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I. SUBFERTILITY: ‘an emerging concern’ 

Fertility is a multifactorial trait, and its decline has been associated with complex interactions between 

genetic, environmental, and nutritional factors. Subfertility describes “any form of reduced fertility 

with prolonged time of unwanted non-conception” (Gnoth et al., 2005). It refers to the lacking ability 

of conception, maintenance of pregnancy and successful production of healthy offspring. The 

psychological and socio-cultural significance of subfertility for couples wishing to start a family and the 

accessibility of the treatment through social security systems make Artificial Reproductive 

Technologies (ARTs) a booming business (Chambers et al., 2009, Ombelet, 2014). Otherwise, in 

Western European agriculture, it is primarily an economic motive that drives fertility research since 

successful reproduction is often function to the farm’s overall productivity. As such, regular birthing is 

required to assure the farm’s profitability, and especially the dairy industry is experiencing a 

concerning trend of decreasing fertility. Therefore and even though originating from a much different 

perspective, both in veterinary and human medicine, preservation of reproductive efficiency is high 

priority with a considerable economic impact. 

1. The importance of subfertility 

1.1 The importance of human subfertility 

In Belgium, 10 to 15% of couples seek specialist reproductive assistance due to difficulties conceiving 

at least once, and the latest epidemiological studies show an increasing incidence for reproductive 

interventions. According to the 2014 Report of the College of Physicians in Reproductive Medicine 

(published by Belgian Register for Assisted Procreation (BELRAP)), 20% of the indications for seeking 

assistance to conceive was due to female causes. Up to 40% of these women showed ovulatory issues, 

40% included tubal defects with less than 20% chance for a successful outcome. A recent report 

suggests a disturbing relation between obesity and subfertility in women as the chances for 

spontaneous conception decreased with 5% for every unit increase in BMI above 25kg/m2 (van der 

Steeg et al., 2008). As in western countries the numbers of overweight and obese individuals continue 

to rise and currently even reach 39% of the female population (WHO, Global Health Observatory Data: 

Overweight and Obesity), female subfertility is expected to follow the same trend. The psychological, 

socio-cultural and economic impact female infertility may have, is therefore of growing significance. 

As childbearing is considered a major life event, subfertility increases the risk of psychological 

problems. Both men and women may experience feelings of reduced self-esteem and failure, as well 
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as anxiety, loneliness and/or guilt, potentially leading to grief and depression (Hasanpoor-Azghdy et 

al., 2014). In developing countries particularly, not incidence of subfertility but its consequences create 

an added stress as families depend directly on their children for future economic survival (Ombelet, 

2014). The negative influences of decreased fertility also have a significant socio-cultural impact due 

to stigmatization, potential social isolation even to the point of exile, being disinherited and neglected 

by family and the social community (Ombelet, 2014).  

These concepts attribute to the billion dollar industry founded by Artificial Reproductive Technologies 

(ARTs). The economic impact for couples seeking reproductive assistance remains significant from the 

patient’s perspective. A major factor in the costs attributable to IVF are multiple births, the higher 

incidence of antenatal, obstetrical and neonatal complications associated with pre-term labor and 

delivery of low birth-weight or premature infants. In US estimates, the costs for reproductive 

assistance per cycle range from $17.000 to $800.000 when neonatal care of high risk infants is 

included. The financial burden on society, however, remains modest (Chambers et al., 2009 and 2013) 

as reproductive care accounts for less than 2% of total health care costs in most Western countries 

(Katz et al., 2002). Artificial Reproductive Technology is a thriving business considering the increasing 

percentages of reproductively challenged couples seeking reproductive assistance. ‘Fertility tourism’ 

is a new and upcoming trend: aspiring parents can travel abroad for a wide range of fertility 

treatments, and even to purchase donor oocytes, sperm and embryos (Peuteman, Knack, October 11th, 

2017).  

1.2 The importance of subfertility in agriculture 

In agriculture, fertility is closely associated with production, as pregnancy is a prerequisite for milk and 

meat production. Subfertility intervenes with timely reproduction, decreasing agricultural 

sustainability and increasing overall production costs. Agricultural industrialization decreased the total 

numbers of dairy farms but increased the numbers of animals per farm. It holds a significant stake in 

the increasing subfertility rates, due to complicated estrous detection, and requirement for timed AI 

programs. For instance in the 2015 Belgian dairy industry, 30% less farms (Platteau et al., 2016) 

produce up to 31% more milk (VILT, CRV, 2017) compared to the situation in 2005. Overall pregnancy 

rates decreased from 58% in 1970 to 46% in 2000. Forty-one% of these subfertile cows are high milk 

producing animals, as they require more inseminations per pregnancy (2.4 compared to 1.8 in low 

yielding cows), resulting in significantly longer calving intervals (419 days compared to 362 days in low 

yielding cows) (Vlaamse overheid, Departement Landbouw en Visserij, afdeling Duurzame 

Landbouwontwikkeling, Brochure Vruchtbaarheid Melkvee, 2015). Next to injury and poor health, 



CHAPTER 1: GENERAL INTRODUCTION 
 

- 10 - 
 

subfertility is one of the main reasons for premature culling of dairy cattle (i.e. in Belgium 20% of cow 

replacements are due to fertility issues (CRV)). The loss of estimated income, as well as the 

requirement for medical interventions, the timing within the ‘productive life’ of the animal and the 

origin of the subfertility determine the actual economic impact of early culling (Dijkhuizen et al. 1997; 

Langford and Stott, 2012). In Belgium, decreased fertility attributes significantly to farmers’ reduced 

profitability as in 2015 the average cost was 49€ per cow per year and accounted for 25% of the total 

estimated loss due to health hazards (Vlaamse overheid, Departement Landbouw en Visserij, afdeling 

Duurzame Landbouwontwikkeling, Brochure vruchtbaarheid melkvee, 2015). Agricultural 

intensification may suggest beneficial opportunities but may also impose risks for animal welfare. 

Increased herd sizes may amplify overall infection pressure, food competition, increase territorial 

behavior and general stress levels in the animals (Matiello et al., 2009). Decreased individual animal 

monitoring can also lead to premature culling, as weak estrous expression is easily confused for 

infertility (Robbins et al., 2016). The ecological consequences due to agricultural intensification, 

otherwise, have also been amplified significantly contributing to global warming, eutrophication and 

an increased water footprint (FAO report – Life Cycle Assessment, 2010) but will not be discussed 

further as they fall beyond the scope of this dissertation.  

Considering the negative correlation between milk production levels and oocyte quality (Walsh et al., 

2011) and ongoing genetic selection for increased milk production, dairy cow fertility is expected to 

continuously decline. Therefore, in the following pages the focus will be mainly directed towards 

female subfertility in dairy cattle, given the pertinent decline in dairy cattle fertility. Also, the bovine 

model may be relevant for human fertility studies. Human studies are often ethically restricted but 

show anatomical and physiological similarities that can be beneficial for reproductive research up until 

embryo implantation. As such, bovine and human oocytes show comparable microtubule patterns 

during fertilization, the timing of genome activation, early embryo metabolic requirements and 

interactions with the culture medium, as well as the duration for zygote to pre-implantation 

development (Navara et al., 1995, Anderiesz et al., 2000; Ménézo et al., 2000). 

2. Pathways leading to subfertility 

Subfertility can be driven by many different pathways and describes a complex interplay of events that 

can intervene with different aspects of reproductive physiology, and primarily result in reduced oocyte 

and embryo development (figure 1).  
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Irrespective of the species, congenital abnormalities, immunological, and infectious disorders, as well 

as extensive exposure to extreme environmental conditions (such as endocrine disrupting chemicals, 

but also chronic malnutrition and excessive caloric expenditure) can lead to subfertility (Evers, 2002). 

Also, genetic abnormalities can be considered a cause for female subfertility. For example, genetic 

selection for increased milk production in dairy cattle has been typically associated with decreased 

oocyte quality (Hansen, 2000, Snijders et al., 2000, Walsh et al., 2011). Heat stress, otherwise, is 

probably the most widespread cause for reduced oocyte quality. Heat stress can be directly toxic to 

bovine oocytes and embryos, but can also indirectly affect oocyte development through degeneration 

of granulosa and theca cells (De Rensis and Scaramuzzi, 2003). Aging is associated with a low ovarian 

reserve and significant morphological alterations in the oocytes (e.g. perivitelline granulation, atypical 

polar body morphology, intracytoplasmic anomalies such as intracellular lipid droplet, vacuolization, 

central granularity, …) resulting in defective oocytes. Aging typically reduces the fertilization rates, 

induces a higher risk for polyspermia and digynia, increases chromosomal numbers, and retards oocyte 

development with significant effects on female and mammalian fertility (Coticchio et al., 2004 and 

2015).  

 

Figure 1. Subfertility can be driven by many different pathways and describes a complex interplay of events that 
can intervene with different aspects of reproductive physiology, and primarily result in reduced oocyte and 
embryo development 

Many of the causes of subfertility described above are driven by hormonal imbalances and require 

some more in depth explanation. Normal functionality of the hypothalamo-pituitary axis is required 

for successful reproduction, but can be disrupted at different levels. As such, impaired gonadotropin 

releasing hormone (GnRH) pulsatility is associated with a number of reproductive disorders, like 
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hypogonadotropic hypogonadism, hypothalamic amenorrhea, hyperprolactinemia and polycystic 

ovary syndrome (PCOS) in women (reviewed by Tsutsumi and Webster, 2009). GnRH directly regulates 

the secretion of gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH), and 

therefore immediately affects oocyte maturation and ovulation. For instance in subfertile cattle, 

follicular growth can be inhibited due to an imbalance between luteinizing hormone (LH) and IGF-I 

interactions. LH and IGF-I display synergistic activity, but during subfertility IGF-I concentrations can 

be decreased, resulting in hampered LH-pulsatility and ovulatory dysfunction. As IGF-I is mainly 

secreted by the liver (Takahashi, 2017), conditions like hepatic steatosis can contribute significantly to 

hormonal imbalances and subsequent subfertility. Decreased blood estradiol concentrations in cattle 

during subfertility, have shown to increase the diameter of the dominant follicle, however with 

reduced estrogenic capacity (Sartori et al., 2000). The time required to elevate plasma estradiol 

concentrations to sufficient levels to trigger ovulation is therefore prolonged (Lucy, 2001), as seen in 

persistent follicles which typically contain oocytes that are less fertile than oocytes originating from 

smaller size follicles (Austin et al., 1999), due to LH-overexposure, premature activation and aging of 

the oocytes (Revah and Butler, 1996). Estradiol and inhibins are required to inhibit FSH during the 

recruitment phase in follicular waves. Insufficient estradiol and inhibin concentrations may result in 

poor follicular function and can manifest through increased twinning (Fricke and Wiltbank, 1999). 

Progesterone (P4) concentrations, otherwise, tend to be reduced during subfertility. During peak 

lactation in high yielding dairy cattle, low P4 concentrations have been linked to upregulated 

progesterone metabolism in the liver, resulting in decreased circulating concentrations (Sartori et al., 

2004; reviewed by Wiltbank et al., 2014). Further in depth discussion of endocrine pathways affecting 

fertility is beyond the scope of this dissertation but was recently reviewed by Michalakis et al. (2013) 

and Vannuccini et al. (2016). 

3. Maternal metabolic stress and diet in relation to subfertility 

Metabolic health (Hu: Robker et al., 2009; Bo: Leroy et al., 2004) and diet (Leroy et al., 2014) are known 

to be reflected in the developmental environment for oocytes and embryos. Metabolic stress 

conditions can therefore influence reproduction, linking subfertility and metabolic health. 

3.1 Metabolic stress and metabolic syndrome 

Metabolic stress or nutrient stress is a cellular expression of increased metabolic pressure within the 

body, resulting from a physical imbalance due to a shortage or overload in immediately available 

energy sources (Sordillo and Raphael, 2013). An insufficient supply of nutrients to meet the cells’ 
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bioenergetics demands (e.g. anorexia, and other negative energy balance conditions), a decreased 

capacity for metabolite utilization (e.g. insulin resistance) or an increased metabolic activity (e.g. tumor 

growth) can directly cause metabolic stress (Wellen and Thompson, 2010). Cellular metabolic stress is 

typically associated with increased mitochondrial activity and reactive oxygen species (ROS) 

production that exceeds the amount required for normal physiological responses. Metabolic 

disorders, such as negative energy balance in cattle and type II diabetes in women, but also obesity 

are known to drive metabolic stress reactions. A common trait in these disorders is upregulated 

lipolysis, potentially resulting in decreased body condition. Metabolic stress can be expressed as one 

of the characteristics of metabolic syndrome, a group of risk factors considerably increasing the 

chances at heart disease, diabetes and stroke in humans (Cardozo et al., 2011). Metabolic syndrome 

is characterized by increased abdominal fat, hypertension, hyperglycemia, elevated triglyceride 

concentrations and low HDL cholesterol, and has a significant impact on female fertility (Hu, 2003). 

Metabolic syndrome is present in 28% of overweight and 50% of obese women, but it often overlaps 

with other reproductive pathologies such as polycystic ovary syndrome (Lash and Armstrong, 2009).  

3.2 The relation between metabolic stress and fertility 

As observed in multiple in vitro studies, metabolic stress conditions influence bovine fertility through 

interactions with reproductive processes at different levels in the female reproductive tract, resulting 

in reduced oocyte and embryo development (Leroy et al., 2017). Altered hormone profiles in 

metabolically compromised individuals form the basis of fertility related disorders and are 

characterized by reduced estradiol and progesterone levels. This hormonal imbalance can result in 

ovulatory disorders, reduced oocyte and embryo quality, increased incidence of spontaneous 

abortions, poor ART outcome, as well as a variety of gynecological and obstetric comorbidities 

associated with obesity (Lash and Armstrong, 2009) that may even compromise postnatal health 

(Jungheim et al., 2011). 

3.2.1 Consequences of metabolic stress for oocyte and embryo 

The consequences of metabolic stress are indisputable and extend further than the direct influence on 

ovarian cyclicity (Leroy et al., 2011). The follicle is the functional unit in which the oocyte grows and 

matures until ovulation. Metabolic stress is reflected in the composition of follicular fluid, and as such 

surround the oocyte during its maturation, a period that in cattle and women can take 60 to 80 days. 

As such, metabolic stress has direct effects on murine folliculogenesis (Valckx et al., 2014) and survival 

and growth of in vitro cultured ovine preantral follicles, as well as on their oocytes (Nandi et al., 2017). 
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For instance, oocytes from obese women have a higher incidence to display reduced quality with 

increased percentages of germinal vesicle stage or fractured zona pellucida, and reduced nuclear 

maturity. The in vitro fertilization rates of these oocytes can also be affected and often result in inferior 

embryos. Impaired environmental conditions during oocyte maturation can result in epigenetic 

modifications to DNA and histone proteins, and compromised postnatal health (reviewed by Robker, 

2008).  

Embryos originated during metabolic stress conditions experience significant modifications that may 

result in early embryonic losses and altered embryo metabolism. As such, IVF-embryos from obese 

mothers show reduced quality with a decreased number of blastomeres and an increased incidence of 

abnormal blastomere morphology or fragmentation (reviewed by Robker, 2008). Blastocysts resulting 

from oocytes of high fat fed mice blastomeres have an increased tendency to be allocated to placental 

precursors rather than to embryonic cells (Minge et al. 2008). Similar findings were reported by Marei 

et al., 2017 in bovine blastocysts from in vitro cultured oocytes exposed to metabolic stressors during 

maturation. Furthermore, embryos that did survive deviant growth conditions displayed an aberrant 

metabolism. Van Hoeck et al. (2011) reported that in vitro produced embryos from oocytes matured 

in metabolic stress conditions showed increased amino acid turn over and lactate production, and 

reduced oxygen, pyruvate and glucose consumption. These effects can be partially attributed to 

decreased oocyte quality, but may also be influenced by the impaired environmental conditions for 

the early embryo. The early developmental stages of the embryo are most susceptible for 

environmental changes due to important epigenetic processes like embryo genome activation and 

DNA-methylation (Latham and Schultz, 2001, Inbar-Feigenberg et al., 2013). And as the oviduct 

provides the earliest developmental environment for the embryo, an unfavorable reproductive 

outcome during metabolic disorders may be directly related to the conditions within the oviductal 

tract. The latter, however, remains poorly understood.  

3.2.2 Consequences of metabolic stress related disorders for pregnancy and obstetrics 

In women, metabolic stress and obesity are often interconnected. In consequence, obesity can affect 

pregnancy and fertility. Hormonal imbalances in obese individuals often lead to early puberty onset, 

irregular ovarian cyclicity and ovulatory failure (Hu, 2003; Ryan, 2007; Bellver et al., 2007 and 2013; 

Lash and Armstrong, 2009; Robinson and Burke, 2013). Dysregulation of the hormonal balance can 

also produce symptoms such as uterine bleeding, decreased endometrial receptivity and increased 

spontaneous abortion and miscarriage rates (Bellver et al., 2007 and 2013; Diskin and Morris, 2008). 
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Extended and generalized fat deposition in obese individuals lead to increased rates of dystocia, and 

difficulties for ultrasonic pregnancy controls (Ryan, 2007). Furthermore, the increased risk of 

postpartum complications increases the requirements for labor induction and caesarean sections, 

with high surgical risks (Ryan, 2007).  

3.2.3 Pathways to metabolic stress related subfertility 

A metabolic shift has repercussions on overall body function, but specifically on reproduction. 

Hypoglycemia directly hampers the hypothalamo-pituitary axis but also suppresses insulin production 

(reviewed by Lucy et al., 2014). Initially when energy supply through feed intake is insufficient for 

normal cellular metabolism, energy stores in muscles and liver are deployed: glycogenolysis and 

subsequent glycolysis will provide cells with ATP. During periods of starvation triacylglycerol reserves 

in adipose tissue are mobilized for ATP production in mitochondria (Salway, 2004). Low insulin 

concentrations in combination with increased stress hormones, upregulate hormone sensitive lipase 

(HSL) activity and induce lipolysis (Holm et al., 2003). HLS is translocated from the cytosol of lipid 

droplets and migrates to the cell surface when it interacts with perilipin-1 and neutral lipids (Sztalrid 

et al., 2003). As such, peripheral fat depots are depleted with consequential elevated plasma 

concentrations of non-esterified fatty acids (NEFAs, figure 2). This can be observed during negative 

energy balance in peri-parturient cattle and can result in a drastic decrease of body condition with a 

30 to 40% loss of lipid reserves (Chilliard et al., 2000). The energetic demands for fetal growth and 

lactation increase exponentially during this period which is associated with significant changes in 

maternal metabolism, characterized by hypertriglyceridemia and hypoglycemia. ATP production 

through β-oxidation is associated with increased reactive oxygen species (ROS) production compared 

to aerobic glycolysis, exceeding the ROS levels required for normal physiological responses (Wellen 

and Thompson, 2010). The resultant oxidative stress typically causes cellular damage, leading to 

cellular and tissue dysfunction, which in turn can aggravate the metabolic condition (Rani et al., 2016).  

Not all body lipid mobilization is in response to energetic deficiency. For instance, in obese individuals 

lipolysis and fat storage form a dynamic interplay. The excessive supply of tryglycerides from high fat 

diets and concurrent hyperglycemic conditions result in upregulated fat storage. However, due to 

increased concentrations of fatty acids insulin sensitivity can be impaired due to accumulation of fatty 

acids in insulin sensitive tissues (such as liver and muscle), increased secretions of adipo- and lipokines 

and increased cytokine production in macrophages causing adipose tissue inflammation. Therefore, 

during obesity insulin sensitivity can be progressively reduced resulting in upregulated hormone 

sensitive lipase activity, upregulated lipolysis and continuous intensification of aberrant metabolic 
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conditions (reviewed by Morigny et al., 2016). Lipid metabolism and the effects of NEFAs are diverse 

and can affect different tissues and organs. A more detailed description of these effects will be descried 

in the next chapter ‘II. LIPOLYTIC METABOLIC DISORDERS’. 

When energy shortages proceed over a longer period of time ketone bodies are formed. The most 

commonly produced ketone body in dairy cattle is β-hydroxybutyric acid (BHB). Fatty acids from 

lipolysis (and certain amino acids to a lesser extent) are the main precursors for ketone bodies, as β-

oxidation in mitochondria leads to acetyl coenzyme A production which can be used in ketogenesis for 

acetoacetate production. The potentially resulting BHB can contribute to (sub)clinical conditions of 

ketosis and organ failure due to modification of physiological acidity resulting in cellular damage (figure 

2). Typically in oocytes BHB decreases in vitro cumulus expansion and reduces blastocyst formation 

(Leroy et al., 2006). Similar conditions can also be found in women suffering from type II diabetes, 

however, in this case glucose concentrations are typically high.  

Hyperglycemic conditions have found to be directly toxic for in vitro embryo growth (Kim et al., 1993). 

In vitro experiments showed that the combination of high NEFA and high glucose concentrations 

(insulin resistant state, like in obesity or diabetes) increased oxidative stress in oocytes to a lesser 

extent than seen in oocytes exposed to high NEFA and low glucose concentrations (like during NEB). 

However, blastocysts from both treatments were of inferior quality (De Bie et al., 2016). 

The combined effect of the different metabolites described above is accountable for declining 

fertility. As elevated non-esterified fatty acids play a considerable role in metabolic stress related 

subfertility, the next few chapters will describe the importance and role of NEFAs in dairy cattle as 

a model for human subfertility. 



CHAPTER 1: GENERAL INTRODUCTION 
 

 
 

 

Figure 2. Metabolic stress related subfertility pathways during negative energy balance in high milk yielding cattle. NEB = negative energy balance, DMI = 
dry matter intake, AA = amino acids, HSL = hormone sensitive lipase, NEFA = non-esterified fatty acids, AcCoA = acetyl coenzyme A, ROS = reactive oxygen 
species, GH = growth hormone (cow profile adapted from: https://www.trouwnutrition.nl/News/hittestress-stress-voor-de-
melkveehouderijsector/1186116). 
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II. LIPOLYTIC MATERNAL DISORDERS: ‘the effects of non-esterified fatty acids on fertility’ 

1. Lipid metabolism 

During maternal metabolic stress conditions lipolysis is typically upregulated, resulting in increased fat 

mobilization from the body reserves (reviewed by Frühbeck et al., 2014). The process of lipolysis is a 

mechanism that is initiated through the effect of hormone sensitive lipase (HSL) and activated by low 

insulin and/or high stress hormone concentrations. HSL liberates fatty acids from triglycerides in 

adipose tissue through hydrolysis, resulting in glycerol and 3 free or non-esterified fatty acids (NEFAs) 

(figure 3). As such free fatty acids, unbound to any lipid fractions, like triglycerides, phospholipids or 

cholesterol, are released in the blood stream for allocation to different organs. They are characterized 

by their typical chemical formula composed of a hydrocarbon chain, with a methyl and terminal 

carboxyl group. NEFAs can exist in variable states of saturation depending on the number of double 

bonds present. Saturated fatty acids, such as palmitic and stearic acid, have no double bonds and are 

considered most detrimental. When unsaturated, one or more double bonds are present and a 

distinction can be made between mono-unsaturated fatty acids (MUFAs) such as oleic acid, or poly-

unsaturated fatty acids (PUFAs) such as omega-3, 6 and 9 fatty acids. Due to their lipophilic nature, 

less than 5% of NEFAs occur as free unbound molecules in blood. The majority requires binding to 

transport molecules such as albumin, or lipoproteins (i.e. VLDL; Oikawa et al., 2017) for transport to 

target cells. Uptake in cellular cytosol can be reached through passive diffusion or can be facilitated by 

transmembrane fatty acid transporters (McArthur et al., 1999). 

 

 

Triglyceride     Glycerol Fatty acids 

Figure 3. Hormone sensitive lipase liberates fatty acids from triglycerides in adipose tissue through hydrolysis, 

resulting in glycerol and 3 free or non-esterified fatty acids (Chemical structure of triglyceride was adapted from 

Wikipedia). 

+ 3 H2O + 
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After hydrolysis of triglycerides in adipose tissue, glycerol can be shunted into the gluconeogenesis 

pathway in the liver for glucose production, while non-esterified fatty acids are transported to different 

cells for energy production (Salway, 2004). In the cytosol, non-esterified fatty acids will be converted 

to palmitoyl coenzyme A, after which they can be transferred into mitochondria via a carnitine shuttle 

for β-oxidation. During β-oxidation carbon chains are reduced, ‘unhooking’ 2 carbon atoms at the time, 

resulting in acetyl coenzyme A which in turn can be shunted to the Krebs Cycle. The rate of β-oxidation 

is regulated by the availability of coenzyme A, which is regenerated after ketogenesis and citrate 

synthesis. After reduction, electron carriers, such as NAD+ and FAD+ (originating from Krebs cycle, but 

even more so from β-oxidation) can be oxidized in the respiratory chain resulting in ATP (Salway, 2004). 

2. Non-esterified fatty acid functions 

Primarily, NEFAs establish energy provision when glucose is scarce. Mitochondrial β-oxidation of 

NEFAs results in the required ATP production to maintain cell function when energy supplies through 

feed intake are low (Sturmey et al., 2009; Bobinski and Mikulska, 2015). As an energy source, fatty 

acids are many times more potent than glucose. Stoichiometric calculations show that under aerobic 

conditions 1 molecule of glucose can result in 36 molecules of ATP, while fatty acids can produce more 

than three times this amount, depending on the length of their hydrocarbon chain (Salway, 2004). Free 

fatty acids do not only function as a potent energy sources, they can also be incorporated as structural 

components in phospholipid bilayers of cell membranes and organelles. Some fatty acids can partake 

in cell signalling. For instance arachidonic acid can be converted to prostacyclins, prostaglandins, 

thromboxanes and leukotrienes to establish intercellular communication (Bobinski and Mikulska, 

2015). Fatty acids can also affect inflammation processes. The effects depend on the type of fatty acid 

tissues are exposed to: for instance PUFAs, like omega-3 fatty acids, decrease the production of 

cytokines and reactive oxygen species (ROS) and therefore weaken inflammatory responses. During 

the peri-conception period omega-3 supplementation may enhance the chance of embryo survival 

(reviewed by Leroy et al., 2014). PUFAs are also successfully applied in anti-rheumatoid and anti-

arthritis treatments, but have proven unsatisfactory in some other diseases like inflammatory bowel 

diseases and asthma (Calder, 2006, Calder 2011). Early post-partum omega-6 fatty acid 

supplementation, is believed to have pro-inflammatory features through stimulation of prostaglandin 

F2α activity for enhanced uterus involution and as a defence against uterine disease (Leroy et al., 

2014). Furthermore, when converted to cholesterol, fatty acids supply steroid hormone precursors, 

such as cortico- and mineralosteroids, and sex hormones, like progesteron, estrogens and androgens. 
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3. Pathophysiological relevance of elevated non-esterified fatty acid concentrations 

Next to their functional characteristics, free fatty acids have also been associated with a significant 

number of negative effects, when NEFA-concentrations exceed the levels for normal cellular 

functionality. As such significant detrimental effects can act through different mechanisms on somatic 

cells, but also on both male and female fertility.  

3.1 Negative effects NEFAs may exert on somatic cells 

When produced at pathological concentrations, NEFAs can induce negative effects at different cell 

types and through several pathways. Their primary effect is the result of increased production of 

reactive oxygen species (ROS). ROS are molecules that contain an unpaired electron, making them 

electrically unstable and highly reactive with surrounding molecules, potentially causing oxidative 

damage.  As such, lipid peroxidation can occur when free radicals interact with lipids from cell 

membranes causing cellular damage and cell death. Mostly polyunsaturated fatty acids are targeted 

because of their multiple double bonds and reactive hydrogen atoms (reviewed by Halliwell et al. 

2007). Cell death due to elevated NEFAs and ROS has been reported in pancreatic islet cell 

(Shimabukuro et al., 1997), myocardial cells (Mjos, 1971; Lopaschuk et al., 2010) and monocytes 

(Zhang et al., 2006). 

Ceramides are lipid metabolites that are generated through degradation of sphyngomyelins in plasma 

membranes or through de novo synthesis from palmitate and serine in the endoplasmic reticulum or 

lysosomes. They can function as second messenger molecules, however when physiological 

concentrations are exceeded ceramide formation can be involved in apoptosis, cell growth arrest, 

differentiation, senescence, cell migration and adhesion (reviewed by Lang et al., 2011). Ceramide 

formation as a negative effect of elevated NEFA-concentrations have been observed in pancreatic islet 

cells with significant functional loss (Bose et al., 1995) and in myocardial cells where it was linked to 

myocardial disease in obese individuals (Mjos, 1971; Lopaschuk et al., 2010). 

Lipotoxicity is typically associated with decreased cell function and driven by cytoplasmic triglyceride 

accumulation due to systemic elevated concentrations of NEFAs. This intracellular lipid accumulation 

can cause increased apoptosis, ceramide formation, and ROS production, ultimately resulting in cell 

death. For instance in the rat pancreas, this type of NEFA-toxicity has been reported (reviewed by 

Shimabukuro et al. 1998). 
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Increased apoptotic rates due to elevated NEFAs have been associated with ROS production, ceramide 

formation, and lipotoxicity. As such, beta-cells in rat pancreas showed increased apoptosis and 

reduced cell function after exposure to elevated NEFAs and have been associated with the 

pathogenesis of diabetes mellitus type II in rats and women (Cnop et al., 2001, Lupi et al., 2002). 

Apotosis due to elevated NEFAs also typically results in increased caspase 3 activity. Caspases or 

cysteine aspartic proteases are enzymes that assure cellular turn-over and maintain tissue and organ 

functionality. They typically occur as inactive pro-enzymes that require cleavage for activation. Caspase 

3 targets chromatin and result in DNA-fragmentation. Hepatotoxicity due to increased caspase 3 

mediated apoptosis has been reported in rodents after exposure to polyunsaturated fatty acids (Wu 

et al., 2000). In vascular smooth muscle cells, apoptosis due to elevated free fatty acid concentrations 

was dependent on exposure time, carbon chain length and saturation. Apoptosis was mediated by 

caspase 3, 8 and 9 activation, and was suggested to be involved in progression of atherosclerosis 

(Artwohl et al., 2009). Neuronal tissue was also reported to show increased caspase 3 mediated 

apoptosis after exposure to elevated NEFA concentrations, resulting in neuronal loss (Ulloth et al., 

2003). 

Lymfocyte function, otherwise, was suggested to be inhibited due to incorporation of NEFAs in the 

phospholipid bilayer of the cell membranes. Membrane fluidity was hereby altered differently, 

depending on the type of fatty acid exposure: saturated fatty acids like palmitic and stearic acid were 

suggested to increase membrane rigidity, whereas unsaturated fatty acids like oleic acid to increase 

membrane fluidity (Calder et al., 1994). As such altered membrane properties, may impair cellular 

functionality. 

Increased monocyte inflammation facilitates endothelial adhesion, and was suggested as an 

important link between elevated NEFAs, thrombosis and vascular disease in obese individuals or during 

metabolic disorders like insulin resistance and type II diabetes. A dose dependent increase of ROS 

generation was associated with exposure to NEFAs and the increased expression of integrins (CD11b) 

on the monocyte cell membrane was suggested to mediate endothelial adhesion and thrombus 

formation (Zhang et al., 2006). 

In rat pancreatic islet cells, a reduced proliferation capacity has been reported under the influence of 

elevated NEFA-concentrations with significantly decreased β-cell turn-over, mitigating insulin 

deficiency (Maedler et al. 2001). Otherwise, tumor growth and cellular proliferation has been reported 

to be stimulated by unsaturated fatty acid exposure, while saturated fatty acids exposure resulted in 

inhibited mammary carcinoma growth (Wicha et al., 1979). Similar findings have been reported in 



CHAPTER 1: GENERAL INTRODUCTION 
 

- 22 - 
 

mastocytomas, where polyunsaturated arachidonic acid was reported to promote tumor growth by 

stimulating protein phosphorylation (Butcher et al., 1993). 

3.2 Negative impact of NEFAs on fertility 

Research on the effects of elevated NEFAs on male fertility is currently gaining interest. Lu et al. (2003) 

reported that saturated fatty acids induced apoptosis through ceramide formation in Leydig cells of 

the testis. This may very well be a possible mechanism causing reproductive challenges in obese men, 

due to compromised testosterone production (reviewed by Palmer et al., 2012, Kim et al., 2017). Direct 

effects of NEFAs on in vitro sperm function were also observed. In this respect, Desmet et al. (data 

unpublished) reported that simultaneous 20 to 22h exposure of spermatozoa and oocytes to elevated 

NEFAs resulted in decreased fertilization rates, but did not affect embryo quality. They concluded that 

the reduced fertility was mainly attributed to the negative effects of NEFAs on oocytes. This hypothesis 

was supported in a second experiment when only spermatozoa were exposed to NEFAs, resulting in 

negatively affected sperm quality, viability (through reduced plasma and acrosome membrane 

integrity) and motility (through Computer Assisted Sperm Analysis), but fertilizing capacity was 

retained. This suggests that sufficient sperm cells could withstand the treatment to obtain normal 

fertility. Not only the oviductal conditions can affect sperm quality, recent studies also link growing 

rates of male obesity and infertility (Lu et al., 2003). The direct effects of elevated NEFAs on the 

hypothalamo-pituitary-gonadal axis result in hormonal imbalances, and increased inflammation due 

to adipose-tissue derived factors like leptin and adipokines are suggested to promote ROS and sperm 

DNA fragmentation (reviewed by Kahn and Brannigan, 2017).  

Non-esterified fatty acids have well documented in vitro effects on different aspects of female fertility 

(Abdelli et al., 2017). As such, NEFAs have shown to be detrimental for folliculogenesis, but also for 

quality of oocytes and potentially resulting embryos. Theca- and granulosa cells show impaired 

steroidogenesis and proliferation when exposed to elevated concentrations of NEFAs, depending on 

the type of fatty acids. As such, palmitic acid elicited the most distinct effects on both cell types 

resulting in increased production of estrogen (Vanholder et al., 2005), and hampered cellular 

proliferation with decreased cell numbers (Vanholder et al., 2006). In human granulosa cells increased 

rates of apoptosis and DNA fragmentation were observed due to high concentrations of saturated fatty 

acids. The effects were reported to be unrelated to ceramide formation or nitric oxide production (Mu 

et al., 2001).  
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Long term (12 day) in vitro murine follicle exposure to elevated non-esterified fatty acids has been 

reported to negatively affect follicular physiology and oocyte developmental competence, resulting in 

altered mRNA transcript abundance of genes related to energy, fatty acids and steroid metabolism, 

apoptosis and oxidative stress (Valckx et al., 2014). Furthermore, embryos resulting from NEFA-

exposed follicles consumed little to no glucose, showed an increased amino acid turn-over and an 

impaired overall developmental competence (Valckx et al., 2015 – doctoral thesis).  

Overall, in vitro bovine oocyte nuclear maturation and developmental competence is hampered due 

to elevated NEFAs (Nonogaki et al., 1994, Jorritsma et al. 2004, Leroy et al. 2005, Aardema et al. 2011, 

Van Hoeck et al., 2011) with increased apoptosis, reduced mitochondrial inner membrane potential 

and higher levels of reactive oxygen species (Marei et al., 2017). The resulting embryos showed 

reduced cell number, increased intracellular lipid accumulation, increased apoptotic ratio, reduced 

oxygen, glucose and pyruvate consumption, and increased amino acid turn-over and lactate 

production (Van Hoeck et al., 2011). Metabolic upregulation in embryos has been associated with 

decreased embryo viability (Sturmey et al., 2010) after NEFA-exposure in cattle, but also in human 

(Houghton et al., 2002) and pigs (Humpherson et al., 2005). In addition, NEFA-exposure during oocyte 

maturation also results in increased embryo fragmentation (Marei et al., 2017) and major changes in 

gene expression suggestive of embryo adaptation (Van Hoeck et al., 2013). Altered environmental 

conditions, through elevated NEFAs, also affected early embryo epigenetic programming, such as DNA 

methylation (Desmet et al., 2016) and genome imprinting (through upregulation of the maternally 

imprinted IGF2R (Van Hoeck et al., 2011)), which may potentially induce lasting adverse effects on the 

offspring (Jungheim et al., 2011). Overall, elevated NEFA concentrations have distinct negative effects 

on female fertility (reviewed by Agarwal et al., 2012). ROS as such initiate embryo fragmentation (Yang 

et al., 1998), reduce fertilization rates after IVF (Oyawoye et al., 2003), decrease embryo quality (Seino 

et al., 2002) and may cause female infertility (Paszkowski et al., 1995). These effects have been directly 

linked to NEFA exposure, as Marei et al. (2017) reported higher reactive oxygen species levels to be 

associated with decreased mitochondrial inner membrane potential and upregulated expression of 

Heat Shock Protein 70 in oocytes matured under elevated NEFA-conditions. Reports on the effects of 

elevated NEFAs on the oviduct are scarce in current literature. Ohtsu et al. (2017) reported that 

interleukin-8 and ROS production due to elevated NEFAs can induce mitochondrial dysfunction and 

lipotoxicity in in vitro cultured bovine oviduct epithelial cells. This may contribute to a chronic 

inflammatory response in the oviduct and oviductal dysfunction, which may contribute to female 

subfertility during lipolysis associated metabolic disorders. However, as mechanistic insights in the role 

of the oviduct in female subfertility is currently limited, further research is required. 
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Recently, Desmet et al. (2017, unpublished data) suggested that elevated NEFAs negatively affect 

embryo viability and furthermore that surviving embryos were compromised in their signalling skills. 

