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Abstract

Background:Mammalian spermatozoa need to undergo a process named capacitation

to be able to fertilize an oocyte. During their journey in the female tract, spermato-

zoa obtain energy while exposed to a changing environment containing a variety of

metabolic substrates. The energy requirements for sperm capacitation are species-

specific. In addition, the available energy source can hinder the process of sperm

capacitation and eventually the acrosome reaction.

Objectives: To evaluate whether the metabolic substrates available in the in vitro

sperm capacitationmedium allow or interferewith the pig sperm capacitation process.

Material and methods: The effect of different metabolic substrates on sperm capac-

itation process was evaluated by analyzing phosphorylation in the p32 protein; the

acrosome reaction and the ATP intracellular content.

Results: The presence of glucose in the in vitro capacitating medium diminishes, in a

concentration-dependent manner, parameters associated with the capacitated status:

induced acrosome exocytosis, plasma membrane destabilization, and protein tyro-

sine phosphorylation. Conversely, sperm incubation with pyruvate or lactate, either

individually or in combination, allows the attainment of the capacitated status. Unex-

pectedly, pig spermatozoa incubated without any extracellular energy substrates or

with a non-metabolizable substrate (L-glucose) for 4 h displayed similar sperm viability

to the control and exhibited a capacitated phenotype. The capacitation-like pheno-

type observed in starved pig spermatozoa (absence of glucose, lactate, and pyruvate)

wasdependent onextracellular bicarbonate and calcium levels, and these spermatozoa

exhibited lower intracellular ATP content compared to those not capacitated. Nev-

ertheless, the intracellular content of calcium was not modified in comparison to the

control.

Discussion and conclusions: Our findings suggest that the metabolic substrates used

to fuel pig sperm metabolism are important in achieving the capacitated status. The
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results of this work could be used to refine the capacitatingmedium employed in pig in

vitro fertilization.

KEYWORDS

acrosome reaction, capacitation, glucose, metabolic substrate, spermatozoa, starvation, tyrosine
phosphorylation

1 INTRODUCTION

Spermatozoa need the energy coin of the cells, ATP, to fuel sev-

eral cellular activities, including motility, the acrosome reaction,

and the regulation of intracellular pathways, mainly through pro-

tein phosphorylation.1 In addition, the substrates necessary to feed

the sperm metabolic pathways come from a changing environment.

Thus, the epididymis will support spermatozoa’s energy needs before

ejaculation, the seminal plasmawill do so during ejaculation, and even-

tually, the female reproductive tract will offer nutrient support to the

spermatozoa after ejaculation once they are placed into the female

reproductive tract. It is worthmentioning that in every anatomical sec-

tion, the available metabolic substrates for spermatozoa are different

from each other. In addition, the fluid components of the female repro-

ductive tract change along its different subsections2,3 and undergo

periodic fluctuations according to the estrus cycle.2,4,5 Consequently,

spermatozoa are cells with high metabolic plasticity, obtaining energy

from different metabolites since they are immersed in a varying and

heterogeneous environment.

Mammalian sperm produce ATP mainly through two differ-

ent metabolic processes: glycolysis and oxidative phosphorylation

(OXPHOS).1 Nevertheless, both processes are not independent

because the final product of glycolysis, pyruvate, is transported into

the mitochondria and, once is metabolized into acetyl-coa enters the

Krebs cycle.6 Furthermore, new sources to obtain energy have been

proposed in spermatozoa such as endogenous lipid β-oxidation7–9 or

the ATP content of extracellular vesicles produced by the reproductive

tract.10

The importance of studies seeking the best compounds (types,

combinations, and concentrations) to define an in vitro capacitating

(IVC) medium cannot be overstated, as it has a significant impact on

improving the outcome of in vitro fertilization (IVF) with consider-

able economic implications. Several studies have made progress in

adapting the IVC medium to species-specific needs, ever since the ini-

tial IVC medium were described five decades ago for rodents.11–14 In

addition, it is known that there are specie-specific preferences for a

determined energy substrate to achieve different sperm features. For

instance, glucose is the sole source of energy required in in vitro con-

ditions for mouse sperm to display hyperactive motility or increased

protein tyrosine phosphorylation (PY),15–17 which are sperm features

characteristics of a capacitated status. Similar results were found in

human spermatozoa, where glucose sustains hyperactive motility and

acrosome reaction.18 However, glucose is avoided in the bovine capac-

itation medium since it decreases the occurrence of the acrosome

reaction19 and interacts with heparin, one of the main molecules that

induces capacitation in bull sperm.20 In contrast, lactate has been iden-

tified as the sole energy substrate that induces spontaneous acrosome

reaction in stallion sperm21 and delays mouse sperm capacitation and

hyperactivemotility.22

The importance of gaining in-depth knowledge of the metabolic

pathways leading to sperm fertility ability has been recently high-

lighted by the improvement of assisted reproductive technologies

(ART) outcomes after manipulation of the sperm metabolism.23 After

30−45 min of spermatozoa incubation in the absence of energy sub-

strates (starvation step), mouse spermatozoa stopped moving, and

when substrates were reintroduced to the medium (recovery step),

the spermatozoa displayed a hyperactive motility pattern improving

IVF, embryo development, and embryo transfer rates in mice.23,24 In

addition, application of the sperm energy restriction and recovery

treatment overcame subfertility phenotypes inmousemodels.23 Inter-

estingly, when human sperms were incubated in a medium devoid

of energy substrates; spermatozoa kept moving for hours but were

unable to undergo capacitation.18,25 Therefore, the response of sper-

matozoa to different energy substrates or the absence of them varies

among species. Here, we investigated whether the influence of each

energy substrate used in the IVC medium, or the starvation condition

affects the capacitation-related events in pig spermatozoa.

