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Abstract. The aim of the present study was to investigate the
influence of millimeter-wave electromagnetic (MW) irradia-
tion on normal and pathological human sperm in vitro, and to
evaluate a possible role of polyamines (PA) in this process.
The stability of sperm membranes, the number of apop-
totic gametes, and the content of seminal plasma PA in the
ejaculates of fertile and subfertile men were compared before
and after short-term MW electromagnetic exposure in vitro.
The ejaculate samples were collected from healthy donors
[n=25, age 22-38 years old (y.o.), average age 30.6x1.1 y.o.
(mean + SEM)] and from subfertile men (n=78, age 25-48 y.o.,
average age 34.1+0.8 y.0.) and exposed to MW radiation. The
electromagnetic field had a wavelength of 7.1 mm, a frequency
of 42.194 GHz and an exposure time of 20 min. The fragility
of sperm membranes was evaluated by their resistance to
sodium chloride solution (Milovanov test) and to acetic acid
(Joel test). Acrosin activity was assayed spectrophotometri-
cally. Apoptosis was determined by the externalization of
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phosphatidylserine on the outer side of the sperm membrane
and propidium iodide staining. The PA levels were determined
by agar gel electrophoretic fractionation. An increase in the
resistance of sperm membranes, a decrease in acrosin activity,
a decrease in the number of apoptotic gametes and a decrease
in the seminal plasma PA concentrations were found after
exposure of the native human sperm to low-intensity MW irra-
diation. Two types of reactions were revealed for the subfertile
samples. The results revealed positive bio-effects of specific
microwaves on the human semen and the participation of PA
in the realization of these effects.

Introduction

Millimeter-wavelength electromagnetic waves (MWs) possess
wavelengths of 1-10 mm. A healthy living cell is character-
ized by a spectrum of acoustoelectric oscillations (normal
oscillations) in the plasma membrane that belong to the MW
range, with the amplitude lowering and fading away when a
cell is impaired resulting in loss of viability and death (1,2).
The biological effects of electromagnetic irradiation depend
on characteristics such as induction, frequency and duration of
exposure. The short-wave range (30-300 GHz), corresponding
to the cell's natural oscillations, is the most attractive range for
investigations (3-5). It is considered that the MW action on the
cells leads to the correction or restoration of their natural oscil-
lations, which results in increased membrane stability and the
maintenance or extension of the cell viability. Millimeter-wave
irradiation is applied for complex therapy (Millimeter Wave
Therapy; MW therapy) of various diseases, such as diabetes,
cardiovascular and skin diseases, rheumatoid arthritis and
disorders of the male reproductive system (6,7). For example,
the complex treatment of chronic prostatitis includes MW
therapy with wavelengths of 7.1 or 5.6 mm, and an exposure
duration of 20 mins (5).

Despite the increased interest in bioelecromagnetic studies
in the recent years, the mechanism of MW action remains
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incompletely understood. A possible explanation of its thera-
peutic effects includes its direct and indirect interaction with
the skin structural components and further neurogenic activa-
tion of endogenous opioid systems, and is further discussed
in a more specific review (2). However, there is very little
information on the influence of MW on seminal liquid, male
gametes, and their apoptosis in particular.

One of the most abundant components of the seminal
plasma is polyamines (PAs), which are widely present in all
tissues and biological fluids of the body (Fig. 1). They are
essential for cell growth, cell proliferation and differentia-
tion (8,9), and have the ability to coordinate the process of cell
apoptosis (9-13). The contents of the PAs spermine (Spm)
and spermidine (Spd) in the seminal plasma are significantly
higher than in any other biological fluid, which highlights the
importance of these low molecular weight organic polycations
for human reproductive function, especially in men (10,14).
However, there is a lack of studies aiming to understand the
roles of the human seminal plasma PA. It has been established
that higher PAs levels, such as that of Spd and Spm, are produced
by the prostate gland from putrescin and decarboxylated SAM,
participate in the regulation of the pH of seminal plasma,
stabilize the structure of sperm DNA, activate the motility of
gametes, and are considered to be a de-capacitating factor that
participates in the regulation of the sperm membrane integrity
during fertilization (8,14-16). The cell membranes are consid-
ered the main targets for MW at the molecular level (2,17). In
this regard, the influence of short-term low-intensity MW expo-
sure on the sperm cell membranes and the role of the seminal
plasma components are of interest. It was hypothesized that if
any biological effects of the MW irradiation on the sperm cells
can be detected then the PA may be involved in the develop-
ment of these effects. The current study aimed to reveal the
biological effects of microwaves on male gametes and the role
of PA in the realization of these effects.

