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Preface

The assessment of semen quality plays a key role in determining the reproductive performance
of males. It measures the functionality of the sperm used in assisted reproduction as well as in
natural mating. This reprint of ‘Animal Reproduction: Semen Quality Assessment, Volume II" aims
to present the latest scientific achievements in the use of advanced techniques used to assess animal
semen, including the precise analysis of sperm structures and the physiological processes taking
place in them at various stages of fertilization. Spermatozoa are among the most diverse types of
cells and are highly sensitive to the effects of various factors. Moreover, they exhibit a high degree
of morphological and functional variation. Suitable semen diagnostics is extremely important to
improving semen preservation techniques. Therefore, the challenges that arise in this area have
prompted researchers to undertake measures aimed at introducing new techniques and analyses
that can predict sperm quality and improve semen preservation protocols, with the ultimate goal of
maximizing the efficiency of assisted reproductive techniques (ARTs). This reprint was prepared with
the assistance of recognized experts in the field of reproduction, whose research and observations
are contributing significantly to improving the effective implementation of ARTs in various groups
of animals. It provides a comprehensive review of the current advances in semen diagnostics, while
simultaneously underscoring promising directions for future research. I hope that these contributions
will inspire those involved in animal reproduction to continually update their knowledge and seek
innovative solutions.

As Guest Editor, I would like to thank all the researchers for their contributions to this Special
Issue: the reviewers who donated their time and expertise to evaluate and provide valuable feedback
to the authors of each article, and the Editors for their substantive support and extensive input into

editing this Special Issue.

Anna Wysokinska
Guest Editor
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1. Introduction

Semen assessment is an important aspect of semen diagnostics used in assisted repro-
ductive technology (ART). The most common ART technique is artificial insemination (AI),
which has many advantages over natural mating. Artificial insemination technology allows
the use of the best males in breeding, increases the possibility of fertilizing a larger number
of females, prevents the spread of certain reproductive diseases, solves problems related to
crossbreeding and mating, and enables the transport of semen over long distances [1,2].
The effectiveness of artificial insemination is closely related to the quality of the semen.
Semen quality is a term that describes the probability that sperm in the ejaculate will be
functional both in artificial and in natural mating [3].

Many factors affect semen quality, including semen preservation methods, type and
composition of the extender, frequency of semen collection, and the individual source
of the ejaculate [4,5]. As sperm quality is of key importance for the success of artificial
insemination, various preservation methods are used to maintain the fertilization capacity
of the sperm, such as storage of semen in liquid form and cryopreservation [6-8]. Sperm
preservation is very important to prolong sperm survival time, increase effective semen
volume, and utilize males with the best reproductive potential. Changes in sperm structure
may take place during semen preservation. These changes result from the specific structure
of the sperm cell membrane. The sperm cell membrane contains large amounts of polyun-
saturated fatty acids (PUFA), which are susceptible to free radicals, such as ROS attacks,
shortening the survival time of sperm [9,10]. The sperm cell membrane is a structure that
plays a significant role in the connection of sperm with the oocyte. An intact sperm cell
membrane is a condition for the proper functioning of cells and the passage of individual
stages necessary for oocyte fertilization [11]. The main cause of sperm damage during
cryopreservation is oxidative stress, caused primarily by elevated ROS levels [12].

Assessment of sperm function plays an important role in predicting optimal fertiliza-
tion outcomes. Semen quality is influenced by numerous factors, so precise knowledge
of the mechanisms influencing sperm formation is essential for accurate determination of
fertilization capacity. Andrology is continually introducing new advances in the laboratory
evaluation of semen. There is increasing evidence for the clinical importance of specialized
tests for evaluating sperm quality. Andrological diagnostics is a continually developing
area of research whose main role is to assess the reproductive potential of males. The aim
of this special edition is to present the latest scientific achievements in the application of
modern andrological diagnostic techniques for the evaluation of sperm quality in various
animals, in order to improve their reproductive performance.

Animals 2025, 15, 709
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2. Animal Reproduction: Semen Quality Assessment—An Overview of
Published Articles

The extender used for semen preservation is of key importance in maintaining optimal
quality traits of sperm during storage [Zhang et al., Contribution 1]. Various components
of the extender provide nutrition for the sperm, maintain the stability of the preserved
environment, and prolong sperm survival time. A study using sheep of the Chinese Hu
breed assessed the effect of various extenders on semen quality. Ejaculates diluted using
four extenders with different components were assessed for sperm motility parameters,
acrosome integrity, cell membrane integrity, and reactive oxygen species (ROS). The authors
showed that sperm quality was influenced by the type of extender used. Specifically, the
extender containing Tris, fructose, citric acid, and egg yolk improved the quality of Hu
sheep semen during storage at 4 °C. The components of the extender were shown to be
very important for maintaining optimal fertilization capacity. The effect of the composition
and concentration of extender components on the quality of preserved semen has been
confirmed in a study using goat semen [Li et al., Contribution 2], which showed that the
glucose concentration in the extender affected sperm motility. Following incubation of
the semen with various glucose concentrations, sperm motility (progressive motility and
straight-line velocity), adenosine triphosphate (ATP) levels, and mitochondrial membrane
potential (MMP) were shown to be significantly higher in the environment with low glucose
content. The findings indicated that sperm regulate the energy metabolism pathway on
the basis of changes in metabolic substrates and that low glucose levels activate oxida-
tive phosphorylation (OXPHOS) in the mitochondria in order to maintain normal sperm
functions. Low glucose conditions promote transcription and translation in mitochondria
and activate mitochondrial OXPHOS to provide energy to the sperm. In addition, the
LKB1/AMPK pathway is activated in order to maintain energy homeostasis and inhibit
oxidative damage induced by ferroptosis. For this reason, the straight-line velocity of
sperm following the use of an extender with a low glucose level is a new and important
factor improving the effectiveness of artificial insemination. Hence, the dilution of semen
with a low-glucose extender may be an effective and inexpensive method for improving
the straight-line velocity of sperm within the female reproductive system, thus facilitating
fertilization of the ovum. Another study showed that the addition of 50 mol/L FA (ferulic
acid) to goat semen extender improves the quality of goat semen preserved at 17 °C [Zhang
et al., Contribution 3]. The addition of 50 mol/L FA to the extender increased sperm motil-
ity, cell membrane integrity, and acrosome integrity in comparison with the control group
(without the addition of FA), while at the same time reducing the peroxidation rate. These
findings indicate that ferulic acid included in an extender at an appropriate concentration
can mitigate oxidative damage during storage of goat semen in liquid form and improve
the quality of semen preservation.

Despite the advances of recent decades, sperm damage induced by semen storage
remains a common and nearly unavoidable side effect of procedures for handling and
preserving semen. Cryopreservation in particular decreases sperm quality. A key role is
played by the chemical cryoprotectants in the extender, which protect sperm viability in
low-temperature conditions [Taheri-Khas et al., Contribution 4]. Therefore, studies are
conducted to improve the quality of the cryopreservation process by perfecting the compo-
sition of extenders. An example is research conducted by Zhu et al. [Contribution 5] aimed
at assessing the effect of resveratrol and its concentration on ram sperm quality following
cryopreservation. The study showed that 50 uM of resveratrol added to the extender
used to freeze semen can effectively mitigate the decline in sperm motility and acrosome
integrity and the damage to membrane integrity taking place during cryopreservation of
ram semen, while at the same time preserving the high mitochondrial activity of the sperm.
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Moreover, the addition of resveratrol was shown to activate phosphorylation of 5" adeno-
sine monophosphate-activated protein kinase (AMPK) and expression of sirtuin 1 (SIRT1),
which reduces ROS production. It also enhanced the antioxidant defense system of sperm
(e.g., glutathione (GSH) content and the activity of glutathione synthase (GPx), superoxide
dismutase (SOD), and catalase (CAT)) and reduced apoptosis and DNA damage.

The type of extender used in semen cryopreservation affects the quality traits of
sperm and in vitro fertilization rates [Pérez-Durand et al., Contribution 6]. A study using
semen collected from the vas deferens of llamas (Lama glama) compared the effect of
three semen extenders before and after cryopreservation on sperm quality parameters
and rates of in vitro fertilization of llama oocytes [Pérez-Durand et al., Contribution 6].
Differences in semen characteristics following the use of the three different extenders were
shown for acrosome integrity, sperm viability, membrane permeability, and sperm motility,
determined before and after cryopreservation. This indicated that the extender used for
cryopreservation is a factor determining rates of in vitro fertilization using sperm collected
from the vas deferens of llamas. According to the authors, further research is needed to
understand the effect of various extenders in order to improve rates of in vitro fertilization
using sperm samples collected from the vas deferens of llamas.

Selection of the optimal method of sperm preservation is an important factor in animal
breeding [Neuman et al., Contribution 7]. A study conducted on the semen of red deer
analyzed the quality of sperm stored in liquid form and in the epididymides for six days
at 5 °C. Sperm samples were evaluated for motility, viability, morphology, antioxidant
enzyme activity (SOD, GPx and CAT), and lipid peroxidation (based on the content of
malondialdehyde). Sperm stored in liquid form were shown to have greater motility and
viability and better morphology and antioxidant status than sperm stored in the epididymis.
The authors concluded that for short-term preservation, storage of red deer semen in liquid
form is better than storage in the epididymis.

The correct dilution factor is of key importance for the survival of sperm [Zhang
et al., Contribution 8]. A dilution factor that is too high or too low can reduce sperm
quality and, thus, the effectiveness of semen preservation, as demonstrated for the semen
of Hu sheep. Zhang et al. [Contribution 8] analyzed the effect of various dilution methods
and dilution factors on sperm motility parameters and the functional integrity of sperm
following cryopreservation. The authors showed that two-stage dilution (1:3 and 1:2) can
improve the effectiveness of preservation of Hu sheep semen.

Semen quality is influenced by numerous genetic and environmental factors. In the
case of fish breeding, temperature and hormonal stimulation play a key role [Taheri-Khas
et al., Contribution 4]. The study showed that despite the administration of nearly identical
doses of hormones in groups of females and males, temperature changes had differing
effects on reproductive parameters. The best results in goldfish (Carassius auratus) breeding
were obtained at 22 °C, as higher ovulation rates and better sperm quality were observed
in comparison to high (28 °C) and low (16 °C) temperatures.

An important factor pointed out by Zura Zaja et al. [Contribution 9] is anthropogenic
radiofrequency electromagnetic radiation (RF-EMR), which poses a potential risk to animal
health, including the semen quality of boars. Two-hour exposure of the semen of breeding
boars to RE-EMR at a frequency of 2500 MHz resulted in a reduction in progressive sperm
motility and in the proportion of the subpopulation of sperm with a more elongated head
and a larger midpiece outline. For efficient pig production and breeding, it is extremely
important to determine the effect of this type of radiation on semen quality and fertilization
of the sow. The authors suggest that further research is needed to investigate the impact of
RF-EMR on the semen of other domesticated animal species, especially those undergoing
artificial insemination procedures.
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An important factor affecting reproduction in dogs is the prevalence of aerobic bacteria
and mycoplasmas [Domrazek et al., Contribution 10]. By identifying and characterizing
the bacteria present in dog ejaculates, we can determine potential sources of contamination
and infection, which can affect semen quality. Domrazek et al. [Contribution 10] showed
that Mycoplasma spp. is commonly present in dog ejaculates, but that semen quality is not
correlated with the presence of Mycoplasma spp. in dogs. The authors suggest that there may
be undescribed species of canine mycoplasmas that can only be identified using advanced
diagnostic techniques. An understanding of the microbial composition of semen and its
influence on fertility parameters is essential to the development of effective strategies for
optimizing breeding outcomes in dogs. Another study using dog semen assessed the
potential effects of bacteria on semen quality in dogs [Sorkyté et al., Contribution 11].
Bacteriospermia was shown to significantly affect the quality of dog semen, as indicated
by the link between a higher bacterial count in the semen and reduced semen quality
parameters. Not all bacteria present in the dog semen were shown to have a negative
impact on its quality. Samples with Corynebacterium spp. were associated with a decreased
bacterial load, which also resulted in better quality parameters. Other bacteria, however,
were more often linked to poorer semen quality. Of particular interest in that study was
the identification of 3-haemolytic Escherichia coli as the most pathogenic bacteria for semen
parameters in dogs.

Issues associated with identifying mechanisms ensuring reproduction in lizards in
order to implement assisted reproductive technology were taken up by [Sdnchez-Rivera
et al., Contribution 12]. Given the lack of research on sperm physiology in lizards, the
authors attempted to establish whether lizard sperm undergo capacitation, like mammalian
sperm. The study showed that certain changes associated with sperm capacitation, such as
changes in the type of movement or acrosome damage, take place after two hours of semen
incubation with the capacitation medium. According to authors, there is a need to establish
whether capacitation is necessary for lizard sperm to acquire fertilization competence and
whether this process is crucial for improving the success of ART techniques in this group
of animals.

3. Conclusions

This Special Issue presents several innovative studies aimed at improving semen
preservation technology, various aspects of sperm analysis and preservation in different
species, and also physiological processes taking place within sperm structures. The studies
are very promising and provide valuable information on the biology of reproduction in
mammals, reptiles, and fish. This is a continually growing area of research in which
new techniques and methods are being implemented, inspiring improvements in animal
reproduction. Due to the many aspects of reproduction that have yet to be explained, there
is a need for further studies with the ultimate goal of maximizing the efficiency of ART.

Funding: This research received no external funding.
Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: This study investigated the use of hormones and temperature control to improve
breeding success. Injecting Ovaprim significantly increased egg and sperm production. However,
temperature played a critical role. A medium temperature (around 22 °C) produced the best results,
with more eggs, faster egg release, and healthier sperm. Both low and high temperatures negatively
impacted sperm quality and larval fish survival. Using extender E4 (15% DMSO) for cryopreservation
improved fertilization rates. Overall, the study highlights the importance of precise hormone control
and temperature management for successful goldfish reproduction, benefiting for fish farming.

Abstract: This study investigates the efficacy of hormone-induced artificial reproduction in gold-
fish (Carassius auratus) under controlled temperatures. Ovaprim injections significantly enhanced
ovulation and sperm production compared to controls. Medium temperature (22 °C) produced the
highest ovulation rates, fastest ovulation timing, and optimal sperm quality (motility and morphol-
ogy) compared to high (28 °C) and low (16 °C) temperature groups. The low-temperature group
exhibited reduced sperm motility duration and higher rates of sperm and larvae damage. The sperm
volume of the high-temperature group was higher, but their post-injection survival rates were lower.
Furthermore, the lowest spawning rate and low egg quality were noted in the high temperature.
Cryopreservation using extender E4 (15% DMSO) exhibited superior post-thaw sperm motility and
achieved higher fertilization rates. Fertilization rates, embryo development, and larval survival were
all highest at the medium temperature. Larvae hatched from fresh sperm at medium temperature
exhibited faster growth and fewer deformities. These findings suggest that hormone stimulation
coupled with a medium temperature regimen is critical for successful artificial reproduction in
goldfish. Cryopreservation with extender E4 holds promise for sperm banking; however, further
optimization is necessary to improve fertilization success with thawed sperm. Future research could
explore the influence of temperature on sperm physiology and refine cryopreservation protocols to
enhance fertilization rates.

Keywords: temperature; motility; in vitro fertilization; cryopreservation; morphology

1. Introduction

Reproduction of fish under controlled conditions necessitates specific environmental
factors, including temperature, in addition to hormonal agent stimulation [1]. The synergy
between these two factors enables the attainment of gamete maturation and the production
of high-quality gametes and larvae in captivity [2]. It is noteworthy that optimal tempera-
ture ranges can vary among species and may be influenced by factors such as age, size, and
reproductive state [3]. In the realm of aquaculture, the meticulous control and maintenance
of appropriate water temperatures are not only crucial for hormonal regulation but also
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have a profound impact on overall growth and health. Achieving the right temperature
ensures optimal growth and minimizes the risk of stress and disease [4]. Beyond its di-
rect effects on growth and reproduction, temperature can also influence various facets of
fish physiology and behavior, including metabolism, immune function, and swimming
performance [5].

The goldfish (Carassius auratus), classified within the family Cyprinidae, serves as a
significant subject for studies in reproductive biology. This is due to their relative ease of
breeding and maintenance in captivity, as well as their well-defined reproductive cycle
with distinct stages of gamete maturation and spawning, which can be easily observed and
manipulated [6]. Goldfish is indeed a popular ornamental fish worldwide, including in Iran.
Many individuals across different regions have taken up goldfish breeding as a venture,
and it has proven to be a lucrative business for employers. Successful goldfish breeding
requires knowledge of proper care, water conditions, and breeding techniques [7]. Natural
reproduction for this species primarily occurs in the spring; however, under carefully
controlled conditions, it exhibits the potential for reproduction during other seasons as
well [8]. However, broodstocks often encounter reproductive failure during the off-season
due to the lack of natural stimuli necessary for fish reproduction [9]. To address this issue,
hormone therapy, facilitated by changes in the endocrine system specifically, the brain-
pituitary-gonadal axis emerges as an efficient method for inducing sexual maturity and
obtaining a significant quantity of gametes under controlled conditions [10]. Indeed, the
application of hormonal stimulation in cyprinids has been shown to elevate the percentage
of ovulation in females, facilitate the synchronization of spawning, and augment the num-
ber of eggs produced by a female [11,12]. In recent years, human chorionic gonadotropin
hormone (HCG) and gonadotropin-releasing hormone (GnRH) have been successfully
employed in the artificial reproduction of fish [13]. Ovaprim is a liquid peptide preparation
consisting of a gonadotropin-releasing hormone analog and a dopamine inhibitor [14]. This
hormone stimulates the release of mature oocytes or eggs in females and mature sperm
in males [15]. Ovaprim is especially beneficial for species that encounter difficulties in
initiating spontaneous spawning in captivity [16].

Sperm motility and morphology play pivotal roles in influencing the fertilization
rate in fish [17]. In species with external fertilization, such as many fish, spermatozoa are
released into the marine or freshwater environment, which not only serves as a challenging
milieu but also provides signals that govern their motility [18]. Temperature emerges as
a paramount environmental factor influencing sperm motility [19]. Aquatic organisms
exhibit sensitivity to rapid temperature fluctuations, and deviations from the optimal
range induce stress, impacting motility [20], viability [21], morphology [22], DNA [23],
and ultimately, the reproductive process [24]. Sperm motility experiences an increase, to a
certain extent, with rising temperatures [25]. However, exceeding a specific temperature
threshold results in thermal shock, leading to the loss of sperm motility [26]. For instance, in
Acipenser baeri, sperm motility decreases as the temperature rises from 10 to 17.5 °C [27]. In
some species, like salmonids, swimming duration has demonstrated an inverse exponential
relationship with water temperature [28]. Additionally, various studies have reported
that lower temperatures bolster spermatozoon motility [29]. Understanding the optimal
temperature conditions for fertilization holds the potential to enhance breeding programs
and augment the success rate of artificial insemination [30].

Cryopreservation is a pivotal technique in the realm of aquaculture [31], offering
the capacity for the long-term storage of sperm, eggs, and embryos, thereby providing
a valuable resource for breeding programs [32]. The advantages of cryopreservation are
manifold, encompassing the preservation of genetic diversity [33], heightened breeding pro-
gram efficiency [34], and mitigated risks associated with live animal transportation [35,36].
However, cryopreservation is not exempt from its set of challenges. The freezing and
thawing processes can inflict damage upon biological material, diminishing its viability
and fertility [37]. To mitigate such damage, meticulous control over freezing protocols
and the utilization of appropriate cryoprotectants are imperative. By prudently managing
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the associated risks and challenges, researchers and breeders stand to harness the benefits
of cryopreservation, thereby enhancing the overall health and productivity of the fish
population [38]. The success of cryopreservation is undoubtedly influenced by factors such
as extender composition, cryoprotectant concentration, and freezing procedures [39]. The
selection of extenders for freezing fish sperm is species-specific. Although saline and sugar
solutions are commonly employed for cryopreserving several fish species [40,41], further
investigations are warranted to explore sperm viability under freezing conditions, as well
as the impact of diluents and cryoprotectants on sperm longevity [31].

Given the established efficacy of various hormonal interventions in optimizing fish re-
production and breeding, even outside their natural reproductive seasons, and recognizing
the paramount significance of establishing precise environmental conditions, particularly
temperature, this research aims to achieve the following objectives: (1) Determining the
precise temperature range for optimizing hormone-induced reproductive performance.
(2) Meticulously evaluating the impact of varying temperature regimes on spawning and
sperm quality. (3) Focusing on improving cryopreservation protocols-based outcomes,
specifically sperm motility percentage and fertilization with thawed sperm. (4) Examining
the developmental progression of larvae under distinct temperature conditions. This com-
prehensive research approach aims to provide profound scientific insights into the field of
artificial fish reproduction within controlled environments. Ultimately, it aims to advance
our understanding of the intricate interplay between hormones, temperature fluctuations,
and reproductive success in aquatic organisms.

2. Materials and Methods
2.1. Sample Procurement and Breeder Preparation

A total of 198 goldfish (Carassius auratus), averaging 2 years old, were obtained from
an ornamental fish breeding center for this study. The fish consisted of 108 females and
90 males. Females averaged 35.12 g (+1.46) in weight and 13.42 cm (41.64) in total
length. Males averaged 33.26 g (+1.72) in weight and 11.71 cm (£0.99) in total length. All
fish were individually housed in separate 100 L glass tanks with gentle aeration. Both
males and females were individually and randomly housed in separate 100 L glass tanks
equipped with gentle aeration. Fish were held in tanks containing continuously aerated
(24 h) purified water treated with an aquarium filter system. Weekly, 80% of the water
was renewed [42]. For the initial 7 days, all groups experienced identical lighting and
temperature conditions (21-22 °C). The total test period lasted 16 days, with a consistent
photoperiod of 10 h of light followed by 14 h of darkness [2]. Fish were fed a diet of
carp pellets and mealworms throughout the experiment [43]. Water quality parameters
(temperature, pH, and osmolality) were monitored daily to ensure they remained within
optimal levels for all treatment groups [44]. To minimize potential contamination of sperm
during collection, fish were fasted for two days prior to hormone injection [45].

2.2. Temperature Regimens and Conditions

Goldfish exhibit a wide range of temperature tolerance, surviving between 5 and
35 °C [46]. This study investigated the effects of temperature on hormone-induced repro-
duction. Three temperature groups were established: low (LT, 16 + 1 °C), medium (MT,
22 £ 1 °C), and high (HT, 28 + 1 °C) using aquarium heaters (Aquaria HT 300, IRAN
AQUARIA, Tehran, Iran, corporation and research facility). Each group included 15 males
and 18 females, alongside a control group without hormone injection (18 females, 15 males)
at each temperature. After 24 h of temperature acclimation, all fish except the controls
received hormone injections [47,48].

2.3. Hormone Injection Procedure and Preparation

Fish were anesthetized using a clove oil solution, a commonly used fish anesthetic,
following established protocols (0.15 mL/liter) [49] The dosage of Ovaprim was determined
following the manufacturer’s instructions [50]. For females, a single dose ranging from 15
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to 20 uL of Ovaprim was administered, while males received a single dose of 7 to 12 uL
of Ovaprim. Prior to injection, the dosage was calculated based on the weight of the fish,
and normal saline was added to achieve a volume of 100 uL (approximately 0.5 mL kg*1
for females and 0.25 mL kg~! for males) for the injection [51]. Injections were performed
intramuscularly using a 1 mL syringe and a 29-gauge needle [52]. Male and female fish,
which had been exposed to controlled temperature groups for 24 h, were transferred to the
respective temperature groups following hormone injection.

2.4. Sperm Collection Procedure

Sperm were collected from each male using a micropipette. Before sperm collection,
the genital area of each male was dried with paper towels to prevent contamination from
water, urine, and feces [53]. The collected milt was placed into 2 mL macro-tubes, and its
volume, measured in microliters (uL) [54]. To ensure the collection of all possible sperm,
the abdomen of each fish was stripped. Following sperm collection, these macro-tubes
were immediately placed on ice [55].

2.5. Sperm Motility

Fresh sperm quality was evaluated based on motility. A 10 uL aliquot of sperm was
diluted 1:100 with distilled water in a micro-tube [55]. A 10 pL subsample was then placed
on a slide and covered with a coverslip. Sperm motility was assessed by counting motile
sperm among 100 cells under a 400 x magnification Zeiss AXIO Scope A1 microscope (Carl
Zeiss, Oberkochen, Germany). Five replicates were performed per sample to minimize
observer bias [56,57]. An experienced observer filmed sperm motility under the microscope
for later evaluation. Motility duration was measured from the initial sperm movement
after adding water to the sample until at least 70% of the sperm became immotile [58]. A
chronometer was used to record this duration [58,59].

2.6. Sperm Morphology

The Diff-Quik staining method was employed for sperm morphology evaluation [60].
In this process, for fresh sperm samples obtained in each temperature treatment were
prepared at a 1:100 ratio, distributed on a thin slide, and stained after drying [61]. For
the frozen sperm sample, the stored sperms were thawed after one week on steam at
37 degrees [62], and after preparing the smear, they were stained with the indicated color.
The lengths of the head, tail, and total length were measured. A total head length of
200 cells per slide (one slide per male) for male sperm in each temperature treatment were
measured on a light microscope, at 40 x magnification. Characteristics of all samples were
evaluated by the same technician [63].

2.7. Oocyte Collection

Fish were checked for ovulation every thirty minutes after hormone injection by gently
applying abdominal pressure. When ovulation was detected, the ovulated females were
dried with a towel and weighed. The sampling was performed through stripping, which
involves a gentle abdominal massage in the cephalocaudal direction [64]. The oocytes were
collected in a dry beaker and then weighed with an accuracy of +0.1 g to estimate the
number of oocytes produced per gram of female [65].

2.8. Fresh Sperm-Egg Fertilization

Each female’s ovulated eggs in each temperature treatment were manually stripped
and collected individually into a dry beaker. After the oocyte stripping, a subjective
(macroscopic) quality check was conducted, focusing on size uniformity, yellow color, and
the absence of blood. Subsequently, sperm from each male was carefully collected using a
micropipette. To enhance the quality of fertilization, sperm collected from 2-3 randomly
selected males [2], were used. The number of eggs produced by each female was estimated
based on egg mass weights and the number of eggs per gram of egg weight. According to

10



Animals 2024, 14, 2701

the egg samples, there were approximately 900 eggs per gram. For the fertilization trial,
in the MT and LT treatments, eggs extracted from each female sample were divided into
several containers (each container containing 100 eggs) and mixed with the sperm of males
(50 nL) from the same temperature treatment [66]. However, in the HT treatment, while
a very small number of eggs were obtained, their quality was poor and unsuitable for
fertilization. Therefore, no fertilization trial was conducted for the HT group. Followed
by the addition of 700 mL of water to activate the sperm in the MT and LT groups. The
sperm and eggs were allowed to contact each other for two minutes. Then, they were
incubated in a container at the temperatures specified for MT and LT. To prevent the growth
of microorganisms, 0.1 mL of methylene blue was added to the water in both MT and LT
groups, and 50% of the water was replenished daily [67].

2.9. Fertilization Evaluation

The percentage of ovulation was calculated by dividing the number of fish producing
eggs by the total number of fish in each treatment. Individual females were considered
as replicates and were assigned a value of 1 for ovulation or 0 for no ovulation, respec-
tively [68]. Relative fecundity was calculated in terms of eggs per gram of female body
weight [69]. Latency time was defined as the time elapsed between female fish injection
and egg stripping [70]. Furthermore, the egg survival rate up to the eyed-egg stage was
used to estimate fertilization quality [71]. The percentage of eyed eggs was calculated by
dividing the total number of eyed eggs by the total number of provided eggs and then
multiplying the result by 100 [72].

2.10. Sperm Cryopreservation

Extenders were prepared using sugars such as glucose, fructose, and sucrose, along
with chemicals like NaCl, KCl, and NaOH (further details can be found in Table 1). Before
use, all extenders were adjusted to a pH of 7 and stored at 4 °C [73]. For each temperature
group, sperm was diluted to a final concentration of 1:10 (v/v) in extenders containing
the cryoprotectant dimethyl sulfoxide (DMSO) at concentrations of 15% [74]. Immediately
after mixing sperm with extenders and cryoprotectants, a micropipette aliquot of 100 uL
was placed into 0.25 mL cryostraws (IMV, FR). These straws were then subjected to 4 °C for
5 min, followed by exposure to liquid nitrogen (LN2) vapor at a height of 5 cm for 10 min,
and finally plunged into LN2 [75,76]. Sperm specimens were thawed seven days later by
immersing them in 35 °C vapor water for 5 s [77].

Table 1. The compositions of various extenders and cryoprotectants were used in the experiment.

C¢H507Nas, Distilled

Extenders NaCl KC1 2H,0 Glucose  Fructose Sucrose NaOH * Antibiotics ** Water Cryoprotectant
(E) [€:4) (g ©® (g (g g (uL) (mL) (mL) DMSO (%)
E1l 017 0.23 = 1.06 0.9 B 12 0.5 100 10
E2 0.34 - - - - 3.43 21 0.5 100 10
E3 - 0.46 - - 1.93 - 16 0.5 100 10
E4 0.4 0.8 2.05 - 0.5 100 15

*: NaOH solution (NaOH 1 g + distilled water 100 mL). **: Antibiotic 12,000 Unit/mL penicillin.

2.11. Sperm Motility Post Thminawing

To evaluate the quality of frozen sperm in each temperature treatment, and choosing
the best diluent for fertilization with fresh eggs, after storage in liquid nitrogen dewar
for 7 days, straws were thawed by swirling them in a 35 °C water bath for 7-10 s [77].
Then, 10 uL of it was placed on a glass slide coverslip, and its motility and duration of
motility were checked with a light microscope 40x. Six replicate samples were used for
each treatment [41].
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2.12. Egg Fertilization Using Thawed Sperm

Following selection of the optimal extender based on post-thaw sperm motility, a
fertilization test was conducted using thawed sperm. Similar to the fresh sperm fertilization
process, eggs were collected from each temperature treatment and fertilized with sperm that
had been frozen at each corresponding temperature. For thawed sperm fertilization, one or
two thawed freezing straws were rapidly thawed by swirling them in a 35 °C water bath
for 7-10 s. The thawed sperm was then carefully poured over the eggs [77]. The sealed end
of the straw was then quickly cut with scissors, allowing the partially thawed milt-extender
mixture to flow onto a Petri dish [77]. The thawed sperm was poured onto the eggs in the
Petri dish. Subsequently, the dishes were incubated at the same temperature as the LT and
MT groups. The percentage of eyed eggs, the total length of larvae on the seventh day, and
the percentage of deformed larvae were assessed in each temperature group.

2.13. Larvae Evaluation following Fertilization

Seven days after fertilization, larval development was assessed in both the MT and LT
groups. Larvae from fertilizations using both fresh and thawed sperm were measured for
total length. Digital photographs were taken using a camera mounted on a tripod at a fixed
height (20 cm). For each photo, larvae were placed in a Petri dish positioned over gridded
paper to facilitate size measurement. Larval images were then analyzed using Digimizer
software (version 6) to determine total length. Additionally, the number of deformed larvae
in each container was counted and expressed as a percentage of the total number [78].

2.14. Statistical Analysis

The data’s normal distribution was confirmed using both the Kolmogorov-Smirnov
and Shapiro-Wilk tests. Nonparametric data (motility rate and motility duration of sperm)
were analyzed using the Kruskal-Wallis test, followed by the Mann-Whitney U com-
parisons test and Univariate Analysis of Variance. Parametric data (relative fecundity,
percentage of eyed-eggs, sperm morphology, sperm head length, larvae total length, and
abnormal larvae) were analyzed using a one-way ANOVA, followed by Tukey’s post hoc
test. The data were expressed as mean =+ standard deviation (SD) for all comparisons, with
p < 0.05 considered statistically significant [59].

3. Results

Sperm production (spermatogenesis) continued for up to 24 h after hormone injection
in all temperature groups. However, the time it took to collect usable sperm (latency time)
varied significantly. Males in the HT group were the fastest, producing sperm within 4-5 h.
Those in the MT group required 7-8 h, and the low temperature (LT) group took the longest
(10-11 h). The average volume of collected sperm was as follows: 366.66 + 49.23 uL for
HT, 354.16 + 62.00 uL for MT, and 304.16 & 68.94 uL for LT (p < 0.03). Interestingly, the
percentage of fish producing sperm (spermiation) was highest in the LT and MT groups
(83.33% each), followed by the HT group (69.23%). Notably, no sperm were collected from
males in the control groups (without hormone injection) at any temperature.

3.1. Sperm Motility
3.1.1. Fresh Sperm

The MT group demonstrated the longest duration of sperm motility (197.5 4= 15.44 s),
followed by the HT group (177.50 +£ 27.01 s) and the LT group (135.00 + 15.66 s). Regard-
ing motility rate (%) within the first 10 s, the MT treatment had the highest percentage
(97.08% =+ 2.57%), followed by the HT treatment (95.83% =+ 2.88%) and the LT treatment
(94.58% =+ 3.34%). At 30 s, HT with MT (p = 0.03) and HT with LT (p = 0.01) were significant.
MT with LT were significant (p = 0.01) at 60 s. At 90 s, MT with LT (p = 0.006) and HT with
LT (p = 0.009) were significant, and at 120 s, HT with LT (p = 0.00) and MT with LT (p = 0.00)
were significant. The effects of temperature (F =20.89, df =2, p = 0.00) and time (F = 1210.33,
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df = 6, p = 0.00) were found to be significant, both separately and in combination (F = 3.80,
df =12, p = 0.00), on sperm motility (Figure 1).
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Figure 1. Percentage of goldfish (Carassius auratus) sperm motility at various temperatures. The
temperatures are categorized as follows: 28 4= 1 °C (HT); 22 & 1 °C (MT); and 16 4 1 °C (LT). The
values are mean =+ SD. (*) p-value < 0.05; (**) p-value < 0.001.

3.1.2. Thawed Sperm

Sperm motility remained consistently high throughout one week in different tempera-
ture groups when sperm were cryopreserved in E4. However, other treatments showed av-
erage post-thaw sperm motility ranging from 0 to 50%. The MT-E4 treatment exhibited the
highest motility rate (%) after thawing in E4, with a delay of 10's (91.00% =+ 4.18%), followed
by HT-E4 (89.00% =+ 4.18%) and LT-E4 (79.00% = 4.18%) (p < 0.00). (Table 2). Furthermore,
the MT-E4 (252.00 + 16.43 s), LT-E4 (204.00 £ 13.41 s), and HT-E4 (180.00 + 00 s) treatments
demonstrated the longest duration of motility after thawing, respectively (p < 0.00).

Table 2. The results of artificial reproduction experiments conducted with goldfish (Carassius au-
ratus) at three distinct temperature conditions. The data in the table are expressed as means with
corresponding standard deviations (£SD).

Temperature 16+1°C 22+1°C 28+1°C p-Value
Female Weight (g) 35.15 4+ 1.01 34.98 + 2.55 35.23 £ 0.99 0.98
Ovulation (%) 66 80 13 0.001
Latency Time (h) 21-22 9-10 6-7 0.001
Relative Fecundity 46.99 +16.84 57.84 £19.17 -
Survival Rate until Eyed-Egg Stage 46.65 4 9.98 65.80 & 7.34 - 0.001
Percentage Deformed Larvae (%) 3247 £+ 3.09 8.10 £ 5.69 - 0.32
Total Length of Larvae (mm) 3.94 £0.32 514+ 0.29 - 0.001
Male Weight (g) 32.35+1.83 3441 +222 33.01 £ 0.56 0.37
Spermiation (%) 83.33 83.33 69.23 0.001
Sperm Motility (%) 94.58 + 3.34 97.08 & 2.57 95.83 4-2.88 0.001
Sperm Head Length (um) 216 £0.25 219 £0.28 2.09 +£0.26 0.001
Sperm Damage 33.16 + 11.45 10.41 + 5.61 15.66 + 10.24 0.001
Survival Fish (%) 94.87 92.3 56.41 0.001
Post Thawing
Sperm Motility for Extender 4 (E4) (%) 79.00 £+ 4.18 91.00 £+ 4.18 89.00 + 4.18 0.001
Survival Rate until Eyed-Egg Stage 13.84 +1.23 40.00 4+ 7.93 - 0.001
Percentage Deformed Larvae (E4) (%) 41.20 +9.43 17.07 +5.14 0.001
Total Length Larvae (mm) 3.54 +£0.11 4.78 +0.52 - 0.001
Sperm Damage (E4) 4791 +15.12 18.50 + 6.78 27.00 + 10.43 0.001
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3.2. Sperm Morphology
3.2.1. Fresh Sperm

The analysis of sperm morphology in three different temperature groups revealed that
LT group had the highest percentage of sperm damage (wrinkled and detached head, bent
tail, coiled tail) (33.16 4 11.45%). Following LT, the HT group exhibited a lower significant
percentage of sperm damage (15.66 & 10.24%). MT group had the lowest percentage of
sperm damage (10.41 £ 5.61%) (p < 0.00). Additionally, measurements of sperm head
length showed variations: 2.16 & 0.25 um in LT, 2.19 & 0.28 um in MT, and 2.09 + 0.26 pm
in HT (p > 0.2) (Figure 2).

Figure 2. Sperm morphology of goldfish (Carassius auratus) in different temperature treatments. The
temperatures are categorized as follows: 16 & 1 °C (LT); 22 4 1 °C (MT); and, 28 + 1 °C (HT). (a) Head
wrinkled; (b) detached head; (c) bent tail; (d) normal sperm; (e) coiled tail. (40x magnification).

3.2.2. Thawed Sperm

The analysis of sperm morphology in three different temperature groups for extender
4 revealed that LT group had the highest percentage of sperm damage (wrinkled and
detached head, bent tail, coiled tail) (47.91 &+ 15.12%). Following the HT group exhibited a
lower significant percentage of sperm damage (27.00 4 10.43%). MT group had the lowest
percentage of sperm damage (18.50 + 6.78%) (p < 0.00).

3.3. Fertilization Quality
3.3.1. Fresh Sperm

The highest ovulation rate was observed in the MT group (80%), followed by the LT
group (66%), while the HT group exhibited the lowest rate (13%)) the eggs were released in
small quantities on the aquarium floor. In the control group, where only temperature was
applied without hormone injection, no spawning was observed. Among the temperature
groups, the MT group had the shortest latency time for ovulation, with an average of
10 & 1 h. In contrast, the LT group had a longer latency time, averaging 22 + 1 h for
ovulation. Relative fecundity, measured as eggs per gram of body weight (egg/g BW), was
slightly higher in the MT group with an overall mean of 57.84 + 19.17, compared to the LT
group with 46.99 & 16.84 (p > 0.32) (Table 2). The first appearance of eyed-eggs occurred
earlier in the MT group, approximately 48 h after fertilization. Under the LT treatment, the
first-eyed egg was observed much later, at around 120 h after fertilization. The MT group
showed a significantly higher hatching rate, with 65.80 £ 7.34%, when considering hatched
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eyed-eggs between 48-72 h after fertilization, compared to the LT group with 46.65 &+ 9.98%
(p < 0.004). HT and hormone stimulation had a significant impact on fish survival rates.
The HT group exhibited the lowest survival rates, with 56.41%. In contrast, the MT group
showed highest survival rates, with 92.30%. The LT group had the survival rate of 94.87%.

3.3.2. Thawed Sperm

Similar to fresh sperm fertilization, the first appearance of eyed-eggs occurred 48 h
after fertilization in the MT group when using E4. In contrast, in the LT group, the first-eyed
egg was observed much later, at around 120 h after fertilization. When considering the
percentage of eyed eggs, the MT group had the highest rate, with 40.00 &= 7.93%, followed
by the LT group with 13.84 & 1.23% (p < 0.05).

3.4. Larvae following Fertilization
3.4.1. Fresh Sperm

In the MT group, goldfish larvae exhibited the lowest percentage of deformed larvae
after hatching (8.10 + 5.69%), whereas the LT group had the highest percentage of deformed
(32.47 £ 3.09%). On the seventh day after fertilization, the total length of the larvae was
the greatest in the MT group (5.14 & 0.29 mm), followed by the LT group (3.94 & 0.32 mm)
(p < 0.00).

3.4.2. Thawed Sperm

Concerning the MT group for Extender 4, goldfish larvae exhibited the lowest per-
centage of deformed larvae after hatching (17.07 £ 5.14%), whereas the LT group had
Extender 4, the highest percentage of deformed larvae (41.20 & 9.43%). The longest total
length of larvae seven days after fertilization with frozen sperm was observed in the MT-E4
group (4.78 = 0.52 mm), followed by the LT-E4 group (3.54 £ 0.11 mm). According to the
ANOVA results, there were significant differences in larval length after thawing frozen
sperm (p < 0.00).

4. Discussion

The results presented in this study demonstrated the intricate interplay between
temperature and various aspects of fish reproduction, taking into account the pivotal
influence of hormone injections. Specifically, we examined how temperature influences
the fundamental processes of sperm and egg release, determining fertilization success, and
subsequently affecting the development of fish larvae. Traditionally, goldfish breeding
has been confined to specific seasons, with breeders typically maintaining a temperature
range of 26-27 °C. However, attempts to induce breeding outside these customary seasons
through temperature shocks often led to incomplete ovulation. In response to this challenge,
we implemented hormone therapy, which proved to be a successful intervention.

In our study, we observed that maintaining an MT group proved to be the optimal
condition for goldfish reproduction. The administration of Ovaprim hormone at 22 + 1 °C
resulted in an impressive 80% ovulation rate, signifying it as the most successful strategy
for fertilization. This finding aligns with previous studies demonstrating the critical role of
temperature in fish reproduction [48]. It is crucial to underscore the sensitivity of various
fish species to rapid temperature changes, a factor that can significantly impact reproductive
success. This underscores the importance of precise temperature management in aquacul-
ture practices. Furthermore, the research conducted by Nowosad et al. [2], on Barbus barbus
builds upon our understanding of optimal thermal conditions and the effectiveness of
hormone interventions. Their results highlight that the use of CPH (common carp pituitary
homogenate) and Ovaprim hormones yielded exceptional outcomes, achieving ovulation
percentages ranging from 90% to 100%, with embryo survival rates at hatching reaching
approximately 90%. This reinforces the potential benefits of hormone-based interventions
in fish reproduction, albeit with species-specific considerations.
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The observed outcomes from our experiment shed light on the significant influence
of temperature on various aspects of goldfish reproduction. Under the MT condition, we
noted a latency time of approximately 9 h and a hatching rate of 65.80%. In contrast, under
the LT condition, the latency period extended to around 21 h, accompanied by a hatching
rate of 46.65%. Interestingly, under the HT condition, the latency period was notably shorter,
around 6 h. However, it is worth noting that our findings also reveal a significant limitation
in the effectiveness of hormone injections at temperatures exceeding 27 °C, particularly
concerning ovulation induction and survival rates in goldfish; as previously mentioned, a
majority of the females failed to ovulate at this temperature, with only a few releasing a
limited quantity of unfertilized eggs under abdominal pressure, which were of suboptimal
quality in terms of color and size. Therefore, precise monitoring and strict control of both
hormone levels and temperature are imperative when striving to optimize reproductive
outcomes in aquaculture practices

This study showed that despite administering nearly identical hormone doses across
male and female groups, the temperature variations yielded distinct effects on these re-
productive parameters. This finding aligns with the research by Servili et al. [79] who
emphasized the critical importance of the appropriate combination of inducing agent
dosage and latency period in achieving optimal egg production in catfish Clarias batrachus.
Similarly, a study by Dhara et al. [80] on Clarias batrachus highlighted that the highest rates
of fertilization and hatching were achieved when fish were injected with carp pituitary
gland extracts and kept at a temperature of 28 °C, with a latency period of 15 h. Our
present study underscores that HT does not necessarily facilitate successful egg release
post-hormone injection, and conversely, LT is unsuitable for fertilization in aquaculture
due to prolonged latency times.

Moreover, a body of research has indicated that temperature fluctuations can either
expedite or delay the growth and development of eggs and larvae [81]. For instance, Akatsu
et al. [82] discovered enhanced growth in Epinephelus tauvina larvae at higher temperatures,
while Kupren et al. [83] found that embryos of Leuciscus leuciscus and L. idus exhibited
tolerance to temperatures up to 23 °C, albeit with reduced survival rates and an increased
occurrence of deformities. In our current experiment, we observed that fertilized eggs
with both fresh and frozen sperm became eyed-eggs in the MT group simultaneously,
but this process was delayed in the LT temperature group. Additionally, eggs cultivated
under MT treatment displayed normal growth compared to those under LT treatment, with
a significantly lower percentage of abnormal larvae. These findings emphasize that the
effects of temperature on fish reproduction are highly contingent on species, developmental
stage, and prevailing environmental conditions.

Global warming presents a complex and multifaceted threat to fish reproduction,
with cascading effects on marine ecosystems. Rising temperatures disrupt spawning
cycles, particularly for species with limited geographic range [84]. Larval fish, especially
vulnerable due to their sensitivity to environmental fluctuations, may face significant
challenges under a changing climate. Studies suggest that temperature has a stronger
influence on fish reproduction than elevated CO, levels [85]. The ability of fish populations
to adapt to these changing conditions will be critical for their long-term survival [86,87].
However, rising temperatures act as stressors, impacting fish physiology, metabolism, and
behavior, potentially compromising their capacity to cope with additional environmental
challenges like ocean acidification and salinity changes [88]. Understanding the combined
effects of temperature and other stressors on fish stress physiology is crucial for predicting
the consequences of global warming on the persistence of fish populations.

It is well established that sperm morphology is a critical factor influencing fertilization
success in fish [18]. The optimal shape and size of the sperm head are essential for successful
penetration through the micropyle [89]. Although research on the effects of temperature
and hormone stimulation on sperm morphology in fish is relatively limited, a study
by Fenkes et al. [90] on Salmo trutta revealed that temperature has a significant impact
on head size and tail length, which in turn affect fertilization success. Considering our
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findings, where we observed the least damage associated with the MT treatment, which
also yielded the highest success rate compared to other treatments, it can be inferred that
unfavorable temperatures not only affect sperm motility but also impact the shape and
size of the sperm. This reinforces the notion that temperature plays a multifaceted role in
influencing reproductive processes. The reduced percentage of sperm damage in the MT
group suggests that optimal temperatures may promote better sperm quality, potentially
enhancing fertilization success.

Our study highlights the pivotal role of cryoprotective chemicals and extenders in safe-
guarding sperm viability under low-temperature conditions. Dimethyl sulfoxide (DMSO)
and carbohydrates have emerged as highly effective agents for cryopreserving sperm in
freshwater species [91]. Building upon this knowledge, the authors of [41] conducted an
extensive investigation in common carp, underscoring the potency of CCSE 2 and DMSO
in maintaining post-thaw sperm motility at an impressive 94.53%. Traditionally, the success
of fish sperm cryopreservation has been evaluated based on fertilization yield, primarily
focusing on motility metrics. In our experiment, Extender 4 proved to be the optimal
dilution for carp sperm, displaying the highest motility percentage, longest duration, and
minimal morphological damage. This selection has paved the way for successful post-thaw
fertilization. Studies by [92,93] provided valuable insights into the impact of cryopreser-
vation on sperm morphology in zebrafish and catfish. Our findings further emphasize
the importance of tailoring cryopreservation solutions to the specific requirements of each
species. Extender 4 exhibited fewer morphological alterations, solidifying its suitability for
carp sperm preservation. Moreover, Extender 4 maintained a remarkable motility rate of
over 90% even after a week, showcasing its potential for long-term preservation of highly
motility and minimally damaged sperm.

5. Conclusions

This study explored the interplay between temperature, hormones, and goldfish
reproduction. Precise temperature control was crucial, with Ovaprim at 22 °C achieving
an 80% ovulation rate. Synchronization of temperature and hormones is essential to
avoid breeding failure. The research also identified temperature’s influence on various
reproductive aspects and the importance of sperm morphology in fertilization success. An
optimal extender solution for carp sperm preservation was discovered, showing promise
for long-term storage and breeding strategies. These findings offer valuable insights for
optimizing aquaculture practices and potentially contribute to fish conservation efforts.
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Simple Summary: In recent decades, the practice of artificial insemination has become increasingly
prevalent in canine reproduction, thereby underscoring the necessity for improved semen quality
assessment routines. While the bacterial microflora of the reproductive system of female dogs has
been extensively studied, there is comparatively limited analysis of the male dog’s reproductive tract’s
microbiota. In the field of andrology, a few connections have already been discovered between seminal
bacteria and semen’s qualitative parameters. The objective of this study was to determine whether
the bacteria present in semen samples from breeding dogs can influence the semen’s characteristics.
The results indicated that multiple bacterial species present in semen samples from breeding dogs are
associated with inferior sperm parameters. Moreover, a greater bacterial load was observed to be
related with poorer semen quality in breeding dogs.

