Fabroccini et al. (2000) suggested that pyruvate can be used as
an energy source, to aid sperm to overcome the stress of the freezing / thawing
process when small amount of pre-freezing time is given.

It has been reported that the addition of 10mM of pyruvate in stallion
semen has caused a decrease in sperm motility and speed when compared to
the control group; the same has been reported in humans (Bruemmer et al.,
2002; Bilodeau et al., 2002). However, concentrations between 2 and 5 mM
have increased progressive motility in equine sperm incubated at 25°C for 24
hours (Bruemmer et al., 2002).

Bilodeau et al. (2002) were able to reduce the damage caused by lipid
peroxidation through the use of pyruvate in frozen semen extender for cattle.
The addition of pyruvate in equine cooling extenders has resulted in improved
sperm motility and speed after 48 hours of refrigeration (Webb; Arns, 2006).

In goats, glucose and pyruvate had been more efficient in maintaining
sperm motility during the storage of semen for a prolonged period, when
compared with lactate. Furthermore, it have been shown that the pentose
phosphate cycle is more compelling than glycolysis in maintaining sperm
motility (Qiu et al., 2016).

Glucose is commonly added to semen extenders as an energetic
substrate, being beneficial to sperm metabolisms initially dependent on
glycolysis in long-term storage of samples. Thus, the addition of glucose
reduces oxidative stress resulting from normal mitochondrial energy
production (Koppers et al., 2008). A study by Hernandez-Aviléz et al. (2020)
has shown that the absence of glucose in the extender impaired kinetic
parameters, but there was no reduction in the plasma and acrosomal

membrane of equine spermatozoa refrigerated for up to 5 (five) days.
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Glycerol 1s widely used as a cryoprotectant in freezing extenders,
however, in addition to providing protection, it is also used as an energetic
substrate for sperm (Ford, 1980). Glycerol-3-phosphate is a substrate for
intermediate metabolism oxidized by the glycolytic pathway. It is rapidly
metabolized by cattle, sheep, rats, pigs, and bird sperm (Mann, 1964; Frenkel,
Peterson; Freund, 1975). In contrast, it is not oxidized by rabbit, human, dog
and stallion sperm (Kevhani; Storey, 1973).

High concentrations of glycerophosphocholine are present in the semen
of several species (Mann, 1964), and can be hydrolyzed to glyceraldehyde-3-
phosphate by diesterases in the reproductive tract of females (Ford, 1980),
thus being a significant source of energy for the sperm after ejaculation.

The concentration of calcium, chlorine, and potassium also seems to
influence sperm hypermotility, because a decrease in sperm motility was
evident when added to extenders for rat semen containing low concentrations
of Cas*. The inhibition of energy metabolism caused by this extender was
associated with a decrease in Cl- and K* in the sample (Cordero-Martinez et

al., 2019).

3 Conclusion

Sperm preservation biotechnologies aim to increase the viability period.
Thus, knowledge on sperm metabolism is required to the understanding of
the physicochemical changes that are responsible for energy production.
Therefore, the use of a suitable extender containing the necessary substrates
for the energetic metabolism of the sperm of each species is a determining
factor for biotechnologies aimed at maintaining the physical and functional

integrity of the male gamete.

*%%
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Resumo: Para o desenvolvimento de técnicas que visam o aumento da
longevidade espermatica, é necessario o entendimento metabdlico desta
célula. O espermatozoide exige um fornecimento constante de energia para
a manutencio das funcoes celulares. Aproximadamente 500 reacoes
metabdlicas sdo conhecidas por ocorrer nas células somaticas, sendo que
grande parte delas requer energia. Para atingir seu objetivo, grande parte
da producio energética do espermatozoide é destinada a motilidade, o qual
é um processo especializado e dependente de ATP. O espermatozoide possui
0s mecanismos necessarios para produzir energia através da glicélise, Ciclo
do Acido Citrico (Ciclo de Krebs) e Fosforilagdo Oxidativa. O entendimento
destas vias torna-se indispensavel para a compreensio das interagdes entre
os substratos do meio diluente e o espermatozoide. O objetivo desta revisio
é abordar as principais vias de producio energética do espermatozoide,
assim como os substratos disponiveis para metabolizacio.
Palavras-chave: Espermatozoide, motilidade, ATP.

