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Abstract

Cryopreservation of stallion semen is a modern widespread method in horse breeding for
preserving the genetic material of animals. Freezing and thawing reduces the reproductive character-
istics of spermatozoa. Oxidative stress that causes damage to macromolecules is a factor contributing
to damage to germ cells. With age, the oxidative stress and the amount of damaged proteins increase.
In this work, for the first time, we quantified products of oxidative modification of proteins (OMP) in
semen plasma in stallions of different ages. There is a significant increase in the content of protein
carbonylation products in older animals compared to younger ones, mainly due to neutral aldehyde
derivatives. This study is the first to assess the reserve-adaptive potential (RAP) of the seminal plasma
of stallions. It was found that the ability to withstand oxidative stress in young stallions is significantly
higher than in older stallions. The aim of this study was to assess the level of spontaneous OMP,
induced OMP and the RAP values for stallion spermatozoa as influenced by the animal age. The study
was carried out in 2020 on 40 purebred Arabian and Soviet draft stallions (Equus ferus caballus L.)
(AO Tersk breeding stud No. 169, Stavropol Territory; Perevozsky and Pochinkovsky stud farms,
Nizhny Novgorod Province). Three ejaculates of each stallion were collected with a 48-hour interval.
The stallions of group I (n = 20) were from 14 to 21 years of age (mean age 15.8+1.9 years), of group
II (n = 20) from 3 to 5 years of age (4.3£0.6 years). In each ejaculate, the volume and concentration
of spermatozoa in 1 ml of semen was determined. Then the ejaculate was divided into two parts, one
was diluted with lactose-chelate-citrate-yolk (LCCY) medium in a ratio of 1:3 and the progressive
motility (PM) and survival of spermatozoa were determined at 4 °C. To assess the survival of sperma-
tozoa during hypothermic storage of sperm, its PM was determined with a 24-hour interval up to a
decrease in PM to 5 %. Sperm was frozen in liquid nitrogen vapor in 18 ml aluminum tubes according
to the standard of the All-Russian Research Institute for Horse Breeding and stored in liquid nitrogen
at —196 °C. The cryopreserved sperm was thawed in a water bath at 40 °C for 90 s, followed by the
determination of the spermatozoa PM and survival at 4 °C. Another part of the ejaculate was centri-
fuged at 3500 rpm for 20 min. After microscopy of the supernatant, aliquots of seminal plasma free of
spermatozoa were frozen in 2.0 ml Eppendorf tubes at —18 °C. To quantify the OMP, we used the
spectrophotometric analysis of 2,4-dinitrophenylhydrazones formed by the interaction of protein car-
bonyl derivatives (aldehydes and ketones) with 2,4-dinitrophenylhydrazine. The total amount of car-
bonyl derivatives was recorded in a native sample of biological material (spontaneous OMP) and after
in vitro induction of protein oxidation of biological material with a reaction mixture containing solu-
tions of iron(II) sulfate and hydrogen peroxide (metal-catalyzed induced OMP). From metal-catalyzed
and spontaneous OMP, RAP was evaluated to characterize the OS resistance. Spectrophotometric
measurements were carried out at 14 wavelengths, at 260-280 nm for neutral aldehyde-dinitrophenyl-
hydrazones, at 258-264 and 428-520 nm for basic aldehyde-dinitrophenylhydrazones, at 363-370 nm
for neutral ketone-dinitrophenylhydrazones, and at 430-434 and 524-535 nm for basic ketone-dinitro-
phenylhydrazones. Statistically significant differences in sperm quality between animals of two age groups
were found only in the survival rate of spermatozoa during hypothermic storage of diluted (p < 0.05) and



cryopreserved (p < 0.01) sperm. The total amount of spontaneous OMP products in the seminal plasma
of older stallions was statistically significantly higher than in young stallions (531.7 and 384.3 ODU/g
protein, respectively, p < 0.05). In addition, in group I, there was a shift in the absorption spectrum
towards neutral aldehyde derivatives the content of which in animals of group 11 was significantly lower
(367.6 and 255.8 ODU/g protein, p < 0.05). The evaluation of metal-catalyzed (induced) OMP also
revealed a higher total amount of carbonyl derivatives in older stallions, but its increase under the
influence of an oxidizing mixture was much higher vs. the initial spontaneous OMP in young stal-
lions. The RAP value for the seminal plasma of young stallions significantly exceeds that of mature
stallions (p < 0.05), which can positively affect the reproductive characteristics of native and cryo-
preserved sperm.

