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Abstract

Spermatozoa are redox-regulated cells, and stallion spermatozoa, in particular, present an
intense mitochondrial activity in which large amounts of reactive oxygen species (ROS) are
produced. To maintain the redox potential under physiological conditions, sophisticated
mechanisms ought to be present, particularly in the mitochondria. In the present study, we
investigated the role of the SLC7A11 antiporter. This antiporter exchanges intracellular
glutamate for extracellular cystine. In the spermatozoa, cystine is reduced to cysteine and used
for GSH synthesis. The importance of the antiporter for mitochondrial functionality was
studied using flow cytometry and UHPLC/MS/MS approaches. Intracellular GSH increased in
the presence of cystine, but was reduced in the presence of Buthionine sulphoximine (BSO), a
y-glutamylcysteine synthetase inhibitor (P < 0.001). Inhibition of the SLC7A11 antiporter with
sulfasalazine caused a dramatic drop in intracellular GSH (P < 0.001) and in the percentage of
spermatozoa showing active mitochondria (P < 0.001). These findings suggest that proper
functionality of this antiporter is required for the mitochondrial function of spermatozoa. We
also describe that under some conditions, glutamate may be metabolized following non-
conventional pathways, also contributing to sperm functionality. We provide evidences, that
the stallion spermatozoa have important metabolic plasticity, and also of the relation between
redox regulation and metabolic regulation. These findings may have important implications for
the understanding of sperm biology and the development of new strategies for sperm
conservation and treatment of male factor infertility.

Introduction

Insemination with refrigerated semen is common practice in the equine industry (Vidament et
al. 2012). In spite of the importance of this technique, unresolved questions still persist. In
particular, the metabolism of the spermatozoa under this and other conditions is far from
being fully understood. Nevertheless, significant advances have occurred in the past decade
that have deepened our knowledge of stallion sperm physiology. Regarding this particular
aspect, knowledge of the role of reactive oxygen species (ROS) has dramatically evolved
(Salicioni et al. 2007, Gibb et al. 2014, O’Flaherty 2015, Lee et al. 2017, O’Flaherty &
Matsushita-Fournier 2017, Griffin et al. 2019, Ortega-Ferrusola et al. 2019, Pena et al. 2019).
For a long time, the predominant belief was that ROS were merely toxic byproducts of
metabolism that should be kept to a minimum with the use of antioxidants. However,
paradoxical findings showing that more fertile spermatozoa were characterized by more
intense ROS production, have challenged this paradigm (Gibb et al. 2014, Darr et al. 2016).
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Recent proteomic studies have widened our knowledge of sperm metabolism and have put
assumed paradigms in spermatology into doubt (Amaral et al. 2013, 2014, Paiva et al. 2015,
Swegen et al. 2015). In line with these recent findings, the relationship between metabolism
and redox regulation is unveiled as a promising approach to improve current techniques for
sperm conservation (Gibb et al. 2015, Darr et al. 2016, Swegen et al. 2016).

Reactive oxygen species are formed by incomplete reduction of molecular oxygen and are
atoms or molecules with a single unpaired electron. These include, among others, superoxide
(02--), the hydroxyl radical (OH-) and the lipid peroxide radical (LOO-). Although hydrogen
peroxide (H202) itself is not a free radical, it is a precursor of free radicals. UV radiation and
the presence of metal ions (Fe2+, Fe3+ or Cu2+) generate hydroxyl radicals (Pena et al. 2019).
All aerobic organisms depend on the generation of ATP from the four-electron reduction of
molecular oxygen into water. During this process, the mitochondrial transport chain may lose
electrons leading to the formation of ROS. Mitochondrial dysfunction may exacerbate the loss
of electrons and thus increase the production of reactive oxygen species (Kalyanaraman 2013).
Stallion spermatozoa are characterized by an intense mitochondrial activity in comparison with
other mammals (Gibb et al. 2014, Darr et al. 2016, Griffin et al. 2019). Recent research points
to sophisticated regulation of production and elimination of ROS, with important roles in
stallion sperm physiology. The reversible oxidation of thiol-containing residues in specific
amino acids of regulatory proteins is of particular importance (Ortega- Ferrusola et al. 2019,
Ortiz-Rodriguez et al. 2019b). Mitochondria plays a major role in the production of reactive
oxygen and nitrogen species in spermatozoa (Ortega Ferrusola et al. 2009, Davila et al. 2016),
and thus also play a role in redox regulation. Recently, it was found that the SLC7A11 antiporter
has a role in redox regulation in the spermatozoa; incorporating cystine (the oxidized form of
cysteine) in exchange for intracellular glutamate (Ortiz-Rodriguez et al. 2019b). This is a
mechanism which maintains intracellular GSH at physiological levels (Ortega-Ferrusola et al.
2019). Recycling oxidized GSH (GSSG) requires reducing equivalents that are produced in
energy metabolism. Glutathione is synthesized exclusively in the cytosol, but is distributed to
the mitochondria through specific carriers with the end result that GSH concentration in the
mitochondrial matrix is equal to that of the cytosol (Ribas et al. 2014). Here GSH acts as an
electron donor as part of a defense mechanism against respiration induced ROS and also
participates in the detoxification of lipid hydroperoxides. Moreover, mitochondrial GSH is a
regulator of mitochondrial permeability, and thus of cell death (Coppola & Ghibelli 2000, Circu
et al. 2008). However, inhibition of the antiporter may lead both to positive and negative
effects in stallion spermatozoa (Ortiz- Rodriguez et al. 2019b). This apparently paradoxical
effect may relate to other functions of the antiporter, not only as a source of extracellular
cystine used for GSH synthesis. Recently SLC7A11 has been described as having a possible role
in glutamate metabolism. In some cellular models, disruption of the SLC7A11 antiporter greatly
improves cell viability after glucose withdrawal, because conservation of glutamate enables
cells to maintain mitochondrial respiration (Shin et al. 2017). To test if a similar picture may be
occurring in stallion spermatozoa, we investigated the SLC7A11 antiporter, paying special
attention to the effects on mitochondrial function due to the central role of these organelles
in redox regulation and metabolism.

