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A b s t r a c t  
 

Seminal plasma is a multicomponent fluid that serves as a vehicle for delivering spermatozoa 

to the oocyte. This fluid transports male gametes and provides their protection and nutrition during 

further movement in the female genital tract (T.R. Talluri et al., 2017). Thereby, understanding the 

effect of the components of seminal plasma on reproductive cells, as well as the search for markers of 

cryo-resistance and sperm fertility is undoubtedly interesting for researchers. Because stallion sperm 

lifespan, capacitation capacity, and fertility vary widely between individuals, it is important for horse 

breeding to investigate the factors that influence these parameters. The purpose of our review is to 

analyze current publications on the study of biochemical markers that characterize sperm quality 

and to consider methods for determining reactive oxygen species and oxidative stress products in 

spermatozoa and seminal plasma. Metabolites of seminal plasma, enzymes activity in it, indicators of 

oxidative stress and antioxidant defense system can serve as biochemical markers of sperm quality (S. 

Pesch et al., 2006). To ensure motility, spermatozoa need a large amount of ATP. Monosaccharides 

and organic acids such as lactate, pyruvate, citrate, and succinate are good energy substrates for these 

cells. This gives rise to interest in them as markers of fertility (C.R. Darr et al., 2016; E.B. Menezes 

et al., 2019; M.F. Lay et al., 2001). The concentration of nitric oxide (II) metabolites is another 

promising indicator for assessing the quality of stallions sperm, since it plays an important role in the 

regulation of sperm motility and capacitation and the fertilization process (M.B. Herrero et al., 2000; 

P.T. Goud et al., 2008; F. Francavilla et al., 2000). Among enzymes of seminal plasma, lactate dehy-

drogenase, alanine and aspartate aminosferases, γ-glutamyl transpeptidase are of interest. While semen 

analysis is considered the gold standard for diagnosing male fertility, it cannot detect the molecular 

abnormalities that are responsible for unexplained cases of male infertility. Currently, oxidative stress 

is considered one of the main causes of such phenomena. It damages sperm proteins, lipids and DNA, 

which in turn leads to poor embryo implantation and a decrease in pregnancy rates. In this review, the 

main producers of free radicals in sperm and the antioxidant defense system of male gametes as well 

as methods for the determination of reactive oxygen species and end products of oxidative stress in 

spermatozoa and seminal plasma are considered (A. Agarwal et al., 2003; S. Bisht et al., 2017; H. Sies, 

2018). Based on the literature data, it was concluded that biochemical markers, such as seminal plasma 

metabolites, enzyme activity in it, and indicators of oxidative stress, have significant potential for 

characterizing stallion sperm quality. 
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Sperm consists of spermatozoa suspended in a liquid medium called 

seminal plasma which is secreted by the epididymis and accessory gonads be-

fore and during ejaculation. Seminal plasma is a complex fluid that serves as a 

vehicle for the delivery of ejaculated sperm on the way from the testes to their 

target, the oocyte. Seminal plasma not only transports spermatozoa, but also 

provides them with protection and nutrition during further movement in the 

female reproductive tract [1]. It consists of various biochemical components 
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such as proteins (including antioxidant and intracellular enzymes), metabolites, 

mineral elements that are important for the functioning of sperm [2]. These 

parameters have been recommended as markers of sperm quality because they 

indicate function and characterize sperm damage [3]. 

The anatomy of the accessory sex glands, the composition of their se-

cretions, and the chemical composition of seminal plasma differ not only be-

tween animal species, but also between individuals within a breed [3]. Since 

the lifespan of spermatozoa, their ability to capacitate and the fertility of stal-

lions varies from one individual to another, for a comprehensive assessment of 

the reproductive status of sires, it is necessary to study the factors influencing 

these indicators. 

The purpose of our review is to analyze current publications on the 

study of biochemical markers characterizing the quality of stallion sperm, and 

to consider methods for determining reactive oxygen species and oxidative 

stress products in sperm and seminal plasma. 

