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In the horse, a repeatable protocol for in vitro fertilization has not been developed, possibly due to in-
complete sperm capacitation. We have previously identified the metabolites present in equine oviductal
fluid (OF). We aimed to test the effects of different metabolites found in equine oviductal fluid on qual-
ity parameters of frozen-thawed spermatozoa. Different concentrations of myoinositol (5-25 mM), lactate
(6-60 mM), glycine (0.1-5 mM), B-alanine (1-6 mM), and histamine (0.05-0.4 mM) were added inde-
Keywords: pendently to modified Whitten’s medium (pH = 7.25). Thawed equine spermatozoa (three stallions, one
Capacitation ejaculate per stallion, n = 3) were incubated for 2 hours at 37°C in presence of the selected metabolites.
Horse After sperm incubation, total motility (TM), and progressive motility (PM) were evaluated by computer-
Metabolites assisted sperm analysis. Viability (SYBR-14+/PI-), mitochondrial membrane potential (AWm) (JC-1), acro-
Sperm some reaction (PNA*/PI-) and reactive oxygen species (ROS) production (CellRox*/PI~), were evaluated
by flow cytometry. Protein tyrosine phosphorylation (PY) was evaluated by indirect immunofluorescence.
Our results show that the addition of the metabolites at the dosages tested does not exert any effect
on the sperm parameters analyzed. More research is needed to ascertain if metabolite addition at the
dosages found in the equine OF exerts any remarkable effect on in vitro equine sperm capacitation.
© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Conventional in vitro fertilization (IVF) is an important assisted
reproduction technique routinely used in domestic animals to pro-
duce transferrable embryos [5]. However, in horses there is still no
repeatable conventional IVF protocol [24] being its low efficiency
generally related to inefficient sperm capacitation. Sperm capacita-
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tion was described in 1951 by [3] and [8] and is a complex process
that confers the spermatozoa the ability to fertilize an oocyte.
Several studies have been conducted in an attempt to deter-
mine the optimum environment required to induce in vitro ca-
pacitation in equine spermatozoa. In this regard, the fertiliza-
tion medium has been supplemented with different substances
and/or molecules such as bicarbonate and albumin [28], heparin
[2], progesterone [35], leptin [22], alkaline pH [14], and also with
equine oviducts explants cultured from epithelial cells [23]. Al-
though some of these treatments result in increased protein tyro-
sine phosphorylation (PY) (a final event related to capacitation) or
induced sperm hyperactivation and/or acrosome reaction, none of
them have consistently shown to improve IVF success in horses.
In mammals, the oviductal environment plays a crucial role for
gamete interaction and fertilization [29]; hence, different studies
have been conducted to study its composition in order to design
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Fig. 1. Effect of different concentrations of myoinositol, lactate, glycine, 8-alanine and histamine on sperm motility. Spermatozoa were incubated in MW medium with (A)
myoinositol (5, 10, 15, 20, and 25 mM); (B) lactate (6, 15, 30, and 60 mM); (C) glycine (0.1, 0.5, 1, 2.5, and 5 mM); (D) B-alanine (1, 1.5, 2, 3, and 6 mM); and (E) histamine
(0.05, 0.1, 0.2, 0.3, and 0.4 mM) for 2 hours at 37 °C in air. The bars represent the mean of the percentage of total motility (TM) and progressive motility (PM) = SEM (n = 3).

an optimal in vitro fertilization medium. The oviductal fluid (OF) is
secreted by oviductal epithelial cells and is a dynamic fluid com-
posed of a mixture of different molecules such as ions, growth fac-
tors, proteins, hormones, and metabolites among others [32]. Many
studies have tested the effect of OF in events related with capac-
itation in bull spermatozoa [20], boar spermatozoa [21] and ram
spermatozoa [11], with the final objective of increasing in vitro fer-
tilization rates.

Furthermore, the in vitro supplementation of specific metabo-
lites found in the OF, have demonstrated to enhance fertilization
or capacitation-related events in other species. As an example, the
addition of myoinositol increases motility when added to frozen
bovine spermatozoa [6] or fresh human spermatozoa [16]; glycine
and R-alanine are able to induce acrosome reaction in hamster
spermatozoa [27] and pyruvate supplementation increases progres-
sive motility, hyperactivation, and PY in human spermatozoa [18].

In this regard, we have previously reported that native OF in-
creases PY in equine spermatozoa when added at very low dosages
to a modified Whitten’s medium [15]. As equine OF metabolomics
has already been analyzed, based on our previous research we
have selected candidate metabolites found in the oviductal fluid
(myoinositol, lactate, glycine, R-alanine, and histamine) and have

added them individually at the concentrations found in OF to
a classical capacitating medium. These metabolites were chosen
based on their extracellular nature, the high concentration found
in OF or their impact on capacitation-related events in spermato-
zoa of other species.

