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Seminal plasma is the non-cellular fraction of semen derived from the male 

accessory glands. Seminal plasma is important for sperm support; however, it can also 

interact with the uterus to improve pregnancy outcomes. Seminal plasma, or seminal 

plasma-derived transforming growth factor beta, induces synthesis of proinflammatory 

cytokines following insemination in humans, mice and swine, which culminates in an 

influx of leukocytes into the endometrium or cervix. This inflammatory response at 

insemination influences the survival of the semi-allogenic conceptus during implantation 

and the development of the offspring. Cows undergoing artificial insemination using 

diluted/extended semen are not exposed to physiological components of the ejaculate 

similar to natural mating. It is currently unknown whether components in semen or 

seminal plasma directly elicit endometrial inflammation in cattle. We hypothesize that 

seminal plasma or TGF-β would increase the expression of proinflammatory factors in 

the bovine endometrium, influencing the uterine environment during early pregnancy. 

Our data demonstrate that seminal plasma has a cytotoxic effect on endometrial cells 

caused by a heat-labile substance. Using culture of bovine endometrial epithelial 

(BEND) cells, seminal plasma increased expression of IL6 and differentially regulated 
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expression of IL1B in an estrogen dependent manner. Exposure of endometrial cells to 

TGF-β increased expression of TNF but only in the absence of estrogen. In contrast, 

TGF-β increased expression of IL6 only after estrogen exposure. Finally, intra-uterine 

infusion of seminal plasma in cows at estrus increased expression of endometrial IL1B 

but had no effect on the expression of other inflammatory markers 24 h after treatment. 

These data suggest that seminal plasma, and potentially TGF-β, influences endometrial 

expression of maternal cytokines; however, this response could be bull specific and 

may involve cytotoxic effects of semen. The identification of paternal factors contained 

in semen that have the potential to improve bovine reproduction and reduce economic 

losses associated with pregnancy failure could help optimize semen used for artificial 

insemination.
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CHAPTER 1 
LITERATURE REVIEW 

Introduction 

Reproductive success is a process mediated by the complex interaction of male 

and female factors. The maternal environment during the periconceptional period 

undergoes an inflammatory response promoted by immune and uterine cell secretions 

in response to semen (Katila, 2012). This inflammation at insemination influences the 

survival of the semi-allogenic conceptus during implantation and the development of the 

offspring. Disruptions to this process are detrimental for pregnancy outcomes 

(Robertson et al., 2018). In dairy cows, conception rates have declined by 20% from 

1951 to 2001 (Lucy, 2001), which coincides with increased productivity that may affect 

negatively reproduction (Butler and Smith, 1989). Indeed, embryo losses in the first 

three weeks of pregnancy account for 35% of pregnancy failures in dairy cows (Santos 

et al., 2004; Diskin et al., 2006). A major challenge for dairy managers is to improve 

pregnancy rates and minimize embryonic losses. 

In recent years, paternal genetics have been associated with improving 

pregnancy in the dairy cow, specifically preimplantation embryo development, 

conceptus elongation, placentation, and pregnancy recognition (Han and Peñagaricano, 

2016; Abdollahi-Arpanahi et al., 2017; Ortega et al., 2018). The economic value 

associated with bull fertility corresponds to the number of inseminations required to 

achieve pregnancy; however, this number is increasing as a consequence of 

compromised fertility observed in the dairy industry (Lucy, 2001). Interestingly, factors 

present in the plasma fraction of semen in several species have immune-regulatory 

potential (Bromfield, 2016). The deposition of these factors, including hormones and 
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cytokines, into the female reproductive tract may modulate the maternal immune 

response to pregnancy (Bromfield et al., 2018). Considering these effects as 

evolutionary adaptions in reproductive strategies, males may have evolved to further 

their own reproductive success by ‘dosing’ females with factors present in semen that 

promote fertility outcomes (de Catanzaro and Pollock, 2016). The work presented here 

will attempt to appraise the capacity for seminal plasma to elicit acute inflammatory 

responses associated with the preparation of an optimal uterine environment in early 

pregnancy. 

Changes in the Female Reproductive Tract Regulating Pregnancy 

The success of implantation, placental development, fetal growth, and the long-

term health of the offspring constitute the normal function of the female reproductive 

tract and is influenced by changes in the periconceptional uterine environment. The 

luminal content of the female tract is primarily regulated by immune and uterine cells 

which are the main sources of signaling molecules including cytokines (Hannan et al., 

2014). The endometrium consists of different groups of cells that are subjected to 

dynamic remodeling in order to establish a microenvironment that promotes a positive 

maternal response to pregnancy (Okada et al., 2018). The main cell types are 1) the 

epithelial cells forming the uterine lining of the luminal compartment that have direct 

contact with the embryo and 2) fibroblast-like stromal cells, which form a layer below the 

uterine lining and are the main site of tissue remodeling by regulating secretion of 

proangiogenic cytokines (Forde and Lonergan, 2012). Considering this, the 

periconceptional uterine environment is a balance between factors that regulate cellular 

differentiation and apoptosis of the developing embryo before implantation and 
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remodeling events to support further development following embryo implantation or 

attachment. 

In some mammals, female fertility is regulated in a cyclic manner by ovarian 

hormones with species-specific differences; therefore, uterine synthesis of cytokines 

fluctuates depending on the stage of the estrous cycle. The estrous cycle coordinates 

the expression of reproductive tract cytokines that affect the functional status of the 

oviduct and endometrium (Ozawa et al., 2016; Spencer et al., 2016a; Li and 

Winuthayanon, 2017; Tríbulo et al., 2018; Yu et al., 2018). Following ovulation, high 

concentrations of estrogen promote cellular differentiation and stimulate uterine motility 

associated with passive transport of sperm (Bulletti et al., 2000). Estrogen also 

regulates follicular growth and corpus luteum formation and function via estrogen 

receptor alpha (Li et al., 2017). The presence of estrogen increases the expression of 

its own receptor at estrus (Berisha et al., 2002). The presence of the embryo does not 

influence the expression of the estrogen receptor (Robinson et al., 1999). The pattern of 

endometrial expression of some cytokines varies during this estrogenic period, 

suggesting an interaction between estrogen receptor and the capacity for individual 

uterine cells to produce cytokines. In mice, the expression of cytokines including colony-

stimulating factor 2 (Csf2), tumor necrosis factor (Tnf), interleukin (Il1b), and Il6 varies 

depending on the stage of the estrous cycle (Orsi et al., 2006). 

High levels of progesterone are present in the uterine lumen when the newly 

formed embryo implants or attaches. After fertilization, the bovine embryo reaches the 

endometrium on day 4 to 6 and continues to differentiate into morula and blastocyst 

stages around day 7. The success of these differentiation events coincides with 
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progesterone-mediated uterine quiescence and the synthesis of cytokines associated 

with the resolution of inflammation in the female reproductive tract, reducing expression 

of interferon-gamma (IFNG) and transforming growth factor (TGF), inhibiting cytotoxic 

immune cells (Albieri et al., 2005; Dorniak et al., 2011). Species-specific reproductive 

strategies may confer functional advantages at mating, especially in female 

reproductive tissues. For instance, semen deposition occurs in the vagina in humans 

and cattle, while in mice and swine semen is deposited directly into the uterus; this 

allows for local regulation of female tissues depending on the species. Sperm 

interaction with epithelial cells occurs mainly in the endometrium and oviduct, where 

selection by phagocytosis takes place (Suarez and Pacey, 2006). 

Pre-Implantation Embryo Development 

Following ovulation, fertilization of the oocyte by sperm results in the formation of 

a semi-allogeneic zygote containing paternal and maternal antigens. In the bovine, a 

series of cellular cleavage events occur in the oviduct resulting in the formation of the 

morula that will enter the uterus on day 5 after fertilization. The morula develops into a 

blastocyst, containing the inner cell mass, which give rise to the fetus and the 

trophectoderm that will later form the placenta. After the blastocyst hatches from the 

zona pellucida around day 7 to 9, it undergoes transformation into an ovoid or tubular 

shape around days 12 to 14 (Betteridge et al., 1980). This process is then followed by a 

rapid elongation of the conceptus required for secretion of interferon-tau (IFN-) which 

mediates maternal recognition of pregnancy (Roberts, 2007). Embryo attachment to the 

endometrium and subsequent placentation begins around day 19 of pregnancy. 
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The success of implantation is the result of appropriate embryo development to 

the blastocyst stage and at the same time a proper receptivity of the endometrium 

towards the embryo (Singh et al., 2011). This is a dynamic process controlled by a 

functional synchronization of the developmental stage of the embryo itself with cellular 

and molecular changes occurring locally in the endometrium. This process involves the 

coordination of effects from autocrine, paracrine and endocrine factors (Fujiwara et al., 

2016), and the action of maternal immune cells to allow survival of the semi-allogeneic 

conceptus (Svensson-Arvelund et al., 2015). 

A broad array of maternal molecules are released into the female reproductive 

tract to support embryo development. The biological function of a group of growth 

factors, hormones and cytokines involved in the regulation of preimplantation embryos 

has been described (Robertson et al., 2015), and specificly discussed below. 

Characterization of the maternal tract environment made in vitro fertilization (IVF) 

possible (Wang and Sauer, 2006), facilitating embryo development to the blastocyst 

stage under laboratory conditions; however, some pregnancy pathologies derived from 

IVF are still reported (Refaat et al., 2015). In humans, around 5% of women suffer from 

consecutive pregnancy losses, and nearly 75% of these pregnancies fail before embryo 

implantation (Comins Boo et al., 2016). Similarly in domestic species, approximately 

20% to 50% of dairy cows experience embryo loss during the first week of pregnancy 

after oocyte fertilization (Wiltbank et al., 2016). The utility of IVF enables the 

development of the embryo to the blastocyst stage of development prior to transfer to 

embryo recipients; nevertheless, high rates of embryo mortality still occur following 

embryo transfer on day 7 in cows (Berg et al., 2010). The development of embryos from 
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the blastocyst stage until conceptus elongation has not yet been achieved in vitro 

(Martal et al., 1986), suggesting that the female reproductive tissues play a major role in 

embryonic development which may impact later stages of pregnancy. 

Maternal Recognition of Pregnancy and Embryo Development after Implantation 

The implantation of embryos requires trophoblast cells to interact with cells of the 

endometrium to establish the fetal-maternal interphase (Teh et al., 2016) and promote 

placental formation. Species-specific differences exist in the degree of trophoblast 

invasion into maternal tissues. Hemochorial placentation in humans and rodents 

requires high levels of invasion of placental tissues into the endometrium, regulated by 

the decidualization of endometrial stromal cells (Teklenburg et al., 2010). In contrast, 

the epitheliochorial placenta of ruminants is a non-invasive interaction between 

placental cells and the endometrium (Calle et al., 2019). 

Prior to the establishment of the placenta, the survival of the embryo depends on 

maternal secretions, collectively referred to as histotroph (Gao et al., 2009). Several 

molecular markers expressed in the endometrium during the period of embryo 

implantation are associated with uterine receptivity, including cell adhesion molecules, 

cytokines, growth factors, uterine natural killer (uNK) cells, and other endometrial 

leukocytes (Achache and Revel, 2006). Combined, these factors promote angiogenesis 

and secretion of chemoattractant molecules to facilitate vascularization, tissue 

remodeling, trophoblast invasion, and placenta development (Koopman et al., 2003; Fu 

et al., 2017). 

In ruminants, the major embryo-derived molecule modulating pregnancy 

recognition is IFN- secreted by trophectoderm cells of the elongated conceptus 
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(Spencer et al., 2008). Secretion of embryonic IFN- prevents endometrial secretion of 

prostaglandin F2-alpha (PGF2-α), which has luteolytic effects on the corpus luteum 

resulting in a return to estrus. Consequently, secretion of prostaglandin E2 (PGE2) 

predominates (Schröpfer et al., 2008), resulting in maintained corpus luteum function 

and elevated progesterone required for pregnancy maintenance. In the human, this 

effect is similarly modulated by embryonic expression of human chorionic gonadotropin 

(Schüler-Toprak et al., 2017). Bovine endometrial cells produce cyclooxygenases 

(COX) and prostaglandin-endoperoxide synthases (PTGS) that modulate the synthesis 

of prostaglandins (Okuda et al., 2002). Specifically, COX2 and PTGS2 play a role in the 

protection of the corpus luteum from PGF2-α-induced luteolysis and in early embryo 

survival by increasing progesterone concentration during the preimplantation period 

(Spencer and Bazer, 2004; Zhang et al., 2007). The size of the conceptus is associated 

with its capacity to produce IFN- (Hansen et al., 2017). Whether IFN- concentrations, 

or larger embryos facilitate pregnancy success is difficult to test as flushing embryos to 

discriminate by size and then transferring them into a new recipient presents several 

technical challenges (Betteridge et al., 1980). In contrast, it has been demonstrated that 

low concentrations of IFN- can induce maximal expression of IFN-responsive genes 

(Matsuyama et al., 2012). The cellular response and molecular mechanisms of 

pregnancy recognition and implantation are directly affected by the composition of the 

histotroph under the influence of progesterone (Forde and Lonergan, 2012). Embryo 

losses during this period can be the result of impaired embryo development, delayed 

conceptus elongation, poor uterine receptivity and/or lack of signals necessary for 

proper maternal immune response to pregnancy. 
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Maternal Immune Response to Pregnancy 

Pregnancy involves a unique immune condition in the mother to permit the 

immune system to respond to pathogens, while allowing the survival of the semi-

allogeneic embryo. Maternal immune modulation initiates early in pregnancy before 

embryo implantation and involves signals provided by the embryo, mother and 

potentially the father, which coordinate the response of the female reproductive tissues 

in a timely manner to ensure establishment and maintenance of pregnancy. Cytokines 

are critically involved in the communication between embryo and mother (Robertson et 

al., 2015) and their role will be discussed next. 

Secretion of cytokines by endometrial immune and epithelial cells into the lumen 

of the uterus can have a direct influence on the survival of the preimplantation embryo 

(Robertson, 2005; Moldenhauer et al., 2010). The molecular events involved in cytokine 

signaling are complex and include several pathways, providing mechanisms to either 

support or possibly hinder embryos if conditions in utero do not favor reproduction; for 

example metabolic stress, infection, or environmental stressors (e.g. heat stress). 

Maternal cytokines support embryos and promote fetal growth (Sjöblom et al., 2005). 

Studies using gene knockout-mice have shown that disruption of cytokine signaling 

results in negative consequences for the developing embryo and subsequent pregnancy 

(Ingman and Jones, 2008). This evidence comes mainly from mouse models 

(Robertson et al., 2018); however, addition of cytokines such as CSF-2 to culture 

medium of bovine embryos improves embryo development and alters offspring 

phenotype at birth (Kannampuzha-Francis et al., 2015). 