Sperm plasma metabol i te s. Of significant interest is the study of 

seminal plasma metabolites as markers of stallion fertility. Determination of 

metabolite concentrations is quite simple and can provide information about 

animal fertility and disease. Seminal plasma contains a large number of organic 

compounds. Thus, a study of the metabolome of bull sperm plasma using gas 

chromatography with mass spectrometric detection revealed 63 metabolites [4]. 

Of the low-molecular organic compounds, it contained the most fructose, cit-

ric, lactic, phosphoric acids and urea. At the same time, stallion sperm has a 

number of features, one of which is a low concentration of fructose and low 

fructolytic activity of sperm under anaerobic conditions [5]. 

Sperm motility is one of the most important properties determining 

male fertility. The movement of sperm along the female genital tract occurs 

independently and against the movement of the fluid. A significant amount of 

energy is required to ensure mobility. In this regard, sperm use different meth-

ods for producing ATP, the glycolysis in the cytoplasm (including through the 

involvement of fructose) and oxidative phosphorylation in mitochondria. It is 

believed that pyruvate is an important substrate for the production of energy 

by male reproductive cells, including stallions, under aerobic conditions [6]. 

In addition to oxidative decarboxylation of pyruvate and the Krebs cycle, β-

oxidation of fatty acids may occur in sperm as a source of reduced coenzymes 

for the respiratory chain [7]. There is also evidence that sperm mitochondria 

contain a lactate-oxidizing complex, which allows them to actively utilize lac-

tate as a source of pyruvate under aerobic conditions [7, 8]. Consequently, the 

content of lactic acid in seminal plasma is an important indicator of sperm 

energy metabolism. 

Citrate, another essential component of seminal plasma, enters the 

spermoplasm mainly with the secretion of the prostate gland. Despite the pres-

ence of mitochondria in spermatozoa, it is believed that the use of citrate in 

the tricarboxylic acid cycle does not have a significant effect on its concentra-

tion in the sperm plasma, since carbohydrates are the main source of energy 

for sperm movement. The main function of citrate is considered to be the 

binding of spermoplasm cations and maintaining osmotic balance [8]. There is 

evidence that the concentration of citrate in the sperm plasma reflects the 

androgen content in mammals [9]. 

Succinate is also of interest as an energy substrate for sperm. One recent 

study demonstrated that succinic acid is a good substrate for oxidation in mi-

tochondria during sperm capacitation, providing an increase in their proton 

potential [10]. The authors suggest that succinate is transported into mitochon-

dria using a dicarboxylate transporter. 
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Research on nitric oxide metabolites can provide information about 

fertility. NO is involved in many physiological processes, including the regu-

lation of reproductive function [11]. It is important for spermatogenesis, penile 

erection, folliculogenesis, and ovulation, among other things [12]. In sperm, 

NO plays an important role in the regulation of spermatozoa motility and 

capacitation [13]. However, the effect of NO on mammalian sperm is dose-

dependent. Low amounts of NO are beneficial, while high amounts appear to 

be harmful [14]. Spermatozoa are capable of producing NO, and its synthesis 

is critical for motility, capacitation, and fertilization [15-17]. NO has been 

shown to stimulate human sperm motility through activation of soluble guanyl-

ate cyclase, subsequent cGMP synthesis, and activation of cGMP-dependent 

protein kinases [18]. Information about the role of the NO system in stallion 

reproduction is rather limited [19]. However, immunohistochemical studies 

have demonstrated the presence of all three isoforms of nitric oxide synthase 

NOS (eNOS, nNOS, and iNOS) in the stallion reproductive system, with their 

expression varying between different cell types [20]. In stallions, there is a 

positive correlation between NO production, on the one hand, and the motility 

and speed of sperm after thawing, on the other [21]. In old individuals, the 

concentration of NO metabolites in the seminal plasma is lower than in young 

individuals [21]. 

Semina l  p lasma enzymes. Assessment of enzyme activity in seminal 

plasma can be recommended as a biological marker of seminal fluid quality, 

since their content characterizes the function and reflects the integrity of sper-

matozoa [22, 23]. Changes in the activity of seminal plasma enzymes must be 

interpreted, taking into account where the enzyme is localized and how it 

enters the spermoplasm, whether it is actively secreted or appears in it due to 

a violation of the integrity and increased permeability of membranes. Thus, 

alkaline phosphatase is mainly derived from the testes and epididymis and can 

be used as a marker to differentiate azoospermia or oligospermia from ejacu-

latory failure in clinical cases [24]. In addition, this enzyme is secreted from 

the plasma membrane of spermatozoa [25]. 

