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Mitochondrial specific antioxidant
MitoPBN mitigates oxidative
stress and improves mitochondrial
function in cryopreserved ram
sperm

Mahdieh Mehdipour'*?, Hossein Mohammadi?, Sahar Abdalkarim Salih? & Ali Rashidi*

Oxidative stress impairs sperm function and fertility in rams, most notably during cryopreservation,
and is characterized by compromised sperm function and motility. Mitochondria contribute immensely
towards sperm function, such as mitochondrial membrane potential (MMP) which is crucial for

ATP production. The purpose of this study was to assess the role of MitoPBN supplementation on
cryopreserved sperm quality in mature Ghezel ram sperm. Semen samples were treated with 0
(control), 100, 150, 200, and 250 pmol/L MitoPBN and then analyzed for key sperm factors. Results
indicated that supplementation with 100 and 150 pmol/L MitoPBN significantly enhanced total
motility, increasing to 52.36 + 4.26% and 54.16 + 3.19%, respectively. Progressive motility similarly
improved to 24.82 + 3.27% and 26.77 + 3.46%, respectively. Additionally, sperm membrane integrity
was markedly increased to 50.01 + 4.22% and 52.54 + 2.24%, while mitochondrial activity was
significantly augmented from 35.14 + 4.09% to 46.16 + 4.02% and 50.26 + 6.69%. Sperm viability also
improved, rising to 48.99 + 3.98% and 52.20 + 3.17%, respectively. Notably, reactive oxygen species
(ROS) levels were reduced to 2.95 + 0.16% and 2.80 + 0.11%, respectively, paralleled by enhancements
in total antioxidant capacity (TAC; 1.85 + 0.21% and 1.93 + 0.16%, respectively) and glutathione
peroxidase (GPx) activity (61.16 + 4.77% and 63.36 + 4.95%, respectively). Moreover, ATP content
reached a peak of 116.29 + 5.83 in the 150 umol/L group. In conclusion, our results evidence that
oxidative stress during ram sperm cryopreservation is effectively countered by MitoPBN, improving
sperm quality.
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Successful reproduction in livestock depends on sperm quality, as fertility rates directly influence genetic progress
and breeding efficiency. Oxidative stress is a variable that affects the integrity and functioning of spermatozoa
and can cause serious cellular damage!. Oxidative stress is defined as an imbalance between the formation of
reactive oxygen species (ROS) and antioxidant defenses inside sperm cells, which has a negative impact on
sperm motility, viability, and overall fertilization capability>.

In addition to ATP production, mitochondria are essential organelles for a number of cellular processes,
including the production of reactive oxygen species (ROS), calcium homeostasis and the intrinsic apoptotic
pathway®. Some mitochondria are retained in mammalian sperm which reorganize in a tubular shape at the
level of the sperm flagellum midpiece, even if the majority of the cytoplasm is lost during spermatogenesis®.
The activity of sperm mitochondria appears to be crucial for fertilization and embryo development, despite the
fact that these organelles are destroyed inside the zygote. Thus, maintaining mitochondrial activity is crucial for
maintaining sperm quality’.
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Recent advances in reproductive biology have emphasized the potential of mitochondria-targeted
antioxidants to alleviate oxidative stress in sperm cells®’”. One such compound, Mito PBN (mitochondria-
targeted phenolic antioxidant), has shown promise in enhancing mitochondrial function and reducing oxidative
damage in the treatment of diabetes mellitus®. MitoPBN is a mitochondria-targeted antioxidant created to
efficiently scavenge reactive oxygen species (ROS) inside the mitochondria, shielding against damage caused by
oxidative stress. Because of the mitochondrial membrane potential, it accumulates in the mitochondria and has
been demonstrated to trap hydroxyl radicals while preventing superoxide from activating uncoupling proteins.
Recent investigations have emphasized its potential therapeutic implications, particularly in the treatment of
diabetes, by increasing mitochondrial function and glucose metabolism. MitoPBN importance in research and
possible clinical settings for oxidative stress-related diseases is demonstrated by the ability of a liver-targeted
formulation called Nano-MitoPBN to normalize glucose levels in diabetic models by increasing mitochondrial
respiration and ATP synthesis®.

