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The Sarcoplasmic/Endoplasmic
reticulum Ca?*-ATPase (SERCA)
Is present in pig sperm and
modulates their physiology over
liquid preservation

Ferran Garrigal?, JesUs Martinez-Hernandez>3, Ainhoa Parra-Balaguer'?,
Marc Llavanera*®™ & Marc Yestel:2:5:6=<

Liquid storage is the primary preservation method in the swine breeding industry because of its
advantages over cryopreservation. Calcium (Ca2*), a key regulator of cell physiology, plays a crucial
role during liquid preservation. Sarcoplasmic/Endoplasmic Reticulum Ca?* ATPases (SERCA) belong

to a family of P-type ATPases that regulate Ca?* homeostasis within cells and have been previously
described to play a function in the sperm of various mammalian species. Herein, we hypothesized

that SERCA2 is present in pig sperm and is involved in the resilience of this cell to liquid preservation

at 17 °C. For this purpose, sperm were incubated with different concentrations of thapsigargin (Thg;

0, 5,25, and 50 pM) and stored at 17 °C for ten days. The presence and localization of SERCA2 were
evaluated using immunoblotting and immunofluorescence, respectively. On days 0, 4, and 10, sperm
motility was assessed using a computer-assisted sperm analysis (CASA) system, and sperm viability,
membrane lipid disorder, acrosome integrity, mitochondrial membrane potential (MMP), and
intracellular levels of Ca?*, superoxides and total reactive oxygen species (ROS) were evaluated by flow
cytometry. We localized SERCA?2 in the acrosome and midpiece of pig sperm. Furthermore, inhibition
of SERCA with Thg resulted in reduced sperm viability and membrane stability, and increased MMP,
and Ca?* and ROS levels. In conclusion, the activity of SERCA prevents the accumulation of intracellular
Ca?* in sperm, which is detrimental to sperm quality and function during liquid storage at 17 °C. We
thus suggest that the function of SERCA is crucial for the preservation of pig semen.
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Al Artificial Insemination

ALH Amplitude of Lateral Head displacement
BCF Beat-Cross Frequency

Ca? Calcium

CASA Computer-Assisted Sperm Analysis
CLSM Confocal Laser-Scanning Microscope
FSD Forward Scatter Detector

H,DCFDA  Dichlorodihydrofluorescin diacetate
HE Dihydroethidium

ISAS Integrated Sperm Analysis System
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JC-1 agg JC-1 aggregates

]C—lmOn JC-1 monomers

LD LIVE/DEAD™ Fixable Far Red

LIN Linearity

M540 Merocyanine 540

MMP Mitochondrial Membrane Potential
PI Propidium Iodide

PNA Arachys hypogaea peanut lectin
ROS Reactive Oxygen Species

SERCA Sarcoplasmic/Endoplasmic Ca?* ATPase
SSD Side Scatter Detector

STR Straightness

Thg Thapsigargin

VAP Average-path velocity

VCL Curvilinear velocity

VSL Straight-line velocity

WOB Wobble

Sperm preservation before artificial insemination (AI) is a critical step in the swine breeding industry, as it
is essential for maintaining the function and survival of the male gamete!. Although two main preservation
methods - cryopreservation and liquid storage - are available, 99% of Al in swine utilize liquid-stored semen?.
This preference for liquid sperm storage is due to its ability to maintain sperm quality and fertilizing ability better
than cryopreservation, which is known to impair their functionality and reduce their reproductive performance.
The main limitation of liquid storage, however, is the restricted period over which sperm can be preserved. As
pig sperm are susceptible to low temperatures, storing is typically carried out at temperatures between 15 and
20 °C®. At this range, nevertheless, the extent to which sperm metabolism can be reduced is smaller than at lower
temperatures like 4-5 °C, making the preservation of these cells more difficult.

Calcium (Ca?*) has consistently been shown to be crucial for sperm physiology®~. Intracellular Ca?* levels
and Ca?* channels have been reported to play a critical role in regulating mammalian sperm motility'®!!.
Moreover, not only is Ca?* highly relevant for the induction and regulation of sperm capacitation and acrosome
reaction in mammals'>"'%, but also for the activation of the oocyte upon fertilization'®!”. Regarding sperm
preservation, Ca®" has been particularly related to the maintenance of sperm over liquid storage. Indeed,
previous studies associated high intracellular Ca®" levels with a decrease in sperm viability during preservation
of pig sperm at 15-20 °C'®1°. Besides, higher Ca?* levels in pig sperm are correlated to a reduction in the litter
size, notwithstanding the molecular mechanisms underlying this relationship need to be investigated further?.

