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Abstract: Understanding the systemic biochemistry of early pregnancy in the mare is essential for
developing new diagnostics and identifying causes for pregnancy loss. This study aimed to elucidate
the dynamic lipidomic changes occurring during the initial stages of equine pregnancy, with a specific
focus on days 7 and 14 post-ovulation. By analysing and comparing the plasma lipid profiles of
pregnant and non-pregnant mares, the objective of this study was to identify potential biomarkers
for pregnancy and gain insights into the biochemical adaptations essential for supporting maternal
recognition of pregnancy and early embryonic development. Employing discovery lipidomics, we
analysed plasma samples from pregnant and non-pregnant mares on days 7 and 14 post-conception
using the SCIEX ZenoTOF 7600 system. This high-resolution mass spectrometry approach enabled us
to comprehensively profile and compare the lipidomes across these critical early gestational time-
points. Our analysis revealed significant lipidomic alterations between pregnant and non-pregnant
mares and between days 7 and 14 of pregnancy. Key findings include the upregulation of bile
acids, sphingomyelins, phosphatidylinositols, and triglycerides in pregnant mares. These changes
suggest enhanced lipid synthesis and mobilization, likely associated with the embryo’s nutritional
requirements and the establishment of embryo–maternal interactions. There were significant differ-
ences in lipid metabolism between pregnant and non-pregnant mares, with a notable increase in the
sterol lipid BA 24:1;O5 in pregnant mares as early as day 7 of gestation, suggesting it as a sensitive
biomarker for early pregnancy detection. Notably, the transition from day 7 to day 14 in pregnant
mares is characterized by a shift towards lipids indicative of membrane biosynthesis, signalling
activity, and preparation for implantation. The study demonstrates the profound lipidomic shifts
that occur in early equine pregnancy, highlighting the critical role of lipid metabolism in supporting
embryonic development. These findings provide valuable insights into the metabolic adaptations
during these period and potential biomarkers for early pregnancy detection in mares.

Keywords: equine early pregnancy; lipidomics; cholesterol; bile acids; phosphatidylethanolamine;
biomarkers

1. Introduction

Lipid metabolism in early equine pregnancy presents a fascinating area of study,
particularly when considering the unique physiological aspects of mares compared to other
mammals [1,2]. How early pregnancy impacts circulating lipid levels and their metabolism
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is currently unknown. Recent advancements in mass spectrometry and lipidomics have
opened new avenues for exploring these complex biochemical pathways, providing deeper
insights into pregnancy recognition and immunological responses.

This study focused on the lipid profile comparison between pregnant and non-
pregnant mares, specifically at the critical timepoints of day 7 and 14 post-ovulation,
encompassing a stage where equine gestation exhibits distinct characteristics. By day
7 following ovulation, the early embryo descends into the uterus from the oviduct, via a
peculiar selective process whereby only embryos, and not unfertilised oocytes, are permit-
ted transit [3]. Once here, the conceptus remains uniquely spherical instead of elongating,
encased in an acellular glycoprotein capsule, and maintains a pattern of rapid mobility
along both horns of the uterus from day 9 until day 16 [4,5]. From around day 10, the
conceptus initiates a critical embryo–maternal interaction known as maternal recognition
of pregnancy (MRP), signalling its presence to the maternal system and culminating in the
retention of the corpus luteum, which secretes progesterone essential to maintenance of
pregnancy [6,7]. The biochemical signal released by the embryo to instigate this cascade of
events remains to be identified. Whether these interactions are constrained to the reproduc-
tive system or have systemic sequelae, and indeed whether they involve alterations in the
lipidome, has not yet been examined.

The importance of lipid profile variations in pregnant mares has been increasingly
recognized [1]. Research has documented significant alterations in lipid and lipoprotein
profiles during pregnancy in mares. For instance, the effects of different nutritional states
on plasma lipid concentrations in pregnant mares and their foetuses have been examined
by Stammers, et al. [8], revealing that both short-term fasting and prolonged undernutri-
tion can significantly elevate maternal plasma lipid concentrations, which subsequently
influence the lipid profile in the foetal circulation. These observations highlight the sensi-
tivity of maternal and foetal lipid metabolism to changes in nutritional intake during late
stages of equine pregnancy. Variations in plasma levels of total cholesterol, HDL-col, total
protein, and globulins have also been reported, indicating altered lipid metabolism during
pregnancy [9]. Furthermore, research by Shcherbatyy, et al. [10] highlighted increased
levels of lipid peroxidation products, such as diene conjugates and malondialdehyde, in
pregnant mares, emphasizing that oxidative stress is associated with equine gestation.
Arfuso, et al. [11] underscored the dynamic shifts in energy expenditure and lipid profiles
during pregnancy, suggesting a complex regulation of lipid metabolism in mares.

The advanced techniques now available for mass spectrometry in lipidomics offer a
powerful tool for dissecting these changes at a molecular level. This technology allows for
the precise identification and quantification of a broad spectrum of lipids, providing a com-
prehensive overview of the lipidome [12]. In this study, we employed high-performance
liquid chromatography (HPLC) followed by mass spectrometry (MS) analysis on a SCIEX
ZenoTOF 7600 system (SCIEX; Concord, Ontario, Canada) with electrospray ionization
and data-dependent acquisition in positive ion mode to measure the lipidomic alterations
of plasma samples collected at day 7 and 14 post-ovulation, aiming to deepen the under-
standing of lipid metabolic changes during early equine pregnancy. The implications of
our findings could offer novel avenues for diagnostics and therapeutic strategies aimed at
enhancing reproductive efficiency and outcomes in the equine species.

