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Abstract: Propolis is a natural honeybee product, which is known for its beneficial pharmacological
effects and use in traditional medicine. This study aspired to investigate the chemical and antioxidant
properties of five propolis specimens, followed by the analysis of their in vitro impact on bovine
spermatozoa vitality and oxidative profile. Semen samples from 10 breeding bulls were incubated
in the absence or presence of 50 µg/mL propolis extracts, and selected sperm quality parameters
including motility, mitochondrial activity, cAMP concentration, NAD+/NADH ratio, reactive oxygen
species (ROS) and superoxide production were assessed at 2 h and 24 h. Sperm motion behavior and
mitochondrial function were stabilized particularly in the presence of propolis collected from Hrabské
and Litpovský Hrádok, Slovakia. At the same time, all propolis specimens acted as significant ROS
quenchers and stabilized the oxidative milieu of the sperm cultures. Our data suggest that propolis
may stabilize the mitochondrial function of spermatozoa while preventing excessive oxidative insults,
thereby showing the potential to sustain the sperm motility of extended semen.
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1. Introduction

Artificial reproduction, considered to be a main driving force of animal breeding
programs, basically relies on extended ejaculates [1]. Nevertheless, full benefits of semen
handling may be complicated by the loss of sperm cell viability due to increased ex vivo
stress conditions. At the same time, since the seminal plasma is diluted with an extender,
male gametes lose an important source of nutrients and antioxidants [2]. To compensate
for any potential negative consequences of high reactive oxygen species (ROS) levels
on the sperm survival, several papers have studied the impact of various biomolecules
and compounds that could serve as bovine semen extender supplements, with often
contradictory outcomes [3,4]. The ultimate supplement for sperm cultures should ideally
stimulate the mitochondrial apparatus in charge of energy synthesis for a proper sperm
motility, while at the same time, act as an antioxidant to protect critical sperm structures
against oxidative stress [5]. More and more evidence suggests that both these goals could be
achieved by taking advantage of natural products such as plant extracts, herbs or honeybee
products [6].

Propolis is a term referring to a brown or red resinous substance collected by honeybees
from tree buds, sap flows or other plant sources. This honeybee product has been used in
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folk medicine for centuries due to its great variety of its beneficial pharmacological effects,
encompassing antiviral, antibacterial, antifungal, anti-inflammatory, immunomodulatory,
chemo-preventive, antioxidant and antitumor activities (reviewed by [7]). As such, propolis
has been subjected to a variety of medical studies over previous decades.

Several recent in vivo studies have found that propolis could be effective in the stim-
ulation and protection of the male reproductive system. Capucho et al. [8] suggest that
green Brazilian propolis administration to rats resulted in an increased spermatogenesis,
accompanied by lower oxidative stress indices. Further studies have unraveled that propo-
lis stimulates testosterone production [9], while at the same time, preventing excessive
germ cell apoptosis and improving testicular damage in mice exposed to toxicants [10].
In the meantime, preliminary in vitro reports have implied that propolis improves the
functional efficiency of human spermatozoa collected from normozoospermic [11] as well
as asthenozoospermic men [12], thereby exhibiting the potential to be used for in vitro
preservation and activation of spermatozoa in assisted reproduction.

As such, this paper was designed to analyze the chemical characteristics of five
propolis specimens of Slovak origin, as well as their in vitro effects on the functional
characteristics and oxidative profile of bovine spermatozoa. Being a cost-effective source of
antioxidant molecules of natural origin, this honeybee product could become an appealing
alternative to supplements traditionally used in extenders for bovine ejaculates.

2. Materials and Methods
2.1. Propolis Collection and Extract Preparation

Five different propolis samples were obtained from local beekeepers from various
Slovak locations (Table 1) in September 2017. The samples were frozen at −20 ◦C and
ground in a mill to obtain powder, which was subsequently mixed (30 g) with 100 mL 70%
ethanol (Centralchem, Bratislava, Slovakia). The mixture was subjected to a cold extraction
by keeping it at room temperature and shaking the contents every 24 h for 7 days. The
extract was filtered using Whatman filter paper (Sigma-Aldrich, St. Louis, MO, USA), the
resulting filtrate was made up to 100 mL with 70% ethanol and kept in darkness at 4 ◦C.
For the sperm cultures, the propolis extracts were further diluted with 70% ethanol to reach
a final concentration of 50 µg/mL, with ethanol being present in the culture medium below
1%, which is considered not to be toxic to the sperm cells [13].