Considering the vital role of Ca?* in sperm physiology, the study of proteins that regulate Ca?* in sperm is of
high interest. Sarcoplasmic/Endoplasmic Reticulum Ca**-ATPases (SERCA) is a family of Ca?* pumps that, in
somatic cells, transport Ca** from the cytosol to the endoplasmic reticulum?!. Three genes encode this protein
family: SERCA1, SERCA2 and SERCA3, with the second one being expressed in most tissues. Although mature
sperm do not have endoplasmic reticulum, the presence of SERCA2 was described in human, bovine and mouse
sperm??, particularly in the acrosome and midpiece. Yet, and to the best of our knowledge, its presence in pig
sperm has not been interrogated.

Thapsigargin (Thg), a drug compound derived from the plant Thapsia garganica, is a well-known, specific
inhibitor of SERCA family isoforms®. Incubation of cancer cells with Thg was found to induce cell death
through the depletion of endoplasmic reticulum Ca** stores?%. Regarding its effect on sperm, Thg was observed
to boost intracellular Ca%* in humans, which was seen to result from the depletion of internal Ca?* stores and the
opening of Ca?* channels of the plasma membrane. This was reported to lead to an increase in the occurrence of
the acrosome reaction and a decrease in sperm motility?>~?’. In pigs, Thg was established to increase intracellular
Ca?, especially in fresh compared to cryopreserved sperm?®. Furthermore, incubation with Thg was seen to
induce head-to-head agglutination, which would suggest that SERCA activity is involved in capacitation-like
changes mediated by Ca®"?. Despite this, no previous study has investigated the presence of SERCA in pig
sperm, nor has it evaluated how inhibiting SERCA through Thg affects their resilience to liquid storage.

In light of the aforementioned, two objectives were set in the present work: (1) to determine the presence and
localization of SERCA2 in pig sperm; and (2) to elucidate the role of SERCA, by their inhibition with Thg, in the
maintenance of sperm quality and functionality during liquid storage at 17 °C. We hypothesize that SERCA are
present in pig sperm and are involved in keeping them in good shape over preservation at 17 °C.

Results

SERCAZ2 is present in pig sperm and localizes at the acrosome and the midpiece
Immunoblotting with the anti-SERCA2 antibody revealed three predominant bands of 50, 75 and 110 kDa
(Fig. 1A). The specificity of the SERCA2-bands was confirmed through a competition assay with the recombinant
protein, and a negative control lacking the primary antibody (Supplementary Fig. S1). Neither in the competition
assay with the recombinant protein nor in the negative control were the 75 kDa and 110 kDa bands present,
whereas that of 50 kDa was observed in the two controls.

Immunofluorescence analysis revealed that, in pig sperm, SERCA?2 is primarily localized in the acrosome
and midpiece (Fig. 1B). Besides, weaker SERCA?2 expression was observed in the post-acrosomal region of some
sperm cells. No SERCA2 signal was detected in the competition assay with the recombinant protein or the
negative control (Supplementary Fig. S2).
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Fig. 1. Presence and localization of SERCA2 in pig sperm. (a) Representative immunoblotting of SERCA2
in pig sperm after incubation with the anti-SERCA2 antibody. MW: Molecular Weight; 1-3 correspond to
different samples. The black box indicates the SERCA2 band. (b) Representative immunofluorescence analysis
of SERCA?2 in pig sperm. Sperm nuclei are shown in blue (DAPI), whereas SERCA?2 is shown in green. The
white arrow shows the localization of SERCA2 in the midpiece, whereas arrowheads show its presence in the
acrosome. Scale bars: 20 um.
a) ~e— Control 5 25 50 b) -8~ Control 5 25 50 C) &= Control 5 % %
100 100 100
a : r— P & 2
s wf £ - —
s 3 9 T ° 60 i |
2 60 i 1 E 60 l a
g w0 < R
S o 40 Z 204
30
0 T T T I 33 T T T T ° . . J
0 4 10 0 A 20 0 4 10
Time (days) Time (days) Time (days)

Fig. 2. Effect of inhibiting SERCA activity with Thg on the plasma membrane and acrosome integrity, and
lipid membrane stability. (a) Viable sperm (SYBR-14*/PI~, %); (b) viable sperm with an intact acrosome
(PNA/PI", %); and (c) viable sperm with high lipid membrane stability (M5407/Yo-Pro-1-, %) after 0, 4 and
10 days of liquid storage at 17 °C in the presence (5, 25 and 50 uM) or absence (0 uM; control) of Thg. Different
letters (a-c) indicate significant differences between experimental groups at a given time point. Results are
expressed as the mean+SEM (n=7).

Inhibition of SERCA compromises plasma membrane and acrosome integrity during liquid
storage of pig sperm

The effects of inhibiting SERCA with Thg during liquid preservation at 17 °C of pig semen are shown in Fig. 2
and Supplementary File 2. Regarding sperm viability, and as Fig. 2a shows, the blockage of SERCA with 25 uM
and 50 uM Thg led to a decrease in the percentage of viable sperm (P <0.05; SYBR-14%/PI") after 4 and 10 days of
storage at 17 °C. Concerning acrosome integrity (Fig. 2b), inhibiting SERCA with 25 uM and 50 uM Thg reduced
(P<0.05) the percentage of viable sperm with an intact acrosome (PNA™/PI") after 4 and 10 days of storage.
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Similar results were observed in the case of lipid membrane stability, as the inhibition of SERCA activity with
Thg (25 uM and 50 uM) decreased the percentage of viable sperm (P <0.05) with high lipid membrane stability
(M5407/Yo-Pro-17) after 4 and 10 days of storage (Fig. 2c). Noticeably, in the three variables, the effects were
similar and dose-dependent, with no change at 5 uM and the most significant impact at 50 pM.

