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ARTICLE INFO ABSTRACT

Keywords: This study aimed to investigate the effect of mitochondria-targeted antioxidants (Mitoquinone, MitoQ) on the

Cryopreservation quality of frozen-thawed stallion semen. Semen samples collected from three fertile stallions aged 10 - 13 years,

E?W cytometry were filtered, centrifuged in a skimmed milk-based extender, and diluted to a final concentration of 50 x 106
itoquinone

sperm/mL in freezing medium. Diluted semen was divided into five experimental groups supplemented with
MitoQ at concentrations of 0 (control), 25, 50, 100, and 200 nM and then subjected to freezing after cooling and
equilibration. After thawing, semen was evaluated for motility and kinetics at different time points. Sperm
viability, plasma membrane, acrosome, DNA integrity, mitochondrial membrane potential, apoptosis, and
intracellular reactive oxygen species (ROS) concentrations were evaluated. The results revealed that MitoQ at
concentrations of 25, 50, and 100 nM improved (P< 0.01) the total sperm motility after 30 minutes of incu-
bation. In addition, 25 nM MitoQ improved the sperm amplitude of lateral head displacement values (P< 0.01)
after 30 minutes of incubation. Conversely, negative effects on sperm motility, kinetics, and viability were
observed with the highest tested concentration of MitoQ (200 nM). The various concentrations of MitoQ did not
affect the plasma membrane, acrosome, and DNA integrity, or the mitochondrial membrane potential and
intracellular ROS concentrations. In conclusion, supplementation of MitoQ during cryopreservation, had a mild
positive effect on sperm motility and kinetics especially at a concentration of 25 nM, while the highest con-
centration (200nM) has a detrimental effect on motility and viability parameters of frozen-thawed stallion sperm.

Sperm quality
Stallion semen

1. Introduction

Equine artificial insemination is one of the most widely used assisted
reproductive techniques worldwide [1]. The cryopreservation of stallion
sperm improved the horse industry’s genetic foundation by increasing
sperm life span, disseminating superior genetic resources globally, and
avoiding the risks of transportation and natural mating [2-4]. The
quality of frozen-thawed stallion semen is lower than that of fresh or
cooled semen [3,5] due to the adverse effects of cryopreservation on
stallion semen compared to other species such as cattle [6]. Improving
post-thaw sperm quality and longevity would result in a longer func-
tional life post-insemination, making the timing of Al relative to
ovulation less critical than at present and increasing pregnancy rate [7].
During freeze-thawing procedures, the sperm is subjected to a variety of
conditions that reduce its fertility potential [8]. Cryopreservation causes
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osmotic and oxidative stress, as well as the formation of ice crystals,
which causes changes to the plasma membrane, increased release of
reactive oxygen species (ROS), lipid peroxidation, early tyrosine phos-
phorylation, DNA fragmentation, and decreased sperm motility and
fertility [2,9-11]. Due to the high level of polyunsaturated fatty acids in
stallion spermatozoa, reactive oxygen species (ROS) as superoxide an-
ions (Oge-), hydroxy radical (OH), and hydrogen peroxide (H2Oq)
induce membrane lipid peroxidation, resulting in oxidation of sperm
protein and subsequent carbonylation [12-15].

The increased level of ROS in stallions during cryopreservation is
attributed to the insufficient antioxidant enzymes in the sperm cell as a
result of the elimination of seminal plasma during cryopreservation
semen processing [16] as well as the restricted distribution and limited
volume of sperm cytoplasm which contains antioxidant enzymes [17].

The mitochondrion is the primary source of sperm intracellular ROS
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and the most vulnerable organelle to cryopreservation-induced oxida-
tive stress [18,19]. During oxidative phosphorylation, the mitochondrial
membrane potential is the most important factor in ATP synthesis [20].
As a result of mitochondrial damage and depolarization, stallion sperm
motility is reduced because it is primarily dependent on ATP production
from oxidative phosphorylation [21,22]. Furthermore, sperm mito-
chondrial function is linked to sperm vitality, morphology, and fertility
[23,24]. Therefore, the incorporation of mitochondria-targeting anti-
oxidants in semen extender could improve the quality of frozen-thawed
semen.

