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Abstract

In this study boar sperm mitochondrial activity was studied and deepened in order to delineate the
main metabolic strategies used by boar sperm to obtain energy and to link them to sperm function.
Boar spermatozoa were collected, diluted at 30x10° spz/mL and incubated for 1 h with: Rotenone
(ROT), complex I inhibitor, Dimethyl-malonate (DMM), complex Il inhibitor, antimycin A
(ANTI), complex Il inhibitor, oligomycin (OLIGO), ATP synthase inhibitor, Carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), uncoupling agent, 2-deoxy-glucose (2DG), glucose agonist,
and Dimethyl sulphoxide (DMSO) as control vehicle. Viability and mitochondrial membrane
potential (Sybrl4/P1/JC1 staining) and sperm motility (using CASA system) were assayed after
incubation.

ROT, ANTI, OLIGO and CCCP significantly reduced total and progressive motility as well as cell
velocities; ANTI and CCCP depressed mitochondrial membrane potential but did not affect cell
viability. Cluster analysis of kinematic parameters showed some interesting features of sperm
subpopulations: ANTI and CCCP caused a shift in sperm subpopulation towards “slow non
progressive” cells, OLIGO and ROT caused a shift towards “average” and “‘slow non progressive”
cells, while DMM and 2DG increased the “fast progressive” cells subpopulation.

Sperm mitochondrial respiration and substrate oxidation, assayed polographically and
spectrofluorimetrically, respectively pointed out a high ATP turnover and a low spare respiratory
capacity, mainly linked to the NADH-O; oxidase activity. Therefore, boar spermatozoa heavily
rely on mitochondrial oxidative phosphorylation, and especially on Complex I activity, to produce
ATP and fuel motility.



1.

Introduction

Mammalian sperm cells have the central role to deliver the haploid male genome to the egg. To do
this, sperm cells should go along the female genital tract and be integer from a morphological and
a functional point of view [1].

It is well-known that sperm cells use different metabolic substrates to generate energy for the
different cell functions such as motility, capacitation and sperm-oocyte interactions [2—4]. Various
studies focused on the metabolic strategy of sperm cells and on the involvement of mitochondria
in energy supplying system [5-7]. Some mammalian species, such as humans, mice and pigs, are
reported to preferentially use glycolysis, while equine mainly uses mitochondrial oxidative
phosphorylation (OXPHOS); others, namely bovine, exploit an intermediate strategy to fuel
energy pathways [1,3,4,8-10].

Interestingly, mitochondria are known to rule different sperm functions [4,11-14] and to
physiologically produce reactive oxygen species (ROS), which address cell signaling pathways
[15]. However, any impairment of the mitochondrial electron transport chain increases ROS level,
causing oxidative damage to biomolecules [16] and detrimental effects on sperm quality (DNA
integrity, membrane stability) and functions (energy production, motility, capacitation).

To explore the relevance of mitochondria in sperm bioenergetics, previous studies aimed at
identifying the specific function of each respiratory complex both by testing selective inhibitors of
each complex or by fueling the respiratory chain by substrates entering specific steps [5,7,17].

To date, the most complete studies were performed in boar and stallion spermatozoa as
representatives of the most diversified metabolic strategies in mammalian spermatozoa.
Accordingly, boar spermatozoa have been suggested to use almost 95% glycolysis to fulfil energy
requirements [2,3,18], while horse spermatozoa are more strictly dependent on mitochondrial
oxidative phosphorylation [5,6,9].

Studies on mitochondrial functions in stallion and boar spermatozoa also demonstrated oxygen
consumption coupled to ATP synthesis [5,17]. Mitochondrial respiration coupled to OXPHOS is
the main ATP production system [19] and, under aerobic conditions, it is preferred to cellular
acidification due to glycolysis. Sperm motility and fertilizing ability rely on the availability of
ATP, the energy currency of the cell, in turn dependent on the mitochondrial status [20]. Finally,

mitochondrial activity was associated to sperm capacitation in “in vitro” studies [5,17,21-23].



However, mitochondrial activities are not the unique bioenergetic source for sperm motility in
many species and glycolysis can also be exploited to maintain sperm functions.

Whether boar spermatozoa are specifically dependent on glycolysis for their energy supply still
remain to be defined; the same is true for the role of mitochondria in boar sperm function. The
present study, which focuses on boar sperm mitochondria, combines two distinct approaches,
namely functional investigations (motility and mitochondrial membrane potential linked to cell
viability) and bioenergetic analyses, addressed to define how energy production is obtained. The
aim is to understand if boar spermatozoa depend exclusively on glycolysis for their functionality
and to improve the knowledge on the still controversial role of mitochondria in boar sperm

function.



2. Materials and methods
Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (Saint-Louis, MO,
USA).

Boar semen was purchased from a commercial company (Inseme S.P.A., Modena, Italy). Sperm
samples were sent to the laboratory within 2 h from collection, washed and resuspended in
Androhep [24] at a final concentration of 30x10° spz/mL unless otherwise specified. Minimum
requirement for inclusion of sperm sample in the study was viability above 80% at the arrival at

the laboratory.

