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Precision livestock farming using omics approach to acquire precise and real-time data can help farmers in individual animal management and decision making. Since steroid hormones play a key role for the regulation of reproductive functions, reproduction management could be improved by characterizing the steroidome during reproductive stages. Moreover, saliva collection is a non-invasive, painless, inexpensive and easy sampling method. Thus, this prospective study proposes a steroidomic analysis in mare saliva during reproductive stages, that could help to identify potential biomarkers to accurately detect their reproductive stage in a welfare friendly production system, for real-time decision making at the individual animal level. Correlation between saliva and plasma steroidome was also investigated. Saliva and blood samples from 6 mares were collected in anestrus, in the follicular phase 3 days, 2 days and 1 day before ovulation and the day when ovulation was detected, in the luteal phase 6 days after ovulation and in gestation 18 days after ovulation and insemination. Steroidome analysis was performed by gas chromatography coupled to tandem mass spectrometry (GC-MS/MS). We characterized 25 and 36 steroids in saliva and plasma respectively. Pregnenolone concentrations in saliva during gestation were significantly higher than during anestrus or follicular phase and tended to be higher than during luteal phase. Most of the 5α-reduced metabolites of progesterone showed higher salivary concentrations during the luteal phase 6 days post-ovulation and during gestation 18 days post-ovulation compared to anestrus and follicular phase. These steroids could be potential salivary biomarkers of the reproductive stage of the mare. Further studies with a greater number of animals are in progress to confirm the reliability of these potential candidate biomarkers and to develop field-friendly assays.
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Introduction

Precision livestock farming relies on several technological approaches to acquire precise and real-time data concerning production, reproduction, health and welfare of individual animals. Recently, omics approach has gained much attention to facilitate the ability for deep and precise phenotyping of livestock at the molecular level. Precision livestock farming using omics data can help farmers in individual animal management and decision making. Steroidomics, defined as the targeted analysis of the steroid content in a biological fluid, can help to improve precision of breeding and management of reproduction since steroids regulate essential biological functions including reproduction. Among biological fluids, saliva gains interest since it can be collected by non-invasive, painless, inexpensive and easy sampling methods, allowing the collection of repeated samples without the need for specialized staff. Thus, steroidomics analysis of saliva samples could help to improve precision livestock management of reproduction in a welfare friendly production system.

Horses are high value farm animals requiring careful management and single animal monitoring. They are seasonal breeders with a winter anestrus and a transitional phase bringing the mare back into cyclic activity in spring and summer with a cycle length of about 22 days (Aurich, 2011). Gestation length of 320 to 360 days does not leave much time for mating for farmers expecting one foal per year (Davies Morel et al., 2002). Moreover, racehorses born in the northern hemisphere are administratively considered born on January 1st, thus conception early in the year is advantageous to young horses competing in the same age category. For these reasons, reproduction management at the beginning of breeding season is critical for breeders.

Up to now, most studies in mares have focused solely on a few steroids instead of a whole steroidomic analysis, and steroids concentrations were generally measured in plasma. For example, progesterone (PROG) and 17β-estradiol (17β-E2) measurements in plasma of cyclic mares by enzyme immunoassay and radioimmunoassay, respectively, showed that concentrations of PROG begin to increase the day of ovulation, reach maximal concentrations at 6 to 8 days post-ovulation and decrease until day 14 post-ovulation whereas concentrations of 17β-E2 reach a peak 2 days before ovulation and then decrease (Ginther et al., 2005; Aurich, 2011). Gas chromatography coupled to mass spectrometry (GC-MS), liquid chromatography coupled to mass spectrometry (LC-MS) and tandem mass spectrometry (LC-MS/MS) analysis have been developed to measure some pregnanes (C21-steroids), androstanes (C19-steroids) and estranes (C18-steroids) in serum of male and female uncharacterized horses (Genangeli et al., 2017; Dufour et al., 2021) and in plasma throughout equine gestation (Scholtz et al., 2014; Legacki et al., 2016; Wynn et al., 2018a; Ledeck et al., 2022). Analysis in pregnant mares showed that plasmatic PROG concentrations were high during the first 12 weeks of pregnancy and declined progressively until undetectable levels by day 200. The plasmatic concentration of the 5α-reduced metabolite of PROG, 5α−dihydroprogesterone (5α-DHPROG), that is a biopotent progestin in horse (Scholtz et al., 2014), is present at 60% of PROG level until 12 weeks of pregnancy but, in contrast to PROG, continues to rise steadily and peaks by day 320 of gestation, sustaining equine pregnancies in the second half of gestation (Scholtz et al., 2014; Conley, 2016). On the contrary, salivary steroids concentrations have been poorly investigated in the equine. Only salivary analysis of testosterone by enzyme immunoassay (Munk et al., 2016) and cortisol by enzyme immunoassay (Nagel et al., 2012; Diego et al., 2016; Schwinn et al., 2018; Contreras-Aguilar et al., 2021) or LC-MS/MS (Sauer et al., 2020) have been investigated.

Analysis by immunoassay allows a high throughput, but this method has two major limitations. First, cross-reactivity reactions often overestimate steroid concentrations because of the presence of structurally very similar steroids. Secondly, only one or few steroids can be quantified. Instead, gas or liquid chromatography coupled to tandem mass spectrometry has emerged as the reference method for accurate and robust steroid analysis (Schumacher et al., 2015; Sauer et al., 2020). The combination of the high-resolution chromatography with the specificity of the detection of mass spectrometry allows a higher assay selectivity, sensitivity and precision. For example, (Sauer et al., 2020) showed that LC-MS/MS provided more precise results as compared to immunoassays, especially in the low concentration range (< 1ng/ml). Moreover, gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) allows to separate and measure a large number of steroids characterized by similar physicochemical properties in a small volume and to analyse a whole steroidome (Liere and Schumacher, 2015). Thus, the high specificity of GC-MS/MS coupled with the use of isotopically labelled internal standards for steroids quantification permits to achieve reference values of concentrations without potential matrix effects.

Thus, the present study proposes an analysis of the steroidome in mares’ saliva during reproductive stages using GC-MS/MS. The steroidome in saliva is compared to plasma to investigate the relationship between the two fluids according to the physiological stage. This prospective study will help to identify potential salivary steroidal biomarkers to accurately detect the reproductive stage of the mare in a welfare friendly production system, for real-time decision making at the individual animal level.



Material and methods


Animals, housing and sample collection

This experiment involved six healthy Welsh type pony mares aged 5 to 9 years old, weighing 277 to 390 kg, that were fertile and had already given birth to a healthy foal. They were reared at the experimental farm from INRAE (Unité Expérimentale 1297 de Physiologie Animale de l’Orfrasière; https://doi.org/10.15454/1.5573896321728955E12) in France. From December to March, mares were penned in groups in an indoor stall on a straw bedding under natural daylight with free access to an outdoor paddock during the day. They were fed with 0.6 kg of concentrate (20% oats, 18% wheat straw, 16% wheat bran, 15% barley, 12% alfalfa; Eperon INRA, Axereal, Saint-Germain de Salles, France). Straw, salt licks (Sodical, Levalois-Perret, France) and water were available ad libitum. From April to November, they lived in groups in the pasture with salt licks and water available ad libitum.