Keywords: Equus ferus caballus, stallions, sperm, seminal plasma, cryopreservation, oxida-
tive stress, protein oxidative modification

Oxidative stress (OS) leads to sperm damage [1, 2] and a decrease in the
quality of native and cryopreserved sperm [3-5]. The cause of OS development is
excessive production of reactive oxygen species (ROS), depletion of the body's
antioxidant capacity, or a combination of these factors. As a result of the predom-
inance of pro-oxidant processes over the antioxidant capabilities of cells, ROS
interact with basic macromolecules, causing irreversible damage to nucleic acids,
lipid peroxidation (LPO), and oxidation of proteins, including the most important
enzymes and structural proteins [6].

Quantification of oxidative modification of proteins (OMP) is one of the
markers of the OS severity, since this indicator reflects the degree of damage to
amino acid residues of proteins by free radicals of oxygen and nitrogen, as well as
lipid peroxidation products [7]. OMP products appear in cells earlier than other
derivatives of oxidative damage to macromolecules, they are stable and accessible
for laboratory detection [8].

Sperm and sperm plasma proteins, like other proteins in the body of stal-
lions, are prime targets for ROS and RNS due to their high sensitivity to free
radicals [9, 10]. Numerous and structurally diverse free radicals are produced from
enzymatic and non-enzymatic redox reactions, photochemical and ionizing ef-
fects. Oxidative modification of amino acid residues of proteins yields carbonyl
derivatives, the aldehydes and ketones. Aldehydes are early markers of the oxida-
tive destruction of proteins, and ketone derivatives are later ones [6, 8, 9]. It is
important to remember that OMP occurs not only because of an increase in the
concentration of free radicals, but also as a result of a shift in the balance between
antioxidant and prooxidant systems in favor of the latter.

With age, the production of ROS increases in the body and a significant
amount of OS products accumulates. This is associated with mitochondrial dys-
function, high production of ROS under depletion of the body’s antioxidant ca-
pacity, disruption of the proteasome system, and degradation of damaged proteins
[11].

Here, for the first time, we measured the content of products of oxidative
modification of proteins in the spermoplasm of stallions of different ages and re-
vealed a statistically significant increase in the content of protein carbonylation
products in aged animals compared to younger ones, mainly due to neutral alde-
hyde derivatives. The reserve-adaptation potential (RAP) of stallion spermoplasm
has been studied for the first time. Our investigation revealed that the ability to
withstand oxidative stress in young stallions is significantly higher than in older
ones.

The purpose of this study was to evaluate spontaneous and induced oxi-
dative modification of proteins, and to assess the reserve-adaptation potential of
spermoplasm in stallions of different ages.

Materials and methods. In 2020, sperm of 40 stallions (Equus ferus ca-
ballus L.) of purebred Arabian and Soviet draft breeds (JSC Tersky Pedigree Stud



No. 169, Stavropol Territory; Perevozsky and Pochinkovsky Stud Farms, Nizhny
Novgorod Province) was obtained during the breeding season (March-April) for a
mare in heat using an artificial vagina. Three ejaculates were obtained from each
stallion with an interval of 48 h. During the experiment, the feeding and housing
conditions complied with the established standards for the stallions.

To assess the age dependence of OMP and reserve-adaptation potential
(RAP) of spermoplasm, stallions were assigned to two groups, n = 20 each, in
group I, animals aged from 14 to 21 years (15.8+1.9 years), in group II, from 3
to 5 years (4.3%£0.6 years).

After sperm collection, each ejaculate was filtered through a sterile gauze
pad to remove the secretion of the vesicular glands. The volume of ejaculate (in
ml) after filtration was assessed using a graduated cylinder. Sperm concentration
was measured (an SDM1 photometer, Minitube GmbH, Germany). Then the
ejaculate was divided into two parts, one was diluted at 1:3 with lactose-chelate-
citrate-yolk (LCY) medium, and the progressive motility (PM) and survival of
sperm at 4 °C were assessed.

