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ABSTRACT 43 

A repeatable protocol for equine in vitro fertilization (IVF) has remained elusive possibly due to 44 

suboptimal composition of IVF media. Hence, we aimed to analyse the metabolome of equine 45 

oviductal fluid (OF) at the pre- (PRE) and post-ovulatory (PST) stages using proton magnetic 46 

resonance spectroscopy (1H-NMR). Oviductal fluid from eight PRE and six PST mares were 47 

used to prepare five samples per group and 18 metabolites were identified. The five 48 

metabolites with the highest concentrations were lactate, myoinositol, creatine, alanine and 49 

carnitine. In addition, glucose concentration was 0.18 ± 0.04 (mM ± SD) in OF samples from 50 

PRE and 0.57 ± 0.2 in OF samples from PST while lactate reached 54.7 ± 10.7 in OF samples 51 

from PRE and 69.2 ± 7.3 in OF samples from PST (p>0.05). Only fumarate and glycine showed 52 

significant differences in their concentrations between OF from PRE and PST samples, showing 53 

higher concentrations in PST samples. Furthermore, we incubated stallion spermatozoa with 54 

different concentrations of PST OF (0, 0.0625, 0.125, 0.25, 0.5 or 1 %; v:v). After 4h of sperm 55 

incubation, protein tyrosine phosphorylation (PY) by western blotting and sperm motility were 56 

evaluated. An increase in PY was observed in two of the three stallions used in the 0.125 % OF 57 

treatment but no differences were observed in spermatozoa motility. These results show for 58 

the first time information on the metabolomics of equine OF at different stages of the 59 

oestrous cycle and the regulatory role of OF on PY in equine spermatozoa. 60 

Keywords: Equine, oviductal fluid, spermatozoa, protein tyrosine phosphorylation, IVF. 61 

 62 

1. INTRODUCTION 63 

 64 

Equine assisted reproductive techniques have been utilized increasingly in the last two 65 

decades, but a repeatable equine in vitro fertilization (IVF) protocol has not yet been 66 
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established [1]. Many different approaches have been used to try to enhance equine IVF rates, 67 

including extensive research on spermatozoa culture conditions and IVF media. Partial zona 68 

pellucida (ZP) removal of oocytes resulted in fertilization [2], demonstrating that the barrier to  69 

IVF was likely the inability of spermatozoa to penetrate the ZP. Attempts to overcome this 70 

have included exposure of equine oocytes to porcine oviductal fluid [3], fetuin [4] or equine 71 

follicular fluid during their maturation [5,6], although none have proved successful. Regarding 72 

spermatozoa, induction of capacitation has been attempted using different incubation media 73 

such as modified Whitten's (MW) medium [7], human tubular fluid (HTF, [8]), Tissue Culture 74 

Medium 199 (TCM-199) [9] or specific incubation conditions including alkaline medium or 75 

medium without calcium [10–13]. While some aspects associated with spermatozoa 76 

capacitation in other species have been reported in treated equine spermatozoa, including an 77 

increase in protein tyrosine phosphorylation [7,9–11,13], changes in membrane fluidity [14] or 78 

increased intracytoplasmic calcium and pH [15], no method for functional capacitation 79 

(induction of the ability to penetrate and fertilize oocytes) has been developed. Sporadically, 80 

equine oocyte fertilization has been reported (ranging 29-36%) using calcium ionophore, 81 

caffeine, heparin, progesterone or follicular fluid (FF) [1,16]. While equine IVF does not result 82 

in repeatable embryo production, it has been demonstrated that in vitro matured oocytes can 83 

be transferred to the oviduct of an inseminated recipient mare resulting in embryo 84 

development [6,17].  85 

Fertilization and early embryo development occur in the oviduct, a highly specialized 86 

structure of the female reproductive tract [18]. The oviduct is lined with an epithelium and 87 

contains oviductal fluid (OF), which is composed in part by secretions of these cells and in part 88 

by blood plasma filtrate. Oviductal fluid composition depends on the species studied and vivid 89 

differences appear in descriptions of fluid from mice, cows and pigs [19–21]. Composition of 90 

oviductal fluid has shown to be complex and differ from those of the uterine fluid and plasma, 91 
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containing hormones, proteins, growth factors and metabolites that vary depending on the 92 

stage of the estrus cycle [20,22] and also on the presence of gametes or embryos [23].  93 