All procedures on animals were conducted in accordance with the guidelines for the care and use of laboratory animals issued by the French Ministry of Agriculture and with the approval of the ethical review committee (Comité d’Ethique en Expérimentation Animale Val de Loire n°019) under number #18286.

Saliva and blood samples were collected at seven physiological stages from each mare:

	-in anestrus,

	-in the follicular phase before ovulation: 3 days, 2 days and 1 day before ovulation, and the day when ovulation was detected,

	-in the luteal phase 6 days after ovulation,

	-in gestation 18 days after ovulation and artificial insemination.



Saliva and blood samples collected during anestrus were recovered on February 7th. Anestrus was ascertained by plasmatic progesterone concentrations lower than 1 ng/ml every week and no increase over 1 ng/ml from December to the end of February, with PROG concentrations measured by enzyme-linked immunosorbent assay (Canepa et al., 2008) as previously described (Panzani et al., 2017).

Saliva and blood samples collected during the follicular and luteal phases were recovered between April 27th and June 20th. Saliva and blood samples collected during gestation were recovered between June 6th and August 3rd. Ovarian activity was assessed by routine transrectal ultrasound scanning using an EXAPad (IMV imaging, Angoulême, France) with a 7.5 Mhz liner probe. No saliva and blood samples were collected during the first estrus cycle of the season. Samples collection during the follicular phase started during the second estrus cycle when the largest follicle reached 28mm and was performed every day until detection of natural ovulation (mean ± SEM = 8.6 ± 0.6 days). Only samples collected 3 days, 2 days and 1 day before ovulation and the day when ovulation was detected were analysed. Samples collection during the luteal phase was performed 6 days after ovulation, at the time of maximal PROG concentration (Ginther et al., 2005; Aurich, 2011). On the subsequent estrus cycle, when the largest follicle reached 33mm, mares were inseminated with fresh equine semen from a Welsh pony stallion from our experimental stud (400 X 106 spermatozoa in 10 ml of extender (INRA96®, IMV Technologies, France)) (Pillet et al., 2008). A second insemination was performed the day after if the mare did not ovulate. The pregnancy was confirmed by visualization of the embryonic vesicle 14 days after ovulation using transrectal ultrasound scanning. If the pregnancy was confirmed, saliva and blood samples collection was performed 18 days after ovulation, to search for early salivary biomarkers of gestation, because concentrations of progesterone decrease 14 days following ovulation in non-pregnant mares and remain high in pregnant mares. The presence of the embryonic vesicle was ascertained again 18 days after ovulation using transrectal ultrasound scanning. If the pregnancy was not confirmed 14 days after ovulation, the mare was inseminated during the following estrus cycle.

Saliva and blood samples were collected from each mare in the morning between 9 am and 10 am to avoid circadian variations of steroids secretions. Mares were put in a stall without straw one hour before sampling, to avoid saliva contamination with food. Saliva was collected using a cotton swab (Sarstedt Salivette® ref. 51.1534.500; Sarstedt, Nümbrecht, Germany). The cotton swab was held with forceps and the mare was allowed to chew on it until it was soaked. Collection of saliva was well tolerated by the animals without any restraint of the horse needed. The cotton swab was immediately centrifuged at 3000 X g for 5 min at room temperature. The recovered saliva was aliquoted and stored at -80°C until analysis. Blood samples were collected from the jugular vein by experienced operators, using Vacutainer® heparinized tubes and 20G needles to ensure a smooth and animal welfare respectful procedure. They were then immediately centrifuged at 4000 X g for 10 min at room temperature. The recovered plasma was aliquoted and stored at -80°C until analysis.



Steroidomics analysis by gas chromatography coupled to tandem mass spectrometry (GC-MS/MS)

The protocol for the steroidome analysis in saliva and plasma by GC–MS/MS was previously described by Goudet and collaborators (Goudet et al., 2019; Goudet et al., 2021).

Steroids were extracted from saliva (797-1455 μl) and from plasma (1 ml) with methanol. The saliva and plasma were spiked with all the following internal standards for steroid quantification: 5 ng of 13C5-5α-dihydroprogesterone (DHPROG) for 5α/β-DHPROG and 5α/β-dihydroandrostenedione (5α/β-DHADIONE), 5 ng of 2H213C2-pregnenolone sulfate (PREGS) for PREGS, 5 ng of 13C3-dehydroepiandrosterone sulfate (DHEAS) for DHEAS, 1 ng of 13C3-testosterone for testosterone, 1 ng of 13C3-androstenedione (ADIONE) for ADIONE, 5 ng of 13C3-progesterone (PROG) for PROG, 5 ng of 13C5-20α-DHPROG for 20α/β-DHPROG, 2 ng of 13C3-deoxycorticosterone (DOC) for DOC, 2 ng of 19nor-PROG (Merck, Darmstadt, Germany) for 5α/β-dihydrodeoxycorticosterone (DHDOC), 2 ng of epietiocholanolone (Steraloids, Newport, USA) for androstenediol (ADIOL), etiocholanolone, epiandrosterone, 5α/β-dihydrotestosterone (DHT), 3α/β5α/β-tetrahydrotestosterone (THT), pregnenolone (PREG), 20α-dihydropregnenolone (DHPREG), 3α/β5α/β-tetrahydroprogesterone (THPROG), 5α20α-THPROG, 3α/β5α/β20α/β-hexahydroprogesterone (HHPROG) and 3α/β5α/β-tetrahydrodeoxycorticosterone (THDOC), 2 ng of 13C3-17α-hydroxyprogesterone (17α-OH PROG) for 17α-OH PROG, 17α-OH PREG and 16α-OH PROG, 2H8-corticosterone (B) for B, 5α/β-dihydrocorticosterone (DHB), 3α/β5α/β-tetrahydrocorticosterone (THB) and 11-dehydrocorticosterone (11-dehydroB), 50 ng of 13C3-cortisol (F) (Eurisotop, Saint Aubin, France) for F, 50 ng of 13C3-cortisone (E) for E, 10 ng of 2H7-aldosterone for aldosterone, 2 ng of 13C3-11-deoxycortisol (S) for S, 1 ng of 2H5-17β-estradiol (17β-E2) (Eurisotop) for 17β-E2 and 2-hydroxyestradiol (2-OH E2), 1 ng of 13C3-estrone (E1) for E1, 1 ng of 13C3-estriol (E3) for E3 and estetrol (E4) and 1 ng of 2H5-2-methoxyestradiol (2-ME2) (Eurisotop) for 2-ME2. All the internal standards were provided by Isosciences (PA, USA) except those that are specified.

