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Abstract

Background:Most commerce of equine seminal doses is carried out using commercial

extenders under refrigeration at 5◦C.

Objectives: To determine if 10 mM pyruvate in a 67 mM glucose extender and storage

at 22◦C could be the basis of an alternative storagemethod to cooling to 5◦C.

Material and methods: Stallion ejaculates were extendedin: INRA96 (67 mM glu-

cose, non-pyruvate control), modified Tyrode’s (67 mM glucose–10 mM pyruvate),

supplemented with 0, 10, 50, and 100 μM itaconate. As itaconate was vehiculated

in DMSO, a control vehicle was also included. Sperm motility, viability, mitochon-

drial membrane potential, and production of reactive oxygen species were measured

after collection and again after 48 and 96 h of storage at 22◦C. To disclose molecular

metabolic changes, spermatozoa were incubated up to 3 h inmodified Tyrode’s 67mM

glucose–10mMpyruvate andmodifiedTyrode’s 67mM glucose, andmetabolic analysis

conducted.

Results: After 96 h of storage aliquots stored in the control, INRA96 had a very poor

total motility of 5.6% ± 2.3%, while in the 67 mM glucose–10 mM pyruvate/10 μM ita-

conate extender, total motility was 34.7% ± 3.8% (p = 0.0066). After 96 h, viability

was better in most pyruvate-based media, and the mitochondrial membrane potential

in spermatozoa extended in INRA96 was relatively lower (p < 0.0001). Metabolomics

revealed that in the spermatozoa incubated in the high pyruvate media, there was an

increase in the relative amounts ofNAD+, pyruvate, lactate, and ATP.

Discussion and conclusions: Aliquots stored in a 67 mM glucose–10 mM pyruvate-

based medium supplemented with 10 μM itaconate, maintained a 35% total motility

after 96 h of storage at 22◦C, which is considered the minimum acceptable motility

for commercialization. Improvements may be related to the conversion of pyruvate to

lactate and regeneration of NAD+.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 INTRODUCTION

The use of cooled semen still constitutes the core of most assisted

reproductive technologies (ARTs) for equine breeding.1 This ART was

developed in the second half of the last century and established

the basis of currently used commercial extenders, which saw several

improvements by the end of the century. When using these exten-

ders, refrigeration is apparently required, a handicapwhen considering

long-haul transport of the semen, but alternatives, such as use of

room-temperature storage are scarce.2 The goal of refrigeration is

to slow or limit sperm metabolism, to avoid the production of toxic

subproducts and thus expand the lifespan of the spermatozoa while

preventing the reduction of ATP content. A second objective of cooling

semen is to control microbial growth in semen doses.Most commercial

extenders are based on the combination of skimmilk and high concen-

trations of glucose, which were used in the original Kenney extender.3

More recently, modifications to this basic extender occurred, mainly

consisting of the incorporation of balanced salt solutions, HEPES, dif-

ferent combinations of antibiotics, and specific milk components like

phosphocaseinates and caseins.1,4–7 Despite these changes in formu-

lated combinations, most commercial extenders are still based on high

concentrations of glucose. The high glucose concentrations currently

found in commercial extenders are paradoxical to current knowledge

on stallion sperm metabolism, a species in which oxidative phospho-

rylation is the main source of ATP.8–11 Moreover, the toxicity of high

glucose concentrations to stallion spermatozoa has recently been

characterized.12 Excess glucose may generate toxic 2-oxoaldehydes,

glyoxal, and methylglyoxal, which may impair sperm function. More-

over, excess glucose predisposes spermatozoa to different forms of cell

death.13 During glycolysis for eachmole of glucose, the enzyme glycer-

aldehyde 3 phosphate dehydrogenase (PHGDH) reduces two moles of

NAD+ to NADH, where NADH is thereafter recycled in the mitochon-

dria back toNAD+.14 Under some circumstances, however, respiration

inmitochondria may not be sufficient to recycle enoughNAD+ for effi-

cient glycolysis, and alternative mechanisms ought to be present to

regenerate NAD+ through the lactate dehydrogenase (LDH) enzyme,

reducing pyruvate to lactate. This aerobic glycolysis reaction occurs

under high oxygen concentrations and is termed theWarburg effect.15

These recent developments on our understanding of stallion sperm

metabolism may constitute a basis for development of alternative

extenders, which may permit modification of sperm metabolism and

the conservation of stallion spermatozoa for longer periods at tem-

peratures around 20◦C. Moreover, the use of minimal contamination

protocols during semen preparationmay also reduce bacterial contam-

ination in commercial doses.

Most commercial extenders contain high concentrations of glucose,

but lack pyruvate in their composition. While glucose at physiologi-

cal concentrations is essential for sperm function,16–21 the interaction

of glucose with other components in the media may be even more

important than glucose concentration per se.18 For instance, a supply

of pyruvate converted to lactate may improve glycolysis efficiency and

could be used as a strategy to improve the metabolic efficiency of the

spermatozoa under high glucose concentrations.22 Itaconate, consid-

ered a regulator of cellular metabolic reprogramming, is generated by

the conversion of cis-aconitate, an intermediate of theKrebs cycle, and

may play a role in diverting glucose metabolism from glycolysis to the

pentose phosphate pathway, contributing to the regulation of redox

homeostasis.23 Addition of itaconate to boar spermatozoa in a high

30mM glucosemedia, improved spermmotility.24

In this study, we followed the hypothesis that an increased con-

centration of pyruvate in a media with high concentration of glucose

may improve preservation of stallion spermatozoa at room tempera-

ture, a major advantage if refrigeration can be avoided. In addition, the

potential beneficial effect of itaconate was also investigated.