*k%x

References

ALBERTS, B.; JOHNSON, A.; LEWIS, J. Cell chemistry and biosynthesis. In:
ALBERTS B, Johnson A, LEWIS, J.; RAFF, M.; ROBERTS, K., WALTER, P.
Molecular biology of the cell. New York: Garland Science, 2002: 47-127.

AMANN, R.P.; GRAHAM, J.K. Spermatozoal function. In: MCKINNON, A.O.;
SQUIRES, E.L.; VAALA, W.E.; VARNER, D.D. Equine Reproduction. West
Sussex: Wiley-Blackwell, 2011: 1053-1084.

ANGULO, C.; RAUCH, M.C.; DROPPELMANN, A.; REYES, A.M.; SLEBE, J.C;
DELGADO-LOPEZ, F. Hexose transporters expression and function in mammalian
spermatozoa: cellular localization and transport of hexoses and vitamin C.

Biochemical Cell Biology, 1998.71:189-203.

AQUILA, S.; SISCI, D.; GENTILE, M.; MIDDEA, E.; CATALANO, S.; CARPINO, A;
RAGO, V.; ANDO, S. Estrogen receptor (ER) alpha and ER beta are both expressed
in human ejaculated spermatozoa: Evidence of their direct interaction with
phosphatidylinositol-3-OH  kinase/Akt pathway. dJournal of Clinical
Endocrinology Metabolism, 2004. 89(3):1443-1451.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 92



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

AQUILA, S.; SISCI, D.; GENTILE, M.; MIDDEA, E.; SICILIANO, L.; ANDO, S.
Human ejaculated spermatozoa contain active P450 aromatase. Journal of

Clinical Endocrinology, 2002. 87:3385-3390.

ARRUDA, R.P.; ANDRADE, A.F.C.; RAPHAEL, C.F.; PERES, K.R.; NASCIMENTO,
J.; MARTINS, S.L. Effects of addition of seminal plasma on lifespan of frozen-thawed

equine spermatozoa, 2008. Animal Reproduction Science, 107:307-8.

AURICH, C. Semen Extenders for cooled Semen (Europe). In: MCKINNON, A.O,;
SQUIRES, E.L.; VAALA, W.E.; VARNER, D.D. Equine Reproduction. West
Sussex: Wiley-Blackwell, 2011:1336-1340.

BALDI, E.; LUCONI, M.; BONACCORSI, L.; MURATORI, M.; FORTI, G.
Intracellular events and signaling pathways involved in sperm acquisition of

fertilizing capacity and acrosome reaction. Front Bioscience, 2000. 5:110-123.

BALLESTER, J.; FERNANDEZ-NOVELL, J.M.; RUTLLANT, J.; GARCIA ROCHA,
M.; PALOMO, M.J.; MOGAS, T.,; PENA, A.; RIGAU, T; GUINOVART, J.J;
RODRIGUEZ-GIL, J.E. Evidence for a functional glycogen metabolism in mature
mammalian spermatozoa. Molecular Reproduction Development, 2000. 56:207-

219.

BATTELIER, F.; VIDAMENT, M.; FAUQUANT, J.; DUCHAMP, G.; ARNAUD, G.;
YVON, J.M. Advances in cooled semen technology. Animal Reproduction Science,

2001. 68:181-190.

BERGERON, A.; CRETE, M.H.; BRINDLE, Y., MANJUNATH, P. Low-density
lipoprotein fraction from hen's egg yolk decreases the binding of major proteins from
bovine seminal plasma to sperm and prevents lipid efflux from the sperm membrane.

Biology Reproduction, 2004. 70:708-717.

BILODEAU, J.F.; BLANCHETTE, S.; CORMIER, N.; SIRARD, M.A. Reactive

oxygen species-mediated loss of bovine sperm motility in egg yolk Tris extender:

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 93



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

protection by pyruvate, metal chelators and bovine liver or oviductal fluid catalase.

Theriogenology, 2002. 57:1105-1122.

BRINSKO, S.P. Semen Extenders for cooled Semen (North America). In:
MCKINNON, A.O.; SQUIRES, E.L.; VAALA, W.E.;, VARNER, D.D. Equine
Reproduction, West Sussex: Wiley-Blackwell, 2011:1341-1343.

BRITO, L.F.C. Evaluation of stallion sperm morphology. Clinical Techniques in
Equine Practice, 2007. 6:249-264.

