ABSTRACT
MCCARTY, ALLYSON SAGE. The Dietary Supplementation of Rumen-Inert Fatty Acids and
Rumen-Protected Choline Modulates Early Embryonic Development in Beef Cows. (Under the
direction of Dr. Felipe Silva).

Fertilization rates in beef cattle are estimated to be around 90%; however, nearly 50% of
newly established pregnancies will result in pregnancy failure by day 30 of gestation. During the
first month of gestation, a spherical-shaped blastocyst must transition to an elongated conceptus,
and an increased uptake of lipids is required for proper early embryonic development. Therefore,
our objective was to provide a dietary supplementation strategy containing rumen-inert mono-
and polyunsaturated fatty acids and rumen-protected choline to cater to the elongating conceptus.
One hundred suckled multiparous Angus cows were randomly assigned on d -30 to receive either
TARG) 100 g of a rumen-inert mono- and polyunsaturated fatty acid source (Essentiom; Church
and Dwight Co., Inc., Princeton, NJ) plus 60 g of a rumen-protected choline source (ReaShure;
Balchem, Montvale, NJ) or CON) 114 g of a saturated fatty acid source (Energy Booster 100;
Milk Specialties, Eden Prairie, MN). Treatments were top-dressed daily into a similar total
mixed ration until d 30. All cows were synchronized using a 7-day CO-synch+CIDR protocol
and received timed artificial insemination by the same technician on d 0. On d 16, uterine
flushing was conducted in a subset of cows (CON = 20 and TARG = 23) to determine the
presence and length of the conceptus, and uterine luminal fluid was analyzed for the
concentration of interferon tau (IFNT). Only samples with fully recovered elongating
conceptuses were used for metabolomics analysis (CON = 6 and TARG = 6). Cows subjected to
uterine flushing were excluded from the experiment, and the remaining cows (CON = 29 and
TARG = 26) received a blood collection on d 16 and d 19 for RNA extraction for RNAseq from

peripheral white blood cells (PWBC) and on d 19, d 24, and d 30 to determine P4 and PAG



concentrations. On d 30, pregnancy diagnosis was conducted and only samples from cows
deemed pregnant were analyzed. Conceptus length and the concentration of P4, PAGs, and IFNT
did not differ between treatments (P = 0.57). The conceptus lengths averaged 6.8 £ 2.05 cm and
5.19 £ 1.79 in TARG and CON, respectively (P = 0.57). There was no treatment by day
interaction nor treatment effect in P4 (P = 0.84). The mean P4 concentrations by day was
significantly different (P = 0.004), starting on day 19, CON 6.40 + 0.79 ng/mL and TARG 6.73
+ 0.88 ng/mL, day 24 CON was 5.86 £ 0.79 ng/mL and TARG 6.28 + 0.88 ng/mL, day 30 CON
was 8.01 + 0.79 ng/mL and TARG was 9.18 + 0.83 ng/mL. Similarly, there were no treatment or
treatment by day interaction in the concentrations of PAGs (P = 0.82). On day 19, CON was 1.72
+2.72 ng/mL and TARG 1.57 + 3.25 ng/mL, day 24 CON was 16.9 +2.71 ng/mL and TARG
13.54 + 2.85 ng/mL, and day 30 CON was 68.66 + 2.71 ng/mL and TARG was 68.28 + 2.85
ng/mL. The concentration of IFNT in flushing media in CON was 3693.92 + 5133.24 pg/mL and
in TARG was 4132.62 + 5742.87 pg/mL (P = 0.96). There were seven significantly different
metabolites (P < 0.05) and 17 tended to be significant (0.05 < P < 0.1) in conceptus tissues at d
16. Among these metabolites, phosphatidylcholines, PC (42:3) and PC (36:5), and one
diglyceride were greater in TARG. Additionally, gene expression in PWBC was altered between
treatments. On day 16, there was one differentially expressed gene (DEGs; FDR < 0.05),
TMCC2, in PWBC. On day 19, there were 16 DEGs (FDR < 0.05) in PWBC, with 13
downregulated and three upregulated in TARG. Those upregulated in TARG belonged to cell
development and novel pathways. These preliminary results show major differences in the gene
expression in PWBC during maternal recognition of pregnancy and metabolite composition in
conceptus tissues during conceptus elongation, despite the lack of changes in conceptus

parameters.
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CHAPTER 1

Literature Review



Introduction

Globally, the demand for meat and milk is projected to increase by 57% and 48% by
2050 (Alexandratos and Bruinsma, 2012; Baruselli et al., 2023). Cattle play a vital role in global
food security as they contribute to approximately 30% of meat and 85% of milk among domestic
herbivores globally (Davis and White, 2020; Baruselli et al., 2023). In the United States, cattle
production is the most important agricultural industry, steadily accounting for the largest share of
total cash receipts (USDA, 2025). The US has the world’s largest fed-cattle industry and is the
world’s largest total consumer of beef (OECD/FAO, 2014; USDA, 2025). Within beef cattle
production, the industry can be divided into the cow-calf producers and cattle feeding (Gleason
and White, 2019; USDA, 2025).

The goal of cow-calf operations is to maintain a beef cow herd for raising calves to
weaning age. A profitable cowherd seeks to maximize the production of marketable calves on a
yearly basis (Reese et al., 2020). Once calves reach weaning, they can either be kept or sold as
herd replacements, sold into a feeding system, or kept on pasture until they can be sold the
following spring (USDA, 2025). Typically, cow-calf operations are located on land that would
not support crop production (Center, 2022; USDA, 2025). Therefore, these operations utilize
range and pasture forages to support the cow herd and to raise a calf with very little or no grain
input (Fairbairn, 2020; USDA, 2025). According to the USDA, the average beef cow herd size is
47 head, indicating that herds of this size often require additional sources of income or
supplement off-farm employment (USDA, 2025). Operations that exceed 100 head of cattle
represent 10.5 percent of beef operations and 60.5 percent of the beef cow inventory (USDA,

2025).



Operations with high reproductive efficiency require fewer cows to produce the next
generation of calves, reducing required resources, costs, and eliminating inefficient cows from
the herd (Hegarty and McEwan, 2010). However, many cow-calf operations often do not reach a
desired calf crop percentage due to reproductive inefficiencies (Reese et al., 2020).
Unfortunately, decreased reproductive efficiency also holds the largest economic impact in cow-
calf operations (Pohler et al., 2020). Due to the nature and location of the majority of cow-calf
operations, there is minimal awareness of reproductive failures in the herd (Reese et al., 2020). A
meta-analysis conducted in beef cattle concluded that roughly 50 % of pregnancies will be lost
within the first month of gestation, despite a high fertilization rate of approximately 90%
(Maurer and Chenault, 1983; Reese et al., 2020). Within beef cows, only an additional 6 % of
pregnancy loss occurred after the first month of gestation (Reese et al., 2020). There is still
active debate on whether pregnancy loss is greatest from days 7-14 during initial conceptus
development or from days 15-28 during maternal recognition and pregnancy establishment, with
multiple reports providing data for both time periods (Diskin and Sreenan, 1980; Lonergan et al.,
2016; Wiltbank et al., 2016).

Nutritional management has been the focus of many studies to enhance reproduction in
beef cattle. Within nutritional management, the dietary supplementation of lipids during different
stages surrounding gestation has been investigated (Hess et al., 2005). More recently,
supplementing specific lipids targeted to the elongating conceptus has also been an area of focus
(Cooke et al., 2014; Brandao et al., 2018; Giller et al., 2018). Polyunsaturated fatty acids have a
direct downstream effect on conceptus biology by influencing and establishing development
(Ribeiro, 2018). Feeding differing unsaturated fatty acid compositions can also cause conceptus

modulations through the modulation of the composition of the uterine luminal fluid (Giller et al.,



2018). Choline is another nutrient that can be added to cow diets but is typically fed when
targeting milk composition modulation or to support cows in late gestation and early postpartum
(Elek et al., 2008; Leiva et al., 2015). Choline plays a necessary role in cell membranes through
phosphatidylcholines, influencing several cell properties (Schalch Junior et al., 2022). Therefore,
the supplementation of mono- and polyunsaturated fatty acids and choline, which have not been
previously supplemented together in the same diet, could support the establishment of pregnancy
through the targeted support of the conceptus development and pregnancy establishment.

The literature review on the following pages will address key topics related to conceptus
growth during the first month of gestation in beef cattle. Specifically, reproductive anatomy and
physiology, the establishment of pregnancy, the uterine role in pregnancy, and the modulation of
maternal-conceptus interactions through dietary supplementation during early pregnancy will be
discussed.

Anatomy of the Female Reproductive Tract in Beef Cattle

The genital, or reproductive tract, in beef cattle consists of the vagina, cervix, uterus, and
ovaries (Lefebvre and Gnemmi, 2009; Jones and Lopez, 2014). The vagina is approximately 25
to 30 cm in length from the vestibule to the fornix (Simdes and Stilwell, 2021). The cervix is a
tightly closed, typically rigid tubular structure approximately 10 cm long and 3 cm wide. The
uterus is composed of a uterine body approximately 3 cm long and two bifurcated uterine horns
approximately 30 to 40 cm long (Lefebvre and Gnemmi, 2009). The broad ligament is the
suspensory unit that supports the uterine body and includes the vascular supply, lymphatic
drainage, and nerves (Senger, 2012). The three main layers of the uterus are the perimetrium,
myometrium, and endometrium (Nabors and Linford, 2014). The endometrium, or innermost

layer, consists of the mucosa and submucosa layer (Senger, 2012; Nabors and Linford, 2014).



The mucosa layer, or epithelial luminal layer, is the secreting layer that provides metabolites in
the uterine lumen to support conceptus development (Bazer et al., 2012; Senger, 2012).
Connected to the tip of the uterine horn is the ovary via the oviduct (Lefebvre and Gnemmi,
2009). The oviduct is a narrow, coiled tube measuring approximately two to three mm wide and
20 to 25 cm in length, with the anterior end forming the infundibulum (Lefebvre and Gnemmi,
2009).

The size of an ovary is approximately 4 cm long, 2 cm wide, and 2.5 cm in height, with
cows having larger ovaries than heifers (Lefebvre and Gnemmi, 2009). The ovaries consist of
two layers, the cortex, or outer layer, and the medulla, or inner layer, which consists of lymphatic
vessels, blood, and nerves (Nabors and Linford, 2014). The ovaries’ main function is to provide
hormonal support for pregnancy through folliculogenesis and progesterone production (Simdes
and Stilwell, 2021). This is achieved through the corpus luteum (CL), a transient endocrine organ
located in the ovary (Rodgers et al., 1988). The CL appears in the ovary within 7 days after the
ovulation of the dominant follicle occurs (Shirasuna et al., 2012). After CL formation, major
vasculature is maintained regardless of pregnancy status until approximately day 16 to 18 after
ovulation (McCracken et al., 1981; Shirasuna et al., 2012). If no pregnancy occurs, pulsatile
releases of prostaglandin F2, from the uterus cause the CL to regress over the course of a few
days, and a new ovulation cycle will begin (McCracken et al., 1981). However, if pregnancy
does occur, CL vasculature is required for the secretion of progesterone that maintains the
pregnancy (Shirasuna et al., 2012).

Physiology of the Female Reproductive Tract in Beef Cattle
In neonatal female calves, primordial follicles are established in the ovary (Hansel and

Convey, 1983; Picton, 2001). Over the course of a female’s life, the primary follicles will be



stimulated to enter a pool of growing follicles (Hansel and Convey, 1983; Picton, 2001). As the
follicles grow, they migrate towards the center of the ovary, and the theca layer of cells
differentiates into the externa and interna layers, while also acquiring a zona pellucida (Hansel
and Convey, 1983; Jones and Lopez, 2014). The growing follicles also begin forming a fluid-
filled cavity, known as the antra (Hansel and Convey, 1983). However, not all growing follicles
will reach the ovulation stage and will be replaced by other large follicles during the cycle
(Hansel and Convey, 1983; Krinke and Weber, 2012). A selected follicle will then become
dominant, inhibiting growth of any other follicles (Perry, 2004). In the absence of progesterone,
the dominant follicle will ovulate, however, in the presence of progesterone, ovulation will not
occur, and the follicle will undergo atresia, initiating a new follicular wave (Perry, 2004).
During the estrous cycle phases, the regulation of gonadotropin secretions requires a
balance between hormonal interactions in the hypothalamic-pituitary-gonadal axis, regulating the
development and regression of ovarian follicles and the CL (Kojima, 2003). The gonadotropins
that are secreted from the anterior pituitary are luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) (Kojima, 2003). Changes in the concentrations of these hormones regulate the
estrous cycle, the recruitment and growth of follicular waves, the timing of ovulation, and the
length of the estrous cycle (Perry, 2004; Lainé et al., 2019). Circulating concentrations of FSH
increase following ovulation, recruiting a cohort of follicles at the beginning of each follicular
wave (Fortune, 1994; Perry, 2004). The FSH concentrations then decrease after recruitment has
been completed (Fortune, 1994; Perry, 2004). At the time of selection, LH regulates the
continued growth and development of the dominant follicle (Fortune, 1994; Perry, 2004). With
an active dominant follicle, the concentrations of FSH remain low, inhibiting a new follicular

wave (Fortune, 1994; Perry, 2004).
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Cows continuously cycle throughout the year and are known as polyestrous animals with
an estrous cycle that is divided into four phases: estrus, metestrus, diestrus, and proestrus (Larson
and Randle, 2008; Smith et al., 2018). It can also be divided into luteal and follicular phases,
with the entire cycle ranging from 17 to 24 days, averaging 21 days (Wishart, 1972; Kojima,
2003). The estrus phase is when the animal is sexually receptive, lasting from 12 to 18 hours
(Wiltbank et al., 1967; Christenson et al., 1975; Perry, 2004). Ovulation occurs 25 to 30 hours
after the onset of estrus due to LH spikes (Perry, 2004; Larson and Randle, 2008). During the
estrus phase, progesterone production is very low, as the CL is going through luteolysis and
estrogen levels are increasing (Perry, 2004; Larson and Randle, 2008). The next phase,
metestrus, will last from three to five days. (Larson and Randle, 2008; Yizengaw, 2017). At this
time, the CL is beginning its formation and progesterone concentrations are increasing (Larson
and Randle, 2008; Yizengaw, 2017). The next phase, diestrus, or the period of the CL will last
approximately 12 days (Larson and Randle, 2008; Yizengaw, 2017). Progesterone concentrations
are steadily increasing through the growth of the CL and will hit a plateau during this phase
(Larson and Randle, 2008; Yizengaw, 2017). The last phase, proestrus, lasts approximately two
to three days and is the period of CL regression (Larson and Randle, 2008; Yizengaw, 2017).
Due to CL regression, progesterone concentrations decrease while LH and estrogen positively
feedback on each other to increase the estrogen production through the ovulatory follicle (Larson
and Randle, 2008; Yizengaw, 2017). If an animal is not cycling, they are in a stage referred to as
anestrus (Senger and TO, 2012).