The extracts were purified and fractionated by solid-phase extraction with the recycling procedure as previously described (Goudet et al., 2019). The unconjugated steroids-containing fraction was then filtered and further purified and fractionated by HPLC. The HPLC system was composed of a WPS-3000SL analytical autosampler and a LPG-3400SD quaternary pump gradient coupled with a SR-3000 fraction collector (Thermoscientific, USA). The HPLC separation was achieved with a Lichrosorb Diol column (25 cm, 4.6 mm, 5 μm) in a thermostated block at 30°C. The column was equilibrated in a solvent system of 90% heptane and 10% of a mixture composed of heptane/isopropanol (85/15). Elution was performed at a flow-rate of 1 ml/min, first with 90% heptane and 10% of heptane/isopropanol (85/15) for 15 min, then with a linear gradient to 100% acetone in 2 min. This mobile phase was kept constant for 13 min.

Two fractions were collected from the HPLC system: 5α/β-DHPROG and 5α/β-ADIONE were eluted in the first HPLC fraction (3-16 min) and were next silylated with 50 μl of a mixture N-methyl-N-trimethylsilyltrifluoroacetamide/ammonium iodide/dithioerythritol (1000:2:5) (vol/wt/wt) for 15 min at 70°C. The second fraction (16-29 min) containing all other steroids was derivatized with 25 μl heptafluorobutyric anhydride (HFBA) and 25 μl anhydrous acetone for 1 h at 80°C. Both fractions were dried under a stream of N2 and resuspended in heptane.

The sulfated steroids, previously isolated by solid-phase extraction, were derivatized with 20 µl HFBA and 100 µl anhydrous acetone for 30 min at 20°C.

The two HPLC fractions and the sulfated steroids were analyzed by GC-MS/MS in the same experimental conditions described by Goudet and collaborators (Goudet et al., 2019; Goudet et al., 2021). GC-MS/MS parameters for identification and quantification for steroids that were not targeted in our previous studies are specified in Supplementary Table S1.

The analytical protocol has been validated for all the targeted steroids by using 1 ml from a pool of male mice plasma (Téteau et al., 2022). The parameters of validation included the limit of detection, linearity, accuracy, intra- and inter-assay precisions and were all described by Teteau and collaborators (Téteau et al., 2022). The linearity was assessed by analyzing increasing amounts of mice plasma extracts (20, 50, 100 and 200 μl) in triplicate. The linearity was satisfactory for all the steroids with a coefficient of correlation ranging from 0.99 to 0.997. Five aliquots of 100 µl of mice plasma were used at two different times to determine the intra-assay and inter-assay coefficient of variation that was found at 7.5% and 10.5% for the targeted steroids, respectively. The accuracy of the assay was evaluated by determining the analytical recovery, which was defined as C/(C0+S) × 100(%). C is the concentration of the steroid in the spiked plasma extract (100 μl), C0 is the concentration of a steroid in the unspiked plasma extract (100 μl) and S is the spiked concentration. The accuracy was in the range of 95–106%.

Our analytical protocol used stable isotope dilution with highly specific GC-MS/MS analysis combined with upstream extensive sample purification/fractionation steps. Many groups (Schenck and Lehotay, 2000; Anastassiades et al., 2003; Mastovská et al., 2005; Chamkasem and Harmon, 2016) have reported that matrix effect is bypassed by introducing multiple extraction, purification, fractionation and derivatization steps combined by the use of stable isotope internal standards, especially 13C-steroids. Indeed, 13C-labelled steroids providing retention time matching to their unlabeled counterparts, this minimizes matrix effect at the ionization step (Olesti et al., 2021). Furthermore, GC-MS/MS, unlike to LC-MS/MS, by combining high resolution gas chromatography with electron impact ionization and the highly selective multiple reaction monitoring permits to eliminate the biological and chemical background, and is the analytical technology of choice to avoid any potential matrix effects for steroid measurements (Anastassiades et al., 2003; Wudy et al., 2018). Thus, the parameters of validation described above were effective for all types of biological fluids such as bovine oviductal fluid (Lamy et al., 2016), porcine saliva (Goudet et al., 2019; Goudet et al., 2021), ewes follicular and oviductal fluids (Téteau et al., 2022) or equine saliva (present paper).



Statistical analysis

Repeated measures one-way ANOVA followed by Tukey’s multiple comparison post-tests were used to identify potential differences in steroid concentrations between all the reproductive stages. The Shapiro-Wilks normality test was used to determine Gaussian distribution. Data are presented as mean and SEM. Pearson’s correlation was used to analyze associations between plasma and saliva steroid concentrations in mare. Statistical analyses were performed using GraphPad Prism version 6 (GraphPad Software, La Jolla California, USA). A significant difference was detected when P < 0.05.




Results

Among the 57 targeted steroids in plasma and saliva, GC-MS/MS analysis allowed the detection of 36 steroids in plasma and 25 in saliva (Table 1). All the 25 steroids detected in saliva were also detected in plasma, but 11 were detected in plasma only: 17α-OH PREG, 20β-DHPROG, 5α20α-THPROG, DOC, 3α5α-THDOC, 3α5β-THDOC, 3β5α-THDOC, aldosterone, cortisol, androstenedione and testosterone. The absolute concentrations of all the detected steroids are given in Table 2.


Table 1 | Targeted steroids analyzed by GC-MS/MS in equine saliva and plasma and their abbreviation.




Table 2 | Steroids profiling in saliva and plasma of mare in anestrus, 3 days before ovulation (OV-3), 2 days before ovulation (OV-2), 1 day before ovulation (OV-1), the day of ovulation (OV), in luteal phase (6 days after ovulation) and during gestation (18 days after ovulation).



PREG concentrations in saliva were significantly higher during gestation (4.95 ± 0.64 ng/ml) than during anestrus or follicular phase (0.65 ± 0.10 to 1.44 ± 0.29 ng/ml), whereas plasmatic concentrations were not significantly different between the physiological stages (0.22 ± 0.03 to 0.70 ± 0.09 ng/ml) (Figure 1; Table 2). Both direct metabolites of PREG, PREGS and 20α-DHPREG, were also detected in mare saliva but at much lower levels. Their concentrations in saliva were not significantly different between the physiological stages, whereas some differences were observed in plasma (Figure 1). 17α-OH PREG was not detected in saliva but plasmatic concentrations in the luteal phase were significantly higher than in the follicular phase (Figure 1).




Figure 1 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of pregnenolone (PREG), pregnenolone sulfate (PREGS), 20α-dihydropregnenolone (20α-DHPREG) and 17α-hydroxypregnenolone (17α-OHPREG) (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01.



PROG concentrations in saliva were low (from 0.023 ± 0.004 to 0.035 ± 0.006 ng/ml) and not significantly different between the physiological stages, whereas a marked significant increase was observed in plasma during the luteal phase (3.41 ± 0.22 ng/ml) and gestation (2.48 ± 0.29 ng/ml) compared to anestrus (0.038 ± 0.005 ng/ml) and all the follicular phases (0. 111 ± 0.031 to 0.188 ± 0.018 ng/ml) (Figure 2; Table 2). The reduced metabolites of PROG, 5α-, 20α- and 20β-DHPROG were characterized by a similar pattern in plasma. We found substantially high levels of the main metabolite of PROG, 5α-DHPROG, in the luteal phase (19.96 ± 1.53 ng/ml) and gestation (14.42 ± 2.18 ng/ml). Interestingly, the saliva levels of the progestagen 5α-DHPROG were also slightly increased in luteal phase (0.265 ± 0.063 ng/ml) and gestation (0.243 ± 0.041 ng/ml) compared to anestrus and follicular phases (0.101 ± 0.010 to 0.133 ± 0.033 ng/ml) but without reaching statistical difference (Figure 2; Table 2). Salivary concentrations of 5β-DHPROG and 20α-DHPROG were not significantly different between the physiological stages, whereas plasmatic concentrations of 5β-DHPROG were significantly lower on the day of ovulation compared to anestrus (Figure 2).