BRUEMMER, J.E.; COY, R.C.; SQUIRES, E.L.; GRAHAM, J.K. Effect of pyruvate
on the function of stallion spermatozoa stored for up to 48 hours. Journal Animal

Science, 2002. 80:12-18.

BRYZGALOVA, G.; GAOH, A.B.; ZIERATH, J.R.; GALUSKA, D.; STEILER, T.L;
DAHLMAN-WRIGHT, K.; NILSSON, S.; GUSTAFSSON, J.A.; EFENDIC, S.; KHAN,
A. Evidence that oestrogen receptor-alpha plays an important role in the regulation
of glucose homeostasis in mice: Insulin sensitivity in the liver. Diabetologia, 2006.

49:588 597.

BUCCI, D.; ISANI, G.; SPINACI, M.; TAMANINI, C.; MARI, G.; ZAMBELLI, D.;
GALEATI, G. Comparative 456 immunolocalization of GLUTs 1, 2, 3 and 5 in boar,
stallion and dog spermatozoa. Reproduction Domestics Animals, 2010. 45:315-

322.

BUCCI, D.; RODRIGUEZ-GIL, J.E.; VALLORANI, C.; SPINACI, M.; GALEATI, G.;
TAMANINI, C. GLUTs and Mammalian Sperm Metabolism. Journal Andrology,
2011. 32:348-355.

CARNEIRO, J.AM.; CANISSO, LF.; BANDEIRA, R.S.; SCHEEREN, V.F.C;

FREITAS-DELI’AQUA, C.P.; ALVARENGA, M.A.; PAPA, F.O.; DELI’AQUA, J.A.

Effects of coenzyme Q10 on semen cryopreservation of stallions classified as having

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 94



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

good or bad semen freezing ability. Animal Reproduction Science, 2018. 192:107-
118.

CATALA, A. An overview of lipid peroxidation with emphasis in outer segments of
photoreceptors and the chemiluminescence assay. The International Journal of

Biochemistry and Cell Biology. 2006. 38:1482-1495.

CHAMPE, P.C.; HARVEY, R.A.; FERRIER, D.R. Bioquimica Ilustrada. 3% ed.
Porto Alegre: Artmed, 2006. 534.

CORDERO-MARTINEZ, J.; FLORES-ALONSO, J.C.; AGUIRRE-ALVARADO, C.;
DE ANDA, N.; ALCANTARA-FARFAN, V.; GARCIA-PEREZ, C.; BERMUDEZ-
RUIZ, K.F.; JIMENEZGUTIERREZ, G.E.; RODRIGUEZ-PAEZ, L. Influence of
Echeveria gibbiflora DC aqueous crude extract on mouse sperm energy metabolism

and calcium-dependent channels, Journal of Ethnopharmacology, 2019.

COX, M.; NELSON, D.L. Lehninger Principios da Bioquimica. 3% ed. Sao Paulo:
Sarvier, 2002:975.

DEMARCO, I.A.; ESPINOSA, F.; EDWARDS, J. Involvement of a Nat/HCO3 co-
transporter in mouse sperm capacitation. Journal Biology Chemical, 2003.

278:7001-7009.

DEVLIN, T.M. Textbook of Biochemistry with Clinical Correlations. Fourth
Edition. New York: John Wiley & Sons, 1997:827.

DIAS, E.A.R.; CAMPANHOLI, S.P.; ROSSI, G.F.; FREITAS DELI’AQUA, C.P;
DELL’AQUA, J.A.; PAPA, F.O.; ZORZETTO, M.F.; DE PAZ, C.C.P.; OLIVEIRA, L.Z.;
MERCADANTE, M.E.Z.; MONTEIRO, F.M. Evaluation of cooling and freezing

systems of bovine semen. Animal Reproduction Science, 2018. 195:102-111.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 95



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

DIAS, T. R.; ALVES, M. G.; SILVA, B. M. OLIVEIRA, P. F. Sperm glucose transport
and metabolism in diabetic individuals. Molecular and Cellular Endocrinology,

2014. 396:37-45.

DOGAN, I.; POLAT, U.; NUR, Z. Correlations between seminal plasma enzyme
activities and semen parameters in seminal fluid of Arabian horses. Iranian

Journal of Veterinary Research, 2009. 10:119-124.

FABBROCINI, A.; DEL SORBO, C.; FASANO, G.; SANSONE, G. Effect of
differential addition of glycerol and pyruvate to extender on cryopreservation of

Mediterranean buffalo (h.bubalis) spermatozoa. Theriogenology, 2000. 54:193-207.