We aim to elucidate if any of the conditions tested improve
equine sperm capacitation with the final goal of improving the
composition of the classical fertilization media currently used in
horses.

2. Material and methods
2.1. Chemicals and reagents

All reagents were purchased from Sigma-Aldrich Inc (Barcelona,
Spain) unless otherwise stated.

2.2. Media
The basal incubation medium used was modified Whitten’s

(MW) medium [15]. MW was composed of 100 mM NacCl, 4.7 mM
KCl, 1.2 mM MgCl,, 5.5 mM glucose (anhydrous), 22 mM HEPES,
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Fig. 2. Effect of different concentrations of myoinositol, lactate, glycine, B-alanine and histamine on sperm viability. Spermatozoa were incubated in MW medium with
myoinositol (5, 10, 15, 20, and 25 mM), lactate (6, 15, 30, and 60 mM), glycine (0.1, 0.5, 1, 2.5, and 5 mM), B-alanine (1, 1.5, 2, 3, and 6 mM) and histamine (0.05, 0.1, 0.2,
0.3 and 0.4 mM) for 2 hours at 37 °C in air. The bars represent the mean of the percentage of live spermatozoa + SEM (n = 3).

2.4 mM sodium lactate, 1.0 mM pyruvic acid, 25 mM bicarbon-
ate, 2.4 mM calcium chloride, and 0.02% of polyvinyl alcohol (PVA)
to prevent agglutination. A variant of MW (washing medium) was
made omitting calcium chloride and bicarbonate; NaCl was added
to adjust osmolarity. Media were adjusted to a pH of 7.25 prior
sperm incubation.

2.3. Semen processing

Frozen semen was donated by the "Centro de Seleccién y Re-
produccién Animal of Extremadura” (CENSYRA), Spain. Ejaculates
from three different stallions of proven fertility were used and
each experiment was performed using one ejaculate from each of
the three stallions (n = 3). Frozen semen was stored in liquid ni-
trogen in 0.5 mL French straws at 200 x 10% spermatozoa/mL. For
each experiment, two straws were thawed in a water bath at 37°C
for 1 minute. Afterwards, spermatozoa were centrifuged at room
temperature (RT) in 1 mL of colloidal silica suspension (Pure Sperm
60%) for 10 minutes at 600 g. The pellet was washed in washing
medium by centrifugation for 1 minute at 6,700 g at RT, and then
diluted in MW medium at 15-20 x 106 spermatozoa/mL. MW was
supplemented with different concentrations of myoinositol, lactate,
glycine, B-alanine and histamine prior dilution and sperm suspen-
sions were incubated at 37°C for 2 hours in a water bath. The con-
trol was added with NaCl to reach an equivalent osmolarity of the
metabolite in study at the higher concentration used.

2.4. Evaluation of sperm motility

After incubation, sperm motility was analyzed using a
computer-assisted sperm analysis (CASA) system (ISAS 1.0.6;
Proiser S.L., Valencia, Spain). Two microliters of each sperm sample
were placed in a warmed (37°C) counting chamber with a fixed
height of 20 nm (Leja Standard Count two Chamber slides; Leja
Products, B.V., Nieuw-Vennep, The Netherlands).

A minimum of four microscopic fields and at least 300 sper-
matozoa were evaluated for each sample. The parameters assessed
were total motility (TM) and progressive motility (PM).

2.5. Flow cytometry

Flow cytometry analysis was performed using an ACEA Novo-
Cyte flow cytometer (ACEA Biosciences, Inc, San Diego, CA, USA)
equipped with a three detection channels for blue laser (488 nm):
BL-1 (530 + 30 nm band pass filter); BL-2 (572 + 28 nm band

pass filter) and BL-4 (675 + 30 nm band pass filter) and a detec-
tion channel for a red laser (640 nm): RL-1 (675 £+ 30 nm band
pass filter). A total of 10,000 events at 400-800 cells/sec were ac-
quired. Flow cytometry experiments and data analyses were per-
formed using the ACEA Novo Express software (ACEA Biosciences,
Inc, San Diego, CA, USA). Fluorescence data were acquired in a log-
arithmic scale.

After incubation, spermatozoa were evaluated by flow cytome-
try using different protocols described below. The samples were di-
luted to a final concentration of 1 x 10% spermatozoa/mL in phos-
phate buffered saline (PBS).

