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ABSTRACT 

In sheep, pregnancy establishment encompasses conceptus elongation, 

implantation, and placentation. These events are regulated by factors present 

within the uterine luminal fluid (ULF) from the endometrial epithelium and the 

conceptus itself that affect proliferation, migration, attachment, and adhesion of the 

conceptus trophectoderm. As the peri-implantation period is especially susceptible 

to pregnancy loss, it is essential to understand the various components and 

functional roles of substances within the ULF. The central hypothesis of this 

dissertation is that lipids and lipid associated macromolecules are components of 

the ULF and mediate endometrial-embryonic crosstalk and regulate conceptus 

development. This work sought to identify, characterize, and/or determine the roles 

of: (1) extracellular vesicles (EVs); (2) lipids and metabolites; (3) prostaglandins 

(PGs); and (4) apolipoproteins present within the ULF of ewes during early 

gestation. Collectively, the present studies established that: (1) EVs increase 

within the ULF during the estrous cycle but are depleted in the uterine lumen of 

pregnant ewes due to uptake by the elongating conceptus; (2) the lipid and protein 

cargo of uterine EVs is diverse and altered by pregnancy; (3) uterine EVs regulate 

cellular processes in the conceptus trophectoderm and endometrium including cell 

proliferation and secretions; (4) various lipids (specifically phospholipids, 

ceramides, and triglycerides) and metabolites are elevated in the ULF of pregnant 

ewes; (5) the conceptus lipidome and metabolome is distinct from the ULF and 

endometrium suggesting selective uptake of ULF substances; (6) the production 

of PGs by PTGS2 in the conceptus is not required for conceptus elongation; (7) 
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the secretion of APOA1 by the conceptus does not mobilize endometrial lipids into 

the ULF and is not required for early pregnancy development or survival. 

Collectively, these studies highlight the complex and dynamic composition of the 

ULF and support the overall hypothesis that lipids and lipid-associated 

macromolecules are critical components of the ULF that mediate conceptus-

endometrial crosstalk and regulate important developmental processes in the 

conceptus.  Future investigation and expansion of these findings will fill crucial 

gaps in our knowledge of early pregnancy events and may provide biomarkers or 

help develop therapies to improve pregnancy outcomes and reproductive 

efficiency in agricultural species.  
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CHAPTER I: 

LITERATURE REVIEW 

The Uterus 

Uterine histoarchitecture  

The mammalian uterus contain three distinct layers: (1) the perimetrium, the 

serous outer layer; (2) the myometrium, the middle layer composed of an inner 

circular and outer longitudinal smooth muscle layer; and (3) the endometrium, the 

innermost functional layer of the uterus that comes into direct contact with the 

developing embryo during gestation. The endometrium contains luminal epithelium 

(LE), glandular epithelium (GE), stroma (stratum compactum and stratum 

spongiosum), blood vessels, and immune cells (Figure 1). In sheep, the 

endometrium is organized into approximately 80 regions of densely packed 

aglandular stromal protrusions called caruncles surrounded by intercaruncular 

regions containing hundreds of uterine glands per cross section [1]. Caruncles 

serve as the site for placentation in ewes after partial fusion with fetal cotyledons 

[2]. The ovine bicornuate uterus develops in utero from the paramesonephric, or 

Mϋllerian, ducts [3]. While most of the female reproductive tract and the outer two 

layers of the uterus have finished developing by the time of parturition, the 

endometrium is undifferentiated mesenchyme lined with a simple LE at birth [4, 5]. 

Postnatal differentiation of the endometrium in sheep primarily involves the 

emergence and proliferation of GE and growth of the caruncles [6, 7]. 
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Figure 1. Histoarchitecture of the uterus. The mammalian uterus is composed 
of the perimetrium, the myometrium, and the endometrium, which is the innermost 
functional layer of the uterus. The endometrium is heavily vascularized and is 
composed of luminal epithelium (LE) and glandular epithelium (GE) that invaginate 
underlying stromal cells. Figure courtesy of Rodney Geisert and Larry Burdett, 
Oklahoma State University, Stillwater, USA). 

 

Estrous Cycle 

The estrous cycle lasts approximately 17 days in the ewe. Estrus, or the 

period the ewe will accept the ram for mating, defines the start of each estrous 

cycle (estrus = day 0) and lasts approximately 24-36 hours. High levels of estrogen 

(E2) from the dominant pre-ovulatory follicle drive mating behavior and cause a 

surge in gonadotropin releasing hormone (GnRH) from the hypothalamus. The 

GnRH surge induces downstream surges in luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) from the pituitary gland [8]. The LH surge causes 
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ovulation approximately 30-36 hours after estrus and initiates luteinization of the 

ovulated follicle. Luteinization transforms follicular cells into steroid producing 

luteal cells that produce progesterone (P4) [9]. High levels of P4 from the corpus 

luteum (CL) exert negative feedback on GnRH production which alters the basal 

secretory pattern of LH and FSH and blocks expression of estrogen receptor alpha 

(ESR1) in the endometrium. Basal levels of FSH stimulate recruitment and early 

follicular growth in waves throughout the estrous cycle, but preovulatory follicles 

cannot fully develop until the CL stops producing P4. After approximately ten days 

of sustained P4 production from the CL, progesterone receptor (PGR) is 

exclusively downregulated in the endometrial epithelium [10]. Loss of PGR and P4 

signaling in the epithelium upregulates epithelial ESR1 on day 13 of the estrous 

cycle. E2 produced by the developing ovarian follicles binds to ESR1 in the uterine 

epithelium and upregulates oxytocin receptor (OXTR), likely by binding SP1 

elements upstream of the OXTR promoter [11]. Oxytocin is produced from the CL 

and the posterior pituitary gland and activation of its receptor causes the 

generation of four or five luteolytic pulses of prostaglandin F2α (PGF2α) from the 

endometrium [12-14]. PGF2α is transported to the ovary and activation of its 

receptors on the luteal cells causes structural and functional regression of the CL 

[15, 16]. With low levels of P4, negative feedback on GnRH is lifted and follicles 

can develop to the preovulatory stage due to GnRH-induced shifts in tonic LH 

secretion and selection of the next dominant follicle. Rising E2 production by the 

dominant follicle initiates a new estrous cycle and another opportunity to breed.  

 



4 
 

Early Pregnancy  

Conceptus development, implantation, and placentation 

The initial steps of early embryo development are similar between most 

mammalian species. After oocyte fertilization and initial mitotic divisions in the 

oviduct, the 8-16 cell ovine embryo, or morula, undergoes the maternal to zygotic 

transition and activates its own genome [17]. The 16-32 cell morula undergoes a 

process of compaction whereby cells on the exterior form gap junctions and 

desmosomes that pump fluid inside and form a central cavity called the blastocoel. 

This process leads to the formation of the blastocyst which contains a surrounding 

monolayer of trophectoderm (TE) cells that will give rise to the placenta, and an 

inner cell mass (ICM) that resides in the blastocoel and develops into the embryo 

proper [18].  

In sheep and cattle, the embryo enters the uterus around day 6 (day 0 = 

mating) as a morula or an early blastocyst [19]. Around day 8, the spherical 

blastocyst sheds its zona pellucida, a thick glycoprotein membrane that surrounds 

the embryo, and expands into a large spherical conceptus (embryo and its 

associated extraembryonic membranes). Unlike other species, domestic 

ruminants and pigs have an extended peri-implantation period with only superficial 

contact with the endometrium. During this period, the conceptus TE elongates over 

a series of days. Initially only 400-900 µm in diameter on day 10, the conceptus 

elongates to more than 25 cm in length by day 17 and extends from the uterine 

horn ipsilateral to the CL to the contralateral horn [20]. These morphological 

changes are driven by cellular proliferation and hypertrophy with a 60-fold increase 
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in tissue weight [21]. During conceptus elongation, cytoplasmic projections of the 

TE cells closely interdigitate with microvilli on the apical side of the LE [20]. 

Between days 15 and 18, the TE develop papillae which penetrate into the mouths 

of uterine glands and anchor the conceptus [22]. Firm adhesion of the TE to the 

LE begins on day 16 and involves integrins and select adhesion molecules such 

as osteopontin (SPP1), galectin-15 (LGALS15), and glycosylation-dependent cell 

adhesion molecule-1 (GlyCAM-1) [23-27]. Adhesion starts near the ICM of the 

conceptus and spreads to either ends of the conceptus until completion by day 22 

(Figure 2).  
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Figure 2. Early conceptus development. After fertilization and initial cleavages 
of the embryo in the oviduct, the embryo enters the uterus as a morula or early 
blastocyst around day 6 postmating. On day 8, the blastocyst hatches from the 
zona pellucida and expands into a spherical conceptus (embryo and its associated 
extraembryonic membranes). Between days 10 and 12, the ovine conceptus 
begins to elongate into an ovoid or tubular shape and produces substantial 
quantities of interferon tau (IFNT), the maternal recognition signal of pregnancy. 
By day 14, the conceptus is approximately 10 cm long and apposes itself to the 
luminal epithelium. Firm adhesion to the endometrium begins on day 16, when the 
conceptus is more than 15 cm in length and stretches from the uterine horn 
ipsilateral to the CL to the contralateral horn. Figure from [28]. 

 

The primitive streak is present on the conceptus by day 14 and marks the 

start of gastrulation as various subpopulations (e.g. epiblast, hypoblast, primitive 

mesoderm) that give rise to the germ layers differentiate [20, 29, 30]. During this 

process, subpopulations of the primitive mesoderm cells migrate to opposite poles 

to either fuse with the primitive endoderm and form the yolk sac or fuse with the 
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TE to form the chorion. Meanwhile, trophoblast giant binucleate cells (BNC) begin 

to differentiate from mononuclear TE on day 16 [31-33]. Eventually BNC migrate 

across the fetal-maternal interface to fuse with and erode caruncular LE cells and 

form trinucleated feto-maternal hybrid cells or multinucleated syncytial plaques 

[32, 34]. These syncytial plaques eventually line and invade the surface of the 

endometrial caruncles and, supported by mesenchymal chorionic cells, form fetal 

cotyledons that interdigitate with maternal caruncles to form placentomes [2]. In 

total, around 80 placentome units form across the placental surface  area 

supported by extensive capillary beds [35, 36]. Placentomes continue to 

vascularize over the 147-day gestation period. Meanwhile, fetal chorion and 

maternal LE layers in the intercaruncular areas of the endometrium do not come 

into  intimate contact but remain adjacent to each other throughout gestation [2]. 

Maternal recognition signaling  

For successful pregnancy establishment, the developing conceptus must 

produce a maternal recognition of pregnancy signal to prevent luteolysis of the CL 

prior to day 16. In sheep and cattle, the maternal recognition signal is interferon 

tau (IFNT) [37-39]. IFNT is a secreted Type I IFN made of 172 amino acids that 

binds the IFN receptors IFNAR1 and IFNAR2 [37, 40, 41]. Expression of IFNT is 

detectable at the blastocyst stage and continues throughout conceptus elongation 

with maximal production between days 14 to 16 [42, 43].  To prevent luteolysis, 

IFNT prevents the upregulation of epithelial ESR1 on day 13 through interferon 

regulatory factor 2 (IRF2) action [11, 44, 45]. Without epithelial expression of 

ESR1, OXTR is not expressed and the endometrium does not generate luteolytic 



8 
 

pulses of PGF2α, thereby maintaining the CL and P4 production for establishment 

of pregnancy [46].  

 

Regulation of the Uterine Environment   

Progesterone regulation of the endometrium 

Progesterone is essential for pregnancy maintenance, as withdrawal of P4 

at any point during gestation results in pregnancy loss. P4 does not directly affect 

the conceptus, but rather stimulates endometrial gene expression changes and 

endometrial functions that support conceptus elongation and pregnancy 

establishment [47-49]. Loss of PGR in the epithelium substantially alters epithelial 

gene expression with a notable induction and upregulation of elongation and 

implantation associated genes.  In the LE, P4 induces genes of secreted 

attachment and migration factors [galectin 15 (LGALS15) and insulin like growth 

factor (IGFBP1)], proteases and protease inhibitors [cathepsin L (CTSL), cystatins 

(CST3 and CST6)], transcription factors [hypoxia inducible factor 1A (HIF1A) and 

HIF2A], and intracellular enzymes [hydroxysteroid dehydrogenase 11 B1 

(HSD11B1) and prostaglandin synthase 2 (PTGS2)] [50]. In the GE, P4 

upregulates the proliferation regulating gastrin releasing peptide (GRP) and the 

secreted adhesion factor osteopontin (SPP1) [51]. Furthermore, P4 also causes a 

transient loss of various claudin and occludin proteins that make up tight and 

adherens junctions in the epithelial cells, potentially affecting serum and tissue fluid 

transudation into the uterine lumen [52].  
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IFNT regulation of the endometrium 

Although most notable for its antiluteolytic actions, IFNT and other secreted 

factors by the conceptus work synergistically with P4 to modify gene expression in 

the endometrium. Expression of IRF2 prevents the expression of classical 

interferon stimulated genes (ISGs) in the uterine LE and superficial GE [53, 54]. 

However, IFNT upregulates various elongation and implantation related genes 

already stimulated by P4, such as LGALS15 and CTSL [55-57]. These genes are 

considered ‘non-classical’ ISG in the endometrial epithelium. In contrast, IRF2 is 

not expressed in the stroma or deep GE, and classical ISGs such as interferon 

stimulated gene 15 (ISG15), interferon induced GTP-binding protein Mx1 (Mx1), 

and 2’,5’-oligoadenylate synthetase (OAS) are induced by IFNT [58-61]. These 

actions are likely mediated by dimerization of the signal transducers and activators 

of transcription (STAT) proteins STAT1 and STAT2 into the transcription factor 

complexes gamma-activated factor (GAF) and ISG factor 3 (ISGF3) which regulate 

expression of IFN regulatory factors (IRF) IRF1 and IRF9 and other ISGs through 

binding to IFN stimulated response elements (ISRE) in gene promoters [54, 62, 

63]. IFNT is a prime example of how the conceptus produces and secretes 

substances that act on the endometrium and modify the uterine environment to 

regulate its own growth and development (Figure 3).   
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Figure 3. Regulation of the endometrial epithelium during early pregnancy. 
After sustained P4 production from the CL, progesterone receptor (PGR) is 
exclusively downregulated in the endometrial epithelium between days 11 and 12 
of pregnancy. The loss of PGR is coincident with the induction of many genes that 
regulate conceptus elongation and implantation. Production of interferon tau 
(IFNT), prostaglandins (PG), and cortisol by the conceptus trophectoderm and 
endometrial PG work synergistically with P4 to further upregulate (as indicated in 
bolded gene names) gene expression in the luminal (LE) and glandular epithelium 
(GE) by day 14. Many of these endometrial genes alter the uterine luminal fluid 
(ULF) and promote conceptus proliferation, migration, and attachment. Figure from 
[55]. 

 

Histotroph and uterine luminal fluid 

The intrauterine environment is essential for pregnancy establishment. 

While blastocysts can form in vitro and hatch from the zona pellucida, they must 

be transferred to a synchronized recipient uterus to undergo conceptus elongation 
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[64, 65]. Studies using the uterine gland knockout (UGKO) ewe further 

demonstrated that secretions from the endometrial epithelium regulate early 

embryonic development [66]. Treatment of postnatal ewes with a 

nonmetabolizable progestin permanently ablates the development of uterine 

glands; although UGKO ewes ovulate competent oocytes that can be fertilized and 

develop to the blastocyst stage, blastocysts fail to elongate in the UGKO uterus 

[67, 68]. Collective studies demonstrate how P4 and IFNT induce changes in 

endometrial gene expression that alter epithelial secretions, or histotroph, and 

drive changes in uterine luminal fluid (ULF) to promote conceptus development 

[57, 59, 69]. Overall, The ULF contains a complex mixture of molecules from the 

endometrium, conceptus, and serum that create a custom uterine environment 

conducive for conceptus elongation [70, 71]. Like IFNT, many of these factors 

mediate embryonic-endometrial communication at a time that the conceptus and 

endometrium are not yet in intimate contact. The protein components of the 

ruminant ULF (e.g. IFNT, LGALS15, CTSL, SPP1) have been extensively studied 

and characterized in pregnancy [72-75]. However, many other molecules including 

extracellular vesicles, metabolites, lipids, prostaglandins, and lipoproteins are 

present in the ULF and may play critical roles in conceptus elongation or survival. 

Thus, more studies are needed to better characterize their presence, regulation, 

functions, and overall importance in early pregnancy events.  
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Extracellular Vesicles  

Extracellular vesicles, or EV, are a heterogenous population of membrane 

bound vesicles that are secreted into the extracellular space and can be 

internalized by recipient cells. They are produced by most cell types in the body 

and are found in almost every biofluid. As the various vesicle subtypes are difficult 

to isolate and distinguish from each other, the International Society of Extracellular 

Vesicles has recommended using the term EVs to refer to the mixture of both 

exosomes and microvesicles [76]. Growing evidence suggests that EVs are 

mediators of intercellular communication in many biological systems as their cargo, 

which includes lipids, protein, and nucleic acids (such as mRNAs and miRNAs) 

can affect recipient cell function or biology.  

Biosynthesis of extracellular vesicles 

Exosomes are small, plasma membrane bound vesicles that range from 50 

to 150 nm and are formed when intraluminal vesicles (ILV) bud into the lumen of 

multivesicular bodies (MVB) within the endosomal network [77-80]. The 

endosomal sorting complexes required for transport (ESCRT) protein complexes 

drive formation of ILV by recruiting and clustering proteins with ubiquitin and 

ubiquitin-like modifications onto the MVB membrane and promoting the inward 

budding and fission of these microdomains into the MVB [81, 82]. Intraluminal 

budding of endosomal membranes is supported by the interactions of syndecan, 

syntenten, and ALIX proteins [83]. Interestingly, ISG15 inhibits the formation of 

MVB and is highly induced by IFNT in the stroma of pregnant ewes [81]. Thus, 

production of IFNT by the conceptus may regulate exosome release by the 
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endometrium. There are also ESCRT-independent pathways for MVB formation, 

in which self-organizing protein domains accumulate on ceramide rich lipid rafts 

and GPI-anchored proteins cause invaginations of the cell plasma membrane 

forming MVBs that can eventually release exosomes [84]. As part of the 

endosomal network, MVB must be directed for release into the extracellular space 

to avoid degradation in the lysosome. This process is mediated by the interaction 

of kinesin and RAB27b with cellular microtubules [85]. Notably, MVB destined for 

secretion in polarized epithelial cells typically migrate toward the apical pole of the 

cell for exosome release [78, 80]. Release of exosomes happens after MVB fuse 

with the cell plasma membrane and release the ILV in a SNARE and 

synaptotagmin-dependent process [86]. The alternative strategies for exosome 

formation and release underlie the formation of distinct subpopulations of 

exosomes. Overall, exosome secretion is a tightly regulated process that involves 

specific targeting of MVB in the endocytic pathway to be redirected away from 

lysosomal degradation and for secretion into the extracellular space. 

In contrast with exosomes, microvesicles (MV) are large vesicles that range 

from 100 to 1000 nm and bleb directly off the cell membrane. The mechanisms 

required for MV formation and release are not fully understood but involves 

organization of lipid rafts on the plasma membrane and localized enrichment of 

phosphatidylserine (PS) and PE phospholipids. Phospholipid scramblase 

enzymes play crucial roles in transporting PS phospholipids to the outer 

membrane, which induces curvature and bending of the plasma membrane [87]. 

Cargo targeting to microvesicles is thought to occur due to affinity of proteins for 
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lipid rafts, leading to relatively distinct makeup from that of exosomes. Additionally, 

plasma membrane associated cargo are more likely to be enriched in 

microvesicles than exosomes. Final microvesicle fission and release into the 

extracellular space is regulated by Ras-related GTPase ADP-ribosylation factor 6 

(ARF6) and Rho GTPase-dependent phosphorylation of myosin chains which 

stimulates rearrangement of actin and membrane contraction [88]. Microvesicles 

release may be a faster process than exosome release, since exosomes require 

recruitment and organization within the endosomal network (Figure 4). 

 

 

Figure 4. Synthesis, secretion, and uptake of extracellular vesicles. 
Extracellular vesicles (EV) refer to a heterogenous population of exosomes and 
microvesicles released into the extracellular space that contain protein, lipid, and 
RNA cargo. Exosomes form as intraluminal vesicles (ILV) within multi-vesicular 
bodies (MVB) of the endosomal network and are released after they fuse with the 
plasma membrane. In contrast, microvesicles are formed through direct budding 
from the plasma membrane. Exosomes and microvesicles differ in size and are 
differentially enriched with various marker proteins. Overall, EVs can travel far 
distances and affect recipient cells after they are internalized through endocytosis 
or direct fusion with the recipient cell membrane. Figure adapted from [89]. 
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Extracellular vesicle cargo and uptake 

EVs contain an array of molecular cargo, including proteins, mRNA, DNA, 

and other nucleic acids bound by a lipid bilayer. Importantly, the composition of EV 

cargo is not derivative of the cytosolic content as proteins and RNAs are actively 

sorted into EVs [90-92]. However, changes to the cellular environment, such as  

oxygen tension, pH changes, cellular damage, or stress can increase the cellular 

production of EV or alter their cargo [93-95]. Cellular metabolism can also affect 

EV production and use of aerobic glycolysis is positively correlated with EV release 

[86]. Thus, the metabolic strategy of the conceptus may affect its EV production. 

The major constituents of EV membranes include cholesterol, 

sphingomyelins, and PC phospholipids with significant enrichment of 

sphingomyelin, gangliosides, PS phospholipid, and di-saturated lipid populations 

[96, 97]. Lipid makeup can also vary across the different subtypes of EV. For 

example, PE phospholipid is enriched in microvesicles and not exosomes. The EV 

membrane lipids create a rigid bilayer and protect the EV cargo from extracellular 

proteases. EVs become more fluid and amenable to transfer of contents in acidic 

environments likely due to changes in membrane fluidity and composition [93]. 

Additionally, EVs may contain bioactive lipids such as leukotrienes, 

endocannabinoids, or lysophospholipids that can signal in recipient cells. EV can 

also account for transcellular transport of activatable phospholipases and 

prostaglandins [98, 99].  

The nucleic acid cargo of EV is extremely diverse. In particular, EVs are 

enriched with small noncoding RNA such as mRNA, miRNA, tRNA, and piRNA. 
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The mRNA molecules contained within EV can be translated into proteins by 

recipient cells [100]. Additionally, miRNA within EV can regulate gene transcription 

once internalized [101]. Various studies have reported the presence of DNA in EVs 

as well, and thus EVs may allow for the horizontal transfer of genetic information. 

Overall, increased cell proliferation, migration, and adhesion, which are important 

processes for conceptus elongation and embryo development, are common 

reported biological processes altered by the nucleic acid cargo of EV.  

The protein cargo in EV has also been well characterized in many systems. 

The most common proteins are marker proteins such as major histocompatibility 

complex class II (MHC Class II), tetraspanins (CD9, CD81), endosomal sorting 

complex proteins (Alix, TSG101), and chaperone proteins (HSP70 and 90) [102]. 

Most of these markers are found on both exosomes and microvesicles. Other 

proteins found in EV are more dependent on the subtype of EV and the secreting 

cell, but can include enzymes (GAPDH, peroxidases, and pyruvate kinases), signal 

transduction proteins (G proteins, RAB11) and protein kinases [103]. Calculations 

suggest that individual vesicles may contain between hundreds to thousands of 

proteins depending on vesicle size [104].  

 Once in the extracellular space, EV must reach their target recipient cell. 

While EV can have autocrine effects the prevalence of this is not clear. The rigid 

lipid bilayer of EV protects EV from degradation and allows them to travel to distal 

locations for uptake by recipient cells [105, 106]. There are three mechanisms for 

EV to elicit biological effects on recipient cells: 1) Activation of a cellular surface 

receptor; 2) Uptake via endocytosis of the vesicle; and 3) Uptake by fusion with 
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the cell membrane [107]. Docking of EV is thought to be primarily mediated by 

surface proteins on the EV. Some EV contain ECM components, such as 

fibronectin and laminin, that promote binding, docking, and activation of surface 

receptors on recipient cells without EV uptake [108]. Recipient cell uptake of EVs 

is largely dependent on the protein cargo of EV and their own surface proteins. 

Almost all EV contain integrins and tetraspanins on their surface which may 

promote interaction with selective target cells [109, 110]. Endocytosis of EV is likely 

the major pathway of uptake and can occur through clathrin-mediated or clathrin-

independent endocytosis, phagocytosis, or micropinocytosis [111, 112]. Although 

not every well characterized, endocytosis of EV likely targets them to the 

lysosomes and requires rescue by specific proteins that cause EV to fuse with 

MVB membranes to release their content into the cytosol [113]. Alternatively, if 

rescue of EV from lysosomal degradation does not occur, breakdown of EV cargo 

could be a relevant source of metabolites to the recipient cell. Evidence that EVs 

can deliver cargo by membrane fusion has been reported under acidic conditions 

and may be associated with the lipid composition of EVs [93]. Direct fusion with 

the plasma membrane would almost immediately release their cargo into the 

cytoplasm for use by the recipient cell.   

Extracellular vesicles in the uterine lumen   

 Several studies have collectively indicated that EV are abundant in the 

female reproductive tract. EV are present in the follicular fluid and may mediate 

communication between different populations of granulosa cells. In cats, oviductal 

EVs fuse with the sperm cell acrosome and improve sperm motility and fertilizing 
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capacity in vitro [114]. EVs are produced by cultured bovine oviductal epithelial 

cells in vitro and likely promote fertilization processes [115-117]. Thus, there is 

ample evidence that EVs play critical roles in several different female reproductive 

processes.  

 Critically, EVs are present within the uterine lumen of both cyclic and 

pregnant ewes and are internalized by both the conceptus and endometrium [118]. 

Uterine EVs from sheep are positive for two common EV markers (CD63 and 

HSP70) and contain endogenous Jaagsiekte sheep retrovirus (enJSRV) protein, 

IFNT, and PTGS2, among others as well as mRNA and miRNA molecules [119]. 

Immunostaining for proteins associated with EV release, including HSP70, 

suggest that the LE and GE are the primary sources of endometrial EV [120]. 

Cultured conceptuses secrete EVs into culture media and the presence of IFNT in 

uterine EVs suggest that the conceptus also contributes EVs to the ULF of 

pregnant animals. The effects of pregnancy on the makeup and production of 

uterine EV have not been fully explored and remain an important area to study. As 

EVs are present in the uterine lumen of many species during the peri-implantation 

period of pregnancy, they are likely critical mediators of TE and endometrial 

communication during early pregnancy (Figure 5) [119, 121-124]. 
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Figure 5. Working hypothesis on the role of extracellular vesicles (EV) in 
early pregnancy. Both the endometrium and the conceptus trophectoderm 
synthesize and secrete exosomes and microvesicles in the uterine lumen. Uptake 
of uterine EVs by endocytosis or membrane fusion can alter gene regulation, 
anchorage-independent growth, and proliferation in the conceptus and promote 
attachment and adhesion processes in the endometrium as well as gene 
expression. Figure from [125]. 

 

The cargo of uterine EVs is hormonally regulated and depends on the cell 

of origin, species, and pregnancy status. Alterations in EV cargo during the cycle 

could provide a mechanism to synchronize embryo development and the uterine 

endometrium [124]. In sheep, P4 increases the total number of EVs released and 

regulates the miRNA cargo of EV.  The miRNA cargo increased by P4 were 

predicted to regulate adhesion and migration processes in the conceptus TE [126]. 

Bidirectional exchange of uterine EVs between the endometrium and TE occurs 
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both in vitro and in vivo in sheep, cattle, mice, pigs, and humans  [119, 121, 127, 

128].  

 Various studies have demonstrated that EVs regulate embryo development 

at various developmental timepoints. EVs isolated from pregnant mice increase 

embryo cleavage and blastocyst development rates [129]. Further, embryo-

derived EVs have paracrine effects and transfer EVs between various embryonic 

subpopulations to promote cell migration [130]. Beyond early embryo 

development, EVs may play critical roles in mediating embryo growth and 

implantation processes. In sheep, EVs isolated from the ULF stimulate TE 

proliferation and IFNT secretion in vitro [120]. In humans, endometrial EVs transfer 

proteins that increase the cell adhesion and invasion capacity of an in vitro TE cell 

model [131, 132]. Importantly, the protection of EV cargo may enhance their ability 

to regulate embryonic growth compared to other soluble proteins in the ULF, as 

exposure of an in vitro TE cell model to EVs increased TE adhesiveness and 

outgrowth compared to soluble proteins isolated from the ULF. Furthermore, EV 

exposure during early embryo development increased implantation rates in mice 

after embryo transfer compared to embryos exposed to soluble proteins alone 

[133]. Thus, EVs may have more important roles and promote TE proliferation, 

adhesion, and implantation processes.  

 Uterine EVs may also regulate the endometrium. Exposure of a bovine LE 

cell line to EVs from day 15 and 17 pregnant ULF increased the expression of 

classical ISGs including ISG15, MX1, MX2, STAT1, and STAT2 [123, 134]. In 

contrast, EVs isolated from day 20 and 22 ULF up-regulated the expression of 
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adhesion molecules in an in vitro LE line, demonstrating differential effects of EVs 

by day [135]. In pigs, in vitro studies suggest EVs may promote endometrial 

angiogenesis [121]. Several studies have also sought to understand the effect of 

embryo derived EVs in modulation of the maternal immune system with conflicting 

results. For example, EVs downregulate inflammatory genes and reduce the ability 

of some endometrial cell lines to respond to an LPS challenge in vitro, suggesting 

an immunosuppressive role [136, 137]. However, other studies have reported that 

EVs stimulate the NFKB signaling pathway and promote the production of IL-1β in 

other endometrial cell lines, suggesting a proinflammatory role [108, 134]. These 

inconsistencies may be due to differences in origin and/or population of EV, timing, 

species, cell line, or some alternative reason and are worth further study. To date, 

studies that investigate the effect of uterine EVs on the endometrium have not 

been conducted in sheep and have exclusively used in vitro systems that may not 

fully recapitulate EV effects on the endometrium in other animals.  

 

Metabolites and Lipids  

Metabolites are small molecular intermediates or products of cellular 

metabolism. As conceptus elongation is driven by cellular proliferation, the 

substrate demand for proteins, nucleic acids, carbohydrates, and lipids is great 

and likely affected by metabolite bioavailability. While glucose and amino acids in 

the ULF of cyclic and pregnant ewes has been well described, information on other 

metabolites is lacking. 
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Metabolites in the uterine lumen 

Glucose is present in the uterine lumen of sheep, cattle, mice, and humans. 

In sheep, glucose triples in the uterine lumen between days 13 and 16 of 

pregnancy and total glucose is higher than cyclic ewes on days 12 through 16 

[138]. These increases correspond to the upregulation of several glucose 

transporters in the endometrial epithelia of pregnant ewes by both P4 and IFNT 

[72, 139]. Although the endometrium of mice and humans does not appear to have 

a high gluconeogenic capacity, the rate limiting enzymes of gluconeogenesis, 

glucose-6-phosphatase (G6PC), phosphoenolpyruvate carboxykinase 2 (PCK2), 

and fructose-1,6-bisphosphatase 1 (FBP1), are expressed in the bovine uterus and 

are upregulated in the endometrium of day 17 pregnant heifers, a day which is 

roughly equivalent to day 14 in ewes [140]. Glycogen is also present in the ovine 

endometrium and is depleted between days 14 and 22 of pregnancy [141]. These 

findings may indicate that the ruminant uterus does not only transport glucose into 

the uterine lumen but also produces and stores it for use in pregnancy. While other 

saccharides have not been quantified in the ovine uterus, there is evidence that 

fructose and glucosamine are also present in the uterine lumen of sheep [142].  

Amino acids likely play critical roles in early pregnancy events as well. All 

twenty proteinogenic amino acids are present in the uterine lumen of sheep, as 

well as citrulline, β-alanine, ornithine, and taurine. Most amino acids increase in 

abundance between days 3 and 14 of the estrous cycle, and all amino acids are 

higher in the uterine lumen of pregnant sheep by days 14 or 15 [138]. Glycine and 

serine are the most abundant amino acid in the ULF in both sheep and cattle, while 
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arginine, glutamine, and leucine show the most marked increase in pregnancy. 