Table 1. Details of the locations where propolis was collected.

Sample Number Location GPS Coordinates

1 Podhorany, Nitra region 48◦23′09.4′′ N, 18◦07′00.2′′ E

2 Jablonov nad Turňou, Rožňava region 48◦34′35.6′′ N, 20◦39′30.9′′ E

3 Hrabské, Bardejov region 49◦20′28.1′′ N, 21◦04′53.4′′ E

4 Jakubov, Malacky region 48◦24′14.2′′ N, 16◦56′43.2′′ E

5 Liptovský Hrádok, Liptov region 49◦02′04.4′′ N, 19◦43′45.3′′ E

2.2. Characterization of the Extract

Total phenolic content of the propolis extracts was assessed with the Folin–Ciocalteu
protocol [14]. A total of 100 mL of each extract was treated with 0.1 mL of the Folin–
Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA), 1 mL 20% sodium carbonate
(Centralchem, Bratislava, Slovakia) and 8.8 mL ultrapure water. Following a 30 min
incubation under dark conditions, absorbance of the mixtures was assessed with the
Jenway 6405 UV/Vis spectrophotometer (Cole-Pharmer Ltd., Vernon Hills, IL, USA) at
700 nm. The results were calculated using a gallic acid (1–100 mg/mL; Sigma-Aldrich, St.
Louis, MO, USA) standard curve and are expressed in mg gallic acid equivalents (GAE)/g
dry extract [14,15].



Oxygen 2023, 3 181

A modified Willett technique was used to quantify the total content of flavonoids [16].
In total, 500 µL of each extract was treated with 0.1 mL of 10% aluminum chloride (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in ethanol, 0.1 mL of 1 mol/L potassium acetate
(Sigma-Aldrich, St. Louis, MO, USA) and 4.3 mL ultrapure water. Following a 30 min
incubation under dark conditions, absorbance of the mixtures was assessed with the Jenway
6405 UV/Vis spectrophotometer (Cole-Pharmer Ltd., Vernon Hills, IL, USA) at 415 nm. The
results were calculated using a quercetin (1–400 mg/L; Sigma-Aldrich, St. Louis, MO, USA)
standard curve and are expressed in mg quercetin equivalents (QUE)/g dry extract [15].

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was used to study the free-radical
scavenging activity of the extracts [17]. Each extract (400 µL) was mixed with 3.6 mL
DPPH reagent (0.025 g DPPH/100 mL methanol; Sigma-Aldrich, St. Louis, MO, USA). The
reaction mixture was subjected to absorbance measurement with the Jenway 6405 UV/Vis
spectrophotometer (Cole-Pharmer Ltd., Vernon Hills, IL, USA) at 515 nm. The results
were calculated using a trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid;
10–100 mmol/L; Sigma-Aldrich, St. Louis, MO, USA) standard curve and are expressed in
mmol Trolox equivalents (TEAC)/g dry extract [15].

To quantify the selected phenolic compounds, HPLC (high performance liquid chro-
matography) standards, acetonitrile (HPLC grade) and phosphoric acid (ACS grade) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The analysis was carried out using
the Agilent 1260 Infinity high-performance liquid chromatograph (Agilent Technologies,
Santa Clara, CA, USA) with a Purosphere reverse phase C18 column (Merck, Darmstadt,
Germany). The analysis was carried out as previously described [15], and the collected
data were analyzed with the Agilent OpenLab ChemStation software for LC 3D Systems.

2.3. Sperm Cultures and Analysis

Semen specimens were collected from 10 adult Holstein Friesian breeding bulls (Slovak
Biological Services, Nitra, Slovakia) using an artificial vagina. Only ejaculates with a
minimum 70% initial motility and concentration of 1 billion sperm/mL were used for
subsequent cultures. Following sample transfer to the laboratory, each of them was diluted
in PBS (Dulbecco’s phosphate buffered saline without Ca or Mg; Sigma-Aldrich, St. Louis,
MO, USA), containing 50 µg/mL of each propolis extract at a dilution ratio of 1:40 and kept
at 22–25 ◦C. An equal aliquot of ethanol was added to the control group. Specific sperm
analyses were carried out at 2 and 24 h [15].