Although cryopreservation is a popular method for preserving fresh ram semen, freezing and thawing
frequently lead to increased oxidative stress. Sperm quality may be harmed by oxidative damage, which
could result in decreased motility and viability after thawing’. Several research have examined the effects
of antioxidants on ram sperm quality during cryopreservation!®-!4. For example, studies have shown that
supplementation with Mito-TEMPO, another mitochondria-targeted antioxidant, enhances post-thaw motility
and overall sperm quality in different species. They discovered that Mito-TEMPO improved antioxidant capacity
and glucose transporter abundance in frozen-thawed sperm, in addition to increasing mitochondrial membrane
potential'>~17. Likewise, it has been demonstrated that other antioxidants, such as astaxanthin, improve sperm
quality by increasing mitochondrial potential and overall antioxidant capacity, while lowering ROS levels during
storage!s.

The primary objective of this study was to investigate an innovative application of the mitochondrial
antioxidant MitoPBN in enhancing cryopreserved semen quality in Ghezel rams. By comparing variable
concentrations of MitoPBN with its impact on sperm motility, membrane integrity, mitochondrial function,
and oxidative markers, this study aimed to evaluate whether mitochondrial-targeted antioxidants can reverse
oxidative stress during cryopreservation.

Materials and methods
Chemicals
All the chemicals were purchased from Merck (Darmstadt, Germany).

Animal ethics

This study was conducted in accordance with ARRIVE guidelines 2.0'°. All animal care procedures were
approved by the University Ethical Committee of the University of Tabriz (IR. REC.1401.580). In addition, all
methods used in the current study were performed under the University Review Board and University Ethical
Committee of the University of Tabriz guidelines and regulations.

Semen collection

Semen was collected from four sexually mature Ghezel rams (farm at the University of Tabriz) using an artificial
vagina twice a week for four consecutive weeks. On each collection day, ejaculates from all rams were pooled to
create one replicate, resulting in a total of eight replicates?®?!. Preliminary analyses confirmed minimal intra-
individual variability, thereby justifying the pooling strategy.

Semen processing and freezing

Immediately after semen collection, the collected samples were evaluated for parameters containing volume
(ml), concentration (sperm/mL), and progressive motility (%). Semen samples with a volume of 0.5-1.5 ml,
motility above 80%, abnormal morphology less than 10%, and sperm concentration above 3 x 10° were used for
the experiment. The pooled semen was then divided into five parts for dilution of the respective treatments. The
volume of pooled semen was diluted at 37 °C with tris extender containing 7% (v/v) glycerol and supplemented
with MitoPBN at concentrations of 0 (control), 100, 150, 200, and 250 pmol/L. These concentrations were
selected based on preliminary dose-response experiments and supported by the literature on mitochondrial-
targeted antioxidants. Following dilution with tris extender-containing treatments, the samples were incubated
at 4 °C for two hours. Then, the samples were loaded into 0.25 ml straws and positioned 4 cm above the surface
of liquid nitrogen for 7 min before being submerged. They were merged in liquid nitrogen (-196 °C), and the
straws were stored in liquid nitrogen for a minimum period of 7 days prior to thawing. The cryopreserved straws
were thawed for 30 s at 37 °C in a water bath for evaluation.

Sperm motility

A sperm analyzer (CASA) system IVOS 12 (Hamilton Thorne Inc., Beverly, MA, USA) was used to examine
motility parameters. First, frozen sperm were diluted in PBS buffer at 37 °C (Leja 4; 20 um height; Leja Products,
Luzernestraat B.V., Holland) before being placed on a preheated chamber slide. At least 200 cells were examined
for each sample. The following parameters were assessed: linearity (LIN; %), curvilinear velocity (VCL; um/s),
average path velocity (VAP; um/s), straight line velocity (VSL; pm/s), total motility (TM; %), and progressive
motility (PM; %).