Abstract: Assessing canine semen quality helps to detect infertility in males, but identifying factors
that influence canine semen quality is a complicated task. The objective of this study was the
assessment of the potential influence of bacteria found in canine semen samples on the charac-
teristics of dogs” semen. In this study, semen samples were collected manually from 30 dogs and
subjected to a comprehensive examination. The results of sperm motility, concentration, viability,
and morphology were statistically analysed in relation to the number of bacteria in the semen
(CFUs/mL) and the seminal microbiota. Samples with an increased bacterial count per millilitre
were associated with lower-quality sperm motility (p < 0.05). The most frequently isolated bacterial
genera from the analysed semen samples were Staphylococcus spp. (26.0%), Corynebacterium spp.
(17.8%), and Streptococcus spp. (16.4%). The presence of B-haemolytic Escherichia coli bacteria
was linked to suboptimal semen samples, characterised by significantly reduced semen viability
and a lower proportion of morphologically normal spermatozoa (p < 0.05). Corynebacterium spp.
was associated with reduced bacterial load and superior semen quality (p < 0.01). These findings
highlight the importance of bacterial cell counts and microbiota diversity in relation to various
factors influencing canine semen quality, providing a more comprehensive understanding of canine
reproductive well-being.

Keywords: canine; seminal bacteria; semen quality
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1. Introduction

The assessment of canine semen’s quality has become a standard procedure for the
identification of infertility in dogs [1]. The evaluation of the semen’s quality determines
the male’s fertility status and helps to identify semen that is suitable for artificial insemi-
nation (AI) and cryopreservation [2]. The assessment of semen’s quality parameters has
become straightforward with the advent of modern technologies and advanced research
methodologies [3]. Nevertheless, identifying the specific factors that influence variations in
semen’s quality characteristics remains a challenging task.

The microbiota of animals can influence several physiological factors in organisms
and affect their health [4]. It is noteworthy that studies investigating the microbiota in
the male reproductive system of dogs and its influence on animal fertility are limited in
number [4]. In contrast, research has predominantly focused on the microbiota of the bitch
reproductive tract and its association with reproductive success [5]. However, seminal
bacteria, which can be transferred to female dogs’ reproductive tracts, have the potential to
trigger infections, spontaneous abortion, or even infertility [6,7].

It is well established that canine semen is not sterile, and various opportunistic bacteria
have been detected within the male dog reproductive system [8,9]. The data presented in
other articles indicate a correlation between the identified bacteria and semen quality across
a range of animal species, including bulls, boars, poultry, etc. [4,10-13]. In the literature,
some male genital tract bacteria are described as potentially more pathogenic. However,
there are a lack of published data on the seminal microbiota, including which bacteria are
commensal and which are pathogenic [14]. Escherichia coli is more frequently associated
with less desirable semen quality [13]. A high bacterial load in semen (bacteriospermia)
is related to lower sperm motility, membrane and acrosome integrity alterations, and
higher oxidative stress. In canines, alterations in semen quality, including teratospermia,
have been linked to specific pathogenic bacterial strains, such as 3-haemolytic Streptococcus
spp. [9]. Additionally, it has been observed that canine semen samples with bacteriospermia
demonstrate lower sperm viability and a higher prevalence of morphological abnormalities
in their spermatozoa [8].

As recent findings have highlighted the significant role of semen microbiota in male
infertility, it is becoming increasingly important to extend bacteriological studies to include
a wider variety of animal species. Acknowledging that canine semen contains bacterial
populations indicates the possibility that specific bacteria may impact semen quality char-
acteristics, particularly its motility, which is closely associated with reproductive success in
canines [15]. Therefore, the aim of this study was to evaluate the impact of bacteria in the
semen of breeding dogs on the semen’s quality.

2. Materials and Methods
2.1. Animals

Semen samples were obtained from 30 clinically healthy canines (Canis familiaris). The
dogs exhibited a range of sizes, with the following breeds represented: German Shepherds
(n =5), Labrador Retrievers (n = 3), Salukis (n = 2), Bull Terriers (n = 2), Shih Tzus (n = 3),
and several other breeds. It was confirmed that the animals in question had not received
any antibiotics within the preceding month. The collection of canine semen and the external
examination of the canines were conducted in accordance with EU Directive 2010/63/EU
for animal experimentation.

2.2. Semen Collection and Assessment

The samples were collected at a veterinary clinic. Prior to semen collection, the clinical
condition of each dog was assessed. An external examination of the dog’s reproductive
system was conducted to identify any signs of pain or discomfort in the reproductive
organs, including signs of inflammation [1]. The detection of inflammation in dogs was
done through palpation, which involved the detection of symptoms such as swelling,
redness, heat, and pain. The sample collection procedure was conducted in the presence of
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a female in oestrus or with the use of swabs containing vaginal secretions from a female
dog in oestrus. Sperm-rich fractions were collected into sterile plastic bags through digital
manipulation, as previously described [16]. To prevent bacterial contamination from the
penile prepuce, the tip of the glans penis was protruded from the prepuce and cleaned
with sterile gauze before collection. Samples of semen for bacteriological investigation
were obtained immediately after semen collection with a pipette using sterile tips. Volumes
of 0.2 mL of semen were transferred into sterile 1.5 mL Snap Cap Microcentrifuge Tubes
(Thermo Fisher Scientific, Hennigsdorf, Germany) and transported to the microbiology
laboratory within a 15-30 min period in an insulated box with a cold pack. Semen samples,
for the assessment of their quality, were delivered to the laboratory in a thermos with a
temperature of 35 & 2 °C within 30 min.

2.3. Semen Quality Assessment

The evaluation of semen quality was performed at the Laboratory of Animal Repro-
duction of the Lithuanian University of Health Sciences. The following parameters were
analysed: semen volume, pH, sperm motility, concentration, viability, and morphological
changes of spermatozoa.

The most important semen quality parameter, motility, was assessed subjectively im-
mediately after sample collection: 10 uL of the semen sample were placed on a microscope
slide (Avantor VWR®, Radnor, PA, USA), covered with a coverslip, and placed on a heated
plate at 37 °C. The slide was then observed under an Eclipse 50i microscope (Nikon®,
Tokyo, Japan).

The pH of the samples was measured using an electronic pH meter, the Fisherbrand
accumet AB150 (Fisher scientific, Loughborough, UK). The concentration of semen was
determined using an improved neubauer haemocytometer chamber (BLAUBRAND®,
Wertheim, Germany) and the results were expressed as the number of spermatozoa per
millilitre. The total number of sperm present in the ejaculate was calculated by multiplying
the concentration per millilitre by the volume.

Semen viability was assessed through smears of the samples, which were stained
with the following eosin-nigrosin dyes: Eosin G stain, 2% solution, and Nigrosin stain,
4% solution for live/dead cells (Minitube, Tiefenbach, Germany). A drop of the semen
sample was placed on a slide, followed by a drop of eosin—nigrosin dye, which was then
mixed. After half a minute, a smear was made, the slide was air-dried, and a microscopic
evaluation was performed, assessing the staining of 100 spermatozoa. In accordance with
the test principles employed, the unstained sperm were considered to be viable.

For the assessment of morphological abnormalities in the spermatozoa, a semen sam-
ple smear was stained with the SpermBlue staining kit (Microptic SL, Barcelona, Spain)
in accordance with the procedure of van der Horst and Maree [17]. A total of 500 sperm
were evaluated under a light microscope, the Eclipse 50i, with an oil immersion objective at
100x magnification. The following abnormalities were included in the sperm head mor-
phological defects: macrocephaly, microcephaly, tapered head, thin, narrow head, pinhead,
undeveloped sperm, and asymmetrical midpiece insertion into the head. Abnormalities of
the tail included irregularities of the midpiece (e.g., a bent neck, a neck that is too thick or
too thin, or an irregularly shaped neck), a coiled tail, a stump tail, and a duplicate tail. Other
morphological defects encompassed droplets, acrosome defects, vacuoles, or absent tails
(tailless). The information on the spermatozoa’s morphology was systematically recorded,
including head, tail, and other abnormalities, in the prepared data tables. Additionally, the
number of morphologically normal spermatozoa was recorded.

2.4. Bacteriological Analysis of Semen

The bacteriological analysis of the semen samples was conducted at the Lithuanian
University of Health Sciences, Institute of Microbiology and Virology. In brief, 10 uL
of each sample was inoculated on Columbia Agar plates with 5% Sheep Blood (E&O
Laboratories Ltd., Bonnybridge, Scotland, UK) using serial dilutions. The inoculated plates
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were incubated for 24-48 h at 37 °C under aerobic conditions. After incubation, the number
of colony-forming units (CFUs) per millilitre were recorded.

The bacteria colonies were collected for further investigation. For further identifica-
tion, pure bacterial cultures were inoculated onto selective agars. The morphology of the
bacteria was examined by Gram staining, and the genera and families were identified by
biochemical properties, including the catalase test [18,19]. The bacteria belonging to the
Staphylococcus genus were identified to the species level using the “RapID™ STAPH PLUS
System” identification systems (Thermo Fisher Scientific, Hennigsdorf, Germany) and
associated computer program according to the instructions. Gram-negative bacteria were
identified using the “Novacyt-Microgen Bioproducts GN-ID A+B-Combined 30 Test Sys-
tem” identification systems (Thermo Fisher Scientific, Hennigsdorf, Germany), along with
the corresponding computer program and according to the manufacturer’s instructions.

Bacteria that could not be identified under laboratory conditions were sent to the
Lithuanian National Food and Veterinary Risk Assessment Institute for MALDI-TOF MS
(matrix-assisted laser desorption ionization-time of flight Mass Spectrometry) (Bruker
Daltonics, Bremen, Germany) biotyping.

2.5. Sample Grouping

The research subjects were grouped into three size groups: small dogs (<10 kg), n = 10;
medium dogs (10-30 kg), n = 11; and large dogs (>30 kg), n = 9.

Semen samples were divided into 3 high- and 3 low-quality groups (H and L) by
qualitative criteria, according to motility, viability, and morphology (Table 1). The mor-
phology was based on the percentage of normal morphology form spermatozoa (normal
spermatozoa). Samples that met all of the pre-established criteria were included in the
high-quality (H QUALITY) group, while those samples that failed to meet at least one of
the criteria were included in the low-quality (L QUALITY) group.

Table 1. Canine semen sample grouping criteria.

Superior Quality Semen (H);  Inferior Quality Semen (L);

Parameter n=10 n=20

Sperm motility (%) >75% <75%
Live spermatozoa (%) >50% <50%
Normal spermatozoa (%) >70% <70%

2.6. Data Analysis

The statistical data analysis was performed using “IBM SPSS Statistics 29.0.0.0”. De-
scriptive statistics were calculated, and statistical tests, including the Student’s t-test,
Mann-Whitney U test, and Pearson’s correlation, were used to assess differences and
correlations among the samples’ bacterial numbers, variable aerobic bacteria isolations,
and different dog semen quality parameters. Because the normal distribution was not
always fulfilled, non-parametric statistical analysis was performed. The data are presented
as means (standard deviation (SD)). Results were considered statistically significant when
the p-value < 0.05. Exact p-values are provided for all comparisons, except when p is below
0.001 (p < 0.001).

3. Results

Bacterial populations were detected in all 30 canine semen samples. In these samples,
a total of 11 different bacterial families were identified. The bacterial genera associated
with each family are presented in Table 2. The most frequently isolated bacterial genera
from the analysed semen samples were Staphylococcus spp. (26.0%), Corynebacterium spp.
(17.8%), and Streptococcus spp. (16.4%). The most predominantly isolated bacterial species
from the Staphylococcus spp. genus were S. pseudintermedius (31.6%), S. epidermidis (15.8%),
and S. aureus (15.8%). Additionally, S. schleiferi and S. intermedius were isolated, while other
staphylococci species were identified but not at the species level. Corynebacterium imitans
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was the only species that could be identified from the Corynebacterium spp. genera with
the system used. The bacterium Streptococcus canis constituted 50 percent of all identified
streptococci, with the remaining half consisting of S. sanguinis and other streptococci. From
Neisseria spp., the only species present was Neisseria weaveri. Acinetobacter spp. consisted
entirely of the species Acinetobacter haemolyticus. Of the Micrococcus spp. isolates, only one
was identified to the species level, as Micrococcus luteus, while the remainder remained
unidentified at the species level. Both bacteria from the Escherichia spp. genus were
identified as Escherichia coli (3-haemolytic). All bacteria from the families Pasteurellaceae,
Microbacteriaceae, and Lactobacillaceae were identified to the species level. These included
Haemophilus spp.—Haemophilus haemoglobinophilus, Frederiksenia spp.—Frederiksenia canicolla,
Pasteurella spp.—Pasteurella multocida, Canibacter spp.—Canibacter oris, and Limosilactobacillus
spp.—Limosilactobacillus reuteri.

Table 2. Bacterial families and genera isolated and identified from canine semen samples.

Positive Semen Samples

Identified Bacteria Families Identified Bacteria Genus 1

N Percentage *, %

Staphylococcacene Staphylococcus spp. 19 63.3

Corynebacteriaceae Corynebacterium spp. 13 43.3

Streptococcaceae Streptococcus spp. 12 40.0

Moraxella spp. 5 16.7

Moraxellaceae Acinetobacter spp. 3 10.0

Enterococcaceae Enterococcus spp. 5 16.7

Neisseriaceae Neisseria spp. 4 13.3

Micrococcaceae Micrococcus spp. 3 10.0

Enterobacteriaceae Escherichia spp. 2 6.7

Haemophilus spp. 2 6.7

Pasteurellaceae Frederiksenia spp. 2 6.7

Pasteurella spp. 1 3.3

Microbacteriaceae Canibacter spp. 1 3.3

Lactobacillaceae Limosilactobacillus spp. 1 3.3

! The proportion of semen samples in which bacteria were identified.

The bacterial count in the canine semen samples was not found to be significantly
affected by the size (weight) of the dog (p = 0.347).

The bacterial contamination results for the canine semen samples were determined
according to the categorisations of motility, viability, and morphology, as presented in
Table 1. These results are displayed in Figure 1. In samples exhibiting optimal viability and
morphological quality (blue colour), a lower bacterial number was observed, although this
was not statistically significant (p > 0.05). Samples with lower motility showed a statistically
significantly higher number of bacteria in their semen (p = 0.035) (Figure 1).

The association between different bacteria and the quality of the examined semen
samples was evaluated by monitoring the frequencies of detection of different bacteria in
samples of high and low semen quality (Figure 2). Limosilactobacillus reuteri was identified
only in one optimal-quality semen sample. The isolation of Corynebacterium spp., Neisseria
spp., Frederiksenia canicolla, and Haemophilus haemoglobinophilus was observed to occur with
greater frequency in superior quality semen samples. Canibacter oris, Pasteurella multocida,
E. coli, A. haemolyticus, and Enterococcus spp. were only detected in samples of inferior
semen quality.
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Figure 1. A diagram illustrating the bacterial contamination in semen samples, expressed as colony-
forming units (CFUs) per millilitre of sample. Semen samples are classified into higher (H, blue colour)
and lower (L, red colour) quality groups according to their quality parameters: viability, morphology,
and motility. H VIABILITY represents samples with 50% viability and higher, while L VIABILITY
represents samples with less than 50% viability. H MORPHOLOGY indicates samples with 70%
morphologically normal spermatozoa and higher, and L MORPHOLOGY represents samples with
less than 70% morphologically normal spermatozoa. H MOTILITY designates samples with motility
higher than 75%, and L MOTILITY represents samples with 75% motility and lower. H QUALITY
and L QUALITY represent general quality groups. * Significant differences between groups when
p-value < 0.05.

Limosilactobacillus reuteri
Canibacter oris

Pasteurella multocida
Frederiksenia canicolla
Haemophilus haemoglobinophilus
Escherichia coli
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Figure 2. A diagram illustrating the percentage distribution of identified bacteria in semen samples
of two quality groups, according to their viability, motility, and morphology.

The means of the parameters, including motility, viability, and detailed semen mor-
phology, are presented in Table 3 by dividing the samples according to the presence or
absence of bacteria. Samples with each detected bacterium were compared with samples
where that bacterium was not detected. Several notable differences were observed. Samples
containing (3-haemolytic E. coli were associated with inferior sperm viability (p = 0.03) and
a lower number of morphologically normal spermatozoa (p = 0.02). Conversely, semen
samples in which Corynebacterium spp. were isolated had a significantly reduced number of
spermatozoa other abnormalities (p = 0.045), while sperm motility was significantly higher
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than in other samples without this bacterium (p = 0.006). Moreover, the bacterial count was
found to be significantly lower in these samples (p = 0.028).

Table 3. Comparison of semen quality parameters between samples where specific bacteria were

identified and samples where those bacteria were not identified.

Head Tail Other
Identified Bacteria Motility, Viability, . . . CFUs
(Genus/Species) In Samples o % Pathcz/logles, Pathc‘))/logles, Pathc‘))/logles, per mL, 10°
Stankulococcis s Identified 66.39 (31.98) 55.35 (22.28) 7.77 (6.79) 14.53 (13.48) 19.97 (22.98) 2.52 (4.06)
Py PP Notidentified 7955 (1150) 5236 (22.61) 8.64 (3.56) 8.09 (4.04) 24.59 (23.47) 2.76 (4.65)
Streptococcus s Identified 76.67 (19.92) 52.91 (18.03) 7.35 (4.84) 13.38 (13.02) 20.21 (22.86) 1.85(3.84)
P PP Notidentified  67.65 (30.57) 55.00 (24.79) 8.62 (6.36) 11.18 (10.12) 22.79 (23.50) 3.11 (4.47)
Corvebacterium s Identified 8346 (4.74)  51.85(25.52) 6.08 (2.90) 8.04 (4.86) *12.39 (13.76) * (.44 (0.96)
"y PP Notidentified —**60.94 (32.52)  50.38 (22.79) 9.74 (6.92) 1538 (13.83)  *29.31(26.21)  *4.27 (4.96)
Escherichia coli Identified 75.00 (7.07) *21.50 (2.12) 6.10 (4.10) 6.00 (7.78) *70.75 (0.35) 5.05 (6.99)
(B-haemolytic) Not identified 70.74 (27.52) *55.33 (21.58) 8.24 (5.85) 12.54 (11.43) *18.09 (19.08) 2.43 (4.09)
Ertferococcus s Identified 51.25 (42.11) 49.00 (12.65) 10.45 (5.66) 17.25 (15.84) 26.00 (15.53) 2.44 (4.29)
Pp- Not identified 74.60 (23.00) 53.64 (23.88) 7.72 (5.75) 11.26 (10.53) 21.04 (24.00) 2.64 (4.28)
Morazella s Identified 57.00 (43.53) 40.20 (19.61) 12.60 (11.35) 14.70 (14.83) 31.90 (29.08) *6.35 (5.03)
PP Notidentified  74.38 (21.93) 55.67 (22.57) 7.16 (3.48) 11.54 (10.66) 19.60 (21.49) *1.86 (3.67)
Acinetobacter Identified 38.33 (40.72) 30.67 (7.77) 12.13 (5.33) 31.17 (22.43) 21.50 (16.89) 3.43 (5.69)
haemolyticus Not identified  75.19 (22.74) 55.58 (22.31) 7.63 (5.67) 9.89 (7.25) 21.75 (23.72) 2.52 (4.14)
Limosilactobacillus Identified 90.00 (0.00) 74.00 (0.00) 3.40 (0.00) 5.50 (0.00) 2.50 (0.00) 0.01 (0.00)
reuteri Not identified  70.71 (26.90) 52.25 (22.59) 8.26 (5.75) 12.32 (11.37) 22.41 (22.97) 2.70 (4.25)
Neisseria s Identified 85.00 (4.08) 58.50 (29.24) 4.80 (3.07) 7.88 (6.55) 27.00 (32.17) 0.03 (0.045)
PP Not identified 69.20 (28.13) 52.12 (21.92) 8.62 (5.90) 12.76 (11.77) 20.88 (21.79) 3.01 (4.39)
Micrococeus Identified 61.67 (44.81) 37.33 (13.05) 9.40 (0.87) 23.33 (20.50) 16.50 (12.99) 4.98 (0.82)
PP+ Notidentified  72.50 (24.95) 54.81 (22.87) 7.95 (6.03) 10.79 (9.54) 22.33 (23.84) 2.84 (4.37)

The data are represented as means (SD). * Significant differences between groups when p-value < 0.05;
** p-value < 0.01.

4. Discussion

The results of our study demonstrated that none of the canine semen samples were
sterile, and 11 distinct bacterial families were identified. In the analysis of 30 healthy canine
semen samples, the most frequently detected bacteria were identified as Staphylococcus spp.
(26.0%), Corynebacterium spp. (17.8%), and Streptococcus spp. (16.4%). In smaller quanti-
ties, the Moraxella spp., Enterococcus spp., Pastuarellaceae, Neisseria spp., Microbacteriaceae,
Acinetobacter haemolyticus, E. coli, Canibacter oris, and Lactobacillus reuteri families, genera,
and species were detected. In 2022, a related study conducted by S. Agudelo-Yepes et al.
revealed relevant results about nonsterile dog semen samples. The study demonstrated
that bacterial populations were present in 100% of the examined dog semen samples [8].

In the previously mentioned study on the microbiota of canine semen, the presence
of the following bacteria was detected in healthy canine semen samples: Staphylococcus
spp., Streptococcus spp., E. coli, Klebsiella spp., Neisseria gonorrhoeae, Pseudomonas spp., and
Chlamydia trachomatis [8]. Other research has revealed a broader variety of bacteria in
canine semen [9]. However, none of these studies identified the presence of Canibacter
oris. C. oris bacteria are strongly associated with the canine oral bacterial microflora and
are more frequently described as pathogens in dog bite wounds [20]. Consequently, the
detection of this bacterium in semen indicates that the oral microbiota of dogs can enter
the canine reproductive tract, and bacteria from the mouth can be identified in the seminal
microbiota of dogs. Knowing that bacteria can enter a dog’s reproductive tract from its
mouth, it is possible that bacteria can also travel in the opposite direction, from the male
reproductive tract to the oral cavity. Scientists have observed that several bacterial species
may be transmitted from the oral flora of dogs to their owners through close physical
contact, as described in this article [21]. Overall, there is a possibility that pathogenic
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bacteria discovered in the male dog reproductive system could, over time, be transported
to the dog’s oral flora and subsequently transmitted as zoonotic bacteria to the dog owner.

In our research, samples with a higher number of bacteria were associated with lower
motility in semen samples. A previous study conducted at the Columbian university
(Universidad de Antioquia) has discovered related results. The study found that bacte-
riospermia in dog semen negatively affect sperm motility and spermatozoa morphology [8].
The negative influence of seminal bacteria can be explained as follows: several bacteria can
directly attach to spermatozoa, immobilise them, and induce agglutination, autoimmune
reactions, or oxidative stress, and some bacteria may even excrete toxins [4,22]. The present
study aimed to analyse the effects of different bacteria on the parameters of semen quality.
The results revealed significant differences. In the present study, potentially pathogenic
seminal bacteria previously associated with poor semen quality in other species were
detected. Samples containing 3-haemolytic Escherichia coli exhibited reduced viability
and a greater prevalence of other sperm morphological pathologies. To the best of our
knowledge, this bacterium has not previously been associated with changes in the quality
parameters of canine semen. However, related results have been observed in other animal
species research, where E. coli was associated with inferior semen samples of boars [23,24].
In our study, for dog semen samples with $-haemolytic E. coli, the average viability was
two times lower than in samples without this bacterium. This could be attributed to the
x-haemolysin produced by E. coli, which is a potent cytotoxin capable of damaging the
integrity of the sperm membrane and forming pores in the cell membrane [22]. In an earlier
study, a statistically significant negative correlation was observed between the presence
of E. coli in semen used for gilt insemination and litter size [24]. Nevertheless, studies
comparing the microbiota of dog semen with the number of offspring produced by females,
according to our knowledge, have not yet been conducted.

In microbiology field, some authors claim that a few strains of Staphylococcus spp.
can produce substances believed to be like the staphylococcal enterotoxins SAF (sperm
agglutination factor) and SIF (sperm immobilization factor), which can immobilize sperm
and promote their agglutination [22]. This could be a contributing factor to the decrease
in sample motility observed with Staphylococcus spp. in our research. Enterococcus spp. is
described as secreting the toxin -haemolysin, which also has the ability to immobilize
sperm [25]. Additionally, some bacteria can form biofilms, which induce sperm agglutina-
tion and decreases motility [22].

In our study, samples in which bacteria from the Corynebacterium spp., Neisseria spp.,
and Streptococcus spp. genera or the bacterium L. reuteri were identified had a higher motility
than samples in which these bacteria were not detected. A statistically significant difference
was observed for Corynebacterium spp. Additionally, in samples where Corynebacterium
spp. was isolated, statistically significantly fewer other abnormalities were found in
comparison to samples without this bacterium. Moreover, these samples were associated
with lower bacterial counts in semen. Thereby, the assumption can be made that possibly
the Corynebacterium spp. found in our study samples can inhibit the proliferation of other
microbes. The results indicate that bacteria belonging to the Corynebacterium spp., Neisseria
spp., Streptococcus spp., and Lactobacillus spp. genera, found in this research, do not
negatively impact sperm motility. It can be assumed that these bacteria represent a normal
component of the seminal microflora. The presence of such bacteria may be indicative
of the absence of competing species that have a more negative effect on semen. It can be
hypothesized that these bacteria may act as commensals, protecting the dog’s semen from
invasion by more pathogenic bacteria.

In our research, Limosilactobacillus reuteri was found to be associated with an excellent-
quality semen sample. However, due to the fact that this bacterium was identified in only
one semen sample, the result was not statistically significant. In other articles, the bacterium
L. reuteri is described as a probiotic strain capable of excreting antimicrobial molecules,
inhibiting the growth of pathogenic microbes, and having a strong anti-inflammatory effect.
As previously demonstrated, the administration of L. reuteri as an oral supplement to
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canines has the potential to enhance the qualitative parameters of semen [26]. It can be
considered that a similar mechanism of action is present in canine semen, whereby the bac-
terium directly reduces inflammation or the growth of pathogenic microbes. Nevertheless,
further in vitro studies are required to confirm this assumption.

5. Conclusions

It has been demonstrated that bacteriospermia has a significant impact on the quality
of canine semen. This is evidenced by an association between a higher number of bacteria
(CFUs) in semen and decreased seminal qualitative parameters. It is important to note that
not all bacteria present in canine semen have a detrimental impact on its quality. Rather,
different bacteria may be associated with alterations in distinct qualitative parameters. A
number of bacterial species, including Corynebacterium spp., Neisseria spp., Streptococcus
spp., and Limosilactobacillus reuteri, were not found to have a negative impact on semen
quality. In contrast, the samples with Corynebacterium spp. were linked to a reduced
bacterial load, which also resulted in superior qualitative parameters. However, other
bacteria were more frequently associated with inferior semen quality. Of particular interest
in this study was the identification of 3-haemolytic Escherichia coli as the most pathogenic
bacteria for canine semen parameters.
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Simple Summary: The choice of the optimal sperm preservation method is an important consider-
ation in animal breeding. Stored semen can be used for reproductive purposes to introduce new
genotypes and prevent inbreeding, which poses a considerable problem in cervid farms. The aim
of this study was to evaluate and compare the effect of storage time and storage method (liquid
state/epididymides) on the motility, morphology, and antioxidant status of European red deer
sperm stored at 5 °C for up to six days (D0-D6). Sperm samples were assessed for motility, viability,
morphology, activity of antioxidant enzymes (superoxide dismutase, SOD; glutathione peroxidase,
GPx; catalase, CAT), and lipid peroxidation (based on malondialdehyde, MDA, content). Signifi-
cant differences between storage variants were noted on D2 in sperm morphology; on D4 in the
percentage of progressively motile sperm, MDA content, and SOD and GPx activity; and on D6 in
the percentage of motile and viable spermatozoa. Sperm motility, viability, and antioxidant status
are more effectively preserved during liquid storage than epididymal storage. Morphological and
functional abnormalities of sperm were observed earlier during epididymal storage, which suggests
that spermatozoa can be stored for shorter periods of time in the epididymides than in a liquid state.

Abstract: The aim of this study was to evaluate the motility, morphology, and antioxidant status
of European red deer sperm stored in a liquid state (variant I) and in the epididymides (variant
II). Spermatozoa were harvested post-mortem from the cauda epididymis. Sperm samples in both
variants were stored for up to six days (D6) at 5 °C. Spermatozoa were assessed for motility, viability,
morphology, activity of antioxidant enzymes (superoxide dismutase, SOD; glutathione peroxidase,
GPx; catalase, CAT), and lipid peroxidation (malondialdehyde, MDA, content). Sperm samples
were analyzed on storage days 0, 2, 4, and 6 (D0-D6). Storage time and storage method significantly
(p < 0.05) influenced the examined variables. On D2, a decrease in motility and acrosomal integrity
was observed in both storage variants, whereas a decrease in viability and an increase in MDA
content were noted in spermatozoa stored in the epididymides. On D4, higher values of SOD and
GPx activity and MDA content were noted in variant I than in variant II. Catalase activity was very
low. GPx is the key enzyme that participates in the reduction of hydrogen peroxide in sperm cells.
Spermatozoa stored in a liquid state were characterized by higher motility and viability, improved
morphology and antioxidant status than those stored in the epididymides; therefore, liquid storage is
more recommended for short-term preservation of epididymal spermatozoa.

Keywords: epididymal sperm; morphology; antioxidant status; storage; European red deer
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1. Introduction

The knowledge about the semen of free-living animals and effective semen preserva-
tion methods is limited and should be expanded. The existing sperm storage methods have
been developed based on our knowledge of livestock species. Deer sperm is preserved
mostly with the use of methods designed for domesticated ruminants [1], and ejaculated
semen is recommended for preservation. However, semen samples are difficult to obtain
from cervids due to their unique behavior, and sperm is often collected post-mortem from
the epididymides [2,3]. The epididymal sperm of cervids, similarly to ejaculated sperm,
can be stored in a liquid state [4-6], in a frozen state [7,8], and in the epididymides [9,10].
Of these methods, cryopreservation is the most commonly used. However, it is not al-
ways recommended for economic and practical reasons. Moreover, the fertilizing capacity
of cryopreserved sperm is reduced, compared with fresh sperm and sperm stored for a
short period of time in a liquid state [1]. For this reason, short-term sperm storage may
be a better method to protect sperm quality than cryopreservation. Epididymal sperm
harvested from deer in their natural environment is a source of valuable genetic mate-
rial for reproductive purposes [11,12]. Their use in assisted reproduction techniques can
reduce the phenomenon of inbreeding in limited-population deer farms and contribute
to significant breeding progress [2]. However, spermatozoa cannot always be collected
from hunter-harvested animals directly after culling, and in some cases, sperm is stored
in the epididymides for many hours. Previous studies have shown that prolonged stor-
age in the epididymides can adversely affect sperm functions and their suitability for
reproduction [9,13].

The quality of stored spermatozoa can be undermined by various factors, including
oxidative stress. Oxidative stress increases lipid peroxidation and disrupts the activity
of antioxidant enzymes [14,15]. Oxidative stress also causes oxidative damage to cell
organelles and increases the production of reactive oxygen species (ROS) [14,16,17]. Sper-
matozoa stored at low temperatures are exposed to cold shock. Cold shock enhances ROS
production in sperm cells and increases their susceptibility to lipid peroxidation [18].

In healthy organisms, antioxidant defense systems offer protection against the harmful
effects of ROS [19,20]. The key antioxidant enzymes include superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT) [16,17,19,21]. Sperm cells rely on the
antioxidant enzymes in the epididymides and their own antioxidant capacity to mitigate
the harmful consequences of ROS during transport through the epididymides, storage, and
fertilization [22].

Increased lipid peroxidation and impaired antioxidant status during storage can affect
sperm viability, morphology, and motility [23,24]. Sperm morphology is an important
consideration during sperm assessment [25]. Spermatozoa with a normal morphology
have a higher fertilization potential [26]. Morphological defects, in particular, head defects,
significantly undermine sperm’s ability to fuse with an egg cell [25]. Changes in the
morphology and antioxidant status of stored cervid epididymal spermatozoa have not
been analyzed to date.

The aim of this study was to evaluate the influence effect of storage time on the
motility, morphology, and antioxidant status of spermatozoa stored in a liquid state and in
the epididymides at a temperature of 5 °C. Furthermore, the effect of the storage variant
(liquid storage vs. storage in the epididymides) on sperm parameters was determined
on subsequent days of storage (D2, D4, D6). Sperm motility, viability, sperm morphology
(including morphological defects), the activity of antioxidant enzymes (SOD, GPx, CAT),
and lipid peroxidation (based on malondialdehyde, MDA, content) were assessed in
spermatozoa stored for up to six days.

2. Materials and Methods
2.1. Collection of Epididymal Sperm

Testicles and epididymides stored in scrotal sacs were collected from 32 European red
deer (Cervus elaphus elaphus) stags that were culled during legal hunts in the breeding season
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(September—October). European red deer were hunter-harvested in the Nowe Ramuki
Forest District (Warmian-Masurian Voivodeship, Poland) according to hunting and wildlife
management rules. Testicles and epididymides were collected within 5 h after the hunt
and were transported to the laboratory of the Department of Animal Biochemistry and
Biotechnology of the University of Warmia and Mazury in Olsztyn.

Sperm samples for analyses were obtained from the cauda epididymis by multiple
incisions made with a scalpel and were collected in Eppendorf tubes [5]. During a prelimi-
nary assessment of sperm samples, sperm concentrations were determined using a Biirker
chamber (Equimed-Medical Instruments, Cracow, Poland). In each sample, sperm motility
was assessed subjectively under a microscope [5].

2.2. Sperm Storage in a Liquid State (Variant I)

Sperm collected from the cauda epididymis of each animal were stored in a liquid
state. After standard evaluation, each sperm sample was diluted in Salomon’s extender [4]
(to a concentration of 100 x 10° spermatozoa/mL). The samples were then incubated at
room temperature for two hours and stored for up to six days in a refrigerator at 5 °C.

2.3. Storage of Spermatozoa in the Epididymis (Variant 1)

The second testicle with the epididymis was stored in scrotal sacs in the refrigerator for
up to six days. In this variant, testicles with epididymides were randomly divided into three
groups that were stored in the refrigerator for two days (D2, n = 11), four days (D4, n = 11),
and six days (D6, nn = 10). After refrigeration, sperm samples were collected, subjected to a
standard evaluation, and diluted in Salomon’s extender (100 x 10° spermatozoa/mL).

2.4. Sperm Analysis

Sperm motility, viability, morphology, antioxidant status, and lipid peroxidation were
determined after dilution of sperm samples (D0) and on subsequent days of storage (D2,
D4, and D6).

2.4.1. Assessment of Sperm Motility

Before the analysis, sperm samples were diluted with Dulbecco’s phosphate-buffered
saline (DPBS; Gibco, Grand Island, NY, USA) in a 1:4 ratio (to obtain a concentration of
20-30 x 10° spermatozoa/mL). The prepared samples were heated for approximately
5 min at 37 °C in a thermoblock (Thermo Block TDR-120, Géttingen, Germany). An aliquot
(5 uL) of each sample was placed in a Makler counting chamber (Sefi-Medical Instruments
Ltd., Haifa, Israel) preheated to 37 °C. Every sample was assessed in the CASA system and
the Hamilton Thorne IVOS v. 12.3 sperm analyzer (Hamilton Thorne Bioscience, Beverley,
MA, USA).

The evaluation involved software settings that were recommended by the manu-
facturer for analyses of gazelle/deer sperm: frame acquired—60, frame rate—60 Hz,
minimum cell contrast—60, minimum cell size—5 pixels, straightness threshold—80%,
low VAP cut-off—21.9 um/s, low VSL cut-off—6 um/s. Total motility (TMOT, %) and
progressive motility (PMOT, %) were defined according to Hamilton Thorne requirements
(VAP > 75 um/s, STR > 80%).

2.4.2. Sperm Viability Analysis

Sperm viability was assessed using the Muse® Cell Analyzer (Luminex Corporation,
Austin, TX, USA). Sperm samples were prepared for the analysis with the use of the Muse
Count & Viability Kit (Luminex Corporation, Austin, TX, USA), according to the manufac-
turer’s recommendations. The reagent contains two dyes. The first dye penetrates the cell
membrane and stains DNA, and nucleated cells are separated from non-nucleated cells and
impurities. The second dye contains 7-aminoactinomycin D (7-AAD), which stains only cells
with damaged cell membranes. This combination of dyes is used to differentiate between
populations of live and dead cells. Before analysis, each sperm sample was diluted with
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DPBS to a concentration of 1 x 10°~1 x 107 cells/mL. An aliquot of 20 uL was combined
with 380 pL of the Muse Count & Viability Kit reagent and incubated for 5 min at room
temperature. Sperm viability was determined with the use of the Muse® Cell Analyzer.

2.4.3. Assessment of Sperm Morphology

The morphology of epididymal sperm was assessed by staining smears with the
Giemsa method [27]. To prepare smear slides, 10 uL of the sperm sample (previously
diluted with DPBS solution in a 1:4 ratio) was applied to a glass slide, spread over the
entire slide, and left to dry at room temperature. Dried smears were fixed in a formalin
buffer for 15 min, rinsed with water, and allowed to dry. The smears were then stained with
Giemsa’s solution for 180 min. Smear slides were rinsed with distilled water and dried. In
each sample, 200 sperm cells were counted under a phase contrast microscope at x1000
magnification with oil immersion. During the analysis, normal spermatozoa; spermatozoa
with intact acrosomes; spermatozoa with head, tail, and midpiece defects; and spermatozoa
with proximal and distal cytoplasmic droplets were counted (Figure 1).

Figure 1. Morphological defects in European red deer epididymal spermatozoa stored in a liquid
state and in the epididymides at 5 °C. (A)—normal spermatozoa; (B)—spermatozoa with proximal
cytoplasmic droplets (1); (C)—spermatozoa with head defects (1); (D)—spermatozoa with head
defects (1) and damaged acrosomes (A); (E)—spermatozoa with distal cytoplasmic droplets (1);
(F)—spermatozoa with curled tails (1), spermatozoa with head defects (A); (G)—spermatozoa with
midpiece defects (1); (H)—spermatozoa with a single bent tail (1). Scale bars = 5 um.

2.5. Activity of Antioxidant Enzymes and Lipid Peroxidation

On designated days, 0.5 mL aliquots of diluted sperm samples were collected in
separate Eppendorf tubes. Each sample was diluted with 0.5 mL of 0.85% NaCl to a
concentration of 50 x 10° spermatozoa/mL. The samples were rinsed twice with 0.85%
NacCl (3000x g, 5 min, 10 °C). The supernatant was discarded, and the precipitate was
suspended in 1 mL of 0.85% NaCl. The prepared samples were frozen at —80 °C and stored
for further analyses.

Sperm sediments were homogenized in a FastPrep®-24 apparatus (MP Biomedicals,
Santa Ana, CA, USA) before the determination of antioxidant enzyme activity and MDA
content. To obtain a clear supernatant, the samples were centrifuged at 12,000x g for
15 min at 10 °C, and the supernatant was transferred to clean Eppendorf tubes and stored
at —80 °C for analysis.

2.5.1. Superoxide Dismutase Activity

Superoxide dismutase activity was assessed with a Beckman Coulter DU 800 spec-
trophotometer (Beckman Coulter INC., Fullerton, CA, USA). The samples were prepared
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for analysis using the Ransod kit (Randox Laboratories, Crumlin, UK), according to the
instructions provided by the manufacturer. SOD activity was measured at a wavelength
of 505 nm. One unit (U) of SOD was defined as the amount of the enzyme that caused
50% inhibition of 2-(4-iodophenyl)-3-(4-nitrophenol)-5 phenyltetrazolium chloride (INT)
reduction at 37 °C and pH 7.0. The results were expressed as U/ 10° spermatozoa (spz).

2.5.2. Glutathione Peroxidase Activity

Glutathione peroxidase activity was measured spectrophotometrically using a com-
mercial Ransel assay (Randox Laboratories, Crumlin, UK) according to the manufacturer’s
instructions. GPx activity was measured at a wavelength of 340 nm. One GPx unit was
defined as the amount of the enzyme that catalyzes the oxidation of 1 uM of NADPH per
minute at 37 °C and pH 7.2. The results were expressed as U/10° spz.

2.5.3. Catalase Activity

Catalase activity was measured using a commercial Catalase Assay Kit (Sigma-Aldrich
Co., Saint Louis, MI, USA) according to the manufacturer’s instructions. Catalase activity
was measured by determining the amount of H,O, remaining after the reaction catalyzed
by CAT. CAT activity was measured spectrophotometrically at 520 nm. One CAT unit was
defined as the amount of the enzyme that decomposed 1 uM of H,O, per minute at 25 °C
and pH 7.0. The results were expressed as U/10° spz.

2.5.4. Malondialdehyde (MDA) Content

Lipid peroxidation in sperm cell membranes was evaluated by spectrophotometric
determination of MDA content with a commercial BIOXYTECH® MDA-586TM Assay Kit
(OxisResearch, Burlingame, CA, USA) according to the manufacturer’s instructions. The
measurement was performed at a wavelength of 586 nm. The results were expressed as
uM MDA/ 10° spz.

2.6. Statistical Analysis

Data were processed statistically in Statistica v. 12.5 (StatSoft Incorporation, Tulsa
OK, USA). The normality of data distribution was checked using the Shapiro-Wilk test.
The results were analyzed with the use of non-parametric tests because the number of
samples (n) differed across groups, and some variables did not have a normal distribution.
Two independent samples were compared using the Mann-Whitney U test to determine
the presence of significant differences between storage times in each variant and between
storage variants on D2, D4, and D6. The results were presented as means 4= SEM.

In addition, the presence of significant correlations (p < 0.05, p < 0.01, p < 0.001)
between variables in each storage variant and storage time was determined by calculat-
ing Spearman’s rank correlation coefficient. The results of the correlation analysis were
presented for the sixth day of storage (Supplementary Materials).

3. Results
3.1. The Effect of Storage Time on the Motility, Viability, Morphology, and Antioxidant Status of
Spermatozoa Stored in a Liquid State and in the Epididymides

Storage time significantly influenced the motility and viability of spermatozoa stored
in a liquid state (variant I) and in the epididymides (variant II) (Figure 2). The percentage of
motile sperm (TMOT) decreased significantly in both variants already on the second day of
storage. The percentage of progressively motile spermatozoa (PMOT) and the percentage
of spermatozoa with integral plasma membranes (Viability) also decreased significantly
on D2 in sperm stored in the epididymides. In sperm stored in a liquid state, a significant
decrease in PMOT and Viability was observed only on D4. However, on D6, TMOT and
Viability exceeded 70%, and PMOT approximated 24% in variant I, whereas in variant II,
TMOT and Viability decreased to approximately 30-40%, and PMOT decreased below 10%.
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Figure 2. The effect of storage time on the motility and viability of spermatozoa stored in a liquid
state and in the epididymides at 5 °C. TMOT, total motility; PMOT, progressive motility; Viability,
live spermatozoa. The mean (+SEM) values of stored epididymal spermatozoa are presented. The
results are significant at p < 0.05.

The changes in the morphology of spermatozoa stored in a liquid state and in the
epididymides for six days are presented in Figure 3. The percentage of spermatozoa with
normal morphology (MOR) was highest on D2 in samples stored in a liquid state. The
values of MOR decreased gradually over time in both variants. In variant I, significant
differences in MOR values were noted between D0 and D2, and between D0 and D2
vs. D4 and D6. In variant II, MOR decreased significantly to around 45% only on D6,
compared with around 55% in variant I. Significant changes in acrosome integrity were
also observed during storage. In both storage variants, the percentage of spermatozoa
with normal apical ridge acrosomes (NAR) was lowest on D2 and D6 relative to DO. The
percentage of spermatozoa with head (HD), midpiece (MD), and tail defects (TD) increased
over time. In both variants, significant differences (p < 0.05) in HD and MD were noted
between D0 and D6. A significant increase (p < 0.05) in HD and MD was observed on
D6 in spermatozoa stored in the epididymides relative to those stored in a liquid state.
The percentage of spermatozoa with tail defects (TD) also increased over time in both
variants. However, significant differences (p < 0.05) in TD were noted only in variant I
between D0 and D2, and between D2 vs. D4 and D6. The percentage of spermatozoa
with proximal cytoplasmic droplets was highest on D2 in both variants, but significant
differences (p < 0.05) in this parameter were observed only in variant II between DO and
D2. The percentage of spermatozoa with distal cytoplasmic droplets also decreased over
time, in particular in variant II, where this parameter decreased from around 48% on DO
to around 20% on D6. In both variants, significant differences (p < 0.05) in this parameter
were observed between DO and D2.

The changes in the activity of antioxidant enzymes and lipid peroxidation in sperma-
tozoa stored in a liquid state and in the epididymides for six days are presented in Figure 4.
Significant changes in SOD activity were observed over time, subject to storage variant. In
samples stored in a liquid state, SOD activity was highest on D2 and D4. In spermatozoa
stored in the epididymides, SOD activity was highest on D0 and decreased on successive
days of storage. Significant differences (p < 0.05) in SOD activity were noted between DO
and D6 in both variants. In variant I, GPx activity and MDA content were highest on D4
and lowest on D6. Significant differences (p < 0.05) in the values of both parameters were
observed between D0 and D4 in variant I. In variant II, GPx activity and MDA content were
highest on D2 and lowest on D6. Significant differences (p < 0.05) in MDA content were
noted between D0 and D6 in variant II. CAT activity was lowest on D4 in both variants, and
significant differences (p < 0.05) in this parameter were observed only between D0 and D4.
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Figure 3. The effect of storage time on the morphology of spermatozoa stored in a liquid state and
in the epididymides at 5 °C. MOR, normal sperm; NAR, normal apical ridge acrosomes; HD, head
defects; MD, midpiece defects; TD, tail defects; proximal droplets; distal droplets. The mean (+SEM)
values of stored epididymal sperm are presented. The results are significant at p < 0.05.
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Figure 4. The effect of storage time on the activity of antioxidant enzymes and lipid peroxidation
in spermatozoa stored in a liquid state and in the epididymides at 5 °C. SOD activity, superoxide
dismutase activity; GPx activity, glutathione peroxidase activity; MDA content, malondialdehyde
content; CAT activity, catalase activity. The mean (=SEM) values of stored epididymal sperm are
presented. The results are significant at p < 0.05.

3.2. The Effect of Storage Variant on Sperm Motility, Viability, Morphology, and Antioxidant Status

The storage variant had a significant influence on the analyzed variables, depending
on storage time (Table 1). The earliest significant differences between the compared variants
were noted on D2 in MOR values, which can be attributed to higher TD values in variant II
than in variant I. On D4, a significant decrease (p < 0.05) in PMOT, Viability, Distal Droplets,
SOD and GPx activity, and MDA content, and a significant increase (p < 0.05) in Proximal
Droplets were noted in epididymal sperm relative to sperm stored in a liquid state. On the
last day of storage (D6), a further significant decrease in PMOT, Viability, Distal Droplets,
and SOD activity, a decrease in TMOT values, and an increase in HD values were noted in
variant II relative to variant I.
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Table 1. The effect of storage variant (liquid state vs. storage in the epididymides) on the motility,

viability, morphology, and antioxidant status of European red deer spermatozoa stored at 5 °C.

Day of Storage
Sperm Quality D2 D4 D6
Parameters n=11 n=11 n=10

Variant I Variant IT Variant I Variant IT Variant I Variant I1
T™MOT 80.00 + 3.16 7317 £ 4.11 78.14 + 2.66 68.00 + 3.66 73.00 £ 2262 31.00 £ 5.37b
PMOT 27.40 £+ 2.79 21.92 +£1.86 26.00 £2.902 17.17 £ 1.77° 2358 £1.592 6.30 +1.48°
Viability 87.80 +22.23 77.56 + 3.26 84.02 £1.272 76.05 + 2.37P 74.61 £2.84°? 4469 + 6.22°
MOR 75.74 +0.882 56.47 + 2.86 P 52.35 + 0.89 52.27 +£3.34 51.08 + 3.58 42.85 +2.84
NAR 90.94 + 2.83 88.21 + 1.86 96.73 + 1.56 94.54 + 1.48 93.93 + 1.51 89.75 + 2.09
HD 8.08 +£2.58 547 £1.35 4297 +1.98 3.92 £ 042 7.85+£0.882 14.63 + 3.23

MD 2.18 +£ 0.55 1.30 +0.29 1.98 + 0.45 1.69 + 0.46 2.48 + 0.45 3.04 £0.74

TD 748 +1.652 28.99 + 5.03 b 4297 +1.98 73.60 + 33.94 38.89 +4.62 33.80 + 3.63

Prox Drop 2241 +6.21 13.87 4+ 3.40 255+ 0452 6.78 +£1.04° 6.11 +2.85 9.73 £ 3.09
Dist Drop 30.22 +£ 691 18.05 4+ 2.28 51.75 +£10.032 13.65 + 3.39 P 4522 + 4322 19.28 +2.55P
SOD activity 0.03 + 0.01 0.02 £ 0.01 0.03 +£0.01°2 0.02 4+0.01° 0.02+0.012 0.01 +£0.01°
GPx activity 28.32 + 3.75 33.88 +2.07 38.90 +£3.542 27.17 +£2.78"° 24.75 + 2.80 26.85 £ 3.12
MDA content 3.02 +1.35 4.50 + 2.28 443 +1.142 132 +0.40° 1.79 £ 0.50 0.67 + 0.37

CAT activity 0.08 £ 0.03 0.09 £ 0.01 0.05 + 0.01 0.07 £ 0.01 0.08 £ 0.01 0.08 £ 0.01

TMOT, total motility (%); PMOT, progressive motility (%); Viability, live spermatozoa (%); MOR, normal sperm
(%); NAR, normal apical ridge acrosomes (%); HD, head defects (%); MD, midpiece defects (%); TD, tail defects
(%); Prox Drop, Proximal Droplets (%); Dist Drop, Distal Droplets (%); SOD activity, superoxide dismutase activity
(U/10° spz); GPx activity, glutathione peroxidase activity (U/10° spz); MDA content, malondialdehyde content
(utm MDA /10° spz); CAT activity, catalase activity (U/10° spz). The mean (-:SEM) values of stored epididymal
sperm are presented. Values marked with different letters (*?) denote significant differences between storage
variants on the same day of storage at p < 0.05.

