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Kaempferol (KAE) is a member of the flavonoid family, which exhibits antioxidant properties. The richest
sources of KAE are green leafy vegetables and herbs like kale, spinach or dill. The goal of our study was to
evaluate a possible cryoprotective effects of KAE through to gene expression of protein kinase A (PKA) and
sodium bicarbonate cotransporter (NBC). For the experiments we used semen samples obtained from 12
adult Holstein bulls. Before cryopreservation, all samples were divided equally and supplemented by
different concentrations of KAE (0, 12.5, 25 and 50 umol/L), except for native control. After that, RNA was
isolated, and the purity and quality of RNA was verified nanophotometrically at A260/A280 nm. Next step
was a transcription of RNA into cDNA, which was used for two-step qPCR while expression of PKA and NBC
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was quantified under specific cycling conditions. Data was evaluated by the delta delta Ct method and One-
way ANOVA using Tukey’s range test. According to expression patterns, it was observed that 25 umol/L of
KAE significantly preserved (P<0.0001) the PKA compared to cryopreserved control without KAE
treatment. In the case of NBC, there was slightly increase of expression in the group treated with 50 umol/L
of KAE but without significant changes. In conclusion, KAE treatment exhibit promising cryoprotective
properties of PKA and NBC genes especially in higher concentration 25 and 50 pumol/L, which may
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successfully preserved proper expression after thawing of cryopreserved bovine spermatozoa.

1. Introduction

Flavonoids are the largest category of secondary plant-based
metabolites. One of them is kaempferol (3,4’,5,7-
tetrahydroxyflavone) commonly found in green mass vegetable
(spinach, broccoli, kale) and several medicinal plants or herbs.
In general, antioxidant properties of flavonoids are well known
but other positive effects like anti-microbial or anti-
inflammatory properties have been studied (Dabeek & Marra,
2019).

During freezing/thawing process, spermatozoa are sensitive to
cryoinjury due to ultra-structural and sub-lethal damage
accelerated by oxidative and osmotic stresses, which lead into
decrease of motility and viability, acrosomal integrity, DNA
fragmentation or cryo-induced capacitation (Khan et al., 2021).
Mammalian capacitation is triggered by the activation of
transmembrane channels of spermatozoa including sodium
bicarbonate cotransporter (NBC), which is responsible for
bicarbonate (HCO3-) uptake and increase of intracellular pH.
Synthesis of cyclic adenosine monophosphate (cAMP) is
accompanied by the activation of protein kinase A (PKA), which
indirectly regulates protein phosphorylation and sperm
hyperactivation (O’Flaherty et al., 2006).

*Corresponding author: filip.benko@uniag.sk

On the contrary, cryo-induced capacitated spermatozoa are
characterized by the low cAMP synthesis due to loss activity of
crucial transmembrane channels such as NBC. Because of the
higher membrane fatty acid content, spermatozoa are more
vulnerable to cryopreservation-related damage and lipid
peroxidation. A major part of the cryodamage is often detected
in the plasmatic and acrosomal membrane because these parts
are more exposed to cryo-environment during freezing/thawing
cycle (Khan et al., 2021).

Our recent research confirmed the potential of KAE as an
extender supplement, which significantly decreased oxidative
damage, stabilized membrane proteins and DNA as well as
maintain sperm motility and functionality of mitochondria
(Duraéka et al,, 2019; Banas et al., 2024). Hence, the purpose
of our study was to assess the protective potential of KAE
through monitoring of gene expression of two capacitation-
associated genes (NBC and PKA) in cryopreserved bovine
spermatozoa.

2. Material and methods
2.1 Cryopreservation procedure

Fresh semen samples were obtained from 12 adult Holstein bulls
at local breeding station. Following cryopreservation each
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sample was divided into five equal parts. The first part (negative
control) was native semen without KAE diluted in phosphate
saline buffer (Sigma-Aldrich, St. Louis, MO, USA), while second
part (positive control) was cryopreserved without KAE
treatment. All experimental groups were treated by different
KAE concentrations (12.5, 25 and 50 pmol/L) dissolved in
dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA). Before
cryopreservation, samples were diluted in Triladyl-based
extender (Minitiib GmbH, Tiefenbach, Germany), which contain
20% egg yolk and antibiotics. The diluted samples were loaded
into French straws, cooled down to 4°C, frozen by digital freezing
machine (Digitcool 5300 ZB 250; IMV, France) and stored in
liquid nitrogen at -196°C for further analysis.

2.2 Genetic analysis

Total RNA from spermatozoa was isolated by using NucleoZol
reagent (MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany)
according to modified protocol. The purity and quantity of
isolated RNA was measured with Implen NanoPhotometer
(Miinchen, Germany) at A260/A280 nm. A total of 200 ng of RNA
was used for the reverse transcription and cDNA synthesis by
using commercially available kit Maxima First Strand cDNA
Synthesis Kit for RT-qPCR with dsDNase (ThermoFisher
Scientific, Waltham, MA, USA). Specific PCR conditions for
selected genes (PKA and NBC) were set according to our
previous study (Benko et al., 2022).

