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Abstract: Low-temperature semen storage technologies are already being used in poultry conser-
vation programs, but the quality of reproductive material stored in cryobanks varies greatly and
cannot always be successfully used for practical purposes. Therefore, it is necessary to improve
the compositions of cryoprotective media to improve their quality. This study aimed to investigate
the composition of membrane lipids and carbohydrates in the cytosol of rooster spermatozoa, to
explain the dose-dependent effect of a combination of trehalose and fructose in cryoprotective media
on the preservation of their morphological and kinetic parameters during freezing/thawing, and
to determine the most effective diluent composition. Ejaculates were collected from Rhode Island
Red roosters (n = 10). The effectiveness of three diluents containing trehalose was evaluated: LCM-
control (0 mM), Treh20 (9.5 mM), and Treh30 (13.4 mM). Chromatographic analysis of membrane
lipids, carbohydrates, and polyols of the spermatozoa cytosol was performed. A decrease in the
content of glycolipids in the plasma membranes of spermatozoa from 2.0% in native spermatozoa to
1.1-1.4% (frozen/thawed) and phospholipids from 71.2% (native) to 70.5% (frozen/thawed) reduced
the progressive sperm motility from 65.7% in native spermatozoa to 12.6-27.6% (frozen/thawed).
The same dynamics were observed for the viability parameter of 90.4% (native) and 27.0-41.2%
(frozen/thawed). The Treh20 diluent, using a combination of fructose (36 mM) and trehalose (9.5 mM)
saccharides, maximally preserved the lipid profile of plasma membranes and the composition of the
cytosol of frozen/thawed rooster spermatozoa, which positively affected the indicators of general
and progressive mobility and viability.

Keywords: cryopreservation; poultry genetic resources; rooster spermatozoa; trehalose; plasma
membrane; cytosol; sperm cryopreservation; lipids; carbohydrates

1. Introduction

Cryopreservation of sperm in poultry farming is still in the field of scientific research
since the level of fertilizing ability of frozen-thawed sperm for use in industrial poultry
farming has not been reached. Nevertheless, it should be noted that these technologies
are already used in programs for the conservation of poultry genetic resources in many
countries; however, the quality of reproductive material stored in cryobanks varies greatly
and cannot always be successfully used for practical purposes [1-5]. The reproductive
cells of male birds are very sensitive to various kinds of manipulations, especially at low
temperatures. Researchers are currently working to increase the sperm fertility of all
poultry species. Stable repeated results of fertilization of eggs from frozen/thawed rooster
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sperm, close to production standards (70-80%), were obtained and reproduced only by
separate groups of researchers [6,7].

When solving problems of improving the quality of thawed domestic fowl semen, it is
necessary to rely not only on the effectiveness of cryoprotective media but also to determine
the “vulnerabilities”, the weakest points in the structure of the spermatozoa apparatus
for their low-temperature preservation. In the process of cryopreservation and thawing
of the semen, a chain reaction occurs that destabilizes the molecular bonds of the plasma
membranes of spermatozoa and disrupts the functionality of the cell. An osmotic imbalance
occurs due to changes in the composition of the cytosol, increased lipid peroxidation, and
changes in the chromatic state.

The resulting complex of negative factors reduces the fertilization ability of sper-
matozoa. In many studies, the solution to this set of problems is aimed at finding the
optimal composition of the cryoprotective medium. When selecting the components of
a cryoprotective medium, preference is currently given to the use of organic substances that
exhibit stabilizing and antioxidant properties in spermatozoa, which are more physiological
for them [8,9]. Saccharides of various chemical groups (monosaccharides, disaccharides,
oligosaccharides, and polysaccharides) can be used as part of diluents for cryopreservation,
as they are often natural organic compounds, participate in the construction of various
cellular structures, and their role in the regulation of cellular mechanisms is multifaceted.
In published studies on cryoprotective media, saccharides such as fructose, lactose, sucrose,
maltose, trehalose, and hyaluronic acid have been used. Saccharides in cryoprotective
media play a critical role in low-temperature semen storage protocols due to their ability
to interact with membrane phospholipids under conditions of dehydration caused by the
cryopreservation process. Sugars can reduce the temperature of the membrane phase
transition of dehydrated lipids, slowing down this phase transition, thereby reducing the
destruction of the lipids themselves and stabilizing the membrane fluidity [10]. In addition,
monosaccharides are used by spermatozoa as a source of available energy to maintain and
preserve their functionality during the freezing process [11].