They found that elevated NEFAs may influence embryo/maternal signalling, through decreased 

interferon τ release by day 14 embryos after exposure to high palmitic acid concentrations during in 

vitro maturation and embryo transfer, which may contribute to failed recognition and premature 

termination of pregnancy. 

All these findings, confirm our believe that NEFAs form an important key, linking maternal metabolic 

disorders with subfertility due to distinct effects on oocyte and embryo development and quality. 

This link has been clearly described at the level of the follicular environment with considerable 

repercussions for the oocyte. However, whether and how elevated NEFAs may impact on the 

oviductal environment, as well as the consequences hereof for the pre-implantation embryo 

development is poorly understood. Therefore, this will be the main focus of our research in the next 

few chapters. 
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III. THE OVIDUCT 

1. Oviduct anatomy and histology 

The oviduct forms the interconnection between the ovary and the uterus in the female reproductive 

tract. It has a typical funnel shaped structure: a wide ostium at the ovarian side called the infundibulum 

and gradually narrowing down from the ampulla towards the isthmus and ultimately the uterotubal 

junction (figure 4). In mono-ovulatory species, the ipsilateral oviduct is situated at the side of ovulation, 

and shows distinct modifications compared to the contralateral oviduct attached to the opposite ovary 

to allow optimal procreation. Due to interspecies variations and our specific interest in the bovine 

oviduct, the anatomical descriptions below will be limited to cattle only. Even though other 

mammalian oviducts show quite some similarities with cattle oviducts, an interspecies comparison is 

not within the scope of this dissertation. 

Anatomy 

Throughout the entire length of the oviduct, the luminal surface typically displays primary, longitudinal 

folds and secondary, radial protrusions that branch out in different directions and engage most of the 

oviductal lumen (figure 5). Folding is most elaborate in the infundibulum with decreasing intensity 

towards the isthmus, and is hormonally influenced with maximal folding during the follicular phase of 

the estrous cycle (see below ‘hormonal regulation of the oviduct micro-environment’). 

 

Figure 4. Dissection of a bovine oviduct, clearly showing typical anatomical regions 

infundibulum 
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uterotubal junction

fimbriae
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The infundibulum is the part of the oviduct attached to the ovary. It is positioned under the ovary 

through the mesosalpinx and infundibulo-cornual ligament binding on the medial side, and overlays 

the ovary via the fimbriae. Its funnel-shaped form and fimbriated ostial opening facilitates capture and 

transfer of cumulus-oocyte-complexes towards the uterus after ovulation. The surface of the 

infundibulum is asymmetric with ample tortuous folds that converge towards the ampulla (Yaniz et al., 

2000). 

The infundibulum narrows down towards the ampulla. In this part of the oviduct the lumen is mostly 

filled with heavily branched primary folds. Transverse rib-like ridges and small interconnected folds 

between the primary folds appear, and form small oval pockets facing the ostium (Yaniz et al., 2000). 

The ampulla is responsible for the ciliary driven transport of cumulus-oocyte-complexes to the depths 

of the folds to promote attachment to the oviduct epithelium. The binding to the oviduct epithelium 

is established between cumulus cells and oviductal cilia without any interference of the oocyte’s zona 

pellucida. The binding reaction itself consists of a firm adhesion only to be disrupted through lysis of 

the cumulus cells. This binding only occurs under the influence of strong ciliary beating and is 

irrespective of oocyte maturity (in vitro or in vivo) (Kölle et al., 2009). 

The oviductal lumen in the isthmus is wider compared to the lumen in the ampulla. Not necessarily in 

absolute diameter but in vacated space due to the less pronounced folding of the walls. Secondary 

folds are more oblique in this part of the oviduct and create a ‘honeycomb-like’ appearance due to 

formation of flat-based pockets and narrow crypts (Yaniz et al., 2000) optimally suited for sperm 

binding. 

Compared to the other segments of the oviduct, the uterotubal junction shows even less folds. Pocket 

formation is also present in this part of the oviduct, however, with an orientation towards the uterus. 

The specific orientation of the pockets together with the narrow absolute diameter create in this part 

of the oviduct an excellent area for sperm selection, but also sperm binding for capacitation and 

storage (Yaniz et al., 2000). 

Histology 

The epithelial surface of the oviduct consists of 2 cell types: ciliary and secretory cells. The apical cell 

surface of ciliated cells is equipped with slender protuberances (of approximately 10µm) containing 

an elaborate micro-tubule based cytoskeleton to drive ATP-dependent motility (figure 5). The most 

apical tip of these cilia is typically hooked to direct the oocyte from the ostium of the infundibulum 
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towards the ampulla for fertilization and to strip the oocyte from its surrounding cumulus cells after 

ovulation (Hunter, 2012). Ciliary motility is synchronized by steroid influences and create an ongoing, 

though cycle dependent oviductal flow. The oviductal flow is supported by smooth muscle activity and 

is therefore not constant nor uniform throughout the length of the oviduct. During the follicular phase 

of the estrous cycle, the bulk flow is directed from the ampulla towards the abdominal cavity, only to 

be reversed after ovulation to maximize chances for an early embryo to reach the uterus for 

implantation. This reversal of the oviductal flow is created through reduced swelling of the overall 

oviduct but also through the possibility of both peristaltic and antiperistaltic contractions by the 

oviduct’s muscle layer (Hunter, 2012). 

Secretory cells don’t display cilia, but their apical cell surface also reveals protrusions. These 

protrusions are smaller than the ones found on ciliated cells, do not possess kinetic abilities, and are 

called microvilli (on average 1-2µm). Secretory cells are capable of producing oviduct specific 

secretions in secretory granules and release their content through exocytosis (figure 5). Secretion is 

hormone dependent and therefore shows distinct changes over the different stages of the estrous 

cycle: during the early luteal phase (day 0-2 of the oestrus cycle) secretions rates in cattle can increase 

up to 1ml per 24h due to estradiol priming of the cells, while between day 8 and 16 of the oestrus cycle 

oviduct secretions are minimal and between 0.08 and 0.35ml per 24h due to progesterone dominance 

(Irritani et al., 1969, Carlson et al., 1970).  

Both cell types, ciliary and secretory, are present in all parts of the oviduct, however, they are 

distributed in different proportions. As such, both infundibulum and ampulla contain the largest 

portion of secretory cells, and ciliated cells to a lesser extent in order to facilitate oocyte passage in 

this part of the oviduct. Ciliated cells predominate in the distal part of the isthmus (Kölle et al., 2009). 

The influence of estrogens on cellular expression will be discussed further in the manuscript under the 

subtitle ‘Regulation of the oviduct micro-environment’. 

Spatial differences 

Despite its tube-like structure, the oviduct displays distinct spatial differences not only in anatomy, 

histology, and function, but also in oviductal cell gene expression. The isthmus and ampulla of the 

same oviduct can only be anatomically distinguished through electron microscopy. Histologically they 

consist of the same cell types, however, in different ratios. Nonetheless, ampulla and isthmus cells 

show significant differences in their transcriptome as a clear indicator for their respective and specific 

functions (Gonella-Diaza et al., 2015; Cerny et al., 2015).  
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The oviductal cell function  differs significantly between ipsi- and contralateral oviduct (Bauersachs et 

al., 2003). Even, within the same dam and at identical timing in the estrous cycle both oviducts, ipsi- 

and contralateral to ovulation, show distinct differences. The oviduct ipsilateral to the ovulating ovary, 

will experience increased estrogen influences and undergo significant morphological changes. For 

instance, using video microscopy Kölle et al. (2009) recorded that the blood supply in the bovine 

ipsilateral oviducts was more coiled compared to the vascularization of the contralateral oviduct. 

Furthermore, due to congestion of vasculature and edematous condition of the mucosa, the wall of 

the ipsilateral oviduct had a thicker, more tonic and transparent appearance compared to its 

contralateral counterpart (Kölle et al., 2009). The luminal folds become more prominent, reducing the 

patency of the tube, and cilia stand more erect, assuming synchronized movements (Hunter, 2012). 

Furthermore, the oviduct is capable of adapting its micro-environment to the specific events occurring 

within it, resulting in oviductal variations between different stage of the oestrus cycle (Cerny et al., 

2015).  

  

Figure 5. A cross section through the oviductal ampulla shows its distinct folding of the mucosal layer which 
significantly decreases the luminal volume (A, medcel.yale.edu). The different layers of the oviductal wall, being 
lamina serosa (ª), tunica muscularis (�) and lamina propria with epithelial cells (*), are readily distinguishable. 
When looking into closer detail (B) both ciliated (▲) and secretory (★) cells become apparent in the epithelial 
outlining in close contact with the vascularisation system (◄) (100x, with courtesy to Y. Dezkam)  

Blood supply, nervous and lymphatic support 

The epithelial surface of the oviductal lumen is supported by different layers that constitute the full 

thickness wall of the oviduct: the muscular lining or myosalpinx, and the serosa (figure 5). While the 
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serosal layer has mostly a supportive function, the myosalpinx plays an active role in the oviductal flow 

and early embryo transfer towards the uterus. The activity of the richly innervated (mostly 

sympathetic nerves originating from the pelvic and hypogastric nerves)  muscle layers are controlled 

by steroid hormones, and both α- and β-adrenergic receptors regulate oviductal contractions which 

will be discussed below ‘hormonal regulation of the oviduct micro-environment’. Like in the uterus, 

the oviduct also contains oxytocin receptors which can induce intensified myosalpigeal contractions 

after coitus (Wathes et al., 1993). The oviductal blood supply is provided through branches of both 

ovarian and uterine arteries. The ovarian artery supplies the infundibulum, ampulla and proximal 

isthmus, while the uterine artery provides the distal isthmus and the uterotubal junction with nutrients 

and oxygen. The arterial blood supply is paralleled by a venous drainage system, establishing the 

possibility of molecular exchange. In pigs (Hunter et al. 1983), rabbit (Richardson and Oliphant, 1981) 

and monkey (Wu et al., 1977), the existence of such a ‘counter current system’ may explain the 

increased oviductal concentrations of steroid hormones and prostaglandins compared to the 

concentrations measured in the blood. This counter current transfer can also be locally supported by 

lymphatic drainage from the ovary, shunting the ovarian artery. This route may be used for steroid 

hormones (and potentially other molecules) to accumulate in the oviduct and can even be reinforced 

by their high intraperitoneal concentration during estrous: the ab-ovarian ciliary beating and the 

overall oviductal flow towards the uterus may effectuate intraperitoneal hormones to be introduced 

in the oviduct, however this hypothesis requires clarification (Hunter, 2012). 

2. Importance of the oviduct as a reproductive organ 

For many years the oviduct has been considered as a mere tube to guide both male and female 

gametes and to direct the pre-implantation embryo towards the uterus, without any further 

reproductive contributions. The introduction of artificial reproductive techniques sustained this 

misconception, as these procedures allow procreation even when bypassing the oviduct. More recent 

research does emphasize the importance of the oviduct as a true reproductive organ, as it substantially 

contributes to successful procreation through participation in a number of key events in reproduction. 

The oviduct is specifically constructed to promote cellular contact between male and female gametes 

while they are supported by the oviduct’s protective an nourishing outlining epithelial cells. As such, 

the oviduct’s typical structure fosters the ideal environment for sperm selection, storage and 

capacitation, for final oocyte maturation, for directing male and female gametes to one another to 

allow fertilization, and ultimately to support the earliest, though crucial, steps in embryo development 
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(figure 6). Primarily, the oviduct constitutes the micro-environment for the first very critical 

developmental steps of the pre-implantation embryo. Suboptimal growth conditions significantly 

contribute to early embryonic loss and may alter the metabolism of the reduced number of surviving 

blastocyst, potentially with lasting effects for the offspring (Jungheim et al., 2011). The oviduct 

therefore, impacts substantially on the reproductive outcome. 

During natural mating in cattle, spermatozoa are transferred to the uterine body that typically narrows 

towards the uterine horns and into the fine uterotubal junction. The funnel shaped passage into the 

oviduct establishes a physical barrier that only the fittest of spermatozoa can overcome. As such in 

pigs, less than 2000 sperm cells were found in the oviductal istmus 24h after intrauterine insemination, 

while 142,500 spermatozoa were counted in the uterotubal junction (Mburu et al., 1996; Sumransap 

et al., 2007). Similar findings were made in other species (Karre et al., 2012), implying that 

approximately 90% of the uterine spermatozoa are prevented from accessing the oviduct. The luminal 

capacity of the oviduct is typically limited and even more so due the extensive mucosal folding, which 

fills most of the lumen (figure 5) and can occlude the lumen by contraction of smooth muscle cells 

and/or oviduct fluid secretion (Suarez, 2008). Moreover, the luminal fluid is typically rich in proteins 

and mucinous secretions, making passage of spermatozoa even more challenging, due to the fluid’s 

high viscosity, but also due to its effects on both flagellar movement and beat frequency of sperm cells 

(Kirkman-Brown and Smith , 2011). The oviductal mucus can form a plug, forcing the spermatozoa in 

the crypts of the oviduct enhancing sperm-oviduct interactions until after ovulation. Due to its high 

viscosity, oviduct fluid also prevents DNA-damaged spermatozoa to progress into the oviduct since 

DNA damage is often associated with decreased motility in humans (Palermo et al., 2014). The altered 

sperm DNA seems to be detected by oviduct epithelial cells through differences in electronegative 

charge at the sperm membrane. This mechanisms allows the oviduct to discriminate between mature 

and immature spermatozoa and suggests the ability of the oviduct to selectively allow sperm 

progression towards the oocyte (Palermo et al., 2014). Furthermore, and unlike the uterine 

environment, oviduct fluid is free of polymorph nuclear cells and is therefore considered as a ‘safe and 

protective environment for the privileged sperm that reaches it’ (Holt and Fazeli, 2016 a and b). As 

such, the oviduct provides the female reproductive tract with specific sperm selection mechanisms. 

Recently, it has been revealed that sperm characteristics are modulated by a complex series of 

interactions with the surrounding oviduct epithelial cells and specific components within the oviductal 

fluid. Alminana et al. (2014) found that oviduct gene expression patterns differed significantly when 

inseminating X- or Y-sperm populations, suggesting oviductal X- or Y-chromosome recognition which 
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may imply an oviductal ability to influence offspring gender. Most affected pathways were immune 

related and associated with signal transduction, with upregulation after insemination with Y-

chromosome compared to X-chromosome bearing spermatozoa. Any potentially underlying 

differences in morphology or metabolism between X- and Y-chromosome bearing spermatozoa remain 

currently unelucidated.  

Once the uterotubal junction is passed and the spermatozoa enter the oviduct isthmus, sperm cells 

can interact with the outlining ciliary epithelials. Sperm binding effectuates a sperm reservoir function 

of the oviduct. In most mammalian species, this reservoir consists of sperm binding to the epithelial 

surface of the isthmus and allows prolonged sperm fertility from ejaculation (or insemination) until 

ovulation. The binding density is more apparent in fresh compared to frozen sperm and is suggested 

to be correlated with fertility (Kölle et al., 2009). Species-specific interactions, mediated by 

oligosaccharides, oviduct specific glycoproteins and specific sperm binding proteins can establish a 

proteoglycan bridge between sperm head and cilia, providing a firm interaction between oviduct 

epithelial cells and spermatozoa. There is evidence that 70 kDa heat shock proteins, e.g. HSPA8 

typically retrieved from the apical membrane of oviduct epithelial cells are, besides their chaperone 

functions for protein stabilization, also involved in sperm-oviduct binding. While they are mostly 

involved in priming the oviduct for early embryo support, other heat shock proteins can improve in 

vitro sperm survival by increasing sperm membrane fluidity and damage repair (Lloyd et al., 2012). In 

marsupials and some insectivores, sperm can be stored in specific bulbous pockets, resulting in 

suppression of fagellar motility (Bedford and Breed, 1994). According to the species, sperm can be 

stored up to 198 days: extended storage is mostly seen in reptilian species and birds, while in cattle 

and human a storage period of respectively 2 and 5 days can occur (Birkhead, 1993). This storage allows 

to preserve sperm fertility over a prolonged period, reduce the incidence of polyspermia through 

gradual release during the periovulatory period, and to gain the ability to fertilize the oocyte (Suarez, 

2008). Only uncapacitated sperm is able to bind to ciliary epithelial cells, and while bound to the 

oviduct, sperm cell capacitation remains inhibited (Rodriguez-Martinez, 2007). 

Sperm capacitation takes place in the oviduct and initiates release of spermatozoa from their oviductal 

reservoir. Capacitation can be divided in two signalling events: fast and slow. Fast events occur as soon 

as the sperm is released from the epididymis and include activation of the flagellum. Slow events take 

place in the oviduct and require the presence of serum albumin, and oviductal bicarbonate and 

calcium. Bicarbonate induces redistribution of cholesterol in the cranial part of the sperm membrane. 

This causes increased receptivity for serum albumins to effectuate cholesterol efflux. Hereby, the 
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sperm membrane fluidity is altered, increasing the permeability for calcium ions and bicarbonate. 

Cyclic adenosine monophosphate (cAMP) is activated and hyperactivation through changing of the 

sperm motility pattern is achieved.  

Ultimately a sperm acrosome reaction occurs during which acrosomal enzymes are being released: 

hyaluronidase digests the corona radiata, surrounding the oocyte, and acrosine digests the zona 

pellucida to allow fusion between sperm and oocyte membrane during fertilization (Ickowicz et al., 

2012). At this point the oocyte releases calcium granules which induce zona hardening to prevent 

polyspermia. As such, the mere presence of spermatozoa elicits several reactions from the oviduct 

epithelial cells, affecting sperm storage, motility, survival and capacitation (reviewed by Holt and 

Fazeli, 2010, 2016 a and b). 

 

 

 

 

 

 

 

 

Figure 6: Schematic overview of the female reproductive tract, showing the importance of the oviduct as the 
micro-environment for sperm selection and capacitation as well as early embryo development. The image was 
modified from Sanchez-Calabuig et al., 2014. 

Successful fertilization can only take place when a healthy and mature oocyte is provided. During 

oogenesis, oocyte growth is associated with storage of macromolecules and cell organelles in 

preparation of fertilization and development into a totipotent zygote. Only a few days before ovulation 

oocyte growth is completed, however its nuclear development is arrested at the diplotene and 

metabolically quiescent stage. To become developmentally competent the oocyte has to undergo a 

period of final oocyte maturation during which the oocyte progresses to metaphase II. This process is 
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only fully completed after ovulation and when the second polar body is extruded at fertilization 

(Coticchio et al., 2015). When released in the oviduct, the oocyte surrounded by cumulus cells is firmly 

attached to the ampulla’s ciliated epithelium. The adhesion ensures sufficient time for the oocyte to 

prepare for fertilization and to avoid discarding of viable oocytes under the influence of the oviductal 

flow due to intense ciliary beating. After final maturation and fertilization the oocyte is released from 

the oviduct due to oviductal hyaluronidase production and progresses towards the uterus (Kölle et al., 

2009). 

When both spermatozoa and oocyte have been optimally primed, fertilization can take place. After 

insemination, spermatozoa are directed towards the oocyte via their own motility, muscular activity 

in the female reproductive tract and chemotaxis, in contrast to in vitro fertilization where sperm cells 

and oocyte accidentally connect. This suggests that a signalling cascade is provided by the oviduct to 

ensure a smooth contact between male and female gametes (Kölle et al., 2009).  

When mating is successful, the oviduct hosts early embryo development. The oviduct provides the 

early embryo with sufficient nutrients and optimal oxygen tension (i.e. 11 to 60mm Hg) for successful 

development (Besenfelder et al., 2012). The secretory cells synthesize a number of macromolecules 

that are beneficial to embryo development, such as oviductin, osteopontins, and complement C3 (Tse 

et al., 2008). Oviductal cells also supply the pre-implantation embryo with an optimal balance between 

reactive oxygen species and antioxidants through gluthation peroxidase, superoxide dismutase and 

catalase (Lapointe and Bilodeau, 2003). Current in vitro embryo production techniques have only been 

made possible thanks to extensive research on the conditions within the oviductal micro-environment 

(reviewed by Lee & Yeung, 2006).  

In cattle, the pre-implantation embryo resides 4 days in the oviduct. During this period, the early 

embryo undergoes critical growth processes that may dictate gene expression in the offspring. For 

instance, embryo-genome-activation (a critical step for further cell differentiation, embryo 

implantation and fetal development (Latham and Schultz, 2001)) and DNA-demethylation are sensitive 

to environmental changes and can, when aberrant, result in early termination of the pregnancy. 

Suboptimal environmental conditions in the oviduct may therefore have significant effects on 

fertility, due to interactions with several reproductive processes. 

3. The oviduct micro-environment 

The oviductal micro-environment consists of oviduct fluid and oviduct epithelial cells that nurture 

several key reproductive processes and therefore impacts significantly on overall fertility. In vitro 
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research has learned that due to its specific composition, oviduct fluid supplementation to culture 

medium can improve oocyte maturation, fertilization as well as blastocyst development. As such, in 

vitro coincubation of oviduct fluid with maturing pig oocytes has shown to increase proteolytic 

resistance of the zona pellucida to pronase digestion prior to fertilization, leading to decreased 

polyspermia rates (Coy et al., 2008). Otherwise, in cattle, coincubation of matured oocytes with oviduct 

fluid did not affect fertilization rate and embryo developmental competence but did result in altered 

gene expression through upregulation of antioxidative mechanisms (Cebrian-Serrano et al., 2013). 

Lopera-Vasquez et al. (2017) reported similar observations, as oviduct fluid did not improve bovine in 

vitro embryo developmental competence but did improve blastocyst quality through increased 

cryotolerance and altered gene expression. Also, blastocyst rates and quality (through assessment of 

morphology, cell number and gene expression) improved under the influence of oviduct fluid (Lloyd et 

al., 2009).  

3.1 Physiological characteristics of the oviduct micro-environment 

Prior to the in vitro experiments described above, extensive in vivo research was conducted to define 

physiological characteristics of the oviduct micro-environment, such as pH, temperature and oxygen 

pressure. Bovine oviduct fluid has a pH of around 7.2–7.5, regulated by bicarbonate produced by high 

levels of carbonic anhydrase in the oviductal epithelium. These values are typically higher compared 

to both uterine pH and venous pH, and appear to be estrous cycle stage independent (Hugentobler et 

al., 2004). Oviduct temperature surely approximates body temperatures, however, shortly before 

ovulation, temperature gradients are known to occur in the mammalian oviduct, as demonstrated in 

rabbits, sheep and pigs (Hunter, 2012). The more distal parts of the oviduct appear more cool 

compared to the proximal parts, with differences ranging from 1 to 2°C. Hunter (2012) suggested the 

importance for these temperature gradients for sperm storage and survival in the oviduct, and gene 

expression in the early embryo. The oxygen tension in the oviduct of different species is less than half 

the atmospheric O2 ranging from 11 to 60 mm Hg, without any spatial differences or variations due to 

pregnancy (Fischer and Bavister, 1993; reviewed by Ménézo et al., 2015). This low oxygen tension 

reduces the amount of reactive oxygen species in the oviduct micro-environment, which is beneficial 

for early embryo production (Bermejo-Alvarez et al., 2010). 

3.2 Oviduct fluid: formation and composition 

Oviduct fluid is a complex water-base mixture, formed as a selective ultrafiltrate of plasma into the 

oviduct lumen (Leese, 1988). Fluid movements across the oviduct epithelium are mainly ion driven 
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with a considerable role for Cl- ion movements. Intracellular uptake of Cl- ions at the basolateral cell 

membrane is established via Na+-K+-Cl- cotransporters: sodium ions enter down to a favorable 

electrochemical gradient, while chloride ions are exchanged for bicarbonate. The intracellular 

electrochemical gradient is maintained through continuous shunting of intracellular Na+ ions in the 

extracellular space via Na+-K+ ATPase activity. Due to intracellular accumulation of Cl-, the apical cell 

surface becomes permeable and Cl- can be driven out of the cells into the oviductal lumen. Fluid 

secretion into the oviduct lumen is coupled to the Cl- exit at the apical cell membranes in order to 

restore the osmotic equilibrium (Gott et al., 1988) (figure 7). Rapid diffusion is generally prevented by 

high viscosity of the fluid due to protein secretions. As the capacity for intercellular ion accumulation 

and therefore for fluid production, depends on cell height, fluid production increases during estrous 

after estradiol priming of the cells. In addition, catecholamines, ATP and acetylcholine drive oviduct 

fluid production (see 3.3 Regulation of the oviduct micro-environment). As such, oviductal fluid 

production rate in cattle at dioestrous is on average 0.2ml per day, while at estrous it can mount up to 

2.0ml per day (reviewed by Leese et al., 2001). As, not only cell height but also the oviductal secretory 

activity is subjected to hormonal changes throughout the estrous cycle both the amount of fluid 

production and its composition may differ depending on the timing of sample collection, even within 

the same animal. The relative contributions of filtration and active secretion therefore differ according 

to the stage in the estrous cycle and the region in the oviduct. 

 

Figure 7. Mechanism of oviduct fluid formation showing ion exchange and water flux from the blood towards the 
oviductal lumen (adapted from Leese et al., 2001) 

The oviduct fluid composition does not completely parallel plasma, as it is complemented by 

intraluminal secretions of oviductal epithelial cells (Iritani et al., 1969; Carlson et al., 1970; Buhi et al., 

1989; Bauersachs et al., 2003 and 2004), by a limited amount of follicular fluid and cumulus cells at 
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ovulation (Hansen et al., 1991). The composition of oviduct fluid has been subjected to extensive 

research for many years and is therefore well characterized in different species. Avilés et al. (2010) 

compiled a very elaborate overview of components present, secreted and/or expressed in oviduct 

fluid. Oviduct fluid is essentially constituted to support all reproductive events taking place in the 

oviduct. Therefore, its composition may vary during the different stages of the estrous cycle (see ‘3.3 

Regulation of the oviduct micro-environment’).  

Primarily, oviduct fluid is rich in energy metabolites, such as glucose, lactate, pyruvate and 

amino acids to support both male and female gamete survival and early embryo development. The 

early stages of embryo development require mostly pyruvate and amino acids for ATP production, 

while during embryo compaction and blastulation, glucose is the predominant energy source (Khurana 

and Niemann, 2000). Glucose and pyruvate in the oviduct fluid have shown to be mainly derived from 

the blood, however, appear at much lower concentrations in the oviduct fluid compared to plasma 

concentrations. These low oviduct glucose concentrations are due to high glucose metabolism in 

oviduct epithelial cells, reducing its concentrations in the oviduct lumen. Furthermore, glucose transfer 

across the oviduct epithelial membrane occurs through facilitated diffusion (e.g. via GLUT1 

transporters in rats (Tadokoro et al., 1995)) and preferentially from basal to apical direction (Edwards 

and Leese, 1993). As glucose can be toxic for early embryo development, the low oviduct luminal 

concentration attend to the natural requirements of the early embryo (Takahashi et al., 1992, Kim et 

al., 1993). The presence of lactate in the oviduct lumen, otherwise, is suggested to originate mainly 

from oviduct epithelial cell glucose metabolism (Leese and Grey, 1985). Most abundant amino acids in 

bovine oviduct fluid are glycine, alanine and glutamine, which are reported to occur in the oviduct fluid 

in higher concentrations compared to the circulating plasma concentrations (Hugentobler et al., 2007). 

The high oviduct amino acid concentrations are suggested to be necessary for embryo cleavage and to 

complete embryo genome activation (Hugentobler et al., 2010). In human, arginine, alanine and 

glutamate are the amino acids occurring at the highest concentrations (Tay et al., 1997), while in rabbit 

glycine, alanine, leucine and phenylalanine are most transported to the oviductal lumen (Leese and 

Gray, 1985). Taurine and hypotaurine concentrations in oviductal fluid are also significant and 

supportive for gamete and embryo viability (Boatman, 1997). Amino acids can function as ROS-

scavengers, osmolytes and energy substrates (Leese, 1988) 

Ion concentrations in the oviduct fluid differ significantly from plasma concentrations. Most 

notable differences are seen in potassium and calcium concentrations which are respectively higher 

and lower compared to the concentrations measured in plasma. Increased ion concentrations in the 
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lumen are generally obtained through the luminal fluid’s viscosity, which prevents rapid diffusion 

(Leese, 1988). Bicarbonate concentrations in oviduct fluid differ throughout the estrous cycle and 

display a sudden increase to support sperm capacitation during the periovulatory phase. This 

bicarbonate increase typically causes an increased pH. Most electrolytes are responsible for 

maintaining oviductal osmolarity and pH, however, they are also necessary components for important 

reproductive processes, such as sperm capacitation, hyperactivation and fertilization. 

The most abundant molecules in oviduct fluid are proteins, and provide the oviduct fluid with 

its high viscosity. Most of these proteins are plasma proteins, such as growth factors, albumin and 

immunoglobulin G, however, they appear in the oviduct at much lower concentrations compared to 

their plasma concentrations. Albumin is an important transporter molecule and may provide the 

oviduct with lipophyllic substances, such as embryonic growth factors, steroid hormones, fatty acids, 

and vitamins, while it is also an important molecule for the sperm acrosome reaction. It can be 

internalized in the cell through endocytosis and be degraded in the cytoplasm where it may contribute 

to the intracellular amino acid pool. Otherwise, a large proportion of the oviduct proteins are secreted 

by the oviductal cells themselves and in many mammalian species their concentrations display 

hormone dependent fluctuations (except for example in pigs and rabbits where oviduct intraluminal 

protein concentrations remain unchanged throughout the estrous cycle) (Buhi, 2002). Oviduct specific 

glycoproteins are a collective of glycoproteins (i.e. oviduct secretory glycoproteins, oestrus-associated 

glycoproteins, oviduct-specific, oestrus associated glycoprotein, oviduct glycoprotein, oviductin, 

glycoprotein GP 215, and oviduct specific glycoprotein) with different molecular masses (70 – 130 kDa) 

and carbohydrate content. Oviduct specific glycoproteins have been identified in most mammals and 

are synthesized and secreted exclusively by the oviduct secretory epithelium (reviewed by Buhi, 2002). 

Production and secretion are estrogen dependent with maximal levels around the time of ovulation, 

fertilization and early embryo development. In contrast, progesterone reduces the presence of oviduct 

specific glycoproteins in the oviduct. In ovariectomized animals oviduct specific glycoprotein 

expression can be re-induced through hormone-replacement therapy, while they are suppressed after 

progesterone administration (Buhi et al., 2000). Oviduct specific glycoproteins have been detected in 

different species (bovine (Binelli et al., 1999), caprine (Pradeep et al., 2011), ovine (Gandolfi et al., 

1991), canine (Saint-Dizier et al., 2014), feline (Hachen et al., 2012), baboon (Boice et al., 1990), 

hamster (Malette et al., 1995), murine (Kapur and Johnson, 1986), human (Yang et al., 2012), with 

small interspecies differences. The function of oviduct specific glycoproteins has been the subject of 

ample studies, and has been linked to a variety of reproductive processes. As such, oviduct specific 

glycoproteins can associate with the zona pellucida for enhancement of spermatozoa/zona pellucida-
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interaction and sperm penetration in oocytes for the establishment of successful fertilization (Hill et 

al., 1996). They are also associated with the perivitelline space, and are therefore suggested to prevent 

polyspermia in both pigs and cattle (Coy et al., 2008). As oviduct specific glycoproteins are also 

associated with blastomere membranes, they are suggested to regulate pre-implantation embryo 

development. Furthermore, oviduct specific glycoproteins are suggested to maintain sperm viability 

and motility, increasing chances of successful fertilization (Abe et al., 1995; Killian, 2004). Even though 

the presence of oviduct specific glycoproteins in different structures suggests a variety of functions, 

the regulatory mechanisms in which oviduct specific glycoproteins interact with fertility are currently 

not fully understood (Buhi, 2002).  

Information on the lipid composition of oviduct fluid is currently scarce (table 1), and data on oviduct 

fluid fatty acid composition is, to our knowledge, even more rare. 

Table 1. Literature overview relating OLF sampling procedures and analyses of lipid metabolites in different 
species 

Sampling technique OLF Components analyzed Species Author Year 
Ex vivo Lipids /droplets (in explants) Bovine Henault and Killian 1993 

Phospholipids Bovine (Nelore) Belaz et al. 2016 
Chronic cannulation + 
ligation 

Cholesterol, phospholipid and 
phospholipase 

Bovine 
(segmentation) 

Grippo et al. 1994 

pH, dry matter, proteins, glucose, 
lactate, citrate, lipid aldehyde, lipid 
choline 

Ovine Iritani et al. 1969 

In vivo cannulation Electrolytes, Amino acids, energy 
substrates, NPN, total lipid 

Porcine Iritani et al. 1974 

Phospholipids, cholesterol and 
protein 

Bovine Killian et al. 1989 

Energy substrates Bovine Hugentobler et al. 2008 
Energy substrates, ion 
concentrations, proteins, 
phospholipids 

Bovine (Buffalo) Vecchio et al. 2010 

In oviduct fluid, mainly phospholipids and cholesterol concentrations are characterized. Phospholipids 

can be secreted by the oviduct epithelium allowing its concentrations in oviduct fluid to be up to 10 

times higher (during the follicular phase and 4.5 times during the luteal phase (Killian et al., 1989; 

Killian, 2011)) compared to plasma concentrations. Oviduct cholesterol concentrations are 4 to 5 times 

lower compared to plasma concentrations (Kilian et al., 1989). Fatty acids in the oviduct fluid are an 

important energy source for both oviductal cells, gametes and early embryos. Fatty acids, like other 

nutrients, are suggested to be introduced in the oviduct fluid via the blood through feeding or lipolysis 

(Leese et al., 2008). Also lipid metabolites can be present originating from oviduct epithelial cell 

metabolism, as well as from follicular fluid that may be released in the oviduct upon ovulation. 
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However, oviduct epithelia function as gatekeepers to the environment of the early embryo, 

selectively controlling molecular transfer from the blood to the oviduct lumen (Leese et al., 2008). The 

oviductal fluid is therefore more than a reflection of the blood, and whether or to which extent fatty 

acids occur in the oviduct is yet to be established. When fatty acids would indeed be reflected in the 

oviduct lumen, they may affect early reproductive processes, particularly during metabolic disorders 

associated with upregulated lipolysis. 

Other molecules, such as, steroid hormones can occur in the oviduct fluid via blood supply, via 

peritoneal fluid (see III. 1. Oviduct anatomy and histology), via seminal plasma after ejaculation, but 

also via granulosa cells after ovulation of a cumulus oocyte complex (Hunter, 2012). Detachment from 

the cumulus oophorus and the zona pellucida does not automatically suggest degeneration of 

granulosa cells. As such, granulosa cells can remain suspended in the oviduct fluid (Szollosi and Hunter, 

1973) where they can serve as paracrine tissue to steroid hormones and peptides. Via ejaculation, 

cytokines from the seminal plasma can also be introduced in the oviduct, however, in cattle the 

contribution of seminal plasma to the oviduct micro-environment is probably minimal considering 

cervico/vaginal ejaculation. In uterine ejaculating species, such as pigs, horses and rodents, the effects 

of seminal plasma on oviduct fluid is more likely. In this respect, local prostaglandin synthesis was 

reported in pig oviducts (Kaczmarek et al., 2010). Otherwise, a significant percentage of Belgian cattle 

undergoes artificial insemination (Bols et al., 2010). The extenders used for dilution and preservation 

of the semen may also affect the oviductal micro-environment, however, this topic is beyond the scope 

of the current thesis and will not be further discussed.  

Overall the composition of oviduct fluid is well characterized, however, knowledge on the fatty acid 

composition in oviduct fluid is currently only scarcely available but may provide new insights on the 

effects of lipolysis related metabolic disorders on the oviductal micro-environment and subfertility. 

3.3 Regulation of the oviduct micro-environment 

The oviduct provides a dynamic environment. As mentioned earlier, the female reproductive tract not 

only modifies its micro-environment to provide optimal conditions for diverse reproductive processes, 

including the development of the early embryo (Avilés et al., 2010). Each of these processes have 

specific requirements, and occur at different stages during the estrous cycle requiring the oviduct to 

accommodate its environmental conditions. The early embryo is specifically sensitive to changes in its 

growth environment and alterations can have both phenotypic and epigenetic consequences (Latham 
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and Schultz, 2001, Inbar-Feigenberg et al., 2013). A tightly regulated embryonic environment is 

therefore of considerable importance. 