2 MATERIALS AND METHODS

2.1 Reagents and media

Chemicals were purchased from Sigma Aldrich. All other reagents for

flow cytometry were purchased from Thermofisher. ViaKrome 808

FixableViabilityDyewas purchased fromBeckmanCoulter. Ultra-pure

deionized water (>18.2 MΩ cm) was produced from a Elga Purelab

Quest U.V. (www.elgalabwater.com).

2.2 Semen collection and processing

Semen was collected from four fertile stallions housed according

to institutional and European animal care regulations (Law 6/2913

June 11th and European Directive 2010/63/EU). Routine semen

collection from stallions that are used for commercial semen pro-

duction did not require ethical approval. Ejaculates were collected

using a pre-warmed, lubricated Missouri model artificial vagina fol-

lowing standard veterinary practices. After collection, the ejaculate

was immediately evaluated for sperm motility and concentration and

processed in the adjacent laboratory. Colloidal centrifugation25 was

performed to remove dead spermatozoa and contaminating particles

from the ejaculate. The pellet was re-extended to a final concentra-

tion of 25 × 106 spermatozoa/mL in 67 mM glucose–10 mM pyruvate

Tyrode’s media (76 mM NaCl, 3.1 mM KCl, 2 mM CaCl2⋅2H2O, 0.4 mM

MgSO4⋅7H2O, 0.3 mM KH2PO4, 20 mM HEPES, 67 mM glucose,

21.7 mM Na lactate, 10 mM Na pyruvate, 13 mM NaHCO3, 3 mg/mL

BSA, 0.058 g/L penicillin, and 0.05 g/L dihydrostreptomycin sulfate) pH

7.4,26 or a commercial extender INRA96 (IMV), formulatedwith67mM
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glucose, but lacking pyruvate.27 To minimize bacterial contamination,

semen processing was conducted in a laminar flow cabinet.

2.3 Experimental design

1. Experiment I: Role of a pyruvate-based extender in improving the

functionality of stallion spermatozoa during incubation at 22◦C for 96h.

Stallion ejaculates were processed, split sampled, and extended in

a high glucose (67 mM), high pyruvate (10 mM)-based media supple-

mented with 0 (control), 10, 50, and 100 μM itaconate. Itaconate

was vehiculated in DMSO, so a control vehicle for the DMSO (VEH)

was also included. Extension in INRA96 was used as a non-pyruvate

control. INRA96 was included as a control, as it is a well-validated,

widely commercially used equine semen extender, which has a glu-

cose concentration of 67 mM, but does not contain pyruvate. At 0,

48, and 96 h of storage at 22◦C, evaluation of motility characteristics

(computer-assisted sperm analysis [CASA]), viability, function, mito-

chondrial membrane potential, mitochondrial mass, and production of

reactive oxygen species (ROS) was performed.

2. Experiment II: Identification of changes in the metabolome induced by

10mM pyruvate in a 67mM glucose extender.

To test the hypothesis that pyruvate improves metabolic efficiency

in a high-glucose extender, aliquots of stallion spermatozoa were incu-

bated at 37◦C for up to 3 h in a high glucose (67 mM glucose) and in

a 67 mM glucose–10 mM pyruvate media. CASA analysis, flow cytom-

etry, and directed metabolomics were conducted after the end of the

incubation period.

2.4 Computer-assisted sperm analysis

Sperm motility and kinematics were assessed using a CASA system

(ISAS Proiser) according to standard protocols used at our center.28

Semen samples were loaded in a Leja chamber with a depth of 20 μm
(Leja), and placed on a stage warmed to 37◦C. Analysis was based on

evaluation of 60 consecutive digitized images captured in 1 s, with a

frame rate of 60 Hz, obtained using a 10× negative-phase contrast

objective (OlympusCX41). ISAS v.1.2 software settingswere automat-

ically set for horses,withminormodificationshereindescribed.At least

500 spermatozoa per sample were analyzed in random fields; the area

of the particles to consider were between 4 and 75 μm2, the algorithm

for advanced tail analysis was applied. Any particles incorrectly iden-

tified as spermatozoa were detected and these were discarded using

the play back function. Spermatozoa curvilinear velocity (VCL) greater

than 10 μm/s and less than 45 μm/s were considered low-speed sper-

matozoa, those with a VCL more than 45 μm/s and less than 90 μm/s

were considered asmedium-speed spermatozoa, and those with a VCL

greater than 90 μm/s were considered rapid spermatozoa. Sperma-

tozoa deviating less than 45% from a straight line were classified as

linearlymotile. Other parameters studied includedVCL (μm/s), defined

as the timeline average velocity of a sperm head along its actual trajec-

tory; the straight-line velocity (VSL,μm/s), the velocity calculated along

a straight line between the first and last points of the path; and veloc-

ity along the average path (VAP, μm/s) as the time-averaged velocity

calculated along the average path.