4. Discussion

This is the first study to analyze the influence of storage time and short-term storage
method on changes in the morphology and antioxidant status of European red deer epididy-
mal sperm. Previous research was conducted on other animal species [18,28-30], whereas
very few studies examined cervids and reported only on morphological changes [31,32].

Sperm motility and viability are crucial for successful fertilization, and these parameters
were also analyzed in the present study. Motility is a key determinant of sperm quality [33]
and suitability for assisted reproductive technologies (ART). The integrity of the acrosomal
membrane is essential for sperm functions, including motility [34]. In the current study,
the motility of spermatozoa stored in a liquid state and in the epididymides was similar
to that noted by other researchers [3,6,10,13,35]. The motility and viability of epididymal
spermatozoa stored in a liquid state were maintained at a satisfactory level (above 70%) until
the sixth day of storage, which could indicate that their functional capacity was retained. This
finding corroborates the results of our previous study, which demonstrated that epididymal
sperm stored in a liquid state for up to 10 days remained useful for reproductive purposes [6].
In spermatozoa stored in the epididymides, comparable levels of motility and viability were
observed only until the second day of storage, and a significant decrease in these parameters
(to approx. 31% and 44%, respectively) was noted on the sixth day of storage. Motility and
viability are closely correlated parameters [5], and this observation was confirmed in this
study in both storage variants (Tables S1 and S2, Figure S1).

Storage induces many age-related changes that disrupt metabolic processes, increase
lipid peroxidation, and cause damage to sperm structures [14,28,36,37]. In the present
study, the percentage of spermatozoa with normal morphology decreased over time, but
the prevalence of morphological defects differed across storage variants. The percentage of
sperm with tail defects and, on the last day of storage (D6), with midpiece and head defects
was significantly higher in spermatozoa stored in the epididymides than in a liquid state.
These changes can undermine sperm motility and viability [34], which was observed on
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D2 in spermatozoa stored in the epididymides, but only on D4 in sperm stored in a liquid
state. Interestingly, a greater decrease in the percentage of spermatozoa with cytoplasmic
droplets (in particular distal droplets) was noted in sperm stored in the epididymides than
in a liquid state. Cytoplasmic droplets are characteristic of immature sperm cells, and they
are commonly found in epididymal sperm [38—40]. Cytoplasmic droplets are shed during
maturation, and the results of the present study indicate that epididymal storage supported
sperm maturation. During liquid storage, the decrease in the percentage of spermatozoa
with cytoplasmic droplets was correlated with changes in motility, and similar observations
had been previously made in the epididymal sperm of mice [41], which suggests that
cytoplasmic droplets play an important role in motility regulation [38]. Other researchers
found that cytoplasmic droplets are transient organelles that provide the necessary energy
for the maturation of epididymal spermatozoa [25,41].

Disruptions in metabolic processes, such as lipid peroxidation, induce irreversible
damage to sperm structures [14]. Stored spermatozoa become more susceptible to oxidative
damage caused by ROS. Reactive oxygen species are produced in the mitochondria and
plasma membranes of spermatozoa, and their generation is controlled by the antioxidant
system composed of enzymatic and non-enzymatic antioxidants [42,43]. The enzymatic
system of many animal species is composed mainly of GPx, CAT, and SOD [14,22,42]. SOD
is considered the key enzyme in the antioxidant defense system of spermatozoa [21,44].

In the current study, SOD activity in spermatozoa stored in a liquid state decreased
over time, and similar results were reported in the spermatozoa of rams [45], cattle, and
buffalo bulls during liquid storage [18]. In sperm stored in the epididymides, a significant
decrease in SOD activity was reported much earlier (on D2). In addition, on D4, SOD activity
was higher in spermatozoa stored in a liquid state than in the epididymides, which could
suggest that the antioxidant capacity of sperm cells is more effectively preserved during
liquid storage. Interestingly, GPx activity in the epididymal storage variant remained fairly
constant during the entire storage period, whereas in sperm cells stored in a liquid state,
the GPx activity was highest on D4. In contrast, GPx activity in cattle and buffalo bull
spermatozoa continued to decrease on successive days of storage [18].

The content of MDA, a common biomarker of lipid peroxidation, increased during
storage. This observation suggests that peroxidation occurred much earlier during epididy-
mal storage (MDA content peaked on D2) than liquid storage (D4). The increase in MDA
content was accompanied by an increase in GPx activity. The activity of this antioxidant
enzyme probably increased to counteract excessive ROS production [14,46,47].

Lipid peroxidation is triggered by ROS, and ROS generation is controlled by SOD,
GPx, and CAT. SOD catalyzes the dismutation of superoxide radicals (O%) to O, and
HyO; [22,48,49]. The generated H,O, is decomposed by CAT to oxygen and water. In
addition, H,O; is neutralized by GPx and glutathione reductase [22,49,50].

In the present study, CAT activity was low in both storage variants, which could
suggest that HyO, in deer spermatozoa is reduced mainly by GPx. This observation
corroborates the previous findings of Drevet et. al. [20]. Similarly to other antioxidant
enzymes, CAT activity decreased over time. Low CAT activity could also suggest that deer
sperm contain trace amounts of this enzyme. However, further research involving more
sensitive tests and molecular techniques is needed to validate this hypothesis since CAT
was not detected in the spermatozoa of many animal species, including cattle, dogs, and
boars [22,51,52]. Several authors reported extremely low levels of CAT activity in human
and rat spermatozoa [53,54]. In turn, CAT was detected in stallion sperm [29].

The antioxidant status of deer spermatozoa has not been investigated to date, and the
present study provides novel information that could be used to develop new methods for
storing epididymal spermatozoa.

5. Conclusions

The study demonstrated that the storage time of up to 6 days significantly affects
the quality of the epididymal spermatozoa of European red deer stored in a liquid state

41



Animals 2024, 14, 1653

and in the epididymides. However, the motility, viability, morphology, and antioxidant
status of deer spermatozoa are more effectively preserved during liquid storage than
epididymal storage. Lipid peroxidation, morphological defects, and a decrease in SOD
activity occurred earlier in spermatozoa stored in the epididymides than in a liquid state,
which exerted a negative effect on sperm viability and motility. Low CAT activity in
epididymal spermatozoa suggests that hydrogen peroxide in sperm cells is reduced mainly
by GPx. Based on the present findings, liquid storage is more recommended for the short-
term preservation of deer spermatozoa than epididymal storage. The results of this study
also indicate that sperm stored in the epididymides at 5 °C for up to 4 days could be
suitable for reproduction. Further comparative studies involving in vitro fertilization or
artificial insemination are recommended to confirm these findings.
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www.mdpi.com/article/10.3390/ani14111653/5s1, Figure S1: Correlation coefficients describing the
relationships between the quality parameters of European red deer epididymal spermatozoa stored in a
liquid state (A) and in the epididymides (B) at 5 °C for 6 days. Table S1: Correlation coefficients describing
the relationships between the quality parameters of European red deer epididymal spermatozoa stored
in a liquid state at 5 °C for 6 days. Table S2: Correlation coefficients describing the relationships between
the quality parameters of European red deer spermatozoa stored in the epididymides at 5 °C for 6 days.
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Simple Summary: Simple Summary: There are very few reports regarding Assisted Reproductive
Technologies in South American camelids, including llamas (Lama glama). The sperm quality and
in vitro fertilization rates from fresh and cryopreserved sperm collected from vas deferens using
different preservation extenders were investigated in llama males as a model for its application in
other South American camelids. The obtained results from our research showed that the preservation
extender was a determining factor in significantly improving the in vitro fertilization rates when
using fresh and cryopreserved sperm samples obtained from the vas deferens in llamas (Lama glama).

Abstract: The advances in Assisted Reproductive Technologies (ARTs) applied in South American
camelid species are still scarce. The aim of this study was to compare the effects of three semen
extenders, before and after the cryopreservation of spermatozoa obtained from the vas deferens,
on sperm quality parameters and in vitro fertilization rates of llama (Lama glama) oocytes. Mature
fertile llama males (Lama glama; n = 6; age: 48-60 mo.; BCS: ~2.7) were included in the study. Sperm
samples were collected from each male using the surgical technique of the vas deferens deviation.
Then, the sperm samples were pooled and diluted with the Tris-EY, Andromed®, or BioxCell®
extender in order to subsequently carry out the sperm cryopreservation process. The sperm quality
assessment related to each extender was performed before and after cryopreservation with regard to
sperm morphological abnormalities, acrosome integrity, sperm viability, membrane permeability, and
sperm motility traits. Moreover, in vitro fertilization (IVF) procedures were carried out to evaluate
the in vitro fertility of the cryopreserved sperm samples using each extender. Overall, significant
differences were observed before and after cryopreservation regarding acrosome integrity, sperm
viability, membrane permeability, and sperm motility traits among the extenders used, where Tris-
EY and Andromed® were better than BioxCell® (p < 0.05); however, no differences were observed
regarding the sperm morphological abnormalities among extenders (p > 0.05). Moreover, multiple
differences were observed with regard to the velocity and linearity kinematic parameters obtained
by computerized analysis before and after the cryopreservation process, irrespective of the extender
used (p < 0.05). Finally, differences were observed regarding the in vitro fertilization rates among
the different extender-derived samples (p < 0.05). In conclusion, the sperm quality using Tris-EY
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and Andromed® was better before and after cryopreservation compared to that using BioxCell®.
Although the number of fertilized oocytes obtained after the IVF process between Tris-EY and
Andromed® was similar, Andromed®-derived samples showed the best sperm quality results before
and after cryopreservation. This indicates that the cryopreservation extender is a determining factor
in significantly improving in vitro fertilization rates when using sperm samples obtained from vas
deferens in llama (Lama glama) males.

Keywords: llamas; sperm quality; cryopreservation; vas deferens; in vitro fertilization

1. Introduction

Semen collection and sperm processing in South American camelids have important
limitations due to the particular species-specific semen characteristics, which are frequently
viscous, stringy, and sometimes foamy, making it difficult for in vitro processing and its
application in different sperm quality determination procedures [1-5]. For these reasons,
the application of artificial insemination (AI) in South American camelids is not as widely
used as in other domestic species [6,7]. Sperm preservation in South American camelids has
several advantages related to the transference of genetic material at low costs, and this fact
could improve the development of artificial insemination in different camelid species [8].
However, the development of this biotechnology in camelids includes the study of various
procedures, such as semen collection, handling, and cryopreservation [9-12].

Sperm extenders are usually based on biological compounds whose function has been,
among others, to avoid sudden pH changes, to improve the energy source, to increase
the tolerance to chilling and cryopreservation, and to avoid damage or oxidative stress
during the cryopreservation process [13]. The use of commercial extenders has been
characterized by ease of preparation (avoiding the addition of egg yolk) and avoiding
additional specific equipment for sperm sample processing [14]. Another advantage of
commercial extenders is that they allow repeatable results [15]. On the other hand, the
most commonly used non-commercial extender in South American camelids has been the
Tris (hydroxymethyl aminomethane) based extender supplemented with egg yolk as a
sperm membrane protector and glycerol as a cryoprotectant during the cryopreservation
process [16,17]. The routine assessment of sperm viability has been characterized by
determining motility, membrane integrity, and acrosome integrity, among others, including
several DNA evaluation techniques [18-20]. In camelids, several extenders containing
animal- or plant-origin proteins have been investigated previously in fresh, refrigerated,
or cryopreserved sperm [1,3,6,11,14,15,18-20]. Tris-EY is an egg yolk-based extender that
has been commonly used in camelids [1,14,15,20], whereas BioxCell® is a soybean lecithin-
based extender that has only been used in alpacas [1]. On the other hand, Andromed®
is another soy lecithin-based extender that has only been used in fresh and refrigerated
sperm samples from alpacas and llamas [3,6,11,15]. However, no studies have been carried
out on vas deferens-derived sperm samples and the effects of these extenders on in vitro
fertility based on IVF assays. Therefore, it would be necessary to carry out more in-depth
studies on fresh and cryopreserved sperm samples recovered from the vas deferens in
llamas and the impact of the Tris-EY, Andromed®, and BioxCell® extender on sperm quality
and IVF results.

Recently, the evaluation of sperm motility using computerized-aided sperm analysis
systems has been applied in South American camelid species, increasing the objectivity of
sperm kinematic parameters [21]. The use of new methodologies for the analysis of sperm
quality of little-known species has become necessary, as is the case in South American
camelids, always with the aim of using the new information obtained for application in
different reproductive biotechnologies, such as in vitro fertilization (IVF) [22]. The use
of new Assisted Reproductive Technologies (ARTs) in South American camelids, such as
IVE, allows new information to be obtained regarding the gamete and embryo physiology
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for the subsequent application of developing ARTs in different South American camelid
species [22-24]. However, these types of technologies require a series of processes, such as
oocyte retrieval, oocyte maturation, sperm capacitation, in vitro fertilization, and in vitro
embryo culture, among others [25]. Currently, these types of technologies are being used
by different researchers in order to develop more successful protocols, although most of
the trials carried out have been considered experimental in order to generate a suitable
protocol for application in different South American camelid species [26]. Recently, our
research team has obtained morula and blastocyst percentages that vary between 17.4% and
16.5%, respectively, at high altitude environmental conditions, using oocytes obtained from
ovaries collected in slaughterhouses, which have been recovered using follicular aspiration
techniques similar to those used in cattle [27,28].

Thus, the main objective of the present study is to compare the effect of different
extenders on sperm quality traits during the cryopreservation process in order to determine
the potential use of cryopreserved sperm samples recovered from vas deferens in in vitro
fertilization procedures in llamas (Lama glama) as a model to study other South American
camelid species.

2. Materials and Methods
2.1. Ethical Statement

The present research was conducted according to the guidelines of the Declaration
of Helsinki and following the Code of Ethics for animal experiments, as reflected in the
ARRIVE guidelines available at http:/ /www.nc3rs.org.uk/ARRIVEchecklist (accessed on
1 December 2023). This study was approved by the Bioethics Committee for the use of
experimental animals at the Universidad Nacional del Altiplano (Puno, Pert; Approval
Date: 17 January 2020, Code Number: DE-003866-2019).

2.2. Experiment Location, Reagents, and Media

This study was conducted in the Laboratory of Animal Reproduction of the Faculty of
Veterinary Medicine and Animal Husbandry at the Universidad Nacional del Altiplano Puno
(Perui) (latitude: —15.82435° W 15°49'28” S; longitude: —70.01573° /70°0'57" at 3827 m.a.s.L.).
All reagents and media used in the experiments, unless otherwise stated, were of analytical
grade and purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA).

2.3. Animals and Procedure of Sperm Sample Collection from Vas Deferens

Six healthy reproductively mature fertile and genetically heterogeneous llama (Lama
glama) males (n = 6; Age: 48-60 mo.; B.W.: 120-140 kg.; B.C.S.: ~2.7) were used [29]. All
animals were bred in the Faculty of Veterinary Medicine and Animal Husbandry and kept
in isolated enclosures to avoid herd conditioning effects on semen quality. The males were
maintained under the same nutritional (standard diet, natural pastures, and water ad libitum)
and environmental conditions (outdoor access) during all the experiments. Two sperm
samples per male (a total of twelve samples) were collected and pooled per day to obtain
homogeneous samples. These sperm samples were collected from each male on consecutive
weeks (twice a week) over three months (January, February, and March) using the surgical
technique of the deviation of the vas deferens described by Perez et al. [30]. The first collection
of sperm samples was performed two months after the surgical procedure. The surgical
procedure of the vas deferens consisted of several steps. First of all, the males were fasted
for 24 h, and then they were administered 0.1 mg/kg B.W. of acepromazine maleate. All
males were placed in a dorsal recumbency position, and the surgical field (inguinal region)
was prepared using local anesthesia. Then, a small cut (4 cm) was made above the penis,
and the vas deferens (right and left side) were located and dissected (length: 7 cm). The
dissected vas deferens were redirected underneath the subcutaneous tissue and fixed to
the skin of the femoral region, protected with a temporary patch. The llama males were
previously immobilized, knocked down, and placed in lateral recumbency. Then, prior to
each sperm sample collection, the fistulas (externalized vas deferens) were cleaned using
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distilled water. In order to obtain the sperm samples, it was necessary to rub (linear friction)
the vas deferens with the fingertips towards the exit of the fistula (located on the inner thighs).
The spermatozoa (spz) were obtained as the sample drops appeared at the edge of the fistula
(~10 UL per vas deferens) using a micropipette (Micropipette, Boeco®, Hamburg, Germany)
and diluted with 1 mL of the extender (Tris-EY, Andromed® or BioxCell®) according to the
case. The sperm samples were collected from all males and pooled to avoid any potential
male effect. The sperm samples were kept at ~37 °C until transfer to the laboratory.

2.4. Sperm Quality Assessment
2.4.1. Sperm Concentration Determination

Raw sperm samples were collected from llama (Lama glama) vas deferens. After sperm
collection, the pooled samples were kept at 37 °C in a water bath. The sperm concentration
in each pooled sample was performed using the Neubauer hemacytometer (Marienfeld,
Lauda-Koénigshofen, Germany). First, the sperm sample was aspirated and suspended
in bi-distilled water (1: 200 v/v). Subsequently, a sample was placed in the Neubauer
hemacytometer and evaluated under the inverted microscope (Leica, Leica Microsystems
CMS GmbH, Mannheim, Germany) using the 200 x magnification objective. The sperm
concentration was determined by counting 5 squares randomly.

2.4.2. Sperm Morphology Assessment

Sperm morphological abnormalities were determined using an aliquot of the pooled
sperm sample using phase-contrast inverted microscopy (Leica Microsystems CMS GmbH,
Mannheim, Germany) under a 400x magnification objective. Briefly, 10 uL of sperm
samples and 20 uL of the solution (1% formaldehyde solution in phosphate-buffered saline
(PBS)) were suspended until a sperm suspension of 10 x 10° spz/mL was obtained. Then,
10 pL of the sperm suspension was placed on a tempered slide. Duplicate smears were
performed, and at least 200 spermatozoa per smear were analyzed.

2.4.3. Acrosome Integrity Analysis

Similarly to sperm morphology evaluation, the sperm acrosome integrity was deter-
mined using an aliquot of the pooled sperm sample using phase-contrast inverted microscopy
(Leica Microsystems CMS GmbH, Mannheim, Germany) under a 1000 x magnification ob-
jective. Briefly, 10 uL of the sperm sample and 20 uL of the solution (3% glutaraldehyde
solution in phosphate-buffered saline (PBS)) were suspended until a sperm suspension of
10 x 10° spz/mL was obtained. Then, 10 pL of the sperm suspension was placed on a tem-
pered slide. Duplicate smears were performed, and at least 200 spermatozoa per smear
were analyzed.

2.4.4. Sperm Membrane Integrity Evaluation

Sperm vitality was evaluated using phase-contrast optic microscopy by assessing
the sperm membrane integrity using eosin and nigrosin staining [31]. Briefly, 10 uL of
the sample and 20 uL of dye (sperm suspensions of 10 x 10° spz/mL) were placed on a
tempered slide. Then, duplicate smears were performed. Spermatozoa were then examined
under a Leica phase-contrast microscope (Leica Microsystems CMS GmbH, Mannheim,
Germany) under a 40 x magnification objective. Red-stained (eosin-positive) spermatozoa
were considered viable cells, whereas dark-stained (nigrosin-positive) spermatozoa were
considered non-viable cells. Atleast 200 spermatozoa per slide were analyzed, as described
by Gomez-Quispe et al. [32].

2.4.5. Sperm Membrane Permeability Analysis

The Hypo-Osmotic Swelling test (HOST) was used for sperm membrane permeability
assessment. A hypo-osmolar solution composed of citrate dihydrate (0.735 g) and fructose
(1.351 g) diluted in 100 mL of bi-distilled water was used following the recommendations by
Flores Huarco et al. [33]. Sperm evaluation was carried out considering those spermatozoa
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that showed swelling at the tail level (functional membrane permeability) as positive. At least
200 spermatozoa per sample were analyzed, as recommended by Gomez-Quispe et al. [32].

2.4.6. Sperm Motility Assessment

Sperm motility evaluation was performed before and after the cryopreservation pro-
cess. Progressive individual motility scores were assessed under a coverslip (18 x 18 mm)
on a warm stage (37 °C) by phase-contrast-inverted microscopy (10x objective) examined
under a Leica microscope (Leica Microsystems CMS GmbH, Mannheim, Germany) after a
dilution (1:100) in each extender (Tris-EY, Andromed® or BioxCell®, pH = 7.4, maintained
at 37 °C). Motility was evaluated by measuring the following parameters: progressive
motility (PM), oscillatory motility (OM), circular motility (CM), and total motility (TM),
which is the sum of the previous parameters [6,15,21].

The objective motility assessment was performed using a commercially available
computer-assisted semen analysis system (CASA; AndroVision®, Minitube, Tiefenbach,
Germany) equipped with a phase-contrast microscope using a 10x negative contrast.
The video signal was acquired using a digital camera attached to the microscope and its
respective software (AndroVision® software, Minitube, Tiefenbach, Germany) for sperm
motility analysis. In addition, digitized images were made up of 1,920,000 pixels (picture
elements) and 256 gray levels for sperm functionality analysis, where the recorded videos
were analyzed at 25 frames per second. At least 125 spermatozoa per field were randomly
captured in duplicate in the acquisition mode of the software. Each sperm kinetic was
measured for twelve primary kinematic parameters as follows: curvilinear velocity (VCL;
um/s), as the average path velocity of the sperm head along its true trajectory per unit
time; straight-line velocity (VSL; pm/s), as the average path velocity of the sperm head
along a straight line from its first to its last position per unit time; average path velocity
(VAP; um/s), as the average velocity of the sperm head along its average trajectory per unit
of time; distance curved line (DCL; pm), as the distance that the sperm head moves per
time unit on the curve path; distance straight line (DSL; um), as the distance that the sperm
head moves per time unit on the straight path; distance on average path (DAP; um), as the
distance that the sperm head moves per time unit on the average path; amplitude of lateral
head displacement (ALH; um), as the average value of the extreme side-to-side movement
of the sperm head in each beat cycle; head cross frequency (BCF; Hz), as the frequency at
which the actual sperm trajectory crosses the average path trajectory; head activity (HAC;
rad), as the average of all calculated differences of the mean axis angle of two consecutive
frames; wobble coefficient index (WOB; %), as the ratio between VAP and VCL (x100);
linearity index (LIN; %), as the ratio between VSL and VCL (x100); and the straightness
index (STR; %), as the ratio between VSL and VAP (x100). The measurements of individual
sperm kinetics from each sample were saved in an Excel v. 2019 (Microsoft Corporation,
Redmond, WA, USA) compatible database by the software for further analysis.

2.5. Extender Preparation: Tris-EY, Andromed® and BioxCell®

Tris-EY extender was prepared every week using Tris (tris-hydroxymethyl-aminomethane;
2.42 g), citric acid (1.34 g), fructose (1.25 g), egg yolk (20%), and glycerol (5%) in 100 mL
of bi-distilled water. After the addition of egg yolk, the solution was centrifuged at
4000 r.p.m. for 30 min and filtered with a paper filter of 30 um (Grade 113, Whatman®,
Dassel, Germany). The first sperm dilution at 37 °C (collection phase) was performed
with fraction A (Tris, citric acid, fructose, and egg yolk), and the second dilution was
performed at 5 °C (equilibration phase) with fraction B (Tris, citric acid, fructose, egg
yolk, and glycerol). The Andromed® (Minitube GmbH, Tiefenbach, Germany) extender
[composition: Tris, citric acid, phospholipids, fructose, glucose, antioxidants, pH buffers,
glycine, soy lecithin: 1%—1 g/L; glycerol: 6.7%—38.47 g/L; antibiotics (Tylosin: 0.57 g/L,
gentamicin: 0.286 g/L, Spectinomycin: 0.343 g/L, Lincomycin: 0.172 g/L); bi-distilled
ultrapure water] was prepared on the same day of sperm collection using a 1:4 ratio
(extender: bi-distilled water). Briefly, 4 mL of bi-distilled water was placed in a graduated
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tube, and 1 mL of Andromed® was added. Then, the dilution was kept at 37 °C until use
during the sperm collection phase. The second dilution at 5 °C was carried out using the
Andromed® extender at the same temperature (equilibration phase). The BioxCell® (IMV
Technologies, L' Aigle, France) extender (composition; Tris: 2.3 g/L; Sodium citrate: 6.2 g/L;
Potassium chloride: 0.8 g/L; fructose: 1.2 g/L; Monohydrate lactose: 0.8 g/L; glycine:
0.2 g/L; anhydrous glucose: 0.5 g/L; Taurine: 0.005 g/L; gentamicin sulfate: 0.24 g/L;
Tylosin tartrate: 0.33 g/L; Linco-Spectin 100: 0.383 g/L; glycerol: 7%—40.2 g/L; Hydrate
of calcium lactate: 0.7 g/L; soy lecithin: 1.5%—1.5 g/L; Monohydrate citric acid: 2.5 g/L;
bi-distilled ultrapure water) was prepared on the same day of the sperm collection in a
similar to the Andromed® extender using a 1: 4 ratio (extender: bi-distilled water). Then,
the dilution was mixed and kept at 37 °C until use during the sperm collection phase.
The second dilution at 5 °C was carried out using the BioxCell® extender at the same
temperature (equilibration phase).

2.6. Sperm Cryopreservation Process

For the sperm cryopreservation process, the sperm sample pools were diluted in each
extender to ~120 x 10° spz/mL and subjected to the cooling phase (5 °C) for 150 min. In
the case of the Tris-EY extender, fraction B was added at 5 °C. Regarding Andromed® and
BioxCell®, the extender volume was adjusted and added until a proper concentration at
5 °C was reached. All sperm samples were kept at 5 °C for 30 min. (equilibration phase)
irrespective of the extender used. The total duration of the cryopreservation process (cooling
phase + equilibration phase) was 180 min. Subsequently, the sperm samples were stored in
0.25 mL straw (IMV Technologies®, L'Aigle, France) and cryopreserved in a semen bio-freezer
device (TK3000 CSE, TK Technologies®, Sao Bernardo Do Campo, Brazil) at a freezing rate of
—20 °C per min. (total 6 min) until the temperature of —120 °C was reached, as recommended
by Perez et al. [20]. Then, the sperm samples were stored in liquid nitrogen at —196 °C. Finally,
for the evaluation of the cryopreserved sperm samples, the straws were thawed at 37 °C for
45 s in a water bath before the quality and the fertility potential evaluation.

2.7. In Vitro Fertilization Process

Llama ovaries were collected from a slaughterhouse and transported to the laboratory
in a thermos within 4 h after collection. The ovaries were kept in a physiological solution
(NaCl10.9%; Medifarma®, Lima, Peru) and 50 mg/mL of gentamicin (Gentamicina, Genfar®,
Ate, Peru) at 32 to 35 °C. The oocyte collection and the washing process were performed, as
recommended by [27], as well as the oocyte maturation process, which was performed in
an incubator at 38.5 °C with 5% CO; and >90% humidity for 36 h. The oocyte maturation
was assessed by the presence of the first polar body. Then, groups of 10 oocytes were
washed twice in FERT TALP medium [CaCl,-2H,0 (29.4 mg); KCI (23.9 mg); MgCl,-6H,O
(10.1 mg); NaH,PO4-H,O (5.5 mg); Lactic Acid (Sodium salt; 60% w/w syrup; 186 uL);
NaCl (666 mg); NaHCOj3 (210 mg); Na Pyruvate (1.0 mL); Penicillamine; Hypotaurine;
Epinephrine; BSA (Fraction V; 600 mg); Gentamycin| and transferred to a drop of ~50 pL of
clean FERT TALP medium [26,27,34]. Then, the in vitro fertilization process was performed
using 2 uL of the sperm sample (final concentration: 1 x 10° spz/mL). Gamete interaction
was performed under incubation conditions for 24 h at 38.5 °C in a humid atmosphere
(>90%) and 5% COs. Fertilization was assessed by the identification of the second polar
corpuscle at the level of the perivitelline space.

2.8. Statistical Analysis

All statistical analyses were performed using the R 4.3.0 software (R Core Team, 2020).
All data derived from sperm concentration, morphological abnormalities, acrosome in-
tegrity, sperm viability, membrane permeability, and sperm motility traits were subjected
to descriptive statistics (mean, standard error, homoscedasticity, and normality tests). The
evaluated variables that fulfilled the assumptions were subjected to a completely ran-
domized design (one-way ANOVA) and Tukey’s test, and in the case of not fulfilling the
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assumptions, the variables were subjected to a Kruskal-Wallis test and the subsequent
post hoc test. In addition, all data from all the sperm analyzed by the computer-assisted
analysis were imported into a single data set or data matrix that represented more than
5000 observations, each one defined by the kinetic descriptors specified before. The objec-
tive motility analyses were evaluated by means of a multi-analysis of variance (MANOVA)
to evaluate the influence of two independent variables on the mean kinetic parameters.
The level of significance was set at p < 0.05.

3. Results
3.1. Sperm Quality Traits in Samples Obtained from Llama (Lama glama) Vas Deferens
3.1.1. Sperm Concentration

The sperm concentration in samples obtained in llama males (1 = 30) was 41.1 £+ 5.3
x 10° spz/mL. No differences were observed regarding sperm concentration values after
dilution using different cryopreservation extenders (p > 0.05).

3.1.2. Sperm Morphological Defects in Cryopreserved Sperm Samples Obtained from
Llama (Lama glama) Vas Deferens Using Different Extenders

No significant differences were observed among cryopreservation extenders regarding
the total sperm defects (p < 0.05). Moreover, no significant differences were observed among
cryopreservation extenders with regard to cytoplasmic droplets, bent/coiled tails, midpiece
defects, and microcephalia percentage (p > 0.05); however, statistical differences were
observed between Andromed® and BioxCell® compared to Tris-EY regarding double-tailed
sperm cells with the latter showing the highest percentage (p < 0.05). The detached head
and detached tail percentage were significantly higher in Tris-EY compared to Andromed®
extender samples; however, no differences were observed regarding the same parameters
between Tris-EY and BioxCell® sperm samples (p > 0.05; Table 1).

Table 1. Sperm morphological defects (%) in fresh (F) and cryopreserved (C) sperm samples obtained
from llama (Lama glama) vas deferens using different extenders.

Cryopreservation Extender

Morphological Parameter

Midpiece defects (%)
Midpiece defects ¢ (%)
Bent/Coiled tail ¢ (%)
Bent/Coiled tail ¢ (%)
Double-tailed g (%)
Double-tailed ¢ (%)
Detached tail ¢ (%)
Detached tail ¢ (%)

30.21 + 6.01 24
29.10 + 5.81 3A
12.74 + 1.99 2A
16.32 £+ 2.03 24
1.36 + 0.29 24
1.86 4 0.25 A
543 +1.932A
9.09 +2.342B

27.84 4+ 55237
28.98 + 6.77 2A
1137 +£1.712A
14.25 +2.93 2A
0.62 +0.12 A
1.26 4+ 0.21 2B
2.35 4 0.37 bA
7.87 4+ 1.73bB

Tris-EY Andromed® BioxCell®
Cytoplasmic droplet ¢ (%) 6.27 +2.69 24 10.58 + 2.49 24 8.53 + 19134
Cytoplasmic droplet ¢ (%) 6.37 +3.49 34 15.58 £ 2.76 34 8.37 +£3.91 04
Macrocephalia (%) 0.21 = 0.06 A 0.08 £ 0.02 24 0.41 £ 0.20 4
Macrocephalia ¢ (%) 0.31 4+ 0.1624 0.18 4 0.04 1B 0.51 & 0.19 A
Fusiform head ¢ (%) 0.10 + 0.01 24 0.09 & 0.02 24 0.11 4 0.03 24
Fusiform head ¢ (%) 7.46 4 1.4528 6.69 +1.59 bB 7.71 4 2.09 2B
Microcephalia g (%) 0.41 4 0.33 24 0.39 4 0.19 24 0.41 4 0.33 24
Microcephalia ¢ (%) 241402328 2.39 +0.34 2B 217 +0.54 B
Detached head (%) 1.41 £ 0.5224 0.37 4 0.14 bA 0.76 4 0.25 2bA
Detached head ¢ (%) 11.12 +2.52 2B 937 +1.423B 12.56 4 2.51 38

28.97 + 6.32 24
30.55 + 7.64 3A
12.72 + 1.58 2A
17.01 +2.71 2B
0.51 +0.21 b4
1.51 4 0.61 2B
3.05 4 0.56 2bA
9.95 + 2,98 aB

Total defects g (%)
Total defects ¢ (%)

59.14 4 2.00 24
84.00 + 3.08 2B

53.69 4 3.40 A
86.50 + 3.00 2B

55.47 + 3.30 24
90.34 4 3.22 2B

Different superscript letters (*?) in a row represent significant differences among cryopreservation extenders
(p < 0.05). Different superscript letters (*) in a column represent significant differences before (F) and after the
cryopreservation (C) process within the same morphological parameter (p < 0.05). F: fresh; C: cryopreserved.
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3.1.3. Acrosome Membrane Integrity during the Cryopreservation Process Using Different
Extenders in Spermatozoa Obtained from Llama (Lama glama) Vas Deferens

Significant differences were observed among cryopreservation extenders regarding
acrosome membrane integrity at 37 °C and at 5 °C (p < 0.05). No significant differences
were observed between Andromed® and BioxCell® at 5 °C (p > 0.05); however, statistical
differences were observed between both and Tris-EY, with the latter being the highest
at 5 °C (p < 0.05). Moreover, significant differences were observed regarding acrosome
membrane integrity among cryopreservation steps irrespective of the cryopreservation
extender evaluated (p < 0.05; Table 2).

Table 2. Acrosome membrane integrity (%) in fresh and cryopreserved sperm samples obtained from
llama (Lama glama) vas deferens using different extenders.

Cryopreservation Extender

Tris-EY Andromed® BioxCell®

Parameter

Acrosome membrane integrity
(AI) at 37 °C (%)
Acrosome membrane integrity
(Al) at 5 °C (%)
Acrosome membrane integrity
(AI) post-thawing (%)
Different superscript letters (*") in a row represent significant differences among cryopreservation extenders
(p < 0.05). Different superscript letters (*~C) in a column represent significant differences among cryopreservation
steps within the same extender (p < 0.05).

70.58 + 1.02 24 64.88 + 0.48 PA 59.20 + 0.49 A
60.83 + 0.61 2B 55.35 4+ 0.71 bB 53.64 + .42 bB

23.63 + 0.58 %€ 31.52 + 0.31 b€ 9.97 +0.31 <€

3.1.4. Plasma Membrane Integrity and Permeability during the Cryopreservation Process
Using Different Extenders in Spermatozoa Obtained from Llama (Lama glama) Vas Deferens

Table 3 shows the plasma membrane integrity and plasma membrane permeability
using different extenders during the cryopreservation process in sperm samples obtained
from llama (Lama glama) vas deferens. Significant differences were observed among cryop-
reservation extenders regarding sperm plasma membrane integrity at 37 °C (p < 0.05). No
significant differences were observed between BioxCell® and the other extenders, (p > 0.05);
however, statistical differences were observed between Tris-EY and Andromed® with the
first having the lowest and the second the highest percentage obtained when both extenders
were compared (p < 0.05). Moreover, significant differences were observed regarding mem-
brane permeability among cryopreservation extenders, with the Tris-EY extender being
the highest and significantly different from the other extenders (p < 0.05). No differences
were observed between the Andromed® and BioxCell® extenders regarding membrane
permeability at 37 °C (p > 0.05) (Table 3).

3.1.5. Sperm Motility during the Cryopreservation Process Using Different Extenders in
Spermatozoa Obtained from Llama (Lama glama) Vas Deferens

Table 4 shows the sperm motility parameters using different extenders during the cry-
opreservation process in sperm samples obtained from llama (Lama glama) vas deferens.
Significant differences were observed among sperm cryopreservation extenders regarding
total motility, progressive motility, and oscillatory motility post-thawing (p < 0.05). No
significant differences were observed among the different sperm cryopreservation extenders
with regard to circular motility post-thawing (p > 0.05). Moreover, statistical differences
were observed in Tris-EY and Andromed® compared to BioxCell® in all motility parameters
evaluated at 37 °C and 5 °C except for progressive motility (p < 0.05). In general, Tris-EY
and Andromed® extenders showed better results in all motility parameters compared to
BioxCell®, with the latter showing the lowest percentage in all motility parameters irrespec-
tive of the cryopreservation step evaluated. Overall, significant differences were observed
between the pre-freezing (37 °C and 5 °C) steps and the post-thawing results in all motility
parameters irrespective of the sperm cryopreservation extender studied (p > 0.05; Table 4).
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Table 3. Plasma membrane integrity (viability; %) and plasma membrane permeability (HOST) using
different extenders during the cryopreservation process in sperm samples obtained from llama (Lama
glama) vas deferens.

Cryopreservation Extender

Parameter

Tris-EY

Andromed®

BioxCell®

Plasma membrane integrity
(Viability) at 37 °C (%)
Plasma membrane integrity
(Viability) at 5 °C (%)
Plasma membrane integrity
(Viability) post-thawing (%)

4891 + 55524
4523 + 3.77 2B

38.57 + 1.52 2B

65.78 & 3.38 PA
61.57 + 2.37bA

29.05 + 0.48 bB

55.89 + 1.27 abA
50.64 + 0.86 abA

10.98 + 0.32 <B

Hypo-Osmotic Swelling test
(HOST) at 37 °C (%)
Hypo-Osmotic Swelling test
(HOST) at 5 °C (%)
Hypo-Osmotic Swelling test
(HOST) post-thawing (%)

69.79 4 2.83 a4
43.88 + 6.54 2B

24.78 4+ 4.11 2

62.68 + 1.19 PA
56.63 + 1.89 2B

30.73 + 2.35 bC

57.01 + 2.27 bA
46.19 + 1.25B

20.07 + 4.65 <€

Different superscript letters (*") in a row represent significant differences among cryopreservation extenders
(p < 0.05). Different superscript letters (A~C) in a column represent significant differences among cryopreservation
steps within the same extender (p < 0.05).

Table 4. Sperm motility parameters using different extenders during the cryopreservation process in
sperm samples obtained from llama (Lama glama) vas deferens.

Cryopreservation Extender

Motility Parameter

Tris-EY

Andromed®

BioxCell®

Total Motility at 37 °C (%)
Total Motility at 5 °C (%)
Total Motility Post-Thawing (%)

61.77 + 3.00 24
54.71 + 3.61 24
26.54 4+ 1.52 2B

65.56 +2.11 24
55.90 + 0.85 2B
31.37 + 0.57 b€

38.33 & 0.63 PA
33.21 + 0.88 bB
9.17 + 0.51 <C

Progressive Motility at 37 °C (%)
Progressive Motility at 5 °C (%)
Progressive Motility Post-Thawing (%)

29.00 + 3.23 2A
23.12 4 4.48 @A
11.10 + 1.23 2B

22.44 + 1.67 24
15.81 4 0.82 2B
7.24 4+ 0.57 PC

18.59 + 1.38 2A
15.01 + 0.66 24
2.05 + 0.09 <B

Oscillatory Motility at 37 °C (%)
Oscillatory Motility at 5 °C (%)

34.96 + 1.17 24
27.65 4+ 2.57 2B

37.20 + 2.16 24
32.52 +0.852B

17.06 -+ 1.00 PA
16.30 4 0.99 bA

Oscillatory Motility Post-Thawing (%)  14.01 & 0.892B  23.01 + 0.80 PP 6.24 4+ 0.34 B
Circular Motility at 37 °C (%) 7.82 4+ 1.30 24 5.96 + 0.69 2 2.69 £ 0.1224
Circular Motility at 5 °C (%) 6.26 +2.2134 7.58 + 1.23 24 1.89 4 0.16 *B

Circular Motility Post-Thawing (%) 1.43 +0.62 2B 1.12 £0.20 2B 1.19 £ 0.05 ¢

Different superscript letters (*°) in a row represent significant differences among cryopreservation extenders.
Different superscript letters (*€) in a column represent significant differences among cryopreservation steps
within the same extender (p < 0.05).

Table 5 shows the sperm kinematic parameters using different extenders before and
after cryopreservation in sperm samples obtained from llama (Lama glama) vas deferens.
Significant differences were observed among sperm cryopreservation extenders regarding
sperm kinematic parameters before and after cryopreservation (p < 0.05). No significant
differences were observed among the extenders regarding VCL, DSL, ALH, HAC, WOB,
and LIN parameters before cryopreservation (p > 0.05). Moreover, no differences were
observed between Tris-EY and Andromed® with regard to VSL, VAP, DCL, DAP, BCFE, and
STR parameters before cryopreservation (p > 0.05). On the contrary, significant differences
were observed between Tris-EY and Andromed® compared to BioxCell® regarding the
same parameters, with the latter presenting as the lowest for all the kinetic variables shown
before (p < 0.05).
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Table 5. Sperm kinetic parameters using different extenders before (F) and after cryopreservation (C)
in sperm samples obtained from llama (Lama glama) vas deferens.

Cryopreservation Extender

Kinetic Parameter

Tris-EY

Andromed®

Bioxcell®

VCL f (um/s)
VCL ¢ (um/s)
VSL g (um/s)
VSL ¢ (um/s)
VAP g (um/s)
VAP ¢ (um/s)

36.16 + 1.41 24
14.17 + 1.04 2B
20.50 + 0.87 24
7.57 + 0.67 2B
24.71 + 1.46 24
10.00 4 0.86 2B

34.76 + 1.37 24
25.33 + 1.94 bB
20.63 + 1.58 24
12.90 4 1.08 bB
2452 +1.71 24
17.16 + 1.38 bB

33.06 + 2.67 a4
15.33 + 1.56 2B
10.91 + 1.94 PA
9.03 + 0.90 24
16.64 + 1.82bA
10.50 + 1.09 2B

DCL g (um) 9.73 4 0.64 24 8.55 4 1.23 24 14.14 + 1.78 PA
DCL ¢ (um) 473 +0.34 28 8.40 4 0.88 bA 467 + 05128
DSL ¢ (um) 2.82 4214234 2.56 4 1.31 24 4.04 +0.5224
DSL ¢ (um) 1.55 4 0.14 27 23340164 1.60 4+ 0.19 2B
DAP g (um) 4.67 +0.812A 424 + 0.66 24 6.76 + 0.86 PA
DAP ¢ (um) 2.77 £ 02138 4.45 + 0.46 PA 230 +0.28 2B
ALH g (um) 0.36 4 0.07 24 0.33 4 0.08 24 0.49 + 0.09 24
ALH ¢ (um) 0.22 +0.02 28 0.32 4 0.04 24 0.18 4 0.03 bB
BCF § (Hz) 2.78 +0.81 24 242 402424 491+ 02704
BCEF ¢ (Hz) 0.82+0.1128 2.02 4+ 0.24 bB 0.57 4+ 0.13 2B
HAC  (rad) 0.09 4 0.00 24 0.08 4 0.00 24 0.10 & 0.04 24
HAC ¢ (rad) 0.04 + 0.00 2B 0.05 4 0.00 2B 0.03 + 0.00 *B
WOB  (VAP/VCL) 0.68 £ 0.01 24 0.71 + 0.07 24 0.50 & 0.09 @A
WOB ¢ (VAP/VCL) 0.70 £ 0.01 2A 0.68 + 0.02 2A 0.68 + 0.02 2B
LIN ¢ (VSL/VCL) 0.57 4 0.02 24 0.59 4 0.04 24 0.33 4 0.03 24
LIN ¢ (VSL/VCL) 0.50 = 0.02 2B 0.51 + 0.04 24 0.60 + 0.02 *B
STR § (VCL/VAP) 0.83 4 0.02 24 0.84 4 0.09 24 0.66 4 0.00 bA
STR ¢ (VCL/VAP) 0.77 +0.02 2B 0.75 4 0.03 24 0.86 4 0.00 B

Different superscript letters (®b) in a row represent significant differences among cryopreservation extenders
(p < 0.05). Different superscript letters (*P) in a column within the same parameter represent significant differences
within the same extender (p < 0.05). Curved line velocity (VCL, um s™!), straight-line velocity (VSL, pm s '),
average pathway velocity (VAF, um s~1), curved line distance (DCL, um), straight line distance (DSL, um), average
path distance (DAP, um), amplitude lateral head displacement (ALH, um), beat cross frequency (BCF, Hz), head
activity (HAC, rad), wobble (WOB, ratio), linearity (LIN, VSL/VCL ratio), and straightness (STR, VSL/VAP ratio).
F: fresh; C: cryopreserved.

The Andromed® extender showed the highest VCL, VSL, VAP, DCL, DSL, DAP, and
BCF values compared to Tris-EY and BioxCell® extenders after the cryopreservation process
(p < 0.05); however, no differences were observed between Tris-EY and BioxCell® regarding
the same kinetic parameters (p > 0.05). No significant differences were observed between
Tris-EY and Andromed® with regard to ALH and HAC after cryopreservation (p > 0.05);
however, statistical differences in the same parameters were observed when Tris-EY and
Andromed® were compared to BioxCell®, with the latter presenting as the lowest compared
to the others after cryopreservation (p < 0.05).

Opverall, significant differences were observed when the sperm samples were compared
before and after cryopreservation within the same extender and within the same kinetic
parameter, obtaining lower kinetic values after cryopreservation irrespective of the param-
eter and extender analyzed (p < 0.05). The exception was observed in BioxCell®-derived
samples where WOB, LIN, and STR were significantly higher after the cryopreservation
process (p < 0.05; Table 5).

3.2. In Vitro Fertilization Rates before and after Sperm Cryopreservation Process Using Different
Extenders in Samples Obtained from Llama (Lama glama) Vas Deferens

Figure 1 and Table 6 show the in vitro fertilization rates of fresh and cryopreserved
sperm samples obtained from llama (Lama glama) vas deferens using different extenders. In
all cases, within extenders, significant differences were observed with regard to fertilization
rates before and after the cryopreservation process (p < 0.05; Figure 1A).
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Figure 1. In vitro fertilization rates (%) using different cryopreservation extenders in sperm samples
obtained from llama (Lama glama) vas deferens. (A) In vitro fertilization rates (%) before (BC) and
after (AC) cryopreservation within each extender. Different letters (a,b) represent significant differ-
ences within each extender (p < 0.05). (B) In vitro fertilization rates (%) before (BC) and after (AC)
cryopreservation among extenders. Different letters (a,b) represent significant differences among
extenders before and after the cryopreservation process (p < 0.05).

Table 6. In vitro fertilization rates (%) using different extenders from fresh and cryopreserved sperm
samples obtained from llama (Lama glama) vas deferens.

Sperm Extender

Tris-EY Andromed® BioxCell®
Type of Sperm Fertilized Oocytes/ Fertilized Oocytes/ Fertilized Oocytes/
Total Oocytes Total Oocytes Total Oocytes
Submitted to IVF Submitted to IVF Submitted to IVF
(%) (%) (%)
Fresh 47/149 (31.54) @A 51/149 (34.23) 24 36/150 (24.00) PA
Frozen-thawed 40/180 (22.22) 2B 44/179 (24.58) B 30/180 (16.66) PP

Different superscript letters (a,b) in a row represent significant differences among sperm extenders within the
same type of sperm (p < 0.05). Different superscript letters (A,B) in a column within the same extender represent
significant differences between fresh and cryopreserved sperm (p < 0.05). Total No. oocytes (fresh): 448; Total No.
oocytes (frozen-thawed): 539.

Moreover, significant differences were observed among the different sperm extenders
before and after cryopreservation regarding fertilization rates (p < 0.05; Figure 1B). No
significant differences were observed between Tris-EY and Andromed® regarding fertil-
ization rates (p = 0.987; Figure 1B); however, there were slightly better results when using
the Andromed® compared with the Tris-EY extender. The lowest in vitro fertilization rate
was obtained when the BioxCell® extender was used before and after the cryopreservation
process (Figure 1B).

4. Discussion

The present study investigates potential differences in sperm quality in samples
obtained from the vas deferens on llamas (Lama glama) during the cryopreservation process
and the impact of using different extenders on fertility results tested by in vitro fertilization
techniques. In general, better sperm quality values were observed during the pre-freezing
phase in spermatozoa, cryopreserved using Tris-EY and Andromed® extenders compared
to BioxCell® in most of the parameters evaluated, except for plasma membrane integrity
and permeability where similar results were observed between Andromed® and BioxCell®.
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In general, it can be concluded that the Andromed® extender could be the extender of
choice to obtain the best results when applied to spermatozoa samples collected from
the vas deferens in llamas. The present results in terms of sperm quality were slightly
better than those observed by other authors who reported motility percentages between
56.8% and 56.2% using the commercial extender Triladyl®, probably due to composition
differences between the different extenders [13,30]. However, all percentages observed
in terms of sperm quality could be considered similar and acceptable, probably due to
the fact that the buffer composition was similar, avoiding sudden changes in pH and also
providing different energy sources, such as glucose or fructose [17].