Establishment of Pregnancy in Cattle
Fertilization of the oocyte occurs in the ampullary-isthmic junction of the oviduct,

forming a fertilized zygote, and is referred to as day 0 of gestation (Noakes et al., 2009; Spencer



et al., 2013). After fertilization, the zygote makes its way towards the uterus while undergoing
the first mitotic cleavage around day two (Morris, 2001; Lonergan et al., 2016). The zygote
transforms into a morula and enters the uterine lumen approximately at the 16-cell stage around
day four of gestation (Lonergan et al., 2016). By day seven, a blastocyst is formed, composed of
25% inner cell mass, which will later lead to the conceptus, and 75% trophectoderm, which will
give rise to the placenta (Morris, 2001; Lonergan et al., 2016). Post-hatching from the zona
pellucida, the spherical blastocyst will begin morphological changes on days nine to ten and will
then be referred to as a conceptus (Lonergan et al., 2016). It is important to note that the
“hatching” of the zona pellucida is a critical step that needs to occur for the conceptus to
elongate (Betteridge and Fléchon, 1988; Campanile et al., 2021). The elongating conceptus can
be categorized into ovoid form from days 12 to 13, tubular form from days 14 to 15, and
filamentous form from days 16 to 17 (Degrelle et al., 2005). During this phase, the conceptus is
capable of increasing more than 1000-fold in size, concurrently with increases in total protein
content (Grealy et al., 1996). The main driver of conceptus elongation is elevated concentrations
of progesterone, affecting temporal changes in the endometrial transcriptome and localization of
the progesterone receptor (Clemente et al., 2009; Forde et al., 2011; Lonergan et al., 2019).
Elongation is acquired through an exponential increase in tissue mass by rapidly proliferating
trophectoderm cells (Lonergan et al., 2019).

The maternal recognition of pregnancy (MRP) occurs during this exponential growth
phase on day 16 of gestation (Spencer et al., 2007a). The MRP occurs by the conceptus
secreting sufficient interferon-tau, which inhibits the luteolytic pulses of prostaglandin F2a by
the endometrium (Northey and French, 1980; Spencer et al., 2007b). Interferon-tau is typically

present until days 25 to 30, where the concentrations then begin to drop after implantation of the
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conceptus into the uterine wall (Kowalczyk et al., 2021). The adhesion of the trophoblastic cells
to the uterine epithelium can begin around day 15, where the trophoblast develops villi that
provide temporary anchorage for the conceptus (Pohler et al., 2020). Then, beginning around day
19, the elongated conceptus begins a shallow implantation into the endometrial luminal
epithelium, beginning the process of placentation (Lonergan et al., 2016; Pohler et al., 2020b).
Cows have a cotyledonary type of placenta that attaches to the endometrium through
placentomes (Pohler et al., 2020a). This is a minimally invasive placenta that utilizes
placentomes, a highly vascularized circular area, as the only site of nutrient exchange between
maternal and fetal circulation (Pohler et al., 2020a). Placentomes have a fetal side termed
cotyledons, and a maternal side termed caruncles (Pohler et al., 2020b). Therefore, MRP for
uterine receptivity and initiation of placentation are key components for the maintenance of
pregnancy.
Uterine Role in Early Pregnancy

The normal development of the post-hatched and preimplantation conceptus is dependent
on the maternal uterine environment and its secretions (Lonergan et al., 2016). Secretions of the
endometrium, termed histotroph, are required for the development and growth of the conceptus,
can be influenced by progesterone, and is composed of growth factors, hormones, enzymes,
transport proteins, ions, lipids, glucose, amino acids, and more (Spencer et al., 2007b; Clemente
et al., 2009; Lonergan et al., 2016). The importance of histotroph on conceptus development can
be supported by research conducted on uterine flushing on multiple days during early pregnancy
that resulted in increased conceptus mortality (Martins et al., 2018). Though all secreted factors
carry importance, lipid concentration and metabolism have been shown to have dynamic changes

during conceptus elongation (Ribeiro et al., 2016a). During the diestrus phase of the estrous



10

cycle, lipid droplets in the endometrium increased from early to late diestrus (King et al., 2021).
It has also been reported that on day 14 after the onset of estrous, cyclic cows showed greater
concentrations of lipid metabolites in the histotroph when compared to days 4 and 7 (Silva et al.,
2023). Lipids contain many relevant roles to conceptus elongation and can be used by the
trophectoderm cells for cell proliferation and differentiation, cell signaling, nutrition,
homeostasis, cell migration, and coordination of gene expression (Fernandis and Wenk, 2007;
Annes et al., 2019). In the uterus before conceptus elongation, concentrations of mono- and
polyunsaturated fatty acids and choline are increased to eventually support the conceptus during
the elongation phase (Ribeiro et al., 2016a; Silva et al., 2023b). Lipids in the endometrium are
likely exported to the uterine lumen by exosomes, microvesicles, carrier proteins, and
lipoproteins, and incorporated into conceptus cells by fusion of membranes supported by
receptors and fatty acid transporters (Ribeiro et al., 2016c¢).

Estradiol and progesterone temporally regulate the composition of the histotroph during
the estrous cycle, while changes in ovarian-endocrine stimulus and pregnancy status induce
functional changes in the endometrium (Bauersachs et al., 2005; Mesquita et al., 2015). Proper
communication must occur between the endometrium and conceptus through modulation of the
endometrial transcriptome, morphology, and secretion patterns (Mansouri-Attia et al., 2009b;
Bazer et al., 2010; Lonergan et al., 2016). The modulation of the endometrium transcriptome can
be influenced by preovulatory endocrine milieu, postovulatory progesterone concentrations,
uterine disease, and genetic merit for fertility, and the presence of the conceptus (Forde et al.,
2010; Forde et al., 2011; Johnson et al., 2015; Mesquita et al., 2015; Moran et al., 2017). When
comparing pregnant to non-pregnant cattle prior to day 16, there are no differences in

endometrial gene expression up until MRP occurs (Forde et al., 2011). However, studies have
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shown there are several differentially expressed genes in the uterine epithelium and the whole
blood of cows during the estrous cycle and pregnancy (Ribeiro et al., 2016a). In differentially
expressed genes specifically, lipid metabolism is one of the top contributors when assessing
molecular and cellular functions during the peri-elongation period (Ribeiro, 2018). Besides lipid
metabolism, genes involved in extracellular matrix (ECM) remodeling, cell adhesion, and
regulation of cellular growth are also vital during this stage (Mitko et al., 2008). Another vital
pathway in the role of the endometrium preparation for conceptus receptivity and proper
implantation during pregnancy is the immune response pathway (Mitko et al., 2008). During the
elongation period of the conceptus, several genes were found to be upregulated, including those
involved in lipid uptake, desaturation and elongation of fatty acids, biosynthesis of phospholipids
and prostaglandins, mobilization of membrane phospholipids, transport of prostaglandins,
biogenesis of peroxisomes, activation, and oxidation of fatty acids (Ribeiro, 2018). However, not
only does the endometrial transcriptome influence conceptus development, but it is also
representative of conceptus quality (Mansouri-Attia et al., 2009b).
Conceptus Development During Early Pregnancy

Lipids serve as the main substrate in bovine elongating conceptus (Ribeiro et al., 2016a),
as they are an efficient energy source, generating up to 3.5 more ATP molecules through fatty
acid oxidation compared to glucose (Sturmey and Leese, 2003; Dunning et al., 2010).
Mammalian oocytes store fatty acids in the form of lipid droplets (LD) (Fujimoto and Parton,
2011; Bradley and Swann, 2019), as they are a main supplier of energy, and play a vital role in
membrane maintenance and cell signaling as the conceptus surface area grows exponentially in
the preimplantation stage (Pratt and George, 1989). The onset of conceptus elongation involves

dynamic changes in genes associated with lipid metabolism (Ribeiro et al., 2016b; Ribeiro et al.,
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2016¢). It has been previously reported that as the conceptus develops from ovoid to filamentous,
lipid metabolism is among the top molecular and cellular functions within differentially
expressed genes in conceptus tissues (Ribeiro et al., 2016¢). Trophectoderm tissues increase gene
expression of uptake, metabolism, and de novo biosynthesis of fatty acids during elongation
(Spencer et al., 2017).

Concomitantly, the conceptus must evade maternal immune response by creating an
immunotolerant uterine environment through the production of IFNT and by promoting uterine
remodeling through PAG secretion (Ott, 2019). Successful pregnancy establishment can be
gauged by interferon-stimulated genes in white blood cells in peripheral blood during the pre-
implantation stage and through pregnancy-associated glycoproteins in maternal blood after the
implantation stage (Pohler et al., 2016a; Filho et al., 2020; Casano et al., 2022). Conceptus
secretions regulate endometrium receptivity by stimulating the release of pregnancy-specific
proteins into uterine luminal fluid, further supporting conceptus-maternal crosstalk (Austin et al.,
1996; Singh et al., 2011; Forde et al., 2015). As previously stated, interferon-tau is the
pregnancy recognition glycoprotein in ruminants and is secreted from conceptus trophoblast
cells, acting indirectly on the maintenance of the CL (Imakawa et al., 1987; Meyer et al., 1995).
There is a strong positive correlation between conceptus length and IFNT secretion (Rizos et al.,
2012). Interferon-tau production induces expression of interferon-stimulated genes (ISG) in the
endometrium that regulate uterine receptivity, conceptus elongation, and implantation (Hansen et
al., 1999; Spencer et al., 2008). Classical ISGs are found to be upregulated or induced by the
conceptus on days 15 to 18 of gestation when compared to non-pregnant or cyclic endometria

(Mansouri-Attia et al., 2009b; Cerri et al., 2012).
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As previously referenced, day 19 of gestation marks the beginning of placentation by the
conceptus, beginning shallow implantation into the first layer of cells within the uterus, known as
the endometrial luminal epithelium (Johnson et al., 2025). During this phase, pregnancy-
associated glycoproteins are secreted from the trophectoderm cells of the conceptus but
synthesized by mononucleate and binucleate trophoblastic cells (Wooding, 1992; Sousa et al.,
2006; Touzard et al., 2013; Filho et al., 2020). It is important to note that not all PAGs are
present at the same stages of gestation, with some being expressed in early versus late gestation
and some in trophectoderm cells versus binuclear cells (Green et al., 2000; Barbato et al., 2022).
Due to the location of PAG secretion at the placenta-uterine interface, its role could likely
include stimulating the synthesis of local growth factors, playing a role in adhesion, and exerting
an immunomodulatory role (Michael Roberts et al., 1996; Moussad et al., 2002; Wooding et al.,
2005). A hormonal role of PAG has also been proposed due to the increased release of an alpha
chemokine, granulocyte chemotactic protein-2, whose synthesis is induced by IFNT in early
gestation (Austin et al., 1999). Pregnancy-associated glycoproteins are representative of one of
the luteotropic factors of the ruminant placenta due to the similarity between bPAG-2 and
luteinizing hormone in that they are both capable of bonding to CL receptors and share
immunological kinship (Xie et al., 1994). Therefore, measuring PAG concentrations can be used
as a pregnancy diagnosis and as a gauge for fetal well-being throughout gestation (Drion et al.,
1999; Kornmatitsuk et al., 2002; Barbato et al., 2022).

Modulation of Maternal-Conceptus Communications Through Dietary Supplementation

The uterine environment can be modulated through the dietary supplementation of lipids
(Santos et al., 2008; Cooke et al., 2014). However, dietary lipids are biohydrogenated in the

rumen of cows due to the presence of microbes, which convert polyunsaturated fatty acids to
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saturated fatty acids (Lourenco et al., 2010). Fortunately, feeding certain feedstuffs that allow for
partial protection from rumen biohydrogenation can ensure that at least some unsaturated fatty
acids are capable of being absorbed in the small intestine (Burns et al., 2003; Cooke et al., 2014).
This mechanism has been confirmed through studies showing a modulation of fatty acid content
within the plasma of supplemented cows (Burns et al., 2003; Cooke et al., 2014). Additionally,
supplementing fatty acids also had modulatory effects on endometrial fatty acid composition and
gene expression (Cooke et al., 2014; Cipriano et al., 2016; Brandao et al., 2018).

Many studies have supplemented cows with rumen-protected fatty acids, specifically
polyunsaturated fatty acids (PUFA), with the goal of enhancing reproductive performance
(Lopes et al., 2009; Cooke et al., 2014; Brandao et al., 2018). Supplementing PUFA can alter
fatty acid profiles in the CL and endometrium and has been found to increase the concentrations
of incorporated lipids into reproductive tissues (Burns et al., 2003; White et al., 2012; Cooke et
al., 2014). Studies that supplemented Ca salts of soybean oil (CSSO) during early gestation
found increased incorporation of linoleic acid, omega-6 FA, and total PUFA in plasma
concentrations (Cooke et al., 2011; Cooke et al., 2014). It is important to note that the beneficial
role of PUFA on pregnancy rates was found to be independent of its contribution to energy
intake (Funston, 2004; Lopes et al., 2009). The beneficial effects of post-breeding PUFA
supplementation were also found to be attributed to the modulation of PGF2a synthesis and
luteolysis, enhanced MRP, and increased progesterone concentrations (Funston, 2004; Demetrio
et al., 2007; Wathes et al., 2007).

Interferon-tau concentrations and conceptus length have been shown to be altered by
dietary supplementation of fatty acids in multiple studies (Cooke et al., 2014; Cipriano et al.,

2016; Brandao et al., 2018). Brandao et al. reported that supplementing Bos taurus cows with Ca
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salts of soybean oil (CSSO) during early gestation did not have any effect on conceptus length,
but mRNA expression of IFNT in the conceptus was greater in CSSO cows (Brandao et al.,
2018). Cooke et al. reported that supplementing Bos indicus cows with Ca salts of soybean oil
(CSSO) during early gestation resulted in greater concentrations of IFNT present in the uterine
flushes of CSSO-treated cows but showed no differences in the length of conceptus collected on
day 19 of gestation (Cooke et al., 2014). However, the lack of treatment effect in conceptus
length in the study may indicate that the benefits associated with CSSO supplementation may not
be associated with conceptus dimensional development (Cooke et al., 2014). Cooke et al. also
found that CSSO-treated cows had more linoleic acid, an omega-6 unsaturated fatty acid,
incorporated into conceptus tissues. Cipriano et al. reported that supplementing Bos indicus cows
with Ca salts of soybean oil (CSSO) during early gestation resulted in greater length conceptuses
from CSSO-supplemented cows collected on day 15 of gestation (Cipriano et al., 2016). Bos
indicus cows supplemented with calcium salts of soybean oil (CSSO) also had a greater
concentration of progesterone when compared to cows receiving saturated fatty acids (SFA)
(Lopes et al., 2009) or a control group receiving rumen-inert indigestible substance (Cooke et al.,
2014; Cipriano et al., 2016). In Bos taurus cows, there was no significant difference detected in
progesterone concentrations between CSSO cows and CON cows receiving SFA (Brandao et al.,
2018). The supplementation of PUFA in the diet can also cause modulation in gene expression in
the endometrium and blood of cows (Coyne et al., 2011; Waters et al., 2012; Cooke et al., 2014).
The supplementation of CSSO caused cows to have greater expression of ISG15 (Cipriano et al.,
2016) and 2’-5’-oligoadenylate in whole blood when compared to CON cows (Brandao et al.,

2018).
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Other studies have focused on feeding cows rumen-protected choline (RPC) to improve
milk production, milk choline content, milk protein content, and milk fat concentrations (Elek et
al., 2008; Leiva et al., 2015). Choline is involved in fatty acid transport and is a precursor for the
synthesis of phosphatidylcholine, the most abundant form of phospholipid in the body (Zeisel
and Blusztajn, 1994; McGuffey, 2017; Wiedeman et al., 2018). Membrane tissues of the
conceptus are also mainly composed of phospholipids, predominantly glycerophospholipids
(Murota, 2020). Feeding rumen-protected choline resulted in increased milk production and
increased choline content in milk (Elek et al., 2008) and increased milk protein content and milk
fat concentrations in RPC-supplemented cows (Leiva et al., 2015). These sources confirm that
enough choline was able to bypass the rumen for absorption into the body when feeding RPC.