This large-scale increase in amino acid levels in the uterine lumen has been 

observed in other species including cattle, mice, and pigs [138, 143, 144]. 

Transportation of amino acids into the uterine lumen is likely mediated by 

increases in a few select neutral and acidic amino acid transporters in the uterine 

epithelial cells of pregnant ewes [140, 145, 146]. Other amino acid transporters 

are temporally expressed by the endometrium during the estrous cycle and likely 

contribute to amino acid transportation by the LE. 

Recent studies have characterized the presence of tricarboxylic acid (TCA) 

cycle intermediates in the bovine uterine lumen. Citrate, isocitrate, succinate, 

fumarate, malate, and alpha-ketoglutarate are all present in the ULF of cyclic cattle 

on days 12, 13 and 14 and alpha-ketoglutarate decreases between days 12 and 

14 [147]. Proteomic analysis of the bovine ULF found that several of the enzymes 

that regulate the TCA cycle are also present in the uterine lumen [148]. In mice, a 

comparison of the ULF metabolome between days 1 and 4 (day 4 being the time 

of embryo implantation) found that fumarate and malate increased in the ULF while 

succinate and alpha-ketoglutarate decreased [143]. Although TCA cycle 

intermediates have not been described in the ovine ULF, various solute carriers 

for TCA intermediates are expressed in the ovine endometrium such as SLC13A5, 

a sodium-dependent citrate transporter whose expression increases in the LE 

between days 14 and 16 of pregnancy [72, 140, 149]. In cattle, expression of two 

TCA cycle enzymes, aconitase 2 (ACO2) and the rate-limiting enzyme isocitrate 

dehydrogenase 1 (NADP+) (IDH1), are elevated by pregnancy on day 17 [140]. 
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Whether increases in the TCA cycle of endometrial cells only serves to meet 

endometrial metabolic demands or also increases TCA metabolites in the uterine 

lumen is unclear and warrants further investigation. 

Purine and pyrimidine metabolites are also present in the ULF of heifers on 

days 12 to 14 of the estrous cycle. Specifically, the four ribonucleosides 

(adenosine, cytidine, guanosine, and uridine) and several nucleobases (adenine, 

guanine, hypoxanthine, and xanthine) are detectable [147, 150]. In pigs, 

metabolites of purine (i.e. xanthine and uric acid) are inversely correlated with 

conceptus elongation, possibly indicating that the conceptus incorporates 

nucleotides from the ULF into DNA and RNA and does not actively catabolize them 

[151]. Proteins that bind and transport nucleotides are present in the ovine ULF 

and may promote their transportation to the conceptus [73]. Overall, the demand 

for nucleic acid substrate to generate DNA, RNA, and metabolic cofactors such as 

NADH during conceptus elongation is likely large and is one area that has not been 

sufficiently studied.  

Lipids in the uterine lumen 

Lipids are a broad class of molecules classified into eight categories: fatty 

acids, glycerolipids [monoacylglycerols (MAG), diacylglycerols (DAG), and 

triacylglycerols (TAG)], phospholipids, sphingolipids, sterols, prenols, 

saccharolipids, and polyketides [152]. Due to the complexity of each class, only 

five of these (fatty acids, glycerolipids, phospholipids, sphingolipids, and sterols) 

will be discussed. Like proteins, P4 increases the total luminal lipid content 

(summing across all identified lipids in a comprehensive lipidome experiment) of 
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cyclic heifers [153, 154]. Phospholipids seem to be the lipid class most susceptible 

to P4 regulation as administration of exogenous P4 increases several individual 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) phospholipids, as 

well as choline, phosphoethanolamine, and glycerophosphoinositol, metabolites 

used in phospholipid biogenesis [153]. In sheep, lysophosphatidic acid (LPA), a 

phospholipid derivative with critical roles in cell signaling, accumulates in the 

uterine lumen of pregnant ewes between days 12 and 15 [155]. In cattle, five PC 

phospholipids are higher in the ULF of pregnant heifers compared to cyclic heifers 

on day 17 [156]. Phospholipids are critical components of cellular and organelle 

membranes and important hubs for cell signaling, and thus may be limiting 

components during conceptus elongation. Other lipids that were higher in the 

uterine lumen of pregnant heifers include three TAGs and two short-chained 

acylcarnitines [156]. While other studies have not characterized TAG levels within 

the ovine uterine lumen, carnitine and acylcarnitine are also higher in the ULF of 

day 14 and 16 pregnant ewes compared to day 12 cyclic ewes [75]. Acylcarnitines 

are FA chains with a carnitine moiety attached that allows them to be transported 

across the mitochondrial membrane for FA oxidation and may indicate that FA 

oxidation by the endometrium or conceptus is active during conceptus elongation. 

Palmitic acid (C16:0) and stearic acid (C18:0) are the predominant non-esterified 

FAs (NEFA) present in the uterine lumen of cattle. Most NEFAs do not vary 

between cyclic and pregnant heifers except for arachidonic acid (20:4) which is 

lower in pregnant heifers likely due to use for prostaglandin biosynthesis [156, 

157]. It is not surprising that total NEFA are not different in the uterine lumen, as 
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NEFA are not a primary mode of lipid transportation and elevated levels are toxic 

in other organ systems [158, 159]. Other lipid classes such as sphingolipids and 

sterols in the uterine lumen are poorly described in both sheep and cattle, although 

one of two measured sphingolipids [N-palmitoyl-sphingadienine (d18:2/16:0)] is 

elevated by P4 in cyclic heifers and cholesterol shows temporal changes between 

days 12 and 14 of the estrous cycle [153]. Although it is unclear how lipids are 

transported in the ULF, various studies have suggested they may be bound in 

extracellular vesicles or lipoproteins [157, 160, 161].  

The origin of lipids within the ULF (e.g. endometrium vs. serum) is unclear. 

Endometrial lipid droplets may be one source since they accumulate in the LE 

during the estrous cycle under regulation by P4 but are depleted in pregnant ewes 

by day 15 [162, 163]. Lipid droplets predominantly store neutral lipids such as TAG 

and cholesteryl esters, so if these are mobilized into the uterine lumen it is unclear 

if their lipid cargo is transformed by the endometrium into the wide variety of lipid 

classes present or if they would be mobilized as they are. In the ovine LE, lipid 

metabolism is one of the most upregulated cellular processes between days 12 

and 14 of pregnancy due to an increase in genes like acyl-coenzyme A synthetase 

short-chain family member 2 (ACSS2), a cytosolic enzyme that activates acetate 

for lipid synthesis, and serine palmitoyl transferase, long chain base subunit 1 

(SPTLC1), the initial enzyme in sphingolipid biosynthesis [72]. In the bovine 

endometrium, fatty acid synthase (FASN), fatty acid desaturase 2 (FADS2), fatty 

acid elongase 1 (ELOVL1), and ELOVL6 are upregulated in the pregnant bovine 
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endometrium on day 17 [140]. Taken together, endometrial lipid droplets and 

elevated lipid synthesis by the endometrium may be the origin of lipids in the ULF.  

Conceptus use of metabolites and lipids  

The mass mobilization of uterine metabolites likely supplies the developing 

conceptus with substrate to support cellular proliferation and growth. The 

conceptus expresses various transporters for glucose (SLC2A1, SLC2A3, 

SLC2A4, SLC5A1, SLC5A11) and amino acids (SLC6A19, SLC7A5, SLC43A2, 

SLC1A4, SLC1A5, SLC6A19, SLC7A5, SLC7A6, SLC7A8, SLC43A2) [139, 145, 

146]. Additionally, high expression of endocytic genes such as megalin (LRP2), 

phosphatidylinositol binding clathrin assembly protein (PICALM), clathrin A 

(CLTA), and CLTC suggest that conceptus may acquire substrate through 

endocytosis [72].  

 Many of the metabolites internalized by the conceptus are likely directed 

towards cellular metabolism by the conceptus TE. To support the rapid cellular 

proliferation seen in conceptus elongation, ovine conceptuses and other early 

mammalian embryos predominantly utilize aerobic glycolysis and convert glucose 

into lactate rather than catabolizing glucose into carbon dioxide by mitochondrial 

oxidative phosphorylation [164]. This strategy, called the Warburg effect, is utilized 

in cancer cells and occurs even if there is sufficient oxygen and nutrients in the 

environment [165, 166]. Although the advantage of utilizing this inefficient strategy 

is still unclear, one of the prevailing theories is that the demand for sufficient carbon 

sources, biomass, and NADH, which is lost in oxidative phosphorylation, outweigh 

the need for ATP [165, 167]. One notable feature of the Warburg effect is an 
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increased reliance on amino acid metabolism. Glutamine is particularly important 

due to its ability to generate pyruvate or serve as a nitrogen donor for amino acid 

and nucleotide synthesis [168]. 

During early embryo cleavages and blastocyst development, the majority of 

glucose metabolized by the ovine embryo is converted to lactate with low levels of 

complete glucose oxidation [169]. Later during conceptus elongation, 90% of 

glucose utilized by the elongating conceptus is converted into lactate [170, 171]. 

The use of glycolysis and oxidative phosphorylation decrease during this period; 

however, the contribution of glycolysis to the overall estimated energy yield from 

glucose metabolism increases despite decreases in total ATP production. 

Approximately 3.5% of total glucose is used in the pentose phosphate pathway 

and accounts for about 15 to 20% of the total carbon dioxide produced by the 

conceptus [172]. These metabolic shifts are likely driven by hypoxic conditions as 

conceptuses cultured at 1% and 5% versus 20% oxygen levels decrease use of 

oxidative phosphorylation and increase lactate production [171]. This is likely 

physiologically relevant, as estimates of oxygen levels in the lumen of the uterus 

of various species ranges from 1.5 to 8.7% O2 [173]. Glutamine is also actively 

catabolized by the ovine conceptus although rates of glutamine catabolism 

decrease in the presence of glucose [174].  

While metabolites are likely utilized by the conceptus for metabolism, they 

can also activate mammalian target of rapamycin (MTOR) signaling pathways. 

Notably MTOR is a serine/threonine protein kinase that responds to changes in 

amino acid levels and energy and regulates many processes including cell 
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proliferation, lipid, and nucleotide synthesis [175, 176]. Disruption of FK506-

binding protein 12-rapamycin-associated protein 1 (FRAP1), a key protein in 

MTOR signaling complexes, results in post-implantation embryonic lethality in 

mice due to stunted trophoblast outgrowth and failure of the ICM to proliferate 

[177]. In sheep, arginine, leucine, and glucose increase phosphorylation of the key 

MTOR complex proteins ribosomal protein S6 kinase beta-1 (RPS6K) and RAC-

alpha serine/threonine protein kinase (AKT1) and increase cellular proliferation of 

ovine trophectoderm cells in vitro [178, 179]. Leucine and arginine also regulate 

trophoblast motility in an MTOR- dependent manner [179-181]. Both glucose and 

fructose activate MTOR signaling and increase cell proliferation in porcine TE cell 

models [182]. Collectively, while amino acids and saccharides are likely actively 

metabolized by the conceptus, they also likely promote proliferation, adhesion, and 

migration of TE cells in an MTOR-dependent fashion during conceptus elongation. 

While most work has explored how amino acids and carbohydrates in the ULF may 

affect TE cells, TCA intermediates or metabolites of purine/pyrimidine synthesis 

are likely present in the uterine lumen of sheep and may also contribute to 

metabolism or proliferation of the conceptus. Metabolite turnover by the conceptus 

may also alter the ULF makeup [183].  

The uptake and use of lipids by the ruminant conceptus has not been well 

investigated in contrast to other metabolites. Ovine conceptuses likely internalize 

lipids from the environment as they express lipoprotein receptors [e.g. lipolysis 

stimulated lipoprotein receptor (LSR) and low density lipoprotein receptor (LDLR)], 

lipid binding scavenger receptors [e.g. scavenger receptor class B, member 1 
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(SCARB1)], and fatty acid transporters [e.g. fatty acid binding protein 5 (FABP5) 

and solute carrier family 27 fatty acid transporters (SLC27)]. Lipid metabolism is 

an enriched process during bovine conceptus elongation with changes in genes 

that regulate lipid uptake, lipid droplet formation, and biogenesis of phospholipids 

[157]. These gene expression changes likely affect conceptus use of lipids and 

promotes their growth during conceptus elongation. One of the few in vitro 

experiments of lipid roles in ovine TE models found that LPA stimulates 

phosphorylation of extracellular signal-regulated kinase (ERK) signaling proteins, 

increases cellular proliferation, and induces cytoskeletal changes of TE cells [155]. 

Currently, it is unclear what lipids the conceptus may use or metabolize, except for 

conceptus conversion of arachidonic acid into PG. Characterization of the lipids 

present in the ULF or conceptus could clarify what lipids are most essential or 

utilized by the TE during conceptus elongation.  

 

Prostaglandins 

Biosynthesis of prostaglandins 

Prostaglandins (PG) are short-lived biologically active oxygenated fatty 

acids and are the best studied lipid molecule in early pregnancy. They are made 

in the cell after arachidonic acid (AA) is cleaved from cellular phospholipids by 

Phospholipase A2 and transformed by one of the prostaglandin-endoperoxide 

synthase (PTGS) enzymes [184, 185]. There are two major PTGS enzymes: 

PTGS1 and PTGS2. In most tissues, PTGS1 is constitutively active and produces 
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basal levels of PG, while PTGS2 is induced, typically by cytokine stimulation of cis-

regulatory elements upstream of the PTGS2 gene. Both enzymes are encoded by 

distinct genes and share approximately ~60% nucleotide sequence similarity [186-

188] . They are structurally homologous to each other, except for an 18 amino acid 

insertion in the PTGS2 membrane binding domain that may act as a signal domain 

to regulate its localization or degradation. Additionally, a three amino acid 

substitution in the PTGS2 cyclooxygenase active site makes its active site 20% 

larger than PTGS1 and this size discrimination accounts for PTGS2’s susceptibility 

to nonsteroidal anti-inflammatory drugs (NSAID) [189, 190]. Both PTGS enzymes 

are integral membrane proteins that are typically located on the endoplasmic 

reticulum or the outer membrane of the nuclear envelope. They form homodimers 

for AA conversation which occurs across two distinct active sites. The first active 

site binds a heme group and catalyzes oxygenation of AA to form the intermediate 

prostaglandin G2 (PGG2). In the second step, PGG2 enters a hydrophobic pocket 

in the PTGS enzyme and is reduced to prostaglandin H2 (PGH2) [191-193]. 

Enzymatic conversion of AA to PGH2 by either PTGS1 or PTGS2 is the rate-

limiting step for PG biosynthesis and is followed by downstream conversion to PG 

by prostaglandin synthase enzymes (Figure 6).  
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Figure 6. Schematic of prostaglandin (PG) biosynthesis. After arachidonic acid 
is cleaved from the phospholipid by phospholipase A2, arachidonic acid is 
converted in a two-step process into prostaglandin H2 (PGH2) by the 
prostaglandin-endoperoxide synthase (PTGS) enzymes 1 and 2 (PTGS1/PTGS2) 
enzymes (also referred to as cyclooxygenase COX 1 and 2). Downstream PG 
synthase enzymes can convert PGH2 to one of several different PG. Figure from 
[194]. 
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The major PG are prostaglandin E2 (PGE2), prostacyclin (PGI2), 

prostaglandin D2 (PGD2), and prostaglandin F2α (PGF2α). These are synthesized 

by their own dedicated PG synthase and isomerase enzymes and transported 

outside of the cell via transporter proteins called PG transporters (PGT) [195-197]. 

The physiological actions of PG are largely mediated by the PG receptors, a family 

of G protein-coupled receptors [198, 199]. The functions of PG vary by tissue, 

receptor type availability, and receptor affinity. The downstream effects of PG 

binding depend on coupling of PG receptors with G proteins. While most of the 

receptors typically associate with a single G protein, alternative splicing of the 

prostaglandin E receptor (PTGER) mRNA determines which G protein it 

associates with and which downstream actions PTGER activation will cause [200]. 

Additionally, each PG can stimulate most of the PG receptors with varying affinity 

allowing for differential downstream effects for each PG. Overall, PG activation of 

the classical PG receptors stimulates processes such as vasoconstriction or 

vasodilation, muscle contraction, and immune cell recruitment, among others [201, 

202].   

Prostaglandins can also regulate gene expression directly through 

peroxisome proliferator-activated receptors (PPAR). PPARs are nuclear receptors 

that bind many different ligands including PG, polyunsaturated FA (PUFA), and 

other related molecules [203-207]. Upon ligand binding, PPARs undergo 

conformational changes and form a heterodimer with retinoic X receptor (RXRs) 

[208]. These heterodimers act as transcription factors that bind to peroxisome 

proliferator hormone responsive elements (PPRE) in the promoter region of genes. 
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The three primary PPARs are PPARA, PPARD, and PPARG. Each of these PPAR 

target alternative sets of genes and mediate different effects [209, 210]. 

Prostaglandins in the uterine lumen 

The uterine lumen of cyclic and pregnant sheep, cattle, humans, and many 

other species contain substantial quantities of PG from both the endometrium and 

embryo [211-213]. In sheep, PTGS1 is present in the LE, GE, and stromal cells of 

the endometrium throughout the estrous cycle, whereas PTGS2 protein appears 

specifically in the LE and superficial GE between days 10 and 12 of the ovine 

estrous cycle at levels higher than PTGS1 [50, 214]. Induction of PTGS2 is 

coincident with loss of PGR in the endometrial epithelial cells and causes an 

accumulation of PG in the uterine lumen between days 10 and 14 of the estrous 

cycle [215]. The classical PG receptors PTGER2, PTGER4, and PTGFR are 

present in the LE and GE of the endometrium [216, 217]. Pregnant ewes have 

more PG in their uterine lumen than cyclic ewes due to PG production by the 

conceptus and IFNT- stimulated increases in PG production by the underlying 

endometrium of pregnant ewes. This elevated capacity to produce PG by the 

endometrium is not regulated at the level of PTGS enzymes, as mRNA and protein 

are not more abundant. Instead, IFNT stimulates PGE2 synthase (PTGES) and 

PGF2α synthetase (PTGFS) mRNA, leading to increases in PGE2, PGF2α, and 6-

ketoPGF1α production by the endometrial epithelial cells in both sheep and cattle 

[140, 216, 218, 219].  

Pregnant ewes have elevated amounts of PG in the uterine lumen due to 

conceptus production of PG as well. The conceptus secretes greater amounts of 
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PG per mg of wet tissue than the underlying endometrium between days 10-16. 

This production is regulated by PTGS2 as expression of PTGS1 is very low during 

early development while PTGS2 expression increases 16-fold at the onset of 

elongation [157, 212, 220]. When cultured in vitro with radioactive AA, conceptuses 

converted AA to 6-keto PGF1α (41.4 ± 4.8 ng/mg tissue), PGF2α (32.1 ± 17.9 

ng/mg), PGE2 (12.3 ± 7.5 ng/mg), and PGFM (8.4 ± 6.2 ng/mg) [221]. Notably, PG 

are hypothesized to have autocrine, paracrine, and intracrine effects on the ovine 

conceptus. Ovine conceptuses express PGT and SLCO2A1, PG transporters, at 

levels greater than the underlying endometrium [212, 222]. The PG receptors 

PTGFR, PTGER2 and PTGER4, and PTGIR are also expressed by the ovine and 

bovine conceptus, and there is more than a 15-fold increase in expression of 

PPARG at the onset of elongation in ovine and bovine conceptuses [72, 140, 157, 

161, 212].  

Results from recent studies demonstrate that PG may be key regulators of 

the endometrial environment during conceptus elongation in sheep. In one study, 

several blastocysts were transferred to cattle and were collected prior to conceptus 

elongation. Although IFNT was not yet detectable in the ULF, classical Type I ISG 

were already upregulated in the endometrium and it was hypothesized that PG, 

which were elevated in the uterine lumen, may have mediated these gene 

expression changes [223]. Expanding on this hypothesis, the intrauterine infusion 

of IFNT with meloxicam, a NSAID that targets PTGS2 specifically, decreased the 

ability of IFNT to stimulate ISG such RSAD2, GRP, and ISG15 in the endometrium 

and decreased the expression of P4 regulated genes including GRP, LGALS15, 
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and CST3, indicating that PG may work synergistically with IFNT and P4 to alter 

gene expression in pregnant ewes [216]. Additionally, PG appear to have 

differential effects on gene expression in the endometrium. Incubation of bovine 

endometrial stromal cells with PGF2α, but not PGE2, increased HSD11B1 protein 

and total cortisol in culture media of stromal cells [224]. Further, infusion of 

individual PGE2, PGI2, and PGF2α at the level produced by the conceptus found 

differing effects on gene expression in vivo compared to IFNT infusion [225]. For 

example, IFNT, PGE2, and PGI2 increased expression of EFNA1 and IGFBP1, 

while PGF2α had no effect on it. Similarly, IFNT, PGF2α, and PGI2 stimulated 

CST3 expression while PGE2 had no effect. Infusion of individual PG also 

promoted the expression of glucose, fructose, and amino acid transporters in the 

uterine epithelia. Although PG infusion did not alter glucose levels in the uterine 

lumen, infusion of both PGE2 and PGF2α increased total number of amino acids 

in the uterine lumen while infusion of IFNT and PGI2 did not. Almost all individual 

amino acids were elevated by the various PG apart from tyrosine and valine, which 

were reduced by IFNT and PGI2, and glutamine, which was decreased by IFNT, 

PGE2, and PGI2. Finally, infusion of only PGE2 or PGF2α alone elevated the total 

recoverable amounts of amino acids while IFNT, PGF2α, and PGI2 did not [225]. 

Thus, PGs regulate elongation- and implantation- related genes in the 

endometrium and mobilize amino acids into the uterine lumen to promote 

conceptus growth and development. 

Studies investigating PPAR binding in sheep and other species have also 

implicated important roles of PG in embryo survival, implantation, and placentation. 
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In one loss-of-function study morpholino antisense oligonucleotides, which inhibit 

mRNA translation, were targeted to PPARG and infused into the uterine lumen of 

sheep. Conceptuses exposed to PPARG morpholinos were severely growth 

retarded on day 14 of pregnancy and had apoptotic trophectoderm while infusion 

of nonspecific control morpholinos or morpholinos targeted to PPARD had no 

effect [222]. In mice, PTGS2- derived PGI2 mediates embryo implantation via 

activation of PAPRD and PPARG inactivation in mice leads to embryonic lethality 

by day 10.5 due to underlying placental defects [226, 227]. Taken together, PPAR 

likely bind PG and play critical autocrine roles in embryo development. 

Most importantly, infusion of meloxicam into the uterine lumen of pregnant 

ewes between days 8 and 14 prevented production of PG by both the conceptus 

and endometrium and prevented elongation of conceptuses in sheep [216]. Similar 

experiments in pigs and mice have also found that pharmaceutical inhibition of 

PTGS2 alone or PTGS1 and PTGS2 results in pregnancy loss in these species 

[228, 229]. Interestingly, loss of PTGS2 in mice is not embryonic lethal in utero 

while mature PTGS2-null mice suffer infertility due to a myriad of pregnancy 

failures at the level of implantation and decidualization. Thus, endometrial PG are 

more important than embryonic PG production in early pregnancy in mice [229-

231]. Recent work in the pig has also demonstrated that conceptus-derived PG 

are not required for early conceptus development and can maintain pregnancy 

beyond day 30 [232]. Thus, while PG are undoubtedly critical regulators of 

conceptus elongation, the importance of conceptus production of PG in ruminant 

species is unclear.   
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Lipoproteins 

Lipoproteins are complex micelle particles used to transport hydrophobic 

lipids in aqueous environments. Although the lipid composition varies by 

lipoprotein class, all lipoproteins are composed of an outer monolayer of 

phospholipids, cholesterol, and apolipoproteins surrounding an inner hydrophobic 

core of TAG and cholesteryl esters (CE) [233-235]. This makeup exposes the 

hydrophilic head of phospholipids and apolipoproteins, making the overall particle 

water-soluble for transport in plasma and other extracellular fluids. Apolipoproteins 

play essential roles in the formation of lipoproteins as lipid stabilizers and the 

interface for receptor activation. The five major classes of lipoproteins include 

chylomicrons, very low-density lipoproteins (VLDL), intermediate-density 

lipoproteins (IDL), low-density lipoproteins (LDL), and high-density lipoproteins 

(HDL) (Figure 7) [233]. These classes are discriminated by differences in their 

floating density, their lipid makeup, their size, and their associated apolipoproteins.  
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Figure 7. Lipoprotein classes. Lipoproteins are complex micelle particles that 
transport a core of hydrophobic lipids (e.g. triacylglyercides, cholesteryl ester) in 
aqueous environments. The five major classes of lipoproteins include 
chylomicrons, very low-density lipoproteins (VLDL), intermediate-density 
lipoproteins (IDL), low-density lipoproteins (LDL), and high-density lipoproteins 
(HDL). These classes are distinguished by their lipid and protein makeup, which 
affect particle diameter and density. Figure from [236]. 

 

Biosynthesis of lipoproteins 

Chylomicrons are responsible for transporting digested dietary lipids from 

the intestine to the liver. Approximately 98% of chylomicrons is lipid and, of this, 

95% is TAG, <1% is cholesterol, and 5% is phospholipid [237, 238]. Chylomicrons 

are synthesized after uptake of dietary cholesterol, monoglycerides, and fatty acids 

from the intestinal lumen by the enterocyte [239-243]. These lipids are then 

repackaged and organized around apolipoprotein B-48 (APOB48), an isoform of 

the APOB gene that is specific to chylomicrons. After its synthesis, APOB48 it is 

taken to the endoplasmic reticulum lumen and fused with TAG-rich deposits by 

microsomal triglyceride transfer protein (MTTP), which is the rate-limiting step 

[244-246]. These premature chylomicrons are transported to the Golgi apparatus 
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for secretion into the lymph and transportation to the circulation [247]. While in the 

circulation, chylomicrons acquire other apolipoproteins including APOC2 and 

APOE from other lipoproteins; apolipoprotein exchange in the circulation occurs 

due to their amphipathic nature and is a critical process for regulating lipoprotein 

maturity and clearance [248]. Chylomicrons deliver lipids to various tissues after 

lipoprotein lipase (LPL) hydrolyzes TAG into NEFA and MAG at the surface of 

capillary endothelium [249, 250]. Continuous hydrolysis of chylomicron TAG 

reduces it to a chylomicron remnant which are cleared after APOE binds to heparin 

sulfate proteoglycan and promotes its clearance by low density lipoprotein 

receptors (LDLR) [251].  

The other TAG-rich lipoprotein, VLDL, is secreted by hepatocytes to deliver 

TAG from the liver to peripheral tissues. Like chylomicrons, VLDL are relatively 

lipid dense as 90% is lipid and only 10% is protein. Of the total VLDL lipid, 

approximately 55% is TAG, 15% is CE, and 20% is phospholipids [252]. The VLDL 

synthetic pathway is relatively similar to chylomicrons, although many of the lipids 

are from de novo synthesis and VLDL is bound to a different isoform of APOB, 

APOB100 [253]. The rate-limiting step in VLDL synthesis is lipidation of APOB100 

in the endoplasmic reticulum, and without sufficient lipids, APOB100 protein is 

degraded [254, 255]. If enough lipids are available, VLDL is transported to the 

Golgi apparatus and secreted into the circulation. Nascent VLDL picks up APOC2, 

APOC3, and APOE from other lipoproteins to become a mature VLDL. The 

apolipoproteins APOE and APOC2 on the VLDL surface promote hydrolysis of 

lipids by LPL or hepatic lipase, while APOC3 inhibits it [256-258]. Continuous 
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hydrolysis of TAG in VLDL reduces its size until it forms IDL, and eventually LDL. 

The exact lipid makeup of LDL can vary but overall it contains more cholesterol 

than TAG [259]. In humans, high levels of LDL in the circulation are associated 

with increased risk of atherosclerosis due to the high cholesterol content of LDL 

[260]. Clearance of both IDL and LDL is regulated by the total number of LDLR 

[261]. Endocytosis of IDL or LDL can be mediated by binding of APOE or specific 

recognition of the APOB100 protein. The number of LDLR on the hepatocyte 

surface is regulated by cholesterol content of the hepatocyte. Endoplasmic 

membrane bound proteins, called sterol regulatory element binding proteins 

(SREBPs), are transported to the Golgi apparatus if total cholesterol content of the 

endoplasmic membrane is low. Once in the Golgi apparatus, a soluble fragment in 

SREBP is proteolytically cleaved and enters the nucleus to upregulate LDLR as 

well as other cholesterol regulating genes. When cholesterol levels are high, 

SREBP is retained to the ER, is not cleaved, and cannot upregulate LDLR [262, 

263].  

In contrast to other lipoproteins, HDL regulates cholesterol and 

phospholipid efflux from peripheral tissues for clearance by the liver or kidney. The 

makeup of HDL is markedly different from other lipoproteins as only 60% of the 

mature HDL particle is lipid, while 40% is protein. The predominant lipid in HDL is 

phospholipids, which comprise 47% of the total lipid, and CEs, which account for 

40% of total lipid [259]. The APOA1 protein is synthesized by hepatocytes and 

enterocytes and is secreted as a lipid poor protein into the circulation. Initial efflux 

of phospholipids and cholesterol by peripheral tissues is triggered by the 
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membrane bound ATP-binding cassette transporter ABCA1 while ABCG1 is 

associated with lipid efflux to a more mature HDL particle [264-266]. The protein 

makeup of HDL particles includes many proteins that promote lipid efflux and 

binding to HDL. Lecithin:cholesterol acyltransferase (LCAT) is an enzyme that 

forms CEs for HDL transportation by esterifying PC phospholipid bound fatty acid 

to a cholesterol molecule [267]. Cholesteryl ester transfer protein (CETP) is a 

hydrophobic glycoprotein that promotes redistribution of lipids and apolipoproteins 

in HDL. Phospholipid transfer protein (PLTP) regulates the phospholipids in HDL 

and can incorporate lipid free APOA1 into an already mature HDL [268]. 

Additionally, HDL particles associate with proteins that regulate immune regulation 

and intravascular remodeling and can induce endothelial nitric oxide (NO) 

synthase (eNOS) expression and increase NO availability in endothelial cells [269, 

270]. HDL is cleared from the blood after binding to scavenger receptor class B 

member 1 (SCARB1) in the liver, kidneys, or other steroidogenic tissues [268, 

271]. Uptake of whole HDL by SCARB1 occurs via caveolae-dependent 

endocytosis [270, 272]. In the kidney, LRP2 can endocytose HDL for clearance 

[273]. The interactions of lipoproteins with each other and with various tissues is 

shown in Figure 8. 
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Figure 8. Lipoprotein interactions. The triglyceride-rich lipoproteins originate 
from the intestine and liver as chylomicrons and very low-density lipoprotein 
(VLDL), respectively. Both these lipoproteins deliver fatty acids to peripheral 
tissues after lipoprotein lipase (LPL) hydrolyzes bound triglycerides into fatty acids. 
After enough lipids are hydrolyzed, chylomicrons form chylomicron remnants and 
VLDL form intermediate-density lipoproteins (IDL) or low-density lipoproteins 
(LDL). These lipoproteins are then cleared by the LDL receptor (LDLR) on the liver. 
The high-density lipoproteins (HDL) are made after lipid-poor apolipoprotein A1 
(APOA1) protein is secreted into the circulation. While in the circulation, APOA1 is 
lipidated with cholesterol and phospholipids from peripheral tissues after 
interaction with ATP-binding cassette transporter ABCA1. HDL is cleared from 
through scavenger receptor class B member 1 (SCARB1) receptors in the liver or 
kidney. While in the circulation, lipoproteins exchange apolipoproteins and lipid 
components. Figure from [274]. 
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Importantly, most of the studies into the biosynthesis and makeup of 

lipoproteins come from studies using mouse models or studying genetic defects in 

humans. While ruminants utilize drastically different strategies for digestion, most 

of the described findings are thought to be conserved in ruminants. The major 

differences are in what lipoproteins are predominantly used.  In cattle, VLDL are 

thought to be much scarcer in the plasma than they are in humans due to increased 

TAG synthesis by peripheral tissues. Additionally, evidence suggests that APOE 

protein is less abundant, possibly a reflection on decreased VLDL in the circulation. 