2 MATERIALS AND METHODS

2.1 Reagents

2-Mercaptoethanol (#805740), 8-Br-cAMP (#B7880), Adenosine 5′-
triposfate (ATP) Bioluminiscent Assay KIT (#FLAA-1KT) and PNA-

FITC (#L7381) were purchased from Sigma–Aldrich Inc. (St. Louis,

MO, USA). PhosSTOP EASYpack, a phosphatase inhibitor cocktail in

tablets (# 04 906 845 001) was purchased from Roche Diagnostics

(Mannheim, Germany). Laemmli sample buffer 2X (#1610737), acry-

lamide (#1610156), ammonium persulfate (#161-0700), Tween 20

(#1706531), and DC Protein Assay (#5000116) were purchased from

Bio-Rad (Hercules, CA, USA). Anti-phosphotyrosine monoclonal anti-

body (clone4G10) (#05-321) andpolyvinylidene fluoride (PVDF)mem-

brane (#IPVH00010) were from Merck KGaA (Darmstadt, Germany).

RevertTM 700 Total Protein Stain (#827-15733) and IRDye 800RD

(#926-32211) secondary antibodies from LI-CORBiotechnology (Bon-

sai Lab, Alcobendas, Spain). BCECF/AM (#216254) was purchase from

EMDMilliporeCorp (Damstadt, Germany). Fluo4-AM (#F14201), JC-1
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(5,5′,6,6′–tetrachloro-1,1′,3,3′tetraethylbenzymidazolyl carbocyanine

iodine) (#T3168), Merocyanine 540 (M540) (#M24571), Yo-Pro-1

(#Y3603) and Propidium iodide (PI) (#P4864), were from Thermo

Fisher Scientific, Inc. (Waltham,MA,USA). The rest of reagentnonspec-

ified were obtained from Sigma–Aldrich Inc. (St. Louis, MO, USA).

2.2 Medium

To wash the spermatozoa a Tyrode’s Wash Medium (TWM) was used

containing the following components: 126 mM NaCl, 4.7 mM KCl,

0.4 mM MgSO4, 0.3 mM NaH2PO4, and 20 mM HEPES. A Tyrode´s

based medium was used to design the IVC medium that contained the

following components: 96 mM NaCl, 4.7 mM KCl, 0.4 mM MgSO4,

0.3mMNaH2PO4, 5.5mMglucose, 22.4mM sodium lactate and 1mM

pyruvic acid sodium salt, 20mMHEPES, 2mMCaCl2, 15mMNaHCO3

and 0.2 mg/mL PVA. When necessary, one or more energy substrates

were omitted and osmolarity compensated with NaCl. All mediums

were adjusted to a pH of 7.25.

2.3 Animal ethics

Non applicable.

2.4 Pig semen collection and processing

Seminal doses were purchased from a commercial pig station (Tecno-

genext, S.L, Mérida, Spain). Duroc boars were maintained according

to institutional and European regulations. For each experimental set,

seminal doses from three different males (no less than 12males), were

randomly pooled and centrifuged at 300×g for 5 min, washed with

TWM and diluted in IVC medium to achieve a final concentration of

20−30 × 106 spermatozoa/mL (1 mL final volume) in 1.5-mL tubes.

Spermatozoa were incubated in a water bath at 38.5◦C for up to 4 h.

2.5 Cellular ATP measurement

After sperm IVC, sperm samples were washed twice for 4 min at

8,000×g using TWM and the pellet was snap frozen at −196◦C and

stored at −80◦C until the day of use. ATP extraction was achieved by

adding 100 µL of lysis buffer (TRIS 100mM, EDTA 74.5 mM final pH of

7.75), supplemented with a mix of phosphatase inhibitors (PhosSTOP

EASYpack). The lysis buffer was added to the pellet, mixed, and kept at

95◦C for 5min. Later, sampleswere centrifuged for 15min at 15,000×g
and the supernatant was used to determine the ATP concentration

following the manufacturer instructions (#FLAA from SIGMA). Briefly,

25 µL of ATP extract were mixed with the ATP Assay Mix (luciferase

diluted 1:25) and luminescence was immediately determined using a

Varioskan lux (Thermoscientific) plate reader controlled by Skanit 7.0

microplate reader software. All ATP determinations were performed

using two technical replicates. After correction of all relative light units

(RLU) values for background (blank sample), RLU valueswere averaged

for each sample and theATPconcentrationdeterminedbyusing the lin-

ear regression equation of the ATP standard curve (y =mx + b), where

“y” is RLU, “x” is ATP concentration, “m” is slope, and “b” is y-intercept.

2.6 Western blotting

After incubation, spermatozoawere centrifuged at 10,000×g for 2min

at room temperature (RT) and washed in phosphate buffered saline

(PBS) at RT at 11,000×g for 3 min. After centrifugation, the pellet

was resuspended in 50 µL of Laemmli Sample Buffer 2X. After 30 min

under constant agitation, samples were centrifuged at 10,000×g for

15 min at 4◦C and the supernatant was recovered. Protein concen-

tration was determined using a Bio-Rad DC Protein Assay following

the manufacturer’s instructions. Lysates were supplemented with 2-

β-mercaptoethanol (2.5 %; v/v) before heating for 5 min at 95◦C

and 15 µg of protein were loaded in 10 % polyacrylamide gels and

separated by SDS-PAGE. Proteins were transferred to Immobilon-P

PVDF membranes and were blocked for 1 h at RT using 3% bovine

serum albumin (BSA, w/v) in a tris-buffer saline-tween 20 solution

(TBS-T) containing 20 mM tris/HCl pH 7.5, 500 mM NaCl, and 0.1

% (v/v) Tween 20. Membranes were then incubated at 4◦C overnight

using anti-phosphotyrosine (1:5,000) antibody. The membranes were

then washed and incubated with the appropriate secondary antibody

(1:5,000) IRDye 800RD for 1 h at RT. Fluorescence was detected using

an Odyssey Fc Imaging System (LI-COR Biotechnology), and bands

were quantified using the Image Studio software from LI-COR. Total

protein loaded was determined by Revert 700 Total Protein Stain and

it was used to normalize proteins abundance.