In the horse, some studies on the OF composition have been reported, characterizing 94 

the proteins present [24] as well as the concentration of glucose and some ions [25]. 95 

Unfortunately, in these works the fluid was collected from long-term indwelling catheters, 96 

which may cause inflammation and thus alter the nature of the recovered fluid [26] and no 97 

information is available regarding equine OF composition using other systems. As fertilization 98 

occurs readily in vivo, research detailing OF composition would allow it to be effectively 99 

mimicked in vitro, and thus may offer a method to increase rates of equine in vitro fertilization. 100 

In this regard, HTF used for human IVF, and synthetic oviductal fluid (SOF) used in mice were 101 

designed after in-depth study of oviductal fluid components [27,28]. The composition of the 102 

fertilization medium directly influences fertilization success in domestic species. For example, 103 

in cattle, the presence of glucose impedes spermatozoa capacitation and fertilization, and the 104 

addition of heparin increases it [29], while in pigs, glucose and caffeine appear to be required 105 

to attain fertilization in vitro [30].  106 

We hypothesized that equine IVF failure could be related to suboptimal composition of 107 

the fertilization medium. Thus, we analyzed the metabolome of equine oviductal fluid, 108 

recovered immediately post-mortem from mares. The OF was classified as preovulatory or 109 

postovulatory and its metabolic composition was determined by proton nuclear magnetic 110 

resonance spectroscopy (1H-NMR). In addition, the effect of different concentrations of native 111 

equine OF were tested in vitro to establish if OF induces an increase in protein tyrosine 112 

phosphorylation (an indicator of sperm capacitation in other species) or changes in 113 

spermatozoa kinematics compatible with induction of hyperactivation. 114 

 115 

2. MATERIALS AND METHODS 116 
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2.1. Collection of oviductal fluid  117 

 118 

Oviducts were obtained immediately post-mortem at a commercial slaughterhouse, on five 119 

separate days. At the time of evisceration, the entire reproductive tract was extracted and 120 

carefully inspected. The ovaries were examined and those tracts having a preovulatory follicle 121 

≥ 35 mm in diameter (as confirmed after opening the follicle using a scalpel blade), associated 122 

with uterine edema on examination of the opened endometrial surface (vivid endometrial 123 

folds with a gelatinous appearance) were sampled as preovulatory (PRE). When the ovaries 124 

had evidence of a recent ovulation, as confirmed after sectioning of the ovary to examine the 125 

presence of a corpus hemorrhagicum or juvenile corpus luteum (CL) identified as a luteal 126 

structure with a large, red central clot and a luteinized wall that was still visibly crenulated, the 127 

reproductive tracts were classified as postovulatory (PST) and also harvested. The oviduct and 128 

attached ovary containing the preovulatory follicle or the CL were separated from the uterus 129 

distally to the uterotubal junction, the ovary was dissected, and the oviduct was carefully dried 130 

with a tissue and placed in a Petri dish within approximately 30 min of slaughter. A non-131 

heparinized hematocrit capillary tube [Merck, Madrid, Spain] attached to a 5 mL syringe by a 132 

silicone tube was inserted into the ampulla of the oviduct through the infundibular opening. 133 

Gentle aspiration was performed to recover fluid, and the fluid retrieved was expressed into 134 

500-µL tubes. Aspiration was repeated for a total of at least 3 times per oviduct. Some 135 

additional  samples were obtained from the contralateral oviduct of some mares for use in 136 

assigning the chemical shift for each metabolite during analysis. The retrieved fluid was pooled 137 

and then centrifuged for 2 min in a microcentrifuge at room temperature (RT) to remove large 138 

cellular masses. The supernatant was retrieved, transferred to a clean tube and placed on dry 139 

ice until its arrival at the laboratory (4-5 hours). Once at the laboratory, the oviductal fluid was 140 

centrifuged at 16000 g at 4°C for 20 min, and the supernatant was transferred to a clean tube.  141 
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The volume obtained was measured using a micropipette. The samples were then kept at -80 142 