2.5.1. Analysis of sperm viability

Sperm viability was determined using SYBR-14 and Propidium
lodide (PI) probes (Thermo Fisher Scientific, Waltham, MA, USA)
[12] at final concentration of 20 nM and 5 uM respectively. Sam-
ples were incubated for 10 minutes at RT. Viable spermatozoa were
expressed as the percentage of SYBR-14 positive and PI negative
(SYBR-14+ and PI-).

2.5.2. Analysis of mitochondrial membrane potential

Mitochondrial membrane potential was evaluated using the
probe 5,5',6,6'-tetrachloro-1,1’,3,3’- tetraethylbenzymidazolyl car-
bocianyne iodine (JC-1) [31] at a final concentration of 0.9 uM.
Samples were incubated for 10 minutes at 37°C. The results were
expressed in percentage of spermatozoa with high mitochondrial
membrane potential (orange-stained cells).

2.5.3. Evaluation of acrosome reaction

The acrosome reaction was evaluated using the probes Arachis
hypogaea lectin (PNA)-FITC and PI [31], at a final concentration of
0.4 pg/mL, and 1.2 uM respectively. Samples were incubated for
10 minutes at RT. Results were expressed as the average of the per-
centage of acrosome-reacted in live spermatozoa (PNA*/PI-).

2.5.4. Evaluation of reactive oxygen species production

The reactive oxygen species production was evaluated using
the specific probe CellRox (Thermo Fisher Scientific, Waltham, MA,
USA) at a final concentration of 5 ©M. Samples were incubated for
30 minutes at 37°C; Pl was added at 4.8 uM in the last 5 min-
utes [30]. The fluorescence values were calculated on the geomet-
ric mean fluorescence intensity (MFI) of CellRox in live spermato-
zoa (PI7). Results are expressed as the relative fluorescent intensity
(RFI) in arbitrary units normalized to the control.
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Fig. 3. Effect of different concentrations of myoinositol, lactate, glycine, S-alanine and histamine on mitochondrial membrane potential (AWm). Spermatozoa were incubated
in MW medium with myoinositol (5, 10, 15, 20, and 25 mM), lactate (6, 15, 30, and 60 mM), glycine (0.1, 0.5, 1, 2.5, and 5 mM), S-alanine (1, 1.5, 2, 3, and 6 mM) and
histamine (0.05, 0.1, 0.2, 0.3, and 0.4 mM) for 2 hours at 37 °C in air. The bars represent the mean of the percentage of spermatozoa with high mitochondrial membrane

potential + SEM (n = 3).
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Fig. 4. Effect of different concentrations of myoinositol, lactate, glycine, 8-alanine and histamine on acrosome reaction. Spermatozoa were incubated in MW medium with
myoinositol (5, 10, 15, 20, and 25 mM), lactate (6, 15, 30, and 60 mM), glycine (0.1, 0.5, 1, 2.5, and 5 mM), B-alanine (1, 1.5, 2, 3, and 6 mM) and histamine (0.05, 0.1, 0.2,
0.3, and 0.4 mM) for 2 hours at 37 °C in air. The bars represent the mean of the percentage of acrosome-reacted in live spermatozoa + SEM (n = 3).

2.5.5. Evaluation of protein tyrosine phosphorylation by indirect
immunofluorescence

The protocol used was performed as previously described [13].

Following incubation, each sample was centrifuged for 3 min-
utes at 5,000 g. After centrifugation, the pellet was washed with
1 mL of PBS, and centrifuged again (3 minutes at 5,000 g). Then,
spermatozoa were fixed with 4% formaldehyde in PBS for 15 min-
utes at RT, and washed with 1 mL of PBS for 1 minutes at 6,700
g. Spermatozoa were permeabilized with 0.1% Triton X-100 (v/v)
in PBS for 10 minutes at RT. Spermatozoa were washed with PBS
and blocked with 3% Bovine Serum Albumin (BSA) (w/v) in PBS
for 60 minutes at RT. The samples were incubated with anti-
phosphotyrosine monoclonal antibody 4G10 (diluted 1:500) in 3%
BSA (w/v) in PBS at 4°C overnight.