Materials and methods

Study design. The ejaculates of healthy fertile men (n=25) aged
from 22-38 years old (y.o0.) [(30.6+1.1 y.o. (mean + SEM)], and
of subfertile men (n=78) aged 25-48 y.o. (34.1+0.8 y.0.) were
studied. The identification of normal and subfertile samples
was based on the spermogram parameters described below.
As the investigation was performed with participation of the
Reproduction Center, the preliminary basis for the identifica-
tion of samples as subfertile was also the inability for the donors
to have children. The durations of ‘barren marriages’ ranged
from 6 months to 15 years. No reproductive organ diseases
were diagnosed in donors with abnormal spermograms, the
donors did not abuse alcohol and were not smokers. The fertile
samples were taken from the donors who had children in the
previous 3 years.

First, we studied the influence of MW irradiation on
spermatozoa from healthy donors. The whole ejaculate after
complete liquefaction were examined for the standard spermo-
gram parameters. Each sample was divided into three parts:
Control ¢, Expl ¢ and Exp2 ;.. The Control ; was not exposed
to the MW irradiation, Expl  was exposed to the MW irra-
diation as a whole ejaculate, and Exp2  was centrifugated at
12,580 rcf for 15 min at room temperature, and divided into

seminal plasma and sperm cells, after which the seminal
plasma and spermatozoa were exposed to MW irradiation
separately from each other. The Control ; and Expl  group,
after MW exposure, were then also centrifuged as above, and
divided into seminal plasma and spermatozoa. The seminal
plasma and spermatozoa from all three experiments were used
for the specific assays. The spermogram parameters were also
evaluated in the Expl  and Exp2 ;. groups after MW exposure.
Next, the effect of MW treatment on spermatozoa with regard
to metabolic processes was assessed. The ejaculates from
donors with pathospermia (Control 5, Expl 5) were exposed to
the MW treatment and processed similarly to those of healthy
donors. Figs. 2 and S1 outlines the study design briefly.

Ethical approval. The present study was performed in
accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) (18) and was approved
by the Local Ethics Committee of the Astrakhan State Medical
University of the Health Ministry of the Russian Federation
(protocol no. 2; 21st May 2021). Informed consent for partici-
pation in the study and use of their samples was obtained from
all participants.

MW field generation. The electromagnetic field was produced
by a generator of monochromatic electromagnetic waves
“Yav-1-7.1" (Scientific Production Association, Istok). The MW
parameters (A=7.1 mm, v=42.194 GHz) as well as the dura-
tion of the experiment have previously been determined to
induce the intended bioeffects without a heating effect, and
are recommended for clinical and experimental use (4,5,19).
The absence of a thermal effect ensured the specificity of
biological action (5,19,20).

Spermatozoa investigation. The assessment of the primary
standard spermogram parameters was performed according to
the generally accepted methods recommended by WHO and
leading experts (21,22). Microscopic studies of sperm were
performed on a transmission electron microscope; morphology
and motility characteristics were explored (21,22). The motile
sperm cells were counted using a Goryaev chamber. All these
parameters were determinants for the verifying the samples
as normal or subfertile ones at the zero point of the study.
The biochemical investigations included membrane resistance
tests, acrosin activity assay and apoptosis investigation by
evaluation of PS externalization by AnnexinV-propidium
iodide (PI) staining.

Membrane resistance assessment. The sperm membrane
resistance to the 1% sodium chloride solution (Milovanov
test) was explored (23). Briefly, the ejaculate was diluted
gradually with 1% sodium chloride solution and incubated for
3 min at 37°C with counting of motile sperm cells. The first
dilution (1:500) was performed by adding 10 ml 1% sodium
chloride solution to 0.02 ml ejaculate, next dilutions (1:1,000,
1:2,000, 1:4,000, 1:6,000, etc.) were obtained by adding 0.5 ml
volumes of 1% NaCl solution to the corresponding volumes
of the first diluted (1:500) solution. The number of motile
sperms were counted in ejaculate samples before and 3 min
after each dilution under a light microscope (magnifica-
tion, x100), using a Goryaev chamber, and accordance with
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Figure 1. Polyamines of body tissues and biological liquids. The polyamines
contain two or more amino groups with basic properties.

methods recommended by WHO and leading experts (21,22).
The diluting was performed gradually starting from 1:500
up to the complete cessation of spermatozoa motility (23).
The higher the dilution at which the motility remained, the
greater the membrane resistance was considered to be. The
membrane resistance was evaluated in equivalent units (EU)
corresponding to the degree of dilution; for example, if the
highest dilution maintaining sperm motility was 1:4,000, then
the resistance was considered 4,000 EU. The mean + SEM
were then calculated.