As previously stated, studies feeding dietary fatty acids to improve reproductive
efficiency have shown contradicting results but overall have promising implications (Lopes et
al., 2009; Cooke et al., 2014; Brandao et al., 2018). However, the exact mechanisms of how this
occurs remain unknown. Studies feeding choline have seen positive effects when supplementing
cattle at later stages of gestation on milk yield and composition (Elek et al., 2008; Leiva et al.,
2015). Choline is also a recommended supplement for pregnant women and plays a vital role in
membrane formation (Murota, 2020; Jaiswal et al., 2023). However, there is a gap in research
looking at the combined effect of lipid and choline supplementation during early gestation.

The Goal of the Project

Cow-calf operations are the foundation of the beef production system (USDA, 2025).
Therefore, improvement in reproductive efficiencies in beef cattle directly affects the viability
and sustainability of the United States beef production through a 34% reduction in water use,

44% reduction in land use, and 39% reduction in the CO2-equivalent footprint (Davis and White,
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2020; Baruselli et al., 2023). Fertilization rates for a single artificial insemination service in a
beef cow are estimated to be around 90% (Santos et al., 2004; Inskeep and Dailey, 2005; Diskin
and Morris, 2008; Sartori et al., 2010); however, nearly 50% of newly established pregnancies
will result in pregnancy failure by day 30 of gestation (Reese et al., 2020). Thus, successful
pregnancy establishment is vital and requires proper communication between maternal and fetal
systems, beginning as early as day 4 of pregnancy (Campanile et al., 2021). During the peri-
implantation period, uterine luminal fluid (ULF) composition and concentration are responsible
for dictating conceptus development, as it is the only source of nutrients that support conceptus
development during this phase (Spencer et al., 2007a; Sponchiado et al., 2019). At approximately
day 14 of gestation, lipids play a vital role as an important substrate for energy requirements and
building blocks for membrane formation during conceptus elongation (Ribeiro et al., 2016c).
However, 39% of conceptuses are expected to fail to elongate, leading to pregnancy wastage
(Ribeiro, 2018). As previously stated, the concentration and composition of the ULF can be
modulated through dietary supplementation of lipids, further modulating metabolite composition
and gene expression of the elongating conceptus (Ribeiro, 2018).

Therefore, the goal of this program of study is to identify the changes in the conceptus
composition, its secretion factors, and gene expression when supplementing a blend of rumen-
inert mono- and polyunsaturated fatty acids and rumen-protected choline (TARG) to the diet of
multiparous Bos taurus cows. The results were compared to cows that were fed a blend of
saturated fatty acids (CON). Rumen-inert fatty acids and rumen-protected choline were used to
reduce the rate of biohydrogenation, allowing for a greater amount of fatty acids to be absorbed

in the small intestine to be utilized in the body. The goal was to supply the elongating conceptus
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with the necessary building blocks during the exponential growth phase for proper development
and pregnancy establishment.

This project evaluated early embryonic development and conceptus-maternal
communication between cows fed a dietary supplementation composed of rumen-inert mono-
and polyunsaturated fatty acids and rumen-protected choline compared to cows receiving a
dietary supplementation composed of saturated fatty acids. Therefore, our objective was to
identify differences in conceptus elongation, interferon-tau secretion in the uterine lumen fluid,
and concentration of metabolites in conceptus tissues on day 16 after artificial insemination and
to characterize differences in gene expression in white blood cells from peripheral blood in
pregnant cows on days 16 and 19 and to measure the concentration of pregnancy-associated
glycoproteins on days 19, 24, and 30 after artificial insemination of pregnant cows that received
a dietary supplementation composed mostly of rumen-inert mono- and polyunsaturated fatty
acids plus rumen-protected choline compared to cows receiving a supplementation mostly
composed of saturated fatty acids. We hypothesized that pregnant cows receiving the dietary
supplementation composed of mono- and polyunsaturated fatty acids and choline and presenting
a modulation in the concentration of metabolites in uterine luminal fluid at the onset of
elongation, would have longer conceptuses, a greater concentration of interferon-tau in the
uterine luminal fluid, and the concentration of metabolites in conceptus tissues would differ due
to the supplementation strategy. We also hypothesized that the dietary supplementation would

alter conceptus-maternal communication and pregnancy establishment in pregnant beef cows.
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Introduction

Fertilization rates for a single artificial insemination service in a beef cow are estimated
to be around 90% (Santos et al., 2004; Inskeep and Dailey, 2005; Diskin and Morris, 2008;
Sartori et al., 2010); however, nearly 50% of newly established pregnancies will result in
pregnancy failure by day 30 of gestation (Reese et al., 2020). At day 14 of gestation, the
conceptus begins the process of elongation, entering an exponential growth phase that is required
for proper conceptus-maternal communication and maternal recognition of pregnancy (Ribeiro et
al., 2016¢). The mononuclear cells of the trophectoderm within the elongating conceptus are
responsible for the secretion of interferon-tau (IFNT) (Roberts et al., 1999; Bazer and Thatcher,
2017). Interferon-tau concentration and the length of the conceptus are positively correlated, with
IFNT being the primary signal for maternal recognition of pregnancy (Bazer and Thatcher,
2017). The exponential growth of the conceptus, which includes rapid remodeling and
proliferation of cells, requires lipids as the substrate for its increasing energy requirements
(Bazer et al., 2012; Ribeiro et al., 2016c). It has been previously reported that as the conceptus
develops from ovoid to filamentous, lipid metabolism is among the top molecular and cellular
functions within differentially expressed genes in conceptus tissues (Ribeiro et al., 2016c). In
addition, during conceptus elongation, the conceptus increases more than 1,000-fold in size due
to trophectoderm and endoderm tissue development (Spencer et al., 2017). Membrane tissues are
mainly composed of phospholipids, predominantly glycerophospholipids (Murota, 2020). During
this period, uterine luminal fluid (ULF) is the sole provider of nutrients to support conceptus
growth and development (Spencer, 2014). The ULF is composed of several molecules, including
proteins, growth factors, cytokines, and, importantly, lipids (Carter, 2012). Lipid droplets are

stored during metestrus and diestrus of the previous cycle (Wordinger et al., 1977; King et al.,
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2021a) and further released into the uterine lumen during the peri-elongation period. Therefore,
the concentration of metabolites in the uterine luminal fluid dictates conceptus development.
Our laboratory has recently reported a modulation in the concentration of 23 metabolites
in the uterine luminal fluid at the onset of conceptus elongation through the dietary
supplementation of rumen-inert mono- and polyunsaturated fatty acids and rumen-protected
choline (Bahr, et al., under review). Among these, the concentration of fatty acids,
triacylglycerols, hexosylceramides, cholesterol esters, phospholipids, biogenic amines,
carboxylic acids, methyl donors, and amino acids was greater in supplemented multiparous beef
cows receiving rumen-inert mono- and polyunsaturated fatty acids plus rumen-protected choline.
Therefore, our objective was to identify differences in conceptus elongation, interferon-tau
secretion in the uterine lumen fluid, and concentration of metabolites in conceptus tissues 16
days after artificial insemination of pregnant cows that received a dietary supplementation
composed mostly of rumen-inert mono- and polyunsaturated fatty acids plus rumen-protected
choline compared to cows receiving a supplementation mostly composed of saturated fatty acids.
We hypothesized that pregnant cows receiving the dietary supplementation composed of mono-
and polyunsaturated fatty acids and choline and presenting a modulation in the concentration of
metabolites in uterine luminal fluid at the onset of elongation would have longer conceptuses and
a greater concentration of interferon-tau in the uterine luminal fluid. We also hypothesized that
the concentration of metabolites in conceptus tissues would differ due to the supplementation

strategy and conceptus tissue utilization for growth.
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Materials and Methods

Animals and Experimental Design

One hundred multiparous suckled Angus cows (Bos taurus, 595.79 £ 6.19 kg body
weight, 5.02 £+ 0.052 body condition score, and 77.06 = 0.928 days postpartum) were housed at
the North Carolina State University, Butner Beef Cattle Field Laboratory. Cows and their calves
were housed in 12 pens, allocating 6 to 12 cows per pen with ad libitum access to water. All
procedures involving animals were approved by the North Carolina State University Animal
Care and Use Committee (protocol number 23-115). Cows were limit-fed (4.84% of body
weight) a similar total mixed ration (TMR) composed of 94.4% corn silage and 5.6% concentrate
to meet requirements for a 635.03 kg lactating cow with 13.61 kg per day peak milk (NASEM,
2016) to maintain a moderate body condition score (BCS) (Whitman, 1975).

On d -45, cows were weighed, had their Body Condition Score recorded (BCS; 1-9 scale;
(Whitman, 1975)), and were allocated into pens. Pen allocation was determined by stratifying
cows by BCS and weight. Each pen contained individual feeding units (Calan Broadbent Feeding
System, New Hampshire, USA) where dietary treatments were provided. Pens were divided into
three groups to accommodate sampling, starting on three different calendar days but following
the same experimental design (Figure 1). Three cows that did not adapt to the individual feeding
system were removed from the study. One cow was replaced prior to the start of treatments.

After an acclimation period of 15 days, on d -30, each cow within a pen was randomly
assigned to receive either 1) CON: 114 g of mostly saturated fatty acids (Energy Booster 100;
Milk Specialties, Eden Prairie, MN), 27 g limestone, and 30 g soybean meal (n = 49) or 2)

TARG: 100 g of mostly rumen-inert mono- and polyunsaturated fatty acids (Essentiom; Church
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and Dwight Co., Inc., Princeton, NJ) and 60 g of rumen-protected choline (ReaShure; Balchem,
Montvale, NJ; n = 49). Supplementation was top-dressed on the TMR daily until d 16 (Table 1).
At d -10, cows had ovarian ultrasonography (M6 Vet Ultrasound system, Mindray,
Nanshan, Shenzhen, China) performed for the detection of a corpus luteum, were given an i.m.
injection of gonadotropin releasing hormone (GnRH, Factrel Zoetis, Kalamazoo, MI, 100 pg
gonadorelin), and had a controlled internal drug release device (CIDR, Eazi-Breed Zoetis,
Kalamazoo, MI, 1.38 g) placed intravaginally to begin the synchronization using the 7-day CO-
Synch + CIDR (Larson et al., 2006). At d -3, an injection of PGF2a i.m. (Lutalyse HighCon,
Zoetis, Kalamazoo, M1, 25 mg dinoprost) was given, an estrus detection patch (Estrotect,
Rockway Inc., Spring Valley, WI) was placed on the tailhead, and CIDR was removed. At d 0,
an injection of 2 mL GnRH i.m. was given, ovarian ultrasonography was performed to determine
the size and location of the dominant follicle, estrus detection patches were scored (0: not rubbed
off, n = 30; 1: less than 50% rubbed off , n = 6; and 2 : 50 to 70% rubbed off , n = 1; or 3: more
than 70% rubbed off, n = 23; missing = 38), and timed artificial insemination (Al) was
performed. All females were artificially inseminated by the same technician. Semen from two
proven sires were balanced between treatments. At d 14, cows received an ovarian
ultrasonography to confirm ovulation and eligibility to receive uterine flushing on d 16.
Eligibility was stated by the disappearance of the dominant follicle and formation of a corpus
luteum (CL) on the same ovary, in addition to CL being greater or equal to 1 cm? and had a
blood perfusion that covered minimally 25% of the total area (Pugliesi et al., 2014). Forty-one
cows from TARG treatment and forty-two from CON treatment were deemed eligible to receive
uterine flushing. Atd 16, 23 cows from TARG and 20 from CON were randomly selected to

receive a cytobrush collection followed by a uterine flushing. However, only samples from cows



37

where a fully recovered conceptus was collected were kept for further analyses (TARG = 7 and
CON =38).
Feed and Supplement Analyses

The ingredients of the TMR and supplements were analyzed for standard wet chemistry
profiles following a commercial laboratory guideline (Cumberland Valley Analytical Services,
Waynesboro, PA; Table 1.2). Energy Booster 100, Essentiom, and ReaShure were analyzed
using standard wet chemistry and for fatty acid profile (Sukhija and Palmquist, 1988)(Table 1.3).
All samples were collected and analyzed prior to the initiation of the experiment. Two sources of
corn silage were used, and average results are presented. Supplementation was balanced to be
isocaloric, isonitrogenous, and isolipic. Therefore, treatments only differed in the fatty acid
profile and the inclusion of choline in TARG.
Blood Collection and Assays

Blood samples were collected using K2EDTA tubes (BD Vacutainer, Franklin Lakes, NJ)
for the concentration of progesterone on d 16 via jugular venipuncture. Blood samples were
centrifuged at 1500 % g for 10 minutes at 4°C. After centrifugation, plasma was collected with a
plastic disposable pipette and transferred to a microcentrifuge tube. The samples were stored at -
20°C until analyzed. Progesterone was analyzed by liquid-liquid phase, double antibody RIA
using assay reagents (Pohler et al., 2016b). The inter-and intra-assay estimates of coefficients of
variation (CV) were < 10%.
Cytobrush Collection and Processing for the Concentration of Interferon-tau

Cytobrush samples were collected on d 16 to quantify the concentration of interferon-tau
(IFNT) in the uterine luminal fluid in the uterine body. Cytobrush collection was conducted as

described by (Silva et al., 2021; Silva et al., 2023a; Silva et al., 2023b). Briefly, cows were given
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an epidural anesthesia (Lidocaine Vet One 2%, Boise ID, 5 ml) to prepare for the procedure. The
cytobrush was placed onto an Al gun, then covered with an Al sheath, and sanitary sheath. The
sanitary sheath was ruptured, and the rod was inserted into the cervix, and the cytobrush was
exposed in the uterine body. The cytobrush was rotated, then pulled back into the Al sheath. The
gun was removed from the cow, and the cytobrush was immediately placed into a 1.5 mL
microcentrifuge tube containing 1 mL of phosphate-buffered saline (PBS; 0.01 M of phosphate
buffer and 0.154 M of sodium chloride, pH 7.4), then stored on ice. The liquid content from the
tube was centrifuged at 400 % g for 7 minutes. The supernatant was filtered through a 40 pl
micropipette tip cell strainer (Flowmi Cell Strainers, SP Bel-Art, Wayne, NJ) and then through a
sterile 0.22 ul polyvinyl difluoride filter (EZFlow syringe filter, Foxx Life Science, Salem NH)
and snap frozen, then stored at -80°C for further IFNT analysis. The samples were assayed and
analyzed as described by Bishop et al. (Bishop et al., 2025) Briefly, IFNT processing was
conducted by the generation of recombinant glycosylated bovine IFNT, the generation of
polyclonal rabbit and goat antibodies against rbIFNT, the rbIFNT sandwich ELISA protocol, and
the accuracy of the bIFNT ELISA to identify open cows compared to ultrasound diagnosis on
day 32. The rbIFNT sandwich ELISA protocol begins by purifying goat and rabbit polyclonal
sera. A Pierce Bicinchoninic assay was run to determine the protein concentration of the
fractions and those that contained antibodies were pooled. The Goat 51 antibody serum was
further concentrated and determination of the best polyclonal antibody (PAB) for capture and
detection in context of rbIFNT concentrations tested for the ELISA standard curve was
conducted. The Goat #51 was added to well plates to capture antibodies. In order to generate the
standard curve, rbIFNT protein was diluted to yield the linear curve in 10% steer serum and all

standards, samples, buffer reagents and quality controls were added to wells. Each undiluted
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swab sample was collected and added to a well plate where they received detector antibody
conjugated to biotin. The assay was terminated, and plates were read using a BioTech Synergy 2
reader. Quality control rbIFNT standards were diluted in 10% steer serum and added to each
plate to determine coefficient of variation. The average rbIFNT standard absorbance at OD450
nM was plotted to generate a standard curve and the coefficient of variation (%) was calculated
as the standard deviation between rbIFNT OD450 absorbance wells/ means X 100. The IFNT
ELISA was tested for antigen specificity to bIFNT.
Uterine Flushing and Conceptus Collection and Processing