Figure 2 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of progesterone (PROG), 5α-dihydroprogesterone (5α-DHPROG), 5β-DHPROG, 20α-DHPROG and 20β-DHPROG (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01, *** P < 0.001.



As for 5α-DHPROG, the salivary concentrations of both PROG metabolites, 3α5α- and 3β5α-THPROG, tended to be higher in the luteal phase and gestation compared to anestrus and follicular phases (Figure 3; Table 2). Significant differences were detected for the salivary concentration of 3β5α-THPROG between gestation (0.023 ± 0.004 ng/ml) and the OV-1 (0.005 ± 0.002 ng/ml) and OV (0.004 ± 0.002 ng/ml) stages. Salivary 3α5β-THPROG levels were higher at the OV-2 (0.166 ± 0.014 ng/ml) and OV (0.173 ± 0.017ng/ml) stages as compared to anestrus (0.039 ± 0.015 ng/ml), whereas no difference was detected in plasma (Figure 3). 5α20α-THPROG was not detected in saliva. Plasmatic 3α5α-, 3β5α- and 5α20α-THPROG levels were characterized by a significant increase in luteal phase and gestation relatively to anestrus and follicular phase (Figure 3, Table 2). 17α-OH PROG levels in plasma and saliva tend to increase in luteal phase and gestation relatively to anestrus and follicular phase without statistical significance (Table 2).




Figure 3 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of 3α5α-tetrahydroprogesterone (3α5α-THPROG), 3α5β-THPROG, 3β5α-THPROG and 5α20α-THPROG (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01, *** P < 0.001.



Among the other PROG catabolites, the same tendency was observed in saliva for 3α5α20α- HHPROG with higher concentrations in gestation (0.019 ± 0.006 ng/ml) compared to the other stages (0.004 ± 0.002 to 0.015 ± 0.006 ng/ml) and for 3β5α20β-HHPROG in luteal phase (0.117 ± 0.033 ng/ml) and gestation (0.098 ± 0.021 ng/ml) compared to the other stages (0.005 ± 0.002 to 0.080 ± 0.059 ng/ml) but without statistical difference, except between gestation and the OV-2 stage for 3β5α20β-HHPROG (Figure 4; Table 2). Salivary concentrations of 3α5β20α- and 3β5α20α-HHPROG were not significantly different between the physiological stages. In plasma, 3α5α20α-, 3β5α20α- and 3β5α20β-HHPROG concentrations were significantly higher during luteal phase and gestation than during anestrus and the follicular phase (Figure 4). Plasmatic concentrations of 3α5β20α-HHPROG were significantly different between the day of ovulation and gestation. Salivary and plasmatic concentrations of 3α5β20β-HHPROG were not significantly different between the physiological stages (Table 2).




Figure 4 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of 3α5α20α-hexahydroprogesterone (3α5α20α-HHPROG), 3α5β20α-HHPROG, 3β5α20α-HHPROG and 3β5α20β-HHPROG (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01.



The data for the main glucocorticoids are shown in Figure 5. No differences in saliva were observed between all the physiological stages for corticosterone, 11-dehydrocorticosterone and cortisone with concentrations lower than 0.16ng/ml, 0.06ng/ml and 0.81ng/ml respectively (Table 2). The other glucocorticoids were not detected in saliva. In plasma, corticosterone concentrations were higher in follicular phase relatively to anestrus, luteal phase and gestation. The same pattern was observed for cortisol although less pronounced. Plasmatic levels of 3β5α-THDOC were significantly higher during gestation than during follicular phase (Figure 5). Plasmatic concentrations of DOC, 3α5α-THDOC, 3α5β-THDOC, 11-dehydrocorticosterone, aldosterone and cortisone were not significantly different between physiological stages (Table 2).




Figure 5 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of corticosterone, cortisol and 3β5α-tetrahydrodeoxycorticosterone (3β5α-THDOC) (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01, *** P < 0.001.



Salivary concentrations of DHEA, ADIOL and DHEAS were lower than 0.03ng/ml and not significantly different between the physiological stages (Figure 6; Table 2). Plasmatic concentrations of DHEA, ADIOL and ADIONE were significantly higher during the follicular phase than during anestrus (for DHEA, ADIOL, ADIONE), luteal phase and gestation (for DHEA and ADIOL) (Figure 6; Table 2). No significant differences were observed in plasma for DHEAS and testosterone (Table 2). Estrone (E1), 17β-estradiol (17β-E2) and estriol (E3) concentrations in saliva were lower than 0.012ng/ml and not significantly different between the physiological stages, whereas plasmatic concentrations were significantly higher during the follicular phase than during anestrus (for E1, E2 and E3), luteal phase and gestation (for E1 and E3) (Figure 6; Table 2).




Figure 6 | Gas chromatography coupled to tandem mass spectrometry (GC-MS/MS) measurements of the concentrations of dehydroepiandrosterone (DHEA), androstenediol (ADIOL), androstenedione (ADIONE), estrone (E1), 17β-estradiol (17β-E2) and estriol (E3) (ng/mL ± SEM) in mare saliva and plasma collected during anestrus, during follicular phase 3 days (OV-3), 2 days (OV-2) and 1 day (OV-1) before ovulation, the day when ovulation was detected (OV), during luteal phase 6 days post-ovulation (luteal), during gestation 18 days post-ovulation (gestation). For each steroid, the y-axis was standardized to the maximal concentration, so that the variations are easy-to-read. Statistical differences between physiological stages: * P < 0.05, ** P < 0.01, *** P < 0.001.



Interestingly, we found correlations between plasma and saliva levels specifically for a steroid family, the 5α-reduced metabolites of progesterone, that are the most abundant in mare saliva. We found correlations between plasma and saliva for 5α-DHPROG (r = 0.58, P = 0.0001), 3α5α-THPROG (r = 0.44, P = 0.0043), 3β5α-THPROG (r = 0.60, P < 0.0001), 3α5α20α-HHPROG (r = 0.45, P = 0.0038) and 3β5α20β-HHPROG (r = 0.58, P < 0.0001). No significant correlations were found for all other steroids.



Discussion

The aim of this prospective study was to analyse the steroidome in mare saliva during reproductive stages, that could help to identify potential steroidal biomarkers to accurately detect their reproductive stage in a welfare friendly production system. The use of GC-MS/MS to analyse multiple steroids with very closed chemical structures with high specificity and sensitivity provided opportunities to characterize for the first time a whole panel of steroids and their precursors and metabolites in saliva and plasma. The present study allowed the identification of steroids whose salivary concentrations were different between the physiological stages. These steroids could be potential salivary biomarkers of the reproductive stage of the mares.