Mitoquinone (MitoQ) is a mitochondrial antioxidant consisting of
triphenylphosphonium (TPP, a lipophilic cation) and ubiquinone (co-
enzyme Q10; [25]). It can penetrate mitochondrial membranes and
accumulate within the mitochondria [26,27]. Ubiquinone is reduced
within the mitochondria to ubiquinol, which protects the mitochondria
from oxidative damage due to its powerful antioxidant activity [28].
Recent studies have shown that the incorporation of MitoQ into a semen
extender exerted a positive stimulating effect on post-thawing semen
characteristics in various species, including fish [29], humans [30], ram
[31], buffalo [32], rooster [33], and goat [34]. In addition, MitoQ has
been recorded to ameliorate the quality and fertility rate of
liquid-preserved ram semen [35].

To the best of our knowledge, the effects of MitoQ supplementation
on cryopreserved stallion sperm have never been investigated to date.
Therefore, due to the promising effects observed on other species and
the need for improved protocols for semen cryopreservation in the
equine breeding industry, the present study aimed to determine the ef-
fects of MitoQ added to the extender on the post-thaw quality of stallion
sperm.

2. Material and methods
2.1. Animal ethics

All procedures in this study were performed in accordance with DPR
27/1/1992 (Animal Protection Regulations of Italy) and in compliance
with European Community Regulation 86/609. No experimental ani-
mals were used since semen collection procedures were performed for
commercial purposes and only the sperm unnecessary to prepare the
commercial semen doses was used in this experiment. The owners of the
animals provided an informed consent.

2.2. Semen collection and extension

In this study, three healthy Standardbred stallions with proven
fertility, aged 10 to 13 years, were used. Stallions were kept in the same
stud (Vigone, Turin, Italy) and were fed and exercised similarly. The
stallions were fed with hay and concentrates. Water was provided ad
libitum. The study was performed between March and April 2022. Semen
samples were collected once weekly from each stallion for 6 consecutive
weeks (a total of 18 ejaculates) using a pre-warmed (45-50°C) equine
artificial vagina (INRA model; IMV-Technologies, L’Aigle, France).
Semen samples were filtered immediately after collection to separate the
gel fractions. Semen was evaluated for motility, viability, morphology,
and concentration. Each stallion’s sperm sample was diluted separately.
Samples were diluted twice their volume with skimmed milk based
extender and centrifuged at 600 g for 10 minutes at 24°c. After centri-
fugation and discarding the supernatant, the sperm pellets were re-
suspended in a freezing medium (BotuCrio®, Botupharma, Botucatu,
SP, Brazil) to a final concentration of 50 x 10° sperm/ml. The samples
were divided into five groups and supplemented with Mitoquinone
(MitoQ mesylate, MedChemExpress, Italy) at five different concentra-
tions: 0 (control), 25, 50, 100, and 200 nM. Semen was packaged into
0.5 mL polyvinyl straws (IMV, France) and refrigerated at 5°C for 30
minutes to enable equilibration. For freezing, the straws were placed 4
cm above the level of the liquid nitrogen (LN2) in the vapor for 15 min
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before being directly dipped into the LN2 [36]. After 1 week, straws
were thawed in a 37°C water bath for 40 seconds before being used in
the various evaluations.

2.3. Semen evaluation

2.3.1. Assessment of sperm motility and velocity parameters

Using a Computer Assisted Sperm Analyzer (CASA; Hamilton
Thorne, Inc., Beverly, MA, USA), the post-thawing sperm motility and
velocity parameters were assessed after various periods of incubation (0,
30 minutes, 1, 1.5, and 2 hours (hrs) at 37°C. CASA was configured for
stallion configuration (setup "equine species") following the manufac-
turer’s instructions, as follows: 45 frames acquired; frame rate 60Hz;
minimum contrast 80; minimum cell size 5 pixels.

The velocity variables including the curvilinear velocity (VCL, pm s’
1), straight linear velocity (VSL, ym s'), average path velocity (VAP, pm
s'l), beat cross frequency (BCF, Hz), amplitude of lateral head
displacement, (ALH, pm), straightness (STR, [VSL/VAP] x 100) and
linearity (LIN, [VSL/VCL] x 100) were measured. In each sample, eight
randomly selected microscopic fields were examined.

If VAP > 90 pm s ! and STR > 75 %, progressive cells were identified;
the VAP cut-off was 20 ym /s, and the VSL cut-off was 0 pm m sL. A
sperm specimen of 10 pl was loaded and evaluated in the pre-warmed
Makler chamber. Motility parameters (Total, progressive, and rapid
motility) were recorded and expressed as percentages.