The membrane resistance to acetic acid was evaluated in
the Joel test (23). The ejaculate was diluted with 0.5% acetic
acid solution (1:1) and incubated at 37°C. At O h (before the
dilution) and every 10 min after dilution, the number of motile
spermatozoa was counted in the ejaculate samples, up to the
complete cessation of motility. The duration of motility in
these conditions was a marker of membrane resistance.

Acrosine activity assay. The spermatozoa were washed using
PBS (pH 6.5) to remove the seminal plasma and extracted with
0.2 M acetate buffer (pH 2.4). The activity of free acrosine
(EC 3.4.21.10) was determined spectrophotometrically as
described by Schill (24). Briefly, benzoylarginine ethyl ester
was hydrolyzed by acrosine producing ethanol, the latter was
then assayed in an alcohol dehydrogenase reaction with forma-
tion of NADH(H") detected at 366 nm (24) on the Novaspec 111
spectrophotometer (Amersham Biosciences). The total activity
of acrosin was determined following rapid thawing (at 23°C
for 30 min) of the pre-frozen (at -196°C liquid nitrogen) ejacu-
late. The pro-enzyme activity was calculated by subtracting
the activity of free acrosine from the total acrosine activity.
Acrosin activity was expressed in international units per
1 million spermatozoa (xU/106 cells) (24,25).

Apoptosis investigation. Sperm cells were washed to remove
the seminal plasma and incubated in Menezo B-2 medium
(BioMerieux) in a humidified incubator with 5% CO, at 37°C.
The apoptotic process of gametes was assessed using fluores-
cein-labeled Annexin V (AnV), which binds to PS residues on
the membrane surface of apoptotic cells, and PI, a fluorescent
DNA dye that allows differentiation of cells with damaged
membranes from those with intact membranes. The FITC
Annexin V Apoptosis Detection Kit was purchased from BD
Biosciences, Inc, and used according to the manufacturer's
protocol. During the early stage of apoptosis, cells bind AnV,
but like living cells, are impermeable to PI, therefore, they are
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AnV+/PI-. The percentage of such cells among the total number
of cells was calculated (10,11). The microscopic studies were
performed on a fluorescent microscope at a magnification of
x100. The AnV+/PI-(green fluorescence without red fluores-
cence) cells were counted using a Goryaev chamber.

Assay of PA levels. PA was extracted from seminal plasma
using n-butanol (1:1; pH=10) for 1 h at room temperature, and
after evaporation of the butanol phase, the remaining solution
was electrophoretically separated in 1.5% agar gel with 0.1 M
citric acid buffer (pH=3.4-3.6) for 1 h at room temperature,
with a voltage of 200 V and an amperage of 40 mA (Patent
for invention RUS no. 2225981 dated 28.02.2002). Spm and
Spd were visualized as pinkish-violet spots after staining with
ninhydrin and identified using standard solutions (Fluka). The
amount of PA in the sperm plasma of each man was determined
using scanning electrophoregrams, transferring the image into
a digital format on a PC using a specific computer program
‘PN 5108’ (certificate of registration of a computer program:
RUS 2003612170 dated 21.07.2003). The concentrations of
Spm and Spd were calculated using a classical calibration
curve (plots reflecting the concentration-dependent peak areas
for the standard PA solutions). The method was tested with
natural semen samples (n=10) and showed the linearity within
the working range of 0.05-40 ymol/ml, the detection limit for
seminal plasma PA was 0.064 pmol/ml, variability interval
0.4 ymol/ml, maximum relative error <15%.