PREG concentrations in saliva during gestation, 18 days after ovulation, were 3 to 7 times higher than during anestrus or follicular phase, and tend to be higher than during luteal phase. Interestingly, salivary and plasma concentrations are similar during anestrus and in the follicular phase, whereas during gestation salivary concentrations are 13 times higher than plasmatic one. PREG concentrations have been measured previously in plasma from thoroughbred mares throughout gestation by LC-MS/MS, and concentrations lower than 1ng/ml were detected for the 20 first weeks of gestation (Legacki et al., 2016). Relatively high PREG levels were also observed in porcine saliva from young gilts and human saliva from female children with concentrations from 0.45 to 1.47ng/ml and 1.16 to 1.99ng/ml respectively (Majewska et al., 2014; Goudet et al., 2019; Goudet et al., 2021). The high concentration of PREG observed in equine saliva during gestation, 18 days after ovulation, may be related to a local production of PREG by salivary glands. PREG biosynthesis occurs in the rat salivary gland and the synthetase CYP11A1, the PREG synthesizing enzyme, is expressed in rat parotid, submandibular and sublingual gland (Miyashita et al., 2011). Furthermore, Spaan and collaborators (Spaan et al., 2009) have shown by immunohistochemistry a strong expression of steroid sulfatase enzyme in the basal part of acinar cells, suggesting that PREG could also be produced locally from the precursor pregnenolone sulfate. However, the absence of correlation between plasma pregnenolone sulfate and salivary pregnenolone and between pregnenolone sulfate and pregnenolone in saliva (to detect a potential local synthesis of pregnenolone from pregnenolone sulfate) cannot support the steroid sulfatase hypothesis. Thus, a local biosynthesis of PREG in the equine salivary gland could be hypothesized, with an upregulation related to the beginning of pregnancy. Our results allow us to expect that PREG concentration in saliva from mated mares, collected 18 days after ovulation, would allow to distinguish between pregnant and non-pregnant mares. Studies with a greater number of animals are in progress to evaluate the variations of the steroids concentrations among individual animals and to compare salivary concentrations of PREG in pregnant and non-pregnant mares collected 18 days after ovulation. Moreover, the high concentrations of PREG during early gestation are technically compatible with the future development of a commercial immunoassay kit at low cost. Thus, PREG may be a potential salivary biomarker of early gestation in the mare with a possible application in the field. The development of a salivary test of early gestation would allow to avoid painful blood sampling for classical pregnancy diagnosis. Transrectal ultrasound scanning of the female genital tract would still be necessary to detect twin pregnancy. However, the development of a salivary test of early gestation would avoid invasive transrectal ultrasound scanning for non-pregnant mares.

Up to now, PROG concentrations in plasma collected 17 to 18 days after ovulation have been used as a pregnancy diagnosis to distinguish the pregnant from the non-pregnant mares (Irvine et al., 1990). Our study confirms that plasmatic PROG concentrations are significantly higher during early gestation than during anestrus or follicular phase. PROG is produced by the primary corpus luteum after ovulation in mares up to the luteo-placental shift occurring around 105-110 days of gestation. Then, PROG concentrations decrease and are undetectable in the second half of gestation (Scholtz et al., 2014; Conley, 2016). PROG biosynthesis by the corpus luteum explains why its level is similar between the luteal phase 6 days post-ovulation in cyclic mares and at 18 days post-ovulation in pregnant mares. Our results showed that PROG concentrations in saliva are not significantly different between early gestation and the other physiological stages. Thus, the evaluation of PROG concentration in saliva from mated mares, collected 18 days after ovulation, will not allow distinguishing the pregnant from the non-pregnant mares, and will not be adequate for a salivary pregnancy diagnosis.

In our conditions, PROG concentrations in saliva were also not significantly different between follicular and luteal phase. In human and buffalo, salivary PROG levels in luteal phase were significantly higher compared to those in the follicular phase (Lee et al., 2015; Ravinder et al., 2016). However, in these studies, PROG concentrations were estimated using immunoassay kits and cross-reactions of structurally similar steroids occur (Wynn et al., 2018b) explaining why PROG concentrations may have been overestimated by PROG metabolites, some of them showing salivary concentrations higher during luteal phase compared to follicular phase in our study. We found here that 5α-DHPROG levels are 10-fold higher in saliva than PROG and this could explain these discrepancies between immunoassays and mass spectrometric studies.

Among the 15 targeted metabolites of PROG (dihydro-, tetrahydro-, hexahydro- and hydroxyprogesterone), 12 were detected by GC-MS/MS analysis in saliva and 14 in plasma. Plasmatic concentrations of several PROG metabolites have been previously evaluated in pregnant mare throughout gestation (Scholtz et al., 2014; Legacki et al., 2016), in the late pregnant mare (Wynn et al., 2018a) and in foals (Müller et al., 2019). However, our study is the first to perform a complete analysis of PROG metabolites in equine saliva and plasma. Few studies have been performed on saliva from domestic mammals: salivary concentrations of PROG metabolites have only been measured in porcine saliva from gilts around puberty (Goudet et al., 2019; Goudet et al., 2021), bovine saliva from neonatal calves (Aleman et al., 2020) and human saliva from pre-pubertal children (Majewska et al., 2014). In plasma, we found that 5α-DHPROG has a similar pattern than its precursor PROG with increasing concentrations in the luteal phase and in the early pregnancy. Several studies have shown that biopotencies of PROG and 5α-DHPROG were comparable in horse, as in zebra, elephants and rock hyrax (Conley, 2016). Moreover, Scholtz and collaborators showed that 5α-DHPROG, produced in placenta, replaces PROG in blood of pregnant mares in the second half of gestation (Scholtz et al., 2014). 5α-DHPROG is also present in cyclic mare and is rapidly synthesized by the 5α-reductase enzyme from the luteal PROG. However, our data show a discrepancy with the previous studies. Indeed, we found here that 5α-DHPROG concentrations are roughly 10-fold higher than PROG in plasma in the luteal phase 6 days post-ovulation and in gestation 18 days post-ovulation. By contrast, Scholtz and collaborators (Scholtz et al., 2014) and Conley and collaborators (Conley et al., 2018) showed by LC-MS/MS that 5α-DHPROG levels were 60% of PROG in both physiological conditions. This discrepancy could be explained by the use of different breeds of mare and/or by the different analytical methods using different internal standards for the absolute quantification.

Interestingly, by contrast to PROG, we found that the concentrations of 5α-DHPROG tend to be higher in luteal phase and in early pregnancy in saliva. The higher lipophilicity of 5α-DHPROG as compared to PROG could explain this result. Indeed, lipid-soluble steroids such as 5α-DHPROG can be transferred rapidly from the blood to saliva by passive diffusion (Riad-Fahmy et al., 1982). A second hypothesis could be the potential presence of the 5α-reductase in the salivary glands to produce locally 5α-DHPROG.