2.7 Flow cytometry

Flowcytometrywas performedusing anACEANovoCyte flowcytome-

ter (ACEA Biosciences, Inc., San Diego, CA, USA) with a blue/red

laser (488/640 nm) and three detection channels: BL-1 channel

(530 ± 30 nm band pass filter), BL-2 channel (572 ± 28 nm band pass

filter), and BL-4 channel (675 ± 30 nm band pass filter). Forward scat-

ter (FSC) and side scatter (SSC)were used to gate the spermpopulation

and to exclude debris. Samples were analyzed at 400−800 cells/s, and

10,000 cells were analyzed in each sample; data were represented in a

logarithmic scale. Flow cytometry experiments and data analyses were

performedusingACEANovoExpress software (ACEABiosciences, Inc.,

San Diego, CA, USA).

2.8 Acrosome integrity assessment

For acrosome integrity analyses, the probe lectin fromArachis hypogea

(peanut) agglutinin attached to fluorescein (PNA-FITC) at 0.4 µg/mL

and propidium iodide (PI) at 4.8 µM were added to 500 µL of diluted
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sample in TWM (3 million) and incubated for 5 min at RT in the

dark. After excitation at 488 nm, fluorescence was detected using a

530 ± 30 nm band pass filter for PNA-FITC and 675 ± 30 nm band

pass filter for PI. Results were expressed as the average of the per-

centage of PNA-FITC+ and PI− spermatozoa ± standard error of the

mean (SEM).

2.9 Evaluation of plasma membrane lipid
organization

Diluted samples (3 million) were incubated with M540 (6 µM) and

Yo-Pro-1 (75 nM) at 38.5◦C for 15 min. After excitation at 488 nm,

fluorescence was detected using a 572 ± 28 nm band pass fil-

ter for M540, and a 530 ± 30 nm band pass filter for Yo-Pro-1.

Results were expressed as the average of the percentage of sper-

matozoa with high M540 fluorescence, considering only viable cells

(Yo-Pro-1 negative).

2.10 Intracellular calcium assessment

The intracellular calcium concentration ([Ca2+]i) was assessed by load-

ing spermatozoa with Fluo-4 AM as a marker of [Ca2+]i, and PI as

a marker of cell death. Briefly, sperm samples (60 × 106 cells/mL)

diluted in TWM were loaded with Fluo-4AM (1 µM) and incubated

for 30 min at 38.5◦C. Later, samples were washed with IVC medium

for 5 min × 300 g and resuspended in the IVC medium and incu-

bated at 38.5◦C for up to 4 h. About 50 µL of the sample were diluted

with 450 µL of warm TWM and PI (6 µM) was added to the sam-

ples 5 min before flow cytometry analysis. Fluorescence was detected

using a 530 ± 30 nm band pass filter for Fluor-4AM and 675 ± 30 nm

band pass filter for PI. Signals for PI distinguished between dead

cells with defective plasma membranes (PI+) and live cells with intact

plasma membranes (PI−), whereas the Fluo-4 signal subdivided the

PI− sperm population into cells with a low Fluo-4 fluorescence sig-

nal (live, low-Ca2+ sperm) and those with a higher Fluo-4 fluorescence

signal (live, high-Ca2+ sperm cells). Results are expressed as the Fluo-

4 geometric mean of relative fluorescence intensity (RFI) of viable

spermatozoa± SEM.

2.11 Statistical analysis

An ANOVA followed by Dunnett’s post hoc test was used to com-

pare the different treatments. When only two different treatments

were compared, an unpaired t-student test was used to determine

whether differences exist between them. Before analysis, values

expressed as percentage were arcsine-transformed, where the rest of

parameters were log10-transformed for statistical purposes. Data are

expressed as the mean ± SEM. The level of significance was set at

p< 0.05.

3 RESULTS

3.1 Effect of energy substrates in pig sperm
capacitation features

The regular capacitating Tyrode’s based used and adapted to pig sper-

matozoa characteristics26 contains the following energy substrates:

glucose (5.5 mM), pyruvate (1 mM), and lactate (22.4 mM). First,

we tested the effect of the different energy substrates individually,

as well as their possible combinations, on different sperm capacita-

tion features after 4 h of incubation. Sperm viability was analyzed,

and no differences between treatments were detected (Figure 1A).

Interestingly, even those sperm incubated in the absence of energy

substrates, starved condition (STRV), maintained the viability at same

levels than control (with all energy substrates included). The anal-

ysis of the effect of substrates on the sperm acrosome membrane

integrity reveals that the highest values of live acrosome reacted

spermatozoa were detected in those treatments without glucose as

energy substrate (Figure 1B). Even under the STRV condition, the

values of acrosome reaction were higher when compared to the treat-

ments containing glucose alone or in combination with the other

substrates (Figure 1B). It should be noted that the treatment con-

taining all the energy substrates had the second lowest value of

acrosome reacted sperm (22.3% ± 5.5%) compared to the highest

values shown in the STRV conditions (54.0% ± 3.3%) (Figure 1B).