Several immune cells of the endometrium secrete cytokines including 

macrophages, dendritic cells, granulocytes, mast cells, and lymphocytes, which have 
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pivotal roles in endometrial inflammation during pregnancy (Fair, 2015). Human and 

mouse natural killer cells represents about 70% of the total endometrial leukocytes 

during pregnancy. The absence of these cells types during pregnancy results in the 

termination of pregnancy in humans and mice (Gaynor and Colucci, 2017). The initiation 

of pregnancy is marked by endometrial inflammation resulting from the physiological 

changes required to recognize the embryo when implantation occurs, which must be 

resolved for successful pregnancy maintenance (Mor and Cardenas, 2010; Katila, 2012; 

Robertson et al., 2018). The balance of pro-inflammatory and anti-inflammatory 

responses is mediated by thymus-derived T helper (Th) lymphocytes. Cytokines 

produced by Th1 cells promote inflammation whereas Th2 cells secrete cytokines with 

anti-inflammatory capacity. Th17 and T regulatory (Treg) lymphocytes also participate in 

the inflammatory transition required to balance the progression of pregnancy (Saito et 

al., 2010). The action of maternal immune cells during early embryonic development 

suggest that the maternal immune system is active within the endometrium and 

controlled in such a manner to facilitate and protect pregnancy. 

Inflammation of the Pre-Implantation Uterus 

Uterine inflammation contributes to the success of pregnancy. Following 

insemination, spermatozoa are removed from the maternal reproductive tract by 

granulocytes, including neutrophil-mediated phagocytosis (Katila, 2012). Uterine influx 

of immune cells and simultaneous expression of pro-inflammatory cytokines is 

associated with sperm and pathogen clearance, but may play a role in maternal 

recognition of paternal antigens expressed by the ensuing embryo. Neutrophils and 

dendritic cells are involved in triggering Th1-mediated inflammation of the female 

reproductive tract. Expression of pro-inflammatory cytokines and chemokines by these 
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cells further influences the activation, attraction and phenotypic behavior of additional 

immune cells in the uterus (Bennouna et al., 2003). This is important in the immune 

regulation of anti-inflammatory cytokines during implantation, when the embryo will 

express both maternal and paternal antigens. A myriad of cytokines that either promote 

or inhibit acute inflammation influence different aspects of pregnancy events. A balance 

of Th1, Th2, Th17, and Treg lymphocytes characterizes the maternal immune response 

of successful pregnancies (Saito et al., 2010; Robertson et al., 2018). Embryos express 

receptors for specific cytokines, and also produce cytokines, including growth factors, 

which impact embryo survival (Hardy and Spanos, 2002). 

For embryo implantation to occur the endometrium undergoes a process of 

tissue remodeling, including angiogenesis mediated by cytokine secretion under the 

influence of estrogen and progesterone (Granot et al., 2012). The period of implantation 

results in the accumulation of endometrial macrophages (Korte et al., 1993). 

Hemochorial placentation provokes an injury to the endometrium, and therefore 

inflammation is required to resolve such damage. Specific to pregnancy, the maternal 

immune system must also support the growth of the semi-allogeneic embryo, which is 

foreign to the maternal immune system. In contrast, less invasive epitheliochorial 

placentation may involve a different degree of immune response (Tekin and Hansen, 

2004); however, similar cytokines are produced in both scenarios (Robertson et al., 

2015). 

Pregnancy occurs under the influence of progesterone resulting in an anti-

inflammatory endometrial phenotype (Mor and Cardenas, 2010). A balance in the 

expression of cytokines that modulate the maternal immune system is required for 
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embryo development, while an inappropriate balance of immune factors has been 

associated with pregnancy complications including embryo loss, restriction of fetal 

growth, and preeclampsia (Robertson et al., 2006, 2007). 

Cytokines Influencing Early Embryonic Development 

The function of cytokines go beyond regulation of immune cells during 

pregnancy, they also signal uterine cells and influence embryo survival. Embryos 

express receptors for cytokines (Robertson et al., 2015), and changes in the balance of 

cytokines in the oviduct and endometrium have the capacity to influence cellular 

differentiation and expression of genes in the embryo, consequently affecting embryo 

development (Sharkey et al., 1995; Guerin et al., 2011). A study using mice to monitor 

the serum profile of eighteen cytokines throughout the estrous cycle and pregnancy 

reported that most of the analyzed cytokines were present at all stages including 

interleukin (IL)-1α, IL-1β, IL-6, IL-10, IL-12, IL-17, CSF-2, TNF-α, and IFN-γ (Orsi et al., 

2006). Similar expression patterns in the bovine uterus have been reported (Tríbulo et 

al., 2018). Concentrations of IFN-γ and IL-12 are decreased following coitus in mice, 

which is consistent with data suggesting that constant expression of these cytokines is 

detrimental for pregnancy (Lentsch et al., 1996; Mahdi, 2011). Conversely, high uterine 

expression of leukemia inhibitory factor (Lif) during early pregnancy, specifically during 

implantation, has been associated with embryo growth in mice (Bhatt et al., 1991). 

Supplementation of cytokines to embryo culture in vitro, including CSF-2, IL-6, and 

insulin-like growth factor 1 (IGF-1), results in embryotrophic effects, supporting embryo 

development. Conversely, exposure of embryos to TNF exerts embryotoxic effects 

(Hansen et al., 2014; Robertson et al., 2015). The synthesis of cytokines is normally 

regulated in response to different stressors (e.g. infection); therefore, the expression 
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profile of cytokines in the endometrium might imply a mechanism by which the embryo 

can react and adapt to the status of the mother. The role of well characterized 

embryotrophic and embryotoxic cytokines is discussed below. 

Colony-stimulating factor 2 (CSF-2) 

Colony-stimulating factor 2 (previously granulocyte-macrophage CSF) acts as a 

hematopoietic growth factor promoting cellular proliferation (Morstyn and Burgess, 

1988), activating myeloid hematopoietic cells (Ruef and Coleman, 1990), and promoting 

competence of the preimplantation embryo (Hansen et al., 2014). CSF-2 is produced by 

lymphocytes, macrophages, mast cells, and cells in the oviduct and endometrium (De 

Moraes et al., 1999). In mice, maternal Csf2 expression correlates with the period of 

oocyte fertilization along with embryo development and implantation around day 4 

(Chegini et al., 1999); in fact, the concentration of CSF-2 in uterine fluid of mice at 

estrus is 173-fold higher than present in serum (Orsi et al., 2006). Bovine embryos 

cultured in the presence of CSF-2 (day 5 to 7) result in blastocysts containing an 

increased number of inner cell mass cells with higher survival rates compared to control 

embryos (Dobbs et al., 2013). 

The signaling for CSF-2 is mediated by a cell surface receptor with two subunits, 

alpha and beta, and downstream cascades involve JAK/STAT, MAPK, and P13K 

pathways (Dhar-Mascareño et al., 2003). In embryos only the alpha subunit, which has 

low-binding affinity to CSF-2, is expressed, while the beta subunit of the receptor is not 

active in embryos of humans and other species (Sjöblom et al., 2002). However, signal 

transduction and phosphorylation of the STAT5 pathway occurs through the alpha 

subunit, activating transcription factors to promote cellular proliferation (Mui et al., 

1995). This mechanism may allow to promote embryo survival in bovines (Dobbs et al., 
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2013). Robertson et al. showed that Csf2 is not expressed in the mouse embryo, 

suggesting that CSF-2 secreted from the oviductal and endometrial epithelium of the 

mother acts through paracrine mechanisms to control embryo development (Robertson 

et al., 2001). Knockout Csf2 mice have smaller litters as a consequence of disrupted 

embryo development. While Csf2 knockout-embryos contain less trophectoderm and 

inner cell mass cells compared to wild type embryos (Robertson et al., 2001). Knockout 

Csf2 mice also have alterations in the expression of genes involved in placental function 

(Sferruzzi-Perri et al., 2009). Furthermore, the supplementation of CSF-2 to embryo 

culture improves clinical pregnancies in human and bovine IVF programs (Ziebe et al., 

2013). 

Calves resulting from embryos supplemented with CSF-2 have higher body 

weight at birth compared to non-CSF-2 treated embryos (Kannampuzha-Francis et al., 

2015). In vitro, CSF-2 regulates bovine preimplantation embryos by inhibiting the 

expression of genes such as DAPK1, MADD and RIPK3, this results in decreased 

embryo apoptosis (Loureiro et al., 2011). The effects exerted by CSF-2 on the embryo 

may be sex-dependent. Male embryos cultured with CSF-2 are longer and consequently 

have higher IFN- secretion, while opposite effects are observed in female embryos 

(Dobbs et al., 2014). Similar evidence for dimorphic effects have been reported in mice 

where CSF-2 supports development of male embryos (Sjöblom et al., 2005). In parallel, 

CSF-2 increases bovine blastocyst development in female but not male embryos 

(Siqueira and Hansen, 2016). It has also been shown that supplementation with CSF-2 

(day 0 to 7) promotes development of preimplantation embryos in pigs (Kwak et al., 

2012). Taken together, the effects reported in mice, pigs, human, and cattle suggest a 
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role for the maternal cytokine CSF-2 to communicate with the embryo and promote its 

development during the preimplantation period. 

Interleukin 6 (IL-6) 

Interleukin 6 (IL-6) is a cytokine capable of both pro- and anti-inflammatory 

responses. Signaling of IL-6 is mediated through a receptor complex formed with two 

units, IL-6 receptor (IL6R) and IL-6 signal transducer (IL6ST), which exert a cascade of 

molecular events involving JAK/STAT and MAPK/ERK signaling pathways (Mihara et 

al., 2012). Additional IL-6 family member cytokines, LIF and IL-11, also mediate 

responses through IL6ST, suggesting redundancy between IL-6 type cytokines related 

to early embryo development in mice and humans (Thouas et al., 2015). The signaling 

transduction and phosphorylation of the signal transducer and activator of transcription 

3 (STAT3) pathway by IL-6 results in activation of transcription factors to prevent 

cellular apoptosis; this has been reported in mice where treatment of preimplantation 

embryos with IL-6 in vitro, reduces blastomeres apoptosis (Shen et al., 2012). Both the 

endometrium (Jasper et al., 2007) and embryo (Sharkey et al., 1995) secrete IL-6 

starting at early stages of development. In addition, IL-6 is associated with maintaining 

the balance of Th17 and Treg lymphocytes required to prevent recurrent spontaneous 

abortions in human (Saito et al., 2010). 

In different species, culture of embryos in the presence of LIF, IGF-1 and IL-6 

improves the developmental potential of embryos (Robertson et al., 2015). The 

secretion of IL-6 by human endometrial epithelial cells is suggested to promote 

blastocyst formation and contribute to higher implantation rates. Specifically, viable 

embryos metabolize more IL-6 protein in culture compared to embryos that do not result 

in implantation (Dominguez et al., 2010). IL-6 increases blastocyst hatching and total 
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number of blastomeres while reducing apoptosis in the mouse. However, high 

concentration of IL-6 are detrimental to embryo development (Shen et al., 2012; Kelley 

and Gardner, 2017). Studies using Il6 knockout-mice have shown that animals are still 

fertile but their reproductive success is compromised due to low implantation rates and 

high incidence of abortions (Robertson and Sharkey, 2001). The presence of cytokines 

like IL-6 not only influences proinflamatory responses in pregnant tissues but also 

prevent apoptosis and promotes embryo survival. 

Tumor necrosis factor (TNF) 

Tumor necrosis factor (TNF) is a pro-inflammatory cytokine with pleiotropic 

capacity that is part of the TNF receptor (TNFR) superfamily. TNF signals via 

phosphorylation and translocation of the nuclear factor kappa B (NFκB) to promote 

transcription of pro-inflammatory cytokines including IL6 and IL1B (Baker and Reddy, 

1998; Tanabe et al., 2010). TNF is produced by different cell types but including 

macrophages, NK cells, T cells (Hunt et al., 1993), and epithelial cells of the 

reproductive tract. Leukocytes accumulate at the sites of inflammation during infections, 

and TNF mediates the activation of monocytes and neutrophils, indicating the capacity 

for TNF to act as a toxic effector in the defense against pathogens (Ming et al., 1987). 

Expression of uterine Tnf changes during the estrous cycle, and fluctuates during the 

periconception period in mice (Robertson and Moldenhauer, 2014). Mouse and human 

embryos express the TNF receptor, TNFR1, and can therefore respond to TNF 

signaling. Furthermore, embryos have the capacity to secrete TNF when conditions are 

not favorable, which occurs in cases such as diabetic pregnancies (Kirwan et al., 2002; 

Kawamura et al., 2007). 
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The development of the preimplantation embryo is compromised following 

exposure to TNF in vitro. Treatment of mouse blastocysts with TNF for 24 hours 

increased the number of dead blastomeres after treatment (Fabian et al., 2007). Soto et 

al. (2003) reported that exposure of bovine oocytes to TNF had no effect on subsequent 

embryo cleavage but did affect development to the blastocyst stage. Conversely, 

exposure of bovine embryos to TNF did not affect the proportion of resulting 

blastocysts, but did increase blastocyst apoptosis (Soto et al., 2003). The balance 

between the anti-inflammatory cytokine IL-10 and the pro-inflammatory TNF may 

influence the maternal immune response to pregnancy, by resolving inflammation in the 

environment of the preimplantation embryo. Studies using Il10 knockout-mice have 

shown that IL-10 is not essential for pregnancy success (White et al., 2004); however, 

increased uterine expression of Tnf and Il6 in response to lipopolysaccharides (LPS) is 

decreased following administration of exogenous IL-10. This process of IL-10 mediated 

regulation of inflammation reduces uterine inflammation and subsequent LPS mediated 

fetal loss (Robertson et al., 2006). Furthermore, TNF mediates the response of bovine 

stromal endometrial cells during periods of inflammation (Jacca et al., 2013). 