As for 5α-DHPROG, most of the other 5α-reduced metabolites detected in our study (3α5α- and 3β5α-THPROG, 3α5α20α- and 3β5α20β-HHPROG, except 3β5α20α-HHPROG) are characterized by salivary concentrations higher during the luteal phase and gestation compared to anestrus and the follicular phase, but without reaching statistical difference. This can be explained by the small number of mares incorporated in our study. For all these 5α-reduced metabolites, plasmatic concentrations also followed the same pattern than PROG and 5α-DHPROG with much higher levels during gestation and luteal phase compared to anestrus and follicular phase. Moreover, salivary concentrations are about 10 times lower than plasmatic ones. This suggests that the 5α-reduced metabolites of PROG could also be carried from blood to saliva. This is supported by the significant correlation found between plasma and saliva levels for the 5α-reduced metabolites of progesterone, 5α-DHPROG, 3α5α-THPROG, 3β5α-THPROG, 3α5α20α-HHPROG and 3β5α20β-HHPROG. Thus, the levels of 5α-reduced metabolites of progesterone in saliva reflect their plasma levels. Their higher salivary concentrations during luteal phase and early gestation allow us to hypothesize that the 5α-reduced metabolites of PROG could be potential salivary biomarkers of luteal phase and early gestation, compared to anestrus and follicular phase. Further studies with a greater number of animals are necessary to confirm the reliability of these candidate biomarkers. Moreover, commercial immunoassays of the 5α-reduced metabolites of PROG without cross-reactivity to other pregnanes have to be developed in order to consider a potential low-cost diagnostic test in the field. On the other hand, non-specific antisera should be taken into consideration as “group-specific” reagents in order to assess PROG and its structurally closely related reduced metabolites in saliva to control ovarian function or for pregnancy diagnosis (Schwarzenberger et al., 1995; Schwarzenberger et al., 1998).

The salivary concentrations of the targeted glucocorticoids were low and not significantly different between all the physiological stages. Cortisol concentrations had been previously measured in equine saliva and basal concentrations were between 0.15ng/ml and 3ng/ml using enzyme immunoassay (Nagel et al., 2012; Diego et al., 2016; Schwinn et al., 2018; Contreras-Aguilar et al., 2021) and lower than 1ng/ml using LC-MS/MS (Sauer et al., 2020). A method comparison showed that LC-MS/MS analysis, based on the physicochemical properties of the analyte, provides more accurate results than immunoassays, based on interactions between antigens and antibodies, due to cross-reactions of structurally similar steroids during immunoassay measurements (Sauer et al., 2020). In our conditions using GC-MS/MS, the salivary concentrations of glucocorticoids did not allow to differentiate the physiological stages. In particular, even if plasmatic cortisol concentrations were higher at the end of the follicular phase than in anestrus, luteal phase and gestation, GC-MS/MS analysis were not sufficiently sensitive to measure cortisol in saliva.

Among androstanes, DHEA, DHEAS and ADIOL were detected in equine saliva, but their salivary concentrations were not significantly different between physiological stages. Similarly, DHEA salivary concentrations in women were not significantly different throughout the menstrual cycle (Lee et al., 2015). However, some androstanes have been shown to be salivary biomarkers of some physiological stages. DHEA and ADIOL have been detected in porcine saliva and identified as biomarkers of the physiological status of prepubertal gilts (Goudet et al., 2019; Goudet et al., 2021). In human, salivary DHEAS concentrations are significantly increased during the second-third trimester of pregnancy compared to non-pregnant women (Sundararajan et al., 2021). Salivary DHEA and DHEAS levels are related to children pubertal development (Netherton et al., 2004; Whittle et al., 2020; Goldberg et al., 2021). Our data show higher plasma levels of DHEA and ADIOL in the follicular phase. We hypothesized that ovarian synthesis of these estrogenic precursors are upregulated and are the supply for increased 17β-E2 production and secretion at the end of the follicular phase. In mare pregnancy, the fetal gonadal androgens feed the estrogen secretion, highlighting the feto-placental unit (Conley, 2016). In our conditions, DHEA, DHEAS and ADIOL are not relevant salivary biomarkers of the targeted physiological stages in the mare.

E1, 17β-E2 and E3 were detected both in equine saliva and plasma. Salivary concentrations were not significantly different between the physiological stages, whereas plasmatic concentrations were higher in the follicular phase. Similarly, E1, 17β-E2 and E3 were detected in human saliva (Wingeier et al., 2017; Li et al., 2018). However, 17β-E2 salivary concentrations in women have been shown to be either high around ovulation (Munk et al., 2018) or not significantly different throughout the menstrual cycle (Lee et al., 2015). Few data are available on domestic mammals: E1, 17β-E2 and E3 were detected in saliva of prepubertal gilts (Goudet et al., 2019; Goudet et al., 2021), 17β-E2 was detected in saliva of pregnant sows (Jiang et al., 2019), male goats (Samir et al., 2020) and female buffalo with salivary 17β-E2 levels higher at the estrus stage than at the diestrus stage (Ravinder et al., 2016). To our knowledge, this is the first time that an estrogenic profile is determined in equine saliva. In our conditions, estranes are not relevant salivary biomarkers of the physiological stages in the mare.