2. Results
2.1. Day 7 Characterisation

Untargeted lipidomics analysis of mare plasma returned 2062 identified lipids be-
tween the non-pregnant (NP) and pregnant (P) included into 7 main lipid categories, such
as Fatty acyls [FA], Glycerolipids [GL], Glycerophospholipids [GP], Prenol Lipids [PR],
Sphingolipids [SP], Sterol Lipids [ST], and other lipids and into 43 lipid classes. A full
list of lipid IDs is presented in Supplementary Table S1. A broad examination of these
classes revealed that only the sterols lipid class showed a statistically significant difference
between P and NP at day 7 (Figure 1A). The most significant contributor to this difference
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was BA 24:1;O5. Further interrogation at the lipid species level, identified several species
showing differential abundance as depicted in the volcano plot in Figure 1B. Notably, in
pregnant mares, lipid ions such as BA 24:1;O5, PI 26:4, PG 38:0_38:5, SHexCer 14:2;O2/24:6,
and SM 47:9;O2 (FA 22:6) were significantly upregulated (Fold change ≥ 1.5, p ≤ 0.05).
Conversely, ions such as PI 27:3 and SM 44:7;O2 (FA 28:0) were found in lower abundance
(Fold change ≤ 1.5, p ≤ 0.05) as shown in Table 1. These findings point to a complex
interplay of lipid molecules during early equine gestation, and this is highlighted by the
heatmap (Figure 1C) showcasing the difference in abundances within P and NP samples.

Table 1. Upregulated and downregulated lipids on day 7: pregnant and non-pregnant comparison.

Description Log2Fold Change
(P/NP) p-Value

PI 26:4 2.57 0.0023
PG 38:0_38:5 2.10 0.0189

SHexCer 12:2;O2/15:4 1.64 0.0112
SM 47:9;O2 (FA 22:6) 1.21 0.0376

Cer 12:0;O3/36:0 (2OH) 1.09 0.0064
TG O-22:1_15:0_9:0 1.05 0.0315

BA 24:1;O5; 0.82 0.0025
MGDG O-19:2_4:0 0.74 0.0261

TG O-17:1_16:0_18:1 0.74 0.0238
SM 40:6;O2 0.70 0.0321

BMP 19:0_28:1 0.66 0.0011
Cer 15:0;O2/38:0;O 0.65 0.0160

CL 76:0 0.64 0.0411
Cer 21:1;O3/38:4 (2OH) 0.63 0.0119

PC 16:1/18:3 −0.62 0.0140
PC 17:2/18:2 −0.68 0.0486

CL 70:2 −0.74 0.0368
PC O-18:0_28:4 −0.76 0.0096

PC 18:3/18:2 −0.83 0.0229
LPC 18:3/0:0 −0.87 0.0473
PI 27:3_1432 −0.88 0.0083

PC 18:3 (9,12,15)/18:2 (12,15) −0.93 0.0381
TG 51:0 −1.13 0.0400

PE 18:1/18:2 −1.18 0.0082

2.2. Day 14 Characterisation

For the lipid profiles detected for day 14 of pregnancy, our analysis revealed that
while the overall lipid classes did not show significant differences between pregnant and
non-pregnant mares (Figure 2A), there is notable divergence in the abundance of certain
lipid species (Figure 2B,C). In pregnant mares, we observed an upregulation in a subset of
lipid species which may indicate an active alteration in lipid metabolism. These included
an increase in sphingomyelins, phosphatidylinositols, triglycerides, and other lipid species
(Figure 2B). Conversely, lipid species, including various ceramides, phosphatidylcholines,
and phosphatidylethanolamines, were found to be downregulated in pregnant mares
(Figure 2B). This differential abundance of specific lipid species highlights the dynamic
nature of lipid metabolism during the mid-stages of early equine pregnancy.
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Figure 1. Pregnancy-status-dependent lipidomics characteristics at day 7 post ovulation. (A). Distri-
bution of whole lipidome according to their classes. (B) Volcano plot depicts the quantitative
comparison between the P and NP groups. Coloured dots represent upregulated and down-
regulated lipids, respectively (fold-change ≥ 1.5 and p ≤ 0.05). Gray dots represent lipids that are not
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differentially expressed between the groups. (C) Heat map showing the lipids abundance patterns in
pregnant and non-pregnant plasma. Ratio is mapped from red (increase) to blue (decrease) or white
(no change); see colour key inset. Each row represents a lipid species, and each column represents
a sample.
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Figure 2. Pregnancy-status-dependent lipidomics characteristics at day 14 post ovulation. (A). Dis-
tribution of whole lipidome according to their classes. (B) Volcano plot depicts the quantitative
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comparison between the P and NP groups. Coloured dots represent upregulated and downregu-
lated lipids, respectively (fold-change ≥ 1.5 and p ≤ 0.05). Gray dots represent lipids that are not
differentially expressed between the groups. (C) Heat map showing the lipids abundance patterns in
pregnant and non-pregnant plasma. Ratio is mapped from red (increase) to blue (decrease) or white
(no change); see colour key inset. Each row represents a lipid species, and each column represents
a sample.

2.3. Day 7–14 Characterisation

The transition from day 7 to day 14 in equine pregnancy is marked by significant
lipidomic alterations (Figure 3A). By comparing the lipid profiles between day 7 and day
14 of pregnancy, our study observed significant differences in the sterols class, particularly
BA 24:1;O5 (Figure 3B). Further, upregulation of certain lipid ions on day 7, including TG
O-22:1_15:0_9:0 and TG O-17:1_16:0_18:1 and upregulation of lipids such as Cer 12:0;O3/8:0
(2OH) and NAE 23:1 on day 14 were observed. A standout discovery from our lipidomic
analysis is the significant elevation of the sterol lipid BA 24:1;O5 in the plasma of preg-
nant mares as early as day 7 of gestation (Figure 4A). In Figure 4B, we can see the BA
levels changes in day 7 P and NP groups compared to the other sterols in the family
and a decrease in BA levels from day 7 to day 14 in Figure 4C. On the other hand, a dis-
tinct decrease in phosphatidylethanolamine (PE) was observed in pregnant mare plasma
(Figure 5A). Furthermore, Figure 5B shows how the PE levels changed compared with
the other Glycerolipids in the family. A decrease in PE was observed from day 7 to 14, as
shown in Figure 5C.