Experiment 1. Assessment of functional activity of spermatozoa using different specific inhibitors.
Twenty-four ejaculates from 10 boars were used in this experiment. Sperm cells were incubated
for 1 h at 37° C with Rotenone 5uM (ROT) complex | inhibitor, Dimethyl-malonate 10mM
(DMM), complex Il inhibitor, Carbonyl cyanide m-chlorophenyl hydrazone 5uM (CCCP),
uncoupling agent, 2-deoxy-glucose 10mM (2DG) glucose agonist, antimycin A 1 pg/mL (ANTI),
complex 11 inhibitor, oligomycin 4 pg/mL (OLIGO), ATP synthase inhibitor, and 2uL Dimethyl
sulphoxide (DMSO), control vehicle. At the end of the incubation period mitochondrial
respiration, sperm motility, sperm viability and mitochondrial activity were evaluated as described

below.

Experiment 2. Influence of complex I and Il activity on sperm parameters.

Eight ejaculates from 5 boars were used in this experiment. This experiment was performed to
focus on complex | and Il activity and to evaluate the effects of ROT, DMM and of their
combination incubating sperm cells for 1 h at 37° C. Sperm motility, viability and mitochondrial

activity were assayed.

Experiment 3. Mitochondrial respiration.
Five ejaculates from 3 different boars were used in this experiment. The experiment was conducted
to focus on sperm ability to produce energy by mitochondrial oxidative phosphorylation by means

of the methods described in section 2.1.3



Experiment 4. Mitochondrial substrates oxidation.
Seven ejaculates from 3 different boars were used in this experiment. The experiment was
conducted to focus on activity of complex | and Il and their capability to oxidate different

substrates, as reported in section 2.1.4

2.1.1 Motility assessment

Sperm motility was measured by a computer-assisted sperm analysis system, using the open source
Image J BGM plugin as described by Giaretta et al. [25]. Briefly, a Leitz diaplan microscope (Wild
Leitz GmbH, D6330, Wetzlar, Germany) with a 10x plan objective with positive phase-contrast
was used. The microscope was equipped with a Z31A Ascon technologic heated stage (Ascon
technologic, PV — IT). The video camera, 3.1-megapixel CMOS USB 2.0 Infinityl-3 Camera
(Lumenera corporation, Ottawa, ON, Canada), was coupled to the microscope by a c-mount
adapter and videos were registered for three seconds at a resolution of 800x600 pixel and 60
frames/sec (fps). Images were recorded on a hard drive using the Infinity analyzing and capture
software 6.4 (Lumenera corporation) and converted to avi format for subsequent analysis using
the BGM Image J plugin.

Prior to any observation, spermatozoa (30x10° sperm/mL) were loaded onto a fixed height Leja
Chamber SC 20-01-04-B (Leja, CIUDAD; The Netherlands). Five videos of separate fields and
lasting three seconds each were recorded per sperm sample. Sperm motility endpoints assessed
were: percent of total motile spermatozoa (TM), percent of progressive spermatozoa (PM),
curvilinear velocity (VCL) and mean velocity (VAP), straight-line velocity (VSL), straightness
(STR), linearity (LIN), beat cross frequency (BCF), lateral head displacement (ALH) and wobble
(WOB). The setting parameters of the program were the followings: frames per second 60, number
of frames 45, threshold path minimum VSL for motile sperm 10um/sec; min VAP for motile 15
pm/sec; min VCL for motile 25 um/sec; VAP cutoff for Progressive cells 25 pm/sec; STR cutoff

for Progressive cells 75%.

2.1.2 Sperm viability and mitochondrial membrane potential



For each sample, an aliquot (30 pL) of semen (30 x 10° spz/mL) was incubated with 2 pL of a 300
uM propidium iodide (PI) stock solution (final concentration 16.7 uM), 2 uL of a 10 uM SYBR
green-14 stock solution (final concentration 0.56 uM), both obtained from the live/dead sperm
viability kit (Molecular Probes, Inc.) and 2 pL of a 150 uM JC-1 solution (final concentration 8.3
uM) for 20 min at 37°C in the dark. Ten pL of the sperm suspension were then placed on a slide
and at least 200 spermatozoa per sample were scored using the above described fluorescence
microscope. Spermatozoa stained with SYBR-14 but not with Pl were considered as viable
(SYBR-14+/Pl-), whereas SYBR-14+/Pl+ and SYBR-14-/Pl+ spermatozoa were considered as
non-viable. JC-1 monomers emit green fluorescence in mitochondria with low membrane potential
(JC-1-) and form aggregates in mitochondria with high membrane potential (JC-1+), then emitting
a bright red-orange fluorescence. Therefore, those viable sperm showing orange-red fluorescence
in the mid piece (JC-1+) were considered as viable sperm with high mitochondrial membrane
potential (SYBR-14+/P1-/JC-1+).