Materials and methods
Reagents and media

I-Cystine (Cyss), I-buthionine-sulfoximine (BSO), monochlorobimane (MCB), sulfasalazine (SS),
a-methyl- 4-carboxyphenilglycine (mCPG), R162 (GDH1 inhibitor), methyl a-ketoglutarate,



Erastin, RSL3, liproxstatin-1 and all other chemicals were purchased from Sigma Aldrich. All
other reagents for flow cytometry were purchased from Thermofisher. Anti-GDH1 antibody
was purchased from Abcam (ab89967).

Semen collection and processing

Semen was collected from 11 stallions maintained according to institutional and European
animal care regulations (Law 6/2913 June 11th and European Directive 2010/63/EU). All
procedures used in this study received approbation from the ethical committee of the
University of Extremadura (Ref# AGL201783149R). Ejaculates were collected using a pre-
warmed, lubricated Missouri model artificial vagina following standard veterinary practices.
After collection, the ejaculate was immediately evaluated and processed in the adjacent
laboratory. Colloidal centrifugation (Morrell et al. 2011) was performed to remove dead
spermatozoa and contaminating particles from the ejaculate. The pellet was re-extended to a
final concentration of 40 x 106 spermatozoa/ml in Tyrodes media (96 mM NaCl, 3.1 mM KCl, 2
mM CaCl2:2H20, 0.4 mM MgS04-7H20, 0.3 mM KH2P0O4, 20 mM HEPES, 5 mM glucose, 21.7
mM Na lactate, 1 mM Na Pyruvate, 15 mM NaHCO3, 3% v/v BSA, 50 mg/mL kanamicin) pH 7.4
(Balao da Silva et al. 2014). The sperm suspension was then split into sub-samples for control
and experimental treatments. For UHPLC/MS/MS experiments ejaculates were also processed
through colloidal centrifugation to remove dead and contaminating cells and separate seminal
plasma. Pellets obtained were washed three times in PBS (1500 g x 10’ at 4°C) suspended in 1
mL of PBS and stored at -80°C until further use.

Flow cytometry

Flow cytometry analyses were conducted using a Cytoflex® flow cytometer (Beckman Coulter)
equipped with violet, blue, yellow and red lasers. The instrument was calibrated daily using
specific calibration beads provided by the manufacturer. A compensation overlap was
performed before each experiment. Files were exported as FCS files and analyzed using
FlowjoV 10.6.1 Software (Ashland, OR, USA). Unstained, single-stained, and Fluorescence
Minus One (FMO) controls were used to determine compensations and positive and negative
events, as well as to set regions of interest as described in previous publications by our
laboratory (Gallardo Bolanos et al. 2014, Martin Munoz et al. 2015).

Measurement of GSH, viability and mitochondrial membrane potential in stallion
spermatozoa

Intracellular GSH was measured by adapting previously published protocols optimized for GSH
detection using flow cytometry (Capek et al. 2017) adapted to equine spermatozoa in our
laboratory (Ortiz-Rodriguez et al. 2019b). The mitochondrial membrane potential and sperm
viability were also simultaneously assessed. In brief, sperm aliquots (1-5 x 106 sperm/mL) were
stained with JC-1 1 uM (30 min in the darkness at r.t.), DRAQ7 3 uM and monochlorobimane
(MCB) 10 uM (10 min in the darkness at r.t). The applied gating strategy is depicted in Fig. 1.
Briefly, after assessment of the quality of the flow, doublets and debris were gated out, MCB
was detected at a peak excitation of 405 nm and emission of 450/45 nm BP, JC-1 was detected
at a peak excitation of 511 nm and emission of 596 nm (aggregates) and DRAQ7, at a peak
excitation of 640, and emission of 690 nm.



Computational flow cytometry (t-SNE)

The data from each multi-parametric assay described in the ‘Material and methods’ section
were exported as FCS files from the flow cytometer and loaded and analyzed using FlowjoV
10.6.2 Software (Ashland, OR, USA). For computational analysis, data from all the replicates for
each treatment were concatenated and single cell events analyzed. The files obtained after
concatenation were exported as FCS files. Flow cytometry files were then analyzed using non-
linear dimensional reduction techniques (t-SNE) and automatic classification of cellular
expression by non-linear stochastic embedding (ACCENSE) accessible at http://www.
cellaccense.com/index.html. The Barnes—Hut implementation of t-SNE was used for low
dimensional embedding to perform dimensional reduction of cytometry data, classification of
cells was based on K means techniques with the significance level set at P = 0.0001. ACCENSE
identifies clusters within multidimensional data without losing single cell resolution (Shekhar
et al. 2014), allowing automatic gating of cells.

UHPLC-MS/MS detection of reduced and oxidized glutathione

The reduced (GSH) and oxidized (GSSG) forms of glutathione were analyzed by UHPLC-MS/MS
following previously published protocols (Ortega-Ferrusola et al. 2019). In brief, a
chromatography separation was performed using a Thermo Ultimate 3000 Ultra (Thermo
Fisher Scientific) and separations were carried out on a C18 column (100 x 21 mm; 1.7 um,
Bruker Intensity Solo, Billerica, MA, USA). The analytes eluted from the UHPLC column were
directly introduced in an ion trap mass spectrometer (Amazon SL, Bruker Daltonik GmbH,
Bremen, Germany). The mass spectrometer was run in MS/MS mode, in which the protonated
reduced glutathione (308 m/z) and protonated oxidized glutathione (613 m/z) were isolated
and subjected to collision-induced dissociation, using Helium gas and radio frequency (RF) with
fragmentation amplitudes of 0.45 and 0.65 V, respectively. The full scan MS/MS or MS2 spectra
was obtained under these conditions, in which the 178.6 m/z ion was selected as the
quantification ion for reduced glutathione and 484+355 m/z was selected as the quantification
ion for oxidized glutathione.