°C until analysis. 143 

 144 

2.2. Oviductal fluid analysis by proton nuclear magnetic resonance spectroscopy (1H-NMR) 145 

 146 

2.2.1. Sample preparation  147 

 148 

Samples of OF from oviducts from eight mares at the preovulatory stage and six mares at the 149 

postovulatory stage were used. Samples with volume < 10 µL were pooled; thus, for PRE OF 150 

analysis, 3 individual samples, 1 pool of 2 mares and 1 pool of 3 mares were used (n = 5 151 

samples); at the postovulatory stage, 4 individual samples and 1 pool from 2 mares were 152 

analyzed (n = 5 samples), for a total of 10 samples analyzed. Pooled OF was obtained by mixing 153 

equal volumes of OF from the different oviducts. On the day of analysis, samples were thawed 154 

for 30 min slowly on ice. An aliquot of 10 μL was transferred into a 1.5-mL microcentrifuge 155 

tube. The sample was diluted in 189 μL of 0.2 M potassium phosphate buffer in deuterium 156 

oxide (D2O) with a pH of 7.4 ± 0.5 (mean ± SEM) and 1.11 μL of DSS (4,4-dimethyl-4-157 

silapentane-1-sulfonic acid), to reach a final volume of 200 μL. Samples were briefly vortexed, 158 

and 200 μL of the OF/buffer mixture was pipetted into a 3-mm NMR tube. In all cases, sample 159 

preparation was manually done at 298 K (kelvin). Additionally, a sample with 40 μL of oviductal 160 

fluid (OF) obtained from a random oviduct (contralateral to the ovulation site) was prepared. 161 

This sample was prepared diluting the 40 μL of OF with 159 μL of 0.2 M potassium phosphate 162 

buffer in deuterium oxide (D2O) with a pH of 7.4 ± 0.5 and 1.11 μL of DSS, to have a final 163 

volume of 200 μL. This sample was used to identify the chemical shifts for each metabolite in 164 

study (Supplemental Files 1 and 2); the chemical shift is the resonant frequency of a nucleus 165 
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relative to a standard in a magnetic field and is diagnostic of the structure of a molecule 166 

allowing for an accurate metabolite identification [31]. 167 

 168 

2.2.2. NMR measurements 169 

 170 

Samples were measured in an 800-MHz Bruker spectrometer [AVANCE III, Bruker Biosciences, 171 

Madrid, Spain] equipped with a 1H detected cryoprobe with z-gradient and automatic tuning 172 

and matching unit. Optimization of experimental conditions included automated tuning and 173 

matching, automated locking and automated shimming using TopShim. The 90° hard pulse was 174 

optimized to be sample-specific and the presaturation field strength was adjusted to 25 Hz. To 175 

minimize the interference of the water content in the NMR spectrum, solvent suppression 176 

techniques were applied. 177 

For each sample, one-dimensional (1D) 1H-NMR spectra were collected using a Carr-178 

Purcell-Meiboom-Gill (CPMG) pulse sequence; 2D J-resolved included 800 x 40 points. Data 179 

analysis was done using the TopSpin 3.5 software [Bruker Biospin GmbH, Billerica, MA, USA]. 180 

Free induction decays were multiplied by an exponential function equivalent to 0.3 Hz line-181 

broadening before applying a Fourier transformation. All transformed spectra were 182 

automatically corrected for phase and baseline distortions and referenced to the DSS singlet at 183 

0 ppm for further analysis. 184 

The 2D Jres experiment was also routinely included in the acquisition package, along 185 

with the 1D 1H-NOESY. This experiment separates J-couplings and chemical shifts in the 2D 186 

plane and provides a useful and simplified proton-decoupled projection spectrum. A standard 187 

pulse sequence with a water peak suppression was used. After 16 dummy scans, 2 free 188 
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induction decays (FIDs) were accumulated into 8 k x 40 data points at a spectral width of 16 189 

ppm.  190 

For assignment purposes, a battery of experiments including 2D-1H, 13C-HSQC, 2D-1H, 1H-TOCSY 191 

and 2D, 1H, 1H-NOESY were recorded in a Bruker Avance III 800 MHz spectrometer. 192 

 193 

2.3. Semen collection and processing 194 

 195 

Semen was collected from three fertile stallions, aged 5 to 15 years, housed at the Centro de 196 

Selección y Reproducción Animal (CENSYRA), using an artificial vagina [Hannover model, 197 

Minitüb, Landshut, Germany]. All experimental procedures were performed according to 198 

institutional and European regulations. A nylon in-line filter [Animal Reproduction Systems, 199 