Importantly, HDL is the major plasma lipoprotein in ruminants [275, 276].  

Lipoproteins and apolipoproteins in the uterine lumen  

Lipoproteins are present within the female reproductive tract and play key 

roles in pregnancy establishment. For example, HDL regulate sperm capacitation 

by promoting lipid efflux and remodeling of the sperm head membrane in the 

oviduct [277, 278]. Additionally, HDL supply cholesterol to granulosa cells for 

steroid hormone synthesis during the estrous cycle [279, 280]. The presence of 

apolipoproteins in the uterine lumen indicates that lipoproteins are also present in 

the uterine lumen during early pregnancy, although their origin and function during 

conceptus elongation and implantation is not clear [157, 160, 161]. Many proteins 

involved in lipoprotein synthesis and uptake are expressed in the endometrium and 

show time, species, and pregnancy-dependent changes in expression. 

Endometrial expression of APOB is lower in pregnant heifers than cyclic heifers on 

day 17 while expression of APOA1 is not different [140]. In humans and primates, 

APOA1 is present in the endometrium and is downregulated by human chorionic 



45 
 

gonadotropin (hCG) while APOE is highly expressed by the endometrium during 

the window for embryo implantation [281-283]. In mice, APOA1 is located on the 

apical side of the LE and production by the endometrium transiently increases at 

the time of implantation [284-286]. The bovine endometrium possibly internalizes 

lipoproteins since VLDLR and LDLR expression is higher in pregnant heifers than 

cyclic heifers on day 17, while expression of SCARB1 is lower [140, 287]. Although 

there are not clear patterns across different species, there is enough evidence that 

the endometrium actively synthesizes apolipoproteins, and by inference 

lipoproteins, and expresses lipoprotein transporters.  

During conceptus elongation, the ovine and bovine conceptus highly 

express APOA1 and, to a lesser extent, APOE [72, 140].  Embryonic APOA1 is 

secreted into the uterine lumen and is elevated in the uterine lumen of pregnant 

sheep and cattle at the time of conceptus elongation [73, 74, 288]. Interestingly, 

increased secretion of APOA1 is correlated with improved embryo quality in 

humans [289]. Several genetic studies support the hypothesis that apolipoproteins, 

and thus, lipoproteins, may play important roles in pregnancy. Inactivation of APOB 

in mice was embryonic lethal in mice by day 9 of gestation [290-292]. Infusion of 

APOA1 targeting siRNA into the uterine lumen of mice resulted in fewer embryonic 

implantation sites and increased pregnancy loss [285, 286]. In mice, inactivation 

of APOA1 itself is not embryonic lethal, but inactivation of the HDL interacting 

proteins ABCA1 and SR-B1 is due to placental malformation [293-295].  

In summary, the embryo and endometrium both produce apolipoprotein, 

and by inference, lipoproteins, which accumulate in the ULF during pregnancy. 
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However, the roles for lipoproteins in ruminant species is unclear. In sheep, 

lipoproteins may transport lipids to the conceptus during TE elongation and data 

in mice suggests that some lipoprotein components may play critical roles in 

embryo implantation or placentation. 
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Abstract 

Secretions of the endometrium are important for peri-implantation growth 

and development of the sheep conceptus. Extracellular vesicles (EVs) are present 

in the uterine lumen, emanate from both the endometrial epithelia of the uterus 

and trophectoderm of the conceptus, and hypothesized to mediate communication 

between those cell types during the establishment of pregnancy in sheep. Size 

exclusion chromatography and nanoparticle tracking analysis determined that total 

EV number in the uterine lumen increased from days 10 to 14 of the cycle but was 

lower on days 12 and 14 of pregnancy in sheep. Intrauterine infusions of IFNT did 

not affect total EV number in the uterine lumen. Quantitative mass spectrometric 

analyses defined proteins and lipids in EVs isolated from the uterine lumen of day 

14 cyclic and pregnant sheep. In vitro analyses found that EVs decreased ovine 

trophectoderm cell proliferation and increased IFNT production without effects on 

gene expression as determined by RNA-seq. Collective results support the idea 

EVs impact conceptus growth during pregnancy establishment via effects on 

trophectoderm cell growth.  
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Introduction 

In sheep, the embryo enters the uterus as a morula around day 6 (day 0 = 

estrus), develops into a blastocyst that hatches from the zona pellucida by day 8, 

and then grows into a spherical to ovoid shaped conceptus (embryo and 

associated extraembryonic membranes) by day 10 [19, 296]. As the conceptus 

begins to elongate on day 12, the trophectoderm produces substantial quantities 

of interferon tau (IFNT), the maternal recognition of pregnancy signal, that prevents 

production of luteolytic pulses of prostaglandin F2 alpha (PGF2α) by the 

endometrium, thereby maintaining the corpus luteum and progesterone (P4) 

secretion to establish pregnancy [11, 297, 298]. IFNT also modulates expression 

of genes in the endometrium that are likely important for uterine receptivity and 

conceptus growth [299, 300]. By day 14, the elongated conceptus is filamentous 

in nature, reaching 12-14 cm in length, and by day 16 the conceptus occupies the 

length of the uterine horn ipsilateral to the corpus luteum and begins to attach and 

firmly adhere to the uterine epithelium to initiate placentation for pregnancy 

establishment [296].  

The endometrium of the uterus secretes factors into the lumen, collectively 

termed histotroph, that regulate growth and development of the conceptus [301]. 

Histotroph is essential for the elongation process, as in vitro and in vivo derived 

blastocysts fail to elongate unless transferred to a synchronized uterus [64, 65]. 

Histotroph is mainly derived from the endometrial epithelia and is an undefined 

mixture of proteins, lipids, amino acids, sugars, ions, and other factors [154, 302-

304]. Altogether, these substances are proposed to mediate conceptus-
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endometrial interactions and promote conceptus development and pregnancy 

establishment. Indeed, uterine gland knockout ewes, which lack glandular 

epithelium (GE) and have reduced luminal epithelium (LE), experience recurrent 

pregnancy loss due to defects in conceptus elongation [66, 67, 305]. 

Exosomes and microvesicles, collectively termed extracellular vesicles 

(EVs), are cell-derived vesicles of 30 to 1000 nm in diameter that contain cargo, 

including select proteins, lipids, RNAs, and miRNAs [306, 307]. They are released 

into the extracellular space, where they can then be taken up by recipient cells and 

modulate recipient cell biology [307]. Recently, EVs were found to be a component 

of histotroph in the uterine lumen of several different mammals including humans 

and sheep [119, 124]. In vitro analyses found that EVs are produced and released 

by ovine endometrial GE cells and human endometrial epithelial cells [124, 308]. 

In cyclic sheep, total EV number increased in the uterine lumen between days 10 

and 12 post-estrus in response to progesterone [126, 309], which is coincident with 

the onset of conceptus elongation in pregnant sheep. Indeed, EVs from uterine 

lumen were shown to be internalized by both the conceptus trophectoderm and 

endometrial epithelium [118]. EVs purified from the lumen of the uterus of cyclic 

and pregnant sheep contain protein, mRNA, and miRNA cargo and modulate 

trophectoderm cell proliferation in vitro [118-120, 126, 135]. Thus, EVs are 

proposed to have a biological role in early conceptus-maternal interactions by 

impacting conceptus growth and development as well as implantation. The 

following studies were conducted to understand the regulation of EVs in uterus of 
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pregnant ewes, identify lipids and proteins in them, and determine their effects on 

trophectoderm cell gene expression and proliferation.  

 

Materials and methods 

Animals 

All experimental and surgical procedures for the mature sheep (Ovis aries) 

were approved by the Institutional Animal Care and Use Committee of the 

University of Missouri. Adult cycling ewes were checked daily for estrus (day 0) 

and euthanized on days 10, 12, and 14 of the estrous cycle (n = 5-9 per day) or 

days 12 and 14 of pregnancy after mating to an intact ram of proven fertility (n = 

5-8 per day). The entire female reproductive tract was obtained through a mid-

ventral incision, and the broad ligament removed with scissors. A clamp was 

placed on the internal ostium of the cervix, and the oviduct and uterotubal junction 

was removed. A Tomcat urinary catheter, attached to an all plastic syringe 

containing 10-ml sterile PBS (pH 7.2), was inserted about 1 cm into the uterine 

horn contralateral to the corpus luteum. Sterile PBS was slowly instilled into the 

uterine lumen and then gently massaged through the uterine body into and through 

the ipsilateral horn that was held over a sterile petri dish using a hemostat. The 

uterine lumen flush (ULF) was collected in a petri dish and the conceptus removed 

if present. The ULF was then transferred with a plastic pipette to a 15-ml tube, 

clarified by centrifugation (3000 × g for 15 min at 4°C), transferred into a clean 15-

ml tube, and volume recorded prior to storage at -80°C.  
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In another study, cyclic adult ewes were detected for estrus using a 

vasectomized ram. Using a surgical approach described previously [69, 216], day 

10 post-estrus ewes were subjected to a midventral laparotomy, and the lumen of 

each uterine horn received a vinyl catheter (0007760; Durect Corp, Cupertino, 

California) connected to an Alzet 2ML1 osmotic pump (Durect Corp) secured by 

suturing the oviduct and mesovarium to the outside of the uterus. Ewes (n = 5 per 

treatment) received pumps containing the following: (1) 2 mL of saline vehicle as 

a control saline; or (2) 101 μg recombinant ovine IFNT. The Alzet 2ML1 osmotic 

pump has a reservoir volume of 2 mL and a pumping rate of 10 μL/h for 7 days. 

Recombinant ovine IFNT was prepared as described previously [310]. The amount 

of recombinant ovine IFNT provided by the Alzet pump into the uterine lumen on 

a daily basis (14.4 μg) mimics IFNT production by an elongating day 14 ovine 

conceptus, which is 600 ng per h [311]. Previous studies found that infusion of 14.4 

μg IFNT into the uterine lumen each day mimics effects of the conceptus on 

endometrial expression of hormone receptors and IFNT-stimulated genes during 

early pregnancy in ewes [216, 312]. At necropsy on day 14 post-estrus, the female 

reproductive tract was excised, and ULF obtained as described in previously. 

Extracellular vesicle isolation by size exclusion chromatography (SEC) and 

quantification by nanoparticle tracking analysis (NTA) 

EVs were isolated and quantified from uterine flush using a previously 

described SEC method [126]. Clarified ULF was thawed on ice and filtered through 

a 0.22-μm PVDF syringe filter (cat # SLGV033RS, EMD Millipore, Billerica, MA). 

Filtered ULF was concentrated by ultrafiltration with Centricon Plus-70 centrifugal 
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filter units (cat # UFC710008, EMD Millipore) at 2093 × g for 15 min, recovered at 

1000 × g for 2 min, and brought to a volume of 500 μl by weight with sterile PBS. 

EVs were isolated from the concentrated flush by SEC [313, 314] using 

qEVoriginal columns (Izon Science Ltd, Oxford, UK). Columns were equilibrated 

with 10 ml of PBS and fractions 7 to 9 (500 μl each) were isolated, concentrated 

with an Amicon Ultra-4 device (cat # UFC801008, EMD Millipore) at 2093 × g for 

15 min, and brought to 200 μl with sterile PBS. Aliquots of recovered EVs were 

diluted to approximately 107-108 particles per ml with 5 mM 

ethylenediaminetetraacetic acid (EDTA) in PBS and then evaluated by NTA using 

a NanoSight NS300 instrument (NanoSight Ltd, Amesbury, UK) equipped with a 

low-volume flow cell and syringe pump. The NanoSight was calibrated with 100 

nm polystyrene beads (Polysciences, Warrington, PA). Vesicle aggregates, initially 

observed as modal peaks in NTA, were disrupted by dilution of EVs with 5 mM 

EDTA in PBS [315]. Videos were captured (camera level 13-14, syringe pump 

speed 30, temperature control setting 25°C) using the standard measurement 

protocol of five 60 sec videos followed by processing with NTA software 

(NanoSight) to track each visible particle. The Stokes-Einstein equation was 

employed by the software to determine the size distribution and number of particles 

(concentration) within each sample. 

Mass spectrometric analysis of proteins  

Mass spectrometry (MS) analysis was conducted by the Gehrke Proteomics 

Center at the University of Missouri-Columbia. Briefly, EVs from day 14 cyclic or 

pregnant ewes (n = 3 per status) were lysed in Laemmli buffer (Sigma-Aldrich, St. 
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Louis MO), and protein was precipitated with 100% acetone overnight at -20°C. 

Protein was digested with LysC directly in concentrated urea buffer for 3 h at 37°C. 

Urea was diluted 6-fold and protein digested with trypsin overnight at 37°C. Next, 

peptides were purified and concentrated using Pierce C18 tips (ThermoFisher, 

Waltham, MA) according to the manufacturer’s protocol. Peptides were lyophilized 

and resuspended in 80 µl of 5% acetonitrile/0.1% formic acid solvent to 

approximately 1 µg/µl based on C18 tip binding capacity. Peptides were 

transferred to vials and placed in a refrigerated autosampler (7°C). To analyze 

peptides by MS, a 1 µl injection was made on a C8 trap column (ThermoFisher, µ-

precolumn – 300 µm i.d. x 5 mm, C8 Pepmap 100, 5 µm, 100Å) and separated on 

a 20 cm long x 75 µm inner diameter pulled-needle analytical column packed with 

Waters BEH-C18 1.7 µm reversed phase resin. Peptides were separated and 

eluted from the analytical column with a gradient of acetonitrile at 300nL/min. The 

Bruker nanoElute system is attached to a Bruker timsTOF-PRO mass 

spectrometer via a Bruker CaptiveSpray source. MS data were collected in 

positive-ion data-dependent PASEF mode over an m/z range of 100 to 1700.  

The acquired data were submitted to the PEAKs X search engine for protein 

identifications using a NCBI-Ovine-Bovine concatenated database. Data were 

searched with the following conditions: trypsin as enzyme and 2 missed cleavages 

allowed; carbamidomethyl cysteine as a fixed modification; oxidized methionine 

and deamidation of N/Q as variable mods; and 50 ppm mass tolerance on 

precursor ions, and 0.1 Da on fragment ions. Search results files were first filtered 

for 0.1% FDR (peptide false discovery rate) and 1 unique peptide per protein and 
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export from PEAKS. The samples were grouped (3 cyclic and 3 pregnant), and 

data was further filtered for an average of 4 spectral counts for a group with 

spectral counts in 2 of 3 samples. A pair-wise comparison was done using 

PEAKSQ. This quantitation is based on precursor (peptide) intensity and is 

corrected for mass and retention time matching.  

Lipid extraction and MS analysis by multiple reaction monitoring (MRM)-profiling 

For MS analysis, EVs isolated from ULF of day 14 cyclic or pregnant ewes 

(n=3 per status) were subjected to MS analysis by MRM-profiling at the Metabolite 

Profiling Facility of Purdue University. Lipids were extracted using the Bligh and 

Dyer method [316].  For that, 300 μL suspension was transferred to a new 

microtube and mixed with 250 μL of chloroform and 450 μL of methanol. This 

solution was incubated at room temperature for 15 min. After that, 250 μL of 

chloroform and 250 μL of water were added and the sample was centrifuged for 

10 min at 16,000 x g, forming a 2-phase solution where the bottom phase 

contained the lipids (organic phase). The organic phase was transferred to a new 

tube and dried using a Speedvac centrifuge (Savant Speedvac, Thermo Scientific 

Inc., San Jose, CA, US), and samples were stored at -80°C until MS analysis. 

Lipid profiling was performed using the MRM-profiling method similar to that 

recently described [317]. Dried lipid extracts were diluted in 50 μL of 

methanol/chloroform 3:1 (v/v) and 250 μL of injection solvent 

(acetonitrile/methanol/ammonium acetate 300 mM 3:6.65:0.35 (v/v)) to obtain a 

stock solution. Final dilution of the stock solution was performed to obtain 10e6 ion 

signal for the PC/SM lipids, which are the most abundant lipid classes. Mass 
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spectrometry data was acquired by flow-injection (no chromatographic separation) 

from 12 μL of diluted lipid extract delivered using a autosampler to the ESI source 

of an Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies, 

Santa Clara, CA, USA). A binary pump (Agilent 1200) was connected to the 

autosampler and operated at a flow rate of 20 μL/min and pressure of 30 bar. 

Capillary voltage on the instrument was 3.5-5 kV and the gas flow 5.1 L/min at 

300 °C. 

Ovine trophectoderm (oTr) cell proliferation assays 

Primary oTr cells, isolated from Day 14 elongated ovine conceptuses and 

characterized by our laboratory [318, 319], were used for in vitro studies of 

proliferation using previously described methods [319-321]. The oTr cells were 

maintained in exosome-free trophoblast growth medium [DMEM/F-12 

supplemented with exosome-free 10% Exo-FBS (System Biosciences), glutamine 

(2 mM), insulin (700 nM), pyruvate (1 mM), nonessential amino acids (0.1 mM), 

and antibiotics (50 U penicillin, 50 μg streptomycin)] and maintained in a humidified 

5% CO2 environment at 37°C. 

For proliferation assays, oTr cells were seeded into 96-well plates and 

maintained in serum- and insulin-free DMEM/F12 for 24 h. After 24 h, treatments 

were added to each well (n=3 wells per treatment) as follows: (1) DMEM/F12 

medium alone; (2) trophoblast growth medium with 10% serum and 700 nM insulin 

as a positive control; (3) increasing amounts of inert control vesicles (synthetic 

unilamellar 100 nm liposomes at 0.001, 0.01, 0.1 or 1 x 1010 particles per ml); 

(4) increasing amounts of ULF EVs from Day 14 cyclic sheep (0.001, 0.01, 0.1 or 
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1 x 1010 particles per ml); or (5) increasing amounts of ULF EVs from Day 14 

pregnant sheep (0.001, 0.01, 0.1 or 1 x 1010 particles per ml). After 24, 48 or 72 h 

of treatment, cell numbers were determined using an MTT cell proliferation assay 

(Promega, Madison, WI). The entire study was repeated at least three times with 

different passages of oTr cells and different ULF EV isolates. 

Ovine trophectoderm gene expression assays 

The oTr cells were seeded into 24 well plates and treated as described 

above for cell proliferation assays using liposomes or EVs from day 14 cyclic or 

pregnant ULF once they were 70-80% confluent. After 24 or 72 h of treatment, 

media was aspirated. For two replicates, media was frozen at -20°C for Western 

dot blot quantification of IFNT. The oTr cells were rinsed in PBS, lysed in TRIzol 

reagent (ThermoFisher) for 15 minutes, scraped, and snap frozen in liquid 

nitrogen.  

Total RNA isolation and qPCR analysis 

RNA was extracted from oTr cells using a chloroform-ethanol protocol. 

Samples were digested with DNAse I and then purified using a Direct-zol RNA 

column (Zymo Research, Irvine, CA). Total RNA (500 ng) was reverse transcribed 

using the iScript RT supermix (Bio-Rad, Hercules, CA). Reverse transcription was 

performed following manufacturer’s instructions. For qPCR anlaysis, control 

reactions were run in parallel without reverse transcriptase to test for genomic 

contamination. Real time PCR was done in triplicate on a CFX384 Touch Real 

Time System with SsoAdvanced Universal SyberGreen Green Supermix (Bio-

Rad). PCR conditions were: activation, 95°C for 2 min; 40 cycles of 95°C for 5 sec; 
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60°C for 30 sec; and 72°C for 30 sec. Previously published primers for 

prostaglandin-endoperoxide synthase 2 (PTGS2) and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) were used (Dorniak et al. 2012). Primers for 

ovine IFNT were designed and synthesized by Integrated DNA Technologies 

(primer forward 5’ CATCTCGACTCTGACGATTTCC 3’, and reverse 5’ 

CCATTGTGACCGTGAAGAAGTA3’). The ΔCT was the difference between the 

cycle threshold (CT) for the reference gene GAPDH and the gene of interest. For 

visualization fold change was calculated relative to the reference genes (2-ΔΔCT). 

Gene expression was analyzed by ANOVA using the GLM procedure of SAS. 

RNA Sequencing Data Analysis 

Total RNA was isolated from cells as described above with a RNeasy 

MinElute cleanup kit (Qiagen, Valencia, CA). Eluted RNA was stored at -80°C in 

nuclease-free water. Quality and concentration of RNA were determined using a 

Fragment Analyzer (Advanced Analytical Technologies, Inc., Ankeny, IA). 

Libraries were prepared by the University of Missouri DNA Core Facility using an 

Illumina TruSeq mRNA kit and sequenced on a NextSeq 500 instrument (Illumina 

Inc., San Diego, CA) to an average depth of 67 million reads (75 bp paired-end) 

per sample. Reads were adapter trimmed and quality trimmed to a sliding window 

quality score of 30 and minimum length of 20 bp with fqtrim software (version 0.9.4, 

doi:10.5281/zenodo.20552). Trimmed reads were mapped to the Ovis aries 

genome assembly (Oar_v3.1) using HISAT2 (version 2.0.3) [322]. Reads 

overlapping Ensembl annotations (release 84) [323] were quantified with 

featureCounts (version 1.5.0) [324] prior to model-based differential expression 
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(DE) analysis using the edgeR-robust method [325]. Genes without evidence of 

expression (counts per million, CPM rowSum < 1) were filtered out and quality 

control plots were generated. Transcriptome-wide read distributions were plotted 

for each sample with boxplots of log-transformed CPM values. A scatterplot of the 

first two principal components was constructed with the plotMDS function of edgeR 

to verify treatment separation prior to statistical testing. The false discovery rate 

(FDR) was set at 0.05 for DE analysis with edgeR-robust.  

Quantification of IFNT by Western dot blot analysis 

The amount of IFNT in the culture media was determined by a semi-

quantitative western dot blot analysis using a rabbit antibody specific for ovine 

IFNT and methods described previously (Brooks et al., 2015). Protein content of 

media was quantified by Qubit protein assay (ThermoFisher). Culture media 

protein (20 μg) was loaded onto a nitrocellulose membrane in triplicate using a dot 

blot apparatus (Biorad) followed by rinsing with TBS. Membranes were blocked in 

5% milk in 0.1% TBST (1x Tris-Buffered saline containing 0.1% Tween-20) and 

then incubated in IFNT antibody (1:1000) in blocking buffer overnight. Membranes 

were rinsed and then incubated in a goat-anti rabbit HRP conjugated secondary 

antibody at a 1:10,000 dilution. Samples were rinsed in 0.1% TBST and then 

developed in SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific) for 5 minutes prior to visualization with a ChemiDoc MP System and 

Image Lab 4.1 Software (BioRad). ImageJ software V 1.6 (National Institute of 

Health, Bethesda, MD) was used to quantify the relative amount of IFNT protein. 
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The data are adjusted for the recovered volume of cell culture media and 

expressed as total relative units of IFNT. 

Statistical analysis 

For the lipid profiles, the MRMs not presenting ion intensities above 30% 

compared to a blank sample (solvent injection) for at least one of the experimental 

samples were considered noise and removed from the statistical analysis. Next, 

the ion signal obtained for each MRM was divided by the total ion signal of the 

sample in order to obtain the relative ion abundances which were imported for 

statistical analysis at the MetaboAnalyst software (www.metaboanalyst.ca). First, 

most informative lipids were selected by receiver operating characteristics (ROC) 

curve analysis. Lipids from all presenting AUC of above 0.8 were used for principal 

component analysis (PCA) analysis. For PG lipids, selection using ROC AUC 

above 0.8 was not possible since only two lipids met this threshold. Therefore, only 

for this class, all lipids were included in the PCA. Data was normalized by 

autoscaling for PCA and for plotting heatmaps with cluster analysis.  

All quantitative data were subjected to least-squares ANOVA using the 

general linear models (GLM) procedures of the Statistical Analysis System (SAS 

Institute Inc, Cary, North Carolina). In all analyses, error terms used in the tests of 

significance were identified according to the expectation of the mean squares for 

error. Significance (P < 0.10) was determined by the probability differences of the 

least squares means (LSM).  

 

  

http://www.metaboanalyst.ca/
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Results 

Effects of the estrous cycle, pregnancy and IFNT on extracellular vesicles in the 

lumen of the ovine uterus 

The uterine lumen of cyclic and pregnant sheep (n = 5-9 per status) was 

gently flushed to recover the contents, and EVs in the ULF were purified by SEC 

and quantified by NTA. As illustrated in Figure 1, total EV number in the ULF was 

greater (P < 0.05, day x pregnancy status) in cyclic than pregnant ewes. The mode 

size of the isolated EVs (136.5+5 nm) was not different (P > 0.10) in the ULF of 

cyclic or pregnant sheep.  

 

 

 
 

Figure 1. Extracellular vesicle (EV) number in the uterine lumen of day 14 
cyclic and pregnant sheep. Different subscripts denote statistical significance 
(P<0.05). 
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A dominant factor secreted by the trophectoderm of the elongating ovine 

conceptus is IFNT. To test the hypothesis that IFNT from the elongating conceptus 

decreases EV production by the endometrium, vehicle as a control or recombinant 

ovine IFNT was infused into the uterine lumen of cyclic sheep between days 10 

and 14 post-estrus using an osmotic pump. Total EV number (control vs IFNT: 

1.1E+11 + 3.8E+10 vs 1.59+E11 + 2.31E+10 particles) and mode EV size (Control 

vs IFNT: 141.6 + 7 vs 136.6 + 2 nm) were not different (P > 0.10) in the ULF of 

ewes who received infusions of control vehicle as compared to IFNT.  

 

Proteome of EVs in the ULF of day 14 cyclic and pregnant sheep 

Uterine EVs were isolated from day 14 cyclic and pregnant ewes (n=3 ewes 

per status) and analyzed by MS. Analysis of uterine EVs identified 1,669 proteins 

(0.1% FDR, 1 peptide minimum) in the samples with 126 and 289 unique to EVs 

from cyclic and pregnant ewes, respectively (Figure 2A; Supplementary Dataset 

S1 Tables 1A-C). Key exosomal protein markers (Alix, TSG101, CD63, HSP70, 

CD9, and CD81) were identified in all EV samples. The most abundant proteins 

identified in the EVs from both cyclic and pregnant sheep were alkaline 

phosphatase (ALPL), gag (Gag), an uncharacterized protein (LOC105602254), 

mucin 16 (MUC16), and lactadherin or milk fat globule-EGF factor 8 (MFGE8) 

(Table 1). The cyclic and pregnant samples clustered separately based on their 

protein profiles (Figure 2B). A total of 68 proteins that were present in EVs from 

both cyclic and pregnant EVs displayed a greater than two-fold change in 

abundance (Supplementary Dataset S1 Table 1D). Of these, 51 were higher in 
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pregnant ewes, and 17 were higher in cyclic ewes. The top 10 most abundant 

proteins that were present in all samples and differentially abundant between cyclic 

and pregnant EVs are summarized in Table 2. To understand the potential 

functional impacts of proteins enriched in cyclic or pregnant EVs, gene names of 

the differentially abundant proteins identified were entered into a Generic Gene 

Ontology (GO) Term Finder [326], and significant GO terms were analyzed and 

visualized by REViGo [327]. Notably, proteins that were more abundant in 

pregnant EVs were related to protein translation, localization, and secretion (Figure 

2C). Proteins more abundant in cyclic EVs matched only to one GO term that was 

negative regulation of wound healing.  

 

 

Table 1. Ten most abundant proteins in EVs from the uterine lumen of sheep. 

Symbol Name 
Spectral Counts (Mean+SE) 

Cyclic Pregnant 

ALPL Alkaline phosphatase tissue-nonspecific isozyme 2173.3 ± 111.6 1863 ± 419.6 

Gag Gag protein 1744.0 ± 616.6 1285 ± 792.4 

 Uncharacterized protein LOC105602254 869.7 ± 248.1 589 ± 370.1 

MUC16 Mucin-16 631.3 ± 129.7 626.6 ± 181.1 

ACTG2 Cytoplasmic actin 2 612 ± 157 626 ± 183 

MFGE8 Milk fat globule-EGF factor 8 protein 798.3 ± 228.5 447.0 ± 162.1 

Env Envelope Glycoprotein 505.3 ± 201.7 391.6 ± 148.9 

LGALS3BP Galectin-3-binding protein 384.7 ± 57.2 492.7 ± 78.6 

ANPEP Aminopeptidase N 421.0 ± 57.3 435.6 ± 52.4 

EZR Ezrin 465.3 ± 105.8 335.0 ± 73.3 
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Table 2. Top 10 differentially abundant proteins in EVs isolated from the 

uterine lumen of day 14 cyclic and pregnant sheep. 

Symbol Name 
Spectral Counts (Mean+SE) 

Fold 
Difference 

Cyclic Pregnant 

SDCBP Syntenin 446.3 ± 89.1 238 ± 97.4 1.90 

CD109 CD109 antigen 229.3 ± 68.2 66.3 ± 45.3 3.45 

DYNCH1 Cytoplasmic Dynein 1 Heavy Chain 1 80.3 ± 29.3 157.3 ± 31.6 0.50 

C3 Complement C3 64.0 ± 14.1 129.7 ± 63.6 0.49 

MVP Major vault protein 41.3 ± 2.4 111.0 ± 17.7 0.37 

MUC5AC Mucin 5AC 36.6 ± 10.2 94.3 ± 53.1 0.38 

CPNE8 Copine 8 85.0 ± 22.3 35.3 ± 8.29 2.40 

CFTR 
Cystic fibrosis transmembrane 

conductance regulator 
31.7 ± 5.5 64.3 ± 26.8 0.49 

H3 Histone H3 25.3 ± 3.5 63.0 ± 17.6 2.48 

PP13 Placental protein 13-like 60.7 ± 23.7 24.7 ± 8.9 2.45 
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Figure 2. Proteomic analysis of extracellular vesicles (EV) isolated from the 
uterine lumen of day 14 cyclic and pregnant sheep. (A) Venn diagrams 
illustrating that of the total 1,666 proteins identified by mass spectrometry analysis, 
126 and 289 proteins were unique to EVs isolated from cyclic and pregnant sheep, 
respectively. The gene names for the most abundant unique proteins identified in 
each pregnancy class are listed. (B) Heatmap clustering of proteins identified in 
EVs by mass spectrometry analysis. (C) Gene ontology (GO) analysis of proteins 
higher in EVs from ULF of day 14 pregnant sheep visualized using REViGO 
software. The scatterplot places gene ontology terms in a two-dimension plot to 
cluster processes with semantic similarities and removes functionally redundant 
GO terms. Color of circle indicates the FDR P-Value of the gene ontology term and 
size of circle indicates the frequency of the GO term in the underlying annotation 
database.   
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Lipidome of ULF EVs from day 14 cyclic and pregnant ewes  

ULF EVs were isolated from day 14 cyclic and pregnant sheep (n=3 ewes 

per status) and subjected to comprehensive lipid profiling. Relative lipid amounts 

were compared across ten lipid subclasses based on the LipidMaps database. 

Eight classes of lipids were identified in ULF EVs from cyclic and pregnant ewes. 

There was no ion signal higher in EVs than for a blank sample was obtained for 

cholesteryl esters and triacylglycerols. The values of the various EV lipid 

populations (relative lipid amount as a percentage) are listed in Supplementary 

Dataset S2. 

 The ULF EVs contained phosphatidylcholines (PC), sphingomyelins (SM), 

phosphatidylethanolamines (PE), phosphatidylglycerols (PGL), 

phosphatidylinositols (PI), and phosphatidylserines (PS). PGL populations were 

very similar between EVs isolated from cyclic and pregnant ULF. In order to 

understand patterns across EV lipids, lipidomic data was denoised by removing 

lipids that had an AUC value below 80% after running them through classical 

univariate ROC curve analyses. The most relevant phospholipids showed some 

discrimination by pregnancy status. Of note, the 25 most relevant lipids (as 

indicated by t-test) in cyclic and pregnant ULF EVs grouped together across the 

phospholipid classes, indicating that there are patterns in phospholipid class that 

change between EVs in cyclic and pregnant ewes (Figure 3).  
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Figure 3. Phospholipids in extracellular vesicles (EV) isolated from the 
uterine lumen of day 14 cyclic and pregnant sheep. Phosphatidylcholine (PC) 
and sphingomyelin (SM), phosphatidylethanolamine (PE), phosphatidylinositol 
(PI), and phosphatidylserine (PS) lipid profiles are shown. Principal component 
analysis (PCA) was used to visualize the difference in the lipid profiles and 
included only lipids presenting AUC>0.8 by ROC analysis (except for the PGL 
class). Heatmaps were generated using the top 25 most informative lipids of each 
class. 
 