Progressive motility (PP) was assessed using the Argus CASA system (Ar-
gusSoft Ltd., Russia) and a Motic BA 410 microscope (Motic, China) in a Makler
chamber at 37 °C.

To assess the survival of sperm during hypothermic storage of sperm, their
progressive motility was determined at 24-hour intervals until the PP decreased to
5%. Sperm was frozen in liquid nitrogen vapor in 18 ml aluminum tubes using
standard technology of the All-Russian Research Institute of Horse Breeding and
stored in liquid nitrogen at —196 °C [12]. After thawing in a water bath at 40 °C for
90 s, the progressive motility and survival of cryopreserved spermatozoa at 4 °C were
determined.

The other part of the ejaculate, immediately after sperm collection, was
centrifuged at 3500 rpm for 20 min (ELMI CM-6M, ELMI, Latvia). After mi-
croscopy of the supernatant, aliquots of sperm-free seminal plasma were frozen in
2.0 ml Eppendorf tubes at —18 °C until testing.

To quantify OMP, spectrophotometric analysis of 2,4-dinitrophenylhydra-
zones resulting from the reaction of protein carbonyl derivatives (aldehydes and
ketones) with 2,4-dinitrophenylhydrazine was performed as per a patented proce-
dure [13]. The total amount of carbonyl derivatives was assessed in a native bio-
material to measure the actual content of carbonyl derivatives formed in vivo due
to spontaneous OMP and after in vitro induction of protein oxidation with a re-
action mixture containing iron(II) sulfate and hydrogen peroxide (metal-catalyzed
induced OMP). The oxidizing mixture promoted additional formation of carbonyl
derivatives. If in the native sample there was a reserve of antioxidant systems and
there were few amino acid residues that could quickly oxidize, then the induced
OMP had minimal difference from the spontaneous one. Comparison of metal-
catalyzed and spontanecous OMP levels gives estimates of the reserve-adaptive po-
tential (RAP), that is, the ability to withstand OS.

Neutral aldehyde-dinitrophenylhydrazones (ADNPHn) was assessed at
260-280 nm, basic aldehyde-dinitrophenylhydrazones character (ADNPHb) at
258-264 and 428-520 nm, neutral ketone-dinitrophenylhydrazones (KDNPHn) at
363-370 nm, basic ketone-dinitrophenylhydrazones (KDNFGb) at 430-434 and
524-535 nm (SF-2000 spectrophotometer, OKB Spectr, Russia). The area under
the curve of the absorption spectrum of dinitrophenylhydrazine (DNPH) deriva-
tives of protein carbonyl derivatives (S) was measures. The obtained extinction
values were expressed as optical density units Eob per 1 g of spermoplasm protein
content determined by the Lowry method.

Statistical analysis was performed using Statistica 13.3 (StatSoft, Inc.,



USA) and Microsoft Office Excel 2016. Normality of distribution was determined
by the Shapiro-Wilk test. The statistical significance of differences between inde-
pendent samples was assessed by the Mann-Whitney U test. The result was con-
sidered statistically significant at p < 0.05. Data are presented as median (Me) and
quartiles (Q1; Q3).

Results. A comparative analysis of spermograms (Table 1) revealed that the
rate of sperm survival during hypothermic storage was significantly lower in older
stallions than in young animals. Both diluted and cooled sperm (66.0 h for adult
stallions, 107.0 h for young stallions, p < 0.05) and sperm thawed after cryopres-
ervation (17.3 h and 49.0 h, respectively, p < 0.01) showed similar patterns. A
similar dependence of sperm survival on age was found not only in stallions [14,
15], but also in men [16, 17] and in bulls [18]. The likely reason for this is the
accumulation of irreversible damage to nucleic acids with age, which negatively
affects reproductive properties [14, 19].