In light of the alterations observed in the phosphatidylethanolamine (PE) group, we
endeavoured to delve deeper into the saturation data. Intriguingly, our analysis revealed a
marked increase in the presence of double bonds in the pregnant (P) group compared to
the non-pregnant (NP) group (Figure 6A). A comparative analysis of lipid chain lengths in
plasma samples from day 7 and day 14 of pregnancy was made for the PE class. Notably,
there is a distinct difference in the distribution of chain lengths between the two timepoints
(Figure 7A,B). On day 7 (Figure 7A), there was a wider spread and higher frequency of vary-
ing chain lengths, suggesting a significant diversity in lipid species. This is characterized
by pronounced peaks at certain chain lengths, indicating a higher abundance of specific
lipid molecules with those chain lengths. Conversely, the distribution on day 14 (Figure 7B)
appears more uniform with less variation in chain length frequency.
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Figure 3. Pregnancy-status-dependent lipidomics characteristics when pregnancy is progressing
from day 7 to day 14. (A). Distribution of whole lipidome according to lipid classes (* indicates a
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statistically significant difference (p ≤ 0.05) between the groups). (B) Volcano plot depicts the
quantitative comparison between the P and NP groups. Coloured dots represent upregulated and
downregulated lipids, respectively (fold-change ≥ 1.5 and p ≤ 0.05). Gray dots represent lipids that
are not differentially expressed between the groups. (C) Heat map showing the lipids abundance
patterns in pregnant and non-pregnant plasma. Ratio is mapped from red (increase) to blue (decrease)
or white (no change); see colour key inset. Each row represents a lipid species, and each column
represents a sample. (D) Graph illustrating fifteen lipid species, i.e., chemical shifts, corresponding to
assigned lipids with VIP values greater than 1.95 according to PLS-DA results. The coloured scale on
the right represents the variation in concentrations of lipids in the P and NP plasma lipids.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 19 
 

 

Figure 3. Pregnancy-status-dependent lipidomics characteristics when pregnancy is progressing 
from day 7 to day 14. (A). Distribution of whole lipidome according to lipid classes (* indicates a 
statistically significant difference (p ≤ 0.05) between the groups). (B) Volcano plot depicts the quan-
titative comparison between the P and NP groups. Coloured dots represent upregulated and down-
regulated lipids, respectively (fold-change ≥ 1.5 and p ≤ 0.05). Gray dots represent lipids that are not 
differentially expressed between the groups. (C) Heat map showing the lipids abundance patterns 
in pregnant and non-pregnant plasma. Ratio is mapped from red (increase) to blue (decrease) or 
white (no change); see colour key inset. Each row represents a lipid species, and each column rep-
resents a sample. (D) Graph illustrating fifteen lipid species, i.e., chemical shifts, corresponding to 
assigned lipids with VIP values greater than 1.95 according to PLS-DA results. The coloured scale 
on the right represents the variation in concentrations of lipids in the P and NP plasma lipids. 

 
Figure 4. Changes in BA within groups. (A) BA difference in P and NP plasma (** indicates
a statistically significant difference (p ≤ 0.01) between the two groups). (B) Comparison of BA
abundance to the other lipids in the sterol lipid class. (C) Occurrence of BA in comparison to the
other sterols. (D) Graph shows the significant difference in BA when pregnancy progression from
day 7 to day 14 (* indicates a statistically significant difference (p ≤ 0.05) between groups).
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Figure 5. Changes in PE within groups. (A) PE difference in P and NP plasma. (B) Comparison of
PE abundance to the other lipids in the Glycerophospholipid class. (C) Graph shows the significant
difference in PE when pregnancy progression from day 7 to day 14 (* indicates a statistically significant
difference (p ≤ 0.05) between groups).
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3. Discussion

In this study, we have delved into the plasma lipid dynamics during early equine
pregnancy, uncovering significant lipidomic alterations between day 7 and 14 of gestation.
Our findings underscore the complex metabolic adaptations necessary for successful em-
bryonic development and implantation, highlighting the crucial role of lipid metabolism in
supporting both the embryo and the mare. Integrating our study with existing literature on
lipid metabolism across various species provides a richer understanding of these processes
and their implications for maternal and foetal health.

By day 7 post-ovulation, glycerophospholipids were predominantly downregulated
in pregnant versus non-pregnant mare plasma (Figure 1). Several lipid species were upreg-
ulated in pregnant mares; these include glycerolipids, sphingolipids, glycerophospholipids,
and a single sterol–bile acid BA 24:1;O5. The latter was also consistently upregulated in
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day 7 pregnant mares when compared against day 14 pregnant mares (Figures 3 and 4).
The upregulation of the bile acid BA 24:1;O5 implies robust cholesterol metabolism, po-
tentially facilitating the provision of cholesterol and its metabolites to the embryo. Bile
acids, synthesized from cholesterol in the liver, play a crucial role in cholesterol home-
ostasis by facilitating the digestion and absorption of dietary fats and cholesterol in the
intestine. Therefore, the upregulation of the bile acid BA 24:1;O5 suggests an active choles-
terol catabolism, which not only implies robust cholesterol metabolism but also indicates
the mobilization of cholesterol and its derivatives. This mobilization is essential for sup-
porting the developmental needs of the embryo, as cholesterol is a vital component for
cellular membrane synthesis and is a precursor for steroid hormones and other critical
developmental molecules [13–17].

At day 14 post-ovulation, pregnant mare plasma exhibits increased levels of several
lipid species such as SM and NaGlycer, while the non-pregnant plasma shows increases in
PC and PE. The scatter plot further illustrates these differences, highlighting specific lipid
species such as cholesterol, ceramide, and PI that are more prominent in pregnant versus
non-pregnant mares (Figure 2).

The elevation in sphingolipids, including the sulfatide SHexCer 14:2;O2/24:6 and
sphingomyelin SM 47:9;O2 (FA 22:6), could be indicative of the establishment of embryonic
cell membranes and signalling processes that govern early developmental events [18].
Sphingolipids, in particular, play a crucial role in cell membrane signalling, which is vital
for early developmental events such as implantation and cell differentiation. The observed
decrease in lipids such as PE 18:1/18:2 might suggest a reallocation of phospholipids from
the maternal system to the embryo. PE is known to be involved in autophagy and cellular
proliferation, which are vital during the rapid cell division occurring at this stage [19].