 

Ceramide, acylcarnitines, and FFA profiles are depicted in Figure 4. 

Ceramides displayed some separation by PCA analysis and clustered together by 

heatmap analysis. Acylcarnitines did not separate by PCA analysis or cluster 

together by heatmap analysis. EVs did not separate by pregnancy status in the 

FFA PCA analysis but clustered by heatmap analysis, with a noticeable shift in 

pregnant EVs away from palmitic (16:0) and stearic acid (18:0). Volcano plots and 



68 
 

t-tests across several of the lipid classes identified lipids that were significantly 

different between EVs from cyclic and pregnant ewes (Supplementary Dataset 

S3). 

 

 

 
 
Figure 4. Ceramides, acylcarnitines, and free fatty acids (FFAs) in 
extracellular vesicles (EV) isolated from the uterine lumen of day 14 cyclic 
and pregnant sheep. Ceramide, acylcarnitine, and free fatty acid (FFA) lipid 
profiles are shown. Principal component analysis (PCA) was used to visualize the 
difference in the lipid profiles and included only lipids presenting AUC>0.8 by ROC 
analysis. Heatmaps were generated by the top 25 most informative lipid types of 
each class. 
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Effects of ULF EVs on oTr cell proliferation  

The effect of ULF EVs from day 14 cyclic and pregnant ewes was 

determined by in vitro analysis of oTr cell proliferation (Figure 5A). As a positive 

control, synchronized oTr cells were treated with 10% FBS and insulin that 

substantially increased (P < 0.01) increased their proliferation at 48 and 72 h post-

treatment compared to cells treated with DMEM/F12 media alone (negative 

control) (Figure 5B). Treatment of oTr cells with liposomes alone did not affect (P 

> 0.10) oTr cell proliferation. In contrast, treatment of oTr cells with the highest 

concentration of ULF EVs (1x1010 particles per ml) decreased (P < 0.05) oTr cell 

proliferation at 72 h post-treatment when compared to oTr cells cultured with lower 

concentration of ULF EVs as well as DMEM/F12 alone (Figure 5B). This effect on 

oTr cell proliferation was observed with EVs isolated from ULF of both cyclic and 

pregnant sheep. 

Effects of ULF EVs on oTr gene expression in vitro 

oTr cells were serum starved for 24 h and then treated with ULF EVs from 

cyclic and pregnant ewes for 48 h at the high concentration (1x1010 particles per 

ml) or nothing as a control. Total RNA was harvested from the oTr cells and global 

gene expression assessed using RNA-Seq. EdgeR-robust analysis of the RNA-

Seq data did not detect (FDR P<0.05) any effects of EV treatment on gene 

expression in the oTr cells (Supplementary Dataset S4).  

Next, oTr cells were serum starved for 24 h and then treated with ULF EVs 

at different concentrations or inert liposomes as a control for 24 h (Figure 6A). 

Real-time qPCR analyses found no effect of treatment on PTGS2 or IFNT mRNA 
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levels, regardless of the concentration (Supplemental Figure S1). Media was 

collected to determine IFNT production by the oTr cells in response to treatment 

by Western dot blot analysis. Interestingly, the amount of IFNT in the culture media 

was increased (P<0.05) by treatment of oTr cells with either cyclic or pregnant ULF 

EVs at the high concentration (1 x 1010 particles per ml) for 24 h, whereas inert 

control liposomes had no effect (Figure 6B). 

 

 
Figure 5. Effect of extracellular vesicles (EV) isolated from the uterine lumen 
of day 14 cyclic and pregnant sheep on ovine trophectoderm (oTr) cell 
proliferation. (A) Experimental design. After a 24 h of serum starvation, oTr cells 
were treated with increasing concentrations of inert liposomes or ULF EVs. (B) 
Proliferation of oTr cells was measured at 24, 48, and 72 h post treatment using a 
MTT assay. Different subscripts denote statistical significance (P<0.05). 
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Figure 6. Effect of extracellular vesicles (EV) isolated from the uterine lumen 
of day 14 cyclic and pregnant sheep on IFNT production by ovine 
trophectoderm (oTr) cells. (A) Experimental design. Confluent oTr cells were 
treated with increasing concentrations of insert liposomes or ULF EVs. (B) IFNT 
was increased in culture media of oTr cells treated with the highest concentration 
(1x1010 particles per ml) of EVs using a Western dot blot analysis. Representative 
dots are shown above the graph. Different subscripts denote statistical significance 
(P<0.05). 
 

 

Discussion 

Available studies here and elsewhere support the idea that EVs have a 

biological role in conceptus-endometrial interactions during early pregnancy in 

sheep. Release of EVs into the uterine lumen increases after day 10 in cyclic ewes 

in response to progesterone [126]. In the present study, we found that the uterine 
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lumen has fewer EVs on days 12 and 14 of pregnancy compared to the same days 

of the estrous cycle. In other cells, IFN-stimulated gene 15 (ISG15)-dependent 

ISGylation of proteins reroutes exosome-containing multivesicular bodies for 

lysosomal degradation, thus inhibiting exosome secretion [81]. In sheep, ISG15 is 

an IFNT-stimulated gene that is substantially up-regulated in the endometrial GE 

and stroma after day 11 of pregnancy by the elongating conceptus [302, 328]. 

Endometrial ISG15 actively conjugates to target proteins during early pregnancy 

[59]. In order to determine if the lower number of EVs in the pregnant uterine lumen 

is due to IFNT-dependent inhibition of endometrial EV release, IFNT was infused 

into the uterine lumen of cyclic ewes, and its effects on EV numbers was 

determined. Infusion of IFNT at equivalent levels to those secreted at the level of 

an elongating day 14 conceptus into the uterine lumen of cyclic ewes from days 

10 to 14 post-estrus did not affect EV number or size in the uterine lumen. These 

results indicate that IFNT does not appear to regulate EV release by the 

endometrium. Thus, the lower EV number in early pregnant ewes is likely due to 

the uptake and utilization of EVs by the growing and elongating conceptus 

trophectoderm. Indeed, uptake of EVs by the ovine conceptus was demonstrated 

in vivo by visualization of fluorescently labeled EVs within and, importantly, in the 

membranes of trophoblast cells [118]. 

Here, the protein and lipid cargo of EVs isolated from ULF of day 14 cyclic 

and pregnant ewes was determined using MS analysis. The proteome of EVs 

isolated from ULF of day 14 cyclic and pregnant ewes has previously been 

described by our laboratory [119]. However, EVs were isolated from ULF in that 
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study by ExoQuick-TC precipitation, while the present study used SEC. A recent 

comparison of EV isolation methods reported that EVs isolated by SEC result in 

higher EV recovery and significantly less protein contamination than EVs isolated 

by precipitation [313, 329]. Although there was overlap of proteins in the EVs 

reported in the present and our previous study [119], such as MX dynamin like 

GTPase 1 (MX1) and cathepsin L (CTSL), there were some key differences. The 

most abundant EV proteins reported in our previous study included serum albumin 

(ALB), which was not identified in the present study, and hemoglobin (HBM), which 

had fewer spectral counts in the present study. Both ALB and HBM are two of the 

most abundant proteins identified in ULF of sheep and cattle [72, 73, 75, 148], 

suggesting that the EV proteome previously described by our laboratory using EVs 

purified by ExoQuick-TC precipitation was contaminated by serum proteins that 

are quite abundant in the uterine lumen. There were also other differences in the 

EV proteome between the present and previous study. For example, 

prostaglandin-endoperoxide synthase 2 (PTGS2) was identified in EVs from the 

ULF of both day 14 cyclic and pregnant sheep, while our previous study identified 

PTGS2 in EVs only from day 14 pregnant ewes. The MS analysis in our present 

study identified many more proteins in the ULF EVs (1,000 proteins) than our 

previous study (195 proteins), presumably due to the use of a more sensitive MS 

approach.  

The MS analysis of EVs in the present study identified many proteins in the 

EVs that are encoded by genes expressed by both the endometrial epithelia and 

the conceptus trophectoderm [72]. Indeed, several of the most abundant proteins 
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identified are attributed to the endogenous Jaagsiekte sheep retroviruses 

(enJSRVs), including Gag, Pro-pol, and Envelope, which are very abundantly 

expressed in the endometrial LE and GE of the ovine uterus [330, 331]. Two 

previous studies also identified enJSRVs RNA and protein in ULF EVs from cyclic 

and pregnant sheep [119, 120]. Of note, the enJSRVs Env is critical for conceptus 

elongation in sheep [319], highlighting the potential important role of EVs in 

facilitating the transfer of enJSRVs Env protein and other components to the 

conceptus. GO term analysis of proteins that were differentially abundant in EVs 

isolated from the ULF of cyclic or pregnant ewes determined that EVs from 

pregnant ewes were particularly enriched in ribosomal proteins. Factors secreted 

by the conceptus, such as IFNT and prostaglandins, can directly affect gene 

expression of the endometrium, modifying uterine histotroph to promote 

trophectoderm proliferation and attachment [296, 301, 302, 332]. Thus, EVs in 

pregnant ewes may enhance the ability of the conceptus trophectoderm to 

translate proteins, increasing the ability of the conceptus to signal to the 

endometrium and in turn alter the uterine environment. Many of the 289 proteins 

that were unique to EVs from ULF of pregnant ewes are encoded by genes 

expressed in the conceptus trophectoderm (e.g. IFNT, pregnancy specific 

antigen), and many of them overlap with proteins in EVs isolated from media 

conditioned by day 14 conceptuses cultured ex vivo (e.g. ApoB100, nucleolin, 

complement 1, complement C7, complement H, cathepsin Z) [118]. Fluorescently-

labeled conceptus-derived EVs target the epithelium of the endometrium in sheep 
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[118], and thus EVs from the conceptus may be internalized and affect function of 

the endometrial epithelium. 

To understand the origin of EVs in the uterine lumen, the top 10 most 

abundant proteins in uterine EVs was compared with RNA-seq and qPCR data 

from uterine epithelia (LE and GE) and the conceptus from day 14 pregnant ewes 

as well as proteins in EVs isolated from fetal bovine serum and RNA-seq from 

whole bovine endometrium [72, 140, 333, 334]. The uterine GE RNA-seq data had 

the most overlap with the most abundant EV cargo, suggesting that the uterine 

glands are the major source of EVs in the uterine lumen. Interestingly, some of the 

most abundant proteins were identified in RNA sequencing of whole endometrium 

but not uterine epithelium. Thus, although the stroma is likely not the primary 

source of EVs, it likely contributes to some of the protein cargo found in uterine 

EVs. Although conceptus specific proteins were identified in ULF EVs from 

pregnant ewes, several of these proteins had few spectral counts, suggesting that 

conceptus-derived EVs represent a smaller proportion of the total EVs present in 

the uterine lumen of a pregnant ewe. Unexpectedly, bacterial ribosomal protein 

was present in EVs isolated from ULF of both day 14 cyclic and pregnant ewes. 

These findings support the idea that there is a resident microbiome in both the 

cyclic and pregnant uterus, and that there is the potential for these bacteria to 

contribute to uterine EVs [335, 336]. 

The lipid cargo of EVs is not well characterized, particularly those isolated 

from the uterine lumen [98, 99, 307]. In the present study, we found that ULF EVs 

did not contain cholesteryl esters and triglycerides, which is consistent with EVs 
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from other tissues; those lipid populations are more typically associated with 

lipoproteins and lipid droplets [337-339]. Interrogation of the phospholipid makeup 

of EVs found that a wide variety of phospholipid types in ULF EVs were similar 

between day 14 cyclic and pregnant ewes. The exception was that 

phosphatidylcholine/sphingomyelin and phosphatidylethanolamine phospholipid 

populations segregated by hierarchical clustering analysis, suggesting that those 

populations of phospholipids are affected by pregnancy status. Specifically, 

PCo(32:3) and PE(36:1) were 3.1-fold and 2.1-fold higher in EVs from cyclic than 

pregnant animals, respectively, while SM(d16:1/18:1) was 2.7-fold higher in EVs 

from pregnant animals. These shifts and changes in overall phospholipid makeup 

could arise from altered lipid composition of conceptus-derived EVs or the altered 

production of different EV subpopulations from the endometrium due to pregnancy-

dependent changes. The phospholipid populations and fatty acid chains contained 

within a phospholipid affect the rigidity and shape of the EVs [96, 340, 341]. These 

overall alterations in phospholipid patterns and specific metabolites may have 

consequences for EV cargo stability and internalization by recipient cells. Of note, 

some of the more abundant phospholipids in both cyclic and pregnant EVs 

contained ether and vinyl-linked fatty acid linkages instead of ester linkages. These 

fatty acid linkages promote membrane rigidity and may promote EV stability while 

in the uterine lumen [342, 343].  

Ceramides are key components of EVs and play important roles in the 

biogenesis of exosomes. Interestingly, heatmap analysis indicated that EVs from 

the ULF of pregnant ewes were enriched in the two most overall abundant 
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ceramides, C16 Ceramide (d18:1/16:0) and C24 Ceramide (d18:1/24:0), that were 

1.6- and 1.8-fold more abundant in pregnant than cyclic ULF EVs, respectively. 

Medium chain ceramides, such as C16 and C18, favor negative budding of the 

membrane and are implicated in endosomal sorting complexes required for 

transport (ESCRT)-independent formation of multivesicular bodies and exosome 

release [84]. Thus, it is possible that alterations in the ceramide populations of EVs 

may indicate that there is a higher proportion of exosomes in the population of EVs 

isolated from pregnant flush. Importantly, ceramides can play significant roles in 

cell signaling and regulation of cell cycle and apoptosis. Accordingly, EV delivery 

of ceramides may have direct effects on recipient cell biology [344, 345]. 

The ULF EVs contained FFAs including polyunsaturated fatty acids such as 

arachidonic acid. Heatmap clustering of FFAs found a shift from medium chain 

saturated FFAs, including palmitic (C16:0) and stearic acid (C18:0), in cyclic EVs 

towards unsaturated and/or longer-chained FFAs in pregnant EVs. EVs isolated 

from cyclic ewes had 2.2-fold higher levels of palmitic acid, while those from 

pregnant ULF were enriched with more complex fatty acids, such as C30:0,C24:6 

(nisinic acid). Thus, endometrial-derived EVs may be loaded to deliver these fatty 

acids to the developing conceptus. Interestingly, a recent characterization of the 

FFA makeup in the ULF of heifers reported that palmitic and stearic acid account 

for approximately 90% of total free fatty acids [346]. In contrast, EVs contain a 

much more diverse population of FFAs, with palmitic and stearic acid comprising 

on average just 44% of all FFAs observed. Thus, EVs or other lipid complexes may 

be an important method of FFA delivery to the conceptuses versus uptake of fatty 
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acids from the ULF by the conceptus. Moreover, peroxisome proliferator activated 

receptor gamma (PPARG), a nuclear receptor that binds prostaglandins and other 

polyunsaturated fatty acids, is expressed in the conceptus trophectoderm and is 

important for conceptus survival in sheep [206, 222]. FFAs or eicosanoid 

derivatives delivered via EVs could bind PPARG, altering gene expression in the 

developing conceptus trophectoderm. Overall, ULF EVs may be an important 

source of FFA delivery to the developing conceptus. While there are noticeable 

shifts in several lipid populations by pregnancy status, it is unclear whether these 

are from intentional loading of specific lipid species or simply are byproducts of 

shifts in EV biosynthetic pathways. Nevertheless, lipids likely play a critical role in 

conceptus development due to the demand of cellular proliferation, cell 

signaling/prostaglandin synthesis, and homeostasis requirements [161, 347]. 

Altogether, present and previous findings support the hypothesis that EVs in the 

uterine lumen provide various phospholipids, ceramides, and free fatty acids to the 

conceptus and have biological roles in its survival, growth and development. 

In order to understand how ULF EVs and their cargo impact conceptus 

development, in vitro studies were performed using mononuclear oTr cells and 

EVs isolated from the uterine lumen. In sheep, the major gene expression changes 

in endometrial epithelia that promote conceptus proliferation, growth, and survival  

occur between days 10 and 12 in response to ovarian progesterone and 

progesterone also regulates uterine EVs and their cargo [126, 296, 302, 309]. 

These gene expression changes alter the uterine milieu and promote conceptus 

elongation, which starts around day 12 and continues through day 17 [19]. Thus, 
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the following experiments were designed to use EVs from day 14 cyclic or pregnant 

ewes to understand how EVs may then be affecting trophectoderm biology during 

this crucial elongation process after progesterone action has had sufficient time to 

alter the uterine environment. Of note, there are approximately 7x1010 total EVs in 

the uterine lumen of day 14 cyclic ewes. Based on the assumption of a total 500 

L volume of uterine fluid in the lumen, the likely in vivo concentration of EVs is 

approximately 1.4x1011 EV per ml. As such, the in vitro experiments conducted 

here were based within the physiological range of EVs present in the uterine lumen 

in vivo (i.e. 1x107 to 1x1010 EV per ml). Intriguingly, EVs from ULF of both day 14 

cyclic and pregnant ewes decreased oTr cell proliferation at the 72 h timepoint. 

Thus, EVs might represent a possible mechanism in which the endometrium 

regulates on-time elongation of the developing conceptus. Indeed, transferring an 

embryo to a synchronized uterus is essential for conceptus development and 

survival, and asynchrony between the embryo and underlying endometrium result 

in higher rates of pregnancy loss [140, 348, 349]. The effects of EVs on oTr cell 

proliferation here contrast with a previous study finding that EVs increased oTr cell 

proliferation in vitro [120]. The EVs used in that study were isolated using Exoquick 

precipitation. As noted previously, precipitation of EVs appears to co-precipitate 

abundant proteins in the uterine lumen, such as ALB and HGB, that are not actual 

EV cargo. Moreover, ALB can bind fatty acids and other growth factors [350], which  

may account for the increase in cellular proliferation observed in that specific study 

with uterine EVs [120]. The mechanism of how EVs from the uterine lumen of cyclic 

and pregnant ewes inhibit oTr cell proliferation is not known. Ceramides, which are 
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contained in EVs from both cyclic and pregnant uterine flushes, can activate a 

stress-activated protein kinase cascade to induce cell cycle arrest and prevent 

proliferation of a variety of cancer cells in vitro [351-353]. Thus, it is perhaps the 

delivery of ceramides in uterine EVs to the cells that prevents their proliferation.  

Another finding of the present study was that day 14 cyclic and pregnant 

ULF EVs did not affect gene expression in oTr cells in vitro as determined by 

comprehensive RNA-seq and candidate gene expression analyses. This finding 

was unexpected, as the ULF EVs from cyclic and pregnant ewes contain a plethora 

of miRNAs and some mRNA [118, 119, 126]. Although IFNT mRNA levels were 

unaffected by EV treatment, the production of IFNT protein was increased by 

treatment of oTr cells with ULF EVs in the present study. Similarly, ULF EVs 

increased IFNT production by oTr cells in a previous study [120]. Given that inert 

control liposomes did not increase IFNT in the culture media, the cargo or lipid 

component of EVs must increase IFNT protein production by the oTr cells. Indeed, 

the inert control liposomes do not contain any miRNA or protein cargo and they 

are only comprised of phosphatidylcholine and cholesterol. Proteomics analysis 

found that EVs isolated from the uterine lumen of both day 14 cyclic and pregnant 

ewes contained ribosomal proteins with higher amounts those from pregnant 

ewes. It may be possible that the provision of ribosomes by the EVs to the 

conceptus trophectoderm enhances production of proteins such as IFNT. 

Consistent with this, ribosome recruitment to axons occurs via lateral transfer from 

glial cells via exosomes [354]. Alternatively, the lipid cargo of uterine EVs could 

affect protein production by oTr cells. Lipids play critical roles in regulation of 
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secretory granule biogenesis and release [355]. Although it appears EVs may have 

minimal effects on gene expression of the conceptus trophectoderm, EVs may 

increase the synthetic or secretory capacity of the developing conceptus, and thus 

mediate signaling between the developing conceptus and endometrium.  

In summary, the results here support the overall hypothesis that EVs, 

including exosomes and microvesicles, from the endometrium and conceptus are 

present in the uterine lumen, are a mode of intercellular communication, and 

regulate conceptus growth and development via effects on the trophectoderm. 

Uterine EVs contain a diverse population of proteins and lipids which may affect 

growth and development of the conceptus, which likely can affect recipient cells 

once internalized. Notably, EVs appear to decrease proliferation of oTr cells and 

promote secretion of IFNT without effects on gene expression. Thus, the protein 

and/or lipid cargo may have more important roles in conceptus development 

versus the nucleic acid cargo (e.g. RNAs) of EVs. 
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Abstract 

In sheep and other domestic species, early pregnancy events require 

crosstalk between the developing conceptus and underlying endometrium. 

Extracellular vesicles (EV) are present within the uterine luminal fluid, originate 

from the conceptus and endometrium, and may mediate conceptus-endometrium 

communication. Uterine EVs have a myriad of effects on the conceptus, including 

regulation of trophectoderm proliferation and interferon tau (IFNT) production. In 

the present study, liposomes or EVs isolated from the uterine lumen of day 14 

cyclic (CEV) or pregnant ewes (PEV) were infused into the uterine lumen of cyclic 

ewes. Infusion of CEV and PEV altered the endometrial transcriptome of cyclic 

ewes with predicted effects on metabolic processes and cellular translation among 

others. Although endometrial PTGS2 expression was not different between CEV 

and PEV treated ewes, fewer total prostaglandins were recovered from the uterine 

lumen of PEV infused ewes. Although CEV and PEV infusion increased expression 

of ESR1 in the endometrium, ESR1 was less abundant in the LE of PEV treated 

ewes, possibly indicating a potential role for PEV in IFNT pregnancy recognition 

signaling. Taken together, these results support the hypothesis that EVs act on the 

endometrium during early pregnancy in sheep.  
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Introduction 

Pregnancy establishment requires interactions and crosstalk between the 

developing embryo and the underlying endometrium [296, 356, 357]. After the 

embryo enters the uterus as a morula around day 6  (day 0 = estrus), the embryo 

develops into a blastocyst and hatches from the zona pellucida by day 8 [20, 358]. 

The hatched blastocyst forms a spherical or ovoid shaped conceptus (embryo and 

its associated extraembryonic membranes) and, by day 12, begins to elongate. 

Coincident with elongation, the conceptus produces and secretes prostaglandins 

(PG) and interferon tau (IFNT), the maternal recognition of pregnancy signal, which 

prevents production of luteolytic pulses of prostaglandin F2 alpha (PGF2α) by the 

endometrium to maintain the corpus luteum and progesterone secretion [216, 359]. 

By day 16, the conceptus is fully elongated and begins to attach and firmly adhere 

to the uterine epithelium to initiate placentation [296, 302, 356, 357].  

Conceptus elongation and subsequent embryo development is regulated by 

the uterine environment, as embryos can develop to the blastocyst stage and hatch 

from the zona pellucida in vitro, but must be transferred to recipient synchronized 

ewes to develop past this point [64, 65, 360]. Expanding upon this, studies using 

the uterine gland knockout (UGKO) ewe model found that endometrial epithelia, 

and by inference, their products and secretions, are required for conceptus 

elongation [6, 67, 68]. These endometrial secretions are collectively termed 

histotroph and are a mixture of lipids, protein, amino acids, cytokines, and 

carbohydrates among other factors [72, 119, 138, 357, 361].  
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Exosomes and microvesicles, collectively termed extracellular vesicles 

(EV), are also a component of histotroph and are a heterogeneous mixture of cell-

derived vesicles released into the extracellular space and taken up by recipient 

cells. Growing evidence suggests that EV are mediators of intercellular 

communication in many biological systems as their cargo, including lipids, protein, 

and nucleic acids (such as mRNAs and miRNAs) can affect recipient cell function 

or biology [362, 363].  Notably, EV are present in the uterine lumen and produced 

by both the endometrial epithelium and conceptus trophectoderm [118, 119, 125]. 

Endometrial production of EV is regulated by progesterone and increases at the 

onset of conceptus elongation, although EV are less abundant in the uterine lumen 

of pregnant ewes likely due to uptake by the conceptus [126, 364]. Growing 

evidence suggests that EV play important roles during conceptus elongation as 

EV deliver endogenous retroviral elements and regulate trophectoderm cell 

proliferation and IFNT production [119, 120, 364]. While most experiments have 

focused on how uterine EV may affect trophectoderm cell processes, EV can also 

be internalized by the endometrial epithelium and are hypothesized to alter gene 

expression and epithelial secretions [118, 125]. In the present study, liposomes or 

EV from day 14 cyclic or pregnant ewes were infused into the uterine lumen of 

ewes between days 10 and 14 of their estrous cycle to understand effects of EVs 

on the endometrium. 

 

Materials and Methods 

Animals  
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All experimental and surgical procedures for mature sheep (Ovis aries) 

were approved by the Institutional Animal Care and Use Committee of the 

University of Missouri. Adult cycling ewes were checked daily for estrus (day 0) 

and euthanized on day 14 of the estrous cycle (14C) (n = 5) or day 14 of pregnancy 

after mating to an intact ram of proven fertility (14P) (n = 5). The entire female 

reproductive tract was obtained through a mid-ventral incision, and the broad 

ligament trimmed off. A clamp was placed on the internal ostium of the cervix, and 

the oviduct and uterotubal junction was removed. A catheter attached to a syringe 

containing 10-ml sterile PBS (pH 7.2) was inserted about 1 cm into the uterine horn 

contralateral to the corpus luteum. Sterile PBS was slowly instilled into the uterine 

lumen and then gently massaged through the uterine body into and through the 

ipsilateral horn that was held over a sterile petri dish using a hemostat. The uterine 

lumen flush (ULF) was collected in the petri dish and the conceptus was removed 

if present. The ULF was then clarified by centrifugation (3000 × g for 15 min at 

4°C), transferred into a new 15-ml tube, and volume recorded prior to storage at -

80°C for EV isolation. The endometrium was physically dissected from the 

myometrium and flash frozen in liquid nitrogen for RNA extraction.  

Next, ewes (n = 15) were detected for estrus using a vasectomized ram. 

Using a surgical approach described previously [69, 216, 364], ewes on day 10 

post-estrus were subjected to a midventral laparotomy, and the lumen of each 

uterine horn received a vinyl catheter (0007760; Durect Corp, Cupertino, 

California) connected to an Alzet 2ML1 osmotic pump (Durect Corp) secured by 

suturing the oviduct and mesovarium to the outside of the uterus. Ewes (n = 5 per 
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treatment) received pumps containing the following: 1) 2 mL of saline vehicle 

containing 2 x 1010 liposome particles; 2) 2 x 1010 CEV; 3) 2 x 1010 PEV (Figure 1). 

The Alzet 2ML1 osmotic pump has a reservoir volume of 2 mL and a pumping rate 

of 10 μL/h for 7 days. At necropsy on day 14 after estrus, the female reproductive 

tract was excised, and ULF and endometrium obtained as described previously. 

Additionally, a section from the middle of the uterine horn ipsilateral to the CL was 

fixed in 4% paraformaldehyde in PBS (pH 7.2) at room temperature for 24 h, 

dehydrated through a series of ethanol and embedded in paraffin for histology. 

Extracellular vesicle isolation by size exclusion chromatography (SEC) and 

quantification by nanoparticle tracking analysis (NTA) 

Isolation of EV was performed as previously described [126, 364]. Briefly, 

clarified ULF was thawed on ice and filtered through a 0.22-μm PVDF syringe filter 

(cat # SLGV033RS, EMD Millipore, Billerica, MA). Filtered ULF was concentrated 

by ultrafiltration with Centricon Plus-70 centrifugal filter units (cat # UFC710008, 

EMD Millipore) and brought to 500 μl by weight with sterile PBS. The EVs were 

isolated from the concentrated flush by SEC using qEVoriginal columns (Izon 

Science Ltd, Oxford, UK). Columns were equilibrated with 20 ml of PBS prior to 

running the sample through the column and collecting fractions 7 to 9 (1.5 ml total). 

These fractions were reconcentrated with an Amicon Ultra-4 device (cat # 

UFC801008, EMD Millipore), and brought to 200 μl with sterile PBS. Aliquots of 

recovered EVs were diluted to approximately 107-108 particles per ml with 5 mM 

ethylenediaminetetraacetic acid (EDTA) in PBS and the evaluated by NTA using 

a NanoSight NS300 instrument (NanoSight Ltd, Amesbury, UK) equipped with a 
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low-volume flow cell and syringe pump. The NanoSight was calibrated with 100 

nm polystyrene beads (Polysciences, Warrington, PA). Videos were captured 

(camera level 13–14, syringe pump speed 30, temperature control setting 25°C) 

using the standard measurement protocol of five 60 sec videos followed by 

processing with NTA software (NanoSight) to track each visible particle. The 

Stokes-Einstein equation was employed by the software to determine the size 

distribution and number of particles (concentration) within each sample. 

Total RNA isolation and analysis 

Frozen endometrium was homogenized in TRIzol reagent (Thermo Fisher 

Scientific) and total RNA was isolated using a Direct-zol RNA MiniPrep Plus 

isolation kit (Zymo Research, R2070) on EconoSpin Columns (Epoch Life Science, 

Inc. Missouri City, TX). Samples were treated with an on-column DNAse I digestion 

and run through RNeasy MinElute cleanup columns (Qiagen). Quantity of total 

RNA was determined by Qubit RNA BR Assay and run on an agarose gel to assess 

RNA quality.  

RNA sequencing  

RNA library preparation and sequencing of endometrium was conducted by 

Novogene (Sacramento, California). The raw sequences (FASTQ) were subjected 

to quality check by FastQC http://www.bioinformatics.babraham.ac.uk/projects/fastqc/. 

The program fqtrim https://ccb.jhu.edu/software/fqtrim/ was used to remove 

adapters, perform quality trimming (phred score >30) by a sliding window scan (6 

nucleotides) and select read length of 30 nucleotides or longer after trimming. The 
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reads were mapped to the Ovis Aries reference genome (Oar_V3.1) using the 

Hisat2 aligner. FeatureCounts was used to quantify read counts [324]. 

Differentially expressed (DE) genes were identified by edgeR-robust [325]. The 

false discovery rate (FDR) < 0.05 was used as threshold for statistically significant 

differential expression of genes. Enrichment analysis of DE genes (FDR P-value ≤ 

0.05, Fold change ≥ 2, Expression ≥ 1 FPKM) was conducted using 

GOTERMFINDER https://go.princeton.edu/cgi-bin/GOTermFinder and REVIGO 

http://revigo.irb.hr/. 

Quantification of Prostaglandin  

Total PG in the uterine flush was measured by PG Screening EIA Kit from 

Cayman Chemical (514012; Ann Arbor, Michigan) as previously described [222, 

359]. This assay detects almost all PGs (PGE1, PGE2, PGF1α, and PGF2α) with 

100% cross‐reactivity.  

Estrogen receptor 1 (ESR1) Staining 

Uteri were sectioned at 8 µm and allowed to air dry for 10 minutes at 37°C. 

Sections were dewaxed in xylene and a series of ethanol and dH2O. Antigen 

recovery was done using a Reveal Decloaker (ThermoFisher Scientific) at 100°C 

for 30 m. Sections were cooled in Decloaker reagent in an ice bath for 30 min and 

were then permeabilized using PBST (PBS with 0.1% Tween 20) for 20 minutes 

at room temperature (RT) before washing with PBS and then Milli-Q H2O to remove 

excess salts. Next, uterine sections were washed twice with PBS for 5 minutes 

each and blocked with 10% normal goat serum (Life technologies, 50062Z) for 30 
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minutes at RT. Sections were incubated with primary antibodies against ERα 

(1:100 dilution; C-3, mouse monoclonal antibody, Santa Cruz Biotechnology) and 

E-cadherin (1:200 dilution; 24E10, rabbit monoclonal antibody, Cell Signaling 

Technology) overnight at 4°C in 10% normal goat serum. The following day, 

sections were washed twice with PBS, 10 minutes each and incubated with Alexa 

555–conjugated secondary antibody (1:400; Goat anti-Mouse IgG Invitrogen 

A32727) and Alexa 488-conjugated secondary antibody (1:400 dilution; Goat anti-

rabbit Invitrogen, A32731) and for 1 hour at RT. Sections were washed twice with 

PBS for 5 minutes each followed by Milli-Q H2O for 10 minutes. Sections were 

counterstained with Hoechst (1:5000 dilution in Milli-Q H2O; Invitrogen, H3570) for 

5 minutes then washed with Milli-Q H2O for 5 minutes and mounted with 

FlouroMount-G Mounting medium (ThermoFisher Scientific). Fluorescent images 

were collected with a Leica DM5500 B upright microscope using the Leica 

Application Suite X (LAS X).  