Interleukin 1β (IL-1β)  

Interleukin 1 beta (IL-1β) is a proinflammatory cytokine that acts as a paracrine 

and autocrine factor through its functional receptor IL1R1, which elicits signaling 

pathways via NFκB (Mantovani et al., 1998). IL-1β and TNF are involved in the 

downstream secretion of IL-8, which is a potent chemokine of leukocytes and is 

involved in luteal progesterone synthesis (Talbott et al., 2014). IL-1β has been shown to 

increase the expression of PTGS2 and synthesis of PGE2 in the endometrium under 

the influence of estrogen (Bazer, 2013), along with promoting decidualization of stromal 
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cells in humans (White et al., 2007). The embryo and endometrium of humans, mice, 

cattle, and swine secrete IL-1β and express the IL1R1 receptor. The addition of IL-1β to 

endometrial tissues in vitro increases the expression of IL1B receptor during early 

pregnancy in pigs (Geisert et al., 2012). Blocking IL-1β signaling with a receptor 

antagonist increases implantation failure in mice (Zheng et al., 1995). Jasper et al. 

showed that macrophages recruited during the post-coital inflammatory response in 

mice secrete LIF and IL-1β, which regulate the glycosylation of proteins that allow 

trophectoderm attachment to the endometrium (Jasper et al., 2011). It has been 

reported that human endometrial cells increase the secretion of IL-1β around the time of 

implantation (Srivastava et al., 2013); high concentrations of IL-1β in the media of IVF 

embryos have been associated with improving embryo implantation and pregnancy 

success in women (Sequeira et al., 2015). Furthermore, the bovine preimplantation 

embryo has the capacity of communicating with the maternal immune system through 

IL-1β signaling. It was reported that the concentration of IL-1β in the bovine 

endometrium increases locally in response to the presence of an embryo for 3 days, 

which suggests that embryos can regulate endometrial receptivity during the first days 

of pregnancy in cattle (Correia-Álvarez et al., 2015). In effect, supplementation of IL-1β 

to IVF bovine embryos improves development to blastocyst stage (Paula-Lopes et al., 

1998). 

The Influence of Cytokines during Pregnancy  

The preimplantation embryo grows in an environment rich in cytokines secreted 

by immune cells, epithelial cells of the uterine lining, and the embryo itself. Some of 

these cytokines have a Th1 pro-inflammatory phenotype including IL-6, IL-1β, TNF, and 

TNF-related apoptosis-inducing ligand (TRAIL), while others have Th2 anti-inflammatory 
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effects such as IL-10, IL-13 and IL-17 (Robertson et al., 2015). The regulation and 

balance of the two types of cytokines is fundamental for implantation of a competent 

embryo and subsequent pregnancy success. However, special care must be considered 

when extrapolating from mouse and human models to domestic species such as the 

bovine since there are several physiological differences between species. For instance, 

embryo implantation occurs on day 4 in mice while the conceptus attaches to the 

endometrium around day 19 in bovines. Nevertheless, experiments performed under in 

vitro settings using recombinant proteins of human or mouse origin have proven 

beneficial to evaluate the role of specific cytokines in pregnancy events on several 

species including pigs (Geisert et al., 2012) and cattle (Dobbs et al., 2014). These data 

suggest that alterations in the balance of cytokines during the first days of pregnancy, 

including the period of semen exposure, oocyte fertilization, and development of the 

embryo prior to implantation, have the potential to establish molecular mechanisms that 

influence the developmental programming of the embryo. Of special interest to us is 

understanding the extent by which paternal factors contribute to the control of the 

maternal immune response to pregnancy. 

Paternal Contribution to Fertility 

The paternal contribution to pregnancy is mediated not only by transferring half of 

the genetic information to the embryo but also by influencing maternal tissues and the 

embryo. These changes to maternal tissues and the embryo are associated with 

molecular components contained in semen (Krawetz, 2005; Stuppia et al., 2015). In 

humans, the lifestyle of fathers has been associated with the health of their progeny, 

such as smoking, alcohol consumption, or obesity (Li et al., 2011; Kong et al., 2012; 

Sharma et al., 2013; Campbell et al., 2015). Factors in the ejaculate can be linked to 
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male infertility; for instance, semen with high concentrations of the cytokine IFN-γ are 

associated with infertility (Paradisi et al., 1996; Seshadri et al., 2009). In mice, paternal 

diet has been reported to impair the development and implantation of the embryo and 

the health of offspring, due to DNA damage in sperm (Karalis et al., 2009; Mitchell et al., 

2011). In addition, poor paternal diets have been shown to affect the quality of the 

plasma fraction of semen, compromising offspring performance (Watkins et al., 2018). 

These reports suggest that paternal factors present in the ejaculate, other than 

spermatozoa, may affect reproductive outcomes. In the bovine, genes expressed in 

sperm cells are associated with fertilization success and early embryonic development 

(Cochran et al., 2013a). Single nucleotide polymorphism in genes SERPINE2, 

TBC1D24 and SLC18A2 have been associated with lower cleavage rates of in vitro-

produced embryos (Cochran et al., 2013b). 

Semen used for artificial insemination (AI) in cattle is diluted in extender to 

achieve an increased number of insemination doses from a single ejaculate. The 

extended semen product has a specific number of spermatozoa diluted in medium 

containing nutrients to support sperm cells until fertilization, factors to minimize sperm 

stress and facilitate cryopreservation (Layek et al., 2016). The use of extended semen 

at AI means that at breeding, cows are not exposed to similar semen components or 

volumes observed during natural mating. Two common sources of proteins used in 

semen extenders are milk and egg yolk. The source of protein used for extender does 

not alter conception rates following AI (Dejarnette and Marshall, 2005). However, the 

type of extender used to dilute semen has been shown to affect embryos produced by 

in vitro fertilization in the goat (Keskintepe et al., 1998) and cow (Cochran et al., 2013b), 
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with egg yolk-based extenders resulting in higher cleavage rates in vitro compared to 

milk based extenders (Cochran et al., 2013b). 

In dairy cattle, approximately 35% of embryos die between day 0 to 7 after 

insemination with additional significant losses occurring up to day 35 (Santos et al., 

2004; Wiltbank et al., 2016). Much of this early embryonic mortality is associated with 

maternal related factors including the metabolic requirements of milk production (Amann 

and DeJarnette, 2012). These early pregnancy losses may also be a consequence of 

dysfunctions related to semen quality (Walters et al., 2006; Ledoux et al., 2015). The 

identification of paternal factors contained in semen that have the potential to improve 

bovine reproduction and reduce economic losses associated with pregnancy failure is 

paramount to optimize the semen used for artificial insemination. Understanding the 

identity and role of these factors could aid in increasing pregnancy rates and improving 

offspring performance in domestic species. 

A Role for Seminal Plasma in Pregnancy 

Pregnancy is the result of a complex interaction between maternal and paternal 

factors to facilitate development of the semiallogeneic embryo. It has been proposed 

that the success of pregnancy requires adaptation of the maternal immune system. 

Specifically, some research suggests this modulation is mediated by the plasma fraction 

of semen, seminal plasma. Seminal plasma exposure in some species modulates 

maternal immune system recognition of the semi-allogeneic embryo, supports the 

development of the embryo, promotes formation of the placenta, and influences other 

pregnancy events leading to better fertility outcomes (Robertson et al., 2018). 

Seminal plasma exposure elicits an inflammatory response in the female 

reproductive tract. This immune response is characterized by secretion of CSF-2 and 
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other proinflammatory cytokines by endometrial cells, leading to cellular inflammation 

(Moldenhauer et al., 2010). uNK cells secrete IFN-γ and IL-10 in response to seminal 

plasma (Vacca et al., 2010), while seminal plasma TGF-β and PGE2 induce the 

recruitment of macrophages and dendritic cells into uterine tissues under the influence 

of elevated estrogen (Blois et al., 2007; Rutella et al., 2011). Uterine macrophages 

promote further secretion of proinflammatory cytokines such as TNF, IL-1 and IFN-γ, 

stimulating uterine dendritic cells. Uterine dendritic cells process paternal antigens 

contained in semen and activate lymphocytes, including Treg lymphocytes, in the para-

aortic lymph nodes draining the reproductive tissues (Aluvihare et al., 2004; Robertson 

et al., 2009; Samstein et al., 2013). T regulatory lymphocytes play a pivotal role in 

seminal plasma-mediated influence on the maternal immune response to pregnancy 

observed immediately after insemination (Robertson et al., 2018). The activation and 

proliferation of Treg lymphocytes allow the recognition and tolerance of the semi-

allogeneic embryo by the maternal immune system (Kallikourdis et al., 2007). T 

regulatory lymphocytes accumulate in the uterus at the time of embryo implantation 

(Guerin et al., 2011), secreting TGF-β and IL-10 to inhibit Th1 and Th17 inflammation 

(Mjösberg et al., 2010; Vacca et al., 2010). The secretion of anti-inflammatory cytokines 

promote dendritic and uNK cell function to increase endometrial receptivity toward the 

implanting embryo under the influence of progesterone (Ghiringhelli et al., 2005; Du et 

al., 2014). Experiments in mice have shown that seminal plasma modulates the 

maternal immune responses to transplantation of allogenic paternal skin grafts and 

recognition of major histocompatibility complex (MHC) class I paternal antigens, 

facilitating the survival of allogeneic grafts only after exposure to whole semen that 
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matched the haplotype of the allogenic graft (Beer et al., 1975; Robertson et al., 1997; 

Robertson and Sharkey, 2001). These mechanisms may be critical in allowing 

implantation to occur. 

Taken together, the mechanisms proposed by Robertson et al. (2018) suggest 

that the exposure of maternal tissues to factors contained in seminal plasma during 

fertilization may optimize pregnancy by modulating the cellular and molecular 

microenvironment of the female reproductive tract. 

Molecular Constituents of Seminal Plasma 

Seminal plasma is the non-cellular fraction of semen. Seminal plasma serves as 

a support medium for spermatozoa when the ejaculate is deposited in the female 

reproductive tract (Poiani, 2006). The composition of the plasma fraction of semen is 

unique from plasma contents in blood (Richter et al., 1999). Secretions from various 

male accessory glands and tissues form the content of seminal plasma including the 

epididymis, prostate, seminal vesicle glands, bulbourethral glands, and Sertolli cells 

(Druart et al., 2013; Harayama et al., 2017). The contribution of each gland to the final 

ejaculate volume and composition depends on their secretory capacity, which is 

different between species. For instance, the seminal vesicles of mice secrete more than 

90% of the final ejaculate volume, while only contributing to approximately 50% of 

semen volume in bulls (Faulkner et al., 1968; Bromfield, 2016). The use of seminal 

plasma for sperm cryopreservation reduced sperm viability in swine and horses (Pursel 

and Johnson, 1976; Jasko et al., 1991) but such negative effects are not apparent in 

sheep and cattle (Leahy and de Graaf, 2012). In fact, bovine sperm can be exposed to 

seminal plasma for 1 to 4 hours before dilution with extenders for cryopreservation 

without experiencing cellular damage (Steinhauser et al., 2016). Proteins secreted from 
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the male accessory glands coat the cell membranes of sperm, affecting their viability 

and function (Yanagimachi, 2005). The surgical removal of the seminal vesicle glands in 

mice is detrimental for embryonic development (Bromfield et al., 2014). 

Components of seminal plasma not only serve as nutritional support for sperm 

but also belong to the repertoire of immuno-regulatory molecules that influence 

pregnancy. Seminal plasma is a complex fluid containing minerals, sugars, amino acids, 

enzymes, proteins, proteases, lipids, antioxidants, hormones, and cytokines (Juyena 

and Stelletta, 2012). Minerals and sugars including zinc, calcium, potassium, sodium, 

magnesium, fructose, sorbitol, and glycerylphosphorylcholine offer sources of energy for 

sperm maturation prior to ejaculation and later for sperm survival and function in the 

female reproductive tract (Poiani, 2006). The protein content of seminal plasma differs 

among domestic species; however, more than 80% of proteins in bulls, boars, and 

alpaca seminal plasma have molecular weights less than 25 kDa (Druart et al., 2013). 

Furthermore, bull fertility has been associated with the protein content of seminal 

plasma. Bulls with deficient protein content of seminal plasma have a higher incidence 

of subfertility in artificial insemination programs (Moura et al., 2006; Harayama et al., 

2017). Interestingly, semen content of osteopontin (55 kDa) secreted by seminal vesicle 

epithelial cells and lipocalin-type prostaglandin D synthase (26 kDa) synthetized by 

Sertolli cells have been associated with fertility in bulls (Harayama et al., 2017). 

Amongst the most abundant proteins in bull semen are the bovine seminal proteins 

(BSP), including BSP-1, BSP-3, and BSP-5 (Druart et al., 2013). While the mechanism 

is unclear, it appears that bull semen collection by electroejaculation has a different 
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seminal plasma protein composition compared to semen collected using an artificial 

vagina (Rego et al., 2015). 

Cytokines are signaling molecules that affect the interaction between cells 

(Zhang and An, 2007). Seminal plasma contains numerous hormones and cytokines 

associated with maternal tissue immune signaling and male infertility. For instance, 

seminal plasma prostaglandins influence dendritic cell activation (Remes Lenicov et al., 

2012) regulating the female reproductive immune system during pregnancy. In humans, 

seminal plasma PGE2 content has been reported to be more than 1000 times higher 

than in tissues under acute inflammation (Kelly, 1997; Bromfield, 2014). Depending on 

the species, seminal plasma contains several cytokines including TGF-β, nerve growth 

factor (NGF), IFN-γ, TNF, IL-1β, IL-6, IL-8, IL-10, IL-12, among other immune-regulatory 

cytokines (Poiani, 2006; Druart et al., 2013; Bromfield, 2014; Harayama et al., 2017). 

However, high levels of cytokines such as IL-6, IL-8, TNF, and IFN-γ in human seminal 

plasma are associated with male infertility (Shimoya et al., 1993; Naz and Kaplan, 1994; 

Seshadri et al., 2009; Eldamnhoury et al., 2018). Nonetheless, the composition of 

seminal plasma is variable between individuals but also between ejaculates of the same 

male over time (Sharkey et al., 2017). 

Seminal Plasma Modulates the Maternal Response to Pregnancy 

The molecular events mediated by seminal plasma that influence fertility have 

been well characterized using mouse models (Robertson et al., 2018), with some 

effects mirrored in humans (Robertson and Sharkey, 2016), and to a lesser extent in 

cattle and swine (O’Leary et al., 2004; Bromfield et al., 2018). Seminal plasma elicits 

functional responses in female reproductive tissues by exposing the maternal immune 

system to paternal antigens at insemination (Robertson et al., 2018). Seminal plasma 
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exposure elicits an inflammatory response in the maternal reproductive tract 

(Yanagimachi and Change, 1963). For instance, it has been reported that seminal 

plasma elicits inflammation in the human cervix (Sharkey et al., 2012b). The expression 

and secretion of proinflammatory cytokines such as IL6, IL8, CSF2, and IL1A increase 

in human cervical cells following in vitro treatment with 10% v/v seminal plasma 

(Sharkey et al., 2012a), while similar inflammation is induced after unprotected coitus 

(Sharkey et al., 2012b). In mice, CD45+ leukocytes and MHC class II-macrophages and 

dendritic cells are recruited into the endometrium following mating in response to 

seminal plasma (Robertson, 2005). A similar effect was reported in horses where the 

concentration of polymorphonuclear neutrophils was increased after seminal plasma 

exposure at insemination (Rota et al., 2012). 