Inhibition of SERCA with Thg increases ROS levels in liquid-stored sperm

Intracellular levels of superoxides and total ROS were assessed using a double-staining with HE/Yo-Pro-1
and H,DCFDA/PI, respectively. Figure 3a shows the E* intensity in viable sperm, normalized to the control.
Incubation with 25 pM and 50 pM Thg significantly increased intracellular superoxide levels after 4 days of
storage (P <0.05); these differences were not observed at day 10. Regarding total ROS levels, Fig. 3b depicts the
DCF* fluorescence intensity, normalized to the control. Inhibiting SERCA with 5 uM Thg, but not with higher
concentrations of this molecule (25 pM or 50 uM), increased the levels of total ROS after 4 days of storage
(P<0.05). This effect, however, was not observed after 10 days of storage.

Inhibition of SERCA with thapsigragin increases mitochondrial activity and Ca2+ levels in
liquid-stored sperm

Intracellular Ca?* levels were measured by the intensity of Fluo4 in viable sperm, normalized to the control
(Fig. 4a). Incubation with 25 uM and 50 pM Thg resulted in a significant increase in intracellular Ca?* levels
at day 4, with only the highest concentration maintaining this effect at day 10 (P<0.05). On the other hand,
mitochondrial membrane potential was assessed using a double staining protocol with JC-1 and LD. The results,
shown in Fig. 4b, were expressed as the ratio between JC-1_ and JC-1__ . Incubation of pig sperm with the
highest concentration of Thg (50 uM) significantly raised the mitochondrial membrane potential at both days 4
and 10 (P<0.05), whereas the other two concentrations (5 uM and 25 pM) had no effect (P>0.05).

Sperm motility and kinematics are not affected by SERCA inhibition during liquid storage of
pig sperm

Figure 5 illustrates the percentages of total motile sperm (Fig. 5a) and progressively motile sperm (Fig. 5b).
Incubation with Thg did not affect these percentages at any of the time points and concentrations assessed
(P>0.05). Furthermore, Table 1 displays the impact of inhibiting SERCA on the kinematic parameters of pig
sperm during liquid storage at 17 °C. No significant differences were observed between experimental groups for
any of the analyzed parameters (P> 0.05).

Discussion

In pigs, semen preservation ahead of AI primarily relies on liquid storage due to the limitations of
cryopreservation®. Ca?* is a well-known regulator of sperm physiology, and its involvement in keeping sperm in
good shape during liquid storage has been previously documented®'®!°. Consequently, studying the molecular
mechanisms regulating Ca?" homeostasis in pig sperm is particularly interesting. Related to this, SERCA are
a family of pumps that mediate the intracellular Ca?* transport?!. While the presence of SERCA in the sperm
of various mammalian species has been investigated, their localization and role in pig sperm have not been
explored, despite their potential relevance for liquid preservation??. The present study, therefore, sought to
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Fig. 3. Effect of inhibiting SERCA activity with Thg on reactive oxygen species (ROS) levels. (a) E* intensity
in viable sperm (Yo-Pro-17); and (b) DCF" intensity in viable sperm (PI") after 0, 4 and 10 days of liquid
storage at 17 °C in the presence (5, 25 and 50 uM) or absence (0 tM; control) of Thg. Different letters (a-c)
indicate significant differences between experimental groups at a given time point. Results are expressed as the
mean+SEM (n=7).
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Fig. 4. Effect of inhibiting SERCA activity with Thg on intracellular calcium (Ca?*) and mitochondrial
membrane potential (MMP). (a) Fluo4 intensity in viable sperm (PI"); and b) ratio between JC-1, and JC-
1., in viable sperm (LD") after 0, 4 and 10 days of liquid storage at 17 °C in the presence (5, 25 and 50 uM)
or absence (0 uM; control) of Thg. Different letters (a-c) indicate significant differences between experimental
groups at a given time point. Results are expressed as the mean+SEM (n=7).
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Fig. 5. Effect of inhibiting SERCA activity with Thg on sperm motility. (a) Percentages of total motile sperm;
and (b) percentages of progressively motile sperm after 0, 4 and 10 days of liquid storage at 17 °C in the
presence (5, 25 and 50 pM) or absence (0 uM; control) of Thg. No significant differences between groups were
observed Results are expressed as the mean+ SEM (n=7).

determine the presence and localization of SERCA2 in pig sperm as well as elucidate the role of these Ca?*
pumps in maintaining their function and survival during liquid storage at 17 °C.