To quantify fluorescence, images were analyzed using ImageJ software. 

Briefly, images taken in the red-fluorescent channel were converted to an 8-bit 

grayscale format and the red fluorescence were segmented using thresholding. 

Threshold conditions were kept the same across all uterine sections. Next, image 

thresholding and quantification was repeated using Hoeschst-blue stained nuclei 

to account for total cells. Staining for ESR1 was then calculated as a ratio to total 

nuclei and compared between treatments. To quantify ESR1 abundance in the LE 

specifically, images were converted to RGB stacks and E-cadherin staining was 
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used to manually isolate LE cells and crop out all other cell types. Staining of ESR1 

was then completed the same way for the entire uterine section.  

Statistics 

All quantitative data were subjected to least-squares ANOVA using the GLM 

procedures of the SAS (SAS Institute Inc., Cary, NC). In all analyses, error terms 

used in significance were identified according to the expectation of the mean 

squares for error. Significance (P ≤ 0.05) was determined by the probability 

differences of the least-squares means. 

 

Results 

Pump infusion of all three treatments altered endometrial gene expression 

relative to untreated Day 14 cyclic ewes (Figure 1A) (Supplementary Table 1). 

Seven genes and one gene were increased and decreased, respectively, by all 

three treatment groups compared to a day 14 cyclic ewe (Figure 1B). Infusion of 

liposomes alone increased 24 genes and decreased 12 genes.  

The most noticeable changes in gene expression were observed in ewes 

who received infusion of CEV. In total, 221 genes were increased, including 

PTGS2 and ESR1, and 33 were decreased, including ADAMTS1. To understand 

the potential functional consequences of these transcriptome changes, 

differentially expressed genes were entered into gene ontology (GO) analysis. 

Notably, infusion of CEV increased expression of genes involved with positive 

gene transcription, regulation of primary metabolism, and cell differentiation 
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(Figure 2A) among other processes (Supplementary Table 2A) relative to the 

nontreated cyclic ewes. Conversely, CEV infusion decreased genes that regulate 

nonsense mRNA-mediated decay, protein localization to the endoplasmic 

reticulum, and translational initiation (Figure 2B) among others (Supplementary 

Table 2B).  

 

 

Figure 1. Summary of endometrial transcriptome analyses. (A) Differentially 
expressed genes (FDR, P < 0.05) were determined by edgeR robust analysis and 
are listed in black. The total number of increased and decreased transcripts are 
shown in red and blue, respectively, for each comparison. (B) Venn diagram 
showing the number of unique or common differentially expressed transcripts 
upregulated or downregulated by each treatment (Liposomes, CEV, or PEV) when 
compared to untreated day 14 cyclic ewes. CEV, extracellular vesicles from a day 
14 cyclic ewe; PEV, extracellular vesicles from a day 14 pregnant ewe; FDR, false 
discovery rate. 
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Figure 2. Enrichment analysis of differentially expressed transcripts in CEV 
infused ewes. Gene ontology analysis was visualized using REViGO software. 
The scatterplot places GO terms in a 2D plot to cluster processes with semantic 
similarities and removes functionally redundant GO terms. Color of the circle 
indicates the FDR P value of the GO term and size of the circle indicates the 
frequency of the GO term in the underlying annotation database. (A) Genes 
increased by CEV infusion were enriched for processes such as regulation of 
primary metabolism and cell differentiation. (B) Genes decreased by CEV infusion 
overrepresented processes including protein localization to endoplasmic reticulum 
and translational initiation. CEV, extracellular vesicles from a day 14 cyclic ewe; 
FDR, false discovery rate; GO, gene ontology; PEV, extracellular vesicles from a 
day 14 pregnant ewe. 



95 
 

Fewer transcriptome changes were observed in ewes who received PEV 

infusion than CEV; 35 genes were increased, such as ESR1 and CXCL14, and 17 

were decreased including ADAMTS1. When these genes were inserted into gene 

ontology analysis, the only process identified was an increase in iron assimilation 

processes. Infusion of either EV treatment increased expression of 18 genes and 

decreased expression of 4 genes. 

Although infusion of CEV increased PTGS2 compared to cyclic ewes, PG 

were not elevated in the uterine lumen. Further, CEV-infused ewes had more PG 

in their uterine lumen than PEV-infused ewes although PTGS2 expression was not 

different between these groups (Figure 3). To ensure that PG possibly contained 

in EV did not account for the results here, 1E+10 of CEV or PEV (the approximate 

amount of EV infused by osmotic pumps between days 10 and 14) were 

suspended in PBS and total PG were measured. In total, 1E+10 CEV only 

contained 0.9 ± 0.5 ng of PG and 1E+10 P EVs contained 3.16 ± 1.1 ng of PG.  
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Figure 3. Prostaglandins were elevated in the uterine lumen of CEV infused 
ewes compared to PEV infused ewes. Asterisk denotes statistical significance 
(P < 0.05). CEV, extracellular vesicles from a day 14 cyclic ewe; PEV, extracellular 
vesicles from a day 14 pregnant ewe. 

 

Finally, ESR1 abundance was quantified in the three treatment infused 

groups by immunofluorescence since both CEV and PEV had higher expression 

of ESR1 than nontreated cyclic ewes (Figure 4A). Notably, ESR1 was less 

abundant in entire uterine sections (Figure 4B) and the LE (Figure 4C) of PEV 

treated ewes when compared to both liposome and CEV infused ewes although 

gene expression between these groups was not different.  
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Figure 4. Infusion of PEV prevented upregulation of uterine ESR1. (A) ESR1 
and CDH1 localization in liposome, CEV, and PEV infused uteri. Scale bar: 1000 
µm and 250 µm for top row and bottom row, respectively.  (B) When normalized to 
DAPI fluorescence, ESR1 was less abundant in PEV infused ewes than liposome 
or CEV infused ewes. (C) Staining of E-cadherin was used to manually isolate and 
measure ESR1 in the LE, which was also lower in PEV infused ewes. CEV, 
extracellular vesicles from a day 14 cyclic ewe; CDH1, epithelial cadherin; ESR1, 
estrogen receptor 1; PEV, extracellular vesicles from a day 14 pregnant ewe.  
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Discussion 

The results here support the hypothesis that EV play important biological 

roles in endometrial regulation and mediate intercellular communication during 

early pregnancy. Some studies have reported that EV may upregulate endometrial 

adhesion factors and IFN-stimulated gene expression, increase endometrial 

vasculogenesis, and suppress the maternal immune response [121, 135, 136]. 

However, these studies were conducted in vitro using endometrial epithelial and 

endothelial cell lines and may not accurately recapitulate the biological effects of 

EV on the endometrium. In the present study, the effects of CEV and PEV on the 

endometrium was determined in vivo.  

To understand how EV may affect the endometrium, EV were quantified 

prior to infusion and were normalized so that the same total number of liposomes 

or EV (1 x 1010 particles per ml of PBS) was infused into the uterine lumen of all 

ewes. This was done to correct for EV concentration effects, as pregnant ewes 

have approximately half the total number of EV in the uterine lumen compared to 

cyclic ewes on day 14. The concentration used is physiologically relevant and has 

been previously used for in vitro experiments [364]. Of note, infusion of all three 

treatments upregulated seven common genes, such as uroplakin 1B (UPK1B) and 

calpain 8 (CAPN8), and downregulated one common gene. Liposomes are inert 

vesicles that contain no cargo and are made of phosphatidylcholine (PC) and 

cholesterol, indicating that either the surgery, pump infusion of a solution, or the 

infusion of PC/cholesterol lipids accounted for the changes in endometrial gene 

expression. Liposomes alone altered 21 unique genes indicating that liposome 
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imparts their own effects on the endometrial transcriptome [365, 366]. Consistent 

with this, some genes were affected by liposomes and only one of the EV 

treatments; thus, how the presence and concentration of EV-contained cholesterol 

or PC differentially affects gene expression is worth further study [367-369]. 

As expected, infusion of CEV and PEV altered endometrial expression more 

than liposomes. Infusion of CEV upregulated many genes, such as solute carrier 

7 member 5 (SLC7A5) and ELOVL fatty acid elongase 2 (ELOVL2), that are 

involved in macromolecule, nitrogen compound, and cellular metabolism 

processes as well as cell differentiation and development. In cyclic ewes, there is 

an increase in amino acids, glucose, and other metabolites in the uterine lumen 

around day 14, likely to make metabolic substrate available in case of pregnancy 

[138, 139, 145]. Therefore, CEV may promote endometrial synthesis of metabolic 

substrate and/or metabolite transportation into the uterine lumen. Of note, 

RAB27B, a key regulator of EV release, was also upregulated by CEV infusion, 

suggesting that CEV may positively regulate their own secretion into the uterine 

lumen [85, 370]. Endometrial genes that were downregulated by CEV were largely 

related to the regulation of mRNA and protein translation, including nucleolar 

proteins and several ribosomal components. Ribosomal mRNA and proteins are 

overrepresented in both CEV and PEV, so it is unclear if CEV specifically target 

these genes for downregulation or if their downregulation occurs in response to 

the acquisition of translational machinery from CEV [118, 364]. Since these gene 

expression changes were observed in day 14 cyclic ewes in response to the 

infusion of CEV from day 14 ewes, it is evident that the number of EV plays a 
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critical role in mediating their biological effect. The total dose of EV was shown to 

play an important role in in vitro studies using the ovine trophectoderm cells and 

has been shown in many other systems and highlights the need for more work in 

understanding the kinetics of EV release, exposure, and uptake [364, 371-373]. 

Furthermore, it is worth investigating whether insufficient EV production could be 

an underlying cause of pregnancy loss due to intercellular communication failure.  

Infusion of PEV affected more genes than liposome infusion but fewer 

genes than CEV infusion. In contrast, PEV treatment had similar or greater 

biological effects than CEV on ovine trophectoderm cells [364]. This discrepancy 

could be because different biological effects are being compared here (i.e. 

changes in the endometrial transcriptome vs. cellular proliferation and protein 

production in ovine trophectoderm cells) or possibly indicates that PEV have 

greater biological roles in the conceptus than they do in the endometrium. Indeed, 

CEV and PEV contain different lipid and protein composition that can differentially 

affect their rate of uptake by the conceptus and endometrium, and the low 

abundance of PEV in the uterine lumen of pregnant ewes is largely attributed to 

conceptus uptake [364, 374, 375]. Overall, iron assimilation was the only process 

found to be upregulated in the endometrium of PEV-infused ewes. Many ions, 

including Na+, K+, and Ca2+ are elevated and thought to play important roles in 

early embryo development [138, 376]. Thus, PEV may be geared toward 

modulating the iron content of the uterine lumen.  

Since transcriptome data does not always translate into changes at the 

protein level, a few differentially expressed candidate genes in the endometrium 
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were investigated at a more functional level in the present study [377]. 

Prostaglandin-Endoperoxide Synthase 2 (PTGS2) was upregulated in CEV-

infused ewes and is the rate limiting step in PG biosynthesis [378]. A threshold 

amount of PG are required for conceptus elongation and PG play key roles in 

regulating endometrial gene expression and are thus key molecules in pregnancy 

[216, 359]. Liposome and CEV treated ewes had similar amounts of PG within the 

uterine lumen but had more PG in the uterine lumen than ewes who received PEV 

infusion. So, the upregulation of PTGS2 in CEV-infused ewes did not translate into 

increased production of PG. Furthermore, PEV did not affect PTGS2 expression 

but decreased PTGS2 activity or PG secretion at a post-transcriptional level. As 

PTGS2 expression is higher in pregnant ewes than cyclic ewes and PG play 

important roles in pregnancy, this result was unexpected and warrants further 

investigation [216, 223]. Additionally, future studies should study whether PEV 

affect PG production by the conceptus as well or whether these findings are 

specific to the endometrium. To ensure that these results were not due to PG 

contained in the EV that were infused, PG were quantified in EV. This result shows 

the first results that prostaglandins are present in uterine EV, consistent with EV 

from other biological systems, and may be one way PG are transported between 

the conceptus and endometrium [99].  

In sheep, ESR1 is a key point of regulation for pregnancy establishment. 

Stimulation of ESR1 by estrogen upregulates the oxytocin receptor (OXTR) which 

in turn stimulates the pulsatile secretion of PGF2α to cause luteolysis [44, 45, 379]. 

Notably, while both CEV and PEV infusion increased ESR1 expression relative to 
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a day 14 cyclic ewe, ESR1 was less abundant in PEV-infused ewes than both 

liposome and CEV infused ewes. Thus, PEV may prevent the upregulation of 

ESR1 in the LE despite its stimulation in the endometrium at the transcript level. 

Indeed, IFNT, which prevents the upregulation of ESR1 to rescue the CL, is 

present in PEV and likely accounts for the results here [364]. Although ESR1 was 

less abundant in PEV infused ewes, OXTR expression was not different between 

ewes. As OXTR is not upregulated in the endometrial epithelium until around day 

14 or 15, it is possible that the timing of the current experiment was too early to 

capture upregulation of OXTR and differences between the groups of ewes [380]. 

Future studies could investigate whether uterine infusion of PEV delays the start 

of a new estrous cycle in ewes. 

Overall, EV seem to regulate the endometrium during early pregnancy. 

While EV do not affect ovine trophectoderm gene expression, the endometrium is 

susceptible to EV regulation at the gene expression level [135, 364]. While CEV 

seems to predominantly alter the endometrial transcriptome, PEV seemed to have 

largely inhibitory roles in the endometrium beyond the gene expression level, as 

PG were less abundant in the uterine lumen and ESR1 was less abundant in 

uterine sections, possibly indicating roles in CL rescue. Overall, more work needs 

to be done on the kinetics of EV uptake and release by the endometrium. Although 

both CEV and PEV affect the endometrium, it is unclear in pregnancy how many 

EV are internalized by the endometrium versus the conceptus which would help 

clarify the directionality of EV transfer and the roles they may have in conceptus-
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endometrial crosstalk. The results reported here support the hypothesis that EV 

play important roles in endometrial regulation in early pregnancy. 
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Abstract 

In ruminants, conceptus elongation requires endometrial products and 

secretions. The amino acid, carbohydrate, and protein composition of the uterine 

lumen during early pregnancy has been described in sheep; however, a 

comprehensive understanding of metabolomic changes in the uterine lumen is 

lacking, particularly with respect to lipids. Here, the lipidome and primary 

metabolome of the uterine lumen, endometrium, and/or conceptus was determined 

on day 14 of the estrous cycle and pregnancy. Lipid droplets and select 

triglycerides were depleted in the endometrium of pregnant ewes. In contrast, 

several phospholipid classes (phosphatidylcholine, phosphatidylinositol, 

phosphatidylglycerols, and diacylglycerols) and select triglycerides, ceramides and 

non-esterified fatty acids were elevated in the uterine lumen of pregnant ewes. 

Lipidomic analysis of the conceptus revealed that triglycerides are especially 

abundant within the conceptus. Primary metabolite analyses showed elevated 

luminal amino acids, carbohydrates, and energy substrates, among others, during 

pregnancy. Collectively, this study clarifies the lipidomic and primary metabolic 

substrates in the ovine uterus, and supports the hypothesis that lipids are 

components of the uterine lumen, important for conceptus elongation and growth 

during early pregnancy. 
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Introduction 

In domesticated ruminants (i.e., sheep, cattle, goats), pregnancy 

establishment encompasses maternal pregnancy recognition, implantation, and 

placentation [19, 55, 301, 357]. In sheep, the spherical embryo enters the uterus 

as a morula or early blastocyst, hatches from the zona pellucida (day 8 post-

mating) and develops into a conceptus (embryo and associated extraembryonic 

membranes) by day 10. Beginning on day 12, the now ovoid conceptus begins to 

undergo elongation, a series of morphological changes driven by cellular 

proliferation, resulting in an exponential increase in cell weight and size [19]. By 

day 14 the conceptus is filamentous in shape and can reach 12-14 cm in length. 

During elongation, the conceptus secretes copious amounts of interferon tau 

(IFNT), the maternal pregnancy recognition signal, which acts on the endometrium 

to inhibit production of luteolytic pulses of prostaglandin F2 alpha, thereby 

maintaining the corpus luteum (CL) and securing progesterone production [300, 

381]. Subsequent implantation and placentation begin around day 16, after the 

conceptus finishes elongating and occupies the entire length of the uterine horn 

ipsilateral to the CL. 

Although embryos can develop to the blastocyst stage and hatch from the 

zona pellucida in vitro, hatched blastocysts must be transferred to a synchronized 

recipient ewe to elongate [64, 65]. The uterine gland knock out (UGKO) sheep 

model established that endometrial glandular epithelial secretions are required for 

the uterus to support conceptus elongation [67, 68]. These data suggest that 

endometrial epithelial secretions are essential regulators of conceptus elongation 
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and pregnancy establishment [6, 125].  Uterine secretions, collectively termed 

histotroph, are a complex mixture of enzymes, metabolites, extracellular vesicles, 

and other molecules [119, 138, 145, 147, 156, 382]. Many of these components 

regulate cell proliferation, migration, and attachment, as well as maintain cellular 

homeostasis, which are critical for conceptus elongation [178-180, 364]. Further, 

factors from the conceptus, such as IFNT and prostaglandins, actively modify 

uterine luminal secretions via altering the expression of various solute transporters 

and other enzymes in the endometrial epithelium [383, 384]. 

Available data suggest that lipids are also present in the uterine lumen and 

likely play a critical role in embryo development and conceptus elongation [160, 

161, 222]. In cattle, several individual phospholipids and glycerolipids are altered 

between days 12 and 14 of the estrous cycle, and progesterone supplementation 

increases uterine luminal total lipid content [153, 156]. In the bovine conceptus, 

genes regulating primary metabolism and lipid uptake, metabolism, and de novo 

synthesis are substantially increased during conceptus elongation [157]. These 

results emphasize the need to better understand lipids and other metabolites in 

the uterine environment and their use by the conceptus in the context of whole 

conceptus metabolism. Here, we present a comprehensive examination of both 

the lipidome and primary metabolome of the uterine lumen and endometrium of 

day 14 cyclic and pregnant sheep. 
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Materials and Methods 

Animals 

All experimental and surgical procedures for the mature sheep (Ovis aries) 

were approved by the Institutional Animal Care and Use Committee of the 

University of Missouri. Adult Rambouillet ewes (O. aries) were group housed, fed 

a total mixed ration ad libitum, and observed for onset of estrus (day 0). A subset 

of ewes was mated to an intact ram of proven fertility on day 0. Ewes were 

euthanized on day 14 of the estrous cycle (14C) or pregnancy (14P) (n = 6 per 

status). The entire female reproductive tract was obtained through a mid-ventral 

incision, and the broad ligament removed with scissors. A clamp was placed on 

the internal ostium of the cervix, and the oviduct and uterotubal junction was 

removed. A Tomcat urinary catheter, attached to a syringe containing 10-ml sterile 

water, was inserted approximately 1 cm into the uterine horn contralateral to the 

corpus luteum. Sterile water was slowly infused into the uterine lumen and then 

gently massaged through the uterine body into and through the ipsilateral horn that 

was held over a sterile petri dish using a hemostat. The uterine lumen flush (ULF) 

was collected in a petri dish and the conceptus removed if present and snap-frozen 

in liquid nitrogen. The ULF was then transferred to a 15-ml tube, clarified by 

centrifugation (3000 × g for 15 min at 4°C), transferred into a clean tube, and 

volume recorded prior to storage at -80°C. Sections (~0.5 cm) from the mid-portion 

of the uterine horn ipsilateral to the ovary were placed in optimum cutting 

temperature (OCT) compound (Sakura Finetek USA, Inc.), frozen over liquid 

nitrogen vapor, and stored at -80°C. The uterus was then opened, and the 
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endometrium physically dissected from the myometrium using surgical scissors 

and flash-frozen in liquid nitrogen. 

Lipidomic and metabolomics  

Uterine lumen flush (ULF), endometrium, and conceptus samples were 

analyzed by the West Coast Metabolomics Center at the University of California-

Davis. Lipids and metabolites were extracted using a modified Maytash method 

[385]. First, an aliquot of 100 µl of ULF, 10 mg of endometrium, or 15 µl of 

conceptus tissue was mixed with 225 µl of cold methanol and quality control 

mixture (containing odd chain and deuterated lipid internal standards [lysoPE 

(17:1), lysoPC (17:0), PC (12:0/13:0), PE (17:0/17:0), PG(17:0/17:0), sphingosine 

(d17:1), d7-cholesterol, SM (17:0), C17 ceramide, d3-palmitic acid, MG 

(17:0/0:0/0:0), DG (18:1/2:0/0:0), DG (12:0/12:0/0:0), and d5-TG (17:0/17:1/17:0)]. 

Samples were vortexed for 10 s and 750 µl of cold methyl tert-butyl ether (MTBE) 

containing CE (22:1) (internal standard) were added. Samples were vortexed for 

10 s again and endometrial tissue was ground in the solution. All samples were 

then mixed for 6 m at 4°C and 188 µl of mass spectrometry-grade water was added 

to induce phase separation. Samples were vortexed for 20 s and then centrifuged 

(14,000 × rcf for 2 m). The upper organic phase was collected in a 300 µl aliquot 

and evaporated by SpeedVac. Dried extracts were resuspended in 60 µl mixture 

of a methanol/toluene (9:1, v/v) solution containing an internal standard 

12[(cyclohexylamino)carbonyl]amino]-dodecanoic acid (CUDA) for quality control. 

For lipidomic analysis, 1.7 µl and 5 µl of each sample was injected for 

positive and negative ion mode, respectively, and separated on an Acquity UPLC 
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CSH C18 column (100 x 2.1 mm; 1.7 µm). The mobile phase consisted of 60:40 

acetonitrile:water with 10 mM ammonium formate and 0.1% formic acid. Samples 

were run in accordance to the following gradient: 0 min 85% (A); 0-2 min 70% (A); 

2-2.5 min 52% (A); 2.5-11 min 18% (A); 11-11.5 min 1% (A); 11.5-12 min 1% (A); 

12-12.1 min 85% (A); and 12.1-15 min 85% (A). Liquid chromatography (LC) and 

quadropole time-of-flight (QTOF) mass spectrometry (MS) were performed on an 

Agilent 1920 Infinity LC system (G4220A binary pump, G4266A autosampler, and 

G1316C Column Thermostat) coupled to an Agilent 6530 MS for positive ion mode 

or Agilent 6550 MS equipped with an ion funnel (iFunnel) for negative mode. The 

MS scan in the mass range m/z 65-1700 producing unique and complementary 

spectra. A reference solution generating ions of 121.050 and 922.007 m/z in 

positive mode and 119.036 and 966.0007 m/z in negative mode was used for 

continuous mass correction. For data processing, MassHunter software was used 

to assign a unique ID to each lipid based on its retention time and exact mass 

(RT_mz). Lipids are identified based on their unique MS/MS fragmentation 

patterns using in-house software, Lipidblast, and were quantified to class-specific 

internal standards.  

For primary metabolomics, 0.5 µl of each sample was injected with a Gerstel 

CIS cold injection system. Samples were run on a 30 m long, 0.25 mm i.d. Rtx-5Sil 

MS column (0.25 µm 95% dimethyl 5% diphenyl polysiloxane film) with a 10 m 

integrated guard column with a mobile helium phase. The oven temperature was 

held constant at 50°C for 1 min and then ramped by 20°C per min to 330°C. 

Samples were run on an Agilent 6890 gas chromatographer (GC) equipped with a 
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Gerstel automatic linear exchange system (ALEX). Samples were then run on the 

Leco Pegasusus IV TOF MS. The MS was controlled by Leco ChromaTOF 

software vs. 2.32 (St. Joseph, MI) reading electron impact ionization at 70V with a 

scan mass range of 85-500 Da. Apex masses were reported for use in the BinBase 

algorithm which uses validity of chromatogram, unbiased retention index marker 

detection, and retention index calculation by 5th order polynomial regression. 

Spectra were cut to 5% base peak abundance and matched to database entries 

using matching retention index, unique ions and apex masses, and mass spectra 

similarity. Data were filtered on peak purity and signal/noise ratios. Quantification 

is reported as peak height. Raw results were normalized by vector normalization.  

Oil Red O (ORO) staining and quantification 

Uteri frozen in OCT compound were cryosectioned at 10 µm on a model 

CM1950 cryostat (Leica Microsystems), thaw mounted on slides, and stored at -

20°C until staining. Lipid droplets were stained as described [386]. Briefly, ORO 

stock solution was made by adding 2.5 g of ORO (Sigma-Aldrich, St. Louis MO) to 

99% isopropyl alcohol (Sigma-Aldrich) and mixed for 2 h at room temperature. For 

staining, ORO stock was mixed at a 1.5:1 ratio with distilled water to make a fresh 

ORO working solution. After 10 min at 4°C, the ORO working solution was filtered 

(40 µm). Frozen sections were equilibrated for 10 min at room temperature and 

submerged in working ORO solution for 10 min. Sections were rinsed in running 

tap water for 30 minutes, and coverslips affixed with Flouromount-G Mounting 

medium (ThermoFisher Scientific). Brightfield images were collected with a Leica 

DM5500 B upright microscope using Leica Application Suite X (LAS X) within 6 h 
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of staining. To quantify staining, images were analyzed using ImageJ software 

[387, 388]. Briefly, the image was converted to an 8-bit grayscale format and the 

stained lipid droplets were segmented using thresholding. Threshold conditions 

were kept the same across all uterine sections. The area marked using the 

threshold conditions was calculated as a percentage of the total image. The 

average area covered was averaged between 14C (n = 3) and 14P (n = 3) ewes.  

Statistical analysis  

Lipid concentrations were summed to quantify each class (e.g. triglycerides, 

ceramides) for each individual ewe and were subjected to pairwise comparisons 

to calculate overall trends by lipid class. Statistical analyses were performed using 

MetaboAnalyst software. A table matrix of individual lipids was uploaded by class 

and normalized by autoscaling. Volcano plot analysis (fold change threshold 1.5, 

P value = 0.05), t-tests (FDR P-value = 0.05), and heatmaps were used to 

interrogate the data. Metabolites were also analyzed using MetaboAnalyst 

software. All quantitative data were subjected to least-squares ANOVA using the 

GLM procedures of the SAS (SAS Institute Inc., Cary, NC). In all analyses, error 

terms used in significance were identified according to the expectation of the mean 

squares for error. Significance (P ≤ 0.05) was determined by the probability 

differences of the least-squares means. 

 

Results 

Lipidomics  
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In total, 406 individual lipids, spanning 16 classes, were identified and 

quantified in the endometrium, ULF, and/or conceptus (Supplementary Table S1). 

The endometrium lipidome was largely unaffected by pregnancy. Total 

triglycerides (TAG) did not differ (P = 0.08) between the endometrium of day 14 

cyclic (14C) and pregnant (14P) ewes (Figure 1A). Eighteen (18) of the 117 

individually measured TAG were differentially abundant in the endometrium 

(Figure 1B). ORO staining revealed that lipid droplets were present almost 

exclusively in the cells of the luminal epithelium (LE) and superficial glandular 

epithelium (GE) of the endometrium (Figure 1C). Of note, lipid droplets were less 

abundant in the endometrial epithelium of 14P sheep (Figure 1D). 

Total TAGs in ULF was not different (P = 0.08) (Figure 2A), but 51 individual 

TAG were elevated in the ULF of 14P sheep (Figure 2B). Heatmap analysis of 

TAG in the ULF shows that ewes clustered by pregnancy status (Figure 2C). Total 

phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylglycerol (PGL), 

and diacylglycerol (DG) phospholipids were more abundant in the uterine lumen 

of 14P sheep than 14C sheep (Figure 3). Total ceramides were higher in the 

uterine lumen of 14P ewes. Non-esterified fatty acids (NEFA) were not different; 

however, 5 individual ceramides and 2 individual NEFA were elevated in the 

uterine lumen of 14P ewes (Table 1). Cholesteryl esters were lower in the uterine 

lumen of 14P ewes, while cholesterol was not different between 14C and 14P 

ewes. Several other lipid classes, including phosphatidylethanolamine (PE) and 

phosphatidylserine (PS) phospholipids, acylcarnitines and sphingolipids, did not 

differ in the uterine lumen of 14C or 14P sheep.  
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Figure 1. Triglycerides (TAG) in the endometrium from day 14 cyclic and 
pregnant sheep. (A) Endometrial TAG were not different (P = 0.08) between day 
14 cyclic (14C) and pregnant (14P) sheep. (B) Volcano plot analysis showing 21 
individual endometrial TAG lower in 14P sheep, including triglyceride (TAG) 53:5 
and 46:0. (C) Uterine sections stained with Oil Red O stain. Inlaid images of LE at 
20x magnification. Scale bar: 400 µm. (D) Lipid droplets more abundant (P<0.01) 
in the endometrial epithelium of 14C sheep.  
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Figure 2. Triglycerides (TAG) in the uterine lumen. Lipidomic analysis was 
performed on the uterine lumen flush (ULF) of day 14 cyclic (14C) and pregnant 
(14P) sheep. (A) TAG were not different (P = 0.08) between 14C and 14P sheep. 
(B) Volcano plot analysis found that 51 individual TAG, including 53:5 and 46:0, 
were more abundant in the uterine lumen of pregnant sheep. (C) Heatmap analysis 
of TAG in the ULF of 14C (red) and 14P (blue) sheep. 
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Figure 3. Phospholipids in the uterine lumen. Total phosphatidylcholine (ng/ml), 
phosphatidylinositol, phosphatidylglycerol, and diacylglycerols were elevated in 
the uterine lumen of day 14 pregnant (14P) as compared to cyclic (14C) sheep. 
The asterisk denotes a difference (P ≤ 0.05). 

 

To discern lipid populations in the conceptus, individual lipids were summed 

by class and calculated as a proportion of the sum of total lipids (by weight) in 

parallel to the uterine lumen (ULF) and endometrium (Table 2). Notably, 44.4% of 

total conceptus lipids were TAG, whereas total endometrial lipids were only 4.1% 

in the endometrium and 0.8% in the ULF. In the ULF and endometrium, 70% and 

95% of the total lipid weight was phospholipids, while only 54% of the conceptus 

lipid weight was phospholipids. As a proportion of total lipid makeup, acylcarnitines 

were 12.5-fold lower as a proportion of total lipid weight in the conceptus 

(0.0004%) compared to the endometrium (0.005%) and the ULF (0.005%). 
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Table 1. Individual ceramide and NEFA lipids altered in the uterine lumen of 

day 14 cyclic (C) and pregnant (P) sheep. 
 

14C 
(Total ng) 

14P 
(Total ng) 

 
FDR P-Value 

Ceramides 

Ceramide (d34:2) 15.5 ± 3.6  45 ± 7.0 0.023 

Ceramide (d41:1) 49.2 ± 2.4 61.3 ± 5.5 0.032 

Ceramide (d42:0) 19.5 ± 1.2 30.7 ± 3.0 0.032 

Ceramide (d42:1) 110.5 ± 16.1 286.5 ± 38.1 0.023 

Ceramide (d42:2) 6.5 ± 3.1 24.2 ± 8.0 0.006 

Non-esterified Fatty Acids (NEFA) 

Eicosadienoic acid (20:2) 22.2 ± 2.5 48.2 ± 5.8 0.022 

Linolenic acid (18:3) 43.4 ± 8.1 163.5 ± 28.4 0.022 

 

 

Table 2. Total lipids in the conceptus, endometrium and uterine lumen on 

day 14 of pregnancy in sheep1. 
 