2.1.3 Mitochondrial respiration.

The mitochondrial respiration was polarographically evaluated as oxygen consumption rate (OCR)
was polarographically evaluated by Clark-type electrode using the Oxytherm System (Hansatech
Instruments) at 38°C in a reaction medium (1mL) containing 10° cells in Androhep.

OCR values expressed as nmol O2/min/10° cells were recorded after sequential addition of
selective inhibitors. The ATP synthase inhibitor OLIGO was used to prevent mitochondrial ATP
production by OXPHOS and address spermatozoa to glycolysis. The ionophore FCCP, which
makes the mitochondrial membrane permeable to H*, was employed to uncouple mitochondria
and prevent ATP synthesis. Inhibition of the respiratory chain was obtained by the myxothiazol
(Complex I inhibitor) plus ROT (Complex I inhibitor) mixture.

The OCR values before and after sequential addition of these inhibitors were used to calculate the
bioenergetics parameters currently used to characterize mitochondrial respiration [26].

Basal respiration was detected as baseline OCR before OLIGO addition. Minimal respiration was
measured as OCR in the presence of 4 pg/mL OLIGO, while maximal respiration was measured
as OCR after addition of 0.5 pM FCCP. Non-mitochondrial respiration was evaluated as OCR in
the presence of 1 pg/mL myxothiazol plus 4 uyM ROT. The ATP turnover or oligomycin-sensitive
respiration was obtained from the difference between the basal respiration and the minimal



3.1

respiration (OCR in presence of OLIGO). Finally, the difference between the maximal and the
basal respiration provided the spare capacity, which represents the ability to respond to an
increased energy demand and can be considered as a measure of the flexibility of the OXPHOS
machinery [26].

2.1.4 Mitochondrial substrate oxidation

The capability of substrate oxidation was assayed in a reaction medium (2 mL) containing 10°
cells in Androhep at 38°C. The oxidation of NADH and FADH, which transfer electrons to
Complex | and Il, respectively was detected by exploiting the autofluorescence of the reduced
form of these coenzymes [27]. Autofluorescence intensity of NADH (excitation 360 nm, emission
455 nm) and FADH: (excitation 450 nm, emission 520 nm) were monitored by Shimadzu RF-
6000 spectrofluorophotometer. NADH and FADH, oxidation were measured as decrease in the
autofluorescence intensity after addition of the following inhibitors: 2 uM ROT, 5 mM DDM (only
in FADH: autofluorescence) in order to inhibit complexes I and 11, respectively; 1 ug/mL OLIGO,
which blocks proton flux across the FIFO-ATP synthase and ATP generation, to verify the
coupling between substrate oxidation and ATP synthesis and 0.5 uM FCCP, which makes the
mitochondrial membrane permeable to protons, to maximize NADH or FADH; oxidation at
minimal concentration of these substrates intensity, expressed as NADH or FADH; arbitrary

units/min/10° cells, was evaluated by LabSolutions RF software.

Results

Sperm motility and mitochondrial activity (Experiments 1 and 2)

Sperm motility parameters and mitochondrial activity assessed by JC1 are reported in Table 1.
The total and progressive motility, as well as the three velocity parameters (VCL, VAP, VSL) and
lateral head displacement (ALH) are negatively affected by the mitochondrial inhibitors ROT,
ANTI, OLIGO and CCCP, that equally depress motility kinematics. Beat cross frequency (BCF)
is significantly diminished (in comparison with control) only in CCCP group, while wobble
(WOB) is negatively affected only by ROT.

Mitochondrial membrane potential significantly drops due to CCCP and ANTI treatment while

sperm viability (JC1 positive and negative cells) is unaffected.



3.2.

Table 2 shows the results obtained in sperm treated with complex I and Il inhibitors namely ROT,
DMM ad their combination. Apparently, the Complex I inhibitor ROT is the main responsible for
the observed effects, since the treatment with a binary mixture of ROT plus the Complex Il
inhibitor DMM shows the same inhibition extent as the ROT treatment on all the parameters under
study, apart from STR, LIN, BCF and mitochondrial activity, unaffected by all treatments.
Principal component analysis results used to determine clusters are reported in the supplementary
file 1.

Cluster analysis reveals some important features of motile sperm subpopulations: four different
clusters emerged from the analysis that, on the basis of mean kinematic parameters values, were
named as: rapid progressive, rapid non progressive, average; slow non progressive. Data are
presented in Table 3. Spermatozoa were assigned to the different clusters and, as reported in Table
3, significant differences in the percentages of spermatozoa belonging to each subpopulation were
found between treatments. It is evident that DMM and 2DG induce a shift in sperm subpopulation
and an increase in rapid progressive cell subpopulation. ANTI and CCCP determine an increase in
slow non progressive cells subpopulation, while OLIGO and ROT determine an increase in both
average and slow non progressive sperm subpopulations. Finally, ROT + DMM determine a strong

shift towards slow non progressive and average sperm subpopulation.