2.5 Flow cytometry

Flow cytometry analyses were conducted using a Cytoflex S flow

cytometer (Beckman Coulter) equipped with violet, blue, yellow, and

red lasers, and a Cytoflex LX equipped with ultraviolet, violet, blue,

yellow, red, and infrared lasers. The instruments were calibrated

daily using specific calibration beads provided by the manufacturer. A

compensation overlap was performed before each experiment. Files

were exported as Flow Cytometry Standard (FCS) files and analyzed

in Cytobank Software (Beckman Coulter). Unstained, single-stained,

and fluorescence minus one (FMO) controls were used to deter-

mine compensations and positive and negative events, as well as to

set regions of interest as described in previous publications by our

laboratory.29,30

2.6 Five-color assessment of sperm function

A five-color panel was created to simultaneously assess a wide range

of sperm components and functions, including viability, membrane per-

meability, mitochondrial membrane potential, mitochondrial mass, and

apoptotic changes. Stallion spermatozoa were stained with Hoechst

33342 0.3 μM (Thermofisher; Ex/Em [nm] 365/485); 30 min at 37◦C

in the dark. Then YoPro-1 (Thermofisher Y3603; 12.5 nM, Ex/Em [nm]

491/509); tetrametylrhodamine TMRM (Thermofisher I34361; 50 nM;

Ex/Em [nm] 548/574); MitoTracker Deep Red (ThermofisherM46753;

50 nM; Ex/Em [nm] 644/665); and ViaKrome 808 (Beckman Coulter

C36628 2 μL/sample; Ex/Em [nm] 854/878) were added and samples

were incubated in the dark at 37◦C for 20 min; then samples were-

washed and resuspended in phosphate-buffered saline (PBS) and run

in the flow cytometer (Cytoflex LX).

2.7 Four-color panel display (JC-1, CellROX Deep
Red, Live/Dead)

Aliquots of stallion spermatozoa were stained with JC-1 (to assess

mitochondrial membrane potential; 1 μM, Ex 561 nm, Em 590 nm

aggregates and Ex 488 nm, Em 529 nm, monomers) in the dark at

37◦C, 2 μM of CellROX Deep Red (to assess the production of ROS;

Ex 638 nm, Em 665 nm) and incubated for 30 min in the dark at 37◦C.

Then 0.5 μL of Live/Dead violet solution (to assess sperm viability; Ex

405 nm, Em 450 nm) were added to 500 μL of sperm suspension and

incubated for 10 min in the dark at 37◦C. Cells were washed twice,

resuspended in PBS, and run in the flow cytometer (Cytoflex S).
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2.8 Metabolite analysis of nucleosides,
nucleotides, amino acids, sugars, and organic acids by
UHPLC-MS QqQ

Samples were washed twice in PBS (600 g × 10′), then the pellet

formed by the spermatozoa was frozen immediately in liquid nitrogen

and kept frozen at −80◦C until analysis. The sperm pellet was then

re-extended in 300 mL Milli-Q water and sonicated for 3 s. Imme-

diately afterward, it was centrifuged at 6452 × g at 4◦C for 3 min,

and the supernatant was injected into the UHPLC-MS/MS. These

metabolites were analyzed by a UHPLC/MS/MS system consisting

of an Agilent 1290 Infinity II Series HPLC (Agilent Technologies)

equipped with an automated multisampler module and a high-speed

binary pump, coupled to an Agilent 6470 QqQ mass spectrometer

(Agilent Technologies) using an Agilent Jet Stream Dual electrospray

(AJS-Dual ESI) interface. The HPLC andQqQdetector were controlled

using MassHunter Workstation Data Acquisition software (Agilent

Technologies, Rev. B.08.00). The sample was injected onto an Agilent

HILIC-ZHPLC column (4.6mm, 100mm, 2.1 μm,Agilent Technologies),

thermostated at 35◦C, at a flow rate of 0.4 mL/min. The injection vol-

ume was 7 μL. For gradient elution, solvent A was 10 mM ammonium

acetate at a pH 9 inMilli Qwater, and solvent Bwas 10mM ammonium

acetate at a pH 9 inMilli Q water:acetonitrile 10:90. To start with 98%

solvent B was maintained until 5 min. Solvent B was then decreased

from 98% to 60% from 5 to 10 min and held at 60% for an additional

2 min. Then solvent B returned to the initial conditions up to 15 min.

The mass spectrometer was operated in negative mode and was run in

MS/MSmode.Nitrogenwas used as a nebulizing gas, drying gas, sheath

gas, and collision gas. The nebulizer gas pressure was set to 35 psi,

whereas the drying gas flow was set to 12 L/min at a temperature of

250◦C, and the sheath gas flow was set to 15 L/min at a temperature

of 350◦C. The capillary spray and fragmenting voltages were 3500

and 100 V, respectively. The MRM conditions were optimized by

injecting a standard solution of each metabolite at different collision

energy (CE). Data processing and analysis were performed using the

MassHunter Quantitative Analysis software (Rev B.07.00.201, Agilent

Technologies).