Conceptus Endometrium Lumen (ULF) 

Acylcarnitines 0.0004 ± 0.000 % 0.005 ± 0.000 % 0.005 ± 0.001 %  

Cholesteryl esters 0.05 ± 0.00 % 0.09 ± 0.01 % 19.34 ± 2.34 % 

Ceramides 0.06 ± 0.01 % 0.02 ± 0.00 % 0.14 ± 0.02 % 

Cholesterol 0.41 ± 0.01 % 0.96 ± 0.04 % 1.44 ± 0.19 % 

Diglycerides 0.02 ± 0.00 % 0.02 ± 0.00 % 0.03 ± 0.00 % 

Ether-linked phospholipids 0.14 ± 0.01 % 0.53 ± 0.02 % 0.25 ± 0.02 %  

Glucosyl/Hexosyl ceramides 0.01 ± 0.00 % 0.002 ± 0.00 % 0.09 ± 0.02 % 

Lysophospholipids 0.01 ± 0.00 % 0.01 ± 0.00 % 0.07 ± 0.00 % 

Non-esterified fatty acids 0.02 ± 0.00 % 0.02 ± 0.00 % 0.26 ± 0.02 % 

Phosphatidylcholines 52.23 ± 3.52 % 93.32 ± 0.39 % 60.84 ± 3.70 % 

Phosphatidylethanolamines 1.70 ± 0.08 % 2.62 ± 0.10 % 2.39 ± 0.18 % 

Phosphatidylglycerides 0.40 ± 0.02 % 0.76 ± 0.09 % 9.10 ± 0.99 % 

Phosphatidylinositol 0.12 ± 0.02 % 0.05 ± 0.01 % 0.10 ± 0.01 % 

Phosphatidylserine 0.04 ± 0.00 % 0.20 ± 0.01 % 0.18 ± 0.03  % 

Sphingomyelin 0.42 ± 0.02 % 0.56 ± 0.05 % 1.63 ± 0.17 % 

Triglycerides 44.39 ± 3.57 % 0.83 ± 0.15 % 4.15 ± 0.45 % 

1Wet weight for individual lipids of specific subclasses were summed together and 

calculated as a percentage of total wet weight to understand the makeup of the 

conceptus, endometrium, and uterine lumen (ULF). 
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Principal component analysis (PCA) of the entire lipidome across all three 

sample types revealed clear separation of the conceptus from the endometrium 

and the ULF, which clustered closely together (Figure 4). Of note, several 

individual lipid species were not present across all three sample types. For 

example, PC (p-38:3)/PC (o-38:4) was exclusive to the endometrium, whereas PC 

(31:1) was identified in the endometrium and conceptus. Moreover, SM (d38:2) 

and TAG (55:0) was mostly absent from the endometrium and conceptus but was 

present in the uterine lumen (Table S1). 

 

 

Figure 4. Principal component analysis (PCA) of the conceptus, endometrial, 
and uterine lumen flush (ULF) lipidome. Note the distinct separation of the day 
14 conceptus from endometrium and ULF.  
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Metabolomics 

Primary metabolites in the endometrium, ULF, and conceptus are provided 

in Table S2. Metabolites that did not fulfill high quality criteria for identification and 

quantification were considered absent from the sample type. Of the 211 different 

metabolites measured, 198 metabolites were present in the endometrium and 172 

in the conceptus. There were no pregnancy-associated changes in endometrial 

metabolites. 

In the ULF, 152 metabolites were identified with high confidence, and PCA 

revealed only a modest separation in the ULF samples of 14C and 14P sheep 

(Figure 5A). In total, 36 metabolites were altered by pregnancy status (Figure 5B) 

of which 13 and 23 were lower and higher in the ULF of 14P ewes, respectively 

(Tables 3 and 4). Metabolite enrichment analysis of the metabolites elevated in 

ULF of 14P ewes highlighted: ammonia recycling, urea cycle, amino acid 

metabolism, purine metabolism, gluconeogenesis, and the Warburg effect (Figure 

5C). Of the proteinogenic amino acids, 14 were elevated in the uterine lumen of 

14P ewes, while only one, leucine, was lower (P < 0.05) (Figure 6). PCA analysis 

of the primary metabolome showed clear separation of the conceptus, 

endometrium, and the ULF (Figure 7). 
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Figure 5. Enrichment analysis of metabolites elevated in the uterine lumen 
of day 14 cyclic (14C) and pregnant (14P) sheep. (A) Principal component 
analysis modestly separated day 14 cyclic and pregnant sheep by their primary 
metabolome. (B) Volcano plot analysis found 57 metabolites differentially 
abundant between cyclic and pregnant sheep. (C) Metabolites that were more 
abundant in the uterine lumen of pregnant sheep were entered into MetaboAnalyst 
Enrichment Analysis.  
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Table 3. Top 10 metabolites more abundant in the uterine lumen of day 14 

pregnant (P) than cyclic (C) sheep1. 

Metabolites 14C 14P Fold Change P-Value 

α-ketoglutarate 298.2 ± 74.7 4603.6 ± 1621.9 15.4 0.02 

Pyruvic acid 591 ± 263.5 3942.3 ± 1334.2 6.7 0.03 

Glutamine 9773.6 ± 2070.0 58074.3 ± 11824.3 5.9 <0.01 

Phenylalanine 2950.9 ± 686.6 16381.4 ± 4045.2 5.5 <0.01 

Glutamic acid 23076.7 ± 4031.3 122348.0 ± 22114.3 5.3 <0.01 

Threonine 6940.1 ± 1613.5 32385.8 ± 4857.5 4.6 <0.01 

Aspartic acid 6637.4 ± 1762.5 30783.8 ± 9102.0 4.6 0.03 

Serine 76362.0 ± 17510.4 342596.3 ± 22584.0 4.5 <0.01 

Tryptophan 2769.6 ± 798.9 10457.8 ± 1752.3 3.7 <0.01 

Pseudouridine 609.5 ± 44.8 1944.7 ± 539.2 3.2 0.04 

1Values are presented as mean ± SEM 

 

 

Table 4. Top 10 metabolites less abundant in the uterine lumen of day 14 

pregnant (P) than cyclic (C) sheep1.  

Metabolite 14C 14P  Fold Change P-Value 

Cyclohexylamine 924.6 ± 112.3 529.4 ± 70.0 0.6 0.013 

Dehydroabietic 
acid 

1729.3 ± 230.2 987.7 ± 91.1 0.6 0.014 

Parabanic acid 2739.8 ± 430.8 1542.1 ± 114.6 0.6 0.022 

Hydroxylamine 551897.0 ± 80743.2 297361 ± 49869.1 0.5 0.016 

Capric acid 767.7 ± 106.1 414.8 ± 36.8 0.5 0.016 

Benzoic acid 7043.1 ± 1346.9 3569.2 ± 373.3 0.5 0.022 

4-hydroxybutyric 
acid 

436.1 ± 133.0  164.9 ± 11.7 0.4 0.039 

Leucine 564701.0 ± 64348.6 211604.0 ± 56483.8 0.4 0.001 

Ribonic acid 575.3 ± 164.2 183.0 ± 28.8 0.3 0.036 

Adenosine 2276.9 ± 757.5 516.0 ± 51.8 0.2 0.036 

1Values are presented as mean ± SEM 
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Figure 6. Amino acids in the uterine lumen. Amino acids were largely elevated 
in the uterine lumen of pregnant sheep. The asterisk denotes a difference (P ≤ 
0.05). 

 

 

Figure 7. Principal component analysis of the day 14 sheep conceptus, 
endometrium, and uterine lumen (ULF) metabolome. Note the distinct 
separation of the day 14 conceptus, endometrium and ULF samples from each 
other.  
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Discussion 

Dynamic changes in the uterine metabolome occur during early pregnancy 

in sheep and cattle [138, 153, 154, 156, 364, 389]. These data support the 

hypothesis that lipids and primary metabolites are an integral component of 

endometrial secretions or uterine histotroph and are likely important substrates for 

cellular growth and development during conceptus elongation. Available data also 

support the idea that the endometrium selectively mobilizes nutrients and other 

biomolecules into the uterine lumen for use by the developing conceptus during 

this crucial period of early pregnancy susceptible to high pregnancy loss [138, 139, 

145, 300].  

The endometrium must maintain homeostasis during the estrous cycle and 

early pregnancy; thus, it was expected that the endometrial lipidome would be 

relatively unaltered by pregnancy [390, 391]. Indeed, endometrial TAG were the 

only lipid class affected by pregnancy, as several individual TAG were lower in 14P 

ewes than 14C sheep. Thus, TAG likely play important roles in early pregnancy. 

Intriguingly, several studies have reported that lipid droplets accumulate in the 

endometrial LE across the estrous cycle and are depleted in pregnancy, 

particularly by day 14 [162, 163]. Lipid droplets are cellular organelles that store 

and hydrolyze TAG and other neutral lipids, and likely account for the results 

observed here [392, 393]. In the present study, lipid droplets were present almost 

exclusively in the cells of the LE, where they notably accumulated on the 

basolateral side of the epithelial cells in 14C sheep and were spread throughout 
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the epithelial cells in 14P sheep. As the whole endometrium was analyzed, it is 

possible that there are differences in the lipid populations of specific subsets of 

endometrial cells that could not be captured using this approach. Alternative 

technologies, such as in situ MALDI imaging of uterine lipids could enable more 

detailed examinations of specific subsets of cell types to clarify this [394, 395].  

In contrast to the endometrium, there were many pregnancy-associated 

differences in specific lipid species present in the uterine lumen. While total TAG 

amounts were not different, 51 (43%) of the individual TAG were elevated in the 

ULF of 14P sheep. Interestingly, 8 of these TAG were correspondingly decreased 

in the endometrium of 14P sheep. Furthermore, the top 10 most abundant TAG in 

the ULF and endometrium were almost identical, suggesting that the origin of ULF 

TAG is the endometrium. These 8 altered TAG represent potentially important 

targets to better understand maternal regulation of conceptus elongation by lipids. 

Total phospholipid (PC, PI, PGL, and DG) levels were elevated in the uterine 

lumen of 14P sheep. Given that phospholipids are core components of cellular and 

organelle membranes, there is likely a large demand for phospholipid substrate by 

the conceptus [19]. Future studies could focus on understanding why specific 

phospholipid populations are different in the uterine lumen of 14C and 14P sheep. 

For example, PE, which is the second most common phospholipid in most cell 

membranes after PC, was not different between 14C and 14P sheep while PI was 

[396]. Although PI is less common in membranes than PE, it plays important roles 

in cell signaling as a second messenger and thus it is possible that it is specifically 

mobilized for the conceptus [397, 398]. In fact, mice with a global deletion in PI 
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transfer protein beta (PITPNB) exhibit embryo lethality, indicating that PI 

phospholipids are an important phospholipid species in the developing embryo 

[399].  

Since TAG and phospholipids are hydrophobic and mobilized to the uterine 

lumen, future studies should clarify how these lipid populations are transported. 

One possible mechanism could be the secretion of endometrial lipid droplets into 

the uterine lumen. In mammary gland epithelial cells, lipid droplets are synthesized 

on the endoplasmic reticulum and accumulate on the basolateral side, like they 

seemingly do in the endometrial epithelial cells [400]. They are subsequently 

secreted from the apical side to rapidly mobilize lipids into milk [401]. Lipid droplets 

could be mobilized from the endometrium directly into the uterine lumen in a similar 

manner, as many studies have characterized lipid droplet accumulation during the 

estrous cycle and their depletion in pregnant sheep [162, 163, 402]. Perhaps most 

convincingly, various perilipin proteins (PLIN1, PLIN2, PLIN3), which are specific 

markers of lipid droplets, are present in the ULF of cattle during conceptus 

elongation [74, 403].  

An alternative means to transport TAG and phospholipids is via packaging 

in lipoproteins [234, 404, 405]. In lipoproteins, apolipoproteins and phospholipids 

surround neutral cores of TAG and CEs. Of note, the ovine conceptus expresses 

genes encoding various apolipoproteins (e.g. APOA1 and APOE) which are 

upregulated during conceptus elongation [72]. Further, apolipoprotein AI (APOA1) 

is more abundant in the uterine lumen of pregnant compared to cyclic sheep [73]. 

The presence of albumin in ULF suggests that proteins from serum are able to 
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cross into the uterine lumen, and lipoproteins, which are also abundant in the 

blood, could enter the uterus this way as well [73, 406, 407]. Consistent with this, 

two individual lipids [SM (d38:2) and TAG (55:0)] were absent from the 

endometrium and conceptus but present in ULF, suggesting that some uterine 

lumenal lipids are indeed externally derived. Finally, the presence of phospholipids 

could be due to extracellular vesicles in the uterine lumen [364].  

Several individual ceramides and NEFA were also elevated in the uterine 

lumen of 14P sheep. Ceramides are lipids that can be incorporated into the 

sphingolipid portion of cell membranes or independently have roles in cell signaling 

pathways. Ceramides play critical roles in regulating cell differentiation as well as 

cell proliferation, and it is quite possible that these ceramides might regulate cell 

proliferation in the developing conceptus, and would be interesting lipids to further 

investigate [351, 364, 408]. Principal component analysis of the lipidome across 

all three sample types found that the ULF and endometrium have similar lipid 

makeups which differ to that of the conceptus. Thus, the conceptus is unlikely to 

passively uptake lipids from the ULF, but selectively internalizes specific lipid 

species or lipid macromolecules. For example, TAG are the most abundant type 

of lipid in the conceptus, unlike the endometrium and ULF. This observation 

supports the hypothesis that TAG might be a primary mode of lipid transport to the 

conceptus. While there is evidence that bovine embryos use TAG as an energy 

source in vitro, acylcarnitines are only a very small component of total lipids in the 

conceptus [409]. Acylcarnitines are indicative of active lipid transport across the 

mitochondrial membrane for beta oxidation, which suggests that the conceptus is 
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likely not actively oxidizing lipids for energy production [410]. Thus, TAG are 

unlikely a major metabolic substrate for the conceptus, but rather may provide a 

more structural or functional role during conceptus elongation.  

Primary metabolite analysis was also performed on the endometrium, ULF, 

and conceptus. Similar to the lipidome, the endometrial metabolome was almost 

identical in 14C and 14P sheep. In contrast to the endometrium, there were many 

differences in the primary metabolome in the uterine lumen of 14C and 14P sheep. 

Most strikingly, alpha-ketoglutarate was 15.4-fold more abundant in the uterine 

lumen of 14P versus 14C sheep. In cattle, alpha-ketoglutarate decreased between 

days 12 and 14 of the estrous cycle [147]. Future work should clarify whether it is 

elevated in 14P ewes due to production by the conceptus or the underlying 

pregnant endometrium. Additionally, understanding conceptus turnover of this 

metabolite could help clarify its role in early conceptus development; alpha-

ketoglutarate is a rate-determining intermediate in the TCA cycle but also has key 

roles in amino acid synthesis, notably through its interconversion to glutamine and 

as an enhancer of protein synthesis [411, 412]. 

Consistent with many previous reports, several amino acids were elevated 

in the uterine lumen of 14P sheep [138, 145, 179]. Histidine, glutamine, and lysine 

displayed the largest pregnancy-dependent increases in the ULF. Both histidine 

and lysine are essential amino acids that cannot be synthesized de novo, 

highlighting the importance of uterine transportation of these amino acids to the 

conceptus [138, 145, 150, 413]. While glutamine is nonessential, highly 

proliferating cells rely on glutamine, likely due to its role as a nitrogen donor for 
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amino acid and nucleotide synthesis, emphasizing its importance to support 

conceptus elongation [414]. Glutamine also activates components of the 

mammalian target of rapamycin (MTOR) signaling pathway in the ovine conceptus 

and increase its ability to translate proteins [415, 416]. Of all the amino acids, 

leucine, also an essential amino acid, was the only amino acid lower in the uterine 

lumen of 14P sheep. Previous reports found that leucine was higher in the ULF of 

pregnant sheep versus cyclic sheep on days 15 and 16 [138]. As this study was 

conducted on day 14, it is possible that the results here are indicative of temporal 

changes in amino acid turnover by the conceptus that were not captured in 

previous studies, and that uterine mobilization of leucine specifically increases 

between days 14 and 15 of pregnancy.  

Ribonucleosides, which make up RNA molecules, are present in the uterine 

lumen of cattle and increase in uterine abundance between days 12 and 14 of the 

estrous cycle [147]. Three of the four most common ribonucleosides (adenosine, 

guanosine, and uridine) were identified in ovine ULF here and, of these, adenosine 

and guanosine, as well as pseudouridine, a modified uridine, were lower in the 

uterine lumen of 14P sheep. Extracellular vesicles (EV) are in the uterine lumen 

during early pregnancy and contain cargo including nucleic acids in the form of 

RNA and miRNA. The change in ribonucleosides may be due to the presence of 

nucleic acids in ULF EV. Indeed, EVs increase during the estrous cycle but are 

notably lower in the ULF of pregnant sheep on days 12 and 14 of pregnancy. Thus, 

it is possible that findings here are due to conceptus uptake of EV that, in turn, 

affect trophectoderm proliferation and protein translation [120, 364]. 
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To better understand the overall implications of the changing ULF 

metabolome, metabolites that were elevated in the uterine lumen of 14P sheep 

were analyzed by MetaboAnalyst Enrichment analysis [417, 418]. Two of the most 

enriched metabolic pathways in the uterine lumen were ammonia recycling and 

urea cycle. In the developing conceptus, amino acid metabolism is active and 

activates MTOR signaling to regulate cell proliferation [419]. Ammonia recycling 

and the urea cycle remove or transform ammonia, a metabolic waste product from 

central amino acid metabolism, into urea or other products to maximize nitrogen 

utilization [420]. Several studies found that production of ammonia and lactic acid 

by the conceptus and its accumulation in the uterus may alter the pH and 

physiology of the uterine environment [421, 422]. Future work could determine how 

the uterus responds to this increased production of metabolic byproducts by the 

conceptus, how they may regulate conceptus elongation, and if there are active 

clearance mechanisms by the uterus. 

Another hallmark of early embryo metabolism is its heavy reliance on 

glucose metabolism and the conversion of pyruvate to lactic acid [164, 171]. 

Gluconeogenesis, the pathway used to synthesize glucose from precursor 

molecules such as lactate and amino acids, was enriched, suggesting the 

conceptus may be actively synthesizing glucose. The malate-aspartate shuttle, 

which translocates electrons produced during glycolysis, and the Warburg effect, 

which favors fermentation of glycolytic products over their use in aerobic 

respiration, were also enriched, and highlight the use of these metabolic strategies 

for energy production during conceptus elongation [164, 423]. Additionally, 
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glucose, as well as other carbohydrates which can be used to generate glucose, 

such as galactose and maltotriose, were elevated in the uterine lumen of 14P 

sheep in the present study [424, 425]. Overall, the primary metabolome of the ULF 

differs between 14C and 14P sheep, likely reflective of the catabolic, anabolic, and 

bidirectional flux of metabolites between the conceptus and endometrium. 

Moreover, the metabolome of the ULF, endometrium, and conceptus were 

distinct from each other, as PCA showed clear separation of all three sample types. 

For example, 52 of metabolites identified with high confidence in the endometrium 

were not identified within the ULF. Of these, 37, including spermidine, 

pyrophosphate, and hexose-6-phosphate were identified in the conceptus. Many 

of these are metabolic pathway intermediates or involved in cellular maintenance, 

suggesting that the conceptus is actively synthesizing these metabolites rather 

than obtaining them from the ULF [426-428]. Finally, there were no metabolites 

identified exclusively in ULF, suggesting that primary metabolites in the ULF likely 

come from either the conceptus, the endometrium, or both. 

Taken together, these results demonstrate that there are dynamic changes 

in the ULF metabolome and identify several lipids and primary metabolites to 

investigate for future studies. While the endometrium is metabolically similar 

between cyclic and pregnant sheep on day 14, it likely plays crucial roles in 

mobilizing various lipid macromolecules and primary metabolites into the uterine 

lumen. Enrichment analysis of the ULF and lipid makeup of the conceptus suggest 

that the conceptus heavily relies on amino acid and glucose metabolism during 

elongation and readily internalizes TAG, as a structural or functional substrate, 
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from the uterine environment. Other lipids, such as phospholipids and ceramides, 

may provide substrates for cellular and organelle membrane biogenesis during 

proliferation and play important roles in mediating cell signaling pathways. Overall, 

these findings support the hypothesis that uterine secretions supply critical 

substrates and material to support conceptus growth and elongation during a 

critical period of pregnancy establishment. 
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Abstract 

Conceptus elongation is required for successful pregnancy establishment 

in ruminants and is coincident with the production of interferon tau (IFNT) and 

prostaglandins (PGs) by the trophectoderm. In both the trophectoderm and 

endometrium, PGs are primarily synthesized through a prostaglandin-

endoperoxide synthase 2 (PTGS2) pathway and modify endometrial gene 

expression and histotrophic makeup to promote conceptus growth and survival. 

Inhibition of PG production by both the endometrium and the trophectoderm 

prevented conceptus elongation in sheep. However, the contributions of 

conceptus-derived PGs to conceptus elongation remains unclear. In this study, 

CRISPR-Cas9 genome editing was used to inactivate PTGS2 in ovine embryos to 

determine the role of PTGS2-derived PGs in conceptus elongation. PTGS2 edited 

conceptuses produced fewer PGs but secreted similar amounts of IFNT to their 

Cas9 control counterparts and elongated normally. Expression of PTGS1 was 

lower in PTGS2 edited conceptuses, but PPARG expression and IFNT secretion 

were unaffected. Content of PGs in the uterine lumen was similar, and gene 

expression in the endometrium of ewes who received either Cas9 control or 

PTGS2 edited conceptuses was similar. These results support the idea that 

conceptus-derived PGs are not required for trophectoderm survival or elongation 

during the peri-implantation period of pregnancy. 
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Introduction 

In ruminants, placentation is preceded by elongation of the mononuclear 

trophectoderm of the developing conceptus (embryo and its associated 

extraembryonic membranes). After entering the uterus as a morula around day 6 

(day 0 is estrus and mating), the embryo develops into a blastocyst that hatches 

from the zona pellucida around day 8 and develops into a spherical conceptus by 

day 10. The conceptus continues to undergo marked morphological changes as it 

grows to an ovoid, tubular, and finally filamentous form reaching greater than 10 

cm in length by day 14 [19, 28]. Coincident with elongation, the mononuclear 

trophectoderm cells synthesize and secrete interferon tau (IFNT), which acts on 

the endometrium to inhibit the production of luteolytic pulses of PGF2α, 

maintaining the corpus luteum and progesterone production [14, 356]. Moreover, 

conceptus-produced factors, including IFNT, work in concert with progesterone 

from the corpus luteum to drive changes in endometrial epithelial gene expression 

[64, 429]. This molecular crosstalk between the developing trophectoderm of the 

elongating conceptus and the underlying epithelium of the endometrium regulate 

conceptus elongation and other early pregnancy events [28, 64, 429].  

A hallmark of the peri-implantation period of development in domestic 

species is the production of large amounts of prostaglandins (PGs), which are 

biologically active oxygenated fatty acids. The rate limiting step in PG biosynthesis 

is the conversion of arachidonic acid to prostaglandin H2 (PGH2) by a PG 

synthase (PTGS). The dominant PG synthase enzyme in both the ovine 

endometrium and trophectoderm is prostaglandin-endoperoxide synthase 2 
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(PTGS2) [214, 220]. Indeed, expression of PTGS2 in the conceptus increases 

more than 20-fold at the onset of elongation, and conceptuses produce a variety 

of PGs including PGE2, PGF2α, and PGI2 [72, 221, 430]. The uterine epithelia 

produce PGs throughout the estrous cycle and especially during pregnancy, as 

IFNT increases endometrial production of PGs and PTGS2 activity [216, 431, 432]. 

In sheep, PGs modify endometrial gene expression and histotrophic 

makeup to promote conceptus growth and survival [50, 433]. When PGs were 

infused into the uterus at the levels produced by a day 14 ovine conceptus between 

days 8-14 of a cyclic ewe, expression of various genes, including gastrin-releasing 

peptide (GRP), insulin like growth factor binding protein 1 (IGFBP1) and galectin-

15 (LGALS15), was increased in the endometrium [50, 223, 225, 433]. These 

genes stimulate trophectoderm cell proliferation, migration, and/or attachment and 

thus directly affect pregnancy success [318, 433, 434]. Brooks et al. [435] 

demonstrated that PPARG, a nuclear receptor that binds prostaglandins and then 

affects gene expression downstream, is critical for pregnancy success, indicating 

the potential for intrinsic PGs to regulate mononuclear trophectoderm cells of the 

elongating conceptus. When meloxicam, a PTGS2 specific inhibitor, was infused 

into the uterine lumen of ewes from days 8-14 of pregnancy, PG production was 

inhibited in both the conceptus and the endometrium and conceptus elongation 

was severely stunted or completely inhibited [216].  

Altogether, available studies supported the idea that PGs are critical for 

peri-implantation conceptus growth in sheep. In order to investigate the specific 

role of PTGS2-derived PGs in the conceptus, CRISPR-Cas9 genome editing was 
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used to inactivate PTGS2 in the embryo and to determine effects on conceptus 

growth during early pregnancy. 

 

Materials and Methods 

Targeting of PTGS2 

Two different sets of gRNAs were designed to target either exons 2 and 3 

or exon 8 of the Ovis aries PTGS2 gene (Supplementary Table S1). Specificity of 

the gRNAs was checked by comparing the targeted sequence to similar ovine 

sequences containing a protospacer adjacent motif (PAM) domain in GenBank. 

Gene fragments gBlock® (IDT, Coralville, IA) containing a T7 promoter, and gRNA 

containing the desired target sequence were in vitro transcribed using the 

MegaShortScript T7 Transcription kit (ThermoFisher, Waltham, MA) and purified 

using MEGAclear Transcription Clean-Up kit (ThermoFisher). gRNAs were 

quantified by Qubit RNA BR Assay (ThermoFisher) and stored at -80ºC for later 

use. 

Sheep In Vitro Fertilization (IVF) 

All reagents were purchased from ThermoFisher Scientific unless specified. 

Ovine ovaries were obtained from a local slaughterhouse and transported in 

warmed PBS (~38°C) to the laboratory within 2 hours of collection. In the lab, 

ovaries were briefly rinsed with warm PBS. All visible follicles within each ovary 

were sliced open and the ovary was washed in oocyte collection medium [OCM; 

medium 199 containing Hank’s salts and L-glutamine, 350 mg/L sodium 
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bicarbonate, 2.38 g/L hepes, 1x glutamax, 100 IU/ml penicillin, 100 µg/ml 

streptomycin and supplemented with FBS (Peak Serum, Wellington, CO) and 

Heparin (8 USP Heparin and 2 ml FBS/100ml OCM)]. OCM containing COCs was 

filtered through a 100-µm cell strainer, and the strainer was rinsed with warm OCM 

into a square grid plate for searching under a stereomicroscope (SMZ 800N, 

Nikon, Japan). Only oocytes with a homogeneous cytoplasm surrounded by at 

least two complete layers of cumulus cells were selected for in vitro maturation. 

Selected COCs were placed in groups of 10 in 500 µl pre-equilibrated in vitro 

maturation medium [medium 199 with Earle’s salts, L-glutamine and sodium 

bicarbonate containing 10% (v/v) bovine steer serum, 100 µg/ml gentamicin, 100 

nM sodium pyruvate, 1x glutamax, 50 µg/ml FSH (Folltropin, Vetoquinol, Fort 

Worth, TX), 2 µg/ml estradiol and 0.01 mM cysteamine] covered with mineral oil in 

a 2-ml tube and shipped overnight in an incubator at 38.5°C to the University of 

Missouri.  

After 22-24 h of maturation, groups of approximately 20 COC were washed 

3 times in HEPES-TALP medium and placed in a 60 μl drop of fertilization medium 

(SOF, 2% estrous sheep serum, 10 μg/mL heparin, and 10 μg/mL hypotaurine) 

[436, 437]. Sperm were purified from frozen-thawed straws as previously 

described and diluted in fertilization medium to achieve a final concentration of 

1x106/ml in the fertilization drop [438]. Fertilization proceeded for 17 to 19 h at 

38.5°C in a humidified atmosphere of 5% (v/v) CO2.  At the end of fertilization, 

putative zygotes (oocytes exposed to sperm) were denuded from the surrounding 

cumulus cells by vortexing for 5 min in 400 µl of HEPES-TALP. Zygotes were split 
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in two groups: those to be injected with 40 ng/μl Cas9 mRNA alone or 40 ng/μl 

Cas9 mRNA and 20ng/μl of each gRNA. Putative zygotes to be injected were 

placed in manipulation medium consisting of Tissue Culture Medium-199 with 

Hanks salts plus 0.595 mM NaHCO3, 3.160 mM HEPES, 30.03 mM NaCl, 3 mg/ml 

bovine serum albumin, 0.05 mg/ml penicillin, and 0.06 mg/ml streptomycin).  After 

injection, zygotes were cultured in four-well dishes in groups of up to 50 zygotes 

in 500 µl of BBH7 (Cooley Biotech, FL, USA) covered with 300 µl of mineral oil per 

well at 38.5°C in a humidified atmosphere of 5% (v/v) O2 and 5% (v/v) CO2. On 

day 7 morulas and blastocysts were collected and processed by adding 6μl 

Embryo Lysis Buffer (ELB) [40 mM Tris at pH 8.9, 0.9% (v/v) Triton X-100, 0.9% 

(v/v) Non-Idet P-40 (NP40), and 32 Units/ml of Proteinase K]. Embryos in ELB 

were put in the thermocycler for 30 mins at 60ºC, followed by 10 m at 85ºC. Lysed 

embryo solution was used as template for PCR analysis.  

Animal husbandry and zygote editing  

All experimental and surgical procedures were approved by the Institutional 

Animal Care and Use Committee of the University of Missouri-Columbia. Mature 

Rambouillet ewes (Ovis aries) were synchronized using a Controlled Internal Drug 

Releasing (CIDR) device (MWI Animal Health, Kansas City, KS) for 12 days (day 

0= CIDR insertion). Ewes were superovulated from days 9-12 by twice daily 

intramuscular injections of follicle stimulating hormone (Folltropin-V, Bioniche 

Animal Health, Belleville, ON, Canada) with decreasing amounts (34 mg, 26 mg, 

18 mg, and 10 mg). On day 11, the CIDR was removed and ewes were given an 

injection of 15 mg prostaglandin F2α (Lutalyse, Zoetis, Parsippany-Troy Hills, New 
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Jersey) and mated to fertile rams at onset of estrus. Embryos were collected at 36 

h postestrus. Oviducts were flushed retrograde with 20 ml of embryo flush media 

(Agtech, Manhattan, Kansas) from the uterotubal junction and recovered zygotes 

were immediately placed in 500 μl of KSOMaa Evolve media (Zenith Biotech, 

Monkstown, Ireland). One cell presumptive zygotes were injected with 40 ng/μl 

Cas9 mRNA alone or 40 ng/μl Cas9 mRNA and 20ng/μl of each gRNA in 

manipulation medium consisting of medium-199 with Hanks salts plus 0.595 mM 

NaHCO3, 3.160 mM HEPES, 30.03 mM NaCl, and 50 µg/ml of gentamicin. After 

injection, zygotes were maintained in KSOMaa Evolve media with 4 mg/ml EFAF-

BSA (ThermoFisher), and 0.05 mg/ml gentamicin (Invitrogen) under mineral oil 

(Irvine Scientific, Santa Ana, California) for culture at 38.5 C in an atmosphere of 

5% CO2/5% O2/90% N2 until transfer (day 8). Three to four blastocysts were 

surgically transferred into the uterus of synchronized day 8 post-estrus recipient 

ewes. On day fifteen after estrus, recipient ewes were euthanized, and tissues 

were immediately collected. The uterus was flushed with 20 ml of sterile PBS as 

previously described [126], and the number of conceptuses recovered and their 

lengths were measured. The uterine lumen flush (ULF) was clarified by 

centrifugation and stored at -80C until assay. Endometrium was physically 

dissected from the myometrium and flash frozen in liquid nitrogen for RNA 

extraction. Conceptuses were cultured for 12 h in DMEM/F12 (Thermofisher) alone 

with 1% BSA fraction V (Sigma-Aldrich, St. Louis, Missouri). Media was collected 

and conceptuses were removed, snap frozen in liquid nitrogen, and stored at -80ºC 
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for later isolation of DNA, RNA, and protein using an Allprep DNA/RNA/Protein 

Mini kit (Qiagen, Hilden, Germany).  