Many authors have noted the exceptional properties of trehalose disaccharide as
a non-toxic organic cryoprotectant due to its high hydration ability compared to other
sugars, which explains the excellent effectiveness of trehalose as a bioprotector [12]. The
spatial organization of water molecules around trehalose molecules prevents the formation
of ice crystals. During cell dehydration, which occurs during freezing, trehalose acts as
a stabilizer for proteins and phospholipids in the lipid bilayer of cells. Slowing down the
rate of protein aggregation with the participation of trehalose prevents their denaturation.
The regulation of osmotic pressure and hydration balance via the formation of long-lived
hydrogen bonds between trehalose and water promotes cell survival under various thermal
stresses [13]. A particularly significant effect of trehalose on the stabilization and modula-
tion of cell enzymes was noted, which is based on the ability of the disaccharide to form
hydrogen bonds [14]. Upon cooling or dehydration, the lipids of the plasma membranes
of cells become more vulnerable to the peroxidation processes, but trehalose effectively
prevents their irreversible changes, thereby neutralizing the formation of harmful free
radicals. Therefore, the use of this disaccharide is promising for increasing the function-
ality of frozen/thawed birds’ spermatozoa. But the most significant results in assessing
the functionality of frozen/thawed rooster semen were obtained using a combination of
saccharides [8,9,13]. The features of the biochemical composition of the plasma membrane
of spermatozoa are an important aspect of spermatozoa physiology when studying the
effect of cryopreservation. The lipid ratio of the plasma membranes can be postulated
as a general basis for the predicted cryodamage of spermatozoa. Spermatozoa of both
domestic fowl and other animal species have plasma membranes highly specialized in
their lipid composition, with a high content of polyunsaturated fatty acids (PUFAs), sterols,
phosphatidylcholines (PC), and sphingomyelins (SM), which play an important role in the
interactions between spermatozoa and oocyte and fertilization ability [15,16].
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The aim of this study was to investigate the composition of membrane lipids and solu-
ble carbohydrates in the cytosol of rooster spermatozoa to provide a biological explanation
for the dose-dependent effect of a combination of non-reducing trehalose disaccharide and
fructose monosaccharide in synthetic cryoprotective media on the preservation of their
morphological and kinetic parameters during freezing/thawing, and to determine the most
effective diluent composition.

2. Materials and Methods
2.1. Animals

Rhode Island Red roosters from the Central Collective Use Center “Genetic Collection
of Rare and Endangered Breeds of Chickens” (https://vniigen.ru/ckp-geneticheskaya-
kollekciya-redkix-i-ischezayushhix-porod-kur/ (accessed on 6 June 2023) RRIFAGB, St.
Petersburg, Russia) were used for the experiments. The experimental flock was kept in
individual cages, with refreshing and feeding regimes corresponding to the technology
used in the collection.

2.2. Sperm Collection, Evaluation, and Dilution

Ejaculates were collected from roosters (n = 10) at the age of 52-56 weeks, and semen
was collected twice a week by abdominal massage (Burrows & Quinn 1935) [17].

All ejaculates were evaluated individually according to the following criteria: volume
(with a graduated pipette, mL); concentration (photometer Accuread® IMV Technologies,
L’Aigle, France, 2019, billion/mL); total and progressive sperm motility (CASA, Motic
BA410E, Fujian, China, 2019, ArgusSoft software-1, St. Petersburg, Russia, 2020, %). Sperm
were pooled, divided into 3 parts, and diluted with the cryoprotective medium in a ratio of
1:1: LCM-control (trehalose 0 mM) [15] and the experimental medium Treh20 (trehalose
9.5 mM) and Treh30 (trehalose 13.4 mM) (Table 1); the composition of the cryoprotective
medium was developed and published earlier [16]. The osmolarity of each diluent was
assessed using an OSCR-1M cryoscopic medical osmometer (KIWI Osmometry, Saint-
Petersburg, Russia, 2019). Semen freezing was carried out in pellets according to the
protocol described by Stanishevskaya et al., 2023 [16]. The pellets were stored for one
month, and thawing was performed on a heated metal plate at 60 °C (in-house developed
equipment, RRIFAGB, Leningrag, USSR, 1989).

Table 1. Composition of cryoprotective media for rooster sperm.