The next morning, each sample was washed twice with 1%
BSA in PBS (1 minute at 6,700 g), and then cells were incubated
with goat anti-mouse IgG (H+L) Alexa FluorPLus 488 (2 mg/mL)-
conjugated secondary antibody (Thermo Fisher Scientific, Waltham,
MA, USA) (diluted 1:500) in 3% BSA in PBS for 60 minutes at
RT. After three washings with 1% BSA in PBS (1 minute at 6,700
g) each pellet was diluted in 25 uL of PBS and samples were
mounted on a slide using ProLong gold antifade reagent with DAPI
solution from Molecular Probes following manufacturer’s indica-
tions (Eugene, OR, USA). Samples were then evaluated using an
Olympus BX60 fluorescence microscope (New Hyde Park, NY, USA)
equipped with a 60 x objective. A minimum of one hundred sper-

matozoa were counted for each sample. Spermatozoa were consid-
ered as positively stained when green fluorescence was detected
along the tail.

2.6. Statistical analysis

The data were first examined using a Saphiro-Wilk test to con-
firm data distribution and analyzed for equal variances using a Lev-
enestest. A one-way ANOVA was used to compare values when
normality was confirmed. A Kruskal-Wallis ANOVA on ranks test
was used when the data did not show a gaussian distribution. Sta-
tistical significance was set at P < .05. Analyses were performed
using SigmaPlot ver. 12.0 for Windows (Systat Software, Chicago,
IL, USA).

3. Results
3.1. Evaluation of sperm motility and viability

First, we investigated the possible effects of the selected
metabolites after sperm incubation on sperm motility, and viabil-
ity. We did not observe statistically significant differences in any
metabolite and concentration tested compared with its own con-
trol in total motility (TM: Fig. 1), progressive motility (PM; Fig. 1)
or viability (Fig. 2).
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Fig. 5. Effect of different concentrations of myoinositol, lactate, glycine, S-alanine and histamine on reactive oxygen species production in live sperm. Spermatozoa were
incubated in MW medium with myoinositol (5, 10, 15, 20, and 25 mM), lactate (6, 15, 30, and 60 mM), glycine (0.1, 0.5, 1, 2.5, and 5 mM), B-alanine (1, 1.5, 2, 3, and 6 mM)
and histamine (0.05, 0.1, 0.2, 0.3, and 0.4 mM) for 2 hours at 37°C in air. The bars represent the relative fluorescent intensity (RFI) in arbitrary units of CellRox positive in

live spermatozoa normalized to the control & SEM (n = 3).

S 40—

)

1]

8 30

L2

g -

g 20—

(7]

®

£ 10

©

K

?

>

o 0 T
S >IN ORI R
Sy VAN RS NS &L

P @ Q ¥ Q RS

Fig. 6. Effect of different concentrations of myoinositol, lactate, glycine, S-alanine,
and histamine on protein tyrosine phosphorylation. Spermatozoa were incubated
in MW medium with 20 mM myoinositol, 60 mM lactate, 5 mM glycine, 3 mM
B-alanine, and 0.2 mM histamine for 2 hours at 37°C in air. The bars represent
the mean of the spermatozoa showing protein tyrosine phosphorylation along the
entire tail + SEM (n = 3).

3.2. Analysis of mitochondrial membrane potential, acrosome
reaction, and reactive oxygen species production

Next, we investigated the effects of the selected metabolites on
different sperm parameters. None of the sperm parameters stud-
ied were affected by any condition used when compared to its
own control (P > .05): mitochondrial membrane potential (Fig. 3),
acrosome reaction (Fig. 4), and reactive oxygen species production
(Fig. 5).

3.3. Evaluation of protein tyrosine phosphorylation by indirect
immunofluorescence

Finally, we studied the effect of the different metabolites at one
of the concentrations found in the OF on PY. We did not observe
statistically significant differences in the number of spermatozoa
showing PY-associated fluorescence along the entire tail compared
to the control (Fig. 6).

4. Discussion
In the present work, we aimed to assess the effect of specific

metabolites found in the equine OF on equine frozen-thawed sper-
matozoa. To this end, we chose the candidate metabolites found

in equine post-ovulatory OF [15] (myoinositol, lactate, glycine, §-
alanine, and histamine).

The first metabolite analyzed was myoinositol, a polyalcohol
that is mainly produced by Sertoli cells [9], and is known to be in-
volved in sperm function regulation [7]. Myoinositol has been de-
scribed to exert an antioxidant effect and play a role in the regu-
lation of intracellular Ca*2 [4]. Interestingly, a study of the tran-
scriptome of spermatozoa from fertile stallions showed a signif-
icantly enriched array of proteins related to D-myoinositol phos-
phate metabolism compared to subfertile stallions, suggesting that
this metabolite may play a role in equine fertility [34]. However,
in our conditions we did not observe any effect of myoinositol
on sperm motility, mitochondrial membrane potential, acrosome
reaction induction or changes in PY. These results are consistent
with previous reports in which cooled equine sperm were supple-
mented with myoinositol [1] and no effects were observed.