2.9 Statistical analysis

All experiments were repeated at least three times with indepen-

dent biological replicates (four different stallions, three replicates

each, n = 12). The normality of the data was assessed using the

Kolmogorov–Smirnoff test. One-way ANOVA followed by Dunnett’s

multiple comparisons test were performed using GraphPad Prism ver-

sion 10.00 forMac (www.graphpad.com). Differences were considered

significant when p< 0.05. Results are displayed asmeans± SEM. Com-

putational flow cytometry31 was conducted as follows: all replicates

were concatenated to obtain a single FCS file of each condition in

compensated data on the whole sperm population, after the exclusion

of doublets and clumps.32 UMAP analysis was performed in Cyto-

bank (Beckman Coulter; https://premium.cytobank.org).33–35 Analysis

of themetabolomic datawas performed usingQlucoreOmics Explorer

(https://qlucore.com).36,37

3 RESULTS

3.1 Motility and velocities

No differences in motility were observed at t = 0 (Figure 1A). Analysis

was conducted shortly after processing and extension of the sperma-

tozoa in the different media, and within the first 2 h after collection.

However, after 48 h of storage at 22◦C, differences becameevident. All

the high-pyruvate-derived extenders used maintained high percent-

ages of motile spermatozoa. While aliquots of stallion spermatozoa

extended in the control INRA96 showed a total motility (TM) per-

centage (CASA) of 29.5% ± 5.0%, aliquots extended in the 67 mM

glucose–10 mM pyruvate media had a TM of 64.8%± 3.8% (Figure 1B;

p < 0.0001), and aliquots extended in the 67 mM glucose–10 mM

pyruvate/10 μM itaconate had a TM of 68.5% ± 3.9% (Figure 1B;

p < 0.0001). After 96 h of storage, aliquots stored in the control

INRA96hadverypoorTM5.6%±2.3%,while theTMof aliquots stored

in the 67 mM glucose–10 mM pyruvate/10 μM itaconate extender was

34.7%± 3.8% (Figure 1C; p= 0.0066). The percentages of linearmotile

spermatozoa at thebeginningof storage (t=0)were greater in sperma-

tozoa stored in the control INRA96 extender (Figure 1D; p = 0.0007,

0.0108, 0.0001, and 0.0003), but the aliquot of spermatozoa stored in

the 67 mM glucose–10 mM pyruvate/100 μM itaconate had a percent-

ageof linearmotile spermatozoa comparable to the aliquot extended in

control INRA96 (Figure 1D). After 48 and 96 h of incubation, the per-

centages of linearmotile spermatozoaweremuch lower in the aliquots

of stallion spermatozoa stored in control INRA96 than aliquots stored

in the 67 mM glucose–10 mM pyruvate with either 10 and 50 μM
itaconate after 48 h and with 10, 50, and 100 μM itaconate after

96 h of storage (Figure 1E,F). The sperm velocities VCL, VAP, and VSL

were improved in all the variations of the extenders supplemented

with itaconate with respect to the aliquots stored in control INRA96

and from the first day of incubation (t = 0; Figure 2). While sperm

VCL at t = 0 in the control INRA96 was 79.0 ± 3.1, in the 67 mM

glucose–10 mM pyruvate media, it was 128.3 ± 4.5 μm/s (Figure 2A;

p = 0.0002). Likewise, aliquots supplemented with itaconate showed

increased VCL in comparison to control INRA96. The same trend was

observed after 48 and96hof storage (Figure 2B,C). A similar trendwas

observed with VSL and VAP, with greater sperm velocities displayed

throughout the storage period in all pyruvate-based media in compar-

ison with the commercial extender INRA96 (Figure 2D–I). Moreover,

itaconate supplementation significantly increased these differences

(Figure 2D–I).

3.2 Viability and membrane permeability

Representative cytograms of the assay are shown in Figure 3, panel

1. After collection and processing (t = 0), viability was significantly
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section. Computer-assisted sperm analysis (CASA) was conducted shortly after collection and processing (t= 0), and after 48 and 96 h of storage
at 22◦C. (A) Percentage of total motile spermatozoa at t= 0, (B) after 48 h, and (C) after 96 h. (D) Percentage of linearmotile spermatozoa onDay 1
€ after 3 days, and (F) after 5 days of storage at 22◦C. VEH: control vehicle; INRA: spermatozoa stored in a commercial extender; 67G10P:
modified Tyrode’s media with 67mM glucose and 10mM pyruvate; 67G10P–10 μM ITAC: modified Tyrode’s media supplemented with 10 μM
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supplemented with 100 μM itaconate. Data are expressed asmeans± SEM and derived from three independent ejaculates from four different
stallions (n= 12).
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F IGURE 2 Changes in sperm velocities,
VCL (circular velocity, μm/s), VAP (average
path velocity, μm/s) VSL (straight line velocity,
μm/s) in stallion spermatozoa stored in
different media for up to 96 h. (A) VCL shortly
after collection and processing and storage at
22◦C, t= 0. (B) VCL after 48 h of storage. (C)
VCL after 96 h of storage. (D–F) VAP shortly
after collection and processing (t= 0), after
48 h, and after 96 h of storage at 22◦C. (G–I)
VSL shortly after collection and processing
(t= 0), 48, and 96 h. VEH: control vehicle;
INRA: spermatozoa stored in the commercial
extender; 67G10P: modified Tyrode’s media
with 67mM glucose and 10mM pyruvate;
67G10P–10 μM ITAC: modified Tyrode’s media
supplemented with 10 μM itaconate;
67G10P–50 μM ITAC: modified Tyrode’s media
supplemented with 50 μM itaconate;
67G10P–100 μM ITAC: modified Tyrode’s
media supplemented with 100 μM itaconate.
Data are expressed asmeans± SEM and
derived from three independent ejaculates
from four different stallions (n= 12).