Conclusion

Our aim was to analyse the steroidome of mare saliva during reproductive stages, that could help to identify potential steroidal biomarkers to accurately detect their reproductive stage in a welfare friendly production system. We identified steroids whose salivary concentrations were different between the targeted physiological stages. PREG concentrations in saliva were significantly higher during early gestation and the 5α-reduced metabolites of PROG showed higher concentrations during luteal phase and gestation. These steroids could be potential salivary biomarker of the reproductive stage of the mare. However, further studies with a greater number of animals are in progress to confirm the reliability of these candidate biomarkers and to develop field-friendly assays. This prospective study shows that steroidome analysis in saliva could help to improve the precision of livestock reproduction management in a welfare friendly production system.
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steroids anestrus OV-3 OoVv-2 OV-1 ov luteal phase gestation  Panova
PREG saliva  083+005 144029 1044020 066 +0.06 0.65 + 0.10 240 £ 110 4.95 + 0.64%# 0.016
plasma  022+0.03  056+005 070 +0.09 0.61 +0.09 0.55+ 0.02 0.68 +0.12 0.37 £ 0.05 0.039
PREGS saliva 0025 +0.006 0098 +0.024 0171 £0.076 0125 +0.042  0.109 + 0.034 0.055 +0.016 0.069 + 0.025 0222
plasma  0.009 +0.001 0007 +0.001  0.006 +0.001 0010 +0.002  0.006 + 0.001 0.013+0002  0.011%0.001# 0074
200-DHPREG ~ saliva  0.008 +0.002 0023 +0.007 0026 +0.007 0020 +0.004  0.025 + 0.006 0.027 + 0,009 0.025 + 0.004 0336
plasma 0011 +0.004 0067 +0.013  0.107 £0.031 00630017  0.050+0007  0.065%0.011*  0.036+ 0011 0.006
170-OH PREG  saliva <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -
plasma 0027 + 0.010 <0.001 <0.001 <0.001 <0.001 0.0840.016¢ 00540015  0.0003
PROG saliva 0028 £0.006 0.035+0.006 0029 +0.006 0023 0004  0.024 + 0011 0.026 + 0.004 0.031 + 0.005 0714
plasma 0038 +0.005 0.188+0.018 0166 +0.041 0111 +0.031  0.148 + 0.033 3412+ 2483 + <0.0001
0218 *### 029444
50-DHPROG saliva 0101 +0.010 0.133+0033  0102+0017 0107 +0.017  0.111 + 0020 0.265 + 0.063 0.243 + 0.041 0.093
plasma 0414 +0.134 0239 £0.049 0194 +0022 0152+0.022 0539 + 0034 19.96 + 1442 £ 2.18%  <0.0001
15344
53-DHPROG saliva 0007 +0.001  0.007 +0.002 0005 +0.001 0004 +0.000  0.004 + 0.000 0.009 + 0.002 0.012 + 0.002 018
plasma 0024 +0.002  0.032+0008 0030 0010 0019 +0.004  0.006 0.001**  0.017 + 0.003 0.019 + 0.004 0112
200-DHPROG ~ saliva 0004 +0.002 0006 +0.002 0002 +0.001  0.004 +0.001  0.004 + 0.002 0.008 + 0.004 0.005 + 0.002 0773
plasma 0001 +0.001 0013 +0.009 0011 +0.004 0019 +0.012  0.108 + 0035 0433 % 0.058* 0321+ 0.0001
0.025%%#
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0.004%###
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plasma 0055 +0.014 0039 +0.013 0067 0021  0102+0.010  0.114 + 0050 1476 + 1138 + 0.003
0.117+%## 0.115%###
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3B50-THPROG  saliva  0.006 +0.002  0.005+0.002  0.006 +0.001  0.005+0.002  0.004 + 0.002 0.031 £0.008  0.023%0.004#  0.009
plasma 0047 +0.017 0025 +0.003 0030 £0.005 0017 +0.002 0016+ 0003  0.505 + 0.016**## 0.405 + 0.0001
0038+ ##
50200-THPROG  saliva <0010 <0.010 <0.010 <0.010 <0010 <0010 <0010 -
plasma 0019  0.006 <0.010 <0010 <0.010 <0010 0.739 £ 0.102*##  0.503 + 0.085'#  <0.0001
3050200 saliva 0007 £0.002 0.015+0.006 0008 +0.003 0007 +0.002  0.004 + 0002 0.009 +0.003 0.019 + 0.006 0263
HHPROG plasma  0.003 £0.001  0.008 +0.004 0008 +0.000 0007 +0.002  0.009+0002  0.117 +0.010%  0.126 + 0.025*  0.0003
3058200 saliva 0002 +0.000 0.004 %0002 0004 +0.001 0002 +0.001  0.002 0001 0.001 +0.000 0.006 + 0.001 0.637
HHPROG plasma 0007 +0.001 0014 +0.004 0014 +0.005 0008 +0.002 0014+ 0.002 0.013+0004  0.005%0.001# 0319
3B50200- saliva 0002 +0.001  0.013%0.006 0006 +0.003 0004 +0.001  0.005+ 0002 0.005 + 0.003 0.010 + 0.003 0339
HHPROG plasma 0009 +0.002  0.012+0.004 0011 £0.005 0006 +0002 0019+ 0004  0.206 + 0.008*## 0.193 + 0.005
0.017*##
3B5020B- saliva 0080 +0.059 0040 £0.017  0005+0002 0017 +0.007  0.022 + 0.005 0.117 +0.033 0.098 + 0.021 0.007
HHPROG plasma 0060 +0.028 0.032+0012 0018 +0008 0010 +0.003 0018+ 0004  0.880 £ 0.097**## 0.570 + 0.107*%  0.0002
305B20B- saliva  0012+0.003  0.005+0002 0019+0005 0030 +0.016 0022+ 0007 0.016 + 0.006 0.014 + 0.003 0328
HHPROG plasma 0438 +0.047 00100002 0011 +0003 0010 +0.004 0.5+ 0.002 0.035 + 0.009 0.020 + 0.004 0.061
170-OH PROG  saliva ~ 0.009 +0.001 0005+ 0002  0.008 +0.002  0.006 +0.002  0.009 + 0.003 0.015 + 0,002 0.017 + 0.005 0.063
plasma 0051 +0.021 0078 +0.012 0067 0006 0075 +0.004  0.143 + 0022 0.566 +0.116 0.400 + 0.113 0.003
DOC saliva <0.005 <0.005 <0.005 <0.005 <0.005 <0005 <0.005 -
plasma 0009 + 0.002 <0.005 <0.005 <0.005 <0.005 0.038 +0.005 0.035 + 0.009 007
3056-THDOC  saliva <0.005 <0.005 <0.005 <0.005 <0.005 <0005 <0.005 -
plasma 00024 + <0.0010 <0.0010 <0.0010 <0.0010 0.0043 £ 00011 0.0052 +0.0010  0.015
0.0007
3058-THDOC  saliva <0.005 <0.005 <0.005 <0.005 <0.005 <0005 <0.005 &
plasma 00054 + <0.0010 <0.0010 <0.0010 <0.0010 0.0032 £ 00014 0.0055 + 0.0016  0.023
0.0016
3B50-THDOC  saliva <0005 <0.005 <0.005 <0.005 <0.005 <0005 <0.005 -
plasma  0.0022 + <0.0010 <0.0010 <0.0010 <0.0010 0.0082 00022 0.0085 + 0.0015¢  0.007
0.0005
B saliva 0141 £0.040 0.126 0041 0164 0044 0133 £0.022  0.088 + 0029 0.152 +0.030 0.095 + 0.026 0392
plasma  0.15+003 466+ 047 3.64%0.34% 328 £026%% 271 £033% 048+ 0.06°#  0.59 £ 0.03**#  <0.0001
11-dehydroB saliva <0.005 0057 £0023 0030 0023 0038 +0.010  0.054+ 0018 0.041 +0.011 0.043 + 0,011 037
plasma 0248 +0.136 0324 £0.166  0.174 £ 0077 0249 +0.084  0.208 + 0.088 0.211 +0.075 0.275 + 0.102 0347
Aldosterone saliva <0200 <0.200 <0.200 <0.200 <0200 <0200 <0200 -
plasma 0473 +0.116 <0.200 <0.200 <0.200 <0200 0.474 + 0,079 0.384 + 0.081 0.151
F saliva <0025 <0.025 <0025 <0.025 <0025 <0025 <0025 @
plasma 3299+ 444  88.62+998° 8417+ 92711051 7367+ 11.07 42144522 47.99 278 0.0006
10.58*
E saliva  0132+0025 08100322 0446 +0.191 0328 +0.095 0389 + 0173 0.419 +0.121 0.333 + 0.082 0364
plasma 598 +238 1924046  252+105 146 + 033 136 + 027 126 +0.26 289 + 189 0345
DHEA saliva 0004 0002 0020 0005 0016 +0004 0018 +0.004  0.018 + 0004 0.008 + 0.006 0.012 + 0.003 0.062
plasma 0005 +0.002 0.286 + 0.047* 0382 +0.097 0.377 + 0,050  0.125 + 0.031 0.017 + 0,004 0.023 + 0.005 0.002
DHEAS saliva <0010 <0.010 0027 £0.007 0011 %0001 0021 +0.011 <0010 <0010 0248
plasma <0010 0.012£0002 0017 0007 0021 +0.008 <0010 <0010 <0010 0.408
ADIOL saliva 0005 +0.001 00100003 0013 +0004 0010 +0.003  0.008 + 0.003 0.012 + 0.005 0.013 + 0.002 0364
plasma 0.004 + 0001  0.026 £ 0.005*  0.046 + 0.033 + 0.012 + 0.001 0.004 +0.001 0.004 +0.001  <0.0001
0.007* 0.002+
ADIONE saliva <0.001 <0.001 <0.001 <0.001 <0.001 <0001 <0.001 =
plasma  0.002 +0.000 0.014 £ 0.003* 0017 +0.004 0.024 + 0.002**  0.013 + 0.002 0.013 + 0,002 0.010 + 0.002 0.036
T saliva <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 -
plasma  0.0016 + 0.0007 + 00006 +  0.0023 +0.0011 <0.0005 0.0023 +0.0006 00018 0.0006 0264
0.0004 0.0001 0.0001
E1 saliva  0.012+0002 00090001 001240001 0011 +0.002  0.010 + 0.002 0.009 +0.001 0.011 + 0.002 0753
plasma  0.0128 + 0.0092 + 0.0103 + 0.0108 + 0.0097 + 0.0088 £ 00010 0.0105 + 0.0020¢  <0.0001
0.0027 0.0007* 00013 0.0022* 0.0018***
17B-E2 saliva  0.0011 + 0.0011 + 00009+  0.0009 +0.0000 0.0009 £ 0.0000  0.0014 00004  0.0017 +0.0002 0.5
0.0002 0.0002 0.0000
plasma  0.0038 + 0.0148 + 00242 + 0.0153 + 0.0083 + 0.0016  0.0070 + 0.0031 00077 £ 0.0020 0352
0.0011 0.0029 0.0015 0.0020*
E3 saliva  0.0075 + 0.0052 + 00060 +  0.0053 +0.0006 0.0044 + 00013 0010400026  0.0071 +0.0015  0.207
0.0015 00012 0.0013
plasma 00038 + 00177 + 00132 + 0.0117 + 0.0113 + 0.001* 0.0028 + 0.0037 + 0.0006#  0.0031
0.0011 0.0022¢ 0.0033 0.0012* 0.0009###