2.3.2. Assessment of sperm viability

According to Eacka et al. [37], sperm viability was assessed using the
eosin-nigrosine staining technique. Equal amounts of eosin-nigrosin and
semen were mixed, smeared on a glass slide, and allowed to dry. The
slides were examined under a microscope (Advanced Automated
Research Microscope System, Nikon Eclipse E200, phase contrast at 40
and 100 magnifications). At least two hundred sperm were counted and
the percentage of live (unstained white) and dead (eosin-stained red)
spermatozoa was calculated.

2.3.3. Assessment of sperm acrosome intactness

According to Arruda de Oliveira et al. [2], sperm acrosome intactness
was assessed using the Giemsa staining technique. Thawed semen (10 pl)
was smeared and air-dried before being fixed in a neutral red solution for
4 minutes. The fixed smears were washed with distilled water, air dried,
and then immersed in 7.5% Giemsa stain solution for 4 hours. At least
two hundred spermatozoa were examined under a phase contrast mi-
croscope (400X) and analyzed for the percentage of cells with intact
(pink or purple stained) and damaged (unstained) acrosome.

2.3.4. Assessment of sperm plasma membrane integrity

According to Nie and Wenzel [38], plasma membrane integrity was
determined using a hypo-osmotic swelling assay (HOST ~100
mOsm/kg). In 50 mL of sterile deionized water, 1.712 g of sucrose was
dissolved. The sperm sample was mixed 1:10 with pre-warmed (37°C)
HOST and incubated for 60 minutes at 37°C. At the end of incubation, 10
ul semen was smeared on a glass slide and allowed to dry. At least two
hundred spermatozoa were examined under a phase contrast micro-
scope (400X) and analyzed for the percentage of cells with intact plasma
membrane (curled tail; HOST positive).

2.3.5. Flow cytometric analysis

Using a FacsStar Plus flow cytometer (Becton Dickinson Immuno-
chemistry, San Jose, CA, USA) equipped with standard optics and an air-
cooled argon laser operating at 488 nm excitation and 15 mW, sperm
samples were analyzed for DNA integrity (SCSA), mitochondrial mem-
brane potential (JC-1), apoptosis (Annexin-V/PI binding assay) and ROS
(H2DCFDA). CellQuest® software was used to collect the analyzed
sperm cells at a flow rate of 200 events/s. A total number of 10.000 cells
were analyzed per sample.
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2.3.5.1. Assessment of DNA integrity using SCSA. The sperm chromatin
structure assay (SCSA), which distinguishes between denatured and
native DNA depending on the acridine orange (AO, Sigma-Aldrich, St.
Louis, MO, USA) metachromatic properties, was used to determine the
integrity of sperm DNA, according to Evenson and Jost [39]. Thawed
semen was washed in 1 ml phosphate-buffered saline (PBS) solution by
centrifugation at 500 g for 10 minutes. The sperm pellets were diluted to
a final concentration of 2 x 10° sperm with TNE buffer (0.01 M Tris-Cl,
0.15 M NaCl, 1 mM EDTA, and disodium pH 7.4) and mixed with 400 pL
acid detergent solution (0.08 N HCl, 0.15 M NaCl, 0.1% [w/v] Triton
X-100, and pH 1.2). Thirty seconds later, the sperm cells were stained
with 1200 pL of Acridine Orange (AO, Sigma-Aldrich, USA) staining
solution (600 pL AO, 6 mg/mL) in 100 ml staining buffer (0.037 M citric
acid, 0.126 M NapgHPOy4, 1.1 mM EDTA disodium, 0.15 M NacCl, pH 6.0).
The flow cytometric assessment of red and green fluorescence was
performed three minutes after the AO staining. FL1 (530/15 nm filter)
and FL3 (650 nm long pass filter) fluorescence measurements were
performed.

