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INTRODUCTION 

 

All living cells, including spermatozoa, need energy to grow and 

function. Spermatozoa require adenosine triphosphate (ATP) 

for successful fertilization and hyperactivation, acrosome 

reactions, motility, and capacitation. ATP is generated from 

adenosine diphosphate (ADP), so the adding and removing 

phosphate groups from the ADP molecule is the main activity 

of all life duration (Mukai and Travis 2012; Mannowetz et al. 

2012).  

Spermatozoa consist of special structures (du Plessis et al. 

2015). Major metabolic pathways taking place in spermatozoa 

are adenosine triphosphate (ATP), oxidative phosphorylation 

(OXPHOS), and glycolysis, which provide spermatozoa with 

the necessary energy to perform their basic functions 

(Sengupta et al. 2020). ATP is produced by glycolysis in the tail 

and head. ATP is also produced by OXPHOS in mitochondria. 

In proportion to glycolysis, mitochondrial respiration is 

thought to be a more effective ATP-building process. Although 

many researchers have reported that ATP is formed by 

glycolysis along the flagellum, it is believed that the energy 

necessary for sperm motility is primarily created by respiration 

(Ferramosca et al. 2008). 

 

Cellular Respiration 

 

ATP production can be aerobic or anaerobic. The enzymes 

needed for glycolysis are mainly found in the sheet in the main 

part of the tail. OXPHOS, conversely, takes place in the 

mitochondria situated in the middle part. OXPHOS is a more 

effectual ATP production method than glycolysis (Storey 2008). 

During spermatogenesis, deoxyribonucleic acid (DNA) 

condenses into a crystalline structure that provides mechanical 

protection against damage from reactive oxygen species (ROS) 

and allows sperm to be organized for easy motility (Miller et al. 

2010). 

Activation of sperm flagellar motility requires energy 

metabolism and activation of motor organs. Flagellar motion is 

commenced by the motor activity of axonal dynein arms to 

stabilize microtubule pairs (Tash 1989). The initiation of 

flagellar movement depends on the phosphorylation of axonal 

dynein. Dynein ATPase is then enabled. After hydrolysis, ATP 

is transformed into a force that causes the microtubules to 

slide against each other (Shingyoji et al. 1977). The calmodulin-

dependent protein phosphatase calcineurin phosphorylates 

dynein then reverses the process (Smith 2002). 

Phosphorylation, dephosphorylation, corresponding 

inactivation and activation of dynein arms take place 

asynchronously along the circumference and length of the 

axoneme (Wargo & Smith 2003). The axoneme folds radially in 

two directions and rearranges where the dynein arms are 

active. The changes in result are regulated by intracellular 

calcium (Ca+2) (Nakano et al. 2003). 

Axonemes require a constant supply of ATP to keep going the 

functions of the female and male reproductive systems. 

Spermatozoa can utilize an assortment of monosaccharides 

such as fructose, glucose, mannose and can metabolize 

pyruvate, lactate, glycerol and acetate via the glycolytic 

pathway. Enormous polar molecules like glucose cannot cross 

the membrane and their transportation is made easier by 

membrane-bound proteins (Kasahara and Hinkle 1977). These 

proteins are generally divided into two groups. The first is the 

sodium-linked glucose transporter (SGLT), which is bound to 

ATP, and the second is the facilitating sugar transporter 

(GLUT, glucose transporter) (Mueckler et al. 1985; Scheepers 

et al. 2004), which provides passive transmembrane channels 

for sugars. GLUTs are classified according to their ability to 

transport vitamins, amino sugars, and hexose sugars (such as 

fructose, mannitol, glucose) (Angulo 1998). During glycolysis, 

monosaccharides with six carbons are transformed into two 

pyruvate molecules (du Plessis et al. 2015). 

In the next step, the acetyl group is obtained from acetyl-CoA, 

the carboxyl group is lost in the form of CO2, and the pyruvate 

is further oxidized. The acetyl group is then oxidized to CO2 

through the citric acid cycle. Electron donors, such as NADH 

and FADH2, are formed because of metabolic processes such 

as glycolysis, fatty acid oxidation and the citric acid cycle. These 

molecules with high electron transfer potentials are high-

energy molecules. Electron flow then passes from FADH2 or 

NADH to O2 through protein complexes positioned in the 

internal mitochondrial membrane. The proton motivating force 

is due to the pumping of protons, which results in an uneven 

distribution of protons in the mitochondrial matrix due to 

electron transfer. ATP is synthesized by ATP synthase as the 

proton is returned to the substrate (Erecińska and Wilson 

1978; Gnaiger 2001). 

 

Glycolysis 

 

The mitochondria responsible for sperm respiration and 

oxidative phosphorylation are positioned in the middle of 

sperm. The tail and head of the sperm do not have respiratory  
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enzymes but do have glycolytic enzymes, that’s why they are 

called glycolytic active sites (Travis and Kopf 2002). Therefore, 

glycolysis is a crucial road for ATP generation in spermatozoa. 