Results are presented as mean (ng/ml) + SEM, n = 6. See Table 1 for the steroid abbreviations. Repeated measures one-way ANOVA followed by Tukey’s multiple comparison post-tests was
used to compare steroids concentrations between all the reproduction stages. Significant differences are indicated in bold. Statistical significance: * for P < 0.05, ** for P < 0.01, *** for P <
0.001 versus anestrus; * for P < 0.05, ** for P < 0.01, *** for P < 0.001 versus OV.
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Targeted steroids Abbreviation Detected in saliva Detected in plasma

C21-Steroids (pregnanes)

Pregnenolone PREG Yes* Yes
Pregnenolone sulfate PREGS Yes Yes*
200-dihydropregnenolone 200-DHPREG Yes Yes*
170-hydroxypregnenolone 170-OH PREG No Yes*
Progesterone PROG Yes Yes*
50-dihydroprogesterone 50-DHPROG Yes Yes*
5B-dihydroprogesterone 53-DHPROG Yes Yes*
200--dihydroprogesterone 200-DHPROG Yes Yes*
20B-dihydroprogesterone 20B-DHPROG No Yes*
3a50-tetrahydroprogesterone (allopregnanolone) 3050-THPROG Yes Yes*
305B-tetrahydroprogesterone (pregnanolone) 305B-THPROG Yes* Yes
3B50.-tetrahydroprogesterone (iso-allopregnanolone) 3B50-THPROG Yes* Yes*
50200-tetrahydroprogesterone 50200-THPROG No Yes*
3050.200-hexahydroprogesterone 30,50200-HHPROG Yes Yes*
3053200-hexahydroprogesterone 305p200-HHPROG Yes Yes*
3B50:200-hexahydroprogesterone 3B50200-HHPROG Yes Yes*
3B50:20B-hexahydroprogesterone 3B5020B-HHPROG Yes* Yes*
305B20B-hexahydroprogesterone 3055p20B-HHPROG Yes Yes
170-hydroxyprogesterone 170-OH PROG Yes Yes
160-hydroxyprogesterone 160-OH PROG No No
11-deoxycorticosterone DOC No Yes
50-dihydrodeoxycorticosterone 50-DHDOC No No
5B-dihydrodeoxycorticosterone 5B-DHDOC No No
3a50-tetrahydrodeoxycorticosterone 3050-THDOC No Yes
30.5B-tetrahydrodeoxycorticosterone 305B-THDOC No Yes
3B50:-tetrahydrodeoxycorticosterone 3B50-THDOC No Yes*
Corticosterone B Yes Yes*
5a-dihydrocorticosterone 50-DHB No No
5B-dihydrocorticosterone 5B-DHB No No
3o50-tetrahydrocorticosterone 3050-THB No No
3a5-tetrahydrodeoxycorticosterone 3a58-THB No No
3p5ar-tetrahydrocorticosterone 3B50-THB No No
11-dehydrocorticosterone 11-dehydroB Yes Yes
Aldosterone Aldosterone No Yes
11-deoxycortisol N No No
Cortisol F No Yes*
Cortisone E Yes Yes

C19-Steroids (androstanes)

Dehydroepiandrosterone DHEA Yes Yes*
Dehydroepiandrosterone sulfate DHEAS Yes Yes
Androstenediol (A5-androstene 3f,17B-diol) ADIOL Yes Yes*
Androstenedione (A4-androstene 3,17-dione) ADIONE No Yes*
5o-dihydroandrostenedione 50-DHADIONE No No
5B- dihydroandrostenedione 5B-DHADIONE No No
5a-androstane-3-ol-17-one Epiandrosterone No No
5pB-androstane-30-ol-17-one Etiocholanolone No No
Testosterone T No Yes
5a-dihydrotestosterone 50-DHT No No
5B-dihydrotestosterone 5B-DHT No No
3o,50-tetrahydrotestosterone 3050-THT No No
3B, 5a-tetrahydrotestosterone 3B50-THT No No
30,5p-tetrahydrotestosterone 3056-THT No No
C18-Steroids (estranes)

Estrone El Yes Yes*
17B-estradiol 17B-E2 Yes Yes*
Estriol E3 Yes Yes*
2-methoxyestradiol 2-ME2 No No
2-hydroxyestradiol 2-OH E2 No No
Estetrol E4 No No

Steroids are classified according to their chemical structure, i.e. their carbon number. Steroids indicated in italics were not detected both in saliva and plasma. *: steroids whose

concentrations are significantly different between physiological stages.