Statistical analysis. Statistical evaluation was performed after
checking the distribution for normality (Shapiro-Wilk test)
in Statistica version 7.0 (StatSoft Inc.). Comparisons between
the studied values were assessed using an unpaired Student's
t-test (P<0.05) or a one-way ANOVA followed by a post-hoc
Tukey's test for multiple comparisons in Microsoft Excel 2016
(Microsoft Corporation) or SPSS version 24 (IBM Corp.),
respectively. Data are presented as the mean + SEM. Assessment
of the correlation between parameters was performed using a
Pearson correlation coefficient analysis (r). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Characteristics of the spermatozoa of the fertile donors. The
standard spermogram characteristics were obtained for the
sperm cells from Expl-2  and Control  samples (Fig. S2A).
An extended cytological study of the spermatozoa of fertile
men did not reveal significant changes in the number of the
head (amorphous, small, tapered, round, double-headed forms,
etc.), neck (‘bent’ neck, thin midpiece, etc.) or tail defects
(two-tailed forms, a short tail, etc.) in the experimental samples
after exposure to low-intensity MW irradiation compared to
the Control Samples (P>0.05, Table SI). Also, no alterations in
the motility of the spermatozoa were observed after MW treat-
ment of fertile men spermatozoa both in Expl pand Exp2 .
(P>0.05, Table SII).

The evaluation of the functional state of sperm membranes
by their resistance to 1% sodium chloride solution revealed
that a short-term exposure to MW radiation resulted in a 26%
increase in membrane resistance when applied to the whole
ejaculate (Expl ), and in a 17% increase when the cells
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Table I. Changes in the resistance of sperm membranes and in apoptosis of fertile men after low-intensity millimeter-wavelength

electromagnetic wave exposure.

Parameter Control g Expl ¢ Exp2e p0-1  p0-2 pl-2
Membrane resistance to sodium chloride, EU¢ 4,250.32+320.63 5,325.41+291.80 4,963.01+278.91 0.033* 0.214 0.666
Percentage of AnV+/PI-spermatozoa,%* 10.47+0.50 8.50+0.39 10.39+0.67  0.028* 0.993 0.037*
Apoptotic index*¢ NA 0.81+0.02 0.99+0.01 NA NA <0.01°

P<0.05, °P<0.01. ‘Mean + standard deviation. “Exp /Control .. AnV, AnnexinV-FITC; PI, propidium iodide; EU, equivalent units; p0-1,
comparison of Control ; and Exp1 , p0-2, comparison of Control ; and Exp2 , p1-2, comparison of Exp1 . and Exp2 ¢; P<0.05.
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Figure 2. Study design and experiments. After complete liquefaction, the complete ejaculate samples were divided before or after millimeter-wavelength
electromagnetic wave-exposure into two fractions, the seminal plasma and the spermatozoa, that were then further examined.

were separated from the plasma (Exp2 ;). These findings are
summarized in Table I.

The Joel test showed a significant increase in spermatozoa
resistance to acetic acid after the MW treatment. The differ-
ences in both the Control ; and the Exp  were insignificant
when incubated for <10 min, but after 20-30 min of incuba-
tion, the differences became statistically significant (P<0.05).
Generally, the motility of sperm in samples after MW exposure
was maintained for ~10 min longer than in Control  samples
(Table SIII).

PS externalization in the spermatozoa of fertile donors. The
next step of the present study was the determination of apoptotic
markers in spermatozoa. The results are presented in Table I;
Fig. S3A and B, E and F. The content of AnV+/PI-sperms in
the Control . group was 10.47+0.50%. The percentage of these
early apoptotic gametes was reliably reduced by almost 20%
(P<0.01) in Expl  after MW exposure. The changes in the
content of AnV+/PI-spermatozoa in the Exp2 . did not signifi-
cantly differ rom the Control  (P>0.05). To make the results of
the short-term MW impact assessment more demonstrative, the
apoptosis index (AI) was calculated as follows: AI=Apoptotic
percentage the in experimental group/apoptotic percentage in
the Control . group.

This index shows the ratio of the AnV+/PI- gametes after
exposure to the MW radiation (Expl ;) to the number of such
cells in the Control ; group. Al values <1 (as in the Expl ¢
group) were indicative of inhibition of apoptosis in gametes.
The sodium chloride resistance of sperm membranes after
MW exposure (Expl p) correlated inversely with the content
of AnV+/PI- spermatozoa in ejaculates (r=-0.5; P<0.01) and
with Al (r=-0.4; P<0.05).