Metabolomics

The sperm pellets were redissolved in 1 mL milliQ water and sonicated for 3 s. Immediately
afterwards, samples were centrifuged at 4,000 g at 4°C for 3 min and the supernatant was
injected into the UHPLC-MS/MS. Separation and analysis of the samples were performed with
a UHPLC/MS system consisting of an Agilent 1290 Infinity Il Series HPLC (Agilent Technologies)
equipped with an automated multisampler module and a High Speed Binary Pump, coupled to
an Agilent 6550 Q-TOF Mass Spectrometer (Agilent Technologies) using an Agilent Jet Stream
Dual electrospray (AJS-Dual ESI) interface. Control of the HPLC and Q-TOF was through the
MassHunter Workstation Data Acquisition software (Agilent Technologies, Rev. B.08.00).
Samples were injected onto an Agilent C18 HPLC column (4.6 mm, 100 mm x 2.1 um, Agilent
technologies), thermostatted at 40°C, at a flow rate of 0.4 ml/min. The injection volume was 5
uL. For gradient elution, solvent A was: 0.2% (v/v) acetic acid in Milli Q water and solvent B was
0.2% acetic acid in acetonitrile. In the beginning, solvent B was maintained at 2% for 3 min.
Solvent B was increased from 0 to 98% from 4 to 12 min and held at 98% for an additional 2
min. Then solvent B was returned to the initial conditions up to min 15. The mass spectrometer
was operated in positive and negative modes. The best results were obtained in negative
mode. The nebulizer gas pressure was set to 35 psi, whereas the drying gas flow was set to 12
L/min at a temperature of 150°C, and the sheath gas flow was set to 15 L/min at a temperature



of 350°C. The capillary spray, fragmentor and octopole RF Vpp voltages were 3500, 360 and
750V, respectively. Centroid data were acquired for both MS and MS/MS scans in extended
dynamic range mode. MS and MS/MS mass range was 50—-950 m/z and scan rates were 5
spectra/s for MS and 2 spectra/s for MS/ MS. All lons mode was used without precursor
selection in two experiments or channels at the same time, one of low energy (0 V collision
energy) and one of high energy (20 V collision energy). The low value produces the precursor
ions (MS scan) for the compounds and the high value generates the precursors plus their
product ions (MS/MS scan). Data processing and analysis were performed using MassHunter
Qualitative Analysis Software (Rev B.07.00.201, Agilent Technologies). The chromatography
peaks were qualified by accurate mass precursor ions and accurate mass product ions from
the MS/MS spectrum. Furthermore, some compounds were also identified using the METLIN
metabolites Personal Compounds Database Library (PDCL) (Agilent Technologies), in which
mass peak in the low energy channel are first searched for against this PDCL for compounds
which have the same m/z values. In addition, the fragment ions in the high energy channel for
these compounds were compared with MS/MS spectra from PDCL.

Measurement of oxidation—reduction potential

Oxidation—reduction potential (ORP) was measured using the RedoxSYS® diagnostic system
(Englewood CO, USA), following previously published protocols adapted for equine
spermatozoa (Ortiz-Rodriguez et al. 2019a). Western blotting (WB) To separate the proteins
according to their apparent molecular masses, SDS-PAGE was performed as previously
described (Aparicio et al. 2016

). In brief, proteins were extracted and denatured by boiling for 10 min at 70°C in a loading
buffer supplemented with 5% mercaptoethanol. Ten micrograms of sperm protein extract
were loaded and resolved by SDS-PAGE on a 10% polyacrylamide gel. Immunoblotting was
performed by incubating the membranes in blocking buffer at 4°C overnight with of 1 ug/mL
anti GDH-1 primary antibody.

Immunocytochemistry (ICC)

Indirect immunofluorescence was performed as previously described (Tapia et al. 2012). After
blocking, cells were incubated with primary antibody anti GDH-1, overnight at 4°C diluted
1/200 in PBS containing 5% BSA (w/v). The following day, cells were washed with PBS and
further incubated for 45 min at r.t. with goat anti-goat IgG antibody conjugated with Alexa
Fluor 647 diluted to 1/500 in PBS containing 5% BSA (w/v). Finally, cells were thoroughly
washed with PBS. A total of 5000 cells were analyzed in the ImageStream X Mark Il Imaging
Flow Cytometer (Merck Millipore) using a 642 nm line laser with intensity set to 100 mW, at
60x magnification. Data analysis of the raw images was accomplished using IDEAS1software
(Version 6.0.309). The absence of non-specific staining was measured by processing the
samples without primary antibody (secondary antibody only).

Computer-assisted sperm analysis (CASA)

Sperm motility and velocity were assessed using a computer-assisted sperm analysis (CASA)
system (ISAS Proiser, Valencia, Spain) according to standard protocols used at our center
(Ortega-Ferrusola et al. 2009). Semen samples were loaded in a Leja® chamber with a depth
of 20 um (Leja, Amsterdam, The Netherlands) and placed on a stage warmed at 37°C. Analysis
was based on an evaluation of 60 consecutive digitized images obtained using a 10x negative
phase-contrast objective (Olympus CX 41). At least 500 spermatozoa per sample were analyzed



in random fields. Spermatozoa VAP > 35 um/s were considered motile. Spermatozoa deviating
< 45% from a straight line were classified as linearly motile.

Assessment of caspase 3 activity and phosphatidylserine (PS) translocation

Annexin V 647 conjugated and CellEvent® Caspase 3/7 Green Detection Reagent were
combined in a multi-parametric test and evaluated by FC (Ortega-Ferrusola et al. 2017).
Samples were loaded with Hoechst 33342 (0.3 uM) and CellEvent (2 uM) and incubated at
room temperature for 15 min. Following this, the samples were washed by a short
centrifugation spin for 12” and suspended in 200 pL of Annexin binding-buffer (solution in 10
mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4). Five microliters of Annexin V was added to
200 pL of sample. After 15 min of incubation, in the dark at room temperature, 400 uL of 1x
Annexin binding-buffer was added before reading in the flow cytometer (Cytoflex® flow
cytometer, Beckman Coulter). To gate dead spermatozoa samples were stained with 0.3 uM
of Eth-1 and incubated for 5 min before they were immediately evaluated in a flow cytometer
(Cytoflex® flow cytometer, Beckman Coulter). CellEvent staining was validated as previously
described (Ortiz-Rodriguez et al. 2019a).

Statistical analysis

Sperm samples were obtained from 11 different stallions. All experiments were repeated at
least three times with independent samples (three separate ejaculates from each of the donor
stallions). The normality of the data was assessed using the Kolmogorov—Smirnoff test. Paired
t-tests and one-way ANOVA followed by Dunnett’s multiple comparisons test and were
performed using GraphPad Prism version 7.00 for www.graphpad.com. Differences were
considered significant when P < 0.05. Results are displayed as means + s.e.m.