Sperm mitochondrial respiration and substrate oxidation (Experiments 3 and 4)

The OCR evaluation in absence or presence of the mitochondrial inhibitors allows the
bioenergetics characterization of boar sperm mitochondria. The basal respiration attains 65% of
the maximal respiration detected in the presence of FCCP (0.167 nmol O2/min/10° cells) and is
inhibited by 90% with OLIGO. The calculated ATP turnover is 0.097 nmol O2/min/10° cells. The
strong inhibition of respiration by OLIGO is the result of a good coupling efficiency (0.914 A.U.),
close to the unit, which is the maximum attainable. The mitochondrial ATP production rate (486.85
pmol ATP/min), indirectly obtained from ATP turnover, provides how fast cells work to produce
ATP. Moreover, sperm mitochondria are characterized by a high phosphorylation efficiency as
shown by the high respiratory control ratio (7.56 A.U.). The ratio of the FCCP-stimulated
respiration to the respiration in the presence of OLIGO, that is the ability of the cell to convert into
ATP the activities of respiratory complexes, and low spare respiratory capacity (0.083 nmol
02/min/10° cells) is a good diagnostic tool in bioenergetics because, by indicating the ability of



mitochondria to respond to an increased energy demand, it can show how close to its bioenergetic
limit a cell is working (Fig. 1A). These data show that sperm mitochondria work slightly below
this limit.

The fluorimetric detection of the mitochondrial oxidation of NADH and FADH2, which transfer
electrons to Complex I and I, respectively, provides information on the respiratory complexes in
sperm mitochondria preferentially used to feed the electron transport chain. ROT induces a striking
decrease in NADH autofluorescence intensity (Fig. 1B), which suggests that NADH is oxidized
through activation of mitochondrial respiration. The inhibition of ADP phosphorylation by OLIGO
in coupled sperm mitochondria blocks the respiration and maintains the NADH level. Interesting,
the FCCP-dependent NADH oxidation, which mirrors the maximal respiration, attains the same
value as the basal respiration (control) (Fig. 1B). FADH> oxidation is inhibited by DMM, and by
OLIGO, thus confirming that mitochondrial respiration is stimulated by complex Il substrates and
coupled to ATP synthesis. However, FADH. autofluorescence intensity does not increase in the
presence of mitochondrial uncoupler FCCP (Fig. 1C). Thus, the NADH and FADH:
autofluorescence intensity drop clearly shows that ROT, by blocking Complex I, prevents any
transfer of reducing equivalents in the oxidation-reduction reactions during sperm mitochondrial

respiration (Fig. 1B, C).

Discussion

In this study bioenergetic analyses clearly show that boar sperm mitochondria exploit OXPHOS
and are susceptible to OLIGO, to the uncoupler FCCP and to the classical inhibitors of respiratory
complexes. Interestingly, since the basal respiration is close to the FCCP-stimulated maximal
respiration, the spare respiratory capacity, which indicates the capability of producing extra ATP
by OXPHOS to respond to an increased energy demand, is low. Therefore, under physiological
conditions, sperm mitochondria work at their maximal capacity to produce energy. Accordingly,
the close-to-unit respiratory control ratio, which indicates a good coupling efficiency, shows that
sperm mitochondria efficiently exploit the electrochemical gradient generated by mitochondrial
respiration to phosphorylate ADP (Fig. 1A). Noteworthy, NADH oxidation is preferred to FADH>
one. Since neither NADH nor FADH: autofluorescence is stimulated by FCCP, both oxidases
(Complexes I and I1) attain the maximal activities. Moreover, the high ROT inhibition suggests



that mitochondrial respiration mainly depends on complex | (Fig. 1B, C). Consistently, the data
from the Experiment 2 (Table 2) show that sperm motility and mitochondrial potential are
apparently unaffected by DMM treatment, while the inhibition of motility (total and progressive
motility as well as the other main kinematic parameters) by ROT is maintained when spermatozoa
are incubated with ROT and DMM in combination.

In mammals the number of ATP molecules synthesized by OXPHQOS for each electron pair
transferred via the respiratory chain (known as P/O ratio) from NADH to O> is 2.7, while for
FADH: oxidation is 1.6 [28]. Most likely, boar sperm mitochondria require an efficient OXPHOS
and possess an adequate bioenergetics machinery to preferentially exploit Complex I, which is
more advantageous in terms of ATP production, to supply the electron transport pathway.
Motility is the prominent ATP-consuming activity of sperm cells. Interestingly, motility (total and
progressive) is reduced by OLIGO, which blocks the ATP synthase (Complex V), and by ROT,
which inhibits Complex I. Similarly, ANTI, complex Il inhibitor, prevents the inner mitochondrial
membrane polarization required for ATP synthesis and, as a consequence, it depresses total and
progressive motility like OLIGO, ROT and CCCP. On the contrary DMM, inhibitor of complex
I1, does not affect total and progressive motility, as well as other sperm kinematic parameters. To
sum up, sperm motility is reduced under two conditions: insufficient ATP availability, if complex
V cannot synthesize ATP, and inhibition of Complex | and IllI, which cannot energize the
mitochondrial membrane. Indeed, CCCP, by dissipating the transmembrane electrochemical
gradient, prevents ATP synthesis by complex V and decreases sperm motility.