greater in aliquots stored in the control commercial extender INRA96

(Figure 3, p<0.0001), with respect tomost of the variants of the exper-

imental 67 mM glucose–10 mM pyruvate-based extender, except for

the variant supplemented with 10 μM itaconate, which showed similar

viability to the aliquot extended in control INRA96, andwas superior to

that observed in the unsupplemented 67mM glucose–10mM pyruvate

extender (Figure 3A). However, viability was improved after 48 h of

storage in the67mM glucose–10mMpyruvate extender (53.6%±3.5%

vs. 61.3% ± 1.6% in INRA96 and 67 mM glucose–10 mM pyruvate,

respectively, p= 0.0278; Figure 3B). After 96 h of storage at room tem-

perature, viability was better inmost 67mM glucose–10mM pyruvate-

based media variants. The viability of spermatozoa stored in control
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BECERRO-REY ET AL. 7

F IGURE 3 Panel 1. Representative cytograms of the flow cytometry assay, showing three distinct populations: (1) represents viable
spermatozoa, negative for YoPro-1 and Viakrome 808, (3) represents live spermatozoa (Viakrome 808 negative) with increasedmembrane
permeability (YoPro-1 positive), and population (2) represents necrotic spermatozoa, positive for both YoPro-1 and Viakrome 808. As seen in (a),
the population of spermatozoa with increasedmembrane permeability is more evident in the aliquot of stallion spermatozoa incubated in the
commercial extender, while negligible in all the aliquots of stallion spermatozoa incubated in the high-glucose high-pyruvatemodified Tyrode’s
extenders (b–e). Panel 2. Changes in the percentages of viable spermatozoa shortly after collection and processing (t= 0) (A), after 48 h (B), and
after 96 h (C) of storage at 22◦C. (D–F) Changes in membrane permeability shortly after collection and processing (t= 0), and after 48 and 96 h of
storage at 22◦C. (G–I) Changes in the percentage of necrotic spermatozoa shortly after collection and processing (t= 0), and after 48 and 96 h of
storage at 22◦C, respectively. VEH: control vehicle; INRA: spermatozoa stored in the commercial extender; 67G10P: modified Tyrode’s media with
67mM glucose and 10mM pyruvate; 67G10P–10 μM ITAC: modified Tyrode’s media supplemented with 10 μM itaconate; 67G10P–50 μM ITAC:
modified Tyrode’s media supplemented with 50 μM itaconate; 67G10P–100 μM ITAC: modified Tyrode’s media supplemented with 100 μM
itaconate. Data are expressed asmeans± SEM and derived from three independent ejaculates from four different stallions (n= 12).
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F IGURE 3 Continued
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BECERRO-REY ET AL. 9

INRA96 dropped dramatically to 18.3% ± 3.9%, whereas sperm via-

bility in the 67 mM glucose–10 mM pyruvate-derived media was over

40%, with 44.4% ± 2.5% and 45.5% ± 2.8% in spermatozoa stored in

the 67 mM glucose–10 mM pyruvate and 67 mM glucose–10 mM pyru-

vate/10μM itaconate, respectively (p= 0.0148 and 0.0194; Figure 3C).

Interestingly, changes in viabilityweremostly because of the increased

permeability to YoPro-1 in live spermatozoa (Figure 3D–F). This

was particularly evident after 96 h of storage at room temperature,

where spermatozoa stored in control INRA96 displayed 32.3%± 5.2%

of YoPro-1+ (and Viakrome 808 negative), while the percent-

age of YoPro-1+ spermatozoa were half this value, respectively,

15.9%±1.0% (p<0.0040) and15.8%±1.1%while stored in the 67mM

glucose–10 mM pyruvate and 67 mM glucose–10 mM pyruvate/50 μM
itaconate, (p < 0.0001; Figure 3F). This increase in the YoPro-1

positivity was also evident in UMAP clustering analysis (Figure S2).

3.3 Mitochondrial membrane potential (ΔΨm)

Mitochondrial membrane potential was investigated in two differ-

ent multicolor panels, using either TMRM or JC-1. Representative

cytograms of both assays are presented in Figure 4, panel 1. At the

beginning of incubation (t = 0), both methods revealed that the mito-

chondrial membrane potential was greater in spermatozoa stored in

the commercial extender INRA96 (Figure 4, panel 2 A,B). When ΔΨm

was measured using TMRM, no differences were present between

spermatozoa stored in INRA96and those stored in the67mM glucose–

10 mM pyruvate media, but a drop in ΔΨm was observed in sperma-

tozoa incubated in the 67 mM glucose–10 mM pyruvate media when

JC-1 was used as a method for the determination of the mitochondrial

membrane potential (Figure 4B; p= 0.0059). After 48 h of storage, the

mitochondrialmembrane potentialwas lower in spermatozoa stored in

the control commercial extender INRA96 (Figure 4C,D). When TMRM

was used to determine the ΔΨm after 96 h of storage, this was signif-

icantly lower only with respect to spermatozoa stored in the 67 mM

glucose–10 mM pyruvate/10 μM itaconate (Figure 5E; p = 0.0007).