TAC, SOD and GPx evaluation
The TEAC Randox kit (RANDOX Laboratories Ltd.) was used to test total antioxidant capacity (TAC). This
technique relies on the use of antioxidants that scavenge ABTS cation radicals. The reaction was initiated by
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adding 200 pl of H,O, after mixing 20 pl of the samples and 1 ml of chromogen (ABTS reagent) had been
mixed. This method produces a stable blue-green color with a maximum light absorption at 600 nm, which can
be measured using spectrophotometry. We used the Ransox kit (RANDOX Laboratories Ltd.) to evaluate the
GPx enzyme activity. Briefly, 10 ul of sample was mixed with 500 puL of GPx Reagent (glutathione, glutathione
Reductase, and NADPH) and 10 pL of buffer (EDTA and Phosphate Buffer), followed by the addition of 4 uL
of cumene hydroperoxide. Absorbance was measured at a wavelength of 340 nm. Superoxide dismutase (SOD)
(RANDOX Laboratories Ltd.) activity was evaluated by spectrophotometry. After mixing 50 pl of the samples
with 1.7 mL of a mixed substrate (xanthine and Int), 500 pl of Xanthine Oxidase was added to the solution. The
absorbance was measured at a wavelength of 505 nm?2.

Membrane functionality

The Najafi et al.?> method was used to conduct the test in the current experiment. One hundred pL of
hypoosmotic medium made up of fructose and sodium citrate was added to 10 uL semen. It was incubated at a
37 °C temperature for 30 min. Atleast 10 pL of the resulting incubated materials was observed through the optics
on the contrast phase microscope fitted hot plate at a temperature of 37 °C and 400x magnification. At least 200
sperm were counted for each treatment group, and the proportion with a tied tail was determined.

Abnormal sperm

To evaluate abnormal sperm, at least three drops of each sample were added to microtubes containing one
milliliter of Hancock solution. One drop of the solution was then spotted on a slide and covered with a slide. The
percentage of abnormal sperm was measured by counting at least 200 sperm under a microscope with a contrast
phase at 400x magnification®*.

Flow cytometry analyses

Flow cytometry analyses were carried out using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA) equipped with a 488 nm Argon ion laser. Sperm cells were identified and separated from debris based on
forward and side scatter gating. Fluorescence signals were captured using a 530/30 nm band-pass filter for green
fluorescence (Rhodamine-123 and Annexin-V) and a 610 nm long-pass filter for red fluorescence (propidium
iodide). Data acquisition was performed using CellQuest 3.3 software (Becton Dickinson) with at least 10,000
events recorded per sample to ensure statistical reliability and accuracy.

Sperm viability and apoptosis assay

The annexin kit was used to define the percentages of viable, apoptotic, and dead sperm. To accomplish these
measurements, samples were thawed at room temperature for 30 min; next, 500 puL of buffer was added;
subsequently, after being centrifugated (1200 rpm for 10 min), it was added into 500 pL buffer. Annexin was
mixed with 100 pL of calcium buffer, and 10 pL of annexin was added and incubated in the dark for 20 min.
Then, 10 ul of propidium iodide (PI) was added to the sample and incubated for 15 min. A flow cytometer was
used to measure the amount of phosphatidylserine in sperm membranes. If the samples were PI- and annexin-
negative, they were considered live sperm in the flow chart of the flow cytometer. The sample was alive but with
primary apoptosis if the annexin test was positive, whereas the PI test was negative. It was considered dead
sperm with secondary apoptosis if it was both PI-and annexin positive. PI-positive and annexin-negative were
considered necrotic sperm?°.

Assessment of mitochondrial activity

Rhodamine was used as an indicator of mitochondrial activity. First, 500 puL buffer was added to the sperm
samples. Then, 10 pL of rhodamine was added and the samples were incubated in the dark at room temperature
for 20 min. Next, 10 pL of PI was added, and mitochondrial activity was analyzed by flow cytometry. The
rhodamine-positive and PI-negative samples in the diagram were considered active mitochondrial samples by
flow cytometry. When both rhodamine and PI are positive, they are considered inactive mitochondria??.

Determination of ATP in sperm

ATP was quantified using the method described by Mehdipour et al.*°. method. Five microliters of each
sample was pipetted into 190 uL of perchloric acid, previously diluted in 750 pL of buffer. This was followed by
centrifugation process for two minutes at 12,600xg. To the upper phase, which had been transferred into a new
tube, 10.7 pL of 2 M KCl, 58.7 uL of 1 M KOH, 10.7 of saturated Tris, and 1 pg/mL of red phenol was added.
Finally, 100 pL of reconstituted luciferin-luciferase reagent was added. The ATP standard was serially diluted to
obtain standards with concentrations between 10 ~7 and 10 ~ 2 M. The amount of ATP was measured in pmol
ATP per 10° sperm.