In a previous work we demonstrated that the most concen-
trated metabolite found in equine OF prior and after ovulation is
lactate [15]; this molecule is known to be a major source of energy
for equine spermatozoa. It is well known that oxidative phospho-
rylation is the primary source of ATP that maintains motility and
mitochondrial function in equine spermatozoa [10]; in this sense,
it has been demonstrated that lactate, and pyruvate promote max-
imal mitochondrial function as equine sperm require a high rate
of energy metabolism [10]. Even when typical capacitation media
such as Modified Whitten’s medium or Tyrode’s albumin lactate
pyruvate (TALP) contain lactate, it is added at concentrations rang-
ing from 0.45 to 21.6 mM, which are significantly lower to what is
found in equine oviductal fluid, whose concentration varies from
29.7 to 90 mM [15]. Hence, we hypothesized that a higher concen-
tration of lactate could better mimic the oviductal environment,
and enhance equine spermatozoa ability to undergo capacitation.
However, in our setting, lactate addition did not induce any sig-
nificant change in equine sperm motility, acrosome reaction or PY
induction after 2 hours. These results are in contrast to those re-
ported by Hernandez-Avilés, et al. who described that lactate ad-
dition at 19.8, 40- or 80-mM decreased sperm motility and acro-
some intactness after 1 hour of incubation at 37°C [19]. However,
these authors used a skimmed-milk based extender added with
10% seminal plasma to perform their incubations and the osmolar-
ity of the medium was adjusted using sucrose. Hence, these diver-
gences in the experimental design may explain why in our setting
no differences in the sperm parameters assessed were detected.
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In our work, the effects of two additional metabolites namely
glycine, and f3-alanine were tested. Both metabolites trigger the
activation of the glycine receptor/Cl- (GlyR) that induces acrosome
reaction [27] as demonstrated in human, porcine, mouse, and ham-
ster spermatozoa [33]. In our experimental setting, the induction of
acrosome reaction was not observed at any of the dosages tested
for glycine or R-alanine. These differences with previous reports
can be attributed to the fact that our spermatozoa were incu-
bated in a capacitating medium in presence of glycine or -alanine,
while in previous reports in hamster spermatozoa, 3 hours of pre-
capacitation prior amino acid addition were used [27]; besides, the
zona pellucida seems to be required to properly trigger GIyR acti-
vation, and in our setting, no oocytes were present [25].

The last metabolite tested was histamine, which has been re-
ported to trigger an increase in intracellular calcium levels in hu-
man spermatozoa that lead to cell death in dosages ranging from
50 to 165 mM [17], well above the 0.08-0.37 mM histamine con-
centration found in equine OF [15]. In our setting, no deleterious
effects were observed when histamine was added at any dosage
tested, and no effect on capacitation related events was noticed ei-
ther. Hence, as previously postulated, histamine may be involved in
the regulation of smooth muscle contractions in the oviduct, pro-
moting sperm progression [26].

Unfortunately, none of the metabolites tested in the present
work at the dosages found in the equine oviduct seemed to pro-
mote sperm capacitation. However, no deleterious effects on sperm
viability were observed, and hence, the dosages tested demon-
strated to be non-toxic. Our data failed to show a single metabolite
and/or dosage that enhanced capacitation-related events in vitro,
but these metabolites may need to be tested in combination. The
use of frozen spermatozoa in our experimental setting tried to
mimic the most common scenario found in IVF laboratories in
which frozen semen is generally used, however, the use of fresh
equine spermatozoa could also yield different results, and more
studies should be conducted.

5. Conclusion

Our data are the first to analyze the effects of selected metabo-
lites at the concentrations found in equine oviductal fluid on
equine spermatozoa. Even when our results did not show any sig-
nificant change in any of the parameters analyzed, we keep in-
creasing our understanding of the equine sperm capacitation re-
quirements aiming to develop a repeatable equine in vitro fertil-
ization protocol. More research is warranted to better understand
the capacitation requirements of equine spermatozoa and the role
of the oviductal environment during in vitro fertilization.

Acknowledgments

Grants AGL2017-84681-R and PID2020-112723RB-100 funded by
MCIN/AEI/ 10.13039/501100011033 and, by “ERDF A way of making
Europe”. Grants RYC-2017-21545 and RYC2020-028915-1 funded by
MCIN/AEI/ 10.13039/501100011033 and, by “ESF Investing in your
future”. P. Fernandez-Herndndez was supported by a grant “Accién
II” from the University of Extremadura (Ref. Beca RC4).