However, when the mitochondrial membrane potential was measured

using JC-1, the mitochondrial membrane potential in spermatozoa

extended in the commercial control INRA96 was significantly lower

with respect to all other media (Figure 4F; p< 0.0001).

3.4 Production of reactive oxygen species

Production of ROSwas simultaneously measured alongsideΔΨm (JC-1

staining), using CellROX Deep Red. According to the manufacturer,

this probe is mainly sensitive to superoxide anion (O2
•−); however, it is

also sensitive to the hydroxyl radical (•OH). Representative cytograms

of the assay are provided in Figure 5. Shortly after processing, no

differences were observed in any of the groups considered with

respect to ROS production; yet there was a large variability among

groups (Figure 5A). After 48 h of storage, ROS production was greater

in spermatozoa stored in the 67 mM glucose–10 mM pyruvate and

67mM glucose–10mM pyruvate/50 μM itaconate extenders compared

with the control INRA96 extender (Figure 5B; p= 0.0013 and 0.0487).

Finally, after 96 h of storage, ROS production was greater in all media

compared with the control INRA96 (Figure 5C). Although the produc-

tion of ROS, particularly O2
•−, has been considered a consequence of

mitochondrial activity, discrepancies observed in our results, especially

at t = 0 and after 48 h of storage, led us to use computational flow

cytometry to further investigate this aspect. We used UMAP (uniform

manifold approximation and projection for dimension reduction) on

the Cytobank (Beckman Coulter) platform.34,35,38 Representative

results of the UMAP analysis are presented in Figure S1. Noteworthy

findings were the altered map of the samples stored in the control

commercial extender INRA96. In addition, when fluorescence from

each channel was investigated on the z axis, very poor JC-1 fluores-

cence was present, compared with spermatozoa stored in all the other

media. The more remarkable finding was the presence of a population

of spermatozoa producing high amounts of ROS, but, unlike in all other

media, in the spermatozoa stored in control INRA96, the changes

were unrelated to high mitochondrial activity (Figure S1 red dotted

circle).

3.5 Mitochondrial mass

Mitochondrial mass differed among media and time of storage. On

Day 1, mitochondrial mass was significantly greater in spermatozoa

stored in the control INRA96 (Figure S2), while after 48 and 96 h

of storage, mitochondrial mass was significantly reduced in INRA96

control spermatozoa. Althoughmitochondrial mass followed a pattern

similar to mitochondrial membrane potential, computational cytome-

try revealed that both populations were not equivalent (Figure S2).

TMRN and Mitotracker deep red fluorescence was depicted in the Z

channel in UMAP analysis, clearly showing that not all the mitochon-

dria (mitochondrial mass) had high mitochondrial membrane potential

(circles).

3.6 Metabolomic profile

To disclose metabolic molecular mechanisms behind the role of pyru-

vate that may help to explain the improvement seen, incubation

experiments were conducted in two different variants of Tyrode’s

media: a media with 67mM glucose (high glucose) and with 67mM glu-

cose and 10 mM pyruvate (high pyruvate). After 3 h of incubation at

37◦C, the metabolic profile was analyzed. The most relevant changes

observed (Figure 6) were an increase in the relative amounts of NAD+,

fumarate, pyruvate, lactate, ribulose 5 phosphate, ATP, galactose, and urea,

in the spermatozoa incubated in the 67 mM glucose–10 mM pyruvate

media The percentage of live spermatozoa was also higher in stal-

lion spermatozoa incubated in the 67 mM glucose–10 mM pyruvate

media. To the contrary, the following metabolites were less abundant

in the 67mM glucose–10mM pyruvate media:NADH, dihydroxyacetone

phosphate, fructose 1, 6 biphosphate and especially phosphoenolpyruvate.

 20472927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/andr.13565 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [03/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 BECERRO-REY ET AL.

4 DISCUSSION

In the present study, we investigated whether the addition of pyru-

vate may extend stallion sperm lifespan in a high-glucose media during

storage at 22◦C for 96 h, a desirable management condition avoiding

refrigeration. On the first day of storage, most functional parame-

ters were better in aliquots of spermatozoa stored in the control

commercial extender (INRA96), an extenderwith a 67mM glucose con-

centration, butwhichdoes not contain pyruvate.However, after 48hof

storage, and especially after 96 h of storage at 22◦C, all the parameters

of sperm functionality studied were better in pyruvate-based media.