1.26

Measurement of ROS

The ROS levels were measured using the method described by Mehdipour et al.?®. After incubation at 37 °C in
250 uL PBS for 20-minute incubation of samples, the samples were centrifuged at 300xg for 7 min to extract the
supernatant. PBS (3 mL) was then re-centrifuged under the same centrifugal conditions at an interval of 7 min.
After adding 10 pL of luminol to a 400 uL sample, the tubes were placed in an Orion IT Microplate Luminometer.
The results obtained were expressed as 10> photons per minute per 10° spermatozoa.

Statistical analysis
Pooled semen was cryopreserved in eight replicates, and sperm analysis was performed according to the protocols
described in detail in this manuscript. Statistical analyses were conducted using R statistical environment
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(version 4.4.0; R Core Team, 2024). Linear mixed-effects models (LME) were applied using the nlme package
(version 3.1-162), with treatment as a fixed effect and repeated as a random effect. Results are reported as mean
+ SD, with statistical significance denoted as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

Results
The effect of MitoPBN on sperm motility and kinematic parameters is illustrated in Figs. 1 and 2. Spermatozoa

treated with 100 and 150 umol/L MitoPBN exhibited significantly higher total motility (TM) (52.36 + 4.26%
and 54.16 * 3.19%, respectively) compared to the control (41.89 + 5.31%) (P < 0.05). Both the average path
velocity (VAP) and straight-line velocity (VSL) peaked at 150 pmol/L, reaching 68.82 £ 2.56% and 55.24 + 5.35%,
respectively. No statistically significant differences were observed between STR and LIN treatment groups.
Similarly, ALH and BCF remained stable at all concentrations, confirming that MitoPBN did not negatively
influence the dynamics of sperm motion.

As depicted in Fig. 3, membrane integrity was significantly improved in the 100 and 150 pmol/L groups
(50.01 + 4.22% and 52.54 + 2.24%, respectively) (P < 0.05), and the lowest percentage of abnormal spermatozoa
was recorded in these groups (19.23 + 4.08% and 18.82 + 5.76%, respectively). Mitochondrial activity was highest
at 150 pmol/L (50.26 * 6.69%), followed by 100 pmol/L (46.16 + 4.02%).

Figure 4 shows that sperm viability was significantly increased in the 100 and 150 pumol/L groups (48.99
+ 3.98% and 52.20 £ 3.17%, respectively) relative to the control (36.08 + 5.69%) (P < 0.05), with the lowest
percentages of apoptotic and dead sperm observed at these concentrations (20.10 + 3.08% and 18.70 + 2.89%).

The oxidative stress markers and antioxidant enzyme activities are summarized in Fig. 5. The 100 and 150
umol/L treatments resulted in the lowest reactive oxygen species (ROS) levels (2.95 + 0.16% and 2.80 £ 0.11%,
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Fig. 1. TM: total motility (%) (a), PM: progressive motility (%) (b), VAP: average path velocity (um/s) (c) and
VSL: straight — line velocity (um/s) (d) after thawing samples cryopreserved with different levels of MitoPBN.
Insets show P values for the effects of the treatments respect to the control (0 pmol/L of MitoPBN) (* P < 0.05;
** P <0.01; ¥ P <0.001). Data are presented as mean + SD (n = 8 replicates per treatment).
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Fig. 2. STR: straightness (%) (a), LIN: linearity (%) (b), ALH: amplitude of the lateral head displacement
(um) (c) and BCF: beat cross frequency) Hz (d) after thawing samples cryopreserved with different levels of
MitoPBN. Insets show P values for the effects of the treatments respect to the control (0 pmol/L of MitoPBN)
(* P<0.05; ** P <0.01; *** P < 0.001). Data are presented as mean + SD (n = 8 replicates per treatment).

respectively), while total antioxidant capacity (TAC) increased to 1.85 £ 0.21% and 1.93 + 0.16%, and glutathione
peroxidase (GPx) activity reached 61.16 + 4.77% and 63.36 + 4.95% (P < 0.05).