Sperm motility was assessed using the IVOS II computer-assisted sperm analysis
(CASA; Hamilton Thorne Biosciences, Beverly, MA, USA). The fluorescent IDENT dye was
used to stain the cells (Hamilton Thorne Biosciences, Beverly, MA, USA) and assessed as
previously described [15].

Sperm mitochondrial function expressed through the mitochondrial succinate de-
hydrogenase activity was evaluated using the colorimetric metabolic activity (MTT) test,
employing tetrazolium bromide (3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; MTT). A total of 20 µL of tetrazolium (5 mg/mL) was administered to each sperm
suspension. After 2 h of incubation (37 ◦C, shaker), the reaction was stopped with 80 µL
isopropanol (Centralchem, Bratislava, Slovakia). Absorbance of the suspensions was mea-
sured at 570 nm against 620 nm as the reference using the Glomax plate spectrophotometer
(Promega Corporation, Madison, WI, USA). The results are expressed as percentage of the
control set to 100% [15].

The cAMP concentration was quantified using a commercial cAMP-GloTM kit (Promega,
Madison, WI, USA), based on protein kinase A enhancement, followed by a decrease in
adenosine triphosphate (ATP). This reaction was accompanied by a decreased luminescent
signal catalyzed by luciferase, which was monitored by the Glomax Multi+ combined
spectro-fluoro-luminometer (Promega Corporation, Madison, WI, USA) [18].

The NAD+/NADH ratio was assessed based to the levels of lactate and pyruvate.
Lactate was assessed with the lactate assay kit (Sigma-Aldrich, St. Louis, MO, USA),
while pyruvate was quantified with the pyruvate assay kit (Sigma-Aldrich, St. Louis,
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MO, USA). Both colorimetric reactions were measured with the Glomax Multi+ combined
spectro-fluoro-luminometer (Promega Corporation, Madison, WI, USA) at 570 nm [19].

ROS production was assessed by luminol-based chemiluminescence. All samples
were treated with luminol (5-amino-2,3-dihydro-1,4-phthalazinedione; Sigma-Aldrich,
St. Louis, MO, USA; 5 mmol/L), and the chemiluminescent signal was monitored in fifteen
1 min cycles with the Glomax Multi+-combined spectro-fluoro-luminometer (Promega
Corporation, Madison, WI, USA) [15]. Negative controls run in parallel contained the
culture media without spermatozoa, while positive controls were comprised of each culture
medium, luminol and hydrogen peroxide (H2O2, 30%; 8.8 M; Sigma-Aldrich, St. Louis,
MO, USA). The results are expressed as relative light units (RLU)/s/106 sperm.

The nitroblue tetrazolium (NBT) test was used to measure superoxide production,
based on a reduction of nitroblue tetrazolium chloride (2,20-bis(4-nitrophenyl)-5,50-diphenyl-
3,30-(3,30-dimethoxy-4,40-diphenylene) ditetrazolium chloride; Sigma-Aldrich, St. Louis,
MO, USA) by the superoxide radical. NBT tetrazolium was dissolved in PBS/1.5% DMSO
(Sigma-Aldrich, St. Louis, MO, USA) at 1 mg/mL and administered to the suspensions
(100 µL per well). Following incubation (37 ◦C, shaker, 1 h), the suspensions were washed
with PBS and centrifuged at 305× g for 10 min twice. Finally, the samples were treated
with 2 mol/L potassium hydroxide (Centralchem, Bratislava, Slovakia) in DMSO. The
resulting optical density was monitored at 620 nm against 570 nm as the reference with the
Glomax plate spectrophotometer (Promega Corporation, Madison, WI, USA). The data are
expressed in percentage of the control set to 100% [15,19].

Statistical analysis was performed with the GraphPad Prism program (version 9.5.1. for
Mac; GraphPad Software, La Jolla, CA, USA). The data are expressed as mean ± standard
deviation. One-way ANOVA and Dunnett’s test were used for specific statistical evalua-
tions. The level of significance was set at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001.

3. Results
3.1. Chemical Properties of the Propolis Extract

The collected data reveal that the total phenolic content ranged between 61.76 ± 7.04
and 89.55 ± 9.47 mg GAE/g dry extract with the highest content of phenols detected in
Sample 5 (Table 2). The flavonoid content varied between 20.41 ± 3.09 and 38.73 ± 5.05 mg
QUE/g dry extract (Table 2). The highest concentration of flavonoids was also recorded in
Sample 5. At the same time, this sample presented with the highest ROS-scavenging activity
amongst all the tested samples of propolis, as indicated by the DPPH assay (Table 2).