We first assessed the presence of SERCA2 in pig sperm through immunoblotting. Two SERCA2-specific
bands of ~75 and ~110 kDa were observed in the blots. Besides, a ~50-kDa band was observed in the same
blots, but it was determined to be nonspecific to SERCAZ2, as it also appeared in both the competition assay with
the recombinant SERCA2 and the negative control without the primary antibody. It is worth noting that the
~110-kDa band coincides with the molecular weight of SERCA2, which is known to be between 110 and 115
kDa%. In contrast, the ~75-kDa band, though specific to SERCA2, has not been previously reported and could
be an alternative isoform resulting from splicing events. Further studies are, however, necessary to confirm this
suggestion. Remarkably, the presence of a 110-kDa band in porcine sperm aligns with previous studies that
identified SERCA2 in human, bovine and murine sperm?. Taken together, these results suggest that SERCA?2 is
present and conserved across the sperm of different mammalian species.

Immunofluorescence analysis was carried out to localize SERCA2 in pig sperm, revealing that this protein
resides in the acrosome and midpiece of pig sperm. This localization pattern agrees with previous findings in
other mammalian species. In human sperm, SERCA2 exhibits a similar localization pattern as that observed
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in porcine sperm in the present study®. Conversely, in bovine and murine sperm, SERCA?2 is localized in the
acrosome but not in the midpiece??. These findings again suggest a conserved localization pattern for SERCA2
across mammalian sperm.

After confirming the presence and localizing SERCA2 in porcine sperm, we aimed to determine the role
of SERCA in the maintenance of sperm quality during liquid storage at 17 °C; for this purpose, SERCA were
specifically inhibited with Thg. One of the most notable effects of inhibiting SERCA during liquid preservation
of pig sperm was the impairment of plasma and acrosome integrity, suggesting that the activity of these pumps is
essential for maintaining sperm viability and keeping the acrosome intact over storage at 17 °C. Thapsigargin has
been described to induce cell death through depleting Ca*" in the endoplasmic reticulum of other cell types?*3L.
While mature sperm lack the endoplasmic reticulum, the negative impact of Thg on their viability has also been
reported in human sperm?, likely due to increased intracellular Ca?* levels. An overload of intracellular Ca?*
might lead to the activation of cell death pathways, thus compromising sperm viability**~3%. Specifically, an
increase in Fluo4 intensity has been previously associated with reduced sperm viability during liquid storage of
pig sperm'®, suggesting a critical relationship between Ca** homeostasis and sperm viability.

On the other hand, how inhibiting SERCA with Thg affects acrosome integrity has been extensively
documented. In capacitated human and mouse sperm, Thg was identified as an inducer of the acrosome
reaction®>%, This is consistent with the established role of the acrosome as an important Ca?* reservoir?®3%37,
Considering the localization pattern of SERCA2 described in this and other studies, one could suggest that
the active Ca?* transport into the acrosome is regulated by SERCA?2. This hypothesis would be supported by
a previous study showing that incubating non-capacitated human sperm with Thg increases the percentages of
viable sperm undergoing acrosome reaction and those of non-viable sperm with an exocytosed acrosome?’. The
ability to induce the acrosome reaction in capacitated sperm is understood to rely upon the Ca?* entry from
the external medium?®3. Thus, one may reasonably suggest that SERCA play a role in preventing spontaneous
acrosome exocytosis during liquid preservation of pig sperm by maintaining Ca?* homeostasis.

Regarding the influence of SERCA activity in the architecture of the sperm plasma membrane, inhibition of
SERCA with Thg resulted in a decrease in lipid membrane stability. While, to the best of our knowledge, there
is no previous literature specifically addressing the effect of Thg on the lipid disorder of sperm plasmalemma,
the decrease in lipid membrane stability observed herein after blocking the SERCA could be related to the
detrimental impact on sperm viability and acrosome integrity mentioned above. M540 incorporation into the
plasma membrane of mammalian sperm is associated to the first stages of sperm capacitation®, suggesting
that inhibiting SERCA with Thg may trigger capacitation-like changes during liquid storage of pig sperm®’.
This aligns with our hypothesis that SERCA are critical to prevent premature sperm capacitation and acrosome
exocytosis under these conditions. Nevertheless, further research is required to fully elucidate the connection
between the inhibition of SERCA by Thg and the occurrence of capacitation-like changes.