3.3.1 Hormonal regulation of the oviduct micro-environment  

Ciliary and secretory epithelial cells experience cyclic changes throughout the estrous cycle, although 

be it to a different extent. Secretory cells undergo the most extensive changes under the dominant 

influence of estrogens, this even more so in the ampulla compared to the isthmus. The cellular turn-

over, height and secretory activity increase prior to ovulation, causing fluid accumulation during the 

follicular phase (Ghersevich, 2015). Maximum secretion volumes are noted during the first 2 days after 

ovulation, with considerably increased calcium (Grippo et al., 1992) and protein release (Buhi et al., 

1989). Under the influence of estrogens, the overall appearance of the oviduct making it thicker, more 

edematous, with more coiled blood supply and increased lymphatic drainage. The muscular tone of 

the oviduct also increases under the influence of steroid hormones through upregulation and binding 

to α-adrenergic receptors (that are abundantly present along the length of the oviduct, but especially 

high density in the isthmus) under the influence of estrogen dominance (Hunter and Gadea, 2014). In 

ciliated cells, otherwise, the estrogen induced less marked changes: estrogenic priming significantly 

affects oviduct flow through increased beat frequency and smooth muscle contractions in the early 

luteal phase. Furthermore, ciliated phenotype can be partially restored in vitro due to estrogen 

influence (Leese et al., 2001). 

Progesterone, leads to β-adrenergic activity and relaxation of the oviduct muscles (Hunter, 2012). The 

overall oviduct also displays variations in the length of its folds: during the follicular phase of the 

estrous cycle, the extent of the folds is maximal, while it decreases following ovulation when 

progesterone influences dominate.  

Catecholamines indirectly mediate ciliary beat frequency, through stimulation of smooth muscle 

contractions. Also, systemic adrenaline and noradrenaline concentrations are suggested to increase 

secretion and oviduct fluid production, through increased Cl- flux (Tay et al., 1997). 

3.3.2 The oviductal micro-environment and the effect of diet 

Very little is currently known on the effects of specific diets on oviduct fluid composition. However, as 

maternal metabolic and nutritional state modulate blood and follicular metabolites, they may also 

influence oviduct fluid composition. Gestational diets are often related to fetal origins of adult diseases 

(Harding et al., 2001, Oliver et al., 2007), amongst others and potentially due to the  follicular reflection 

of serum fatty acids as seen in cattle (Leroy et al., 2004) and human (Valckx et al., 2012). Serum fatty 
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acid profiles can be shifted after feeding due to diet specific fatty acids. As such, nutrition can affect 

the follicular environment and therefore the developing oocyte, as seen in pigs (Warzych et al., 2011). 

As such, follicular PUFAs were reported to be highly correlated with diet composition (Adamiak et al., 

2005) and may also appear in the oviduct following ovulation. Childs et al. (2008) reported that PUFA 

feeding influenced reproductive parameters (prostaglandin secretion and diameter of the corpus 

luteum) and affects uterine fatty acid composition. In sows, the effects of food deprivation on female 

fertility were investigated. Food deprivation caused disruption of normal ovarian function, as well as 

abnormal development and transport of oocytes from oviduct to uterus. Altered transport of zygotes 

to the uterus was associated with elevated prostaglandin F2 and decreased estradiol concentrations, 

and was suggested to be conflicting with uterine receptivity leading to decreased fertility (Mwanza et 

al., 2000). Furthermore, the effect of nutrition and metabolism on the oviduct micro-environment was 

investigated through embryo transfer in the oviducts of metabolically compromised cattle. These 

experiments learned that the conditions in the reproductive tract define its ability to sustain early 

embryo development (Rizos et al. 2010, Maillo et al. 2012, Matoba et al. 2012). As such, the oviductal 

environment in metabolically stressed lactating and intensively fed dairy cattle was less supportive for 

embryo survival compared to heifers (Rizos et al. 2010) and to non-lactating cows fed a maintenance 

diet (Maillo et al. 2012). Metabolic stress in these animals may contribute to the suboptimal 

environmental conditions in the oviduct with significant fertility related consequences due to the 

vulnerability of the earliest stages in embryo development. In vitro reports suggest this may be partially 

due to elevated NEFA concentrations, as NEFA-exposure during bovine embryo culture jeopardized 

embryo quality through reduced blastocyst formation and cell number, with a concomitant rise in 

apoptosis (Van Hoeck et al. 2013) potentially due to internalization of FAs as suggested by Listenberger 

et al. (2003) and Leroy et al. (2010). In mice, similar observations have been made as exposure of 

murine embryos to pathological NEFA-concentrations during in vitro culture, induced effects on 

embryo metabolism and growth (Jungheim et al. 2011). Overall, intracellular lipid accumulation in 

embryos can originate from fatty acid rich feeding or upregulated lipolysis and is associated with 

reduced embryo quality. Embryonic growth conditions in the oviduct are herein a key factor, 

however, whether the accumulation occurs during oocyte and/or embryo development is yet to be 

determined. If the oviduct is suggested to partake in this process, it is imperative to establish how 

elevated serum NEFAs can be transferred across the oviduct epithelial lining into the oviduct luminal 

fluid. 
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3.3.3 Impact of gametes and embryos on the oviduct micro-environment 

Introduction of spermatozoa in the oviducts elicits both molecular and cellular changes in the oviduct 

and the endometrium to promote embryo development and implantation. As such, the oviduct adapts 

its maternal immune response to tolerate paternal antigens. Also, the oviduct expresses 

embryotrophic cytokines, and increases adrenomedullin release in both human and mice oviducts with 

increased ciliary activity as a result (Liao et al., 2011). It also activates smooth muscle contractions 

through upregulation of prostaglandin endoperoxidase synthetase 2. The effects of sperm on the 

oviduct are suggested to be sex-specific: Y-chromosome rather than X-chromosome bearing 

spermatozoa induce upregulation of signal transduction and immune responses in oviductal cells 

(Maillo et al., 2016). Yousef et al. (2016) reported an anti-inflammatory response after sperm-binding 

to oviductal cells and suggested the response to be regulated by prostaglandin E2. 

The entering of an oocyte in the oviduct initiates a series of reactions within the oviduct. The oviduct 

appears to be capable to distinguish viable and degenerated oocytes. Viable cumulus oocyte 

complexes will attach to the ampullar epithelium, while degenerated oocytes will float to be discarded 

in the uterus (Kölle et al., 2009). Furthermore, the presence of an oocyte in the oviduct initiates 

hyperactivation of spermatozoa, release of sperm cells from the oviductal sperm reservoir, and 

stimulate the rush towards the oocyte for fertilization.  

The early embryo, modifies the oviductal vascularization and locally increases the number of secretory 

cells, in order to ensure its own optimal developmental conditions within 24 to 48h after fertilization 

(Kölle et al., 2009), and results in significant changes in gene expression (Schmaltz-Panneau et al., 

2014). In human, mostly anti-inflammatory, anti-angiogenic, secretory and cellular matrix related 

genes were upregulated in the oviduct after embryo passage, however, no distinction between 

isthmus and ampulla was made and whole oviduct samples were processed instead of oviduct 

epithelial cells (Hess et al., 2013). In cattle, gene ontology and pathway analysis after microarray 

analysis revealed that passage of an embryo through the oviduct, resulted in increased expression in 

the bovine isthmus of genes related to biosynthesis of nitrogen, lipids, nucleotides, steroids and 

cholesterol, but also vesicle-mediated transport, cell cycle, apoptosis, endo- and exocytosis. In the 

ampulla, the upregulated genes concerned biological processes such as cell motion, motility and 

migration, DNA repair Ca ion homeostasis, carbohydrate biosynthesis, and regulation of ciliary activity 

(Maillo et al., 2016). These and other changes in the oviduct appear to be induced by the mere 

presence of an embryo and are suggestive for the existence of an embryo-oviduct communication. 

Embryo-oviductal cross talk is a rather unexplored research domain. Previously, hyaluronic acid 
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(Mohey-Elsayeed et al., 2015), platelet activating factor (Velasquez et al., 1995, Velasquez et al., 2001), 

prostaglandin E2 (Weber et al., 1991), growth hormone (Hull and Harvey, 2001) and insulin like growth 

factors (Pushpakumara et al., 2002) have been suggested as signaling molecules in the communication 

between the early embryo and the oviduct. More recently and in cows and pigs respectively, Maillo et 

al. (2015) and Alminana et al. (2012) described a local interaction between oviduct and embryo that 

mainly down-regulated immune functions, which may contribute to maternal tolerance for embryo 

passage through the oviduct. Additionally, oviduct specific glycoproteins and extracellular vesicles in 

oviduct fluid have been suggested to be implicated in embryo/maternal communication. Extracellular 

vesicles are membrane bound particles that can transfer signal and regulatory molecules, such as 

proteins and microRNAs, through exocytosis. They can be found in a wide variety of biofluids, such as 

follicular, uterine and seminal fluid, and are linked to numerous reproductive processes (i.e. sperm 

maturation, prevention of premature acrosome reaction and premature capacitation, prevention of 

polyspermia, communication between embryos, and embryo/endometrial cross-talk), as reviewed by 

Tannetta et al. (2014) and Machtinger et al., (2016). Recently, extracellular vesicles have also been 

reported in oviductal fluid (Al-Dossary and Martin-Deleon, 2016). In this respect, Lopera-Vasquez et al. 

(2016) showed that extracellular vesicles during in vitro embryo culture had a positive effect on bovine 

embryo development and quality, which can be suggestive for a functional communication between 

the oviduct and the early embryo in the early stages of development. Garcia et al. (2017) reported 

another type of bidirectional response between embryo and oviduct: gene expression of bone 

morphogenetic proteins, as signalling molecules, in both embryo and oviductal cells were differentially 

expressed during embryo/BOEC coculture. 

3.3.4 Other influences on the oviductal micro-environment 

For completeness of this review, we also want to describe several drugs that have an impact on the 

oviduct and mostly on its ciliated cells, even though the substances are less relevant for veterinary 

medicine. For instance levonorgestrel, a progesterone derivate, is known to decrease ciliary beat 

frequency without altering cilia morphology. Due to its inhibition ovum and zygote transport in the 

oviduct and other conception opposing characteristics, levonorgestrel is often used in human 

contraceptive ‘morning-after’ pills (Zhao et al., 2015). Otherwise, beta adrenergic agonists have the 

capacity to increase ciliary beat frequency, whereas β-blocking agents for the treatment of cardiac 

hypertension are suggested to reduce ciliary movement in the oviduct (Liao et al., 2011). Cigarette 

smoke is also known to affect ciliary beat frequency with a significant reduction of the oviductal flow, 

inhibited ovum pick-up and tubal infertility as potential consequences (Knoll and Talbot, 1998). ATP is 
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also known to affect the properties of the oviduct. In human, ATP stimulates ciliary beat frequency and 

oviductal fluid secretion. Activation of ATP-receptors is known to increase intracellular Ca+ 

concentrations, and thus enhance Cl- flux. ATP is also suggested to act as a potential signaling molecule 

for spermatozoa and early embryos to interact with the maternal tract. The increased ciliary beat 

frequency after sperm oviduct interaction is suggestive of such a cross talk, however, this hypothesis 

requires ATP release from spermatozoa and embryos, and is yet to be confirmed (Leese et al., 2001).  

As oviductal function can be influenced by both internal and external factors such as hormones, 

nutrition, the presence of gametes and embryos and drugs, it is highly assumable that the embryonic 

micro-environment may also be affected by maternal metabolism. 
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IV. STUDYING THE OVIDUCT MICRO- ENVIRONMENT: ‘possibilities, draw-backs and restrictions’ 

1. Sampling of oviduct fluid 

In vivo cannulation is the most commonly used oviduct fluid collection method. This in vivo approach 

collects a samples that is representative for the oviduct as a whole organ that is under the influence of 

complex interactions within an entire organism. Relying on the research purposes, cannulas can be 

inserted for acute sampling or serial and continuous sampling in living animals using indwelling 

cannulas. Both techniques, however, are straining to perform, and require specialist surgical 

interventions and equipment which add substantially to the costs. Also, and like any surgical 

intervention, the procedures hold a number of risks as they may cause postsurgical infections, 

contamination of the samples with blood cells and cellular debris. In addition, they may induce 

alterations in fluid composition due to possible inflammation when foreign cannulas are being 

inserted, and diluted concentrations of metabolites can be measured when flushing techniques are 

implemented (Velazquez et al., 2010). Furthermore, the techniques hold low efficiency rates due to 

high costs and limited amounts of research material (Ulbrich et al., 2009), and when ligation of the 

oviduct is performed, inhibition of normal fluid flow may lead to artifacts in both volume and 

composition estimations. On top of that, the low public acceptance due to the use of experimental 

animals (Leese et al., 2008), make in vivo experiments quite challenging to perform.  

Postmortem sampling techniques are less limiting and easier to perform, and can be considered as a 

valuable alternative to in vivo cannulation, due to lower cost, high efficiency when performed under 

abattoir conditions and higher public acceptance through reduction of the number in experimental 

animals. Postmortem oviduct fluid collection allows to sample whole oviducts, but also region specific 

sampling at the researcher’s request, with visual selection of oviducts in a specific stage of the estrous 

cycle according to the classification of Ireland (1980), and straightforward screening for infectious or 

anatomical abnormalities. However, due to postmortal hypoxia, cell death and lysis can influence the 

sample composition depending on the parameters to be analyzed. In this respect, ion concentrations, 

but also protein, glucose or lactate levels can be affected by postmortal decay, which can only be 

minimized through reduction of the death/sampling interval, preferentially not exceeding 1 to 2 

minutes (Leese et al., 2008).  

To circumvent compromising sample composition by postmortal decay, oviducts can also be retrieved 

surgically through salpingectomy. This is, however, a less familiar method for sampling the oviduct 



CHAPTER 1: GENERAL INTRODUCTION 
 

- 46 - 
 

micro-environment, but it can be performed through minimal invasive endoscopy or laparotomy. After 

retrieval of the oviduct, its content can be collected mechanically or by flushing the oviductal lumen. 

Mechanical oviduct fluid isolation may induce damaging cellular lining and contamination of the 

samples with intracellular content. Oviduct flushing, otherwise, will provide thorough sampling of the 

whole organ but will dilute oviduct fluid which, depending on the specifications of the analytical tests 

used, may limit the number of parameters that can be analyzed and may only result in relative 

concentrations as the initial oviduct fluid-volume is unknown. An overall disadvantage of 

salpingectomy is the necessity for experimental animal use. 

Throughout the last decades, several oviduct fluid sampling techniques (for literature review see table 

2) have been used. However, substantial differences in metabolite concentrations can be noted 

depending on the oviduct fluid collection method used. Since all techniques hold specific advantages 

and draw-backs (as reviewed by Leese et al., 2008; Ulbrich et al., 2009; Velazquez et al., 2010) 

consensus on the most appropriate oviduct fluid collection technique is yet to be obtained. Due to high 

viscosity of the fluid and the oviduct’s specific anatomical characteristics (Yaniz et al., 2000; figure 4 

and 5), oviduct fluid sampling is particularly challenging. Furthermore, when deciding on a most 

suitable sampling technique, the purpose and the targeted metabolites for analyses should be taken 

into account. 
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Table 2. Literature overview relating OLF sampling procedures for metabolite analyses in different species 

Sampling technique OLF Components analyzed Species Author Year 
Ex vivo Amino acids Bovine Elhassan et al. 2001 

Amino acids Porcine Li et al. 2007 
Energy substrates (glucose, lactate, pyruvate) + 
Amino acids 

Murine Harris et al. 2005 

Energy substrates, ions Bovine Olds and VanDemark 1957 
Lipids /droplets Bovine Henault and Killian 1993 
Macromolecules: serum proteins, uterine 
specific proteins 

Bovine Roberts and Parker 1974 

Proteins Bovine (Buffalo) Kumaresan et al. 2006 
Metalloproteinase-2 Bovine Kim et al. 2001 
Non luteal oviductal proteins Bovine (Buffalo) Imam et al. 2010 
Proteins Bovine (Buffalo) Imam et al. 2008 
Proteins Lapin Artemenko et al. 2015 
Proteins Porcine Carrasco et al. 2008 
Proteins Porcine Georgiou et al. 2005  
Proteins Porcine Georgiou et al. 2007 
Proteins Bovine, Porcine Mondéjar et al. 2012 
Proteins Porcine Mondéjar et al. 2013 
Proteins Porcine Seytanoglu et al. 2008 
Phospholipids Bovine Belaz et al. 2016 
Phospholipids, cholesterol, protein Bovine Ehrenwald et al. 1990 

OVHX / salpingectomy Energy substrates (glucose, lactate, pyruvate) Murine Gardner and Leese 1990 
Proteins Human Wang et al. 2016 

Chronic cannulation + 
ligation 

Amino acids Bovine Fahning et al. 1967 
Amino acids Bovine Stanke et al. 1974 
Amino acids Bovine, Caprine Guérin et al. 1995 
Ion concentrations, proteins, lactate Lapine  David et al. 1969 
Cholesterol, phospholipid and phospholipase Bovine  Grippo et al. 1994 
Glycosaminoglycans Bovine Grippo et al. 1995 
Proteins Bovine Staros and Killian 1998 
Proteins, volume, glucose Bovine  Carlson et al. 1970 
(only collection – no analysis) Bovine Way et al. 1997 
Glucose, proteins, ion composition Ovine Black et al. 1970 
pH, dry matter, proteins, glucose, lactate, 
citrate, lipid aldehyde, lipid choline 

Ovine Iritani et al. 1969 

Ion concentrations Bovine Grippo et al. 1992 
In vivo cannulation Amino acids Bovine Hugentobler et al. 2007 

Energy substrates Bovine Hugentobler et al. 2008 
Electrolytes, Amino acids, energy substrates Bovine Hugentobler et al. 2010 
Ammonium and urea Bovine Kenny et al. 2002 
Electrolytes, Amino acids, energy substrates, 
NPN, total lipid 

Porcine Iritani et al. 1974 

Energy substrates, ion concentrations Bovine (Buffalo) Vecchio et al. 2007 
Energy substrates, ion concentrations, proteins, 
phospholipids 

Bovine (Buffalo) Vecchio et al. 2010 

Proteins Bovine Roberts et al. 1975 
Proteins Ovine Roberts et al. 1976 
Phospholipids, cholesterol and protein Bovine Killian et al. 1989 
Proteins Bovine Rodriguez and Killian 1998 
Ion composition Bovine Hugentobler et al. 2007 
Proteins Ovine Soleilhavoup et al. 2016 

In vivo sampling Energy substrates Porcine Nichol et al. 1992 
In vitro culture Amino acids Bovine Moore and Bondioli 1993 

Hypotaurine, taurine Bovine, Porcine, 
Caprine, Lapine 

Guérin and Ménézo 1995 

Amino acids Bovine Simintiras et al. 2016 
Sperm binding, secretory activity Bovine Sostaric et al. 2008 
Ions Lapine Dickens et al. 1993 
Polypeptides Porcine Buhi et al. 1989 



CHAPTER 1: GENERAL INTRODUCTION 
 

- 48 - 
 

 
2. Ex vivo research models 

Vascular perfusion models can be used to unravel the process of oviduct fluid formation and its 

composition. Through organ culture and perfusion of the original vascularization with media of well-

known composition, the origin of specific oviduct fluid metabolites has been disclosed (Leese and Gray, 

1985).  

Tissue explant cultures contain small full thickness tissue fragments in a glass- or plastic/liquid 

interface for short term cultures or rather specific cellular components. The fragment can adhere to 

the recipient and form a monolayer, without any enzymatic procedures for cell isolation (Rottmayer 

et al., 2006). The biggest disadvantage of this cell culture technique is the presence of different cell 

types while often pure epithelial cell cultures are preferred, while dedifferentiation of the cells’ natural 

characteristics may occur. Otherwise, instead of adhering to the culture dish, cellular explants can also 

be kept in suspension. In this way the natural cellular coherence as well as cellular polarity and 

morphology could be maintained, due to the prevention of mitosis in this culture system. Such 

suspension cultures have shown to be useful in reproductive research for morphology studies (Thomas 

et al., 1994) as well as for observing sperm binding (Suarez, 1991; Sostaric et al., 2008) and secretion 

mechanisms (Palmiter et al., 1971). However, the suspension system can not be maintained longer 

than 24h, as sedimentation of the explants would promote attachment and monolayer formation at 

the bottom of the culture dish. 

A specific application of a tissue explant culture is the Ussing chamber which can be used to study 

oviduct permeability for ions and metabolites as it can detect and quantify transport and barrier 

functions. Ussing chambers consist of a chamber in which a tissue or a cell monolayer grown on 

permeable supports can be clamped and perfused for electrophysiology based measurements. The 

tissue or monolayer in the system is oriented centrally in the chamber to create two separate 

compartments: an apical, mucosal and a basolateral, serosal compartment. Atmospheric conditions 

can be regulated as desired, and each chamber is provided with an electrode to measure the short 

circuit current or potential difference between the compartments due to and as a measure of net ion 

transport across epithelia (Verhoeckx et al., 2015). 

3. In vitro oviduct epithelial cell cultures 

In vitro cell cultures can be very valuable research tools to study pathways and cellular mechanisms 

that are impossible to monitor closely in an in vivo setting. In vivo experiments give a more overall 

vision of the whole organ within the complexity of the entire organism. However, the observations 
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made as such can easily be confounded by systemic reactions rather than local events within the 

oviduct. To observe specific oviductal physiology and pathology in fundamental research it may 

therefore be necessary to resort to in vitro cell cultures prior to validation of the significance of the 

findings within an in vivo setting. Otherwise, in vitro cell cultures can also be used for unravelling 

underlying regulatory mechanisms to substantiate observations made in in vivo experiments. 

Oviduct epithelial cell cultures have been routinely used as a means to improve in vitro embryo 

development, rather than being researched with the purpose to define the intrinsic characteristics of 

the oviductal cells themselves. After all, in vitro oviductal cells can provide the early embryo with 

growth factors (reviewed by Aviles et al., 2010), they can optimize culture conditions by decreasing 

oxygen tension (Fischer and Bavister, 1993; Bermejo-Alvarez et al., 2010) reducing deleterious reactive 

oxygen species (Thompson et al., 2000; Vanroose et al., 2001), removing toxic substances such as 

ammonia (Nancarrow and Hill, 1994) and decreasing glucose concentrations to levels that are non-

detrimental for early embryo growth (Vanroose et al., 2001). Like most in vitro models, primary cell 

cultures may, however, compromise repeatability/reproducability of the experiments and include a 

biosanitary risk, as well as the fact that methodological difficulties may arise during embryo / oviductal 

cell coculture (due to conflicting requirements of the different cell types). In this respect, Lopera-

Vasquez et al. (2016) proposed to use cryopreserved subcultures from a primary oviduct epithelial cell 

culture. 

To approach peri-ovulatory conditions, female reproductive tracts in the early luteal phase of the 

estrous cycle are required. Cordova et al. (2014) reported that oviduct epithelial cells from cattle on 

day 0 to 3 of the estrous cycle are more likely to support early embryo development compared to other 

cells. 

2D cell cultures – monolayers 

Cellular dedifferentiation is probably one of the biggest hurdles to overcome when cultivating oviduct 

epithelial cells. When taken out of their natural constellation oviductal cells tend to lose their 

characteristic morphological and functional features. They do adhere to different cell culture surfaces, 

but the typical columnar shape can often not be maintained over a longer culture period, resulting in 

2 dimensional monolayers (figure 8A). Furthermore, expression of cilia at the cell surface may be lost 

as well as specific secretory activity. In order to overcome these issues and to optimize culture of 

bovine oviduct epithelial cells Reischl et al. (1999) tested different cell isolation techniques, cell culture 

surfaces and compared static and dynamic, perfusion culture systems. They concluded that total cell 
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yield and viability was substantially higher through scraping and squeezing techniques, that cellulose 

nitrate best supports cell growth and that perfusion systems best preserve natural cellular 

characteristics.  

  

Figure 8. In vitro cell cultures can be very valuable research tools to study pathways and cellular mechanisms that 
are impossible to monitor closely in an in vivo setting: A = 2D monolayer formation, B = 3D suspension culture 
with explants. 

3D cell cultures 

In order to circumvent the typical disadvantages of 2D monolayers and to establish more epithelial 

cell-like cultures, 3 dimensional culture techniques were explored. As mentioned earlier, explant 

cultures (figure 8B), such as suspension cell cultures have shown to be suitable for analyzing 

morphological and functional characteristics of bovine oviduct epithelial cell contribution in embryo-

maternal interactions, as mentioned previously (Rottmayer et al., 2006). To maintain cellular polarity 

throughout monolayer formation in in vitro cell cultures, polarized cell culture systems with hanging 

inserts (figure 9) have shown to be useful (Miessen et al., 2011; Chen et al., 2013; Palma-Vera et al., 

2014). The inserts are permeable filter supports that consist of a microporous polyester membrane 

that allows transfer of molecules between upper and lower compartment. They can be used in 

transportation, secretion and diffusion studies, as well as morphological assessments as they are suited 

for electron microscopy (ThinCert manual, Greiner Bio-one). Cells can be directly seeded onto the 

insert membranes and when established fully confluent monolayers, two distinct compartments exist: 

the upper, apical compartment contains the cells oriented in a polarized manner and represents the 

oviduct lumen, while the lower, basal compartment substitutes the nutrient supplementing ‘blood 

pool’ (figure 9). Apart from primary cell cultures the system also supports tissue cultures. 

 

A B 
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Figure 9: The polarized cell culture system consists of hanging inserts with a poriferous polyester membrane (A), 
in routine culture plates (B), allowing cells to be cultured in a polarized manner and with a more natural supply 
of nutrients via a lower ‘blood’ compartment and an upper ‘oviduct lumen’ compartment (C). 

Cells can be cultured under liquid/liquid interface conditions, when both compartments of the 

polarized cell culture systems are filled with culture medium. This way, bidirectional exposure can be 

applied to study the effects of exposure direction of specific culture components. For instance the 

effects of genistein, an estrogenic isoflavone, on bovine oviduct epithelial cells have been studied in 

this manner (Simintiras et al., 2017). Otherwise, and to improve maintenance of the cells natural 

characteristics, cell cultures can also exist under air/liquid interface conditions. Miessen et al. (2011) 

reported that the typical columnar shape and the regeneration of cilia in pig oviduct epithelial cells can 

occur over a 3 week culture period after draining the apical compartment and allowing the cells to be 

supplied only via the basal compartment. Palma-Vera et al. (2014) reported similar observations in 

bovine oviduct epithelial cells where insulin supplementation increased the cell differentiation and 

expression of in vivo-like features, such as oviduct specific glycoproteins. Simintiras et al. (2016) 

recently adapted this polarized cell culture system for studying the production of oviduct luminal fluid 

under air/liquid interface with application of additional fibroblast cell layers on the opposite site of the 

insert membrane and directly beneath the epithelial cells in order to mimic the multiple cell layers of 

the in vivo oviduct.  

A B 

C 
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In order to retain the cells’ natural characteristics and when monolayer formation is not intended, 

insert membranes of the polarized cell culture system can also be coated with high viscosity matrices, 

such as agars, hydrogels or biomaterials like algae matrices (reviewed by Lee et al., 2008). Otherwise, 

when monolayer formation is a must to obtain the experimental goals, steroid hormone 

supplementation can be used to trigger expression of natural cell characteristics and to defy cellular 

dedifferentiation. As such, in different cell types estrogens are considered to stimulate cell 

proliferation, but also promote physiological processes like cell differentiation, extracellular matrix 

organization and stromal-epithelium communication (Morani et al., 2008, Jung-Testas et al., 1986). 

Furthermore, estradiol stimulates ciliogenesis (Lyons et al., 2002), ciliary beat frequency (Nakahari et 

al., 2011), epithelial secretion (Lyons et al., 2002), specific protein synthesis in chicken oviducts (Jung-

Testas et al., 1986), IL-8 release as an autocrine growth regulating factor (Palter et al., 2001), and 

luteotropic action on ovarian cells in rats (Gregoraszczuk; 1984). Practically, supplementation of 

estradiol in normal culture medium can be implemented by adding estrous cow serum instead of FBS 

or NCS, or by adding synthetic water-soluble 17α-ethynylestradiol. Due to practical (mainly solvability 

and the required use of a potential cytotoxic solvent) and safety considerations (carcinogenic effects, 

acute toxicity after in inhalation and direct skin contact) estrous cow serum is often opted rather than 

17α-ethynylestradiol.  

Adaptations to existing culture systems to optimize in vitro embryo culture conditions 

The effects of the oviduct environment on embryo development have been the subject of many 

experiments using many different techniques. Co-culture of zygotes with 2D bovine oviduct epithelial 

cells (BOECs) has been extensively tested (reviewed by Ulbrich et al., 2010). Also, and due to the 

possibility of establishing in vivo-like cell cultures, polarized cell cultures have gained appeal for 

BOEC/zygote co-cultures. To increased BOEC to zygote contact U-shaped inserts have been developed 

(Ferraz et al., 2017), however, they are yet to be tested on embryo culture. In this respect, BOEC 

conditioned media and media supplemented with extracellular vesicles from BOECs have been used 

to avoid direct embryo-oviduct contact for biosanitary reasons (Lopera-Vasquez et al.,2016), as well as 

oviduct fluid supplementation (Lopera-Vasquez et al., 2017) with increased blastocyst rates and 

quality. Recently, supplementation of IGF2, urokinase plasminogen activator and plasminogen to 

substantially improved pregnancy rates after embryo transfer in mice (Highet et al., 2017). 
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HYPOTHESIS 
Decreasing fertility is globally a growing problem in both human and veterinary medicine, with 

substantial socio-economic, ecological and psychological consequences. Multiple causes for 

subfertility have been indicated, which are often closely related to maternal metabolic health. As such, 

metabolic stress is known to trigger hormonal imbalance, abnormal follicular development, and 

ovulatory dysfunction. In this respect, non-esterified fatty acids are important mammalian 

components with energetic, structural and communicational functions, but when exceeding the 

physiological concentrations they can display considerable detrimental effects on different somatic 

cells and fertility. When expressed during the critical early embryo developmental stage, embryo 

quality as well as resulting pregnancy can be negatively affected, potentially even with 

transgenerational resonance. As early embryo development takes place in the oviduct, we 

hypothesized that systemic elevations of non-esterified fatty acids, as seen during lipolytic disorders, 

can be reflected in the oviduct fluid, where they can affect oviduct physiology and functionality with 

significant repercussions for pre-implantation embryo support. 

AIMS 
To test this hypothesis we aimed to: 

I. assess whether and to which extent NEFAs may occur in the oviduct micro-environment of 

healthy cattle, using an adapted ex vivo oviduct fluid sampling protocol. 

II. evaluate the effects of elevated NEFAs on bovine oviduct epithelial cell (BOEC) physiology. 

Hereto, we investigated BOEC morphology, quality and functionality through assessment of BOEC 

number, viability, proliferation capacity, monolayer integrity, morphological characteristics and sperm 

binding capacity after a 24h in vitro NEFA exposure period at physiologically relevant concentrations. 

Furthermore, BOECs were cultivated in three different cell culture systems to compare the outcome 

of the specific parameters observed and to estimate the biological relevance of the systems used. 

III. obtain a more profound understanding in the direct effects of elevated NEFAs on BOEC 

physiology and gatekeeper features in a polarized cell culture system by observing BOEC monolayer 

integrity and permeability, FA-transfer across the monolayers, intracellular lipid accumulation, BOEC 

FA-transporters, BOEC energy metabolism, and mRNA expression of genes related to BOEC viability, 

oxidative stress, BOEC specific functions and both carbohydrate and lipid metabolism. 

IV. investigate whether and to which extent elevated NEFAs may hamper the oviduct’s embryo 

supportive capacity, as well as the oviductal potential to buffer lipotoxicity in favor of early embryo 

development using a BOEC/zygote co-culture model with pre- or simultaneous exposure to elevated 

NEFAs. 



 



CHAPTER 3: NON-ESTERIFIED FATTY ACIDS IN THE OVIDUCTAL MICRO-ENVIRONMENT 

NON-ESTERIFIED FATTY ACIDS IN EARLY LUTEAL BOVINE OVIDUCT FLUID 

MIRROR PLASMA CONCENTRATIONS: AN EX VIVO APPROACH 

L. JORDAENSa, V. VAN HOECKa, J. DE BIEa, M. BERTHb, W.F.A. MAREIa, K.L.J. DESMETa, P.E.J. BOLSa, 
J.L.M.R. LEROYa 

a Laboratory for Veterinary Physiology and Biochemistry, Gamete Research Centre, 

University of Antwerp, Universiteitsplein 1, B-2610 Wilrijk, Belgium 
b Algemeen Medisch Laboratorium, AML, Emiel Vloorsstraat 9, B-2020 Antwerpen, Belgium 

PUBLISHED IN “REPRODUCTIVE BIOLOGY”, MAY 2017  17(3):281-284. DOI: 10.1016/j.repbio.2017.05.009. 



 

 



CHAPTER 3: NON-ESTERIFIED FATTY ACIDS IN THE OVIDUCTAL MICRO-ENVIRONMENT 

- 75 - 
 

ABSTRACT 

We investigated whether and to which extent plasma non-esterified fatty acids (NEFAs) are reflected 

in oviduct fluid (OF) using an improved ex vivo flushing method. OF and plasma NEFA concentrations 

were respectively 0.29 ± 0.19 and 0.31 ± 0.14 mmol/L, they didn’t differ significantly (P = 0.13) and 

tended to be positively correlated (Pearson correlation coefficient = 0.56; P = 0.07). Results suggest 

that OF NEFAs mirror the concentrations seen in plasma of healthy cattle. 

Key words: oviduct micro-environment, cattle, maternal metabolism, free fatty acids 
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INTRODUCTION 

The oviduct is a complex organ that facilitates oocyte fertilization and the earliest stages of embryo 

development. In cattle, the early embryo resides in the oviduct for 4 days during which the embryo is 

highly sensitive to environmental changes (Latham and Schultz, 2001). During this early luteal phase in 

the estrous cycle, the fate of the early embryo may, therefore, be influenced by the composition of 

the oviductal luminal fluid (OF). OF is essentially an ultrafiltrate from the blood, complemented with 

estradiol dependent intraluminal secretions of oviductal epithelial cells (Bauersachs et al., 2004), and 

follicular fluid (FF) (Leese, 1988). As maternal metabolic and nutritional state modulate blood and FF 

metabolites, they may also influence OF composition. Several studies already expanded on OF 

metabolite composition, but specific information on its fatty acid (esterified and non-esterified) 

content is still lacking in literature. As such, fatty acids in the embryo environment largely dictate in 

vitro embryo lipid profiles through intracellular fatty acid uptake and metabolism (McKeegan and 

Sturmey, 2012). In this respect, non-esterified fatty acids (NEFAs) are highly relevant, as they are 

typically upregulated in females suffering from lipolytic metabolic disorders. These elevated NEFA 

concentrations are shown to directly impact early embryo development, as they affect embryo DNA 

methylation and transcript patterns (Desmet et al., 2016). 

Therefore, we investigated in this study whether and to which extent NEFAs are present in the oviduct 

micro-environment. Hereto, we aimed to characterize the OF composition for NEFAs in relation to 

plasma concentrations, during the early luteal phase of the estrous cycle. Other energy substrates, 

such as cholesterol and triglyceride, were also analyzed, while glucose, lactate, total protein and 

albumin concentrations were measured for validation purposes of an improved ex vivo OF collection 

protocol. Existing collection methods were adapted to inhibit ongoing glycolysis in OF samples, to 

maximize OF recovery, and to reduce common confounders. Furthermore, OF and plasma 

concentrations for these compounds were compared to investigate potential interrelations. 

MATERIALS AND METHODS 

In a local abattoir, a total of 220 Belgian Blue cows were sampled within a period of 2 weeks. Blood 

samples were collected during exsanguination in sodium fluoride/potassium oxalate Vacuette® blood 

collection tubes (Greiner Bio-One, Vilvoorde, Belgium), and stored on ice until further processing under 

laboratory conditions. Within 4h after collection, all samples were centrifuged (10 minutes, 1250 x g, 

4°C) for plasma retrieval and individually frozen at -80°C until analysis (< 1 month of collection). Due 

to retrospective selection, only 49 samples were retained, as plasma samples were linked to specific 

OF samples selected using strict criteria: i) early luteal oviducts (= day 1-4 after ovulation), selected on 
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ovarian morphology, typically showing a corpus hemorrhagicum, (Ireland et al., 1980); ii) normal tissue 

quality (no infectious or anatomical abnormalities), and iii) minimal oviduct length of 25 cm. 

For OF collection, only oviducts ipsilateral to the ovulation site, were withheld and immediately clipped 

with a hemostat to avoid compromising of the oviduct lumen. Next, oviducts were surgically trimmed, 

and both infundibulum and uterotubal junction were removed for standardization purposes. OF-

samples (n = 49) were isolated using  flushing: hereto, 200µL of flushing medium (i.e. 2-4mg/mL sodium 

fluoride, 1-3mg/mL potassium oxalate (w/v) (Vacuette®, Greiner Bio-One) and 0.01mg/mL amaranth 

(w/v) (Sigma Aldrich) in sterile saline (Braun)) was infused in the oviduct via cannulation (Terumo, 

Surflo winged), after which the ampulla was clipped with a hemostat. The oviduct was gently massaged 

to mix flushing medium and OF, and subsequently coiled around the hemostat, while applying mild 

manual pressure on the serosa. All samples were kept on ice until centrifugation (10 min, 1250 x g, 

4°C) and snap frozen in liquid nitrogen. Samples were stored at -80°C and submitted to biochemical 

analyses (<1 month of collection). 