Aspartate aminotransferase (AsAT) and alanine aminotransferase (AlAT) are 

intracellular enzymes found in the cytoplasmic droplets of sperm [26]. Increased 

activity of AsAT and AlAT in the spermoplasm of stallions may be associated 

with damage to the spermatozoa membrane [23]. Lactate dehydrogenase (LDH) is 

found in the cytosol, mitochondria, and plasma membrane of spermatozoa [27]. 

The enzyme gamma-glutamyl transpeptidase (GGT) is known to be located in 

the external region of spermatozoa [28]. GGT is an enzyme involved in the 

gamma-glutamyl cycle, which transports amino acids across membranes. In 

cells, the enzyme is present not only in the cytoplasmic membrane, but also in 

lysosomes and cytoplasm. 

In a study by S. Pesch et al. [23], LDH activity was significantly cor-

related with motility, live-to-dead sperm ratio of stallions, and sperm pathol-

ogy. The authors concluded that LDH can be considered the most prognosti-

cally significant enzyme for determining sperm quality. 

Ind ica to r s  o f  ox ida t i ve  s t r e s s  and  f e r t i l i t y  o f  s t a l l i on s. 

Although semen analysis is considered the gold standard for diagnosing male 

fertility, it cannot detect abnormalities at the molecular level that are respon-

sible for unexplained cases of infertility [29, 30]. Currently, oxidative stress 

(OS) is considered one of the main causes of unexplained cases of male infer-

tility [31]. OS leads to damage to proteins, lipids and DNA of sperm, which, 

in turn, causes poor embryo implantation and a decrease in pregnancy rates. 

In addition, it also affects the health of the offspring and can cause mutations 
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in the germline, leading to severe pathologies, polygenic disorders, and even 

cancer [32]). 

Oxidative stress is an imbalance between oxidants and antioxidants in 

favor of oxidants, leading to disruption of redox signaling and/or molecular 

damage [33]. Cell damage in OS occurs mainly due to the action of reactive 

oxygen species (ROS), which are represented by free radicals, the compounds 

that have unpaired electrons. These are hydroxyl radical (OHŁ), superoxide 

anion radical (O2Ł
), peroxide radicals (RO2Ł

), as well as non-radical mole-

cules with oxidizing properties, e.g., the singlet oxygen, hydrogen peroxide 

(H2O2), hypochlorous acid (HOCL), lipid peroxides (LOOH), ozone (O3) [34]. 

In addition to ROS, active forms of nitrogen, the nitric oxide (NO) and per-

oxynitrite (ONOO) play an important role in molecular damage during OS, 

although in some cases the name nitrosative stress is used for this process. 

Of the ROS, superoxide anion radical (O2Ł
), hydrogen peroxide 

(H2O2) and hydroxyl radical (OHŁ) are the most important for spermatozoa 

[35]. These compounds are sequentially formed during the reduction of oxygen 

in the respiratory chain of mitochondria: 

+e + e + 2H+ + e + H+ + e + H+, 

O2 → O2Ł
 → H2O2 → H2O + ОНŁ → 2H2O. 

Superoxide and hydroxyl radicals are unstable compounds with half-

lives of milli- and nanoseconds, respectively, causing these radicals to react at 

the site of their formation [36]. Hydrogen peroxide can be a source of for-

mation of hydroxyl radical, the most reactive ROS: 

H2O2 + Fe2+ → ОН + ОНŁ + Fe3+ (Fenton reaction); 

O2Ł
 + H2O2 → ОНŁ + ОН + O2 (Haber-Weiss reaction). 

At physiological concentrations, ROS are involved in capacitation by 

stimulating the synthesis of adenylate cyclase [37], in the acrosomal reaction 

by regulating the activity of protein kinases [27], and in sperm-oocyte fusion 

by inhibiting protein tyrosine phosphatase and thus maintaining phospholipase 

A2 activity [38]. 