One of the most notable effects of blocking SERCA on pig sperm was the increase in intracellular Ca?* levels.
It is well documented that inhibiting SERCA activity with Thg induces a rise in intracellular Ca*" levels. Two
mechanisms have been described for this effect. First, Thg leads to the depletion of intercellular Ca?* stores?.
Second, SERCA inhibition is also known to trigger Ca** entry from the extracellular medium in capacitated
sperm?”8, As Fluo4 stains the overall intracellular Ca?*!8, the increase observed in the present study could result
from an extracellular Ca?* influx. Hence, not only do SERCA regulate intracellular Ca?* transport but they may
also influence the capacitating extracellular Ca®* uptake, suggesting a potential role in the activation of stored-
operated Ca?* entry (SOCE). Store-operated Ca?*, which are activated in somatic cells upon depletion of Ca?*
from the endoplasmic reticulum?!, mediate capacitating Ca®* entry from the extracellular medium?*>**. While
the presence of ORAI and STIM, which are key components of SOCE, has been identified in sperm*!, further
research is required to clarify the specific role these channels play in sperm function. As previously noted, Ca?*
is crucial in regulating sperm physiology under various conditions®!"1>. Hence, the observed intracellular Ca?*
overload could provide an explanation for the detrimental effects on sperm viability, membrane stability, and
acrosome integrity.

Although how blocking SERCA affects mitochondrial activity was not previously interrogated, our findings
indicated that inhibiting the activity of these pumps during liquid storage increases the MMP of pig sperm. In
addition to all the aforementioned, Ca?* is known to be an important regulator of mitochondrial activity, acting
as a secondary messenger in various mitochondrial functions, including ATP production?®. While, to the best
of our knowledge, the current literature does not establish a direct link between high intracellular Ca?* levels
and elevated MMP in sperm, the results of the present study suggest that Ca?* homeostasis could influence the
mitochondrial activity in pig sperm. Nevertheless, further research is required to elucidate this association and
the molecular mechanisms involved in this regulation. Concerning the effect of inhibiting SERCA on ROS levels,
the incubation of sperm with Thg increased both superoxide and total ROS levels, but this was observed only at
day 4 of storage. This effect could be tightly related to the previously described increase in MMP, as mitochondria
are widely understood as a major source of ROS in sperm*%*”. The observed rise in mitochondrial activity could
thus be responsible for the increased intracellular ROS levels.

Finally, blocking SERCA activity during liquid storage had no effect on sperm motility, as neither the
percentages of total and progressively motile sperm nor kinematic parameters were affected by the different
concentrations of Thg. These findings contrasted with a previous study in humans, where incubation of sperm
with Thg resulted in a rapid reduction of sperm motility””. The decrease in motility was attributed to an overload
of intracellular Ca?*, which may inhibit sperm motility*®. Despite observing an increase in intracellular Ca?*
in our study, the same impact on sperm motility was not detected. This would open the possibility that, in
liquid-stored sperm - and in contrast to capacitated sperm where the PKC pathway plays a vital role -, the
function of Ca" in the regulation of sperm motility is different. Nevertheless, further research is needed to better
understand the relationship between Ca?* and motility in liquid-stored sperm, as well as the role of SERCA.
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Conclusions

In conclusion, this study has confirmed the presence and reported the localization of SERCA?2 in pig sperm,
which resides in the acrosome and the midpiece. Furthermore, it has demonstrated that Ca?* homeostasis
during liquid storage is essential for preserving sperm function and survival, and that SERCA are crucial for that
homeostasis, given their relevance for sperm viability and acrosome integrity and because they prevent excessive
mitochondrial activity and ROS levels. Our study contributes to increase the knowledge base on the molecular
mechanisms regulating the maintenance of sperm during liquid preservation. Moreover, it opens the door to
further research, investigating whether semen aging during liquid preservation is, among other factors, caused
by impaired SERCA function. This highlights the need to explore other proteins involved in the regulation of
intracellular Ca**.

Methods

Samples and experimental design

Semen samples from seven healthy and sexually mature boars were used in the present work. Samples were
provided by an artificial insemination center (Grup Gepork, S.A.; Masies de Roda, Spain), which fed animals
under controlled conditions and held adequate permissions to sell seminal doses. As the authors of this study
did not manipulate any animal and seminal doses were commercial, no approval from an Ethics committee
was required. Seminal doses were diluted to 33 x 10° sperm per mL in a final volume of 90 mL of a commercial
extender (Vitasem LD; Magapor, S.L.; Zaragoza, Spain). Samples were then cooled to 17 °C and transported to
our laboratory within the first 24 h post-collection. Upon arrival, every sample was divided into four aliquots
and subsequently incubated at 17 °C for ten days with different concentrations of Thg (0, 5, 25, and 50 pM).
Sperm parameters were assessed on days 0, 4, and 10.