Results

Stallion spermatozoa synthetize GSH from cystine

In order to confirm changes in intracellular glutathione in both reduced (GSH) and oxidized
(GSSG) forms, concentrations were monitored using UHPLC/MS/MS.

Incubation of stallion spermatozoa in the presence of 0.5 mM Cyss caused an increase in
intracellular GSH that was prevented with coincubation in the presence of buthionine
sulphoximine (BSO 50 uM) a y-glutamylcysteine synthetase inhibitor that is the limiting enzyme
for GSH synthesis (Fig. 2A

). At the same time, levels of oxidized glutathione (GSSG) were observed to be reduced after 1
h of incubation in Cyss treated samples (Fig. 2B).

Inhibition of the SLC7A11 antiporter reduces stallion sperm viability

The incubation of stallion spermatozoa in the presence of the SLC7A11 antiporter inhibitor
sulfasalazine (SS) reduced sperm viability at 200 uM (P < 0.01) and 500 uM (P < 0.001). The
percentages of live spermatozoa were reduced from 71.0 + 4.4% in controls to 64.1 + 4.4 and
55.5 + 5.4%, respectively, in the presence of SS at 200 and 500 uM. The simultaneous presence
of Cyss and SS 200 and 500 uM also caused reduced sperm viability (P < 0.01 and P < 0.001,
respectively) (Fig. 3A) (68.5 * 3.7 in controls to 53.0 + 5.4 in Cyss-SS 500 uM supplemented
sub-samples). When stallion spermatozoa were incubated in the presence of the inhibitor a-
methyl-4-carboxyphenilglycine (mCPG), all concentrations tested reduced viability (P < 0.05)



(Fig. 3B), from 63.0 £ 5.9% in controls t0 59.7 + 7.0, 57.7 £ 6.5 and 54.8 £ 7.0 in samples treated
with 100, 200 and 500 uM mCPG, respectively, an effect that was prevented by Cyss (0.5mM)
when mCPG was present at 100 and 200 uM (Fig. 3B).

Inhibition of the SLC7A11 antiporter with sulfasalazine reduces mitochondrial membrane
potential (AWm)

Semen samples incubated in the presence of SS experimented a drop in the percentage of
spermatozoa showing high AWm from 46.3 + 5% of the spermatozoa in controls to 23.1 + 4.5%
in the presence of SS 500 uM (P < 0.01). Cyss showed a synergistic effect, reducing the
percentage of spermatozoa with high AWm in samples incubated in the presence of 0.5 mM
Cyss and 500 uM SS (P < 0.001) to 12.6 + 2%. Also, SS 200 uM in the presence of Cyss resulted
in a reduced percentage of spermatozoa with high AWm (35.5 + 4 P < 0.01) (Fig. 4-1A). When
the second inhibitor was used no effect was observed, to the contrary, a combination of 0.5
mM Cyss and 100 uM mCPG resulted in an increased percentage of spermatozoa with high
AWm (P < 0.001), from 40.0 £ 1.4 in controls to 50.1 + 1.8 in samples supplemented with 0.5
mM Cyss and mCPG 100 uM (Fig. 4-2A).

Sulfasalazine reduces intracellular GSH, while carboxyphenylglicine increases intracellular
GSH and reduces the steady state redox potential (Eh) in presence of Cyss

Since a close relationship has been established between GSH content and sperm viability,
changes in intracellular GSH were monitored. Incubation of stallion spermatozoa in the
presence of 500 uM SS reduced intracellular GSH content to 72% of the initial values (P < 0.01)
(Fig. 5A), an effect that was also seen in the presence of 0.5 mM Cyss. To the contrary, 500 uM
MCPG induced a 28.81% increase in GSH. This effect was even more evident in the presence
of 0.5 mM Cyss and 100 uM mCPG with an increase of 48,22% with respect to initial values
(Fig. 5B). Concomitantly with increased intracellular GSH the combination of 0.5 mM Cyss and
100 uM mCPG reduced Eh (P < 0.05) (Fig. 5C). The t-SNE maps built after computational
analysis of the data, showed how the treatments modified GSH content in the whole
population of spermatozoa at the single cell level. As seen in Fig. 5, 0.5 mM Cyss
supplementation caused an increase in GSH content. At the right of the t-SNE map the color
code for the heat map is depicted. Blue areas represent low expression, red, yellow and green
increased expression. Supplementation with 0.5 mM Cyss and 100 uM mCPG caused an overall
increase in the content of GSH (Fig. 5F) seen as a reduction of the blue areas in the t-SNE map
and an increase in yellow-green and red areas. To the contrary, SS at 500 uM caused a
reduction of GSH content as seen in the t SNE map (dominance of the blue color as seen in Fig.
5G).

Erastin reduces sperm viability that is prevented by the ferroptosis inhibitor liproxstatin-1

In order to determine if ferroptosis can be induced in ejaculated stallion spermatozoa,
spermatozoa were treated with erastin 40 uM, a known inductor of ferroptosis, RSL3 (10 uM)
(aninhibitor of GPX-4) and SS 500 uM. Moreover, the specific ferroptosis inhibitor, liproxstatin-
1 (5 and 10 uM) was also used. These concentrations were chosen on the basis of literature
currently available in germinal cells (Bromfield et al. 2019). Incubation of stallion spermatozoa
in the presence of erastin caused a significant reduction in the percentage of live spermatozoa
after incubation for 3 h at 37°C. From 37.4 + 2.8 in controls to 25.6 + 2.0 in erastin treated
spermatozoa (P < 0.001) (Fig. 6A). This reduction was prevented by the presence of the



ferroptosis inhibitor liproxstatin-1. We also determined the potential involvement of caspase
3 in sperm death. The simultaneous presence of liproxstatin-1 with erastin and SS reduced the
percentage of caspase 3 positive cells (Fig. 6B) (P < 0.05). The percentage of dead cells were
higher in the presence of erastin, liproxstatin-1 and in the simultaneous presence of erastin
and liproxstatin-1 (Fig. 6C) (P < 0.05, P < 0.01).