Uterine flushing was conducted on d 16 to collect uterine luminal fluid (ULF) and the
elongating conceptus. Prior to the collection, cows received epidural anesthesia (Lidocaine Vet
One 2%, Boise ID, 5 mL) and had their vulva cleaned. The uterine horn ipsilateral to the CL was
flushed with 20 mL of PBS with 0.1% (v/v) of polyvinyl alcohol using a 20 French Foley
catheter (Amsino International, Pomona, CA, AMSure® 2-Way Hydrophilic-Coated Latex, 18).
The PBS solution was infused using a 60 mL catheter tip plastic syringe (BH Supplies, Berwick,
PA). Under a stereomicroscope (SMZ-171, Motic, San Antonio, TX), the fluid recovered was
examined in a Petri dish and the conceptus was collected from the ULF, measured, placed into a
microcentrifuge tube, snap-frozen in liquid nitrogen, and stored at -80°C for further
metabolomics analysis of conceptus tissues. If no conceptus was collected in the first flushing,
then a maximum of five flushings were conducted before cow exclusion. The ULF from the first
flushing of pregnant cows was placed in a Falcon tube and centrifuged for 10 min at 1000 x g.
After centrifugation, the ULF was stored in a duplicated microcentrifuge tube aliquot, snap
frozen in liquid nitrogen, and stored at -80°C for interferon-tau analysis as described above

(Bishop et al., 2025).
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Targeted Metabolomic Analysis of Conceptus Tissues

Conceptus tissue samples were processed by Corewall Health Research Institute and the
samples were prepared as described by the manufacturer (Biocrates Life Science, AG, Innsbruck,
Austria). Both tissue samples and calibration standards were thawed on ice. To extract tissue
samples 100% isopropanol was used. The amount of propanol used depended on the predicted
weight of conceptus tissue collected. Samples were subsequently homogenized for 30s three
times between 60-second intervals and centrifuged at 15,000 x g at 4°C for 10 minutes to collect
the extracted supernatant. Quality controls (QC) and calibration standards were dissolved in 100
pL of H>O and mixed at 1200 rpm for 15 minutes. 40 pL of extracted tissue samples, 10 pL of
calibration standards, QCs, and phosphate buffer solution were added to the 96 well plate. The
plate was then dried under nitrogen for 60 minutes. All samples and standards were included in a
premix of phenyl isothiocyanate (PITC) and for derivatization purposes stayed at room
temperature for 60 minutes and then dried under nitrogen for an additional 60 minutes. Samples
were extracted in 5 mM ammonium acetate in menthol for 30 minutes using an orbital shaker
and the extracts were collected by centrifuging the preparation plate at 500 x g for 2 minutes. For
the liquid chromatography (LC) phase of analysis, the sample extracts were diluted with H2O
(1:1). For the flow injection analysis (FIA and FIA XL), in a separate plate, 10 uL of sample
extract was mixed with 490 pL of the kit solvent for FIA and 50 pL of the sample extract was
mixed for 10 minutes at 600 rpm at room temperature and placed into the thermostatically
controlled autosampler for analysis.

Samples extracts were analyzed using a Waters I-class UPLC unit coupled with a Waters
Xevo-TQ-S (Waters Corporation, Milford, MA, USA). For UPLC analysis, sample extracts were

separated using the MxP Quant 500 C18 column with an attached guard and precolumn mixer
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(Biocrates Life Sciences, AG, Innsbruck, Austria). The mobile phase consisted of A: H>O and
formic acid (0.2%); B: MeCN and 4 formic acid (0.2%) delivered at a flow rate of 0.8 mL/min
with a gradient of B: 0-100% over 4.50 minutes. Eluent %B was increased to 1.00 mL/min flow
rate and maintained at 100% for 30 seconds followed by a rapid return to the initial conditions
for 70 seconds to equilibrate the column. Both positive and negative mode gradients were 5.8
minutes long. The negative mode acquisition gradient differed from the positive mode with a
difference in %B composition between 2.00-4.50 minutes. The injection volume was 5 pL for
positive data acquisition and 15 pL for the negative run. The wash solvent composition consisted
of H,O: MeOH: MeCN: IPA (v/v).

Sample FIA and FIA XL-MS/MS analysis was performed by using a Q500 Kit (Biocrates
Life Sciences, AG, Innsbruck, Austria). The Q500 Kit offers direct flow injections (FIA) for
lipid analysis. An isocratic method was performed using the kit provided solvent. The isocratic
mobile phase was delivered at a low flow rate of 0.03 mL/min. The injection volume was 20 pL
for both positive and negative mode acquisitions. All data were extracted using the MetIDQ
software following Biocrates instructions (Biocrates, Innsbruck, Austria).
Univariate Analysis

Ovarian, hormonal, and physiological data were analyzed by ANOVA with the MIXED
procedure of SAS (SAS ver. 9.4, SAS/STAT, SAS Institute Inc., Cary, NC) and using cow as the
experimental unit. The model included the fixed effects of treatment, group, and their interaction.
The normality of the residuals and homogeneity of variances were examined using the graphical
distribution of the residuals. Responses that violated the assumptions of normality were
subjected to power transformation according to the Box-Cox procedure in SAS (Box and Cox,

2018). The LSM and SEM were back-transformed for the presentation of the data. Significance
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was stated as P < 0.05. The concentration of metabolites was analyzed in RStudio Version
2023.06.1 + 524 (RStudio, PBC, Boston, MA). Data filtering included metabolites measured in at
least 75% of the samples or found in at least 60% of one sample group. Data were subjected to
loess normalization prior to statistical analysis (Callister et al., 2006). The normality of the
residuals and homogeneity of variances were examined using the graphical distribution of the
residuals and Shapiro-Wilk test. Normally distributed data was analyzed using a parametric test,
such as Limma, and non-parametric data was analyzed by the Wilcox-Mann-Whitney test
(Wilcox test). Multiple comparisons were performed using the Benjamini-Hochberg procedure.
However, to take advantage of the full breadth of data significance was stated as P <0.05 and
tendency 0.05 <P < 0.1.
Results
Physiological, Hormonal, and Ovarian Parameters

There were no significant differences in cyclicity status between TARG and CON
treatments on day -10 (P = 0.43). The size of the dominant follicle on day 0 was 14.92 + 0.67
mm in TARG and 14.44 + 0.67 mm (P = 0.61; Figure 1.2). Corpus luteum blood perfusion
measured on day 14 was 31.53 £1.72 % in TARG and 30.21 £+ 1.73 % in CON (P = 0.59; Figure
1.3). The area of the corpus luteum on day 16 was 3.78 +0.17 cm? in TARG and 3.92 + 0.18 cm?
in CON (P = 0.6; Figure 1.4).

The concentration of progesterone on day 14 of gestation was not significantly different
between treatments (P = 0.18; Figure 1.5), TARG was 6.17 = 0.61 ng/mL, and CON 5.05 + 0.56
ng/mL. In addition, the concentration of progesterone on day 16 of gestation in TARG was 5 +

0.58 ng/mL and CON 4.84 + 0.85 ng/mL (P = 0.75; Figure 1.6).
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The concentration of IFNT in cytobrush collection on d 16 was 1191.94 + 2311.76 pg/mL

in TARG and 1159.28 & 2536.57 pg/mL in CON (P = 0.99; Figure 1.7). Meanwhile, the
concentration of IFNT in recovered flushing media in TARG was 3693.92 + 5133.24 pg/mL, and
CON was 4132.62 + 5742.87 pg/mL (P = 0.95; Figure 1.8). Lastly, conceptus length at d 16 on
TARG had an average of 6.80 + 2.05 cm and CON 5.19 &+ 1.79 cm (P = 0.57; Figure 1.9).
Concentration of Metabolites in Conceptus Tissues atd 16

The dietary supplementation significantly modulated the concentration of seven
metabolites (P < 0.05) and tended to modulate the concentration of 17 metabolites (0.05 < P <
0.1) in conceptus tissues collected on day 16 post-artificial insemination, where six metabolites
were greater in TARG and 18 metabolites were greater in CON.
Triacylglycerols

The concentration of triacylglycerol TG 18:3 36:3 tended to be greater in conceptus
tissues collected from the TARG treatment (P = 0.09; Figure 1.10) and TG 20:0_34:1 tended to
be lower in the TARG treatment (P = 0.08; Figure 1.10).
Diacylglycerols

The diacylglycerols DG 14:0 18:1 and DG 16:0 18:1 had a lower concentration in
conceptus tissues from TARG cows (P = 0.03; Figure 1.11), while DG 18:1 20:1 tended to have
a lower concentration in the TARG treatment (P = 0.05; Figure 1.11). The concentration of DG
18:1 20:4 tended to have a greater concentration in the TARG treatment (P = 0.09; Figure 1.11).
Phosphatidylinositols
The phosphatidylinositols PI 18:2 20:5 and PI 16:0 22:1 tended to have a lower

concentration in the conceptus tissues collected from cows receiving TARG treatment (P = 0.08;

P =0.08; Figure 1.12).
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Phosphatidylethanolamines

The phosphatidylethanolamine, PE 38:6, tended to have a lower concentration in
conceptus tissues from the TARG treatment (P = 0.05; Figure 1.13).
Phosphatidylcholines

The concentration of the phosphatidylcholine, PC O-42:3, was greater in conceptus
tissues from TARG cows (P = 0.03; Figure 1.14), while PC O-36:5 tended to be lower (P = 0.07;
Figure 1.14).
Phosphatidic acids

The phosphatidic acid, PA 16:2 18:1, tended to be lower in the TARG treatment (P =
0.05; Figure 1.15).
Lysophosphatidylglycerols

The concentration of the lysophosphatidylglycerol, LPG 16:1, tended to be greater in the
TARG treatment (P = 0.07; Figure 1.16).
Lysophosphatidylethanolamines

The concentrations of two lysophosphatidylethanolamines, LPE P-22:5 and LPE P-22:4,
were lower in the TARG treatment (P = 0.01, P = 0.02, respectively; Figure 1.17). While LPE
18:1 and LPE P-15:0 tended to have a greater concentration in TARG treatment (P = 0.05, P =
0.07, respectively; Figure 1.17).
Lysophosphatidylserines

The lysophosphatidylserines, LPS 16:0 and LPS 20:1, had lower concentrations in the
TARG treatment (P = 0.01, P = 0.001, respectively; Figure 1.18). While LPS 22:0 tended to

have a lower concentration in the TARG treatment (P = 0.07; Figure 1.18).
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Carboxylic acids

The carboxylic acids, aconitic acid, lactic acid, and glycine tended to be lower in the
TARG treatment (P = 0.06, P = 0.09, and P = 0.06, respectively; Figure 1.19).
Acylcarnitines

The acylcarnitine, propionylcarnitine (C3), tended to have a greater concentration in
TARG treatment (P = 0.07; Figure 1.20).
Discussion

The proper developmental capacity of the growing bovine conceptus relies on the rapid
reorganization of cellular components throughout its maturation process (de Andrade Melo-
Sterza and Poehland, 2021). From days 15 to 18 of gestation, this process intensifies
exponentially as the conceptus increases in size by more than 200 mm in just three days,
requiring a high demand for energy and building blocks for tissue formation (Ribeiro et al.,
2016c¢). This increase in surface area is required for the conceptus to produce a sufficient amount
of interferon-tau (IFNT) (Brooks et al., 2014), which is responsible for the maintenance of
pregnancy (Farin et al., 1989; Gray et al., 2002). Lipids serve as the main substrate in bovine
elongating conceptuses (Ribeiro et al., 2016a), as they are an efficient energy source, generating
up to 3.5 more ATP molecules through fatty acid oxidation compared to glucose (Sturmey and
Leese, 2003; Dunning et al., 2010). Mammalian oocytes store fatty acids in the form of lipid
droplets (Fujimoto and Parton, 2011; Bradley and Swann, 2019). The lipid droplets are a main
supplier of energy, as well as play a vital role in membrane maintenance and cell signaling, as
the conceptus’s surface area grows exponentially in the preimplantation stage (Pratt and George,
1989). Our laboratory has previously reported that the concentration of lipids and methyl donors

in uterine luminal fluid of pregnant beef cows can be modulated by dietary supplementation
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during conceptus elongation (Bahr et al. 2025, under review). Therefore, we hypothesized that
changes in the concentration of metabolites in the uterine luminal fluid would alter early
embryonic development and metabolite incorporation and utilization into conceptus tissues.
Here, we report a change in the concentration of 24 metabolites in elongating conceptus tissues
due to dietary supplementation despite no changes in the concentration of interferon tau in the
uterine luminal fluid or conceptus length 16 days after timed artificial insemination.

The supplementation strategy provided did not modulate the concentration of interferon-
tau in the uterine luminal fluid, nor the conceptus length of elongating conceptuses collected on
day 16 of gestation. During the peri-elongation period, the conceptus is capable of transforming
from a spherical-shaped ovoid measuring approximately 1 mm around day 14 to a filamentous
form measuring 200 mm by day 17 (Ribeiro et al., 2016¢). Interferon-tau is the pregnancy
recognition hormone in ruminants and is produced from the trophectoderm cells of the conceptus
(Kowalczyk et al., 2021). Production of IFNT by the trophectoderm cells is dependent on the
length of the conceptus (Hansen et al., 2017). Interferon-tau concentrations in the uterine luminal
fluid and conceptus length are altered by dietary supplementation of fatty acids (Cooke et al.,
2014; Cipriano et al., 2016; Brandao et al., 2018). Brandao et al. reported that supplementing Bos
taurus cows with Ca salts of soybean oil (CSSO) during early gestation did not have any effect
on conceptus length, but mRNA expression of IFNT in the conceptus was greater in CSSO cows.
Whereas, when supplementing Bos indicus cows with CSSO during early gestation, Cooke et al.
reported a greater concentration of IFNT present in the uterine flushes of CSSO-treated cows but
no differences in the length of conceptuses collected on day 19 of gestation. Contrary, Cipriano
et al. reported that CCSO supplementation to Bos indicus cows during early gestation resulted in

greater conceptus length at day 15 of gestation. Altogether, there are contradictory data regarding
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the effects of mono- and polyunsaturated fatty acids supplementation in early embryonic
development and conceptus-maternal communication, and the strategy applied herein with
mono- and polyunsaturated fatty acids and choline did not influence conceptus length nor [IFNT
concentration in the uterine luminal fluid 16 days after timed-artificial insemination.