Those sperm incubated in the presence of glucose showed lower

plasmamembrane disorganizationwhen compared to other substrates

in the absence of glucose (Figure 1C). Then, we measured intracellu-

lar ATP content (ATPi) in each incubation condition. As expected, the

sperm incubated in the STRV treatment contained the lowest ATPi

content. Nevertheless, the ATP amount was similar between all the

treatments without glucose and significantly (p < 0.05) lower than

the glucose alone samples (Figure 1D). We also evaluated tyrosine

phosphorylation (PY) levels as one of the hallmarks of sperm pig capac-

itation. Analyses of PY levels were performed by western blotting,

being p32, identified as ACRBP27 and SPACA1,28 the specific pro-

tein that increases its phosphorylation during in vitro capacitation

in pig spermatozoa. The results revealed that those treatments con-

taining glucose, either alone or in combination with other substrates,

resulted in p32 phosphorylation inhibition. For instance, p32 values

were 3.6 times higher in the lactate treatment (line 3) than in the lac-

tate plus glucose treatment (line 5) (Figure 1E,F). Interestingly, sperm

incubated under the STRV condition (line 1) had p32 phosphorylation

values comparable to any treatment without glucose (lines 3, 4, and 6)

(Figure 1E,F).

Intrigued by the capacitated sperm characteristics exhibited in

the STRV condition, we investigated whether sperm incubation

with L-glucose (5.5 mM), a non-metabolizable yet actively trans-

ported isomer of D-glucose, could yield comparable outcomes to

the STRV. As depicted in Figure 2, contrary to D-glucose, incuba-

tion with L-glucose did not affect the capacitation events induced

in the STRV condition. For instance, the levels of sperm acrosome
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F IGURE 1 Effects of different energy substrates in parameters related to pig sperm capacitation features. Pig spermatozoa were incubated in
capacitating conditions (15mMHCO3

− and 2mMCa2+) containing different energy substrates individually (5.5 mMglucose, 21.6mM sodium
lactate, and 1mM sodium pyruvate) or in combination of them for 4 h at 38.5◦C. Spermatozoa incubated in an in vitro capacitatingmedia
containing glucose are depicted by light histogram, whereas those not containing glucose are shown in dark histogram. (A) Percentage of live
spermatozoa (PI−). Bars represent the average± SEMof 10 experiments. (B) Percentage of live acrosome reacted spermatozoa (PNA+/PI+-). Bars
represent the average± SEMof eight experiments. *p< 0.05, **p< 0.01, ***p< 0.005, indicates differences with 5.5mMglucose condition. (C)
Percentage of live spermatozoa with high lipid plasmamembrane disorganization (M540+/Yo-Pro-1−). Bars represent the average± SEMof eight
experiments. *p< 0.05, **p< 0.01, ***p< 0.005, and ****p< 0.001 indicate differences with 5.5mMglucose condition. (D) Intracellular ATP
content. Bars represent the average± SEMof six experiments. *p< 0.05, **p< 0.01, and ***p< 0.005 indicate differences with 5.5mMglucose
condition. (E) A representative western blot using anti-phosphotyrosine antibody is shown. The arrow shows the p32 protein. (F) Densitometric
analysis of PY-p32. For comparison between blots, pixels for the PY-p32 signal were quantified and normalized using the 0mMglucose (lane 1) as
reference (100%). Bars represent the average± SEMof four experiments. *p< 0.05 indicates differences with 5mMglucose condition.

reaction were similar between L-glucose (36.69% ± 3.8%) and

STRV (40.40% ± 5.1%) (Figure 2A). Likewise, plasma membrane

disorganization (Figure 2B) and PY levels of p32 (Figure 2C,D)

were similar (p ≥ 0.05) between L-glucose incubation and STRV

condition.

3.2 Effects of glucose concentration in pig sperm
capacitation-related events

Interested by the inhibitory effect of glucose in sperm capacitation-

related events observed in STRV, we tested whether those effects
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F IGURE 2 Effect of energy substrate restrictions on pig sperm
capacitation-related events. Pig spermatozoa were incubated in an in
vitro capacitatingmedia (15mMHCO3

− and 2mMCa2+) containing
different metabolizable energy substrates individually (5.5 mM
D-glucose) or in combination of them (5.5mM D-glucose, 22.4mM
sodium lactate and 1mM sodium pyruvate), STRV condition (without
substrates) or with a non-metabolizable energy substrate (5.5mM
L-glucose) for 4 h at 38.5◦C. (A) Percentage of live acrosome reacted
spermatozoa (PNA+/PI-). Blue bars represent the average± SEMof
five experiments. *p< 0.05 indicates differences with the STRV
condition. (B) Percentage of live spermatozoa with high lipid plasma
membrane disorganization (M540+/Yo-Pro-1). Violet bars represent
the average± SEMof five experiments. *p< 0.05 indicates differences
with the STRV condition. (C) A representative western blot using
anti-phosphotyrosine (PY) antibody is shown. The arrow shows the
p32 protein. (D) Densitometric analysis of p32. For comparison
between blots, pixels for the PY-p32 signal were quantified and
normalized using the STRV condition (lane 1) as reference (100%).
Brown bars represent the average± SEMof five experiments.
*p< 0.05 indicates differences with the STRV condition.

were dependent on the glucose concentration. The percentage of

spermatozoa that underwent acrosome reaction decreased in a glu-

cose concentration-dependent manner, from the maximum value of

acrosome reacted sperm (43.96 % ± 6.5 %) at 0 mM glucose to the

minimum (18.14 % ± 4.3 %) at 50 mM glucose (Figure 3A). The dif-

ferences with the STRV condition (0 mM glucose) were statistically

significant (p<0.05) starting from the concentration of 0.5mMglucose

(Figure 3A). Similar results were obtained when p32 protein was ana-

lyzed. For instance, p32 maximum values were observed in the STRV

treatment (line 1) and decreased with the increasing concentration of

glucose, being significantly different (p<0.05) fromSTRVstarting from

the 5mMglucose treatment onward (Figure 3B).