Sperm motility

Sperm motility was evaluated using a computer-assisted sperm analysis (CASA) system, consisting of a phase-
contrast microscope (Olympus BX41; Olympus, Tokyo, Japan) equipped with a camera and the Integrated
Sperm Analysis System (ISAS; V1.0; Proiser, S.L.; Valencia, Spain) software. Samples were incubated at 38 °C for
5 min and placed in a pre-warmed Leja chamber (Leja Products BV; Nieuw-Vennep, The Netherlands). A total
of 1,000 sperm per sample were captured. Percentages of total motile sperm (%) and progressively motile sperm
(%) were recorded for each sample, as well as the following kinematic parameters: curvilinear velocity (VCL,
um/s), straight-line velocity (VSL, um/s); average-path velocity (VAP, pm/s), linearity (LIN, %), straightness
(STR, %), wobble (WOB, %), amplitude of lateral head displacement (ALH, um) and beat-cross frequency (BCE,
Hz). Sperm with a VAP equal to or greater than 10 um/s were considered motile and those with an STR equal
to or higher than 45% were considered progressively motile. Twenty-five images per second were captured, and
settings were configured as follows: only particles between 10 and 80 um? were analyzed, connectivity was set to
11, and at least 10 images were required to calculate the ALH.

Flow cytometry

A CytoFlex flow cytometer (Beckman Coulter; Brea, CA, USA) was used to evaluate sperm functionality
parameters: sperm viability (SYBR-14/propidium iodide [PI]), lipid membrane disorder (merocyanine 540
[M540]/Yo-Pro-1), acrosome integrity (Arachis hypogaea peanut lectin [PNA]/PI), mitochondrial membrane
potential (JC-1/[ LIVE/DEAD™ Fixable Far Red]), intracellular superoxide levels (dihydroethidium [HE]/Yo-
Pro-1), intracellular total ROS levels (dichlorodihyodrofluorescin diacetate [H,DCFDA]/PI) and intracellular
Ca?* levels (Fluo4-AM/PI).

The Forward Scatter Detector (FSD) and the Side Scatter Detector (SSD) were used to gate the sperm
population. All fluorochromes were excited at 488 nm, except LIVE/DEAD™ Fixable Far Red (LD), which was
excited at 638 nm. The fluorescence from SYBR-14, Yo-Pro-1, PNA-FITC, DCE, Fluo4, and JC-1 monomers (JC-
1) was detected through the FITC channel (524/40), whereas that from JC-1 aggregates (JC-1__ ) and E was
collected through the PE channel (585/42). The fluorescence emitted by M540 was detected by the FCD channel
(610/20), and that from LD by the APC channel (660/20). The fluorescence emitted by PI was collected through
the PC5.5 channel (690/50). A minimum of 5,000 spermatozoa were analyzed per sample.

Sperm viability (SYBR-14/PI)

Sperm viability was evaluated by assessing the integrity of the plasma membrane, following the protocol of
Garner & Johnson?’. For this purpose, the LIVE/DEAD viability kit (Molecular Probes; Eugene, OR, US) was
used. Samples were stained with SYBR-14 (31.5 nmol/L) and PI (7.6 pumol/L) and incubated at 38 °C for 10 min
in the dark. While SYBR-14 is a counterstain, binding to the nuclei of viable and non-viable sperm, PI can
only penetrate sperm with damaged plasma membrane®. The percentage of SYBR-14-positive and PI-negative
(SYBR-14%/PI") sperm, which corresponded to viable sperm, was recalculated after subtracting the percentage
of debris particles (SYBR-147/PI").

Lipid membrane stability (M540/Yo-Pro-1)

Lipid membrane stability was determined following the protocol of Rathi et al.*’, with minor modifications.
Briefly, samples were stained with M540 (2.5 pmol/L) and Yo-Pro-1 (25 nmol/L) at 38 °C in the dark for 10 min.
M540 can intercalate into the membrane and emit red fluorescence in conditions of elevated membrane lipid
disorder®. Data were corrected by subtracting the percentage of debris particles (SYBR-147/PI") from the
double-negative quadrant (M5407/Yo-Pro-17); the percentages of the four sperm subpopulations were then
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recalculated. The percentage of viable sperm with low membrane lipid disorder (M5407/Yo-Pro-17), known as
lipid membrane stability, was the main parameter.

Acrosome integrity (PNA-FITC/PI)

To determine the integrity of the acrosomal membrane, a co-staining with PNA-FITC and PI was performed
as described by Nagy et al.%2. Samples were stained with PNA-FITC (1.17 pmol/L) and PI (5.6 ymol/L) and
subsequently incubated at 38 °C in the dark for 10 min. PNA is a lectin that specifically binds the p-galactose
residues of the inner acrosomal membrane, which are exposed after the acrosome reaction or when the
membrane is not intact; this lectin thus allows for the evaluation of acrosomal integrity>. Data were corrected by
subtracting the percentage of debris particles (SYBR-147/PI") from the double-negative quadrant (PNA-FITC/
PI"); the percentages of the four sperm subpopulations were then recalculated. The percentage of viable sperm
with an intact acrosome membrane (PNA-FITC™/PI") was used to assess the acrosome integrity.