Enzymatic activity of acrosine in spermatozoa of fertile donors.
The determination of the enzymatic activity of acrosine is used
as a diagnostic test for evaluating spermatozoa fertilization
in vitro (24,25). Serine proteinase EC 3.4.21.10 acrosine is one
of the key acrosomal enzymes and plays an important role in the
process of oocyte fertilization (25). However, there is no data on
the functioning of the acrosine system under the influence of
MWe-irradiation in the available literature. The activity of free
acrosine was significantly lower in the experimental samples,
particularly in Expl , and was 87% of that observed in the
Control  group (Table II). The total activity of acrosin did not
change compared with the Control ; group. The pro-enzyme
activity of acrosin in ejaculate samples after MW-exposure
compared to the control did not increase significantly, increasing
by ~4% (Table II). The ratio of pro-acrosin/free acrosin was
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Table II. Acrosin activity in the spermatozoa of fertile donors before and after the low-intensity millimeter-wavelength electro-

magnetic wave exposure.

Enzyme activity Control ¢ Explg

Free acrosin activity, pU/10° cells® 1.34+0.07 1.17£0.05*
Total acrosin activity, uU/10° cells® 5.16+0.15 5.15+0.13
Pro-acrosin activity, ¢ U/10° cells® 3.82+0.12 3.98+0.12°
Pro-acrosin/free acrosin ratio® 2.85+0.11 3.40+0.12°

aP<0.05 vs. Control . "Mean + standard deviation.

Table III. The concentration of polyamines in the seminal plasma of fertile donors after low-intensity millimeter-wavelength
electromagnetic wave exposure in the presence (Expl ) and absence (Exp2 ) of the sperm cells.

Parameter Control ¢ Expl ¢ Exp2 g pO-1 p0-2 pl-2

Spm, ymol/ml* 1.197+0.111 0.803+0.092 1.178+0.126 0.036* 0.992 0.049*
Spd, gmol/ml° 1.265+0.152 0.804+0.055 1.281+0.145 0.030* 0.996 0.024*
Spm/Spd¢ 0.95+0.03 1.22+0.03 0.93+£0.05 <0.001° 0.944 <0.001°

P<0.05,°P<0.01. “Mean = standard deviation. Spm, spermine; Spd, spermidine; pO-1, p comparison of Control  and Exp1 g, p0-2, comparison

of Control ; and Exp2g; p1-2, comparison of Expl ¢ and Exp2 .

calculated, and its value increased on average by almost 20% in
Expl  compared with the Control  (Table II).

PA concentrations in seminal plasma of fertile donors. The
next step of the study was to reveal the role of the seminal
plasma PA on the effect of MW on spermatozoa. The assess-
ment of the PA content was performed on Control g, Expl
and Exp2  groups. The Control Samples showed that the
concentration of Spm was 1.197+0.111 ymol/ml, and Spd was
1.265+0.150 pg/ml (Table III, Fig. 3). The MW treatment
caused a significant decrease in the concentrations of both
PAs in the Expl ; group (P<0.05). The Spd concentration
changed to a greater degree, so these alterations were not just
quantitative, but also involved the profile of PA content. The
change in the spectrum of PA levels in the seminal plasma
after MW exposure is illustrated by the shift in the Spm/Spd
ratio (0.95—1.22). The PA concentrations after MW treat-
ment were not altered in the absence of spermatozoa (Exp2 ,
P>0.05, Table I11). However strong correlations (r=0.9, P<0.05)
between the number of apoptotic cells and PA levels were
observed for the Control  and Expl ; samples.

The PA electrophoregram and densitogram of seminal
plasma of a fertile man before and after the exposure of the
ejaculate to low-intensity MW are shown in Fig. 3. Two sepa-
rate spots can be seen on the platelets corresponding to Spd and
Spm visualized in the ninhydrin reaction. An additional spot
of unknown substance appears in the electrophoregram after
MW exposure. This substance is present not far from the PA,
therefore it may be considered as a substance similar to PAs.
At the same time its velocity of migration is lower than that
of PA, suggesting it has a different molecular weight/charge
ratio. Presumably this spot might belong to an acetylated Spd

-
e

=
3

Figure 3. Electrophoregram and densitogram of the PA in the seminal plasma
of a fertile man's (A) native seminal plasma, separated from the sperm cells,
without MW exposure (Control ;) and (B) in the seminal plasma, separated
from the sperm cells, after exposure to low-intensity MW waves (Expl p).
MW, millimeter-wavelength electromagnetic wave; PA, polyamine.

or Spm. Unfortunately, it was not possible to determine the
identity of the molecule accounting for this spot due to a lack
of standard components, and will thus form the focus of future
investigations.
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Table IV. Motility of spermatozoa from subfertile men before and after exposure to the millimeter-wavelength electromagnetic

wave irradiation.