Assessment of PTGS2 editing  

Regions of PTGS2 surrounding the targeted areas were amplified from DNA 

(Supplemental Table S1) using TaKaRa Ex Taq proofreading DNA polymerase 

(Clontech). Amplified regions were visualized on an agarose gel and PCR 

amplicons were cloned into TOPO vectors (ThermoFisher) and transformed into 

DH5α competent cells. Clonal DNA was directly PCR amplified from eight colonies, 

cleaned using a QIAquick PCR Purification Kit (Qiagen) and sent for Sanger 

sequencing at the University of Missouri-Columbia DNA Core.  

Western blot analysis of PTGS2 

Western blot analysis was used to evaluate PTGS2 protein in recovered 

conceptuses. Protein was quantified using a Qubit protein assay (Thermofisher) 

and 15 g of protein per conceptus was loaded onto a mini-PROTEAN TGX 

precast gel (Bio-Rad, Hercules, California) and separated by SDS-PAGE at a 

constant voltage of 100 V for approximately 60 minutes in running buffer (25 mM 

Tris, 192 mM glycine, 0.1% SDS). Next, protein was transferred onto a PVDF 

membrane in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) 

at 100 V for 90 minutes. Membranes were blocked for 1 hr in 5% milk in 0.1% 

TBST (1x Tris-Buffered saline containing 0.1% Tween-20) and incubated overnight 

with a polyclonal PTGS2 antibody (160106; Cayman Chemicals) in a 1:200 dilution 

of blocking buffer. Membranes were rinsed with TBST three times and incubated 
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with goat anti-rabbit horseradish peroxidase (HRP) conjugated secondary 

antibody at a 1:10,000 dilution for 1 h at room temperature. Membranes were 

rinsed in 0.1% TBST and then developed in SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific) for 5 minutes prior to 

visualization with a ChemiDoc MP System and Image Lab 4.1 Software (BioRad). 

Membranes were rinsed and then assayed for GAPDH using a monoclonal mouse 

GAPDH antibody (47724; Santa Cruz Technologies, Dallas, Texas) at 1:1000 

dilution in 5% milk in 0.1% TBST. Membranes were incubated in a goat-anti mouse 

HRP conjugated secondary antibody at a 1:1,000 dilution for 1 h at room 

temperature. Membranes were developed as described for the primary antibody.  

Protein structure prediction 

Amino acid sequences for WT ovine PTGS2 was obtained from the NCBI 

database (NP_001009432.1). Edited PTGS2 sequences were entered into 

ExPASy Translate software to obtain the predicted amino acid sequence of edited 

conceptuses [439]. Next, both WT and edited PTGS2 amino acid sequences were 

entered into SWISS-MODEL software [440-444] to obtain predicted protein 

structures.  

Quantification of PGs 

Prostaglandins in the uterine flush and in individual conditioned media from 

conceptus culture was measured by enzyme-linked immunoassay from Cayman 

Chemical (51402) (Cayman Chemical, Ann Arbor, Michigan) as previously 

described [435]. This assay is highly reactive for most PGs. Samples (culture 
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media) were diluted 1:1000 to fit within the assay range. Since prostaglandin 

production is contingent on conceptus size, total prostaglandin quantity was 

normalized for each conceptus by dividing the total amount of PGs produced by 

total conceptus protein. 

Quantification of IFNT  

The amount of IFNT in the uterine flush was determined by a western dot 

blot analysis using an antibody specific for IFNT raised in rabbits as previously 

described [435]. Protein content of ULF was quantified by Qubit protein assay. ULF 

protein (20 g) was loaded onto a nitrocellulose membrane in triplicate using a dot 

blot apparatus (Biorad) followed by rinsing with TBS. Membranes were blocked in 

5% milk in 0.1% TBST and then incubated in IFNT antibody (1:1000) in blocking 

buffer overnight. Membranes were rinsed and then incubated in a goat-anti rabbit 

HRP conjugated secondary antibody at a 1:10,000 dilution. Samples were rinsed 

in 0.1% TBST and then developed in SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Scientific) for 5 minutes prior to visualization with a ChemiDoc 

MP System and Image Lab 4.1 Software (BioRad). ImageJ software V 1.6 

(National Institute of Health, Bethesda, MD) was used to quantify the relative 

amount of IFNT protein. The data are adjusted for the recovered volume of uterine 

flushing and expressed as total relative amount of IFNT in the uterine flush.  

Total RNA isolation and analysis 

Frozen endometrium was homogenized in TRIzol reagent (ThermoFisher) 

and total RNA was isolated using a chloroform-ethanol extraction protocol. 
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Samples were treated with a DNAse I digestion and run through RNeasy MinElute 

cleanup columns (Qiagen). Quantity of total RNA was determined by Qubit RNA 

BR Assay and run on an agarose gel to assess RNA quality. Total RNA (1 μg) from 

endometrium and conceptuses were reverse transcribed using the iScript RT 

supermix (Bio-Rad). Reverse transcription was performed following 

manufacturer’s instructions. Control reactions were run in parallel without reverse 

transcriptase to test for genomic contamination. Real time PCR was done in 

triplicate on a CFX384 Touch Real Time System with SsoAdvanced Universal 

SyberGreen Green Supermix (Bio-Rad). PCR conditions were: activation, 95°C for 

2 min; 40 cycles of 95°C for 5 sec; 60°C for 30 secs; and 72 for 30 sec. Previously 

published primers for PTGS2, prostaglandin-endoperoxide synthase 1 (PTGS1), 

IGFBP1, LGALS15, GRP, cathepsin-L (CTSL), solute carrier family 2 member 1 

(SLC2A1), solute carrier family 2 member 5 (SLC2A5), and solute carrier family 5 

member 1 (SLC5A1) were used [225], and primers for ovine PPARG were 

designed and synthesized by Integrated DNA Technologies (Supplemental Table 

S1). The ΔCT was the difference between the cycle threshold (CT) for the average 

of three housekeeping genes (Glyceraldehyde 3-phosphate dehydrogenase 

[GAPDH], succinate dehydrogenase complex flavoprotein subunit A [SDHA], and 

tyrosine 3-monooxygenase [YWHAZ]) and the gene of interest. For visualization 

fold change was calculated relative to the reference genes (2 -ΔCT). Gene 

expression was analyzed by ANOVA using the GLM procedure of SAS. 
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Results 

Testing PTGS2 guides in IVF produced embryos 

The predicted Ovis Aries PTGS2 gene contains 10 exons that encodes two 

transcripts resulting in a protein of 604 or 607 amino acids. Two different sets of 

gRNAs were designed to either target exon 2 and 3 or exon 8 of the Ovis aries 

PTGS2 gene (Figure 1, Supplemental Table S1). The targeted region was chosen 

based on read mapping of PTGS2 mRNA from a day 14 ovine conceptus to Ovis 

aries reference genome (Brooks et al., 2016). Due to alternative exon usage 

between the transcripts, one set of guides were targeted to exon 2 and 3. Exon 8 

was targeted because it contains the active site of cyclooxygenase activity [445]. 

To ensure guides cut efficiently, guides were first tested in IVF sheep embryos. 

The gRNA set targeting exon 8 did not cut efficiently, and thus, the gRNA set 

targeting exons 2 and 3 were used moving forward.  

 

 

Figure 1. Structure and targeting of the Ovis Aries PTGS2 gene. The predicted 
Ovis Aries PTGS2 gene contains ten exons, two transcript variants, and encodes 
a protein made of 604 or 607 amino acids. Two different gRNAs were designed to 
target exon 2 and 3 of the Ovis Aries PTGS2 gene (depicted in red).  
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Targeting of PTGS2 in in vivo produced embryos 

In total, 12 PTGS2 targeted blastocysts were transferred and 10 

conceptuses were recovered. PTGS2 was edited in all 10 recovered conceptuses 

(Figure 2a). Sanger sequencing indicated that all 10 of the conceptuses had bi-

allelic edits as no wildtype sequence was identified in the conceptuses and 8 of 

the 10 sequences had multiple edits. The most common edits were a 1 nt insertion 

near target sequences or a 287 nt deletion that spanned the splice site between 

exons 2 and 3 (Figure 2B). Five of the conceptuses had edits that would cause 

deletions in the PTGS2 gene without leading to frame shift mutations or premature 

stop codons (Figure 2C). These were included in downstream analyses.  

Western blot analysis detected PTGS2 protein in 4 of the 6 Cas9 control 

conceptuses and 1 of the 10 PTGS2 edited conceptuses (Figure 3A). In control 

conceptuses, the amount of PTGS2 protein was correlated to the length of the 

conceptus. One PTGS2 edited conceptus had an immunoreactive band of ~60 kDa 

in size. Sequencing and agarose visualization confirmed that this conceptus (#8) 

had a biallelic 287 nt deletion that resulted in a 59 amino acid in-frame deletion. 

SWISS-MODEL software was used to predict protein structure for the PTGS2 

edited conceptus #8, which appeared altered and seemed to lack some of the 

structural integrity of the WT PTGS2 protein (Figure 3B). Due to the large deletion, 

this conceptus was included in later analyses as a PTGS2 edited conceptus. 
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Figure 2. Design and effect of CRISPR gRNAs targeting the ovine PTGS2 for 
genomic editing. (A) DNA was isolated from recovered conceptuses and the 
targeted region in PTGS2 was amplified and run on an agarose gel to confirm 
editing. Yellow lines demarcate which ewe conceptuses were recovered from. (B) 
Amplified DNA was sent for sanger sequencing. All 10 of the recovered PTGS2 
targeted conceptuses had bi-allelic alterations in the PTGS2 gene and 8 of the 10 
had mosaic editing of the alleles (as indicated by A1 vs A2). (C) Amino acid 
sequence analysis indicated that PTGS2 targeted conceptuses had either a frame-
shift mutation and premature stop (indicated with a red asterisk) or a large amino 
acid deletion. 
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Figure 3. Effect of PTGS2 editing on PTGS2 protein and prostaglandin (PG) 
production.  (A) PTGS2 is present in 4 of the 6 Cas9 control conceptuses and is 
absent in 9 of the 10 PTGS2 edited conceptuses. (B) SWISS-MODEL software 
was used to predict the PTGS2 protein structure from a WT conceptus and bi-
allelic edited conceptus #8. PTGS2 is a homodimer and the two different colors 
demonstrate the different PTGS2 proteins. The box highlights the tyrosine residue 
responsible for cyclooxygenase activity, and its altered placement in the PTGS2 
edited protein. (C) Conceptuses were individually cultured ex vivo and conditioned 
media was collected after 3 hours and used to determine PG production by 
individual conceptuses. PTGS2 targeted conceptuses produced fewer PG per µg 
of protein (P = 0.09).  
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PTGS2 edited conceptuses produced fewer prostaglandins but elongated normally 

Individual cultured PTGS2 edited conceptuses produced fewer 

prostaglandins per µg of protein (P = 0.09) (Figure 3C). Overall, PTGS2 edited 

conceptuses were recovered from three ewes and Cas9 control conceptuses were 

recovered from three ewes. There was no difference between PG levels in the 

uterine lumen of the ewes who received Cas9 control (1410 ng ± 489) as compared 

to PTGS2 edited conceptuses (509.8 ng ± 145.4) (P = 0.15) (Table 1). Cas9 control 

conceptuses and PTGS2 edited conceptuses were of similar length (6.7 cm ± 3.5 

vs. 6.5 cm ± 1.1) (P = 0.93). Total IFNT in the ULF was not different in ewes who 

received Cas9 control and PTGS2 edited conceptuses (Table 1).  

Gene expression in endometrium of ewes who received Cas9 control versus 

PTGS2 edited conceptuses and in recovered conceptuses. 

Endometrial expression of SLC2A1 was 3.5-fold higher in ewes who 

received PTGS2 edited conceptuses (P < 0.01). There was no difference (P > 

0.10) in levels of PTGS2, PTGS1, IGFBP1, LGALS15, GRP, SLC2A5, SLC5A1, 

and SLC1A5 mRNA in the endometrium of ewes gestating Cas9 control and 

PTGS2 edited conceptuses (Figure 4A). 

In the conceptuses, relative levels of PTGS2 and PPARG mRNA were not 

different. However, Cas9 control conceptuses had 2.5-fold higher (P = 0.050) 

expression of PTGS1 than PTGS2 edited conceptuses (Figure 4B).  
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Table 1. Effect of PTGS2 gene editing on conceptus development and 

uterine PGs and IFNT1.  

 Conceptus Uterine lumen 

 Number Morphology 
Total PGs (ng ± 

SEM) 
Total IFNT 

(RU x 103 ± SEM) 

Cas9 control 6 
Elongated and 

filamentous 
1410.4 ± 489.0 11.0 ± 6.5 

PTGS2 edited 10 
Elongated and 

filamentous 
509.8 ± 145.4 18.6 ± 4.1 

1PGs, prostaglandins; and IFNT, interferon tau, RU, relative units. 

 

 

 

Figure 4. Effects of PTGS2 edited embryos on endometrial gene expression 
and gene expression in PTGS2 edited embryos. (A) Endometrial mRNA 
abundance was measured by real-time quantitative   PCR and expressed as fold 
change of PTGS2 edited embryo transfer relative to Cas9 control embryo 
transferred ewes. (B) Conceptus mRNA abundance is expressed as fold change 
of PTGS2 edited relative to Cas9 control conceptuses. Significant differences are 
denoted by an asterisk (P < 0.05). Values are presented as least-squares means 
± SEM. 
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Discussion 

In ruminants, PTGS2 is expressed at the blastocyst stage (day 7) and can 

be used as a predictor of successful pregnancy in cattle [446, 447]. Sayre and 

Lewis [448] demonstrated that incubating ovine embryos with a nonselective 

PTGS inhibitor lowered blastocyst hatching rates. Here, the formation of 

blastocysts by PTGS2 edited zygotes and recovery of PTGS2 edited conceptuses 

suggests that PTGS2-derived PGs are not required for formation of a competent 

blastocyst or hatching from the zona pellucida.  

The injection of two gRNAs efficiently targeted PTGS2 in all the recovered 

targeted conceptuses. Sequencing of PTGS2 edited embryos showed a variety of 

edits. The most common edits included a large deletion that spanned an intron, or 

a small 1 bp deletion that, based off the presumptive amino acid sequence from 

the start codon, would result in a frameshift mutation and premature stop codon. It 

is well established that CRISPR-Cas9 editing at the embryo stage can result in 

mosaic editing of the alleles [449, 450]. Consistent with the literature, 8 of the 10 

recovered PTGS2 edited conceptuses were mosaic with two or more different 

mutations, indicating biallelic editing. Nonetheless, all the edits would result in an 

inactive PTGS2 protein. 

Quantitative PCR data and western blot analysis from recovered 

conceptuses indicated that PTGS2 deletion did not affect production of mRNA but 

did inhibit translation of PTGS2 protein. There was one PTGS2 edited conceptus 

that had successful translation, as indicated by an immunoreactive band to the 

PTGS2 antibody on western blot analysis at a lower molecular weight than Cas9 



151 
 

control conceptuses. Interestingly, this conceptus had a large bi-allelic nucleotide 

deletion that spanned the splice site between exon 2 and 3, demonstrating that 

transcription and translation of PTGS2 was still successful despite the interruption 

of the splice site by CRISPR-Cas9 gene editing. The tyrosine at the PTGS2 active 

site had altered placement in the PTGS2 edited conceptus and thus remained in 

the study [192].    

It was previously reported that intrauterine infusion of a selective and 

specific PTGS2 inhibitor, meloxicam, considerably reduced total PGs in the uterine 

lumen, stunted conceptus elongation, and resulted in pregnancy loss by day 14 in 

sheep [216]. However, that study could not distinguish the specific role of PTGS2 

in the conceptus as both the conceptus trophectoderm and endometrial epithelia 

express PTGS2 and produce large amounts of PGs [451]. The results presented 

here further delineate the role of PGs in the peri-implantation of pregnancy by 

demonstrating that PTGS2-derived PGs are not required for conceptus elongation. 

Instead, it appears that endometrial-produced PGs may play a critical role or that 

there may be some threshold of PGs in the uterine lumen for conceptus elongation 

that can be contributed by both the conceptus and endometrium. Since PGs are 

required for elongation, further work is necessary to determine the threshold of 

PGs required for successful pregnancy and if insufficient endometrial PG 

production may be an underlying cause of embryonic mortality in domestic 

species. 

Despite inactivation of PTGS2, conceptuses made detectable amounts of 

PGs when cultured in vitro after collection. It is possible that conceptuses 
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continued to synthesize PGs through a synthetic pathway involving PTGS1 or 

another enzyme. However, PTGS1 expression is low in ovine conceptuses during 

the peri-implantation period, as indicated by previous studies and gene expression 

analysis in this study [72]. There is significant evidence that PGs and enzymes in 

the PG biosynthetic pathway, such as PTGS1 and PTGS2, are present in 

extracellular vesicles (EVs) and may mediate the transcellular production of PGs 

[99, 452]. Indeed, EVs are present within the uterine lumen, are internalized by the 

developing conceptus, and contain the PTGS2 enzyme [118, 119]. Thus, the 

uptake of EVs may supply the machinery to produce PGs in PTGS2 edited 

conceptuses, accounting for their PG production in vitro. Further, it is possible that 

PGs stored in the conceptuses are released during the brief in vitro culture period. 

There were similar levels of PGs in the ULF between ewes that received 

Cas9 control and PTGS2 edited conceptuses, likely because the endometrium 

also produces and secretes large quantities of prostaglandins into the uterine 

lumen [433]. In this study, there were very few differences in endometrial gene 

expression between ewes gestating Cas9 control or PTGS2 edited conceptuses. 

The only gene that was different in the endometrium between ewes who received 

Cas9 control and PTGS2 edited conceptuses was SLC2A1 (GLUT-1), a major 

glucose transporter expressed in the uterine epithelia that increases around the 

time of conceptus elongation [139]. This difference in endometrial gene expression 

suggests that there was some difference in the uterine environment of ewes who 

received Cas9 control versus PTGS2 edited conceptuses, leading to stimulation 

of this glucose transporter in the endometrium. Glucose in histotroph increases in 
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the uterine lumen prior to conceptus elongation and stimulates proliferation of 

ovine trophoblast cells in vitro [179]. Considering that PGs are required for 

conceptus elongation and that PTGS2 edited conceptuses produce fewer PGs 

than their Cas9 control counterparts in vitro, perhaps SLC2A1 was upregulated in 

the endometrium to increase glucose within the uterine lumen to promote 

proliferation of the developing conceptus and offer a protective role against 

decreased PG production by the conceptus, promoting conceptus elongation.  

Inactivation of PTGS2 did not affect IFNT production within the conceptus. 

It should be noted that IFNT is indicative of pregnancy success [216, 453], and the 

similar levels across the conceptuses suggest that that IFNT production was 

normal in all conceptuses and that early pregnancy events, through conceptus 

elongation, would proceed successfully. In mice, PTGS1 can compensate for 

PTGS2 to rescue fertility defects in the CD1 mice outbred strain [230]. Notably, 

this study suggests that PTGS1 does not compensate for PTGS2 expression in 

ovine conceptuses; in fact, PTGS1 was lower in PTGS2 edited conceptuses 

compared to Cas9 control conceptuses. PPARG is a nuclear receptor that is 

activated by PGs and is required for conceptus elongation and survival in sheep 

[435]. Although expression of PPARG was not affected by PTGS2 inactivation, it 

is plausible that PPARG signaling was altered since PTGS2 edited conceptuses 

produce fewer PGs and PGs activate PPARG signaling [204, 454]. Ovine 

conceptuses also express enzymes in the biosynthetic pathway of 

endocananbionids (ECBs) [72], and PTGS2 metabolizes ECBs, such as N-

arachidonylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), into PG-
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glycerol esters and PG-ethanolamides [455, 456]. Thus, PTGS2 inactivation may 

lead to higher levels of AEA and 2-AG in the conceptus, and like PGs, AEA and 2-

AG can activate PPARG signaling [457]. The potential of ECB accumulation due 

to PTGS2 inactivation in the ovine conceptus may have implications for later 

pregnancy success. In mice, ECB synthetic enzymes and receptors are tightly 

regulated in a spatiotemporal manner during embryo implantation and regulate the 

embryo implantation process [458, 459]. Thus, although PTGS2 edited 

conceptuses elongate normally, the effects of PTGS2 inactivation may manifest 

downstream during conceptus attachment and adhesion to the luminal epithelium.  

In summary, this study provides the first evidence that intrinsic PTGS2-

derived PGs are not required for ovine conceptus elongation and IFNT production 

for maternal recognition of pregnancy. These results supports the idea that PGs 

from the endometrium are necessary and sufficient to support conceptus 

elongation during the peri-implantation period of pregnancy. 
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Abstract 

In sheep, conceptus elongation is regulated by substances present within 

the uterine luminal fluid. Select phospholipids and triglycerides are elevated in the 

uterine lumen of pregnant ewes, but it is unclear what signal mobilizes these lipids 

into the uterine lumen or how they are transported. The developing conceptus 

secretes substantial quantities of apolipoprotein A1 (APOA1), a lipid binding 

protein that promotes lipid efflux from tissues. Two studies were conducted to 

investigate biological roles of APOA1 in early pregnancy events. In study one, 

APOA1 was infused into the uterine lumen of cyclic sheep to determine if 

conceptus produced APOA1 mobilizes lipids into the uterine lumen. In study two, 

APOA1 was inactivated in embryos using CRISPR-Cas9 gene editing to 

investigate its role in pregnancy establishment. Infusion of APOA1 protein did not 

increase lipids within the uterine lumen or alter endometrial lipid droplets. Further, 

APOA1 production by the conceptus was not required for conceptus survival or 

development through day 27. These results support the idea that conceptus 

derived APOA1 is not required for ovine conceptus survival or development 

through day 27.   
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Introduction 

In domestic animals, pregnancy establishment encompasses conceptus 

elongation and maternal recognition of pregnancy signaling, implantation, and 

initial placentation. Within the uterine lumen, the ovine conceptus (embryo/fetus 

and its associated extraembryonic placental membranes) elongates between days 

12 and 16 (day 0 = estrus) [19, 64]. Implantation involves apposition, attachment, 

and adhesion of the conceptus trophectoderm to the luminal epithelial (LE) cells of 

the uterus [296, 302, 356, 357]. Trophoblast giant binucleate cells (BNC) begin to 

differentiate on day 16 and are thought to form throughout pregnancy [34, 460]. 

Some BNC migrate and fuse with individual endometrial LE cells to form trinucleate 

feto-maternal hybrid cells, and BNC synthesize and secrete unique protein and 

steroid hormones such as pregnancy associated glycoproteins (or PAGs) and 

placental lactogen [460-462]. Conceptus elongation and subsequent development 

is largely dependent on regulation by the uterine environment, as embryos must 

be transferred to a recipient synchronized uterus to elongate [65, 348]. 

The molecular underpinnings of conceptus elongation and subsequent 

implantation and placentation are unclear. Conceptus elongation is likely regulated 

by nutrients and other macromolecules available to the conceptus in the uterine 

lumen [72, 119, 138, 359, 361]. Of the many factors that are in the uterine lumen, 

interest in lipids has been growing [153, 156, 157, 161]. Lipids in the conceptus 

are likely very important, as they make up cell membranes and provide substrate 

for cell signaling and metabolism [160]. Select phospholipids are higher in the ULF 

of pregnant heifers compared to cyclic heifers [153, 156]. However, the exact 
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regulation of lipid homeostasis and transportation in the uterine lumen remains 

understudied.  

Lipoproteins are one potential candidate for the transportation of lipids in 

the uterine lumen.  The lipid composition of lipoproteins depends on the 

apolipoprotein component, which are proteins that stabilize lipids and determine 

whether the lipoprotein is predominantly made of triglycerides or cholesterol [233, 

463].  In sheep, the conceptus upregulates several different apolipoprotein genes, 

including apolipoprotein A1 (APOA1) and apolipoprotein E (APOE), during 

elongation and, most notably, APOA1 protein is higher in the uterine lumen of 

pregnant ewes than cyclic ewes on day 14 [72, 73]. Interestingly, expression of 

APOA1 continues to increase in the conceptus after conceptus elongation and is 

expressed at a level similar to or above housekeeping genes (e.g. GAPDH) by day 

20, suggesting that it also may have important roles in later pregnancy events. In 

mice, endometrial secretion of APOA1 increases at the time of implantation, and 

in utero knockdown of APOA1 by siRNA resulted in reduced embryo implantations 

and increased pregnancy loss [285, 286]. In serum, APOA1 is a core protein of 

high-density lipoproteins (HDL) and regulates reverse lipid transport, being 

secreted by the liver to mobilize phospholipids and cholesterol from peripheral 

tissues [464, 465]. Additionally, APOA1 and HDL associate with other proteins that 

can inhibit protease activity, regulate the complement system and decrease 

inflammation, and interact with endothelial cells [269, 463, 466, 467]. 

This evidence suggests that APOA1 may play important roles in early 

pregnancy. Two studies were conducted here to determine if: 1) APOA1 secretion 
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by the developing conceptus mobilizes endometrial lipids to the uterine lumen 

during conceptus elongation; and 2) to determine if APOA1 secretion by the 

conceptus has roles in embryo implantation or is critical for embryo survival 

through early implantation and placentation events.  

 

Materials and Methods 

Study One 

All experimental and surgical procedures for the mature sheep (Ovis aries) 

were approved by the Institutional Animal Care and Use Committee of the 

University of Missouri. Adult cycling ewes were checked daily for estrus (day 0). 

Using a surgical approach described previously [69, 216, 364], ewes were 

subjected to a midventral laparotomy 10 days after estrus, and the lumen of each 

uterine horn received a vinyl catheter (0007760; Durect Corp, Cupertino, 

California) connected to an Alzet 2ML1 osmotic pump (Durect Corp) secured by 

suturing the oviduct and mesovarium to the outside of the uterus. Ewes received 

pumps containing the following: 1) vehicle; or 2) 0.2 mg of APOA1 (n = 5 per 

treatment). The Alzet 2ML1 osmotic pump has a reservoir volume of 2 mL and a 

pumping rate of 10 μL/h for 7 days. Ewes were euthanized on day 14 of the estrous 

cycle. The female reproductive tract was obtained through a mid-ventral incision. 

The oviduct and uterotubal junction was removed and a clamp was placed on the 

internal ostium of the cervix. A catheter attached to a syringe containing 10-ml 

sterile MilliQ H2O was inserted about 1 cm into the uterine horn contralateral to the 
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corpus luteum. Sterile H2O was instilled into the uterine lumen and gently 

massaged through the uterine body into and through the ipsilateral horn that was 

held over a sterile petri dish using a hemostat. The uterine lumen flush (ULF) was 

collected in the petri dish. The ULF was then transferred to a 15-ml tube, clarified 

by centrifugation (3000 × g for 15 min at 4°C), transferred into a clean 15-ml tube, 

and volume recorded prior to storage at -80°C. Sections (~0.5 cm) from the mid-

portion of the uterine horn ipsilateral to the ovary were placed in optimum cutting 

temperature (OCT) compound (Sakura Finetek USA, Inc.), frozen over liquid 

nitrogen vapor, and stored at -80°C. The endometrium was physically dissected 

from the myometrium and flash frozen in liquid nitrogen for RNA extraction.  

Oil Red O (ORO) staining 

Uteri frozen in optimum cutting temperature compound were cryosectioned 

at 10 µm on a model CM1950 cryostat (Leica Microsystems), mounted on slides, 

and stored at -20°C. Lipid droplets were stained as described [386]. Briefly, ORO 

stock solution was made by adding 2.5 g of ORO (Sigma-Aldrich, St. Louis MO) to 

99% Isopropyl alcohol (Sigma-Aldrich) and mixed for 2 h at room temperature. For 

staining, ORO stock was mixed in a 3:2 ratio with distilled water to make a fresh 

ORO working solution. After ten minutes at 4°C, the ORO working solution was 

filtered (40-µm). Frozen sections were equilibrated for 10 min at room temperature 

and then submerged in working ORO solution for 10 minutes. Sections were rinsed 

under running tap water for 30 minutes and mounted with Flouromount-G Mounting 

medium (ThermoFisher Scientific). Brightfield images were collected with a Leica 

DM5500 B upright microscope using Leica Application Suite X (LAS X) within 6 h 
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of staining. To quantify staining, images were analyzed using ImageJ software. 

Briefly, the image was converted to an 8-bit grayscale format and the stained lipid 

droplets were segmented using thresholding. Threshold conditions were kept the 

same across all uterine sections. The area marked using the threshold conditions 

was calculated as a percentage of the total image. The average area covered was 

averaged between across the two groups.  

Lipid extraction and MS analysis by multiple reaction monitoring (MRM)-profiling 

For MS analysis, ULF was subjected to MS analysis by MRM-profiling at 

the Metabolite Profiling Facility of Purdue University. Lipids were extracted using 

the Bligh and Dyer method [316].  For that, 200 μL suspension was transferred to 

a new microtube and mixed with 250 μL of chloroform and 450 μL of methanol and 

spiked with 100 ng of phopspholipid internal standards (Avanti Equisplash 

Lipidomix standard). This solution was incubated at room temperature for 15 min. 

After that, 250 μL of chloroform and 250 μL of water were added and the sample 

was centrifuged for 10 min at 16,000 x g, forming a two-phase solution where the 

bottom phase contained the lipids (organic phase). The organic phase was 

transferred to a new tube and dried using a Speedvac centrifuge (Savant 

Speedvac, Thermo Scientific Inc., San Jose, CA, US), and samples were stored 

at -80°C until MS analysis. 

Lipid profiling was performed using the MRM-profiling method similar to that 

recently described [317]. Dried lipid extracts were diluted in 50 μL of 

methanol/chloroform 3:1 (v/v) and 250 μL of injection solvent 

(acetonitrile/methanol/ammonium acetate 300 mM 3:6.65:0.35 (v/v)) to obtain a 
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stock solution. Final dilution of the stock solution was performed to obtain 10e6 ion 

signal for the PC/SM lipids, which are the most abundant lipid classes. Mass 

spectrometry data was acquired by flow-injection (no chromatographic separation) 

from 4 μL of diluted lipid extract delivered using a autosampler to the ESI source 

of an Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies, 

Santa Clara, CA, USA). A binary pump (Agilent 1200) was connected to the 

autosampler and operated at a flow rate of 20 μL/min and pressure of 30 bar. 

Capillary voltage on the instrument was 3.5-5 kV and the gas flow 5.1 L/min at 

300 °C.  

Study Two 

Mature ewes (Ovis aries) were synchronized using a Controlled Internal 

Drug Releasing (CIDR) device (MWI Animal Health, Kansas City, KS) for 12 days 

(day 0= CIDR insertion). Ewes were superovulated from days 9-12 by twice daily 

intramuscular injections of follicle stimulating hormone (Folltropin-V, Bioniche 

Animal Health, Belleville, ON, Canada) with decreasing amounts (34 mg, 26 mg, 

18 mg, and 10 mg). On day 11, the CIDR was removed and ewes were given an 

injection of 15 mg prostaglandin F2α (Lutalyse, Zoetis, Parsippany-Troy Hills, New 

Jersey) and mated to fertile rams at onset of estrus. Embryos were collected at 36 

h postestrus. Oviducts were flushed retrograde with 20 ml of embryo flush media 

(Agtech, Manhattan, Kansas) from the uterotubal junction and recovered zygotes 

were immediately placed in 500 μl of KSOMaa Evolve media (Zenith Biotech, 

Monkstown, Ireland). One cell presumptive zygotes were injected with 50 ng/μl 

Cas9 protein alone or 50 ng/μl Cas9 protein and 25ng/μl of each gRNA in 
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manipulation medium consisting of medium-199 with Hanks salts plus 0.595 mM 

NaHCO3, 3.160 mM HEPES, 30.03 mM NaCl, and 50 µg/ml of gentamicin. After 

injection, zygotes were maintained in BBH7 media (Cooley Biotech, Gainesville 

FL) under mineral oil (Irvine Scientific, Santa Ana, California) for culture at 38.5°C 

in an atmosphere of 5% CO2/5% O2/90% N2 until transfer (day 8). Three to four 

blastocysts were surgically transferred into the uterus of synchronized day 8 post-

estrus recipient ewes. On day 21 and 27 post-estrus, recipient ewes were 

euthanized and placentas were carefully dissected out and photographed. Pieces 

of the placenta were dissected and frozen for RNA isolation and the fetus was fixed 

in formalin at room temperature for 24 h, dehydrated through a series of ethanol 

and embedded in paraffin for histology. 