Table 2. Chemical properties of the propolis extracts.

Sample Number 1 2 3 4 5

Total phenols
[mg GAE/g d. e.] 72.65 ± 6.18 71.21 ± 5.05 82.58 ± 7.58 61.76 ± 7.04 89.55 ± 9.47

Total flavonoids
[mg QUE/g d. e.] 25.59 ± 4.26 23.51 ± 2.36 30.68 ± 3.16 20.41 ± 3.09 38.73 ± 5.05

DPPH assay
[mM TEAC/g d. e.] 5.45 ± 0.47 4.77 ± 0.54 5.98 ± 0.61 4.47 ± 0.43 6.21 ± 0.60

With the help of HPLC, we identified compounds as caffeic acid, t-ferulic acid, p-
coumaric acid, rutin, kaempferol, quercetin, apigenin and chrysin (Table 3). Although
standards for other phenolic compounds such as benzoic acid, pinocembrin, vanillin,
naringenin, luteolin or genistein were used for the analysis, these were not identified in
any sample.
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Table 3. Analysis of the propolis extracts by high performance liquid chromatography (HPLC).

Compound [mg/L] Rt [min] 1 2 3 4 5

Caffeic acid 8.55 6.55 ± 0.78 2.38 ± 0.19 7.61 ± 0.84 3.37 ± 0.51 6.36 ± 0.59

Syringic acid 10.05 N.D. 3.12 ± 0.35 N.D. N.D. N.D.

p-Coumaric acid 12.80 4.94 ± 0.52 26.57 ± 2.03 12.70 ± 1.52 6.54 ± 0.51 4.85 ± 0.39

trans-Ferulic acid 15.02 2.62 ± 0.31 20.78 ± 3.02 6.08 ± 0.67 6.25 ± 0.79 2.82 ± 0.33

Rutin 22.05 4.81 ± 0.52 N.D. 7.01 ± 0.58 2.81 ± 0.37 N.D.

Cinnamic acid 25.17 0.65 ± 0.07 0.51 ± 0.06 0.79 ± 0.06 0.44 ± 0.05 0.94 ± 0.08

Quercetin 29.42 3.51 ± 0.25 2.44 ± 0.36 4.16 ± 0.55 2.29 ± 0.30 3.91 ± 0.44

Kaempferol 31.92 2.91 ± 0.31 2.76 ± 0.27 3.09 ± 0.29 1.94 ± 0.15 3.36 ± 0.32

Apigenin 33.02 5.18 ± 0.46 1.03 ± 0.10 6.11 ± 0.56 2.52 ± 0.21 6.60 ± 0.58

Chrysin 37.16 12.97 ± 1.11 1.93 ± 0.12 10.33 ± 1.05 6.83 ± 0.65 11.97 ± 1.63

3.2. Sperm Characteristics

According to the CASA analysis, a significantly higher sperm motility followed expo-
sure to propolis sample 1 (p < 0.05), sample 3 (p < 0.01) and sample 5 (p < 0.0001) (Figure 1)
in comparison to the untreated control at 2 h. At the end of the in vitro culture (24 h), a
significantly higher motility in the groups was subjected to propolis sample 1 (p < 0.0001),
sample 2 (p < 0.01), sample 3 (p < 0.0001) and sample 5 (p < 0.0001) in comparison to
the control.
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Figure 1. Bovine sperm motility (%) in the absence (control) or presence of propolis during different
time periods. * p < 0.05, ** p < 0.01, **** p < 0.0001.

The MTT test unraveled that following 2 h, the presence of propolis samples 3 (p < 0.01)
and 5 (p < 0.001) led to significantly increased mitochondrial activity (Figure 2). At 24 h, a
significant mitochondria-promoting effect of propolis administration to the sperm suspen-
sions was observed, most notably in the case of sample 1 (p < 0.01), sample 3 (p < 0.0001)
and sample 5 (p < 0.0001).
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In the case of cAMP concentration, no significant differences were found amongst
the control and experimental groups at 2 h (Figure 3). At the end of the experiment
(24 h), a significantly higher cAMP concentration was observed in the experimental groups
subjected to propolis sample 3 (p < 0.05) and sample 5 (p < 0.01) in comparison to the control.
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Figure 3. cAMP concentration of bovine spermatozoa (pmol/108 sperm) in the absence (control) or
presence of propolis during different time periods. * p < 0.05, ** p < 0.01.