Regarding sperm morpho-abnormalities, there is no information in the literature on
the influence of the extenders used in the present study and the impact of cryopreservation
on samples obtained from the vas deferens in llamas. Compared to other camelid species,
the percentage of cytoplasmic droplets observed in alpaca studies was significantly higher
compared to the present study in llamas using the same collection technique [30]. In
addition, lower percentages of sperm head morpho-abnormalities were also observed in
llamas compared to alpacas [30].

The sperm quality obtained in the present study was better than that reported by other
authors using epididymal sample collection for sperm cryopreservation in alpacas [35,36].
The sperm motility of 14.0, 8.6 and 17.0% was observed in samples obtained from al-
paca epididymis, which were maintained in a physiological buffer solution (Phosphate-
Buffered Saline, PBS) and diluted using Tris, Tes, and skim milk, respectively. On the
other hand, mean viability was 32.6%, and plasma membrane integrity was 34.5%. More-
over, using the artificial vagina collection method and evaluating three different ex-
tenders, Raymundo et al. [37] achieved a motility of 54.0 £ 8.0%. On the other hand,
Giuliano et al. [38] reported sperm motility of 32.3 + 20.4%, plasma membrane permeabil-
ity (HOST) of 36.1 & 13.1%, and viability of 54.1 4= 17.0% using electroejaculation in llamas,
while the comparisons of total motility and oscillatory motility parameters were better in
the present study except when BioxCell® was used. Progressive motility was higher (26.9%)
in the study by Giuliano et al. [38] compared to the results of the present study. Further-
more, considering that, in general, most of the results in the study by Giuliano et al. [38]
were lower than those of the present study, it could be due to the type of semen sample
collection method that can directly or indirectly influence the sperm characteristics as
the ejaculates present secretions from the adnexal glands increasing the semen viscosity,
frequently seen in camelids [39]. A study with the same collection method using similar
extenders and under similar environmental conditions reported slightly lower percent-
ages of total motility, oscillatory motility, and circular motility and higher percentages
of progressive motility in relation to the results of the present study considering that the
use of extenders, such as Andromed® and Tris-EY, allowed acceptable sperm parameters
to be obtained after the sperm collection from the vas deferens and the cryopreservation
process [15].

In the present study, significant differences were observed when comparing the three
cryopreservation extenders regarding total motility, with Andromed® being the best, fol-
lowed by Tris-EY and finally BioxCell®. Membrane permeability was shown to be better
in samples, using Andromed®, followed by samples using Tris-EY and, finally, BioxCell®
samples. As for sperm viability analysis, a higher percentage of spermatozoa with an
intact plasma membrane was observed when the Tris-EY extender was used, followed by
Andromed® samples and finally BioxCell® samples. Lower motility percentages were re-
ported by Torres Hualla [40] (12.04% for Tris-EY and 11.32% for the skimmed milk extender)
compared to those obtained in the present study. Also, the sperm viability using Tris-EY
was 18.96%, and using skimmed milk was 14.2%. Banda et al. [36] using different extenders
such as Tris, Tea, and skimmed milk for alpaca sperm cryopreservation in samples collected
by an artificial vagina, obtained motility percentages of 14.0, 8.6, and 17.0, respectively. In
the same study, the results obtained for plasma membrane permeability (HOST) were 17.0,
19.1, and 17.9%, and viability was 32.6, 26.3, and 27.2%, respectively. These results were
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similar to those obtained in the present study, probably due to the similarity of the extender
composition, such as Tris and Tes. Ordorfiez et al. [41] carried out sperm collection using
electroejaculation methods for alpaca sperm pellet cryopreservation using Andromed®-
and Tris-obtaining motilities post-thawing of 0.00 and 11.08%, respectively. This was
probably due to the type of sperm collection method (electroejaculation), which has the
disadvantage of having different contaminants, such as urine debris, which can be harmful
to sperm cells [39]. Overall, in the present study, a low population of physiologically func-
tional spermatozoa was observed for BioxCell® and an average for Andromed® and Tris-EY
extenders. This was maybe due to changes in sperm morphology and mitochondrial mass
damage after the sperm freezing-thawing process. This may also be influenced by the
sperm cryopreservation method since, in the present study, sperm cryopreservation was
carried out using a curve of —20 °C/min and reaching a freezing temperature of —120 °C,
which is apparently the appropriate methodology for camelids [20]. Some authors reported
that sperm plasma membranes with a higher polyunsaturated fatty acids content are more
sensitive to damage induced by lipid peroxidation [38]. Moreover, this kind of plasma
membrane is more sensitive to damage by reactive oxygen species (ROS), which results in
decreased sperm motility, probably due to the rapid loss of intracellular ATP, leading to
axoneme damage and decreased sperm viability, among other consequences [42].

In the present study, the observed results indicate that there was similarity between
the Tris-EY and Andromed® extenders in most of the sperm quality parameters except
for progressive motility during the equilibration phase at 5 °C, where similarities were
observed among the three extenders for llama sperm collected from the vas deferens. Using
electroejaculation methods, Choez et al. [43] evaluated the sperm motility and plasma
membrane permeability (HOST) during the first hour of the cooling process and observed
a motility of 50.93%, which produced similar results to the present study using the Tris-
EY extender. Other motility parameters, such as total motility, were higher than those
reported by other authors [44]. However, the results were similar when using the BioxCell®
extender [45]. On the other hand, progressive motility was lower in the present study
and slightly higher when the Tris-EY extender was used, probably due to the fact that
egg yolk improves progressive motility, as mentioned by Fumuso et al. [46]. Moreover,
the results were slightly better than those obtained in the present study, for example,
those reported for viability percentages using egg yolk-based extenders [31]. However,
in the present study, in all extender groups, a decrease in viability of just 8 to 15% was
observed compared to the collection timepoint, mainly due to the action of egg yolk (Tris-
EY) and lecithins (Andromed® and BioxCell®), since these components have the main
function of maintaining membrane stability during the cooling process. In addition, these
components have a high percentage of cholesterol that maintains the structure of the sperm
plasma membrane, facilitating the adhesion of several molecules that protect the plasma
membrane at low temperatures (cold shock), although in camelids, this phenomenon has
not yet been well studied. It has been described that this process can alter the sperm
membrane cholesterol /phospholipid ratio; however, the use of egg yolk-based extenders
could be variable due to their composition of fatty acids, phospholipids, cholesterol and
lipoproteins [11,15,17,47,48]. The slight loss of motility and other parameters indicated
that spermatozoa obtained from the vas deferens were resistant to cold shock when in
contact with extenders containing Tris-EY as well as those that did not contain egg yolks
such as Andromed® and BioxCell®. Furthermore, it has been reported that the process
of a spontaneous or induced acrosome reaction occurs after the equilibrium phase in
camelids [35,38,49]. Other recent studies in llamas have shown that the cooling process
affects the sperm organelles, resulting in acrosome damage, mitochondrial loss, and the
disorganization of axoneme and periaxoneme structures, increasing the level of reactive
oxygen species (ROS) [45]. Finally, less binding at the oviduct level has been observed
using refrigerated and frozen-thawed spermatozoa compared to fresh spermatozoa [31].

Regarding the objective motility parameters, most of the evaluated traits coincided
with those determined by the subjective motility assessment (e.g., total motility), with
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higher values in samples using Andromed®, followed by Tris-EY and finally BioxCell®
before and after cryopreservation process. The kinetic parameters related to different
types of velocities were variable and corresponded to the motility obtained before sperm
pre-freezing and post-thawing. On the other hand, parameters such as WOB, which is
related to the ratio of the average trajectory velocity over curvilinear velocity expressed
as a percentage, and LIN, which shows the ratio between the straight trajectory and the
average sperm trajectory, were similar among extender samples. Similarly, the same was
observed for STR, which was quite high in all samples analyzed regardless of the extender
used. In summary, all the kinetic variables related to indices were similar, while those
with values directly related to the type of movement had differences among different
extender samples used in sperm obtained from the vas deferens in llamas. VCL, VSL,
and VAP parameters were shown to be higher when using Andromed® compared to the
Tris-EY extender, especially in thawed spermatozoa, which had higher velocity results
(Andromed®) probably due to the soy lecithin content as opposed to egg yolk containing
the Tris extender. This difference could be related to the higher proportion of low-density
lipoproteins (LDLs) that provide greater sperm plasma membrane stability [17]. However,
in egg yolk-containing extenders, such as Triladyl, interesting results have been obtained
in other mammalian species with regard to STR, LIN, ALH, and BCF parameters, which
were characterized by an efficient flagellar structure, ATP production, and consequently,
the higher frequency of the sperm tail beating movement (BCF) [50].

The health concerns related to the use of animal proteins in sperm extenders have
led to the development of alternative extenders for in vitro and in vivo use. The sperm
samples diluted in the plant-based (soy lecithin-based) extender Andromed® resulted in
better sperm quality and in vitro fertility compared to Tris-EY and BioXcell. Overall, all
sperm quality parameters improved using the Andromed® extender, including objective
and subjective motility, which is one of the most important parameters associated with
semen fertilizing capacity. In other words, Andromed® was more effective at preserving
sperm head and flagellar structures, stimulating ATP production, and improving fertil-
ity capacity. Regarding the results obtained in the present study using cryopreserved
spermatozoa and the in vitro fertilization rates using oocytes obtained from the slaughter-
house, the Andromed®-derived results were similar to those obtained using epididymal
cryopreserved seminal samples from alpacas [51]. Therefore, plant-based extenders are as
effective at protecting spermatozoa during the cryopreservation process as egg yolk exten-
ders. Another alpaca study showed that the in vitro fertilization rates were similar to those
obtained in the present study, with the difference that non-cryopreserved spermatozoa
were used [52]. However, there were studies in alpacas where higher fertilization rates have
been observed compared to those reported in the present study [23]. The main findings of
the present study in relation to fertility were that (1) vas deferens-derived sperm diluted
in Tris-EY and Andromed® resulted in similar fertilization rates in both fresh and cryop-
reserved samples; (2) vas deferens-derived sperm diluted in BioXcell resulted in reduced
sperm quality and in vitro fertilization rates compared to Tris-EY- and Andromed®-diluted
samples in both fresh and cryopreserved samples; (3) the temperature fluctuation during
the cryopreservation process was detrimental for sperm quality and in vitro fertilization
rates in all samples irrespective of the extender used, with BioXcell®-derived samples being
the most affected. In South American camelids, in vitro fertilization studies are very scarce,
and the results are still quite low compared to other species, such as bovines, where much
higher fertilization rates were reported [25,26,53]. However, the classical sperm quality
parameters studied, such as total motility, progressive motility, oscillatory motility, plasma
membrane integrity, and permeability, among others, and other studies performed with
computerized equipment (CASA) showed better IVF results with the use of the commer-
cial extender Andromed® and also the Tris-EY extender [25,26]. The reduction in fertility
associated with BioXcell® could indicate that this extender would be less tolerant to temper-
ature fluctuations, and thus, it would not be a suitable substitute for an egg yolk extender
such as Tris-EY. When the semen temperature fluctuates, it triggers several morphological
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membrane changes, compacting or relaxing the packing of the phospholipid bilayer and
causing membrane destabilization, resulting in a deleterious effect on sperm function and
fertility. Finally, it should be noted that due to the differences obtained in the in vitro
fertilization results, more studies are needed in order to increase reproductive efficiency
through the use of Assisted Reproductive Technologies (ARTs) in South American camelids
in order to obtain in vitro-produced embryos to be transferred [25]. For example, sperm
metabolic activity is inversely related to extended sperm survival and during the sperm
cryopreservation process, there is an increase in oxidative stress due to the production of
reactive oxygen species (ROS). The addition of components, such as citric acid and glycerol,
plays a role in reducing the levels of peroxide generated in the storage media. Moreover,
modifying the percentage of egg yolk or lecithin could also be effective in reducing sperm
metabolic activity and the detrimental effects derived from ROS, which are linked to a
cell-aging effect and lead to an apoptotic stage losing the fertility capacity.

5. Conclusions

The sperm quality and in vitro fertilization rates of fresh and cryopreserved spermato-
zoa collected from llama (Lama glama) vas deferens were influenced by the extender used
during the cryopreservation process. In general, Andromed® showed slightly better results
post-thawing regarding acrosome membrane integrity, plasma membrane permeability,
sperm kinetic parameters, and in vitro fertilization rates when using sperm samples ob-
tained from llama (Lama glama) vas deferens. Although in vitro fertilization rates were
similar to those obtained in other camelid species, further research is needed to understand
the effects of different preservation extenders in order to improve the in vitro fertilization
rates from sperm samples obtained from llama (Lama glama) vas deferens.
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Simple Summary: Sperm acquire the ability to fertilize the egg during their transit through the
female reproductive tract. This process, known as sperm capacitation, is well recognized in mammals
and can be accomplished under laboratory conditions using specialized media. However, it remains
unknown whether this process occurs in lizards. In this study, we investigated sperm incubation
under conditions that promote capacitation to determine if similar changes occurred in their sperm.
Our sperm assessment revealed functional changes, such as modifications in movement and staining
patterns, commonly observed in mammals. This suggests that sperm capacitation may occur in this
group of animals. Understanding sperm physiology is crucial for developing assisted reproduction
technologies to aid conservation efforts for threatened species.

Abstract: Sperm capacitation involves biochemical and physiological changes that enable sperm
to fertilize the oocyte. It can be induced in vitro under controlled conditions that simulate the
environment of the oviduct. While extensively studied in mammals, its approach in lizards remains
absent. Understanding the mechanisms that ensure reproduction is essential for advancing the
implementation of assisted reproductive technologies in this group. We aimed to perform a sperm
analysis to determine if capacitation-related changes were induced after incubation with capacitating
media. Fifteen males of Sceloporus torquatus were collected during the early stage of the reproductive
season. The sperm were isolated from the seminal plasma and then diluted up to a volume of 150 pL
using BWW medium to incubate with 5% CO, at 30 °C for a maximum duration of 3 h. A fraction
was retrieved hourly for ongoing sperm assessment. The sperm analysis included assessments of its
motility, viability, the capacitation status using the chlortetracycline (CTC) assay, and the acrosome
integrity with the lectin binding assay to detect changes during incubation. We found that total
motility was maintained up to 2 h post incubation, after which it decreased. However, sperm viability
remained constant. From that moment on, we observed a transition to a deeper and less symmetrical
flagellar bending in many spermatozoa. The CTC assay indicated a reduction in the percentage
of sperm showing the full (F) pattern and an increase in those exhibiting the capacitated (B) and
reactive (RA) patterns, accompanied by an elevation in the percentage of damaged acrosomes as
revealed by the lectin binding assay. In mammals, these changes are often associated with sperm
capacitation. Our observations support the notion that this process may also occur in saurian. While
sperm analysis is a valuable method for assessing certain functional changes, additional approaches
are required to validate this process.

Keywords: sperm capacitation; BWW medium; lizard; incubation; assisted reproduction techniques
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1. Introduction

Ejaculated mammalian sperm are morphologically mature but functionally unable to
fertilize [1]. Sperm undergo biochemical and physiological changes to become capable of
binding and interacting with the oocyte. These modifications include cholesterol efflux,
increased membrane fluidity, changes in intracellular ion concentrations, pH elevation,
alterations in protein kinase activity, and tyrosine phosphorylation, and occur during
their passage through the female reproductive tract in a complex process known as sperm
capacitation [2—4]. This process can be accomplished in vitro under controlled conditions
by recreating the oviductal environment using defined media supplemented with essential
ions such as bicarbonate, calcium, albumin, and energy substrates [5].

Although fully recognized in mammals, sperm capacitation remains uncertain in
lizards, despite sharing characteristics such as internal fertilization and the possession
of the epididymis, where sperm acquire motility [6]. Females also have the ability to
store sperm in the oviducts, allowing an asynchrony between mating and ovulation [7,8].
These characteristics suggest that spermatozoa may require physiological changes after
insemination to acquire fertilization ability. Thus far, only one study has conclusively shown
sperm capacitation in crocodiles by noting increased intracellular levels of cyclic adenosine
monophosphate (cAMP), which enhance motility and elevate protein phosphorylation
levels [9]. Moreover, epididymal spermatozoa in Lacerta vivipara exhibit increased motility
when incubated in a medium containing caffeine, a phosphodiesterase inhibitor known
to elevate cAMP levels [10]. These observations suggest that this mechanism may indeed
occur within lizards.

Given the ongoing global decline in herpetofauna [11,12], the comprehension of repro-
ductive biology is crucial for the development of any assisted reproductive technologies
(ARTs) [13]. We selected Sceloporus torquatus as a model for advancing ARTs due to our
understanding of its reproductive biology [14,15]. We developed non-invasive semen
collection methods by establishing the time to obtain greater volumes and generated sperm
quality references [16,17]. However, our efforts in sperm cryopreservation have yielded a
low success rate in post-thawing recovery [18]. The above highlights that it is crucial to
grasp semen quality parameters, prevent spontaneous acrosome reactions [5], and enhance
post-procedural recovery [19]. Moreover, artificial insemination has been unsuccessful
(unpublished data), possibly due to inadequate manipulation and preparation of both
gametes [20]. These challenges underscore the importance of studying sperm physiology
for successful ART implementation. In order to fill the gaps in knowledge regarding sperm
capacitation, we conducted an incubation study using Biggers—Whitten—-Whittingham
(BWW) medium. Our aim was to determine by means of sperm analysis if functional
changes similar to those found in mammals were induced.

2. Materials and Methods
2.1. Animals

The capture of 15 adult males of Sceloporus torquatus (SVL > 70 mm) [21] was conducted in
the Sierra de Guadalupe State Park, Coacalco, State of Mexico (19°61’ N, 99°11’ W, 2480 m alti-
tude), under scientific collection licenses SPA/DGVD/086681/21 and SPARN/DGVD/12218/23
granted by the Secretaria del Medio Ambiente y Recursos Naturales. The collection oc-
curred during the early stage of the reproductive season (October-November) in both 2021
and 2022. Morphometric data of the animals were recorded, including snout-vent length
(using digital Vernier calipers to the nearest 0.01 mm) and body weight for each individual
(measured using a digital scale with 0.1 g precision). The lizards were kept in outdoor
enclosures measuring 3.0 x 5.0 x 2.0 m, with access to food and water, and then released
into their natural habitat after completing experimental procedures.

2.2. Semen Collection and Incubation

Semen was collected by gently pressing the genital papillae, following the method
described by Martinez-Torres et al. [16]. We registered the number of ejaculates, the total
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semen volume, and sperm concentration for each male. The ejaculates were washed with
PBS and isolated from seminal plasma via double centrifugation at 978 x g-force for 10 min
at room temperature. The sperm samples were diluted to a final volume of 150 uL using
BWW medium, with the following composition: 120 mM NaCl, 4.6 mM KCl, 1.7 mM
CaClp-2H,0, 1.2 mM KH,POy, 1.2 mM MgSOy4-7H,0, 5.6 mM D-glucose, 0.27 mM sodium
pyruvate, 44 mM sodium lactate, 5 U/mL penicillin, 5 mg/mL streptomycin, 20 mM HEPES,
3 mg/mL BSA, and 25 mM NaHCO3, at a pH of 7.4 and an osmolarity of 300 mOsm [9].
All chemicals were purchased from Sigma. A portion of 30 puL was retrieved for assessment
at 0 h, while the remaining sample was incubated with 5% CO, at 30 °C for up to 3 h.
Additionally, a fraction was retrieved each hour for ongoing semen assessment.

2.3. Sperm Assessment
2.3.1. Sperm Motility

To assess sperm motility, 5 uL of diluted sperm was placed on a slide and viewed
under an optical microscope (Leica DM100) at 40x magnification. The percentage of
active sperm was determined based on the presence of symmetrical flagellar movement,
which propels them in nearly linear progressive trajectories, leading them out of the visual
field [16]. It is crucial to differentiate between actively moving sperm and those passively
carried away by the medium flow.

2.3.2. Sperm Viability

To perform a sperm viability test, 5 uL of diluted sperm was taken and mixed with an
equal volume of eosin-nigrosin dye on a slide [18]. The mixture was allowed to dry and
then observed under an optical microscope at 100 x magnification. Any unstained sperm
was considered live, while sperm stained in dark pink was considered dead (Figure 1A).

Figure 1. Representative images of Sceloporus torquatus sperm evaluation. (A) shows live (L) and
dead (D) spermatozoa stained with eosin nigrosin, (B) shows full (F), band (B), and acrosome-reacted
(RA) patterns indicative of capacitance state, as revealed by the CTC assay, and (C) shows sperm
with intact (IA) and damaged acrosome (DA) spermatozoa, as revealed by the lectin binding assay.
Linear bars correspond to 10 pm.

2.3.3. Capacitation Status

We prepared a CTC solution (805 pmol clortetracycline, 20 mM Tris, 130 mM NaCl, and
5 mM L-cysteine at a pH of 7.8) using the method described by Naijian et al. [22]. We mixed
this solution in a 1:1 ratio with the same volume of 10 uL of diluted sperm. We stopped the
reaction by adding 5 pL of 0.2% glutaraldehyde. Then, we prepared smears and examined
them under an epifluorescent microscope at 100 x magnification. We determined the sperm
capacitation state based on the proportion of spermatozoa exhibiting CTC assay patterns
(Figure 1B): full/F (uniform fluorescence head), band/B (post-acrosomal region without
fluorescence), and acrosome-reacted /AR (fluorescent-free head or a thin fluorescent band
on the equatorial segment).

2.3.4. Acrosome Integrity

The sperm were placed on a slide and left to dry. The slides were permeabilized
by immersion in 96% ethanol. We spread 10 puL of fluorescein-conjugated Pisum sativum
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agglutinin (PSA-FITC) lectin and then incubated for 7 min in the dark. After gently
washing, we mounted slides with a drop of an antifade solution (220 mM DABCO diluted
in glycerol) [23]. The sample was examined under epifluorescence microscopy at 100x
magnification to determine the percentage of cells with well-defined acrosomes (Figure 1C).

2.4. Statistical Analysis

The data are presented as mean =+ standard error of the mean. Prior to data analysis,
we assessed normality and homogeneity using the Shapiro-Wilk and Bartlett tests, respec-
tively. As our data did not meet the assumptions for parametric statistics, we utilized the
Kruskal-Wallis test to identify significant differences among the incubation time periods.
Subsequently, we conducted Dunn’s post hoc test to determine if there are differences
between incubation times for each sperm assessment. We assessed the effect of sperm
incubation using the Wilcoxon test, with TO as the control for each pair. A p-value of less
than 0.05 was considered statistically significant. We carried out all the analyses and plots
using the R (version 4.3.2) software on iOS.

3. Results

According to morphometric values, all males (1 = 15) were considered adults. We
obtained semen showing consistent characteristics typical of an ejaculate [16], including
volume and sperm concentration (Table 1).

Table 1. Morphometric and semen characteristics of male lizards (Sceloporus torquatus).

. Snout-Vent Vent-Tail Number of Total Semen Sperm .
Body Weight (g) Length (cm) Length (cm) Eiaculat Volume (uL) Concentration
ength (c ength (c jaculates olume (u (x105/mL)
28.66 + 4.2 8.73 £ 0.5 8.84 + 0.6 2.00 +04 321 +1.31 94.23 +19.2
(12.7-52.1) (6.0-11.5) (4.7-11.0) (1.0-3.0) (2.0-6.0) (18.3-220.0)

The data are the mean + standard error of the mean; the range is shown in parentheses.

Following dilution, all samples exhibited high motility, ranging from 79% to 98%.
We found a significant decrease in the second (70.9 & 4.3%) and third hour (61.8 £ 6.8%,
p < 0.05) post incubation (H = 21.05, p < 0.05, Figure 2a). A statistically significant difference
was observed in the second and third hour post treatment (p < 0.05), but without difference
between the hours. Sperm viability remained above 80% throughout the entire 240-min
observation period (p < 0.05, Figure 2b). Of note, the spermatozoa displayed active linear
movement, but a transition to deeper and less symmetrical flagellar bending, with non-
linear movement in many spermatozoa, was observed starting at 2 h post incubation.

In the case of CTC patterns, a high percentage of sperm showed the full pattern
(98.6 £ 0.4%) at time 0, with a significant decrease starting from the second hour (35.2 4= 4.6%)
and third hour (16.6 &= 4.1%, p < 0.05) post incubation. The band pattern showed low levels
immediately after dilution with BWW medium (1.2 £ 0.4%), which gradually increased
from the first hour and reached 46.8 £ 3.5% in the third hour. Regarding the acrosome-
reacted pattern, it was initially absent but appeared from the second hour of incubation,
reaching an average value of 36.4 £ 5.6% (p < 0.05) at 3 h (Figure 3).

Significant changes in acrosome integrity were observed. At 2 h post incubation,
84.6 + 3.1% of spermatozoa maintained integrity (p < 0.05). This percentage decreased to
74.2 £ 3.8% at 3 h post incubation (p < 0.05) (Figure 4).
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Figure 2. (a) Sperm motility and (b) viability of Sceloporus torquatus incubated in BWW medium.

The lines represent the standard error of the mean. Different letters indicate significant differences
between incubation times (Dunn, p < 0.05).
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between incubation times (Dunn, p < 0.05).
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4. Discussion

Mammalian sperm incubation in defined media reveals biochemical and physiological
changes during capacitation [3,24]. Considering the lack of studies about sperm physiology
in lizards, it is essential to determine if their sperm undergoes capacitation (as reported in
crocodiles) [9] to advance the successful implementation of ARTs in this group. To address
this, we incubated Sceloporus torquatus spermatozoa in BWW medium at 30 °C with 5% CO,
for up to 3 h to assess functional capacitation-related changes in sperm quality.

We observed a consistently high percentage of motility (above 79%), which decreased
over time starting at 2 h. This trend suggests that the medium may favor the metabolic
processes of sperm [25], potentially because its composition improves cell longevity [26].
Considering the specific variations of each species, the choice of medium is crucial for
an adequate manipulation of gametes [27]. BWW medium promotes sperm motility and
consistently induces increased cAMP levels and protein tyrosine phosphorylation in mam-
mals [28]. Additionally, it enhanced motility in Crocodylus porosus in a 120-min incuba-
tion [9]. In light of the observed effect of phosphodiesterase inhibitor (which increases
cAMP levels) on Lacerta vivipara sperm, resulting in increased motility [10], we hypothesize
that this mechanism is conserved in this group and S. torquatus would react similarly under
capacitation conditions.

We also noted modifications in motility patterns in many sperm, with increased and
deeper flagellar beat amplitude, less symmetrical bending, and nonlinear movement. These
observations suggest the hyperactive movement, which may facilitate the zona pellucida
penetration during fertilization, as observed in mammals [29]. However, we did not
quantify the proportion of spermatozoa undergoing these changes. A comprehensive
assessment of motility using computer-assisted sperm analysis (CASA) is essential to detect
movement types and evaluate the proportion of hyperactivated sperm [30].

Evaluating the response of sperm metabolism can be challenging due to the com-
plexity of the involved molecules. However, CTC binds to the membrane in a calcium-
dependent manner, enabling the monitoring of sperm labeling and the detection of changes
in fluidity [31,32]. The above corresponds with increased tyrosine phosphorylation, in-
dicative of hyperactivated motility [33]. This assay is being applied for the first time in
any non-avian reptile and represents a valuable reference for further studies on seminal
parameters in other species. Incubation induced significant changes, with a decrease in
the F pattern (non-capacitated sperm) over time and a higher percentage of the B pattern
(capacitated sperm) after 2 h. Similar observations in dogs [34], mice [27], and boars [35]
have been reported. The AR pattern increased from the second hour. These findings were
confirmed by means of the lectin-binding assay, which specifically binds to spermato-
zoa with complete acrosome content [36]. Similar results were found in chickens under
mammalian capacitating conditions [37]. Based on these findings, we inferred that sperm
incubated under the described conditions underwent molecular changes consistent with
capacitation, attributable to medium composition.

The constituents of the BWW medium induce diverse changes in the sperm. Albumin,
for instance, modifies lipid composition and membrane fluidity by reducing plasma mem-
brane cholesterol content [26,28]. Moreover, the presence of bicarbonate (above 15mM) in
the medium initiates early changes that promote sperm capacitation by activating adeny-
late cyclase and elevating intracellular cAMP levels, resulting in the hyperpolarization
of the plasma membrane and increased intracellular pH [2,38]. Also, calcium ions play a
crucial role in this process by activating protein kinase A (PKA), which phosphorylates
proteins involved in sperm functions like hyperactivation and the acrosome reaction [39,40].
Although the effects of glucose are unknown, it is essential for capacitation in mice, while
pyruvate and lactate may inhibit it [27].

The incubation time has recently been recognized as a significant factor affecting
sperm quality. In vitro studies on human sperm have shown a wide range from 1 to
24 h to capacitation induction, leading to sperm subpopulations with varying degrees
of functionality [24]. We found the changes in sperm assessments starting at two hours,
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which accentuated at the third hour, accompanied by a significant decrease in total motility.
However, the limited sperm volumes in lizards hamper our ability to incubate for longer
periods or devise protocols to select the sperm with capacitation-associated effects.

Further research on changes in oviductal content and functional assays in both mated
and unmated females would offer valuable insights [41] for optimizing the formulation of
a more suitable medium. Incubation with calcium or progesterone ionophores can also be
investigated, as both activate PKA-mediated signaling pathways, potentially improving
efficiency in capacitation induction [39].

5. Conclusions

Our study revealed some suggestive changes associated with sperm capacitation, such
as a change in the type of movement characterized by increased and deeper flagellar beat
amplitude, an increased occurrence of capacitation patterns, and damaged sperm in the
acrosome after two hours of incubation. These observations support the idea that this
process also occurs in saurian. While sperm analysis is a valuable method for assessing
certain functional changes, there are additional approaches required to validate this process.
Establishing if sperm capacitation is a prerequisite for acquiring fertilization competence is
crucial to improving the success of the implementation of any ART in this group of animals.
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Simple Summary: Various microorganisms, including Mycoplasma spp., have been reported in canine
ejaculate. The impact of these microorganisms on semen quality remains unclear. The aim of this
study was to evaluate the prevalence of bacteria and Mycoplasma spp. (and various species) in canine
semen. Interestingly, 36.5% of the examined dogs tested negative for both aerobic bacteria and
mycoplasmas, while 12.7% tested positive for bacterial presence. Additionally, 60.3% of the dogs
tested positive for Mycoplasma spp. using PCR, with most carrying 1-2 Mycoplasma species. We found
no significant difference in semen characteristics between Mycoplasma-positive and -negative dogs.
The detection of Mycoplasma was not significantly linked to the presence of bacteria in semen. All the
microorganisms identified were classified as saprophytic flora. Some canine ejaculate is sterile. Our
findings suggest the existence of undescribed species of canine mycoplasmas, necessitating advanced
diagnostic techniques like NGS for their identification.

Abstract: Various microorganisms, including Mycoplasma spp., have been reported in canine ejaculate.
The impact of these microorganisms on semen quality remains unclear. This study included 63 male
intact healthy dogs aged 1-8 years. One dog exhibited azoospermia, indicating a relatively low
incidence of this condition. Interestingly, 36.5% of the examined dogs tested negative for both
aerobic bacteria and mycoplasmas, while 12.7% tested positive for bacterial presence. Additionally,
60.3% of the dogs tested positive for Mycoplasma spp. using PCR, with most carrying 1-2 Mycoplasma
species. We found no significant difference in semen characteristics between Mycoplasma-positive and
-negative dogs. The detection of Mycoplasma was not significantly linked to the presence of bacteria in
semen. All the microorganisms identified were classified as saprophytic flora. Our findings indicate
that Mycoplasma spp. is common in canine ejaculate. Semen quality parameters were not correlated
with the presence of Mycoplasma spp. in semen. Mycoplasma HRC689 was the most common species.
Some dogs exhibited no presence of aerobic bacteria or mycoplasmas in their semen. Our study
highlights the common presence of Mycoplasma spp. in canine ejaculate. Semen quality shows
no correlation with Mycoplasma presence. Some canine ejaculate is sterile. Our findings suggest
the existence of undescribed species of canine mycoplasmas, necessitating advanced diagnostic
techniques like NGS for their identification.

Keywords: mycoplasma; semen quality; CASA-system

1. Introduction

The importance of semen quality in canine reproduction cannot be overstated, as it
directly influences the success of breeding programs and the health of the offspring [1].
The evaluation of semen quality encompasses various parameters, including sperm count,

Animals 2024, 14, 1267. https:/ /doi.org/10.3390/ani14091267 72 https:/ /www.mdpi.com/journal /animals



Animals 2024, 14, 1267

motility, morphology, and viability, all of which directly influence the likelihood of success-
ful conception [1]. The contribution of the stud dog constitutes half of the factors that are to
be considered when assessing the potential causes of infertility in canine breeding [2]. Due
to this fact, the semen quality of the stud dog should be routinely evaluated before mating.
Being a carrier of various pathogens is another major factor that needs to be controlled in
a dog used for reproduction, as some pathogens may be transmitted via the sexual route
to the bitch and lead to reproductive failure [3]. The presence of bacteria in canine ejacu-
late is a problematic issue in veterinary medicine. Many studies have shown that canine
ejaculate is not sterile [4]. It is difficult, however, to distinguish between contamination
from the urethra or foreskin and a primary infection of the urogenital tract [4]. Organisms
commonly cultured from the semen of healthy male dogs include Escherichia coli, Pasteurella
multocida, beta-hemolytic Streptococcus, coagulase-negative Staphylococcus, Staphylococcus
pseudintermedius, Canicola haemoglobinophilus, Klebsiella spp., and Pseudomonas spp. [5-7].
Bacterial infections of the urogenital tract can have detrimental effects on canine semen
quality, potentially leading to reproductive failures. Some studies describe a negative
influence of bacteria belonging to the natural urogenital microbiome, e.g., E. coli on fertil-
ity [8]. However, except for Brucella canis, bacteria appear to be an uncommon cause of
compromised fertility in dogs [9]. A negative impact on the seminal quality parameters is
likely associated with an increasing number of bacterial species in canine sperm [7]. On the
other hand, the bacteria commonly found in semen may play a protective role by inhibiting
the growth of pathogenic microorganisms.

The negative influence of bacteria on sperm results from various mechanisms, includ-
ing direct contact, competition for nutrients, and detritus production [10,11]. Bacterial
contamination of ejaculate can lead to decreased spermatozoa motility, increased percent-
age of dead spermatozoa, and changes in morphology [8,12]. Moreover, after artificial
insemination or natural mating, bacteria from ejaculate may induce uterine infections,
fertilization failure, embryonic and fetal resorption, abortions, or stillbirths, contributing to
decreased litter size and even leading to septicemia in the bitch [13]. One group of bacteria
with potential negative impact on semen quality is mycoplasmas.

The data about the occurrence and role of Mycoplasma spp. in canine semen are contra-
dictory. Some authors suggest that they have a negative influence on canine fertility [14]
and can cause orchitis, epididymitis, and prostatitis [15]. In vitro studies have shown
that Mycoplasma spp. can be attached to the spermatozoa by interlacing fibrils of variable
diameter, which may reduce its motility [16]. Furthermore, Laber and Holtzmann [14]
reported a significant increase in the percentage of abnormal spermatozoa and decrease
in their motility caused by M. canis. M. maculosum, and M. spumans were described as a
cause of 100% of dead forms and 70% of abnormalities in the head, midpiece, and tail of
spermatozoa in Bernese Mountain Dogs [12].

Our study aimed to determine the prevalence of aerobic bacteria and mycoplasmas in
Polish male dogs and the impact of these microorganism on semen quality.

2. Materials and Methods
2.1. Study Population and Sampling

This study enrolled adult male intact dogs between 1 and 8 years of age to avoid
the potential influence of extreme age on their fertility. These dogs were sourced from
kennels affiliated with the Polish Kennel Club (ZKwP, Poland), as well as from shelters
for homeless animals. Subsequently, each dog underwent a routine clinical examination
to ensure they were free of systemic diseases, and serum testosterone, estradiol, and total
thyroxin concentrations were measured to eliminate the potential influence of endocrine
disorders on semen quality.

All medical procedures were performed as a part of routine veterinary examination on
the owners’ request and thus, according to the European directive EU/2010/63 and Polish
legal regulations, the approval of Ethical Committee for the described procedures was
not required, as they could be qualified as nonexperimental clinical veterinary practices
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excluded from the directive (Act of 15 January 2015 on the protection of animals used for
scientific or educational purposes).

Eventually, 63 clinically healthy male dogs with the aforementioned hormones within
the reference intervals were enrolled in study. Semen was collected in the sterile containers
by digital manipulation, and the sperm-rich fraction of the ejaculate was analyzed accord-
ing to standards [1]. From each semen sample, the swab was collected and sent to the
commercial laboratory (Vetlab, Warsaw, Poland) for the routine bacteriological examination.
Additionally, three cotton swabs were taken from each semen sample and air-dried. One of
these swabs was sent to the same commercial veterinary laboratory (Vetlab, Poland) for
PCR for Mycoplasma spp., canine herpesvirus type 1 (CHV-1), and Chlamydia spp., while the
remaining two were kept at —80 °C until the results of PCR had been obtained. Based on the
PCR results, dogs were categorized into the Mycoplasma-positive or Mycoplasma-negative
group. The samples from Mycoplasma spp.-positive dogs were further analyzed to identify
the exact Mycoplasma species. No samples were positive for CHV-1 or Chlamydia spp., as
described elsewhere [17].

2.2. Hormone Measurements

After clotting, blood samples were centrifuged at 2057 g for 5 min, and serum
was harvested. Hormones were quantified using the competitive enzyme immunoassay
competition method with final fluorescent detection (ELFA) (MINI, VIDAS, bioMérieux,
Marcy 1'Etoile, France) in accordance with the manufacturers” manuals. Reference intervals
were defined as follows: testosterone > 1 ng/mL [18], estradiol < 115 pg/mL [19], and
total thyroxin within the range of 10-50 nmol/L [20].

2.3. PCR Analyses

To increase the efficiency of the reactions, two swabs were used to carry out the PCR
reaction. DNA isolation was performed using the Swab-Extract DNA Purification Kit
(Eurx, Gdansk, Poland), following the manufacturer’s guidelines. PCR reactions were
performed using recently published primers specific to various Mycoplasma species [21],
along with Taq PCR Master Mix (2x) (Eurx, Gdarisk, Poland). Protocols for PCR were
adapted from standard procedures described previously [22,23]. Subsequently, the PCR
products were analyzed via electrophoresis in a 2% agarose gel, and the approximate
lengths of the amplicons were determined using a molecular-weight size marker (100 bp
DNA ladder) as a reference.

2.4. Bacteriological Examination

The semen samples were collected for bacteriological tests using transport agar
medium swabs and promptly send to the commercial laboratory (Vetlab, Poland). The
samples were cultured on the following microbiological media: Columbia agar with 5%
ovine blood, MacConkey agar, Columbia CNA agar with 5% ovine blood, and chocolate
agar. Incubation conditions included maintaining a temperature of 35-37 °C for 48 h in an
oxygen atmosphere (Columbia agar with 5% ovine blood, MacConkey agar, and Columbia
CNA agar with 5% ovine blood) or an atmosphere with an elevated concentration of CO,
(Chocolate Agar), facilitated by a CO, atmosphere generator (Gen Compact, bioMérieux,
Marcy I’Etoile, France). The bacterial growth was reviewed 24 and 48 h post-incubation.
Subsequently, the obtained bacterial colonies underwent analysis in the MALDI TOF
Biotyper Sirius IV (Billerica, MA, USA).

2.5. Semen Quality Evaluation
2.5.1. Macroscopic Evaluation

The volume of the sperm-rich fraction was measured by using calibrated pipettes, and
the color of the semen was visually assessed. Cloudy or milky opacity were considered
normal, following guidelines outlined by Root Kustritz [24]. The pH value was determined
in each semen sample by dipping litmus strips.
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2.5.2. Morphology Evaluation

The morphology of spermatozoa was evaluated by preparing smears from the second
fraction, which were then air-dried and immersed in the sperm stain (Microptic, Barcelona,
Spain) for 5 min. Then, the samples were examined in the light microscope (ECLIPSE
E 200, Nikon, Tokyo, Japan) at 100-fold magnification. At least 200 spermatozoa were
reviewed and categorized according to the criteria established by Freshman [1] into normal
spermatozoa and spermatozoa exhibiting defects of the head, midpiece, or tail. Semen
samples with more than 70% of spermatozoa of normal morphology were classified as
physiological [1].

2.5.3. Viability Evaluation

The conventional microscopic assessment of the proportion of viable (with intact cell
membrane) and dead (with compromised cell membrane) spermatozoa was conducted
using nigrosine—eosin stain according to established protocols [25]. A warm mixture of
the stain and semen (comprising 3 puL of eosin, 3 uL of nigrosine, and 3 pL of semen) was
smeared on a heated glass slide [26] and air-dried. Then, the samples were examined under
the light microscope (ECLIPSE E 200, Nikon, Tokyo, Japan) at 100-fold magnification. Each
assessment involved the evaluation of at least 200 cells, with the results presented as the
percentage of viable and dead spermatozoa.

2.6. Computer-Assisted Sperm Analysis (CASA)

The computer-assisted sperm analysis (CASA) was conducted using the sperm class
analyzer (SCA version 6.5.0.67, Microptic, Barcelona, Spain) in conjunction with the light
microscope (ECLIPSE E 200, Nikon, Tokyo, Japan) and camera (Basler, Ahrensburg, Ger-
many). The thermostable table of the analyzer was heated to a temperature of 37 °C
according to the established protocols [27]. The sperm-rich semen fraction was diluted in
the proportion 1:1-1:5 with phosphate-buffered saline (PBS, Sigma Aldrich, Saint Louis,
MI, USA) and incubated for 5 min at 37 °C prior to evaluation. Analysis was performed
using a 20-micron GoldCyto 4-chamber slide (Goldcyto Biotech corp., Shanghai, China),
using the manufacturer settings for dogs, as follows: VLC Rapid 165 pm/s, Lin Rapid 55%,
and the average head area 20 pm?2,

In each analysis, a minimum of 500 spermatozoa were counted and examined for the
following characteristics: concentration, motility, mucus penetration, and round cell count.
Additionally, spermatozoa were categorized into subpopulations based on their movement
characteristics, including velocity (fast (RAPID), moderate (MEDIUM), slow (SLOW)),
direction (progressive, moderately progressive, nonprogressive), and the percentage of
spherical tracks. A total spermatozoa count exceeding 200 x 10° and the percentage of
motile spermatozoa exceeding 70% was considered normal [24]. To ensure the reliability of
the results, all semen samples were microscopically evaluated by the same highly qualified
staff member.

2.7. Statistical Methods

Categorical variables were presented as counts of groups and percentages from this
study population and compared between groups using the likelihood ratio G test or Fisher
exact test (if any expected cell count in the contingency table was <5). The 95% confidence
interval (CI 95%) for proportions was calculated using the Wilson score method [28]. Nu-
merical variables were tested for normality of distribution through the inspection of normal
probability Q-Q plots and using the Shapiro-Wilk W test. As normality assumption was
violated in most cases, the numerical variables were expressed as the median, interquartile
range (IQR), and range and compared between groups using the Mann-Whitney U test.
Their correlations were tested using Spearman’s rank correlation coefficient (Rs). All statis-
tical tests were 2-tailed, and the significance level («) was set at 0.05. Statistical analysis
was performed using TIBCO Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA).
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3. Results
3.1. Study Population

This study included sixty-three male, intact, clinically healthy dogs aged from 1 to
8 years with a median (IQR) of 3.0 (1.5-4.5) years; twenty-three dogs (36.5%) were 1 year
old, eight dogs (12.7%) were 2 years old, nine dogs (14.3%) were 3 years old, nine dogs
(14.3%) were 4 years old, five dogs (7.9%) were 5 years old, two dogs (3.2%) were 6 years
old, three dogs (4.8%) were 7 years old, and four dogs (6.3%) were 8 years old. Three dogs
were crossbreeds (4.8%), and the remaining sixty dogs belonged to forty-seven breeds,
among which Border Collie was represented by six dogs and springer spaniel and English
Mastiff were represented by three dogs (Table S1). Body weight ranged from 3 to 120 kg,
with a median (IQR) of 24 (15-31) kg.

Testosterone and estradiol concentrations were within the reference interval in all
dogs. Total thyroxin concentration was lowered in twelve dogs (only in two dogs had
<10 nmol/L) and slightly elevated in one dog (56.5 nmol/L).

3.2. Semen Characteristics

Only 1/63 dogs (1.6%; CI 95%: 0.3-8.5%) had azoospermia, and 5/63 dogs (7.9%;
CI 95%: 3.4-17.3%) had oligospermia (<200 x 10° sperms). Abnormal spermatozoa mor-
phology (<70% of normal spermatozoa in semen) was found in 3/62 dogs (4.8%, CI 95%:
1.7-13.3%). Details of semen characteristics are presented in Table 1. Semen volume was
significantly positively correlated with the body weight of dogs (Rs = 0.37, p = 0.003), while
round cell count and the proportion of normal spermatozoa was significantly correlated
with the age of dogs, the former positively (Rs = 0.34, p = 0.006) and the latter negatively
(Rs = —0.35, p = 0.005)

Table 1. General characteristics of the semen of study dogs.

Semen Characteristics ? Median Interquartile Range (Range)

General semen characteristic

Semen volume [mL] 2.5 1.5-3.5 (0.4-5.0)

pH 6.0 6.0-6.5 (3.0-7.5)

Sperm concentration [x10°/ mL] 365.7 204.3-596.6 (42.2-1649.3)
Total sperm number [ x10°] 671.2 398.9-1401.7 (113.4-3298.7)
Oval cell count [x 106 /mL] 1.0 0.4-3.0 (0-17.7)

Spermatozoa morphology

Normal spermatozoa [%] 92.5 88.0-95.0 (58.5-99.0)
Head abnormalities [%] 1.8 1.0-4.0 (0-18.0)
Midpiece abnormalities [%] 2.0 1.5-3.5 (0-20.0)

Tail abnormalities [%] 2.8 1.0-5.0 (0-29.5)
Abnormal spermatozoa [%] 7.5 5.0-12.0 (1.041.5)

Spermatozoa motility

Total motility [%] 934 87.7-96.4 (34.4-99.8)
Progressive motility [%] 31.7 21.2-39.4 (0.7-55.9)
Medium-progressive motility [%] 32.1 26.5-45.9 (4.6-78.7)
Non-progressive motility [%] 23.6 17.8-29.5 (5.1-49.5)
Spherical tracks [%] 38.3 31.4-49.7 (1.2-83.7)
Rapid motility [%] 57.4 45.6-68.4 (3.7-94.2)
Medium motility [%] 24.7 17.6-31.5 (5.1-53.4)
Slow motility [%] 7.0 4.4-10.9 (0.5-38.8)
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Table 1. Cont.

Semen Characteristics ? Median Interquartile Range (Range)
Mucus penetration [%] 31.2 20.7-41.1 (2.4-64.9)
Viability [%] 91.8 87.0-95.0 (40.0-98.5)

@ spermatozoa characteristics for 62 dogs that had spermatozoa in semen.

3.3. Bacteriological and PCR Findings

In 8/63 dogs (12.7%, CI 95%: 6.6-23.1%), the following aerobic bacteria were cul-
tured from the semen: Staphylococcus pseudintermedius in 3 dogs, Streptococcus canis in
2 dogs, followed by Staphylococcus vitulinus, E. coli, and Pseudomonas sp. in 1 dog each.
Mycoplasma spp. was detected using PCR in 38/63 dogs (60.3%; CI 95%: 48.0-71.5%). In
10/38 Mycoplasma-positive dogs (26.3%), the Mycoplasma species could not be determined
using routine PCR primers. In the remaining 28 dogs, 54 Mycoplasma strains belonging to
twelve species were identified (Table 2)—one species in 11/28 dogs (39.3%), two species in
10 dogs (35.7%), three species in 5 dogs (17.9%), and four species in 2 dogs (7.1%). Except
for three dogs with M. canis, two dogs with M. haemocanis, and two dogs with M. HRC689,
all other Mycoplasma-positive dogs had unique combinations of various Mycoplasma species
(Table 3). The detection of Mycoplasma was not significantly associated with the presence of
bacteria in the semen (p = 0.461).

Table 2. Species of Mycoplasma spp. detected in canine semen.

Mycoplasma Species Number of Dogs Prevalence (CI 95%) [%]
M. HRC689 13/38 34.2 (21.2-50.1)
M. canis 7/38 18.4 (9.2-33.4)
M. haemocanis 6/38 15.8 (7.4-30.4)
M. arginini 5/38 13.2 (5.8-27.3)
M. V]C365 4/38 10.5 (4.2-24.1)
M. molare 3/38 7.9 (2.7-20.8)
M. maculosum 3/38 7.9 (2.7-20.8)
M. feliminutum 3/38 7.9 (2.7-20.8)
M. edwardii 3/38 7.9 (2.7-20.8)
M. opalescens 3/38 7.9 (2.7-20.8)
M. cynos 3/38 5.3 (1.5-17.3)
M. bovigenitalium 3/38 5.3 (1.5-17.3)
Unidentified 10/38 26.3 (15.0-42.0)

Table 3. The combinations of Mycoplasma species detected in canine semen.