Medium
Medium Composition
LCM Control Treh20 Treh30
Monosodium glutamate 1.92 g (114 mM) 1.92 g (114 mM) 1.92 g (114 mM)
Fructose 0.8 g (44 mM) 0.64 g (36 mM) 0.56 g (31 mM)
Potassium acetate 0.5 g (51 mM) 0.5 g (5 mM) 0.5 g (5 mM)
Polyvinylpyrrolidone 0.3 g (8.3 mM) 0.3 g (8.3 mM) 0.3 g (8.3 mM)
Protamine sulfate 0.032 g (3.27 mM) 0.032 g (3.27 mM) 0.032 g (3.27 mM)
Trehalose 0 g (0 mM) 0.326 g (9.5 mM) 0.459 g (13.4 mM)
Distilled water 100 mL
Osmolarity 339 mOsm 344 mOsm 334 mOsm

Microscopy, image collection, and processing: Experiments to assess the viability of
spermatozoa and the integrity of their acrosomes were performed by bright-field and
phase-contrast microscopy using a Motic BA410E microscope (Fujian, China, 2019).

2.3. Sperm Evaluation after Thawing

Motility: Total and progressive sperm motility was assessed using CASA (Motic
BA410E, China, 2019, ArgusSoft software, St. Petersburg, Russia, 2020, %). Sperm motility
was assessed on thawed samples by applying a drop of semen to a warm (37 °C) glass slide
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using the CASA software. The semen concentration for assessing motility parameters was
3.0 x 107 pcs/mL. Approximately 2000 cells were randomly selected and analyzed for each
seed sample. The following parameters of spermatozoa movement were assessed: total
motility (TM, %) and progressive motility (PM, %) [18].

Viability: The viability of spermatozoa (1:20 dilution) was studied on the basis of
histological smears prepared from freshly obtained semen. The prepared smears were
stained with nigrosine-eosin (aqueous solution: eosin-3% and nigrosine-10%) and evalu-
ated under oil immersion magnification x1000 for the presence of color. Pink cells were
considered dead, and unstained (white) cells were considered alive. The results were
expressed as a percentage of individual categories of spermatozoa (each sample was evalu-
ated with at least 200 cells, which was taken as 100%) [19]. The experiments were carried
out in triplicates.

Acrosome integrity: Acrosomes integrity was determined according to the following
protocol: a drop of pre-diluted 1:20 semen was air-dried on glass slides, fixed with 5%
paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) for 15 min, and washed once
with PBS. Slides were stained for 5 min with an aqueous solution of 0.25% Coomassie
brilliant blue R-250 in 10% glacial acetic acid and 25% methanol, washed with distilled
water, and air-dried. Intact spermatozoa acrosomes were stained blue, and unstained
acrosomes were damaged. Five to six microscopic fields were evaluated, with at least
200 cells in total [20].

2.4. Chromatographic Analysis of Membrane Lipids, Carbohydrates, and Polyols of the
Spermatozoa Cytosol

2.4.1. Sample Preparation for Lipid Profile Sperm Analysis

For quantitative analysis of carbohydrates associated with the membrane of sperma-
tozoa, semen was collected from 10 roosters under quality control to obtain repeatability
of the result within 2 weeks. The volume of pooled sperm for each day of collection was
at least 15 mL for each 5 mL sample (LCM control, Treh20, and Treh30). Pooled ejaculates
were divided into 3 aliquots for dilution with media: LCM control, Treh20, and Treh30
in a 1:1 ratio and equilibrated for 40 min. Then, the sperm was centrifuged for 10 min at
3000 rpm at a temperature of 5 °C and washed with 0.9% sodium chloride solution. This
procedure was repeated three times. The centrifuged and washed semen was collected
in small portions on a nylon filter and precipitated for another 30 min. The prepared
centrifugate and supernatant samples were frozen and stored at —25 °C.

2.4.2. Lipid Analysis of Plasma Membrane Spermatozoa

Membrane lipid analyses were carried out as previously described (Stanishevskaya et al.,
2023) [16]. Briefly, lipids were extracted using the Nichols method [21] with phospholipase-
deactivating isopropanol, separated by two-dimensional (polar lipids) or one-dimensional
(neutral lipids) thin-layer chromatography (TLC), and quantified using standard com-
pounds with densitometry (DENS software). To study the composition of fatty acids, the
polar lipid fraction was isolated using one-dimensional TLC in a neutral lipid system. The
polar lipid spots remaining at the start were scraped out and eluted with a mixture of
chloroform: methanol (1:1); the extract was then evaporated, and methanolysis was carried
out using 2.5% HSO;, in a methanol solution for 2 h at 80 °C.