3. Results and discussion

Based on the collected data (Fig. 1), cryopreservation led to
significant decline (P<0.0001; P<0.001) of expression in both
PKA (Fig. 1a) as well as NBC (Fig. 1b) gene compared to fresh
control. However, there was a significant improvement
(P<0.0001) of PKA expression in the group treated with 25
umol/L of KAE against un-treated cryopreserved control. In the
case of NBC, there was no-significant changes between treated
groups against un-treated control, but slightly higher
preservation of NBC gene expression was observed in the group
treated with the higher concentrations of KAE including 25 and
50 umol/L of KAE.

Our hypothesis that KAE treatment could be effective against
cryo-induced capacitation was previously validated by Western
blotting, indicating that especially 25 pmol/L of KAE could
prevent the inactivation of protein kinases A and C (Banas etal.,,
2024). This can be partially explained by the antioxidant ability
of KAE to dispose of ROS before these can reach axoneme and
outer membranes involved in the PKA induced sperm
hyperactivation (Baro Graf et al., 2020).

Data collected from previous research evaluated that KAE seems
to be effective against hydroxyl radicals, which are the main
cause of lipid peroxidation, oxidative DNA damage and
apoptosis-inducers (Tejero et al., 2007; Heo et al., 2020). It
can be a straight link into the chemical structure of KAE and
binding into already generated ROS by mitochondria as the main
source of ROS in spermatozoa. It seems that KAE controls rather
than eliminates the physiological levels of superoxide and
hydrogen peroxide, which are needed for proper capacitation
and later acrosome reaction. This opinion was already
supported the studies on bovine and human spermatozoa, where
KAE treatment stabilizes the enzymatic antioxidant capacity of
superoxide dismutase (Jamalan et al, 2018; Mohamed &
Gouda, 2022).

We also confirmed that selected concentrations of KAE,
especially 25 pmol/L successfully preserve the expression of
target proteins (heat shock proteins 70/90, pro-apoptotic BAX
and anti-apoptotic Bcl-2 protein) and prevent the loss of
motility, DNA status and lipid profile in cryopreserved bovine
samples (Banas et al., 2023). The preservation of PKA triggered
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by the KAE treatment could be associated with the higher level
of protection to transmembrane channels crucial for the
activation of adenylyl cyclase (ADCY) and cAMP. It is supported
by the earlier findings observing that flavonoids may modulate
AMP-activated protein kinase, which interfere with the cAMP-
activated protein kinases, guanylate cyclase and ADCY sperm
signaling (Mansuri et al., 2014; Abdallah et al., 2020).
According to Hou & Kumamoto (2010) flavonoids had the
ability to bind directly to protein kinases and alter their
phosphorylation state better than conventional hydrogen-
donating antioxidants.

Protein Kinase A Gene Expression
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Figure 1 Expression patterns of two selected capacitation-
associated genes: protein kinase A - PKA (a) and sodium
bicarbonate cotransporter - NBC (b) in fresh control (Ctrln),
cryopreserved control (Ctrlc) without kaempferol (KAE)
treatment and groups treated with 12.5, 25 and 50 pmol/L of
KAE.
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On the contrary, the impact of KAE treatment on the NBC
expression was insignificant but a notable post-thaw
improvement was recorded in the presence of 25 and 50 umol/L
of KAE. This could be a consequence of the lipophilic nature of
KAE enabling the biomolecule to be incorporated into the
plasma membrane and partially stabilize the network of
transmembrane channels against oxidative cryodamage
(Mansuri et al,, 2014). In a previous report, Marunaka (2017)
suggested that flavonoids like quercetin elevate the activity of
sodium-like channels by their absorption of both lipophilic and
non-lipophilic flavonoid forms into the phospholipid bilayer of
cells.

As we mentioned earlier, cryoinjury of sperm membrane may
cause the loss of membrane channels but increased PKA
expression alongside with a stabilization of the membrane
bound ATP-ases suggest that KAE exhibits at least a partial
protection on the NBC-initiated capacitation pathway
responsible for a proper transport of Na+/HCO3-, cytoplasmic
alkalization and membrane hyperpolarization.
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A channel-opening ability of flavonoids was described by the
Bednarczyk et al. (2017), where the opening probability and
activity of mitoKarr and mitoBKca channels increased after
supplementation with 10 uM of naringenin.

At last, we must remember that KAE treatment depend on the
right dosage. Our study suggested that the most effective
concentration is 25 pmol/L diluted with extender. However, we
can see a similar phenomenon also in 50 umol/L of KAE, but this
dosage seems to be maximum at least in the case of spermatozoa
because higher concentrations can cause self-oxidation
(Castaneda-Ariaga et al., 2018).

4. Conclusion

Based on the results, we may suggest that treatment of
spermatozoa with 25 umol/L of KAE effectively preserved the
expression of PKA during cryopreservation. A certain degree of
positive impact of KAE was also visible in the case of NBC gene
expression but the exact mechanism of KAE protection on this
selected ion channel must be verified in future experiments.
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