References

[1] Affonso FJ, Carvalho HF, Lanconi R, Lemes KM, Leite TG, Oliveira LZ, Celegh-
ini ECC, de Arruda RP. Addition of antioxidants myoinositol, ferulic acid, and
melatonin and their effects on sperm motility, membrane integrity, and re-
active oxygen species production in cooled equine semen. ] Equine Vet Sci
2017;59:57-63. doi:10.1016/j.jevs.2017.09.006.

[2] Alm H, Torner H, Blottner S, Niirnberg G, Kanitz W. Effect of sperm cry-
opreservation and treatment with calcium ionophore or heparin on in vitro
fertilization of horse oocytes. Theriogenology 2001;56(5):817-29. doi:10.1016/
s0093-691x(01)00610-0.

Journal of Equine Veterinary Science 111 (2022) 103875

[3] Austin C. Observations on the penetration of the sperm into the mammalian
egg. Aust ] Biol Sci 1951;4(4):581. doi:10.1071/BI9510581.

[4] Barbagallo F, La Vignera S, Cannarella R, Aversa A, Calogero AE, Condorelli RA.
Evaluation of sperm mitochondrial function: a key organelle for sperm motil-
ity. ] Clin Med. 2020;9(2):363. doi:10.3390/jcm9020363.

[5] Bavister B. Early history of in vitro fertilization. Reproduction 2002:181-96.
doi:10.1530/rep.0.1240181.

[6] Boni R, Gallo A, Cecchini S. Kinetic activity, membrane mitochondrial poten-
tial, lipid peroxidation, intracellular pH and calcium of frozen/thawed bovine
spermatozoa treated with metabolic enhancers. Andrology 2017;5(1):133-45.
doi:10.1111/andr.12259.

[7] Calogero AE, Gullo G, La Vignera S, Condorelli RA, Vaiarelli A. Myoinositol
improves sperm parameters and serum reproductive hormones in patients
with idiopathic infertility: A prospective double-blind randomized placebo-
controlled study. Andrology 2015;3(3):491-5. doi:10.1111/andr.12025.

[8] Chang MC. Fertilizing capacity of spermatozoa deposited into the fallopian
tubes. Nature 1951;168(4277):697-8. doi:10.1038/168697b0.

[9] Condorelli RA, La Vignera S, Mongioi LM, Vitale SG, Lagana AS, Cimino L,
Calogero AE. Myo-inositol as a male fertility molecule: speed them up!. Eur
Rev Med Pharmacol Sci 2017;21(2 Suppl):30-5.

[10] Darr CR, Varner DD, Teague S, Cortopassi GA, Datta S, Meyers SA. Lactate
and pyruvate are major sources of energy for stallion sperm with dose ef-
fects on mitochondrial function, motility, and ROS production. Biol Reprod
2016;95(2):34. doi:10.1095/biolreprod.116.140707.

[11] El-Shahat KH, Taysser MI, Badr MR, Zaki KA. Effect of oviduct and follicular
fluids on ram sperm capacitation and acrosome reaction in vitro. Int J Vet Sci
Med 2018;6(sup1):557-62. doi:10.1016/j.ijvsm.2017.12.002.

[12] Foster ML, Love CC, Varner DD, Brinsko SP, Hinrichs K, Teague S, LaCaze K,
Blanchard TL. Comparison of methods for assessing integrity of equine sperm
membranes. Theriogenology 2011;76(2):334-41. doi:10.1016/j.theriogenology.
2011.02.012.

[13] Gonzilez-Fernindez L, Macias-Garcia B, Loux SC, Varner DD, Hinrichs K.
Focal adhesion kinases and calcium/calmodulin-dependent protein kinases
regulate protein tyrosine phosphorylation in stallion sperm. Biol Reprod
2013;88(6):138. doi:10.1095/biolreprod.112.107078.

[14] Gonzalez-Fernandez L, Macias-Garcia B, Velez IC, Varner DD, Hinrichs K.
Calcium-calmodulin and pH regulate protein tyrosine phosphorylation in stal-
lion sperm. Reproduction 2012;144(4):411-22. doi:10.1530/REP-12-0067.

[15] Gonzalez-Fernandez L, Sanchez-Calabuig M], Calle-Guisado V, Garcia-Marin Lj,
Bragado M]J, Fernandez-Hernandez P, Gutiérrez-Adan A, Macias-Garcia B. Stage-
specific metabolomic changes in equine oviductal fluid: new insights into the
equine fertilization environment. Theriogenology 2020;143:35-43. doi:10.1016/
j.theriogenology.2019.11.035.