2.4.3. Fatty Acid Composition Profiles of Membrane Lipids

A full description was presented earlier (Silyukova et al., 2022) [22]; in brief, to
determine the composition of fatty acids, the methyl esters were analyzed by GLC. Soluble
cytosol carbohydrates were extracted with boiling water, proteins and charged compounds
were removed, and trimethylsilyl derivatives of sugars were obtained and analyzed by
GLC using internal standards.
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The degree of unsaturation of phospholipids (CH) was determined using the following
formula [23]:

CH = 1.0 x (% monoene FA)/100 + 2.0 X (% diene FA)/100 + 3.0 X (% triene FA)/100 + 4.0 x (% tetraene FA)/100

2.4.4. Cytosol Carbohydrates of Spermatozoa

For analysis, the dry biomass of semen samples was determined gravimetrically. Ex-
traction of soluble sugars (300-400 mg fresh weight) was carried out four times in 5 mL
of water at 100 °C for 20 min. Proteins were removed from the combined extract [24].
Purification of the carbohydrate extract from the charged compounds was carried out on
a combined column with ion exchange resins Dowex-1 (acetate form) and Dowex 50 W (H+).
The composition of carbohydrates was determined by gas-liquid chromatography to obtain
derivatives of trimethylsilyl sugar from a lyophilized extract [25]. A-methyl-D-mannozide
(Merck, Darmstadt, Germany) was used as an internal standard. Chromatography was car-
ried out on a Kristall 5000.1 gas-liquid chromatograph (Khromatek, Yoshkar-Ola, Russia),
fitted with ZB-5 30 m capillary column (0.32 mm, 0.25 pm) (Phenomenex, Torrance, CA,
USA), maintaining the temperature from 130 to 270 °C, and with a speed of 5-6 deg/min.
Glycerol, fructose, glucose, inositol, trehalose, and mannit were used as markers (Sigma
Aldrich, St. Louis, MO, USA). This evaluation was carried out twice.

2.5. Statistical Methods

For statistical data processing, Excel 2013 software (Microsoft, Redmond, WA, USA)
was used. All data were assessed using standard descriptive statistics and presented as
the mean =+ standard error of the mean. The significance of differences between the mean
values for the motility, viability, and acrosome integrity semen evaluation criteria was
determined using the nonparametric Mann-Whitney U-test. Differences were considered
statistically significant at p < 0.05.

3. Results

No statistically significant differences in total motility and progressive motility of
native (fresh) diluted sperm and fresh untreated sperm rates were observed between
LCM-control, Treh20, and Treh30; the average levels are presented in Table 2. The sperm
concentration was 3.6 £ 0.3 billion/mL.

Table 2. The lipid composition of spermatozoa membranes of native and frozen/thawed rooster
semen depending on the composition of the cryoprotective diluent.

% of ) % of Dry Lipids Biomass
Lipids Native Frozen/Thawed Native Frozen/Thawed
LCM-Control Treh20 Treh30 LCM-Control Treh20 Treh30

phosphatidylethanolamines ~ 24.8 20.0 20.6 20.2 3.5 4.1 2.0 3.5
phosphatidylserines 16.4 18.3 20.1 17.7 2.3 3.8 2.0 3.0
phosphatidylcholines 30.0 322 30.3 32.6 42 6.7 29 5.6
sphingomyelins 9.4 15.0 14.1 154 1.3 3.1 14 2.7
glycolipids 2.0 1.2 14 1.1 0.3 0.3 0.1 0.2
cardiolipins 0.4 04 0.0 0.7 0.1 0.1 0.0 0.1
sulfoglycolipids 3.5 2.6 2.7 1.1 0.5 0.5 0.3 0.2
sterols 135 10.4 10.7 11.2 1.9 2.1 1.0 1.9

3.1. Composition of Lipids in the Plasma Membranes of Spermatozoa

The composition of membrane lipids in native and frozen/thawed spermatozoa
and their quantitative significance were determined. The following major (>9.0% of ¥,
lipids) lipid fractions were determined: phosphatidylethanolamines, phosphatidylserines,
phosphatidylcholines, sphingomyelins, and sterols (Table 2). The ratio of lipids in the



Agriculture 2023, 13, 1387

6 of 12

plasma membranes of thawed spermatozoa varied depending on the composition of the
cryoprotective medium used.