Spermatozoa percentage, %

Spermatozoa motility characteristics Control ¢ Explg P-value
Progressively motile, % 169+2.3 24.0+1.3* P<0.05
Non-progressively motile, % 203+2.4 12.1+1.7¢ P<0.05
Immotile, % 62.8+1.3 63.9+1.5 P<0.05

?P<0.01 vs. Control g.

The results gained for the fertile samples provide evidence
of the positive action of MW treatment, such as the increase
in membrane stability and improved functionality of sper-
matozoa (lowered acrosin activity, inhibition of apoptosis).
This effect was observed mainly for the complete ejacu-
lates against the background of seminal plasma PA levels
lowering, and was absent or less pronounced in the sperm
cells exposed to MW in the absence of seminal plasma. The
PAs did not ‘disappear’ from the spermatozoa-free plasma
(Exp2p) after MW treatment. Taken together these results
reveal the involvement of the PA system on the effect of MW
upon sperm cells.

Characteristics of the spermatozoa from the subfertile
samples. The investigation of the influence of MW irradia-
tion on spermatozoa of subfertile samples was performed in
order to reveal any potential therapeutic effects (Fig. S2B;
Fig. S3C and D). The complete ejaculates were tested only
(Control ¢ and Expl ).

Due to the large variability in the parameters of spermo-
grams of the patients in the group of pathospermia, the changes
in the morphology of the gametes, in the functional state of their
membranes and in PS externalization as a marker of sperm
apoptosis, were not statistically significant (all P>0.05). The
reaction of subfertile spermatozoa to MW differed from that
of the normozoospermia samples. In particular, the number of
progressively motile gametes increased to 24% (Expl ) from
16% (Control ), while the number of non-progressively motile
spermatozoa decreased from 20% in Control sto 12% in Expl ¢
(P<0.05, Table IV). The quantity of immotile spermatozoa did
not change significantly (P>0.05, Table IV).

PA concentrations in the seminal plasma of subfertile samples.
First the levels of PA in the spermoplasm of subfertile men
revealed that their levels drastically differed from those of
fertile men, in particular the residual concentration of Spm and
Spd was 58 and 15% from that of healthy donors, respectively.
The study of the dynamics of the PA in the subfertile spermo-
plasm after MW treatment revealed two types of responses. In
the first type, there was no significant change in the levels of
PA, there was only a slight tendency to an increase in the levels
of Spd, although this increase was not significant. In the second
type of response, both Spm and Spd levels were significantly
decreased, which resembled the response in normozoospermia
and led to an increase in the Spm/Spd ratio.

Discussion

The parameters applied in the MW-electromagnetic field are
in accordance with those that are already well-characterized
and are known to induce a positive biological effect without
heating. These frequencies and regimens are applied in
therapeutic purposes, namely for the treatment of chronical
prostatitis (3,5). The duration of treatment in the present study
was within the therapeutically applied parameters. An alterna-
tive to the constant EM field is a pulsed-radiation that is used
in telecommunication systems. The lack of the specific equip-
ment has limited our investigation to the constant field only.
Our preliminary experiments included the 20 and 40 min MW
exposures, but the results within this range of time exposures
did not differ (data not shown), therefore the experiments in
the present study were limited to 20 min of exposure only.
There have been several theories suggested that may
explain the effect of MW on cells. For example, changes in
cell membranes, water molecule rotation induced by MW, and
direct and indirect stimulation of nerve pathways are among
possible mediators of the actions of MW (1,2,6). The aim of
the present study was to determine any effect of MW on the
complete ejaculate and the role of the seminal plasma PA on
the effects of MW. The investigation of low-intensity MW
radiation impact on sperm cells in their native seminal plasma
environment and on isolated sperm cells (in cultural liquid)
showed this treatment increased sperm membrane stability and
lowered apoptosis of the sperm cells. The effect did not appear
at the level of morphology or motility of the cells, which is an
expected result, since it is unlikely that a short-term exposure
can cause visible morphological changes in spermatozoa (2,6).
A documented positive effect of MW irradiation identified
in the present study is the increased sperm membrane stability,
and this is consistent with the previous literature reports (2-4).
To assess the functional state of sperm membranes, two
methods were used: i) A method using an external factor with
increasing strength (sodium chloride solution, Milovanov test)
and ii) a method using a constant external factor acting over
an elongated time period (acetic acid, Joel test). Both methods
showed an increase in the resistance of the membranes of
sperm cells of fertile men after exposure to MW. A more
pronounced stabilizing effect was observed for the cells in the
presence of seminal plasma PA than in the cultural liquid. The
inhibition of cell apoptosis was correlated with the degree of
membrane stabilization and with the PA concentrations.
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The function of the acrosomal enzyme acrosin is funda-
mental for ensuring the realization of the procreative function
of spermatozoa, and is closely related with the state of the
spermatozoa membranes (25). The results of the present study
indicated that in normozoospermia, the MW treatment
resulted in an increase in the pro-acrosin/free acrosin ratio;
thus, the premature activation of acrosin was prevented, which
is a favorable factor contributing to the effective realization
of the fertilizing activity of spermatozoa. The increase in
the pro-enzyme activity of acrosin may have been due to a
decrease in the activity of free acrosin as a result of stabiliza-
tion of the acrosomal membrane of the spermatozoa under the
influence of MW. However, the direct influence of the MW field
on the activity of acrosine by altering its conformation through
modification of its solvate shell cannot be excluded, and it is
likely the case that both mechanisms take place, and the extent
of the effects of each mechanism should be determined.