Discussion
Cryopreservation is an essential technique for preserving the genetic potential of valuable livestock, particularly
rams; however, freezing and thawing expose spermatozoa to a wide range of stress factors, with oxidative stress
being a principal contributor that jeopardizes cellular function and integrity?’. In this study, supplementation with
moderate concentrations of MitoPBN improved sperm motility, membrane integrity, mitochondrial function,
and viability. In contrast, 250 pmol/L did not further enhance these parameters, which may be attributable to the
induction of reductive stress.

Sperm motility is one of the most important factors determining the fertilization potential. Our results show
a significant increase in motility parameters like total motility (TM), progressive motility. Motility is an essential
attribute in determining the fertilizing potential of sperm and is a key target in cryopreservation. MitoPBN
supplementation thus offers cryoprotective benefits in maintaining sperm function due to a decline in oxidative
stress. This agrees with observations in related studies using antioxidants to enhance sperm motility and viability
post-thawing®®. Agarwal et al.?° indicated that supplementing media containing antioxidants leads to a decrease
in the level of ROS; this way, motility was preserved. Similarly, Jannatifar et al.*® reported that NAC improves
sperm motility by reducing oxidative damage during cryopreservation.

MitoPBN is a mitochondria-targeted antioxidant designed to scavenge reactive oxygen species (ROS)
directly in the mitochondria and preserve mitochondrial membrane potential and ATP production®. Sperm
motility is heavily dependent on ATP generated by the mitochondria, which is used to power flagellate
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Fig. 3. Membrane integrity (%) (a), total abnormality (%) (b), mitochondrial activity (%) (c) and ATP
(pmol/10° sperm) (d) after thawing samples cryopreserved with different levels of MitoPBN. Insets show P
values for the effects of the treatments respect to the control (0 umol/L of MitoPBN) (* P < 0.05; ** P < 0.01; ***
P <0.001). Data are presented as mean + SD (n = 8 replicates per treatment).

movement for successful fertilization®!. Our results demonstrated that at concentrations of 100 and 150 umol/L,
MitoPBN effectively reduced ROS, as evidenced by decreased lipid peroxidation and improved membrane
stability. Preservation of mitochondrial function not only ensures enhanced motility but also ensures metabolic
competency for successful fertilization®’. Similar protective effects have been found in studies of other
mitochondria-targeted antioxidants, such as MitoTEMPO and MitoQ, which have been employed to preserve
sperm function during cryopreservation'>¥. In this study, optimal concentrations of MitoPBN were associated
with improved mitochondrial function, as evidenced by improved ATP production and preservation of the
mitochondrial membrane potential. These findings are in accordance with previous research that reported that
mitochondria-targeted antioxidants preserve mitochondrial function under stress*~3¢. However, at higher
concentrations, potential reductive stress induction can inhibit mitochondrial respiration, thereby limiting ATP
production, and ultimately viability and motility*”-*%. The role of MitoPBN is to protect mitochondria from
oxidative stress and yet at higher concentrations, it poses the threat of inducing reductive stress, emphasizing the
need for careful dose optimization in antioxidant therapy.

Oxidative stress, resulting in an imbalance between ROS production and antioxidant defense systems,
damages sperm function by impairing lipids in the membrane, proteins, and nucleic acids*. ROS tend to
accumulate rapidly during cryopreservation and inflict extensive oxidative damage on spermatozoa by breaking
their structural and functional integrity. Moreover, regulation of antioxidant enzyme activity is a major element
of the protective mechanism of MitoPBN. The increases in TAC and GPx activity observed in this study
indicate that MitoPBN enhances the intrinsic antioxidant defense of sperm. This dual mechanism, where direct
scavenging of ROS is supplemented by antioxidant enzyme upregulation, could have a more effective protective
effect during freeze-thaw because immediate and effective reduction of oxidative stress is critical.
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Fig. 4. Viability (%) (a), apoptotic (%) (b) and dead sperm (%) (c) after thawing samples cryopreserved with
different levels of MitoPBN. Insets show P values for the effects of the treatments respect to the control (0
pmol/L of MitoPBN) (* P < 0.05; ** P < 0.01; *** P < 0.001). Data are presented as mean + SD (1 = 8 replicates
per treatment).