On Day 1 (t = 0), the high 67 mM glucose–10 mM pyruvate media

supplementedwith 100μM itaconate showed the best results, suggest-

ing that under some circumstances, supplementation with itaconate

may be positive. As the storage period advanced, the stallion sperma-

tozoa extended in the control commercial extender INRA96 revealed

a progressively more permeable membrane, an effect not seen in the

spermatozoa extended in the 67Mm glucose–10 mM pyruvate-based

media, in which the sperm membrane maintained integrity during all

the storage period assayed. After 96 h of storage, the loss of mem-

brane integrity was because of the increased membrane permeability,

as revealed by the increase in YoPro-1 staining. Increased membrane

permeability is linked to lipid peroxidation,39–41 a characteristic of cell

aging. During the initial steps of cellular senescence, specific pannexin-

F IGURE 4 Panel 1. Representative cytograms of the flow cytometry assays for themeasurement of mitochondrial membrane potential (ΔΨm);
measured in (a) and (b), with the JC-1 probe, and in (c) and (d) withMitoProbe TMRM. (a) Double staining with Live/Dead Violet and JC-1: (1)
represents live spermatozoa (Dim for live dead violet) with highΔΨm, (2) are dead spermatozoa (Bright for Live/Dead violet). (b) JC-1 staining
showing spermatozoa with highΔΨm (1: orange fluorescence) and lowΔΨm (2: green fluorescence). (c and d) The assessment ofΔΨm using
MitoProbe TMRMwith necrotic spermatozoa gated out in (c) after staining with Viakrome 808 (4) andwith YoPro-1 (5) in (d). Spermatozoa
showingΔΨm (3). Panel 2. Percentages of stallion spermatozoa showing highΔΨm measured usingMitoProbe TMRM shortly after collection and
processing (t= 0) A) and after 48 h (C) and 96 h (E) of storage at 22◦C, andmeasured using JC-1 shortly after collection and processing (t= 0) (A),
after 48 h (C), and after 96 h (E) of storage at 22◦C. VEH: control vehicle; INRA: spermatozoa stored in the commercial extender; 67G10P:
modified Tyrode’s media with 67mM glucose and 10mM pyruvate; 67G10P–10 μM ITAC: modified Tyrode’s media supplemented with 10 μM
itaconate; 67G10P–50 μM ITAC: modified Tyrode’s media supplementedwith 50 μM itaconate; 67G10P–100 μM ITAC: modified Tyrode’s media
supplemented with 100 μM itaconate. Data are expressed asmeans± SEM and derived from three independent ejaculates from four different
stallions (n= 12).
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12 BECERRO-REY ET AL.

F IGURE 5 Production of reactive oxygen
species (ROS) in stallion spermatozoa stored
up to 96 h at 22◦C. (A) Shortly after collection
and processing (t= 0), (B) after 48 h of storage,
and (C) after 96 h of storage. (D–G)
Representative cytograms of the assay. (D)
ΔΨm measured in the population of live
spermatozoa (1), live and dead spermatozoa
are identified using a fixable Live/Dead violet
probe, in this combination spectral overlap is
negligible. In (G), the population of
spermatozoa producing significant amounts of
ROS is identifiedmainly in live spermatozoa,
population (2), likely reflectingmitochondrial
activity and production of O2

•- as a subproduct
of intenseOXPHOS. However, as can be seen
in (E) and (H), and to a lesser extent in (F) and
(I), production of ROS unrelated to intense
OXPHOSmay be present. (E) Stallion
spermatozoa with lowΔΨm, but which are
producing significant amounts of ROS at the
same time as seen in (H) (population (2)), these
likely represent non-physiological production
of ROS. Data are expressed asmeans± SEM
and derived from three independent ejaculates
from four different stallions (n= 12).

1 channels are opened,42,43 this opening seems to release “find me”

signals, such as the nucleotides ATP and UTP, constituting a very early

stage of apoptosis. Opening of these channels allows YoPro-129,44,45

to stain these early apoptotic spermatozoa. Recent research has also

revealed that YoPro-1+ spermatozoa are also those burdened with

higherDNA fragmentation.46 Interestingly, YoPro-1+ spermatozoa are

characterized by low ATP content.41 In relation to these findings,

metabolic mapping revealed that spermatozoa incubated in 67 mM

glucose–10 mM pyruvate not only had lower percentages of YoPro-1+

staining, but also contained higher amounts of ATP than spermatozoa

incubated in amedia with only 67mM glucose.

Mitochondrial membrane potential at the beginning of stor-

age (t = 0) was higher in the control commercial INRA96, which

dropped significantly after 48 and 96 h of storage. Interestingly,

changes were more evident when the ΔΨm was measured using JC-

1, than when TMRN was used. Mitochondrial mass followed the

same trend, being higher at the beginning of the storage in the

control commercial extender, and dropping dramatically thereafter.

Aliquots of stallion spermatozoa stored in the 67 mM glucose–10 mM

pyruvate-based extenders, maintained mitochondrial mass over the

entire storage period. It should be noted that the UMAP analysis

revealed that mitochondrial mass and ΔΨm were not equivalent, an
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BECERRO-REY ET AL. 13

F IGURE 6 HPLC/MS/MSmetabolic analysis of stallion spermatozoa incubated for 3 h at 37◦C in two different media, Tyrode’s modified
67mM glucose and Tyrode’s modified 67mM glucose–10mM pyruvate. (A) Changes in the relative content of selectedmetabolites of aliquots of
the same stallion ejaculate incubated up to 3 h at 37◦C in 67mMmodified Tyrode’s (HGT3) or in 67mM glucose–10mM pyruvate-modified
Tyrode’s (HPT3). (B) Changes in the percentages of live, YoPro-1 positive, necrotic, andmitochondrial membrane potential. (C) Pearson
correlations among the selectedmetabolites. (D) Representative cytograms after concatenation of the replicates of the flow cytometry assays.
Data are expressed asmeans± SEM and derived from three independent ejaculates from four different stallions (n= 12). *p< 0.05; **p< 0.01.
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14 BECERRO-REY ET AL.

aspect to be considered when probes for mitochondrial analysis are

chosen.