Regarding other kinematic parameters, the three velocity parameters (VCL, VAP and VSL) are
decreased by ROT, OLIGO, ANTI and CCCP; this fact is interesting as not only the molecules
decrease the number of motile sperm, but they even depress their speed, thus making them move
more slowly than controls. The same is registered for lateral head displacement; this confirms that
the strength of spermatozoa movement is limited by the above-mentioned inhibitors and so they
move slowly and with less displacement from the mean trajectory. Interestingly, straightness and
linearity are not compromised by the inhibitors and maintain the same levels of the control group;
this could mean that the trajectory of sperm cells is not that different when using the inhibitors,

but they only move slowly.



The strict relation between motility and mitochondrial activity was demonstrated in in horse
spermatozoa [7,29] and the activity of OLIGO is also confirmed in the study by Ramio-Lluch [17]
in boar sperm cells.

Noteworthy, the mitochondrial membrane potential persists in the presence of OLIGO and ROT,
but it is decreased by ANTI and CCCP treatments. Probably other pathways, which do not involve
the respiratory complexes I and I1, can fuel the respiratory chain via ubiquinone by starting electron
transfer from ubiquinol to O directly from complex Il (Table 1). Even if mitochondria do not
produce ATP, a low ATP level, produced by glycolysis, can maintain a polarized inner
mitochondrial membrane to ensure ionic homeostasis. This is confirmed by data from ANTI and
CCCP treatments: even if the mitochondrial membrane potential is depressed, sperm cells do not
die, since they can sustain membrane integrity.

The addition of 2GD to the incubation medium does not affect sperm motility or the mitochondrial
membrane potential. Conversely Davila and colleagues [5], demonstrated that 2DG was able to
depress some motility kinematic parameters as well as total motility. Most likely, under our
experimental conditions, the presence of glucose in the medium may fuel the glycolytic pathway
so as to produce sufficient ATP to avoid the 2DG negative effect on sperm motility.

Some interesting features of sperm subpopulation composition and change after incubation with
the different inhibitors are revealed by cluster analysis. As stated above this statistical technique
permitted to delineate four different sperm subpopulations. The average sperm subpopulation in
control sample showed a high amount of rapid progressive cells (around 40%) and “average” cells,
with the rapid non progressive cluster, [30] not highly represented. It is noteworthy that both 2DG
and DMM induced an increase in rapid progressive subpopulation. Rapid progressive cells
increase when the mitochondrial oxidation is preferred to the glycolytic pathway in presence of
2DG. Moreover, in mitochondria the NADH-O> oxidase produces more ATP than succinate-O-
oxidase and the rapid progressive subpopulation needs a lot of ATP for motility. Interestingly,
succinate oxidation produces ubiquinol (the reduced form of coenzyme Qio) that, instead of
transferring electrons to Complex IlIl, in energized mitochondria can also drive the energy-
dependent NAD™ reduction by the complex | through the reverse electron transfer mechanism [31].
Conversely, in presence of DMM, which blocks Complex Il, Complex | can only work in the
forward mode and oxidize NADH. Moreover, “rapid progressive” spermatozoa subpopulation is
deeply depressed by OLIGO, ROT, ANTI and CCCP, and an increase of the “slow non



progressive” spermatozoa subpopulation is concomitant when ATP synthesis and/ or NADH
oxidation are inhibited. These data point out the important role of mitochondrial ATP production
in boar sperm motility (Table 3).

These features of the different subpopulations were also visible in kinematics parameters resumed
in Table 1, but the cluster analysis permitted to better delineate the motility features of these
different subpopulation and it is interesting to note that this “unsupervised” statistical technique
evidenced a biological feature of sperm cells.

In the present study, the mitochondrial activity characterization reveals that boar sperm total
motility and the rate of rapid progressive sperm are markedly dependent on OXPHOS, namely
mitochondrial ATP production. Indeed, mitochondria provide sperm with energy in form of ATP
produced by the ATP synthase, while respiratory complexes (NADH-O- oxidase) indirectly impact
ATP synthesis by producing the mitochondrial electrochemical gradient. Accordingly, 2DG has
no effect on motility parameters. Consistently, a similar inhibitory effect on sperm motility by

ROT and ANTI was observed in stallion sperm [7].

The overall data suggest that boar spermatozoa, even if commonly considered to preferentially
exploit glycolysis to obtain energy, heavily rely on mitochondrial OXPHOS for ATP production
to fuel motility. Therefore, an impaired mitochondrial activity should be considered as a possible

cause of defective boar sperm functions.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Storey BT. Mammalian sperm metabolism: oxygen and sugar, friend and foe. Int J Dev
Biol 2008;52:427-37. doi:10.1387/ijdb.072522bs.

Rodriguez-Gil J. Mammalian sperm energy resources management and survival during

conservation in refrigeration. Reprod Domest Anim 2006;41:11-20.

Rodriguez-Gil JE, Bonet S. Current knowledge on boar sperm metabolism: Comparison
with other mammalian species. Theriogenology 2016;85:4-11.
doi:10.1016/j.theriogenology.2015.05.005.