The supplementation strategy modulated the concentration of glycerides between TARG
and CON treatments. The triacylglycerol, TG 18:3 36:3, tended to have a greater concentration
in TARG, while TG 20:0 34:1 tended to have a lower concentration in the TARG treatment.
Triacylglycerols compose the largest amount of intracellular lipids in bovine oocytes and are
reported to significantly decrease after maturation, during fertilization, and during the first
cleavage, which reflects greater utilization to support a high demand for ATP (Ferguson and
Leese, 1999; Kim et al., 2001; McKeegan and Sturmey, 2011). In addition, triacylglycerols are
an obligatory source of energy during in vitro maturation of the blastocyst to the zygote stage,
when there is an increased lipolytic activity in the bovine oocyte (Ferguson and Leese, 1999;
Cetica et al., 2002). In summary, there was an equal distribution in the number of
triacylglycerols that were increased between treatments. Meanwhile, the diacylglycerols, DG
14:0 _18:1 and DG 16:0_18:1, had lower concentrations in TARG, whereas 18:1 20:1 tended to
have a lower concentration in TARG. Contrary, DG 18:1 20:4 tended to have a greater
concentration in the TARG treatment. Diacylglycerols act as second messengers in cell signaling
and are vital intermediates in the degradation and biosynthesis of triacylglycerols,
glyceroglycolipids, and glycerophospholipids (Gofii and Alonso, 1999). Triacylglycerols and
diacylglycerols are decreased in toad and bovine conceptuses post-fertilization, contributing to
utilization in the formation of membrane phospholipids, including phosphatidic acid,

phosphatidylcholine, or phosphatidylethanolamine (Alonso et al., 1982; Alonso et al., 1986).
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Altogether, there was an overall decreased accumulation of triacyl- and diacylglycerols in TARG
compared to CON, which could be due to a greater utilization of these building blocks during the
conceptus exponential growth phase.

The concentration of phospholipids in conceptus tissues differed between TARG and
CON treatments. Overall, there were four phospholipids greater in CON and two in TARG.
More specifically, the concentration of two phosphatidylinositols, one
phosphatidylethanolamine, and one phosphatidic acid were greater in CON, and two
phosphatidylcholines were greater in TARG. Phospholipids compose one of the main lipid
classes in bovine oocytes and play a vital role as building blocks of biological membranes, signal
transduction, mediator production, and eicosanoid formation (Vance et al., 1997; Wang and
Dennis, 1999; Kim et al., 2001; Sudano et al., 2016). The presence of a day seven conceptus can
decrease the concentration of phospholipids in uterine luminal fluid, similarly seen in other
biological fluids, attributing to enhanced cell membrane synthesis (Santos and Schulze, 2012;
Sponchiado et al., 2019). The importance of increased membrane synthesis activity in cancer and
conceptus cells is confirmed through the synthesis of the major phospholipids that are found in
cellular membranes, suggesting that phospholipids are rate-limiting for rapid cellular
transformations (de Molina et al., 2002; Ramirez de Molina et al., 2002; Gallego-Ortega et al.,
2009; Santos and Schulze, 2012). However, in our experiment, conceptus length did not differ
between treatments (CON = 5.19 + 1.79 cm and TARG = 6.80 £ 2.05 cm); therefore, it is
unknown whether increased utilization could be explained by greater metabolism for tissue
growth. The phosphatidylinositols, PT 18:2 20:5 and PI 16:0 22:1, tended to have lower
concentrations in the TARG treatment. Phosphatidylinositol is a structural component of cell

membranes that influences fluidity, permeability, and thermal phase behavior and is also an
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intermediate precursor of phosphoinositide, capable of generating second messengers (IP3) and
diacylglycerols. Inositol phosphates, signaling molecules derived from phosphatidylinositols,
were present in day 14 and day 16 elongating blastocysts, but were more active in day 14
blastocysts, concurrent with the start of elongation (Hynes et al., 2003). Similarly, the
phosphatidylethanolamine, PE 38:6, tended to have a lower concentration in the TARG
treatment. Phosphatidylethanolamines provide structural integrity of functional membranes and
compose the second largest amount of phospholipids in mammalian cells (Edidin, 2003). In
oviductal fluid, phosphatidylethanolamine is a major component of extracellular vesicles and in
sheep, can be internalized by trophectoderm cells within the uterus, indicating that PE is
necessary for conceptus-maternal communication and throughout early development (Burns et
al., 2016; Banliat et al., 2020). The phosphatidylcholine, PC 0-42:3, had a greater concentration
in TARG, while PC O-36:5 tended to have a greater concentration in TARG.
Phosphatidylcholines are one of the main lipids in the surface of lipid droplets, play an important
structural role in cell membranes, and regulate cellular functions and signaling (Edidin, 2003;
King et al., 2021b). The accumulation of lipid droplets in the endometrium of sheep leads to a
greater concentration of phosphatidylcholine on days 12 and 15 of the estrous cycle, likely in
preparation for a conceptus (Meier et al., 1997). In the experiment herein, the dietary
supplementation successfully provided the building blocks for the greater formation of
phosphatidylcholines in TARG. Lastly, the phosphatidic acid, PA 16:2 18:1, tended to have a
lower concentration in TARG treatment. Phosphatidic acid (PA) is a key intermediate in the
biosynthesis of all glycerol-derived lipids and is involved in signal transduction, cytoskeleton
organization, and cell proliferation (Carman and Henry, 2007; Yang and Frohman, 2012;

Chandel, 2021). Hydrolysis of PA can give rise to lysophosphatidic acid, whose signaling was



50

discovered to be involved in early embryonic development through conceptus-maternal
interactions (Torres et al., 2014; Beltrame et al., 2020; Ye et al., 2021). Overall, the greater
number of phospholipids that were decreased in TARG could suggest increased utilization of
phospholipids during the elongation phase through multiple pathways, most importantly,
membrane synthesis at the onset of conceptus elongation.

The concentration of lysophospholipids in conceptus tissues differed between TARG and
CON treatments. Overall, seven lysophospholipids were greater in CON, and one was greater in
TARG. Specifically, the concentration of four lysophosphatidylethanolamines and three
lysophosphatidylserines were greater in CON, and one lysophosphatidylglycerol was greater in
the TARG. The lysophosphatidylglycerol, LPG 16:1, tended to have a greater concentration in
the TARG treatment. Although the in vivo role of LPG is still not widely known, it can act as a
precursor for the de novo synthesis of phosphatidylglycerol, and its addition to cells in vitro can
cause phosphorylation of signaling molecules, contributing to changes in cell signaling (Park et
al., 2007a; Makide et al., 2009). Meanwhile, lysophosphatidylethanolamines, LPE P-22:5 and
LPE P-22:4, had a lower concentration in TARG, while LPE 18:1 and LPE P-15:0 tended to
have a lower concentration in the TARG treatment. Similarly, most of its physiological effects
remain unknown in mammals, but it can also induce intracellular calcium responses (Park et al.,
2007b). Additionally, lysophosphatidylethanolamines are seen to increase on day eight normally
developing bovine conceptus cultures when compared to developmentally arrested conceptuses
on the same day (NOomm et al., 2019). Lastly, the lysophosphatidylserines, LPS 16:0 and LPS
20:1, had a lower concentration in TARG, while LPS 22:0 tended to have a lower concentration
in the TARG treatment. Lysophosphatidylserines are potent biologically active signaling

molecules that can mediate histamine release from mast cells and work through G protein-
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coupled receptors to regulate calcium mobilization within cells (Inoue et al., 2012; Vance, 2015;
Shanbhag et al., 2020). Overall, there was an increased concentration of lysophospholipids in
CON compared to TARG. It is unknown whether this increased concentration could favor cell
signaling or be a precursor reserve to build, if needed, molecules such as phosphatidylglycerol.
The dietary supplementation provided herein altered the concentration of carboxylic acids
in conceptus tissues between the TARG and CON treatments. Specifically, aconitic acid, lactic
acid, and glycine tended to have lower concentrations in the conceptus tissues of the TARG
treatment 16 days after timed artificial insemination. Cis-aconitic acid decreased in culture media
of day seven conceptuses that generated a successful pregnancy, showing greater utilization of
the metabolite during conceptus development (Gimeno et al., 2021). In parallel, in mammalian
blastocysts, glucose is the main nutrient source to support rapidly proliferating cells, producing a
large amount of lactic acid at the maternal-fetal interface, creating an ideal implantation
environment (Gardner, 2015; Jiang, 2017; Xiao et al., 2017). Lastly, glycine is one of the most
abundant amino acids in oviductal fluid, and during preimplantation, it plays a role in the
maintenance of cell volume and intracellular osmolarity through transporters that appear soon
after ovulation (Moore and Bondioli, 1993; Steeves et al., 2003a; Baltz and Zhou, 2012). Glycine
is also necessary for protein and DNA synthesis, aiding in cell proliferation that is required for
the growth of the conceptus, leading to a significantly reduced concentration in the ULF of
pregnant cows (Steeves et al., 2003b; Sponchiado et al., 2019). Lastly, an acylcarnitine,
propionylcarnitine (C3), tended to have a greater concentration in the TARG treatment. The
presence of a day seven conceptus reduces the concentration of acylcarnitines in ULF, likely due
to its role in fatty acid transport and energy metabolism (Sponchiado et al., 2019). Altogether, as

the literature suggests, it is unknown if the decreased concentration of carboxylic acids within
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conceptus tissues in TARG could lead to greater conceptus development or pregnancy outcomes
compared to CON.

The dietary supplementation of fatty acids during early gestation altered the metabolite
accumulation in elongating conceptus tissues. Summarizing, there were a greater concentration
of 18 metabolites in CON and six metabolites in TARG. Interestingly, the majority of metabolite
classes, such as diglycerides, phosphatidylinositols, phosphatidylethanolamines, phosphatidic
acids, lysophosphatidylethanolamines, lysophosphatidylserines, aconitic acid, lactic acid, and
glycine, were greater in CON. It is plausible that the greater concentration of some of the
metabolites in CON, which, according to the literature, could reflect a decreased utilization of
these metabolites for conceptus development. Nevertheless, it is important to reiterate that we
did not report a significant modulation in conceptus length between treatments (CON = 5.19 +
1.79 cm and TARG = 6.80 £ 2.05 cm) nor in the concentration of interferon tau in the uterine
luminal fluid 16 days after timed artificial insemination. It is also unknown if changes reported
herein would alter conceptus length or conceptus-maternal communication at the end of the
elongation period. In addition, this study was not designed to inquire about fertility outcomes,
and therefore, we can’t speculate if metabolite accumulation could interfere with pregnancy
outcomes. Nevertheless, our experiment presents novel data regarding the incorporation and
perhaps utilization of metabolites in conceptus tissues during a key window of pregnancy
establishment in ruminants. Further research regarding the effects reported herein on conceptus-

maternal communication and pregnancy outcomes is warranted.



List of Tables:

Table 1.1: Supplementation strategy for cows receiving CON or TARG treatments.

Supplements (g as-fed/day)

Soybean Meal
Energy Booster!
Limestone Mix?

Essentiom?
ReaShure*

TARG CON
- 30
- 114
- 27
100 -
60 -

'Energy Booster 100®, Milk Specialties Global, Eden Prairie, MN
2Hubercarb® Q40-200 Calcium Carbonate, Huber Engineered Materials, Edison, NJ

3Essentiom™, Arm & Hammer, Ewing, NJ
“ReaShure®, Balchem, Montvale, NJ

Table 1.2: Nutritional profile of total mixed ration and supplements
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Corn Soybean Energy  Essention’ ReaShure?
Silage Meal Booster!

Crude Protein | %DM 8.8 51.9 0.2 0.4 22.2
Soluble Protein | %DM 54 12.3 0 0 21.3
Acid Detergent | %DM 214 6.5 0.1 0.1 24.8

Fiber
Neutral | %DM 36 10.9 0.1 0.3 43.5
Detergent Fiber
Ash | %DM 3.28 7.03 0.68 24.84 0.88
Calcium | %DM 0.16 0.37 0.01 9.64 0.11
Phosphorus | %DM 0.27 0.75 0 0 0.01
Magnesium | %DM 0.24 0.32 0.04 0.1 0.04
Potassium | %DM 0.8 24 0.02 0.14 0.08
Sodium | %DM 0.01 0.01 0.01 0.2 0.01
Total Digestible | %DM 74.5 81.1 - - -
Nutrients
Iron | ppm 43 143 45 128 46
Manganese | ppm 35 35 3 10 3
Zinc | ppm 35 66 3 18 5
Copper | ppm 6 17 1 5 1
Net Energy | Mcal/lb 0.87 0.98 - - -
Maintenance

"Energy Booster 100®, Milk Specialties Global, Eden Prairie, MN

Essentiom™, Arm & Hammer, Ewing, NJ
3ReaShure®, Balchem, Montvale, NJ



Table 1.3: Fatty acid profile and daily intake between CON and TARG treatments.
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Fatty Acid (g as-fed) CON TARG
C6:0 Hexanoic Acid 0 0.061
C8:0 Caprylic Acid 0.228 0.053
C10:0 Capric Acid 0.196 0.015
C12:0 Lauric Acid 0.827 0.191
C14:0 Myristic Acid 2.534 0.551
C15:0 Pentadecanoic Acid 0.326 0.065
C16:0 Palmitic Acid 46.66 26.18
C16:1 Palmitoleic Acid 0.337 0.13
C17:0 Heptadecanoic Acid 0.957 0.18
C18:0 Stearic Acid 46.66 29.93
C18:1w9c Oleic Acid 6.95 22.09
C18:1w7 Vaccenic Acid 0.15 0.88
C18:2w6 Linoleic Acid 1.52 24.09
C18:3w3 Linolenic Acid 0.076 2.96
C20:0 Arachidic Acid 0.57 0.42
C20:1w9 Eicosenoic Acid 0.11 0.15
C22:0 Behenic Acid 0.11 0.31
C24:0 Lignoceric Acid 0.076 0.17
C23:0 Tricosanoic Acid 0 0.074
C21:0 Heneicosanoic Acid 0 0.0097
Other 0.5 0.24
Total Fatty Acids (g as-fed) 108.7 108.7
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Figure 1.1: Schematic of Experimental Design
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Figure 1.2: The size of the dominant follicle (mm) on day 0 between TARG and CON

treatments.
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Figure 1.3: The corpus luteum blood perfusion (%) on day 14 of gestation between TARG and

CON treatments.
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Figure 1.4: The corpus luteum area (cm?) on day 16 of gestation between TARG and CON

treatments.
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Figure 1.5: The concentration of progesterone (ng/ml) at day 14 of gestation between TARG and

CON treatments.
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Figure 1.6: The concentration of progesterone (ng/ml) at day 16 of gestation between TARG and

CON treatments.
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Figure 1.7: The concentration of interferon-tau (ng/mL) from cytobrush collection between

TARG and CON treatments.
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Figure 1.8: The concentration of interferon-tau (ng/mL) from flushing media between TARG

and CON treatments.
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Figure 1.9: The conceptus length (cm) between TARG and CON treatments.
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Figure 1.10: The concentration of Triacylglycerols in the conceptus tissues collected at day 16

of gestation between TARG and CON treatments.
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Figure 1.11: The concentration of Diacylglycerols in the conceptus tissues collected at day 16 of

gestation between TARG and CON treatments.
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Figure 1.12: The concentration of Phosphatidylinositols in the conceptus tissues collected at day

16 of gestation between TARG and CON treatments.
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Figure 1.13: The concentration of Phosphatidylethanolamines in the conceptus tissues collected

at day 16 of gestation between TARG and CON treatments.
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Figure 1.14: The concentration of Phosphatidylcholines in the conceptus tissues collected at day