Chino, CA, USA] was used to eliminate the gel fraction. The base medium used for sperm 200 

incubation was modified Whitten´s (MW) medium, consisting of 100 mM NaCl, 4.7 mM KCl, 1.2 201 

mM MgCl2, 5.5 mM glucose (anhydrous), 22 mM HEPES, 25 mM bicarbonate, 2.4 mM calcium 202 

chloride, 2.4 mM sodium lactate, 0.02 % of polivinylalcohol (v:v), and 1.0 mM pyruvic acid and 203 

adjusted to a pH of 7.25. Bicarbonate was added 1 h prior to the experiment and the medium 204 

was maintained at 37 °C until the beginning of the experiment when the pH was checked again 205 

and adjusted if necessary. 206 

After sperm collection, the spermatozoa-rich fraction was diluted 1:5 (v:v) in MW medium 207 

without calcium and bicarbonate and subsequently processed as previously described protocol 208 

[10]. In brief, ejaculates were centrifuged 10 min at 400 g at RT, the supernatant was 209 

discarded, and the pellet was re-suspended and centrifuged again at 400 g for 10 min at RT. 210 

Finally, the spermatozoa were suspended in complete MW (with bicarbonate and calcium) 211 

containing 0, 0.0625, 0.125, 0.25, 0.5 or 1 % postovulatory oviductal fluid (v:v) and incubated 212 

at 37°C in air for 4 h at a final concentration of 30 x 106 spermatozoa per mL in a volume of 500 213 
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µL in 5-mL round-bottom plastic tubes from [BD FalconTM , San Jose, CA, USA]. One single 214 

sample of postovulatory OF retrieved from 1 individual mare was used to supplement MW in 215 

all the experiments.  216 

 217 

2.4. Western blotting for tyrosine-phosphorylated proteins 218 

 219 

After incubation in the absence or presence of OF, spermatozoa were processed as previously 220 

described [10]. Briefly, spermatozoa were centrifuged at 5000 g for 3 min at RT and washed in 221 

phosphate buffered saline (PBS). After centrifugation, the supernatant was removed, and the 222 

pellet was resuspended in Laemmli Sample Buffer (2×) [Bio-Rad, Hercules, CA, USA]. Samples 223 

were then centrifuged at 10000 g for 10 min at 4°C and the protein concentration of the 224 

supernatant was determined using a Bio-Rad DC Protein Assay [Bio-Rad, Hercules, CA, USA] 225 

according to the manufacturer’s instructions. After protein determination, 2-mercaptoethanol 226 

(2.5%) was added to the spermatozoa lysates before heating for 5 min at 95°C. Aliquots of 227 

lysates containing the designated amount of protein (15 µg) were loaded in 10 % 228 

polyacrylamide gels and separated according to their molecular weight by SDS-PAGE 229 

electrophoresis. The proteins were then transferred to Immobilon-P PVDF membranes 230 

[Millipore, Billerica, MA, USA]. Membranes were blocked for 1 h at RT using 3 % BSA in a Tris-231 

buffer saline-tween 20 solution (TBS-T) containing 20 mM Tris/HCl pH 7.5, 500 mM NaCl, and 232 

0.1 % (v:v) Tween 20 [Sigma-Aldrich, Madrid, Spain]. Immunodetection of tyrosine-233 

phosphorylated proteins was performed using the anti-phosphotyrosine monoclonal antibody 234 

(clone 4G10) [Millipore, Billerica, MA, USA] diluted 1:5000 in 3 % BSA in TBS-T overnight at 4°C. 235 

As loading control, the constitutive α-tubulin protein was used; the designated membranes 236 

were incubated using a primary anti- α-tubulin antibody diluted 1:5000 (v:v) in 3% BSA in TBS-T 237 

at 4°C overnight [Santa Cruz Biotechnology Inc, CA, USA]. After incubation with the primary 238 
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antibody, membranes were washed 10 min with TBS-T. Then, the membranes were incubated 239 

for 45 min at RT with a secondary anti-mouse antibody conjugated to horseradish peroxidase-240 

coupled IgG antibody [Santa Cruz Biotechnology Inc., CA, USA] diluted 1:5000 in TBS-T at RT for 241 

45 min. Following secondary antibody incubation, the membranes were washed for 30 min in 242 

TBS-T, then incubated for 5 min with SupersignalTM West Pico Kit [Thermo Fisher Scientific Inc., 243 

Waltham, MA, USA] and exposed to HyperfilmTM ECL [Amersham, Arlington Heights, IL, USA]. 244 