Intracellular superoxide levels

Intracellular superoxide levels were assessed by following the protocol of Guthrie & Welch®*. Briefly, sperm were
stained with HE (5 umol/L) and Yo-Pro-1 (31.25 nmol/L) at 38 °C in the dark for 20 min. HE is oxidized into
E* by superoxide ions, emitting red fluorescence. Data were corrected by subtracting the percentage of debris
particles (SYBR-147/PI") from the double-negative quadrant (E~/Yo-Pro-1-); the percentages of the four sperm
subpopulations were then recalculated. The fluorescence intensity of E* in viable sperm (Yo-Pro-17) was used to
evaluate the intracellular superoxide levels. Results are expressed as the ratio between the fluorescence intensity
of E* normalized by its respective control.

Intracellular total ROS levels (H2DCFDA/PI)

Sperm were stained with H,DCFDA and PI, following the protocol of Guthrie & Welch>*. Briefly, sperm were
incubated with H,DCFDA (100 umol/L) at 38 °C in the dark for 20 min. Subsequently, samples were incubated
with PI (12 umol/L) for 5 min under the same conditions. In the presence of ROS within the cells, H,DCFDA
is oxidized to DCF*, which emits red fluorescence. Data were corrected by subtracting the percentage of debris
particles (SYBR-147/PI") from the double-negative quadrant (DCF~/PI"); the percentages of the four sperm
subpopulations were then recalculated. The DCF* intensity in viable sperm was used to assess total ROS levels.
Results are expressed as the ratio between the fluorescence intensity of DCF* normalized by its respective control.

Intracellular Ca2+ levels (Fluo4-AM/PI)

Intracellular levels of CaZ* were assessed as described by Harrison et al.>®, with minor modifications. Samples
were co-stained with Fluo4-AM (1.17 umol/L) and PI (5.6 pmol/L) at 38 °C in the dark for 10 min. Data were
corrected by subtracting the percentage of debris particles (SYBR-147/PI") from the double-negative quadrant
(Fluo4~/PI"); the percentages of the four sperm subpopulations were subsequently recalculated. The intensity of
Fluo4 fluorescence in viable sperm was used to evaluate the intracellular Ca>* levels, and was expressed as a ratio
relative to the corresponding control for each sample.

Mitochondrial membrane potential (JC-1/LIVE/DEAD™ Fixable Far Red)

The evaluation of the mitochondrial membrane potential (MMP) was performed following the protocol
described by Llavanera et al.”®, with minor modifications. Briefly, sperm were stained with JC-1 (750 nmol/L)
and LD (1:8,000; v: v) before incubation at 38 °C in the dark for 30 min. At high MMP, JC-1 forms aggregates
that emit orange fluorescence (JC-1__ ), whereas at low MMP, JC-1 remains in its monomeric form, emitting
green fluorescence (JC-1_ ). The ratio between ]C-lag and JC-1_ __in viable sperm (LD~) was calculated and
used for assessing the MMP.

mon
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Immunoblotting

Sperm were centrifuged at 4,000xg for 5 min, resuspended in PBS, and again centrifuged at the same conditions.
The resulting pellets were stored at -80 °C until further use. Upon thawing, sperm were resuspended in 500
uL of lysis buffer (RIPA buffer; Sigma) and then incubated for 45 min, with vortexing every 5 min to facilitate
the lysis of cells. Samples were subsequently centrifuged at 14,000xg and 4 °C for 20 min, and the total protein
content was quantified using a commercial kit (BioRad; Richmond, CA, USA). Fifteen pL of protein extracts
were resuspended in 4x Laemmli Redcutor Buffer (v: v) supplemented with f-mercaptoethanol (10%, v: v), and
samples were heated at 95 °C for 5 min. Afterward, samples were loaded in 8-16% Mini-PROTEAN TGX Stain-
Free Gels (BioRad), and electrophoresis was conducted at 150 V for 60 min. The Stain-Free method was used to
quantify the total protein content in the gel through a G: BOX Chemi XL system (Syngene, Frederick, MD, US).
Next, proteins from the gel were transferred onto a PVDF low fluorescence membrane by a Trans-Blot Turbo
system (BioRad). Following this, membranes were incubated with blocking buffer (5% BSA in TBS) in agitation
for 1 h. Next, membranes were incubated with a primary rabbit anti-SERCA2 antibody (ref. ab3625; Abcam;
1:10,000, v: v) at 4 °C in agitation overnight. Thereafter, membranes were washed thrice in 1x TBS-Tween
20, and incubated with a secondary goat anti-rabbit antibody (ref. P0448; Dako; 1:10,000; v: v) in agitation
for 1 h. Finally, membranes were washed five times in 1x TBS-Tween 20 and bands were visualized using a
chemiluminescent substrate in a G: BOX Chemi XL system (Syngene).

