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HYPOXIA AS A MODULATING FACTOR OF HUMAN
SPERM CAPACITATION AND CRYORESISTANCE

Despite increasing interest to the role of hypoxia in reproductive processes, its impact on sperm capacitation and cryoresistance
remains insufficiently described. This study investigated the effect of oxygen tension during pre-cryopreservation sperm
incubation on the capacitation efficiency and examined the relationship between capacitation and cryoresistance. According
to the WHO criteria, ejaculates from 30 healthy normozoospermic men were analyzed. Functional characteristics and
cryoresistance of spermatozoa were assessed after density gradient processing and in vitro capacitation under 1, 5 and 21%
oxygen concentrations. An incubation of human spermatozoa under moderate hypoxia was found to positively influence the
viability, motility, and capacitation activation. For the first time, we have demonstrated that oxygen tension during in vitro
incubation is a critical factor determining sperm survival following thawing. These findings suggest that moderate hypoxia
may represent a promising biotechnological strategy to improve sperm cryopreservation protocols and enhance the efficiency

of assisted reproductive technologies.
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The successful assisted reproductive technology
programs largely depend on the quality and func-
tional integrity of spermatozoa, in particular their
ability to fertilize an egg. One of the key processes
that ensure this ability is capacitation, a complex of
sequential molecular changes in the membrane and
cytoplasm of male germ cells necessary for gaining
the hyperactivity and the acrosomal reaction (AR).
This process is controlled by a number of signaling
cascades, including those involving calcium chan-
nels, the cyclic adenosine monophosphate/protein
kinase A (cAMP/PKA) system, as well as tyrosi-
ne kinases sensitive to changes in the microenvi-
ronment [2].

In vivo sperm capacitation occurs in the female
reproductive tract, particularly the uterus and

oviduct [14]. The female reproductive tract of
mammals is characterized by hypoxic conditions
with O, levels ranging from 2 to 8%. The oxygen
level in the ovaries is 5—8%, while in the fallopian
tubes and uterine cavity it drops down to 2—3%
[11]. With the participation of plasma proteins of
female secretions, changes in the state of the sperm
plasma membrane occur, resulting in the mem-
brane potential hyperpolarization, an increas-
ed level of intracellular cAMP and activation of
phosphorylation signaling cascades, which con-
tributes to hyperactive motility and readiness of
sperm for AR [15].

In vitro capacitation is induced by culturing
sperm in special media that mimic the conditions
of the female reproductive tract [6]. Sperm in-
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cubation and capacitation media contain carbo-
hydrates, amino acids, lipids, and trace elements.
The duration of incubation, concentration of com-
ponents, and temperature are considered critical
for the efficiency of the capacitation process. One
of the components of the in vitro environment and
a critical regulator of sperm function is oxygen. As
noted above, in vivo capacitation occurs in the
hypoxic environment of the female genital tract,
but most standard protocols do not take this factor
into account. Research results indicate that mo-
dification of oxygen levels during sperm culture
can affect their biological activity [3]. Thus, oxy-
genation of the incubation medium is an important
regulator of the functional activity of spermatozoa
at the in vitro capacitation stage.

In modern reproductive practice, various appro-
aches to sperm cryopreservation are used both in
normozoospermia and in pathological changed
ejaculate [8, 13]. It is known that most manipula-
tions at the stage of preparing sperm for low-
temperature storage, including capacitation, are
carried out under normoxia conditions [12].

The question about the optimal time for cryopre-
servation — before or after sperm capacitation —
remains debatable and insufliciently studied.

The aim of the study was to assess the effect of
the oxygenation level during incubation before
cryopreservation on the efficiency of capacitation
as well as to find out whether capacitation affects
the sperm cryoresistance.

MATERIALS AND METHODS

The study comprised the ejaculates from 30 healthy
men of reproductive age with normozoospermia.
All participants provided a written informed con-
sent of using the biomaterial. Inclusion criteria
were as follows: no genitourinary tract infections,
inflammatory or systemic diseases, as well as no
history of reproductive system pathologies. After
collection, the ejaculate was incubated for 30 min
at 37 °C. Following dilution, a basic spermogram
analysis was performed in accordance with the
recommendations of the World Health Organi-
zation. The following parameters were assessed:
ejaculate volume, pH, sperm concentration, total
sperm count, motility (progressive/non-progres-
sive, immobile forms) and viability (eosin-nigrosin
staining). Afterwards, the ejaculate was layered
with 1 ml of SpermGrade density gradient (Cooper-
Surgical, USA) in sterile conical tubes. First, 1 ml
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of 80% gradient was applied, on top of which 1 ml
of 40% gradient was carefully layered, and on top —
1—2 ml of pre-diluted ejaculate. Centrifugation
was performed at 300—400 g for 20 min at room
temperature. Then, the supernatant was carefully
removed, and the pellet was resuspended in Global
total for fertilization medium (CooperSurgical).
The swim-up method was used to perform capa-
citation. For this, 0.5 ml of medium was carefully
added to the pellet and incubated for 60 min in a
SANYO MCO-19M multigas incubator (Sanyo
Electric Co., Japan) at a temperature of 37 °C with
O, concentrations of 1, 5 and 21%. After incubation,
the upper layer enriched with motile spermatozoa
was carefully removed for further analysis. Thus,
the samples were divided into three groups, each
of which was incubated under the following con-
ditions: group 1 — 1% O, (hypoxic conditions),
group 2 — 5% O, (physiological norm for the
female reproductive tract), group 3 (control) —
21% O, (atmospheric level).