Densitometric analysis for all tyrosine-phosphorylated bands in each treatment was performed 245 

using Gel-Pro AnalyzerTM ver. 4.0. 246 

 247 

2.5 Sperm motility assays 248 

 249 

Sperm motility was evaluated objectively by a CASA system [ISAS®, Proiser R+D, Paterna, 250 

Valencia, Spain]. After sperm incubation, two microliters of the sample were placed in a pre-251 

warmed counting chamber [Leja; Luzernestraat, The Netherlands] and analyzed using a 252 

microscope [Nikon Eclipse 50i] equipped with a 10 x negative-phase contrast objective and a 253 

heated stage at 37 °C. Analysis was based on the examination of 25 consecutive digitalized 254 

images and at least 300 spermatozoa per sample were analyzed. After acquiring four 255 

representative fields in a random distribution, total motility (TM), progressive motility (PM),  256 

curvilinear velocity (VCL in µm/s) and lateral head displacement (ALH in µm) were recorded 257 

[32]. Spermatozoa with an average path velocity (VAP) ˃ 10 μm/s were considered mobile. 258 

Spermatozoa with straightness (STR) > 75 % were considered progressive. 259 

 260 

2.6. Statistical analyses 261 

 262 
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A Shapiro-Wilk test was used to determine the distribution of the data. When two treatments 263 

were compared a Student t-test was used; for non-normally distributed samples, a Mann-264 

Whitney Rank Sum test was used. Differences in motility parameters among treatments 265 

concentrations were determined by a one-way analysis of variance. The significance level was 266 

set at p < 0.05. 267 

 268 

3. RESULTS 269 

 270 

3.1. Oviductal fluid retrieval 271 

 272 

Oviductal fluid was recovered from oviducts of 29 mares. The volume of oviductal fluid 273 

recovered varied from 2 to 65 µL for PRE mares (14.2 ± 16.5 µL, mean ± SD; n = 13) and 2 to 40 274 

µL (8.8 ± 9.5 µL; n = 16) for PST mares. The volume of OF retrieved did not differ significantly 275 

between the preovulatory and postovulatory stages (p > 0.05). 276 

 277 

3.2. Metabolite identification 278 

 279 

The chemical shift assignment for each metabolite was performed using a 40-µL sample 280 

obtained from an oviduct contralateral to the ovulation site; the spectra of the PRE and PST 281 

were contrasted against the identified. The list of the chemical shift for each metabolite is 282 

provided in Supplemental file 1. The measured concentrations of 20 metabolites, selected 283 

based on a previous report [20,32] and the known identification capabilities of the NMR 284 

facilityare presented in Table 1. Pyruvate and succinate are characterized by one single peak 285 
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with the same chemical shift and cannot be discriminated; therefore, they are presented as 286 

the sum of both metabolites. Significantly higher concentrations of fumarate and glycine were 287 

detected in the PST fluid (p < 0.05); the concentration of the remaining metabolites did not 288 

differ significantly. In our study the mean glucose concentrations were not significantly 289 

different between PRE and PST samples; however, it has to be mentioned that glucose was 290 

detected but non-quantifiable in three out of five of the preovulatory samples submitted while 291 

it was clearly detected in all at the postovulatory samples. Phosphocholine could not be 292 

quantified in three of the postovulatory samples and in one preovulatory sample.  293 

3.3.  Protein tyrosine phosphorylation analyses 294 

 295 

To determine the effect of equine OF on protein tyrosine phosphorylation (PY) in equine 296 

spermatozoa, different concentrations of postovulatory oviductal fluid were added to MW 297 

medium supplemented with calcium and bicarbonate. The maximum increase in protein 298 

tyrosine phosphorylation was observed for the 0.125 % (v:v) OF dosage in two of the three 299 

stallions evaluated (Figure 1); higher dosages (0.25-1 %) did not induce a greater increase in 300 

protein PY in equine spermatozoa. 301 

 302 

3.4 Motility assays 303 

 304 

To further understand if OF could influence sperm motility or induce sperm hyperactivation  305 

sperm motility s was evaluated by a CASA system. In our setting, no statistically significant 306 

differences were detected between the control group and the different OF concentrations in 307 

none of the following parameters:  total motility, progressive motility, VCL and ALH (p > 0.05; 308 