Erastin reduces sperm motility, velocities and beat cross frequency (BCF), while RSL reduces
velocities and BCF

A significant reduction was observed in the percentage of motile sperm, from 80.1 + 1.25 in
controls to 61.2 + 4.1 in the presence of erastin (P < 0.001) (Fig. 7A). The simultaneous
presence of liproxstatin-1 had a synergistic inhibitory effect, further reducing motility to 49.9
+3.9% (P <0.001). RSL3 and SS had no effect, although RSL3 in the presence of liproxstatin-1
caused a reduction in motility (P < 0.001). A similar picture was observed when referring to
percentages of linear motile spermatozoa (Fig. 7B). Interestingly, and in contrast to what was
observed regarding motilities, both inducers of ferroptosis (erastin and RSL3) but not SS,
reduced sperm velocities and BCF (Fig. 7D, E and F). Circular velocity was reduced from 213 +
5.4 um/s in controls to 124.3 £ 4.53 um/s in samples treated with erastin (P < 0.001), and to
184.7 £+ 6.8 um/s (P < 0.05) in samples treated with RSL3 (P < 0.05). Liproxstatin-1 had no
effects in the presence of erastin, but had a synergistic effect in the presence of RSL3 (P <
0.001) (Fig. 7C). Sulfasalazine increased VCL (P < 0.01), and liproxstatin-1 was able to revert the
effect of SS. The straight line and average velocities showed the same behavior as that of the
VCL (Fig. 7D and E). We also studied the effect on BCF; once again, both inducers of ferroptosis
reduced this parameter (Fig. 7F) P < 0.001 for erastin and P < 0.05 for RSL3. Liproxstatin-1
reverted the effect of RSL3 but not of erastin (Fig. 7F).

Inhibition of glutamate dehydrogenase (GDH1) increases intracellular GSH and improves
mitochondrial function and motility

The increase in GSH after inhibition of the antiporter with mCPG may be explained by increased
availability for intracellular glutamate that can be used for GSH synthesis. Alternatively,
glutamate can be transformed into a-ketoglutarate through glutamate dehydrogenase 1
(GDH1) and incorporated into de TCA cycle, providing reducing equivalents to recycle GSSG.
This enzyme has been detected in proteomic studies in our laboratory and confirmed using
western blotting and immunofluorescence (Fig. 8-1). The expression of GDH1, as expected,
was restricted to the mid piece (Fig. 8-1). If GDH1 is inhibited, glutamate cannot be
transformed into a-ketoglutarate and intracellular concentrations will increase. This approach
mimics the effect of SLC7A11 inhibition, resulting in increased intracellular glutamate. In order
to test this hypothesis, we performed a series of experiments. Stallion spermatozoa were
incubated in the presence of the specific inhibitor of GDH1; R162 (20—-80 uM), and after three
and 6 h of incubation at 37°C, intracellular GSH and mitochondrial activity (AWm) were
evaluated. Inhibition of GDH1 resulted in an increase of >50% of the initial levels of GSH after
3 h of incubation (P < 0.01) (Fig. 8-2A). The percentage of spermatozoa showing high AWm
increased after 3 and 6 h of incubation (Fig. 8-2C and D); from 68.1 + 5.4 in controls to 76.5 +
6.5 in samples treated with 20 uM R162 (P < 0.001) and to 76.4 £ 5.6 in samples treated with
40 uM R162 (P < 0.01) after 3 h of incubation (Fig. 8C). After 6 h of incubation the percentage
of spermatozoa showing high AWm increased from 64.7 + 7.8 in controls to 71.5 £+ 4.8 in
samples treated with 80 uM R162 (P < 0.05) (Fig. 8-2D). Also, mitochondrial activity increased
both after three (P < 0.05) (Fig. 8-2E) and 6 h (P < 0.01) (Fig. 8-2F) of incubation at 37°C.



Concomitantly due to increased intracellular GSH, the steady state oxidation potential was
reduced in samples supplemented with the GDH1 inhibitor (P < 0.05) (Fig. 8-2b). The GDH1
inhibitor also caused increases in the percentage of motile spermatozoa (Fig. 8-3A) (P < 0.05)
and sperm velocity (Fig. 8-3C and E). (P < 0.05).

Metabolomics inhibition of GDH1 increases succinate, fumarate, and malate

Inhibition of GDH1, thus blocking the transformation of glutamate into a-ketoglutarate, caused
an unexpected increase in the levels of succinate (Fig. 9-1) and of fumarate. This finding
suggests that an alternative route for the formation of succinate and fumarate from glutamate
is present in the stallion spermatozoa.

Effect a-ketoglutarate on stallion sperm function

To determine the importance of a-ketoglutarate on sperm function stallion spermatozoa were
incubated in the presence of the product of GDH1, dimethyl-a ketoglutarate (a cell permeable
form of a ketoglutarate) (0 uM, 20 uM, 100 uM and 0.5 mM). After 3 h of incubation at 37°C
mitochondrial function (AWm), the percentage of live cells and GSH content were measured.
Supplementation with dimethyl-a ketoglutarate did not modify the relative amount of GSH,
percentage of live spermatozoa (Fig. 9-2C), or the percentage of spermatozoa showing high
mitochondrial activity (Fig. 9-2B).