Spm and Spd (Fig. 1) belong to the PA group, along
with putrescine and cadaverine, which are often termed
diamines (8). According to our previous results the content of
Spm in human semen ranges from 138.4-21,749.9 ymol/l and
Spd from 17.9-1,170.8 pmol/1 (14), while the levels of PA in the
blood serum (and blood plasma) do not exceed 1 pmol/l (26).
Thus, the seminal plasma PA concentration greatly exceeds
that of the other tissues, indicating the importance of PA for
normal sperm function (27-29). The study design included the
investigation of PA levels in separated sperm plasma and in
the complete ejaculate. The separated sperm plasma (Exp2 ;)
did not show any changes in PA levels after MW exposure,
indicating that the lowering of PA levels occurred in the pres-
ence of the sperm cells only (Expl ;) and therefore may be
attributed to the interaction of PAs with these cells. Moreover,
the lack of direct change in PA concentration in Exp2
showed the absence of an effect on PA from MW irradiation.
The mechanism by which PA concentration was lowered in
the Expl ¢ group requires further study, but it is hypothesized
that PAs may be taken up by the cells or absorbed by their
membranes. Additional experiments are required to clarify
the fate of the PAs within the sperm cells. The simultaneous
effect of increased sperm membrane stability and lowered
expression of apoptotic markers together with the lowered PA
concentration in the environment (seminal plasma) may indi-
cate interaction of PA with the membrane and its stabilization
through this interaction. A previous study has reported on the
ability of PA to behave as a membrane-bound component of
sperm cells (30). Thus, the uptake of PA by the sperm cells
or PA absorption into the membranes seems like a plausible
possibility. The decrease in concentrations observed for Spd
and Spm were comparable (64 and 67% vs. the Control g,
respectively). The membrane stabilizing effect of the PAs may
also result from the modulation of membrane fluidity under
the action of PA (31), which prevents changes in the dynamics
of the lipids of the cell membrane. Unfortunately, it was not
possible to measure the PA levels inside the sperm cells, and
further studies are required to clarify a possible mechanism by
which PA is taken up by the cells.

Infertility is known to be associated with a change in PA
concentrations in the ejaculate, which seems to influence
gamete viability (14,32,33). Excessive production of PA results
in a decreased number of mature spermatozoa (34), whereas
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lowered PA concentrations in the seminal liquid is correlated
with increased sperm apoptosis (35). Our results correspond
with previous studies, which reported a decrease in PA levels
in subfertile men (27-29). This decrease may be due to their
lowered synthesis or enhanced degradation of PAs, and should
form the focus of future studies. A possible role in the regula-
tion of sperm apoptosis may be attributed to these polycationic
molecules (35,36). The antiapoptotic and cytoprotective effect
of PA upon cells has been well documented (8,37-41). The
MW irradiation of specific frequencies may induce apoptosis,
and this effect is studied as a possible therapeutic tool for the
management of cancer (42). The electromagnetic frequency
used in the present study did not result in an upregulation of
apoptotic cell markers compared with the intact Control  as
shown in Table III. One of the methods of detecting apoptosis
is the study of membrane phospholipid distribution based on
Annexin V-PI staining. The predominant localization of exact
classes of phospholipids within the inner or outer leaflets
of the cytoplasm membrane is one of the prerequisites for
maintaining cell viability. Phospholipid asymmetry in the
membrane is disturbed and PS moves to the outer leaflet; when
apoptosis is initiated and the cell loses its viability (10,12). The
results of the present study demonstrated that PS transloca-
tion to the outer leaflet was reduced after MW treatment when
compared with the Control .. The correlation between the
decrease in PA concentration in the seminal plasma and the
decrease in the number of apoptotic gametes in Expl  serves
as an indirect proof that PA may serve as an inhibitory factor
for apoptosis after MW treatment. Our previous in vitro studies
on human peripheral blood lymphocytes showed the ability of
PA to prevent apoptosis at physiological concentrations (11).
Taken together, these results suggest that the mechanism of
membrane stabilization and prevention of PS migration to
the outer membrane leaflet under the action of MW radiation
involves the seminal plasma PA system.