Figure 2).  309 

 310 

4. DISCUSSION 311 
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 312 

The results of this study present the first examination of metabolites contained in the 313 

periovulatory equine oviduct. In previous reports in which the oviducts of live mares were 314 

cannulated during complete oestrous cycles, the volume of fluid obtained was significantly 315 

higher during estrus than after estrus (23 vs. 8 µL/mare/hour) [24,25]. However, cannulation 316 

of the oviduct may be associated with artifactual changes in composition of the recovered 317 

fluid, because of inflammation or contamination associated with the catheter and its 318 

placement [25,26]. Our data may support the observation of increased fluid in estrus, as we 319 

recovered more oviductal fluid from PRE than from PST mares (14.2 µL vs. 8.8 µL) however, 320 

statistically significant differences were not detected (p>0.05).  321 

The metabolite concentration of OF, as determined in this study, can be compared with that of 322 

media that have been used for experiments in the horse in which in vitro fertilization has been 323 

reported: Menezo B2 [33,34]; MW: Whitten's medium [35–37]; Tyrode's albumin lactate 324 

pyruvate (TALP) [34,38,39]. In all these media, glucose is added at about 5 mM; lactate is 325 

present at concentrations ranging from 0.45 to 21.6 mM, and pyruvate ranges from 0-5 mM. A 326 

major difference between the concentrations of these common energy sources in these media 327 

and that determined in our study is that the concentration of glucose in OF is lower (0.18 ± 328 

0.04 and 0.57 ± 0.2 mM preovulatory vs. postovulatory) and the concentration of lactate in OF 329 

is higher (54.66 ± 10.7 and 69.25 ± 7.3 mM preovulatory vs. postovulatory). Notably, in our 330 

samples, no measurable glucose was found in 3 of 5 PRE oviductal samples.  It is known that 331 

lactate increases in post-mortem tissue due to enhanced anaerobic metabolism so our glucose 332 

and lactate measurements may not be entirely representative of the actual content in the live 333 

mare [40]. However, the extremely high lactate concentration (55–70 mM) cannot be readily 334 

explained as metabolism of the typical amount of available plasma glucose (~5 mM); thus it 335 

appears to reflect an intrinsically high level in the OF due to a high activity of lactic acid 336 
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dehydrogenase as previously demonstrated [41]. Lactate and other metabolites can be 337 

transported from blood into the oviductal lumen unchanged (2 5% of total lactate present in 338 

OF) and lactate is also synthetized in the oviductal lumen from vascular glucose (75 % of 339 

lactate present in OF) [21,42]; hence, OF is not just a transudate of plasma and its composition 340 

cannot be estimated by the metabolite concentration in the bloodstream or any other 341 

reproductive fluid [22,42]. This observation has also been corroborated in the proteins present 342 

in OF in mares, which differ from the ones present in plasma [24], highlighting once more the 343 

need of a profound study of equine OF composition.  344 

Only one previous report has presented glucose concentration in mare OF [25]. These 345 

authors reported glucose concentrations of 0.24 mM (4.3 mg/100 mL) during estrus and 0.33 346 

mM (5.9 mg/100 mL) in non-estrous mares; our values are in agreement with these findings. 347 

Interestingly, glucose determination in the report by Campbell et al. (1979) was done by 348 

spectrophotometry whereas in our work, NMR was used. These data highlight that the 349 

concentration of glucose used in equine IVF media exceeds the physiologic oviductal 350 

concentrations, and thus, the composition of equine IVF media needs to be readjusted. 351 

Interestingly, the concentration of glucose found in the present work and in the study of 352 

Campbell et al. (1979) differs from the PRE and PST glucose concentrations reported in other 353 

species) such as cows [20], sows [21] and mice [19] oviductal fluid (0.97 to 2.5 mM and 3.1 to 354 

4.79 mM, respectively); only the postovulatory concentration of glucose reported in pigs (0.43 355 

mM) by Nichol et al. (1992) parallels the ones reported in the present work. This indicates that 356 

equine gamete requirements for successful IVF may be unique and could possibly be hindered 357 

by using media compositions extrapolated from other species. It must be noted that the media 358 

utilized for “successful” equine IVF summarized above were supplemented with additives 359 

(such as calcium ionophore or follicular fluid) aimed at stimulating spermatozoa capacitation. 360 