Discussion

In the present study, we evaluated the relationship between the SLC7A11 antiporter and
mitochondrial function in the stallion spermatozoa. The major findings of this study are
summarized in the diagram provided in Fig. 10. First, we provide additional evidence that this
antiporter participates in redox regulation in spermatozoa, in addition to presenting findings
suggesting that it may also have an important role in glutamate metabolism. We showed that
supplementation with Cyss increases intracellular GSH, and this increase is inhibited in the
presence of BSO. This finding is evidence of the incorporation of Cyss, that after reduction to
Cys is used for GSH synthesis in the spermatozoa. The findings reported here underline the
importance of GSH for proper mitochondrial function in these particular cells. Inhibition of the
SLC7A11 antiporter with SS caused a dramatic decrease in the percentage of spermatozoa with
high mitochondrial membrane potential. This effect was even more evident with the
simultaneous presence of Cyss. Changes described in the percentages of mitochondrial
membrane potential in samples incubated in the presence of SS were accompanied by
equivalent reductions in the percentage of live spermatozoa and intracellular glutathione. The
impact of reduced availability of GSH in mitochondrial function is expected; GSH is synthetized
only in the cytosol and then transported to the mitochondria were mitochondrial GSH (mGSH)
is present at concentrations similar to those in the cytosol (10-14 mM) (Lluis et al. 2005, Mari
et al. 2009, 2013). Although reported concentrations of GSH in spermatozoa in most domestic
species is low, around 0.3 mM (Li 1975), concentrations reported in stallions are estimated in
the range of 30 mM (Ortega-Ferrusola et al. 2019). Since mitochondria are the primary
intracellular site of oxygen consumption and thus, the major source of intracellular ROS, mGSH
is essential to balance the activity of Mn-SOD (the mitochondrial form of SOD) and the GSH
redox node, to maintain hydrogen peroxide within physiological limits. Metabolism of H202 in
the mitochondria depends on mGSH with the participation of GSH peroxidases and
peroxiredoxins (Mari et al. 2009, 2013). Reduced GSH may be due to increased ROS production
and/or to reduced activity of the SLC7A11 antiporter and depletion of glutathione peroxidase



4 (GPX4) (Yu et al. 2019). This induces a form of programed cell death termed ferroptosis, that
has been reported in the male germ line (Bromfield et al. 2019). GPX-4 forms the mitochondrial
sheath of the spermatozoa, being crucial for the maintenance of sperm functionality (Brigelius-
Flohe & Flohe 2019). To test the possibility that a ferroptotic mechanism is activated after
SLC7A11 inhibition, we performed experiments comparing the effect of SS with known
inducers of ferroptosis, such as erastin and RSL3. Erastin reduced the percentage of live
spermatozoa, an effect that was combated by the ferroptosis inhibitor liproxstatin-1. This
finding supports the existence of ferroptosis in ejaculated stallion spermatozoa. Interestingly,
the simultaneous presence of SS and liproxtatin-1 resulted in increased viability and reduced
expression of caspase 3, suggesting different mechanisms of cell death caused by erastin and
sulfasalazine. However, although erastin and RSL3 reduced motility and velocities in
spermatozoa, their effects were not prevented by liproxstatin-1. We also investigated effects
on BCF, that is related to increased sperm functionality and ATP content (Mannowetz et al.
2012). This parameter was reduced in the presence of both inductors of ferroptosis, but
liproxstatin-1 only reverted the effect of RSL3. The differential effect on viability and motility
of erastin could relate to the effect of this drug on the voltage-dependent anion channel in the
mitochondria (VDAC) that regulates the metabolic flux across the outer mitochondrial
membrane (Blachly- Dyson & Forte 2001). Overall these results may indicate that different
forms of cellular demise activated under redox deregulation may be present in ejaculated
spermatozoa. However, further research is warranted to fully characterize these mechanisms
and the crosstalk between them. It is also worth noting that the best spermatozoa from the
ejaculate were selected through colloidal centrifugation; different responses in different
sperm subpopulations ought to be considered.

The more potent inhibitor methyl S-4- carboxyphenylglycine (mCPG), increased the
percentage of spermatozoa with high mitochondrial membrane potential (AWm) when Cyss
was also present. Incubation in the presence of mCPG resulted in reduced percentages of live
spermatozoa that was prevented in the presence of Cyss. The percentage of spermatozoa with
high mitochondrial membrane potential and intracellular GSH increased when Cyss was also
present, and in this case, without impact on sperm viability. The improvement in AWm was in
parallel with increased intracellular GSH and thus can be explained through this mechanism.

It is paradoxical that both increases or decreases in GSH may occur using different inhibitors
of the SLC7A11 antiporter. One possible explanation may relate to the dual effects of the
antiporter. This is, as a regulator of the availability of Cys for GSH synthesis and that it may also
participate in the regulation of glutamate metabolism (Shin et al. 2017). The mCPG is a very
potent inhibitor of the SLC7A11 antiporter, rapidly leading to increased intracellular glutamate
accumulation (Patel et al. 2004). In this model, SLC7A11 inhibition blocks the exchange of
intracellular glutamate for extracellular Cyss that leads to increased intracellular glutamate, an
effect that may be enhanced in the presence of extracelullar Cyss. After transformation to a-
ketoglutarate, glutamate may feed the mitochondrial TCA cycle (Jin et al. 2015). In fact,
glutamate, supports the production of molecules such as GSH and NDPH after transformation
into a-ketoglutarate by the enzyme glutamate dehydrogenase 1 (GDH1) (Wise & Thompson
2010, Jin et al. 2015). This mechanism provides a plausible explanation for our findings. Further
supporting this hypothesis antioxidant effects of a-ketoglutarate supplementation have been
previously reported in spermatozoa (Li et al. 2010). Recent reports in rabbit spermatozoa,
showing increased GSH after glutamine supplementation also support this hypothesis (Zhu et
al. 2017). To increase intracellular glutamate, we blocked the conversion of glutamate to a-
ketoglutarate through the inhibition of the glutamate dehydrogenase 1 (GDH1) enzyme.
Inhibition of GDH1, blocking the conversion of glutamate into a-ketoglutarate and