Moraes CR, Meyers S. The sperm mitochondrion : Organelle of many functions

2018;194:71-80. doi:10.1016/j.anireprosci.2018.03.024.

Davila MP, Mufioz PM, Bolafios JMG, Stout TAE, Gadella BM, Tapia JA, et al.
Mitochondrial ATP is required for the maintenance of membrane integrity in stallion
spermatozoa, whereas motility requires both glycolysis and oxidative phosphorylation.
Reproduction 2016. doi:10.1530/REP-16-0409.

Pefia FJ, Plaza Davila M, Ball B, Squires EL, Martin Mufioz P, Ortega Ferrusola C, et al.
The Impact of Reproductive Technologies on Stallion Mitochondrial Function. Reprod
Domest Anim 2015. doi:10.1111/rda.12551.

Davila MP, Mufioz PM, Tapia JA, Ferrusola CO, Da Silva C CB, Pefia FJ. Inhibition of
mitochondrial complex | leads to decreased motility and membrane integrity related to
increased hydrogen peroxide and reduced ATP production, while the inhibition of
glycolysis has less impact on sperm motility. PLoS One 2015.
doi:10.1371/journal.pone.0138777.

Gibb Z, Aitken RJ. The Impact of Sperm Metabolism during In Vitro Storage : The
Stallion as a Model. BioMed Reseach Int 2016;2016:8.

Varner DD, Gibb Z, Aitken RJ. Stallion fertility: A focus on the spermatozoon. Equine
Vet J 2015;47:16-24. doi:10.1111/ev}.12308.

Bucci D, Rodriguez-Gil JE, Vallorani C, Spinaci M, Galeati G, Tamanini C. GLUTs and
Mammalian Sperm Metabolism. J Androl 2011;32:348-55.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

doi:10.2164/jandrol.110.011197.

Gibb Z, Lambourne SR, Aitken RJ. The Paradoxical Relationship Between Stallion
Fertility and Oxidative Stress. Biol Reprod 2014;91:1-10.
doi:10.1095/biolreprod.114.1185309.

Guthrie HD, Welch GR. Effects of reactive oxygen species on sperm function.
Theriogenology 2012;78:1700-8. doi:10.1016/j.theriogenology.2012.05.002.

Guthrie HD, Welch GR, Long JA. Mitochondrial function and reactive oxygen species
action in relation to boar motility. Theriogenology 2008;70:1209-15.
doi:10.1016/j.theriogenology.2008.06.017.

Koppers AJ, De luliis GN, Finnie JM, McLaughlin E a, Aitken RJ. Significance of
mitochondrial reactive oxygen species in the generation of oxidative stress in
spermatozoa. J Clin Endocrinol Metab 2008;93:3199-207. doi:10.1210/jc.2007-2616.

Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial Reactive Oxygen Species (ROS) and
ROS-Induced ROS Release 2019:909-50. doi:10.1152/physrev.00026.2013.

Murphy MP. Understanding and preventing mitochondrial oxidative damage
2016;0:1219-26. doi:10.1042/BST20160108.

Ramié-Lluch L, Yeste M, Fernandez-Novell JM, Estrada E, Rocha L, Cebrian-Pérez JA,
et al. Oligomycin A-induced inhibition of mitochondrial ATP-synthase activity suppresses
boar sperm motility and in vitro capacitation achievement without modifying overall
sperm energy levels. Reprod Fertil Dev 2014. doi:10.1071/RD13145.

Marin S, Chiang K, Bassilian S, Lee W-NP, Boros LG, Fernandez-Novell JM, et al.
Metabolic strategy of boar spermatozoa revealed by a metabolomic characterization.
FEBS Lett 2003;554:342—6. d0i:10.1016/S0014-5793(03)01185-2.

Papa S, Capitanio G, Papa F. The mechanism of coupling between oxido-reduction and
proton translocation in respiratory chain enzymes 2018;1:322-49. doi:10.1111/brv.12347.

Piomboni P, Focarelli R, Stendardi A, Ferramosca A, Zara V. The role of mitochondria in
energy production for human sperm motility 2012:109-24. doi:10.1111/j.1365-



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

2605.2011.01218.x.

Ramié-Lluch L, Ferndndez-Novell J, Pefia a, Ramirez a, Concha I, Rodriguez-Gil J. “In
Vitro” Capacitation and Further “In Vitro” Progesterone-Induced Acrosome Exocytosis
are Linked to Specific Changes in the Expression and Acrosome Location of Protein
Phosphorylation in Serine Residues of Boar Spermatozoa. Reprod Domest Anim 2011.
doi:10.1111/j.1439-0531.2011.01965.x.

Ramio-Lluch L, Fernandez-Novell JM, Pefia a, Bucci D, Rigau T, Rodriguez-Gil JE. “In
vitro” capacitation and subsequent acrosome reaction are related to changes in the
expression and location of midpiece actin and mitofusin-2 in boar spermatozoa.
Theriogenology 2012;77:979-88. doi:10.1016/j.theriogenology.2011.10.004.