Mycoplasma spp. Number of Dogs

1 Mycoplasma species

M. canis

M. haemocanis
M. HRC689

M. arginini
M. edwardii

M. molare
M. VJC 358

== == NN W
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Table 3. Cont.

Mycoplasma spp. Number of Dogs

10 Combinations of 2 Mycoplasma species

HRC689 and M. canis
HRC689 and M. cynos
HRC689 and M. edwardii
HRC689 and M. arginini
HRC689 and M. feliminutum
HRC689 and M. bovigenitalium
HRC689 and M. haemocanis
VJC358 and M. haemocanis
VJC358 and M. feliminutum

arginini and M. molare

SIE|E|R|R|EElEEE

5 Combinations of 3 Mycoplasma species
HRC689 and M. cynos and M. arginini
HRC689 and M. maculosum
HRC689 and M. canis and M. molare
VJC358 and M. feliminutum and M. opalescens

. haemocanis and M. maculosum and M. opalescens

SHEHEE

2 Combinations of 4 Mycoplasma species

M. HRC689 and M. canis and M. maculosum and M. bovigenitalium 1

M. canis and M. edwardii and M. opalescens and M. haemocanis 1

3.4. Relationship between the Presence of Mycoplasma and Semen Characteristics

There was no significant difference in demographic and hormonal characteristics
between Mycoplasma-positive and Mycoplasma-negative dogs (Table S2). The presence of
Mycoplasma in the semen did not prove to be associated with any significant changes in the
semen characteristics (Table S3).

4. Discussion

To the best of our knowledge, this is the first study in which PCR testing for all
known canine mycoplasmas has been performed on canine semen material. Lechner et al.
tried to detect only six of them [6]. Schafer-Somi et al. evaluated nine species of canine
Mycoplasma in semen by culturing them [29]. Tamiozzo performed gene sequencing and
detected only two species of these bacteria [12]. Currently, in routine veterinary practice,
the gold standard for mycoplasma diagnosis is PCR testing, so our study focused on this
method. Commercially available laboratories detect only Mycoplasma spp. without species
identification of this bacteria. This leads to a lack of available statistics on the prevalence of
exact species. Moreover, the knowledge regarding which species are pathogenic and which
are not makes the obtained results difficult to interpret.

Studies suggest that Mycoplasma spp. may be present in the reproductive tract of
dogs at varying rates, with estimates ranging from 30% to 89% [15,30]. In our study, the
prevalence of Mycoplasma spp. in canine ejaculate was 60%. Schafer-Somi et al. detected
these bacteria in 55% of samples, including 35% of samples of good-quality ones [29]. The
prevalence seems to be similar, but the methodology is significantly different. Interestingly,
the most frequently detected species of Mycoplasma was in our study—Mycoplasma HRC689.
The presence of this Mycoplasma species in canine semen has not been investigated so far.
M. cynos [6] or M. canis [29] appear to be the most common Mycoplasma species in ejaculate.
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In our study, these two species were detected in 5.3% and 18.4% of tested dogs, respectively.
Our data did not show any significant correlation between various species of this bacteria
and semen quality, while Tamiozzo suggested that M. spumans and M. maculosum negatively
affected male dogs’ fertility [12]. Also, in another study, Mycoplasma was detected in a
significantly higher percentage of poor-quality ejaculate samples compared to ejaculate
samples of good quality [29].

Our results show that the detection of Mycoplasma spp. was not significantly associated
with the presence of bacteria in the semen. This phenomenon could be caused by several
factors. First, too small of a sample size could have undermined the statistical power
required to detect meaningful differences. Consequently, even if a genuine association had
existed, it may have remained undetected. Secondly, high variability in the methodologies
employed for Mycoplasma and bacterial detection, encompassing diverse approaches, such
as culture-based methods and molecular assays like polymerase chain reaction (PCR), could
introduce disparities in their diagnostic sensitivity or specificity. In our opinion, using
NGS technology could shed more light on these aspects. More research in this field is
needed. The last explanation of this phenomenon could be the coincidental presence of
those microorganisms. The co-occurrence of Mycoplasma and bacterial species in semen
may be incidental rather than reflective of a direct causal relationship. Shared transmission
routes, such as sexual activity, or similar ecological niches within the reproductive tract,
could facilitate coincidental cohabitation without necessitating an intrinsic association.

Among the aerobic bacteria isolated from the semen samples in our study, various
species were identified, including Staphylococcus spp., Streptococcus spp., and E. coli. These
results are consistent with data reported in the available literature [6]. Our study also
showed that not all ejaculate contained aerobic bacteria. In only 12.7% of samples, aerobic
bacteria were cultured. This result is contradictory to other studies, which suggested that
canine semen is not sterile [5-7]. On the other hand, data evaluated by another author
suggested that the source of bacteria could be an environment, bacteria on the urethra [31],
or a lack of proper hygiene of the person who collect the samples. Regardless of the quality
of semen, bacterial growth is observed in various fractions of dog semen. However, higher
concentrations are typically found in the first fraction, which is primarily attributable
to the presence of bacteria originating from the urethra [4]. Dogs included in our study
did not show any signs of urinary tract infection. The samples were collected with clean
gloves in sterile containers. The samples for bacteriology were collected according to rules
that are used, e.g., during urine collection, which means that the middle stream of semen
was collected for bacteriology [32]. On the one hand, there are studies that describe the
presence of bacteria as physiological [33], and on the other hand, some others consider
bacteriospermia as pathology [7,8]. The number of bacteria and the immune status of the
organism matter. Typically, the detection of over 10,000 colony-forming units of aerobic
bacteria per milliliter of semen indicates an infection of the genital tract [34]. The infection
is generally correlated with presence of inflammatory cells [35]. In our study there were no
significant differences in round cell concentration in semen and bacterial or mycoplasmal
contamination. Similar results have been obtained in the analysis of the cytology of seminal
fluids performed by Kustritz et al. [36].

The predominant components of the physiological microflora in female dogs typically
comprise B-hemolytic Streptococcus spp., Staphylococcus spp., E. coli, Enterococcus faecalis,
Pasteurella multocida, Proteus spp., Bacillus spp., Corynebacterium spp., Klebsiella pneumoniae,
Actinomyces spp., and Neisseria spp. Additionally, certain authors propose the presence of
Lactobacillus spp., Mycoplasma spp., and Ureaplasma spp. [37,38]. Our bacteriology results
obtained from fertile dogs indicate that the saprophytic flora of the male reproductive tract
is similar. This suggests that prophylactic antibiotic therapy after positive bacteriology
results in dogs with normal parameters describing semen is not justified because similar
microorganisms inhabit the body of the bitch, and there is no risk of infecting her.

The findings of this study have practical implications for veterinary practice and
breeding programs. By identifying the microbial flora present in canine ejaculate and its
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influence on fertility parameters, this study contributes to the development of targeted
screening and management protocols to improve breeding success rates and reproductive
outcomes in dogs. In the current veterinary practice, the carriers of Mycoplasma spp. are
mainly treated using doxycycline [39]. Our findings show that not every carrier of this
bacteria should be treated. This result appears to be extremely important, as it will help
reduce the use of antibiotic therapy in veterinary medicine. The overuse and misuse
of antibiotics contribute to the development of antibiotic-resistant bacteria [40]. When
antibiotics are used too frequently or inappropriately, bacteria can evolve and become
resistant, making infections more difficult to treat [40]. In addition, antibiotics not only
target harmful bacteria but can also affect the beneficial bacteria in the body, disrupting
the natural balance of the microbiome. This disruption can lead to various health issues,
including digestive problems and increased susceptibility to infections [41]. Due to this fact,
itis highly recommended to evaluate semen quality, including the presence of inflammatory
cells after obtaining bacteriology or PCR results from ejaculate. The decision on treatment
should be made after careful consideration of all the factors.

Our study also has some limitations. While this study provides valuable insights
into the prevalence and impact of aerobic bacteria and mycoplasmas in Polish male dogs,
the findings may not be directly generalizable to other canine populations in different
geographic regions. Factors such as breed diversity, environmental conditions, and man-
agement practices could influence the microbial composition of semen. This study focuses
specifically on male dogs from Poland, which may limit the applicability of the findings to
dogs from other countries or regions with different environmental conditions and manage-
ment practices. Including participants from multiple geographic locations could enhance
the external validity of this study. This study provides a cross-sectional snapshot of semen
quality and microbial presence in male dogs at a specific point in time. Longitudinal data
tracking changes in semen quality and microbial composition over time could provide
deeper insights into the dynamic nature of these factors. The final limitation of our study is
that the diagnostic methods we used are qualitative, not quantitative. It is possible that
the quantity of bacteria has a greater impact on semen quality than the species themselves.
More research in this area is needed. Our methodology, which contains PCR reactions and
bacteriology culturing, is not cutting-edge technology, but it is available to both scientists
and veterinarians. In the future, we want to expand our research to include the use of
technology next-generation sequencing (NGS) [42]. Another limitation correlated with
methodology is using basic diagnostic tools like CASA-system and microscopy evaluation
of the morphology and viability of sperms. Our methodology, which includes diagnostic
tools such as the CASA system, microscopic evaluation of sperm morphology and viability,
PCR reactions, and bacteriological culture, are widely available to both researchers and
clinical veterinarians. The use of these testing methods provides reproductive veterinarians,
including practitioners and clinicians, with accessible tools for diagnosing infertility in
their routine practice. Therefore, we also chose to use a simple eosin—nigrosine test as a
surrogate for assessing functional membrane integrity. This test distinguishes between
damaged and intact cell membranes, with damaged membranes staining pink while intact
membranes remain unstained. While more sophisticated techniques, such as the hypoos-
motic edema test (HOS), are typically available primarily in research settings, we anticipate
incorporating them into our future research, similarly to next-generation sequencing (NGS)
technology. Using these basic but effective tests, we aim to improve the diagnostic process
for reproductive veterinarians and facilitate the timely and accurate identification of semen
quality problems in dogs.

This study encountered challenges in identifying specific Mycoplasma species in some
cases, with 10 out of 38 Mycoplasma-positive dogs having unidentified species. This limita-
tion could affect the accuracy of the associations between Mycoplasma species and semen
quality parameters. The presence of a positive result for Mycoplasma spp. and the absence
of a positive result in PCR reactions for known species may suggest that these dogs were
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carriers of another species. The ideal solution to this situation would be to sequence genes
from samples obtained from these dogs. This will be the direction of our further research.

The significance of this study lies in its contribution to understanding the factors
affecting reproductive health in dogs. This research addresses a critical gap in current
knowledge by investigating the prevalence and impact of aerobic bacteria and mycoplasmas
on semen quality, which is a crucial aspect of canine fertility and breeding success. By
identifying and characterizing the microbial flora present in canine ejaculate, this study
sheds light on potential sources of contamination and infection that may compromise
semen quality. Understanding the microbial composition of semen and its influence on
fertility parameters is essential for developing effective strategies to optimize reproductive
outcomes in dogs. Furthermore, the study findings may have practical implications for
veterinary practice and breeding programs. By elucidating the role of aerobic bacteria
and mycoplasmas in semen quality, veterinarians and breeders can implement targeted
screening and management protocols to minimize the risk of reproductive tract infections
and improve breeding success rates.

5. Conclusions

In conclusion, in canine ejaculate, Mycoplasma spp. is common in dogs that have not
been used for reproduction. The semen quality parameters are not related to the general
presence of Mycoplasma spp. The most common species is Mycoplasma HRC689. There
are dogs in whose semen neither aerobic bacteria nor mycoplasmas are present, which
indicates that in some cases, the semen could be sterile. It is likely, however, that there are
yet undescribed species of canine mycoplasmas that cannot be detected using conventional
diagnostic tools. Therefore, further investigations employing advanced techniques, such as
NGS, are imperative to unveil these elusive pathogens.
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Simple Summary: The appropriate dilution rate is crucial for the spermatozoa’s survival. Both exces-
sively large and excessively small dilution rates will diminish the effectiveness of semen preservation.
However, the dilution method and ratio for preserving Hu ram semen through cryopreservation
are currently unclear. Therefore, the study aimed to analyze the effects of various dilution methods
and ratios on the spermatozoa motility parameters and functional integrity of Hu ram semen after
cryopreservation. The results showed that employing the correct dilution method and ratio (two-step
dilution 1:3, 1:2) could improve the preservation effect of semen.

Abstract: The dilution method and ratio were tested to assess their effects on the Hu ram semen after
cryopreservation. Experiment I aimed to explore the effect of various dilution ratios (1:1, 1:2, 1:3,
1:4) of diluent I (Tris-based and egg yolk) under the condition of 1:1 dilution of diluent II (diluent
I'and glycerol) on the Hu ram semen preserved in liquid nitrogen regarding spermatozoa motility
and kinetic parameters. Experiment II aimed to investigate the effect of various dilution ratios (1:1,
1:2, 1:3, 1:4) of diluent I under the condition of 1:2 dilution of diluent II to the Hu ram semen for
cryopreservation on spermatozoa motility and kinetic parameters. The purpose of experiment I is to
assess the effect of various dilution methods and ratios on the cryopreservation of Hu ram semen by
detecting spermatozoa motility, kinetic parameters, plasma membrane integrity, acrosome integrity
and reactive oxygen species (ROS) level. Experiment III includes four groups: one-step dilution
method and two-step dilution method. The two-step dilution method includes two groups: 1:2, 1:1
and 1:3, 1:2, and the one-step dilution method includes two groups: 1:5 and 1:11. The results indicated
that the post-thawed spermatozoa total motility (TM), progressive motility (PM) and average motion
degree (MAD) were highest in the 1:2 group and significantly higher (p < 0.05) than those in the 1:1
and 1:4 groups under the condition of 1:1 dilution of diluent II. The post-thawed spermatozoa TM
and PM of the 1:3 group were significantly higher (p < 0.05) than those of the other groups under
the condition of 1:2 dilution of diluent II. The post-thawed spermatozoa TM, PM, plasma membrane
integrity and acrosome integrity of the two-step group (1:3, 1:2) were the highest and significantly
higher (p < 0.05) than those in the other groups. Additionally, the post-thawed spermatozoa ROS
level of the two-step group (1:3, 1:2) was significantly lower (p < 0.05) than that in the one-step groups
(1:5 and 1:11). Therefore, a two-step dilution (1:3, 1:2) was found to be the most suitable method and
ratio for diluting the Hu ram semen after cryopreservation.

Keywords: dilution rates; Hu ram; cryopreservation; spermatozoa motility; spermatozoa functional
integrity; spermatozoa ROS

1. Introduction

Artificial insemination (Al) refers to the method of collecting semen artificially and
transferring the processed semen to the reproductive organs of female animals in estrus [1].
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Al is an advanced method of mating. Compared to natural mating, Al has made significant
advancements and is an important technical method for the advancement of modern
animal husbandry [2]. Al technology offers several advantages, including improving the
utilization rate of superior male animals, increasing the conception rate of female animals,
preventing the spread of certain reproductive tract diseases, addressing challenges related
to crossbreeding and mating, overcoming regional limitations in female breeding and
facilitating embryo transfer, synchronous estrus and other reproductive techniques [3-5].
In addition to the influence of female body condition, estrus detection and insemination
methods, the efficiency of Al is also closely related to semen quality. Several factors affect
semen quality, including semen preservation methods, dilution components, antibiotics,
semen collection frequency and dilution times [6,7].

The concentration of spermatozoa is crucial for the survival time of spermatozoa.
Appropriate dilution rates can increase the volume of semen, enhance the utilization rate
of spermatozoa, and improve the effectiveness of multiple AI procedures [8,9]. During the
preservation of semen, the metabolism of spermatozoa continuously consumes nutrients
and produces metabolic wastes and oxidative factors, which can affect the effectiveness
of semen preservation. Therefore, when the spermatozoa concentration is too high, the
spermatozoa density exceeds the capacity of the diluent to provide sufficient nutrients
for sperm movement, and the buffer and antioxidant substances in the diluent are unable
to maintain pH stability and redox balance [10]. When the concentration of spermatozoa
is too low, the level of beneficial substances in seminal plasma decreases. This reduc-
tion diminishes the protective ability of spermatozoa, resulting in a dilution effect and a
shortened effective preservation time of semen [11]. Excessive dilution rate can lead to a
decrease in spermatozoa density and the number of effective spermatozoa while increasing
the insemination volume, and due to the unique structure of the sheep’s reproductive
tract, the increase in semen volume can exacerbate the reflux of spermatozoa from the
cervix, ultimately reducing the pregnancy rate [12,13]. Therefore, it is crucial to find the
appropriate dilution method and ratio for semen preservation and AL

The Hu sheep is a unique breed of sheep in China, known for its early sexual maturity,
rapid growth and development, high fecundity, suitability for indoor rearing, strong
adaptability to various environments, and excellent meat production performance [14].
China has a large population and limited land, leading to a growing demand for mutton [15].
As a result, indoor sheep farming has become the predominant method of breeding, and
the Hu sheep breed aligns with this current development trend. Currently, the breeding
scale of Hu sheep in China is expanding, but there is still a shortage, especially in meeting
the market demand for meat products and lambskin processing. In order to promote the
sustained and rapid development of the Hu sheep breeding industry, it is essential to utilize
Al and other related reproduction technologies.

In the study of frozen semen in sheep, the freezing methods such as dilution method
and ratios are different. Chen [16] adopted a one-step dilution method of 7.5 times, and
the post-thawed Mongolian sheep’s spermatozoa progressive motility (PM) reached 39%.
He [17] used a two-step dilution method of 5 times, and the post-thawed Dorset rams’
spermatozoa total motility (TM) reached 31%. Fang [18] used a one-step dilution method
of 2.5 times, and the post-thawed small-tailed Han sheep’s spermatozoa TM reached 13%.
However, the dilution method and ratios of Hu ram semen in cryopreservation are not clear.
Therefore, the purpose of this study is to provide a reference for improving the preservation
technology of Hu ram semen in production practice by examining spermatozoa TM, PM,
kinematic parameters, membrane integrity, acrosome integrity and reactive oxygen species
(ROS) level.

2. Materials and Methods
2.1. Experimental Design

Experiment 1: The study investigated the impact of different dilution ratios of diluent
1(1:1,1:2, 1:3, 1:4) under the condition of 1:1 dilution of diluent II on the motility and kinetic
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parameters of Hu ram semen preserved in liquid nitrogen (—196 °C). TM, PM, straight-line
velocity (VSL, pm/s), curvilinear velocity (VCL, pm/s), average path velocity (VAP, um/s),
amplitude of lateral head displacement (ALH, pm) and average motion degree (MAD, °/s)
of the four groups were evaluated.

Experiment 2: The study aimed to investigate the impact of different dilution ratios of
diluent I (1:1, 1:2, 1:3, 1:4) under the condition of 1:2 dilution of diluent II on spermatozoa
motility and kinetic parameters after cryopreservation. TM, PM, VSL, VCL, VAP, ALH and
MAD of the four groups were evaluated.

Experiment 3 aimed to investigate the one-step and two-step dilution methods. The
two-step dilution method included two groups: 1:2, 1:1 and 1:3, 1:2, and the one-step
dilution method included two groups: 1:5 and 1:11. The purpose of this experiment was to
assess the effect of various dilution methods and ratios on the cryopreservation of Hu ram
semen by measuring spermatozoa motility (TM and PM), kinetic parameters (VSL, VCL,
VAP, ALH and MAD), plasma membrane integrity, acrosome integrity and ROS level.

2.2. Semen Collection and Diluent Preparation

The procedures for animals during the experiment complied with the regulations of
the Animal Ethics Committee of Yangzhou University (Approval ID: 202206132). The study
utilized five mature and healthy Hu rams, which were housed at the sheep facility within
Yangzhou University (Wenhuilu campus, Yangzhou, China, 119.429731°, 32.395371°). The
rams aged 2~3 years were fed 0.7 kg concentrate/day and straw—hay mixtures during the
study period following fertility examination. Furthermore, water and mineral blocks were
provided freely to the rams. Hu sheep were known to be in estrus all year round. From April
to June 2023, ram semen was collected three times a week (a total number of 75 ejaculates)
using an artificial vagina. After semen collection, all samples were maintained at 37 °C and
transported to the laboratory within 30 min for semen sample quality evaluation, including
assessment of volume (0.5 to 1.5 mL), concentration (>2.5 x 10° spermatozoa/mL) and
total motility (>80%). The qualified semen samples were pooled together for subsequent
experiments.

The basic diluent was Tris-based, composed of 3.64 g Tris, 1.82 g citric acid, 0.5 g
glucose, 20,000 IU sodium penicillin and streptomycin sulfate for 100 mL of distilled water.
The freezing diluent I contained 80% (v/v) basic diluent and 20% (v/v) egg yolk. The
freezing diluent II contained 94% (v/v) freezing diluent I and 6% (v/v) glycerol.

2.3. Semen Cryopreservation and Post Thaw

The semen freezing protocol of Hu rams was based on the research results of Wu [14]
and improved upon this foundation. In experiment 1, semen samples were diluted at
the ratios of 1:1, 1:2, 1:3 and 1:4, respectively, using freezing diluent I. Afterward, the
samples were wrapped in a towel and stored at 4 °C for 2.5 h. Subsequently, isothermal
freezing diluent Il was added in a 1:1 ratio, and the samples were kept at 4 °C for 2.5 h. In
experiment 2, semen samples were diluted at ratios of 1:1, 1:2, 1:3 and 1:4, respectively, using
freezing diluent I. The samples were then wrapped in a towel and kept at 4 °C for 2.5 h.
Subsequently, isothermal freezing diluent IT was added at a ratio of 1:2, and the samples
were kept at 4 °C for 2.5 h. In experiment 3, for the two-step dilution method, the semen
samples were initially diluted at ratios of 1:2 and 1:3, respectively, using freezing diluent I.
Afterward, the samples were wrapped in a towel and kept at 4 °C for 2.5 h. Subsequently,
isothermal freezing diluent II was added in ratios of 1:1 and 1:2, respectively, and the
samples were kept at 4 °C for 2.5 h. For the one-step dilution method, semen samples
were diluted at ratios of 1:5 and 1:11, respectively, using freezing diluent II. Afterward, the
samples were wrapped in a towel and kept at 4 °C for 5 h. Subsequently, all semen samples
were promptly transferred into 0.25 mL straws at 4 °C. All the straws were held 2 cm above
the liquid nitrogen for 20 min and then immediately plunged into the liquid nitrogen.
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After being stored in liquid nitrogen for at least 1 week, four straws from each group
were randomly selected, thawed at 70 °C for 5 s, and then utilized for further investigation
and analysis.

2.4. Spermatozoa Motility and Kinetic Parameters Assessment

The spermatozoa motility (TM and PM) and kinetic parameters (VSL, VCL, VAP,
ALH and MAD) were analyzed using a computer-assisted spermatozoa analyzer (CASA,
ML-608]Z Il Mailang, Nanning, China) equipped with a warm stage. Samples were diluted
to 3.85 x 107 spermatozoa/mL using a Tris-based diluent and then incubated in a water
bath at 37 °C for 3 min. A total of 1.4 uL of semen was placed on a MACRO spermatozoa
counting chamber (YA-1, Yucheng, Nanjing, China), and a phase-contrast microscope
(ML-800, Mailang, Nanning, China) equipped with a CCD-camera (MD06200C, Mailang,
Nanning, China) was used for the assessment. And the CASA software (ML-608]Z II)
recorded data at 30 frames per second.

2.5. Spermatozoa Membrane Integrity Assessment

The spermatozoa membrane integrity was analyzed using the hypo-osmotic swelling
test (HOST). Briefly, the samples were diluted to a concentration of 2 x 108 spermato-
zoa/mL using a Tris-based diluent and 20 pL of diluted semen sample was added to 200 uL
of hypotonic solution (0.245 g of sodium citrate and 0.45 g of fructose dissolved in 50 mL
of water). The samples were incubated in a 37 °C water bath for 30 min. After incubation,
1.8 uL of the mixture was spread onto a ruby spermatozoa counting plate and examined
under a microscope (CX31, Olympus, Tokyo, Japan) at a magnification of 400x. A total of
200 spermatozoa per group were assessed. Spermatozoa with a curled tail were considered
to have intact plasma membrane.

2.6. Spermatozoa Acrosome Integrity Assessment

The spermatozoa acrosome integrity was assessed using FITC-PNA combined with
PI fluorescence staining. Briefly, the samples were diluted to 3.21 x 108 spermatozoa/mL
using a Tris-based diluent, and 100 uL diluted samples were mixed with 2 uL of FITC-PNA
(200 pg/mL) and 2 pL of PI (0.5 mg/mL). The samples were incubated at 37 °C for 10 min
in the dark and then mixed by adding 700 pL of PBS. They were immediately assayed
for spermatozoa acrosome integrity using flow cytometry (Beckman Coulter, Shanghai,
China). Flow cytometry was configured to detect 10,000 spermatozoa, and those exhibiting
FITC™ /PI* and FITC™ /PI™ were counted as spermatozoa with intact acrosomes.

2.7. Spermatozoa ROS Level Assessment

The spermatozoa ROS level was detected using the DCFH-DC probe. Briefly, the
samples were diluted to 3.21 x 108 spermatozoa/mL using a Tris-based diluent, and 50 uL
of diluted semen was mixed with 2 pL of DCFH-DC (10 mM). We incubated the sample
at 37 °C in the dark for 30 min, then added PBS to wash the sample. The sample was
then resuspended in 400 pL of PBS, and the fluorescence intensity was measured using a
multifunctional microplate reader with excitation at 488 nm and emission at 525 nm. The
level of ROS was indicated by fluorescence intensity.

2.8. Statistical Analysis

All data were analyzed using Statistical Product and Service Solutions (SPSS 25.0
for windows; SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk normality analysis was
performed to detect whether the data conform to the normal distribution. The data showed
normal distribution, and the Duncan test by one-way ANOVA tests was performed to assess
the difference in these parameters. All results were expressed as the Mean £ SEM, and a p
value of <0.05 (p < 0.05) was considered significant. All experiments were performed with
five replicates.
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3. Results
3.1. Effect of Different Dilution Ratios of Diluent I under the Condition of 1:1 Dilution of Diluent
II on Spermatozoa Motility and Kinetic Parameters after Cryopreservation

As shown in Table 1, the post-thawed spermatozoa TM, PM and MAD of the 1:2 group
were the highest and significantly greater (p < 0.05) than those of the 1:1 and 1:4 groups.
However, they were not significantly higher (p > 0.05) than those of the 1:3 group. The
post-thawed spermatozoa VSL of the 1:2 group was the highest and significantly higher
(p < 0.05) than that of the 1:1 group. However, it was not significantly higher (p > 0.05)
than the 1:3 and 1:4 groups. Additionally, these groups did not show significant (p > 0.05)
differences from each other in terms of spermatozoa VCL, VAP and ALH.

Table 1. Effect of different dilution ratios of diluent I under the condition of 1:1 dilution of diluent II
on spermatozoa motility and kinetic parameters after cryopreservation.

Different
Dilution o o o
Ratios of TM (%) PM (%) VSL (um/s) VCL (um/s) VAP (um/s) ALH (um) MAD (°/s)
Diluent I
11 50.33 +1.44 ¢ 31.11 £ 0.99 © 29.28 +1.96© 48.07 £2.78 33.99 £1.97 14.08 + 0.82 27.96 £+ 0.80 ©
1:2 76.86 £1.29° 55.16 + 0.87 @ 34.11+0.59 2 53.03 £ 0.78 37.50 & 0.55 15.53 £ 0.23 55.71 +£0.12°2
13 7144 £157°°  5267+£043% 3268+ 1.62%° 5046 =150 35.68 + 1.06 1478 £ 044  51.67 +3.36%
14 7013 £2.25°  49.65+£1.89P 3197053  47.88+0.88 33.86 + 0.62 14.02£0.26 47.76 £1.02°
TM, total motility; PM, progressive motility; VSL, straight-line velocity; VCL, curvilinear velocity; VAP, average
path velocity; ALH, amplitude of lateral head displacement; MAD, average motion degree. Different lowercase
letter superscripts in the same column show significant differences (p < 0.05).
3.2. Effect of Different Dilution Ratios of Diluent I under the Condition of 1:2 Dilution of Diluent
IT on Spermatozoa Motility and Kinetic Parameters after Cryopreservation
The post-thawed spermatozoa TM and PM of the 1:3 group were significantly higher
(p <0.05) than those of the other groups, as shown in Table 2. The post-thawed spermatozoa
VCL, VAP and ALH of the 1:3 group were the highest and significantly higher (p < 0.05)
than those of the 1:2 group, but they were not significantly higher (p > 0.05) than the 1:1 and
1:4 groups. The post-thawed spermatozoa MAD of the 1:3 group was significantly higher
(p < 0.05) than that of the 1:1 group, but it was not significantly higher (p > 0.05) than that
of the 1:2 and 1:4 groups. There was no significant difference (p > 0.05) in spermatozoa VSL
between the groups.
Table 2. Effect of different dilution ratios of diluent I under the condition of 1:2 dilution of diluent II
on spermatozoa motility and kinetic parameters after cryopreservation.
Different
Dilution o o °
Ratios of TM (%) PM (%) VSL (um/s) VCL (um/s) VAP (um/s) ALH (um) MAD (°/s)
Diluent I
1:1 69.51 £ 0.74 ¢ 49.10 £ 0.52 ¢ 3343 +£2.14 55.04 + 1.59 2 3892 +1.122b 16.12 4 0.46 °° 4091 +321°
1:2 7345+039° 5608 £0.53° 32.89 + 0.53 5250 £140°  37.124+099°  1538+£041Y  51.03 £248°%
1:3 79.86 £0.922 63.44 +£1.552 36.54 £ 1.38 58.06 +£1.40° 41.054+0.99? 17.00 £ 04172 58.89 4 5.59 2
1:4 7174 £ 1495 5650 +1.16° 3557 £044 5577 +£088°®  39.44+£062°° 1634+£026° 5297 £3.02%

TM, total motility; PM, progressive motility; VSL, straight-line velocity; VCL, curvilinear velocity; VAP, average
path velocity; ALH, amplitude of lateral head displacement; MAD, average motion degree. Different lowercase
letter superscripts in the same column show significant differences (p < 0.05).

3.3. Effect of Different Dilution Methods and Ratios of Diluent on Spermatozoa Motility and
Kinetic Parameters after Cryopreservation

As shown in Table 3, the post-thawed spermatozoa TM and PM of the two-step group
(1:3, 1:2) were the highest and significantly higher (p < 0.05) than those of the other groups.
The post-thawed spermatozoa VCL, VAP and ALH of the two-step group (1:3, 1:2) were
significantly higher (p < 0.05) than those of the one-step groups (1:5 and 1:11). However,
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they were not significantly higher (p > 0.05) than the two-step group (1:2, 1:1). The post-
thawed spermatozoa VSL of the two-step group (1:3, 1:2) was the highest and significantly
higher (p < 0.05) than that of the two-step group (1:2, 1:1). The post-thawed spermatozoa
MAD of the two-step group (1:3, 1:2) was the highest and significantly higher (p < 0.05)
than that of the one-step group 1:11.

Table 3. Effect of different dilution methods and ratios of diluent on spermatozoa motility and kinetic
parameters after cryopreservation.

Different
Dilution o, o, o
Methods T™ (%) PM (%) VSL (um/s) VCL (um/s) VAP (um/s) ALH (um) MAD (°/s)
and Ratios
Two-step: 1:2,1:1  77.01 £2.07° 6083 +1.89>  38.08 123" 57.68+184%® 4078 £130°® 1689 +£054°®  49.19 £ 498
Two-step: 1:3,1:2 8544 £2.07°2 7268 +0.592 422840342  6241+0.66°  4413+046°  1828+£0.197 5390+ 1.46°
One-step: 1:5 7883 +1.24° 6057 +140° 4014+115% 5634 +233°  3983+1.65° 1650+ 068> 4238 +1.73%
One-step: 1:11 7683+ 171"  60.09+£1.01% 40794+091°® 5547 +144°  3922+1.02% 1624 +042°  39.07 +5.86"
TM, total motility; PM, progressive motility; VSL, straight-line velocity; VCL, curvilinear velocity; VAP, average
path velocity; ALH, amplitude of lateral head displacement; MAD, average motion degree. Different lowercase
letter superscripts in the same column show significant differences (p < 0.05).
3.4. Effect of Different Dilution Methods and Ratios of Diluent on Spermatozoa Membrane
Integrity after Cryopreservation
As shown in Figure 1A, the post-thawed spermatozoa plasma membrane integrity of
the two-step group (1:3, 1:2) was significantly higher (p < 0.05) than that of the other groups.
As shown in Figure 1B, the blue arrow (a) represents an intact spermatozoa membrane, and
the red arrow (b) represents a damaged spermatozoa membrane.
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Figure 1. Assessment of plasma membrane integrity. (A) Effect of different dilution methods and
ratios of diluent on spermatozoa membrane integrity after cryopreservation. Different lowercase
letters show significant differences (p < 0.05). (B) Microscopic results of sperm in HOST experiment.
(a) Tail curl represents intact membrane and (b) tail non-curl represents damaged membrane.

3.5. Effect of Different Dilution Methods and Ratios of Diluent on Spermatozoa Acrosome Integrity
after Cryopreservation

As shown in Figure 2, the post-thawed spermatozoa acrosome integrity of the two-
step group (1:3, 1:2) was significantly higher (p < 0.05) than that of the other groups.
The post-thawed spermatozoa acrosome integrity of the two-step group (1:2, 1:1) was
significantly higher (p < 0.05) than that of the one-step groups (1:5 and 1:11). The post-
thawed spermatozoa acrosome integrity of the one-step group 1:5 was significantly higher
(p < 0.05) than that of the one-step group 1:11.
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Figure 2. Effect of different dilution methods and ratios of diluent on spermatozoa acrosome integrity
after cryopreservation. Different lowercase letters show significant differences (p < 0.05).

3.6. Effect of Different Dilution Methods and Ratios of Diluent on Spermatozoa ROS Level
after Cryopreservation

As shown in Figure 3, the post-thawed spermatozoa ROS levels of the two-step groups
(1:2, 1:1 and 1:3, 1:2) were significantly lower (p < 0.05) than those of the one-step groups
(1:5 and 1:11), but there was no significant difference (p > 0.05) in the two-step groups.
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Figure 3. Effect of different dilution methods and ratios of diluent on spermatozoa ROS level after
cryopreservation. Different lowercase letters show significant differences (p < 0.05).
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4. Discussion

Semen dilution simulates the living environment of spermatozoa in vitro. By adding
an appropriate diluent, it is possible to reduce the spermatozoa movement rate, inhibit the
spermatozoa metabolism, prolong the spermatozoa survival time, increase the semen vol-
ume and improve the spermatozoa utilization, thereby increasing the number of breeding
female animals [19-21]. In experiments I and II, the post-thawed spermatozoa TM and PM
of the 1:1 group were significantly lower (p < 0.05) than those of the other groups. This
may be due to the high concentration of spermatozoa diluted by a factor of two times,
the excessive accumulation of metabolic waste and the inability of the buffer material in
the diluent to maintain its balance [22]. On the other hand, it may be caused by the rapid
consumption of nutrients such as sugar in the diluent [10]. In experiment I, the post-thawed
spermatozoa TM and PM of the 1:4 group were significantly lower (p < 0.05) than those of
the 1:2 group. In experiment I, the post-thawed spermatozoa TM and PM of the 1:4 group
were significantly lower (p < 0.05) than those of the 1:3 group. This may be due to the fact
that a high dilution of semen can cause the glutamic—-oxaloacetic transaminase enzyme
in spermatozoa to leak out, leading to the death of spermatozoa [23]. This is consistent
with Wang’s [24] findings on pig semen, which is highly diluted and causes the leakage of
biological enzymes.

In experiment III, the post-thawed spermatozoa in the one-step group 1:11 exhibited
significantly lower (p < 0.05) plasma membrane integrity and acrosome integrity compared
to the other groups. This could be attributed to the reduced antifreeze performance of
spermatozoa caused by the higher dilution rate in the one-step dilution method, or it could
be due to the absence of essential seminal plasma components when the dilution rate is
excessively high [25]. This is consistent with the findings of Wales [26] and Ashworth [27],
indicating that high dilution impacts the efficacy of protective components in seminal
plasma and the surface structure of the spermatozoa membrane, leading to a reduction in
the freezing effect of semen. There is also a saying that the phenomenon is referred to as
the dilution effect, which reduces the concentration of natural antioxidants, low-molecular-
weight proteins and fatty acids in semen. These substances are beneficial for maintaining
the structure and function of the spermatozoa membrane. Excessive dilution of semen can
harm the structure of spermatozoa, cause spermatozoa to clump together, significantly
shorten the effective preservation time of semen, and subsequently reduce the motility,
metabolic activity and fertilization ability of spermatozoa [28,29]. Catt [30] reported that
adding seminal plasma had a more positive effect on the cryopreservation of pig semen.
Prathalingam [31] reported that the acrosome integrity of bovine semen decreased after
thawing when a higher dilution rate was used in cryopreservation. Prochowska [32]
reported that the dilution of semen can affect spermatozoa PM and functional integrity
in cat semen. Castellini [33] reported that diluting rabbit semen by more than five times
will lead to spermatozoa degeneration. These results are consistent with the findings that
the integrity of spermatozoa plasma membrane and acrosome decreased as a result of
high dilution in this study. The same results were obtained in the changes of spermatozoa
membrane integrity and acrosome integrity in the one-step group 1:11. High dilution
damages the spermatozoa structure.

In experiment III, the post-thawed spermatozoa TM and PM of the two-step group (1:3,
1:2) were significantly higher (p < 0.05) than those of the other groups. Due to the different
dilution ratios, the glycerol concentration differs in each diluted group. Therefore, it is diffi-
cult to differentiate between the effects of dilution ratios and glycerol concentration in the
experiment. On the one hand, this may be due to the fact that a glycerol concentration of 4%
in this group is most appropriate for this dilution method and ratio. Proper concentration
of glycerol not only enhances the frost resistance of spermatozoa but also prevents the toxic
effects of high glycerol concentrations. Glycerol binds to metal ions, dehydrates the cells,
reduces the total volume of ice during water solidification, and alleviates the growth of ice
crystals, and ultimately reduces the damage caused by freezing [34,35]. On the other hand,
this effect may be attributed to the two-step dilution method, which reduces the duration
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of contact with the spermatozoa and is less harmful when exposed to spermatozoa at low
temperatures [36]. This is because the temperature of the diluent is higher when the one-
step dilution method is used, which increases the toxic effect of glycerol. In experiment III,
the post-thawed spermatozoa ROS level was significantly higher (p < 0.05) in the one-step
groups (1:5 and 1:11) compared to the other groups. The increase in temperature at the
beginning of the process, along with the addition of a glycerol-containing dilution, may
have extended the interaction between spermatozoa and glycerol [37]. This prolonged
exposure could have intensified the toxic effect of glycerol on spermatozoa, leading to the
generation of oxidative stress and an increase in ROS levels.

5. Conclusions

In conclusion, the two-step dilution (1:3, 1:2) was found to be the most suitable method
and ratio for diluting Hu ram semen after cryopreservation. Preserving semen using this
dilution method and ratio can effectively enhance the motility parameters and functional
integrity of spermatozoa. An excessively high or low spermatozoa concentration will not
be conducive to the preservation of Hu ram semen.
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Simple Summary: The global use of anthropogenic radiofrequency electromagnetic radiation (RF-
EMR) in wireless technologies is increasing exponentially and presents a potential risk to animals,
especially domestic animals and pets. Additionally, the semen of boar is, in the process of collection,
manipulation and storage for the artificial insemination (AI) of sows, surrounded by and exposed
to these different sources of wireless technologies devices. A frequency of 2.5 GHz (this frequency
band is used in 5G technology) is of particular interest because many studies have used the frequency
bands of 4G technology. For the efficiency of pig production and breeding, it is extremely important
to determine the effects of such radiation on semen quality and sow fertilization success. Therefore,
we aimed to investigate the effect of RE-EMR at 2500 MHz on in vitro exposed breeding boar semen
spermatozoa motility and the proportions of spermatozoa subpopulations according to morpho-
metric parameters. The progressive spermatozoa motility and the proportion of the spermatozoa
subpopulation with a higher fertilizing potential were significantly reduced in the experimental
group. These results indicate the importance of further research on the effects of RF-EMR on different
animal species, especially in those undergoing Al procedures, which are important both in terms of
the quality of semen and fertilization and production and breeding goals.

Abstract: Anthropogenic radiofrequency electromagnetic radiation (RF-EMR) from wireless tech-
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the spermatozoa subpopulations of boars. This study investigated the effect of RE-EMR on in vitro
exposed breeding boar semen spermatozoa motility and the proportions of spermatozoa subpopula-
tions according to their morphometric head and tail parameters. The semen samples of 12 boars were
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divided into control and experimental groups. The samples in the experimental group were exposed
in a gigahertz transverse electromagnetic chamber at a frequency of 2500 MHz (the frequency band
used in 5G technology) and an electric field strength of 10 Vm™! for two hours. After exposure,
the spermatozoa motility was evaluated for both groups. A morphometric analysis of the semen
smears was performed using SFORM software (Version 1.0; VAMS, Zagreb, Croatia). The progressive
spermatozoa motility was significantly reduced in the experimental group (74.7% vs. 85.7%). PC
analysis and cluster analysis revealed two spermatozoa subpopulations: S1, spermatozoa with a
more regular head shape and a smaller midpiece outline, and S2, spermatozoa with a more elongated
head shape and a larger midpiece outline. The experimental semen samples had a greater proportion
of the S1 spermatozoa subpopulation (68.2% vs. 64.4%). The effect of RF-EMR at 2500 MHz on the
in vitro exposed boar semen resulted in decreased progressive spermatozoa motility and a lower
proportion of the spermatozoa subpopulation with a higher fertilizing potential.

Keywords: boars; radiofrequency electromagnetic radiation; exposure; morphometric analysis;
spermatozoa subpopulations

1. Introduction

An enormous surge in wireless communication, with the consequent increase in hu-
man and animal exposure to radiofrequency electromagnetic radiation (RF-EMR), has been
evident in recent decades. Based on many studies, there is sufficient evidence that RF-EMR
of anthropogenic origin has increased many times over in nature and that this radiation
affects the environment. For example, anthropogenic radiofrequency electromagnetic ra-
diation from wireless technologies has increased the natural levels of the around 1 GHz
frequency band in nature by about 10'® times [1]. Therefore, RE-EMR at today’s intensity
is known as “electro-pollution”. Wi-Fi-based technology and receivers, such as laptops,
tablets and mobile phones with their base stations, as well as Bluetooth devices, are now
routinely used [2—4]. Although such technology has significantly improved our quality
of life, it cannot be ruled out that it is also the cause of many ailments and diseases. The
harmful effect of RE-EMR can be manifested in most organ systems; however, one of the
most sensitive organ systems is the male reproductive system [3,4]. It is well known that
RF-EMR reduces the quality of semen and has genotoxic effects on humans and animals
both in vitro and in vivo [5-7]. The exposure of men to RF-EMR through various devices,
such as mobile phones, wireless internet and laptops, causes abnormal spermatozoa mor-
phology, a decrease in spermatozoa count due to apoptosis, reduced spermatozoa motility
and viability, increased testosterone levels, decreased luteinizing hormone levels and in-
creased spermatozoa DNA fragmentation [8-14]. These effects are correlated with the
time of exposure [15]. A decrease in semen quality in humans (a decrease in progressive
spermatozoa motility and an increase in spermatozoa DNA fragmentation) is also evident
when the semen is exposed ex vivo to a laptop connected to a wireless network, i.e., a
Wi-Fi frequency of 2.4 GHz for 4 h [16]. Moreover, an increased percentage of damaged
epididymal spermatozoa heads was found in rats exposed to 24 h RF-EMR at a frequency
of 2.4 GHz for a year [17]. The biological targets of RF-EMR are cell structures such as
the plasma membrane (causing cell membrane permeability, including changes in calcium
levels, ionic distribution and ion permeability), mitochondria and DNA [5,18]. Sperma-
tozoa motility and morphology are important characteristics to assess in determining
semen quality [19]. The introduction of computer-assisted sperm analysis (CASA) has
advanced quality assessments of human and animal semen and the diagnosis of fertility,
enabling the assessment of parameters such as motility and morphology [19]. The current
computer-assisted sperm morphometric analysis (ASTMA) can be used to more accurately
analyze individual spermatozoa morphometrics [20,21]. By applying ASTMA technology
and multivariate procedures such as cluster analysis, it was observed that boar semen
samples contained spermatozoa subpopulations of different morphometric characteristics
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that are not detectable by conventional subjective methods [22,23]. Morphometric results
can vary depending on internal factors such as individual variability, species, breed, sexual
maturity and age [23-25], and external factors including environmental factors, sample
preparation and the morphometric analysis of semen [20,26].

To date, there are no data on the effects of RF-EMR on the reproductive system of
domestic animals. Moreover, it cannot be ignored that the environment surrounding
boars at farms is subject to constant increases in radiofrequency electromagnetic fields
from different sources, including mobile phone base stations and wireless communication
devices. Therefore, for the efficiency of pig production and breeding, it is extremely
important to determine the effects of such radiation on the reproductive system of boars.
The aim of this study was to investigate the effect of RE-EMR at 2500 MHz (the frequency
band used in 5G technology), since it is very close to 2.45 GHz, the frequency of wireless
communication devices (Wi-Fi and Bluetooth), on in vitro exposed breeding boar semen
spermatozoa motility and proportions of spermatozoa subpopulations using principal
component (PC) and cluster analyses of morphometric head and tail parameters.

2. Materials and Methods
2.1. Animals, Housing and Feeding

The study included a total of 12 boars of the Pietrain (8) and German Landrace (4)
breeds, aged 1.5-3.5 years, from which semen was routinely taken twice a week, on a certain
day of the week for each boar for the artificial insemination of sows. The boars are owned
by the Centre for Artificial Insemination, Sto¢ar d.o.o., Varazdin, Croatia. The boars were
housed individually in 12 m? (4 x 3 m) pens, with straw bedded floors and natural lighting,
and were fed twice a day, around 6:00 a.m. and 2:00 p.m., with a mixture produced by
Stocar d.o.o0., Varazdin, Croatia. The daily requirements of the boar are approximately 2 kg
of mixture, with the following composition: crude protein (17.15%), crude fat (3.13%), crude
cellulose (6.29%), ash (5.30%), metabolic energy (12.49 M] /kg), lysine (1.24%), methionine
(0.47%), tryptophan (0.18%), methionine + cystine (0.76%), zinc (126 mg/kg), magnesium
(56 mg/kg), digestible protein (38.28%), copper (31.50 mg/kg), selenium (0.42 mg/kg),
calcium (0.83%), total phosphorus (0.53%), usable phosphorus (0.22%), sodium (0.23%),
vitamin D3 (1750.01 IU/kg), vitamin A (9100 IU/kg) and vitamin E (70 IU/kg).

2.2. Collection and Evaluation of Semen from the Boars

Collection of semen samples was performed in the morning hours (around 7:00 a.m.).
The procedure for obtaining the ejaculate was carried out by the method of manual fixation
of the penis. Standard evaluation of boar ejaculate was performed at the Centre for Artificial
Insemination, Stocar d.o.o., Varazdin, Croatia. The semen was collected in wide-mouthed
glass containers. The semen volume was determined using a measuring cup, and the
concentration of sperm in the ejaculate was determined using an Accucell photometer
type 60C10394 (IMV technologies, Normandy, France). Mass motility was determined
in native semen using an Olympus BX50F (Olympus, Tokyo, Japan) microscope with a
built-in spermotherm. After determining sperm concentration and mass motility, a certain
amount of Cronos diluent (Medi-Nova, Reggio Emilia, Italy) was added to the semen and
it was transferred to 80 mL plastic bottles. The samples of semen were transported in
specialized containers with thermometer (to protect against the harmful effects of light and
temperature) for 45 min from the collection place to the laboratory.

2.3. Exposure of Samples to RF-EMR in Laboratory Conditions

Upon arrival at the clinic, samples of each boar (n = 12) were divided into two Petri
dishes (control and experimental sample (12 each for a total of 24 samples). The experi-
mental samples were exposed in a gigahertz transverse electromagnetic (GTEM) chamber
to RF-EMR at a frequency of 2500 MHz and an electric field strength of 10 Vm ™! for two
hours. GTEM was located at the Clinic for Reproduction and Obstetrics at the Faculty of
Veterinary Medicine University of Zagreb (45°4825.91” North and 16°0'20.49” East). A
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GTEM-chamber was made at the Department of Communication and Space Technologies,
Department of Radiocommunications and High-Frequency Electronics, Faculty of Electrical
Engineering and Computing, University of Zagreb, Zagreb, Croatia. The chamber con-
tained a digital thermometer to measure temperature to determine if there was a thermal
effect of the radiation (Figure 1). The average temperature inside the chamber during
semen exposure was 19.1 °C (range 18.7-19.5 °C). Control samples (unexposed samples)
were placed in a metal container (imitation for GTEM-chamber) and kept under the same
conditions (temperature and time) as the experimental groups but without exposure to
RF-EMR. Experimental samples (exposed) and control samples (unexposed) were assessed
after exposure/sham-exposure of 2 h. In addition to the chamber, an HP 8657A signal
generator and an RFGA0101-05 linear amplifier were used to achieve electromagnetic field
strength. The amplifier was connected to a computer and the desired frequency was set
using the SynthNV program (Windfreak Technologies, LLC., New Port Richey, FL, USA).
The GTEM-chamber is a transmission line that is based on TEM-chambers where the letter
G indicates that the GTEM chamber works in the GHz range up to 18 GHz. The GTEM-
chamber is adjustable in the pyramidal part of the TEM-chamber with an impedance of
50 Q). After exposure, the control and experimental semen samples were evaluated for
spermatozoa motility.