incorporation into the TCA cycle, caused increased mitochondrial membrane potential and
intracellular GSH (Fig. 8). This may indicate that excess glutamate is not necessarily
metabolized through the GDH1 pathway, and that alternative routes are present in stallion
spermatozoa. Alternative routes have been reported in tumoral cells (DeBerardinis & Cheng
2010, Son et al. 2013, Boroughs & DeBerardinis 2015). Whereas in most cells GDH1 converts
glutamate into a-ketoglutarate, some tumors use a distinct pathway involving transaminases
(GOT1), in which glutamate is converted to pyruvate increasing the NADPH/NADP+ ratio and
maintaining the cellular redox state (Son et al. 2013). A similar mechanism has recently been
described. Under impaired mitochondrial metabolism cytosolic reductive carboxylation of
glutamine regenerates NADH via malate dehydrogenase (Gaude et al. 2018). This is a very
similar metabolic landscape to the one observed in our study in stallion spermatozoa after
GDH1 inhibition. Interestingly transaminase activity has been reported in mammalian
spermatozoa (Flipse 1960). We conducted metabolomic studies using UHPLC/MS/MS after
inhibition of GDH1, focusing on metabolites of the TCA cycle. Treatment with R162, the specific
GDH1 inhibitor, caused a dramatic increase in succinate, that was unexpected, since succinate
is produced downstream of a-ketoglutarate in the TCA cycle. There was also a dramatic
increase in fumarate in R162 treated samples. This observation suggests, as indicated above,
that glutamate can also be metabolized through alternative pathways, probably by
transaminases (DeBerardinis et al. 2007). In this model, the secretion of amino groups from
glutamate is used to generate NADPH. Fumarate is also produced in the process of ammonia
detoxification, through the cleavage of arginine succinate to form fumarate and arginine.
Fumarate returns to the citric acid cycle (Shambaugh 1977). This mechanism may explain our
findings since glutamate can be metabolized to arginine (Yelamanchi et al. 2016). Moreover,
and further supporting this hypothesis a functional urea cycle has been described in
mammalian spermatozoa (Dietz & Flipse 1969). As previously mentioned, transaminase activity
has been reported in mammalian spermatozoa (Flipse 1960), and also in a recent proteomic
study from our laboratory (Martin-Cano et al. 2020). These findings may indicate that there is
a non-canonical pathway for glutamate metabolism, producing reducing power to recycle
GSSG into GSH. This provides an explanation for our findings of increased GSH and
mitochondrial membrane potential after GDH1 inhibition. A similar pathway has been
described in pancreatic ductal adenocarcinoma cells (PADC) in which glutamate in the
cytoplasm forms aspartate and then oxaloacetate that is converted to malate and then
pyruvate increasing the NADPH/ NAD+ ratio and in this way maintains cellular redox (Son et al.
2013). Increased malate was also observed in our study after GDH-1 inhibition. In this model,
dimethyl a-ketoglutarate does not restore cell growth after glutamate deprivation, indicating
a glutamate metabolism different from canonical models. As in the aforementioned study and
in ours, supplementation with dimethyl a-ketoglutarate did not improve stallion sperm
function, also suggesting alternative glutamate metabolic pathways in spermatozoa. This
provides a plausible explanation to our findings of improved sperm function after GDH1
inhibition, and could also provide an explanation to increased GSH after SLC7A11 inhibition.
Interestingly, for the first time, our findings suggest, that the stallion spermatozoa show an
important metabolic plasticity. This is an interesting finding that could open new routes for the
development of novel strategies for the management of male factor infertility, and
development of new strategies for sperm conservation.

In conclusion, the results reported here describe the importance of the activity of the SLC7A11
antiporter for proper mitochondrial function in stallion spermatozoa, providing Cys for GSH
synthesis (Martensson et al. 1990). They also suggest that different forms of programmed cell
death may be present in the spermatozoa that warrant further research. Our findings provide



evidence of a high plasticity in the metabolism of the spermatozoa and in the regulation of
their redox potential. In addition, an active and complex glutamate metabolism may be present
in the stallion spermatozoa (Dietz & Flipse 1967, 1969, Flipse & Dietz 1969, Flipse et al. 1969,
DeBerardinis et al. 2007, Jin et al. 2015, Yelamanchi et al. 2016) that also warrants further
research. The findings reported here are in line with the growing body of scientific evidence
indicating that mitochondria are crucial for stallion sperm functionality and fertility, being a
hallmark of fertile spermatozoa (Gibb et al. 2014, Davila et al. 2016).
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Figure 1 Gating strategy for flow cytometry-based determination of changes in GSH, mitochondrial
activity and percentages of live cells in stallion spermatozoa. After verification of the quality of the
flow, single cells were identified confronting SSC-H vs SSC-A gating out doublets (A). Then the
percentages of cells showing high (a) and low (b) mitochondrial activity (B), the relative GSH content
(C) and the percentage of live spermatozoa (D) were identified and quantified. Interestingly most
the population of spermatozoa showing high mitochondrial activity (a) was also characterized by
high GHS content (d) showing the close link between mitochondrial activity and GSH.
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Figure 2 Stallion spermatozoa incorporate Cyss for GSH synthesis. In order to determine the
functionality of the SLC7A11 antiporter, stallion spermatozoa were incubated in the presence of Cys
or Cys and BSO (inhibitor of y-glutamylcysteine synthetase a key enzyme in glutathione
biosynthesis). Then the content of reduced (GSH) and oxidized (GSSG) glutathione was investigated
using mass spectrometry (MS) as described in the "Materials and methods’ section. Incubation in
the presence of Cyss increased intracellular GSH (P < 0.01), effect that was prevented in the
presence of BSO (A). The changes in GSSG are presented in B. Data are presented as means £ s.e.m.
of five different replicate experiments, **P < 0.01.
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Figure 3 Inhibition of the SLC7A11 antiporter reduces sperm viability. To determine the impact of
SLC7A11 on viability, stallion spermatozoa were incubated in the presence of SS and mCPG. SS
reduced viability at 200 and 500 pM (A). The incubation in the presence of mCPG reduced viability
that was prevented by 0.5 mM Cyss when mCPG was present at 100 and 200 uM (B). Representative
cytograms of the assay are presented in C and D. In C data from ten different replicates are
concatenated (50,000 events per replicate), in D the cytogram represents all the events gathered in
the ten replicates in a single 2D plot identifying live and dead cells. Data are means + s.e.m., ***pP <
0.001. *P < 0.05. **P < 0.01.
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Figure 4 (1) (A) Sulfasalazine reduces mitochondrial membrane potential. Incubation of stallion
spermatozoa in the presence of 500 puM SS reduced mitochondrial membrane potential.
Simultaneous presence of Cyss caused further decrease in mitochondrial membrane potential. (B, C
and D) representative 2D plots of concatenated replicates depicting the effect of the different
treatments in the percentages of spermatozoa showing high mitochondrial membrane potential. (2)
Stallion spermatozoa were
incubated in presence of mCPG or mCPG and Cyss, and mitochondrial membrane potential
evaluated after 3 h of incubation at 37°C. (B, C, D and E) 2D plots after concatenation of all the
replicates showing changes in the mitochondrial activity. In (C) (0.5 mM Cyss and mCPG 100 uM
supplemented samples) and in (D) (samples supplemented with 0.5 mM Cyss) there is an increase
in mitochondrial membrane potential. (B) are controls and (E) are samples supplemented with