During biochemical analyses, cholesterol, triglyceride, glucose, lactate, total protein, and albumin 

concentrations were routinely measured using commercially available photometric assays on the 

Architect c16000 (Abbott Diagnostics) according to manufacturer’s instructions. Total NEFA 

concentrations were measured using RX Daytona (Randox Laboratories). Inter- and intra-assay 

coefficients of variation were < 5%, except for NEFA where the values were 1.8-3.1% and  5.3%, 

respectively. 

The absorbance of amaranth was measured in each sample and performed in triplicate (inter- and 

intra-assay coefficient of variation < 5%) at 520 nm using 2 µL droplets in a NanoQuant plate and a 

Tecan microplate reader, Infinite® 200 Pro (Tecan Trading AG), in order to calculate original OF 

volumes. Plate blanking was performed for each measurement using distilled water, and by subtracting 

OF background using OF from oviducts flushed with flushing medium without amaranth. Individual 

amaranth concentrations were calculated by linear equation using a 7 point standard curve ranging 

from 0 to 0.01 mg/mL amaranth in saline (R2 = 0.998), and used to calculate dilution factors. Sample 

dilution was used to retrospectively calculate original OF volumes. 

Data were expressed as means ± SD and were analyzed using IBM SPSS Statistics version 23 for 

Windows, (Chicago, IL, USA). Outliers were identified using the interquartile range rule and omitted 

from further analyses. Mean differences per biochemical parameter were compared between OF and 

plasma with a paired student’s t-test and submitted to Pearson correlation testing for all cases. 

Correlations between the concentrations of energy metabolites and NEFA (i.e. cholesterol and NEFA, 
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triglycerides and NEFA, glucose and NEFA) within plasma or OF were determined via the same tests. 

Differences with P < 0.05 were considered statistically significant; P < 0.1 was considered a trend. 

RESULTS AND DISCUSSION 

The current protocol was designed to allow early postmortem OF sampling of estrous stage specific 

oviducts, without sacrifice of experimental animals. In vivo OF collection is often confounded through 

cellular contamination of the samples by erythrocytes, leucocytes and oviduct epithelial cells, low 

amount of OF recovery and unknown absolute OF volumes. Therefore, specific measures were taken 

to inhibit ongoing post-collection glycolysis with sodium fluoride, while amaranth was added as a 

tracer molecule to correct data for variations in OF dilution after flushing. Amaranth was specifically 

selected to comply with abattoir regulations and for its wide range of concentration dependent linear 

absorbance at 520nm, high water solubility, and lacking photosensitivity, pH-dependency, or 

interference with routine laboratory analyses. Flushing was combined with application of gentle 

manual pressure to assure thorough sampling of typically viscous OF in  extensive anatomically folded 

oviducts. 

Samples from a total of 49 animals were selected for analysis. The average age was 5.4 ± 1.6 years, 

and carcass weights ranged between 459.2 and 591.2 kg. The interval between blood and OF collection 

was on average 32 ± 6 minutes. OF samples were on average 32 ± 11 % diluted by the flushing medium, 

resulting in an average OF volume of 70 ± 24 µL per oviduct (after retrospective calculation).  

Table 1: Concentrations of the biochemical parameters measured in plasma and oviduct fluid (OF) samples (n = 49). Values 

are expressed as means ± SD. Pearson correlation coefficients and mean comparison with paired t-tests were calculated 

between plasma and OF concentrations for each metabolite. All metabolite concentrations were significantly different in OF 

and plasma (P<0.01), with the exception of NEFA concentrations (P=0.13). Chol = cholesterol; Triglyc = triglyceride 

concentrations. 

 NEFA 
(mmol/L) 

Chol. 
(mg/dL) 

Triglyc. 
(mg/dL) 

Glucose 
(mg/dL) 

Lactate 
(mg/dL) 

Tot.protein 
(g/L) 

Albumin 
(g/L) 

OF 0.29 ± 0.19 33.7 ± 16.5 43.8 ± 20.6 43.2 ± 30.2 269.0 ± 
103.1 37.84 ± 13.74 n.d. 

Plasma 0.31±0.14 124.9 ± 27.3 16.5 ± 6.4 110 ± 31.3 63.1 ± 22.4 79.8 ± 6.1 36.4 ± 2.4 

Correlations (P) 0.56 (0.07) 0.29 (0.13)  0.14 (0.73) 0.16 (0.21) 0.28 (0.05) 0.46 (0.42) n.d. 

Paired t-test (P) 0.133 <0.001 <0.001 <0.001 <0.001 <0.001 n.d. 

n.d. = below detection limit 

In OF, NEFAs were on average 0.29 ± 0.19 mmol/L and were similar to the concentrations found in 

plasma. Plasma and OF NEFA concentrations showed a trend for positive correlation (figure 1, Pearson 

correlation coefficient = 0.56, P = 0.07). These data suggest that plasma NEFAs are reflected in OF, 



CHAPTER 3: NON-ESTERIFIED FATTY ACIDS IN THE OVIDUCTAL MICRO-ENVIRONMENT 

- 79 - 
 

which is the earliest embryonic environment. This might explain why the conditions in the reproductive 

tract have been shown to be less supportive for early embryo development in metabolically stressed 

lactating dairy cattle compared to heifers (Rizos et al., 2010) and to non-lactating cows (Maillo et al., 

2012). In vitro studies, reported on the effects of altered environmental conditions during bovine 

embryo culture, suggested a well-established association between elevated serum NEFAs and 

hampered blastocyst formation, altered DNA methylation and transcriptomic fingerprints (Desmet et 

al., 2016), with potentially lasting effects for the offspring (Jungheim et al., 2011). Increased OF NEFAs 

might add to this complex pathogenesis of in- and subfertility in females suffering from metabolic 

disorders, such as negative energy balance in high yielding dairy cattle or obesity and type II diabetes 

in women. Therefore, future research should focus on (changes of) OF NEFAs during metabolic 

disorders. 

 

Figure 1: Scatterplot showing the relationship between plasma and OF NEFA concentrations in 44 early luteal cows (R2 = 
0.31) 

 

The average OF cholesterol concentration was 33.7 ± 16.5 mg/dL and cholesterol in plasma versus OF 

did not indicate any interrelations. Within OF samples, however, a significant positive correlation 

between cholesterol and NEFA concentrations was observed (table 2). This finding can be suggestive 

for upregulated NEFA metabolism in oviduct cells and increased conversion to cholesterol as seen in 

myocardial cells (Lopaschuk et al., 2010). As such, oviduct cells may facilitate elimination of 

detrimental NEFAs in the embryo micro-environment in order to safeguard successful early embryo 

development. 

The mean OF triglyceride (TG) concentration was 43.8 ± 20.6 mg/dL which was 3 times higher 

(P<0.001) compared to plasma concentrations. Interestingly, our previous research, using a polarized 

cell culture system, showed that intracellular lipid accumulation in bovine oviduct epithelial cells was 

associated with a significant drop in NEFA concentrations in the overlaying medium (Jordaens et al., 

2017). As embryos from oocytes exposed to high NEFA levels, shunt fatty acids towards increased 
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triglyceride storage as a protective reflex (Aardema et al., 2011), we propose that the observed 

correlation between increased OF NEFAs and cholesterol levels might be the result of oviduct cell NEFA 

uptake, and TG and cholesterol release. This mechanism may also elucidate the marked increase in the 

OF TGs compared to the concentrations found in plasma samples. Further research, however, is 

required to confirm this theory. 

OF glucose concentration was on average 43.2 ± 30.2 mg/dL, which was significantly lower compared 

to plasma but similar to earlier in vivo sampling reports (e.g. Hugentobler et al., 2008). However, no 

correlation between OF and plasma glucose concentrations could be detected. Leese and Gray (1985) 

reported that OF glucose is derived from the blood, but is highly metabolized by the oviduct epithelial 

cells. This may result in significantly decreased glucose and increased lactate concentrations in the OF 

compared to plasma concentrations, as observed in our samples. Glucose can be toxic for early embryo 

development, therefore, the low OF glucose concentrations detected in our samples probably meet 

the natural requirements of the early embryo (Kim et al., 1993). 

Table 2: Comparison of specific energy metabolite versus NEFA concentrations in OF or plasma using Pearson 
correlation coefficients (P). 

 Cholesterol Triglycerides Glucose 

OF 0.83 (<0.01) 0.57 (<0.01) 0.58 (<0.01) 

Plasma -0.22 (0.13) -0.2 (0.16) -0.36 (0.01) 

 

Only in OF, a positive correlation could be detected between cholesterol, triglycerides and glucose 

versus NEFA (table 2). Data suggest that OF is a more tightly controlled environment compared to 

blood. 

Lactate concentrations in OF were 269.0 ± 103.1 mg/dL, furthermore, OF and plasma lactate tended 

to be positively correlated (Pearson correlation coefficient = 0.28; P = 0.05). The current findings 

exceed the concentrations reported in in vivo experiments on average 4 times (Hugentobler et al., 

2008), which is most likely due to ongoing cellular metabolism during the 30 minute interval between 

exsanguination and sampling.  

OF total protein concentration was on average 37.8 ± 13.7 g/L. The lacking correlation between plasma 

and OF protein concentrations may be explained by OF protein originating from both the blood and 

oviduct epithelial cell secretions. Albumin concentrations could not be detected in the OF samples, 

due to high laboratory detection limits for this specific compound. 
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Glucose, lactate, total protein and albumin were analysed for validation purposes of the OF collection 

protocol, by comparing the current concentrations to earlier in vivo reports. With the exception of 

lactate, all parameters were very similar. The current protocol may, therefore, provide a valid 

alternative for extensive OF sampling. 

In conclusion, NEFAs occur in OF and mirror the concentrations seen in plasma of healthy cattle. They 

may, therefore, affect the oviduct cells and may also alter the micro-environment for pre-implantation 

embryo development. Future research should focus on OF NEFA concentrations during metabolic 

disorders, as they may add to the complex pathogenesis of sub- and infertility in high yielding dairy 

cattle. Other OF metabolites approximated earlier in vivo reports which may propose the current 

protocol as a valid alternative to in vivo OF sampling, except when assessment of ions and lactate is 

intended. 

ACKNOWLEDGEMENTS 

The authors acknowledge Dr. Mortelmans and co-workers of the Public Abattoir Heist-op-den-Berg for 

the use of their facility, and Silke Andries for the outstanding technical assistance throughout the 

experiments.  

DECLARATION OF INTEREST 

We declare that there is no conflict of interest that could be perceived as prejudicing the impartiality 

of the research reported. 

FUNDING 

This research did not receive any specific grant from any funding agency in the public, commercial or 

not-for-profit sector. 



CHAPTER 3: NON-ESTERIFIED FATTY ACIDS IN THE OVIDUCTAL MICRO-ENVIRONMENT 

- 82 - 
 

REFERENCES 

Aardema H, Vos PLAM, Lolicato F, Roelen BA, Knijn HM, Vaandrager AB, Helms JB, Gadella BM. 2011 
Oleic acid prevents detrimental effects of saturated fatty acids on bovine oocyte 
developmental competence. Biology of Reproduction 85: 62-69. 

Bauersachs S, Rehfeld S, Ulbrich SE, Mallok S, Prelle K, Wenigerkind H, Einspanier R, Blum H, Wolff E. 
2004 Monitoring gene expression changes in bovine oviduct epithelial cells during the oestrous 
cycle. Journal of Molecular Endocrinology 32: 449-466. 

Desmet KLJ, Van Hoeck V, Gagné D, Fournier E, Thakur A, O’Doherty AM, Walsh CP, Sirard MA, Bols 
PEJ, Leroy JLMR. 2016 Exposure of bovine oocytes and embryos to elevated non-esterified 
fatty acid concentrations: integration of epigenetic and transcriptomic signatures in resultant 
blastocysts. BMC Genomics 17:1004. 

Hugentobler SA, Humpherson PG, Leese HJ, Sreenan JM, Morris DG. 2008 Energy substrates in bovine 
oviduct and uterine fluid and blood plasma during the oestrous cycle; Molecular Reproduction 
and Development 75: 496-503. 

Ireland JJ, Murphee RL, Coulson PB. 1980 Accuracy of predicting stages of bovine estrous cycle by gross 
appearance of the corpus luteum; Journal of Dairy Science 63: 155-160. 

Jordaens L, Van Hoeck V, Maillo V, Gutierrez-Adan A, Marei WFA, Vlaeminck B, Thys S, Sturmey RG, 
Bols PEJ, Leroy JLMR. 2017 Maternal metabolic stress may affect oviduct gatekeeper function. 
Reproduction doi:10.1530/REP-16-0569. 

Jungheim ES, Louden ED, Chi MMY, Frolova AI, Riley JK, Moley KH. 2011 Preimplantation exposure of 
mouse embryos to palmitic acids results in fetal growth restriction followed by catch-up 
growth in the offspring. Biology of Reproduction 85: 678-683. 

Kim JH, Funahashi H, Niwa K, Okuda K. 1993 Glucose requirement at different developmental stages 
of in vitro fertilized bovine embryos cultured in semi-defined medium. Theriogenology 39(4): 
875-886. 

Latham KE, Schultz R M. 2001 Embryonic genome activation. Frontiers in Bioscience 6: 748-759. 
Leese HJ, Gray SM. 1985 Vascular perfusion: a novel means of studying oviduct function. American 

Journal of Physiology 245: E624-632. 
Leese HJ. 1988 The formation and function of oviduct fluid. Journal of Reproduction and Fertility, 82, 

843-856. 
Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC. 2010 Myocardial fatty acid metabolism 

in health and disease. Physiological Reviews 90: 207-258. 
Maillo V, Rizos D, Besenfelder U, Havlicek V, Kelly AK, Garrett M, Lonergan P. 2012 Influence of 

lactation on metabolic characteristics and embryo development in postpartum Holstein dairy 
cows. Journal of Dairy Science 95 3865-3876. 

McKeegan PJ, Sturmey RG. 2012 The role of fatty acids in oocyte and early embryo development. 
Reproduction, Fertility and Development 24: 59–67. 

Rizos D, Carter F, Besenfelder U, Havlicek V, Lonergan P. 2010 Contribution of the female reproductive 
tract to low fertility in postpartum lactating dairy cows. Journal of Dairy Science  93 1022-1029. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



CHAPTER 4: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY 

 

ELEVATED NON-ESTERIFIED FATTY ACID CONCENTRATIONS HAMPER 

BOVINE OVIDUCTAL EPITHELIAL CELL PHYSIOLOGY IN THREE DIFFERENT IN 

VITRO CULTURE SYSTEMS 

L. JORDAENSa*, M. ARIAS-ALVAREZb, I. PINTELONc, S. THYSc, S. VALCKXa, Y. DEZHKAMa, P.E.J. BOLSa,  

J.L.M.R. LEROYa 

a Laboratory for Veterinary Physiology and Biochemistry, Gamete Research Center, 

University of Antwerp, Universiteitsplein 1, B-2610 Wilrijk, Belgium 

b Dpto. de Producción Animal, Facultad de Veterinaria, Universidad Complutense de Madrid, Madrid, Spain 

c Laboratory for Cell Biology and Histology, Core Facility for Biomedical Microscopic Imaging,  

University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerpen, Belgium 

Published in Theriogenology, May 2015  84(6):899-910. DOI: 10.1016/j.theriogenology.2015.05.030. 



  

 



CHAPTER 4: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY 

- 87 - 
 

ABSTRACT 

Elevated non-esterified fatty acids (NEFAs) have been recognized as an important link between lipolytic 

metabolic conditions and impaired fertility in high yielding dairy cows. However, NEFA-effects on the 

oviductal micro-environment currently remain unknown. We hypothesize that elevated NEFAs may 

contribute to the complex pathology of subfertility by exerting a negative effect on Bovine Oviductal 

Epithelial Cell (BOEC)-physiology. Therefore, the objectives of this study were to elucidate direct NEFA-

effects on BOEC-physiology in three different in vitro cell culture systems. BOECs (4 replicates) were 

mechanically isolated, pooled and cultured as conventional monolayers, as explants and in a polarized 

cell culture system (PCC) with DMEM/F12-based culture medium. BOECs were exposed to a NEFA-

mixture of oleic (OA), stearic (SA) and palmitic acid (PA) for 24h at both physiological and pathological 

concentrations. A control (0µM NEFA) and a solvent control (0µM NEFA + 0.45% ethanol) group was 

implemented. BOEC-physiology was assessed by means of cell number and viability, a sperm binding 

assay, transepithelial electric resistance (TER) and a wound healing assay. BOEC morphology was 

assessed by scanning electron microscopy on cell polarity, presence of microvilli and cilia, and 

monolayer integrity. BOEC-number was negatively affected by increasing NEFAs, however cell viability 

was not. Sperm binding affinity significantly decreased with increasing NEFAs and tended (P=0.051) 

to be more affected by the direction of NEFA-exposure in the PCC. The absolute TER-increase post-

NEFA-exposure in the control (110±11 Ω.cm2) was significantly higher than in all the other treatments 

and was also different depending on the exposure side. Bidirectional exposed monolayers were even 

associated with a significant TER-reduction (-15±10 Ω.cm2) (P<0.05). Cell proliferation capacity 

showed a decreased cell migration with increasing NEFA-concentrations, but was irrespective of the 

exposure side. BOEC morphology was not affected. In conclusion, in an in vitro setting NEFAs exert a 

negative effect on BOEC physiology, but not morphology. Ultimately, these physiological alterations in 

its micro-environment may result in suboptimal development of the pre-implantation embryo and a 

reduced reproductive outcome in dairy cattle. 

Keywords: Bovine oviduct, fatty acids, maternal metabolism, subfertility 
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INTRODUCTION 

In dairy cattle, decades of extensive genetic selection to promote milk yield coincided with a 

significantly lower fertility outcome, partly due to a decreased oocyte quality and an increased early 

embryonic mortality rate (Butler, 2014). Typically reduced estrus expression, and a retarded 

postpartum onset of ovarian cyclicity result in a much longer calving interval and thus significant 

economic losses (de Kruif et al., 2008). These observations are associated with specific metabolic and 

hormonal changes in the blood of modern dairy cattle (Leroy et al., 2008). 

Among these metabolic changes, elevated non-esterified fatty acid concentrations, due to upregulated 

lipolysis typically during periods of negative energy balance, have been recognized as important 

detrimental factors within the female reproductive tract at follicular, oocyte (Jorritsma et al., 2004, 

Leroy et al., 2005, Aardema et al., 2011) and early embryonic level (Van Hoeck et al., 2011, Van Hoeck 

et al., 2013). Recently, Valckx et al. (2014) noticed that long term in vitro NEFA-exposure hampers 

murine early pre-antral follicular development, while Van Holder et al. (2005) and Mu et al. (2001) 

registered negative influences of NEFAs on bovine and human granulosa and theca cell proliferation, 

respectively, and on the steroidogenesis. Also, murine (Valckx et al., 2014) and bovine (Jorritsma et al., 

2004, Leroy et al., 2005, Aardema et al., 2011, Van Hoeck et al., 2013) oocyte developmental 

competence is drastically reduced after NEFA-exposure during the final oocyte maturation, 

significantly affecting embryo quality and energy metabolism (Van Hoeck et al., 2011, Van Hoeck et al., 

2013). Embryos show a reduced blastocyst cell number, increased apoptotic cell ratio and altered gene 

expression patterns (Van Hoeck et al., 2011). Whether elevated NEFAs also have an immediate effect 

on the oviductal micro-environment, is not yet known.  

The oviduct is a crucial organ in reproduction (Suarrez et al., 2002, Dobrinski et al., 1997, Smith and 

Nothnick, 1997, Fazelli et al., 2003, Kisdon et al., 2003) and specifically in early embryonic development 

(Ellington, 1991, Hunter, 2003). Both Rizos et al. (2010), Maillo et al. (2012) and Matoba et al. (2012) 

indicated that the conditions within the reproductive tract may impair its ability to support the early 

embryo and may contribute to early embryonic mortality. However, up until now the underlying causes 

to these observations remain unknown and studying oviduct physiology remains straining to perform 

(Leese et al., 2008, Ulbrich et al., 2010, Velazquez et al., 2010). In vitro research for morphological 

(Ulbrich et al., 2010, Abe, 1996, Reischl et al., 1999, Yaniz et al. 2000) and functional (Abe and Hoshi, 

1997, Gualtieri and Talevi, 2000, Buhi, 2002, Sostaric et al., 2008) characteristics of bovine oviductal 

epithelial cells (BOECs) has provided us with three different, well-established cell culture systems 

allowing the acquisition of mechanistic insights and observation of cellular pathways: 1) monolayers 

grown at the bottom of culture plates (Witkowska, 1976), and 2) a BOEC suspension system with a high 

maintenance of physiological  cellular characteristics (Walter, 1995, Rottmayer et al., 2006, Gualtieri 
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et al., 2012), or 3) in hanging inserts (Schoen et al., 2008, Miessen et al., 2011, Chen et al., 2013) of a 

polarized cell culture (PCC) system allowing bidirectional cell exposure. 

Ultimately, the objective of this study was to elucidate the direct effects of NEFAs on the oviductal 

micro-environment. We hypothesized that elevated NEFAs may influence BOEC-physiology, by 

possibly altering the oviductal micro-environment that hosts early development of the pre-

implantation embryo, and thus may affect overall fertility. Hereto, BOEC-morphology, quality and 

functionality, was studied by assessing BOEC number, viability, proliferation capacity, monolayer 

integrity, morphological characteristics and sperm binding capacity after a 24h in vitro NEFA exposure 

period at physiologically relevant concentrations. Furthermore, BOECs were cultivated in three 

different cell culture systems to compare the outcome of the specific parameters observed and to 

estimate the biological relevance of the systems used. 

MATERIALS AND METHODS 

All chemicals were purchased from Life Technologies® (Carlsbad, California, USA), unless otherwise 

stated. 

1. Collection, transport and harvesting of BOECs 

For each experiment, four bovine, early luteal phase (days 3 to 5 of the estrous cycle) oviducts were 

obtained in a local slaughterhouse and selected on ovarian morphology accordingly to the method 

described by Ireland et al. (1980). The oviducts were dissected free of surrounding tissues and 

maximally 2 to 3h upon collection they were processed in the laboratory under controlled air 

conditions. The infundibulum and the lower part of the uterotubal junction were removed and the 

remaining oviductal parts were washed in Hanks Buffered Saline Solution (HBSS) (room temperature). 

Bovine oviductal epithelial cells (BOECs) were mechanically isolated, by squeezing the oviducts 

between thumb and index finger, and pooled in warm HBSS. Following 2 rounds of centrifugation for 

5 min at 971 x g, the BOECs were easily distinguishable from the overlaying erythrocytes. The 

supernatant was discarded and the BOECs were pipetted and resuspended in warm and equilibrated 

(38,5°C, 5% CO2, 20% O2) culture medium based on DMEM and Ham’s F-12 nutrient mixture (1:1), and 

containing 0.75% BSA (essentially fatty acid free; Sigma-Aldrich, St-Louis, MO, USA), 5% serum (2.5% 

Fetal Bovine serum, Greiner Bio-One, Frickenhausen, Germany; and 2.5% Newborn Calf Serum, Sigma-

Aldrich, St-Louis, MO, USA), 2.5% penicilline/streptomycine and 2% amphotericine B. Cell count and 

cell viability testing were performed with a Bürker Counting Chamber (W. Schreck, Hofheim) and 

Trypan Blue. BOECs were diluted to a density of 1 x 106 cells/mL and seeded in three different culture 

systems as described below. The culture medium was renewed after 24h and subsequently every 48h. 
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2. Assessment of epithelial cell purity and polarity 

A. Immunocytochemistry 

The epithelial origin of the isolated BOECs was confirmed by subjecting the cells to 

immunocytochemical staining for the expression of cytokeratins using monoclonal mouse anti-human 

cytokeratin antibodies (clone AE1/AE3), biotinylated goat anti-mouse antibodies, streptavidine / 

horseradish peroxidase and AEC substrate-chromogen (Dako, Denmark) according to the 

manufacturer’s instructions. BOECs were grown in 4-well culture plates: 1) as freshly retrieved BOECs, 

2) as first passage BOECs after a 7-day culture period in a culture flask (to increase cell purity), 

trypsinized and reseeded on glass inlets, and 3) as freshly retrieved BOECs cultured as monolayers on 

hanging inserts in a PCC-system. 

Cytokeratin stained cells were compared to non-stained cells, and a fibroblast culture of fetal bovine 

cartilage was used as a negative control, and non-specific binding reactions of the secondary and 

tertiary antibodies were excluded. Morphologic evaluation was performed by an inverted light 

microscope, and the imaging software of CellD* was used to assess the ratio of cytokeratin positive 

and negative cells. 

B. Scanning Electron Microscopy 

Scanning Electron Microscopy was used to visualize BOEC polarity (i.e. monolayer formation, 

confluency, cell orientation) and differentiation level of BOECs grown on polyester membranes of 

hanging inserts (ThinCert, Greiner Bio-One, Frickenhausen, Germany). Hereto, BOEC-monolayers were 

washed twice with Krebs solution and fixed with 2.5% glutaraldehyde (in 0.1M Na+-cacodylate) at 4°C 

for 24h. The cells were rinsed three times for 20 minutes in cacodylate buffer containing 7.5% 

saccharose after which the insert membranes (polyester) were removed from their polystyrene 

housing and placed in a clean well of a 12-well plate containing cacodylate buffer. Subsequently, cells 

were dehydrated in an ascending series of ethanol concentrations (70%, 90%, 95% each for 15 minutes 

at room temperature, and 100% for 3x 30 minutes) and submitted to critical point drying in a Leica EM 

CPD030 after which the monolayers were mounted on a stub and gold coated in a Sputter coater. SEM-

imaging was performed with a SEM 515 (Philips, The Netherlands) at different magnifications. 

Monolayers were assessed on cell polarity, the presence of microvilli and cilia, monolayer integrity and 

cell growth (Rottmayer et al., 2006). For each treatment 2 monolayers were processed, and all results 

are descriptive, not quantified. 

3. Preparation of NEFA-treatments 

The types and concentrations of free fatty acids used are based upon the in vivo concentrations found 

in the serum of high yielding dairy cows in negative energy balance (NEB) (Leroy et al., 2005). The 
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oviductal luminal fluid (OLF) is essentially an ultrafiltration from the serum (Leese, 1988), 

complemented with a cycle-dependent active secretion of the outlining epithelial cells (Buhi et al., 

1989, Kilian et al., 1989), follicular fluid (FF) and cumulus cells released after ovulation (Hunter and 

Nichol, 1988, Hansen et al., 1999). Therefore, it is assumable that NEFAs can occur in the OLF like they 

occur in the serum. Preliminary data in our laboratory suggest a correlation between serum-NEFA-

concentrations and those measured in the OLF, similar to the observations made between serum. 

Based on these findings we established 4 treatment groups: 1) Control group without NEFAs, 2) Basal 

physiological NEFA-concentrations of 72 µM, ranging up until 3) 360 µM in Moderate elevated though 

physiological concentrations, and 4) 720 µM in High pathological and potentially cytotoxic metabolic 

conditions. 

Stearic Acid (SA), Palmitic Acid (PA) and Oleic Acid (OA) (Sigma-Aldrich, St-Louis, MO, USA) were 

dissolved in a stock solution of pure ethanol at concentrations of 25, 150 and 200 mM, respectively. 

These ethanol stock solutions were vortex-mixed for 4 minutes and diluted to obtain the desired final 

concentration in the culture medium. Prior to use, all media were vigorously shaken and filter-sterilized 

under aseptic conditions. NEFA solvability was checked in all NEFA-medium samples prior to exposure 

to determine whether the intended concentrations were actually achieved. Final NEFA concentrations 

were measured at the ‘Algemeen Medisch Labo’ (Antwerp, Belgium), using commercial photometric 

assays, RX Daytona (Randox Laboratories). Measurements were carried out according to 

manufacturers’ instructions. 

4. Experimental design: 

To obtain optimal use of the beneficial characteristics of each culture system, three experiments each 

using a different in vitro approach, were set-up. Static monolayers are most suited to study 

morphological characteristics (experiment 1), while explants (experiment 2) better maintain 

functional cell characteristics such as ciliary activity (Witkowska, 1976, Walter, 1995, Lefebvre et al., 

1995) and monolayers grown on hanging inserts (experiment 3) allow a more physiological relevant 

NEFA exposure on polarized cells (Artursson and Borchardt, 1997). 

All experiments were performed in 4 replicates. 

Experiment 1: NEFA-toxicity on BOEC monolayers in conventional culture plates 

In a first experimental set-up an overall sensitivity of BOECs to NEFAs was assessed. Hereto, BOECs 

were seeded in 12-well culture plates (wells n = 192; 3 wells per treatment and outcome parameter in 

each of 4 replicates) (Nunclon, Roskilde, Denmark) at 1 x 106 cells/mL and incubated at 38.5°C, 5% CO2 

in humidified air. After 24h in culture the cells were washed and the non-adherent cells were removed. 

Subsequently, culture medium was changed every 48h. Confluency of the monolayers (>95%) was 

determined by phase contrast inverted light microscopy (Olympus, CKX41) and was reached at Day 5 
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of culture, after which exposure to different NEFA concentrations started for 24h in 5 experimental 

groups: 1. Control group (0µM NEFA), 2. Solvent Control group (0 µM NEFA + 0.45% ethanol), 3. Basal 

group (72 µM NEFA), 4. Moderate group (360 µM NEFA), and 5. High group (720 µM NEFA). After 24h 

NEFA-exposure BOEC cell number, cell viability, sperm binding capacity, and cell migration capacity 

were determined (see below). 

Based on the results of experiment 1 and the lack of effects of the solvent on the outcome parameters 

assessed, the solvent control treatment group was excluded from further experiments. 

Experiment 2. NEFA-toxicity in a suspension culture system 

To estimate the immediate effects of NEFAs on BOEC-explants, BOECs were seeded in 4-well plates 

(Nunclon, Roskilde, Denmark) at 1 x 106 cells/mL and incubated for 2h at 38.5°C, 5% CO2 in air,  in 

normal culture medium as described above, in 4 replicates (total observations n = 160; n = 10 per 

treatment group and per replicate). After 1h BOECs slowly started to adhere to the bottom of the 

recipient, while some cells remained in suspension in their natural coherence forming BOEC-explants 

(Witkowska, 1976, Freshney, 2000). Approximately 100 BOEC-explants per well were size selected 

using a stereomicroscope and a hand-held glass pipette. After selection, the BOEC-explants were 

transferred in new, sterile 4-well plates, and divided in the same experimental groups as described for 

experiment 1. After 24h NEFA-exposure the explants were removed from the NEFA containing medium 

and replaced in normal culture medium, after which sperm cell co-incubation was performed as 

described below. The sperm binding capacity of the BOEC-explants was determined by inverted light 

microscopy and Cell*-imaging software where only explants between 10 000 and 40 000 µm2 were 

taken into consideration to limit binding variances due to differences in explant size (De Pauw et al., 

2008). 

Experiment 3. NEFA-toxicity on BOEC monolayers in a Polarized Cell Culture system 

BOECs were directly seeded at 1 x 106 cell/mL on laminin coated, polyester membranes of hanging 

inserts (wells n = 192; 12 wells per treatment in 4 replicates) (ThinCert, Greiner Bio-One, 

Frickenhausen, Germany; 12 wells, 0.4 µm pores, pore density 2 x 10-6cm2), to create a two 

compartment, PCC-system to support cell growth. Monolayer confluency was estimated visually by 

inverted light microscopy, and through daily measurements of the transepithelial electric resistance 

(TER) using an Avometer (Millicell-ERS®, Millipore, Massachusetts, USA). Monolayer formation was 

considered confluent and free of leakage between both compartments, when the TER-recordings 

reached approximately 700 Ω.cm2 (Tahir et al., 2011) at Day 7-9. As a control physiological serum NEFA-

concentrations of 72 µM were applied, while to provoke negative effects on the cells, pathological 

serum NEFA-concentrations of 720 µM were used, exposing the monolayers for 24h as depicted in 

figure 1. 
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Figure 1. Experimental design NEFA-toxicity on BOECs in three cell culture systems: A = experiment 1: BOEC-monolayers in 
conventional culture plates; B = experiment 2: BOEC-explants in a suspension culture system; C = BOEC-monolayers in a PCC-
system. The dotted line indicates the washing step which was performed in each experiment prior to assessment of the 
outcome parameters to limit the exposure period to 24h exactly and especially to avoid NEFA-contact with the sperm cells 
as we only wanted to observe the NEFA-effects on BOEC-physiology without any additional and confounding effects of high 
NEFA on sperm cells. 
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5. Outcome parameters 

BOEC morphology: Scanning Electron Microscopy (experiment 3) 

BOEC-morphology was assessed using Scanning Electron Microscopy for monolayers on inserts for 

each of the 4 treatment groups in experiment 3. Cell polarity, the presence of microvilli and cilia, 

monolayer integrity and cell growth were assessed. SEM was performed only in experiment 3 to 

illustrate the added value of the hanging inserts on the preservation of BOEC natural characteristics. 

BOEC Number and Viability: Hemocytometer and Trypan Blue staining (experiment 1&3) 

After 24h NEFA-exposure, three wells per experimental group were washed with 500µl of pre-warmed 

DPBS (without Ca2+, Mg2+). For 10 minutes 200µl trypsin was added to each well at room temperature, 

until all cells were detached. The enzymatic reaction was stopped by adding 700µl normal culture 

medium containing both serum and BSA, after which the cell suspension was homogenized. A 

hemocytometer (Bürker Counting Chamber, W. Schreck, Hofheim) and a trypan blue dye-based 

exclusion method was used to determine cell number and cell life/death-ratio. Briefly, the cell 

suspension and trypan blue 0.4% were mixed in a 1:1 ratio and BOECs were counted while a distinction 

could be made between the unstained live cells and the blue dye containing dead cells (Studzinski, 

1999). Results were expressed in cells/μl and % of live to total cells, respectively. 

BOEC quality: Sperm Binding Capacity (experiment 1, 2, 3) 

The same batch of frozen bovine semen, pooled from three bulls of proven fertility, was used in all 3 

experiments. Straws were thawed in a water bath at 37°C for 30 seconds. Live and motile spermatozoa 

were selected by centrifugation on a discontinuous Percoll gradient (90% and 45%, Amersham 

Biosciences, Roosendaal, The Netherlands). Three wells in each experiment were co-incubated with 

1 × 106 motile sperm cells in 0.5 mL TALP + BSA (without heparin) for 30 min, according to Lefebvre 

and Suarez (1996), and Gualtieri and Talevi (2000). The non-bound sperm cells were washed off with 

prewarmed DPBS. The monolayers or explants with bound sperm were fixed in 4% paraformaldehyde 

(VWR international, Radnor, PA, USA) for 30 minutes at room temperature. The number of bound 

sperm cells was counted according to a modification of Gualtieri and Talevi (2000) in 4 fields of a 

predetermined dimension in 2 or 3 wells per time point in experiment 1 and 3, and in 10 size selected 

(10 000 - 40 000 µm2) explants per treatment in experiment 2 using an inverted microscope (×400) 

(Olympus CKX41). All counts were performed blinded to treatment. 

BOEC functionality: Wound Healing Assay / in vitro scratch assay (experiment 1&3) 

In experiment 3, a wound healing assay was performed to study cell migration capacity. Hereto, an 

artificial gap was made in the center of each monolayer using a 200µl pipette tip. Loose cells were 

washed away using standard culture medium. Cells at both sides of the scratch migrated toward each 
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other in order to re-establish confluency. Immediately after creating the scratch and at hourly 

intervals, images were captured during 8 consequent hours using inverted light microscopy (Olympus, 

CKX41). To obtain the same field of interest during the observations, etches were made on the bottom 

of each well (using a needle) used as microscopic reference points to assure measurements were 

always carried out at the exact same spot. Cell D* imaging software was used to measure the wound 

diameter and to determine cell migration rate by comparison of the consecutive images and diameters 

over time (Liang et al., 2007). 

BOEC-monolayer integrity: Transepithelial Electric Resistance (experiment 3) 

During the entire culture period in experiment 3 monolayer integrity was assessed daily through TER-

measurements, both prior and post NEFA-exposure. Hereto, a Millicell-ERS (Millipore, Massachusetts, 

USA) was used according to the manufacturer’s instructions. Monolayers were considered to be 

confluent when TER-values exceeded 700 Ω.cm2 (Tahir et al., 2011). 

TER = (Rsample – Rblank) x effective membrane area 

6. Statistical analysis 

Data are expressed as means ± SD. Trial data were analyzed as a completely randomized design using 

SPSS 19.0 for Windows, (Chicago, IL, USA). Values of P<0.05 were considered statistically significant. 