FERNANDEZ-NOVELL, J.M.; BALLESTER, J.; ALTIRRIBA, J.; RAMIO-LLUCH,
L.; BARBERA, A.; GOMIS, R. Glucose and fructose as functional modulators of
overall dog, but not boar sperm function. Reproduction, Fertility and

Development, 2011. 23:468-80.

FORD, W.C.L. Glycolysis and sperm motility: does a spoonful of sugar help the
flagellum go round? Human reproduction, 2006. 12:269-274.

FORD, W.C.L. The oxidation of glycerol 3-phosphate by testicular and epididymal
spermatozoa. Comparative Biochemistry and Physiology, 1980. 68:289-293.

FRENKEL, G.; PETERSON, R.M.;, FREUND, M. Oxidative and glycolytic
metabolism of semen components by washed guinea-pig spermatozoa. Fertility

Sterility, 1975. 26:144-147.

FU, J.; LI, Y.; WANG, L.; ZHEN, L.; YANG, Q.; LI, P.; LI, X. Bovine serum albumin
and skim-milk improve boar sperm motility by enhancing energy metabolism and
protein modifications during liquid storage at 17°C. Theriogenology, 2017. 102:87-
97.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 96



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

GAUTIER, C.; BARRIER-BATTUT, I.; GUENON, I; GOUX, D.; DELALANDE, C.;
BOURAIMA-LELONG, H. Implication of the estrogen receptors GPER, ESR1, ESR2
in post-testicular maturations of equine spermatozoa. General and Comparative

Endocrinology. General and Comparative Endocrinology, 2016. 233:100-108.

GIBB, Z.; AITKEN, R.J. The impact of sperm metabolism during in vitro Storage:
the stallion as a model. BioMed Research International, 2016. p8.

GIBB, Z.; LAMBOURNE, S.R.; AITKEN, R.J. The paradoxical relationship between
stallion fertility and oxidative stress. Biology of Reproduction, 2014. 91:1-10.

GIBB, Z.; LAMBOURNE, S.R.; QUADRELLI, J.; SMITH, N.D.; AITKEN, R.J. L-
Carnitine and Pyruvate Are Prosurvival Factors During the Storage of Stallion
Spermatozoa at Room Temperature. Biology of Reproduction, 2015. 93(4):104, 1—
9

GIL, J.; RODRIGUEZ-IRAZOQUI, M.; LUNDEHEIM, N.; SODERQUIST, L.
RODRIGUEZ-MARTINEZ, H. Fertility of ram semen frozen in Bioexcell and used
for cervical artificial insemination. Theriogenology, 2003. 59:1157-1170.

GUIDO, C.; PERROTTA, I1.; PANZA, S.; MIDDEA, E.; AVENA, P.; SANTORO, M,;
MARSICO, S.; IMBROGNO, P.; ANDO, S.; AQUILA, S. Human sperm physiology:
estrogen receptor alpha (ERa) and estrogen receptor beta (ERB) influence sperm
metabolism and may be involved in the pathophysiology of varicocele associated

male infertility. Journal of Cell Physiology, 2011. 226(12):3403-12

GUO, H.; CHANG, Z.; ZHANG, Z.; ZHAO, Y.; JIANG, X.; YU, H.; ZHANG, Y.; ZHAO,
R.; HE, B. Extracellular ATPs produced in seminal plasma exosomes regulate boar

sperm motility and mitochondrial metabolism, Theriogenology, 2019. 139:113-120.
HAMMERSTEDT, R.H. Use of sperm cells as a model for the study of metabolism.

In: LENNON, D.L.F.; STRATMAN, F.W.; ZAHLTEN, R.N. Biochemistry of
Metabolic Processes. New York: Elsevier, 1983:29-38.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 97



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

HARTWIG, F.P.; LISBOA, F.P. ; HARTWIG, F.P. ; MONTEIRO, G.A. ; MAZIERO,
R.R.D.; FREITAS, C.P.; FREITAS-DELL'AQUA, C.P. ; ALVARENGA, M. A. ; PAPA,
F.O. ; DELI’AQUA, J.A. Use of cholesterol-loaded cyclodextrin: An alternative for
bad cooler stallions. Theriogenology, 2014. 81:340-346.