2.3.5.2. Assessment of sperm mitochondrial membrane potential (MMP).
JC-1, a lipophilic cation, was used to measure the mitochondrial mem-
brane potential of sperm. According to the manufacturer (MitoProbe™
JC-1 Assay Kit for Flow Cytometry [M34152], Fisher Scientific -
Scheepsbouwersweg 1b - Postbus 4 - 1120 AA Landsmeer), increasing
the mitochondrial membrane potential changes the JC-1 fluorescence
reversibly from green (monomeric status) to orange (multimeric status).
Thawed sperm with a final concentration of 1 x 10°® was washed by
centrifugation for 10 min at 500 g in 1 mL PBS. The sperm pellets were
resuspended in 1ml PBS and mixed with 10 pl JC-1 (JC-1 200 uM in
DMSO), and incubated for 30 minutes at 37°C, 5% CO2. After incuba-
tion, the sperm was washed by centrifugation in 2 ml PBS followed by
resuspension in 500 pl PBS and assessment. JC-1 was excited by A 488
nm laser, and cells with green and orange fluorescence were identified
using the 535 nm and 595 nm emission filters. The frequency plots of
FL1 (green) and FL2 (orange) were used to assess the percentage of
green and orange-stained spermatozoa. The percentage of orange-
stained sperm was recorded as sperm cells with high mitochondrial
membrane potential (HMMP).

2.3.5.3. Assessment of sperm apoptosis. The Alexa Fluor 488 Annexin-V
Apoptosis Kit (INVITROGEN - V13245) and propidium iodide were used
to evaluate the sperm plasma membrane integrity and apoptosis, ac-
cording to Anzar et al. [40]. Thawed sperm with a final concentration of
1 x 10° was washed in 1 ml PBS by centrifugation at 500g for 10 mi-
nutes. The sperm pellets were resuspended in 100 pL of annexin-V
binding buffer (140 mM NaCl, 2.5 mM CaCl,, 10 mM HEPES, and pH
7.4), mixed gently with 5 pL of annexin-V and 1 pL of PI (100 pg/mL),
and incubated for 15 minutes at room temperature in the dark. After
incubation, 400 pL of annexin-V binding buffer was added and the
samples were examined flow cytometrically. The forward light scatter
(FSC), orthogonal light scatter (SSC), FITC fluorescence (FL1), and PI
fluorescence (FL3) were assessed. The analysis was restricted to sper-
matozoa by using an acquisition gate in the FSC/SSC two-dimensional
histogram. Four different kinds of gated sperm were evaluated: the
viable (annexin V_ and PI'), necrotic (annexin V. and PI+), apoptotic
(annexin V+ and PI+), and early apoptotic (annexin V+ and PI')
spermatozoa percentage.

2.3.5.4. Assessment of sperm intracellular ROS concentrations. The sperm
intracellular ROS level was measured using the 2',7-dichlorodihydro-
fluorescein diacetate (H2DCFDA, Abcam Cellular ROS Assay Kit,
ab113851) method according to Romero et al. [41]. After thawing, the
sperm sample with a final concentration of 1 x 10® was washed in 1 ml
PBS by centrifugation at 500 g for 10 minutes. The sperm pellets were
resuspended in 500 pl of freshly diluted stain (10 uM H2DCFDA) and
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incubated in the dark at 37°C for 30 minutes. After incubation, the
samples were analyzed. The H2DCFDA was excited by the 488 nm laser
and the fluorescence intensity was measured from 500 to 560 nm
(typically FL1).

2.4. Statistical analysis

Using SPSS (Ver. 25), normality of the data was ascertained. Semen
data were analyzed and presented as mean + SEM. Using the general
linear model (GLM) multivariate, the multiple means comparisons were
carried out, followed by the Dunnett post-hoc test. The statistical sig-
nificance was set at P<0.05.

3. Results
3.1. Effect of MitoQ on stallion sperm motility parameters

The effect of MitoQ on sperm motility parameters assessed by CASA

Table 1
Effect of MitoQ on motility parameters of frozen-thawed stallion semen after
different incubation periods.