(A) mCPG does not reduce mitochondrial membrane potential.

mCPG 500 pM. Data are means * s.e.m. *** P <0.001. ** P < 0.01.
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Figure 5 Sulfasalazine reduces intracellular GSH. Stallion spermatozoa were incubated in the
presence of SS and/or Cyys and mCPG as described in the ‘Materials and methods’ section. SS
caused a marked drop in GSH content at 500 uM even in the presence of Cyss (P < 0.01) (A). The
supplementation with mCPG caused increases in GSH (P < 0.01) that were even bigger in the
presence of 0.5 mM Cyss (P < 0.001) (B). The combination of 0.5 mM Cyss and 100 pM mCPG also
reduced the steady state redox potential (Eh) (C). A t-SNE map shows the increase in GSH content
in samples supplemented with only Cyss (e), mCPG and Cyss (f), evidenced by changes in the heat
map overlay (more yellow-green-red areas) when compared with controls (d) (predominance of
blue areas) and samples supplemented with SS 500 uM (g) (predominance of blue areas). The color
code for the heat map is depicted at the right of every t-SNE plot. Data are means + s.e.m. ***p <
0.001. **P <0.01; *P < 0.05.
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Figure 6 Effect of two different inductors of ferroptosis in stallion sperm viability. Stallion
spermatozoa were incubated for 3 h at 37°C and at the final of the incubation period viability was
assessed using flow cytometry.Panel A shows sperm viability, B) Caspase 3 and C) dead
spermatozoa.Split samples from the same ejaculate were incubated in the presence of the inductors
of ferroptosis erastin 40 uM (b) and RSL3 10 puM, and the inhibitor of ferroptosis liproxstatin-1 10
UM (b) compared with controls (a). Erastin caused a significant reduction of the percentage of viable
spermatozoa that was prevented in presence of liproxstatin-1. Data are means * s.e.m. ***P <
0.001; **P < 0.01; *P < 0.05.
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Figure 7 Effect of two different inductors of ferroptosis in stallion sperm motility, velocities and beat
cross frequency (BCF). Stallion spermatozoa were incubated for 3 h at 37°C and at the final of the
incubation period motility was assessed using computer-assisted sperm analysis (CASA). Split
samples from the same ejaculate were incubated in the presence of the inductors of ferroptosis
erastin 40 uM and RSL3 10 uM, and the inhibitor of ferroptosis liproxstatin-1 10 uM. Erastin reduced
sperm motility (A) and (B). Erastin and RSL3 reduced velocities (C, D and E). BCF was reduced by
erastin and RSL3, the reduction induced by RSL3 was prevented by liproxstatin-1 (F). Data are means
*s.e.m. ***P <0.001; **P <0.01; *P < 0.05.
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Figure 8 (1) Glutamate dehydrogenase 1 (GDH1) is present in stallion spermatozoa. Stallion
spermatozoa were processed and stained as described in material and methods and the presence
and distribution of the enzyme was assessed using image flow cytometry. GDH1 was present in the
mid piece. (2) Inhibition of glutamate dehydrogenase 1 (GDH1) increases intracellular GSH. Stallion
spermatozoa were incubated in presence of the specific GDH1 inhibitor R166 and intracellular GSH



and the mitochondrial function evaluated after 3 and 6 h of incubation at 37°C. (A) Inhibition of
GDH1 increased GSH content after 3 and after 6 h of incubation (B). (C and D) Inhibition of GDH1
increased the percentage of spermatozoa with high mitochondrial membrane potential after 3 (C)
and 6 h of incubation (D). (E and F) Also inhibition of GDH1 increased mitochondrial activity. The
presence of Glutamate dehydrogenase 1 was also confirmed using Western blotting (a). R162 also
reduced the steady state redox potential (Eh) (b). c-d tSNE maps showing changes in GSH in controls
(c) and R166 treated samples. Data are means *+ s.e.m. ***P < 0.001; **P < 0.01; *P < 0.05. (3)
Inhibition of glutamate dehydrogenase 1 (GDH1) increases sperm motility and velocity. Stallion
spermatozoa were incubated in the presence of the GDH1 inhibitor R166 during 3 h at 372C and
after the incubation period sperm motility (% of motile spermatozoa) (A) and velocities (VCL um/s,
VAPum/s and VSLum/s) (B) were measured using CASA analysis. Increases in motility VCL and VAP
were detected in samples incubated in the presence of GDH1. Data are means + s.e.m. *P < 0.05.
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Figure 9 (1) Inhibition of glutamate dehydrogenase 1 (GDH1) modifies the stallion sperm
metabolome. A) Citrate B) Succinate C) Fumarate D) Malate E) Lactate F) Pyruvate. Succinate and
fumarate increased after GDH1 inhibition indicating that glutamate may be metabolized, even more
efficiently, through pathways alternative to glutamate dehydrogenase. (2) Effect of
supplementation with dimethyl a-ketoglutarate for 3 h at 37°C on GSH content, mitochondrial
membrane potential and viability of stallion spermatozoa. A) GSH B) High Mitochondrial Membrane
Potential C) Viability. Data are means * s.e.m. **P <0.01; *P < 0.05.
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Figure 10 Schematic representation of the major hypothesis and findings of this study. The SLC7A11
antiporter contributes to redox regulation in stallion spermatozoa through the exchange of
extracelular cystine (Cyss) for intracelullar glutamate (Glut). Cyss intracellularly is reduced to Cys
that is used for GSH synthesis. Inhibition of this antiporter may lead to two major situations. In red,
inhibition of the SLC7A11 antiporter with sulfasalazine leads to reduced intracellular Cys and then
reduction in intracellular GSH. This causes redox deregulation and mitochondrial damage. Erastin
also causes inhibition of the SLC7A11 antiporter. The deregulation of redox homeostasis may lead
to increase of lipoperoxides (LPO) and the induction of ferroptosis. Alternatively (in green), the use
of a much more potent inhibitor of the antiporter, may lead to greater increases of intracellular
glutamate that may be metabolized following an alternative pathway. This alternative pathway
produces reducing power to recycle GSSG to GSH and maintain redox homeostasis and
mitochondrial function.