3.2. Composition and Degree of Unsaturation of Fatty Acids in Membrane Lipids of Spermatozoa

Fifteen fatty acids (Table 3) that make up the phospholipids of spermatozoa mem-
branes were identified, of which polyunsaturated fatty acids were represented by Oleic,
v-Linoleic, Eicosatrienoic, Arachidonic, Erucic, and Docosatetraenoic fatty acids, which
in total ranged from 47.4% to 50.3% in frozen/thawed spermatozoa, depending on the
composition of the cryoprotective diluent. The most significant change in fatty acid content
was recorded for the C22:4 fatty acid (Docosatetraenoic acid).

Table 3. Fatty acid composition (% of } ) of membrane lipids of native and frozen/thawed
rooster spermatozoa.

Frozen/Thawed Sperm

. Native
Fatty Acids Sperm LCM- Treh20 Treh30
Control

C16:0 Palmitic 17.6 15.4 17.6 19.6
C18:0 Stearic 21.7 19.9 22.0 22.5
C 18:1n9¢ Oleic 11.8 11.1 11.5 12.7
C 18:2n6¢ v-Linoleic 2.4 2.6 2.6 3.0
C 20:0 Arachidic 1.0 0.8 1.0 0.8
C20:1 Arachinoic 3.1 3.2 3.1 3.1
C20:2 Eicosadiene 0.6 0.8 0.6 0.8
C 20:3n6 Eicosatrienoic 0.4 1.0 0.5 1.0
C 20:4n6 Arachidonic 9.2 10.0 9.0 10.3
C22:0 Behenic 0.9 04 0.8 0.4
C 22:1n9 Erucic 0.5 0.4 0.5 0.3
C22:2 Docosadiene 3.1 7.9 3.2 2.6
C22:4 Docosatetraenoic 22.7 25.2 23.3 22.1
C24:0 Lignoceric 1.2 0.5 0.9 0.1
C24:1 Nervonic 3.7 0.9 3.3 0.7
Y PUFA * 47.0 50.3 474 494

* PUFA—polyunsaturated fatty acids.

A difference in the change in the degree of unsaturation of fatty acids in membrane
lipids of frozen/thawed spermatozoa was established, taking into account the diluent used
and in comparison with native sperm. The use of the cryoprotective medium LCM-control
(0 mM trehalose) significantly increased the degree of unsaturation of fatty acids, and the
use of trehalose as part of the diluent made it possible to stabilize this value at the level of
native sperm values (Figure 1).

The composition of the cytosol of native and frozen/thawed spermatozoa was studied
based on the composition of cryoprotective diluents (Table 4). In native sperm, the main
carbohydrate in the cytosol was fructose (mean 10.5% of X carbohydrates and polyols),
and the main polyol in the cell was inositol (mean 83.0% of ). Under the influence of
freezing and thawing, depending on the medium used, the ratio of the components of the
spermatozoa cytosol underwent significant changes. The main changes were attributed to
the percentage of polyols—a decrease in the percentage of inositol by up to eight times and
an increase in the percentage of glycerol by up to eight times.

A relationship was established between the dynamics of changes in the content (% of
Y") of membrane glycolipids and glycerol, as well as the percentage of Docosatetraenoic
polyunsaturated fatty acid and phospholipids (Figure 2).
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Figure 1. The degree of unsaturation of fatty acids in membrane lipids of native and frozen/thawed

rooster spermatozoa under the influence of different concentrations of trehalose.

Table 4. Composition of carbohydrates and polyols in the cytosol of native and frozen/thawed

rooster spermatozoa.