Parameter Group Incubation (37°c) durations
Post- 30 1h 1.5h 2h
thawing mints
Total Control 79.49 70.74 68.28 64.06 53.00
motility +0.98 +1.16° +1.14* +1.16% +1.46
(%)
MitoQ 78.51 75.22 68.56 64.74 54.69
25 nM +0.88 +1.06% +1.31 +1.32 +1.66
ab ab
MitoQ 80.41 74.24 67.82 65.12 54.33
50 nM +0.97 +1.08% +1.26 +1.32 +1.36
ab ab
MitoQ 80.18 74.82 66.81 65.89 55.00
100 nM +0.89 +1.05% +1.29 +1.31 +1.44
ab ab
MitoQ 77.08 70.22 64.36 59.93 53.60
200nM  +1.04 +£1.36"  +1.49°  +1.39°  +1.43
P-value NS 0.01 0.05 0.01 NS
Progressive Control 24.85 19.55 14.11 10.29 5.61
motility +0.50? +0.53 +0.54% +0.47° +0.35
(%)
MitoQ 24.81 18.74 13.94 10.28 6.22
25 nM +0.52 2 +0.54 +0.58 +0.50 +0.35
ab ab
MitoQ 24.52 19.81 13.40 10.04 5.67
50 nM +0.61 +0.64 +0.55 +0.43 +0.31
ab ab
MitoQ 24.85 19.17 13.00 9.45 5.45
100 nM +0.53 +0.51 +0.48 +0.42 +0.34
ab ab
MitoQ 22.44 18.07 12.26 7.99 5.63
200nM  +0.64° +0.64 +0.52°  +0.45°  +0.31
P-value 0.01 NS 0.01 0.01 NS
Rapid Control 34.63 26.76 20.01 14.51 8.00
motility +0.81% +0.79 +0.77% +0.66% +0.51
(%)
MitoQ 35.33 26.56 19.38 14.42 8.86
25 nM +0.92 +0.88 +0.83 +0.69 +0.50
ab ab
MitoQ 35.03 27.73 19.13 14.49 8.23
50 nM +1.03 +1.02 +0.89 +0.69 +0.49
ab ab
MitoQ 34.40 26.31 18.98 13.63 8.08
100 nM +0.83 +0.78 +0.76 +0.65 +0.49
ab ab
MitoQ 30.77 25.13 17.74 11.88 7.94
200nM  +0.96" +0.96 +0.81"  +0.68*  +0.48
P-value 0.01 NS 0.05 0.01 NS

Values are presented as mean + SEM; NS: Not Significant. The superscripts
within the same column indicate statistically significant differences versus
controls.
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is shown in Table 1. Treatments with MitoQ at different concentrations
(25, 50, and 100 nM) in the extender medium during cryopreservation
significantly increased the total sperm motility evaluated 30 minutes
after thawing, compared with controls (P<0.01). On the other hand, the
highest tested concentration of MitoQ (200 nM) significantly decreased
total motility after 1 (P <

0.05) and 1.5 hours (P < 0.01) of incubation. In addition, it impaired
progressive (P < 0.01, 0.01, 0.01) and rapid (P < 0.01, 0.05, 0.01)
motility after thawing, and after 1 and 1.5 hours of incubation,
respectively, compared to the control group (Table 1).

3.2. Effect of MitoQ on stallion sperm velocity parameters

As shown in Table 2, increased values of ALH were obtained in semen
treated with 25 nM or 200 nM MitoQ and assessed after 30 minutes of
incubation, compared to the control group (P < 0.01). Whereas, VAP,
VSL, and VCL were negatively affected by 200 nM MitoQ immediately
after thawing (P<0.01) or at different incubation durations (1 or 1.5
hours), compared with controls (P<0.05). The STR and LIN values
increased with a concentration of 200 nM after thawing (P < 0.01;
Table 2).

3.3. Effect of MitoQ on sperm viability, acrosomal intactness, and plasma
membrane integrity

As presented in Table 3, the highest concentration of MitoQ (200nM)
decreased (P< 0.01) the percentage of sperm viability compared with
the values for the control group. Whereas, no difference was found
regarding the plasma membrane and acrosomal integrity between the
different experimental groups.

3.4. Effect of MitoQ on sperm mitochondrial membrane potential (MMP),
intracellular ROS concentrations, DNA integrity, and sperm apoptosis

No differences were found between the different experimental
groups regarding the MMP, ROS concentrations, DNA integrity
(Table 4), and sperm apoptosis (Table 5).

4. Discussion

Stallion semen cryopreservation process leads to an increased level
of ROS due to the reduced sperm antioxidant capacity because of the
elimination of seminal plasma [16,42]. The increased level of ROS
during the sperm freeze-thaw process enhances lipid peroxidation which
negatively affects the sperm fertilizing potentials and increases the
damage of DNA [43]. Stallion sperm depends on the oxidative phos-
phorylation process for ATP production [22]. Therefore, after cryo-
preservation, sperm require a highly active mitochondrial activity to
have the ATP concentrations required for fertilizing activities such as
capacitation, hyperactivation, and acrosome reaction [44]. In the pre-
sent study, we tried to improve the frozen-thawed sperm mitochondrial
activity by incorporating different concentrations of
mitochondria-targeted antioxidants MitoQ in the semen extender of
frozen-thawed stallion sperm.