Figure 1. Gigahertz transverse electromagnetic (GTEM) chamber. View of the GTEM chamber in
which the boar semen samples were placed together with a digital thermometer.

2.4. Computer-Assisted Sperm Analysis

Spermatozoa motility was determined using a computer-assisted sperm analysis
(CASA) device (Integrated Visual Optical System, Version 12; Hamilton Thorne Research,
Beverly, MA, USA) located at the Clinic of Obstetrics and Reproduction, Faculty of Veteri-
nary Medicine, University of Zagreb, Zagreb, Croatia. After the exposure procedure of the
experimental samples, diluted experimental and control semen samples (5 uL each) were ap-
plied to a 20 um deep Leja-chamber (Leja Products B.V., Nieuw Vennep, The Netherlands)
and placed on a heated spermotherm (Minitub, Tiefenbach, Germany). After the cessation
of passive spermatozoa movement, imaging was performed on all eight fields of the cham-
ber. The program was set to analyze 45 frames obtained per field at a frame rate of 60 Hz.
The analysis determined spermatozoa motility (%) and progressive motility (%).

2.5. Preparation and Staining of Semen Smears

The control and experimental semen samples were then used to make a smear on a
glass slide. The semen smears were then stained with the Spermac set of reagents (Minitube,
Tiefenbach, Germany) for diagnostic staining of spermatozoa, which is generally used to
visualize the head, acrosome, equatorial region, central part and tail of spermatozoa. The
Spermac method in brief: a thin smear was made on a clean slide, then placed in fixative for
5 min. After fixation, the slides were placed on a heating plate at 37 °C for 15 min. Then the
slides were washed with distilled water and staining followed by first immersing the smear
in 50 mL of red liquid (Spermac “A”) for 1 min, followed by rinsing again with distilled
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water; afterwards, the smear was immersed in 50 mL of pale green liquid (Spermac “B”)
for 1 min, after which the smear was rinsed with distilled water and the last smear was
immersed in 50 mL of dark green liquid (Spermac “C”) for 1 min, with a final rinse. After
staining, the final drying of the preparation followed on a heating plate at a temperature
of 37 °C.

2.6. Morphometric Analysis of Spermatozoa

In total, 24 stained semen smears were analyzed, with approximately 70 spermatozoa
measured for each smear (1 = 1691). The spermatozoa morphometric analysis was per-
formed using the SFORM program for image processing and analysis (VAMSTEC, Zagreb,
Croatia). Only spermatozoa heads that did not overlap with those of other spermatozoa and
non-banded tails were measured and analyzed. The borders of the head, midpiece and tail
of the spermatozoa were marked automatically using the marking option of SFORM (first
the head, then the midpiece and finally the tail) with manual correction using a computer
mouse and then the calculated data were printed in the program table [27]. The area (um?),
outline (um), minimum radius (um), maximum radius (um), length (um) and width (um)
were the primary morphometric parameters (size parameters) calculated for the spermato-
zoa head and midpiece, while for spermatozoa tail, only length was calculated. Different
ratios of morphometric parameters were also calculated, such as the total length of the
spermatozoa, which is the sum of the head length and the tail length, then head length/total
length, head length/tail length, tail length/total length, head outline/total length, head
area/total length and head length x head width/total length. Some primary morphomet-
ric parameters (head size morphometric parameters) were used to calculate head shape
morphometric parameters using the following formulas: ellipticity (length/width), ru-
gosity (4 x area/outline2), elongation (length — width)/(length + width) and regularity
(7t x length x width/4 x area).

2.7. Statistical Data Processing

A statistical data analysis was performed using the SAS 9.4 software package (Statisti-
cal Analysis Software 2002-2012 by the SAS Institute Inc., Cary, NC, USA). A descriptive
data analysis was performed using MEANS and FREQ procedures. The dependent param-
eters between groups were analyzed via a multivariate analysis of variance (MANOVA)
based on Wilks” lambda criterion using the GLM procedure. The results are expressed
as least squares means (LSM) and 95% confidence intervals. To compare mean values,
the TukeyKramer method of multiple comparisons was used at the level of statistical
significance p < 0.05.

Multivariate clustering analyses (CLUSTERS) of data were performed through several
steps to obtain spermatozoa subpopulations based on the data of the main morphome-
tric parameters of the spermatozoa head and tail. The first step was the analysis of the
main components (PROC FACTOR) to obtain the characteristic values (eigenvalues) of
the morphometric parameters using the Kaiser criterion (A > 1) to determine the number
of main components. The number of clusters in the K-means cluster analysis was deter-
mined using the HPCLUS procedure, which selects the best k value (number of clusters
or subpopulations) using the aligned box criterion value (Figure 2). The third step was to
group the data using non-hierarchical analysis (K-means method and Euclidean distance)
of the most important parameters for each component from the previous analysis using the
FASTCLUS procedure. In order to better interpret the data of the obtained spermatozoa
subpopulations, stepwise discrimination analysis (PROC STEPDISC) and testing of atypical
values (PROC FASTCLUS) were performed. Testing for differences in the distribution of
spermatozoa subpopulations between the control and experimental semen sample groups
was done using Chi-square and Mantel-Haenszel Chi-square tests (PROC FREQ).
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Figure 2. Two subpopulations of boar spermatozoa. The figure shows that two optimal subpopula-
tions were obtained using the values of the equalized box criterion.

3. Results
3.1. Overall Semen Variables

Standard evaluation of ejaculate revealed that the semen samples correspond to the
criteria valid for boars (minimum motility > 60%) and in this respect the conditions were
met since average spermatozoa motility was about 80%. The mean volume (£SD) of the
boar semen sample was 354.5 £ 126.3 mL. Sperm concentration in mL of semen (+SD) was
358.7 4 169.4 million. The total sperm concentration (+SD) was 113.5 & 34.6 billion.

3.2. Individual Morphometric Parameters of the Spermatozoa Head and Tail

Morphometric analysis was performed on a total of 1691 spermatozoa, of which
839 spermatozoa (49.6%) in the control sample and 852 (50.4%) in the experimental group.
Statistical analysis of individual spermatozoa morphometric parameters between the ex-
perimental group exposed to RF-EMR at a frequency of 2500 MHz and the control group
(Tables 1-3) revealed no statistically significant differences. The only morphometric param-
eter whose value was close to statistical significance was the midpiece convex (p = 0.06).
Sperm motility determined by CASA between the experimental and control groups was
not statistically significantly different, although motility was reduced in the experimental
group (74.7%) as compared to the control group (85.7%). Progressive sperm motility was
statistically significantly reduced (p < 0.001) in the experimental group (35.0%) compared
to the control group (60.1%).

Table 1. Boar spermatozoa morphometric head parameters in the control and experimental semen
sample groups.

Spermatozoa Morphometric Parameters

Control Group Experimental Group

Mean 95% Confidence Interval Mean 95% Confidence Interval p Value

Area (um?2) 46.79 46.47-47.11 46.75 46.43-47.07 0.84

Outline (pm) 27.31 27.21-27.41 27.26 27.16-27.36 0.49

Minimal radius (um) 2.48 2.47-2.49 2.48 2.47-2.49 0.81

Maximal radius (um) 5.34 5.32-5.37 5.34 5.32-5.37 0.93

Morphometric Convex (um) 47.39 47.06-47.72 47.43 47.11-47.76 0.85
parameters of Length (um) 10.31 10.26-10.36 10.3 10.26-10.35 0.86
the head Bredth (um) 5.45 5.42-5.47 5.45 5.42-5.47 0.89
Ellipticity 1.9 1.89-1.91 1.89 1.89-1.91 0.78

Rugosity 0.79 0.785-0.789 0.79 0.787-0.791 0.27

Elongation 0.31 0.305-0.311 0.31 0.30-0.31 0.8

Regularity 0.94 0.941-0.944 0.94 0.94-0.95 0.26

Ellipticity = length/bredth; Rugosity = (47t x area/outline2); Elongation = [(lenght — bredth)/(length + bredth)];

Regularity = (7 x length x bredth/4 x area).
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Table 2. Boar spermatozoa morphometric midpiece and tail parameters in the control and experi-
mental semen sample groups.

Spermatozoa Morphometric Par ters

Control Group Experimental Group

Mean 95% Confidence Interval Mean 95% Confidence Interval p Value

Parameters of
morphometric
characteristics of
the midpiece and
the tail

Midpiece area (um?) 19.42 19.29-19.55 19.48 19.35-19.60 0.52
Midpiece outline (um) 30.44 30.32-30.56 30.35 30.23-30.46 0.27
Midpiece min. radius (um) 0.39 0.37-0.39 0.39 0.38-0.40 0.66
Midpiece max. radius (um) 6.78 6.75-6.81 6.76 6.73-6.78 0.25
Midpiece convex (um) 24.58 24.32-24.84 24.92 24.67-25.18 0.06
Midpiece length (um) 13.25 13.19-13.30 13.2 13.15-13.26 0.27
Midpiece width (um) 2.05 2.03-2.08 2.08 2.05-2.11 0.21
Tail length (um) 34.05 33.84-34.26 33.92 33.71-34.12 0.37

Table 3. Boar spermatozoa morphometric head and tail parameters ratios in the control and experi-
mental semen sample groups.

Spermatozoa Morphometric Parameters

Control Group Experimental Group

Mean 95% Confidence Interval Mean 95% Confidence Interval p Value

Different ratios of
morphometric
parameters

Total length * 44.36 44.13-44.59 44.22 43.99-44.45 0.4
Head length/Total length 0.23 0.232-0.234 0.23 0.23-0.24 0.52
Head length/Tail length 0.31 0.30-0.31 0.31 0.30-0.31 0.53
Tail length/Total length 0.77 0.766-0.768 0.77 0.765-0.767 0.52
Head outline/Total length 0.62 0.615-0.621 0.62 0.616-0.621 0.78
Head area/Total length 1.06 1.05-1.06 1.06 1.05-1.07 0.75
Head length and width/ 127 1.26-1.28 127 127-1.28 0.53
Total length *

* Total length = head length + tail length.

3.3. Spermatozoa Subpopulations Based on Morphometric Parameters of Spermatozoa Head
and Tail

Analysing the main components before grouping, four components (factor 1, 2, 3 and
4) with a characteristic value (A > 1) were retained. All four components in total explained
84.6% of the variance of the morphometric parameters of the spermatozoa head, midpiece
and tail (Table 4).

Table 4. Eigenvalues of boar spermatozoa morphometric head and tail parameters in the analysis
of the main components. Four components (factor 1, 2, 3, 4) with a characteristic root A > 1 were
retained—Kaiser’s criterion.

Spermatozoa Indicators Factor 1 Factor 2 Factor 3 Factor 4
Head length 0.93*

Head width 0.97*

Head area 0.62

Head outline 0.83

Ellipticity 0.72

Rugosity —0.69

Elongation 0.72

Regularity 0.89 *
Midpiece length 0.70

Midpiece width 0.39

Midpiece area 0.65

Midpiece outline 0.72*

Tail length 0.39

Characteristic root (A)

and explained variance (%) 4.78 (36.8) 3.66 (28.2) 1.53 (11.8) 1.01 (7.8)

* The most important parameters for each factor.
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Using Table 4, the most important parameters were selected from each component
(head length, head width, midpiece outline and regularity of the spermatozoa head). The
final number of subpopulations was obtained using the value of the equalised box criterion.
This analysis determined that the two subpopulations are the most optimal because the
value of the equalised box criterion was the highest (Figure 2).

The grouping analysis revealed well-defined differences between head length, width
and regularity and the midpiece outline in the two spermatozoa subpopulations (S1
subpopulation—smaller length and larger head width, more regular head shape and
smaller midpiece outline, and S2 subpopulation—longer length and smaller head width,
more elongated head shape and larger midpiece outline) (Table 5).

Table 5. Subpopulations of boar spermatozoa (S1 and S2) obtained using the analysis of grouping of
spermatozoa morphometric head and midpiece parameters.

Spermatozoa Subpopulation

Spermatozoa Morphometric Head and Midpiece Parameters

Mean + SD St S2
1 (%) 942 (55.71) 749 (44.29)
Head length (um) 10.16 4+ 0.65 10.77 4+ 0.68
Head width (um) 5.44 +0.38 545+ 0.35
Midpiece outline (um) 29.67 £ 1.17 32.66 + 1.09
Regularity 0.943 £ 0.02 0.941 £+ 0.02

S1—Spermatozoa of smaller length and larger head width, more regular head shape and smaller midpiece
outline; S2—Spermatozoa of longer length and smaller head width, more elongated head shape and larger
midpiece outline.

Statistical analysis of the obtained subpopulations between the control and experi-
mental groups of semen samples revealed that the experimental semen samples group
had a higher percentage of spermatozoa of the S1 subpopulation (68.2% vs. 64.4%) and
a lower percentage of the S2 subpopulation (31.8% vs. 35.6%) which is close to statistical
significance (p = 0.09) (Figure 3).
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Figure 3. Proportion of spermatozoa subpopulations in control and experimental semen
samples groups.

4. Discussion

This study showed that the exposure of semen of breeding boars in vitro to RE-EMR
at a frequency of 2500 MHz and an electric field strength of 10 V/m for a duration of 2 h
did not cause changes of spermatozoa individual morphometric parameters and sperm
motility, but it decreased progressive sperm motility.
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Although it is known that RF-EMR has a harmful effect on the male reproductive
system, by reducing the number of Leydig cells, motility, and number of spermatozoa,
and altering spermatozoa morphology in humans and animals [9,15,28-32], the results
presented here do not support this. This could be due to the application of different study
designs (protocols) during the experiment, different species and ages of animals, and
different analysis methods. Furthermore, to the extent of our knowledge, the effect of
RE-EMR on spermatozoa morphometric parameters has not previously been investigated
in humans or other species. In addition, spermatozoa morphometry in boars is performed
using different software and on semen smears stained with different methods. Wysokiriska
etal. [33] performed spermatozoa morphometric analysis on spermatozoa samples collected
from 35 boars of the Polish Landrace breed at the age of 7 to 8 months stained with the
Bydgoszka method using a computer image analysis package (Screen Measurement v.
4.1, Laboratory Imaging S.r.o. LIM, Prague, Czech Republic). Their research showed a
lower mean length, width, area and outline of the head and a higher mean value for the
total length and tail length compared to the results for the control group in the present
study. This study used the computer program SFORM (VAMSTEC, Zagreb, Croatia) for
the morphometric analysis, and there is no information about its use in the morphometric
analysis of boar spermatozoa in the literature, and therefore, it is possible that the difference
in the stated values was result of the differences in the programs for morphometric analysis
or differences in staining methods, age and breed of boars. Goérski et al. [34] showed a
lower mean value for the length, width, area and outline of the spermatozoa head and
a higher mean value for the spermatozoa total length and the tail length as compared to
the control group of this study. Those authors performed a spermatozoa morphometric
analysis on semen samples collected from 12 boars of the Duroc breed, stained using the
method according to Kondracki et al. [24], and using the computerised image analysis
system Screen Measurement v. 4.1. for morphometric measurements. One reason for the
differences between the results of our control group and that study could be due to the
different staining methods [26], animal breed [23] or the analysis method used.

Other aspects of spermatozoa physiology and morphology may also need to be con-
sidered, as they may affect their ability to actively move through the female reproductive
system. In many species, the first barrier is the cervical mucus, which allows only progres-
sively motile spermatozoa with normal morphology to pass into the uterus and through
which they progressively move (with the help of myometrial contractions) to the fallopian
tube, where fertilization occurs [35]. Therefore, spermatozoa motility is crucial. This study
showed a significant reduction in progressive spermatozoa motility after exposure of the
semen of the boars in vitro to RF-EMR at a frequency of 2500 MHz. Mailankot et al. [10]
reported similar results, showing that exposing rats to RE-EMR 1 h a day for 28 days at
a frequency of 900 and 1800 MHz originating from mobile devices caused a drop in the
number of motile spermatozoa, and reduced progressive sperm motility. Oni et al. [36] and
Gorpinchenko et al. [37] investigated the effect of electromagnetic radiation at the frequency
of mobile telecommunications (900/1800 MHz) and laptops (2.45 GHz) on in vitro samples
of human semen, and found that exposure to these frequencies also reduced the number
of motile and progressively motile spermatozoa. On the other hand, some studies have
reported no changes in spermatozoa motility after rats had been long-term exposed to
RF-EMR frequency of 2.4 GHz [17]. A possible mechanism that leads to a decrease in sper-
matozoa motility after exposure of semen to RF-EMR is a lowered mitochondrial potential
or oxidative stress, and consequently impaired spermatozoa vitality [28,38]. Namely, some
studies on the impact of RF-EMR on spermatozoa, though not on boars, have indicated
that RF-EMR at the frequency of mobile telephony can cause the formation of reactive
oxygen species (ROS) and thus oxidative stress. It is also known that in aerobic organ-
isms, a balance between antioxidant processes and reactive compounds formed requires
an oxidative-reduction balance, because otherwise, during oxidative stress, an excess of
ROS leads to the damage of numerous molecules. Kumar et al. [39] and Meena et al. [40]
showed that exposing rats to RF-EMR frequencies of 2.45 GHz and 10 GHz for 2 h a day
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for 45 days led to cell damage mediated by oxidative stress, i.e., caused an increase in the
concentration of ROS, an increase in the percentage of spermatozoa apoptosis in testicles,
and DNA damage.

This study has shown that RE-EMR at a frequency of 2500 MHz could have a negative
effect on the success of egg fertilisation. We base the above assumption not only on the
obtained results that RE-EMR reduces the number of progressively motile spermatozoa,
but also on the obtained percentages of the spermatozoa subpopulation after exposure to
RF-EMR. The obtained proportions of spermatozoa subpopulations using PC and cluster
analysis according to morphometric head and tail parameters showed that the experimental
group of semen had a higher percentage of the less desirable subpopulation, characterised
by spermatozoa of smaller length and larger head width, more regular head shape and
smaller midpiece outline as compared to the more desirable spermatozoa characterised by
longer length and larger head width, more elongated shape of the head and larger midpiece
outline. It has been empirically proven in different species that spermatozoa function is
related to its morphometry, which includes the area of the head, midpiece and tail [41,42].
Ramon et al. [43] stated that deer ejaculate containing a high percentage of spermatozoa
with fast and linear motility have small and elongated heads and achieve higher fertility.
An elongated spermatozoa head can have an important function in that such sperm will
be hydrodynamically more efficient due to less resistance in forward movement, which
can affect the fertilising ability of sperm [20,44]. However, Barquero et al. [23] reported
that boars with a larger litter size had significantly less elongated spermatozoa, and the
mortality of piglets was greater in these males. Evolutionary biology is still debating which
of the two spermatozoa components, head characteristics or midpiece traits of the sperma-
tozoa, is more important in spermatozoa competition during the egg fertilisation process.
Namely, the increase in the midpiece of the spermatozoa increases its energy due to the
increased area housing the mitochondria [45], as more energy is needed for faster sperm.
FIRMAN and SIMMONS [46] reported that midpiece size is a predictor of swimming speed
of Mus musculus domesticus spermatozoa. It is known that RE-EMR can cause cell/sperm
apoptosis, and mitochondria are the main initiators of apoptosis [47]. In addition, RF-EMR
promotes increased mitochondrial ROS production and expression of mitochondrial apop-
totic markers [48] with decreased mitochondrial membrane potential [47,49]. Although
the exact mechanism of apoptotic changes in spermatozoa, and in somatic cells, is still
unknown, one of the signs of apoptosis was described as typical cell shrinkage [50]. The
decrease in the mitochondria outline with reduced progressive motility of spermatozoa of
the experimental group in this study could indicate the initiation of spermatozoa apoptosis.
Furthermore, exposure of cells to RE-EMR if the intensity of the fields increases beyond the
threshold, causes electroporation, during which water pores are created in the membrane,
disrupting the ion balance and leading to water ingress in the cell [18], which is likely to
cause a change in spermatozoa shape in a higher proportion in the experimental group in
this study. If this was the case, then the increased ROS production generated in these highly
vulnerable cells could reasonably be expected to impose an oxidative stress environment
upon the aforementioned the sperm population. Given that there is no literature on the
effects of RE-EMR on the proportion of boars or other species spermatozoa subpopulations
obtained based on morphometric parameters, the results of the present study cannot be
compared. There are scarce studies on the proportions of boar spermatozoa subpopulations
using PC and cluster analysis according to morphometric parameters, therefore it is not
possible to compare the obtained results. However, Barquero et al. [23] investigated the
spermatozoa morphometry of boars without exposure to RE-EMR, and found four subpop-
ulations of spermatozoa using PC and cluster analysis according only to morphometric
head parameters: subpopulation 1 with lower values for ellipticity and the widest heads,
sub-population 2 with the highest values for head area and perimeter, subpopulation
3 with shorter length, with a smaller area and head perimeter values, and subpopulation
4 with the highest values for head length, ellipticity, and elongation. We obtained two
subpopulations related to not only morphometric head but also tail parameters, giving a
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more complete picture of spermatozoa morphology, which is related to their function, i.e.,
fertilisation ability.

5. Conclusions

The effect of RE-EMR at 2500 MHz on in vitro exposed breeding boar semen for two
hours was seen in the decreased progressive spermatozoa motility and proportion of
the spermatozoa subpopulation with a more elongated head shape and larger midpiece
outline. Further research on the effects of RE-EMR on different animal species and breeds,
especially domestic animals, is important both for the quality of semen and fertilization
and for production and breeding goals. The observed results could also be crucial for
comparison with human reproductive medicine and potential adverse effects during the
specific technological process of semen processing on breeding pigs farms.
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Simple Summary: Cryopreservation generates a substantial quantity of reactive oxygen species
(ROS) in semen, leading to a decline in sperm quality and fertilization capacity. In this study, the
influence of resveratrol on thawed ram sperm quality and antioxidant capacity was investigated.
The study demonstrated that the supplementation of 50 uM resveratrol significantly enhances the
sperm quality and antioxidant capacity of the ram sperm post-thawing. Furthermore, the impact
of resveratrol on sirtuin 1 (SIRT1) in thawed sperm was investigated. We found that the activation
of adenosine 5-monophosphate (AMP)-activated protein kinase (AMPK) by 50 uM resveratrol
protected ram sperm from ROS-induced stress. However, at 100 uM, resveratrol appears to reduce
sperm motility, mitochondrial membrane potential, acrosomes, and plasma membrane integrity.
Consequently, the protective effect of resveratrol on sperm quality or potential cytotoxicity towards
ram sperm is contingent on the concentration of resveratrol and filler components, as well as the
ability to regulate antioxidant uptake in sperm.

Abstract: Cryopreservation generates a substantial quantity of ROS in semen, leading to a decline
in sperm quality and fertilization capacity. The objective of this study was to investigate the effects
of resveratrol and its optimal concentration on ram sperm quality after cryopreservation. Ram
semen was diluted with a freezing medium containing different concentrations of resveratrol (0, 25,
50, 75, and 100 uM). After thawing, various sperm parameters such as total motility, progressive
motility, acrosome integrity, plasma membrane integrity, mitochondrial membrane potential, glu-
tathione (GSH) content, glutathione synthase (GPx) activity, superoxide dismutase (SOD) activity,
catalase (CAT) activity, lipid peroxidation (LPO) content, malondialdehyde (MDA) content, ROS level,
SIRT1 level, DNA oxidative damage, and AMPK phosphorylation level were assessed. In addition,
post-thaw sperm apoptosis was evaluated. Comparatively, the addition of resveratrol up to 75 uM
significantly improved the sperm motility and sperm parameters of cryopreserved ram sperm. Specif-
ically, 50 uM resveratrol demonstrated a notable enhancement in acrosome and plasma membrane
integrity, antioxidant capacity, mitochondrial membrane potential, adenosine triphosphate (ATP)
content, SIRT1 level, and AMPK phosphorylation levels compared to the control group (p < 0.05).
It also significantly (p < 0.05) reduced the oxidative damage to sperm DNA. However, detrimental
effects of resveratrol were observed at a concentration of 100 uM resveratrol. In conclusion, the
addition of 50 1M resveratrol to the cryopreservation solution is optimal for enhancing the quality of
cryopreserved ram sperm.

Keywords: resveratrol; antioxidant; cryopreservation; ram; sperm

1. Introduction

The success of artificial insemination (AI) crucially depends on the quality of semen
preserved in vitro. Cryopreservation technology is pivotal in overcoming temporal and
spatial constraints, allowing for the extended preservation of sperm and thereby enhancing
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the utilization rate of high-quality sheep breeds [1]. This technology facilitates the full
exploitation of the reproductive potential of sheep [2]. However, the morphology of sheep’s
cervix is a constraint to the use of Al in sheep [3]. Consequently, quality sperm is essential
to ensuring successful colonization and migration of sperm through the cervix [4]. One
significant challenge during cryopreservation is oxidative stress, primarily induced by
elevated levels of ROS, which is the leading cause of sperm damage [5]. It was well known
that oxidative stress resulted in a decline in sperm quality and fertilization capacity [6].
The sperm plasma membrane is rich in polyunsaturated fatty acids (PUFA), but low
PUFA content in the cytoplasm compromises the antioxidant defense system, making
sperm susceptible to lipid peroxidation and subsequent damage [7]. To counteract this,
antioxidant compounds are added to cryoprotective solutions [8]. Previous studies have
demonstrated that certain oxidants, such as trehalose [9], melatonin [10], and spermine [11],
can protect sperm from oxidative stress by enhancing antioxidant capacity. In recent years,
polyphenols like tannin extract [12] and tea polyphenol-t [13] have also been shown to
exhibit antioxidant properties in sperm.

Among the polyphenols, resveratrol, derived from grape skins and seeds [14], stands
out for its antioxidant activity. Resveratrol scavenges free radicals and inhibits lipid
peroxidation, thereby safeguarding cellular functionality [15]. Moreover, resveratrol has
been demonstrated to enhance the activities of SOD, CAT, GPx, and other antioxidant
enzymes within cells [16]. Significant increases in the antioxidant capacity of sperm
from humans [17], boars [18], buffaloes [19], and roosters [20] have been observed in
cryoprotective fluids containing resveratrol. Research also indicates that resveratrol can
protect sperm from oxidative stress by activating AMPK [21]. Furthermore, resveratrol
has been shown to improve sperm motility, acrosome integrity, and mitochondrial activity
in frozen-preserved giant pandas [22]. In sheep, Al-Mutary et al. [16] demonstrated that
resveratrol enhances the quality and fertilization capacity of sheep semen stored at 5 °C.
Despite these promising findings, the impact of resveratrol on the cryopreservation of ram
semen remains understudied. Therefore, this study is aimed at investigating the effects of
resveratrol supplementation in ram semen cryopreservation. It will contribute valuable
insights into optimizing the cryopreservation process for ram semen, ultimately enhancing
the efficiency of artificial insemination in sheep breeding programs.

2. Materials and Methods
2.1. Chemicals

All chemicals and reagents were purchased from Sigma-Aldrich (Shanghai, China)
unless specified otherwise.

2.2. Ethical Approval

All animals and experimental procedures were approved by the Qingdao Agriculture
University Institutional Animal Care and Use Committee (QAU1121010, 1 October 2019-30
December 2023).

2.3. Animals

Eight healthy and fertile rams (small-tailed Han sheep) aged approximately 2 years,
utilized for routine artificial insemination in a commercial herd, were used in this study.
The rams were kept in an enclosed facility with an evaporative cooling system and sep-
arate enclosures. Each ram was fed a commercial diet, and water was freely supplied
through tanks.

2.4. Collection of Semen

Semen was collected from eight healthy and fertile rams (small-tailed Han sheep) (aged
approximately 2 years) two times in one week using an artificial vagina in December of 2022
at the Hongde livestock farm (Shouguang, China). Semen were totally collected 8 times
from each ram in this study. A total of 64 ejaculates were obtained and transported to the
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laboratory in insulated buckets at 37 °C. Sperm motility was analyzed with a computer-
assisted sperm analysis (CASA), and only samples with over 80% motility were used in
this study. Similarly, a hemocytometer was used to estimate sperm concentration, and only
semen with a concentration of more than 2 x 10° sperm/mL was used. The ejaculated
semen from the rams was pooled to minimize individual differences, split into 5 parts,
and cryopreserved in freezing medium supplemented with different concentrations of
resveratrol (0, 25, 50, 75, and 100 uM). The resveratrol was dissolved in dimethyl sulfoxide
to create a 200 mM resveratrol solution.

2.5. Semen Freezing and Thawing

The semen samples were diluted in freezing extenders containing 250 mM Tris, 83 mM
citric acid, 69 mM fructose, along with 5% (v/v) glycerol, and 20% (v/v) egg with varied
concentrations of resveratrol (0, 25, 50, 75, and 100 uM) to achieve a sperm concentration
of 1 x 10% sperm/mL. Subsequently, the samples were cooled to 4 °C for 3 h and loaded
into 0.25-mL straws. Then, the straws were placed horizontally at a height of 5 cm above
the surface of liquid nitrogen for 10 min, and then plunged in liquid nitrogen. Thereafter,
the straws were stored in a cryogenic storage tank. A week later, the frozen straws were
thawed in 37 °C water for 12 s, and after that, the sperm quality was evaluated.

2.6. Evaluation of Sperm Motility

Computer-assisted sperm analysis (CASA) (SCA 20-06-01; Goldcyto, Barcelona, Spain)
was performed. For detection, images were acquired using a digital camera (acA780-75gc,
Basler, Germany) and a negative phase contrast microscope at 100 x magnification, set to
a standard parameter of 25 frames/s. The post-thaw sperm was diluted with Tris-citrate-
fructose extender before motility evaluation. According to our previous study [23], after
preheating the analyzer, semen sample aliquots of 5 pL were added to the Makler chamber.
Sperm motility was then assessed in three randomly selected areas using CASA, and more
than 500 sperm were evaluated. The percentage of sperm moving at a path speed of
12 pm/s was defined as total sperm motility. Forward movement denotes the percentage of
sperm moving in a straight line at a path velocity of 45 um/s for more than 80% of the time.

2.7. Evaluation of Sperm Acrosome Integrity and Plasma Membrane Integrity

According to our previous study [24], sperm acrosome integrity and membrane in-
tegrity were detected by fluorescein isothiocyanate-peanut lectin (L-7381, Sigma-Aldrich,
Shanghai, China) and the live/dead sperm motility assay kit (L-7011, Thermo Fisher, Shang-
hai, China), respectively. Briefly, to evaluate sperm acrosome integrity, sperm samples were
fixed with methanol solution and incubated with 100 p1g/mL fluorescein isothiocyanate-
peanut lectin solution and 2.4 mM PI solution for 30 min in the dark before being observed
under the microscope. Stained sperm samples were observed and photographed with
an epifluorescence microscope (ZEISS DM200LED, Oberkochen, Germany) with 488 nm
excitation for FITC-PNA green fluorescence and 535 nm excitation for PI red fluorescence.

For membrane integrity detection, sperm samples were incubated with 100 nM SYBR-
14 working solution and 2.4 mM PI solution for 10 min in the dark. The stained sperm
were observed and photographed using an epifluorescence microscope (ZEISS DM200LED,
Oberkochen, Germany) with 488 nm excitation for SYBR-14 green fluorescence and 535 nm
excitation for PI red fluorescence.

2.8. Evaluation of Mitochondrial Activity

The JC-1 mitochondrial membrane potential assay kit (C2003S; Beyotime Institute
of Biotechnology; Shanghai, China) was used to analyze sperm mitochondrial activity
(A¥m) [25]. Additionally, 50 puL of semen was centrifuged at 800x g for 5 min, and the
supernatant was discarded. The collected sample was washed twice with TCG. Thereafter,
200 pL of JC-1 working solution was added and incubated at 37 °C for 20 min. Sperm was
collected by centrifugation at 800x g at 4 °C for 5 min and washed twice with JC-1 staining
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buffer (1x). An appropriate amount of JC-1 staining buffer was used to resuspend the
sperm sample. Thereafter, it was placed on ice prior to detection using a flow cytometer.
The excitation wavelength was set at 485 nm and the emission wavelength at 590 nm, and
atotal of 2 x 10* sperm were detected. The experimental data were analyzed using Flow]Jo-
V10, and the whole experimental process was carried out in the dark. All experiments were
performed in triplicate (n = 3).

2.9. Evaluation of ATP Content

The ATP content in sperm was measured using an ATP content assay kit (A095-1-1;
Nanjing Jiancheng Bioengineering; Wuhan, China) [23]. Additionally, 30 uL of semen was
centrifuged at 800x g for 5 min, and the supernatant was discarded while the bottom
layer of precipitated cells was collected. Thereafter, 300 uL of cold double-steaming water
was added to the cells and placed in ice water to break the homogenate. Then, the cell
suspension was heated in boiling water for 10 min, followed by extraction and mixing for
1 min according to the manufacturer’s instructions. Finally, the absorbance was measured
at 636 nm with a microplate reader (TECAN, Infinite M Nano, Mannedorf, Switzerland).
All experiments were performed in triplicate (1 = 3).

2.10. Evaluation of NADH/NAD*

According to the NAD(H) assay kit (A114-1-1, Nanjing Jiancheng Bioengineering
Institute, Wuhan, China) to analyze sperm NADH/NAD™*. After thawing 10uL of semen,
alkaline extract and homogenate were added and boiled for 5 min. Then, the mixture was
cooled in ice water and centrifuged at 10,000 x g for 10 min at 4 °C, and the supernatant
was collected. Equal volumes of acidic extraction solution were added to the supernatant
for neutralization and centrifuged at 10,000 g for 10 min at 4 °C. Thereafter, the super-
natant was collected and placed on ice prior to measurement. Finally, the absorbance
was measured at 570 nm with a microplate reader (TECAN, Infinite M Nano, Mannedorf,
Switzerland). All experiments were performed in triplicate (1 = 3).

2.11. Evaluation of Sperm ROS Content

The ROS content in sperm was measured using an ROS level assay kit (M36008,
Thermo Fisher Scientific, Shanghai, China) [26]. Sperm samples were centrifuged and
resuspended with 200 uL of working solution. The cells were incubated for 15 min in the
dark at 37 °C. Thereafter, the cells were centrifuged and washed three times with 1x PBS.
Stained sperm were resuspended in 1x PBS and evaluated by flow cytometry (FACS Aria
I1I, BD Biosciences, San Jose, CA, USA) using a filter with a bandwidth of 574/26 nm, and
the measurements denote the mean fluorescence intensity (MFI). All experiments were
performed in triplicate (n = 3).

2.12. Evaluation of Sperm MDA Content

According to our previous study [23], MDA content was measured with a commercial
MDA assay kit (501315, Beyotime Institute of Biotechnology, Shanghai, China). Briefly,
sperm stored at 4 °C were lysed by sonication (20 kHz, 300 W, operating at 50%, 3 min for
10 s on and 5 s off) on ice. The sample was mixed with the preprepared reaction buffer
reagent and boiled for 40 min, then centrifuged to collect the supernatant after cooling. The
absorbance was measured at 532 nm with a microplate reader (TECAN, Infifinite M Nano,
Minnedorf, Switzerland). All experiments were performed in triplicate (n = 3).

2.13. Evaluation of Sperm LPO Content

According to our previous study [27], LPO content was measured with a commercial
LPO assay kit (A160-1, Nanjing Jiancheng Bioengineering Institute, Wuhan, China). In
brief, normal saline was added to the sperm samples, followed by homogenization in ice
water, centrifugation, and mixing with prepared buffer according to the manufacturer’s
instructions. The absorbance was measured at 586 nm with a microplate reader (TECAN,
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Infinite M Nano, Médnnedorf, Switzerland). All experiments were performed in triplicate
(n=3).

2.14. Evaluation of GSH Content, GPx, SOD, and CAT Activity

Sperm GSH content, GPx, SOD, and CAT activity were analyzed by the GSH (A006-2-1,
Nanjing Jiancheng Bioengineering, China), GPx (A005-1-2, Nanjing Jiancheng Bioengineer-
ing, China), SOD (A001-3-2, Nanjing Jiancheng Bioengineering, China), and CAT (A007-1-1,
Nanjing Jiancheng Bioengineering, China) assay kit [23]. The sperm samples were cen-
trifuged at 800 g for 10 min, and the supernatant was discarded. Thereafter, the collected
sperm was washed twice in PBS. Furthermore, precooled RIPA lysate was added to the
sperm collected and ground using an electric grinder in ice water, followed by centrifu-
gation at 12,000 x g. Then, the supernatant was taken for analysis of GSH content, GPx,
SOD, and CAT activity according to the manufacturer’s instructions. All experiments were
performed in triplicate (1 = 3).

2.15. Evaluation of Sperm Oxidative DNA Damage

Precise quantification of 8-hydroxyguanosine (8-OHdG), a biomarker for oxidative
DNA damage, was conducted in sperm samples. The sperm was washed with 1xPBS
twice, suspended with 500 uL PBS, and analyzed by flow cytometry after 8-OHdG staining.
All experiments were performed in triplicate (1 = 3).

2.16. Western Blotting

Total sperm protein was extracted using sodium dodecyl sulfate (SDS) sample buffer.
Moreover, total proteins (20 ug) from each sample were separated on a 10% SDS-PAGE
gel (E303-01, Vazyme, Nanjing, China), and the separated proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane. Nonspecific binding of PVDF membrane was
blocked by TBST containing 5% BSA. Then, 1% BSA (dissolved in TBST) was used to dilute
primary antibodies such as anti-SIRT1(13161-1-AP, Proteintech, Wuhan, China) (1:800),
anti-AMPK (bs-1115R, Bioss, Beijing, China) (1:800), anti-p-AMPK (AP0432, ABclonal,
Wuhan, China) (1:800), anti-p53 (A5761, ABclonal, Wuhan, China) (1:800), caspase 3 (A2156,
ABclonal, Wuhan, China) (1:1000), caspase 9 (A0281, ABclonal, Wuhan, China) (1:1000),
and incubated for a total of 12 h at 4 °C. Then, the PVDF membranes were placed in a
TBST solution for washing. Thereafter, the membranes were incubated with a secondary
antibody (AS014, 1:1000, ABclonal, Wuhan, China) for 1 h. ECL plus (ED0016-B, Sparkjade,
Jinan, China) was added to the membrane for detection prior to developing the image with
a gel imaging analyzer (Alpha, Fluor Chem Q, Shanghai, China).

2.17. Statistical Analysis

Data from all replicates were compared using one-way analysis of variance followed by
Tukey’s post hoc test (Stat view; Abacus Concepts, Inc., Berkeley, CA, USA). All the values
in this study are presented as the mean + standard error of the mean (SEM). Moreover,
treatments were considered to be statistically different from one another at p < 0.05.

3. Result
3.1. Addition of Resveratrol Improved Sperm Motility Parameters

As shown in Table 1, the motility patterns of sperm analyzed through the movement
trajectories generated by CASA showed that the addition of 50 and 75 M resveratrol to
the extender significantly increased (p < 0.05) sperm total motility. In addition, the values
of progressive motility, curvilinear velocity (VCL), straight-line velocity (VSL), average
path velocity (VAP), and wobble (WOB) in the 50 uM resveratrol treatment were higher
than those in other treatments. However, values for the progressive motility, VCL, and
VSL parameters for other treatments were similar to the control. Moreover, there were no
differences (p > 0.05) among treatments for the lateral head (ALH), straightness (STR), and
linearity (LIN) parameters.
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Table 1. Effects of different concentrations of resveratrol on post-thaw sperm motility parameters.

Concentration

Sperm Parameters 0 uM 25 uM 50 uM 75 uM 100 uM
T™ (%) 37.6+1.1P 408+18° 69.2 +4.2° 59.6 +5.02 332+24P
PM (%) 236+ 060 240+ 35P 4844702 304 +34b 19.140.7°¢
VCL (um/s) 36.7 +6.8° 441+13.0Pb 61.1+£13.12 471+9.1Pb 430+54°
VSL (um/s) 19.34+29b 244 +73P 3414362 2234+26b 223+52b
VAP (um/s) 2424354 30.8+9.1P 358 +8.82 252 +52¢ 284+56°¢
BCF (HZ) 78+172 6.4+14P 62+12P 61+11P 54408¢

ALH (um) 30402 3.0+£04 34407 38+06 37402
STR (%) 79.6 £ 0.7 79.1+1.0 775+13 754+12 76.6 + 3.9
LIN (%) 53.7 +£22 56.4 + 3.9 543 +39 51.1+45 519+53
WOB (%) 67.1+31b 7114202 69.8 +£3.82 67.6 +55b 672 +41b

Values are expressed as mean + standard error. Different letters within the same row indicate significant
differences (p < 0.05). VCL, curvilinear velocity; VSL, straight-line velocity; VAP, average path velocity; BCF,
beat-cross frequency; ALH, lateral head; STR, straightness (VSL/VAP); LIN, linearity (VSL/VCL); WOB, wobble
(VAP/VCL).

3.2. Addition of Resveratrol Improved the Sperm Acrosome Integrity and Plasma Membrane Integrity

The addition of resveratrol to the extender significantly improved the integrity of the
sperm acrosome (p < 0.05) after cryopreservation (Figure 1A, Supplementary Figure S1A).
Among them, the 50- and 75-uM resveratrol significantly improved sperm acrosome in-
tegrity (p < 0.05). The addition of resveratrol to the extender up to 75 uM significantly im-
proved (p < 0.05) sperm plasma membrane integrity after cryopreservation, with the 75 uM
resveratrol treatment having the highest value (Figure 1B, Supplementary Figure S1B).

A B

Acrosome integrity(%)
Membrane Integrity(%)

OpM 25uM 50 pM 75 pM 100 pM OpM 25pM 50 pM 75 pM 100 uM

Figure 1. Effect of the addition of different concentrations of resveratrol to extender on acrosome
integrity (A) and plasma membrane integrity (B) of ram sperm after cryopreservation. Values are
presented as mean =+ standard error of the mean (SEM). Columns with different lowercase letters
were significantly different (p < 0.05), n = 5.

3.3. Addition of Resveratrol Improved Sperm Mitochondrial Activity

As shown in Figure 2 and Supplementary Figure S2, the addition of 25, 50, and 75 pM
resveratrol to the extender significantly increased (p < 0.05) the sperm mitochondrial activity
after cryopreservation, and the 75 uM resveratrol treatment presented the highest increase
(Figure 2). However, 100 uM resveratrol treatment significantly reduced mitochondrial
activity compared to the control group (Figure 2).

3.4. Addition of Resveratrol Improved Sperm ATP Content

As shown in Figure 3, it was observed that the addition of resveratrol to the extender
significantly improved (p < 0.05) the sperm ATP content after cryopreservation. Moreover,
the 50 uM resveratrol treatment showed the highest value for ATP content compared to the
control (Figure 3).
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Figure 2. Effect of different concentrations of resveratrol on mitochondrial activity after cryopreser-
vation. Values are presented as mean =+ standard error of the mean (SEM). Columns with different
lowercase letters are significantly different (p < 0.05), n = 3.

50

ATP content (pmol/gprot)

OpM 25pM SO pM 75 pM 100 pM

Figure 3. Effect of different concentrations of resveratrol on ATP content after cryopreservation.
Values are presented as mean =+ standard error of the mean (SEM). Columns with different lowercase
letters are significantly different (p < 0.05), n = 3.

3.5. Addition of Resveratrol Improved Sperm NAD* Content and Reduced Sperm NADH/NAD*

As shown in Figure 4A, it was observed that the addition of resveratrol to the extender
significantly improved (p < 0.05) the sperm NAD+ content after cryopreservation. Moreover,
the 75 uM resveratrol treatment showed the highest value of NAD+ content compared to
the control (Figure 4A). Additionally, the addition of resveratrol to the extender significantly
reduced (p < 0.05) the sperm NADH/NAD+ after cryopreservation compared to the control
(Figure 4B).

3.6. Addition of Resveratrol Reduced Sperm LPO, ROS Level, and MDA Content

As shown in Figure 5A and Supplementary Figure S3, ROS levels were significantly
decreased after the addition of resveratrol up to 75 uM compared with the control group
(p < 0.05). Notably, the 50 uM resveratrol treatment showed the most significant decrease
in ROS levels compared to other treatments. The addition of resveratrol up to 75 uM
significantly decreased (p < 0.05) the contents of LPO (Figure 5B) and MDA (Figure 5C),
with the most significant decrease observed in the 50 1M resveratrol treatment. However,
there was no significant difference in LPO content between the 100 uM resveratrol treatment
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group and the control group (p > 0.05). Furthermore, the content of MDA for the 100 uM
resveratrol treatment was significantly higher than the control group.
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Figure 4. Effect of addition of different concentrations of resveratrol to extender on NAD+ con-
tent (A) and NADH/NAD+ (B) of ram sperm after cryopreservation. Values are presented as
mean =+ standard error of the mean (SEM). Columns with different lowercase letters were signifi-
cantly different (p < 0.05), n = 5.
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Figure 5. Effect of different concentrations of resveratrol on sperm ROS Level (A), LPO content (B),
and MDA content (C) after cryopreservation. Values are presented as mean + standard error of the
mean (SEM). Columns with different lowercase letters were significantly different (p < 0.05), n = 3.

3.7. Addition of Resveratrol Improved the Sperm Antioxidative Ability

To investigate the effect of resveratrol on the antioxidant capacity of sperm cryopreser-
vation, the SOD activity, CAT activity, GPx activity, and GSH content were measured. As
shown in Figure 6A, the highest SOD activity was observed in the 50 and 75 uM resveratrol
treatments (p < 0.05). However, the SOD activity for the 25 uM and 100 uM resveratrol
treatments and the control were similar. In addition, the addition of resveratrol significantly
increased (p < 0.05) GPx activity (Figure 6B). The CAT activity in the 50 and 75 uM resvera-
trol treatment groups significantly increased compared to the other treatments (Figure 6C).
Similarly, an increase in the GSH content was also noted with the addition of 50 and 75 uM
resveratrol (p < 0.05) (Figure 6D).

3.8. Addition of Resveratrol Reduced the Oxidative DNA Damage

Analysis of oxidative DNA damage in post-thawed sperm by 8-OHdG staining
(Figure 7A-F) showed that the levels of 8-OHdG in post-thawed sperm were significantly
different from those in the control (p < 0.05) after the addition of 25, 50, and 75 uM resvera-
trol. The addition of 50 uM resveratrol had a significant difference with other treatment
groups (p < 0.05).
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Figure 6. Effect of different concentrations of resveratrol on sperm SOD activity (A), GPx activ-
ity (B), CAT activity (C), and GSH content (D) after cryopreservation. Values are presented as
mean = standard error of the mean (SEM). Columns with different lowercase letters were signifi-
cantly different (p < 0.05), n = 3.
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Figure 7. Effect of different concentrations of resveratrol on sperm DNA integrity (A-F) after cry-
opreservation. Values are presented as mean =+ standard error of the mean (SEM). Columns with
different lowercase letters were significantly different (p < 0.05), n = 3.

3.9. Addition of Resveratrol Promotes AMPK Phosphorylation against ROS Damage by
Activating SIRT1

To investigate the mechanism of how resveratrol improves sperm quality, SIRT1 pro-
tein expression and AMPK phosphorylation were detected in thawed sperm (Figure 8A-D,
Supplementary Figure S4). Compared with the control group, the SIRT1 expression in-
creased after the addition of 25, 50, and 75 puM resveratrol (p < 0.05); however, SIRT1
expression for the 100 pM resveratrol treatment was not different from the control (p > 0.05)
(Figure 8B). Furthermore, while there was no significant change in total AMPK level with
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the addition of resveratrol (Figure 8C), the addition of 25, 50, and 75 1M resveratrol sig-
nificantly increased AMPK phosphorylation after thawing sperm (p < 0.05). The highest
degree of AMPK phosphorylation was observed in the 50 uM resveratrol treatment group
(p < 0.05) (Figure 8D).
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Figure 8. Effect of different concentrations of resveratrol on SIRT1, AMPK, and p-AMPK after
cryopreservation. Detection of the expression of SIRT1, AMPK, and p-AMPK by Western blot (A-D).
Columns with different lowercase letters were significantly different (p < 0.05), n = 3.