The two most important sources of ROS for sperm are leukocytes and 

immature sperm [39]. Leukocytes, especially neutrophils and macrophages, are 

closely associated with excessive ROS production leading to male gamete dys-

function [32]. They produce approximately 1000 times more ROS than sperm. 

They play a significant role in genital tract infections, inflammation, and cel-

lular defense mechanisms [40, 41]. One recent study found a positive correla-

tion between leukocyte counts, ROS, and the number of sperm with frag-

mented DNA, and a negative correlation between leukocyte counts, sperm 

concentration, and spermatozoa motility [42]. 

Stallion spermatozoa are called “professional” producers of ROS (mainly 

superoxide and H2O2) due to their high mitochondrial activity. They are char-

acterized by a complex system for controlling redox homeostasis [43]. Since 

ROS damage the cellular structures near which they are formed, the study of 

ROS production in sperm is of significant interest. Mitochondria and the cy-

toplasmic membrane are most important for the production of ROS in sperm. 

The appearance of immature sperm, especially with excess residual cytoplasm, 

as well as various sperm abnormalities (residual cytoplasm or cytoplasmic drop-

lets) are associated with excessive ROS production [44, 45]]. Typically, such 

sperm are removed by Sertoli cells during spermatogenesis. Excessive ROS 

formation in cytoplasmic droplets is associated with the presence of the enzyme 

glucose-6-phosphate dehydrogenase, which produces NADPH, which is then 

oxidized by two oxidoreductases located in the cytoplasmic and mitochondrial 

membranes, respectively [46]. 
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Antioxidant protection of sperm. The specific cellular structure of 

sperm and their plasma membrane, the large number of mitochondria, the 

small volume of the cytoplasm and the low amount of antioxidants in it make 

male gametes quite vulnerable to damage by free radicals [47]. Enzymatic and 

non-enzymatic antioxidants are present in sperm. Enzymatic antioxidants are 

proteins that neutralize excess ROS and prevent damage to cellular structure. 

These include superoxide dismutase (SOD), catalase, glutathione peroxidase, 

and glutathione reductase [48]. Currently, these enzymes are considered as 

possible markers of cryotolerance in stallion spermatozoa [49, 50]. 

SOD (EC 1.15.1.1) catalyzes the reaction 2O2Ł
 + 2H+ → H2O2 + O2. 

The main task of superoxide dismutases is the removal of superoxide anion 

radicals. Superoxide is constantly formed during cell life as the first interme-

diate product in O2 reduction reactions. Its main producer is the mitochondrial 

respiratory chain [51]. SOD is a critical enzyme for the bioavailability of NO 

by preventing its reaction with superoxide and conversion to peroxynitrite [52]. 

In boar seminal plasma, extracellular SOD is detected, containing Cu and Zn 

as cofactors [53]. The results of the study by M. Kowalowka et al. [53] show 

that in boar, extracellular SOD serves as a seminal plasma antioxidant enzyme 

that plays an important physiological role in counteracting oxidative stress in 

sperm. It has been demonstrated that in stallions whose ejaculates have good 

freezing ability, SOD activity is higher than in the group with low cryoresistance, 

which is associated with the preservation of the integrity of the acrosomal 

membrane [49, 50]. 

Catalase (EC 1.11.1.6) is an enzyme that catalyzes the disproportiona-

tion reaction of hydrogen peroxide 2H2O2 → H2O + O2. This heme protein is 

also capable of oxidizing low molecular weight alcohols and nitrites in the 

presence of hydrogen peroxide. The presence of catalase in sperm has been 

demonstrated in sheep and cattle. It potentially plays a role in the aging process 

and OS control in cells [54]. Along with SOD and glutathione peroxidase, 

catalase serves as the main endogenous antioxidant enzyme in the seminal 

plasma of stallions [55]. 

Glutathione peroxidases (EC 1.11.1.9 and EC 1.11.1.12) catalyze the 

reduction of H2O2 or organic hydroperoxides to water or corresponding alco-

hols using reduced glutathione: 2GSH + H2O2 → GS-SG + 2H2O. Some glu-

tathione peroxidase isoenzymes contain selenium as a cofactor, which is linked 

to cysteine in their active site [56]. The level of reduced glutathione inside cells 

is maintained thanks to glutathione reductase, which reduces glutathione, and 

GGT, which transports glutathione into the cell. 