Sperm motility and kinematics are crucial for fertilization [45]. A
positive correlation has been reported between sperm motility/velocity
characteristics and fertility in stallions [46]. In the present study, MitoQ,
mainly at the concentration of 25, 50, and 100 nM slightly improves the
total sperm motility and ALH parameter, particularly after 30 min
post-thawing, while, progressive motility and other sperm velocity pa-
rameters were not affected. On the contrary, the addition of 200 nM
MitoQ negatively affected the stallion sperm quality. Our data could be
discussed on the context of the results obtained in different species in
which, semen cryopreservation with nanomolar concentrations of
MitoQ have been tested. In detail, some studies have demonstrated a
positive effect of nM concentrations of MitoQ added during
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Table 2
Effect of MitoQ on velocity parameters of frozen-thawed stallion semen after
different incubation periods.

Parameter Group Incubation (37°c) durations

Post- 30 1h 1.5h 2h
thawing mints
VAP (um Control  84.09 79.70 75.78 70.93 64.95
s +0.50° +0.51 +0.66°  +0.83*  +0.94
MitoQ 84.01 78.67 75.06 70.49 65.51
25 nM +0.53%° +0.58 +0.69 +0.77 +0.86
ab ab
MitoQ 83.46 79.46 74.70 70.13 65.01
50 nM +0.57 %  +0.63 +0.74 +0.76 +0.84
ab ab
MitoQ 83.03 78.77 75.13 69.03 64.08
100nM  +0.47*  +0.57 +0.62 +0.83 +0.88
ab ab
MitoQ 80.51 78.31 73.47 68.74 63.53
200nM  +0.62° +0.63 +0.78° +0.83°  +0.86
P-value  0.01 NS 0.05 0.05 NS
VSL (ums~  Control  66.42 64.23 61.19 58.26 54.22
B +0.40° +0.42°  +0.48 +0.60°  +0.71
MitoQ 66.85 62.92 61.06 57.92 55.12
25 nM +0.35%  +0.39°  +0.49 +0.56 +0.64
ab
MitoQ 65.93 64.13 60.67 57.44 54.12
50 nM +0.42%®  +0.45 +0.48 +0.55 +0.61
ab ab
MitoQ 65.82 63.53 60.66 56.74 53.13
100nM  +£0.38%"  +0.44 +0.46 +0.61 +0.67
ab ab
MitoQ 64.92 62.87 60.02 56.51 52.99
200nM  +0.43° +0.51°  +0.57 +0.57°  +0.68
Pvalue  0.01 0.05 NS 0.05 NS
VCL(ums  Control  140.30 133.00  127.99 119.81 110.82
B +0.90° +0.87 +1.14°  +1.31 +1.51
MitoQ 139.31 131.48  126.51 119.09  110.88
25 nM +0.95%  +0.90 +1.18 +1.23 +1.33
ab
MitoQ 138.46 13248  125.57 119.23  111.41
50nM  £0.87%  £1.00  +1.20  +£1.26  +1.34
ab
MitoQ 137.97 131.00  126.79 11713 110.24
100nM  +£0.80%®  +0.89 +1.09 +1.37 +1.36
ab
MitoQ 133.47 131.97  124.20 116.96  109.08
200nM  +1.15° +1.00 +1.28" +1.34 +1.33
Pvalue  0.01 NS 0.05 NS NS
ALH (um)  Control  6.35 6.15 6.26 6.20 5.78
+0.06 +0.07°  +0.09 +0.07 +0.20
MitoQ 6.29 6.42 6.34 6.08 5.42
25 nM +0.07 +0.08°  +0.08 +0.08 +0.17
MitoQ 6.26 6.22 6.20 6.25 5.69
50 nM +0.06 +0.09 +0.08 +0.09 +0.14
ab
MitoQ 6.43 6.26 6.23 6.15 5.69
100nM  +0.07 +0.08 +0.08 +0.08 +0.16
ab
MitoQ 6.28 6.38 6.14 6.30 5.96
200nM  +0.07 +0.08®  +0.09 +0.10 +0.11
P-value NS 0.01 NS NS NS
BCF (Hz) Control  35.10 35.51 35.98 36.58 37.51
+0.30 +0.33 +0.36 +0.37 +0.38
MitoQ 35.29 35.21 35.80 36.35 37.48
25 nM +0.34 +0.32 +0.39 +0.36 +0.40
MitoQ 35.33 35.57 36.07 36.40 37.34
50 nM +0.30 +0.33 +0.36 +0.37 +0.37
MitoQ 35.33 35.52 35.93 36.60 37.79
100nM  +0.30 +0.35 +0.39 +0.37 +0.39
MitoQ 35.51 35.54 35.72 36.44 37.39
200nM  +0.30 +0.32 +0.37 +0.37 +0.36
P-value NS NS NS NS NS
STR (%) Control  78.01 79.99 80.63 82.29 83.88
+0.44° +0.49 +0.56 +0.52 +0.60
MitoQ 78.72 79.23 81.17 82.28 84.67