Comparing the plasma lipidomes of same mares at two different stages of pregnancy
(Figures 3–6) revealed the dynamic nature of lipid metabolism during early gestation and
suggests that systemic adaptations in lipid metabolism are vital for successful embryonic
development. The upregulation of triglycerides and certain glycerophospholipids on
day 7, followed by a shift towards different sphingolipids and phospholipids on day 14,
may be reflective of the changing nutritional and structural requirements of the embryo
as it prepares for the next phase of development. The observed lipid variations likely
support critical processes such as embryonic nutrition, membrane formation, and immune
modulation [20]. These changes highlight the finely tuned physiological mechanisms
that ensure the viability and proper development of the embryo during the early stages
of gestation.

The significant presence of BA 24:1;O5 in early pregnancy aligns with findings in
mammalian studies where bile acid production is altered during early gestation. Bile
acids are not only a reflection of cholesterol metabolism but also function as signalling
molecules that can influence systemic metabolism and energy homeostasis [21,22]. The
study by Liu, et al. [23] elucidates the critical role of bile acids in the process of steroidoge-
nesis, highlighting their function beyond their traditional roles in digestion and nutrient
absorption. Bile acids, particularly under conditions of cholestasis (a state of elevated
bile acid levels due to impaired bile flow), are shown to stimulate steroidogenesis in both
mouse models and human adrenocortical H295R cells through a specific signalling pathway
involving the sphingosine-1-phosphate receptor 2 (S1PR2), extracellular signal-regulated
kinase (ERK), and steroidogenic factor 1 (SF-1). This signalling pathway is independent of
the previously known bile acid receptors FXR and TGR5, suggesting a novel mechanism by
which bile acids influence adrenal gland function. The findings suggest that supraphysio-
logical levels of bile acids, as seen in cholestasis, can increase steroidogenesis, including
cortisol production which has significant implications for adrenal gland physiology. This
finding is relevant in the context of pregnancy as explored by Hollinshead, et al. [24],
where the increased BA levels in day 7 may be facilitating an initial spike in progesterone
production critical for pregnancy initiation before levels adjust for maintenance at day 14.
The detection of BA 24:1;O5 may thus reflect the heightened metabolic and biosynthetic
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activities during early pregnancy, including the synthesis of steroid hormones such as
progesterone, which, although not differentially present in the serum, plays a critical role
in the maintenance of pregnancy. Furthermore, as serum progesterone levels do not exhibit
a marked difference between pregnant and non-pregnant mares specifically on day 7 [25],
the detection of BA 24:1;O5 could potentially serve as an alternative, sensitive biomarker
for early pregnancy diagnosis.

Regarding the distinct decrease in phosphatidylethanolamine (PE) observed in preg-
nant mare plasma (Figure 5A), our study aligns with known lipid redistributions during
gestation. PE plays a vital role in membrane biogenesis and cell division, essential for sup-
porting rapid cellular proliferation during early gestation. Furthermore, PE is implicated
in the initiation of autophagy, a process that could be critical in managing the increased
metabolic demands placed on the mother’s body during pregnancy [26]. Additionally,
involvement of PE in inflammatory responses could have implications for pregnancy
maintenance [27]. Aberrant inflammatory signalling is a known factor in pregnancy compli-
cations. Therefore, the decreased levels of PE in pregnant mares may also reflect shifts in the
inflammatory milieu, potentially contributing to a favourable environment for pregnancy
progression (Figure 5C). Thus, the decreased PE levels in pregnant mare plasma may reflect
a combination of modulation of inflammatory responses and, potentially, alterations in cell
proliferation and autophagy pathways during pregnancy. Figure 5B shows how the PE
levels change in comparison with the other Glycerolipids in the family. The integration
of our lipidomic data with these findings provides a richer understanding of the complex
metabolic adaptations occurring during early equine gestation.

As pregnancy progresses, initial differences in lipid saturation between pregnant (P)
and non-pregnant (NP) mare plasma appear to attenuate by day 14. This observation
suggests that the early pregnancy phase is characterized by a distinct lipidomic profile,
which undergoes a notable transition toward a more stabilized state of lipid metabolism.
Specifically, the pronounced differences in lipid saturation and double bond presence
observed in the P group relative to the NP control group on day 7 are not as apparent
by day 14 (Figure 6A). This may reflect physiological adaptations where the heightened
metabolic demands of early pregnancy are met through increased lipid saturation [28], yet
by day 14, the demand appears to normalize, potentially indicating an adaptation phase
is completed. The importance of lipid fluidity in maintaining membrane functionality
for nutrient transport and signalling remains vital throughout pregnancy, but the initial
surge in lipid saturation and unsaturation seen in early gestation seems to balance out,
suggesting a possible consolidation in lipidomic activity. This trend underscores the
dynamic nature of lipid metabolism during the early stages of pregnancy and its possible
stabilization as gestation proceeds, which could have implications for embryo–maternal
interactions and the overall regulation of inflammatory responses [29] during this critical
period of development. The influence of the oestrous cycle on lipid metabolism may further
contribute to these differences, as hormonal shifts can significantly impact lipid distribution
and function. Although the specific lipid ions identified in our study do not directly
match those found by Hughes, et al. [30], the general trends observed, such as changes in
lipid profiles during the oestrous cycle and early gestation, are consistent. These patterns
underscore the importance of lipid metabolism in early equine pregnancy, particularly in
the context of progesterone synthesis, immune modulation, and embryonic development.