Exposure of human endometrial epithelial cells to seminal plasma increases the 

expression of proinflammatory cytokines such as IL1B, IL16, and LIF (Gutsche et al., 

2003). Similarly, porcine seminal plasma increases endometrial expression of CSF2, 

IL6, COX2 and monocyte chemoattractant protein-1 (MCP-1), and results in the 

recruitment of macrophages and dendritic cells into the uterus (O’Leary et al., 2004). 

The equine endometrium responds to seminal plasma by increasing expression of IL6, 

IL1B, COX2, and TNF; however, this response does not differ from the one elicited by 

saline or extenders (Palm et al., 2008). In the same project, it was reported that egg 

yolk-based semen extender caused the least inflammatory response compared to other 

commercial extenders used in equine semen cryopreservation (Palm et al., 2008). This 

result contrasts with data reported in bovine where egg yolk-based extenders promote 

development of in vitro-produced embryos (Cochran et al., 2013b). Furthermore, it has 
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been reported that seminal plasma influences the expression of proinflammatory and 

embryotrophic cytokines in the oviduct of mice (Bromfield et al., 2014). 

Using Seminal Plasma to Improve Reproductive Outcomes 

The success of assisted reproductive techniques confirms that seminal plasma is 

not required for pregnancy; pregnancy rates in cattle are similar when comparing 

artificial insemination to natural service (Lima et al., 2009). However, embryos produced 

by IVF have aberrant characteristics compared to in vivo derived embryos that have 

interacted with, and developed in the maternal reproductive tract (Rizos et al., 2002; 

Gad et al., 2012). For instance, pregnancy rates in cows using embryos produced in 

vitro are lower than for embryos produced in vivo (Lonergan et al., 2007). The addition 

of cytokines to IVF and embryo culture medium influences embryonic development. 

Bovine embryos exposed to CSF-2 for two days during IVF result in calves that grow 

faster after birth (Kannampuzha-Francis et al., 2015), and similar effects are observed 

in humans (Ziebe et al., 2013). Addition of IL-6 to embryo culture medium increases 

blastocyst cell number and reduces apoptosis in mice (Shen et al., 2012; Kelley and 

Gardner, 2017). Interestingly, the cytokines reported to promote development of 

embryos in vitro coincide with the cytokines whose expression or secretion are 

increased in response to seminal plasma (see above). 

Clinical observations in humans, experimental data in mice, and research 

performed in domestic species show that uterine exposure to seminal plasma around 

the time of coitus or insemination improves early embryo development, implantation, 

conception rates, and progeny performance (Bromfield, 2016; Robertson et al., 2018). 

Bromfield et al. showed that pregnancies occurring in the absence of seminal plasma in 

mice, due to surgical removal of seminal vesicle glands in sires, is detrimental for the 
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development of the embryo (Bromfield et al., 2014). This may be in part due to 

decreased expression of embryotrophic cytokines such as Csf2, Lif, and Il6 and 

increased pro-apoptotic Trail in the oviduct when seminal plasma is absent at mating 

(Bromfield et al., 2014). O’Leary et al. reported that circulating progesterone was 

increased in sows exposed to seminal plasma at insemination compared to controls, 

with higher progesterone concentrations observed up to nine days after insemination. In 

addition, seminal plasma exposure at insemination increased the number and viability of 

embryos collected from bred sows (O’Leary et al., 2004). In the horse, combining sperm 

cells with seminal plasma after cryopreservation increased pregnancy rates (Rota et al., 

2012). Furthermore, clinical pregnancy rates are higher in couples that have 

unprotected intercourse around the time of embryo transfer compared to couples that 

abstain from intercourse (Tremellen et al., 2000). 

The periconceptional period is a critical window of development than can 

influence the embryo survival and impact long-term health of offspring (Louis et al., 

2008). In mice, male offspring sired in the absence of seminal plasma have increased 

fat deposition, increased blood pressure, and metabolic problems (Bromfield et al., 

2014). It has been reported that the paternal contribution to offspring is also mediated 

through non-genetic mechanisms, specifically involving paternal diet. Paternal high-fat 

diets have been associated with metabolic problems related to insulin secretion and 

glucose tolerance in female rat offspring (Ng et al., 2010). In addition, paternal low 

protein diets affect seminal plasma composition, consequently impacting male offspring 

that develop increased adiposity, impaired fetal growth and skeletal development, 

metabolic dysfunction, and altered gut microbiota (Watkins et al., 2017, 2018). The 
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hypothesis that environmental factors can program male accessory glands and affect 

the secretion/profile of paternal factors in seminal plasma could have a significant 

impact on domestic animal industries and human health. 

Seminal Plasma TGF-β 

Seminal plasma derived TGF-β is responsible for inducing the post-coital 

inflammatory response in female reproductive tissues of mice and humans (Tremellen 

et al., 1998; Robertson, 2005). TGF-β is a pleiotropic cytokine that acts via 

phosphorylation and nuclear translocation of SMAD proteins to regulate transcription of 

pro-inflammatory cytokines and influence cell proliferation, angiogenesis, immune-

modulation, and regulation of hormonal responses in the uterus (Derynck and Zhang, 

2003; Fleisch et al., 2006). TGF-β is present in seminal plasma of various mammalian 

species as three major isoforms TGF-β1, TGF-β2, and TGF-β3 (Robertson et al., 2015). 

Average physiological concentrations of TGF-β1 in human semen are 200 ng/mL, 150 

ng/mL in swine, 30 ng/mL in mice, and 0.4 ng/ml in sheep (Tremellen et al., 1998; Scott 

et al., 2006; O’Leary et al., 2011; Sharkey et al., 2012a). Recently, it was reported that 

seminal plasma in the bull contained an average concentration of 7.11 ng/mL of total 

TGF-β1 and 6.07 ng/mL of total TGF-β2 (Bromfield, 2016). TGF-β is synthetized in a 

latent state, which is activated by low pH or enzymatic activity in the female tract after 

deposition at insemination. In mice and humans, 70% to 80% of seminal plasma TGF-β 

is present in a latent form, whereas in pigs the majority of TGF-β is present in the active 

form (Robertson et al., 2015). 

In the mouse, TGF-β is responsible for the endometrial response to seminal 

plasma of epithelial cells, increasing the expression of proinflammatory cytokines 

including Csf2, Il1a, and Tnf. Additionally, intrauterine infusion of TGF-β elicits an influx 
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of leukocytes into the endometrium (Tremellen et al., 1998). Exogenous TGF-β exerts 

similar effects in human epithelial cells of the cervix and endometrium, increasing the 

expression of proinflammatory CSF2, IL1B, and IL6, which are associated with embryo 

development (Gutsche et al., 2003; Sharkey et al., 2012a). The maximal response of 

endometrial epithelial cells to TGF-β or seminal plasma occurs at the time of 

ovulation/mating in humans and mice, suggesting that responses may be mediated by 

estrogen (Robertson, 2005). It has been proposed that exposure of maternal tissues to 

TGF-β has the capacity to elicit an inflammatory response influencing the recognition of 

paternal antigens by activating Treg lymphocytes, neutrophils, and dendritic cells during 

pregnancy (Chen et al., 2003; Ghiringhelli et al., 2005; Fridlender et al., 2010). 

A Role for Seminal Plasma in Bovine Reproduction 

An influx of leukocytes into the bovine reproductive tract in response to semen 

was documented in young heifers (Howe and Black, 1963), which may be associated 

with the endometrial response to semen described in cattle over 50 years ago (Mattner, 

1968). There are also reports of seminal plasma influencing fertility in cattle. Bovine 

seminal plasma enhances the interaction of sperm with neutrophils, and promotes the 

formation of DNA-based neutrophil extracellular traps (Alghamdi et al., 2009), which 

suggests a function in modulating sperm selection by the maternal immune system. 

Intramuscular administration of bovine seminal plasma increases plasma progesterone, 

likely due to the presence of nerve growth factor beta (NGF-β) (Tribulo et al., 2015) and 

pregnancy specific protein B (PSPB) (Stewart et al., 2018). These data suggest that 

bovine seminal plasma has luteotrophic benefits which may promote embryo 

development. Bovine seminal plasma also contains proteasomes, which are exosome-

like vesicles (Ronquist et al., 2013), that in humans modulate spermatozoa cell function 
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(Samanta et al., 2018). This represents a potential mechanism by which factors 

contained in seminal plasma may modulate fertility in cattle. 

Cows undergoing artificial insemination using diluted/extended semen are not 

exposed to physiological components and volumes of semen similar to natural mating. 

The infusion of seminal plasma or TGF-β1 at the time of artificial insemination does not 

affect pregnancy rates in beef or dairy cows (Odhiambo et al., 2009). However, 

Odhiambo et al., reported that seminal plasma infusion at AI increased pregnancy rates 

by 4%, but these studies were underpowered. Infusion of 40 ng/mL of TGF-β1 at AI 

tended to increase pregnancy rates in herds with low fertility (pregnancy rates below 

50%), which beggars the questions for the capacity of seminal plasma or TGF-β to 

optimize pregnancy in the bovine. 

Thesis 

The physiological responses in mice and humans suggest that exposure of 

seminal plasma at conception influences embryo development and offspring health after 

birth (Robertson et al., 2015). Therefore, the capacity for semen components to improve 

pregnancy outcome in cattle should be evaluated, where the use of artificial 

insemination achieves pregnancy in absence of seminal plasma (Moore and Hasler, 

2017). The overall objective of this thesis is to evaluate the capacity for seminal plasma 

or TGF-β to increase the expression of proinflammatory factors in the bovine 

endometrium. The basis for these investigations are reports from human and mice 

where seminal plasma or TGF-β elicit inflammatory responses in endometrial tissues 

associated with improving pregnancy outcomes and offspring performance (Robertson, 

2005; Bromfield et al., 2014). The specific aims of this thesis are to 1) evaluate the 

responsiveness of endometrial cells to seminal plasma and to 2) characterize the 
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physiological response of the bovine endometrium to semen components. The 

experiments outlined in chapter 2 include two experimental models using in vitro culture 

of bovine endometrial cells with seminal plasma or TGF-β to evaluate cell viability and 

gene expression, and an in vivo model of intrauterine infusion of semen components to 

measure changes in endometrial gene expression. These experiments will advance our 

understating of the physiological role for semen components in bovine reproduction.
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CHAPTER 2 
ENDOMETRIAL RESPONSE TO SEMEN COMPONENTS IN THE BOVINE  

Introduction 

Seminal plasma is the non-cellular fraction of semen that contains factors that 

facilitate the transport and function of spermatozoa when the ejaculate is deposited in 

the female reproductive tract (Poiani, 2006). The components of seminal plasma also 

interact with the cellular lining of the uterus to modulate the maternal response to 

pregnancy (Robertson et al., 2018). The periconceptional period is a critical window of 

development than can influence embryo survival and affect the long-term health of 

offspring (Louis et al., 2008). Reports from humans and mice have shown that exposure 

to seminal plasma at insemination elicits endometrial inflammation associated with 

improving pregnancy outcomes and offspring performance (Bromfield et al., 2014; 

Robertson et al., 2015). Seminal plasma derived TGF-β has been identified as the key 

component of seminal plasma to elicit the post-coital inflammatory response in female 

reproductive tissues of mice and humans (Tremellen et al., 1998; Robertson, 2005). In 

several species, the endometrial inflammatory response is characterized by increased 

expression of CSF2, IL1B, IL6, TNF, PTGS2, LIF and IL17A (Gutsche et al., 2003; 

O’Leary et al., 2004; Robertson et al., 2015). These cytokines alter preimplantation 

embryo development and influence maternal Treg lymphocytes, neutrophils, and 

dendritic cells during pregnancy (Chen et al., 2003; Ghiringhelli et al., 2005; Fridlender 

et al., 2010). 

The success of assisted reproductive techniques confirms that seminal plasma is 

not required for pregnancy. In fact, pregnancy rates using artificial insemination in cattle 

are similar to natural service (Lima et al., 2009), and generally pregnancy rates 
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achieved by embryo transfer can be even higher than for artificial insemination 

(Pellegrino et al., 2016). However, cows undergoing artificial insemination using 

diluted/extended semen are not exposed to physiological components of the ejaculate. 

As such, the response of the endometrium to semen is not well studied in cattle, and the 

contribution of seminal plasma to bovine fertility is not yet well defined. 

Intramuscular administration of bovine seminal plasma increases plasma 

progesterone, likely due to the presence of nerve growth factor beta (Tribulo et al., 

2015), and pregnancy specific protein B (Stewart et al., 2018), which may further 

promote embryo development. Indeed, the intrauterine infusion of TGF-β1 at the time of 

artificial insemination increased pregnancy rates in cattle herds with low fertility 

(Odhiambo et al., 2009). This begs the question of the capacity for seminal plasma or 

TGF-β to optimize reproductive performance in the bovine. We hypothesize that seminal 

plasma or TGF-β increases the expression of proinflammatory factors in the bovine 

endometrium. In dairy cattle, the highest incidence of pregnancy loss occurs in the first 

week of pregnancy when approximately 40% of embryos fail to develop further than the 

blastocyst stage (Santos et al., 2004; Spencer et al., 2016b; Wiltbank et al., 2016). 

Modulating the maternal environment during this window of development may affect the 

survival of preimplantation embryos. 

Here we utilized in vitro culture of bovine endometrial cells and intrauterine 

infusion to evaluate cell viability and expression of proinflammatory and embryotrophic 

factors in response to semen components, including TGF-β. The identification of 

paternal factors contained in semen that could improve bovine reproduction and reduce 

economic losses associated with pregnancy failure may help optimize semen use for 
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artificial insemination. These experiments advance our understating of the physiological 

role for semen components in bovine reproduction. 

Materials and Methods 

Reagents and Chemicals 

All reagents were acquired from Fisher Scientific (Pittsburgh, PA) unless 

otherwise specified. 

Seminal Plasma Collection 

Whole semen was collected from healthy Angus bulls by electroejaculation 

during two separate breeding soundness evaluations (BSE) at the University of Florida 

North Florida Research and Extension Center. Whole semen from 21 bulls was 

collected on the first BSE and 12 bulls were collected during the second collection. 

Sample contamination was minimized as best could be achieved in field conditions. 