Following, wewere interested in knowing if the other twometabolic

sources pyruvate and lactate, which are included in the formula of

pig’s IVCmedium, influence the capacitation status in a concentration-

dependent manner. When glucose was no present in the medium, no

differences were found in the percentage of acrosome reaction (dark

blue columns in Figure 4A) or in p32 levels (Figure 4B and dark brown

columns Figure 4C) between the concentrations of lactate tested (0–

40 mM). Similar results were found when evaluating the effect of

pyruvate concentrations in pig sperm IVC. In the absence of glucose,

neither acrosome integrity (dark blue columns in Figure 4D) nor p32

levels (dark brown columns in Figure 4E,F) weremodified by the differ-

ent concentrations of pyruvate used (from 0 to 10mM, up to ten times

higher than used in the regular IVCmedium).

Furthermore, we aimed to investigate whether the presence of

5.5 mM glucose, the standard concentration used in the pig IVC

medium, inhibits the effects of the other metabolic compounds used

in the pig IVC medium. Our findings indicate that regardless of

the energy metabolic substrates used, lactate or pyruvate, or their

respective concentrations, 5.5 mM glucose reduces both the per-

centage of acrosome-reacted sperm (Figure 4A,D) and the p32 levels

(Figure 4B,C,E,F).

3.3 Pig sperm in vitro starvation induces
capacitation-related events in a time-dependent
manner

Considering the time-dependent nature of sperm capacitation and the

observation that STRV conditions induced acrosome membrane reac-

tion and p32, along with a decrease in ATP levels, we investigated

whether these processes were influenced by time. To assess this, we

utilized the IVC medium containing 5.5 mM glucose as a control to

represent non-capacitated sperm phenotype (minimum values based

on Figures 1 and 2). The values of acrosome-reacted sperm in STRV

conditions increased steadily after 2.5 h, while in the condition of

5.5 mM glucose in the medium values remained stable throughout all

the incubating period (Figure 5A). When both treatments were com-

pared (STRV vs. 5.5 mM glucose) significant differences were found at

3 h of incubation onward (Figure 5A). Furthermore, in the control con-

dition (5.5 mM glucose), the ATPi content remained stable throughout

the capacitation period (light green column in Figure 5B). Interestingly,
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SERRANO ET AL. 7

F IGURE 3 Effect of glucose concentration on pig sperm capacitation-related events. Pig spermatozoa were incubated in an in vitro
capacitatingmedia (15mMHCO3

− and 2mMCa2+) containing different concentrations of glucose as the sole energy substrate for 4 h at 38.5◦C.
(A) Percentage of live acrosome reacted spermatozoa (PNA+/PI-). Bars represent the average± SEMof eight experiments. **p< 0.01 and
***p< 0.005 indicate differences with 0mMglucose condition (black histogram). (B) A representative western blot using anti-phosphotyrosine
(PY) antibody is shown. The arrow shows the PY-p32 protein. (C) Densitometric analysis of PY-p32. Bars represent the average± SEMof six
experiments. For comparison between blots, pixels for the p32 signal were quantified and normalized using the 0mMglucose (lane 1) as reference
(100%). *p< 0.05, indicates differences with 0mMglucose condition (black histogram).

the STRV condition (dark green column in Figure 5B) induced a steady

decrease in intracellular ATP levels, being statistically significant dif-

ferent from control (5.5 mM glucose) from 3 h onward. Consistent

with an increase in capacitation-related events, the increase in p32 in

the STRV condition was also a time-dependent phenomenon. The dif-

ferences were statistically significant (p < 0.05) from control (glucose

5.5mM) at 3 h of incubation onward (Figure 5C,D).

3.4 Role of calcium and bicarbonate on
capacitation-related events of porcine sperm
incubated under various metabolic substrate
conditions

Driven by the surprising results that pig spermatozoa incubated in

STRV conditions show a capacitation phenotype (Figures 1, 2, and 5)

we decided to decipher whether this effect was dependent on the

presence of the basic stimulatory components defining a sperm IVC

medium: calcium and bicarbonate. In any condition tested, STRV, glu-

cose5.5mM, orCOMPLETEmedium (glucose5.5mM, lactate 22.4mM

and pyruvate 1 mM), the combination of bicarbonate and calcium

yielded the highest percentage of acrosome reacted spermatozoa,

regardless of the energy substrates in which the spermatozoa were

incubated (Figure 6A). Once again, the control condition (combina-

tion of calcium and bicarbonate) incubated in STRV had the higher

acrosome reacted values (p < 0.05) compared to the other substrate

combinations (glucose 5.5mMor COMPLETE).

Additionally, thePYp32 resultswere in linewith those described for

the reacted acrosome data. The presence of bicarbonate and calcium

in the medium, independently of the energy substrate composition,

showed the highest values in PY p32 (Figure 6B,C). Once again, the

PY p32 value incubated in the STRV condition containing Ca2+ and

HCO3
− (line 4, Figure 6C) was statistically higher (p < 0.05) than the

glucose5.5mM(line8) and theCOMPLETEconditionmedium (line12).