4. Materials and Methods
4.1. Mare Plasma Sample Collection

Thoroughbred mares aged 3–16 years (n = 28) enrolled in a commercial breeding
operation were randomly selected from two breeding farms in the Hunter Valley region of
New South Wales, Australia. Procedures were approved by the University of Newcastle
Animal Care and Ethics Committee (approval number A-2018-804). The animals were con-
sidered healthy based on veterinary records, physical examinations, and reproductive tract
examinations performed by rectal palpation and ultrasonography. An expert veterinary



Int. J. Mol. Sci. 2024, 25, 11073 14 of 17

surgeon used ultrasound scanning to monitor ovarian and uterine activity during estrus.
The mares were then bred by live cover one day before, or on the day of, estimated ovula-
tion, and ovulation was confirmed the following day. Mares were checked for pregnancy
12–14 days after ovulation to confirm the pregnancy status by ultrasonographic examina-
tion. All mares were maintained in an outdoor paddock with the same diet (predominantly
pasture with supplementary feeding) and ad libitum water. Blood samples were collected
from the jugular vein of the mares and dispensed into 10 mL EDTA anticoagulant tubes.
To maintain the stability of lipids, blood samples were centrifuged (3000× g, 10 min, RT)
within 1 h of collection (samples were kept on ice). The resultant plasma was stored at
−80 ◦C until further processing. Previous studies have indicated that lipids, particularly
lipoproteins, are minimally affected by a delay in centrifugation up to 8 h, demonstrating
high resilience to preanalytical handling variations [31]. While metabolites can show signif-
icant changes with delayed processing, lipoproteins remain relatively stable, making them
robust biomarkers even when immediate processing is not feasible [32]. Our approach
aligns with these findings, supporting the reliability of our lipidomic data. Pregnancy main-
tenance details and foaling dates were also recorded, allowing samples to be categorized as
pregnant at day 7 (7P), n = 11 or non-pregnant (7NP) n = 14 and at day14 pregnant (14P)
n = 12 or non-pregnant (14NP) n = 13.

4.2. Lipid Extraction

Samples were prepared for mass spectrometry runs in batch mode (12 samples at
once, 3 samples per each group). Briefly, the extraction solvent was prepared by mixing
15 mL of butanol (BuOH), 15 mL of methanol (MeOH) with 100 µL of Internal Standard
(SPLASH® Lipidomix® Mass Spec Standard (Avanti Polar Lipids, 330707; Sigma-Aldrich,
Merck Darmstadt, Germany) [33], and 10 mM ammonium acetate (NH4OAc) together,
creating a 10 mM extraction solvent. The solution was well vortexed at room temperature.
Twenty microliters of plasma were aliquoted into LoBind Eppendorf tubes, and 180 µL of
the prepared extraction solvent was added to each plasma sample, the total to be 200 µL.
The samples were vortexed for 30 s to ensure thorough mixing and then incubated on a
shaker at 2000 rpm on 22 ◦C for 60 min to facilitate the extraction process. Following the
incubation, the samples were centrifuged at 13,000 rpm for 15 min at room temperature to
precipitate proteins, DNA, and cellular debris. The supernatant, 150 µL from each sample,
was carefully transferred into glass HPLC vials equipped with inserts and Teflon insert
caps for subsequent HPLC analysis. To prepare the Pool Biological Quality Control (PBQC),
20 µL from each extraction was mixed to create a pooled sample. The PBQC mix was
vortexed thoroughly and aliquoted into separate vials. A PBQC sample was placed to run
at regular intervals throughout the analytical run, ideally after every 10 samples, to ensure
quality control and consistency in the analysis.

4.3. High-Performance Liquid Chromatography (HPLC)—Mass Spectrometry (MS)

Lipid separation was achieved on a Phenomenex Kinetex C18 column (2.6 µm, 100 Å,
100 × 2.1 mm). A 5 µL sample injection volume was utilized. Mobile phase A consisted
of 1 mM sodium acetate in a mixed solvent of 50% water, 30% acetonitrile, and 20%
isopropanol. Mobile phase B comprised 10 mM ammonium acetate in 90% isopropanol,
9% acetonitrile, and 1% water. The separation employed a 15 min gradient protocol,
transitioning from 10% to 100% B, facilitating the comprehensive resolution of lipid species.
Lipid analysis was conducted using a SCIEX ZenoTOF 7600 system (SCIEX; Concord,
Ontario, Canada) accessed at the Sydney Mass Spectrometry, a core research facility at
the University of Sydney, equipped with a DuoSpray Turbo V (SCIEX; Concord, Ontario,
Canada) ion source and an electrospray ionization (ESI) probe. Instrument calibration
was maintained using the automated calibrant delivery system (CDS), which calibrated
every five samples with an ESI calibration solution. Data-dependent acquisition (DDA)
scans were performed in the positive ion mode. This mode was chosen for its efficacy
in ionizing lipid molecules, generating positively charged ions for analysis. The system
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was configured to select the top 10 most abundant ions for fragmentation, enhancing the
detection of significant lipid species. Dynamic background subtraction (DBS) with a mass
tolerance of 50 mDa was applied to minimize noise and enhance signal clarity. The time-of-
flight (TOF) mass spectrometer accumulation time was set at 250 ms, and a collision energy
(CE) of 10 V, with a 50 ms accumulation time, was employed for TOF MS/MS acquisitions,
facilitating detailed structural elucidation of lipid molecules.

4.4. Data Processing and Analysis

Data processing and analysis were conducted using MS-DIAL software (version 5.1).
The software utilized a comprehensive lipid library, encompassing MS/MS fragments gen-
erated by collision-induced dissociation (CID) and electron-activated dissociation (EAD).
This robust database allowed for precise lipid molecular species identification with 99%
confidence using MS/MS fragmentation data, ensuring accurate and reliable lipidomic pro-
filing. Identification confidence levels were assigned as Level 1 [34], based on two different
fragmentation techniques, collision-induced dissociation (CID) and electron-activated dis-
sociation (EAD), which provides an additional information of the regio-isomer and double
bond positions of the lipid structure. We used the MS-DIAL silico predicted lipid library
based on both CID and EAD fragmentations for identification of the lipid species. While
this approach provides reliable lipid profiling, exact bond positions remain challenging
without additional validation techniques such targeted lipidomics [35]. Raw data were
prepared using MS dial software version 4.9.2, and further statistical analysis were carried
out using software 5.0 [36]. Basic data handling, if not otherwise stated, was conducted
using Microsoft Excel 365 (Version 16.0.4966.1000, Microsoft Corporation, Redmond, WA,
USA) and in GraphPad Prism version 10.1 (GraphPad Software; San Diego, CA, USA).