HERNANDEZ-AVILES, C.; LOVE, C.C; SERAFINI, R.; RAMIREZ-AGAMEZ, L.;
FRIEDRICH, M.; GHOSH, S.; TEAGUE, S.R.; LACAZE, K.A.; BRINSKO, S.P,;
VARNER, D.D. Effects of glucose concentration in semen extender and storage
temperature on stallion sperm quality following long-term cooled storage.

Theriogenology, 2020. 147:1-9.

HESS, R.A; BUNIK, D.; BAHR, J.M. Sperm, a source of estrogen. Environmental
Health Perspective, 1995. 10:59-62.

HO, H.C.; SUAREZ, S.S. Hyperactivation of mammalian spermatozoa: function and
regulation. Reproduction, 2001. 122:519-526.

HOLT, W.V.; HARRISON, R.A. Bicarbonate stimulation of boar sperm motility via
a protein kinase A-dependent pathway: between-cell and between ejaculate
differences are not due to deficiencies in protein kinase A activation. Journal

Andrology, 2002. 23:557-565.

JOSEPH, A.; HESS, R.A.; SCHAEFFER, D.J.; KO, C.; HUDGIN-SPIVEY, S.;
CHAMBON, P.; SHUR, B.D. Absence of estrogen receptor alpha leads to
physiological alterations in the mouse epididymis and consequent defects in sperm

function. Biology of Reproduction, 2010. 82, 948-57.
KEVHANI, E.; STOREY, B. Energy conservation capacity and morphological
integrity of mitochondria in hypotonically treated rabbit epididymal spermatozoa.

Biochimica et biophysica Acta, 1973. 305:557-569.

KOPPERS, A. J.; DE-LULIIS, G. N.; FINNIE, J. M.; MCLAUGHLIN, E.A.; AITKEN,

R. J. Significance of Mitochondrial Reactive Oxygen Species in the Generation of

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 98



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

Oxidative Stress in Spermatozoa. The Journal of Clinical Endocrinology &

Metabolism, 2008. 93: 3199-3207.

LISBOA, F.P.; HARTWIG, F.P.; FREITAS-DELI’AQUA, C.P.; HARTWIG, F.P;
PAPA, F.O.; DELL’AQUA, J.A. Improvement of cooled equine semen by addition of

carnitines. Journal of Equine Veterinary Science, 2014. 34(1):48.

LOOMIS, P.R. Advanced methods for handling and preparation of stallion semen.
Veterinary Clinical North America, 2006. 22:663-676.

LUCONI, M.; BALDI, E. How do sperm swim? Molecular mechanisms underlying
sperm motility. Cell Molecular Biology, 2003. 49:357-369.

MACHADO, U.F.; SHAAN, B.D.; SERAPHIN, P.M. Transportadores de glucose na
sindrome metabdlica. Arquivo Brasileiro Endocrinologia Metabologia, 2006.

50:177-189.

MAIA, M.S.; BICUDO, S.D. Radicais livres, antioxidantes e funcio espermatica em
mamiferos: uma revisdo. Revista Brasileira de Reproducao Animal. 2009.

33:183-193.

MANN, T. Metabolism of semen: fructolysis, respiration and sperm energetics. In:
MANN, T. The Biochemistry of Semen and of the Male Reproductive Tract,
New York: Barnes and Noble, 1964:265-307.

MANN, T.; LUTWAK-MANN, C. Biochemistry of spermatozoa: chemical and
functional correlations in ejaculated semen, andrological aspects. In: MANN, T;
LUTWAK-MANN, C. Male reproductive function and semen. New York:
Springer-Verlag, 1981:195-268.

MARIN, S.; CHIANG, K.; BASSILIAN, S.; LEE, W.; BOROS, L.G.; FERNANDEZ-
NOVELL, J.M. Metabolic strategy of boar spermatozoa revealed by a metabolomic

characterization. FEBS Letters, 2003. 554:342-6.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 99



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

MARQUEZ, B.; SUAREZ, S.S. Different signaling pathways in bovine sperm
regulate capacitation and hyperactivation. Biology Reproduction, 2004. 70:1626-
1633.

MARTIN-CANO, F. E.; GAITSKELL-PHILLIPS, G.; ORTIZ-RODRIGUEZ, J. M.;
SILVA-RODRIGUEZ, A.; ROMAN, A; ROJO-DOMINGUEZ, P.; ALONSO-
RODRIGUEZ, E.; TAPIA, J. A; GIL, M. C.; ORTEGA-FERRUSOLA, C.; PENA, F.
J. Proteomic profiling of stallion spermatozoa suggests changes in metabolism and

compromised redox regulation after cryopreservation. Journal of Proteomics,

2020. 221:1-14.