[16] Governini L, Ponchia R, Artini PG, Casarosa E, Marzi I, Capaldo A, Luddi A,
Piomboni P. Respiratory mitochondrial efficiency and DNA oxidation in hu-
man sperm after in vitro myo-inositol treatment. ] Clin Med 2020;9(6):1638.
doi:10.3390/jcm9061638.

[17] Gupta A, Khosla R, Gupta S, Tiwary AK. Influence of histamine and H1- re-
ceptor antagonists on ejaculated human spermatozoa: role of intrasperm Ca2.
Indian ] Exp Biol 2004;42:481-5.

[18] Hereng TH, Elgsteen KBP, Cederkvist FH, Eide L, Jahnsen T, Skalhegg BS,
Rosendal KR. Exogenous pyruvate accelerates glycolysis and promotes capaci-
tation in human spermatozoa. Hum Reprod 2011;26(12):3249-63. doi:10.1093/
humrep/der317.

[19] Herndndez-Avilés C, Ramirez-Agamez L, Love CC, Friedrich M, Pearson M, Kel-
ley DE, Beckham AMN, Teague SR, LaCaze KA, Brinsko SP, Varner DD. The ef-
fects of metabolic substrates glucose, pyruvate, and lactate added to a skim
milk-based semen extender for cooled storage of stallion sperm. Theriogenol-
ogy 2021;161:83-97. doi:10.1016/j.theriogenology.2020.11.017.

[20] Kiigiik N, Lopes ]S, Soriano-Ubeda C, Hidalgo CO, Romar R, Gadea J. Effect of
oviductal fluid on bull sperm functionality and fertility under non-capacitating
and capacitating incubation conditions. Theriogenology 2020;158:406-15.
doi:10.1016/j.theriogenology.2020.09.035.

[21] Kumaresan A, Gonzalez R, Johannisson A, Berqvist A-S. Dynamic quantifica-
tion of intracellular calcium and protein tyrosine phosphorylation in cryop-
reserved boar spermatozoa during short-time incubation with oviductal fluid.
Theriogenology 2014;82(8):1145-53. doi:10.1016/j.theriogenology.2014.07.029.

[22] Lange-Consiglio A, Cremonesi F. Hyperactivation of stallion sperm in fol-
licular fluid for in vitro fertilization of equine oocyter. Reprod Fertil Dev
2012;24(1):193. doi:10.1071/RDv24n1Ab163.

[23] Leemans B, Gadella BM, Sostaric E, Nelis H, Stout TAE, Hoogewijs M, Van
Soom A. Oviduct binding and elevated environmental pH induce protein tyro-
sine phosphorylation in stallion spermatozoal. Biol Reprod 2014(1):91. doi:10.
1095/biolreprod.113.116418.

[24] Leemans B, Gadella BM, Stout TAE, De Schauwer C, Nelis H, Hoogewijs M,
Van Soom A. Why doesn’t conventional IVF work in the horse? The equine
oviduct as a microenvironment for capacitation/fertilization. Reproduction
2016;152(6):R233-45. doi:10.1530/REP-16-0420.

[25] Leemans B, Stout TAE, De Schauwer C, Heras S, Nelis H, Hoogewijs M, Van
Soom A, Gadella BM. Update on mammalian sperm capacitation: How much
does the horse differ from other species? Reproduction 2019;157(5):R181-97.
doi:10.1530/REP-18-0541.

[26] Leese H, Tay J, Reischl ], Downing S. Formation of fallopian tubal fluid: role of
a neglected epithelium. Reproduction 2001:339-46. doi:10.1530/rep.0.1210339.

[27] Llanos, M. N., Ronco, A. M. Aguirre, M. C, Meizel, S. (2001). Ham-
ster sperm glycine receptor: Evidence for its presence and involvement in


https://doi.org/10.1016/j.jevs.2017.09.006
https://doi.org/10.1016/s0093-691x(01)00610-0
https://doi.org/10.1071/BI9510581
https://doi.org/10.3390/jcm9020363
https://doi.org/10.1530/rep.0.1240181
https://doi.org/10.1111/andr.12259
https://doi.org/10.1111/andr.12025
https://doi.org/10.1038/168697b0
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0009
https://doi.org/10.1095/biolreprod.116.140707
https://doi.org/10.1016/j.ijvsm.2017.12.002
https://doi.org/10.1016/j.theriogenology.2011.02.012
https://doi.org/10.1095/biolreprod.112.107078
https://doi.org/10.1530/REP-12-0067
https://doi.org/10.1016/j.theriogenology.2019.11.035
https://doi.org/10.3390/jcm9061638
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0017
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0017
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0017
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0017
http://refhub.elsevier.com/S0737-0806(22)00013-2/sbref0017
https://doi.org/10.1093/humrep/der317
https://doi.org/10.1016/j.theriogenology.2020.11.017
https://doi.org/10.1016/j.theriogenology.2020.09.035
https://doi.org/10.1016/j.theriogenology.2014.07.029
https://doi.org/10.1071/RDv24n1Ab163
https://doi.org/10.1095/biolreprod.113.116418
https://doi.org/10.1530/REP-16-0420
https://doi.org/10.1530/REP-18-0541
https://doi.org/10.1530/rep.0.1210339