Mean differences of cell viability (percentage live cells relative to total cell number), cell count, sperm 

binding, wound closure (change expressed as percentage relative to the initial wound diameter) and 

TER changes during exposure (change expressed as percentage relative to the TER before exposure) 

among experimental groups were compared with ANOVA and a post-hoc Scheffe test including the 

fixed effect of the treatment, the random effect of the replicate and the interaction of these two 

factors. Only when the interaction term was not significant, it was left out from the final statistical 

model. TER and wound size before and after closure were first compared using a paired samples t-test 

to identify changes significantly different from zero. For normality and equality of variance reasons, 

TER data were log transformed before statistical analysis. 

RESULTS 

Assessment of epithelial cell purity and polarity 

1. Immunocytochemistry 

Cells positive for cytokeratins were stained red (figure 2), while negative cells remained unstained. 

Overall analysis of the immunocytochemical staining showed >95% positive cells for anti-cytokeratin 

antibodies, thus confirming the epithelial origin and purity of the cells isolated and cultured in both 

conventional monolayers, and monolayers grown on hanging inserts. Also, freshly retrieved 

monolayers and monolayers from a first cell passage did not differ significantly in cell purity.   



CHAPTER 4: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY 

- 96 - 
 

  

  

Figure 2. Immunocytochemistry images (x 200) using anticytokeratin antibodies in which A= non-stained BOECs; B= BOECs 

stained without the primary antibody; C= negative control, stained fibroblast culture from fetal bovine cartilage; D= stained 

freshly retrieved BOECs after a 4-day-culture and monolayer formation; E= stained freshly retrieved BOECs on hanging inserts 

in a PCC-system after a 7-day-culture; F= first passage BOECs after a 7-day culture period in a culture flask (to possibly increase 

cell purity), trypsinization and reseeding on glass inlets in a 4-day-culture; G= first passage BOECs after a 7-day culture period 

in a culture flask (to possibly increase cell purity), trypsinization and reseeding on hanging inserts in a 4-day-culture. 

2. Scanning Electron Microscopy 

The efficacy of the isolation and cultivation protocol was critically assessed by scanning electron 

microscopy. All monolayers showed signs of cellular polarity (figure 3. A) and differences in cell height. 

The apical side of the monolayers showed the presence of both microvilli and cilia (figure 3. B), though 

the latter were confined to specific regions within the monolayers and seemed less oriented when 

compared to ex vivo images (Sostaric et al., 2008). Several interruptions in monolayer integrity were 

seen (figure 3. C), but might have been artificially induced during sample preparations. The presence 

of white flakes in between the cells (figure 3. A,C,D) may indicate cellular secretions (Kölle et al., 2014). 

A 
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C B 
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Figure 3. The epithelial characteristics of the cultivated cells were assessed by SEM with attention on cell polarity (A), the 

presence of both microvilli and cilia (B), monolayer integrity (C), and cellular secretion (A,C,D). Big arrow indicates cilia, small 

arrow = cellular secretions, asterisk = monolayer interruptions and star represents microvilli. 

Experiment 1: NEFA-toxicity on BOEC-monolayers in conventional culture plates 

BOEC-number (figure 4A) was significantly lower after 24h exposure in treatment groups exposed to 

increased NEFA-concentrations (P<0.05). Cell viability (figure 4B)  was comparable between the 

different treatment groups, regardless of the aplied NEFA-concentrations. The number of bound 

spermatozoa to BOECs was compared between the different treatment groups (figure 4C), indicating 

that increased NEFA-concentrations (Moderate and High NEFA-groups) induce a significantly reduced 

BOEC-sperm binding capacity (P<0.05). Basal NEFA-concentrations at 72µM did not affect the outcome 

of this parameter compared to the control (0 µM NEFA). Looking at the BOEC migration capacity in 

figure 4D, only the High NEFA-group showed a reduced ability to close an artificial wound within the 

monolayers (P<0.05). All other treatment groups showed comparable results. The solvent did not 

affect the results in the outcome parameters tested and showed results comparable to the control 

group in which no NEFAs were added.   

A B 
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Figure 4. Representation of the BOEC 
number, BOEC viability, BOEC sperm 
binding and wound healing capacity 
(±SD) in experiment 1 after 24h co-
incubation with different NEFA-
concentrations. Results are shown ± 
SD. a,b,c  Different superscripts per bar 
indicate statistical significant 
differences (P<0.05). A = Absolute cell 
number shown as number of cells per 
mL; B = Cell viability is the ratio of live 
compared to total cell number ; C = 
Sperm binding capacity shown as 
number of sperm cells bound per 
0.05mm2 of cell culture surface; and 
D = relative BOEC migration capacity 
where the wound diameter was 
compared at T0 (at the start of the 
assay) and T8 (8h into the assay) and is 
expressed as percentage of closure. 
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Experiment 2. NEFA-toxicity in a suspension culture system 

A 24h NEFA exposure to BOECs in a suspension culture system showed a statistically significant 

reduced sperm binding for the Moderate and the High NEFA groups, of 59.19% and 68.05% 

respectively, when compared to the Control group (figure 5). Also, there was a significant difference 

in sperm binding between the Basal (196.25 ± SD 30.92 spermatozoa/0.05mm2) and the High (148.75 

± SD 50.23 spermatozoa/0.05mm2) treatment group (P<0.05). 

No statistical differences were found in average explant surface area within the different replicates 

nor treatment groups. 

 

Figure 5. BOEC-explant sperm binding (± SD) in experiment 2 expressed as the number of bound sperm cells per 0.05 mm2 of 

cell culture surface, showing a statistically significant reduced sperm binding in the Moderate and High treatment groups 

when compared to the Control group. Also, there was a significant difference in sperm binding between the Basal and the 

High treatment groups. a,b,c Different superscripts per bar indicate statistical significant differences (P<0.05). 

 

Experiment 3. NEFA-toxicity on BOEC monolayers in a Polarized Cell Culture system 

BOEC morphology, as assessed on cell polarity, presence of microvilli and cilia, cellular outlining and 

secretion, was not affected by a 24h exposure time to the different NEFA treatments. 

As indicated in figure 6 BOEC number (figure 6. A) was significantly higher in treatment 1 (Control) 

(34.92 ± 12.13x106 cells/mL) when compared to all the other treatments. Also, cell number in 

treatment 4 (21.33 ± 10.26x106 cells/mL) was significantly lower as compared to all other treatments. 

The average cell viability varied between 90 and 95%, but no significant differences were detected 

between the different treatments (data not shown). 
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Figure 6. Representation of BOEC number, BOEC sperm binding capacity; BOEC migration capacity and monolayer integrity 

by means of TER-values (±SD) in experiment 3 on monolayers in a PCC system after 24h NEFA-exposure. a,b,c Different 

superscripts within the bar chart indicate statistical significant differences (P<0.05). A = Absolute cell number shown as 

number of cells per mL cell suspension; B = Sperm binding capacity expressed as number of sperm cells bound per 0.05mm2 

of cell culture surface (* = a tendency; P = 0.051); C = relative BOEC migration capacity where the wound diameter was 

compared at T0 (at the start of the assay) and  T8 (8hrs into the assay); D = relative average TER increase during 24h NEFA-

exposure period expressed as percentages.  

Sperm binding capacity (figure 6. B) in treatment 1 (97.90 ± 10.76 spermatozoa/0.05mm2) was 

significantly higher than in all other treatments. Also treatment 2 (68.55 ± 15.38 

spermatozoa/0.05mm2) showed significant higher sperm binding capacity than treatment 4 

(31.28 ± 6.16 spermatozoa/0.05mm2) (P<0.05) and tended to be higher than treatment 3 

(39.95 ± 19.30 spermatozoa/0.05mm2) (P=0.051). Overall, sperm binding was negatively affected by 

bidirectional NEFA-exposure when compared to unidirectional exposure, and tended to be affected by 

the exposure side where NEFA-exposure in the upper compartment tended to reduce monolayer 

sperm binding affinity more than when exposed from the lower compartment. Sperm binding 

appeared to be less clustered when monolayers were bilaterally exposed to pathological NEFA-

concentrations, however this is merely an estimation and these observations were not objectified. 

A B 

C D 
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Cell migration capacity (figure 6. C), through comparison of the wound diameter at T0 and T8, showed 

a significant closure of the gap in all treatments and the percentage of closure in treatment 1 (41.64 %) 

was significantly different from the other treatment groups (treatment 2 = 28.3 %; 3 = 31.62 %; 

4 = 30.9 %) (P<0.05). No differences could be observed between uni- and bidirectionally exposed 

monolayers, nor resulting from alternating the exposure side. 

In all treatment groups the TER (figure 6. D) at T0 (prior to NEFA exposure) and T1 (post NEFA-

exposure) were very well correlated. The average relative TER increase in treatments 1 and 2 was 

significantly different from 0 (P<0.05) and tended to decrease in treatment 4 (P = 0.05). However, the 

absolute TER-values in that group were still on average 944.13 ± 49.18 Ω.cm2, meaning the 

monolayers were still 100 % confluent preventing leakage from one compartment to another (Tahir et 

al., 2011). Furthermore, the absolute TER-increase after NEFA-exposure in treatment 1 

(110 ± 11 Ω.cm2) was significantly higher than the TER in all the other treatment groups. Also, 

treatment 2 (29 ± 8 Ω.cm2) and 3 (3 ± 6 Ω.cm2), and 3 and 4 (-15 ± 10 Ω.cm2) showed TER values that 

were statistical significantly different from each other (P < 0.05), meaning that bidirectional exposure 

reduces TER-values more than unidirectional exposure, and also exposure from the upper 

compartment affects monolayer TER more than exposure from the lower side. 

DISCUSSION 

We hypothesized that elevated NEFAs may affect BOEC quality and functionality, thereby potentially 

creating a less than favorable developmental environment for the pre-implantation embryo which may 

negatively affect overall fertility. NEFAs are suggested to be introduced in the oviductal lumen via 2 

pathways: 1) a rather small fraction through the ovulation of a NEFA-containing follicle (Kim et al., 

2001), and 2) a larger fraction through the natural formation of the OLF, which is essentially an 

ultrafiltrate from the blood (Leese, 1988). Preliminary data from our laboratory have suggested a close 

correlation between serum NEFA concentrations and these in the OLF, making the effects of 

alternating unidirectional NEFA-exposure but also bidirectional exposure physiologically relevant to 

study. The NEFA-concentrations added during our experimental setting are therefore closely 

resembling the serum NEFA-concentrations of dairy cattle in periods of peak lactation, during which 

NEFA concentrations are typically elevated due to up-regulated lipolysis (Leroy et al., 2005). Also, the 

combination of fatty acids used in our experiments are based on the three predominant NEFAs 

occurring in both serum and FF (Leroy et al., 2004). 

In previous experiments BOECs were mostly a means to support embryo production, but they have 

rarely ever been the primary subject in scientific research in relation to maternal metabolic disorders 

and subfertility as a base to study different pathways. Our study, hereto, aimed to focus on the direct 
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in vitro effects of NEFAs on BOECs. Therefore, we selected three different, specifically designed in vitro 

cell culture techniques, each to exhibit specific cell features to best suit our research aims. Static 

monolayers are most suited to study morphological characteristics (experiment 1), while explants 

(experiment 2) better maintain functional cell characteristics such as ciliary activity (Witkowska, 1976, 

Walter, 1995, Lefebvre et al., 1995) and monolayers grown on hanging inserts (experiment 3) allow a 

more physiological relevant NEFA exposure on polarized cells (Artursson and Borchardt, 1997, Palma-

Vera et al., 2014). 

NEB and elevated serum NEFAs in vivo in dairy cows occur over an extended period of time up to 10-

12 weeks pp with a maximum at 2 weeks pp (Butler et al., 2003). Nonetheless, to really visualize direct 

NEFA-toxicity-effects without interference of any compensatory mechanisms, we chose to implement 

a 24h exposure period. This was also recommended by Ricchi et al. (2009), who studied NEFA-toxicity 

in rat hepatocytes, since shorter incubations induced little effects that were difficult to detect, while a 

prolonged incubation time was associated with a significant decrease in cell viability. 

 The main findings of this study were that BOEC-physiology was negatively affected by elevated NEFA-

concentrations, and that the intensity of the effects observed depended on the exposure side and thus 

on cell polarity. These data might partly elucidate the in vivo findings of Rizos et al. (2010), Maillo et 

al. (2012) and Matoba et al. (2012) where the reproductive tract of lactating dairy cows showed an 

impaired ability to support early embryo development compared to their non-lactating counterparts. 

In our experimental design we aimed to establish these negative conditions by mimicking metabolic 

stress and thus elevated NEFA-concentrations, and observed a hampered BOEC-quality and 

functionality but not morphology. Decreased BOEC viability, cell numbers, and cell migration capacity 

may alter the pre-implantation embryo micro-environment, may therefore create suboptimal growth 

conditions for the early embryo and can thus be proposed as a contributing factor in the complex 

pathogenesis of sub- and infertility in high yielding dairy cattle. Hampered BOEC sperm binding 

capacity may also contribute to sub- and infertility since natural processes like sperm capacitation and 

selection may be hindered, possibly leading to a less successful fertilization. 

Looking at the NEFA-effects in closer detail by assessing the individual parameters, we noticed a 

decreasing BOEC/sperm binding capacity with increasing NEFA-concentrations. BOEC/sperm-binding 

is essentially a proteoglycan bridge formation between the head of the sperm cells and cilia or 

microvilli (Talevi and Gualtieri, 2010). A successful BOEC/sperm-binding reaction requires a viable 

BOEC with an intact membrane, functional cilia and specific secretory activity (Sostaric et al., 2008). 

Decreased sperm binding affinity may therefore be explained by a corruption of the cellular 

membranes after NEFA-exposure. Fatty acids are known to alter cell membrane composition and 

fluidity, depending on the chemical structure of the NEFAs added. Membranes will become more rigid 

when straight chained, saturated fatty acids, such as PA and SA, are incorporated in the cell 
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membranes. While integration of unsaturated fatty acids, such as OA, will rather induce an increase in 

membrane fluidity (MacDonald and MacDonald, 1987). Altering BOEC-membranes might prevent the 

establishment of proper sperm binding reactions.  

NEFA-induced alterations to BOEC-membrane properties might also explain the divergent results on 

BOEC-viability we have observed. Since the enzymatic reaction of the trypsin added to estimate this 

parameter might very well rupture the NEFA-impaired cell membranes, causing lysis of otherwise 

viable cells and thus induce falsely high viability percentages and masking the effects of the NEFAs 

added. To verify these data in situ viability assessment and quantification techniques, such as a Neutral 

Red assay (Repetto et al., 2008), can be performed in order to distinguish enzyme induced damages 

from the actual NEFA-effects. 

We also noticed a decreased cell number with increased NEFA-concentrations. As NEFA-toxicity is 

primarily attributed to elevated Reactive Oxygen Species (ROS)-production and as ROS target high fat 

cell membranes, lipid radicals could be generated in BOECs as seen in other cell types (Nonogaki et al., 

1994). Thus affecting the BOEC-membranes might also attribute to the diminished BOEC/sperm 

binding capacity, but may also induce apoptosis, a reduced proliferation rate and therefore decreasing 

cell numbers. 

In the PCC with hanging inserts, however, these NEFA-toxic effects on cell number do not seem to 

compromise the overall continuity of the epithelial outlining of the oviduct. TER-values are constituted 

by differences in electric potential between the 2 compartments and can be translated to the tightness 

of the intercellular interactions, such as tight junctions. Fatty acids have the ability to modulate tight 

junction composing proteins, such as occludins (Roche et al., 2001), possibly allowing intercellular 

transfer of larger molecules and even disruption of the cell layer. However, in our experiments the 

TER-values continued to increase during the NEFA-exposure period in unidirectionally exposed 

monolayers, while they decreased during bidirectional exposure. This decrease, however, was never 

to the extent that leakage between the two compartments would exist.   

These data are also supported by our findings on the cell migration capacity. Cell migration contributes 

to tissue repair and regeneration (Ridley et al., 2003). High concentrations of PA and SA are suggested 

to cause inhibitory effects on cell growth preventing closure of an artificially induced gap, while OA is 

suggested to provide the opposite effect (Wicha et al., 1979). OA also, has previously been suggested 

as being able to compensate the detrimental effects of saturated fatty acids (Aardema et al., 2011) 

and might also be accountable for the less pronounced effects observed here. 

Comparison of the culture systems used can only be done by assessing the results of the sperm binding 

assay in the three experiments, since this is the only outcome parameter consistently used in all three 
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the culture systems. In experiment 2, using a short term suspension BOEC-culture, the BOEC-

explants/sperm binding capacity is much higher than in the other 2 experiments, and similar to the 

data have been reported by Sostaric et al. (2008). BOEC-monolayers tend to dedifferentiate and lose 

the expression of cilia at the cell surface. BOEC/sperm-binding is therefore not established with cilia 

but rather with microvilli. This binding reaction, however, appears to be less efficient (Sostaric et al., 

2008). 

In experiment 1, the reduced sperm binding capacity, the lower cell numbers and the lack of the ability 

for maintaining the cells ‘fresh’ over a longer period of time, may provide us with sufficient indications 

that BOEC-monolayers in the hanging inserts in experiment 3 are more suited to observe in vitro 

reactions within the oviductal epithelium. Therefore, because of  the possibility to expose the cells via 

two compartments as seen in vivo and the use of cells that maintain their natural characteristics more 

closely, the PCC will be preferred in future experiments. 

 In conclusion, our study is the first to use three different in vitro culture systems each to obtain 

specific information on the immediate effects of NEFAs on BOECs. Elevated NEFAs have a negative 

impact on in vitro BOEC physiology with decreased cell number, migration capacity and sperm binding 

ability, indicating lower BOEC-quality and functionality. This less than favorable environment for the 

oocyte, spermatozoa and the pre-implantation embryo may ultimately partake in the complex 

pathogenesis of sub- and infertility of high yielding dairy cattle. Future experiments should, however, 

focus on BOEC lipid metabolism to further elucidate some of the phenomena seen in this study. 
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ABSTRACT 

We hypothesized that elevated non-esterified fatty acids (NEFA) modify in vitro bovine oviduct 

epithelial cell (BOEC)-metabolism and barrier function. Hereto, BOECs were studied in a polarized 

system with 24h-treatments at day 9: 1) CONTROL (0µM NEFA + 0%EtOH), 2) SOLVENT CONTROL (0µM 

NEFA + 0.45%EtOH), 3) BASAL NEFA (720µM NEFA + 0.45%EtOH in the basal compartment), 4) APICAL 

NEFA (720µM NEFA + 0.45%EtOH in the apical compartment). FITC-albumin was used for monolayer 

permeability assessment, and related to Transepithelial Electric Resistance (TER). Fatty acid (FA), 

glucose, lactate and pyruvate concentrations were measured in spent medium. Intracellular lipid 

droplets (LD) and FA-uptake were studied using Bodipy 493/503 and immunolabelling of FA-

transporters (FAT/CD36, FABP3 and CAV1). BOEC-mRNA was retrieved for qRT-PCR. Results revealed 

that APICAL NEFA reduced relative TER-increase (46.85%) during treatment, and increased FITC-

albumin flux (27.59%) compared to other treatments. In BASAL NEFA, FAs were transferred to the 

apical compartment as free FAs: mostly palmitic and oleic acid increased, respectively 56.0 % and 

33.5% of initial FA-concentrations. APICAL NEFA allowed no FA-transfer, but induced LD-accumulation 

and upregulated FA-transporter expression (↑CD36, ↑FABP3, ↑CAV1). Gene expression in APICAL NEFA 

indicated increased anti-apoptotic (↑BCL2) and anti-oxidative (↑SOD1) capacity, upregulated lipid 

metabolism (↑CPT1, ↑ACSL1 and ↓ACACA), and FA-uptake (↑CAV1). All treatments had similar 

carbohydrate metabolism and oviduct function specific gene expression (=OVGP1, ESR1, FOXJ1). 

Overall, elevated NEFAs affected BOEC-metabolism and barrier function differently depending on 

NEFA-exposure side. Data substantiate the concept of the oviduct as a gatekeeper that may actively 

alter early embryonic developmental conditions. 

Key word: NEFAs, oviduct, TER, fatty acid transfer, metabolism 
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INTRODUCTION 

In dairy cattle, extensive genetic selection to promote milk yield has led to a drastic increase in 

energetic demands and reduced fertility (Leroy et al. 2008a, Leroy et al. 2008b). To support increased 

milk production, dairy cow metabolism shifts to prioritize lactation, causing metabolic stress, which 

can be manifested through increased lipolysis and elevated serum concentrations of non-esterified 

fatty acids (NEFAs) (Leroy et al. 2005). Similar observations have been described in women where 

metabolic stress, associated with e.g. obesity and type II diabetes, is linked with lipolytic disorders 

(Lash & Armstrong 2009). 

Elevated serum NEFAs are reflected in the ovarian follicular fluid (Leroy et al. 2004, Leroy et al. 2005, 

Robker et al. 2009) and are recognized as important factors affecting fertility. As such, NEFAs have 

direct detrimental effects on murine folliculogenesis (Valckx et al. 2014), bovine oocyte nuclear 

maturation and developmental capacity (Jorritsma et al. 2004, Leroy et al. 2005, Aardema et al. 2011, 

Van Hoeck et al. 2011) and the quality of the resulting embryo (Van Hoeck et al. 2011). In women and 

mice, oocyte quality has also been related to metabolic alterations in follicular fluid (Valckx et al. 2012, 

Valckx et al. 2015) with potentially lasting adverse effects in the offspring (Jungheim et al. 2011).  

In addition, it has been demonstrated that elevated NEFAs can affect in vitro bovine oviduct epithelial 

cell (BOEC) physiology (Jordaens et al. 2015). Elevated NEFAs hampered BOEC physiology by reducing 

cell proliferation, cell migration capacity, cell functionality and monolayer integrity, in a cell polarity 

dependent manner. However, insights in the pathways associated to these observations and in cellular 

responses arising from NEFA-exposure are currently lacking. Furthermore, it’s important to learn 

‘how’, ‘whether’ and ‘to which extent’ intracellular fatty acid (FA)-uptake and transepithelial transfer 

of these FAs can occur. Recent in vivo experiments indeed indicated that the conditions in the 

reproductive tract define its ability to sustain early embryo development (Rizos et al. 2010, Maillo et 

al. 2012, Matoba et al. 2012). As such, the oviductal environment in metabolically stressed lactating 

dairy cattle was less supportive for blastocyst formation compared to heifers (Rizos et al. 2010) and to 

non-lactating cows (Maillo et al. 2012). In vitro reports suggest this may be due to direct environmental 

effects of elevated NEFAs, as NEFA-exposure during bovine embryo culture jeopardized embryo quality 

through reduced blastocyst formation and cell number, with a concomitant rise in apoptosis (Van 

Hoeck et al. 2013) and internalization of FAs (Listenberger et al. 2003, Leroy et al. 2010). In mice, similar 

observations have been made as exposure of murine embryos to pathological NEFA-concentrations 

during in vitro culture, induced effects on embryo metabolism and growth (Jungheim et al. 2011). 

However, whether or not elevated serum NEFAs can be transferred across the oviduct epithelial lining 
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and are actually reflected in the oviductal lumen, where they may contribute to suboptimal embryo 

growth conditions, remains to be elucidated. 

It is furthermore unknown whether elevated NEFA concentrations may influence oviduct specific 

characteristics such as permeability. Earlier Roche et al. (2001), reported that FAs altered in vitro Caco-

2 monolayer confluency by affecting transepithelial electric resistance (TER) and expression of tight 

junctions. In oviductal cells, a reduced TER and cell migration capacity were observed in the presence 

of elevated NEFAs (Jordaens et al. 2015) but mechanistic insights are currently lacking. Affecting 

oviduct epithelial permeability and thereby altering the oviduct gatekeeper function would reflect in 

the overall composition of the oviduct micro-environment as different molecules may be filtered from 

the serum to the oviductal lumen (Leese et al. 2007). NEFAs may therefore also indirectly affect early 

embryo development. 

Studies expanding on the consequences of elevated NEFAs on oviduct cell function and micro-

environment are scarce. Possibly, since in vivo studies remain challenging to perform due to specialist 

equipment and techniques, and difficult to interpret considering the complexity of the whole organism 

(Velazquez et al. 2010). Hereto, an in vitro  polarized cell culture (PCC) system with hanging inserts 

(Miessen et al. 2011; Tahir et al., 2011) may provide a valid alternative, since it promotes preservation 

of both morphology and biology of native oviduct epithelium (Fotheringham et al. 2011) while focusing 

on immediate cellular responses of oviduct epithelial cells exclusively. It is therefore considered as a 

valuable tool to acquire primary mechanistic insights in the direct effects of NEFAs on BOEC physiology. 

In particular BOEC metabolism and barrier function, oviduct specific functions such as oviduct specific 

glycoprotein secretion, anti-oxidative and anti-apoptotic characteristics, and cellular FA-transfer or 

uptake are of interest, as they may influence early embryo development. 

Therefore, in the present study, we hypothesized that elevated NEFA-concentrations can affect BOEC 

physiology by altering BOEC metabolism and barrier function. Hereto, we aimed to obtain a more 

profound understanding in the direct effects of elevated NEFAs on BOEC physiology and gatekeeper 

features in a PCC by observing 1) BOEC monolayer integrity and permeability, 2) FA-transfer across the 

monolayers, 3) intracellular lipid accumulation, 4) BOEC FA-transporters, 5) BOEC energy metabolism, 

and 6) mRNA expression of genes related to BOEC viability, oxidative stress, BOEC specific functions 

and both carbohydrate and lipid metabolism. This research may ultimately further elucidate the direct 

effects of NEFAs on the oviductal micro-environment, affecting pre-implantation embryo 

development. This may contribute to the complex pathogenesis of infertility associated with lipolytic 

metabolic disorders. 
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MATERIALS AND METHODS  

All chemicals were purchased from Thermo Fisher Scientific® (Carlsbad, California, USA), unless stated 

otherwise. 

Primary BOEC-culture: isolation and culture in a polarized cell culture (PCC) system 

BOECs were isolated and cultured as described previously (Jordaens et al. 2015). Briefly, in each 

replicate 4 bovine oviducts from cows in the early luteal phase (days 3 to 5 of the estrous cycle) and 

ipsilateral to the ovulation site  were obtained from a local slaughterhouse. As the pre-implantation 

embryo interacts with both ampulla and isthmus, BOECs from whole oviducts were mechanically 

isolated within 3h after slaughter. BOEC number and viability were determined, using Trypan Blue 

exclusion and a hemocytometer, and seeded at a density of 1 x 106 cells/mL in a polarized cell culture 

(PCC) system with hanging inserts (Corning, Snapwell, 6-well). Each compartment contained 2mL 

culture medium, based on DMEM/F12 (containing 0.75% w/v BSA (essentially FA free; Sigma-Aldrich, 

St-Louis, MO, USA), 5% v/v serum (2.5% v/v Fetal Bovine serum, Greiner Bio-One, Frickenhausen, 

Germany; and 2.5% v/v Newborn Calf Serum, Sigma-Aldrich, St-Louis, MO, USA), 2.5% v/v 

penicillin/streptomycin and 2% v/v amphotericin B), and was renewed initially after 24h, subsequently 

every 48h. 

Preparation of the treatments 

The types and concentrations of free FAs used are based on the in vivo concentrations found in the 

serum of high yielding dairy cows in negative energy balance (NEB) (Leroy et al. 2005). To mimic the 

FA-profile during NEB, NEFA-concentrations of 720µM (i.e. 230µM Palmitic Acid (PA) + 280µM Stearic 

Acid (SA) + 210µM Oleic Acid (OA)) were implemented as a pathological condition, and prepared as 

described by Van Hoeck et al. (2011). Solubility of lipophilic NEFAs into hydrophilic culture was 

spectrophotometrically confirmed prior to use.  

Experimental design 

BOECs were maintained in hanging inserts and supported by medium replenishments of both 

compartments  every 48h until they reached confluency, as confirmed by Transepithelial Electrical 

Resistance (TER) using an Avometer (Millicell-ERS®, Millipore, Massachusetts, USA). Monolayer 

formation was defined confluent  when the TER-recordings exceeded 700 Ω.cm2 (Chen et al. 2015) at 

Day 9. Ultimately at Day 9 pre-exposure medium samples were collected after which 4 treatments 

were established: 1) CONTROL: 0µM NEFA in both compartments, 2) SOLVENT CONTROL: 0µM NEFA + 

0.45% v/v EtOH in both compartments , 3) BASAL NEFA: 720µM NEFA + 0.45%v/v EtOH in the basal 

compartment, and 4) APICAL NEFA: 720µM NEFA + 0.45% v/v EtOH in the apical compartment. 
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Preparations of NEFA were added to the monolayers at Day 9 for 24h as depicted in figure 1. After 24h 

(Day 10), outcome parameters were assessed, spent medium from both compartments in all wells was 

sampled, and BOECs were either collected using EDTA-trypsin for mRNA-extraction or fixed in 4% 

paraformaldehyde for immunofluorescent staining. Per outcome parameter, samples from a total of 

16 animals were used, and analysed as four pools of  four. 

 
Figure 1: Experimental design to study the effects of NEFAs in a polarized cell culture system according to 
different exposure directions: C = control medium containing 0µM NEFA, SC = solvent control medium containing 
0µM NEFA + 0.45% EtOH, NEFA = 720µM NEFA with 230µM PA+ 280µM SA+ 210µM OA. At Day 9 (pre-exposure 
samples) and 10 (post-exposure samples) spent media were collected. At Day 10 other  outcome parameters in 
BOECs were assessed. 

 

Outcome parameters: 

1. BOEC-integrity and monolayer permeability 

TER-measurements were recorded, both prior (Day 9) and post NEFA-exposure (Day 10), to observe 

monolayer confluence and integrity. Hereto, a Millicell-ERS (Millipore, Massachusetts, USA) was used 

according to the manufacturer’s instructions. Monolayers were considered confluent when TER-values 

ranged between 700 and 1100 Ω.cm2 (Chen et al. 2015). Data were expressed as relative TER-increase 

over the 24h treatment period. At Day 10 and immediately after NEFA-exposure, monolayer 

permeability was determined by measuring macro-molecular transport of 66kDa FITC-labelled albumin 

across the monolayers, as described by Chang et al. (2013) in endothelial cells with some modifications 

to suit our design, objective and cell type. Briefly, in 4 repeats (2 inserts per flux direction within each 
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treatment group and per replicate, total number of inserts n= 54) FITC-albumin (15µM) was dissolved 

in HBSS without phenol red and added to either the apical or the basal chamber (each 2 wells per 

treatment per replicate) to observe albumin flux in either direction. Unseeded inserts were used as a 

positive control to exclude effects due to the membrane properties. After 3h, medium in each 

compartment was mixed by pipetting and 20µL samples were submitted for FITC measurement at 490 

nm excitation/ 530nm emission using a Tecan microplate reader, Infinite® 200 Pro (Tecan Trading AG, 

Switzerland). Both the supplemented and the non-supplemented compartment were sampled in order 

to retrospectively correlate the decrease in fluorescence from the supplemented compartment to the 

increase in fluorescence in the non-supplemented compartment. Standard curves ranged from 0 to 

2µM, however, to match the FITC-albumin concentrations in the supplemented compartment a 10x 

dilution was required. R2-values of >0.99 and CV<10% were considered valid. 

2. BOEC fatty acid transfer capacity 

Spent medium from both NEFA-supplemented and their opposite compartments were 

spectrophotometrically analyzed for total FA-concentrations, gas chromatographically for individual 

FA-concentrations, and for FA-profiles per FA-fraction (free or esterified) in 4 repeats.  

 2.1. Total FA-concentrations 

Total FA-concentrations were measured at the ‘Algemeen Medisch Labo’ (AML, Antwerp, Belgium), 

using commercial photometric assays, RX Daytona (Randox Laboratories) in 4 replicates with 3 

observations per treatment. Measurements were carried out according to manufacturer’s instructions. 

The intra- and interassay coefficients of variation for all analyses were <5%. 

 2.2 FA-profiles per FA-fraction (free or esterified) 

FAs in spent medium (in 4 replicates using a pool of 2 inserts per treatment) were extracted as 

described by Löfgren et al. (2012), with heneicosanoic acid (5 µg) and triheptadecanoin (5 µg) as 

internal standard. The FA-extract was divided in three aliquots for determination of i) total FAs, ii) FAs 

in triacylglycerols, cholesteryl-esters and glycerophospholipids (esterified) and iii) non-esterified fatty 

acids (free).  

Total FAs were methylated by a consecutive base-catalyzed and an acid-catalyzed step (Vlaeminck et 

al. 2014). Esterified FAs (in triacylglycerols, cholesteryl-esters and glycerophospholipids) were 

methylated using only the base-catalyzed step.  For separation of the free FAs, the NEFA-containing 

hexane layer was methylated using an acid catalysed step. Fatty acid methyl esters were subsequently 

extracted with hexane. 



CHAPTER 5: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY  
   – MECHANISTIC INSIGHTS  

- 117 - 
 

Composition analysis of FA-methyl esters was carried out by gas chromatography (HP7890A, Agilent 

Technologies, Diegem, Belgium) with a split-splitless injector and flame ionization detector using a SP-

2560 column (75m x 0.18 mm ,i.d. x 0.14 µm thickness, Supelco Analytical, Bellefonte, USA). The carrier 

gas was hydrogen (flow rate: 1 mL/min) with splitless injection (t°: 50°C for 2.5 min, 175°C for 13 min, 

and 215°C for 25 min). Inlet and detector temperatures were 250 and 255°C, respectively. Peaks were 

identified based on retention time comparisons with a mixture of FAME standards (GLC463, Nu-Check-

Prep., Inc., Elysian, MN, USA). Quantification of FA-methyl esters was based on the area of the internal 

standard and on the conversion of peak areas to the weight of FAs by a theoretical response factor for 

each FA (Ackman & Sipos 1964, Wolff et al. 1995). 

3. Intracellular lipid accumulation 

In three replicates, monolayers from 3 inserts per treatment were fixed at Day 10 of culture (and after 

NEFA-exposure according to figure 1) in 4% phosphate buffered paraformaldehyde for 10 minutes. 

BOECs were washed twice with DPBS, and permeabilized with saponin (0.1% w/v) (Carl Roth 

GmbH&Co, Karlsruhe, Germany). Nuclei were stained with 5 µg/mL DAPI (Molecular Probes, Eugene, 

OR) for 5 minutes and subsequently washed with DPBS. Neutral lipids were stained with BODIPY 

493/503 (Molecular Probes, Ghent, Belgium) (20 µg/mL) in DPBS for 1h, according to a modified 

protocol of Van Hoeck et al. (2013). After staining the insert membranes and monolayers were 

removed from the insert housing and mounted on a microscope slides with Citifluor (VWR, Haasrode, 

Belgium). High resolution images were obtained using Nikon Eclipse Ti-E inverted microscope, attached 

to a microlens-enhanced dual spinning disk confocal system (UltraVIEW VoX; PerkinElmer, Zaventem, 

Belgium) equipped with 405 and 488nm diode lasers for excitation of blue and green fluorophores, 

respectively. For each monolayer, 10 random z-stack of 20 µm with each 1 µm intervals, were made 

starting at the level of the insert membrane. In extended focus images neutral lipid accumulation was 

compared qualitatively among treatments.  

4. BOEC fatty acid transporters 

At Day 10 of culture (and after NEFA-exposure according to figure 1), 1 BOEC monolayer per treatment 

was fixed in 4% phosphate buffered paraformaldehyde for 10 minutes in 3 replicates. Monolayers were 

submitted to immunofluorescent staining, using polyclonal anti-FABP3 rabbit anti-bovine antibodies 

(MyBiosource), polyclonal anti-CD36 rabbit anti-bovine antibodies (ThermoFisher Scientific), or 

polyclonal anti-CAV1 rabbit anti-bovine antibodies (Cell Signaling Technology). FITC-conjugated goat 

anti-rabbit IgG (ThermoFisher Scientific) was used as secondary antibody according to manufacturer’s 

instructions. Protocols were tested for non-specific primary and secondary antibody binding, and bis 
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benzimide (Hoechst no 33342; Sigma-Aldrich) was used as nuclear stain. After staining, the insert 

membranes and monolayers were removed from the insert housing and mounted on a microscope 

slides with Citifluor (VWR, California USA). High resolution images were obtained using Nikon Eclipse 

Ti-E inverted microscope (vide supra ‘3. Intracellular lipid accumulation’). For each monolayer, full 

thickness z-stacks with 0.5 µm intervals, were randomly made to localize the BOEC-FA-transporter 

expression. To quantify the BOEC FA-transporter expression, 10 random single z-plane images per 

monolayer were made. Laser settings for the 405nm laser line were used to focus all nuclei in each 

plane, while 488 nm laser settings were fixed for each transporter type. In each image, total green 

fluorescence and number of nuclei were measured using Volocity imaging software version 6.3.1 

(PerkinElmer, The Netherlands). The level of FA-transporter expression is presented as the mean 

amount of green fluorescent pixels counted per nucleus.  