5. Conclusions

In summary, our investigation into the lipidomic signatures of early equine pregnancy
has unveiled critical distinctions in lipid metabolism between pregnant and non-pregnant
mares. Central to our findings is the significant elevation of the sterol lipid BA 24:1;O5
in the plasma of pregnant mares as early as day 7 of gestation, marking it as a potential
sensitive biomarker for early pregnancy detection. This is especially notable considering
the lack of discernible difference in serum progesterone levels at this stage. Our study
highlights the crucial role of sterols, derived from cholesterol metabolism, in supporting
pregnancy. These sterols are imperative for a range of biological processes, including energy
provision, cellular membrane synthesis, and the production of steroid hormones critical for
gestation maintenance. The heightened presence of BA 24:1;O5 correlates with the essential
role of cholesterol in the metabolic activities unique to early pregnancy, particularly in the
synthesis of progesterone and other steroids. Moreover, our research indicates dynamic
shifts in cholesterol synthesis and utilization during early gestation. The observed decrease
in BA levels from day 7 to day 14 of gestation suggests a metabolic adaptation, possibly
due to the increased demand for cholesterol in steroid hormone biosynthesis, essential
for sustaining pregnancy. These findings are consistent with other mammalian studies
showing altered bile acid production in early pregnancy, where bile acids serve not just as
metabolic byproducts but also as signalling molecules influencing overall metabolism and
energy balance.

In conclusion, our findings indicate that systemic lipidomic alterations can occur as
early as day 7 post-ovulation, a significant departure from previous assumptions that such
changes manifest later in gestation. This early onset of systemic changes suggests potential
implications for developing early pregnancy diagnostics and exploring novel pregnancy-
supportive interventions beyond progestins. However, the sample size of our study (n = 28)
presents a limitation that may affect the broader applicability of the findings. Thus, future
research with larger cohorts and targeted lipidomic analyses will be necessary to validate
these observations and translate them into actionable clinical or veterinary practices.



Int. J. Mol. Sci. 2024, 25, 11073 16 of 17

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms252011073/s1

Author Contributions: Conceptualization, T.R.W.P., D.A.S.-B. and A.S.; methodology, T.R.W.P., A.R.S.,
T.R., D.A.S.-B. and A.S.; software, T.R.W.P., T.R., D.A.S.-B. and A.S.; validation, T.R.W.P., T.R., D.A.S.-B.
and A.S.; formal analysis, T.R.W.P., T.R., D.A.S.-B. and A.S.; investigation, T.R.W.P., A.R.S., D.A.S.-B.
and A.S.; resources, T.R.W.P., E.G.B., Z.G., B.N., D.A.S.-B. and A.S.; data curation, T.R.W.P., T.R.,
D.A.S.-B. and A.S.; writing—original draft preparation, T.R.W.P., D.A.S.-B. and A.S.; writing—review
and editing, T.R.W.P., E.G.B., Z.G., B.N., D.A.S.-B. and A.S.; visualization, T.R.W.P., D.A.S.-B. and
A.S.; supervision, D.A.S.-B. and A.S.; funding acquisition, E.G.B. and A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by a project grant from the AgriFutures Australia Thoroughbred
Horses Program (PRJ-011748).

Institutional Review Board Statement: Procedures were approved by the University of Newcastle
Animal Care and Ethics Committee (approval number A-2018-804, granted 25 May 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: We are grateful to the Hunter Valley Equine Research Centre for their longstand-
ing support and collaboration, and, in particular, to Arrowfield and Vinery stud farms, for generously
providing mare blood plasma samples and sharing the clinical records central to this study. We
thank Ben Crossett, Atul Bhatnagar, Kang-Yu Peng of Sydney Mass Spectrometry staff members
for assistance and advice with the mass spectrometry analysis that was carried out at Sydney Mass
Spectrometry, a core research facility at the University of Sydney, and the Academic and Research
Computing Support team, University of Newcastle, for providing high-performance computing
infrastructure to support the bioinformatics.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lawson, E.F.; Grupen, C.G.; Baker, M.A.; Aitken, R.J.; Swegen, A.; Pollard, C.-L.; Gibb, Z. Conception and early pregnancy in the

mare: Lipidomics the unexplored frontier. Reprod. Fertil. 2022, 3, R1–R18. [CrossRef] [PubMed]
2. Swegen, A.; Grupen, C.G.; Gibb, Z.; Baker, M.A.; de Ruijter-Villani, M.; Smith, N.D.; Stout, T.A.E.; Aitken, R.J. From Peptide

Masses to Pregnancy Maintenance: A Comprehensive Proteomic Analysis of The Early Equine Embryo Secretome, Blastocoel
Fluid, and Capsule. Proteomics 2017, 17, 1600433. [CrossRef]

3. Betteridge, K.J.; Mitchell, D. Direct evidence of retention of unfertilized ova in the oviduct of the mare. J. Reprod. Fertil. 1974, 39,
145–148. [CrossRef] [PubMed]

4. Klein, C.; Troedsson, M.H. Transcriptional Profiling of Equine Conceptuses Reveals New Aspects of Embryo-Maternal Communi-
cation in the Horse. Biol. Reprod. 2011, 84, 872–885. [CrossRef] [PubMed]

5. Swegen, A. Maternal recognition of pregnancy in the mare: Does it exist and why do we care? Reproduction 2021, 161, R139–R155.
[CrossRef] [PubMed]

6. Stout, T.A. Embryo-maternal communication during the first 4 weeks of equine pregnancy. Theriogenology 2016, 86, 349–354.
[CrossRef]