Whole semen was evaluated and further processed only if free of blood, urine and other 

visual abnormalities. Parameters recorded during the BSE included bull ID, collection 

date, ejaculated volume, scrotal circumference, sperm motility, morphology and 

concentration. On average, whole semen volume ranged from 4 to 15 mL, gross motility 

ranged from 10 to 90%, and scrotal circumference ranged from 31 to 49 cm. Following 

semen collection, samples were placed on ice and transported to the laboratory for 

processing under aseptic conditions. A 200 μL aliquot of whole semen was placed into a 

sterile micro-centrifuge tube and stored at -20°C. The remaining ejaculate was 

centrifuged at 12,000 x g for 20 min at 4°C to separate the plasma fraction from the 

cellular fraction. Cell free seminal plasma was placed in sterile tubes in aliquots of 500 

to 1000 μL and stored at -20°C until use. 
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Preparation of Pooled Seminal Plasma 

Ejaculates from 21 bulls were used to prepare a seminal plasma pool by 

combining 1 or 2 mL of seminal plasma from each bull into a 50 mL tube under aseptic 

conditions. A fraction of this seminal plasma pool was filter-sterilized using a 0.4 μm 

syringe filter before loading into 0.5 mL straws used for AI. Remaining pooled seminal 

plasma was directly stored or either filtered through a 0.22 μm filter, heat-treated at 

90°C for 10 min, or both filtered and heat-treated. Pooled seminal plasma was stored in 

500 μL aliquots at -20°C. A second pool of seminal plasma was generated as described 

above with ejaculates from 12 different bulls. The second pooled seminal plasma was 

stored in 100 μL aliquots at -20°C. 

Reconstitution of TGF-β1 and TGF-β2 

A total of 10 μg of recombinant human transforming growth factor beta 1 (rhTGF-

β1) (Invitrogen, Frederick, MD) was reconstituted in 500 μL of sterile 4 mM HCl 

containing 1 mg/mL bovine serum albumin (BSA) fraction V in Dulbecco's phosphate-

buffered saline (DPBS) to achieve a 20 μg/mL stock solution. Stock solutions were 

diluted 1:20 in sterile DPBS containing 25 μg/mL of gentamicin to achieve a working 

stock concentration of 1 μg/mL rhTGF-β1. Working stock solutions were stored in 40 μL 

aliquots at -80°C. 

A total of 5 μg of recombinant human transforming growth factor beta 2 (rhTGF-

β2) (Invitrogen, Frederick, MD) was reconstituted in 50 μL of molecular grade water to 

achieve a 0.1 mg/mL stock solution. Stock solutions were diluted 1:100 in sterile DPBS 

containing 1 mg/mL BSA to achieve a working stock concentration of 1 μg/mL rhTGF-

β2. Working stock solutions were stored in 40 μL aliquots at -80°C. 
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Culture of Bovine Endometrial (BEND) Cells 

BEND cells were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA), and cultured according to the distributor’s instructions. Briefly, BEND 

cells were cultured to 85% sub confluence in 75 cm2 flasks (Greiner Bio-One, 

Frickenhausen, Germany) in a 1:1 mixture of Dulbecco’s Minimum Essential Medium 

(DMEM) and Ham’s F12 Nutrient Mixture Medium supplemented with 1.5 g/L sodium 

bicarbonate, 0.034 g/L D-valine, 10% fetal bovine serum (FBS), and 10% horse serum. 

Cultures were maintained at 38.5°C in a humidified 5% CO2 environment. Complete 

culture medium was equilibrated to incubator conditions and changed every 48 h until 

cells reached sub confluence. Prior to treatment, cells were detached from flasks using 

0.25% trypsin with 0.1%-EDTA, washed with warm DPBS by centrifugation and 

resuspended in equilibrated culture medium. Cells were plated at a final concentration 

of 105 cells/mL in 24 or 96-well culture plates (TPP, Trasadingen, Switzerland). Cultures 

were equilibrated for 24 h to facilitate cellular attachment before the addition of 

treatments (described below). 

Isolation and Culture of Primary Bovine Endometrial Epithelial and Stromal Cells 

Uteri from post pubertal, non-pregnant cows were collected at a local 

slaughterhouse and processed at room temperature (RT) within 4 h of collection. Whole 

reproductive tracts were collected; however, uteri were further dissected only if no signs 

of infection were observed. A total of 6 reproductive tracts at stage 3 (day 11 to 17 of 

the estrous cycle) were used for the assay. The stage of the estrous cycle was 

classified based on corpus luteum characteristics including internal and external 

appearance, diameter, surface vasculature, and presence of follicles as previously 

reported (Ireland et al., 1980). 
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After removal of surrounding fat and connective tissue, the external surfaces of 

the uteri were disinfected with 70% ethanol. The ipsilateral horn to the corpus luteum 

was opened with a transverse cut into the center of the horn, above the intercornual 

ligament and longitudinal to the ovary. The exposed endometrium was washed twice 

with DBPS supplemented with 50 IU/mL penicillin, 50 μg/mL streptomycin and 2.5 

μg/mL amphotericin B to remove mucus and potential microorganisms. Endometrial 

tissue from intercaruncular regions was dissected into thin strips and placed into 50 mL 

pots containing Hank’s balanced salt solution (HBSS) supplemented with 50 IU/mL 

penicillin, 50 μg/mL streptomycin and 250 μg/mL amphotericin B. Endometrial tissue 

was further cut into 3 to 5 mm2 pieces, transferred into a 50 mL centrifuge tube 

containing warm HBSS and maintained at 37°C for 10 min. Endometrial tissue was 

enzymatically digested in 40 mL of HBSS supplemented with 100 mg BSA, 125 

CDU/mg collagenase II (Sigma-Aldrich, St. Louis, MO), 250 BAEE trypsin (Sigma-

Aldrich), and 4% DNase I. Tissue was digested at 37°C in a shaking water bath for 1 h. 

The cell suspension was then filtered through a 40 μm filter into a new 50 mL centrifuge 

tube containing warm HBSS supplemented with 10% FBS to stop enzymatic activity. 

The filtered suspension was centrifuged at 500 x g for 7 min at RT. The supernatant 

was discarded and the endometrial cell pellet was resuspended in 5 mL of complete 

culture medium (RPMI 1640 medium supplemented with 10% FBS, 2 mM of L-

glutamine, 50 IU/mL penicillin, 50 μg/mL streptomycin, and 2.5 μg/mL amphotericin B) 

equilibrated to 38.5°C. Cells were transferred to 75 cm2 flasks (Greiner Bio-One) 

containing 25 mL of equilibrated culture medium and maintained at 38.5°C in a 

humidified 5% CO2 environment. Differential adhesion was utilized to semi-purify 
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endometrial epithelial and stromal cells. Following an 18 h culture period, epithelial cells 

in suspension were transferred to a new flask while stromal cells remained attached to 

the original culture flask. After a total of 66 h in culture, cells were detached from flasks 

using HyQTase, washed with warm DPBS and resuspended at a final concentration of 

105 cells/mL. Purity of epithelial and stromal cells was assessed with flow cytometry 

analysis using the specific cell markers cytokeratin and vimentin, respectively, as 

previously reported (Ibrahim et al., 2018). Endometrial epithelial or stromal cells were 

plated in 24-well culture plates (TPP) in 500 μL of culture medium and equilibrated for 

24 h before the addition of treatments. 

All treatments were added to complete culture medium prior to the application to 

either BEND cells or primary endometrial cells. Treatments included medium alone as 

negative control, seminal plasma (0.001%, 0.01%, 0.1%, 1%, 5%, 10%, or 20% v/v), 

rhTGF-β1 (1 ng, 10 ng or 100 ng/mL) or rhTGF-β2 (0.1 ng, 1 ng or 10 ng/mL). Estradiol 

was used at 0 nM, 0.1 nM or 1 nM concentrations. Cells were exposed to treatments for 

0, 1, 3, 6, 12 or 24 h. Experiments using BEND cells were repeated at least 4 times and 

each replicate represents cells between passage 1 to 11. Experiments using primary 

cells were replicated 6 times, with each replicate being representative of endometrial 

cells from an individual cow. Following treatment, cells were washed with warm DPBS 

and stored in 350 μL of RLT Lysis Buffer (Qiagen, Hilden, Germany) at -80°C to 

facilitate extraction of total RNA. 

Evaluation of Endometrial Cell Viability 

Cell viability was assessed by colorimetric analysis using the 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Viability of cells 

was determined by the capacity of living cells to reduce the membrane-permeable MTT 
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dye (Sigma-Aldrich) to formazan by mitochondrial-dependent metabolism. Endometrial 

cell viability was evaluated after 24 h treatment. Cells were plated at 105 cells/mL in 96-

well culture plates (TPP) in a final volume of 200 μL of appropriate cell culture medium 

and equilibrated for 24 h prior to treatment. Treatments were added to complete culture 

medium and equilibrated to 38.5°C prior to exposure of cells in duplicate for 24 h. 

Assays were repeated 7 times. Each replicate included a blank with no cells to calculate 

background color. Following the 24 h treatment period, a total of 10 μL of 5 mg/mL MTT 

was added to each well. Cells were incubated for 2 h in MTT prior to washing in warm 

DPBS. Cellular formazan was solubilized by the addition of 100 μL of dimethyl sulfoxide 

(DMSO) per well and incubated for 15 min at RT in the dark. Optical density of each 

well was measured at 540 nm using a microplate reader (BioTek, Winooski, VT) and the 

blank corrected value for each treatment was calculated using the average of the 

duplicate wells. Data were normalized as fold change from the medium alone treated 

cells. 

Synchronization, Blood Collection and Intra-Uterine Infusion of Cows 

The study was conducted at the University of Florida, North Florida Research 

and Extension Center (NEFREC) in Marianna, Florida. All treatments, animal housing 

and procedures were approved by the University of Florida Institutional Animal Care 

and Use Committee. 

The endometrial response to intra-uterine infusion was characterized in 54 

multiparous, non-lactating healthy Angus beef cows. Cows were randomly assigned to 

receive 1 mL of either saline, conventional extended semen from a single sire, pooled 

seminal plasma, or 1 mL of both conventional extended semen and seminal plasma. 

Each treatment was pre-loaded into 0.5 mL straws under aseptic conditions. Saline and 
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seminal plasma were filter-sterilized using a 0.4 μm syringe filter before loading into 

straws. Estrous synchronization was performed in all cows by administering GnRH 

(Factrel; 100 μg gonadorelin hydrochloride; Zoetis Animal Health, Parsippany, NJ), 

followed by PGF2α treatment (Lutalyse; 25 mg dinoprost tromethamine; Zoetis Animal 

Health) 7 days later. Transrectal ultrasound (Ibex ultrasound with 5 MHz multifrequency 

transducer: E. I. Medical Imaging, Loveland, CO) was performed to confirm the 

presence and location of an ovulatory follicle at the time of PGF2α treatment and again 

at the time of intra-uterine infusion. Only cows confirmed in heat were included in the 

study. Treatments were administered into the uterine body 48 h after PGF2α treatment 

by standard artificial insemination technique. Endometrial biopsies from both ipsilateral 

and contralateral uterine horns relative to the ovulatory follicle were collected 24 h after 

treatment infusion. Briefly, animals received local anesthesia by administering 4 mL of 

lidocaine to the epidural space between the second and third coccygeal vertebrate. 

Endometrial biopsy forceps (Jorgensen 195 Laboratories, Loveland, CO) were passed 

into the uterine horn, guided by rectal palpation. Once in place, the endometrium was 

gently pressed into the jaws of the biopsy forceps by rectal palpation and a small piece 

of endometrial tissue was clipped off by closing the instrument jaws. The process was 

repeated to facilitate the collection of endometrial tissue from both uterine horns. 

Endometrial tissue biopsies were rinsed in sterile DPBS and bisected into two pieces. 

Biopsies were stored in RNAlater (Invitrogen) for RNA extraction or fixed in 10% neutral 

buffered formalin for 24 h at 4°C for histological analysis. Blood was collected via 

coccygeal vein 7 days after insemination using 10 mL lithium heparin vacutainers (BD, 

Franklin Lakes, NJ), and stored at -20°C until plasma progesterone was quantified. 
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Quantification of Blood Plasma Progesterone Concentration by ELISA 

 Blood plasma progesterone concentrations were quantified by ELISA (DRG 

International Inc., Springfield NJ) following the manufacturer’s instructions. The DRG 

progesterone ELISA kit is human specific and was previously validated in our laboratory 

for use with bovine blood plasma. The assay was validated by spike-in/recovery 

performance, using samples with known concentrations of bovine plasma progesterone 

and expected concentration recovery of progesterone supplied with the kit. Recovery of 

spike-in progesterone was above 89% with a coefficient of intra-assay variation at 6.5%. 

Extraction and Purification of RNA from Endometrial Cells or Tissues 

Total RNA was extracted from cultured cells using the RNeasy Mini Kit according 

to manufacturer’s instructions (Qiagen, Hilden, Germany). Total RNA was extracted 

from endometrial biopsy tissues using TRIzol Reagent. Briefly, endometrial tissues were 

homogenized in TRIzol with the help of a disposable pellet pestle (Kimble, Rockwood, 

TN). Homogenates were suspended in a final volume of 1 mL TRIzol and centrifuged at 

12,000 x g for 10 min at 4°C. Supernatants were transferred to a new centrifuge tube 

and a total of 200 μL of chloroform was added to homogenates and incubated at RT for 

5 min. Samples were centrifuged at 12,000 x g for 15 min at 4°C. The RNA rich 

aqueous supernatant was transferred to a new tube and 500 μL 100% isopropanol was 

added to each sample, followed by a 10 min incubation at RT. Samples were 

centrifuged at 12,000 x g for 15 min at 4°C and supernatants were removed leaving the 

RNA pellet. The RNA pellet was washed twice with 1 mL of 75% ethanol and 

centrifuged at 12,000 x g for 15 min at 4°C. The RNA pellet was air-dried for 5 min at 

RT and resuspended in 50 μL of RNAase-free water. Extracted RNA was quantified 

using a NanoDrop ND1000 spectrophotometer, and the purity of each sample was 
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determined by the A260/A280 ratio. A total of 1 μg of RNA was subjected to reverse 

transcription using the Verso cDNA synthesis kit according to manufacturer’s 

instructions. A genomic DNA wipe out step was included to remove genomic DNA. The 

recommended thermal cycling conditions for reverse transcription were 1 cycle of cDNA 

synthesis at 42°C for 30 min followed by inactivation at 95°C for 2 min. The cDNA was 

diluted 1:3 in molecular grade water and stored at -20°C. 