25 nM +0.49%  +0.44 +0.56 +0.55 +0.57

(continued on next page)
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Table 2 (continued)

Parameter Group Incubation (37°c) durations

Post- 30 1h 1.5h 2h
thawing mints
MitoQ 78.08 80.42 81.42 81.99 83.77
50 nM +0.42 % +0.46 +0.60 +0.60 +0.52
MitoQ 78.04 79.76 80.71 82.25 83.08
100 nM +0.44 +0.43 +0.57 +0.56 +0.53
MitoQ 79.76 79.63 81.69 82.55 83.44
200 nM +0.45° +0.51 +0.57 +0.54 +0.53
P-value 0.01 NS NS NS NS
LIN (%) Control 48.23 49.61 49.67 50.80 51.53
+0.39° +0.47 +0.52 +0.53 +0.65
MitoQ 48.98 48.97 50.16 50.78 52.17
25 nM +0.40 2 +0.41 +0.55 +0.52 +0.61
MitoQ 48.55 49.92 50.34 50.26 51.06
50 nM +0.39 2 +0.45 +0.54 +0.60 +0.54
MitoQ 48.48 49.69 49.82 50.69 50.43
100 nM +0.40 2 +0.47 +0.59 +0.57 +0.59
MitoQ 50.01 48.96 50.51 50.83 50.95
200 nM +0.47° +0.49 +0.56 +0.56 +0.60
P-value 0.01 NS NS NS NS

Values are presented as mean + SEM; NS: Non-Significant. VAP: Average path
velocity (um s). VSL: Straight linear velocity (um s™). VCL: Curvilinear velocity
(um s™). ALH: Amplitude of lateral head displacement (um). BCF: Beat cross
frequency (Hz). STR: straightness ([VSL/VAP] x 100). LIN: Linearity ([VSL/
VCL] x 100). The superscripts within the same column indicates statistically
significant differences versus controls.

Table 3
Effect of MitoQ on frozen-thawed stallion semen viability, plasma membrane,
and acrosomal integrity.

Group Sperm Viability Plasma membrane Acrosomal
(%) Integrity (%) intactness (%)

Control 70.17+0.70% 58.03+0.82 71.37+0.81

MitoQ 25 69.03+0.69 2 59.43+0.90 71.43+0.74
nM

MitoQ 50 69.23+0.73 58.40+0.83 71.73+0.89
nM

MitoQ 100 68.93+0.63 2 58.67+0.90 71.30+0.72
nM

MitoQ 200 67.8340.72° 57.87+0.98 71.27+0.64
nM

Values are presented as mean + SEM Values with different superscripts within
the same column differed significantly at P< 0.01.

Table 4

Effect of MitoQ on frozen-thawed stallion semen mitochondrial membrane po-
tential, DNA integrity, and intracellular reactive oxygen species (ROS)
concentrations.

Group HMMP (%) DNA Integrity (%) ROS (%)

Control 84.54+2.64 88.78+2.04 28.34+1.34
MQ25 nM 86.41+2.11 88.68+2.10 28.43+1.55
MQ50 nM 86.51+1.99 89.57+2.16 27.90+1.34
MQ100 nM 86.84+1.62 91.26+1.01 27.67+1.38
MQ 200 nM 85.50+2.67 91.19+1.17 28.73+1.46

Values are presented as mean + SEM. HMMP: High Mitochondrial membrane
Potential. ROS: Reactive Oxygen Species.

cryopreservation of catfish [29], humans [30], buffalo [32], rooster
[33], and goat [34] spermatozoa. However, other studies have demon-
strated no influences of MitoQ on humans [47] and bull semen [48].
Furthermore, some studies have shown negative effects such as
decreased sperm motility and disruption of membrane integrity with the
use of 200 nM MitoQ [33], which is consistent with the results of our
study.