1. Comparative characterization of sperm quality in purebred Arabian and Soviet draft
stallions (Equus ferus caballus L.) of different ages (Me [Q1; Q3]; AO Tersky
Pedigree Stud No. 169, Stavropol Territory; Perevozsky and Pochinkovsky Stud
Farms, Nizhny Novgorod Province, 2020)

Parameter | Group I \ Group 11
Number of stallions, n 20 20
Age, years 15.8 [14.0; 21.0] 4.3 [3.0; 5.0]

Native and diluted sperm (n=60)
Ejaculate volume, ml 47.4 [15.0; 80.0] 61.9 [39.0; 105.0]
Sperm concentration, million/ml 153.9 [83.0; 245.0] 159.1 [105.0; 214.0]
Progressive mobility, % 48.0 [35.0; 60.0] 50.3 [40.0; 65.0]
Sperm survival rate, h 66.0 [36.0; 120.0] 107.0* [84.0; 120.0]
Frozen-thawed sperm (n=60)

Progressive motility, % 17.1 [10.0; 30.0] 21.8 [13.0; 33.0]
Sperm survival rate, h 17.3 [6.0; 72.0] 49.0** [12.0; 84.0]

*and ** Differences between sperm survival during hypothermic storage of diluted semen in stallions of groups I
and II are statistically significantat p < 0.05 and p < 0.01, respectively.

The sperm survival during hypothermic storage (4 °C) is one of the main
quality indicators. Spermatozoa survival is their ability to maintain progressive
motility after hypothermic storage of diluted chilled or cryopreserved sperm. The
survival of sperm is statistically significantly correlated with their progressive mo-
tility and the frequency of mares’ pregnancies [20].

The total spontaneous OMP of the spermoplasm of stallions of group I
was statistically significantly higher than in group Il (531.7 and 384.3 Eop/g pro-
tein, respectively, p < 0.05) (see Table 1). This indicates more pronounced oxida-
tive stress in group I and more significant damage to amino acid residues of sper-
moplasmic proteins in older stallions compared to young animals. Besides, in
group I, a shift in the absorption spectrum towards neutral aldehyde derivatives
occurred, and their content in group II was lower (367.6 vs. 255.8 Eop/g protein,
p < 0.05).

A small amount of ROS in sperm is necessary for the transmission of
intracellular signals, hyperactivation and acrosomal reaction, which provides fer-
tilizing ability. However, excess production of ROS inevitably leads to the devel-
opment of OS and damage to macromolecules [21].

OMB of spermoplasm causes changes in their secondary and tertiary struc-
ture which negatively affects the functional state of proteins which means the
morphological and reproductive characteristics of sperm deteriorate (22). Dam-
aged proteins can undergo processes of aggregation and fragmentation due to pro-
tein-protein interactions.

Accumulation of OMP products, protein aggregates and derivatives re-
sistant to proteolysis disrupts cell metabolism, leading to apoptosis or necrosis [22,



23]. It should be noted that antioxidant and proteolytic systems prevent the de-
velopment of oxidative stress and OMP, therefore, some damage to protein mol-
ecules is reversible. Enzymatic antioxidant systems include superoxide dismutase,
glutathione reductase, catalase, and peroxidase. Non-enzymatic antioxidants are
vitamins E and C, glutathione, carotenoids, ubiquinone and other metabolites [21,
22]. However, with age, pro-oxidant systems increasingly predominate over pro-
tective ones, and the degree of OMP is growing. Besides, antioxidant enzymes
themselves, like other proteins, are subject to oxidation which disrupts their func-
tioning [24].
2. Absorption spectrum (Eop/g protein) of products derived from spontaneous and
metal-catalyzed protein oxidative modification (OMP) in spermoplasm of purebred
Arabian and Soviet draft stallions (Equus ferus caballus L.) of different ages (Me
[Q1; Q3]; AO Tersky Pedigree Stud No. 169, Stavropol Territory; Perevozsky
and Pochinkovsky Stud Farms, Nizhny Novgorod Province, 2020)

Carbonvl Group I Group 11
d:rrivggzes (aged from 14 to 21 years; n = 20) (aged from 3 to 5 years; n = 20)
spontaneous OMP[  induced OMP spontaneous OMP | induced OMP

SADNFGn 367.6 [162.8; 500.5] 374.7 [236.5; 785.9] 255.8 [122.8; 328.1]  315.3 [193.8; 349.5]
SKDNFGn 83.9 [47.4; 131.5] 105.3 [74.9; 386.4] 69.9 [30.4; 84.3] 76.4 [66.0; 122.5]
SADNFGb 64.6 [40.7; 141.1] 84.0 [66.1; 323.4] 49.6 [29.5; 71.1] 71.4% [62.4; 98.6]
SKDNFGb 11.3 [6.9; 25.2] 13.8 [10.8; 43.0] 9.6 [5.1; 12.3] 11.8 [11.4; 19.4]
Stotal 531.7 [264.6; 787.6] 562.8 [364.2; 1519.7] 384.3 [172.6; 490.4] 484.7* [334.9; 598.4]