These enzymes are mainly positioned in the fibrous sheet of 

most of the tail, which is required for glycolysis. Several 

glycolytic enzymes specific to these cells are found in a fibrous 

sheet of spermatozoa. These are hexokinase, 

phosphofructokinase, glyceraldehyde-3-phosphate 

dehydrogenase (GAPD), phosphoglucokinase isomerase, and 

LDH (Cárdenas et al. 1998). After hexose metabolism is 

initiated, the major control steps of glycolysis are sugar 

isomerization and phosphorylation to produce glucose-6-

phosphate, one of the major intermediate metabolites (Rigau 

et al. 2002). This step of phosphorylation of monosaccharides 

is controlled by a family of hexokinase proteins with high 

affinity for glucose. It has been reported to trigger a maximum 

rhythm of glucose usage in canine and porcine spermatozoa 

even at glucose levels as small as 1-5 mM. In this way, 

mammalian spermatozoa produce very quick and concentrated 

metabolic responses to use glucose, even at very little 

concentrations (Storey 2008). 

Glucose molecules are overthrown to pyruvate molecules by 

an enzyme-catalyzed reaction. Some of the free energy 

released by the successive glycolytic reactions is conserved in 

the creation of NADH and ATP. The fortune of pyruvate 

changes depends upon environmental status. Pyruvate gets into 

the citric acid cycle; under anaerobic conditions, it turns into 

lactic acid under aerobic conditions (Pasupuleti 2007). 

 

Oxidative Phosphorylation 

 

However, after glucose is turned into pyruvate by glycolysis, 

just an exiguous part of the entire free energy of glucose is 

released. The molecules of oxidized glucose are 30 molecules 

of ATP. Glycolysis releases only 2 ATP molecules. Therefore, 

glucose metabolism in mitochondria can generate 15 times 

more ATP (Kim et al. 2007). 

OXPHOS is an extra complex procedure that occurs in an 

organized manner and contains two constituents of the inner 

mitochondrial membrane, ATP synthase, and respiratory chain. 

The most important factor in determining the OXPHOS ratio 

is the availability of ADP. Although sperm can keep alive solely 

on glycolytic energy, they require OXPHOS to mature and 

differentiate. Mitochondria play key role in ATP production 

through OXPHOS. This is why they are called the "power 

plants" of the cell. Mitochondria make up the majority (~15-

22%) of the total cell volume and an adult sperm contains 

approximately 72-80 mitochondria (Rajender et al. 2010). 

Although mitochondria consist of four distinct parts (outer 

mitochondrial membrane, intermembrane space, inner 

mitochondrial membrane, and a matrix), sperm mitochondria 

are functionally and morphologically diverse from somatic 

mitochondria (Piomboni et al. 2012). These differentiations can 

be based on the hard packing of mitochondria around the 

sperm axofilament. This tight junction is formed by 

selenoproteins and disulfide bonds that confer mitochondrial 

stability (Calvin 1981). The inner mitochondrial membrane 

bends into formations called cristae, which are the major places 

for the creation of ATP and OXPHOS. Mitochondria in 

spermatozoa have isoenzyme isoforms and specific proteins 

not detected in somatic mitochondria, such as VIb, cytochrome 

C, lactate dehydrogenase (LDH), and the hexokinase subunit 

of cytochrome C oxidase (Hess et al. 1993; Hüttemann et al. 

2003; Goldberg et al. 1977). 

Mammalian spermatozoa can also generate energy with 

anaerobic glycolysis or pyruvate oxidation. Mitochondrial 

lactate dehydrogenase X (LDH-X) allows NADH to oxidize 

pyruvate to lactate (Blanco and Zinkham 1963). Concerning 

sperm motility, changes in enzymatic activity in the 

mitochondrial respiratory chain may have an effect (Luft 1995). 

The electron transport chain is obtained of four multimeric 

complexes (complexes I, II, III, and IV) and two mobile couriers 

(cytochrome C and coenzyme Q) (Luft 1994).  

The first largest element of the mitochondrial respiratory chain 

is NADH dehydrogenase or complex I. Complex I catalyzes the 

oxidation of NADH within mitochondria, firstly from the 

shuttle mentioned above and secondly from a few 

dehydrogenase reactions that occur within mitochondria 

(Koopman et al. 2010). A substrate named succinate is for 

succinate dehydrogenase or complex II, which is an 

intermediary in a citric acid cycle. Complex II does not carry 

protons into the intermembrane area and thus does not 

conduce to the production of the proton motivating power 

(Rutter et al. 2010). Cytochrome BC1 or complex III is larger 

than complex II. Complex IIIs functions are as a homodimer in 

the inner mitochondrial membrane. Complex III can be 

inhibited by antimycin A and methimazole, whose reduced 

equivalents target small molecules of cytochrome C (Zara et 

al. 2009). The final componentry of the mitochondrial 

respiratory chain is the IV complex or the other name is 

cytochrome C oxidase. The complex IV receives reducing 

equivalents from cytochrome C and releases them into the O2 

molecule to form H2O. The complex IV is specifically blocked 

by azide, cyanide and CO (Fontanesi et al. 2008). 