3.10. Addition of Resveratrol Attenuated the Sperm Apoptosis

Western blotting analysis shows that the expression of apoptosis proteins (caspase-3,
caspase-9, and p53) significantly decreased in the resveratrol treatment groups (Figure 9A-D,
Supplementary Figure S5). Among the treatments, the expression of apoptotic proteins
was the lowest in the 50 uM resveratrol group for caspase-3 and p53, and the expression of
apoptotic proteins was the lowest in the 75 uM resveratrol group for caspase-9.
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Figure 9. Effect of different concentrations of resveratrol on sperm apoptosis after cryopreservation.
Detection of the expression of caspase3, caspase9, and P53 by Western blot (A-D). Values are pre-
sented as mean =+ standard error of the mean (SEM). Columns with different lowercase letters were
significantly different (p < 0.05), n = 3.
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4. Discussion

Artificial insemination in sheep is limited by the morphology of the sheep cervix [28].
The quality of thawed semen is instrumental in determining whether sperm can suc-
cessfully colonize and migrate within the uterus [29]. The objective of this study was to
examine the influence of resveratrol and its optimal concentration on the cryopreservation
of ram sperm, focusing on its protective effects against freeze-thaw damage. Results show
that the addition of 50 uM resveratrol in a frozen medium significantly improved sperm
motility parameters, membrane integrity, acrosome integrity, mitochondrial activity, GPx,
CAT, SOD activity, GSH content, SIRT1 expression level, and AMPK phosphorylation
level after thawing. Similarly, the levels of LPO, MDA, DNA damage, and apoptosis in
sperm decreased.

Sperm motility is important for sperm to swim from the site of ejaculation toward
the oviduct for fertilization to take place [30]. In this study, post-thaw sperm motility
parameters such as the total motility, progressive motility, VCL, VSL, VAP, and WOB of
the 50 uM resveratrol treatment were significantly higher than those of the control. These
findings are consistent with Zhu et al. (2019), who reported that the addition of resveratrol
improved post-thaw boar sperm motility parameters [31]. In addition, supplementation
with 50 uM resveratrol also increased post-thaw ram sperm mitochondrial activity. This
result aligns with the findings of Kaeoket et al. (2023), who demonstrated that resveratrol
improved sperm mitochondrial bioenergetics [18]. It is well known that the mitochondria
are regarded as powerhouses due to their central role in ATP production [32]. It is also
notable that sperm motility is dependent on ATP generation [33]. In this study, we found
that the post-thaw ram sperm ATP level in the 50-uM resveratrol treatment was higher than
that of the control. Thus, we can suggest that the addition of 50 uM resveratrol improved
the post-thaw ram sperm motility parameters by maintaining mitochondrial membrane
potentials, which are required for ATP generation.

The overproduction of ROS as a result of sperm cryopreservation procedures is a
well-documented phenomenon, which significantly increases the risk of oxidative damage
and potentially impairs sperm functionality [34]. ROS attack can lead to lipid peroxidation
and DNA oxidative damage in sperm, which leads to changes in the structure and function
of sperm and ultimately leads to the decline of sperm motility and fertilization ability [35].
Therefore, some studies have explored the addition of antioxidants to diluted semen to
reduce ROS accumulation in sperm during cryopreservation to improve sperm motility
and fertilization ability [8]. In the present study, the addition of 50 uM resveratrol to
the extender protected sperm from oxidative stress by reducing ROS levels and lipid
peroxidation. Similar to the present study, Ahmed et al. (2020) showed that the addition
of 50-100 uM resveratrol to the extender reduced LPO in sperm [36]. Oxidation [37],
heat stress [38], and osmotic stress [39] have been reported to damage the sperm plasma
membrane and acrosome during cryopreservation. Nevertheless, the addition of resveratrol
to sperm freezing fillers significantly improved the integrity of sperm acrosomes and plasma
membranes, which is consistent with the findings of previous studies in humans [17],
boar [18], buffalo [19], and rooster [20]. Furthermore, contrary to our findings, Garcez
et al. (2010) [40] and Silva et al. (2012) [41] found that resveratrol supplementation did
not enhance sperm motility and mitochondrial activity of human and ram sperm after
thawing. It has also been documented that 50 ©M resveratrol mitigated movement loss but
failed to prevent the oxidative damage induced by the cryopreservation of buck sperm [42].
The difference in results may suggest that the protective effect of resveratrol on thawed
semen may depend on resveratrol concentration, filler composition, animal species, storage
procedures, and the entity under stress conditions.

The present investigation further elucidated that the incorporation of resveratrol into
the extender diminished the concentrations of LPO and MDA, concurrently augmenting
the GPx, CAT, SOD activity, and GSH content. These results are consistent with studies
from other species that suggest that adding resveratrol protects sperm from oxidative
damage by boosting their antioxidant capacity [20,31,43]. It is well known that the cellular
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antioxidant system (scavenging enzymes) is located in the cytoplasm, which is found in
sperm in a minimal amount [44]. In addition, cryopreservation decreases the activity of
sperm antioxidant enzymes, indicating that sperm had decreased antioxidant capacity
and were more susceptible to oxidative damage. Interestingly, our study showed that the
addition of resveratrol increased the activity of GPx, CAT, and SOD. These findings are
consistent with Zhang et al. (2022) [22], who found that 100 uM of resveratrol significantly
improved the activity of GPx and SOD in giant panda sperm.

The metabolism and function of sperm require energy to be maintained during sperm
cryopreservation [45]. Resveratrol is an indirect SIRT1 activator [46,47]. The findings of
previous research have demonstrated that SIRT1 reduction leads to mitochondrial dys-
function by increasing ROS, LPO, and DNA damage in sperm, resulting in decreased
sperm fertilization ability [48]. Similarly, studies by Cuerda et al. have shown that insuffi-
cient SIRT1 function in men leads to overactivation of sperm and decreased fertilization
ability [49]. Thus, SIRT1 expression was significantly positively correlated with sperm
concentration, total motility, and normal sperm morphology. The deficiency of SIRT1
increases the effect of reduced antioxidant defense [50]. In addition, SIRT1 protects sperm
from hydrogen peroxide apoptosis through ubiquitination and subsequent degradation of
the transcription factor Foxo3a [51]. SIRT1 also inhibits microglia-derived factors through
a p53-caspase-3-dependent mechanism, thereby eliminating caspase-mediated apopto-
sis [52]. Additionally, SIRT1 increases Bcl-2 expression and decreases BAX expression,
thereby regulating mitochondrial membrane permeability, mitochondrial function, and
cytochrome c release [53]. SIRT1 inhibition caused oocytes to fail to upregulate SOD2
and offset the ROS increase in the presence of increased ROS [54]. Similarly, this study
found that adding resveratrol to the freezing additive activated the expression of SIRT1,
increased the activity of GPx, CAT, and SOD, reduced the damage of ROS, LPO, and
DNA in sperm, and inhibited the expression of P53, caspase-3, and caspase-9. In goat
sperm, Price et al. (2012) found that SIRT1 plays a crucial role in activating AMPK and
improving mitochondrial function at moderate doses of resveratrol, which is consistent
with this study [55]. AMPK is a key kinase that regulates cellular REDOX status by altering
metabolic pathways under stress conditions [56]. Additionally, AMPK is documented
as a key regulator of sperm physiological function, particularly sperm motility, plasma
membrane integrity, and mitochondrial activity [57]. Furthermore, Cant6 et al. (2009)
indicated that AMPK regulates energy expenditure by modulating NAD* metabolism and
SIRT1 activity [58]. NAD™ is a metabolic product associated with improved mitochondrial
function under somatic stress [59]. Moreover, NAD™ levels decline with mitochondrial
dysfunction or mitochondrial disease [60]. Activation of AMPK compensates for ATP loss
by stimulating catabolic mechanisms and inhibiting synthesis mechanisms [61]. This study
also found that adding resveratrol increased ATP content and NAD™ levels by activating
AMPK. Recently, numerous studies have demonstrated the presence of AMPK in boar [62],
ram [45], rooster [63], and mouse [64] sperm. In addition, we showed in a previous study
that increased phosphorylation of AMPK in boars improves semen quality [31]. Similarly,
in the present study, it was also found that adding resveratrol to the freezing additive
improved sperm motility by increasing the phosphorylation level of AMPK. A recent study
showed that in boars, the phosphorylated AMPK form is mainly located in the acrosome
and equatorial subsegments of the head, as well as in the middle of sperm [65]. However,
in roosters, AMPK is present in the acrosome, the middle, and the entire flagella [63]. The
distribution of AMPK in different parts of the sperm suggests that, depending on the
species, it may promote motility and acrosomal responses. As a result of this variability, the
distinct roles of SIRT1 and AMPK in the reproductive activity of different species should
be investigated.

5. Conclusions

This study showed that 50 uM resveratrol can effectively alleviate the decrease in
sperm motility, sperm acrosome integrity, and membrane integrity damage that occurs
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during cryopreservation of ram semen while maintaining high mitochondrial activity.
Additionally, the addition of resveratrol activated AMPK phosphorylation and SIRT1 ex-
pression, which is known to decrease ROS production. It also enhanced sperm antioxidant
defense systems (e.g., GSH content and activities of GPx, SOD, and CAT) and reduced cell
apoptosis and DNA damage.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani13243887/s1, Figure S1: Photographs of sheep sperm
stained with fluorescein SYBR-14/PI (A) and LIVE/DEAD sperm viability kit (B), respectively. In
Figure S1A, red arrows indicate sperm with intact acrosome, blue arrows indicate sperm with dam-
aged acrosome. In Figure S1B, the red arrow indicates the sperm with intact plasma membrane,
blue arrows indicate sperm with damaged plasma membrane. Figure S2: Different concentrations of
resveratrol on the sheep sperm mitochondrial activity after cryopreservation. Figure S3: Effect of
different concentrations of resveratrol on sperm ROS after cryopreservation. Values are presented
as mean =+ standard error of the mean (SEM). Columns with different lowercase letters were signifi-
cantly different (p < 0.05), n = 3. Figure S4: Different concentrations of resveratrol on the expression
of proteins (SIRT1, P-AMPK, AMPK, «-Tubulin) in sheep sperm after cryopreservation. Figure S5:
Different concentrations of resveratrol on the expression of proteins (Caspase3, Caspase9 and P53) in
sheep sperm after cryopreservation.
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Simple Summary: Diluent plays an important role in sperm storage. The various components of the
diluent provide nutrition for sperm survival, maintain the stability of the preserved environment,
and prolong the survival time of sperm. However, for the preservation of semen at 4 °C, diluent
formulations are currently lacking or existing diluent formulations are not sufficient. Therefore, the
effect of four diluents on semen preservation was studied through an assessment of sperm motility
and functional integrity. Diluent D (Tris-Fructose—Citric acid—Egg yolk) was found to greatly improve
semen quality during storage at 4 °C.

Abstract: This study aimed to investigate the effects of various diluents on the quality of Hu ram
sperm stored at 4 °C. Semen samples were collected from three Hu rams and diluted with diluents A
(Sodium citrate-Glucose-Egg yolk), B (Sodium citrate-Glucose), C (Fructose-Skimmed milk powder—
Soy lecithin), and D (Tris-Fructose—Citric acid-Egg yolk). Total motility (TM), straight-line velocity
(VSL), average path velocity (VAP), curvilinear velocity (VCL), average motion degree (MAD),
acrosome integrity, membrane integrity, and reactive oxygen species (ROS) were evaluated. The
results showed that diluent D had better preservation in terms of the sperm TM, VSL, VCL, VAP,
MAD, and membrane and acrosome integrity. On the third day of the storage, the sperm PM of
diluent D was higher than that of other diluents (p < 0.05). The ROS level of diluent D was lower
than that of other diluents on the fifth day (p < 0.05). On the seventh day of the storage, the sperm
TM in diluent D reached 50%, which was the highest in all diluent groups. On the seventh day of
the storage, the integrity of the sperm membrane and the integrity of the acrosome of the sperm in
diluent D were the highest in all diluent groups (p < 0.05). In conclusion, these results indicated that
diluent D improved the semen quality during storage at 4 °C. In this study, diluent D was the best
diluent formula for Hu ram semen stored at 4 °C.

Keywords: diluent; motility parameters; membrane integrity; acrosome integrity; ROS

1. Introduction

Hu sheep are a local breed under first-class protection in China and are also the only
breed of sheep with lambs with white skin [1,2]. Hu sheep have excellent reproductive
characteristics such as early sexual maturity and being highly prolific [3,4]. Therefore,
improving the large-scale and standardized breeding level of Hu sheep can effectively
increase farmers’ economic benefits and improve people’s living standards. However,
the result of the preservation of ram semen is not satisfactory. In Bhalothia’s [5] study
of the preservation of ram semen at 4 °C, the TM decreased to 30% on the third day of
preservation. In a study of ram semen, O’Hara [6] found that after three days of storage, the
fertilization rate plummeted to just reached 20%. According to Druart [7], the pregnancy
rate was significantly lower after insemination with semen stored for one day. With the
extension of storage time, the quality of semen will decrease, which will further reduce the
pregnancy rate [8].
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Semen preservation is very important to prolong survival time, expand semen volume,
effectively contribute to promoting the reproductive potential of excellent males, and over-
come geographical limitations [9]. Semen preservation mainly includes room-temperature
preservation (15-25 °C), low-temperature preservation (0-5 °C), and cryopreservation
(=196 °C) [10,11]. Compared with fresh semen, frozen-thawed semen will have reduced
sperm motility and structural integrity [12]. Cervical insemination with frozen—thawed
semen generally resulted in low pregnancy rates [13]. The total motility (TM) of sperm
stored at room temperature will decline in a short time, and the storage time is too short to
satisfy the demand for extensive usage of semen [14]. At present, sheep semen is mainly
preserved at low temperatures. Selecting an efficient and stable diluent formula for sheep
semen is a prerequisite to improving the effect of low-temperature semen preservation.
Low-temperature preservation of sheep semen refers to the method in which semen is
diluted according to a certain proportion and stored at 4 °C to extend survival time [15]. At
low temperatures, the metabolic rate of sperm is slowed down, even in a dormant state, and
the accumulation of metabolites decreases significantly [16,17]. When stored at 4 °C, the
reproduction and growth of microorganisms in the preserved semen were also inhibited,
improving the quality of low-temperature preservation of sheep semen [18]. It should
be noted that one study found that slow cooling during low-temperature preservation of
sheep semen is the key to ensuring semen quality, and a sharp decrease in temperature will
cause a cold shock to the sperm [19,20].

Currently, there are still many shortcomings in the low-temperature preservation of
sheep semen, such as the uncertainty of basic diluent, the short survival time of sperm,
and poor quality of semen. With the diluent formula for low-temperature preservation
of sheep semen, the effective survival time of the sperm is only about three days, far
from meeting the practical production needs. As the diluent formula in studies of low-
temperature preservation of sheep semen does not give good results at present, the diluent
formula selected in this study is based on the diluent formula of other species that are better
preserved at low temperatures. Therefore, it is very important to select an efficient and
stable diluent formula for low-temperature preservation of sheep semen. In this experiment,
four kinds of diluent formulas for the low-temperature preservation of sheep semen were
selected, and the best diluent formula was designated through the detection of semen
storage quality. The purpose of this research was to assess the effects of different diluent
formulas on the quality parameters (TM, straight-line velocity (VSL), average path velocity
(VAP), curvilinear velocity (VCL), average motion degree (MAD), membrane integrity,
acrosome integrity, and reactive oxygen species (ROS)) of Hu sheep semen when stored at
4°C.

2. Materials and Methods
2.1. Animals and Semen Collection

Semen samples from three sexually mature and healthy Hu sheep (about three years
old) were used in this research. After reproductive examination, there was no problem
with the testes of the three rams, and the testicles were normal in size according to visual
inspection. The rams were housed at the Experimental sheep farm of Yangzhou University
(Jiangsu, China). The rams were free to drink water and provided with high-quality hay
and concentrate.

A total of 60 ejaculates (20 ejaculates per ram) were collected from the three rams with
an artificial vagina two times a week from February to April 2022. The collected semen
was brought to the laboratory within 30 min. First, the collected semen was preliminarily
selected, and samples with a milky white color and about 1 mL volume of semen were
selected. The quality of semen was evaluated using a computer-aided sperm analyzer
(CASA). In this study, only semen samples with a concentration >2.0 x 10° sperm/mL,
motility > 80%, and normal sperm morphology > 85% were used. To overcome individual
differences and balance the sperm contribution, the checked semen was pooled together.
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2.2. Diluent Preparation

Four different diluents, A, B, C, and D, were prepared on the basis of composition and
dose as shown in Table 1. In the laboratory, analytical balances (XSE105DU, Mettler Toledo,
Zurich, Switzerland) were used to accurately weigh reagents from different formulations.
The weighed substances were dissolved in 100 mL of sterilized ultrapure water and stirred
with a glass rod to fully dissolve. The diluent was filtered through a 0.2 um filter membrane
for later use. After filtration, 10% egg yolk was added to diluents A and D, and they were
stored overnight in a refrigerator at 4 °C. The final diluent was the supernatant obtained
after centrifugation at 12,000 g for 10 to 15 min.

Table 1. Four different diluent formulations.

Constituent A B C D
Sodium citrate 200¢g 140¢g - -
Glucose 3.00g 3.00g - -
Citric acid - - - l6dg
Fructose - - 250¢g 200g
Tris - - - 3.07¢g
Skimmed milk powder - - 10.00 g -
Soy Lecithin - - 0375 g -
Egg yolk 10% - - 10%
Penicillin sodium 100,000 TU 100,000 TU 100,000 TU 100,000 TU
Streptomycin sulfate 100,000 TU 100,000 TU 100,000 TU 100,000 TU
Total volume 100 mL 100 mL 100 mL 100 mL

Osmotic pressure 377mOsm/L 316 mOsm/L  410mOsm/L  375m Osm/L

2.3. Semen Processing

After mixing the semen, it was split into four equal fractions and diluted with A, B,
C, and D to 2.0 x 10® sperm/mL. Finally, the semen samples were wrapped with eight
layers of cotton and kept in a 4 °C refrigerator. During the storage period, the plastic tubes
containing the semen were gently shaken every 12 h to prevent sperm from depositing.
In addition, semen quality parameters (TM, VSL, VCL, VAP, MAD, and membrane and
acrosome integrity) were measured and analyzed once a day. The ROS level was measured
on the fifth day.

2.4. Evaluation of Semen Quality
2.4.1. Analysis of Sperm Motility Parameters

Sperm TM, VSL, VCL, VAP, and MAD were assessed using the CASA (ML-608JZ 11,
Mailang, Nanning, China) equipped with a warm stage. The software used by the CASA
is an automatic analysis and detection system for animal sperm belonging to Mailang.
The microscope used in the detection system is an ML-800 (Mailang, Nanning, China).
The microscope used a Mailang conjugate high-contrast sperm optical imaging device
(10x PH). The CASA software (ML-800II) captured 30 frames per second. The diluted
semen was incubated at 37 °C for 4 min. Then, each semen sample was placed on the
Mailang computer sperm counting board (ML-CASA20-4) and estimated at 37 °C. The
counting board was 20 pm deep. At least 200 sperm cells were observed per slide. The TM
represents the proportion of active sperm. The VSL represents the speed of the straight-line
movement distance of the sperm head. The VAP indicates the movement speed of the
sperm head along its spatial average trajectory. The VCL indicates the velocity of the sperm
head along its actual walking curve.

2.4.2. Analysis of Sperm Functional Integrity

The functional integrity of the sperm membrane was evaluated using HOST, as de-
scribed by Wang Y [21]. It was evaluated every day. Measurement was carried out by
mixing 20 uL semen with 200 uL hypo-osmotic solution. After incubation at 37 °C for
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40 min, sperm swelling was observed under a 400x phase-contrast microscope. At least
200 sperm cells were observed on each slide.

The Coomassie brilliant blue stain was used to assess the integrity of the acrosome
as described by Zhang L, and the Coomassie brilliant blue staining solution was prepared
according to their method [22]. These parameters were assessed every day. Briefly, 50 uL
of the preserved semen sample was fixed with 1 mL of 4% paraformaldehyde at room
temperature for 10 min. The sample was centrifuged at 422 x g for 5 min, the supernatant
was discarded, and 10 pL was taken to make a smear. After air-drying, the smear was
stained with Coomassie brilliant blue solution for 40 min and washed with distilled water.
After natural drying, a minimum of 200 sperm cells on each slide were examined under a
1000 x phase-contrast microscope. Sperm heads have two distinct varieties. The acrosome
was intact if the sperm head appeared blue. The acrosome was not intact if the sperm
head appeared unstained. At the same time, the spontaneous acrosome reaction (SAR) was
evaluated in order to reflect the real influence of diluent on the sperm acrosome.

2.4.3. Analysis of the ROS Level of the Sperm

The ROS level of the sperm was measured with an ROS Assay kit (Beyotime Institute
of Biotechnology, Shanghai, China) according to the instructions. First, a volume of 100 uL
diluted semen was mixed with 300 uL of 4 °C pre-cooled PBS and centrifuged at 422x g
for 5 min. This procedure was repeated two more times to remove the supernatant. Second,
300 L. DCFH-DC working solution was added to the sperm. After staining at 37 °C
for 30 min in dark conditions, the samples were centrifuged at 422x ¢ for 5 min, the
supernatant was discarded, and the samples were washed with PBS two times. Finally, a
volume of 600 pL PBS was added to the sperm. In the negative control group, DCFH-DC
working solution was not added. In the positive control group, when 300 uL of CFH-DC
working solution was added, 0.3 pL of Rosup reagent was added at the same time. The level
of ROS was expressed as absorbance at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm for a microporous multimodal detection system (PerkinElmer Inc.,
NYSE: PKI, Waltham, MA, USA). The experiment was repeated three times.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS 24.0. The Shapiro-Wilk test was used
to test whether the data obey a normal distribution. The data do show a normal distribution.
Duncan’s multiple range tests using one-way analysis of variance procedures were used
to compare the mean values of TM, VSL, VCL, VAP, MAD, membrane integrity, acrosome
integrity, and ROS level between diluents within the same time points. Changes in variables
across different time points in a group were assessed using repeated measures ANOVA to
reveal time effects. The significance level of p < 0.05 was chosen unless otherwise noted.
The results are presented as mean + SD. All groups were replicated three times.

3. Result
3.1. Effects of Different Diluents on the Sperm Motility Parameters

Table 2 shows the effects of several diluents on the TM and kinematic parameters of
the Hu ram sperm during liquid storage at 4 °C. With the extension of storage time, sperm
motility gradually decreased, and the sperm motility of diluent B and diluent C decreased
more rapidly. On the third day of storage, the sperm TM in diluent C dropped to 0. On
the seventh day of storage, the sperm TM in diluent B dropped to 0. After three days of
preservation, the sperm TM in diluent D was the highest among all the diluents.

On the fifth and sixth days of preservation, the sperm VSL in diluent D was signifi-
cantly higher than that in the other diluents (p < 0.05). On the fourth, fifth, and sixth day of
storage, the VCL and VAP of sperm in the diluent D group was significantly higher than
that in other diluents (p < 0.05). On the second day of preservation, the MAD of sperm in
the diluent A and D groups was significantly higher than that in other diluents (p < 0.05).
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From day 3 to day 7, the MAD of the sperm in the diluent D group was significantly higher

than that in the other diluents (p < 0.05).

Table 2. Effects of different diluents on the motility parameters of the Hu ram sperm.

Different Diluents

Motility Preserved
Parameters Period (Days) A B C D
0 94.40 + 0.02 4 94.95 + 0.06 4 94.85 + 0.40 A 9411 +0.924
1 93.56 + (.14 A2 79.67 + 0.24 Be 88.64 + 0.43 Bb 93.37 + (.41 ABa
2 91.74 + 0.10 B2 74.28 4+ 1.86 P 37.84 4+ 0.72 C¢ 91.31 + 1.34 BCa
. 3 85.92 4 0.73 P 64.22 +1.31 D¢ 0Dd 90.11 + 0.06 P2
™ (%) 4 83.06 + 0.10 PP 49.90 £ 0.21 B obd 88.96 +0.38 P2
5 80.86 + 1.11 Eb 32.01 +0.30 Fe obd 86.44 + 0.58 £a
6 69.53 + 0.36 Fb 14.60 4 0.31 Ge oDbd 80.53 + (.21 Fa
7 34.45 + 0.47 Gb o He 0 De 51.01 + 0.69 G2
0 41.34 + 0.57 AB 41.36 +1.59 B 42,05+ 1.644 41.15 + 1.65 BC
1 4298 +1.644 38.66 +1.78 B 39.65 +1.23 B 43.02 +1.01 AB
2 45.31 - 1.27 Aab 47.77 +0.23 A2 26.98 + 0.45 € 44.70 + 0.74 AP
3 44.69 +2.02 42 41.04 +2.61 B2 o bp 38.98 + 0.66 €Pa
VSL (um/s) 4 41.17 + 0.07 ABa 4323 + 1.12 B Db 43.00 + 0.66 ABa
5 34.45 + 0.20 <P 30.33 + 0.35 ¢ obd 37.26 £ 0.28 P2
6 36.33 + (.25 BCP 19.70 + 1.86 Pc oDd 40.16 + 1.03 BCa
7 35.33 +3.40 @ 0 Eb obb 33.57 +0.13 Fa
0 80.82 + 0.98 A 82.22 +0.08 & 82.36 +2.624 82.11 +0.86 &
1 75.71 4+ 2.19 ABab 69.84 + 2,91 Bb 7223 +2.12Bb 81.09 + 1.08 A2
2 78.38 +1.71 Ab 83.16 + 1.23 Aa 43.30 + 1.13 €¢ 82.88 4 1.22 A2
3 74.32 + 3.56 ABa 69.48 + 3.43 Ba obb 75.85 + 0.78 BCa
VCL (um/s) 4 69.94 + (.45 BCb 69.39 + 1.15 B0 0 De 78.62 + 1.09 ABa
5 61.67 + 0.85 PP 52.06 + 0.15 €< obd 67.26 + 0.47 Da
6 64.39 + 0.26 PP 41.92 + 2.68 Pe oDbd 73.76 + 2.86 @
7 65.86 + 5.14 CPa 0Eb obb 62.93 4 0.74 Fa
0 57.15 + 0.69 4 58.14 + 0.05 4 5823 +1.854 57.97 4+ 0.61 4
1 53.54 + 1.54 ABab 49.38 4 2.06 Be 51.08 + 1.50 BP 57.34 + 0.77 A2
2 55.42 + 1.21 Ab 58.80 + 0.87 A2 30.62 + 0.80 € 58.61 + 0.86 A2
3 52.56 4 2.51 ABa 49.13 4+ 2.43 Ba o Db 53.64 + 0.55 BCa
VAP (um/s) 4 49.46 + 0.31 B 49.07 + 0.81Bb o De 55.60 + 0.77 ABa
5 43.61 + 0.60 PP 36.81 & 0.10 €€ obd 47.56 + 0.33 D2
6 45.53 4+ 0.18 €bb 29.64 + 1.90 De oDd 52.16 + 2.02 €2
7 46.57 + 3.63 CPa 0 Eb obb 4450 + 0.53 Fa
0 133.19 + 7.61 4 133.19 + 6.76 A 132.37 £ 8.70 A 132.50 + 7.07 A
1 101.36 + 5.65 Ba 77.65 + 2.43 Bb 106.97 + 11.17 Ba 118.47 + 5.20 Ba
2 98.55 + 2.06 BCa 74.15 + 4.01 BP 28.66 + 0.75 ¢ 107.33 + 3.91 BCa
. 3 88.46 + 1.52 BCPb 55.34 + 1.60 ¢ oPd 101.15 4 3.07 €Pa
MAD (7s) 4 88.00 + 1.68 €Pb 40.07 + 0.94 Pe obd 95.65 + (.87 CPa
5 81.92 + 4.64 PP 23.84 + 0.58 Ec obd 93.60 = 2.20 P2
6 59.36 + 3.56 EP 11.65 4 0.91 Fe oDbd 71.99 + 0.50 Ea
7 28.59 + 152 0 Ge 0 De 34.18 + 3.00 Fa

Note: Data are expressed as mean & SD of Hu ram sperm in different diluents. Different superscripts (lowercase)
in the same row show significant differences (p < 0.05). Different superscripts (uppercase) in the same column
show significant differences (p < 0.05).

3.2. Effects of Different Diluents on the Sperm Functional Integrity

The HOST microscopy result is shown in Figure 1a. There are three types of sperm
tails. Sperm with a functional membrane are type A and B sperm, which have a curled tail.
Sperm with a non-functional membrane are type C sperm, whose tail is not curled. Table 3
shows the effects of several diluents on the membrane function of the Hu ram sperm during
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liquid storage at 4 °C. From day 1 to day 7, diluent D was superior in terms of preserving
the function of the sperm membrane during storage at 4 °C. These results indicated that
diluent D was better preserving the membrane functional integrity of the Hu ram sperm
during storage at 4 °C.

Figure 1. Detection of the sperm plasma membrane and acrosome. (a) The detection of sperm plasma
membrane. The two types of tail curls A and B indicate intact-membrane sperm, and the tail non-curl
type C is the sperm with a damaged membrane. (b) The detection of sperm acrosome. The sperm
head is blue (D), which means that the acrosome is intact. The sperm head is unstained (E), which

means that the acrosome is not intact.

Table 3. Effects of different diluents on the functional integrity of the Hu ram sperm.

Preserved Period Different Diluents
Parameter
(Days) A B C D
0 84.54 + 0.59 A4 84.51 4+ 0.64 A 84.83 +0.634 85.10 + 0.21 4
1 73.65 + 0.32 BP 64.30 + 1.29 Be 65.77 + 1.63 Be 77.44 +0.33 Ba
. 2 69.44 + 0.76 <P 60.79 + 2.10 Be 40.58 4 1.66 <4 75.00 £ 0.73 €2
Sperm f‘]‘:‘““ml 3 6347 + 0.67 Db 54.85 + 0.43 ; 7122 + 0.35 Da
ﬁzgltr;?/e) 4 57.67 + 0.60 b 50.78 + 0.29 D¢ - 67.62 + 0.87 Ea
5 52.32 + 0.54 P 44.92 +0.79 Ee - 61.26 + 0.45F2
6 38.22 + 0.36 GP 35.09 + 0.38 Fe - 5412 + 1.46 G2
7 34.23 +1.75 b - - 4538 + 0.75 Ha
0 91.13 +£ 023 A 90.84 + 0.33 A 91.01 + 0.56 & 90.87 + 0.43 A
1 89.83 + (.47 Ba 82.70 + 0.31 Be 84.53 + 1.38 Bbe 85.92 + 0.60 Bb
2 80.75 + 0.04 P 75.19 + 0.17 € 83.08 + 0.46 Ba 84.41 + 0.67 Ba
Sperm acrosome 3 80.94 + 0.64 7417 £ 1.02 P - 82.95 + 0.74 2
integrity (%) 4 79.11 £ 0.92 €2 73.61 = 0.63 <P - 79.48 +1.37 Pa
5 70.26 + 0.10 PP 58.60 + 1.43 Pe - 77.02 4 0.47 Ea
6 57.65 + 3.06 Fa 42.72 +0.91 Bb - 64.13 4+ 0.27 Fa
7 40.46 + 0.88 P - - 45.95 + 0.63 Ga

Note: Data are expressed as mean + SD of Hu ram sperm in different diluents. Different superscripts (lowercase)
in the same row show significant differences. (p < 0.05). Different superscripts (uppercase) in the same column
show significant differences. (p < 0.05). “-” means that all the sperm had died, meaning loss of detection.

Figure 1b displays the result of the Coomassie brilliant blue staining. Table 3 shows
the effects of several diluents on the acrosome integrity of the Hu ram sperm during liquid
storage at 4 °C. The sAR of mixed semen was detected before semen diluents, and it was
found that the value of SAR was only 4.55%, which was very low. The integrity of the
acrosome of the preserved sperm in diluent C decreased the most rapidly. The integrity of
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the acrosome of the preserved sperm in diluent D was the highest among all the diluents
(p < 0.05) on the seventh day of preservation.

3.3. Effects of Different Diluents on the Sperm ROS Level

The effects of different diluents on the ROS level of the Hu ram sperm during low-
temperature preservation are shown in Figure 2. The ROS level of sperm in diluent D
was significantly lower than that of the groups of diluent A and diluent B on the fifth day
(p <0.05). The ROS level of sperm in diluent B was significantly higher than that of the
groups of diluent A and diluent D on the fifth day (p < 0.05).
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Figure 2. Effects of different diluents on the production of ROS in the sperm on the fifth day. Note:
Different letters mean a significant difference (p < 0.05), but the same letter means no significant
difference (p > 0.05).

4. Discussion

Itis very important to detect the quality of semen before Al. Sperm motility parameters
(such as sperm TM and kinematic parameters) and membrane and acrosome integrity are
considered reliable indicators [23]. Therefore, in this study, the diluent formula suitable
for the low-temperature preservation of Hu ram semen was identified by measuring the
parameters of sperm TM, VSL, VCL, VAP, MAD, membrane integrity, acrosome integrity,
and ROS level after different storage times. The experimental results show that diluent
D has the best preservation effect. The sperm TM reached 51.01% on the seventh day
after preservation and reached more than 86.44% on the fifth day. Followed by diluent A
and diluent B, diluent C has the worst preservation impact on semen. On the fifth, sixth,
and seventh s of preservation, the plasma membrane integrity and acrosome integrity
of sperm in diluent D were significantly higher than those in other diluent groups. The
basic diluent used by Merati [24] in the cryopreservation of sheep semen also contains the
component of diluent D. After thawing with the optimized diluent formula, the sperm
TM reached 45.93%. This study was consistent with Merati’s findings, and diluent D had
effective preservation properties. Sperm motility is an important component of male fertility
because of its importance for migration in the genital tract [25]. Therefore, the composition
of diluent D could be suitable for the preservation of sheep semen at low temperatures and
cryopreservation. Under two conditions of preservation, it had a favorable effect on the
preservation. The addition and concentration of other substances in the formula may be
related to specific sheep breeds and storage conditions. Before diluting the mixed semen
with each diluent, the sAR of sperm was detected, and it was found that the sAR rate
was extremely low. If the sAR rate is high, it will affect the quality of semen preservation
and the subsequent implementation of Al technology [26]. This shows that diluent D can
prolong the low-temperature preservation time of semen and is the best diluent formula
for the low-temperature preservation of Hu ram semen.

Sugars play three main roles in the diluent. Carbohydrates are the main nutrient
substance in the diluent, providing energy for sperm. Sperm can use monosaccharides, such
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as glucose and fructose or their metabolites, for glycolysis and oxidative phosphorylation
to provide energy for metabolism and activity [27]. In a study of sheep sperm, Molinia [28]
found that sperm motility in a diluted solution containing glucose and fructose reached
35.3% and in solutions containing sucrose and lactose reached 24.7% and 25.7%, respectively.
This may be because the efficiency of sperm utilization of monosaccharides is higher than
that of disaccharides. Therefore, simple sugars such as fructose and glucose may be added
to sheep sperm to provide energy. In this study, the nutrients added to the four diluents
were monosaccharides. Yildiz [29] found that the effect of adding fructose to sperm was
that motility reached 84.3% and acrosome integrity reached 98.4%, which was superior
to other monosaccharides. This study was consistent with Yildiz’s research results, and
the sperm TM and acrosome integrity in diluent D were higher than that in diluent A. In
addition to the effects of buffering substances, this may also be due to the higher utilization
of fructose than glucose for sheep sperm.

At present, diluent containing milk, sodium citrate, and egg yolk is widely used in
low-temperature preservation [30]. In this study, diluent A and D contained egg yolk, while
diluent B did not contain any protective agent. The results indicated that the sperm TM
in diluent A and D decreased slowly, while that in diluent B decreased rapidly. From the
first day of semen preservation, the sperm TM in diluent A and D was significantly higher
than that in diluent B. With the prolongation of semen preservation time, the sperm TM
in diluent A and D was significantly higher than that in diluent B. On the seventh day
after preservation, all the sperm stored in diluent B died, and the TM in diluent A and D,
respectively, reached more than 30% and 50%. This suggests that egg yolk is essential to
protect sperm from low-temperature effects. It may be that lecithin and unsaturated fatty
acids in the yolk can alleviate the effect of free radicals, stabilize the cell membrane, promote
lipoprotein synthesis, and improve sperm metabolism [31]. In addition, the addition of
yolks can also improve the tolerance of sperm to osmosis. Egg yolk is a commonly used
protective agent in low-temperature semen preservation diluents, although researchers
suggest that adding egg yolk to the diluent may risk spreading animal diseases [32,33].
Some research is also devoted to the study of plant components that can replace egg yolks,
such as soybean lecithin and others [34]. However, the egg yolk in the diluent can not
only protect sperm from low-temperature effects but also provide nutrition for the sperm,
which is not available in many protective agents [35]. Therefore, semen preservation still
makes extensive use of egg yolks. In an experiment comparing the effects of untreated egg
yolk and pasteurized egg yolk on semen, Selige [36] found that there was no significant
difference in sperm PM, acrosome integrity, and membrane fluidity between the two groups,
and the quality of sperm in both groups remained at a high level. This could be due to the
fact that bacterial metabolism is effectively inhibited during cryopreservation, making any
potential effect of bacterial metabolism unlikely. This study was consistent with Selige’s
research results. Sperm TM, acrosome integrity, and functional membrane were higher
in diluents A and D, supplemented with egg yolk, than in other diluents. This shows
that the addition of non-sterilized egg yolk to the diluent may not necessarily lead to a
decline in semen quality. Under the condition of the low-temperature preservation, the
influence of bacteria may also be limited. Soybean lecithin is a permeable protective agent
that is equivalent to a low-density lipoprotein in the yolk and has a beneficial effect on
sperm [37]. Skimmed milk powder is an impermeable protective agent that plays a role
in the regulation of osmotic pressure outside of sperm [38]. Diluent C added two types of
protective agents: skimmed milk powder and soybean lecithin. However, the quality of
semen after storage decreased rapidly, and all sperm died on the third day after storage,
likely because no buffer solution was added to dilute it.

The buffer substance is also an important component of the diluent. Its main func-
tion is to buffer the acidic products produced by sperm metabolism during preservation,
mainly lactic acid. Due to the prolongation of semen preservation time, acid substances
gradually accumulate, which can cause sperm acidosis [30]. It can be seen that adding
buffer substances to the semen diluent is of great significance to maintain sperm TM [39].
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Currently, the buffer substances commonly used in diluents are sodium citrate, sodium
dihydrogen citrate, citric acid, Tris, and some others. It is found that the buffering effect of
Tris is very good, mainly because the effective range of Tris buffer is neutral, the toxicity
to sperm is low, and it can have a better buffering effect, which is more conducive to the
preservation of sperm [40]. Sodium citrate is an inorganic salt buffer that can also maintain
the pH value of the diluent. Citric acid can maintain the pH value of the diluent, chelate
heavy metals, and adjust the osmotic pressure [41]. It has been found that the effect of
adding various buffers to the diluent is better than that of a single buffer [42]. Diluent
D has the longest sperm storage time and can maintain high sperm quality. This may be
because diluent D contains Tris and citric acid, while diluent A and diluent B contain only
sodium citrate as buffer. The detection of ROS content also proves this. ROS originate
from endogenous and exogenous sources. The mitochondrial oxidative respiratory chain
of normal sperm produces endogenous ROS, but damage to the mitochondria results in
the release of a large amount of ROS, and the released ROS continue to damage the sperm,
causally linked in a repeated cycle that leads to sperm apoptosis [43-45], while exogenous
ROS are produced as a result of harmful substances and environmental changes [46]. The
level of ROS in diluent D was lower than that in other diluent groups on the fifth day.
The pH of the diluent can be affected by the by-products of sperm metabolism. If the pH
level exceeds a certain threshold, it can damage the structure of the sperm and induce the
programmed cell death [47]. Tris and citric acid, contained in diluent D, are commonly
used buffer substances that can keep the diluent stable and reduce sperm apoptosis. On
the one hand, this may be because the buffer substance of diluent D is the most suitable
and can keep the pH and osmotic pressure of semen relatively stable. On the other hand,
the sperm in diluent B had the lowest TM and the highest number of dead sperm, which
leads to a higher production of ROS by the apoptotic sperm.

5. Conclusions

In this study, diluent D has a better low-temperature preserving effect on Hu ram
semen, which can significantly improve the quality of semen preservation and prolong the
semen preservation time. Comparing with other diluents, the best diluent formula suitable
for the low-temperature conservation of Hu sheep semen was selected, which provided a
theoretical reference for effectively prolonging the low-temperature preservation time of
Hu ram semen and laid a foundation for Al technology.
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Simple Summary: This study aims to explore whether ferulic acid (FA), as an exogenous antioxidant,
could improve the quality of goat semen during liquid storage at 17 °C. Semen was collected from
three black-headed goat bucks and stored at 17 °C with different concentrations of FA. The effect
of FA on semen quality was evaluated via semen quality detection and antioxidant index analysis.
The results showed that adding 50 umol/L of FA significantly improved the semen quality from 1 to
5 days. Furthermore, supplementing semen with 50 umol/L of FA preserved at 17 °C for 3 days had
no significant effect on fertility. Overall, adding 50 umol/L of FA in dilution improved the quality of
goat semen stored at 17 °C.

Abstract: This study investigated the effect of different concentrations of ferulic acid (FA) on the
quality of goat semen preserved at 17 °C. First, semen was collected from three black-headed
goat bucks using an artificial vagina. Then, the mixed semen was diluted with basal dilutions
containing different concentrations of FA (0, 25, 50, 100, and 200 umol/L) and stored at 17 °C.
Sperm total motility, plasma membrane integrity, acrosome integrity, reactive oxygen species (ROS)
levels, malondialdehyde (MDA) content, and total antioxidant capacity (T-AOC) were measured
during semen storage. The results showed that sperm total motility, plasma membrane integrity,
and acrosome integrity were significantly improved in the 50 umol/L FA group compared with the
control group (0 umol/L) on days 1-5, and the level of T-AOC significantly increased, while the
contents of ROS and MDA significantly reduced. Meanwhile, the goats’ conception rate showed that
supplementing semen with 50 umol/L FA preserved at 17 °C for 3 days had no significant effect
on fertility. Taken together, our findings suggest that adding 50 umol/L FA in dilution at 17 °C can
improve goat bucks’ semen quality.

Keywords: ferulic acid; goat; liquid storage; 17 °C; semen quality

1. Introduction

With the development of science and technology, artificial insemination (Al) is seeing
wider use in goat breeding. The success of Al is largely dependent on the quality of pre-
served semen, which is a key factor affecting its effectiveness [1,2]. However, compared
with other livestock, semen preservation in goats is less studied, and the technology is still
not mature. Thus, we are seeking methods that can be applied to the preservation of goat
buck semen. Semen preservation technology allows semen to be preserved for longer by
maintaining the functional, ultrastructural, and biochemical properties of the sperm after
a specific treatment, followed by preservation in the corresponding environment [3]. It
can be divided into liquid and frozen preservation, according to the preservation tempera-
ture [4]. Liquid preservation has the advantages of simple operation, low requirements for
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preservation conditions, and a good effect on fertility compared with frozen preservation.
Therefore, the investigation of goat buck semen stored in a liquid state is important to
goat Al

Semen quality degradation is inevitable during storage, and one of the main reasons
for this is oxidative damage. Reactive oxygen species (ROS) are products of the aerobic
metabolism of sperm. Low concentrations of ROS are essential for sperm function, such
as sperm capacitation, acrosome reaction, sperm-egg binding, and related signaling path-
ways [5]. However, high concentrations of ROS reduce sperm viability, plasma membrane
integrity, and increase DNA damage through lipid peroxidation, leading to cell apopto-
sis, and reducing semen preservation quality [6,7]. In general, various enzyme systems
involved in redox homeostasis regulate the ROS level of semen, whereas oxidative stress
occurs as a result of oxidant excess, antioxidant deficiency, or both [8]. There are antioxidant
defense balance systems in semen, including superoxide dismutase, catalase, glutathione
peroxidase, glutathione reductase, and nonenzymatic antioxidants such as methionine,
ascorbic acid, and «-tocopherol, etc. [9-12]. When semen is preserved in vitro, the balance
is easily disrupted, so it is necessary to add antioxidants or other protective agents to semen
to avoid oxidative stress damage [2].

Ferulic acid (FA), a natural phenolic phytochemical widely present in plants, is an
important antioxidant. Previous studies have reported that FA plays a positive role in
the preservation of rooster [13], boar [14], and Qezel ram [15] semen. However, to our
knowledge, the effect of FA on the quality of goat buck semen during liquid storage has
not been reported. Therefore, to test whether FA can improve the preservation quality of
goat buck semen during liquid storage, FA of different concentrations was added to the
semen diluent of goats and stored at 17 °C. Then, the effect of FA on semen quality was
evaluated via semen quality detection and antioxidant index analysis. Finally, the optimal
concentration of FA for semen preservation at 17 °C was determined.

2. Materials and Methods
2.1. Semen Collection and Liquid Preservation

The semen of three black-headed goat bucks (3-5 years old) was used in this study.
The black-headed goat is a new breed based on Macheng Black Goat (Chinese local breed)
and introduces Boer Goat lineage. It has a black head and a white body. Prior to this
study, goat bucks were ejaculated two times per week during the breeding seasons. In
this study, one ejaculate from each goat buck was collected using an artificial vagina in
the presence of estrus goats. The semen volume of each goat buck collected was from
0.5~1.5 mL every time. The semen used was milky white and had no abnormal smell. The
sperm concentration was >2 x 10° sperm/mL, and the total motility was >0.8. The semen
was pooled to minimize individual differences between goat bucks.

Tris-based solution composed of Tris 250 mmol/L, fructose 100 mmol/L, sodium
citrate 75 mmol/L, penicillin 50,000 IU, streptomycin 50,000 IU, and double-distilled
water 100 mL (chemicals all from Sigma, St. Louis, MO, USA) was used as the base
extender. The mixed semen was diluted 10-fold with diluent and divided equally into
five aliquots. FA was added to the base extender at concentrations of 25, 50, 100, and
200 pmol/L, while the control was the base extender without FA. All samples were stored
in a constant temperature refrigerator at 17 °C (shaken and turned over every 12 h) and
used for the experiment.

2.2. Sperm Total Motility Analysis

Every 24 h, 10 uL of semen was taken, respectively, from four FA treatments and one
control group, shaken slowly before use, diluted 10 times by adding isothermal base diluent,
and incubated in a 37 °C water bath for 3 min. After incubation, 5 puL of the semen was
added dropwise to a prewarmed slide, covered with a coverslip, and placed on a HT CASA
IT automatic sperm analyzer (Hamilton Thorne, Beverly, MA, USA) thermostatic loading
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table to assess sperm total motility. Five or more fields of view were randomly selected, and
the total number of sperm observed was at least 800. There were three replicates per group.

2.3. Sperm Plasma Membrane Integrity Analysis

Plasma membrane integrity assay was performed with a commercial kit (Solarbio,
Beijing, China). In brief, 20 pL of semen was taken, respectively, from four FA treatments
and one control group and added to 200 pL of hypotonic solution. The solution was
prewarmed, stirred gently, and incubated for 30 min at 37 °C. After incubation, 10 uL of
the mixture was spread evenly on a slide for observation via light microscopy. Three or
more fields of view were randomly selected, and the total number of sperm observed was
at least 200. There were three replicates per group.

2.4. Sperm Acrosome Integrity Analysis

Semen from four FA treatments and one control group was used to analyze the sperm
acrosome integrity. Fluorescein isothiocyanate-peanut agglutinin (FITC-PNA, Sigma, St.
Louis, MO, USA) combined with 4,6-diamino-2-phenyl indole (DAPI, Beyotime (Shanghai,
China)) was used to detect the sperm acrosome integrity. Additionally, 10 uL of semen was
resuspended with phosphate-buffered saline (PBS) to a concentration of 1 x 10° sperm/mL,
and then 10 pL of FITC-PNA staining solution was added and incubated in darkness for
10 min at 37 °C. After incubation, sperm cells were collected via centrifugation at 1500 g
for 5 min; this process was repeated 1-2 times to wash off the floating color. The sperm cells
were then fixed in 4% paraformaldehyde at room temperature for 30 min. After fixation,
the cells were washed with PBS and incubated with DAPI. FITC-PNA staining was judged
by the criteria that sperm with broken acrosomes were stained with green fluorescence,
while sperm without green fluorescence had intact acrosomes. Three or more fields of view
were randomly selected, and the total number of sperm observed was at least 200. There
were three replicates per group.

2.5. ROS, Malondialdehyde (MDA) Content, and Total Antioxidant Capacity (T-AOC)
Activity Assays

Semen from four FA treatments and one control group was used to analyze the ROS
and MDA content and the T-AOC activity.

The ROS content was measured using the reactive oxygen species assay kit (Nanjing
Jiancheng Bioengineering Institute, Jiangsu, China), following the manufacturer’s protocol.
In brief, 100 uL of semen was taken in a centrifuge tube and centrifuged at 1000x g for
10 min; the supernatant was discarded. Next, 500 uL of diluted 10 pmol/L DCFH-DA was
added to resuspend the precipitate in a water bath at 37 °C for 30 min. At the end of the
incubation period, the samples were centrifuged at 1000 x g for 10 min, and the supernatant
was discarded. The precipitate was washed twice with PBS, and the cell precipitate was
collected via centrifugation; then, 600 uL PBS was added to resuspend the precipitate, and
20 puL suspension was added to the 96-well plate to measure the fluorescence value. A
multifunctional enzyme standard was used; the excitation wavelength was set at 488 nm
and the emission wavelength at 525 nm. There were three replicates per group.