16 of gestation between TARG and CON treatments.
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Figure 1.15: The concentration of Phosphatidic Acid in the conceptus tissues collected at day 16
of gestation between TARG and CON treatments.
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Figure 1.16: The concentration of Lysophosphatidylglycerol in the conceptus tissues collected at

day 16 of gestation between TARG and CON treatments.
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Figure 1.17: The concentration of Lysophosphatidylethanolamines in the conceptus tissues

collected at day 16 of gestation between TARG and CON treatments.
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Figure 1.18: The concentration of Lysophosphatidylserine in the conceptus tissues collected at

day 16 of gestation between TARG and CON treatments.
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Figure 1.19: The concentration of Carboxylic Acids in the conceptus tissues collected at day 16

of gestation between TARG and CON treatments.
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Figure 1.20: The concentration of an acylcarnitine in the conceptus tissues collected at day 16 of

gestation between TARG and CON treatments.
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Chapter 3
The Dietary Supplementation of Unsaturated Fatty Acids and Choline Alters the Transcriptome

of Peripheral White Blood Cells of Pregnant Multiparous Beef Cows
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Introduction

Cow-calf operations are the foundation of the beef production system. Therefore,
improvement in reproductive inefficiencies has direct effects on the viability and sustainability of
the United States beef production through a 34% reduction in water use, 44% reduction in land
use, and 39% reduction in the CO2-equivalent footprint (Davis and White, 2020; Baruselli et al.,
2023). In cattle, reproductive inefficiency plays a major role during the first month of gestation,
as this is the period of the greatest pregnancy loss (Reese et al., 2020). Thus, successful
pregnancy establishment requires proper communication between the dam and the conceptus,
beginning as early as day 4 of pregnancy (Campanile et al., 2021). During this period, uterine
luminal fluid (ULF) is a prerequisite medium for conceptus growth, acting as the only source of
molecules that support conceptus development during the peri-implantation phase (Spencer et
al., 2007a; Sponchiado et al., 2019). The concentration of the ULF can be modulated through
dietary supplementation (Ribeiro, 2018). Our laboratory has previously reported that the
concentration of lipids and methyl donors in uterine luminal fluid of pregnant beef cows can be
modulated by dietary supplementation during conceptus elongation (Bahr et al. 2025, under
review). Lipids are an important substrate for energy requirements and building blocks for
membrane formation during conceptus elongation (Ribeiro et al., 2016c¢). This is important
because greater conceptus length is positively correlated with greater concentration of interferon
tau in the uterine luminal fluid (Bazer and Thatcher, 2017). Ultimately, the composition and
concentration of the uterine luminal fluid will play a major role in conceptus development and
pregnancy establishment.

Successful pregnancy establishment in cattle can be gauged by conceptus-maternal

communication cues (Sanchez et al., 2019), such as the expression of interferon-stimulated genes
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in white blood cells in peripheral blood (Kizaki et al., 2013) and pregnancy-associated
glycoproteins in maternal blood (Barbato et al., 2022). During the peri-elongation period,
conceptus elongation is required to produce a sufficient amount of interferon tau (IFNT) (Bazer
et al., 1991). The concentration of IFNT is directly correlated with conceptus length and is vital
for maternal recognition of pregnancy, resulting in luteal maintenance that supports implantation
and placentation (Brooks et al., 2014; Wiltbank et al., 2023; Madureira et al., 2024). Interferon-
tau acts in a paracrine fashion on the endometrium to stimulate interferon-stimulated genes
(ISGs), regulating uterine receptivity and conceptus growth (Hansen et al., 1999; Spencer et al.,
2008; Bazer et al., 2009). The most commonly studied ISGs include ISG15, MX1, MX2, and
OASI1, which show greater expression in the endometrium during pregnancy (Forde et al., 2011;
Geisert and Bazer, 2015). In addition, the expression of myxovirus resistance genes (MX) also
increases in the endometrium at the time of implantation and can be stimulated by IFNT in vitro
(Hicks et al., 2003; Mansouri-Attia et al., 2009a; Kim et al., 2013). In the blood, interferon-
stimulated gene 15 (ISG15) mRNA is positively correlated with the peak of IFNT produced by
the conceptus on day 20 (Matsuyama et al., 2012; Hansen et al., 2017). Similarly, the gene 2°-5’
oligoadenylate synthetase 1 (OAS1) has also been detected in pregnant ewe blood cells, as well
as in isolated leucocytes from pregnant cows (Oliveira et al., 2008; Pugliesi et al., 2014). During
conceptus attachment, pregnancy-associated glycoprotein concentrations increase in maternal
circulation due to secretion from syncytial multinucleated cells or cells created from the fusion of
conceptus trophoblast and uterine epithelial cells (Garth Sasser et al., 1986; Wallace et al., 2015).
Therefore, IFNT can be used to assess conceptus presence, and PAGs can be used to assess
conceptus attachment, with both playing immunomodulatory roles (Wiltbank et al., 2016; Pohler

et al., 2020b; Domingues et al., 2024). Pregnancy-associated glycoproteins are thought to play a
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role in adhesion, trophic support of the CL, and regulation of trophoblastic migration (Wooding
et al., 2005). Altogether, ISGs and PAGs can be used as tools to assess conceptus viability at
different stages of gestation.

The effects of supplementing rumen-inert mono- and polyunsaturated fatty acids plus
rumen-protected choline on pregnancy establishment and conceptus-maternal communication are
currently unknown. Contradicting results have been previously reported when mono- and
polyunsaturated fatty acids are supplemented alone (Cooke et al., 2014; Cipriano et al., 2016;
Brandao et al., 2018). More specifically, when cows were supplemented with calcium salts of
soybean oil, there was a tendency for greater concentration of IFNT, but no difference in
conceptus length and gene expression associated with pregnancy establishment at day 19 (Cooke
et al., 2014). Additionally, the same supplementation in another study increased conceptus
length, and IFNT concentration on d 15 and blood ISG expression on d 20 after Al (Cipriano et
al., 2016). Therefore, here we provided the building blocks for energy substrate and membrane
formation during conceptus elongation. We hypothesized that dietary supplementation of rumen-
inert mono and polyunsaturated fatty acids and rumen-protected choline would alter conceptus-
maternal communication and pregnancy establishment in pregnant beef cows. Therefore, our
objectives were to 1) characterize differences in gene expression in white blood cells from
peripheral blood in pregnant cows, 16 and 19 days after timed artificial insemination, and 2)
measure the concentration of pregnancy-associated glycoproteins on days 19, 24, and 30 after
timed artificial insemination between cows receiving a supplementation strategy containing
mostly rumen-inert mono and polyunsaturated fatty acids and rumen-protected choline and cows

receiving mostly saturated fatty acids.
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Materials and Methods

Animals and Experimental Design

One hundred multiparous suckled Angus cows (Bos taurus, 595.79 £ 6.19 kg body
weight, 5.02 £+ 0.052 body condition score, and 77.06 = 0.928 days postpartum) were housed at
the North Carolina State University, Butner Beef Cattle Field Laboratory. Cows and their calves
were housed in 12 pens, allocating 6 to 12 cows per pen with ad libitum access to water. All
procedures involving animals were approved by the North Carolina State University Animal
Care and Use Committee (protocol number 23-115). Cows were limit-fed (4.84% of body
weight) a similar total mixed ration (TMR) composed of 94.4% corn silage and 5.6% concentrate
to meet requirements for a 635.03 kg lactating cow with 13.61 kg per day peak milk (NASEM,
2016) to maintain a moderate body condition score (BCS) (Whitman, 1975).

On d -45, cows were weighed, had their Body Condition Score recorded (BCS; 1-9 scale;
(Whitman, 1975)), and were allocated into pens. Pen allocation was determined by stratifying
cows by BCS and weight. Each pen contained individual feeding units (Calan Broadbent Feeding
System, New Hampshire, USA) where dietary treatments were provided. Pens were divided into
three groups to accommodate sampling, starting on three different calendar days but following
the same experimental design (Figure 2.1). Three cows that did not adapt to the individual
feeding system were removed from the study. One cow was replaced prior to the start of
treatments.

After an acclimation period of 15 days, on d -30, each cow within a pen was randomly
assigned to receive either 1) CON: 114 g of mostly saturated fatty acids (Energy Booster 100;
Milk Specialties, Eden Prairie, MN), 27 g limestone, and 30 g soybean meal (n = 49) or 2)

TARG: 100 g of mostly rumen-inert mono- and polyunsaturated fatty acids (Essentiom; Church
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and Dwight Co., Inc., Princeton, NJ) and 60 g of rumen-protected choline (ReaShure; Balchem,
Montvale, NJ; n = 49). Supplementation was top-dressed on the TMR daily until d 30.

At d -10, cows had ovarian ultrasonography (M6 Vet Ultrasound system, Mindray,
Nanshan, Shenzhen, China) performed for the detection of a corpus luteum, were given an i.m.
injection of gonadotropin releasing hormone (GnRH, Factrel Zoetis, Kalamazoo, MI, 100 pg
gonadorelin), and had a controlled internal drug release device (CIDR, Eazi-Breed Zoetis,
Kalamazoo, MI, 1.38 g) placed intravaginally to begin the synchronization using the 7-day CO-
Synch + CIDR (Larson et al., 2006). At d -3, an injection of PGF2a i.m. (Lutalyse HighCon,
Zoetis, Kalamazoo, M1, 25 mg dinoprost) was given, an estrus detection patch (Estrotect,
Rockway Inc., Spring Valley, WI) was placed on the tailhead, and CIDR was removed. At d 0,
an injection of 2 mL GnRH i.m. was given, ovarian ultrasonography was performed to determine
the size and location of the dominant follicle, estrus detection patches were scored (0: not rubbed
off, n = 30; 1: less than 50% rubbed off, n = 6; and 2 : 50 to 70% rubbed off, n = 1; or 3: more
than 70% rubbed off, n = 23; missing = 38), and timed artificial insemination was performed. All
females were artificially inseminated by the same technician. Semen from two proven sires was
balanced between treatments. At d 16, twenty-three cows from TARG and twenty cows from
CON were randomly selected to receive a uterine flushing. All cows that underwent uterine
flushing were excluded from the experiment. At d 30, the remaining cows (TARG = 26 and CON
= 29) were ultrasounded to determine pregnancy status, and supplementation ended.

Feed and Supplement Analyses

The ingredients of the TMR and supplements were analyzed for standard wet chemistry

profiles following a commercial laboratory guideline (Cumberland Valley Analytical Services,

Waynesboro, PA). Energy Booster 100, Essentiom, and ReaShure were analyzed using standard
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wet chemistry, and for fatty acid profile (Sukhija and Palmquist, 1988). All samples were

collected and analyzed prior to the initiation of the experiment. Two sources of corn silage were
used, and average results are presented. Supplementation was balanced to be isocaloric,
isonitrogenous, and isolipic. Therefore, treatments only differed in the fatty acids profile and the
inclusion of choline in TARG.
Blood Collection and Laboratory Analysis

Blood samples were collected using K2EDTA tubes (BD Vacutainer, Franklin Lakes, NJ)
for the concentration of progesterone on d 16, d 19, d 24, and d 30 and BD Serum Vacutainer
tubes (BD, Franklin Lakes NJ) for the concentration of pregnancy-associated glycoproteins on d
19, d 24, and d 30 via jugular venipuncture. Blood samples were centrifuged at 1500 x g for 10
min at 4°C. After centrifugation, plasma and serum were collected with a plastic disposable
pipette and transferred to a microcentrifuge tube. The samples were stored at -20°C until
analyzed. Progesterone was analyzed by liquid-liquid phase, double antibody RIA using assay
reagents (Pohler et al., 2016b). The inter-and intra-assay estimates of coefficients of variation
(CV) were < 10%. Pregnancy-associated glycoproteins were analyzed in duplicate with a
quantitative commercially available BioPRYN (BioTracking, LLC, Moscow, ID) assay
following the manufacturer’s guidelines. Some samples on d 24 and most of the samples from d
30 required to be diluted to fit the range of the standard curve. Samples were first diluted by 1:4;
however, if samples were still out of range, those samples were diluted to 1:10 using saline
(Nova-Tech, Inc., Grand Island, NE) as a solvent. Results were multiplied by the dilution factor
to measure concentration. Blood samples were collected via jugular venipuncture using
PAXgene Blood RNA tubes (BD, Franklin Lakes NJ) on d 16 and d 19 for whole blood RNA

extraction and further RNA sequencing. Tubes were kept at room temperature for at least two
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hours before being stored at -20°C for 24 hours, then transferred to be stored at -80°C until
extraction. Samples were only analyzed for cows deemed pregnant at d 16 by conceptus
collection at uterine flushing or diagnosed pregnant at d 30 by rectal ultrasonography.
RNA Extraction, Library Generation, and RNA Sequencing

Blood samples were collected using PAXgene Blood RNA Tubes (PreAnalytix,
Feldbachstrasse, Switzerland) for RNA extraction and RNA sequencing ond 16 and d 19 via
jugular venipuncture. Prior to collection, tubes were kept at room temperature for a minimum of
two hours. The tubes were then placed into a -20 °C freezer for 24 hours before being moved to -
80 C where they were stored until RNA extraction. RNA extraction was conducted using the
PAXgene Blood RNA kit (PreAnalytix, Feldbachstrasse, Switzerland). Prior to extraction, blood
tubes were thawed at room temperature (18-25 °C) for approximately two hours and inverted 10
times before beginning processing. After thawing, the tubes were centrifuged for 10 minutes at
5000 x g, and the supernatant was removed using a disposable pipette. Then, 4 mL of RNase-
Free Water was added to the pellet and vortexed until the pellet dissolved. The tube was
centrifuged again for 10 minutes at 5000 x g, the supernatant was discarded, and 350 mL Buffer
BR1 was added and fully dissolved by vortexing. The sample was pipetted into a
microcentrifuge tube, where 300 pL. Buffer BR2 and 40 pL of proteinase K were added,
vortexed, and incubated for 10 minutes at 55 °C in a shaker-incubator at 1400 rpm. The lysate
was pipetted into a PAXgene Shredder spin column and centrifuged for 3 minutes at maximum
speed. The supernatant was transferred to a new microcentrifuge tube, 350 ul of ethanol was
added, and the sample was vortexed. Then, 700 pL of the sample was pipetted into a PAXgene
RNA spin column, centrifuged for 1 minute at 10,000 x g, and the spin column was placed into a

new processing tube. This process was repeated with the remaining sample. Then, 50 pL of
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Buffer BR3 was pipetted into the PAXgene RNA spin column, centrifuged for 1 minute at

10,000 x g, and the spin column was placed into a new processing tube. In a separate
microcentrifuge tube, DNase I stock solution was added with Buffer RDD in a one-to-seven ratio
according to the number of samples. The DNase I incubation mix was pipetted into the PAXgene
RNA spin column membrane and incubated at room temperature for 15 minutes. Then, 350 pL
of Buffer BR3 was pipetted into the PAXgene RNA spin column, centrifuged for 1 minute at
10,000 x g, and the spin column was placed into a new processing tube. This process was
repeated using 500 pL of Buffer BR4. Another 500 uL of Buffer BR4 was added to the
PAXgene RNA spin column and was centrifuged for 3 minutes at 10,000 x g. The PAXgene
RNA spin column was placed into a new processing tube and centrifuged for 1 minute at 10,000
x g. The PAXgene RNA spin column was again placed into a new microcentrifuge tube, where
40 pL of Buffer BRS was pipetted into the PAXgene RNA spin column membrane, and the
sample was centrifuged for 1 minute at 10,000 x g. This step was repeated. The elute was
incubated for 5 minutes at 65 °C in a shaker-incubator without shaking. Immediately following
incubation, samples were placed on ice and stored at -20 °C until analyzed.