Quantitative Real-Time RT-PCR 

Primers were designed using the NCBI database and initial specificity was 

verified by BLAST to ensure no cross-reactivity with other loci. Primer length less than 

200 bp and GC contents of each primer (50 to 60%) were selected to avoid primer 

dimer formation. Primer details are listed in Table 1. Amplification efficiency was 

evaluated for each primer by performing serial dilutions of cDNA to confirm linear 

amplification and confirmed by visualization of PCR product on a 1 % agarose gel 

containing diamond dye to confirm predicted PCR product size. All primers had to meet 

MIQE guidelines for use (Pearson correlation coefficient r > 0.98 and efficiency between 

90%-110%). 

Quantitative real-time RT-PCR was performed in 20 μL reactions using iTaq 

Universal SYBR green (Bio-Rad, Hercules CA) with 100 nM of each forward and 

reverse primer. A Bio-Rad CFX Connect light cycler (Bio-Rad) was employed to perform 

PCR using a two-step protocol with the following recommended thermal cycling 

conditions: initial denaturation/enzyme activation at 95°C for 30 sec, followed by 40 

cycles of denaturation at 95°C for 5 sec, and annealing/extension for 30 sec at 60°C. 

Samples were analyzed in duplicates and each PCR reaction was followed by melt 

curve analysis to ensure single product amplification. A no template negative control 
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was used in place of cDNA to determine non-specific amplification. Gene expression 

data from cultured cells were normalized independently to GAPDH mRNA expression. 

Gene expression data from endometrial biopsies were normalized independently to the 

geometric mean of GAPDH and ACTB mRNA expression. Data were further analyzed 

using the 2-ΔCt method. 

Statistical Analysis 

Data were analyzed using SPSS software V24.0 (IBM Analytics, Armonk, NY). 

Data were log transformed where appropriate and normality was assessed with 

Shapiro-Wilk test before statistical analysis. Data were analyzed using the generalized 

linear mixed model with dose, treatment, time, and uterine horn as fixed factors. 

Replicate was included as random variable for the in vivo experiment. Pairwise 

comparisons were performed between each treatment dose against vehicle controls, or 

with estradiol concentrations within and among treatments. Data for gene expression 

were analyzed using the 2-ΔCt method and cell viability data were analyzed using the 

values for fold-change normalized to control treatments for each experiment. 

Experiments were repeated at least four times. Data are presented as the mean ± 

standard error of the mean. Statistical significance was declared at a P value of ≤ 0.05. 

Results 

The Effect of Seminal Plasma on BEND Cell Viability 

The effect of seminal plasma on the viability of BEND cells was assessed by 

colorimetric analysis using the MTT assay after 24 h exposure with medium alone or 

0.001%, 0.01%, 0.1%, 1%, 5%, 10%, or 20% (v/v) seminal plasma (Figure 2-1). A pool 

of seminal plasma from the first collection of 21 bulls was used. Viability of BEND cells 

was unaffected following exposure to low doses (0.001% to 0.1% v/v) of seminal 
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plasma regardless of seminal plasma treatment. However, exposure of BEND cells with 

1% non-treated seminal plasma reduced cell viability by 86% compared to controls (P ≤ 

0.05), while exposure to 5%, 10% or 20% non-treated seminal plasma reduced viability 

of BEND cells by at least 98% of controls (P < 0.05). Filtration of seminal plasma 

resulted in the same cytotoxic activity of non-treated seminal plasma at concentrations 

starting at 1% (P < 0.05). Heat-treatment of seminal plasma at 90°C for 10 min reduced 

the cytotoxic effects of seminal plasma, maintaining control cell viability at 1% and 5% 

heat-treated seminal plasma. The cytotoxic effect of seminal plasma was still evident 

after exposure to 10% or 20% heat-treated seminal plasma, compared to controls (P < 

0.05). The combination of heat-treatment and filtration yielded the same degree of 

cytotoxicity as heat-treated seminal plasma, where cell viability cytotoxic effects were 

observed following exposure to 10% or 20% seminal plasma. 

The Effect of Seminal Plasma on BEND Cell Gene Expression 

The capacity for low concentration seminal plasma to modulate BEND cell 

expression of CSF2, IL1B, TNF, and IL6 was evaluated following exposure to 0.001%, 

0.01%, 0.1%, or 1% v/v seminal plasma or medium alone for 24 h (Figure 2-2). Seminal 

plasma was either non-treated (Figure 2-2A, E, I, M), filtered (Figure 2-2B, F, J, N), 

heat-treated (Figure 2-2C, G, K, O), or filtered and heat-treated (Figure 2-2D, H, L, P). 

BEND cell expression of CSF2 was unaffected following exposure to non-treated 

or filtered seminal plasma (Figure 2-2A-B). However, exposure to 0.1% or 1% (v/v) 

seminal plasma that was heat-treated or filtered and heat-treated reduced CSF2 

expression compared to control cells (Figure 2-2C-D; P ≤ 0.05). With the exception of 

exposure to 1% non-treated seminal plasma or filtered seminal plasma, the expression 

of BEND cell IL1B was reduced in response to seminal plasma exposure regardless of 
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treatment, compared to control cells (Figure 2-2E-H; P ≤ 0.05). Expression of BEND cell 

TNF was increased following exposure to 0.001% v/v of heat-treated seminal plasma (P 

< 0.05), while exposure to all other treatments had no effect on TNF expression (Figure 

2-2I-L). BEND cell expression of IL6 was increased following exposure to each 

treatment of seminal plasma, compared to control cells (Figure 2-2M-P, P < 0.05). 

Specifically, exposure to non-treated seminal plasma increased IL6 expression at 

0.01%, 0.1% and 1% (Figure 2-2M); exposure to filtered seminal plasma increased IL6 

expression at 1% (Figure 2-2N); exposure to heat-treated seminal plasma increased IL6 

expression at 0.001%, 0.01%, 0.1% and 1% (Figure 2-2O); and exposure to seminal 

plasma that was both heat-treated and filtered increased IL6 expression at 0.01% 

(Figure 2-2P). 

The Effect of Seminal Plasma on Viability of BEND Cells Supplemented with 
Estradiol 

The capacity for estradiol to modulate BEND cell viability in response to seminal 

plasma was assessed using the MTT assay (Figure 2-3). BEND cells were cultured in 

the presence of 0 nM, 0.1 nM or 1 nM estradiol for 24 h before exposure to seminal 

plasma. BEND cells were then treated with medium alone or 0.001%, 0.01%, 0.1%, 1%, 

5%, 10%, or 20% (v/v) non-treated seminal plasma for 24 h in medium supplemented 

with estradiol (Figure 2-3). A second pool of seminal plasma collected from 12 unique 

bulls was used for this experiment. The viability of BEND cells was not affected 

following exposure to seminal plasma at concentrations of 0.001%, 0.01%, 0.1% or 1% 

(v/v) regardless of estradiol exposure. Following exposure to seminal plasma at 5%, 

10% or 20% (v/v), BEND cell viability was decreased by a minimum of 95% compared 
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to control cells. Supplementation with estradiol did not affect seminal plasma induced 

cytotoxicity of BEND cells. 

The Effect of Seminal Plasma on Gene Expression of BEND Cells Supplemented 
with Estradiol 

The capacity for estradiol to modulate BEND cell expression of CSF2, IL1B, TNF, 

and IL6 was evaluated following exposure to seminal plasma (Figure 2-4). BEND cells 

were cultured in the presence of 0 nM (Figure 2-4A, D, G, J), 0.1 nM (Figure 2-4B, E, H, 

K), or 1 nM (Figure 2-4C, F, I, L) estradiol for 24 h before exposure to seminal plasma. 

BEND cells were then treated with medium alone or 0.001%, 0.01%, 0.1%, or 1% v/v 

non-treated seminal plasma for 24 h in medium supplemented with estradiol (Figure 2-

4). 

BEND cell expression of CSF2 (Figure 2-4A, B, C) and TNF (Figure 2-4G, H, I) 

was unaffected following exposure to seminal plasma regardless of estradiol treatment. 

However, exposure to 1% v/v seminal plasma increased the expression of IL1B (Figure 

2-4D, E, F; P ≤ 0.05) and IL6 (Figure 2-4J, K, L; P ≤ 0.05) compared to control cells, 

regardless of estradiol treatment. Interestingly, the magnitude of seminal plasma 

induced IL1B expression was higher in cells exposed to 0.1 nM estradiol compared to 

estradiol-free control cells (Figure 2-4E; P ≤ 0.05). 

The Effect of Transforming Growth Factor β on Viability of BEND Cells 
Supplemented with Estradiol 

Seminal plasma-derived transforming growth factor β (TGF-β) modulates human, 

mice and swine endometrial environment following insemination. The capacity for 

rhTGF-β1 and rhTGF-β2 to affect BEND cell viability was evaluated using the MTT 

assay (Figure 2-5). BEND cells were cultured in the presence of 0 nM, 0.1 nM or 1 nM 

estradiol for 24 h before exposure to TGF-β. BEND cells were subsequently exposed to 
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medium alone, rhTGF-β1 (1 ng, 10 ng, or 100 ng/mL), or rhTGF-β2 (0.1 ng, 1 ng, or 10 

ng/mL) for 24 h in medium supplemented with estradiol. There was no effect of either 

TGF-β or estradiol treatment on BEND cell viability (P > 0.05). 

The Effect of Transforming Growth Factor β on Gene Expression of BEND Cells 
Supplemented with Estradiol 

The capacity for estradiol to modulate BEND cell expression of CSF2, IL1B, TNF, 

and IL6 was evaluated following exposure to rhTGF-β1 or rhTGF-β2 (Figure 2-6). BEND 

cells were cultured in the presence of 0 nM (Figure 2-6A, D, G, J), 0.1 nM (Figure 2-6B, 

E, H, K), or 1 nM (Figure 2-6C, F, I, L) estradiol for 24 h before exposure to TGF-β. 

BEND cells were then treated with medium alone, rhTGF-β1 (1 ng, 10 ng, or 100 

ng/mL), or rhTGF-β2 (0.1 ng, 1 ng, or 10 ng/mL) for 24 h in medium supplemented with 

estradiol. 

Expression of BEND cell CSF2 was unaffected following exposure to rhTGF-β in 

the absence of estradiol (Figure 2-6A). Expression of CSF2 was decreased following 

exposure to 1 or 10 ng/mL of rhTGF-β2 in combination with 0.1 nM estradiol compared 

to control cells cultured in 0.1 nM estradiol; however, exposure to 1 ng/mL of rhTGF-β2 

co-treated with 0.1 nM estradiol resulted in lower CSF2 expression compared to cells 

exposed to 1 ng/mL of rhTGF-β2 in the absence of estradiol (Figure 2-6A-B; P ≤ 0.05). 

Treatment with 1 nM estradiol also decreased CSF2 expression following treatment with 

10 ng/mL of rhTGF-β1, or either 1 ng/ml or 10 ng/mL of rhTGF-β2 compared to rhTGF-

β2 exposure in the absence of estradiol (Figure 2-6A-C; P ≤ 0.05). 

The expression of IL1B was unaffected following treatment with rhTGF-β in the 

absence of estradiol (Figure 2-6D), whereas cells treated with 0.1 nM estradiol the 

expression of IL1B was decreased after exposure to 1 ng/mL of rhTGF-β2 compared to 
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control cells (Figure 2-6E; P ≤ 0.05). Interestingly, estradiol treatment decreased the 

expression of IL1B regardless of exposure to rhTGF-β (Figure 2-6D-F; P ≤ 0.05). 

Expression of TNF was increased following exposure to 10 ng/mL or 100 ng/mL 

rhTGF-β1 or 0.1 ng/mL rhTGF-β2 in the absence of estradiol, compared to control cells 

(Figure 2-6G; P ≤ 0.05). Interestingly exposure to 10 ng/mL rhTGF-β2 in combination 

with 0.1 nM estradiol reduced TNF expression compared to controls (Figure 2-6H; P ≤ 

0.05). Collectively, exposure to estradiol ameliorated any TGF-β induced increase in 

TNF expression (Figure 2-6G-I; P ≤ 0.05). 

Expression of IL6 was increased in BEND cells exposed to 10 ng/mL or 100 

ng/mL rhTGF-β1, or either 1 ng/mL or 10 ng/mL rhTGF-β2 that were supplemented with 

estradiol compared to control cells. There was no effect of TGF-β exposure on IL6 

expression in the absence of estradiol (Figure 2-6J-L; P ≤ 0.05). 

Acute Effects of Transforming Growth Factor β on BEND Cell Cytokine 
Expression 

To evaluate BEND cell response to acute TGF-β exposure cells were exposed to 

medium alone, 10 ng/mL rhTGF-β1, or 1 ng/mL rhTGF-β2 for a period of 0, 1, 3, 6, or 

12 h (Figure 2-7). Expression of IL1B was decreased in response to either rhTGF-β1 or 

rhTGF-β2 following exposure for 1 or 3 h, compared to control cells at the same time 

points (Figure 2-7B; P ≤ 0.05). However, the expression of IL1B was increased after 

exposure to rhTGF-β1 or rhTGF-β2 for 3, 6 or 12 h compared to control cells at 0 h 

(Figure 2-7B; P ≤ 0.05). Expression of IL6 was increased after exposure to rhTGF-β1 or 

rhTGF-β2 for 6 and 12 h compared to control cells at the same time points (Figure 2-7 

D; P ≤ 0.05). In addition, IL6 expression was increased in response to rhTGF-β1 or 

rhTGF-β2 exposure for 1, 3, 6 and 12 h compared to control cells at 0 h (Figure 2-7D; P 
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≤ 0.05). Expression of CSF2 and TNF was unaffected following exposure to TGF-β 

(Figure 2-7A and C). 

Effect of Seminal Plasma or Transforming Growth Factor β on Primary 
Endometrial Epithelial or Stromal Gene Expression 

The capacity of seminal plasma or TGF-β to modulate semi-purified bovine 

endometrial epithelial or stromal cell expression of CSF2, IL1B, TNF and IL6 was 

assessed by qPCR (Figure 2-8). Cells were exposed to non-treated seminal plasma 

(0.001%, 0.01%, 0.1%, or 1% v/v), rhTGF-β1 (1 ng, 10 ng or 100 ng/mL), rhTGF-β2 (0.1 

ng, 1 ng or 10 ng/mL), or medium alone for 24 h. Stromal cells expression of CSF2, 

TNF and IL6 was increased following exposure to 1% v/v seminal plasma compared to 

control cells (Figure 2-8A, C-D; P ≤ 0.05). Expression of selected genes in stromal cells 

was not affected following exposure to TGF-β. Exposure of cells to seminal plasma or 

TGF-β had no effect on expression of target genes in epithelial cells (Figure 2-8E-H). 