7. Newcombe, J.R.; Cuervo-Arango, J.; Wilsher, S. The Timing of the Maternal Recognition of Pregnancy Is Specific to Individual
Mares. Animals 2023, 13, 1718. [CrossRef] [PubMed]

8. Stammers, J.P.; Hull, D.; Silver, M.; Fowden, A.L. Fetal and maternal plasma lipids in chronically catheterized mares in late
gestation: Effects of different nutritional states. Reprod. Fertil. Dev. 1995, 7, 1275–1284. [CrossRef]

9. Márquez, A.; De Abreu, J.; Márquez, Y.; López, A. Lipid and protein plasma profiles in quarter horse mares in different
reproductive periods. Rev. Vet. 2014, 25, 54–57. [CrossRef]

10. Shcherbatyy, A.; Slivinska, L.; Gutyj, B.; Fedorovych, V.; Lukashchuk, B. Influence of Marmix premix on the state of lipid
peroxidation and indices of non-specific resistance of the organism of pregnant mares with microelementosis. Regul. Mech. Biosyst.
2019, 10, 87–91. [CrossRef]

11. Arfuso, F.; Giannetto, C.; Rizzo, M.; Fazio, F.; Giudice, E.; Piccione, G. Serum levels of mitochondrial uncoupling protein 1, leptin,
and lipids during late pregnancy and the early postpartum period in mares. Theriogenology 2016, 86, 1156–1164. [CrossRef]
[PubMed]

12. Chen, X.; Shao, S.; Wu, X.; Feng, J.; Qu, W.; Gao, Q.; Sun, J.; Wan, H. LC/MS based untargeted lipidomics reveals lipid signatures
of Non-Puerperal Mastitis. Lipids Health Dis. 2023, 22, 122. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms252011073/s1
https://www.mdpi.com/article/10.3390/ijms252011073/s1
https://doi.org/10.1530/RAF-21-0104
https://www.ncbi.nlm.nih.gov/pubmed/35350651
https://doi.org/10.1002/pmic.201600433
https://doi.org/10.1530/jrf.0.0390145
https://www.ncbi.nlm.nih.gov/pubmed/4604330
https://doi.org/10.1095/biolreprod.110.088732
https://www.ncbi.nlm.nih.gov/pubmed/21209420
https://doi.org/10.1530/REP-20-0437
https://www.ncbi.nlm.nih.gov/pubmed/33957605
https://doi.org/10.1016/j.theriogenology.2016.04.048
https://doi.org/10.3390/ani13101718
https://www.ncbi.nlm.nih.gov/pubmed/37238148
https://doi.org/10.1071/RD9951275
https://doi.org/10.30972/vet.251551
https://doi.org/10.15421/021914
https://doi.org/10.1016/j.theriogenology.2016.04.005
https://www.ncbi.nlm.nih.gov/pubmed/27165993
https://doi.org/10.1186/s12944-023-01887-z
https://www.ncbi.nlm.nih.gov/pubmed/37553678


Int. J. Mol. Sci. 2024, 25, 11073 17 of 17

13. Wollam, J.; Antebi, A. Sterol Regulation of Metabolism, Homeostasis, and Development. Annu. Rev. Biochem. 2011, 80, 885–916.
[CrossRef] [PubMed]

14. Ye, Q.; Zeng, X.; Cai, S.; Qiao, S.; Zeng, X. Mechanisms of lipid metabolism in uterine receptivity and embryo development. Trends
Endocrinol. Metab. 2021, 32, 1015–1030. [CrossRef]

15. Chatuphonprasert, W.; Jarukamjorn, K.; Ellinger, I. Physiology and pathophysiology of steroid biosynthesis, transport and
metabolism in the human placenta. Front. Pharmacol. 2018, 9, 1027. [CrossRef]

16. Hu, J.; Zhang, Z.; Shen, W.-J.; Azhar, S. Cellular cholesterol delivery, intracellular processing and utilization for biosynthesis of
steroid hormones. Nutr. Metab. 2010, 7, 47. [CrossRef]

17. Cortes, V.A.; Busso, D.; Maiz, A.; Arteaga, A.; Nervi, F.; Rigotti, A. Physiological and pathological implications of cholesterol.
Front. Biosci.-Landmark 2014, 19, 416–428. [CrossRef]

18. Hannun, Y.A.; Obeid, L.M. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 2008, 9,
139–150. [CrossRef]

19. Geltinger, F.; Schartel, L.; Wiederstein, M.; Tevini, J.; Aigner, E.; Felder, T.K.; Rinnerthaler, M. Friend or Foe: Lipid Droplets as
Organelles for Protein and Lipid Storage in Cellular Stress Response, Aging and Disease. Molecules 2020, 25, 5053. [CrossRef]

20. Howie, D.; Ten Bokum, A.; Necula, A.S.; Cobbold, S.P.; Waldmann, H. The Role of Lipid Metabolism in T Lymphocyte
Differentiation and Survival. Front. Immunol. 2018, 8, 01949. [CrossRef]

21. Kern, F., Jr.; Everson, G.T.; DeMark, B.; McKinley, C.; Showalter, R.; Erfling, W.; Braverman, D.Z.; Szczepanik-van Leeuwen, P.;
Klein, P.D. Biliary lipids, bile acids, and gallbladder function in the human female. Effects of pregnancy and the ovulatory cycle.
J. Clin. Investig. 1981, 68, 1229–1242. [CrossRef] [PubMed]

22. Zeisel, S.H. Choline: Critical role during fetal development and dietary requirements in adults. Annu. Rev. Nutr. 2006, 26, 229–250.
[CrossRef] [PubMed]

23. Liu, L.; Panzitt, K.; Racedo, S.; Wagner, M.; Platzer, W.; Zaufel, A.; Theiler-Schwetz, V.; Obermayer-Pietsch, B.; Müller, H.; Höfler,
G.; et al. Bile acids increase steroidogenesis in cholemic mice and induce cortisol secretion in adrenocortical H295R cells via
S1PR2, ERK and SF-1. Liver Int. 2019, 39, 2112–2123. [CrossRef] [PubMed]