To shed light on the mechanism responsible for the pig sperm

capacitation phenotype induced by starvation and because both sperm

processes of capacitation and starvation have been shown to lead to an

increase in [Ca2+]i in other species,25,29 the content of this intracellu-

lar messenger was determined. The STRVmedium induced an increase

in [Ca2+]i after 4 h of IVC (Figure 7). Surprisingly, the incubation in the

presence of glucose 5.5mMeither alone or in the presence of the other

energy substrates, also increased the levels of [Ca2+]i after 4 h of IVC.
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8 SERRANO ET AL.

F IGURE 4 Effects of lactate and pyruvate concentrations on capacitation-related events. Pig spermatozoa were incubated in an in vitro
capacitatingmedia (15mMHCO3

− and 2mMCa2+) containing different concentrations of lactate alone (dark histograms) or pyruvate alone (dark
histograms) or in combination with 5.5mMglucose (light histograms) as the energy sources for 4 h at 38.5◦C. (A) Percentage of live acrosome
reacted spermatozoa (PNA+/PI-). Bars represent the average± SEMof five experiments.Within the same lactate concentration, a Student’s t-test
was performed, no significant differences between the presence (5.5mM) or absence (0mM) of glucose were found. (B) A representative western
blot using anti-phosphotyrosine (PY) antibody is shown. The arrow shows the PY-p32 protein. (C) Densitometric analysis of PY-p32. Bars
represent the average± SEMof five experiments. For comparison between blots, pixels for the PY-p32 signal were quantified and normalized
using the 0mMglucose and 0mM lactate (lane 1) as reference (100%).Within the same lactate concentration, a Student’s t-test was performed, no
significant differences between the presence (5.5mM) or absence (0mM) of glucose were found. (D) Percentage of live spermatozoa acrosome
reacted (PNA+/PI-). Bars represent the average± SEMof five experiments.Within the same lactate concentration, a Student’s t-test was
performed, *p< 0.05 and **p< 0.01 indicate differences between the presence (5.5mM) or absence (0mM) of glucose. (E) A representative
western blot using anti-phosphotyrosine (PY) antibody is shown. The arrow shows the PY-p32 protein. (E) Densitometric analysis of PY-p32. Bars
represent the average± SEMof five experiments. For comparison between blots, pixels for the p32 signal were quantified and normalized using
the 0mMglucose and 0mM lactate (lane 1) as reference (100%).Within the same lactate concentration, a Student’s t-test was performed,
*p< 0.05 indicates differences between the presence (5.5mM) or absence (0mM) of glucose.
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SERRANO ET AL. 9

F IGURE 5 Effect of time on sperm capacitation-related events
triggered by starvation during in vitro capacitation. Pig spermatozoa
were incubated in a capacitatingmedia (15mMHCO3

− and 2mM
Ca2+) with different concentrations of glucose (0 and 5.5mM) as the
sole energy substrate for 4 h at 38.5◦C. (A) Percentage of live
acrosome reacted spermatozoa (PNA+/PI-+). Bars represent the
average± SEMof five experiments.Within the same time point a
Student’s t-test was performed, *p< 0.05, **p< 0.01, ***p< 0.001
indicates differences between glucose incubation condition (0mMvs.
5.5mMglucose). (B) Intracellular ATP content. Bars represents the
average± SEMof six experiments.Within the same time point a
Student’s t-test was performed, *p< 0.05 indicates differences
between glucose incubation condition (0mMvs. 5.5mMglucose). (C)
A representative western blot using anti-phosphotyrosine (PY)
antibody is shown. The arrow shows the PY-p32 protein. (D)
Densitometric analysis of PY-p32. For comparison between blots,
pixels for the PY-p32 signal were quantified and normalized using the
0mMglucose time 0 h (lane 1) as reference (100%). Bars represent the
average± SEMof four experiments.Within the same time point a
Student’s t-test was performed, *p< 0.05 and ***p< 0.001 indicate
differences between glucose incubation condition (0mMvs. 5.5mM
glucose).

F IGURE 6 Effect of calcium and bicarbonate on the sperm
capacitation-related events in pig spermatozoa incubatedwith
different metabolic substrates’ conditions. Pig spermatozoa were
incubated in the presence or the absence of 5mMEGTA, 15mM
HCO3

−, and 2mMCa2+ with different energy substrates conditions
(0mMglucose, starved condition (STRV), 5.5 mMglucose or
COMPLETE (5.5mMglucose, 22.4mM sodium lactate, and 1mM
sodium pyruvate) for 4 h at 38.5◦C. (A) Percentage of live acrosome
reacted spermatozoa (PNA+/PI-). Bars represent the average± SEM
of six experiments.Within the same energy substrate conditions
(STRV, 5.5mMglucose or COMPLETE) *p< 0.05 and ***p< 0.005
indicate differences with the presence of 15mMHCO3

− and 2mM
Ca2+. Different superscripts (a,b) show differences between energy
substrates conditions within the presence of 2mMCa2+ in themedia.
Different superscripts (Y,Z) show differences between energy
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10 SERRANO ET AL.