Non-enzymatic antioxidants include vitamin C, vitamin E, zinc, sele-

nium, taurine, hypotaurine, and glutathione [34]. Many of them exhibit their 

properties by being cofactors (selenium for glutathione peroxidase, zinc for 

SOD) or coenzymes (glutathione for glutathione peroxidase) of antioxidant 

enzymes. Vitamin E is able to react directly with peroxide radicals, sequentially 

oxidizing into a fairly stable tocopheryl radical, and then into tocopheryl qui-

none, interrupting the chain reactions of free radical oxidation. A large number 

of studies are currently devoted to studying the effect of externally added an-

tioxidants on sperm quality and safety [34, 54, 55]. 

Methods for determining ROS and f ina l  OS products  in 

spermatozoa and seminal  p lasma. To study OS, it is of interest to deter-

mine the generation of both ROS and end products of free radical oxidation. 

One of the fairly stable products of lipid peroxidation is malondialde-

hyde, which is usually determined by reaction with thiobarbituric acid [57]. In 

addition to malondialdehyde, some other compounds also react; together they 
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are called thiobarbituric acid reactive substances (TBARS). There is evidence 

that TBARS content is increased in frozen but not in chilled bull semen [58]. 

However, there were no differences in malondialdehyde concentrations in fresh 

and frozen semen in healthy men [59]. 

Oxidation of proteins under the influence of free radicals leads to the 

formation of carbonyl groups, fragmentation and aggregation of protein mole-

cules. These modifications can affect the functions of proteins. Carbonyl de-

rivatives of amino acid residues in proteins are stable end products of protein 

oxidation, which makes their determination an informative method for study-

ing the oxidative modification of proteins [60]. They can be assessed quantita-

tively by reaction with 2,4-dinitrophenylhydrazine. The resulting 2,4-dinitro-

phenylhydrazones have a specific absorption spectrum in the visible and ultra-

violet parts of the spectrum [61]. 

A chemiluminescence assay can be used to directly measure sperm ROS 

generation: special reagents interact with the oxidation end products, resulting 

in an electrical signal that can be measured as photons per minute using a 

luminometer [62]. This assay is effective for measuring both intracellular and 

extracellular ROS. 

Another test for measuring intracellular sperm ROS is flow cytometry 

using fluorescent and chemiluminescent probes [63]. The most common tech-

nique is with 2´-7´-dichlorodihydrofluorescein diacetate, which allows direct 

assessment of the redox status of the cell [64]. Another simple and cost-effec-

tive test for measuring ROS using a light microscope is the nitroblue tetrazo-

lium reaction. The principle of the method is based on the transformation of 

nitroblue tetrazolium into the blue pigment diformazan upon interaction with 

superoxide produced by sperm or leukocytes [62]. 

Thus, at present, studying the effects of seminal plasma components on 

germ cells, as well as the search for markers of cryostability and fertility of 

stallion sperm are of undoubted interest. Seminal plasma contains a large num-

ber of components (metabolites, enzymes, antioxidants) that affect the struc-

tural integrity, progressive motility and fertilizing ability of sperm. Among the 

metabolites, attention is focused on energy substrates, thr pyruvate, lactate, 

citrate, succinate. Stallion sperm are very vulnerable to damaging factors during 

cryopreservation, in particular to oxidative stress due to the significant content 

of polyunsaturated fatty acids in the phospholipids of the plasma membrane. 

In this regard, methods for studying the redox status are promising for assessing 

ejaculates: determination of substances that react with thiobarbituric acid, 

products of oxidative modification of proteins, NO metabolites, chemilumi-

nescent analysis, flow cytometry. Active attempts are being made to detect 

markers of resistance of stallion sperm to freezing and subsequent thawing 

among antioxidant enzymes, i.e., SOD, catalase, and glutathione peroxidase. 

Biochemical markers, such as seminal plasma metabolite concentrations, sem-

inal plasma enzyme activity, and indicators of oxidative stress, have significant 

potential for characterizing the quality and cryostability of stallion sperm. 
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