Native Frozen/Thawed Sperm
Carbohydrate Sperm
& Polyols - -
y 1 1* LCM LCM Treh20  Treh20*  Treh30  Treh30*
Control Control *

Glycerol 0.005 0.004 0.011 0.011 0.010 0.009 0.014 0.015
Fructose 0.011 0.013 0.010 0.010 0.025 0.030 0.050 0.049
% of dry Glucose 0.001 0.000 0.001 0.001 0.005 0.004 0.004 0.003
biomass Mannit 0.002 0.002 0.000 0.000 0.000 0.000 0.006 0.005
Inositol 0.091 0.099 0.013 0.014 0.018 0.017 0.020 0.016
Trehalose 0.000 0.000 0.000 0.000 0.049 0.05 0.102 0.126
Zmg/mL 0.111 0.118 0.036 0.036 0.107 0.110 0.195 0.215
Glycerol 4.1 3.7 314 30.2 8.9 8.4 7.2 7.1
Fructose 10.1 10.8 28.0 27.9 23.5 27.4 25.5 23.0
% of 3 Glucose 1.1 0.0 2.2 1.6 49 3.7 2.0 1.3
°0 Mannit 2.1 2.0 14 0.9 0.1 0.0 3.0 2.1
Inositol 825 83.5 37.0 39.4 17.0 15.3 10.1 7.6
Trehalose 0.0 0.0 0.0 0.0 45.6 45.2 52.3 58.9

NOTE: * Parallel sampling.

Figure 2 illustrates the process of structural destabilization of spermatozoa membranes
due to changes in the ratio of lipids included in their composition under the influence of low-
temperature exposure and the composition of cryoprotective media. For example, when
semen was frozen with an LCM-control diluent (0 mM trehalose), the destabilization of
membrane glycolipids and phospholipids (in particular, phosphatidylserine) was recorded
with the release of glycerol and Docosatetraenoic fatty acid molecules. It is known that
an increase in the content of polyunsaturated fatty acids (including docosatetraenoic)
in membrane phospholipids increases the vulnerability of spermatozoa membranes to
oxidative stress [26]. Obviously, trehalose in the cryoprotective composition is a stabilizing
component in the cryoprotective medium for the membrane lipids of spermatozoa.
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Figure 2. Dynamics of changes in the content of glycolipids and phospholipids of plasma mem-
branes, glycerol, and Docosatetraenoic acid in native and frozen/thawed spermatozoa depend-
ing on the composition of the cryoprotective medium: (a)—glycolipids/glycerol dependence;
(b)—phospholipids/docosahexaenoic acid dependence.
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3.3. Evaluation of Native and Frozen/Thawed Rooster Spermatozoa by Morphological and
Kinetic Parameters

The use of the Treh20 diluent at a trehalose concentration of 9.5 mM gave better results
in determining the total and progressive motility of frozen/thawed spermatozoa, which
was higher in assessing the viability of spermatozoa (Table 5).

Table 5. Results of evaluation of native and frozen/thawed rooster spermatozoa (rooster n = 10,
number of measurements n = 3).

Native Frozen/Thawed Sperm
Parameters S
perm LCM-Control Treh20 Treh30
Total motility (TM), % 86.3 £0.1 4274072 432 +1.1°2 273+ 1.2P
Progressive motility (PM), % 65.7 £0.1 243+262 27.6 +2.72 12.6 + 0.8b
Viability, % 90.4 £+ 0.1 2704852 412 +1.7°P 32.7+0.7°¢
Acrosome integrity, % 99.3 + 0.1 381+6.1°2 412 4+3.272 572 +25P

Note: ¢ p < 0.05.

An increase in the concentration of trehalose to 13.4 mM in the composition of the
cryoprotective diluent Treh30 significantly reduced the results of evaluating all these
parameters. The exception was the acrosome integrity parameter.

4. Discussion

Trehalose is a naturally occurring, non-toxic compound found in bacteria, fungi, plants,
and invertebrates, which has been shown to provide cellular protection under a variety of
stresses [26], including thermal, osmotic, and oxidative [13,26-29]. Among the molecules
that promote stability, trehalose provides the best membrane protection both in vivo and
in vitro [5,27]. It is known that the response to stress caused by the freeze/thaw protocol
is the rearrangement of membrane lipids in spermatozoa due to changes in the ratio of
major lipids as well as changes in minor lipids. Such stress leads to a restructuring of
the lipid organization of membranes and a change in the degree of unsaturation of fatty
acids. It has been shown that trehalose, which has a significant inhibitory effect on the
oxidation of unsaturated fatty acids due to the weak interaction with double bonds, reveals
the molecular mechanism of the antioxidant function [30].