4 DISCUSSION

The importance of species-specific energy substrate requirements for

sperm functionshasbeen subject of research since the initial IVCmedia

focused on rodents were described in the 1960s and early 1970s.11–14

In addition, the nutrient composition of many media is modeled in key

components of plasma. Therefore, it is not surprising to find glucose

substrates conditions within the presence of 2mMCa2+ and 15mM
HCO3

− in themedia. (B) A representative western blot using
anti-phosphotyrosine (PY) antibody is shown. The arrow shows the
PY-p32 protein. (C) Densitometric analysis of PY-p32. For comparison
between blots, pixels for the p32 signal were quantified and
normalized using the 15mMHCO3

− and 2mMCa2+ condition from
the no energy substrate treatment (lane 4) as reference (100%). Bars
represent the average± SEMof five experiments.Within the same
energy substrate conditions (STRV, 5.5mMglucose or COMPLETE)
*p< 0.05, ***p< 0.005, indicates differences with the presence of
15mMHCO3

− and 2mMCa2+. Different superscripts (a,b) show
differences between energy substrates conditions within the presence
of 2mMCa2+ in themedia. Different superscripts (Y,Z) show
differences between energy substrates conditions within the presence
of 2mMCa2+ and 15mMHCO3

− in themedia.

F IGURE 7 Intracellular calcium levels of pig spermatozoa
capacitated in vitro with different metabolic substrates. Pig
spermatozoa were incubated in an in vitro capacitatingmedia (15mM
HCO3

− and 2mMCa2+) containing different metabolizable energy
substrates individually (5.5mM D-glucose) or in combination of them
(5.5mM D-glucose, 21.6mM sodium lactate and 1mM sodium
pyruvate), STRV condition (no energy substrate) or with a
non-metabolizable energy substrate (5.5mM L-glucose) for 4 h at
38.5◦C. The graph shows Fluo-4 AM geometric mean fluorescence
intensity (MFI) in live spermatozoa (PI−). Bars represent the
average± SEMof five experiments. *p< 0.05 indicates differences
with time 0 h condition. No significant differences were foundwhen
analyzing 4 h of incubation with the STRV condition.

between one of the main components of the IVC medium. Glucose

is one of the key substrate players present in the female reproduc-

tive tract. Although the reported glucose concentrations in the sow

are 0.59 ± 0.16 and 4.56 ± 0.20 mM in the oviduct and plasma,

respectively,4 the glucose concentration used in the IVC medium is

5.5 mM. A deep understanding of sperm capacitation species-specific

requirements is essential for the application of ART for the animal

production.

Our results showed that glucose prevents pig sperm capacitation-

related events such as acrosome reaction, plasma membrane disorga-

nization and tyrosine phosphorylation of p32 protein. The effect of

glucose on capacitation-related events was also evident when it was

combined with the other two metabolic substrates commonly used in

the IVC medium, lactate and pyruvate. For instance, at any lactate or

pyruvate concentration tested, the presence of glucose (5.5mM) in the

IVCmediumdecreasedboth thepercentageof acrosome-reacted sper-

matozoa and PY p32. Interestingly, when glucose was used as the sole

energy substrate of the IVC, glucose effects worked in a concentration

dependent manner. It should be noted that the lowest glucose concen-

trations used (0–0.5 mM), similar to the described in sow´s oviduct,4

did not prevent pig sperm capacitation events.

The role of glucose on sperm capacitation relies on the species

under study. For instance, similar to our results in pig, a seminal work

by Rogers and Yanagimachi30 found that the presence of glucose

(5.56 mM) in the IVC medium delayed the initiation and decreased

the number of acrosome reacted sperm in guinea pigs.30 Later on,

the same authors suggested that the reduction in the population of

sperm with acrosome reacted observed in the presence of extracellu-

lar glucose might be attributed to the suppression of sperm oxidative

respiration.31 These results indicated the possibility that respiration is

necessary to achieve the spermcapacitated status and eventually acro-

some reaction in guinea pigs.31 Four decades after the investigation

conducted by Rogers et al.,31 and employing a more precise method

(extracellular flux analyzer), it was ascertained that both, glycolysis

and OXPHOS, increase during capacitation of mice spermatozoa.16

Furthermore, the elevation in oxidative phosphorylation relies on

glycolysis, offering experimental proof of the connection between gly-

colysis and oxidative phosphorylation in mouse sperm.15 It should be

noted that rodents are the most used animal models (especially Mus

musculus strain), and their spermatozoa are typically obtained from the

cauda epididymis. Because ejaculation is accompanied by an increase

in metabolic flexibility at least in mice, caution should be exercised

when comparing epididymal and ejaculated spermatozoa.16 In addi-

tion, when comparing the metabolic traces of different mouse strains,

Mus musculus versusMus spicilegus, a distinct cross-pathway metabolic

compensation (glycolysis andOXPHOS) was observed in the latter.32

Sperm capacitation is a process dependent on energy.33 How-

ever, in both mice and humans, it has been reported that capaci-

tated spermatozoa contain less intracellular ATP than non-capacitated

spermatozoa.16,34 These results, together with the higher metabolic

rate found in capacitating conditions, reveal that the rate of ATP con-

sumption during capacitation exceeds its production resulting in a

lower ATP concentration.16,34 Our findings in pig spermatozoa showed
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SERRANO ET AL. 11