5. BOEC energy metabolism: glucose, lactate and pyruvate concentrations 

Medium sampling was performed pair-wise as repeated measures at Day 9 and Day 10: pre-exposure 

medium (= routine BOEC, DMEM/F12-based culture medium) was added at Day 8 and sampled at Day 

9 after 24h incubation (4 replicates with 3 observations per treatment). Post-exposure medium, 

containing the different treatments, was subsequently added at Day 9 and sampled 24h later at Day 

10. Both pre- and post-exposure medium were prepared from the same batch to assure all composing 

nutrients were identical. Immediately after collection, all medium samples were centrifuged at 1250 x 

g (5min, room temperature) to avoid cellular contamination and possible confounding of the results 

by ongoing cellular activities in the medium. Subsequently, samples were snap frozen at -196°C in 

liquid nitrogen and stored at -80°C until further analysis. All analyses were performed within 3 months 

after sample collection. Lactate production, and glucose and pyruvate consumption (n = 96: 4 

replicates, 4 treatments, 3 wells per treatment with both an apical and a basolateral compartment) 

were determined by an ultrafluorometric assay of spent medium as described by Gardner & Leese 

(1990), with modifications by Guerif et al. (2013) using a Tecan microplate reader, Infinite® 200 Pro 

(Tecan Trading AG, Switzerland). Blank medium aliquots (with no cellular contact) were collected to 

calculate consumption/production and data were expressed as nmol/well/h. As differences in 

consumption or production data in the pre-exposure samples can only be due to cell number, these 

values were used to normalize postexposure data. Data were expressed as a relative increase over the 

24h exposure period. 
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  6. BOEC gene expression analyses 

Gene expression analyses were performed using two BOEC-monolayers per treatment in 4 replicates. 

The extraction of total RNA from cells was carried out using TRIzol® reagent according to 

manufacturer’s instructions. The isolated RNA was suspended in 1 ml of isopropanol for at least 20 

minutes. Subsequently, the isopropanol was vaporized in a vacuum chamber and the RNA pellet was 

washed in 70% ethanol. Subsequently, mRNA was selected using the Dynabeads® mRNA DIRECT™ 

Micro Kit (Ambion®, Thermo Fisher Scientific Inc., Oslo, Norway) according to manufacturer’s 

instructions with minor modifications (Bermejo-Alvarez et al. 2008). To eliminate potential 

contamination with genomic DNA, all samples were incubated with DNAse, at 37°C for 30 min and at 

90°C for 5 min (RQ1 RNase-Free DNase, Promega Corporation, Madison, USA). RNA concentration was 

quantified at a wavelength of 260 nm and purity was assessed by the 260/280 ratio (Eppendorf 

BioPhotometer, Eppendorf Iberica, Madrid, Spain). cDNA synthesis and qPCR analysis were performed 

as described earlier (Maillo et al. 2016) in accordance with MIQE guidelines (Bustin et al. 2009). Briefly, 

RT reaction was carried out following the manufacturer’s instructions (Epicentre Technologies Corp., 

Madison, U.S.A.) using poly (T) primers, random primers, and MMLV High Performance Reverse 

Transcriptase enzyme in a total volume of 50µl to prime the RT reaction and to produce cDNA. Tubes 

were heated to 70°C for 5 min to denature the secondary RNA structure and then the RT mix was 

completed with the addition of 50 units of reverse transcriptase. Afterwards they were incubated at 

25°C for 10 min to favour the annealing of random primers, followed by 37°C 60 min to allow the RT 

of RNA, and finally 85°C 5 min to denature the enzyme.  

Primers (table 1) were designed using Primer-BLAST software 

(www.ncbi.nlm.nih.gov/tools/primersblast/) to span exon-exon boundaries when possible. All qPCR 

reactions were carried out in duplicate on the Rotorgene 6000 Real Time Cycler TM (Corbett Research, 

Sydney, Australia) by adding 2µl aliquot of each sample to the PCR mix (GoTaq® qPCR Master Mix, 

Promega Corporation, Madison, USA) containing the specific primers selected to amplify the genes 

listed in Table 1. Cycling conditions were 94°C for 3 min followed by 35 cycles of 94°C for 15 sec, 56°C 

for 30 sec, 72°C for 10 sec and 10 sec of fluorescence acquisition. Fold-changes in the relative gene 

expression of the target were determined using the equation 2–ΔΔCT (Livak & Schmittgen 2001) using 

H2AZ, ACTB and GAPD as endogenous controls.
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Table 1: List of primers used showing primer sequences, fragment sizes, and gene bank accession numbers. 
GAPDH, H2AFZ and ACTB were used as endogenous controls. 

Gene  Gene name Primer sequence (5'-3') Fragment 
size (bp) 

Gene bank 
accession no. 

ACACA Acetyl-CoA carboxylase alpha AAGCAATGGATGAACCTTCTTC 
GATGCCCAAGTCAGAGAGC 196 FN185963.1 

ACSL1 Acyl-CoA synthetase long-chain 
family member 1 

TGACTGTTGCTGGAGACTGG 
TGTGCTTCTTCCTGTCGATG 250 NM_001076085.1 

ACTB Actin, beta  GAGAAGCTCTGCTACGTCG 
CCAGACAGCACCGTGTTGG 264 AF191490.1 

BAX BCL2-Associated X Protein CTGGAGCAGGTGCCTCAGGA 
ATCTCGAAGGAAGTCCAGCGTC  300 NM_001166486.1 

BCL2 B-Cell CLL/Lymphoma 2 GGAGCTGGTGGTTGACTTTC 
CTAGGTGGTCATTCAGGTAAG 517 BC147863.1 

CAV1 Caveolin 1 TCAGCCGTGTCTATTCC 
ATTTCTTTCTGCGTGTTG 103 NM_174004.3 

CD36 CD36 molecule, fatty acid 
translocase 

GCTCCTTAAGCCATTCTTGGAT  
CACCAGTGTCAACGCACTTT 151 NM_001278621.1 

CPT1B Carnitine palmitoyltransferase 1B CTGCCCGCCTGGGAAATGCTGT 
CAGTCTCTCCTCCCCGGGCTGG 332 NM_001034349.2 

ESR1 Estrogen receptor 1 CCCGCCAAGGTTCTGAGAATCC 
CAAGGCGTGCCACGTAGAACTG 159 NM_001001443.1 

FABP3 Fatty acid binding protein 3 TTGTGCGGGAGATGGTTGA 
TGCCGAGTCCAGGAGTAGCC 147 NM_174313.2 

FOXJ1 Forkhead box J1 AGCAAGGCCACCAAGATCACC 
CCGAGGCACCTTGATGAAGCAC 145 NM_001192076.1 

GAPDH Glyceraldehyde-3-phosphate 
dehydrogenase 

ACCCAGAAGACTGTGGATGG 
ATGCCTGCTTCACCACCTTC 247 NM_001034034.2 

GPX1 Glutathione Peroxidase 1 GCAACCAGTTTGGGCATCA 
CTCGCACTTTTCGAAGAGCATA 116 NM_174076.3 

G6PD Glucose-6-phosphate 
dehydrogenase  

CGCTGGGACGGGGTGCCCTTCATC 
CGCCAGGCCTCCCGCAGTTCATCA 347 NM_001244135.1 

H2AFZ H2A histone family, member Z AGGACGACTAGCCATGGACGTGTG 
CCACCACCAGCAATTGTAGCCTTG 209 NM_174809 

LDHA Lactate dehydrogenase A TTCTTAAGGAAGAACATGTC 
TTCACGTTACGCTGGACCAA 310 NM_174099.2 

LPL Lipoprotein lipase ATTGCTCAGCATGGCTCGGAAG 
TCCCAGGGCCATACACTGACTG 309 NM_001075120.1 

OVGP1 Oviductal glycoprotein 1 AAGAATGAGGCCCAGCTCAC 
TGCCGAAGATTTGGGGTCTC 219 NM_001080216.1 

SHC1 SHC (Src Homology 2 Domain 
Containing) Transforming Protein 1 

GTGAGGTCTGGGGAGAAGC 
GGTTCGGACAAAGGATCACC 334 NM_001075305   

SCL2A1 
Solute carrier family 2 (facilitated 
glucose transporter) member 1 
(former GLUT1) 

CTGATCCTGGGTCGCTTCAT 
ACGTACATGGGCACAAAACCA 68 NM_174602.2 

SOD1 Superoxide dismutase 1, soluble ATCATTGGCCGCACGATGGTG 
CCACAGGCCAAACGACTTCCAG 107 NM_174615 

TJP1 Tight Junction Protein 1 AATCATCCGACTCCTCGTCG 
CCCAAACACAGCGCGTAAAA 255 XM_010817146.1 

TP53 Tumor Protein P53 CTCAGTCCTCTGCCATACTA 
GGATCCAGGATAAGGTGAGC 364 NM_174201.2 
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Statistical analysis 

Data are expressed as means ± SEM and were analyzed using IBM SPSS Statistics version 23 for 

Windows, (Chicago, IL, USA). Gene expression data were analyzed using Sigma Stat (Jandel Scientific, 

San Rafael, CA) software package. Mean differences in mRNA transcript abundance, spent medium 

carbohydrate metabolites, albumin-flux data, TER data, FA-transfer and FA-transporter expression 

data among the experimental groups were compared with mixed model ANOVA and posthoc 

Bonferroni tests including the fixed effect of treatment, the random effect of the repeat and their 

interaction (excluded when not significant). For normality and equality of variance reasons, pyruvate 

and lactate data were log transformed prior to statistical analyses. Differences with P-values <0.05 

were considered statistically significant. 

RESULTS 

1. BOEC-integrity and monolayer permeability 

The TER-measurements were expressed as ‘relative TER-increase’ by comparing pre- and post-NEFA-

exposure measurements, as none of the treatments reduced TER to the extent that monolayer 

integrity was compromised (i.e. <700Ω.cm2 (Chen et al. 2015)). Elevated NEFAs induced a significantly 

lower TER-increase regardless of the exposure direction (figure 2). 

 
Figure 2: Relative TER-increase was calculated through comparison of pre- and post NEFA-exposure TER-
measurements. a,b Different superscripts per bar indicate statistical significant differences (P<0.05); *: P=0.05. 
 

The maximum FITC-albumin concentration in the non-supplemented compartment of unseeded wells 

was 4.3 µM. This flux was irrespective of assay direction and was correlated to the maximum FITC-

albumin decrease in the opposite albumin supplemented compartment. The maximum flux (i.e 

concentration of FITC-albumin in the non-supplemented compartment) observed in the unseeded 

wells was, therefore maximum 28.67% of the initial FITC-albumin concentration in the supplemented 

compartments at the beginning of the assay (i.e. 15µM). Regardless of the treatment, when basal to 
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apical flux was observed in seeded wells, the maximum FITC-albumin concentration in the non-

supplemented compartment of the control wells was 0.51µM (or 3.4%). When apical to basal flux was 

observed, the maximum flux was 1.8% of the initial FITC-albumin at the beginning the assay; as the 

maximum FITC-albumin concentration in the non-supplemented compartment of the control wells was 

0.27µM. Only APICAL NEFA significantly increased the proportion of FITC transfer (3.8%) across the 

membrane (P<0.05, figure 3) compared to controls, and only in basal to apical assay direction. Overall, 

albumin flux from the basal to the apical compartment was approximately two-times higher than that 

seen in the opposite direction. When the FITC transfer direction was inverted (to ‘apical to basal’) no 

treatment effects could be observed (P>0.05).  

 
Figure 3: The permeability assay showed FITC-albumin flux measured in the non-supplemented compartment 
after a 3h assay in which the FITC-albumin-flux from the basal to the apical compartment (A), and the flux from 
the apical to the basal compartment (B) were observed. a,b Different superscripts per bar indicate statistical 
significant differences (P<0.05). 

2. BOEC NEFA transfer capacity 

2.1 Total FA-concentration 

In BASAL NEFA a 19% (or 122.5±4.3µM) reduction of total FA-content in the supplemented 

compartment could be detected after 24h exposure. In parallel, there was a 21% (or merely 

12.7±1.4µM) rise in FA content in the apical chamber compared to the initial concentrations. By 

contrast, in APICAL NEFA total FA content fell by 53.4% (334.2±28.2µM) with no FA-transfer detected 

in the basal chamber.  

2.2 FA-profiling per FA-fraction (free or esterified) 

To specify the transfer, the total FA-concentrations were separated in individual FAs and classified as 

free or bound, esterified FAs (triglycerides, cholesterol esters and phospholipids). For both APICAL and 

BASAL NEFA, significant differences in total FA could only be found in the free FA-fraction. In BASAL 

NEFA, the significantly increased FAs in the non-supplemented, apical compartment were C16:0 
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(56.0±20.0%, P=0.042), C18:0 (60.0±27.0%, P=0.098) and C18:1 (33.5±6.0%, P=0.082) in the total FA-

fraction, while in the free, unbound fraction C14:0 (58.0±27.8%, P=0.035), C16:1-cis-9 (81.1±19.3%, 

P=0.002), C18:1-cis-9 (72.2±3.9%, P=0.017) and C18:1-cis-11 (30.8±7.0%, P=0.004) were found to be 

significantly increased. 

In APICAL NEFA no differences in FA-increase could be detected in the non-supplemented 

compartment, as no FA-transfer was observed (P>0.05). 

3. Intracellular lipid accumulation 

Apical addition of NEFA caused an increased accumulation of neutral lipid droplets compared to other 

treatments (figure 4). Numerous lipid droplets were observed in the cytoplasm, and distributed evenly 

across the BOEC-monolayer. By contrast when NEFA was added to the basal compartment there was 

only limited lipid droplet accumulation in the BOECs. No lipid droplets were observed in the control 

groups.  

  

  

Figure 4: Lipid droplet analysis was performed using Bodipy 493/503 (green) to visualize intracytoplasmic 
droplets of neutral lipids and DAPI (blue) for staining nuclei. Monolayers from the CONTROL group (C) and 
SOLVENT CONTROL (D) showed no lipid droplets, while BOEC-monolayers from the APICAL NEFA group (A) clearly 
showed accumulation of lipids in the cells, and BASAL NEFA (B) displayed little to no lipid droplets. Images were 
made at 60x magnification using confocal microscopy. 

A B 

C D 20µm 
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4. BOEC fatty acid transporters 

Fatty acid translocase/CD36 protein expression was upregulated in APICAL NEFA with 54.35% and 

50.08% compared to BASAL NEFA and CONTROL conditions, respectively (P<0.001). Both APICAL and 

BASAL NEFA showed similar FABP3 expression, and were upregulated compared to CONTROLs by an 

average of 58.15% (P<0.001). CAV1 expression in APICAL NEFA was increased with 46.69% (P<0.001) 

and 52.90% (P<0.001) compared to BASAL NEFA and CONTROLs, respectively (figure 5).  

 

 

 

 

 

 

 

 

 
                                  SOLVENT;           APICAL NEFA;         BASAL NEFA 

Figure 5: Immunolabelling of specific fatty acid transporters was performed to visualize and quantify specific FA-
transporter expression (green) per nucleus (blue). Fatty acid translocase CD36 (A), fatty acid binding protein 3 
(FABP3) (B) and caveolin 1 (CAV1) (C) are presented with their respective negative controls and mean transporter 
fluorescence per nucleus in different treatments. Scale bars indicate 20µm. a,b Different superscripts per bar 
indicate statistical significant differences (P<0.05). 
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5. BOEC energy metabolism: glucose, lactate and pyruvate concentrations  

Under untreated conditions, BOECs depleted 49.91±3.61 nmol/well/h of glucose from the apical 

compartment and 55.54±10.82 nmol/well/h from the basal compartment. In addition, 35.69±5.04 

nmol/well/h of pyruvate was depleted from the apical compartment and 38.87±7.16 nmol/well/h from 

the basal compartment. BOECs released 141.21±8.31 nmol/well/h of lactate into the apical chamber 

and 152.58±5.33 nmol/well/h into the basal compartment. 

Twenty four hours after application of NEFA treatments, mean glucose release rose to of 77.36±3.54 

nmol/well/h in the apical compartment and 139.26±35.81 nmol/well/h in the basal chamber. Pyruvate 

depletion from the apical compartment was largely unchanged in response to NEFA addition (34.76 

nmol/well/h), although depletion from the basal compartment rose to 51.36±8.34 nmol/well/h.  

Lactate appearance in the apical compartment was 154.92±14.42 nmol/well/h and in the basal 

compartment 190.32±11.99 nmol/well/h (figure 6). 

No differences among the treatments could be detected.  

  

 

Figure 6: Glucose (A) and pyruvate (C) consumption, and lactate (B) production (%) in spent medium were 
expressed as relative values of pre and post NEFA-exposure samples taken with a 24h interval and in different 
treatment groups. Full bars represent the apical compartment, dotted bars represent the basal compartment. 

0

50

100

150

200

250

CONTROL SOLVENT
CONTROL

APICAL
NEFA

BASAL NEFARe
la

tiv
e 

in
cr

ea
se

 in
 g

lu
co

se
 

co
ns

um
pt

io
n 

(%
) 

0

10

20

30

40

50

CONTROL SOLVENT
CONTROL

APICAL
NEFA

BASAL NEFARe
la

tiv
e 

in
cr

ea
se

 in
 la

ct
at

e 
pr

od
uc

tio
n 

(%
)

0
5

10
15
20
25
30
35

CONTROL SOLVENT
CONTROL

APICAL NEFA BASAL NEFA

Re
la

tiv
e 

in
cr

ea
se

 in
 

py
ru

va
te

 c
on

su
m

pt
io

n 
(%

)

C 

A B 



CHAPTER 5: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY  
   – MECHANISTIC INSIGHTS  

- 126 - 
 

6. BOEC gene expression analysis 

The effects of BOEC NEFA exposure on the expression profile of genes involved in apoptosis (figure 

7A), oxidative stress and specific BOEC-function (figure 7B) related genes was subsequently 

investigated.  

  

  

 

                                            CONTROL;         SOLVENT CONTROL;         APICAL NEFA;          BASAL NEFA 
 

Figure 7: mRNA transcript abundance (± SEM) after qRT-PCR gene expression analyses. Genes are sorted based 
on function: A. Apoptosis, B. Oxidative stress and BOEC-function, C. BOEC-carbohydrate metabolism, D. BOEC-
lipid metabolism, and E. FA-uptake.  a,b,c Different superscripts per bar indicate statistical significant differences 
(P<0.05). 
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(P<0.01). Stress adaptor protein, SHC1, was upregulated in response to apically-administered NEFA 

(P<0.05), although this was also apparent in the SOLVENT CONTROL (P<0.01). In addition, expression 

of SOD1 was upregulated in response to apical administration of NEFA (P<0.05). Expression of OVGP1 

(oviduct specific glycoprotein expression), ESR1 (estrogen receptor expression) and FOXJ1 

(ciliogenesis) were all unchanged in response to NEFA and regardless of the exposure direction. Next, 

the impact of NEFA exposure on genes related to energy metabolism (figure 7C and 7D) was examined. 

mRNA expression of G6PD was downregulated after addition of NEFA to the apical chamber (P<0.05) 

but upregulated when NEFA was added to the basal compartment  (P<0.05). The expression of CPT1B 

(P<0.05) and ACSL1 (P<0.05) transcripts were upregulated while ACACA-expression (P<0.05) was 

decreased in response to apical addition of NEFA. Expression of BOEC FA-transporters resulted in 

upregulated CAV1 (P<0.001) expression in APICAL NEFA compared to other treatments (figure 7E). 

Overall, fold changes were low except for BCL2 and CAV1. 

DISCUSSION 

In this study, we hypothesized that elevated serum NEFA concentrations alter BOEC physiology, and 

more specifically BOEC metabolism and barrier function, potentially affecting the zygote’s micro-

environment. Hereto, PCC-system with hanging inserts was used to approach the BOECs in a most 

physiologically relevant manner (Fotheringham et al. 2011). 

Overall, data indicate that APICAL NEFA resulted in an increased FITC-albumin-flux from the basal to 

the apical compartment. This increased monolayer permeability was also associated with reduced 

monolayer growth as suggested by slower increasing TER-values from Day 9 to 10. In BASAL NEFA, 

NEFA-concentrations decreased in the basal compartment with a concomitant increase in the apical 

chamber indicating limited FA-transfer. While apical FA-administration resulted in the increased lipid 

droplet formation and no transfer to the basal compartment. Depletion of carbohydrate metabolites 

seemed mostly active in the basal compartment, regardless of the treatments, substantiating the 

distinct effects of cellular polarity on the use of energy substrates in the culture system. Furthermore, 

APICAL NEFA induced anti-apoptotic and anti-oxidative pathways as suggested by increased expression 

of BCL2 and SOD1, and may stimulate BOEC-lipid metabolism through increased intracellular FA-

uptake (↑CAV1 and ↑FA-transporter protein expression CD36, FABP3 and CAV1), and upregulation of 

CPT1B and ACSL1. To our knowledge, the present study is the first to attempt a deeper understanding 

in the characteristics of BOECs under the influence of elevated NEFAs, hereby confirming cell polarity 

within the culture system and localizing different FA-transporters. 
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Characterization of monolayer integrity by means of TER-measurements resulted in ongoing increase 

in TER-values during the NEFA exposure period due to continuous cell growth (Jordaens et al., 2015). 

In rat mammary epithelium, similar effects were observed and were considered to result from palmitic 

and stearic acid exposure (Wicha et al., 1979). Data furthermore, indicated that APICAL NEFA resulted 

in reduced TER-increase during the 24h NEFA-exposure period and therefore decreased the tightness 

of intercellular cell contact (Chen et al. 2015). These data were supported by the monolayer 

permeability assessment using FITC labeled albumin. Here, only APICAL NEFA resulted in an increased 

FITC-albumin flux suggesting increased monolayer permeability and reduced monolayer tight junction 

quality (Anderson & Van Itallie 2009) in this treatment. Earlier, Roche et al. (2001) made similar 

observations in Caco2-cells, and reported that both TER, permeability and expression of tight junctions 

in Caco2-cells decreased due to elevated FAs and the tight junction modulating capacity of NEFAs. 

Considering the apical positioning of tight junctions between adjacent cells, the increased monolayer 

permeability in APICAL NEFA of our study, may result from a more intense NEFA/tight junction contact 

in this treatment. The effects on permeability here observed, however, were limited specifically to the 

basal to apical albumin flux only. When the assay direction was inverted, total flux did not show any 

treatment effects. Apical to basal albumin flux was, however, lower compared to basal to apical flux, 

suggesting the oviductal lining to be still intact. It may also suggest intracellular uptake of the albumin 

in the apical to basal assay direction considering the equal amounts of albumin decrease in the 

supplemented compartments (see figure 8) in both assay directions, which can be explained by the 

expression of albumin binding cell surface receptors on the apical cell side of the oviduct only (Argaves 

& Morales 2004). 

 

  

Figure 8: The permeability assay showed a decrease in FITC-albumin concentrations measured in the albumin 
supplemented compartment after a 3h assay in both the basal to apical (A) and apical to basal (B) assay direction. 
a,b Different superscripts per bar indicate statistical significant differences (P<0.05). 
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These findings and unpublished fluorescence microscopic imaging may, therefore, question the 

accuracy of the apical to basal assay direction as permeability parameter, but do provide us with 

interesting considerations when assessing the FA-transfer data. 

FA-transfer across the BOEC-monolayers in BASAL NEFA showed a 19.5% FA-decrease in the 

supplemented, basal compartment and a 21.1%  increase in the opposite, apical compartment. The 

absolute values of the transfer, however, suggest that only a minor proportion of the FAs are 

transferred from the basal to the apical compartment and substantiate the concept of a potential 

gatekeeper function of the oviduct. Intervening with transfer of detrimental metabolites to the 

oviductal lumen may thus be considered as an embryoprotective mechanism. When observing the 

transferred FAs in closer detail, we determined that all transferred FAs were unbound FAs and that it 

was mostly oleic and palmitic acid that could be transferred to the apical compartment. These data 

indicate that FA transfer might be a selective process with a distinct active component for FA-uptake 

(Glatz et al. 2010). Gas chromatographic analysis also revealed non-supplemented FAs to be present 

in the luminal chamber, suggesting some degree of metabolic modification.  For example, the presence 

of C14:0, which was not added basally, may be indicative for de novo synthesis or conversion of C16:0 

and C18:0 through partial oxidation (Lopaschuk et al. 2010).  The presence C16:1-cis-9 may be a 

consequence of desaturation of PA, and C18:1-cis-11 from elongation (Jakobsson et al. 2006). 

Therefore, not only transfer but also FA metabolism could be detected in this treatment (figure 9 for 

conceptualization). In contrast to this, when NEFA was added to the apical chamber, there was no 

subsequent appearance in the basal compartment. The FA-concentration in the apical supplemented 

compartment did, however, decrease by more than 50% over a 24h-timespan. The reduced apical FA-

concentration, without signs of FA-transfer, suggests intracellular FA-uptake for storage in lipid 

droplets. Indeed, an increased accumulation of cytoplasmic lipid droplets in BOECs was observed in 

this treatment using Bodipy staining. The differences in lipid accumulation between the treatments 

was so apparent that no further quantification steps were undertaken. Cnop et al. (2001) observed 

lipid droplet formation in rat pancreatic cells and suggested cellular triglyceride accumulation as a 

cytoprotective mechanism against FA-induced lipotoxicity. In our current data, FA deposition in neutral 

lipid droplets was most abundantly observed in APICAL NEFA. BASAL NEFA showed lipid droplets to a 

limited extent, while lipid accumulation was completely absent in the CONTROL and SOLVENT 

CONTROL. On the basal cell side FABPs require non-albumin bound FAs for intracellular FA-uptake, 

which requires lipoprotein lipases that are typically expressed by endothelium (Glatz et al. 2010). These 

lipases are not present in our experimental design and may elucidate the lack of lipid accumulation in 

BASAL NEFA as most supplemented NEFAs in our experiments are albumin bound. The apical cell side, 
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on the other hand and as mentioned above, typically expresses caveolins, megalins, cubilins, and 

lipoproteins allowing albumin bound FA-endocytosis (Argaves & Morales 2004; Moestrup and 

Verroust, 2001), facilitating cellular uptake of NEFA/albumin complexes from the luminal chamber in 

our experimental setting. The presence (and abundance) of these transporters was confirmed in the 

current in vitro model through immunolabelling of BOEC FA-transporters and may elucidate the 

quantitative difference in lipid droplets observed between treatments. In this respect, CAV1 mRNA 

transcript abundance was upregulated in APICAL NEFA compared to other treatments, which resulted 

in increased translation of CAV1. FAT/CD36 and FABP3 showed similar FA-transporter expression in 

APICAL NEFA, however, no differences in mRNA transcripts could be detected when comparing 

different treatments. The latter might be explained by the increased use of the transcripts for 

translation with limited de novo transcriptional activity during the time period investigated (24h) as 

seen in early embryos (Robert, 2010). Interestingly, CD36 transporters are typically expressed in tissues 

that favor high FA-metabolism, as seen in mammary glands (Spitsberg et al., 1985), but also metabolic 

conditions have shown to alter FA-utilization and FA-transporter expression as observed in adipocytes 

of diabetic rats (Berk et al., 1997) and as simulated in the current experimental setting. 

The fact that yet a few lipid droplets could be detected in BASAL NEFA can be accounted to the limited 

FA-transfer to the apical compartment in this treatment. Furthermore, these observations suit our 

findings made in the permeability assay where intracellular albumin uptake could only be observed 

when the fluorescent albumin was supplemented in the apical compartment. Complementary to these 

findings, BASAL NEFA treatment resulted in little to no differences in mRNA transcript abundance in 

the selected genes regarding lipid metabolism, possibly since the administered FAs are not taken up 

or partly redirected to the apical compartment. Gene expression analysis in APICAL NEFA, otherwise, 

resulted in increased lipid oxidation and reduced lipid synthesis. These data are suggestive for 

increased lipid metabolism of BOECs. However, and due to the abundance of the supplemented FAs, 

the supply may surpass the FA metabolism rate. Hereto, lipid storage may be employed as an adaptive 

tool to fulfill mitochondrial energy supply without hindering redox status and by reducing the amount 

of lipotoxic intermediates (Aon et al. 2014). This mechanism not only protects the cells from NEFA’s 

detrimental effects but may also ‘purify’ the oviductal micro-environment. The environmental 

conditions for optimal embryo growth can thus be significantly improved, which is crucial considering 

the critical changes the embryo undergoes during its stay in the oviduct (Latham & Schultz 2001, Inbar-

Feigenberg et al. 2013).  
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 = ciliated epithelial cell;  = secretory epithelial cell;   = lipid droplet;  = increased basal to apical BOEC-monolayer 

permeability;  = intracellular FA-uptake; = paracellular FA-transfer;  = spent medium in apical or basal compartment;  

Figure 9: Graphic summary of the obtained results and conceptualization of fatty acid transfer across BOEC-
monolayers as suggested in the experiments above. Red arrows indicate the FA-transfer: via paracellular 
transport the basally supplemented FAs (A) are directed to the apical oviductal lumen compartment as non-
esterified FAs, where they can be internalized by the cells and directly used as an energy substrate or in case of 
abundance, stored in lipid droplets (B). Gene expression is altered to allow the cells metabolic adaptation and 
upregulated anti-oxidative and anti-apoptotic pathways after exposure to elevated NEFAs. Green arrows suggest 
the increased permeability from the basal to the apical compartment in APICAL NEFA, proposing the possibility 
that the oviductal micro-environment may be subjected to all kinds of metabolic changes. Nuclei are orange, 
secretory granules are blue, and lipid droplets are depicted in yellow. These data suggest cellular adaptation to 
changing environmental conditions. 
 

Analysis of spent medium for BOEC-carbohydrate metabolites did not reveal any significant 

differences in consumption of glucose or pyruvate, nor in production of lactate. In this respect, data 

are consistent with BOEC-transcriptome data. Regarding the genes selected for assessment of BOEC-

energy metabolism, only G6PD transcript abundance showed significant differences: G6PD was 

downregulated in APICAL NEFA and upregulated in BASAL NEFA, however, none of the other glucose-

metabolism-related genes were affected. This suggests that glucose may be increasingly directed 

towards the pentose phosphate pathway in BASAL NEFA but the overall consumption was not affected. 

Regardless of the treatment, glucose uptake was most apparent in the basal, serum compartment, 

shifting glucose metabolites such as lactate in the apical compartment. In vivo BOECs are also provided 

with glucose via the serum (Leese. 1988): our findings therefore support the natural conditions. Earlier 

experiments (Jordaens et al. 2015), however, indicated that during the 24h exposure window, BOEC-

A 

[NEFA] 

[NEFA] 

[NEFA] 

[NEFA] 

B 

 CAV1 
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monolayers showed continuous growth. In the current study, similar effects have been observed in 

increasing TER-values and elevated post-exposure glucose consumption in control groups. The latter 

were therefore normalized using pre-exposure data from the controls to minimize false interpretation. 

BOEC monolayers also showed an altered mitotic capacity, altered migration capacity and modified 

functionality due to elevated NEFAs (Jordaens et al., 2015), which may easily mask turnover 

differences. In other cell types, similar NEFA-effects have been observed. Rat hepatocytes showed 

increased apoptosis due to steatosis after OA and PA exposure (Ricchi et al. 2009), pancreatic B-cells 

in rats were hyperplastic with morphological abnormalities under the influence of FAs (Milburn et al. 

1995), and mouse embryos lacked cell proliferation capacity and showed a reduced developmental 

competence (Nonogaki et al. 1994). Interpretation of the current glucose, pyruvate and lactate 

turnover data should therefore be done with caution as the NEFA-conditions are known to affect 

monolayer characteristics. This is further supported by data on gene expression since we observed 

increased expression of genes related to FA-uptake, CAV1 in APICAL NEFA. Caveolins are membrane 

proteins, typically expressed at the apical cell side, involved in clathrin independent endocytosis of 

proteins and lipids (Nabi and Le, 2003). Upregulation of these proteins in the presence of FA-

abundance may elucidate the increased intracellular lipid uptake. Furthermore, upregulation of lipid 

metabolism β-oxidation (↑CPT1 and ACSL1) in this treatment, with downregulation of FA-synthesis 

related genes (↓ ACACA), appears to confirm our theory on embryo-protective “purification” of the 

oviduct micro-environment. The excess of FAs presented to the cells apically may therefore be 

consumed as a metabolic fuel, while de novo FA-synthesis may be limited (Aon et al. 2014). In most 

tissues de novo FA-synthesis is of minor importance as the cellular requirements are predominantly 

met through FA-supply via the blood. Increased levels of circulating FAs inhibit FA-synthesis (Weis et 

al. 1986) and may result in decreased transcriptional activity of ACACA, as seen in the current data. 

The excessive FA-oxidation may also prompt to increase oxidative stress (Aon et al. 204) in BOECs. The 

upregulation of BCL2 and SOD1 in APICAL NEFA may therefore be a direct reaction of BOECs to NEFA-

exposure, increasing the cells’ anti-oxidative and anti-apoptotic capacity. Harvey et al. (1995) and Tse 

et al. (2008) made similar observations in embryo/BOEC cocultures and may further explain BOEC’s 

embryo protective capacity.  

Ultimately, our findings may contribute to the concept that elevated NEFAs may modify the 

composition of the oviduct luminal fluid and alter the pre-implantation embryo’s micro-environment. 

However, specific modifications were made to the experimental design. In this respect, NEFA-exposure 

was limited to 24h, whereas,  in vivo NEFA concentrations are elevated over longer periods (Butler et 

al. 2003). Prolonged in vitro FA-incubation was, however, in other cell types associated with a 

significant decrease in cell viability (Ricchi et al. 2009). Furthermore, even acute NEFA exposure 



CHAPTER 5: THE EFFECTS OF NON-ESTERIFIED FATTY ACIDS ON OVIDUCT PHYSIOLOGY  
   – MECHANISTIC INSIGHTS  

- 133 - 
 

induced negative effects on BOECs and remains the only option to solely observe the direct cellular 

effects of NEFAs. Also, the use of serum for optimal cell attachment compromised the definition of the 

culture conditions. To minimize serum-effects, concentrations were contained to 5%, and the serum 

was analyzed for NEFA-content prior to use. Further in vivo studies are required to investigate the 

changes in the oviduct luminal fluid associated with maternal metabolic disorders, and how they may 

affect the micro-environment of the pre-implantation embryo. Nonetheless, our in vitro findings 

provide novel insights into the understanding of oviduct interactions with FAs.  

In conclusion, elevated NEFAs affect BOEC metabolism and barrier function in a polarity dependent 

manner. In this respect, BOECs in BASAL NEFA potentially shield the luminal environment from 

elevated NEFAs by allowing only a limited amount of FAs to be transferred from the basal to the apical 

compartment. While BOECs in APICAL NEFA may clear the micro-environment of the pre-implantation 

embryo from NEFAs through increased monolayer permeability, intracellular lipid accumulation and 

FA metabolism. Overall, the oviduct may modulate its micro-environment in favor of the early embryo 

by alleviating potential lipotoxic effects.  
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ABSTRACT 

To observe the effects of elevated oviductal non-esterified fatty acids (NEFAs) for early embryo 

development, bovine oviduct epithelial cell (BOEC) monolayers were co-cultured with 25 zygotes in 

SOF (10% FBS, 0.75% BSA) for 96h, using transwells. In EXPERIMENT 1, BOECs were pre-exposed to NEFAs 

for 24h in 5 treatments: “CTRL” (no pre-exposure), “SOLVENT” (0.45% EtOH in both compartments), 

“APICAL” (720µM NEFA+0.45% EtOH in the apical compartment (A)), “BASAL” (720µM NEFA+0.45% 

EtOH in the basal compartment (B)), “A/B” (720µM NEFA in A and B). In EXPERIMENT 2, BOECs and 

zygotes were simultaneously exposed during 96h in “SOLVENT+” (0.45% EtOH in A and B), “BASAL 

NEFA” (720µM NEFA+0.45%EtOH in B), “A/B+” (720µM NEFA+0.45%EtOH in A and B with BOECs), 

“A/B-“ (720µM NEFA+0.45%EtOH in A and B + no BOECs). After 96h BOEC/zygote co-culture morulae 

were transferred to SOF to assess embryo development (cleavage- (48hpi), morula- (120-126hpi) and 

blastocyst rates (192hpi)), morula Bodipy and blastocyst differential staining. EXPERIMENT 1 showed 

significantly decreased cleavage rates in “APICAL” (51.8%) and “A/B” (48.1%) compared to “CTRL” 

(63.5%), “SOLVENT” (62.7%) and “BASAL” (62.6%), no differences in morula lipid volume, and inferior 

blastocysts. In EXPERIMENT 2, “A/B-“ showed reduced cleavage (38%), morula (8.1%) and blastocyst 

formation (30%). Adding BOECs in A/B+ significantly improved cleavage (51%), morula (14.2%) and 

blastocysts from morulae (43.8%). Blastocyst quality remained significantly lower compared to 

controls, potentially due to increased intracellular morula lipid volume. The data suggest an impaired 

embryo-supportive and protective ability of the oviduct during lipolysis associated maternal metabolic 

disorders. 