Effect of Intrauterine Infusion of Semen Components on Endometrial Gene 
Expression and Circulating Progesterone 

The endometrial response to semen components following intrauterine infusion 

was characterized in synchronized beef cows. Endometrial biopsies were collected 24 h 

after intrauterine infusion of saline, conventional semen, seminal plasma, or the 

combination of semen + seminal plasma (Figure 2-9). Seminal plasma infusion 

increased the expression of endometrial IL1B by 2.2-fold compared to saline infusion 

(Figure 2-9 J; P ≤ 0.05). Specifically, seminal plasma infusion increased IL1B 

expression in the contralateral horn compared to saline infusion. An effect of treatment 

was observed in the expression of PTPRC where semen + seminal plasma infusion 

reduced expression by 2.37-fold compared to saline infused control group (Figure 2-9G; 

P ≤ 0.05). This effect was strongest in the ipsilateral horn where PTPRC expression 
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was reduced following infusion of semen + seminal plasma compared to saline. 

Interestingly, the infusion of seminal plasma alone resulted in higher PTPRC expression 

compared to infusion of semen + seminal plasma in the contralateral horn. Expression 

of PTGS2 was decreased following infusion of seminal plasma compared to saline in 

the ipsilateral horn (Figure 2-9E; P ≤ 0.05). Basal expression of CSF2 was 3.9-fold 

higher in the ipsilateral horn compared to the contralateral horn following saline infusion, 

while infusion of semen increased CSF2 expression 3.8-fold compared to saline in the 

contralateral horn (Figure 2-9A; P ≤ 0.05). Expression of IL17A, AKR1C4, and TGFB 

were higher in the ipsilateral horn compared to the contralateral horn following infusion 

of semen + seminal plasma (Figure 2-9C, H, L; P < 0.05). Basal expression of AKR1C4 

was also higher in the ipsilateral horn compared to the contralateral horn of the saline 

infused group (Figure 2-9K; P ≤ 0.05). 

Blood plasma progesterone concentration was measured by ELISA seven days 

following intrauterine infusion. Average circulating progesterone was above 3 ng/mL in 

each infusion group, however there was no effect of treatment (P > 0.05; Figure 2-10).  
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Table 2-1.  List of qPCR primer sequences for target gene analysis 

Gene Primer Sequence (5’–3’) GenBank 

accession no. 

Product 

size (bp) 

ACTB 5’ CAGAAGCACTCGTACGTGGG NM_173979.3 200 

 3’ TTGGCCTTAGGGTTCAGGG   

AKR1C4 5’ TGCAACCAGGTGGAATGTCA NM_181027.2 122 

 3’ ACCCATTCTTTTAGTCGTTGGGA   

CSF2 5’ TTCCTGTGGAACCCAGTTTATC NM_174027.2 114 

 3’ TTTGGCCTGCTTCACTTCT   

CXCL8  5’ GCAGGTATTTGTGAAGAGAGCTG NM_173925.2 149 

 3’ CACAGAACATGAGGCACTGAA   

GAPDH 5’ AGGTCGGAGTGAACGGATTC NM_001034034.2 114 

 3’ ATGGCGACGATGTCCACTTT   

IFNG 5’ CTCCGGCCTAACTCTCTCCT NM_174086.1 174 

 3’ GGCCCACCCTTAGCTACATC   

IL1A 5’ AGAGGATTCTCAGCTTCCTGTG NM_174092.1 224 

 3’ ATTTTTCTTGCTTTGTGGCAAT   

IL1B 5’ CTTCATTGCCCAGGTTTCTG NM_174093.1 142 

 3’ CAGGTGTTGGATGCAGCTCT   

IL6 5’ ATGACTTCTGCTTTCCCTACCC XM_015468553.1 180 

 3’ GCTGCTTTCACACTCATCATTC   

IL17A 5’ GCCCACCTACTGAGGACAAG NM_001008412.2 134 

 3’ ATTGCGGTGGAGAGTCCAAG   

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=75832053
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=31341347
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=31343004
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=31343250
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=982921125
https://www.ncbi.nlm.nih.gov/nucleotide/402691743?report=gbwithparts
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Table 2-1. Continued. 

Gene Primer Sequence (5’–3’) GenBank 

accession no. 

Product 

size (bp) 

PTGS2 5’ CGTGAAAGGCTGTCCCTTTA XM_010813540.2 97 

 3’ ATCTAGTCCAGAGTGGGAAGAG   

PTPRC  5’ AGACAAGGAAGCCTGTGCTC XM_010813547.2 107 

 3’ CACGGACGGTATACGCTGAA   

TGFB1  5’ AAGGGGTACCACGCCAATTT NM_001166068.1 79 

 3’ CCAGGACCTTGCTGTACTGTG   

TNF 5’ CACATACCCTGCCACAAGGC NM_173966.3 261 

 3’ CTGGGGACTGCTCTTCCCTCT   

 
 

  

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=982948952
https://www.ncbi.nlm.nih.gov/nucleotide/260655602?report=gbwithparts
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Figure 2-1. Effect of seminal plasma on BEND cell viability. Cell viability was assessed 

using the MTT assay after 24 h treatment with medium alone (0) or 0.001%, 
0.01%, 0.1%, 1%, 5%, 10%, or 20% v/v seminal plasma (SP). Seminal 
plasma was either non-treated, filtered, heat-treated or both filtered and heat-
treated. Data are presented as mean fold-change of medium alone treated 
cells ± SEM. Experiments were replicated in at least eight independent 
assays. Data were log transformed and analyzed using the generalized linear 
mixed model and pairwise comparison were made between medium alone 
and each seminal plasma concentration. ∗, represents P ≤ 0.05 compared to 
medium alone.  
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Figure 2-2. Effect of seminal plasma on BEND cell gene expression. BEND cell 

expression of CSF2 (A-D), IL1B (E-H), TNF (I-L), and IL6 (M-P) was 
evaluated by qPCR after 24 h treatment with medium alone (0) or 0.001%, 
0.01%, 0.1%, or 1% v/v seminal plasma (SP). Seminal plasma was either 
non-treated (A, E, I, M), filtered (B, F, J, N), heat-treated (C, G, K, O), or 
filtered and heat-treated (D, H, L, P). Data are presented as mean relative 
expression normalized to GAPDH using the 2-ΔCt method ± SEM. Experiments 
were replicated in seven independent assays. Data were log transformed and 
analyzed using the generalized linear mixed model and pairwise comparisons 
were made between medium alone and each seminal plasma concentration. 
*, represents P ≤ 0.05 compared to medium alone. 
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Figure 2-3. Effect of seminal plasma on viability of BEND cells supplemented with 

estradiol. Cell viability was assessed using the MTT assay. BEND cells were 
cultured in the presence of 0 nM, 0.1 nM or 1 nM estradiol for 24 h before 
addition of seminal plasma (SP) treatments. BEND cells were then treated 
with medium alone (0) or 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, or 20% v/v SP 
for 24 h in medium supplemented with estradiol. Data are presented as mean 
fold-change of estradiol-free medium alone treated cells ± SEM. Experiments 
were replicated in four independent assays. Data were log transformed and 
analyzed using the generalized linear mixed model and pairwise comparison 
were made between medium alone and each seminal plasma concentration 
within estradiol concentrations.*, represents P ≤ 0.05 compared to medium 
alone within estradiol concentration. 
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Figure 2-4. Effect of seminal plasma and estradiol on BEND cell gene expression. 

BEND cell expression of CSF2 (A-C), IL1B (D-F), TNF (G-I), and IL6 (J-L) 
was measured by qPCR. BEND cells were cultured in the presence of 0 nM 
(A, D, G, J), 0.1 nM (B, E, H, K) or 1 nM (C, F, I, L) estradiol for 24 h before 
addition of seminal plasma (SP) treatments. BEND cells were then treated 
with medium alone (0) or 0.001%, 0.01%, 0.1%, 1%, 5%, 10%, or 20% v/v SP 
for 24 h in medium supplemented with estradiol. Data are presented as mean 
relative expression normalized to GAPDH using the 2-ΔCt method ± SEM. 
Experiments were replicated in eight independent assays. Data were log 
transformed and analyzed using the generalized linear mixed model and 
pairwise comparisons were made between medium alone and each seminal 
plasma concentration within estradiol treatment and between each estradiol-
free media and estradiol treatments within a seminal plasma treatment. *, 
represents P ≤ 0.05 compared to medium alone within an estradiol 
concentration; Ψ, represents P ≤ 0.05 compared to corresponding SP 
concentrations between estradiol concentrations. 
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Figure 2-5. Effect of transforming growth factor β and estradiol on BEND cell viability. 

Cell viability was assessed using the MTT assay. BEND cells were cultured in 
the presence of 0 nM, 0.1 nM or 1 nM estradiol for 24 h before addition of 
TGF-β treatments. BEND cells were then treated with medium alone (0), 
rhTGF-β1 (1 ng, 10 ng or 100 ng/mL), or rhTGF-β2 (0.1 ng, 1 ng or 10 ng/mL) 
for 24 h in medium supplemented with estradiol. Data are presented as mean 
fold-change of estradiol-free medium alone treated cells ± SEM. Experiments 
were replicated in four independent assays. Data were log transformed and 
analyzed using the generalized linear mixed model and pairwise comparison 
were made between each treatment and vehicle control within an estradiol 
concentration. *, represents P ≤ 0.05. 
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Figure 2-6. Effect of transforming growth factor β and estradiol on BEND cell gene 

expression. BEND cell expression of CSF2 (A-C), IL1B (D-F), TNF (G-I), and 
IL6 (J-L) was measured by qPCR. BEND cells were cultured in the presence 
of 0 nM (A, D, G, J), 0.1 nM (B, E, H, K) or 1 nM (C, F, I, L) estradiol for 24 h 
before addition of TGF-β treatments. BEND cells were then treated with 
medium alone (0), rhTGF-β1 (1 ng, 10 ng or 100 ng/mL), or rhTGF-β2 (0.1 
ng, 1 ng or 10 ng/mL) for 24 h in medium supplemented with estradiol. Data 
are presented as mean relative expression normalized to GAPDH using the 2-

ΔCt method ± SEM. Experiments were replicated in at least three independent 
assays. Data were log transformed and analyzed using the generalized linear 
mixed model and pairwise comparisons were made between appropriate 
medium alone and each treatment within an estradiol concentration and 
between each estradiol concentration within a given treatment. *, represents 
P ≤ 0.05 compared to appropriate medium alone within an estradiol 
concentration; Ψ, represents P ≤ 0.05 treatment between estradiol 
concentrations. 
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Figure 2-7. Acute effects of transforming growth factor β on BEND cell expression. 

BEND cell expression of CSF2 (A), IL1B (B), TNF (C), and IL6 (D) in 
response to medium alone, 10 ng/mL rhTGF-β1, or 1 ng/mL rhTGF-β2 for a 
period of 1 to 12 h. Data are presented as the mean relative expression 
normalized to GAPDH using the 2-ΔCt method ± SEM. Experiments were 
replicated in four independent assays. Data were log transformed and 
analyzed using the generalized linear mixed model and pairwise comparison 
were made at each time point between medium alone and each treatment 
concentration and between 0 h and each treatment. *, represents P ≤ 0.05 
compared to medium alone within each time point; Ψ, represents P ≤ 0.05 
compared to 0 h.  
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Figure 2-8. Effect of seminal plasma or transforming growth factor β on primary 

endometrial epithelial or stromal gene expression. Expression of CSF2, IL1B, 
TNF, and IL6 in primary endometrial stroma (A-D) or epithelial (E-H) cells 
after 24 h treatment with medium alone (0), seminal plasma (SP; 0.001%, 
0.01%, 0.1%, or 1% v/v), rhTGF-β1 (1 ng, 10 ng or 100 ng/mL), or rhTGF-β2 
(0.1 ng, 1 ng or 10 ng/mL). Data are presented as the mean relative 
expression normalized to GAPDH using the 2-ΔCt method ± SEM. Experiments 
were replicated in six independent assays with each replicate being 
representative of endometrial cells from an individual cow. Data were log 
transformed and analyzed using the generalized linear mixed model and 
pairwise comparison were made between medium alone and each treatment 
concentration. *, represents P ≤ 0.05 compared to medium alone. 
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Figure 2-9. Effect of intrauterine infusion of semen components on endometrial gene 

expression. Expression of CSF2, IL6, CXCL8, IL1A, IL1B, TNF, PTGS2, 
IFNG, and PTPRC in endometrial biopsies collected 24 h following 
intrauterine infusion of conventional semen (n = 12), pooled seminal plasma 
(SP; n = 11), a combination of conventional semen and SP (n = 9), or saline 
(n = 11) as vehicle control. Biopsies were collected from uterine horns 
ipsilateral (hashed bars) and contralateral (solid bars) of the dominant follicle, 
identified by ultrasound the day before intrauterine infusion. Data are 
presented as the mean relative expression normalized to the geometric mean 
of housekeepers using the 2-ΔCt method ± SEM. Data were log transformed 
and analyzed using repeated measures in the generalized linear mixed model 
with pairwise comparisons. The dam was used as the subject, treatment, 
horn, and treatment x horn were used as fixed effect. *, represents P ≤ 0.05. 
Superscripts a and b refer to differences observed between treatments within 
the contralateral horn; superscripts x and y refer to differences observed 
between treatments within the ipsilateral horn. T, treatment effect; TₓH, 
treatment by horn interaction. 
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Figure 2-10. Effect of intrauterine infusion of semen components on day 7 blood plasma 

progesterone. Blood plasma progesterone was quantified by ELISA in cows 7 
days after intrauterine infusion of saline (n = 11), conventional semen (12), 
pooled seminal plasma (SP; n = 11), or a combination of conventional semen 
and SP (n = 9). Data are presented as mean ng/mL of progesterone ± SEM. 
Data were analyzed using the generalized linear mixed model with pairwise 
comparisons. *, P value of ≤ 0.05. 
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CHAPTER 3 
DISCUSSION AND CONCLUSIONS 

Discussion 

Reports from human and mice studies have shown that seminal plasma elicits 

endometrial inflammation associated with improving pregnancy outcomes and offspring 

performance. Specifically, seminal plasma derived TGF-β induces this inflammatory 

response in female reproductive tissues at the time of insemination (Tremellen et al., 

2000; Robertson, 2005; Bromfield et al., 2014). Currently, there is little evidence to 

suggest that seminal plasma or components in semen, directly elicit endometrial 

inflammation in cattle (Bromfield, 2016). Furthermore, cows undergoing artificial 

insemination using diluted/extended semen are not exposed to physiological 

components and volumes of semen comparable to natural mating. The present study 

evaluated the responsiveness of bovine endometrial cells to seminal plasma or TGF-β 

using in vivo and in vitro exposures. We hypothesized that seminal plasma or TGF-β 

would increase the expression of proinflammatory factors in the bovine endometrium. 