a lower ATP levels in samples incubated without glucose, that is,

exhibiting a capacitating phenotype, such as p32 tyrosine phospho-

rylation, plasma membrane disorganization, and acrosome reaction

exocytosis, that agree with the discoveries in capacitated mouse

spermatozoa described above.16,34

The interference of glucose in achieving sperm features associated

with capacitation aligns with findings described in bovine sperma-

tozoa. It has been shown that incorporation of glucose to the IVC

medium reduced sperm capacitation in bull sperm and that this inhi-

bitionwas linked to a delay in the increase of intracellular pHby lactate

accumulation.20 Conversely, the elimination of glucose from the IVC

medium used in dogs, which contains pyruvate and lactate, did not

modify the induction of the acrosome reaction or PY.35

On the contrary, the inclusion of glucose (2.5–5.6 mM) in the IVC

medium has been shown necessary in mouse for an increase in PY and

hyperactive motility as well as to fertilize after IVF assays.15,17,36,37

Additionally, it was demonstrated that mouse sperm consume glucose

during capacitation, and that the glucose consumption rate remains

constant throughout the capacitationprocess.38 Similarly, human sper-

matozoa require glucose (5.6 mM) in the IVC medium to achieve the

highest acrosome reaction rates (60 ± 3.1) induced by ionophore in

comparison to the IVC medium containing only lactate and pyruvate

as energy substrate.18 Nevertheless, the spontaneous acrosome reac-

tion rate was not affected by the inclusion or not of glucose in the IVC

medium.18

Our results indicate that glucose does not support events related

to sperm capacitation in ejaculated pig spermatozoa. However, it

remained unclear whether this effect could be attributed solely to

glucose or if it is a result of the generation of some other metabolic

products linked to glycolysis. For this reason, we examined the effect of

5.5mM L-glucose, which is not bioavailable to cells as an energy source

because it cannot be phosphorylated by hexokinase, the first enzyme

of glycolysis. Our results show that incubation with L-glucose during

IVC does not affect pig sperm capacitation. This finding suggests that

the interference induced by glucose during pig IVC is linked to the pro-

duction of distinctmetabolic products in the initial phases of glycolysis,

rather than being attributed to alterations in the intracellular gradient

of glucose resulting from the entry of this molecule into the cytosol of

the sperm cell.

Due to the unexpected results observed in the presence of glu-

cose and to gain insights into the plasticity of spermatozoa for energy

acquisition,we includeda treatmentwithout energy substrates (STRV).

After 4 h of incubation in the absence of exogenous energy substrate in

the IVC medium, sperm viability remained at same levels as controls.

Same results were described in human spermatozoa incubated in simi-

lar conditions up to18h25 andhorse spermatozoa incubated in starved

conditions for just 1 h.39

Continuing the study of the effect of the STRV medium on sperm

capacitation, the nutrient imbalance generated by STRV conditions

after 4 h increased the PY in pig spermatozoa; however, STRV condi-

tions inhibited PY in both mouse17,34 and human spermatozoa.25 In

parallel to the increase in p32, we observed a rise in the percentage

of pig spermatozoa with spontaneous acrosome reaction after 4 h in

the STRV medium. Both, the p32 and acrosome reaction, increased

in a time-dependent manner in comparison to control conditions.

In the STRV condition, the two main metabolic pathways, glycolysis

and OXPHOS, are decreased due to the lack of the main substrates,

resulting in a severe reduction of ATP production. Therefore, the

results obtained in starved pig spermatozoa are surprising, as PY is

based on the incorporation of a phosphate group provided by the

nucleotide ATP into the amino acid tyrosine. Moreover, it has been

shown that STRV conditions do not drain the ATPi content to zero

in spermatozoa of pig,40 rodent,34 or human.18,25 In addition, starved

spermatozoamightobtainenergybyendogenous fatty acidβ-oxidation
incorporating them into the sperm mitochondria through carnitine

palmitoyl transferase I (CPT-1) as it has been suggested in human,

pig, mouse, and whale spermatozoa.7–9,34 Furthermore, it cannot be

discarded that glycogenolysis might be happening since glycogen con-

tent was described in boar spermatozoa41 as well as the mobilization

of endogenous compounds from membrane phospholipids to produce

chemical intermediates in the glycolysis metabolic pathway, glycerol

3-phosphate, as suggested by Jones and Bubb42 when incubated pig

spermatozoa in starvation conditions for 10 h. Further investigations

are needed to decipher the metabolic pathways active in pig sperm

during starvation.

For sperm capacitation to take place, Ca2+ and HCO3
− are needed

to stimulate soluble adenylate cyclase (SACY) that transforms ATP

into cAMP triggering downstream pathways43 such as increment in

PY and induction of the sperm acrosome reaction.44 This observation

held true across all IVC conditions tested in this study, including STRV

where the highest p32 levels were observed when both components,

Ca2+ and HCO3
−, were present in the medium. These results indi-

cate that SACY activation is required for STRV treatment to induce

capacitation-related events. Contrary to our findings, mouse17,34 and

human spermatozoa25 IVC in starved conditions are not able to stim-

ulate PY. More experiments are needed to elucidate the nature of this

discrepancy between species.

One of the events described during the process of sperm capacita-

tion is the rise of [Ca2+]i,
45,46 which is an essential step for acrosomal

exocytosis to occur.28,46,47 Our results show an increase of [Ca2+]i in

sperm incubated in STRV conditions. This is consistent with the ele-

vated calcium levels of starved sperm previously reported in mice and

humans.25,29 Surprisingly, the incubation of spermatozoa with glucose

5.5 mM, either alone or in combination with other substrates, did not

prevent the increase of [Ca2+]i associated with capacitation. These

results indicate that calcium is not part of the inhibitory mechanism of

glucose onpig spermcapacitation. Further experiments are required to

understand themolecular basis of the starvation and glucose effects on

pig sperm capacitation.

5 CONCLUSIONS

Given the importance of the metabolic substrates on sperm func-

tion, that is, capacitation, motility, viability, or acrosome reaction,

the IVC medium becomes appealing to enhance fertility outcomes
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12 SERRANO ET AL.

through the implementation of efficient, species-specific energy

supplementation strategies. The results of our study should be taken

into consideration for the design of improved pig IVC media since we

showed that the presence of a determined energy substrate can induce

or interfere with capacitation-related events. The use of improved

IVC media tailored to the specific necessities of the species could

contribute to enhancing current fertility results, thereby opening

new avenues of investigation in the field of mammalian reproductive

biology.
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