Key words: BOEC/zygote co-culture, elevated NEFAs, non-esterified fatty acids 
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INTRODUCTION 

Metabolic stress conditions influence fertility through interactions with reproductive processes 

throughout the female reproductive tract (Leroy et al., 2017). A prime example of metabolic stress 

conditions occurs during lipolytic disorders, as seen in negative energy balance in cattle and type II 

diabetes mellitus in women, and also in some obese individuals. A common trait of these disorders is 

upregulated lipolysis resulting in systemically elevated concentrations of non-esterified fatty acids 

(NEFAs) (Leroy et al., 2005). In vitro research revealed a direct impact of elevated NEFAs on murine 

folliculogenesis (Valckx et al., 2014), on bovine oocyte nuclear maturation (Nonogaki et al., 1994, 

Jorritsma et al. 2004, Leroy et al. 2005, Aardema et al. 2011, Van Hoeck et al., 2011) and on the quality 

of the resulting embryo (Van Hoeck et al., 2011, Marei et al., 2017). Suboptimal in vitro growth 

conditions for oocyte and embryo due to high NEFAs not only drastically reduce blastocyst rates (Van 

Hoeck et al., 2011; Van Hoeck et al., 2013), but also impact on the metabolism of the limited number 

of surviving embryos (Van Hoeck et al., 2011). Early embryo development is particularly sensitive to 

elevated NEFA concentrations, as they directly affect embryo DNA methylation and transcript patterns 

in cattle (Desmet et al., 2016), potentially with lasting effects for the offspring (Jungheim et al., 2011). 

As the oviduct provides the earliest embryo developmental environment, an unfavorable reproductive 

outcome during metabolic disorders may be directly related to the conditions within the oviductal 

tract. In vivo experiments are suggesting a direct influence of the maternal metabolic profile on the 

biochemical composition of the reproductive tract fluids with considerable repercussions for early 

embryo development (Rizos et al. 2010, Maillo et al. 2012, Matoba et al. 2012). However, whether the 

impairment of the embryo during metabolic stress conditions is a result of direct embryo toxic effects 

or rather to indirect effects through compromised oviduct supportive capacity requires elucidation. 

So far, most mechanistic insights of elevated NEFAs on female fertility were generated through in vitro 

research, using a variety of techniques. To study the possible effects of NEFAs on the oviduct as the 

micro-environment for early embryo development, in vitro co-culture between bovine oviductal 

epithelial cells (BOECs) and zygotes is a promising tool. BOEC secretion of embryotrophic factors has 

proven to be beneficial for early embryo development, despite partial BOEC dedifferentiation in 

conventional in vitro cultures (Schmaltz-Panneau et al., 2015). BOEC/zygote co-culture in a polarized 

cell culture (PCC) system with hanging inserts can be of added value through the two compartments 

(an apical and a basal compartment, mimicking the oviduct lumen and the blood supply, respectively) 

for cellular nutrition and application of NEFA-conditions, and the model’s potential to promote native 

epithelial characteristics (Fortheringham et al., 2011). 
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Using the PCC system, recent reports suggest that high concentrations of NEFAs negatively affect 

oviduct physiology and functionality. As such, a 24h exposure of BOECs to elevated NEFA 

concentrations resulted in decreased cell number, viability, monolayer confluence, cell migration and 

sperm binding capacity (Jordaens et al., 2015). Furthermore, the oviduct exhibited the ability to adapt 

to elevated NEFAs in a polarity dependent manner (Jordaens et al., 2015 and 2017), but was suggested 

to forfeit its gatekeeper function under lipotoxic metabolic stress conditions through altered 

monolayer permeability, fatty acid (FA) transfer capacity and expression of specific FA-transporters 

(Jordaens et al., 2017). This was considered suggestive for a modified oviductal micro-environment 

during lipolytic disorders, and reflection of maternal metabolic health within the oviduct. The 

increased intracellular lipid content in BOECs was considered indicative for an embryo-protective 

capacity against lipotoxicity from environmental NEFAs (Jordaens et al., 2017). However, whether or 

not BOECs can indeed buffer the growth environment of the early embryo by reducing detrimental 

components such as NEFAs, and what the consequences of altered oviduct functions may entail for 

the oviductal support to early embryo development, is yet to be established. 

In the current study we, therefore, hypothesize that hampered oviductal cell functions due to elevated 

NEFA concentrations may impair the oviductal ability to support embryo development and/or protect 

the early embryo from direct lipotoxic effects. As such, the effects of NEFAs on the oviductal cells may 

account for yet another factor contributing to the pathogenesis of metabolically induced infertility. 

More specifically, we hypothesize that the potential effects on early embryonic development can differ 

depending on the NEFA-exposure side and on the presence or absence of BOECs. Hereto, in EXPERIMENT 

1 we aim to assess the embryo supportive capacity of BOECs during BOEC/zygote co-culture, after 

BOEC pre-exposure to elevated NEFAs for 24h. Next, in EXPERIMENT 2, both BOECs and zygotes will be 

simultaneously cultured and exposed to elevated NEFA concentrations, in order to observe potential 

buffering, embryo-protective features of the oviduct. Both experiments will be conducted in a PCC-

system for optimal in vitro BOEC-monolayer growth and to compare different NEFA-exposure 

directions. All in vitro BOEC/zygote co-culture periods will be confined to 96h, as generally observed in 

in vivo bovine oviducts. Embryo developmental competence will be assessed using embryo cleavage 

ratios, morula and blastocyst formation ratios, as well as morula and blastocyst quality (intracellular 

lipid content in morulae, and total cell number, ICM/TE ratio and apoptosis in blastocysts). 
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MATERIALS AND METHODS 

All materials were purchased from Thermo-Fisher Scientific (Waltham, Massachusetts, USA) unless 

otherwise stated. 

BOEC culture  

BOECs were isolated and cultured as described previously (Jordaens et al. 2015). Briefly, in each 

replicate 4 bovine oviducts from cows in the early luteal phase (days 3 to 5 of the estrous cycle) and 

ipsilateral to the ovulation site (with a corpus hemorrhagicum on the corresponding ovary) were 

obtained from a local abattoir. As the pre-implantation embryo interacts with both ampulla and 

isthmus, BOECs from whole oviducts were mechanically isolated within 3h from slaughter. BOEC 

number and viability were determined, using a Trypan Blue exclusion method in a hemocytometer. 

Subsequently, BOECs were seeded at a density of 1 x 106 viable cells/mL in a polarized cell culture (PCC) 

system with hanging inserts (24 well plates: ThinCert, Greiner Bio-One, Frickenhausen, Germany) 

creating two distinct compartments: an apical, oviductal lumen compartment and a basal, blood 

compartment. These compartments were filled with 100µL and 400µL of culture medium, respectively. 

BOECs were from start-to-end cultured in SOF medium supplemented with 10% v/v Fetal Bovine Serum 

(Greiner Bio-One, Frickenhausen, Germany), 0.75% w/v BSA (essentially FA free; Sigma-Aldrich, St-

Louis, MO, USA) and 50µg/mL gentamycin. Medium from both compartments was initially renewed 

after 24h, and subsequently every 48h. Preliminary testing suggested that this culture medium is best 

suited for both BOEC and embryo culture, and resulted in superior BOEC monolayer quality (based on 

BOEC morphology and apoptosis) compared to other media, however at reduced growth ratio. 

Therefore BOEC/zygote co-culture was started not earlier than day 8 of BOEC-culture when confluency 

was confirmed by Transepithelial Electrical Resistance (TER) measurements of more than 700 Ω.cm2 

(Chen et al. 2015). 

Routine in vitro maturation and fertilization of bovine oocytes 

At day 7 of BOEC-culture, bovine ovaries were collected at a local abattoir and processed in the 

laboratory within 3h after slaughter. They were disinfected in 70% ethanol and washed 3 times in warm 

saline solution (38°C) supplemented with 0.5% kanamycin sulfate. Only follicles with a diameter of 2–

6 mm were aspirated for retrieval of cumulus oocyte complexes (COCs). Compact, unexpanded COCs 

surrounded by 5 or more cumulus cell layers (quality grade I) were matured in vitro as described by 

Leroy et al. (2010). The COCs were matured for 24h in 4-well plates (Nunc, Langenselbold, Germany) 

with 500 ml maturation medium (medium 199 , 0.2 mM sodium pyruvate , 0.4 mM L-gluthamin , 50 

µg/ml gentamycin , 0.1 mM cysteamin , 20 ng/mL Epidermal Growth Factor) and a group of 50 COCs 
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per well. After IVM, groups of 100 COCs were co-incubated with spermatozoa at a final concentration 

of 106 sperm cells/ml for 22h at 38.5 8C in 500 ml fertilization medium (114 mM NaCl, 3.1 mM KCl, 0.3 

mM Na2HPO4, 2.1 mM CaCl2.2H2O, 0.4 mM MgCl2.6H2O, 25 mM sodium bicarbonate, 1 mM sodium 

pyruvate, 36 mM sodium lactate, 2 mg/ml phenol red, 6 mg/ml BSA, 50 mg/ml gentamicin, 10 ml/ml 

heparin) in a humidified 5% CO2 incubator. For all experiments, frozen semen from one IVF-proven bull 

was thawed and motile spermatozoa were selected by centrifugation on a discontinuous Percoll 

gradient (90 and 45%, Amersham Biosciences). The final sperm–egg ratio was adjusted to 5000:1 for 

optimal fertilization. Both IVM and IVF were performed in humidified air with 5% CO2 at 38.5°C. After 

fertilization, presumptive zygotes were vortexed for 4 minutes to remove excess sperm and cumulus 

cells prior to a 96h co-culture with BOEC monolayers in the PCC-system, as described under 

‘Experimental design’. 

NEFA treatments 

The types and concentrations of FAs used are based on the in vivo concentrations found in the serum 

of high yielding dairy cows in negative energy balance (NEB) (Leroy et al. 2005) and the finding that 

NEFAs in the oviduct mirror plasma concentrations (Jordaens et al., 2017). To mimic the FA-profile 

during NEB, NEFA-concentrations of 720µM (i.e. 230µM Palmitic Acid (PA) + 280µM Stearic Acid (SA) 

+ 210µM Oleic Acid (OA)) were implemented and prepared as described by Van Hoeck et al. (2011), 

and according to different NEFA-exposure periods and directions as described under ‘Experimental 

design’. NEFA solubility was spectrophotometrically confirmed prior to use. 

Experimental design: BOEC/zygote co-culture and NEFA exposure 

 I. EXPERIMENT 1: BOEC embryo supportive capacity 

To assess the effects of lipotoxic conditions on the embryo-supportive capacity of the oviduct, BOEC-

monolayers were pre-exposed to elevated NEFA concentrations for 24h as described by Jordaens et 

al. (2015) and Jordaens et al. (2017), prior to initiation of BOEC/zygote co-culture (3 replicates). We 

applied 3 NEFA treatments (figure 1): 1) “APICAL” (BOEC-monolayer pre-exposure to 720µM NEFA in 

the apical compartment), 2) “BASAL” (BOEC-monolayer pre-exposure to 720µM NEFA in the basal 

compartment), and 3) “A/B” (BOEC-monolayer pre-exposure to 720µM NEFA in both apical and basal 

compartment). The NEFA treatments were compared to a CTRL (no pre-exposure) and a SOLVENT (24h 

pre-exposure with 0.45% ethanol in both compartments). Preliminary testing (data not shown) 

comparing CTRL (BOEC/zygote co-culture, no pre-exposure) and CTRL- (no pre-exposure and no BOECs) 

confirmed the embryo supportive capacity of BOECs in the PCC-system through significantly improved 

embryo developmental competence in the presence of BOECs.  
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Figure 1: Experimental design to observe the effects of lipotoxic conditions on BOEC embryo-supportive capacity using 24h NEFA pre-exposed BOEC-monolayers. A total of 
5 treatments were compared: 1) “CTRL” (with routine SOF-medium in both compartments, no BOEC pre-exposure), 2) “SOLVENT” (24h BOEC pre-exposure to 720µM NEFA 
in both compartments), 3) “APICAL” (24h BOEC pre-exposure to 720µM in the apical compartment), 4) “BASAL” (24h BOEC pre-exposure to 720µM NEFA in the basal 
compartment), and 5) “A/B” (24h BOEC pre-exposure to 720µM NEFA in both compartments). 
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After 24h pre-exposure, the NEFAs were removed, BOEC-monolayers were washed and BOEC/zygote 

co-culture was established. Zygotes (at 1 d.p.i.) were cultured in groups of 20 to 25 per monolayer or 

insert, in SOF-medium supplemented with 10% FBS and 0.75% BSA in humidified air with 5% CO2 at 

38.5°C. The co-culture period was limited to 96h, similar to the average time an early embryo resides 

in the in vivo bovine oviduct. Afterwards, morula rates were recorded (at 120h p.i) and 50% of the 

morulae in each treatment were fixed for 30 minutes in 4% phosphate buffered paraformaldehyde 

(PFA) for intracellular lipid droplet staining, while the remaining 50% morulae were cultured until 

blastocysts in 96-well plates containing SOF-medium containing 10% FBS and 0.75% BSA in humidified 

air with 5% CO2 at 38.5°C. Blastocysts were scored at day 16 (or day 8 p.i.) and fixed for 30 minutes in 

4% phosphate buffered PFA for quality assessment (figure 1). Both morulae and blastocysts were 

stored in DPBS-PVP (2%, w/v) at 4°C until further analyses for maximally 1 month. 

 II. EXPERIMPENT 2: BOEC embryo protective capacity 

To assess the oviductal embryo-protective features during lipotoxic conditions, confluent BOEC-

monolayers and zygotes (1 d.p.i.) were simultaneously exposed to high NEFA-concentrations. Three 

NEFA treatments (figure 2) were implemented in 3 replicates: 1) “BASAL+” (inserts with BOECs and 

zygotes, simultaneously exposed to 720µM NEFA from the basal compartment), 2) “A/B+” (inserts with 

BOECs and zygotes, simultaneously exposed to 720µM NEFA in both apical and basal compartment), 

and 3) “A/B-“ (bidirectional 720µM NEFA-exposure to zygotes in inserts, in the absence of BOECs). 

NEFA-treatments were compared to SOLVENT+ (inserts with BOECs and zygotes, simultaneously 

exposed to 0.45% ethanol in both compartments). As preliminary testing (data not included) revealed 

no differences in developmental competence between SOLVENT+ and SOLVENT- (0.45% ethanol in 

routine SOF-medium for zygote culture in inserts, in the absence of BOECs), SOLVENT- was excluded 

from the experiments for practical reasons. To approximate the conditions in the oviduct during 

lipolytic conditions, a 96h NEFA-exposure period coincided with BOEC/zygote co-culture, similar to the 

conditions in the bovine oviduct. Zygotes were grouped per 20 to 25 on each monolayer, in SOF-

medium supplemented with 10% FBS and 0.75% BSA (with or without NEFAs) under atmospheric 

conditions at 38.5°C when BOECs were present or in reduced oxygen conditions (5% O2, 5% CO2, 90% 

N2) at 38.5°C when no BOECs were co-cultured. After, a 96h BOEC/zygote co-culture period, morula 

rates were scored. Fifty percent of the morulae in each treatment group were fixed for 30 minutes in 

4% phosphate buffered PFA for intracellular lipid droplet staining, while the remaining 50% morulae 

were cultured until blastocysts in 96-well plates containing SOF-medium with 10% FBS and 0.75% BSA 

in 5% O2, 5% CO2, 90% N2 at 38.5°C. 
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Figure 2: Experimental design to observe the oviductal embryo-protective features during lipotoxic conditions, in which confluent BOEC-monolayers and zygotes were 
simultaneously exposed to pathologic NEFA-concentrations during a 4 day BOEC/zygote co-culture period. A total of 4 treatments wer compared with 1) “SOLVENT +” (inserts 
with BOECs and zygotes, simultaneously exposed to 0.45% ethanol in both compartments), 2) “BASAL +” (inserts with BOECs and zygotes, simultaneously exposed to 720µM 
NEFA in the basal compartment), 3) “A/B+” (inserts with BOECs and zygotes, simultaneously exposed to 720µM NEFA in both apical and basal compartment), and 4) “A/B-“ 
(720µM NEFA-exposure to zygotes in inserts, in the absence of BOECs). 
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Blastocysts were scored at day 8 p.i. and fixed for 30 minutes in 4% phosphate buffered PFA for quality 

assessment (figure 2). Both morulae and blastocysts were stored in DPBS-PVP (2%, w/v) at 4°C until 

further analyses for maximally 1 month. 

Outcome parameters 

A. Embryo developmental competence 

A total of 2055 presumptive zygotes (1139 used for EXPERIMENT 1, and 916 used for EXPERIMENT 2) were 

cultured in 7 replicates to determine the effects of each treatment on embryo development by 

evaluation of cleavage ratio (48h p.i.), morula formation (120h p.i.) and blastocyst yield (8 days p.i.). 

Morula and blastocyst ratios were expressed as a proportion per oocyte matured and per cleaved 

oocyte. 

B. Morula neutral lipid content 

In 6 replicates (3 per experiment), a total of 149 morulae (91 morulae for EXPERIMENT 1 and 58 morulae 

for EXPERIMENT 2) were submitted for assessment of intracellular lipid content as described by Van 

Hoeck et al. (2013) with minor modifications. Briefly, fixed morulae were permeabilized in DPBS-

Saponin (0.1% w/v) (Carl Roth GmbH&Co, Karlsruhe, Germany) and glycin (0.1M) solution for 30 

minutes at room temperature. Nuclei were stained in 4',6-diamidino-2-fenylindool (DAPI 1µg/ml; 

Sigma-Aldrich, St-Louis, MO, USA) solution for 10 minutes and neutral lipids were stained in BODIPY 

493/503 (20µg/ml; Molecular Probes, Ghent, Belgium) for 90 minutes. After washing, morulae were 

transferred to 20µL DPBS droplets in 35mm compartmentalized CELLview culture dishes with glass 

bottom (Greiner Bio-One, Frickenhausen, Germany) for visualization. High resolution images were 

obtained using Nikon Eclipse Ti-E inverted microscope, attached to a microlens-enhanced dual 

spinning disk confocal system (UltraVIEW VoX; PerkinElmer, Zaventem, Belgium) equipped with 405 

and 488nm diode lasers for excitation of blue and green fluorophores, respectively. For each morula, 

a z-stack of 20 µm with 1 µm interval was made starting at the bottom quartile of each morula. As 

such, only the lower quartile of the morula was imaged to maximize image focus. In extended focus 

images, neutral lipid content was compared quantitatively among treatments using Volocity imaging 

software version 6.3.1 (PerkinElmer, The Netherlands). Droplets were considered relevant when their 

size exceeded 0.5 μm³ to eliminate false positive counting of background pixels. As such, the number 

of lipid droplets, their mean volume (in μm³) and total volume of lipid droplet content (in μm³) were 

calculated. 
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C. Blastocyst quality 

Blastocyst quality was evaluated in the different treatments of both experiments using an 

immunofluorescent differential staining according to the protocol of Wydooghe et al. (2011) with 

minor modifications, as described by Marei et al. (2017). Briefly, 124 blastocysts (77 from EXPERIMENT 

1 and 47 from EXPERIMENT 2) from 6 replicates were permeabilized overnight in 0.1% Triton X-100 and 

0.05% Tween-20 in DPBS at 4°C. Non-specific antibody binding was blocked by a 2h incubation of the 

blastocysts in DPBS with 0.05% Tween20 and 10% normal goat serum, after which blastocysts were 

transferred to the primary antibody mixture containing equal volumes of mouse anti-CDX2 (ready-to-

use solution; Biogenex) and rabbit anti-cleaved caspase-3 (Asp 175; Cell Signaling Technology; 1 : 250 

in blocking solution) for 24h incubation at 4°C. Negative control embryos remained in blocking 

solution. After 2 washing steps in DPBS with 2% PVP (w/v), blastocysts were transferred to secondary 

antibody mixture consisting of FITC-labelled goat anti-rabbit (1 : 200) and Texas red-labelled goat anti-

mouse (1 : 100) secondary antibodies for 24h incubation at 4°C. Finally, nuclei were counter stained in 

4',6-diamidino-2-phenylindool (DAPI 1µg/ml) for 10 minutes at room temperature. After final washing, 

blastocysts were mounted under DABCO on glass microscope slides. Embryos were visualized using a 

fluorescence Olympus microscope IX71 with a blue DAPI filter (excitation 360-370 nm, emission 420-

460 nm; for total cells)for total cell count), a green FITC filter (excitation 460-490 nm, emission 520-

540 nm; for assessment of cleaved caspase-3-positive apoptotic cells) and a red rhodamine B-iso-

thiocyanate (RITC) filter (excitation 510-550 nm, emission > 570 nm;for CDX2-positive TE cells). Total 

cell count was presented as total number of DAPI stained cells, TE cells were CDX2 positive cells, cell 

lineage specification was recorded as a ICM/TE ratio, and the apoptotic cell index (cleaved caspase-3 

positive cells) was calculated as the number of apoptotic cells as a proportion of the total cell count, 

and as proportion of ICM or TE cells.  

Statistics 

Data are expressed as means ± SEM and were analyzed using IBM SPSS Statistics version 23 for 

Windows, (Chicago, IL, USA). Mean differences in cleavage, morulae and blastocyst rates among the 

experimental groups were analyzed using binary logistic regression including treatment, replicate and 

their interaction as fixed factors, followed by Bonferroni corrected pairwise comparison. When the 

interaction was not significant, this term was omitted for final analysis. Intracellular lipid content in 

morulae, as well as blastocyst cell numbers were compared with mixed model ANOVA and posthoc 

Bonferroni tests including the fixed effect of treatment, the random effect of the replicate and their 

interaction (excluded when not significant). For normality and equality of variance reasons, log 
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transformation was required for ICM/TE ratio and total apoptosis ratio in EXPERIMENT 1, and for 

apoptotic cell ratio and ICM apoptotic ratio in EXPERIMENT 2. Differences with P-values <0.05 were 

considered statistically significant.  

RESULTS 

I. EXPERIMENT 1: BOEC embryo supportive capacity 

A. Embryo developmental competence 

Preliminary tests showed significantly increased percentage of day 8 blastocysts out of morulae in CTRL 

(63.6%) compared to CTRL- (24%), confirming the embryo supportive capacity of BOECs in the PCC-

system. 

Overall cleavage rates of embryos in controls (62.7% in SOLVENT and 63.5% in CTRL) were not 

significantly different. Pre-exposing BOEC-monolayers to elevated concentrations of NEFAs resulted in 

similar cleavage rates in BASAL (62.6%) compared to controls, but in significantly decreased cleavage 

rates in APICAL (51.8%) compared to controls (P<0.05) and 48.1% in A/B compared to controls (P<0.05). 

Morula and blastocyst rates were not significantly different among the treatments, nor compared to 

the controls (table 1). 

Table 1: Developmental competence data ( cleavage, morula and blastocyst rates) of zygote co-cultured on BOEC-
monolayers that were pre-exposed to elevated NEFA concentrations in different treatments. Data are expressed 
as n±SEM and a, b, c superscripts indicate significant differences between treatments with P<0.05. 

n(%) CTRL SOLVENT APICAL BASAL A/B 

Total oocytes 200 209 245 227 258 

Cleaved (48h p.i.) 127 (63.5)a 131 (62.7)a 127 (51.8)b 142 (62.6)a 124 (48.1)b 

Morulae from total oocytes (120h p.i.) 43 (21.5) 53 (25.2) 52 (21.2) 50 (22.0) 44 (17.1) 

Morulae from cleaved oocytes (120h p.i.) 43 (33.9) 53 (40.5) 52 (40.9) 50 (40.3) 44 (35.5) 

Day 8 blastocysts from cultured morulae 14/22 (63.6) 16/26 (61.6) 16/26 (61.6) 18/26 (69.2) 13/21 (61.9) 

B. Morula neutral lipid content 

Quantification of total lipid volume per morula after Bodipy staining resulted in large variations within 

each experimental group and did not reveal any differences among the treatments (P>0.05, figure 3). 
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Figure 3: Quantification of neutral lipid content in morulae resulting from a BOEC/zygote co-culture that were 
24h pre-exposed to pathological NEFA-concentrations in different treatments. Data are expressed as average 
total intracellular lipid volume per morula ± SEM. No statistical differences could be found between the 
treatments nor compared to the controls (P>0.05). 
 

C. Blastocyst quality 

Significant differences in total cell number could be detected between the blastocysts from different 

treatments: APICAL and A/B showed a decreased total cell number compared to BASAL  and compared 

to controls (table 2). The ICM/TE ratio was similar in blastocysts originating from co-culture with BOEC-

monolayers that were pre-exposed to elevated concentrations of NEFAs and no differences in the 

NEFA-exposure direction could be detected. However, ICM/TE ratio was significantly higher in the 

NEFA-treated groups compared to controls (P<0.05). The apoptotic cell ratio was overall low, and 

similar between NEFA-treatments and controls (0.04±0.00 in SOLVENT and 0.04±0.01 in CTRL). 

Apoptosis was most distinct in ICM compared to TE but no differences herein among the treatments 

could be detected (P>0.05) (table 2). 

Table 2. Cell lineage specialization and apoptosis in Day 8 blastocysts co-cultured on BOEC-monolayers that were 
pre-exposed to elevated NEFA concentrations in different treatments. Data are expressed as n±SEM and a, b and 
c superscripts indicate significant differences between treatments with P<0.05. 

n±SEM CTRL SOLVENT APICAL BASAL A/B 

Total cell number 134.0±3.5a 121.4±4.5a 108.1±3.1bc 119.0±3.5ac 101.3±2.1b 

ICM/TE ratio 0.30±0.01a 0.32±0.01ba 0.37±0.01b 0.37±0.01b 0.35±0.01b 

Apoptotic cell ratio 0.04±0.01 0.04±0.00 0.05±0.00 0.04±0.00 0.05±0.01 

Apoptotic ratio in TE 0.02±0.00 0.03±0.00 0.03±0.00 0.02±0.00 0.03±0.00 

Apoptotic ratio in ICM 0.10±0.02 0.07±0.03 0.12±0.01 0.10±0.01 0.12±0.02 
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II. EXPERIMENT 2: BOEC embryo protective capacity 

A. Embryo developmental competence 

Cleavage percentages were similar in BASAL+ (63.2%) and SOLVENT+ (60.2%). When NEFAs were 

supplemented in both compartments, cleavage decreased significantly: in A/B-, cleavage was only 

38%, however when BOECs were added to the treatment in A/B+ the percentage of cleaved oocytes 

increased significantly to 51.1%. Morula rates (from total oocytes) were only negatively affected when 

NEFAs were applied in both compartments, A/B+ and A/B- (14.2% and 8.1%, respectively) compared 

to controls (with 23% in SOLVENT+) and BASAL+ (28.2%). From the selected morulae, a significantly 

higher percentage developed into blastocyst in SOLVENT+ (73%) compared to NEFA-treatments 

(P<0.05). Compared to SOLVENT+ a significant decrease in blastocyst formation was detected in A/B+ 

(43.8%), which decreased even more in the absence of BOECs in A/B- (30%). This decreased 

developmental competence was most noticeable in the early developmental stages at cleavage, rather 

than at morula or blastocyst stage. 

Table 3: Developmental competence data (cleavage, morula and blastocyst rates) of zygotes co-cultured on 
BOEC-monolayers during a 4 day exposure to elevated NEFA concentrations in different treatments. Data are 
expressed as n±SEM and a and b superscripts indicate significant differences between treatments with P<0.05. 

n(%) SOLVENT+ BASAL+ A/B+ A/B- 

Total oocytes 236 234 225 221 

Cleaved (48h p.i.) 142 (60.2)a 148 (63.2)a 115 (51.1)b 84 (38)c 

Morulae from total oocytes (120h p.i.) 54 (23)a 66 (28.2)a 32 (14.2)b 18 (8.1)c 

Morulae from cleaved oocytes (120h p.i) 54 (38)a 66 (44.6)a 32 (27.8)b 18 (21.4)b 

Day 8 blastocysts from cultured morulae  19/26 (73)a  18/36 (50)b  7/16 (43.8)b 3/10  (30)c 

 
Figure 4: Blastocyst developmental competence from cultured morulae in EXPERIMENT 2 showed distinct differences 
in blastocyst stages. 
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Day 8 blastocysts from cultured morulae in SOLVENT+ and BASAL+ were mostly in expanded stage or 

further developed (on average 61.31%), while in A/B+ and A/B- development was significantly reduced 

(on average 45.19% expanded or more). NEFA-treatments of zygotes resulted in reduced percentages 

of hatched blastocysts (P<0.05), which was most prominent in the bidirectional NEFA exposure groups, 

A/B+ and A/B- (6.90% and 5.26% respectively, P>0.05), compared to SOLVENT+ and BASAL+ (14% and 

15% respectively, P>0.05)) (figure 4).  

B. Morula neutral lipid content 

Quantification of the total lipid volume per morula after Bodipy staining resulted in large variations 

within each experimental group. NEFA-treatments (31.7±3.8x103 µm3 in BASAL+, 28.4±4.0x103 µm3 in 

A/B+ and 33.6±4.3x103 µm3 in A/B-) significantly increased the total intracellular lipid droplet volume 

per (quarter) morula compared to the control (21.9±2.4x103 µm3 in SOLVENT+) and did not reveal any 

differences due to the presence or absence of BOECs (figure 5). 

 
Figure 5: Quantification of neutral lipid content of morulae resulting from a BOEC/zygote co-culture during which 
pathological NEFA-concentrations were applied for 4 days in different treatments. Data are expressed as average 
total intracellular lipid volume per morula ± SEM. a and b superscripts indicate significant differences between 
the treatments with P<0.05. 

C. Blastocyst quality 

Only bidirectional exposure of BOEC monolayers during zygote co-culture (A/B+) significantly reduced 

blastocyst total cell number (94.80±3.03 cells/blastocyst) compared to unidirectional BASAL+ 

(119.13±4.47 cells/blastocyst; P = 0.031) and SOLVENT+ (112.45±2.30 cells/blastocyst; P = 0.002). The 

ICM/TE ratio was similar in blastocysts originating from co-culture with BOEC-monolayers during 

NEFA-exposure and no shift in cell lineage commitment could be detected between the treatments 

(P>0.05). The apoptotic cell ratio was significantly increased when high NEFAs were applied in both 

compartments (0.08±0.01 in A/B+), compared to SOLVENT+ (0.05±0.00; P = 0.000) and BASAL+ 
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(0.06±0.01; P = 0.038), and was mainly attributed to increased apoptosis in the inner cell mass (table 

4 and figure 6). 

Table 4. Cell lineage specialization and apoptosis in Day 8 blastocysts co-cultured on BOEC-monolayers during a 
4 day exposure to elevated NEFA concentrations in different treatments. Data are expressed as n±SEM and a and 
b superscripts indicate significant differences between treatments with P<0.05. 

n±SEM SOLVENT + BASAL + A/B+ A/B- 

Total cell number 112.45±2.30a 119.13±4.47a 94.80±3.03b  

Blastocyst 
quality was too 
low for cell 
counts 

ICM/TE ratio 0.36±0.01 0.38±0.02 0.40±0.03 

Apoptotic cell ratio 0.04±0.01a 0.05±0.00a 0.08±0.01b 

Apoptotic ratio in TE 0.03±0.00a 0.04±0.01a 0.06±0.01b 

Apoptotic ratio in ICM 0.09±0.01 0.11±0.02 0.13±0.03 

Blastocysts in A/B- did not withstand permeabilization and could not be properly submitted for quality 

assessment during differential staining. 

DISCUSSION 

In this study, we hypothesized that hampered oviduct physiology and functionality due to elevated 

NEFA-exposure may result in an impaired ability to support (EXPERIMENT 1) and protect (EXPERIMENT 2) 

early embryo development. Furthermore, we hypothesized that the in vitro effects observed can differ 

depending on the presence or absence of BOECs. In a PCC-system, we hereto aimed to assess whether 

reduced blastocyst formation under the influence of elevated NEFAs is indirectly due to hampered 

BOEC physiology using BOEC/zygote co-culture with pre-exposed monolayers, or rather due to direct 

embryo toxicity using simultaneous NEFA-exposure and BOEC/zygote co-culture, respectively.  

Our main findings, in EXPERIMENT 1, were that the supportive capacity of the oviduct for early embryo 

development was significantly affected by a 24h BOEC pre-exposure to elevated NEFAs. Decreased 

cleavage rates in day 2 embryos were compensated later in development, as day 8 blastocyst rates 

were equal in all treatments. However, the resulting blastocysts were of inferior quality after apical 

and bidirectional NEFA-exposure, compared to basal treatment and controls, as shown by reduced 

total cell number and decreased numbers of cells allocated to the inner cell mass. In EXPERIMENT 2, 

during 96h simultaneous BOEC/zygote co-culture and NEFA-exposure, embryo development was 

compromised in all treatments compared to controls. Bilateral NEFA-exposure most severely affected 

embryo development and hampered mostly cleavage, resulting in decreased morula formation with 

increased intracellular lipid content, and decreased blastocyst formation and quality. Whereas in the 
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presence of BOECs these effects were partially alleviated, which can be indicative for an embryo-

protective capacity of BOECs.  

EXPERIMENT 1 was designed as a conceptual approach for in vitro assessment of specific oviductal cell 

functions, rather than a representation of the in vivo situation. As such, in order to assure the viability 

of the BOECs during the duration of the experiments, NEFA pre-exposure was limited to 24h. This 

period is however not representative for the conditions in the oviduct of metabolically stressed 

mothers and may result in an underestimation of the effects observed. The effects on embryo 

developmental competence suggest that the embryo supportive capacity of BOECs was compromised 

after exposure to elevated NEFAs prior to BOEC/zygote co-culture, especially when apical exposure 

was involved. Previously, we reported that NEFAs can be transferred across BOEC-monolayers, from 

the basal, blood to the apical, oviduct lumen compartment. Also, NEFAs were reported to be taken up 

for intracellular metabolism resulting in the apical release of non-supplemented fatty acids (Jordaens 

et al., 2017). Compared to Jordaens et al., 2017, the current experiments were performed over a longer 

period of time, therefore, the released fatty acids may be different in size and quantity, and their 

effects on BOEC physiology or embryo development, respectively, is unknown but may negatively 

affect embryo developmental competence as observed. Overall, the effects on embryo growth were 

limited to reduced cleavage rates, followed by a catch up growth during morula and blastocyst 

formation. This may be an underestimation of the actual effects in the oviduct due to the acute nature 

of the NEFA insult, and BOEC resilience (Jordaens et al., 2015).  

No differences could be detected in intracellular lipid content in morulae between the different NEFA 

treatments, nor in comparison to the controls. This may be due to the relatively high intrinsic 

intracellular depots of triglycerides in bovine oocytes, resulting in highly variable total lipid droplet 

volumes per morula. Effects on intracellular lipid volume in morulae induced by the NEFA pre-exposed 

BOEC-monolayers may therefore have failed detection. In BOEC-monolayers that were apically 

exposed to high concentrations of NEFAs, we previously reported an extensive intracellular neutral 

lipid content, resulting in decreased BOEC-viability and functionality due to lipotoxicity (Jordaens et 

al., 2017). This decreased oviductal support, may be the basis for decreased blastocyst quality but not 

blastocyst rates were negatively affected, as shown by lower total cell counts, observed in the current 

experiments.  

Earlier experiments in our laboratory suggested minimal embryo survival when in vitro culture was 

performed under elevated NEFA-conditions without oviductal support (Desmet et al., 2016). This is 

opposite to the current results revealing that the in vitro embryo developmental competence was 

compromised during co-culture with NEFA-pre-exposed BOEC-monolayers, although be it to a limited 
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extent. As such, the current experiments emphasize the existence of BOEC embryo supportive 

features. Furthermore, both reports highlight the vulnerability of the developing zygote to micro-

environmental changes, and suggest that elevated NEFAs may be partially responsible for the high 

embryonic losses in mothers suffering from lipolytic disorders.  

In EXPERIMENT 2, using a more in vivo-like approach, BOECs and zygotes were simultaneously exposed 

to elevated NEFAs for 4 consecutive days, in order to assess BOEC embryo protective measures. 

Embryo protective features have been attributed to the oviduct as BOEC/zygote co-culture can help to 

overcome the embryo cleavage block (8-16-cell stage in cattle) (Eyestone and First, 1989), improve 

blastocyst formation and quality through the secretion of growth and embryotrophic factors (Tse et 

al., 2008), modify culture metabolites according to embryonic requirements (Edwards et al., 1997) and 

fight reactive oxygen species (ROS) by expressing antioxidant enzymes such as GPX, SOD, or catalases 

(Harvey et al., 1995). Using the PCC-system, apically supplemented NEFAs resulted in upregulated 

SOD1 transcription, but no differences could be detected in GPX1 expression (Jordaens et al., 2017). 