Currently, no single medium has been demonstrated to be superior for in vitro fertilization in 361 

horses. 362 
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  Comparison between preovulatory and postovulatory OF composition in mares 363 

resulted in statistically significant differences for amounts of glycine and fumarate, but not for 364 

the rest of the investigated metabolites (Table 1). In cows, glycine concentration was 365 

significantly higher in preovulatory OF compared to the postovulatory stage [20]; however we 366 

found the opposite: glycine was over twice as high in PST than in PRE OF contrasting with a 367 

previous report in mares in which glycine concentration did not vary throughout the estrous 368 

cycle [43] (Table 1). This amino acid has been described to act as an osmolyte and play a role in 369 

intracellular pH regulation in embryos, and serve as an energy source for bovine spermatozoa 370 

[22,43]. Hence, the increased concentration in postovulatory OF may respond to the specific 371 

requirements that the gametes need to achieve fertilization and the fine pH regulation that 372 

equine sperm require to capacitate [11–13]; furthermore, it is known that mammalian sperm 373 

possess a glycine receptor involved in the acrosome reaction, so glycine could be playing a 374 

core role at this level as well explaining its rise in PST compared to PRE samples [41].  375 

Regarding fumarate, Lamy et al. (2018) recently reported its presence in bovine oviductal fluid 376 

for the first time and its concentration did not vary between the preovulatory and 377 

postovulatory stages, which differs from our findings. However, aside from its role in the Krebs 378 

cycle, the exact role that fumarate may play in the oviduct in the periovulatory stage is unclear 379 

and needs to be further studied. 380 

This is the first report of the metabolomic profile in equine OF. For this reason, the 381 

investigated components as well as their respective chemical shift assignment are presented 382 

(Supplemental File 1). Aside from the metabolic significance, surprising metabolites such as 383 

histamine are present in mare OF and may have an important physiological role. Histamine is 384 

an inflammatory mediator that may be brought to the oviduct by mast cells and may be 385 

involved in regulation of muscular contractions and smooth muscle electrophysiology [44]; this 386 

component has also been described in OF in cows [42,44] and its presence was in part linked 387 
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to contamination by blood cells. However, in our work, collection of the OF was performed 388 

avoiding blood contamination and thus, in view of our data and that provided by Lamy et al. 389 

(2018), histamine could be an essential component of mammalian OF. Histamine increases 390 

intracellular calcium in human spermatozoa [45], and has been shown to play a role in 391 

promoting oocyte calcium transients at fertilization in sea urchin [46]. The suppressive action 392 

of anti-histamine administration on spermatozoa quality has been investigated (review, [47]), 393 

but little work has been done on the direct effect of histamine at the time of fertilization.   394 

Regarding myoinositol, it has been demonstrated that this molecule exerts positive 395 

effects on spermatozoa count and volume when orally administered to oligospermic men [48] 396 

improving oocyte fertilization rates and embryo quality after intracytoplasmic spermatozoa 397 

injection (ICSI) [49]. In addition, supplementation of culture media with myoinositol promotes 398 

the completion of preimplantation development of bovine, rabbit and mouse embryos [50]. 399 

Myoinositol is present in the reproductive tract in cows [51] and female rats, and its 400 

concentration has been reported to be consistently higher in the oviduct compared to blood 401 

serum [52]. Interestingly, the transcriptome of fertile stallions is significantly enriched in 402 

metabolic pathways related to D-myoinositol phosphate metabolism compared to subfertile 403 

stallions, indicating that this metabolite also plays an important role in equine fertility [53]. All 404 

these data suggest that myoinositol may play a key role during gamete co-incubation and 405 

subsequent embryo development in horses. More studies are needed to completely 406 

understand the role of this and other OF metabolites in equine assisted reproduction. 407 

   As above stated, the presence of glycine receptors/Cl- channels in human, porcine and 408 

mouse spermatozoa and their involvement in acrosome reaction regulation and ZP interaction 409 

have been demonstrated [54]. β-alanine is a well-known agonist of the glycine receptor. 410 

Notably, β-alanine induces the acrosome reaction in capacitated hamster spermatozoa [55]. 411 

Glycine and alanine supplementation of embryo culture media increases bovine embryo 412 
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development in vitro, their combination with oviductal cell monolayers yields a superior 413 

blastocyst rate [56]. Addition of creatine to IVF medium in mice has shown to increase ATP 414 

levels in capacitated spermatozoa and to improve fertilization rates [57]. Thus, all these factors 415 

appear to warrant investigation as to their effects on both equine spermatozoa capacitation 416 

and in vitro fertilization.  417 

To determine if native OF induces protein tyrosine phosphorylation in equine 418 

spermatozoa in vitro, as described in bulls and boars [58–60], equine spermatozoa were 419 

incubated with varying concentrations of OF ranging from 0 to 1 %. Our results showed that 420 

the maximum effect in two of the three stallions used was reached at a low dosage (0.125 %). 421 