RNA samples from pregnant cows in the CON (n = 7) and TARG (n = 7) treatments at d
16 and CON (n = 12) and TARG (n = 8) at d 19 were sequenced by Novogene Corporation
(https://en.novogene.com). The quality control of the RNA samples was performed before library
generation, RNA Integrity Number (RIN) ranged from 2.5 to 8.5, and RIN averaged 5.87 + 1.53.
The sequencing library was constructed using the RNA-NEBNext Ultra RNA Library Prep Kit
for [llumina (New England Biolabs, Ipswitch, MA, USA). The sequencing was performed using

Novaseq 6000 (Illumina, Sacramento, CA, USA).
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RNAseq and Bioinformatics Analyses

The quality of the RNA-seq reads was evaluated using the fastp software. Clean data
reads were obtained by removing reads containing poly-N, reads containing adapter, and low-
quality reads from raw data. During this step, Q20, Q30, and GC content were calculated. All of
the downstream analyses were based on clean, high-quality data. The ARS-UCD1.2 bovine
reference genome and gene model annotation files were directly downloaded from the genome
website. The reference genome was built using Hisat2 (v2.0.5) and paired-end clean reads were
aligned to the reference genome using Hisat2 (v2.0.5) (Mortazavi et al., 2008). In a reference-
based approach, the mapped reads of each sample in the bovine genome were assembled using
Stringtie (v1.3.3b) (Pertea et al., 2015). To calculate the reads numbers mapped to each gene the
software FeatureCounts (v1.5.0-p3) was used (Liao et al., 2014). Then FPKM (expected number
of Fragments Per Kilobase of transcript sequence per Million base pairs sequenced) of each gene
was calculated based on the length and reads count mapped to this gene. The number of uniquely
mapped reads that were effectively used for the gene expression analysis averaged 16.1 million
per sample, with a minimum of 12.8 million reads and a maximum of 24.0 million reads (median
16.1 million reads, 1st quartile 14.3 million reads, and 3rd quartile 16.5 million reads).

Detection of differentially expressed genes between CON and TARG treatments at d 16
and d 19 was performed using a generalized linear model implemented in the R package
DESeq2R. This R package provides statistical routines for determining differential expressions
in digital gene expression data using a model based on the negative binomial distribution. DEGs
were determined using false discovery rate-adjustment for multiple comparisons (FDR < 0.1)
and unadjusted P-values < 0.05. Analysis of DEGs and fold changes was performed comparing

CON versus TARG treatments.
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Ingenuity Pathway Analysis

Pathway analyses were performed using Ingenuity Pathway Analysis (IPA, Qiagen) for
the transcriptomic datasets generated by analyzing the endometrial transcriptome. The set of
DEGs used in each analysis was determined based on an unadjusted P-value of < 0.05. Emphasis
were given to the significant canonical pathways and bio-functions after multiple comparisons
correction (i.e. -log (Benjamini — Hochberg P-value) > 1.3 or Benjamini — Hochberg P-value <
0.05), that were predicted to be increased or decreased based on a Z-score > 2.0 and < -2.0,
respectively. Furthermore, IPA was used to connect the dataset molecules with predicted
upstream regulators and downstream functions (i.e., regulator effects analysis) using the IPA
algorithms (Krémer et al., 2013). The predictions were deemed to be activated or inhibited based
on the Z-score criteria described above.

Univariate Analyses

Hormonal, ovarian, and production data were analyzed by ANOVA with the MIXED
procedure of SAS (SAS ver. 9.4, SAS/STAT, SAS Institute Inc., Cary, NC) and using the cow as
the experimental unit. The model included the fixed effects of treatment, group, and their
interaction. The concentration of PAGs and P4 on days 19, 24, and 30 was analyzed by repeated
measures. The model included the fixed effects of treatment, time, their interaction, and group.
In addition, the random effect of the cow nested within treatment was included. The normality of
the residuals and homogeneity of variances were examined using the graphical distribution of the
residuals. Responses that violated the assumptions of normality were subjected to power
transformation according to the Box-Cox procedure in SAS. The LSM and SEM were back-

transformed for the presentation of the data. Significance was stated as P <0.05.
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Results

Concentrations of Progesterone and Pregnancy-Associated Glycoproteins

The concentration of progesterone on days 19, 24, and 30 of gestation was not
significantly different between treatments (P = 0.81; Figure 2.1). The overall concentration of
progesterone between treatments did not differ, with TARG having a mean of 7.4 + 0.61 ng/mL
and CON 6.76 = 0.57 ng/mL (P = 0.45). The progesterone concentration by day was
significantly different, with a mean of 6.57 + 0.6 on day 19, 6.07 + 0.6 on day 24, and 8.59 +
0.58 on day 30 (P = 0.004). Progesterone concentration had no significance between groups (P =
0.23).

The concentration of PAGs on day 19, 24, and 30 of gestation was not significantly
different between treatments (P = 0.82; Figure 2.2). The overall concentration of PAGs was not
significantly different between treatments; TARG had a mean of 27.8 + 1.66 ng/mL, and CON
29.09 + 1.52 ng/mL (P = 0.56). The PAG concentration by day was significantly different, with a
mean of 1.65 + 2.12 ng/mL on day 19, 15.22 + 1.98 ng/mL on day 24, and 68.47 +1.98 ng/mL on
day 30 (P =0.001). The concentration of PAGs had no significant difference between group one
25.09 + 1.79 ng/mL, group two 32.1 + 2.36 ng/mL, and group three 28.15 + 1.77 (P = 0.08).
Global Analyses on IPA ond 16

The global analyses focused on results generated by RNAseq, a total of 12,245 genes
were analyzed, and of those genes, 182 were deemed differentially expressed between TARG
and CON (P <0.05). Among these genes, 104 genes were upregulated, and 78 genes were
downregulated in the TARG treatment. Altogether, the action of these genes can be observed in
the graphical summary in Figure 2.3, where an inhibition in processes such as extracellular

matrix organization and serotonin receptor signaling can be observed in CON. The ten most
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significant canonical pathways are represented in Figure 2.5, where there is a predicted
activation in G-Protein coupled receptor signaling and pathogen-induced cytokine storm
signaling pathway. In contrast, there is a predicted activation of serotonin receptor signaling,
extracellular matrix organization, CXCR4 signaling, RAR activation, and elastic fibre formation.
Lastly, there was no predicted directionality in syndecan interactions, cardiac hypertrophy
signaling, and thrombin signaling.
Individual Gene Expression on d 16

The gene expression analyses focused on individual genes that were significantly
different between treatments after multiple corrections (FDR < 0.1). In our dataset, TMCC2, a
placenta-specific gene, had a greater expression in TARG treatment (Figure 2.6).
Global Analyses on IPA ond 19

The global analyses focused on results generated by RNAseq, a total of 12,390 genes
were analyzed, and of those genes, 1,149 were deemed differentially expressed between TARG
and CON (P <0.05). Among these genes, 487 genes were upregulated and 662 genes were
downregulated in the TARG treatment. Altogether, the action of these genes can be observed in
the graphical summary in Figure 2.7 where a major activation in processes such as cellular
growth and proliferation can be observed in CON. The ten most significant canonical pathways
are represented in Figure 2.8, where there is a predicted inhibition in response of EIF2AK4
(GCN2) to amino acid deficiency, eukaryotic translation elongation, eukaryotic translation
termination, nonsense-mediated decay (NMD), SRP-dependent cotranslational protein targeting
to membrane, major pathway of rRNA processing in the nucleolus and cytosol, eukaryotic
translation initiation, selenoamino acid metabolism, EIF2 Signaling, and signaling by ROBO

receptors. There was no directionality in the coronavirus replication pathway. Altogether, when
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exploring the minimal regulator effect to function network (Figure 2.9), there is an action of the
upstream regulator MYC leading to a major inhibition of several ribosomal proteins and
ultimately an activation of cell death of cancerous cells.
Individual Gene Expression on d 19

This analysis focused on individual genes that had a significantly different expression in
whole blood white cells between treatments (FDR < 0.1). There were 16 genes modulated in our
dataset, that belong to development, inflammatory, and lipid metabolism pathways. The genes
STRAS, ENSBTAG00000057161, and ENSBTAG00000005315 were upregulated in the TARG
treatment. While the genes TFAP2C, STX1A, SH3PXD2B, SCN4B, LRP6, CENPA, CALCRL,
RETN, DGKG, H3C6, KCNT1, ENSBTAG00000068842, and ENSBTAGO00000052265 were
downregulated in the TARG treatment.
Cell Development

The genes involved in cell development, SH3PXD2B (FDR = 0.05; Figure 2.9), CENPA
(FDR = 0.04; Figure 2.10), CALCRL (FDR = 0.02; Figure 2.10), H3C6 (FDR = 0.02; Figure
2.10), and STRAS (FDR = 0.07; Figure 2.10) were downregulated in the TARG treatment.
Cell Growth and Proliferation

The cell growth and proliferation genes TFAP2C (FDR = 0.09; Figure 2.11) and LRP6
(FDR = 0.02; Figure 2.11) were downregulated in the TARG treatment.
Cell Signaling

The cell signaling gene STX1A (FDR = 0.02; Figure 2.12) was downregulated in the

TARG treatment.
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Cell Regulation

In the cell regulation pathway, the genes SCN4B (FDR = 0.02; Figure 2.13), RETN
(FDR = 0.05; Figure 2.13), and KCNT1 (FDR = 0.05; Figure 2.13) were downregulated in the
TARG treatment.
Metabolism

Within lipid metabolism, DGKG was downregulated in the TARG treatment (FDR =
0.02; Figure 2.14).
Novel

The novel genes, ENSBTAG00000057161 (FDR = 0.004; Figure 2.15) and
ENSBTAG00000005315 (FDR = 0.04; Figure 2.15), were upregulated in the TARG treatment,
while ENSBTAG00000068842 (FDR = 0.005; Figure 2.15) and ENSBTAG00000052265 (FDR
=0.08; Figure 2.15) were downregulated in the TARG treatment.
Discussion

Rapid remodeling of conceptus tissues occurs during conceptus development, particularly
during elongation. At day 16 of gestation, the conceptus is in an exponential growth phase and
must successfully signal its presence to maternal tissues to maintain pregnancy through the
secretion of IFNT (Ezashi, 1999; Hansen et al., 2017). Starting on day 19, the conceptus begins
shallow implantation into the first layer of cells within the uterus, known as the endometrial
luminal epithelium (Johnson et al., 2025). During this phase, pregnancy-associated glycoproteins
are secreted from the trophectoderm cells of the conceptus (Wooding, 1992; Sousa et al., 2006;
Filho et al., 2020). Collectively, successful pregnancy establishment can be gauged by
interferon-stimulated genes in white blood cells in peripheral blood during the pre-implantation

stage and through pregnancy-associated glycoproteins in maternal blood after the implantation
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stage (Pohler et al., 2016a; Filho et al., 2020; Casano et al., 2022). At an applied level, blood

represents the most readily available tissue in the body, and whole blood collection can be used
as an easy, non-invasive method that can be analyzed for gene expression to provide some
insight into tissue-specific gene expression (Rockett et al., 2004; Basu et al., 2020). Proper
conceptus signaling is required as the conceptus must evade maternal immune response by
creating an immunotolerant uterine environment through the production of IFNT and by
promoting uterine remodeling through PAG secretion (Ott, 2019). Conceptus secretions regulate
endometrium receptivity by stimulating the release of pregnancy-specific proteins into uterine
luminal fluid, further supporting conceptus-maternal crosstalk (Austin et al., 1996; Singh et al.,
2011; Forde et al., 2015). Therefore, here we provided a diet containing rumen-inert mono- and
polyunsaturated fatty acids and rumen-protected choline to support conceptus-maternal
communication. We hypothesized that cows receiving the targeted supplementation would have
altered gene expression in peripheral blood supporting early embryonic growth and conceptus-
maternal communication on days 16 and 19 after timed artificial insemination and greater
circulating concentrations in maternal blood of pregnancy-associated glycoprotein on days 19,
24, and 30 of gestation. In our experiment, we report a modulation in the transcriptome of white
blood cells in peripheral blood on days 16 and 19; meanwhile, the concentrations of PAGs were
similar between treatments.

The concentrations of progesterone or pregnancy-associated glycoproteins were not
affected by the supplementation strategy. It is well established that the concentration of
progesterone can influence early embryonic development (Robinson et al., 1989; Stronge et al.,
2005), and similar concentrations were observed among treatments. Bos indicus cows

supplemented with calcium salts of soybean oil (CSSO), a source of rumen-inert polyunsaturated
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fatty acids, had a greater concentration of progesterone when compared to cows receiving
saturated fatty acids (SFA) (Lopes et al., 2009) or a control group receiving rumen-inert
indigestible substance (Cooke et al., 2014; Cipriano et al., 2016). In Bos taurus cows, there was
no significant difference detected in P4 concentrations between CSSO cows and CON cows
receiving SFA (Brandao et al., 2018). Our data contradicts experiments where fatty acid
supplementation altered progesterone concentrations in Bos indicus but supports reports in Bos
taurus, as our results showed no significance between treatment groups. However, our data did
show a day effect of P4 increasing from days 19, 24, and 30 of gestation, supporting the vital
role progesterone plays in pregnancy recognition and maintenance (Lonergan et al., 2015;
Simintiras et al., 2019). However, contrary to our hypothesis, the concentration of PAGs did not
differ between treatments. This may be attributed to no differences observed in conceptus length
between TARG and CON treatments. Cooke et al. reported no significance in conceptus
recovery, weight, or length between CSSO cows and cows receiving rumen-inert indigestible
substance on day 19 of gestation (Cooke et al., 2014). Cipriano et al. reported that conceptuses
collected from CSSO-supplemented cows had greater length compared to CON cows receiving
rumen-inert indigestible substance on day 15 of gestation (Cipriano et al., 2016). Brandao et al.
reported no significance in conceptus length between CSSO cows and cows supplemented with
SFA (Brandao et al., 2018). No significance in conceptus lengths between treatments may
indicate that reproductive benefits associated with polyunsaturated fatty acid supplementation
may not be associated with conceptus dimensional development (Cooke et al., 2014). Declines in
PAG concentrations are linked to a reduction in trophoblast cell activity (Barbato et al., 2022),

which we did not observe in this study.
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On day 16, the supplementation strategy containing mono- and polyunsaturated fatty
acids and choline increased the expression of TMCC2 in peripheral blood. Studies of this gene in
Alzheimer’s Disease in the human brain have proposed the role of TMCC2 in the endomembrane
system (Hoyer et al., 2018; Hopkins et al., 2022). TMCC2 was discovered to have interactions
with an actin cytoskeleton regulatory protein, Coronin 1A (Huttlin et al., 2017; Hoyer et al.,
2018). The removal of TMCC?2 in mice results in the impairment of erythropoiesis in vivo, with
no effects on leukocytes or megakaryocyte lineages (Kumari et al., 2022). When comparing gene
expression in whole blood to gene expression in various tissues, it is expected that there will be
an 80% overlap between the blood and tissue transcriptome (Liew et al., 2006). Therefore,
TMCC?2 presence in maternal blood may imply that it is playing a role in endomembrane
systems or interacting with actin cytoskeleton regulatory proteins in various tissues.