Targeting of APOA1 for gene editing 

Two gRNAs were designed to target intron 2 and exon 2 (Supplemental 

Table 1). Specificity of the gRNAs was checked by comparing the targeted 

sequence to similar ovine sequences containing a protospacer adjacent motif 

(PAM) domain in GenBank. Alt-R CRISPR-Cas9 crRNA (IDT) was ordered 

containing the targeted sequence and resuspended in resuspension buffer to 500 

ng/µl. The crRNA was mixed at equal molar concentration with the tracrRNA to 

make a 250 ng/µl solution and then annealed in a thermocycler (95°C for 5 min 

and gradual ramp down to holding at 25°C). The crRNA and tracrRNA hybrid was 

diluted to 25 ng/µl and with Cas9 protein (50 ng/µl) for 15 minutes at room 

temperature prior to injection.  

Assessment of APOA1 editing 
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Regions of APOA1 surrounding the targeted areas were amplified from 

isolated conceptus DNA (Supplemental Table 1) using TaKaRa Ex Taq 

proofreading DNApolymerase (Clontech). Amplified regions were visualized on an 

agarose gel and PCR amplicons were cloned into TOPO vectors(Thermo Fisher 

Scientific) an d transformed into DH5α competent cells. Clonal DNA was directly 

PCR amplified from eight colonies, cleaned using a QIAquick PCR Purification Kit 

(Qiagen), and sent for Sanger sequencing at the University of Missouri‐Columbia 

DNA Core. 

RNA extraction and analysis 

Frozen endometrium was homogenized in TRIzol reagent (Thermo Fisher 

Scientific) and total RNA was isolated using a Direct-zol RNA MiniPrep Plus 

isolation kit (Zymo Research, R2070) on EconoSpin Columns (Epoch Life Science, 

Inc. Missouri City, TX). Samples were treated with an on-column DNAse I digestion 

and run through RNeasy MinElute cleanup columns (Qiagen). Quantity of total 

RNA was determined by Qubit RNA BR Assay and run on an agarose gel to assess 

RNA quality. Total RNA (1 μg) from endometrium and conceptuses were reverse 

transcribed using the iScript RT supermix (Bio-Rad). Reverse transcription was 

performed following manufacturer’s instructions. Control reactions were run in 

parallel without reverse transcriptase to test for genomic contamination. Real time 

PCR was done in triplicate on a CFX384 Touch Real Time System with 

SsoAdvanced Universal SyberGreen Green Supermix (Bio-Rad). PCR conditions 

were: activation, 95°C for 2 min; 40 cycles of 95°C for 5 sec; 60°C for 30 secs; and 

72 for 30 sec. Previously published ovine and bovine primers for APOA1, vascular 
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endothelial growth factor (VEGFA), tumor necrosis factor alpha (TNFA), glucose 

transporter type 4 (GLUT4), fatty acid binding protein 4 (FABP4), elongation of 

very long chain fatty acid (ELOVL), apolipoprotein E (APOE), and peroxisome 

proliferator-activated receptor gamma (PPARG) were used [74, 359, 468, 469] 

(Supplemental Table S1). The ΔCT was the difference between the cycle threshold 

(CT) for the average of two housekeeping genes (Glyceraldehyde 3-phosphate 

dehydrogenase [GAPDH] and tyrosine 3-monooxygenase [YWHAZ]) and the gene 

of interest. Melt curves were checked to ensure that a single product was amplified. 

For visualization fold change was calculated relative to the reference genes (2 -

ΔCT). Gene expression was analyzed by ANOVA using the GLM procedure of SAS. 

Histology 

Uteri were sectioned at 8 µm and allowed to air dry for 10 minutes at 37°C. 

Fetal sections were put through a series of dehydration and then stained with 

hematoxylin and eosin. 

Statistical analyses 

All quantitative data were subjected to least-squares ANOVA using the GLM 

procedures of the SAS (SAS Institute Inc., Cary, NC). In all analyses, error terms 

used in significance were identified according to the expectation of the mean 

squares for error. Significance (P ≤ 0.05) was determined by the probability 

differences of the least-squares means. 

 

 



167 
 

Results 

Study One 

APOA1 protein was infused into the uterine lumen of cyclic ewes using 

osmotic pumps. Endometrial lipid droplets were present in the epithelium of ewes 

(Figure 1A) but infusion of APOA1 did not alter their abundance (P = 0.09) (Figure 

1B). Genes involved in lipid metabolism (APOA1, FABP4, ELOVL), 

vasculogenesis (VEGFA), immune response (TNFA), and metabolite 

transportation (GLUT4) were evaluated by qPCR in the endometrium, but no gene 

expression differences were detected (Figure 1C). 

 

 

Figure 1. Effects of APOA1 infusion on epithelial lipid droplets and gene 
expression. (A) Uterine sections from vehicle and APOA1 infused ewes stained 
with Oil Red O stain. Scale bar: 100 µm. Infusion of APOA1 protein did not affect 
(B) endometrial lipid droplets or (C) endometrial gene expression. 
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Next, lipids in the uterine lumen were compared. No differences were 

detected across the various lipid groups examined including phospholipids (e.g. 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, 

phosphatidylglycerol), triglycerides, free fatty acids, cholesterol, and ceramides 

(Supplementary Table 2). Ewes who received either vehicle or APOA1 protein 

infusions clustered together by the top 25 most different lipids, which were 

predominantly triglycerides and acylcarnitines (Figure 2). Thus, APOA1 infusion 

induces subtle changes in the lipidome of the uterine lumen. 

 

 

Figure 2. Heatmap analysis of TG in the ULF of vehicle infused (green) and 
APOA1 infused (red) sheep. 
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Study Two 

The Ovis Aries APOA1 gene contains 4 exons that encode a predicted 260 

amino acid protein. One set of guide RNAs (gRNAs) was designed to target the 

first intron and the second exon (Figure 3A). This region was chosen in order to 

interrupt the splice site and splicing of the APOA1 gene. First, conceptuses were 

collected on day 21 to determine if they elongated normally and to see if the initial 

steps of implantation were successful. Conceptuses appeared normal and healthy, 

indicating that conceptus-derived APOA1 is not required for conceptus elongation 

(data not shown).  

On day 27, four Cas9-injected fetuses were recovered of seven transferred 

(57%) and nine APOA1-targeted fetuses were recovered of sixteen transferred 

(56%). Sanger sequencing found that all 9 fetuses had edits. Wildtype sequences 

were detected in two of the APOA1-targeted fetuses (40B and 83A), although 

wildtype sequence was only one of the eight topocloned sequences of 83A and 

thus could be attributed to maternal contamination. In total, eight of the APOA1-

targeted fetuses were expected to be biallelic knockouts (Figure 3B). 

Quantitative PCR analysis showed that APOA1 was inhibited at the level of 

transcription as its expression was significantly reduced (P < 0.01) compared to 

Cas9-injected controls (Figure 4). Other genes measured included ones involved 

in vasculogenesis, immune response, and lipid metabolism. While most genes 

were not affected by APOA1 targeting, TNFA expression was reduced in APOA1-

edited conceptuses (P < 0.01), indicating that APOA1 affects inflammatory 

pathways in the placenta.  
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Figure 3. APOA1 gene structure and CRISPR-Cas9 gene editing effects. (A) 
Structure and targeting of the Ovis aries APOA1 gene. The APOA1 gene contains 
4 exons (light blue) and three introns (gray) and encodes a 260 amino acid protein. 
Two gRNAs, as marked by a black line, were designed to target intron 2 and exon 
2. The PAM sequence is denoted in red. (B) Effect of CRISPR gRNAs targeting 
the APOA1 ovine gene. The ID represents the ewe ID (number), conceptus ID 
(letter), and the unique allele found (A1, A2, or A3). Indels due to genomic editing 
are highlighted in yellow, and the expected protein sequence is described. Based 
off sanger sequencing results and resultant protein sequence, the expected effect 
(monoallelic or biallelic knockout) is indicated in blue. APOA1, apolipoprotein A-1; 
gRNA, guide RNA; PAM, protospacer adjacent motif. 
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Figure 4. Effects of APOA1 editing on placental gene expression in APOA1 
targeted conceptuses. Significant differences are denoted by an asterisk (p < 
0.05).  

 

In total, seven of the nine APOA1-targeted fetuses were visually similar to 

Cas9-injected controls at time of collection (Figure 5A). However, two of the eight 

biallelic edited fetuses (56A and 56B) recovered from the same ewe were being 

resorbed on day 27 (Figure 5B). While all the wildtypes appeared normal at time 

of collection, fetal histology showed that one of these was not histologically normal. 

Based on somite number and size, APOA1-targeted fetuses were developmentally 

similar to Cas9-injected controls on day 27 (Figure 5C). 
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Figure 5. Effects of APOA1 editing on fetal and placental development. (A) 
Representative images of feto-placental units at time of collection. Cas9-injected 
controls and APOA1-targeted conceptuses appeared visually similar. (B) Two of 
nine APOA1-trageted conceptuses, transferred into the same ewe, were being 
resorbed on day 27. (C) Representative images of wildtype and APOA1-targeted 
conceptuses. Histological examination of APOA1-targeted conceptuses indicated 
that they were developmentally similar to Cas9-injected controls and were similarly 
sized. The ID indicated represents the ewe ID (number) and conceptus ID (letter). 
APOA1, apolipoprotein A-1. 
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Discussion 

Current evidence supports the hypothesis that lipids play important 

biological roles in conceptus elongation and development. Growing evidence 

supports the hypothesis that the endometrium transports lipid molecules to the 

conceptus [156, 160, 161, 402]. Due to the hydrophobic nature of lipids, lipids must 

be packaged into lipoproteins or other lipid bound macromolecules to be 

transported in aqueous environments [233, 470]. To investigate whether 

conceptus production of APOA1 might be one molecule driving endometrial 

mobilization of phospholipids or other lipids into the uterine lumen, human APOA1 

was infused into the uterine lumen of ewes. Human APOA1 protein has high 

similarity (85%) to the sheep APOA1 protein and thus was expected to act 

similarly. Vehicle and APOA1 infused ewes did cluster together by heat map 

analysis of the top 25 most significant lipids, indicating there are subtle shifts in the 

lipidome of the uterine lumen. However, infusion of APOA1 did not significantly 

alter individual lipids or total phospholipids in the uterine lumen and did not affect 

endometrial lipid droplets. Thus, APOA1 protein alone does not appear to be a 

driving molecule for mobilizing lipids into the uterine lumen. Additionally, APOA1 

did not alter endometrial genes involved in vasculogenic, inflammation, or 

metabolite transportation.   

APOA1 is predominantly secreted into plasma as a lipid-poor APOA1 

protein and lipids (predominantly phospholipids and cholesterol) are only added 

after interaction with ATP-binding cassette transporter sub-family A member 1 

(ABCA1) or sub-family G member 1 (ABCG1) in tissues [268, 463-465, 471, 472]. 
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Transcriptomic analysis of the bovine endometrium found that both ABCA1 and 

ABCG1 are expressed in the bovine endometrium [140]. However, conceptus-

produced APOA1 would most likely interact with the surface of the LE and GE and 

analysis of the uterine epithelial transcriptome in sheep found ABCA1 expression 

is exclusive to the GE and that ABCG1 is not expressed in either LE or GE [72]. 

Thus, it is unclear if the required interacting molecules would be present or 

abundant enough on the surface uterine epithelium to mobilize endometrial lipids 

to conceptus produced APOA1.  

Although APOA1 did not appear to mobilize endometrial lipids into the 

uterine lumen during conceptus elongation, it is still possible other apolipoproteins 

play this role. The ovine conceptus expresses APOB, APOE, APOA2, APOM, 

among others, and APOE protein and APOA2 protein were also identified in the 

uterine lumen although they were not different between cyclic and pregnant ewes 

[72, 73]. The predominant lipid type in the conceptus is triglycerides which are 

typically transported by lipoproteins other than HDL, such as the APOE-bound very 

low density lipoprotein [Chapter One, [233, 463]. Additionally, the endometrium 

synthesizes various apolipoproteins as well [140, 286]. Future work should 

characterize the various lipoproteins present within the uterine lumen and 

investigate their role in lipid transportation within the uterine lumen. Alternatively, 

lipoproteins may not have a role in mobilizing endometrial lipids during conceptus 

elongation; instead, epithelial lipid droplets may be secreted directly into the 

uterine lumen similar to their secretion by mammary epithelial cells [400, 401]. 
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Finally, these results may indicate that APOA1 may not be produced to 

interact with the endometrium. The conceptus expresses both ABCA1 and 

ABCG1, suggesting the ability of the conceptus itself to interact with the APOA1 it 

produces [72]. In humans, APOA1 production is a marker of embryo quality in 

embryos and embryo uptake of APOA1 was associated with increased pregnancy 

success in IVF, suggesting that it has functions intrinsic to the embryo itself [289, 

473]. It is possible that APOA1 regulates lipid homeostasis in the developing 

conceptus. Furthermore, APOA1 expression by the endometrium is increased 

during the period of embryo implantation in mice and infusion of siRNA targeting 

APOA1 decreases rates of embryo implantation [285, 286]. Thus, APOA1 may 

play important roles in conceptus implantation, early placentation, or survival.  

To determine if APOA1 plays important roles in conceptus and fetal 

development, APOA1 was inactivated using the CRISPR-Cas9 system. Guides 

showed high editing efficiency and successfully generated APOA1-edited 

conceptuses. Pregnancies were terminated on day 27 to determine if fetuses failed 

to complete implantation or to initiate placentation. While two of the eight 

suspected biallelic-APOA1 knockout conceptuses were being resorbed, most had 

successfully implanted and initiated placenta development like the Cas9-injected 

controls. Additionally, the two degrading APOA1-edited conceptuses were 

recovered from the same uterus so the uterine environment itself could have been 

the underlying cause of pregnancy loss. Further examination and histology of the 

fetuses determined that APOA1-targeted fetuses were developmentally similar 
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(around the 20-25 somite stage) to Cas9-injected controls. Thus, APOA1 is not 

required for conceptus implantation or early placentation through day 27. 

Quantitative PCR (qPCR) was used to analyze effects of APOA1 

inactivation on vasculogenesis (VEGFA), inflammation (TNFA), and lipid 

metabolism (APOE, PPARG) in the placenta on day 27. These genes were of 

interest because APOA1 promotes angiogenesis and reduces inflammation due to 

direct interaction with immune cells [474-476]. Interestingly, TNFA expression was 

lower in the placenta of APOA1 edited conceptuses, suggesting that APOA1 may 

have pro-inflammatory roles in placental development. It is unclear if this is due to 

direct regulation by APOA1 or if it is a downstream effect of APOA1 roles. As TNFA 

is predominantly produced by macrophages and APOA1 is known to interact with 

macrophages, future studies should look into interactions of conceptus derived 

APOA1 and placental macrophages [477].  

Finally, APOA1 protein is present in the uterine lumen of cyclic sheep, 

indicating that APOA1 does not solely come from the fetus but is also produced by 

maternal tissue [73, 478]. Thus, it is possible that APOA1 plays critical roles for 

pregnancy survival to day 27 but that maternal APOA1 protein can compensate 

for insufficient production by the conceptus. Future work should clarify the role of 

endometrial APOA1 production and determine if complete knockdown of APOA1 

within the uterine environment results in pregnancy loss.  

Taken together, APOA1 is a heavily secreted protein by the developing 

ovine conceptus that has been demonstrated to have roles in embryo survival or 

competence in other species. The present studies indicate that conceptus derived 
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APOA1 does has minimal roles in altering the lipidome of the uterine lumen and 

that conceptus APOA1 is not required for implantation or early placentation. Future 

work should focus on investigating the potential interaction of fetal APOA1 protein 

and placental macrophages as TNFA was dysregulated in APOA1 edited 

conceptuses. Additionally, more work should be done to understand the role of 

endometrial produced APOA1 and the role of lipoproteins in early pregnancy 

events. Collectively, these studies support the working hypothesis that the fetus 

produces factors that interact with and regulate its own development.  
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SUMMARY AND CONCLUSIONS 

In sheep, conceptus elongation is regulated by factors in the ULF that 

originate from the endometrial epithelium as well as the conceptus itself [64, 67, 

68]. These factors alter epithelial gene expression and regulate developmental 

processes in the conceptus important for elongation, including TE metabolism, 

proliferation, migration, attachment, and adhesion [296, 356]. Since embryos fail 

to develop past the blastocyst stage in vitro, it is essential to understand the 

components and the functional roles of ULF histotroph to understand what creates 

a successful pregnancy and why pregnancy loss at this stage may occur. Most 

studies have characterized the proteome and a few select metabolites within the 

ULF; however, the composition of the ULF is much more complex. An 

understanding of the presence and roles of ULF components beyond proteins 

during the peri-implantation pregnancy is lacking. Collectively, the studies in this 

dissertation support the central hypothesis that lipids and lipid associated 

macromolecules are key elements of the ULF that mediate endometrial-embryonic 

crosstalk and regulate conceptus development.  

Extracellular vesicles are present within the uterine lumen of sheep and 

increase between days 10 and 12 of the estrous cycle [119, 126]. Previous studies 

have characterized the RNA and protein cargo of uterine EV, demonstrated that 

both the conceptus and endometrium can internalize EV, and observed biological 

effects of EV on the conceptus trophectoderm in sheep [118, 120]. Although EV 

are hypothesized to be mediators of endometrial-embryonic interactions during 

conceptus elongation, their regulation, makeup, and biological effects are not fully 
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understood. In Chapter Two, EV are less abundant in the ULF of pregnant ewes 

versus cyclic ewes on days 12 and 14. It was critical to determine if EV are less 

abundant in the pregnant ULF due to uptake by the conceptus and endometrium 

or due to an inhibition in their production during early pregnancy. The protein 

ISG15 is a potent negative regulator of EV release and is stimulated in the 

endometrial stroma by IFNT in pregnant ewes [58, 81]. To test if IFNT production 

by the conceptus prevents the release of EVs by the endometrium, IFNT was 

infused into the uterine lumen of cyclic sheep. However, IFNT infusion did not 

affect EV secretion into the ULF, probably because ISG15 is not expressed in the 

endometrial epithelium, which is the primary source of EV [58]. Thus, EVs are most 

likely depleted in the ULF of pregnant ewes due to uptake by the conceptus and 

endometrium. The RNA, protein, and lipid cargo of EV likely plays essential roles 

in recipient cell biology and provide significant substrate for the trophectoderm. 

The RNA and miRNA makeup of uterine EVs has been described in sheep and 

encodes enzymes, growth factors, and adhesion factors, as well as ribosomal RNA 

[118, 119, 126]. In this second Chapter, proteins were detected in uterine EVs that 

likely could alter the conceptus TE and endometrium. For example, EVs were 

replete with ribosomal proteins that may enhance the ability of either the conceptus 

or endometrium to translate proteins. Further, the lipid cargo of EVs isolated from 

ULF was described for the first time in any species. Uterine EVs contain 

phospholipids, ceramides, acylcarnitines, and PGs which may affect recipient cell 

biology. To understand the cumulative effects and importance of EV and their 

cargo, ovine trophectoderm cells and the endometrium were treated with EVs 
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isolated from cyclic and pregnant ewes. In Chapter Two, treatment of ovine TE 

cells with EVs increased IFNT production and inhibited cellular proliferation. In 

Chapter Three, EVs regulate gene expression and PG production by the 

endometrium and mediate IFNT signaling. These results are consistent with other 

reports that have found biological effects of EV exposure on both endometrial 

epithelial cells and embryonic cells in vitro [120, 123, 134]. Taken together, EVs 

play important biological roles in early pregnancy as regulators of developmental 

processes and mediators of endometrial-embryonic crosstalk.  

As EV refer to a heterogeneous mixture of EVs, future work should focus 

on understanding the subpopulations of EVs present within the uterine lumen and 

understanding if they have differential roles. These studies could clarify if there are 

specific subpopulations that are essential for pregnancy or if the various 

populations have overlapping functions. Although EVs have biological effects on 

the TE and endometrium, it is unclear what mediates these effects. The biological 

effects elicited specifically by the lipid, protein, or nucleic acid cargo warrants 

further examination. The development of liposomes with more biologically relevant 

lipid makeups could be used to parse out the biological effects of EV lipids in early 

pregnancy events compared to some of the nucleic acid or protein cargo [479]. 

Finally, the overall importance of EVs still needs to be assessed. Ideally an 

experiment could be conducted where EV release is prevented to see if embryo 

development if negatively affected. However, as EVs are made by many different 

synthetic pathways, there are not currently any drugs or methods to completely 
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ablate EV release. As more studies characterize EV populations and their synthetic 

pathways, these experiments may eventually become achievable. 

At the onset of conceptus elongation, glucose and amino acids are 

transported into the ovine uterine lumen to support conceptus metabolism and 

regulate conceptus development through MTOR activation [138, 139, 145]. In 

Chapter Four, the comprehensive lipidome and metabolome of the ULF, 

endometrium, and conceptus was investigated for the first time and compared 

between cyclic and pregnant ewes. These results expand our understanding of the 

peri-implantation uterine environment and highlight key changes in the pregnant 

uterus that may play important roles during pregnancy. While the endometrial 

lipidome and metabolome is relatively similar between cyclic and pregnant ewes, 

several classes of lipids and various metabolites are elevated in the ULF of 

pregnant ewes. Principal component analysis of the lipidome suggests that the 

endometrium is the primary driver of lipids in the ULF, as the lipid makeup of the 

endometrium and ULF is very similar while the conceptus lipidome is quite distinct. 

In contrast, the metabolome of the ULF is equally distinct from the endometrium 

and the conceptus, possibly indicative of embryonic and endometrial contribution 

or turnover of the ULF. The presence of phospholipids and TAGs in the ULF, which 

is an aqueous substance, indicates that EVs, lipoproteins, and/or other lipid-

associated macromolecules are present within the uterine lumen and are available 

for use by the conceptus. These changes in the ULF makeup of pregnant ewes 

suggest that the ULF may provide a significant source of lipids and metabolites 

available to the conceptus. Further, the lipid and metabolite makeup of the ovine 
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conceptus was reported for the first time and has implications for substrate uptake 

and use during conceptus elongation. Notably, TAGs may be mobilized from the 

endometrium into the ULF and are enriched within the conceptus. Overall, these 

findings highlight the complexity of the uterine environment and support the 

hypothesis that the endometrium mobilizes a wide variety of substances, including 

lipids and metabolites, into the ULF for the conceptus. These lipids and metabolites 

likely play critical roles in creating an environment that is conducive to embryo 

development and pregnancy success. 

Mining of the lipidomic and metabolomic data could identify specific lipids 

and metabolites to further investigate as regulators of conceptus development in 

future studies. As the lipid makeup of the conceptus suggests that the conceptus 

does not passively internalize lipids from the ULF, future studies could use 

fluorescently-marked or dye-coupled lipids to study the differential uptake and use 

of different lipid species in the conceptus TE [480, 481]. These results could clarify 

if there are specific lipid requirements by the conceptus which may be rate-limiting 

substrate in in vitro conditions. While lipids are best known for their role as 

structural components in cell and organelle membranes, they are also intricately 

involved in cellular metabolism and cell signaling pathways [482]. For example, PI 

phospholipids, one class of phospholipids elevated in the uterine lumen of sheep, 

is a component of cell membranes and acts as a second messenger in GPCR 

signaling cascades [483, 484]. Ceramides are another class of cell-membrane 

lipids that regulate cell senescence, differentiation, apoptosis, and cell-cycle arrest 

processes and are elevated in the ULF of pregnant ewes [408, 485]. The uptake 



183 
 

of PI phospholipids or ceramides by the conceptus could provide structural 

substrate for cell proliferation and also enhance the ability of the conceptus to 

respond to its surroundings through regulation of cell signaling. Like lipids, various 

metabolites in the TCA cycle or in nucleotide synthesis are also altered in the ULF 

of pregnant ewes. Alpha-ketoglutarate, a TCA cycle intermediate, shows the 

largest pregnancy-dependent increase of all metabolites in the uterine lumen. In 

hypoxic conditions, increases in the alpha-ketoglutarate to citrate ratio promote the 

use of glutamine for fatty acid synthesis in cells [486]. Glutamine is a critical amino 

acid for conceptus metabolism but studies have primarily investigated its use for 

protein synthesis and oxidative metabolism [174, 179]. Future studies could 

investigate whether conceptus uptake of alpha-ketoglutarate from the ULF 

promotes and siphons glutamine into fatty acid synthesis pathways. This would 

provide useful information about lipid metabolism and substrate requirements for 

the embryo. Purine and pyrimidine metabolites are also present in the uterine 

lumen. These metabolites are used for DNA replication, RNA production, and 

generation of cofactors such as NADH that are critical for conceptus development 

[487]. Investigation of purine and pyrimidine metabolite uptake by the conceptus 

would be an interesting topic for future study as well.  Overall, these results 

emphasize the need for more holistic approaches to understanding conceptus 

metabolism beyond glucose and amino acid metabolism which would provide 

crucial information on early embryo developmental processes.  

Like other classes of lipids, PGs are higher in the uterine lumen of pregnant 

ewes compared to cyclic ewes. Both the endometrium and conceptus secrete 
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substantial quantities of PGs during early pregnancy, which upregulate elongation- 

and implantation- related genes in the endometrium to promote conceptus 

elongation [214, 217, 225]. Inhibition of PG synthesis by PTGS2, the dominant 

cyclooxygenase enzyme in both the conceptus and endometrium, prevents 

conceptus elongation and results in pregnancy loss [215, 216, 220]. However, 

recent studies in other species have suggested that embryonic production of PGs 

is not required for early pregnancy success [229, 231, 232]. In Chapter Five, 

CRISPR-Cas9 technology was used to determine if conceptus-derived PGs are 

required for conceptus survival and elongation in sheep. Inactivation of PTGS2 in 

the ovine conceptus did not affect TE elongation or IFNT production. Ewes who 

received wildtype versus PTGS2 inactivated conceptuses had similar amounts of 

PGs in their uterine lumen, likely due to increases in the PG synthetic capacity of 

the underlying pregnant endometrium by IFNT [219]. Further, gene expression of 

several PG regulated genes was not different between ewes. These results clarify 

the importance of endometrial versus embryonic derived PGs in the ULF and 

support the hypothesis that conceptus-derived PGs alter the uterine environment 

but are not essential for conceptus elongation, development or survival through 

day 14. 

Many experiments have focused on the effects of PGs on endometrial gene 

expression and epithelial secretions, but it is still unclear what roles PGs play on 

the conceptus itself. The conceptus expresses the classical membrane bound PG 

receptors and the nuclear receptors PPARD and PPARG [72]. Inactivation of 

PPARG in ovine conceptuses compromised embryo development and suggests 
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that PGs or other PPARG ligands regulate conceptus elongation directly, possibly 

through induction of FADS and FATP [222]. Future studies could determine how 

PGs regulate critical cellular processes in the conceptus, such as proliferation, 

migration, or adhesion, through PPARG or membrane bound receptors. These 

studies would clarify how endometrial PGs regulate conceptus development and, 

most importantly, could eventually be used to understand the threshold amount of 

PGs required for embryo development and determine if insufficient PG production 

by the endometrium is an underlying cause of pregnancy loss in ruminants. 

One important question that remains is how lipids are mobilized or 

transported within the ULF due to their hydrophobic nature. Lipoproteins have 

been hypothesized to be key transporters of lipids within the ULF in sheep and 

cattle [160, 161]. As described in Chapter Four, cholesteryl esters and 

phospholipids are the most abundant lipids in the ULF and are also the 

predominant lipids in HDL [259]. Furthermore, APOA1, the lipid-stabilizing protein 

that causes lipid efflux from peripheral tissues and forms HDL, is elevated in the 

ULF of pregnant ewes due to production by the conceptus [73, 259, 288]. Chapter 

Six tested the hypothesis that APOA1 production by the conceptus causes efflux 

of endometrial lipids into the ULF to support elongation, implantation, and 

placentation processes. However, infusion of APOA1 protein into the uterine lumen 

of cyclic ewes did not increase any lipids in the uterine lumen, alter epithelial lipid 

droplets, or change gene expression in the endometrium. While APOA1 secretion 

by the conceptus does not increase lipids within the uterine lumen, it may mediate 

lipid uptake by the conceptus and affect important downstream processes 
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including conceptus elongation, implantation, or the initial stages of placentation. 

However, APOA1 deleted conceptuses survive through day 27 of gestation and 

are developmentally similar to their wildtype counterparts. Collectively, these 

studies suggest that conceptus-derived APOA1 does not mobilize lipids into the 

ULF and does not play key roles in conceptus development or survival through day 

27.   

Although APOA1 infusion did not alter total lipid content in the ULF, it is still 

possible that lipids within the uterine lumen are present as lipoproteins. Future 

studies should characterize and compare the different classes of lipoproteins in 

the ULF during early pregnancy and investigate whether they are an important 

component of the uterine environment. This could help determine how the embryo 

acquires lipids to support its growth and could determine if insufficient 

transportation of lipoproteins into the ULF can lead to pregnancy loss. As both the 

conceptus and the endometrium produce APOA1 protein, it is possible that 

APOA1, and by inference, HDL, is required for conceptus development and growth 

and that endometrial production is sufficient for developmental processes through 

day 27 [73, 140, 287, 288]. Infusion of morpholinos targeting APOA1 could inhibit 

both endometrial and conceptus production of APOA1 and investigate if it is 

required early in gestation. Further, APOA1 may have roles in pregnancy after day 

27. For example, APOA1 and HDL are known to regulate  vasodilation so it is 

possible that they contribute to vascularization of the placenta, processes that 

become more critical later in gestation [270]. Further experiments investigating this 
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could answer crucial questions about the potential roles lipoproteins play in 

pregnancy. 

Overall, the results from this dissertation highlight the complex and dynamic 

composition of the ULF during a crucial period for embryo development. Lipids, 

PGs, and lipid-associated macromolecules such as EV and lipoproteins are altered 

in the pregnant uterus and likely play important biological roles in early pregnancy 

events. As both the endometrium and conceptus secrete and internalize factors 

from the ULF, understanding the molecular crosstalk and the directionality of 

substances within the uterine lumen remains a major challenge. Future studies 

should expand on the present dissertation and characterize the kinetics of ULF 

turnover during early pregnancy. Future work could utilize in vitro culture 

techniques to characterize conceptus secretion of the biomolecules examined in 

this dissertation and superimpose those findings on the present data. Additionally, 

fluorescently marked molecules could be employed to quantify and track the 

kinetics of molecule uptake and turnover by the endometrium and conceptus. It is 

also still unclear how specific lipids are mobilized and transported within the uterine 

lumen of pregnant ewes. EVs are depleted in the ULF of pregnant ewes and thus 

don’t account for the increases in specific lipid subpopulations in the pregnant ULF 

and conceptus production of APOA1 did not cause lipid efflux into the ULF. One 

possible explanation that has not been explored is that the endometrium secretes 

epithelial lipid droplets directly into the uterine lumen. This occurs in mammary 

epithelial cells and would explain the decrease of lipid droplets within the 

endometrial epithelium of pregnant ewes [162, 163]. In support of this hypothesis, 
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specific protein markers of lipid droplets have been found within the uterine lumen 

of cattle [74]. Alternatively, since IFNT increases PGs, proteins, and other 

metabolites in the ULF, future studies could test whether IFNT infusion into cyclic 

sheep causes mobilization of lipids into the uterine lumen [55].  

Overall, the uterine environment is essential for and regulates early embryo 

development. Understanding the components present within the uterine lumen 

during the peri-implantation period is essential to understand what a conducive 

uterine environment is and why pregnancy loss at this stage may occur. In the 

past, research into lipids in the ULF has lagged that of proteins and nucleic acids 

due to slower advances in lipidomic technologies and the amphipathic nature of 

lipids. However, the dissertation here supports the overall hypothesis that lipids 

and lipid-associated macromolecules are critical components of the ULF that 

contribute to and regulate early developmental processes and endometrial 

function. Further investigation and expansion of these findings will improve our 

understanding of the underlying molecular events that lead to pregnancy success 

and may provide biomarkers or therapies to improve pregnancy outcomes and 

reproductive efficiency in agricultural species.   
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