MitoQ has been stated to support ATP synthesis and ROS neutrali-
zation continuously, therefore preserving sperm motility for longer
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Table 5
Effect of MitoQ on frozen-thawed stallion semen apoptosis.

Group Normal viable Sperm Necrotic Sperm Total apoptotic Sperm
(%) (%) (%)
Control 51.79+1.50 23.10+2.73 25.11+3.54
MQ25 nM 53.90+2.39 16.81+3.00 29.54+2.61
MQ50 nM 51.95+2.54 18.70+3.28 29.36+3.61
MQ100 51.25+1.50 17.20+2.90 31.56+3.01
nM
MQ 200 50.52+4.04 17.32+4.99 32.16+2.54
nM

Values are presented as mean+ SEM.

periods [47]. The MitoQ ubiquinone (coenzyme Q) penetrates the
mitochondrial membranes and accumulates inside the mitochondria
[26,27] and improves the bioenergetics function through protons and
electrons transfer in the electron transport chain of mitochondria,
leading to the synthesis of ATP required for sperm motility [47]. The
effects of MitoQ on the rate of oxygen consumption of different cell types
range from no influence [49] to oxidative phosphorylation impairment
[50,51].

Stallion semen cryopreservation has been reported to adversely
affect sperm viability and plasma membrane integrity [2]. In this study,
we observed a negative impact of the highest concentration of MitoQ
(200nM) on sperm viability which is consistent with that reported by
Sun et al. [33]. Moreover, in ram semen, Lu et al. [31] stated that the
highest concentration (400nM) of MitoQ decreased sperm vitality and
plasma membrane integrity. However, Camara et al. [48] did not record
any effect of MitoQ addition in bull semen extender on post-thawing
sperm viability and membrane intactness. On the other hand, in buf-
falo, Tiwari et al. [32] reported a positive effect of MitoQ on sperm vi-
tality and membrane intactness in a dose-dependent manner. In humans,
it has been described that MitoQ at a concentration of 20 nM improved
sperm vitality and membrane integrities without any effect at the con-
centration of 200 nM [47]. The adverse effect of the highest MitoQ
concentration (200 nM) on sperm motility and viability may be attrib-
uted to the weak antioxidant enzyme system of post-thawed spermato-
zoa under the effect of excessive MitoQ [52]. The excess MitoQ has been
stated to induce the release of one-electron oxidizing species such as 02
e— [50], which is a crucial factor in determining the total ROS effects
[53]. Moreover, excess MitoQ (200nM) adversely affects the sperm
plasma membrane integrity leading to mitochondrial dysfunctions [32].

Triphenylphosphonium (TPP+) is a molecular vector for selective
mitochondria delivery [54]. Therefore, MitoQ accumulates inside the
inner mitochondrial membrane through its conjugation with the TPP
cation and preserves the mitochondrial function by the continuous
ubiquinol supply and free radicals scavenging [55]. In this study, MitoQ
did not affect the MMP, DNA integrity, or ROS level, which is in
agreement with that reported by Camara et al. [48] in the bull sperm. On
the contrary, a positive effect of MitoQ on frozen-thawed sperm MMP
and ROS concentrations has been reported in frozen-thawed ram [31],
rooster [33], and buffalo [32] sperm. The minimal positive influence of
MitoQ on sperm quality parameters in this study could be explained by
the fact that we used a BOTU freeze extender that has been shown to
preserve mitochondrial health and maintain maximal Mitochondrial
oxygen consumption [8].

5. Conclusion

In conclusion, supplementation of Mitoquinone in stallion semen
extender before cryopreservation has a mild positive effect at concen-
trations of 25, 50, and 100 nM, and the most significant effect was found
at 25 nM. The highest tested concentration (200nM) had a detrimental
effect on different motility and velocity parameters and sperm viability
percentages of frozen-thawed stallion sperm. Further studies using
lower concentrations than 25 nM are still needed.
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