Notably, moderate concentrations of MitoPBN significantly improved sperm parameters, whereas higher
concentrations had no further beneficial effects. This paradoxical observation indicated that a surplus of MitoPBN
might lead to reductive stress. While harmful in excess, ROS are also necessary for redox-sensitive signaling
that regulates critical functions such as capacitation, acrosomal reaction, and other sperm functions*’. Over-
quenching of ROS by a surplus of antioxidants might therefore eliminate these critical signaling mechanisms and
lead to reductive stress that is harmful to cellular function?!. Optimal use of mitochondrial-targeted antioxidant
agents, such as MitoPBN, is therefore not a matter of maximizing ROS scavenging, but of maintaining that fine
balance is essential for redox signaling.

A principal cause of sperm damage during cryopreservation is oxidative stress, which can induce lipid
peroxidation, DNA fragmentation, and loss of viability in the sperm. Mitochondrial function is essential for
sperm viability because not only are mitochondria responsible for producing ATP but they are also involved
in apoptosis and intracellular calcium homeostasis*>**. The viability of sperm was also increased by MitoPBN
treatment and the level of apoptosis was reduced. Kuzelov4, et al.'” documented similar findings, with
antioxidants such as Mito-Tempo decreasing apoptosis and improving viability in cryopreserved sperm*!. In our
study, mitochondrial function, with its protective function, could have reduced apoptosis, with mitochondrial
impairment having a propensity to act as a key inducer of apoptosis in sperm.

Our observations of improved membrane integrity at moderate concentrations of MitoPBN indicate that this
antioxidant is effective in preventing oxidative degradation of lipids and proteins in the membranes. Integrity of
the membranes is critical for maintaining ion gradients and proper signal transduction, both of which are critical
for sperm motility and fertilization potential’**>. These observations are in agreement with earlier research,
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Fig. 5. ROS (10% cpm/10° sperm) (a), SOD (U/mg) (b), TAC (mmol/l) (c), and GPx (U/mg) (d) after thawing
samples cryopreserved with different levels of MitoPBN. Insets show P values for the effects of the treatments
respect to the control (0 pmol/L of MitoPBN)) (* P < 0.05; ** P < 0.01; *** P < 0.001). Data are presented as
mean * SD (n = 8 replicates per treatment).

where antioxidant supplementation was found to reduce lipid peroxidation in the membranes and enhance the
quality of spermatozoa after thawing*¢-4%.

One of the significant results of the current study was the significant reduction in the levels of abnormal
spermatozoa. These results suggest that MitoPBN supplementation protects sperm morphology, which is
a key determinant of fertilizing capacity. As structural abnormalities have the potential to interfere with
sperm motility, acrosomal function, and contact with the oocyte, a smaller number of abnormal spermatozoa
indicates better sperm quality?’. The reduction in sperm abnormalities suggests that MitoPBN is involved
in the structural integrity of sperm. One possible explanation is that MitoPBN averts oxidative stress, which
leads to morphological abnormalities by disturbing the cellular membranes. Through the stabilization of the
plasma membrane and the preservation of the of sperm cells integrity, MitoPBN could avoid the occurrence of
morphological abnormalities that occur during cryopreservation or other stressful conditions. Morphological
defects in sperm can severely impair sperm function, even with high viability and mitochondrial function®.
Decreasing abnormal spermatozoa is another evidence that MitoPBN enhances the integrity of sperm at different
levels, attesting to its value in the conservation of fertility.

Conclusion

The addition of MitoPBN during cryopreservation of ram sperm offers significant improvements in sperm
motility, mitochondrial activity, oxidative stress reduction, membrane integrity, and sperm viability. The optimal
concentration appears to be 150 umol/L, which balances the antioxidant and mitochondria-enhancing effects
without causing toxicity. These findings not only contribute to the existing literature on cryopreservation but
also suggest that MitoPBN may be a promising agent for improving the quality of cryopreserved sperm.
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