Seminal plasma is the natural environment and can be
considered the primary source of PAs for the sperm cells,
as the PA contents (32) and the activity of PA synthesizing
enzymes is considerably higher in seminal plasma than inside
the gametes (43). Thus, it is possible to conclude that the
effects of MW on the fate of ejaculate seem to be mediated
and potentiated by the PA system.

The comparison of results gained for normospermia and
pathospermia samples reveals some interesting differences. In
fertile samples, exposure to the MW field does not lead to a
significant change in sperm motility, likely due to the motor
potential of a normal spermatozoid being at its maximum
under physiological conditions. However, in pathospermia
samples, where the motility of spermatozoa is impaired and
far from optimal, the effect of MW appears to slightly, but
significantly improve motility, namely through an increase in
the number of progressively motile spermatozoa.

However, the response of the PA system to MW exposure
in pathospermia differed from that in normospermia and
demonstrated two types. In the first type of response, there
was no significant change in the levels of PA. In the second
type of response, the levels of both Spm and Spd significantly
decreased, but the Spm/Spd ratio increased, which resembled
the response in normozoospermia. It is interesting to note that
according to the medical history sheets data, the effectiveness


https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521
https://www.spandidos-publications.com/10.3892/br.2022.1521

8 PLOSKONGOS et al: EFFECTS OF MICROWAVE IRRADIATION ON THE HUMAN SEMEN AND POLYAMINES

of medical therapy in pathospermia patients with the second
type of response was 30-40% higher than in patients with the
first type of response (data not shown). Likely, the pathological
changes in the membranes are more entrenched with regard
to the actual cell pathophysiology in the patients who exhibit
the first type of response than in the patients who exhibit the
second type of response, thus, their cells do not respond as a
physiological cell would be expected to, and this may explain
the poorer curability of such patients.

In conclusion, the biological effects of microwaves on male
gametes were shown. The protective and membrane-stabi-
lizing effects of MW are described, and the role of PA in the
biological effects of microwaves was determined. Differences
in biological reactions to MW irradiation in normospermia
(healthy) and pathospermia (men with impaired fertility)
donors were also revealed. Electromagnetic irradiation at a
frequency of 42.194 GHz and a wavelength of 7.1 nm, when
used to treat human sperm for 20 min, resulted in certain
specific biological effects without thermal side-effects: i) No
changes in morphology and practically no effects on motility of
spermatozoa were observed in healthy samples; ii) it prevented
the premature activation of acrosin in samples from healthy
donors, increasing the proacrosin/free acrosin ratio by ~20%;
iii) it increased the stability of the membranes of sperm in the
fertile samples, which was confirmed by the Milovanov and
Joel tests; iv) it caused a decrease in the levels of the seminal
plasma PA, and the decrease in the levels of Spd were more
pronounced; v) it reduced the number of apoptotic (AnV+/PI-)
gametes in the complete ejaculate from fertile men; vi) a
decrease in the number of apoptotic (AnV+/PI-) gametes was
correlated with a decrease in the levels of spermoplasm PA,
which may indicate the participation of seminal plasma PA in
the biological effects of microwaves; vii) it caused an increase
in the motility of gametes in pathospermia samples from the
men with impaired fertility; viii) in pathospermia, two types
of reactions to the effects of MW exposure were noted: in the
first type of reaction, there were no dynamics in the levels of
spermoplasm PA; in the second type, the trend in PA changes
were similar to the reaction of normospermia samples.
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