Production of ROS was investigated using CellROX Deep Red. It

has been established that because of the the intense OXPHOS occur-

ring in the mitochondria of stallion spermatozoa, the production of

O2
•− is significant in this species, a fact that was also evidenced in our

study. However, interpretation of this phenomenon demands caution.

This was especially evident during the simultaneous analysis of ΔΨm

and O2
•−, and better shown through UMAP analysis, in which sources

of ROS associated with dysfunctional mitochondria were clearly iden-

tified; a phenomenon that was especially present when the control

commercial extender was used and yet was lower in the spermatozoa

stored in all the 67 mM glucose–10 mM pyruvate-based media. Similar

findings have recently been reported by our laboratory,12 when sub-

stantial production of ROSwas observed in a commercial extender, but

not in a low glucose–high pyruvatemedia.

Metabolic profiling was conducted to shed light on the mechanisms

behind the improved functionality of the spermatozoa incubated in the

pyruvate-based media, focusing on the effect of 10 mM pyruvate in a

high-glucosemedia, 67mM, a concentrationwidely used in commercial

extenders, such as INRA96. Metabolomic analyses indicated that the

improvement seen in the67mMglucose–10mMpyruvate-basedmedia

was probably because of the the conversion of pyruvate to lactate,with

the concomitant production of NAD+ and increased glycolysis and the

tricarboxylic acid cycle (TCA) efficiency.47 NAD+ serves as a cofactor

for enzymes involved in glycolysis (glyceraldehyde phosphate dehy-

drogenase, oxidative decarboxylation of pyruvate to acetyl-CoA, e.g.,

pyruvate dehydrogenase), fatty acid β-oxidation (3-hydroxy acyl-CoA

dehydrogenase), and tricarboxylic acid cycle (α-ketoglutarate, isoci-
trate, and malate dehydrogenases).47 An improvement in glycolysis

efficiency is supported by our finding of reduced phosphoenolpyru-

vate in the high-pyruvate media, and improvements in the TCA cycle

supported by the increase in the relative amounts of malate and

fumarate. Pyruvate also improved mitochondrial function, an effect

that may be related to the role of NAD+ as a cofactor of sirtuins and

poly (ADP-ribose) polymerases (PARPs), either with potential roles

as mitochondrial and metabolism regulators and pro-survival factors

in spermatozoa.48,49 NAD+ may be directly incorporated into the

mitochondria,50–53 which is important in order to sustain the TCA

cycle, generating metabolites to feed the electron transport chain

(ETC) to produce ATP, and may also have important functions in

the regulation of cell survival.54 Additionally, recent research shows

that lactate may activate and improve mitochondrial function by

mechanisms independent of its metabolism.55 Moreover, the stallion

spermatozoa possesses a mitochondrial LDH isoform that may con-

vert intramitochondrial lactate intopyruvate tobe furthermetabolized

in the TCA cycle.56 In our study, addition of itaconate had no clear

impact on sperm functionality, with respect to the 67 mM glucose–

10 mM pyruvate medium, although some improvements were seen

in sperm velocities and percentages of linear motile spermatozoa,

which warrant further research. It is noteworthy that the best motil-

ity after 96 h of storage was seen in aliquots stored in the 67 mM

glucose–10 mM pyruvate media supplemented with 10 μM itaconate.

This effect was not as evident as seen in recent findings in pig sper-

matozoa in which the addition of itaconate improved spermmotility,24

a species difference that may be related to the different metabolic

strategies of the spermatozoa57 and the varying composition of the

media used in the studies. The study in pigs used 40 mM glucose.

While stallion spermatozoa are highly dependent on OXPHOS for

the generation of ATP, porcine spermatozoa seem to have a differ-

ent metabolic strategy in which OXPHOS is present, but glycolysis

predominates.57,58

In summary, we show that stallion spermatozoa can be stored for

up to 96 h at 22◦C in a 67 mM glucose–10 mM pyruvate-based media.

Aliquots stored in pyruvate-based media maintained a 35% motil-

ity after 96 h of storage at 22◦C, which is considered the minimum

acceptablemotility for commercialization,without theneed for cooling

currently used. These pyruvate-based media maintained sperm qual-

ity, understood as sperm viability, mitochondrial membrane potential,

motility, and kinematics. The improvements observed are related to

the modifications in spermmetabolism, improving sperm survival. Our

findings support the hypothesis that the use of more physiological

extenders can improve semen storage and could be particularly useful

for the distribution of commercial semen. The results warrant further

follow-up research on the metabolism of the spermatozoa impacting

current sperm technologies, as is also demonstrated in recent reports

on themechanism of sperm capacitation in horses.59,60
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