MARZZOCO, A.; TORRES, B.B. Bioquimica Basica. Guanabara Koogan: Rio de
Janeiro, 1999:360.

MAXWELL, W.M.C.; WELCH, G.R.; JOHNSON, L.A. Viability and membrane
integrity of spermatozoa after dilution and flow cytometric sorting in the presence
or absence of seminal plasma. Reproduction, Fertility and Development, 1997.

8:1165-78.

MIRAGLIA, E.; LUSSIANA, C.; VIARISIO, D.; RACCA, C.; CIPRIANI, A,
GAZZANO, E.; BOSIA, A.; REVELLI, A.; GHIGO, D. The pentose phosphate
pathway plays an essential role in supporting human sperm capacitation. Fertility

and Sterility, 2010. 93:2437-2440.

MOORE, A.; SQUIRES, E.; GRAHAM, J. Effect of seminal plasma on the
cryopreservation of equine spermatozoa. Theriogenology, 2005. 63:2372-81.

MORRIS, L.; TIPLADY, C.; ALLEN, W.R. The in vivo fertility of cauda epididymal
spermatozoa in the horse. Theriogenology. 2002. 58: 643-6.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 100



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

MURRAY, R.K.; GRANNER, D.K.; MAYES, P.A.; RODWELL, V.W. Harper's
Illustrated Biochemistry. Twenty-five Edition. McGraw-Hill: Lange Medical
Books, 2000:692.

NELSON, D.L.; COX, M.M. Lehninger Principios da Bioquimica, 6.ed. Porto
Alegre: Artmed; 2014.

NESCI, S.; SPINACI, M.; GALEATI, G.; NEROZZI, C.; PAGLIARANI, A.; ALGIERI,
C.; TAMANINI, C.; BUCCI, D. Sperm function and mitochondrial activity: An
insight on boar sperm metabolism. Theriogenology, 2020. 144:82-88.

PAGL, R.; AURICH, J.E.; MULLER-SCHLOSSER, F.; KANKOFER, M.; AURICH,
C. Comparison of an extender containing defined milk protein fractions with a skim
milk-based extender for storage of equine semen at 5-8°C. Theriogenology, 2006.

66:1115-1122.

PALLOTTINI, V.; BULZOMI, P.; GALLUZZO, P.; MARTINIC, M. Estrogen
regulation of adipose tissue functions: Involvement of estrogen receptor isoforms.

Infectious Disorders Drug, 2008. 8:52—60.

PALOMO, M.J.; FERNANDEZ-NOVELL, J.M.; PENA, A.; GUINOVART, J.J.;
RIGAU, T.; RODRIGUEZ-GIL, J.E. Glucose and fructose-induced dog-sperm
glycogen synthesis shows specific changes in the location of the sperm glycogen

deposition. Molecular Reproduction Development, 2003. 64:349-359.

PAPA, P.M.; MAZIERO, R.D.; GUASTI, P.N.; JUNQUEIRA, C.R.; FREITAS, C.P.;
PAPA, F.O.; VIANNA, F.P.; ALVARENGA, M.A.; CRESPILHO, A.M.; DELI’AQUA,
J.A. Effect of glycerol on the viability and fertility of cooled bovine semen.
Theriogenology, 2015. 83:107-113.

PESCH, S.; BERGMANN, M.; BOSTEDT, H. Determination of some enzymes and
macro and microelements in stallion seminal plasma and their correlations to semen

quality. Theriogenology, 2006. 66:307-313.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 101



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

QIU, J. H.; LI, Y. W,; XIE, H. L.; QING, L.; DONG, H. B.; SUN, M.J, GAO, W. Q.;
TAN, J. H. Effects of glucose metabolism pathways on sperm motility and oxidative
status during long-term liquid storage of goat semen. Theriogenology, 2016.

86(3):839-849.

RAGO, V.; GIORDANO, F.; BRUNELLI, E.; ZITO, D.; AQUILA, S.; CARPINO, A.
Identification of G protein-coupled estrogen receptor in human and pig spermatozoa.

Journal of Anatomy, 2014. 224, 732-6.