Our data demonstrates that seminal plasma has a cytotoxic effect on endometrial cells 

above concentrations of 1% v/v that is heat-labile. In addition, exposure to seminal 

plasma increased IL6 expression and differentially regulated expression of IL1B in an 

estrogen dependent manner. Exposure of endometrial cells to TGF-β increased 

expression of TNF but only in the absence of estrogen. Paradoxically, TGF-β increased 

expression of IL6 in an estrogen dependent manner. Finally, intra-uterine infusion of 

seminal plasma at estrus increased expression of endometrial IL1B but had little effect 

on the expression of other inflammatory markers. 
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Pregnancy rates using artificial insemination in cattle are similar to natural 

service (Lima et al., 2009), and generally pregnancy rates achieved by embryo transfer 

are higher than for artificial insemination (Pellegrino et al., 2016). However, these 

artificial reproductive techniques differ from the natural physiology of conception in the 

bovine where semen is deposited in the vagina during natural service. During artificial 

insemination, diluted/extended semen is infused into the uterine body and both the 

composition and volume are substantially different from semen ejaculated by bulls. In 

rodents, swine and humans, seminal plasma increases expression of proinflammatory 

cytokines in the female reproductive tract (Robertson, 2005). It has been proposed that 

expression of these cytokines at the time of conception promote various changes 

important in pregnancy success, including tissue remodeling, embryo development and 

maternal immune adaption. Cytokines including IL-6, IL-8, and TGF-β promote 

angiogenesis, which establishes vascular changes in uterine tissues required to develop 

a functional/competent placenta that will support fetal growth until birth (Neufeld and 

Kessler, 2006; Forde and Lonergan, 2012; Fu et al., 2017). Exposure to seminal plasma 

in mice promotes the secretion of embryotrophic factors in the oviduct, improving 

embryo development (Bromfield et al., 2014). While seminal plasma induced 

inflammation enables maternal immune sensitization to paternal antigens, it also 

facilitates the establishment of maternal tolerance toward the semi-allogenic conceptus 

(Bromfield et al., 2018). It is unclear if any of the effects we have characterized here 

mediate changes to pregnancy success or downstream physiological processes. 

We report that bovine seminal plasma is cytotoxic to endometrial cells, and that 

heat treatment alleviates this effect to some degree. This heat-labile effect implies that 
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seminal plasma induced cytotoxicity is protein mediated; however; concentrations of 

10% v/v seminal plasma remained cytotoxic even after heat-treatment. It is unclear how 

seminal plasma cytotoxicity at higher concentrations is mediated, but may include 

alteration to culture medium pH or osmolality as additional seminal plasma is added to a 

closed system. Seminal plasma cytotoxicity has been associated with low fertility bulls 

(Nongbua et al., 2018), while bull fertility has been associated with the protein content of 

seminal plasma; protein deficient bulls have a higher incidence of subfertility in artificial 

insemination programs (Moura et al., 2006; Harayama et al., 2017).  Interestingly, we 

observed that the concentration of seminal plasma required to achieving a cytotoxic 

effect varied between two pools of seminal plasma collected from unique populations of 

bulls. Here, we used pooled seminal plasma from two unique populations of Angus bulls 

collected by electroejaculation. The seminal plasma pool from the first collection was 

toxic for cells at doses of 1% v/v or higher; no viable BEND cells were observed in the 

wells. However, the seminal plasma pool prepared from the second cohort of Angus 

bulls was only cytotoxic for doses of 5% v/v or higher. Independent of the cohort, heat-

treatment of seminal plasma alleviated cytotoxicity, but did not completely quench this 

activity. Several studies suggest that bovine seminal plasma is not a protective medium 

for sperm long after ejaculation, since seminal plasma compromises sperm quality 

(reviewed by Leahy and de Graaf, 2012). Curiously, epididymal fluid is not toxic to 

sperm while ejaculated seminal plasma kills sperm (Shannon, 1965; Way et al., 2000). 

This suggests that the cytotoxic factors in seminal plasma may be produced in specific 

accessory glands and this may explain why bulls vary in the toxicity of the seminal 

plasma. We speculate that the variation observed between bull cohorts may be either 
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associated to the fertility of bulls or be consequence of the environment affecting semen 

quality. In fact, it has been reported that season changes the protein content and 

composition of seminal plasma in rams, boars, and horses (Trudeau and Sanford, 1986; 

Janett et al., 2003; Cardozo et al., 2006). This coincides with reports in humans where 

the composition of seminal plasma is variable between individuals but also between 

ejaculates of the same male over time (Sharkey et al., 2017). It is possible that 

electroejaculation used for semen collection might have altered any effect of seminal 

plasma in our model, as seminal plasma composition varies between collection 

methods (Rego et al., 2015). Further studies using semen collected from 

electroejaculation and artificial vagina to evaluate endometrial responses should be 

performed. 

A large proportion of pregnancy loss in dairy cattle occurs in the first week of 

pregnancy when approximately 40% of embryos fail to develop further than the 

blastocyst stage (Santos et al., 2004; Wiltbank et al., 2016). Early embryonic loss is 

likely a consequence of compromised oocyte fertilization, embryo development, 

oviduct/uterine support, and ovarian insufficiency (Sartori et al., 2002; Spencer et al., 

2016b; Wiltbank et al., 2016). In dairy cows, this period of early pregnancy may be 

affected by postpartum complications including metabolic stress and uterine infection 

(Lucy, 2001). The utility of IVF enables the development of the embryo to the blastocyst 

stage of development prior to transfer to embryo recipients, bypassing this period of 

embryonic loss. It has been reported that proinflammatory cytokines secreted by the 

endometrium have embryotrophic properties, emphasizing the importance of the 

maternal environment for embryo development. In mice, pigs, humans, and cattle the 
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maternal cytokine CSF-2 communicates with the embryo and promotes development 

during the preimplantation period (Robertson et al., 2001; Sjöblom et al., 2005; Kwak et 

al., 2012; Siqueira and Hansen, 2016). Our data suggests that heat treatment of 

seminal plasma reduces CSF2 expression in BEND cells, while intra-uterine infusion of 

semen or seminal plasma did not affect endometrial CSF2 expression. However, CSF2 

expression was increased in semi-purified endometrial stromal cells. This is in 

agreement with Ibrahim et al. (2018) that demonstrated a seminal plasma mediated 

increase in CSF2 expression of endometrial explants, stromal cells and epithelial cells. 

Tribulo et al. reported that endometrial CSF2 expression is modulated throughout the 

estrous cycle, resulting in maximal endometrial expression at day 5 (Tríbulo et al., 

2018). It is possible that the time selected to measure endometrial gene expression 

following intra-uterine infusion (24 hours) do not coincide with the time of maximal CSF2 

expression and that BEND cells are not an ideal model system to evaluate endometrial 

response to seminal plasma. More studies are required to evaluate the capacity for 

seminal plasma to modulate CSF2 in a temporal fashion or perhaps in the oviduct, 

which would benefit embryo development. 

Expression of IL6 was increased in BEND cells following seminal plasma 

exposure. Interestingly, seminal plasma mediated IL6 expression was still apparent 

after heat treatment, but to a lower relative expression. These results confirm that 

seminal plasma increases the expression of IL6 and that this response may be 

mediated by the protein fraction of seminal plasma. In humans, Cross (1996) reported 

that the sperm acrosome reaction is inhibited by exposure to seminal plasma, and that 

this inhibitory action is not quenched after seminal plasma heat treatment at 90°C for 10 



 

81 

minutes (Cross, 1996). A similar effect has been observed in bulls, where seminal 

plasma modulation of neutrophil phagocytosis of sperm was not affected after heat 

treatment of seminal plasma at 56°C for 30 minutes (Strzemienski, 1989). 

Odhiambo et al. reported a tendency for improving pregnancy rates in beef cows 

with subfertility (pregnancy rate < 50%) after intrauterine infusion of TGF-β1 at 

insemination but not seminal plasma (Odhiambo et al., 2009). Here we report that 

treatment of BEND cells with TGF-β1 or TGF-β2 increased IL6 and TNF expression. 

Expression of BEND cell TNF was increased in response to TGF-β in the absence of 

estrogen. In contrast, expression of IL6 was only increased in BEND cells in the 

presence of estrogen after 24 h. However, primary epithelial cells did not respond to 

either TGF-β1 or TGF-β2. Conversely, we did not see an increase in endometrial IL6 

expression following intrauterine infusion of semen or seminal plasma. Our findings are 

similar to reports in humans where seminal plasma increased IL6 expression without 

altering TNF in endometrial cells (Gutsche et al., 2003), and in pigs where seminal 

plasma or seminal plasma derived heparin-binding protein increased IL6 expression in 

cervical cells (Madej et al., 2012). Interestingly, treatment of human endometrial cells 

with TNF for 24 hours increased IL6 expression (Bersinger et al., 2011). However, we 

observed that seminal plasma increased IL6 without affecting TNF expression, and that 

TGF-β has this same effect under the influence of estrogen. Therefore, it could be 

speculated that seminal plasma or TGF-β promote a uterine environment beneficial for 

early embryonic development by either inhibiting overproduction of TNF, independently 

promoting IL-6 secretion or both. This potential mechanism is supported by reports in 

humans where endometrial IL-6 is associated with promoting blastocyst development 
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and increasing implantation rates (Dominguez et al., 2010). While IL-6 supplementation 

to embryo culture medium promotes blastocyst development in the bovine (Wooldridge 

and Ealy, 2019). 

Seminal plasma derived TGF-β elicits inflammation in the murine endometrium 

and human cervix (Tremellen et al., 1998; Robertson, 2005). However, expression of 

endometrial IL6 could mediate TGF-β signaling and influence endometrial inflammation 

via IL-17A secretion. In humans, endometrial IL-6 is associated with reducing the 

incidence of recurrent spontaneous abortions by maintaining the balance between Treg 

and Th17 which are IL-17A dependent (Saito et al., 2010). In mice, seminal plasma 

induced secretion of IL-17A and mediated gamma-delta (γδ) T cells function (Song et 

al., 2016). We did not observe an effect of semen or seminal plasma on IL17A 

expression in vivo; however, Ibrahim et al. (2018) reported that bovine seminal plasma 

increased the expression of IL17A and TGFB1 in endometrial cells (Ibrahim et al., 

2018). 

Using seminal plasma from the first cohort of bulls we observed a decreased 

expression of IL1B in BEND cells, however seminal plasma derived from the second 

cohort of bulls increased IL1B expression, which was further increased in the presence 

of estrogen. Excitingly, we observed that the expression of IL1B increases following 

intrauterine infusion of seminal plasma compared to infusion of saline. These results are 

similar to findings in human were seminal plasma increases IL1B and IL6 expression in 

endometrial epithelial cells (Gutsche et al., 2003). Endometrial IL-1β increases the 

expression of PTGS2 and synthesis of PGE2 in the endometrium under the influence of 

estrogen (Bazer, 2013), along with promoting decidualization of stromal cells in humans 
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(White et al., 2007). Blocking IL-1β signaling with a receptor antagonist, increases 

implantation failure in mice (Zheng et al., 1995). Jasper et al. showed that macrophages 

recruited during the post-coital inflammatory response in mice secrete LIF and IL-1β, 

which regulate the glycosylation of proteins that allow trophectoderm attachment to the 

endometrium (Jasper et al., 2011). Furthermore, endometrial IL-1β is elevated locally at 

the site of embryo-uterine interaction (Correia-Álvarez et al., 2015). 

The use of artificial insemination has been linked to lower progesterone 

concentration in the early luteal phase (Spencer et al., 2016a), which is detrimental for 

embryo development (Lonergan, 2011). O’Leary et al. reported that infusion of seminal 

plasma at insemination increases plasma progesterone and embryo development in 

swine (O’Leary et al., 2004). In cattle, seminal plasma derived NGF is luteotrophic and 

promotes increased progesterone synthesis (Tribulo et al., 2015), increasing 

pregnancy-specific protein B (PSPB) in circulation (Stewart et al., 2018). Following 

intrauterine infusion of semen or seminal plasma, we did not observe any effect on 

endometrial PTSG2 or AKR1C4 expression, or day 7 plasma progesterone. This is in 

conflict with previous reports that have shown seminal plasma induced endometrial 

expression of PTGS2 and AKR1C4 in vitro (Ibrahim et al., 2018). 

Seminal plasma elicits an inflammatory response in the maternal reproductive 

tract (Yanagimachi and Change, 1963). An influx of leukocytes into the bovine 

reproductive tract in response to semen was documented in young heifers (Howe and 

Black, 1963) which may be associated with the endometrial response to semen 

described in cattle over 50 years ago (Mattner, 1968). We evaluated cellular 

inflammation of the endometrium following intrauterine infusion by measuring 
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expression of PTPRC, a marker for CD45 cells. Interestingly, intrauterine exposure of 

semen or seminal plasma decreased PTPRC expression, while the expression of other 

inflammatory genes remained unchanged. These results suggest that there was not a 

marked inflammation in the endometrium in response to conventional, diluted semen or 

seminal plasma. However, it is possible that the timing of evaluation failed to capture 

the window of response. It is also likely that evaluating the interaction between semen 

components and cervix might be more informative as in humans where semen is 

deposited at coitus. It will be important to evaluate the volume of seminal plasma that 

reaches the endometrium following coitus in future experiments, or perhaps utilize 

vasectomized bulls for seminal plasma exposure prior to artificial insemination. 

Experiments evaluating the effect of semen exposure on the cervix or endometrium in a 

temporal manner will be required to fully characterize cellular inflammation in the 

bovine. 

Conclusion 

The reproductive performance of dairy cows has been declining in recent history, 

with the biggest pregnancy losses taking place during the first weeks after insemination. 

Interestingly, seminal plasma or TGF-β infusion at insemination have a tendency to 

increase pregnancy rates in herds with low fertility. We speculate that there is a 

reproductive advantage for maternal exposure to seminal plasma in cattle that regulates 

maternal immune responses to pregnancy, triggering acute endometrial inflammation, 

and synthesis of factors to support embryo development. Our data suggest that seminal 

plasma, and potentially TGF-β, influence endometrial expression of maternal cytokines; 

however, this response is bull specific and may involve cytotoxic effects of semen. The 

identification of paternal factors contained in semen that have the potential to improve 
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bovine reproduction and reduce economic losses associated with pregnancy failure 

could help optimize semen used for artificial insemination. Additional experiments will 

be required to determine the potential of seminal plasma or TGF-β exposure at 

conception to improve fertility in the cow.
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