Medrano a, Pefia a, Rigau T, Rodriguez-Gil JE. Variations in the proportion of
glycolytic/non-glycolytic energy substrates modulate sperm membrane integrity and
function in diluted boar samples stored at 15-17 degrees C. Reprod Domest Anim
2005;40:448-53. doi:10.1111/j.1439-0531.2005.00599.x.

Johnson L a, Weitze KF, Fiser P, Maxwell WM. Storage of boar semen. Anim Reprod Sci
2000;62:143-72.

Giaretta E, Munerato M, Yeste M, Galeati G, Spinaci M, Tamanini C, et al. Implementing
an open-access CASA software for the assessment of stallion sperm motility: Relationship
with other sperm quality parameters. Anim Reprod Sci 2017;176:11-9.
doi:10.1016/j.anireprosci.2016.11.003.

Brand MD, Nicholls DG. Assessing mitochondrial dysfunction in cells. Biochem J
2011;435:297-312. doi:10.1042/BJ20110162.

Bartolomé F, Abramov AY. Measurement of mitochondrial NADH and FAD
autofluorescence in live cells. Mitochondrial Med., 2015. doi:10.1007/978-1-4939-2257-
4 23.

Ferguson SJ. ATP synthase : From sequence to ring size to the P / O ratio

2010;107:16755-6. doi:10.1073/pnas.1012260107.

Giaretta E, Bucci D, Mari G, Galeati G, Love CC, Tamanini C, et al. Is Resveratrol



[30]

[31]

Effective in Protecting Stallion Cooled Semen? J Equine Vet Sci 2014;34:1307-12.
d0i:10.1016/j.jevs.2014.09.011.

Bucci D, Spinaci M, Yeste M, Mislei B, Gadani B, Prieto N, et al. Combined effects of
resveratrol and epigallocatechin-3-gallate on post thaw boar sperm and IVF parameters.
Theriogenology 2018;117:16-25. doi:10.1016/j.theriogenology.2018.05.016.

Gladyshev G V., Grivennikova VG, Vinogradov AD. FMN site-independent energy-
linked reverse electron transfer in mitochondrial respiratory complex I. FEBS Lett
2018;592:2213-9. d0i:10.1002/1873-3468.13117.



Figure

Figure 1. Sperm mitochondria activities. A) Oxygen consumption rates (OCR) before and after
sequential additions of oligomycin (OLIGO), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and a mixture of rotenone and Myxothiazol
(Rot+Myxo), at the times indicated; B) NADH autofluorescence intensity in spermatozoa exposed
to rotenone, oligomycin and FCCP; C) FADH: autofluorescence intensity in spermatozoa exposed
to rotenone, dimethylmalonate (DMM), oligomycin and FCCP. The data are the mean values £SD

(n=7). Different letters indicate significantly different values within each treatment (P<0.05).



Table 1. Motility parameters and mitochondrial activity of differently treated spermatozoa.

Treat ™ PM veL VAP VsL STR LIN ALH BCF WOB JCl+live | ICL-live

CTR | S2IEEA | gy gy, g | 1SIIBL | TRBETO | SOZBIIT | 550 | sasusa | COED | B22I8 | g gy ggm | S0 | g7
RoT | THBETTS | onae | W00SSEZE | g ze.g g0 | ZSATISIL | 76,7 g | SOBEIL | SBLELO | ZAASEIOT | gy | SL2HBT | (o
Dy | 9515130 | 2854105 | 166362300 | SLOGEST | 6089137 | 0e g | sarosrsn | COUL0 | 22217 | gyapigper | 422862 | g oe o
ATl | T0RBEBS | 5y g | STA2EEI3 | SILAD | 26722016 | TSTHILO | 4TS | AT2EZL | 22695286 | 4686 | 0.0 g | BLETESE
OLIG | T2868816 | 76,4 15p | 1004E5548 | STSE2Z | 26795646 | 74 70, g | OSVEI6T | 470519 | 2AAIZIST | 420021608 | SI02E4T | ruq 1os
cocp | WSEEON | g pnug g | 851123013 | BIEI0L | 526586 | 17 g0 | W000FI08 | I2ALA | 22203248 | 4355 16m | oseo1rs | 1OI5EA
206 | *2H07 | og.a746.48° 163'78330'7 7o81-148 56'9%f12'6 74.18:4.92 | 37643575 | O30T | 2OI2A 46147 50 82'69639'6 0.08+0.19°

Sperm motility parameters are: total motility (TM), progressive motility (PM), ALH amplitude of lateral head displacement (uUM);

BCF beat cross frequency (Hz); LIN linearity (%); STR straightness (%); VCL curvilinear velocity (um/sec); VAP average path

velocity (um/sec); VSL straight line velocity (um/sec), wobble (%) WOB; JC1+ live: living cells % with high mitochondrial

membrane potential; JC1 - live: living cells % with low mitochondrial membrane potential. 24 ejaculates from 10 boars were used

in this experiment; different superscripts within a column indicate a significant difference for p<0.05.