24. Hollinshead, F.K.; Mehegan, M.K.; Gunn, A.; Nett, T.; Bruemmer, J.E.; Hanlon, D.W. The Correlation of Endogenous Progesterone
Concentration in Diestrus on Early Pregnancy Rate in Thoroughbred Mares. J. Equine Vet. Sci. 2022, 118, 104127. [CrossRef]

25. Aurich, C.; Budik, S. Early pregnancy in the horse revisited—Does exception prove the rule? J. Anim. Sci. Biotechnol. 2015, 6, 50.
[CrossRef]

26. Patel, D.; Witt, S.N. Ethanolamine and phosphatidylethanolamine: Partners in health and disease. Oxidative Med. Cell. Longev.
2017, 2017, 4829180. [CrossRef]

27. Rees, A.; Edwards-I-Coll, Z.; Richards, O.; Raikes, M.E.; Angelini, R.; Thornton, C.A. The dynamic inflammatory profile of
pregnancy can be monitored using a novel lipid-based mass spectrometry technique. Mol. Omics 2023, 19, 340–350. [CrossRef]

28. Miyazaki, M.; Ntambi, J.M. Fatty acid desaturation and chain elongation in mammals. In Biochemistry of Lipids, Lipoproteins and
Membranes; Elsevier: Amsterdam, The Netherlands, 2008; pp. 191–211.

29. Das, U.N. Arachidonic acid and other unsaturated fatty acids and some of their metabolites function as endogenous antimicrobial
molecules: A review. J. Adv. Res. 2018, 11, 57–66. [CrossRef]

30. Hughes, C.H.K.; Bosviel, R.; Newman, J.W.; Pate, J.L. Luteal Lipids Regulate Progesterone Production and May Modulate
Immune Cell Function During the Estrous Cycle and Pregnancy. Front. Endocrinol. 2019, 10, 662. [CrossRef]

31. Debik, J.; Isaksen, S.H.; Strømmen, M.; Spraul, M.; Schäfer, H.; Bathen, T.F.; Giskeødegård, G.F. Effect of Delayed Centrifugation
on the Levels of NMR-Measured Lipoproteins and Metabolites in Plasma and Serum Samples. Anal. Chem. 2022, 94, 17003–17010.
[CrossRef]

32. Ulmer, C.Z.; Koelmel, J.P.; Jones, C.M.; Garrett, T.J.; Aristizabal-Henao, J.J.; Vesper, H.W.; Bowden, J.A. A Review of Efforts to
Improve Lipid Stability during Sample Preparation and Standardization Efforts to Ensure Accuracy in the Reporting of Lipid
Measurements. Lipids 2021, 56, 3–16. [CrossRef] [PubMed]

33. Burla, B.; Arita, M.; Arita, M.; Bendt, A.K.; Cazenave-Gassiot, A.; Dennis, E.A.; Ekroos, K.; Han, X.; Ikeda, K.; Liebisch, G.; et al.
MS-based lipidomics of human blood plasma: A community-initiated position paper to develop accepted guidelines. J. Lipid Res.
2018, 59, 2001–2017. [CrossRef] [PubMed]

34. Fernández Requena, B.; Nadeem, S.; Reddy, V.P.; Naidoo, V.; Glasgow, J.N.; Steyn, A.J.C.; Barbas, C.; Gonzalez-Riano, C. LiLA:
Lipid lung-based ATLAS built through a comprehensive workflow designed for an accurate lipid annotation. Commun. Biol. 2024,
7, 45. [CrossRef] [PubMed]

35. Mackenzie Pearson, S.K.K.; Norris, P.; Hunter, C. Achieve Broad Lipid Quantitation Using a High-Throughput Targeted Lipidomics
Method; SCIEX: Framingham, MA, USA, 2018.

36. Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.-É.; Li, S.; Xia, J. MetaboAnalyst
5.0: Narrowing the gap between raw spectra and functional insights. Nucleic Acids Res. 2021, 49, W388–W396. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1146/annurev-biochem-081308-165917
https://www.ncbi.nlm.nih.gov/pubmed/21495846
https://doi.org/10.1016/j.tem.2021.09.002
https://doi.org/10.3389/fphar.2018.01027
https://doi.org/10.1186/1743-7075-7-47
https://doi.org/10.2741/4216
https://doi.org/10.1038/nrm2329
https://doi.org/10.3390/molecules25215053
https://doi.org/10.3389/fimmu.2017.01949
https://doi.org/10.1172/JCI110369
https://www.ncbi.nlm.nih.gov/pubmed/7298849
https://doi.org/10.1146/annurev.nutr.26.061505.111156
https://www.ncbi.nlm.nih.gov/pubmed/16848706
https://doi.org/10.1111/liv.14052
https://www.ncbi.nlm.nih.gov/pubmed/30664326
https://doi.org/10.1016/j.jevs.2022.104127
https://doi.org/10.1186/s40104-015-0048-6
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1039/D2MO00294A
https://doi.org/10.1016/j.jare.2018.01.001
https://doi.org/10.3389/fendo.2019.00662
https://doi.org/10.1021/acs.analchem.2c02167
https://doi.org/10.1002/lipd.12263
https://www.ncbi.nlm.nih.gov/pubmed/32519378
https://doi.org/10.1194/jlr.S087163
https://www.ncbi.nlm.nih.gov/pubmed/30115755
https://doi.org/10.1038/s42003-023-05680-7
https://www.ncbi.nlm.nih.gov/pubmed/38182666
https://doi.org/10.1093/nar/gkab382

	Introduction 
	Results 
	Day 7 Characterisation 
	Day 14 Characterisation 
	Day 7–14 Characterisation 

	Discussion 
	Materials and Methods 
	Mare Plasma Sample Collection 
	Lipid Extraction 
	High-Performance Liquid Chromatography (HPLC)—Mass Spectrometry (MS) 
	Data Processing and Analysis 

	Conclusions 
	References