To confirm the specificity of the primary antibody, a competition assay using a recombinant SERCA?2 protein
(ref. HO0000488-P01; Novus Biologicals; 1:1, v: v, regarding the primary antibody) was run. Besides, a negative
control by incubating an additional membrane solely with the secondary antibody was included as a second
specificity test for the primary antibody.
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Immunofluorescence

The localization of SERCA2 in pig sperm was determined by immunofluorescence. For this purpose, samples
were diluted to a concentration of 5x10° sperm per mL in PBS, and centrifuged at 600xg for 5 min and
resuspended in PBS twice. Subsequently, sperm were fixed with 4% paraformaldehyde in PBS (Thermofisher,
Kandel, Germany) for 20 min, centrifuged at 600xg for 5 min and resuspended in PBS. For each sample, a 30
uL- drop was smeared on a separate slide. Sperm were permeabilized in PBS containing 1% Triton X-100 at
room temperature for 30 min, and then blocked with 0.02 M glycine in PBS at room temperature for 20 min.
Next, samples were washed once with PBS for 5 min, and then incubated with the primary rabbit anti-SERCA2
antibody (ref. ab3625; Abcam; 1:200; v: v) diluted in PBS containing 0.1% BSA, at room temperature overnight.
Slides were washed with PBS for 5 min and incubated with a secondary donkey anti-rabbit Alexa Fluor 488
(A21206; ThermoFisher; 1:200; v: v), diluted in PBS containing 0.1% BSA at room temperature for 45 min.
Finally, slides were washed five times with PBS and prepared with a mounting medium containing DAPI (Dako,
Santa Clara, CA, USA). Samples were observed under a confocal laser-scanning microscope (CLSM, Nikon
A1R; Nikon Corp., Tokyo, Japan) with preset acquisition settings, and the images captured were analyzed with
the Fiji Image] software”’.

To confirm the primary antibody’s specificity, a competition assay was performed using a recombinant
SERCA2 protein (ref. H00000488-P01; Novus Biologicals; 2 times in excess with respect to the primary antibody).
Additionally, a negative control lacking the primary antibody and incubated solely with the secondary antibody
was included. Brightness and contrast were uniformly adjusted across all captured images.

Statistical analyses

Statistical analyses were conducted with SPSS Ver. 27.0 (IBM Corp., Armonk, NY, USA), and results were plotted
using GraphPad Prism v.8 (GraphPad software, La Jolla, CA, USA). Data normality and homoscedasticity were
tested through the Shapiro-Wilk and Levene tests, respectively. The effects of inhibiting SERCA with Thg on the
resilience of sperm to liquid preservation at 17 °C were determined through a linear mixed model. The intra-
subjects factor was the time of storage (0, 4, and 10 days), and the inter-subjects factor was the Thg concentration
(0, 5, 25, and 50 pM). Next, pairwise comparisons were established with the post-hoc Bonferroni test. The level
of significance was set at P<0.05. Data are represented as the mean + the standard error of the mean (SEM).

Day

0 4 10
Treatment | CTRL CTRL 5uM 25 uM 50 uM CTRL 5uM 25 uM 50 uM
Xg:/s) 84.84+17.69 | 70.75£22.63 | 86.66+18.70 | 81.68+17.03 | 74.33+14.78 | 46.78+25.03 | 50.69+15.84 | 45.14£16.03 | 46.97+11.61
XlSmL/s) 50.65+8.91 | 38.54+11.27 | 43.64+6.30 |40.40+599 |36.06+584 |20.07+15.79 |21.12+£12.57 | 20.39+12.28 | 21.42+7.91
Xﬁ;s) 64.71+11.12 | 51.94+17.33 | 61.81+10.53 | 56.54+7.67 |48.94+7.27 |26.74+15.05 | 28.89+12.22 |28.33+14.86 | 27.88+7.82

LIN (%) 61.05+11.07 | 55.50+12.11 | 51.78+9.43 | 50.73+£8.98 |49.42+£8.56 |40.04+11.05 |38.58+13.51 |42.30+11.59 | 44.73+7.77

STR (%) 78.52+£7.29 |7522+8.56 |71.13£6.59 |71.64+6.67 |73.63+4.99 |69.48+15.00 | 68.16+15.32 | 69.98+9.63 | 75.40+9.68

WOB (%) |77.20+8.08 |7321+9.52 |72.39+853 |70.46+8.38 |66.82+8.22 |56.96+518 |55.30+8.17 |59.83+11.12 | 59.15+4.66

ALH (um) | 2.63+0.70 2.49+0.66 2.84+0.76 2.87+0.69 2.79+0.53 2.43+0.80 2.49+0.49 2.30£0.58 2.72+0.24

BCF (Hz) 8.48+0.64 8.11+1.79 8.87+1.37 8.50+0.82 7.67£2.20 4.23+1.81 4.85+2.38 4.30+2.65 4.77+2.22

Table 1. Effects of inhibiting SERCA with Thg (5, 25, and 50 pM) on the kinetic parameters of pig

sperm stored at 17 °C for 10 days.Data are shown as mean + SEM (n=7).Abbreviations: CTRL = control;

VCL = curvilinear velocity; VSL = straight-line velocity; VAP = average-path velocity; LIN =linearity;

STR = straightness; WOB =wobble; ALH =amplitude of lateral head displacement; BCF =beat-cross frequency.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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