On day 19, the supplementation strategy modulated the regulation of cell development
genes between TARG and CON treatments. The genes SH3PXD2B, CENPA, CALCRL, H3C6,
and STRAS8 were downregulated in the TARG treatment. The gene SH3PXD2B has an influence
on podosomes, or actin-rich adhesion structures, of mammalian cells in culture (Linder and
Aepfelbacher, 2003; Mao et al., 2009). In mouse studies, mutations in SH3PXD2B lead to
numerous detrimental developmental effects, providing evidence of the gene’s vital role in
multiple physiological contexts involving extracellular matrix regulation (Mao et al., 2009). In
addition to podosome activity, it has been speculated that SH3PXD2B may also have a role in
regulating metalloproteinases with sheddase activity, which releases signaling molecules and
regulates cellular processes (Mao et al., 2009; Gutiérrez-Lopez et al., 2011). The CENPA gene
has an essential role in cell division through the formation and function of centromeres and

kinetochores (Sun et al., 2016). It has been proposed that mammalian oocytes need expression of
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CENPA for successful embryogenesis, and the gene can be representative of oocyte quality
(Tower et al., 2025). The CALCRL gene is found on immune cells in many normal and
neoplastic tissues, along with calcitonin gene-related peptide and adrenomedullin, all known for
possessing immunomodulatory effects (Holzmann, 2013; Pedrefo et al., 2014; Russell et al.,
2014; Wende et al., 2023). In addition, greater expression of CALCRL is present in numerous
cancers and tumors that share the characteristic of rapid cell division (Wende et al., 2023).
Significant increases in CALCRL mRNA were detected in the endometrium of pregnant gilts
during the peri-implantation period but were not affected by the day of the estrous cycle,
contributing to a pregnancy-specific expression change. In the same study, CALCRL expression
was also found to have a greater expression between days 14 and 16 in porcine conceptuses, a
time period where conceptus elongation and implantation occur (Geisert et al., 1982; Bazer and
Johnson, 2014; Paudel et al., 2021). The H3C6 gene has been shown to have a strong association
with maternal methylation and gestational diabetes mellitus (Canouil et al., 2021). The H3C6
gene has been identified as a core lactylation-related gene, playing a key role in biological
processes that are regulated by lactylation, a type of post-translational modification linking
cellular metabolism to epigenetic regulation (Liu et al., 2022). Through a correlation analysis in
bladder cancer patients, H3C6 expression had positive correlations with cytosolic DNA sensing,
RIG-I-like receptor signaling, and Toll-like receptor signaling pathways, suggesting a regulatory
role in immune recognition and response-related pathways (Chen et al., 2025). The STRAS gene
is most known for its function in the progression of meiosis in germ cells, but its expression has
also been found in trophoblastic giant cells of the mouse placenta, suggesting a role in other cells
(Sapin et al., 2000; Choi et al., 2010). A transcription factor role has also been proposed for

STRAS; however, the relation of the gene between meiosis and placentation expression remains
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unknown (Choi et al., 2010). Fetal RNA, unlike fetal DNA in maternal blood, does not increase

with gestational age but is gene-specific regarding the developmental stage of fetal tissue origin
(Costa et al., 2003). The transcriptomic profile of peripheral blood can be correlated with the
transcriptomic profile of other tissues, especially when applying to the analysis of mechanisms
involved in the maintenance of pregnancy (Wojciechowicz et al., 2019). Therefore, the
developmental genes expressed in maternal circulation in this study have the potential to be
reflective of gene expression in both fetal and maternal tissues.

The supplementation strategy modulated the expression of genes involved in the
regulation of cell growth, proliferation, and signaling on day 19. The genes involved in growth
and proliferation, TFAP2C and LRP6, and the gene STX1A pertaining to cell signaling, were
downregulated in the TARG treatment. The gene TFAP2C has been identified to play a role in a
network of transcription factors that are induced in human trophectoderm and maintained in
placental development (Bai et al., 2012). In the placenta, TFAP2C expression is found mostly in
cytotrophoblast cells, supporting lineage identity, proliferation, migration, and invasion
(Kuckenberg et al., 2012). During the fertilization to gastrulation phase in murine conceptuses, a
TFAP2C-centered network connects gamete-inherited metabolic genes, the parental genetic
context, and the epigenome in cooperatively regulating early embryonic development, and is
regulated by maternal retinoic acid metabolism (Gao et al., 2024). The LRP6 gene acts as a co-
receptor to initiate the canonical Wnt/B-catenin signaling cascade, regulating tissue development
and homeostasis (Joiner et al., 2013). The role of LRP6 is considered essential for proper
gastrulation in mice, with knockout models showing detrimental developmental effects (Kelly et
al., 2004). The increased expression of the gene promoted cell proliferation in culture, colony

formation in soft agar, and tumor formation in nude mice (Li et al., 2004). LRP6 expression is
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found in normal tissues, malignant tissues, and cultured cell lines, suggesting an ubiquitous
expression or a requirement for cell survival (Li et al., 2004). In ketosis studies, the expression
level of STX1A may be used as a predictive biomarker of ketotic cows, due to its suggested role
in environmental stress and ion homeostasis (Wu et al., 2020). In fetal lung mesenchymal cells,
STX1A regulates cell differentiation and proliferation in a dose-dependent manner, likely acting
as a vital component of the secretory complex mediating fibroblast exocytosis (Brimhall et al.,
1999). In a swine study analyzing transcriptomic profiles of peripheral blood from pigs during
the swine maternal recognition of pregnancy on day 13 of gestation, found that certain genes are
expressed in the same manner in blood and uterine tissues, confirming that expression in
peripheral blood may allow for monitoring subtle changes in the pregnant uterus in a non-
invasive way (Wojciechowicz et al., 2019). This could imply that the cell growth, proliferation,
and signaling genes present in maternal blood could potentially be representative of uterine or
other body tissue gene expression.

The genes involved in cell regulation processes, SCN4B, RETN, and KCNT1, were
downregulated in the TARG treatment; at the same time, DGKG, a gene involved in lipid
metabolism pathways, was also downregulated in the TARG treatment. The SCN4B gene was
identified as an important modulator of Rho activity and invasiveness in cancer cells, with
decreased expression observed in cancer cells and tumors that gained invasive properties (Bon et
al., 2016). This gene is also required for the generation of action potentials in excitable cells and
functions in cell-cell adhesion (Shimizu et al., 2017). Despite other functions, SCN4B is most
known for its role in atrial fibrillation in humans due to its effects on conduction of sodium ions
across membranes and voltage-dependent gating of sodium channels (Li et al., 2013). In mice,

RETN plays a role in glucose metabolism and insulin resistance, while in humans, its expression
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was observed in macrophages and is associated with inflammation (Steppan et al., 2001; Patel et
al., 2003). In cattle, RETN is a circulating adipokine that is synthesized and released from
adipocytes, regulating energy homeostasis (Waki et al., 2003; Ebner et al., 2013). The gene is
also reported to be expressed in luteal and follicular cells of the ovary, suggesting a role in
reproductive performance (Maillard et al., 2011; Pandey et al., 2018). The KCNT1 gene encodes
a sodium and chloride-activated potassium channel, known as Slack, that is mainly expressed in
the central nervous system (Bhattacharjee and Kaczmarek, 2005; Xu et al., 2023). However,
most of the information on this gene is on its role in epileptic disorders and seizure activity in
humans, with little relevance to pregnancy (Barcia et al., 2012; Lim et al., 2016). As previously
referenced, the whole blood transcriptome can significantly predict 60 to 80% of tissue-specific
expression across numerous tissues, with a fraction of those representing the uterus (Liew et al.,
2006; Wojciechowicz et al., 2019; Basu et al., 2021). Altogether, the maternal blood
transcriptome can provide some insight into various tissue transcriptomes, potentially including
the uterus.

The dietary supplementation of fatty acids during early gestation modulated the gene
expression in whole blood white cells on days 16 and 19 after artificial insemination. Overall,
there was greater downregulation of genes in the TARG treatment when compared to CON.
Interestingly, the genes upregulated in the TARG treatment reflected a cell development pathway
on day 16 and cell development and novel genes on day 19, whereas the genes upregulated in
CON were also related to cell development, cell growth and proliferation, cell regulation, and
lipid metabolism. It is important to reiterate that none of the publications reviewed in this
discussion found these genes to be expressed in peripheral white blood cells. Therefore, it is

unknown whether the differences reported herein would relate to reproductive tissue-specific



responses. In addition, it is unknown if the results reported herein would affect the fertility

outcomes of these females.
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Figure 2.1 Schematic of the experimental design.

| Blood |
Ultrasound Timed-artificial insemination
+ Ultrasound
Supplementation ¢ Ultrasound
started PGF2a + Estrus v
GnRH detection aid :
Weight + BCS l il il GnRH  Uterine flushing SUprrTfegtat'O”
¢ CIDR ¢ L \4 v A
f T 1 1
d-45 d-30 d-10 d-3 do d16 d19 d24 d 30

Figure 2.2 The concentration of progesterone (ng/mL) on day 19, 24, and 30 between TARG and
CON treatments, days, their interaction, and group.
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Figure 2.3 The concentration of pregnancy-associated glycoproteins (ng/mL) on day 19, 24, and
30 between TARG and CON treatments, days, their interaction, and group.
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Figure 2.4: Graphical summary of processes observed in the CON treatment on day 16. Blue and
orange lines represent whether the function is inhibited or activated, respectively. Gray lines
represent that an effect could not be predicted. Solid and dashed lines indicate direct and indirect
interactions, respectively. Pointed arrowheads represent activation, whereas blunt arrowheads
represent an inhibitory relationship.
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Figure 2.5: Top 10 canonical pathways activation or inhibition Z-score on day 16. Blue indicates
the pathway is inhibited and orange indicates the pathway is activated in the CON treatment.
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Figure 2.6: Relative gene expression of a placenta-specific gene between TARG and CON
treatments. Means are reported as mean + SEM.
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Figure 2.7: Graphical summary of processes observed in the CON treatment on day 19. Blue and
orange lines represent whether the function is inhibited or activated, respectively. Gray lines
represent that an effect could not be predicted. Solid and dashed lines indicate direct and indirect

interactions, respectively. Pointed arrowheads represent activation, whereas blunt arrowheads
represent an inhibitory relationship.
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Figure 2.8: Top 10 canonical pathways activation or inhibition Z-score on day 19. Blue indicates
the pathway is inhibited and orange indicates the pathway is activated in the CON treatment.
Color intensity represents the degree of activation or inhibition.
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Figure 2.9: Regulatory network diagram centered on MYC. The network’s hierarchical structure

shows the transcription factor at the top, molecules/genes in the middle, where blue means

activation, and biological functions at the bottom, where orange points to the downstream effect.

©2000-2025 QAGEN. Al fights reserved

RPL35
N
~

REL(S R RPL32  REL23A  RPLY RPS14
8 A R < S

NN L
NNV,
X 227
N
SN \§\\hl 1, % 774
Cell death of arcoma cells



Figure 2.10: Relative gene expression between TARG and CON treatments in the cell

development pathway. Means are reported as mean + SEM.
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Figure 2.11: Relative gene expression between TARG and CON treatments in the cell growth

and proliferation pathway. Means are reported as mean = SEM.
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Figure 2.12: Relative gene expression between TARG and CON treatments in the cell signaling
pathway. Means are reported as mean = SEM.
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Figure 2.13: Relative gene expression between TARG and CON treatments in the cell regulation
pathway. Means are reported as mean = SEM.
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Figure 2.14: Relative gene expression between TARG and CON treatments in the lipid
metabolism pathway. Means are reported as mean + SEM.
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Figure 2.15: Relative gene expression between TARG and CON treatments in the novel
pathway. Means are reported as mean = SEM.
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CHAPTER 4

General Conclusions and Future Directions
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General Conclusions

Cattle play a significant role in feeding a growing world population and account for the
largest agricultural industry in the United States. Unfortunately, cattle producers face significant
losses in the first stage of production by failing to produce a sufficient calf crop due to
reproductive inefficiency in the first month of gestation. In this experiment, cows were
supplemented with rumen-inert mono- and polyunsaturated fatty acids and rumen-protected
choline starting 30 days pre-artificial insemination and continued for 30 days post-artificial
insemination. On day 16 of gestation, cows were subjected to uterine flushing for conceptus
collection to measure conceptus length, uterine luminal fluid collection to determine IFNT
concentration, and blood collection for RNAseq analysis. On days 19, 24, and 30 of gestation,
cows that were not flushed on day 16 were then subjected to blood collection to analyze
progesterone and pregnancy-associated glycoprotein concentrations. Therefore, our objective
was to identify differences in conceptus elongation, interferon-tau secretion in the uterine lumen
fluid, concentration of metabolites in conceptus tissues on day 16, and in gene expression in
white blood cells from peripheral blood in pregnant cows on days 16 and 19 after artificial
insemination of pregnant cows that received a dietary supplementation composed mostly of
rumen-inert mono- and polyunsaturated fatty acids plus rumen-protected choline compared to
cows receiving a supplementation mostly composed of saturated fatty acids.

The supplementation strategy provided did not modulate the concentration of interferon-
tau in the uterine luminal fluid, nor the conceptus length of elongating conceptuses collected on
day 16 of gestation. The dietary supplementation of fatty acids during early gestation altered the
metabolite accumulation in elongating conceptus tissues. There was a greater concentration of 18

metabolites in CON and six metabolites in TARG. Interestingly, the majority of metabolite
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classes, such as diglycerides, phosphatidylinositols, phosphatidylethanolamines, phosphatidic

acids, lysophosphatidylethanolamines, lysophosphatidylserines, aconitic acid, lactic acid, and
glycine, were greater in CON. Despite not observing a significant modulation in conceptus
length between treatments or in the concentration of interferon tau, it is unknown if the changes
reported herein would alter conceptus length at the end of the elongation period.

The supplementation strategy provided did not modulate the concentration of
progesterone or pregnancy-associated glycoproteins on days 19, 24, or 30 of gestation. However,
the dietary supplementation of fatty acids during early gestation modulated the gene expression
in whole blood white cells with one DEG on day 16 and 16 DEGs on day 19 after artificial
insemination. Overall, there was greater downregulation of genes in the TARG treatment when
compared to CON. Interestingly, the genes upregulated in the TARG treatment reflected a cell
development pathway on day 16 and novel genes on day 19, whereas the genes upregulated in
CON were also related to cell development, cell growth and proliferation, cell regulation, and
lipid metabolism. It is unknown whether the differences reported herein would relate to
reproductive tissue-specific responses or would affect the fertility outcomes of these females.

In conclusion, this study presents novel data on the incorporation and accumulation of
metabolites in conceptus tissues of multiparous Bos taurus cows receiving a dietary
supplementation composed of mono- and polyunsaturated fatty acids and choline. However, the
supplementation deserves further investigation in the overall effects on reproductive
performance.

Future Directions
Investigating the effects of supplementing mono- and polyunsaturated fatty acids and

choline to multiparous Bos faurus cows is warranted to aid in alleviating early pregnancy loss in
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cattle, thus supporting the efficiency of the cattle industry. The novel results obtained in this
study provide a new perspective on combating the pregnancy loss occurring in the first month of
gestation, specifically around the period of conceptus elongation and early implantation. The
evidence also warrants investigation into the mechanisms of the modulations that occurred and
the effects of individual supplements on early pregnancy in beef cattle. Future investigations are
needed on the overall fertility of multiparous cows that are fed this supplementation strategy and

how this supplementation could best be implemented into a pasture-based system.