The number of spermatozoa that passed throug
the AR was determined using FITC-PSA fluo-
rescent labeling (Sigma-Aldrich, USA) according
to the manufacturer’s protocol. The acrosome was
considered intact if uniform intense luminescence
of the acrosomal region was observed and comp-
letely edited if its luminescence was absent.

For the cryobiological experiment, spermatozoa
were collected before and after an hour of in vitro
cultivation under different oxygenation conditions.
The samples were frozen according to the adapted
protocol of M. Di Santo et al. [4]. Spermatozoa
were incubated for 10 min in a 7% glycerol solution
(Merck KGaA, Germany) at room temperature.
Cryoprotectant was introduced gradually to mi-
nimize osmotic shock. After exposure, the cell
suspension was distributed into 0.5 ml cryovials
(Thermo Fisher Scientific, USA). The containers
were labeled and placed approximately 5 cm abo-
ve the level of liquid nitrogen (-80 °C) for 10—
15 min, afterwards the samples were quickly im-
mersed in liquid nitrogen (-196 °C) for a long-term
storage.

The samples were thawed by a quick immersion
of the cryovial in a water bath heated to 37 °C. In
order to minimize osmotic shock, after the com-
plete disappearance of the solid phase, the sample
was gradually diluted with a medium without
cryoprotectant. The cryoprotectant was removed by
centrifugation with subsequent collection of the
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supernatant. After thawing, the survival rate of cells
was determined by assessing their viability.

The obtained data were statistically analyzed
using "GraphPad Prism (10.4.1)" software (Graph-
Pad Software, USA). In all experiments, the nor-
mality of the data distribution was checked using
the Shapiro-Wilk test. One-way analysis of variance
(ANOVA) with Tukey’s post-hoc test was used to
compare groups. Differences were considered sig-
nificant at p < 0.05.

RESULTS AND DISCUSSION

At the first stage of the study, the basic clinical and
demographic characteristics of the examined
individuals were analyzed. The average age of the
participants was (29.8 + 3.5) years, body mass
index made (22.2 + 4.3) kg/m?. After assessing the
general anthropometric parameters, the spermio-
logical indices were explored: the volume of the
ejaculate was (2.67 £ 0.51) ml, corresponding to
normal physiological values; the total concentration
of spermatozoa was (62.7 = 19.2) million/ml;
motility made (61.9 * 9.4)%; viability was (77.1 £
* 5.6)%, which indicated a high number of live cells
in the samples.

After 60-min incubation of the samples, the fre-
quency of cell motility and viability changed de-
pending on the incubation conditions (Table).

The findings demonstrate a pronounced effect of
the O, level under in vitro capacitation conditions,
on the spermatozoa functional characteristics. The
highest motility indices were determined during
spermatozoa incubation under moderate hypoxia
(group 2), which exceeded the mentioned index in
groups 1 and 3. At an O; level of 5%, a more pro-
nounced manifestation of hyperactive movements
was noted, which demonstrated the potential ad-
vantage of moderate hypoxia for activating ca-
pacitation processes. An increased viability of sper-
matozoa of group 2 was noted. In view of this fact,

it can be assumed that reduced (5% O,) hypoxia
creates optimal conditions for preserving the
functional characteristics of spermatozoa, while
excessive hypoxia (1% O,) and normoxia are
accompanied by a decrease in this index, showing
the importance of precise control of the oxygen
level during manipulations with reproductive cells.

After one hour of incubation of spermatozoa in
media with different O, concentrations, the level of
induced AR was lowest in group 3, while group 2
had the highest one. AR induction is provided by
an environment that corresponds to the physio-
logical conditions of the female genital tract [11].
Incubation at 1% O, creates an alkaline environ-
ment, which may inhibit AR initiation, preserving
more spermatozoa with intact acrosome [18]. In
addition, it is believed that elevated O, levels may
cause excessive production of reactive oxygen spe-
cies (ROS), which leads to membrane damage and
premature depletion of the functional potential of
spermatozoa [1]. Low O, levels provide a mo-
derate level of AR. This is probably due to the limi-
ted energy supply of glycolytic and mitochondrial
origin [5]. Thus, the obtained data indicate that
reduced hypoxia (5% O,) creates favorable condi-
tions for the course of sperm capacitation in vitro,
while incubation at 1 and 21% O, levels may have
a suppressive effect on this process.