N ot e. SADNFGn, SKDNFGn, SADNFGb, SKDNFGb are the area under the curves of the absorption graphs of neutral
aldehyde dinitrophenylhydrazones, neutral ketone dinitrophenylhydrazones, basic aldehyde dinitrophenylhydra-
zones, basic ketone dinitrophenylhydrazones, respectively. Stotal — the total area of the figure formed when plotting
the absorption curve of DNPH derivatives of proteins carbonyl derivatives at different wavelengths.

* Differences between metal-catalyzed and spontaneous protein oxidative modification in stallion spermoplasm are
statistically significant at p < 0.05.

The predominance of neu-

=

g %07 tral aldehyde derivatives in older
& 907 stallions (Table 2) indicated oxida-
g 807 tive damage to the amino acid
2 8707 residues of cysteine, glutamine,
2 260 asparagine, tryptophan, tyrosine,
g?;zso— methionine, leucine, and pro-
§g40- line. Due to oxidation of the
g 330 thiol group of cysteine, disulfide
g'gzo_ cross-links are formed [21, 25].
% 104 In this case, the structural and
RN functional state of proteins con-
§ Group | Group II taining cysteine residues changes.

A number of CRISPS (cysteine-

Reserve adaptive potential of spermoplasm in purebred Ara- rich secretory proteins) are pre-
bian and Soviet draft stallions (Equus ferus caballus L.) of sent in the sperm of stallions

different ages: a — induced oxidative modification of pro- .
teins, b — spontaneous protein oxidative modification; [26]' CR_ISPS{ found in the testes
Group I — adult stallions (from 14 to 21 years of age), and epididymis of mammals, are

Group II — young stallions (from 3 to 5 years of age) (Me involved in fertilization. During

[QI; Q3]; AO Tersky Pedigree Stud No. 169, Stavropol spermatogenesis, the CRISP2 pro-

Territory; Perevozsky and Pochinkovsky Stud Farms, N .
Nizhny Novgorod Province, 2020). tein is incorporated into the acro-

some, where it is believed to par-

ticipate in the adhesion of germ cells to Sertoli cells. CRISP2 also serves as part

of the sperm tail and is involved in the regulation of flagellar beating. The CRISP3

is found in seminal fluid isolated from the prostate, and its function is unknown

[26-28]. Oxidative modifications of cysteine residues can negatively affect the
functioning of these proteins.

An assessment of induced OMP also revealed a higher total amount of



carbonyl derivatives in group I, but an increase in the amount of carbonyl deriv-
atives when exposed to an oxidizing mixture was much higher compared to the
initial level of spontaneous OMP in young stallions (see Table 2, Fig.). Our find-
ings indicate that in the spermoplasm of young stallions there are amino acid
groups that could potentially be subject to oxidative stress. However, this did not
happen in vivo, probably due to the active antioxidant systems that prevent damage
to protein molecules [29]. This is also confirmed by the fact that during induced
oxidation, the proportion of neutral and basic aldehyde derivatives (the early
markers of oxidative destruction) increased significantly. The results obtained in-
dicate high RAP in young stallions.

In group I, the added oxidative mixture increased the content of carbonyl
derivatives (see Fig.), but not so significantly when compared to the initial values.
This indicates a significant accumulation in vivo of damaged amino acid radicals
of sperm plasma proteins and depletion of RAP in adult stallions.

Thus, the total oxidative modification of spermoplasm proteins in older
purebred Arabian and Soviet draft stallions is higher than in younger stallions
(p < 0.05). The reserve-adaptive potential of the spermoplasm of young stallions
significantly exceeds that of older animals (p < 0.05), which can positively influ-
ence the reproductive quality parameters of native and cryopreserved sperm. A
higher content of sperm plasma protein carbonylation products in older stallions
semen indicates oxidative stress which may cause a decreased sperm viability.
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