ATP synthase is physiologically linked with the mitochondrial 

respiratory chain (Devenish et al. 2008). This complex consists 

of two major components, F1-ATPase and Fo-ATPase, located 

in the inner membrane. The Fo-ATPase includes proton 

channels from the intermembrane gap to the substrate, while 

the F1-ATPase catalyzes ATP synthesis. Thus, ATP synthase 

utilizes the physiologically distributed free energy in the inner 

mitochondrial membrane to synthesize ATP (Boyer 2001). 

Oligomycin is a potent and private inhibitor of Fo-ATPase that 

ties up ATP synthesis, thereby blocking mitochondrial 

respiration (Wittig and Schägger 2009).  

Some researchers reported that the gene SLC22A14, a 

biological cation carrier-like protein, is one of the genes 

essential in the male fertility. They indicated that SLC22A14 is 

positioned in the inner mitochondrial membrane in the middle 

of sperm and is a riboflavin transporter. It has been reported 

that when the SLC22A14 gene is damaged, male motility is 

suppressed, leading to infertility. In addition, removal of this 

gene has been reported to impair fatty acid beta-oxidation and 

flavinase activity. Disruption of the riboflavin transporter has 

also been shown to inhibit oxidative phosphorylation (Kuang 

et al. 2021). 

Medium with high glucose concentrations has been reported 

to inhibit mitochondrial activity in naturally derived sperm as 

compared with sperm in medium with low glucose 

concentrations. Under these conditions, oxygen consumption 

in spermatozoa should decrease and the ability to respire 

should decrease. However, mitochondrial function was more 

pronounced in thawed sperm than in natural sperm (p<0.05). 

This increase is thought to be due to "nonproductive" oxygen 
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consumption to maintain the mitochondrial proton gradient 

(Moraes et al. 2021).  

Melatonin has been reported to inhibit mitochondrial 

permeability transition pore (MPTP) inauguration and lactate 

concentration and to improve ATP production and acetyl-CoA 

concentration, as well as sperm motility and viability. Melatonin 

was reported to inhibit the permeability of FOF1-ATP 

synthase, isocitrate dehydrogenase, citrate synthase, and 

oxoglutarate dehydrogenase complexes from mitochondria to 

the cytoplasmic fraction induced by MPTP inauguration. They 

also indicated that melatonin increases the activity of 

complexes I, II, III, IV, and the oxygen utilization capability of 

frozen-thawed spermatozoa by increasing mRNA expression 

of respiratory chain complex components. They showed that 

melatonin enhances OXPHOS in frozen-thawed ram sperm by 

inhibiting cryopreservation-induced MPTP inauguration (Fang 

et al. 2020).  

Moderate addition of glucose to porcine spermatozoa was 

found to increase ATP and GSH/GSSG ratios and linear 

motility, and to reduce reactive oxygen species values 

compared to spermatozoa without glucose. In addition, sperm 

with added glucose were reported to have higher NADPH 

levels, higher glucose-6-phosphate dehydrogenase (G6PD) 

activity, higher mitochondrial activity, and a higher 

NADPH/NADP+ ratio. However, they found that 1,6-

bisphosphate fructose aldolase (ALDOA) was unchanged. It has 

been reported that 6-aminonicotinamide, a G6PD inhibitor, 

decreases linear sperm motility. Itaconic acid is a cellular 

regulator of metabolic reprogramming (Wei et al. 2019). It is a 

metabolite resulting from the transformation of cis-aconitic 

acid, an intermediate in the tricarboxylic acid (TCA) cycle 

(Michelucci et al. 2013). They suggested that moderate glucose 

increases sperm itaconic acid content and both endogenous 

and exogenous itaconic acid increases total itaconic acid-

modified and itaconic acid-modified ALDOA content. Also, 

addition of itaconic acid inhibits glycolytic enzymes to activate 

glycolysis and increase oxidative phosphorylation (OXPHOS) 

to improve linear sperm motility patterns. Thus, it has been 

reported that itaconic acid produced by OXPHOS arranges the 

glycolytic/PPP passing to maintain redox homeostasis. An 

itaconic acid-dependent mechanism acts a momentous role in 

keeping going linear sperm motility (Zhu et al. 2020).  

Phosphoglycerate kinase 2 (PGK2), testis-specific 

glyceraldehyde-3-phosphate dehydrogenase (GAPDHS) and 

lactate dehydrogenase (LDHC) are expressed only during 

post-meiotic spermatogenesis. Although expression levels 

were higher in youngs, lower expression rates of these 

glycolytic enzymes were detected in olds. The expression of 

these enzymes was also found to be low in weak and immature 

spermatozoa. The expression rates of PGK2, LDHC, and 

GAPDHS in spermatozoa were related to sperm linear 

motility. Studies have shown that the expression of PGK2, 

LDHC, and GAPDHS in spermatozoa may be related to sperm 

qualification and that there may be the same molecular 

mechanisms in immature and weak spermatozoa that account 

for sperm quality (Liu et al. 2019). 
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