The survival rate of uncapacitated spermatozoa
was (84.51 + 2.5)%, which is consistent with re-
ference data for ejaculates from healthy donors
[17]. After capacitation at different levels of oxy-
genation with subsequent cryopreservation, an
evident dependence of the sperm survival rate on
the O, concentration during incubation was found
(Figure).

The highest sperm survival rates after capaci-
tation and cryopreservation were recorded under
1% O, conditions, while the lowest ones were found
under normoxia. This fact indicates that the oxy-

Functional parameters of human spermatozoa one hour after incubation

under various in vitro oxygenation conditions

Parameters Group 1 Group 2 Group 3
Motility, % 50.4+9.3 59.2+45 49.2 + 8.7
Viability, % 70.3+94 79.2£9.5% 66.1 +9.5
Number of cells with AR, % 21.6+2.9 26.8+2.3 143 £2.5%*

Notes: * significant difference compared to group 1, p < 0.05; ** significant difference compared to groups 1 and 2,

p<0.0LI.
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gen level during capacitation is a critical factor
determining subsequent cell viability. Presumably,
the decrease in oxygenation reduces oxidative stress,
which under normoxic conditions can be exa-
cerbated and cause membrane and mitochondrial
damage and disruption of sperm homeostasis [16].

Some authors believe that hypoxia can induce
autophagy to conserve energy and recycle damaged
structures in sperm [7]. Autophagy may play an
important role in preparing sperm for AR, in par-
ticular by regulating membrane remodeling,
mitochondrial utilization and mobilization of
energy resources. Impaired hypoxic response me-
chanisms or autophagy dysfunction may interfere
with the implementation of AR, which can reduce
the fertilizing ability of sperm. The results obtained
have practical significance for creating conditions
for preparing sperm for fertilization by insemi-
nation, ICSI or IMSI [10].
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TTIIOKCIA AK MOAYTIOIOYMI YMHHNK KATTATIUTAIIIT
TA KPIOPE3VICTEHTHOCTI CIIEPMATO3OIIIB JTIOAVMHN

[Torpu mornmbnmenuit iHTepec KO pori TiNOKCl y penpogyKTMBHMX IpoliecaX, Il BIUIMB Ha KaNal[UTallil0 Ta Kpio-
PE3UCTEHTHICTD CIIepPMAaTO30iMIiB HOCi HEOCTATHBO 3’5ICOBaHO. Y po6OTi OCII/KEHO BIUIMB PiBHA OKCUTeHAllil mij] Jac
inkyOanii crlepMaTo30iniB Iepe KpiOKOHCepBYBaHHAM Ha e(DeKTMBHICTb KamaluTalii, a TakoXK BM3HAYeHO 3B 530K
MDK KaIalMTaliielo Ta KpiopesucTeHTHiCTIo. BigmosifgHo no kpurepiiB BOO3 mpoananizosano eaxkynsatu 30 3[0poBuxX
JOJIOBIKIB i3 HOpMO3oocmepMmier. OriHeHO (YHKLIIOHANTbHI XapaKTepUCTUKA Ta KPIOPE3UCTEHTHICTh CIepPMaTO30i/iB
micia 06poOKy IpaflieHTOM IIUIBHOCTI Ta KaIlalUTallii B yMOBaX in vitro 3a KOHLIeHTpaLili K1cHIo 1, 5 Ta 21%. Bcranosie-
HO, IO iHKyOalid CIlepMaTO30ifiB JIIOAVHM B YMOBAaX IIOMIpPHOI TiIIOKCil MO3UTMBHO BIUIMBA€E Ha XXUTTE3NATHICTD,
PYX/IUBICTD Ta aKTUBAL{IO Kamalyraril. Brepire mokasaHo, 1110 KMCHEBUIT PeXXIM B YMOBaX iHKyOail in vitro € KpUTud-
HMM (aKTOPOM, sKMII BU3HAYa€ PiBeHb BIDKMBAHHA CIIEPMATO30IAiB IMiC/IA po3aMOpoXKyBaHHA. OTpuMaHi pesynbraTu
JAIOTDh IIJICTAaBY POSIVIAAATH ITOMIPHY TiIIOKCiIO SIK HEPCIEKTUBHY OiOTeXHOMOTIUHY CTpaTerio JyIi MOKpalleHHs IIpo-
TOKOJIiB KPiOKOHCEepBYBaHH: CIIEPMAaTO301iB Ta MiiBUIIIeHHA e(PeKTMBHOCTI JOMOMDKHIX PeIIPOyKTUBHIX TEXHOJIOT1A.

Knrouoei cnosa: KpioKoHCEpBYBaHHs, TiMIOKCiA, CIEpMATO30i/IV TIOfUHN, KallallUTallid.
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