P. Ferndndez-Herndndez, LJ. Garcia-Marin, M.J. Bragado et al.

the acrosome reaction. Mol Reprod Dev, 58(2), 205-215. doi:10.1002/1098-
2795(200102)58:2<205::AID-MRD10>3.0.CO;2-]

[28] Macias-Garcia B, Gonzalez-Fernandez L, Loux SC, Rocha AM, Guimardes T,
Pefia FJ], Varner DD, Hinrichs K. Effect of calcium, bicarbonate, and albumin on
capacitation-related events in equine sperm. Reproduction 2015;149(1):87-99.
doi:10.1530/REP-14-0457.

[29] Ménézo Y, Guérin P, Elder K. The oviduct: a neglected organ due for
re-assessment in IVF. Reproductive BioMedicine Online 2015;30(3):233-40.
doi:10.1016/j.rbmo.2014.11.011.

[30] Nakano T, Kono M, Segawa K, Kurosaka S, Nakaoka Y, Morimoto Y, Mitani T. Ef-
fects of exposure to methylglyoxal on sperm motility and embryonic develop-
ment after fertilization in mice. ] Reprod Dev 2021. doi:10.1262/jrd.2020-150.

[31] Robles, V., Martinez-Pastor, F. (2013). Flow cytometric methods for sperm as-
sessment. In D. T. Carrell & K. I. Aston (Eds.), Spermatogenesis 927, 175-186).
Humana Press. doi:10.1007/978-1-62703-038-0_16

Journal of Equine Veterinary Science 111 (2022) 103875

[32] Saint-Dizier M, Schoen ], Chen S, Banliat C, Mermillod P. Composing the early
embryonic microenvironment: physiology and regulation of oviductal secre-
tions. Int ] Mol Sci 2019;21(1):223. doi:10.3390/ijms21010223.

[33] Sato Y, Son JH, Meizel S. The mouse sperm glycine receptor/chloride chan-
nel: cellular localization and involvement in the acrosome reaction initiated by
glycine. ] Androl 2000;21(1):99-106. doi:10.1002/j.1939-4640.2000.th03281.x.

[34] Suliman Y, Becker F, Wimmers K. Implication of transcriptome profiling of
spermatozoa for stallion fertility. Reprod Fertil Dev 2018;30(8):1087. doi:10.
1071/RD17188.

[35] Tremoleda JL, Stout TAE, Gadella BM, Colenbrander B. Sperm-oocyte interac-
tion during in vitro fertilization in the horse. Reprod Fertil Dev 2004;16(2):263.
doi:10.1071/RDv16n1Ab286.


https://doi.org/10.1530/REP-14-0457
https://doi.org/10.1016/j.rbmo.2014.11.011
https://doi.org/10.1262/jrd.2020-150
https://doi.org/10.3390/ijms21010223
https://doi.org/10.1002/j.1939-4640.2000.tb03281.x
https://doi.org/10.1071/RD17188
https://doi.org/10.1071/RDv16n1Ab286

	Selected Metabolites Found in Equine Oviductal Fluid do not Modify the Parameters Associated to Capacitation of the Frozen-thawed Equine Spermatozoa In Vitro
	1 Introduction
	2 Material and methods
	2.1 Chemicals and reagents
	2.2 Media
	2.3 Semen processing
	2.4 Evaluation of sperm motility
	2.5 Flow cytometry
	2.5.1 Analysis of sperm viability
	2.5.2 Analysis of mitochondrial membrane potential
	2.5.3 Evaluation of acrosome reaction
	2.5.4 Evaluation of reactive oxygen species production
	2.5.5 Evaluation of protein tyrosine phosphorylation by indirect immunofluorescence

	2.6 Statistical analysis

	3 Results
	3.1 Evaluation of sperm motility and viability
	3.2 Analysis of mitochondrial membrane potential, acrosome reaction, and reactive oxygen species production
	3.3 Evaluation of protein tyrosine phosphorylation by indirect immunofluorescence

	4 Discussion
	5 Conclusion
	Acknowledgments
	References