Differences among males in their sperm protein PY patterns have previously been described in 422 

stallion spermatozoa subjected to capacitating conditions [7,11,61] and boars when 423 

spermatozoa were capacitated with 20 % homologous preovulatory OF [59]. In comparison, 424 

equine OF induce PY in equine spermatozoa at very low concentrations (Figure 1), and thus 425 

might constitute a valuable supplement to equine IVF or embryo culture media, as described in 426 

other species [60,62]. In our conditions, OF addition did not induce changes in sperm motility 427 

or in hyperactivated motility (VCL ˃ 300 μm/s and ALH ˃ 12 μm [32,63]) disregarding the OF 428 

dose used (Figure 2). These data are in agreement with previous reports that describe that PY 429 

induction in horses is not related to the acquisition of hyperactivated motility and vice versa 430 

[11,14,37]. Nevertheless, the fact that no variations among treatments in the percentage of 431 

totally motile spermatozoa were observed demonstrates that OF is not exerting a toxic effect, 432 

at least at the concentrations used in the present work. 433 

The limitations of the present study include the low number of mares from which OF 434 

was harvested as well as the variability of the biological samples obtained; therefore, an exact 435 

range of metabolite concentration in equine OF cannot be fully established. Additionally, 436 

individual stallions may also respond differently in terms of protein tyrosine phosphorylation 437 
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to the oviductal fluid of individual mares and a higher number of mares and stallions should be 438 

used. However, equine OF obtention is very difficult due to the scarcity of mares slaughtered 439 

and the small amount of sample retrieved per oviduct, hence, the above-mentioned 440 

limitations should be considered in light of these obstacles. 441 

5. CONCLUSIONS 442 

Our data are the first reporting equine OF metabolomics. This information is valuable 443 

to critically assess the composition of media used for equine IVF. In addition, our preliminary 444 

finding that low dosages of oviductal fluid promote protein tyrosine phosphorylation in equine 445 

spermatozoa open new avenues in the search for a method to induce spermatozoa 446 

capacitation for equine IVF. In view of our findings, it is likely that media that have been used 447 

in attempts at equine IVF could be lacking some core metabolites that may play important 448 

roles in equine spermatozoa capacitation, acrosome reaction, or gamete interaction. Our data 449 

provide new insights in the comparative composition of oviductal fluid in mammals and reveal 450 

information that could help to improve our understanding in spermatozoa, zygote and embryo 451 

requirements, to increase the efficiency of assisted reproduction biotechnologies in horses. 452 
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 696 

  FIGURE LEGENDS 697 

Figure 1. Effect of different concentrations of equine postovulatory oviductal fluid on protein 698 

tyrosine phosphorylation on spermatozoa from three different stallions (A, B and C). 699 

Spermatozoa were incubated in MW medium supplemented with bicarbonate and calcium, 700 

with added oviductal fluid, for 4 h at 37°C in air. Densitometric analysis (fold increase in 701 

arbitrary units compared to control) for all tyrosine-phosphorylated bands is reported under 702 

each lane.  703 

Figure 2. Effect of different concentrations of equine postovulatory oviductal fluid on sperm 704 

motility parameters. Spermatozoa were incubated in MW medium supplemented with 705 

bicarbonate and calcium, with added oviductal fluid, for 4 h at 37°C in air. Total motility (TM; 706 

panel A), progressive motility (PM; panel B), curvilinear velocity (VCL; panel C) and the 707 

amplitude of the lateral head displacement (ALH; panel D) were evaluated. No statistically 708 

significant differences were found among groups (p > 0.05). 709 

 710 

Supplemental File 1. Chemical shift assignment, multiplicity and number of contributing 711 

protons for the identified metabolites. 712 
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Supplemental File 2. Metabolite assignment on 1D1H NMR spectra of an OF sample. (A) 713 

chemical shift region from 0.9 to 2 ppm, (B) chemical shift region from 2.6 to 3.8 ppm, (C) 714 

chemical shift region from 3.84 to 4.35 ppm, (D) chemical shift region from 5.10 to 5.65 ppm. 715 