CTR: control; ROT: rotenone; DMM dimetil-malonate; ANTI: antimycin; OLIGO: oligomycin; CCCP: carbonyl cyanide m-

chlorophenyl hydrazine; 2DG: 2-desoxy-glucose




Table 2. Mean values for motility parameters and mitochondrial activity in differently treated spermatozoa.

Treatment ™ PM VCL VAP VSL STR LIN ALH BCF WOB JC1+live JC1-live
CTR 42.93+9.682 24.88+3.967 | 142.56+36.14% | 75.67+18.392 | 59.44+13.722 | 78.13+3.52 | 43.88+7.86 | 5.88+1.382 | 25.30+2.72% 54.00+8.4° 85.89+3.65 | 0.00+0.00
ROT 16.65+8.77° 7.08+4.61° 86.18+25.65P 34.2346.01° 26.4045.45> | 78.25+7.65 | 41.63+13.88 | 3.46+0.83" | 24.96+1.71%b | 42.88+10.74 | 79.41+11.49 | 0.28+0.61
DMM 49.75+18.022 | 29.24+12.01° | 154.79+33.792 | 83.79+18.022 | 64.92+15.67° | 78.0+4.14 44.12+7.66 | 6.30+1.212 | 24.32+2.15 | 55.25+11.54° | 84.36%4.50 | 0.00+0.00

DMM+ROT 8.773.73 2.7442.11° 79.24%15.21° 29.81+6.38° 23.03+4.94> | 79.8845.64 | 38.6248.14 | 3.01£0.57° | 27.74+2.59> | 41.00+5.50° 84.30+4.33 | 0.1940.27

Sperm motility parameters are: TM total motility, PM progressive motility, VCL curvilinear velocity (um/sec), VAP average path velocity
(um/sec), VSL straight line velocity (um/sec), STR straightness (%), LIN linearity (%), ALH amplitude of lateral head displacement (uM); BCF
beat cross frequency (Hz), WOB wobble (%). 8 ejaculates from 5 boars were used in this experiment. Different superscripts within a column

indicate a significant difference for p<0.05.
CTR: control; ROT: rotenone; DMM Dimetil-malonate




Table 3. Cluster analysis results. Different distribution of spermatozoa subpopulation % depending
on cluster and treatment.

T Rapid non Rapid Slow non

reatment - . Average -
progressive | progressive progressive

2DG 13.78 A7¢ 24.92 14.4¢
ANTI 20.7° 7.8 25.42 46.1°
Cccp 11.82 9.3° 29.32 49.6°
CTR 11.72 38.12 28.82 21.42
DMM 11.52 47.2° 24.82 16.5¢
DMM+ROT 6.4° 2.9 36.4° 54.3P
OLIGO 17.1° 8.3" 41.4p° 33.3°
ROT 11.6° 7.4° 36.3" 44.7°

Each row represents the percentage of cells belonging to the different cluster (considering 100% the
sum of percentage for each treatment). Different superscripts within a column indicate significant
differences between treatments (chi square test, p<0.001)

A total of 10658 sperm cells were analysed, respectively: CTR 3403 cells; 2DG 1499 cells; 3412
cells; DMM+ROT 140 cells; ANTI 421 cells; OLIGO 532 cells; ROT 768 cells.
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Supplementary file 1. Principal components loadings and variance

Comp.1 | Comp.2 | Comp.3 | Comp.4 | Comp.5 | Comp.6 | Comp.7 | Comp.8

ALHs 0.46 0.23 0.23 0.23 0.29 0.68 0.29 0.01
BCFs -0.20 0.06 -0.48 0.85 -0.03 0.02 -0.05 -0.01
LINs 0.12 -0.63 0.16 0.11 -0.34 0.41 -0.51 -0.09
STRs 0.06 -0.60 -0.17 -0.01 0.70 -0.12 0.08 0.30
VAPs 0.53 -0.03 -0.13 0.06 -0.44 -0.21 0.14 0.66
VCLs 0.44 0.35 -0.19 -0.05 0.31 -0.16 -0.72 -0.06
VSLs 0.50 -0.25 -0.19 0.04 -0.10 -0.29 0.31 -0.68
Variances 3.11 2.07 1.39 0.76 0.38 0.17 0.09 0.02
SD 1.76 1.44 1.18 0.87 0.62 0.42 0.31 0.15

Proportion of variance| 0.39 0.26 0.17 0.10 0.05 0.02 0.01 0.00

Cumulative variance 0.39 0.65 0.82 0.92 0.96 0.99 1.00 1.00

Principal components analysis’ report of component loadings, variances and description of the different
impact of each single component (SD, proportion of variance and cumulative variance).
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Highlights

Boar sperm metabolism and function is not yet fully understood

Assessment of mitochondrial complex I, 11, 111 and V function and membrane potential with specific
inhibitors

Respiration study using polarographic method

Boar spermatozoa prefer using complex | and are dependant on mitochondrial intactness for motility

Different inhibitors modify sperm subpopulation kinematics