The MDA content was measured using the MDA assay kit (Nanjing Jiancheng Bio-
engineering Institute, Jiangsu, China) according to the manufacturer’s instructions. In brief,
100 pL of semen was mixed with 1 mL of MDA assay working solution and incubated in
a water bath at 95 °C for 40 min. At the end of the incubation period, the samples were
centrifuged at 4000x g for 10 min. Additionally, 200 uL of supernatant was added to the
96-well plate to measure the absorbance value at 530 nm and normalize the protein content
(nmol/mg protein) using the BCA assay kit (Thermo Scientific, Waltham, MA, USA). There
were three replicates per group.

The T-AOC activity was determined using the T-AOC assay kit (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China) according to the manufacturer’s instructions. In
brief, 200 pL of semen was centrifuged at 800x g for 10 min, and the supernatant was
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discarded. The sperm pellets were collected and repeated twice using precooled PBS; 200 uL
of precooled lysate was added, and the sperm pellets were shattered using ultrasonication,
operated on ice; the corresponding reagents were added sequentially according to the kit
instructions. Finally, the absorbance value at 520 nm was measured and normalized to the
protein content (U/mg protein) using the BCA assay kit (Thermo Scientific, Waltham, MA,
USA). There were three replicates per group.

2.6. Fertility Test

To evaluate the effect of FA on fertility, semen containing 0 umol/L and 50 umol/L FA
was stored at 17 °C for 3 days and injected into synchronized estrus goats (aged 2-3 years)
via artificial insemination; fresh semen was injected as the control. The dose of semen
used was approximately 5 x 108 sperm/mL. A total of 54 estrus goats were inseminated
at random and kept in the same feeding conditions and management environment. Early
pregnancy was detected via ultrasound 3540 days after artificial insemination.

2.7. Statistical Analysis

All the results are presented as the mean + SE (1 = 3). One-way ANOVA was used
for statistical comparison using SPSS 23.0 software. p < 0.05 was considered statisti-
cally significant.

3. Results

To investigate whether FA affects semen quality and antioxidant capacity during
storage at 17 °C, sperm total motility, sperm plasma membrane integrity, sperm acrosome
integrity, and ROS, MDA, and T-AOC content were evaluated at different times and at
different FA concentrations, respectively.

3.1. Effect of Different Concentrations of FA on Sperm Total Motility of Black-Headed Goats

The effects of different concentrations of FA on black-headed goat sperm total motility
during liquid storage at 17 °C are shown in Table 1. On days 1 and 3, the sperm total
motility was significantly improved in the 25 and 50 pmol/L FA concentration groups
compared with the control group (0 pmol/L, p < 0.05); on day 2, the sperm total motility of
the 25, 50, and 100 umol/L groups was significantly higher than that of the control group
(p < 0.05); on day 4, the sperm total motility in the 25, 50, and 100 pmol/L groups was
significantly higher than that in the control group (p < 0.05); on day 5, the sperm total
motility was highest in the 50 pmol/L group (p < 0.05), and the sperm total motility of the
200 pmol/L group was lower than that of the control group, but there was no significant
difference. Generally, the sperm total motility was significantly improved in the 25 and
50 umol/L FA concentration groups.

Table 1. Effect of FA on the sperm total motility of black-headed goats (%).

FA Concentrations

Time of Storage

1d 2d 3d 4d 5d
0 umol/L 88.26 + 0.44 P 84.73 +2.18b 83.27 +0.17 ¢ 77.97 + 0.67 © 77.13 +£0.294
25 umol/L 92.33 +0.242 87.40 +0.722 86.13 + 0.292 83.60 + 0.232 80.63 & 0.66 P
50 umol /L 92.90 +0.29 2 87.70 +0.20 2 85.10 + 0.06 2P 84.20 +0.172 82.57 +0.29 2
100 pmol/L 88.17 4 0.65 P 86.93 + 0.44 2 83.70 + 0.95 b¢ 81.40 + 1.372b 79.07 + 0.42 ¢
200 umol/L 89.43 +157b 85.73 + 0.58 2P 83.30 £ 1.90¢ 80.23 + 0.52 b¢ 76.63 + 0.35 4

Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).
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3.2. Effect of Different Concentrations of FA on Sperm Plasma Membrane Integrity of
Black-Headed Goats

The effect of different concentrations of FA on black-headed goat sperm plasma
membrane integrity during liquid storage at 17 °C is shown in Table 2. On day 1, the
50 umol/L group was significantly higher than that of the 0 and 100 umol/L groups
(p < 0.05); the plasma membrane integrity of the 50 umol/L FA concentration group was
significantly higher than that of the other groups on days 3 and 5 (p < 0.05), and there was
no significant difference between the other groups; on day 2, the 50 pumol/L group was
significantly higher than that of the 0, 100, and 200 pmol/L groups (p < 0.05). Meanwhile,
there was no significant difference between the 50 pmol/L and 25 pmol/L groups. The
plasma membrane integrity of the 50 umol/L group was significantly higher than that of
the 25 and 200 umol/L groups on day 4 of semen preservation (p < 0.05). These results
suggested that adding 50 umol/L FA to the semen diluent could significantly improve the
integrity of the sperm plasma membrane.

Table 2. Effects of FA on the sperm plasma membrane integrity of black-headed goats (%).

FA Time of Storage
Concentrations 1d 2d 3d 4d 5d
0 pumol/L 7834 £ 1.07° 74.30 =+ 0.86 b¢ 7227 £0.73 ¢ 70.50 = 0.64 ab¢ 64.18 £ 1.15 b¢
25 umol/L 80.37 +1.222b 76.71 4+ 1.29 ab 7352 4+ 1.34b 69.44 + 1.03 be 64.58 + 0.52 be
50 pmol/L 81.50 £1.322 7893 +£0.84°2 78.10 £ 0.54 2 72.79 £1.702 71.49 +£0.872
100 pmol/L 78.33 £1.28° 75.29 £ 0.91 ¢ 7248 +£1.14 b¢ 71.21 £ 0.49 65.52 & 0.59
200 pmol/L 79.74 + 0.70 @b 73.61 +£1.01°¢ 71.67 £0.70 € 68.48 +1.00 © 62.30 +£1.13°¢
Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).
3.3. Effects of Different Concentrations of FA on the Sperm Acrosome Integrity of
Black-Headed Goats
The effect of different concentrations of FA on black-headed goat sperm acrosome
integrity during liquid storage at 17 °C is shown in Table 3. Sperm acrosome integrity was
significantly improved only in the 50 umol/L FA concentrations group compared with the
0 pmol/L group on days 1,2, and 5 (p < 0.05); on 3 day, the sperm acrosome integrity in the
25 and 50 pmol/L groups was significantly higher than in the control group (p < 0.05); on
day 4, sperm acrosome integrity was significantly improved in the 25, 50, and 100 pmol/L
groups compared with the 0 umol/L group.
Table 3. Effects of FA on the sperm acrosome integrity of black-headed goats (%).
FA Time of Storage
Concentrations 1d 2d 3d 4d 5d
0 pmol/L 92.11 £ 0.70° 88.65 + 0.83° 86.59 + 0.70 € 83.66 % 0.66 © 81.39 4 0.70 b
25 pmol /L 93.05 + 0.54 2 90.51 + 0.81 % 89.21 4 0.64 % 86.37 +0.77° 83.44 +0.73°
50 umol/L 94.22 +£0.50 2 91.34 £ 0.66 2 89.62 +0.86 2 88.39 £0.79 2 86.34 £0.29 2
100 pmol/L 92.03 + 0.68° 89.32 +0.75 87.42 + 0.45 b¢ 85.63 + 0.61° 82.32 4 0.81 b
200 umol/L 92.75 4 0.52 2P 88.84 &+ 0.95P 87.27 £ 0.63 © 85.03 + 0.45 bc 81.16 + 0.54 ¢

Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).

3.4. Effects of Different Concentrations of FA on Sperm ROS Content in Black-Headed Goats

The effect of different concentrations of FA on black-headed goat sperm ROS content
during liquid storage at 17 °C is shown in Table 4. The ROS content was significantly
reduced in the 25, 50, and 100 umol/L FA concentration groups compared with the control
group (p < 0.05) and reached its lowest in the 50 umol/L group on the third and fifth days
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of preservation. There was no significant difference between the 200 pmol/L group and
the control group.

Table 4. Effects of FA on the sperm ROS content of black-headed goats.

Time of Storage
FA Concentrations

3d 5d

0 umol/L 2631.99 +13.812 3092.3 + 23.39 @
25 umol/L 2258.46 + 57.56 P 2763.69 + 15.68 P
50 pmol/L 2026.3 + 42.47 2044.18 + 1853 ¢
100 umol/L 2148.54 + 12.47 b¢ 2523.23 +22.8P
200 pmol/L 2643.61 + 47.78 2 3223.03 +36.112

Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).

3.5. Effects of Different Concentrations of FA on Sperm MDA Content in Black-Headed Goats

The effect of different concentrations of FA on black-headed goat sperm MDA content
during liquid storage at 17 °C is shown in Table 5. The MDA content was significantly
reduced in the 50 umol/L group (p < 0.05), while there were no significant differences
among the other groups on day 3; on day 5, the MDA content of the 25 and 50 pmol/L

groups was significantly decreased, while that of the 200 pmol/L group was significantly
increased (p < 0.05).

Table 5. Effects of FA on sperm MDA content of black-headed goats (nmol/mg protein).

Time of Storage
FA Concentrations

3d 5d

0 umol/L 2.29 +0.082 268 +0.14°
25 pmol/L 2.10 4 0.08 2P 237 +£0.13°¢
50 pumol /L 1.92 £0.10° 228 +0.08 ¢
100 umol/L 22140052 2.79 +0.09°
200 pmol/L 23540122 2914 0.092

Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).

3.6. Effects of Different Concentrations of FA on Sperm T-AOC Levels in Black-Headed Goats

The effects of different concentrations of FA on the T-AOC level of black-headed
goat sperm during liquid storage at 17 °C are shown in Table 6. The T-AOC level was
the highest in the 50 umol/L FA concentration group either on the third or fifth day of
preservation (p < 0.05).

Table 6. Effects of FA on the sperm T-AOC level of black-headed goats (U/mg protein).

Time of Storage
FA Concentrations

3d 5d

0 umol/L 144 +0.01P 1.22 + 0.04 2P
25 pumol/L 1.63 + 0.07 2P 0.94 +0.04 ¢
50 pmol/L 1.69 + 0.08 2 142 +0.022
100 umol/L 1.59 + 0.04 P 1.19 =+ 0.03 abe
200 pmol/L 1.45+0.01P 1.03 + 0.02 be

Note: For the same column data, different lowercase superscript letters indicate significant differences (p < 0.05),
while the same letters indicate no significant differences (p > 0.05).

3.7. Effects of Semen Stored at 17 °C for 3 Days on the Conception Rate of Black-Headed Goats

The effects of different semen kept in 17 °C liquid storage for 3 days on the conception
rate of black-headed goats are shown in Table 7. There was no significant difference
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between the fresh semen group and the 50 umol/L FA group (p < 0.05), while the 0 pumol /L
FA group showed a significant decrease.

Table 7. Effect of different semen on the conception rate of black-headed goats.

Group Inseminated Goats (n) Pregnant Goats (n)  Conception Rate (%)
Fresh semen 18 15 83.332
0 umol/L FA 16 7 43.75b
50 umol/L FA 20 16 80.00@

Note: Different lowercase letters among groups indicate significant differences (p < 0.05), while the same letters
indicate no significant differences (p > 0.05).

4. Discussion

Semen preservation during liquid storage has the advantages of being a simple opera-
tion, reducing damage to sperm, and having low investment costs. However, the surface of
the sperm cell membrane contains large amounts of polyunsaturated fatty acids (PUFA),
which are susceptible to free radicals such as ROS attacks, shortening the sperm’s sur-
vival time [16,17]. Generally, seminal plasma contains a large amount of enzymatic and
nonenzymatic antioxidants [18], which act simultaneously to neutralize free radicals and
prevent further oxidative reactions [12]. In the process of semen preservation in vitro, its
own antioxidants are insufficient to maintain semen quality for long periods of time, so it is
crucial to add effective exogenous antioxidants to the semen extender [19].

Ferulic acid (FA) is a natural phenolic phytochemical that exists in plants in free or
conjugated forms and can also be covalently bound to plant cell wall polysaccharides. FA
has low toxicity and extensive pharmacological activities, such as antioxidant, antiallergic,
anticancer, antibacterial, and anti-inflammatory properties, and plays a regulatory role
in cell signaling and gene expression [20]. Some studies have reported that FA could be
used as an exogenous antioxidant for semen preservation. For instance, FA protected the
mitochondrial, acrosome, and plasma membrane integrity of stallion sperm after 8 h of
storage at 4 °C [21]. FA is beneficial to human sperm viability and motility in both fertile
and infertile individuals [22]. Trans-FA could ameliorate the toxic effect of 3-cyfluthrin
via the reduction of peroxidative and nitrosative reactions during the cold preservation
(4 °C) of rooster semen [13]. Pei et al. [14] found that FA significantly improved the quality
of frozen and thawed boar sperm. In this study, to test whether FA added at different
concentrations to the semen extender can improve the preservation quality of goat buck
semen during liquid storage at 17 °C, motility parameters such as sperm total motility,
functional integrity factors such as plasma membrane integrity and acrosome integrity
rates, and oxidative status parameters such as ROS, MDA, and T-AOC were evaluated.
Our results demonstrated that adding an appropriate concentration of FA significantly
improved sperm total motility, plasma membrane integrity, and acrosome integrity while
reducing the peroxidation rate (as evidenced by the levels of ROS, MDA, and T-AOC).
These results indicated that FA could alleviate oxidative damage during the liquid storage
of goat buck semen and improve the quality of semen preservation. Abnormal sperm
morphology, DNA damage, and lipid peroxidation affect fertilization and early embryonic
development [23,24]. To further evaluate the effect of FA on semen quality, the conception
rate of estrus goats was tested. Our results showed that the conception rate of goats was
not significantly affected by semen stored at 17 °C with 50 umol/L FA for 3 days.

ROS, a class of single electrons of oxygen, comprises superoxide anions (O>~), hy-
drogen peroxide (H,O,), and hydroxyl radicals (OH ™) [25]. The content of ROS increases
significantly with preservation time, resulting in decreased sperm motility and both changes
in membrane permeability and acrosome structure [26], reducing the quality of semen.
MDA is the final product of free radicals and lipid peroxidation [27] and has been used
in various biochemical assays to monitor the degree of peroxidative damage sustained by
sperm [28]. Both ROS and MDA negatively affect semen quality. T-AOC activity could
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reveal the total antioxidant capacity of semen [29]. In this study, we chose ROS, MDA, and
T-AOC as redox parameters to evaluate semen’s oxidative status.

It was noteworthy that the change in sperm total motility, plasma membrane integrity,
acrosome integrity, and T-AOC levels showed a trend of rising first and then falling with
the increase in FA concentration, while the contents of ROS and MDA decreased first and
then increased. On the one hand, the high concentration of FA may influence the osmotic
pressure of the extender, affecting the permeability of the sperm membrane, destroying the
sperm structure, and reducing sperm progressive motility [30,31]. On the other hand, the
high concentration of FA may be toxic to and damage sperm, and it may cause excessive
activation of antioxidant enzymes and mitochondria, which affects the physiological state
of the sperm [32]. Additionally, high amounts of antioxidative substances disturb redox
balances and act as a pro-oxidant, increasing proinflammatory mediators of free radicals,
stimulating oxidative toxicity, and nitrosylation of proteins [33-36].

The protective ability of antioxidants depends on their concentration, and lipid peroxi-
dation is induced when antioxidants and ROS production are imbalanced [37,38]. Some
studies have shown that FA has a dose-dependent protective effect on semen: low doses
increased cell survival, while high doses increased apoptosis. Shayan-Nasr et al. [13] re-
ported that trans-FA at 10 and 25 mM doses significantly restored the motility and viability
of rooster spermatozoa at 4 °C. When exceeding the optimal concentration, FA not only
failed to provide adequate protection but also had adverse effects on sperm viability and
metabolites of the diluent, inducing elevated MDA content and reduced T-AOC levels.
Pei et al. [14] reported that supplementation of the freezing extender with 0.25 mM or
0.35 mM FA has a beneficial effect on frozen and thawed boar sperm. The sperm viability,
plasma membrane integrity, and acrosome integrity of thawed spermatozoa reached a maxi-
mum at the optimal addition of FA, while these parameters remained stable or even showed
a significant decrease as the concentration continued to increase [14]. Salimi et al. [15]
showed that 5 mM and 10 mM trans-FA improved the forward progressive motility and
curvilinear velocity of ram semen at 4 °C; samples treated with 25 mM trans-FA showed
the lowest total motility, forward progressive motility, and viability. In this study, we found
that the optimal amount of FA added during the storage of black-headed goat semen at
17 °C was 50 pmol /L, which differed from the results of previous studies. This effect may
be the result of different extenders, different dilution ratios, different animal species, and
different storage procedures.

5. Conclusions

The results of this study showed that when 50 pmol/L FA was added to the extender,
the sperm total motility, plasma membrane integrity, acrosome integrity, and T-AOC were
significantly higher than those of the control group throughout the preservation period.
Comprehensive indicators of all aspects showed that the concentration of 50 umol/L FA
was the best for the preservation of black-headed goat bucks’ semen at 17 °C; it could
effectively alleviate the oxidative stress damage caused by ROS, prolong the survival time
of sperm, improve the quality of semen preservation, and do so without affecting the goat
conception rate within 3 days. This study provides an important reference value for the
liquid preservation of goat semen and helps promote the application of Al technology in
goat breeding.
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Simple Summary: In mammals, sperm acquire fertilization ability after capacitation in vitro or when
in the female reproductive tract. Adenosine triphosphate (ATP) is required for sperm capacitation
through two main metabolic processes, oxidative phosphorylation (OXPHOS) and glycolysis. This
study incubated dairy goat sperm with different concentrations of ROT, FCCP, TIG, and AMPK
inhibitors. Sperm motility attributes, ATP content, pyruvate and lactate levels, mitochondrial perme-
ability transition pore fluorescence intensity, MMP, protein synthesis, and ferroptosis were analyzed.
The results showed that glucose starvation inhibited ferroptosis by activating the LKB1/ AMPK
signaling pathway and promoted the motility and linear motility of dairy goat sperm, thereby
promoting fertilization.

Abstract: In mammals, sperm acquire fertilization ability after capacitation in vitro or when in the
female reproductive tract. The motility patterns of sperm undergo continuous changes from the
moment of ejaculation until fertilization in the female reproductive tract. In vitro, hyperactivated
motility can be induced through high glucose mediums, while in vivo, it is induced by oviduct fluids.
Conversely, sperm maintain linear motility in seminal plasma or uterine fluids that contain low
glucose levels. In dairy goat sperm, energy metabolism associated with capacitation depends on the
energy sources in vitro, seminal plasma, or the female reproductive tract, especially the glucose levels.
However, there is little experimental knowledge that glucose levels affect sperm energy metabolism
in dairy goats. To clarify these hypotheses, we incubated dairy goat spermatozoa with different
concentrations of rotenone-glucose (ROT), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and tigecycline (TIG) in vitro. Sperm motility attributes, ATP content, pyruvate and lactate
levels, mitochondrial permeability transition pore fluorescence intensity, mitochondrial membrane
potential (MMP), and protein synthesis were analyzed. Sperm motility patterns changed from
circular to linear under low glucose conditions compared with those in high glucose conditions
and showed a significant improvement in progressive motility and straight line speed, whereas
lactate and pyruvate levels and MMP decreased remarkably. Incubation of spermatozoa with ROT,
FCCP, and TIG inhibited sperm mitochondrial activity, protein synthesis, oxidative phosphorylation,
and ATP levels, thereby reducing sperm motility, including the progressive motility, straight line
speed, and total motility. Simultaneously, incubation of spermatozoa with Compound C under
low glucose conditions significantly decreased the ATP levels and MMP, as well as liver kinase Bl
and AMPK protein expression. Under low glucose conditions, sperm mainly produce ATP through
mitochondrial OXPHOS to achieve high speed linear movement, inhibit ferroptosis through the
LKB1/AMPK signaling pathway, and further maintain energy metabolism homeostasis.

Keywords: dairy goat; sperm; glucose; mitochondrial oxidative phosphorylation; AMPK; ferroptosis
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1. Introduction

Sperm are highly specialized cells with unique compositional, morphological, and
functional properties. After ejaculation, mammalian sperm acquire fertilization ability after
capacitation in the female reproductive tract. Fertilization in mammals is a complex process
influenced by multiple factors, especially because the site of ejaculation is at a distance from
the site of fertilization [1]. Therefore, sperm migration, capacitation, hyperactivation, and
acrosome reaction are all necessary for successful fertilization. In addition, the components
in the female reproductive tract change during different reproductive stages. Under normal
physiological conditions, the vagina mainly contains glucose, lactic acid, and glycerol,
whereas the uterus and oviduct mainly contain glucose, pyruvic acid, and lactic acid [2].
When sperm enter the female reproductive tract, the components in the female reproductive
tract are converted into fructose, citrate, glucose, lactic acid, and free amino acids [3].
These substrates of energy metabolism are necessary for spermatogenesis, maturation,
and fertilization. As a substrate for sperm preservation in vitro, the glucose concentration
should be in accordance with that in the female reproductive tract. Besides glucose,
sperm also utilize other substrates such as fructose and sorbitol via glycolysis to maintain
motility [4,5]. Sperm motility is driven by ATP from cytosolic glycolysis, mitochondrial
OXPHOS, or both [6].

Sperm motility depends on the movement of sperm flagella and is driven by ATP
production. Mitochondria are the most important organelles for ATP production in sperm.
In human sperm, the ATP required for sperm motility is mainly generated from glycolysis.
Although OXPHOS can produce ATP, it is not enough to sustain sperm movement during
high motility [7]. Both glycolysis and OXPHOS are necessary to maintain vigorous motility.
Incubation of mouse sperm in glucose-free media with a mitochondrial OXPHOS inhibitor
(FCCP) and mitochondrial respiratory chain inhibitor (ROT) significantly reduced ATP
levels and progressive motility [5,8,9]. Sperm motility parameters and the mitochondrial
membrane potential (MMP) decrease significantly in sheep after treatment with FCCP and
the glycolytic inhibitor 2-DOG, whereas sensitivity to lipid peroxidation (LPO) increases
remarkably [10]. However, ATP production in horse sperm relies on mitochondrial OX-
PHOS in contrast to that in other mammals [11-15]. Therefore, sperm produce ATP for
successful fertilization via different metabolic pathways in different energy conditions.
However, the changes in motility patterns and selection of energy metabolic pathways for
ATP production in dairy goat sperm in different energy conditions are unknown.

5'-AMP-activated protein kinase (AMPK) is a key regulator of energy homeostasis,
which is achieved by stimulating ATP production or inhibiting ATP consumption to main-
tain energy homeostasis [16]. Glucose starvation is a classical activating condition of AMPK
that maintains cell survival and redox homeostasis through multiple pathways [17]. In rat
or mouse Sertoli cells, AMPK activation induces an increase in glucose uptake and lactate
production, whereas the expressions of glucose transporter 1 (GLUT1) and monocarboxylic
acid transporter 4 (MCT4) reduce significantly [18]. Platycodin D inhibits ferroptosis in-
duced by high glucose in HK-2 cells, downregulates ACSL4 and TFR1 expressions, and
upregulates FTH-1 and SLC7A11 expressions [19]. Furthermore, glycolysis and pentose
phosphate pathways are also inhibited by glucose starvation, which induces oxidative stress
that is characterized by an increased production of reactive oxygen species (ROS). This
leads to interference with the antioxidant system, redox dysregulation, and cell death [20].
Hence, in this study, sperm motility patterns at different concentrations of glucose were
measured, and sperm motility parameters were evaluated using a computer-assisted sperm
analysis (CASA) system. We also determined the MMP, the opening fluorescence intensity
of mitochondrial permeability transition pores (mPTP), and the protein expression after
incubation with a mitochondrial respiratory chain inhibitor (rotenone), a mitochondrial
OXPHOS inhibitor (FCCP), and a mitochondrial translation inhibitor (TIG) to confirm the
metabolic pathways at different glucose concentrations. Lastly, we explored the relationship
between ferroptosis-induced glucose starvation and oxidative damage.
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2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and reagents were purchased from Sigma-Aldrich unless specified other-
wise. All antibodies were used for incubation following the manufacturers’ instructions and
were obtained from the following vendors: COX-1 (13393-1-AP, Proteintech, Wuhan, China),
COXVB (11418-2-AP, Proteintech, Wuhan, China), ND3 (ab192306, Abcam, Cambridge, UK),
NRF1 (12482-1-AP, Proteintech, Wuhan, China), SLC7A11 (26864-1-AP, Proteintech, Wuhan,
China), GPX4 (67763-1-AP, Proteintech, Wuhan, China), DHODH (14877-1-AP, Proteintech,
Wuhan, China), 3-actin (20536-1-AP, Proteintech, Wuhan, China), horseradish peroxidase
(HRP)-labeled goat anti-mouse immunoglobulin (Ig)G (CW0102S, CWBIO, Beijing, China),
HRP-labeled goat anti-rabbit IgG (CW0103S, CWBIO, Beijing, China), and enhanced chemi-
luminescence (ECL) fluid (SuperSignal™ West Femto Maximum Sensitivity Substrate,
34095, Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Animals and Semen Collection

Semen was collected using an artificial vagina in Guan Zhong dairy goats (n = 5)
from Shaanxi Aonick Dairy Goat Breeding Co., Ltd. (Weinan, China), that were raised
under the same feeding condition as in Weinan, Shaanxi Province (34°76' N, 109°17’ E).
The semen of dairy goats was collected using the artificial vagina method and the collection
frequency was three times a week on Monday, Wednesday, and Friday mornings. Semen
samples with a deformity rate of less than 5%, normal morphology of sperm, motility
greater than 0.8, and semen density exceeding 1.5 billion/mL were suitable for this study.
Subsequently, the semen samples were pooled to eliminate individual variation and used
for subsequent experiments.

2.3. Ethics Statement

All animal experiments were approved by the Animal Ethics Committee of Northwest
A&F University. All experiments with dairy goats were implemented strictly according to
the Guide for the Care and Use of Laboratory Animals.

2.4. Semen Processing

Dilute fresh sperm with a modified solution consisting of 172 mM glucose, 90 mM
lactose, 58 mM sodium citrate, 1000 IU/mL penicillin G potassium, and 1 mg/mL strep-
tomycin was passed through a 0.22 um filter. The glucose concentration (172 mM) in the
modified solution was determined to be 40%. A portion of lactose was used with glucose
to prepare different doses of glucose bulking agents (0, 86, 172, 258, 344, and 430 mM,
i.e., 0%, 20%, 40%, 60%, 80%, and 100%), as sperm do not use lactose as an energy substrate.
Sperm were incubated with different concentrations of glucose medium at 37 °C for 1 h to
evaluate whether dairy goat sperm were involved in the mitochondrial oxidative phospho-
rylation mode of energy supply. Moreover, sperm were incubated in a low glucose group
containing 86 mM glucose and different concentrations of ROT, FCCP, and TIG at 37 °C
for 5 h to evaluate the role of mitochondrial oxidative phosphorylation in the regulation of
mitochondrial energy metabolism function in dairy goat spermatozoa. Finally, Compound
C (AMPK inhibitor) was added to low and high glucose diluents and incubated in a water
bath at 37 °C for 5 h to evaluate whether the low glucose dilutions activated AMPK to
maintain energy homeostasis and inhibit sperm oxidative damage.

2.5. Sperm Motility

Sperm motility parameters were assessed using a CASA system (HVIEW-SSAVS.0,
FuZhouHongShiYeSoftware Technology Co., Ltd., Fuzhou, China). Briefly, 10 uL of the
samples was dropped onto a preheated glass slide and covered with a coverslip. Then,
sperm motion was captured in at least five different regions using dynamic video acquisi-
tion of CASA on a heated platform at 37 °C. Each region was required to contain at least
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200 sperm counts. Lastly, sperm motility parameters were assessed using the analysis
software of CASA.

2.6. Biochemical Assays

All tests were conducted per the respective manufacturers’ instructions for each kit and
were obtained from the following vendors: reactive oxygen species (ROS) assay kit (CA1410,
Solarbio, Beijing, China), malondialdehyde (MDA) assay kit (BC0025, Solarbio, Beijing,
China), pyruvate (PA) content assay kit (BC2205, Solarbio, Beijing, China), lactic acid (LA)
assay kit (A019-2-1, Nanjing Jiancheng, Nanjing, China), ATP assay kit (50026, Beyotime,
Shanghai, China), MMP assay kit (M8650, Solarbio, Beijing, China), and bicinchoninic acid
(BCA) protein assay kit (PA115, TAINGEN, Beijing, China). Finally, the related indexes
were detected by a multifunctional enzyme label instrument (Synergy H1, American Berten,
VT, USA).

2.7. Mitochondrial Permeability Transition Pore (mPTP) Fluorescence Intensity

Sperm samples were centrifuged at 1000 x g at room temperature for 5 min and the
supernatant was discarded. The sperm density was diluted to achieve a final concentration
of 1 x 10° sperm/mL by adding an appropriate volume of Calcein AM (1000x) staining
solution and fluorescence quenching solution or ionomycin (200x) control, and incubated
in the dark for 30 min. Then, the supernatant was removed by centrifugation at 1000x g
at room temperature for 5 min and slowly resuspended twice at 37 °C. Subsequently, the
samples were smeared and analyzed using flow cytometry (FACS Melody, BD Biosciences,
Franklin Lakes, NJ, USA) within 1 h. The excitation wavelength was 494 nm and the
emission wavelength was 517 nm.

2.8. Immunofluorescence Assays

Sperm samples were washed with phosphate-buffered saline (PBS), spread on a glass
slide with poly-D-lysine, dried naturally, and fixed in 4% paraformaldehyde for 10 min.
After drying, the sperm were penetrated with PBS containing 0.5% Triton X-100 for 30 min,
washed three times for 5 min each, and blocked with 5% bovine serum albumin (BSA)
in PBS-T for 30 min. Next, the slides were incubated with the primary antibody (1:100)
overnight at 4 °C. Subsequently, the slides were incubated with the second antibody
(1:200) at 37 °C for 1 h in the dark. The sperm nuclei were stained with DAPI at room
temperature for 1 min in the dark and washed three times with PBS for 5 min each. Lastly,
the samples were observed using a fluorescence microscope (LECIA-DM6 B, LECIA Co.,
Ltd., WETZLAR, Hessian, Germany).

2.9. Western Blotting

Protein concentrations were determined using a BCA protein assay kit (PA115, TAIN-
GEN, Beijing, China). Proteins were separated using FuturePAGE™ 4-12% (ET15412Gel,
ACE Biotechnology, Nanjing, China) sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, transferred to polyvinylidene fluoride membranes, and blocked with 5% BSA
for 1 h at room temperature. The primary antibody was diluted and incubated with the
membrane overnight at 4 °C. After incubation, the membrane was washed three times for
10 min each using Tris-buffered saline tween (TBST) and incubated with the second anti-
body at 37 °C for 1 h. After washing with TBST, detection was performed using enhanced
chemiluminescence (ECL) (34095, Thermo Fisher Scientific, Waltham, MA, USA) using a Gel
Doc XR System (BioRad, Hercules, CA, USA) according to the manufacturer’s specifications.
Lastly, the intensity of the protein bands was analyzed using Image] software.

2.10. Statistical Analysis

Data are expressed as the mean =+ standard error of the mean from at least 3 inde-
pendent experiments. A statistical analysis among groups was performed using PRISM
(version 6, GraphPad), followed by post hoc test using the Student’s t-test. The mean differ-
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ence at p < 0.05 was considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001,
and *** p < 0.0001. ns, with no apparent difference).

3. Results
3.1. Sperm Energy Metabolic Pathway and Sperm Motility Patterns Are Changed in Different
Concentrations of Glucose

The CASA system can detect the motility and movement trajectory of sperm. Sperm
motility tracks changed into circle-like tracks in high glucose media (>60%), and the pro-
gressive motility and straight line velocity reduced significantly. However, the total motility
and straight line velocities in the low glucose groups (20% and 40%) were significantly
higher than those in the other groups (Figure 1A-D). To further determine the energy
metabolic pathway, the levels of pyruvate, lactic acid, ATP, and MMP in the sperm of
dairy goats were assessed at different glucose concentrations. The levels of pyruvate, lactic
acid, and MMP were significantly higher in the 40% glucose group after incubation for 1 h
compared with those in the control group, whereas the levels decreased remarkably in the
high glucose group (Figure 1E-H, p < 0.001).
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Figure 1. Effect of different concentrations of glucose on the motility and energy metabolism of dairy
goat sperm. (A) Changes in sperm motility track using CASA. (B) Motility of sperm in dairy goats.

149



Animals 2023, 13, 1442

(C,D) Progressive motility and straight line velocity of sperm of dairy goats. (E) PA content. (F) LD
content. (G) ATP content in sperm. (H) Mitochondrial membrane potential. Values are presented as
the mean =+ standard error of the mean (SEM) of three replicates. Asterisks indicate statistical signifi-
cance compared with the respective control groups. All results are expressed as the mean + SEM, with
asterisks indicating statistical significance for the respective control group. ** p < 0.01, *** p < 0.001,
and *** p < 0.0001. ns, no significant difference.

3.2. Addition of Rotenone to the Culture Reduces ATP Content and Straight Line Motility

To further validate the role of OXPHOS in energy metabolism in dairy goat sperm,
rotenone (an inhibitor of mitochondrial respiratory chain complex I) was incubated with
sperm samples for 5 h in this study. The results from CASA showed significant reductions in
forward sperm motility and straight line velocity, but no significant difference was observed
in the total motility of sperm (Figure 2A-D). Moreover, there was a considerable decrease
in the fluorescence intensity in a dose-dependent manner with respect to mPTP and ATP
levels with the addition of rotenone (Figure 2E-G, p < 0.05). Therefore, the expression of
the marker proteins of ETC and OXPHOS was determined using immunofluorescence
staining and Western blotting. Immunofluorescence staining results showed that COX-1
and COXVB were mainly distributed in the middle segment of the sperm tails (Figure 2H)
and that the expression of COX-1, COXVB, ND3, and NRF1 decreased significantly after
treatment with rotenone (Figure 2I-M, p < 0.001). Taken together, it could be inferred that
rotenone inhibits the regulation of mitochondrial OXPHOS in dairy goat sperm.

3.3. The OXPHOS Uncoupler FCCP Reduces Sperm Motility and ATP Levels

To further explore the effect of OXPHOS on energy metabolism in dairy goat sperm,
the samples were treated with a specific inhibitor of mitochondrial OXPHOS (FCCP).
The sperm motility, forward motility, and linear velocity significantly decreased in a
dose-dependent manner after treatment with FCCP for 5 h (Figure 3A-D, p < 0.0001).
The fluorescence intensity of mPTP and the level of ATP in mitochondria also decreased
significantly (Figure 3E-G, p < 0.01). Furthermore, we observed that COX-1, COXVB, ND3,
and NRF1 expressions in mitochondria decreased obviously (Figure 3H-L, p < 0.001).

3.4. The Mitochondrial Translational Inhibitor TIG Reduces MMP and ATP Levels in a
Dose-Dependent Manner

To further confirm that the straight line motility pattern in dairy goat sperm relies
on mitochondrial transcription and translation, the mitochondrial translation inhibitor
TIG was incubated with sperm. There were no significant differences in sperm motility at
the 5 h point, but the progressive motility and straight line velocity of sperm decreased
significantly (Figure 4A-C, p < 0.0001). Moreover, ATP levels and MMP decreased no-
ticeably after incubation with TIG (Figure 4D,E, p < 0.0001), indicating that the inhibition
of mitochondrial translation reduces the progressive motility and straight line velocity
of sperm. Additionally, COX-1, COXVB, NRF1, and TFAM expressions in mitochondria
decreased significantly (Figure 4F-J, p < 0.0001). Therefore, energy metabolism and the
linear motility pattern are closely related to transcription and translation in mitochondria.
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Figure 2. Incubation with rotenone reduces progressive motility and ATP levels. (A-D) Changes in
sperm motility parameters evaluated using CASA: (A) sperm motility tracks, (B) motility of sperm of
dairy goats. (C,D) Progressive motility and straight line velocity of sperm of dairy goats. (E-H) Effect
of rotenone on sperm mitochondrial functions at the 5 h point: (E,F) opening fluorescence intensity
of mitochondrial mPTP, (G) ATP content, and (H) immunolocalizations of COX-1 and COXVB in
mitochondria. (I-M) Quantitative expression of COX-1, COXVB, ND3, and NRF1 using Western
blotting after rotenone incubation for 5 h. All results are expressed as the mean =+ standard error of
the mean, with asterisks indicating statistical significance for the respective control group. * p < 0.05,
**p <0.01, ** p <0.001, and **** p < 0.0001. ns, no significant difference.
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Figure 3. The oxidative phosphorylation uncoupler FCCP reduces sperm motility and ATP content.
(A-D) Motility parameters of dairy goat sperm using CASA: (A) motility tracks were generated using
CASA. (B) Motility of sperm of dairy goats. (C,D) Progressive motility and straight line velocity
of sperm of dairy goats. (E-G) Effect of FCCP on sperm mitochondrial functions: (E,F) opening
fluorescence intensity of mPTP in mitochondria and (G) ATP content. (H-L) Expressions of COX-1,
COXVB, ND3, and NRF1 determined using Western blotting after treatment with FCCP for 5 h. All
results are expressed as the mean =+ standard error of the mean, with asterisks indicating statistical
significance for the respective control group. * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001.
ns, no significant difference.
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Figure 4. The mitochondrial translation inhibitor TIG decreases MMP and ATP levels in a dose-
dependent manner. (A-C) Changes in sperm motility parameters using CASA: (A) motility of sperm
of dairy goats. (B,C) Progressive motility and straight line velocity of sperm of dairy goats. (D) ATP
levels in the mitochondria. (E) Mitochondrial membrane potential. (F-J) Protein levels of COX-1,
COXVB, NRF1, and TFAM during 5 h of incubation with TIG determined using Western blotting. All
results are expressed as the mean =+ standard error of the mean, with asterisks indicating statistical
significance for the respective control group. ** p < 0.01, *** p < 0.001, and **** p < 0.0001. ns, no
significant difference.

3.5. Low Glucose Conditions Inhibit Ferroptosis-Induced Oxidative Damage by Regulating the
Liver Kinase B1 (LKB1)/AMPK Signaling Pathway

High glucose media cause a reduction in cell viability as well as ROS accumulation,
LPO, and outer mitochondrial membrane rupture, eventually inducing ferroptosis [21].
Therefore, low and high concentrations of glucose were used to determine whether low
glucose conditions could inhibit ferroptosis and maintain the redox balance by activating
AMPK in dairy goat sperm. Sperm motility in high glucose media did not change obviously
compared with that in low glucose media at the 1 h point, as determined using CASA, but
decreased significantly after high glucose or erastin incubation for 3 h or 5 h; moreover,
ROS and MDA levels increased significantly (Figure 5A-C, p < 0.01). In addition, the
intensities of LKB1, AMPK, glutathione peroxidase 4 (GPX4), and family 7 member 11
(SLC7A11) proteins decreased significantly in high glucose conditions or when treated with
erastin (Figure 5D,E, p < 0.001). Therefore, high glucose levels could induce a reduction
in sperm motility and lead to the accumulation of ROS and LPO in dairy goat sperm,
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which, in turn, caused ferroptosis. Glucose is the primary energy source for cell types,
and AMP-activated protein kinase (AMPK) is an energy sensor. In low energy conditions,
cells can be isomerically activated by adenosine monophosphate (AMP) and adenosine
diphosphate [22]. Thus, an AMPK inhibitor (Compound C) was used to determine whether
low glucose levels could inhibit ferroptosis in dairy goat sperm by regulating AMPK.
A significant decrease was observed in ATP levels and MMP in the low glucose group
(p < 0.01) but not in the high glucose group (Figure 5FG). Furthermore, Western blotting
revealed that the expression of LKB1 and AMPK proteins decreased noticeably in high
glucose conditions or after treatment with Compound C (Figure 5H-J, p < 0.001).
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Figure 5. Low glucose conditions inhibit ferroptosis-induced oxidative damage by regulating the
LKB1/AMPK signaling pathway. (A) Sperm motility. (B) ROS levels. (C) MDA levels. (D,E) Protein
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levels of LKB1, AMPK, GPX4, and SLC7A11 during 5 h of incubation in high glucose medium or with
erastin determined using Western blotting. (F) ATP levels. (G) Mitochondrial membrane potential.
(H-J) Expressions of LKB1 and AMPK after incubation with low or high concentrations of glucose
and Compound C for 5 h. All results are expressed as the mean = standard error of the mean, with
asterisks indicating statistical significance for the respective control group. ** p < 0.01, *** p < 0.001,
and *** p < 0.0001. ns, no significant difference.

4. Discussion

Mammalian sperm are produced through spermatogenesis and serve the purpose
of fertilizing an oocyte. After ejaculation, sperm require energy to meet their demands.
This energy can be obtained through the importation of exogenous substrates or the use
of endogenous sources. Adenosine triphosphate (ATP), an important energy source that
supports sperm capacitation and migration in the female reproductive tract, is generated
from two main metabolic pathways, namely glycolysis and oxidative phosphorylation
(OXPHOS). They occur in different compartments in sperm flagella, both of which are
located in the principal piece [23]. The metabolic pathways of energy in sperm change
in the presence of different metabolic substrates. In addition to these changes, the sperm
motility pattern associated with capacitation also changes and is called hyperactivation [24].
The hyperactivated status is always characterized by a high curvilinear velocity and a
high lateral amplitude [25]. However, the relationship between the energy metabolic
pathway and motility patterns in dairy goat sperm remains unclear. In this study, we
established a model by incubation of sperm with different concentrations of glucose and
found that not only the progressive motility and straight line velocity of sperm but also
ATP levels and MMP increased significantly in low glucose media. This finding indicated
that sperm regulate the energy metabolism pathway based on changes in the metabolic
substrates and that low glucose levels activate OXPHOS in the mitochondria to maintain
the normal functions of sperm. In terms of the changes in oxygen and substrate levels
in the female reproductive tract, sperm adapt to the fluctuations in exogenous substrate
levels via different energy metabolism pathways [26]. Qiu et al. found that among the
substrates tested, glucose and pyruvate were better than lactate at maintaining goat sperm
motility. Pyruvate enters goat spermatozoa through monocarboxylate transporters and is
oxidized by the tricarboxylic acid cycle and electron transfer to sustain sperm motility [27].
Zhu et al. reported that GSK3w/ 3 was expressed in the head acrosome and the mid, main
end of the tail of goat sperm and that it regulated goat sperm motility and the acrosome
response by mediating energy pathways in glycolysis and oxidative phosphorylation [28].
Thus, these different energy metabolic pathways are interconnected in sperm, and different
concentrations of glucose can selectively activate glycolysis as well as OXPHOS in the
mitochondria. Moreover, pyruvate and lactate are involved in the glycolysis pathway. In
this study, the progressive motility of sperm was found to be regulated by OXPHOS in the
mitochondria, which is similar to the physiological state of sperm in the female reproductive
tract after ejaculation. The semen, uterus, and oviduct contain high levels of pyruvate,
lactate, and amino acids, and sperm can utilize these metabolites through OXPHOS for
energy metabolism, further enhancing their progressive motility and speed of access to
reach the site of fertilization. Zhu et al. demonstrated that ATP generated from OXPHOS
in the mitochondria in low glucose conditions induced progressive motility in boar sperm.
On the other hand, incubation with CRP, a mitochondrial translation inhibitor, inhibited
mitochondrial translation in sperm and decreased their progressive motility but not total
motility, suggesting that motility patterns in sperm depend on the substrates of energy
metabolism [29]. Moreover, high glucose concentrations led to a transient inefficiency in
the late stages of both glycolysis and NADH accumulation and decreased the conversion
flux from fructose-1,6-bisphosphate to pyruvate and the ATP content [30].

Mitochondria are called the motive source of cells and play a key role in energy
metabolism through the tricarboxylic acid (TCA) cycle, $-oxidation, and OXPHOS [31].
During glycolysis, a glucose molecule produces two ATP molecules, whereas in the TCA
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cycle or OXPHOS pathway, a glucose molecule produces 32 ATP molecules. OXPHOS is
composed of four respiratory complexes (complexes I to IV) and ATP synthase (complex V)
and plays a key role in MMP across the mitochondrial inner membrane [32]. Rotenone is
a strong inhibitor of complex I of the mitochondrial respiratory chain. Heo et al. demon-
strated that rotenone induces mitochondrial dysfunction by inhibiting SIRT1 during oocyte
maturation in pigs in vitro, thereby reducing mitochondrial activity and ATP generation
and increasing ROS production [33]. There was no significant difference in sperm motility
after incubation with rotenone, but there was a significant decrease in mitochondrial activ-
ity and ATP levels [29]. Besides, FCCP is a classic uncoupler of mitochondrial OXPHOS.
Davila et al. showed that sperm motility, speed, and the number of live sperm decreased
significantly in horses after incubation for 3 h with FCCP, but the MMP and ATP levels were
unaffected [15]. Blanco-Prieto et al. have reported that FCCP significantly increases oxygen
consumption and decreases the total motility of boar sperm [34]. In this study, dairy goat
sperm were incubated with rotenone and FCCP separately. After treatment with rotenone,
their total motility did not change much, but the progressive motility and straight linear
speed reduced significantly. The addition of FCCP decreased the overall survival and mPTP
permeability in a dose-dependent manner. Both these treatments significantly reduced the
MMP and ATP content. Furthermore, the protein expression related to the mitochondrial
respiratory chain determined using Western blotting showed that incubation with rotenone
and FCCP resulted in the disruption of the ETC in the mitochondria and inactivation of
ATP synthase [35]. On the other hand, the relationship between mitochondrial function and
ATP generation from OXPHOS is especially close, and mitochondrial activity is influenced
by proteins from the mitochondrial respiratory chain. Zhu et al. found that in a low glucose
environment, 13 genes involved in mitochondrial transcription and translation were re-
markably upregulated, which, in turn, improved mitochondrial OXPHOS and progressive
motility in boar sperm [29]. Consistent with the above findings, tigecycline (a mitochondrial
translation inhibitor) inhibited the expression of proteins in the mitochondrial respiratory
chain in our study, decreased the MMP and ATP content, and reduced the progressive
motility of dairy goat sperm. Glucose and fructose are essential components as a semen
preservation diluent, but excessive glucose induces cellular damage [36]. High glucose con-
centrations induce cell apoptosis, ferroptosis, necrosis, or other types of cell death [37,38].
Ferroptosis is a new form of oxidative cell death that is induced by small molecules and
especially by the imbalance of lipid ROS in cells [8]. Ferroptosis is also induced by other
factors, including the inhibition of glutathione synthetase or GPX4, leading to the accumu-
lation of LPO products and ROS and eventually resulting in cell death [39]. In our study,
incubation with either high glucose levels or erastin for 3 h significantly reduced sperm
motility, increased ROS and MDA levels, and decreased the expressions of LKB1/AMPK,
SLC7A11, and GPX4. However, in low glucose media, there was no significant difference
in sperm motility after incubation for 3 h, indicating that the normal functions of sperm
could be maintained by accelerating ATP production through the AMPK pathway [40].
Glucose starvation is a typical activator of AMPK and an important regulator in energy
homeostasis. The LKB1/AMPK signaling pathway is critical in maintaining cell survival
under low glucose conditions [20]. Metformin (an activator of AMPK) was found to reduce
the levels of LPO-stimulated steroid, restore spermatogenesis, and increase sperm motility
in the testes of diabetic or obese rats [41]. During cryopreservation of chicken sperm, the
addition of an AMPK activator, metformin or AICAR, improved AMPK phosphorylation
after thawing, whereas LPO and ROS production was reduced [42]. Additionally, the
activation of AMPK in goat sperm improved sperm motility, plasma membrane integrity,
and the acrosome reaction; maintained normal levels of MMP, lactate acid, and ATP; and
enhanced the activity of AMPK, PK, and lactate dehydrogenase. However, the addition
of Compound C inhibited the AMPK pathway and induced the opposite effects [43]. In
the present study, the addition of Compound C to the low glucose media led to reductions
in ATP levels and MMP as well as a decrease in LKB1/AMPK expression compared with
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that in the high glucose group. These results suggested that the LKB1/AMPK signaling
pathway can be activated to maintain energy homeostasis in sperm during energy stress.

5. Conclusions

Energy metabolism in dairy goat sperm is realized through the mitochondrial OX-
PHOS pathway under low glucose conditions, and the high speed linear motility and
straight line velocity improved significantly. Moreover, in this study, the results of incu-
bation with rotenone and FCCP confirmed that the progressive motility of sperm mainly
relies on OXPHOS in the mitochondria and that ATP generation from OXPHOS is closely
related to mitochondrial functions. Low glucose conditions promote transcription and
translation in the mitochondria and activate mitochondrial OXPHOS to supply energy to
sperm. Moreover, the LKB1/AMPK pathway is activated to maintain energy homeostasis
and inhibit ferroptosis-induced oxidative damage. Therefore, the high speed linear motion
induced by low sugar is a new factor to improve insemination in artificial insemination of
livestock and human fertility treatments. As a convenient and inexpensive method, sperm
dilution with a low-sugar insemination solution improves the rapid linear movement of
sperm within the female reproductive tract, thereby facilitating fertilization.
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