A study of the effect of trehalose on the composition of a cryoprotective diluent at the
subcellular level (the plasma membrane of spermatozoa and its biomolecules) showed that
its concentration is of fundamental importance for preventing cell destruction and damage
during cryopreservation [31,32]. A dose-dependent effect of the content of trehalose in the
composition of the cryoprotective diluent on the safety of phospholipids and glycolipids
as substructural units of the cell membrane was observed; as a result, the morphological
integrity and kinetic parameters of spermatozoa were established. The best results were
achieved using the Treh20 cryoprotective medium containing 9.5 mM trehalose and 36
mM fructose. The obtained results are consistent with the results of previous studies
on the effect of the combination of saccharides (fructose-trehalose) on the fertility of
frozen/thawed semen; when using the Treh20 diluent, egg fertility was the highest—86%
versus 79% in the control (LCM-control) [33]. An increase in the content of trehalose to
13.4 mM (Treh30) led to a decrease in the estimated parameters, with the exception of
the acrosome integrity parameter. The concentration of trehalose 0 mM (LCM-control)
in the cryoprotective diluent reduced the parameters of acrosome integrity and viability
of frozen/thawed spermatozoa compared to both the experimental diluent formulations.
According to our assumption, the revealed destruction of glycolipids and phospholipids
in membranes, associated with the separation of their carbohydrate residues (glycerol)
and fatty acids (Docosatetraenoic acid), is explained by a change in the functioning of
enzymes caused by a violation of cellular structures, including acrosomes. Enzymes
(including phospholipase) are present in spermatozoa and are normally activated during
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the process of fertilization. The violation of the structural integrity of organoids during
cryopreservation triggers the process of premature release of enzymes, which leads to the
destruction of glycolipid and phospholipid molecules with the release of their components
(glycerol and fatty acids); different localizations of cytosolic phospholipases in spermatozoa
(heads, middle parts, and tails) have also been reported [14]. Trehalose protects intracellular
enzymes under the influence of temperature factors [11,34,35], acting as a stabilizer of cell
enzymes and, under certain conditions, can inhibit their action by increasing the viscosity
of the cytosol [36], which, prevents premature activation of intracellular enzymes when
using the Treh30 diluent.

In our study, structural changes in membrane lipids and changes in the degree of
unsaturation of fatty acids are practical “mirror image” with morphokinetic parameters,
i.e., the progressive motility and viability of frozen/thawed spermatozoa.

A decrease in the content of glycolipids in the plasma membranes of spermatozoa from
2.0% in native spermatozoa to 1.1-1.4% in frozen/thawed spermatozoa and phospholipids
from 71.2% (native) to 70.5% (frozen/thawed) reduced the progressive sperm motility
from 65.7% in native spermatozoa to 12.6-27.6% in frozen/thawed spermatozoa. The
same results were observed for the viability parameter of 90.4% (native) and 27.0-41.2%
(frozen/thawed). Thus, the relationship between the cryoresistance of lipids in the plasma
membranes of the spermatozoon, the integrity of the substructural units of the cell mem-
brane, and kinetic parameters under the influence of the cryopreservation process has
been proven.

This explains the sharp change in the content of phospholipids and glycolipids in
the plasma membranes of frozen/thawed rooster sperm when using a cryoprotective
medium that does not contain trehalose (LCM-control). The use of a combination of
fructose monosaccharide (36 mM) and trehalose disaccharide (9.4 mM) as part of a cry-
oprotective medium made it possible to stabilize the lipid profile of the plasma membranes
of frozen/thawed spermatozoa. However, an increase in the concentration of trehalose
(13.4 mM) and a decrease in the concentration of fructose (31 mM) in the Treh30 diluent not
only failed to stabilize the lipid profile of the membranes but also blocked the functional
qualities (motility) of spermatozoa, despite an increase in the integrity of the acrosomes
(p <0.05).

5. Conclusions

Thus, the study of the lipid profile of membranes as an additional criterion for evalu-
ating the functional disorders of spermatozoa and evaluating the effectiveness of cryopro-
tective diluents expanded the understanding of the mechanisms of action of trehalose and
made it possible to determine the most effective combination of sugar concentrations to
preserve the integrity of rooster spermatozoa membranes.

The Treh20 diluent, using a combination of fructose (36 mM) and trehalose (9.5 mM)
saccharides, maximally preserves the lipid profile of plasma membranes and the compo-
sition of the cytosol of frozen/thawed rooster spermatozoa, which positively affects the
indicators of general and progressive motility and viability.
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