Similar to cAMP, no significant changes were found in the case of the NAD+/NADH
ratio between the control and experimental groups at 2 h (Figure 4). Assessment of the
ratio at 24 h revealed significant differences amongst the control and experimental group
supplemented with the propolis sample 5 (p < 0.05).

ROS-scavenging properties of all propolis samples were confirmed by the lumino-
metric assay (Figure 5). Significantly lower ROS levels were observed in all experimental
groups against the control at 2 h (p < 0.01). Significantly lower ROS production was also
observed following 24 h in sperm cultures exposed to the propolis sample 1 (p < 0.05), 3
and 5 (p < 0.01) in comparison with the control.

The NBT test revealed that the propolis extracts possess superoxide-quenching prop-
erties (Figure 6). Significantly reduced superoxide levels were recorded following 2 h of the
in vitro culture in the case of propolis samples 1 (p < 0.01), 2 (p < 0.05), 3 and 5 (p < 0.001),
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while at time 24 h, superoxide levels were significantly lower in all experimental groups
(p < 0.001 with regards to sample 3; p < 0.0001 in case of samples 1, 2, 4 and 5).
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4. Discussion

Since ex vivo semen handling may cause damage to cellular components with detri-
mental effects on sperm function, administration of synthetic antioxidants to semen exten-
ders has become routine during sperm preservation, although it often adds to the cost of
insemination doses [2,5,20]. As an alternative, natural products are increasingly gaining
attention as a source of effective and affordable biomolecules that could be used as supple-
ments during ex vivo semen processing (reviewed by [21]). Although propolis has been
found to alleviate male reproductive dysfunction, limited data are available on its impact
on ejaculated spermatozoa. Hence, this study aimed to characterize the chemical properties
of five different propolis extracts, accompanied by an evaluation of their in vitro effects on
the sperm metabolic activity and oxidative properties.

Over the past few years, propolis has received special attention as a rich source of
bioactive compounds, with various beneficial health effects [7,22]. A constraining body
of evidence suggests that the beneficial properties of propolis may be attributed to a
complex chemical structure and antioxidant behavior of molecules, such as polyphenols
and flavonoids [23–25]. The biochemical analysis of the propolis extracts revealed that
this honeybee product is a rich source of phenolic compounds, which is in accordance
with the findings by Kurek-Górecka [25], Romero et al. [26] and Kumazawa et al. [27] on
propolis samples collected from different locations around the globe. On the other hand, the
total flavonoid concentration found in our samples was lower when compared with other
studies [25,28,29], possibly because the extraction methods or solvents differed among the
studies. Furthermore, the discrepancies in the general concentrations of biomolecules may
be explained by different analytical protocols selected for the experimental design of the
studies. An important point to be considered is that the chemical properties of propolis
depend on the time or place of collection, as well as plant material, making it a highly
variable natural product [11].

Several studies addressed the chemical composition of propolis. While it is composed
mainly of resin and wax, more than 300 molecules have been detected in propolis, such
as essential and aromatic oils, pollen, as well as minor compounds such as terpenes,
minerals, flavonoids, beta-steroids and vitamins [11,25,26,30]. Similar to our data, the
phytochemical investigation by Cedikova et al. [11] revealed that amongst the most notable
phytochemicals were trans-Ferulic acid, p-Coumaric acid and kaempferol. Furthermore,
Kurek-Górecka et al. [25] and Volpin et al. [30] also detected caffeic acid, quercetin and
apigenin in propolis samples from Poland, Turkey and Uruguay. Interestingly, rutin was
not detected in the above-mentioned studies. On the other hand, vanillin was not identified
in our samples. These differences may be the result of varying sets of standards chosen
for the chemical analysis or by differences in the extraction protocol, time or solvents used.
Other factors such as the place or time of harvest should also be considered.