RAJENDER, S.; RAHUL, P.; MAHDI, A.A. Mitochondria, spermatogenesis and male
infertility. Mitochondrion, 2010. 10:419-428.

RICKER, J.V.; LINFOR, J.J.; DELFINO, W.J.; KYSAR, P.; SCHOLTZ, E.L. Equine
sperm membrane phase behavior: the effects of lipid-based cryoprotectants. Biology

Reproduction, 2006. 74:359-365.

RIGAU, T.; RIVERA, M.; PALOMO, M.J.; FERNANDEZ-NOVELL, J.M.; MOGAS,
T.; BALLESTER, J. Differential effects of glucose and fructose on hexose metabolism
in dog spermatozoa. Reproduction, 2002. 123:579-591.

RODRIGUEZ-Gil, J. Mammalian sperm energy resources management and survival
during conservation in refrigeration. Reproduction in Domestic Animals, 2006.

41:11-20.

RODRiGUEZ-GIL, J.E.; BONET, S. Current knowledge on boar sperm metabolism:

Comparison with other mammalian species. Theriogenology, 2016. 85: 4-11.

RUIZ-PESINI, E.; DIEZ-SANCHEZ, C.; LOPEZ-PEREZ, M.J., ENRIQUEZ, J.A. The
role of the mitochondrion in sperm function: is there a place for oxidative
phosphorylation or is this a purely glycolytic process? Current Topics in

Developmental Biology, 2007. 77:3-19.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 102



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

SALAHUDEEN, A.K.; CLARK, E.C.; NATH, K.A. Hydrogen peroxide-induced renal
injury. Journal Clinical Investigation, 1991. 88:1886-1893.

SILVA, E.J.; PATRAO, M.T.; TSURUTA, J.K.; ORAND, M.G.; AVELLAR, M.C.
Epididymal protease inhibitor (EPPIN) is differentially expressed in the male rat
reproductive tract and immunolocalized in maturing spermatozoa. Molecular

Reproduction Development, 2012. 79:832-842.

STOREY, B.T. Mammalian sperm metabolism: Oxygen and sugar, friend and foe.
International Journal of Development of Biology, 2008. 52:427-37.

THANGAMANI, A.; SRINIVAS, M., CHANDRA-PRASAD, B.; ANUSHA, K,
SADASIVA-RAO, K. Semen additives for improves motility and fertility of bovine
spermatozoa — A review. International Journal of Science, Environment and

Technology, 2018. 7:554-560.

TORRES, M.A.; DiAZ, R.; BOGUEN, R.; MARTINS, S.M.; RAVAGNANI, G.M.;
LEAL, D.F.; OLIVEIRA, M.L.; MURO, B.B.D.; PARRA, B.M.; MEIRELLES, F.V;
PAPA, F.O.; DELI’AQUA, J.A.; ALVARENGA, M.A.; MORETTI, A.S.; SEPULVEDA,
N.; DE ANDRADE, A.F.C. Novel Flow Cytometry Analyses of Boar Sperm Viability:
Can the Addition of Whole Sperm-Rich Fraction Seminal Plasma to Frozen-Thawed
Boar Sperm Affect It? Plos One, 2016. 11:1-20.

VARMA, S.D.; DEVAMANOHARAN, P.S.; MORRIS, S.M. Photoinduction of
cataracts in rat lens in vitro: preventive effect of pyruvate. Experimental Eye

Research, 1990. 50:805-812.

VARNER, D.; JOHNSON, L. From a Sperm’s View — Revisiting Our Perception of
This Intriguing Cell. AEEP Proceedings, 2007. 53:104-177.

VARNER, D.D.D.; GIBB, Z.; AITKEN, R.J. Stallion fertility: A focus on the
spermatozoon. Equine Veterinary Journal. 2015. 47:16-24.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 103



Lisboa, Mazzuchini, Papa, Del’Aqua Junior Sperm energy metabolism

WEBB, G.W.; ARNS, M.d. Effect of Pyruvate and Lactate on Motility of Cold Stored
Stallion Spermatozoa Challenged by Hydrogen Peroxide. Journal Equine
Veterinary Science, 2006. 26:406-411.

YANAGIMACHI, R. Male gamete contributions to the embryo. Annals of the New
York Academy Science, 2005. 1061: 203-207.

Vet. Not. | Uberlandia, MG | v.27 | n.2 | p.72-104 | jul./dez. 2021 | ISSN 1983-0777 104