During the previous decade, honeybee products have become a popular research topic,
particularly because of a significant antioxidant behavior, which is associated with their chem-
ical properties. Propolis is known to contain large amounts of polyphenols and flavonoids,
which are strongly related with its ROS-scavenging properties [24,25,27]. Data collected from
the DPPH assay match the reports of Rosli et al. [31] and Shehata et al. [32] on Trigona Apicalis
propolis and propolis samples collected from Egypt, Saudi Arabia, Oman, China or Brazil,
respectively. Finally, a higher DPPH score was observed by Kurek-Górecka et al. [25], which
correlated well with the ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay
based on a similar experimental principle (ROS scavenging-based colorization).

In this study, propolis extracts administered to bovine sperm cultures acted as efficient
motility- and metabolism-preserving supplements. Mitochondrial activity is an essential
factor for critical sperm functions and the fertilization process [33]. On the other hand,
mitochondria are thought to act as primary ROS producers, physiological amounts of
which are important for the sperm cell to accomplish capacitation and hyperactivation.
Inversely, mitochondrial dysfunction accompanied by ROS overproducion may deteriorate
the sperm architecture and behavior [34]. ROS can, therefore, exhibit bipolar effects on
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sperm physiology, which is why an adequate oxidative milieu is crucial for an optimal state
of male fertility [33]. NADH ubiquinone oxidoreductase and cytochrome bc1 complex have
been acknowledged as primary sources of ROS [34]. When superoxide is produced, it will
be briskly dismutated to hydrogen peroxide, both of which may contribute to the creation
of the highly reactive hydroxyl radical. Oxidative overload may subsequently compromise
the mitochondrial transition pores, resulting in changes of their dynamics and a disrupted
membrane permeability [34,35].

Cedikova et al. [11] and Das et al. [36] reported that propolis or its phenols inhib-
ited the depolarization of mitochondrial membranes through stabilization of the inner
mitochondrial membrane. Furthermore, it was revealed that exposure of mitochondria
to propolis resulted in a higher effectivity of the electron transport through the complex
II. The possible molecular pathway underlying complex II activation has been proposed
by Cimen et al. [37], according to whom kaempferol enhanced deacetylation and thus the
activity of succinate dehydrogenase. At the same time, quercetin found in our propolis spec-
imens has been shown to affect the activity of complex I, leading to a rise in ATP synthesis
and a concomitant lower incidence of oxidative stress [38]. Finally, previous studies [39,40]
reported that several phenolic acids may act as electron acceptors at the complex I, leading
to increased ATP synthesis. In conclusion, we may hypothesize that the biomolecules
present in propolis may stabilize the structural integrity and functional attributes of sperm
mitochondria and prevent their disintegration triggered by ROS overproduction, leading
to a more effective conservation of the sperm motion.

To our knowledge, two major in vitro studies have been published on the effects of
propolis on male gametes. According to Cedikova et al. [11], oxygen consumption by
spermatozoa determined by high-resolution respirometry was significantly higher in the
samples exposed to propolis. Propolis also increased uncoupled respiration and complex
IV activity, whereas the mitochondrial membrane potential remained unchanged. In the
meantime, Al-Nawab et al. [12] reported a significant stimulating effect of propolis on
active sperm motion behavior and morphology before and after activation using PBS and
Hams F-12 media.

Our luminometric and NBT data highlight strong antioxidant abilities of biomolecules
found in propolis and support the findings of Kocot et al. [23] and Kurek-Górecka [25],
who suggest that the phenolic nature of biomolecules found in propolis contributes to
their ROS-scavenging action by removing singlet oxygen, superoxide, hydrogen peroxide
and hydroxyl radical. Moreover, it has been previously postulated that flavonoids such
as quercetin and kaempferol could stimulate enzymatic antioxidants during episodes of
increased oxidative insults [21]. Based on these characteristics, we may hypothesize that
propolis can contribute to an increased stability of male reproductive cells subjected to
stressful conditions.

The most important limitation of this paper lies in the inherently complex nature of
propolis. Honeybee products are complex and heterogenous resources, comprising a variety
of molecules with a significant antioxidant and cell-stimulating behavior in synergy or
antagony. Information on the individual impact of different components of propolis on the
sperm structure and/or function is currently limited and calls for further research. Hence,
future studies should be aimed at studying the specific contribution of the biomolecules
present in propolis to its protective and antioxidant effects. Furthermore, the full potential
of propolis should be verified by assessing its impact on the sperm fertilization potential
under conditions simulating oxidative stress.
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