Under the influence of elevated NEFAs, the direct lipotoxic effects on embryo developmental 

competence in the current experiments were conveyed as reduced cleavage, morula and blastocyst 

rates in all NEFA-treatments compared to controls. This can be due to the direct influence of NEFAs on 

embryo growth, but also due to indirect effects through impairment of BOEC viability and functionality. 

Particularly,  in A/B- a reduced embryo developmental competence, with decreased cleavage, morula 

and blastocyst formation. These effects were partially alleviated under the influence of BOECs in A/B+. 

Morula formation (from total oocytes) was significantly higher in BASAL+ compared to A/B+, 

potentially due to the oviduct gatekeeper function that may shield the luminal environment from 

detrimental NEFAs. This concept is supported by previous experiments in our laboratory using the 

same culture system, and showed a limited though selective transfer of basally supplemented NEFAs 

to the apical compartment (Jordaens et al., 2017). Otherwise, co-culture with BOECs (A/B+) improved 

embryo developmental competence under lipotoxic conditions considerably compared to the 

development of zygotes that were cultured in the absence of BOECs (A/B-). This may be suggestive for 

preservation of BOEC ability to ameliorate embryo culture conditions, even though BOECs’ full 

potential was compromised due to elevated NEFAs. Furthermore, in order to assure embryo 

production in both the absence and the presence of BOECs different atmospheric conditions were 

required. As such, A/B- embryos were routinely cultured under reduced oxygen tension (5%O2, 5%CO2, 

90%N2), however preliminary experiments in our laboratory suggested an optimal oxygen tension of 

20% when BOEC and zygotes were co-cultured (in A/B+). Nonetheless, an atmospheric O2 tension of 

20% is suggested to be suboptimal for embryo development due to increased production of reactive 
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oxygen species and resultant apoptosis (Yuan et al., 2003). Therefore, the superior blastocyst 

development in A/B+ despite the inferior atmospheric conditions compared to A/B- can further attest 

for the embryo protective characteristics of BOECs. 

The upregulated intracellular lipid volume per morula, as a result from NEFA treatment, favors this 

concept, even though no significant differences between the NEFA treatments could be distinguished. 

The actual embryo protective capacity of the oviduct for embryo development may be partially 

concealed due to excessive presence of NEFAs remaining in the in vitro embryonic micro-environment, 

even after intracellular uptake by BOECs. Future research should therefore focus on potential embryo 

protective measures by oviductal cells under lipotoxic conditions, however, using reduced NEFA-

concentrations that may not exceed the maximum intracellular fatty acid uptake capacity. Blastocyst 

quality was comparable between the treatments with the exception of a decreased total cell number 

in A/B+. Due to reduced resistance to permeabilization, blastocysts in A/B- did not withstand 

differential staining and could not be properly submitted for quality assessment. In itself, this could, 

however, also be an indication of reduced blastocyst quality due to altered membrane properties. 

Indeed, fatty acids are known to alter cell membrane composition and fluidity, depending on the 

chemical structure of the NEFAs added. Membranes will become more rigid when straight chained, 

saturated fatty acids, such as PA and SA, are incorporated in the cell membranes, while integration of 

unsaturated fatty acids, such as OA, will rather induce an increase in membrane fluidity (MacDonald 

and MacDonald, 1987). Overall, the ability of BOECs to protect and recover embryos was compromised 

due to simultaneous BOEC/zygote co-culture and NEFA-exposure, depending on the exposure side and 

the presence or absence of BOECs.  

Our data support the in vivo findings of Rizos et al. (2010), Maillo et al. (2012), and Matoba et al. (2012) 

suggesting that the conditions in the reproductive tract define its ability to sustain early embryo 

development, and furthermore suggest that the suboptimal oviductal environment may be partially 

related to elevated NEFAs. Nonetheless, to fully understand the consequences of NEFAs on 

BOEC/zygote co-culture, future research should focus on obtaining mechanistic insights in the embryo-

protective features of the oviduct.  

In conclusion, we report that elevated NEFAs, as seen during lipolysis associated metabolic disorders, 

can attribute significantly to direct embryo toxicity and reduced BOEC embryo protective capacity 

potentially resulting in reduced female fertility. As such, NEFAs in the oviductal micro-environment 

impair early embryonic development directly, but also  indirectly through a reduced oviductal ability 

to support and protect early embryo development. Under lipoltoxic conditions, the overall 
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embryotrophic capacity of the oviduct can be hampered though persists, and may therefore partially 

compensate the direct lipotoxic effects of NEFAs exerted at the level of the embryo.  
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THE RELEVANCE OF THE OVIDUCT FOR REPRODUCTION AS THE ENVIRONMENT FOR THE OOCYTE AND EMBRYO GROWTH  

The importance of the oviduct as a reproductive organ has ample examples ranging from shaping the 

environment for oocyte and early embryo development, to actively selecting only the fittest 

spermatozoa and facilitation of fertilization (Holt and Fazeli, 2016 a and b). The oviduct secretes 

specific proteins that are unique within the organ and that closely interact with both male and female 

gametes, assisting zona penetration during fertilization, preventing polyspermia, and even potentially 

regulating early embryo development (reviewed by Buhi, 2002). The oviduct is also believed to partially 

control reproduction through modification of its response to female gametes depending on oocyte 

viability (Weber et al., 1991) and to either X- or Y-chromosome bearing spermatozoa (Alminana et al., 

2014). It is even considered to drive the first steps in embryo/maternal communication through 

suppression of immune related gene expression (Maillo et al., 2015 and Alminana et al., 2012), as well 

as expression of micro-RNAs (Al-Dossary and Martin-Deleon, 2016), extracellular vesicles (Lopera-

Vasquez et al., 2016) and other signalling molecules (Garcia et al., 2017). Regardless the multitude of 

oviductal interventions assisting to reproductive success, viable offspring can still be generated 

without any oviduct interaction (Bousquet et al., 1999). Even though, the presence and interactions of 

oviductal cells with zygotes has led to considerable improvements for in vitro embryo production 

(reviewed by Lee and Yeung, 2006), the introduction of artificial reproductive technology (ART) has 

offered the possibility to produce viable embryos, while bypassing the oviduct. It was Robert Edwards 

in 1965 who introduced in vitro fertilization (IVF) of human oocytes, that led to the first IVF pregnancy 

reported in 1973. From then to now, the process and conditions of IVF have been optimized leading to 

the birth of numerous children (http://www.ivf-worldwide.com/ivf-history.html). The high success 

rate of IVF is probably one of the major factors that contributed to the ‘neglect’ of the oviduct in 

scientific research (Ménézo et al., 2015). 

Nonetheless, more and more evidence is being provided on the importance of adequate 

environmental conditions for early embryo growth. The post-fertilization culture environment has a 

significant impact on early embryo gene expression patterns with potential repercussions for the 

embryo’s further development (Rizos et al., 2002). This applies both for the culture conditions during 

IVF, as for the conditions within the oviductal micro-environment of metabolically compromised 

individuals. In vitro culture conditions are typically over-enriched to cater the embryo in all its 

requirements. On the other hand, both diet and metabolic health conditions may be directly reflected 

in the oviductal micro-environment with potential repercussions for early embryonic growth. The 

increased incidence of altered gene expression, of particularly imprinted genes, in these individuals is 
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suggested to predispose the embryo to conditions like large offspring syndrome in cattle. This 

syndrome was manifested through increased birth weight and abnormally large offspring, as well as 

organ abnormalities and defective muscle tissue development (Lonergan et al., 2003). The increased 

incidence of ART interventions (Ombelet, 2014), as well as the escalating numbers of metabolically 

compromised individuals (Golden et al., 2009), can only result in increasing numbers of ART associated 

issues, like large offspring syndrome, and emphasize the importance of a finely regulated  oviductal 

micro-environment for early embryo growth. 

For these reasons the oviductal micro-environment has been extensively studied and the composition 

of the oviduct fluid is for most components well defined (Avilés et al., 2010). Only reflections of the 

maternal lipid metabolism in the oviduct fluid were up until now under-represented in literature (see 

CHAPTER 1, table 2 reviewing literature on OLF composition) . Specifically, whether or not elevated non-

esterified fatty acids (NEFA), as a result of lipolytic maternal metabolic disorders, could affect the 

oviduct and how, as well as the impact of as such altered oviductal conditions on the early embryo is 

currently still unknown. In order to assess the impact NEFAs may have on oviduct physiology and 

functionality, an in vitro polarized cell culture system with bovine oviduct epithelial cells (BOECs) was 

used as the system promotes a more physiological, 2-compartmental approach of cellular growth and 

nutrient provision.  

AN OVERVIEW OF THE OBTAINED RESULTS 

After analysis of ex vivo collected oviductal fluid, our main findings were that oviductal NEFAs mirrored 

plasma concentrations in healthy Belgian Blue cattle, but other parameters like triglyceride, glucose, 

cholesterol and lactate concentrations differed significantly in oviductal fluid compared to plasma. 

These findings were considered a positive indication for a potential oviduct gatekeeper function that 

tightly regulates targeted nutrient transfer between blood and oviductal lumen. For instance, oviductal 

triglyceride concentrations were three times the concentrations measured in plasma, which may be 

potentially due to an embryo protective mechanism. As such, the oviductal cells can metabolize serum 

NEFAs for conversion into a less detrimental form, in order to safeguard the early embryo from 

lipotoxicity (Jordaens et al., 2017). Otherwise, cholesterol concentrations were significantly lower in 

oviductal fluid compared to plasma, potentially due to high intracellular turn-over and/or low 

paracellular transfer. Glucose concentrations were also significantly lower in the lumen. As oviductal 

cells are characterized by a distinct intracellular glucose metabolism, the majority of the glucose 

provided via the blood to the oviductal cells is consumed, rather than being transported into the 
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oviductal lumen. As elevated concentrations of glucose can be embryotoxic, this mechanism can 

assure the requirements for early embryo development in the oviduct. The concentrations of 

cholesterol, triglyceride and glucose measured in our ex vivo experiments were similar to the 

concentrations reported from in vivo sampling. However, lactate concentrations were significantly 

higher compared to in vivo reports, which may be due to an average 30 minute death/sampling interval 

and ongoing anaerobic glycolysis during this time (CHAPTER 3). 

In CHAPTER 4, we reported that elevated NEFA concentrations as seen during maternal metabolic 

disorders negatively affect BOEC-physiology, and that the intensity of the effects observed was dose-

dependent in a conventional cell culture system (table 1), as well as depending on the NEFA exposure 

side in a polarized culture system (table 2). This was most distinct in the assessment of sperm binding 

capacity in different culture systems. Sperm binding to oviductal cells is typically established through 

proteoglycan bridge formation between the head of spermatozoa and oviductal cilia. However, ciliary 

expression was significantly reduced due to cellular dedifferentiation after monolayer formation. 

Therefore, in order to exclude the possibility of undervaluation, sperm binding was also assessed in a 

short term suspension culture in which ciliary expression was retained. The latter significantly 

increased the number of bound sperm cells compared to the binding to conventional monolayers. 

Nonetheless, in both culture systems the same trend for decreased oviductal function through 

decreased sperm binding with increasing NEFA-concentrations was observed. Overall, we observed 

decreased BOEC viability, and cell numbers, as well as reduced cell migration and sperm cell binding 

capacity, resulting in hampered BOEC-quality and functionality, but not morphology.  

Table 1. BOEC-physiology was increasingly hampered with NEFA concentration, compared to CONTROL (0µM 
NEFA) and SOLVENT (0µM NEFA + 0.45% EtOH) when cultured in a conventional culture plate. 

 BASAL CONC. 
72µM NEFA 

MODERATE 
360µM NEFA 

HIGH 
720µM NEFA 

BOEC number ↓ ↓ ↓↓ 
BOEC viability = = = 
BOEC sperm binding capacity = ↓ ↓↓ 
BOEC migration capacity = = ↓ 

 

Different in vitro cell culture systems can be applied for specific research motivations and the use of 

one particular model should therefore be subject to the parameters investigated. As such, static 

monolayers are most suited to study morphological characteristics, while explants better maintain 

functional cell characteristics such as ciliary activity (Witkowska, 1976; Walter, 1995; Lefebvre et al., 

1995) and monolayers grown on hanging inserts allow a more physiological relevant NEFA exposure 
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on polarized cells (Arthurson and Borchardt, 1997; Palma-Vera et al., 2014). Comparing these three 

different culture models, we concluded that the use of the polarized cell culture (PCC) system would 

be preferential for all experiments, including BOEC/zygote cocultures, because of the possibility of a 

more physiologically relevant 2-compartmental cellular exposure to nutrients and potential insults, 

and because of the promoted expression of the cells’ natural characteristics in this culture system 

compared to others. 

Table 2. BOEC-physiology in the polarized cell culture (PCC) system was affected differently depending on the 
exposure side. The effects were therefore considered different depending on cellular polarity. In BASAL NEFA, 
monolayers in the PCC system were exposed to elevated NEFAs in the lower, basal compartment only, analogous 
in APICAL NEFA BOECs were only exposed in the upper, apical compartment, while in the BILATERAL NEFA 
treatment high NEFA concentrations were applied in both compartments. 

 BASAL NEFA 
C/NEFA 

APICAL NEFA 
NEFA/C 

BILATERAL NEFA 
NEFA/NEFA 

BOEC number ↓ ↓ ↓↓ 
BOEC viability = = = 
BOEC sperm binding capacity ↓ ↓↓ ↓↓↓ 
BOEC migration capacity ↓ ↓ ↓ 
%TER increase ↓ ↓↓ ↓↓↓ 

Obtaining mechanistic insights in the pathways associated with in vitro cellular responses arising from 

elevated NEFAs was aimed for in CHAPTER 5. Here, we reported that APICAL NEFA resulted in an 

increased FITC-albumin-flux from the basal to the apical compartment. This increased monolayer 

permeability was associated with reduced monolayer growth as suggested by slower increasing TER-

values from Day 9 to 10. In BASAL NEFA, NEFA-concentrations decreased in the basal compartment with 

a concomitant increase in the apical chamber indicating limited fatty acid transfer. Apical FA-

administration resulted (APICAL NEFA) in the increased lipid droplet formation and no transfer of fatty 

acids to the basal compartment. Depletion of carbohydrate metabolites seemed mostly active in the 

basal compartment, regardless of the treatments, further confirming cell polarity. Furthermore, APICAL 

NEFA induced anti-apoptotic and anti-oxidative pathways as suggested by increased expression of 

BCL2 and SOD1, and may stimulate BOEC-lipid metabolism through increased intracellular FA-uptake 

(↑CAV1 and ↑FA-transporter protein expression CD36, FABP3 and CAV1), and upregulation of CPT1B 

and ACSL1 (for overview see figure 1). 
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Figure 1: Graphic summary of the obtained results and conceptualization of fatty acid transfer across BOEC-
monolayers. Red arrows indicate the FA-transfer to be interpreted from the bottom to the top of the figure: 
NEFAs can be supplied to the oviductal lumen via paracellular transport from the basally supplemented FAs in 
the blood (A). Once in the apical, oviductal lumen compartment, NEFAs can be internalized by the cells and 
directly used as an energy substrate or in case of abundance, stored in lipid droplets (B). Luminal NEFAs alter 
BOEC gene expression to allow the cells metabolic adaptation and upregulation of anti-oxidative and anti-
apoptotic pathways as a potential embryo protective mechanism. However, prior to intracellular uptake or when 
the FA-storage capacity is exceeded, NEFAs may exert direct toxic effects on early embryo development and 
quality. Furthermore, NEFAs can affect monolayer permeability from the basal to the apical compartment as 
suggested by the green and proposing an increased possibility for the oviductal micro-environment to be 
subjected to multiple metabolic changes. Nuclei are pink, secretory granules are blue, and lipid droplets are 
depicted in yellow. These data suggest cellular adaptation to changing environmental conditions in order to 
safeguard early embryo development. 
 = lipid droplet;    = FABP3  ;  = CAV1;   = CD36/FAT 

In a next step (CHAPTER 6), we carefully attempted to obtain an insight in the potential consequences 

of elevated oviductal NEFAs for early embryo development. We reported that in an in vitro setting, the 

supportive capacity of the oviduct for early embryo development was minimally affected due to a 24h 

BOEC pre-exposure to elevated NEFAs. Decreased cleavage rates in day 2 embryos were compensated 

later in development as no impaired day 4 morula rates and intracellular lipid content, nor day 8 

embryos blastocyst rates could be detected when NEFA treatments were compared to controls. The 

quality of the resulting blastocysts was affected after apical NEFA-exposure compared to basal 

treatment and controls as suggested by lower total cell numbers, mostly due to a decreased proportion 
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of cells designated to the inner cell mass. Additionally, during 96h simultaneous BOEC/zygote co-

culture and NEFA-exposure, embryo development was compromised in all NEFA-treatments compared 

to controls. The effects were most distinct in the bilateral NEFA-exposure groups as embryo 

development was hampered in cleavage, morula and blastocyst formation. The resultant blastocyst 

quality in these groups was also significantly lower, potentially due to increased intracellular lipid 

volume and lipotoxicity at morula stage. This may be indicative for a reduced embryo-protective 

capacity of the oviduct, but requires further investigation in which the NEFA exposure is reduced to 

concentrations that may not exceed the maximum intracellular fatty acids uptake capacity in order to 

observe mechanisms that may be concealed in the current experiments due to NEFA overabundance. 

Overall, mainly the direct NEFA-toxic effects hamper early embryo development, rather than indirect 

toxicity through reduced oviduct function. 

 SIGNIFICANCE OF THE FINDINGS – IMPLICATIONS FOR EARLY EMBRYO DEVELOPMENT 

Overall, our data suggest that NEFAs can be transferred from the “blood” into the “oviductal lumen” 

where they can affect BOEC physiology. As such, BOEC quality and functionality (but not morphology), 

as well as BOEC metabolism and barrier function can be affected by elevated NEFAs in a polarity 

dependent manner. In this respect, BOECs potentially shield the luminal environment from elevated 

NEFAs in the blood compartment by allowing only a limited amount of FAs to be transferred from the 

basal “blood” to the apical “oviduct lumen” compartment through gatekeeping and oviductal 

absorption. Otherwise, BOECs can clear the micro-environment of the pre-implantation embryo from 

NEFAs through increased monolayer permeability, intracellular lipid accumulation and FA metabolism. 

As such, the oviduct may modulate its micro-environment in favor of the early embryo by alleviating 

potential lipotoxic effects. However, this effect was only observed to a limited extent when NEFAs 

were supplemented to the BOEC/zygote coculture, and requires further investigation. Nonetheless, 

the oviduct of metabolically stressed mothers may account for an additional factor in the complex 

pathogenesis of subfertility during lipolytic disorders. As such, oviductal NEFAs, indirectly but mostly 

directly, affect early embryo development through impaired capacity to support and protect early 

embryo development. As earlier experiments in our laboratory, during which zygotes were exposed to 

elevated NEFA concentrations resulted in minimal blastocyst formation in the absence of BOECS, we 

can carefully conclude that the embryo protective capacity of the oviduct is hampered but still persists 

in the current experiments. The loss of oviductal function may result in the fact that the oviductal cells 

can only partially compensate the consequences of metabolic stress in the oviduct for early embryo 

development (for conceptualization see figure 2). 



CHAPTER 7: GENERAL DISCUSSION AND CONCLUSIONS 
 

- 171 - 
 

  

Figure 2: Conceptualization of the significance of the effects non-esterified fatty acids may have on the oviduct 
and the potential consequences for early embryo development. With 1 = the oviduct gatekeeper function 
allowing specific nutrients, like NEFAs, to be transferred to the oviductal lumen but only after intracellular 
metabolization, 2 = the embryothrophic effects of the oviduct can be partially compromised through elevated 
NEFAs due to impaired BOEC physiology, 3 = the oviductal embryo protective capacity through intracellular 
uptake of detrimental factors such as NEFAs from the oviduct lumen. 

Therefore, the oviduct needs to be considered for its protective and supportive role in early embryo 

development, even during lipolytic metabolic disorders. Earlier experiments, learned that the 

conditions in the reproductive tract define its ability to sustain early embryo development (Rizos et al. 

2010, Maillo et al. 2012, Matoba et al. 2012). As such, the oviductal environment in metabolically 

stressed lactating and intensively fed dairy cattle was less supportive for embryo survival compared to 

heifers (Rizos et al. 2010) and to non-lactating cows fed a maintenance diet (Maillo et al. 2012). 

Metabolic stress in these animals may contribute to the suboptimal environmental conditions in the 

oviduct with significant fertility related consequences due to the vulnerability of the earliest stages in 

embryo development. Current and former in vitro reports suggest this may be partially due to elevated 

NEFA concentrations, as NEFAs can be reflected in the oviduct fluid and NEFA-exposure during bovine 

embryo culture jeopardized embryo quality through reduced blastocyst formation and cell number, 

with a concomitant rise in apoptosis (Van Hoeck et al. 2013) and internalization of FAs (Listenberger 

et al. 2003, Leroy et al. 2010). However, during metabolic stress conditions not only lipolysis is 
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upregulated, other factors like hormonal imbalance, elevated concentrations of ketone bodies, and 

glucose have been reported to impact on female fertility. The overall impaired fertility as seen during 

metabolic disorders is therefore the result of a complex interplay between a series of factors, at 

different levels of the reproductive tract that may manifest over a longer period of time.  

The timespan in which the oviductal micro-environment can potentially influence oocyte and early 

embryo development is limited. The period for oviductal oocyte transfer is species dependent and 

takes approximately 55h in rabbits, 72h in mice and cattle, 80h in women, 144h in horses and 144 to 

200h in carnivores (Croxatto, 2002). Within the entire gestational process this is of course a limited 

window, leaving ample opportunities for compensatory mechanisms to be initiated, such as metabolic 

shift, and potential homeostatic stem cell mechanisms (Puscheck et al., 2015). During early 

embryogenesis, stress is considered to be the result of maternal hormone interactions, as well as 

reflections of metabolic and dietary conditions in the female reproductive tract. Generally, these 

reactions provide energy for the early embryo, but when excessive they inhibit normal cellular 

function. Even though, the exposure in the oviduct to stress conditions is limited in time, the timing is 

extra critical considering the importance of the developmental processes that occur in the oviduct and 

the sensitivity of the early embryo at this point. Several in vitro embryo culture experiments have 

indicated that suboptimal metabolite composition of the embryonic micro-environment can decrease 

embryo developmental potential, quality and transcriptome (reviewed by Leroy et al., 2017). This can 

be partially ascribed to the maternally driven early cleavage steps that need to be succeeded by 

embryonic genome activation (at 4-16 cell stage in most mammals), a complex developmental step 

that is required for normal embryogenesis. Irregularities in the activation of the embryo’s own genome 

can be associated with long-term detrimental effects on the embryo, or even with early embryonic 

death due to developmental arrest (Latham and Schultz, 2001). Different in vitro environmental 

conditions, such as culture media and oxygen tension, are known to induce changes in transcriptional 

profiles using several animal models (Corcoran et al., 2006; Miles et al., 2008; Schwarzer et al., 2012). 

It is therefore assumable that similar effects can be observed due to changes in the oviductal micro-

environment, which emphasizes the significance of accurate knowledge on the oviduct for successful 

reproduction. 

As briefly mentioned earlier, maternal metabolic stress conditions are not only limited to the oviduct. 

Follicular fluid, surrounding the developing oocyte for up to 80 days, is recognized to reflect maternal 

metabolic condition to a certain extent (Leroy et al., 2004, Robker et al., 2009, Valckx et al., 2012). This 

may explain the relation between metabolic syndrome and poor quality of oocytes and embryos 
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originating from high producing dairy cattle (reviewed by Leroy et al., 2008a and b), high fat fed mice 

(Reynolds et al., 2015) and even from women with metabolic disorders (Robker et al., 2009). Also, the 

uterine environment, in which the embryo resides the majority of its developmental time, experiences 

effects of metabolic disorders (Tripathi et al., 2016). For instance, an impaired uterine inflammatory 

response under the influence of metabolic stress may permit survival of the embryo, but may also 

decrease the endometrial defences to bacterial infections (Sheldon et al., 2017). Furthermore, a poor 

development of uterine receptivity to support early embryo growth in response to ovarian 

progesterone release, has been suggested to be implicated in failing embryo survival (Spencer, 2013). 

Specialization of the embryonic cell lineages into trophectoderm and inner cell mass is hereto a key 

factor, which can be influenced during metabolic stress conditions (unpublished data Van Hoeck et al., 

2017). 

Overall, reflection of the maternal metabolic status within the oviductal lumen can be considered as a 

small though determinative segment in the pathogenesis of subfertility. Furthermore, the biological 

role of the oviduct for successful reproduction can not be underestimated. Bypassing the oviduct, as 

seen in modern artificial reproductive techniques may have repercussions that surpass its current 

expectations. 
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Some critical questions that remain after conducting the experiments are discussed below: 

I. CAN THE EX VIVO OVIDUCT FLUID COLLECTION METHOD PROVIDE SAMPLES THAT REFLECT THE IN VIVO OVIDUCT FLUID 

COMPOSITION IN CATTLE?  

When contemplating the accuracy of the ex vivo oviduct fluid sampling protocol, the inevitable time 

interval between exsanguination and oviduct fluid (OF) sampling needs to be considered. When 

designing the experiments, the existing literature on OF composition was thoroughly reviewed (for 

literature overview see  GENERAL INTRODUCTION). To our understanding many protocols for OF sampling 

have been tried and, without exception, all hold specific limitations (as reviewed by Leese et al., 2008; 

Ulbrich et al., 2009; Velazquez et al., 2010) that need to be considered when deciding on a sampling 

strategy. In vivo sampling through cannulation of the oviduct is most representative for the whole 

oviduct, however, it requires the sacrifice of experimental animals, and the use of expensive surgical 

equipment and specialist surgical techniques that may induce considerable artefacts. As such, post-

interventional complications, like local inflammatory reactions after insertion of body foreign 

materials, and contamination of the samples with leucocytes, erythrocytes and epithelial cells after 

breach of the normal oviduct outlining can influence the composition of the oviduct fluid samples due 

to the sampling technique rather than the oviduct fluid formation. For these reasons, we opted to 

implement an ex vivo approach that also goes without the ethical restrictions associated with the 

sacrifice of experimental animals. The protocol chosen was, furthermore, suited for high throughput 

sampling (n = 220) and straightforward implementation of specific selection criteria, despite the 

inevitable onset of post-mortal changes. In this respect, Leese et al. (2008) reported that post-mortem 

sampling in large animals should be performed within 1-2 minutes after death to minimize post-mortal 

changes, specifically when measurement of amino acids, ions and lactate is intended. Hypoxia may 

confound amino acid and ion concentrations in ex vivo OF samples due to cell lysis, and lactate 

concentrations due to ongoing anaerobic glycolysis. However, in the report (Elhassan et al., 2001) used 

for these conclusions the death/sampling-interval was more extended compared to ours (i.e. 90 

instead of 30 minutes). The post-mortal changes seen in the current study may therefore be less 

pronounced. Furthermore, non-esterified fatty acids (NEFAs) are stored intracellularly in an esterified 

form mostly as triglycerides. Cell lysis due to hypoxia will therefore more likely affect triglyceride rather 

than NEFA concentrations. Also, hypoxia will inhibit fatty acid metabolism as oxidation is prevented 

under anaerobic circumstances, arguing in favour of sustaining NEFA concentrations for a confined 

period of time after death.   
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Both flushing and massaging the oviduct, used during our oviduct fluid collection protocol, may induce 

some of the epithelial cells to loosen from the oviductal lining and may compromise the purity of the 

fluid samples. For this reason oviductal fluid samples were, immediately after retrieval, stored on ice 

until centrifugation in the laboratory at a speed to allow sedimentation of cells without inducing lysis. 

Afterwards, all samples were inspected for size and blood contamination of the pellet. Some cellular 

contamination tended to be inevitable and remedied through subsequent centrifugation steps. 

However, when macroscopic blood contamination was detected, samples were excluded from any 

further analysis to assure maximum oviductal fluid purity. The fluid analysed was therefore considered 

to be sampled with minimal blood contamination and of maximum oviduct fluid purity, as allowed by 

the technique.  

Furthermore, the research purpose was to assess the concentration of NEFAs in the oviduct and 

establish a potential relation with plasma concentrations. However, for validation purposes, both 

plasma and oviduct fluid samples were additionally analysed for glucose, lactate, total protein and 

albumin as the concentrations of these components are well described in earlier in vivo oviduct fluid 

sampling reports. With the exception of lactate, these parameters were found in very similar 

concentrations in both our ex vivo sampling technique and published in vivo oviduct fluid collections. 

In our opinion, and taken all limitations of our protocol into account, the current findings may 

therefore be an authentic reflection of the NEFA concentrations in the in vivo OF. 

In combination with sampling difficulties due to the typical anatomical features of the oviduct 

(extensive folding and branching of the epithelial outlining (Yaniz et al., 2000)) and the fluid’s high 

viscosity, flushing is probably the most appropriate method to obtain representative samples. 

However, flushing interferes with the possibility of analysing absolute metabolite concentrations: as 

oviduct fluid volumes are not only variable during the different stages of the estrous cycle (Irritani et 

al., 1969, Carlson et al., 1970, Irritani et al., 1974), they may also vary due to individual animal 

characteristics. Therefore, in our experiments, and rather than measuring relative concentrations of 

NEFAs, amaranth was used as a tracer molecule in the flushing medium to calculate the OF dilution 

factor after flushing. As we wanted to perform the OF sampling as soon as possible after sacrifice of 

the animals, we specifically needed a tracer that was compliant with abattoir and food safety 

regulations. Furthermore, as we worked “on site” and without laboratory privileges we required the 

tracer to be non-photosensitive, non-pH-dependent, non-interfering with routine laboratory testing, 

highly water soluble, and photometrically detectable at low concentrations. 
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Elevated NEFA concentrations are not exclusively measured during metabolic disorders. Metabolically 

healthy animals exposed to acute stress can experience upregulated lipolysis as HSL is also affected by 

stress hormones like adrenaline and cortisol. As such, animal handling was reported to significantly 

increase both NEFA and glucose concentrations in the blood  and should be minimized to avoid 

misinterpretation of the energy balance (Leroy et al., 2011). As our ex vivo experiments used to 

establish a potential relation between blood and oviduct fluid NEFA concentrations were performed 

under abattoir conditions, animal handling was not experimentally controlled and may very well have 

had an effect on the blood NEFA concentrations. Whether or not this acute NEFA increase in the blood 

would impact on the oviduct NEFA concentrations is questionable (rapid diffusion is generally inhibited 

due to high viscosity of the oviductal fluid), and needs to be investigated in future experiments, when 

metabolically compromised animals are sampled. 

II. WHICH MECHANISMS CAN INFLUENCE THE OVIDUCTAL INTRALUMINAL FATTY ACIDS CONCENTRATIONS AS A 

POTENTIAL BASIS OF THE OVIDUCT GATEKEEPER FUNCTION?   

Different pathways of intraluminal fatty acid uptake have been described in a variety of tissues, and 

they are not only limited to passive diffusion (reviewed by McArthur et al., 1999; Dutta-Roy, 2000; 

Lopaschuck et al., 2010;).  Both paracellular and transcellular transport of fatty acids can occur in the 

oviduct. Paracellular transfer mostly implies passive diffusion across tight junctions, but is easiest for 

smaller molecules or when membrane integrity is compromised (Merlot et al., 2014). Fatty acids, such 

as PA, OA and SA, are considered small molecules, however due their affinity to bind transport 

molecules like albumin in an aquatic environment, their paracellular transfer capacity is limited. 

Paracellular transfer of such larger molecules is generally avoided due to typical features of tight 

junctions. However, as NEFAs can target tight junction proteins such as occludins (Roche et al., 2001), 

permeability may be increased during lipolysis associated disorders. Free diffusion through epithelial 

cell membranes and into the cytoplasm has also been described (McArthur et al., 1999), however not 

specifically for oviductal cells. Furthermore, free diffusion requires free circulating fatty acids (i.e. < 5% 

of total fatty acids) or hydrolysis of VLDL or chylomicrons under the influence of lipoprotein lipases 

(LPL).  

Transcellular transfer or intracellular uptake of fatty acids mostly entails active, receptor mediated 

transport. For instance, CD36 or fatty acid translocases are transmembrane transporters of free fatty 

acids, while fatty acid binding proteins (like FABP3 in the oviduct) facilitate both intra- and extracellular 

fatty acids transport (Moestrup and Verroust, 2001; Nabi and Le, 2003; Argaves and Morales 2004). 

Endocytosis, otherwise, is a mechanism for active intracellular fatty acid uptake or transcellular fatty 
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acid transfer that is suited for larger molecules like for instance albumin-NEFA complexes, and that 

takes place at the apical cell membrane. Endocytosis can be clathrin mediated or non-clathrin 

mediated. Non-clathrin mediated endocytosis occurs when for instance caveolins rather than clathrin 

mediates in the process of endosome formation (Merlot et al., 2014). The combination of both an 

active and a passive component for fatty acid transfer provides the oviduct with tight regulatory 

mechanisms and is the foundation for the oviduct’s gatekeeper function. Therefore, the luminal NEFA-

concentrations are not merely controlled by a concentration gradient between blood and oviduct 

lumen. In fact, the oviduct has been suggested to act as a gatekeeper (Leese et al., 2008) via which the 

oviduct may modulate its micro-environment in favor of the early embryo hereby potentially 

alleviating lipotoxic conditions. The similar NEFA-concentrations measured in plasma and oviduct fluid 

can therefore be considered as a part of a tightly regulated mechanism, rather than a mere 

coincidence. 

Under metabolic stress conditions this gatekeeper function is suggested to be hampered through 

modification of both para- and transcellular fatty acids transfer mechanisms. For instance, fatty acids 

are suggested to modify occludins (Roche et al., 2001), proteins that partake in tight junction formation 

by linking actin filaments of adjacent epithelial cells. Paracellular transfer of larger molecules may 

hereby be enabled, which can potentially affect the composition of oviduct luminal fluid. Furthermore, 

the expression of fatty acid transfer receptors CAV1, FABP3 and CD36/FAT are upregulated in in vitro 

BOECs exposed to elevated NEFA conditions in the apical, luminal compartment. If similar trends could 

be detected in in vivo oviducts, intracellular lipid accumulation may be stimulated and potentially 

modify oviduct fluid composition. However, whether or not this is the case needs to be studied in 

future research (see “V. IS THE OVIDUCTAL MICRO-ENVIRONMENT OF METABOLICALLY COMPROMISED ANIMALS LESS 

CAPABLE TO SUPPORT HEALTHY OFFSPRING? – FUTURE PERSPECTIVES”). 

III. IS THE POLARIZED CELL CULTURE (PCC) SYSTEM WITH BOVINE OVIDUCTAL EPITHELIAL CELL MONOLAYERS A 

REPRESENTATIVE MODEL TO STUDY THE OVIDUCTAL MICRO-ENVIRONMENT EFFICIENTLY? 

When answering this question, it is necessary to address the general relevance of in vitro cell culture 

models to study the oviductal micro-environment. Probably the strongest argument against the PCC 

as a valuable in vitro model can be found in the oversimplification of an entire organ to only one single 

cell layer. However, when attempting to assess the effects of just a single parameter in metabolic stress 

conditions like elevated NEFAs, in vitro research has the advantage of ‘dissecting’ the condition into its 

individual factors. Even though, in vivo research provides a more complete insight in the overall 
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condition, the observations will always originate from multifactorial causes which make them difficult 

to interpret. As such, not only the effects of elevated NEFAs will be reflected in the results but also the 

effects of other metabolic stress related changes such as hypo- (e.g. during negative energy balance) 

or hyperglycemia (e.g. obesity and diabetes mellitus), ketonemia, as well as hormonal imbalances. 

Individual assessment of these parameters can therefore only be obtained through in vitro research. 

Additionally, in our research the effects of NEFAs on the oviduct as the micro-environment for early 

embryo development was of primary interest. Therefore, only the cells that can come in direct contact 

with the embryo were included to avoid observation of multifactorial effects. Furthermore, the use of 

oviduct epithelial cells avoids the use of experimental animals, as ex vivo oviducts can provide the 

necessary cellular materials after slaughter in an abattoir setting. Hereto, no additional animals have 

to be sacrificed for research purposes, as strived for by the 3 R’s in animal welfare legislation governing 

the ethical  use of experimental animals in scientific research (Tannenbaum and Bennett, 2015). In 

vitro research also allows to implement a higher population variance as the oviductal cells of multiple 

animals can be pooled to increase the experimental reach. As such, a high throughput system can be 

obtained, allowing a straightforward selection of tissues to be used, based on health, the absence of 

anatomical or infection related abnormalities, stage within the estrous cycle, and more. Otherwise, 

postmortal decay, starting within 1 to 2 minutes after slaughter, could be challenging when ex vivo 

materials are used. However, the robust mechanical isolation method used in our BOEC isolation 

protocols prompts elimination of compromised cells through rupture and lysis, leaving only the 

strongest viable cells for culture. In combination with a correction of total cell count based on cell 

viability through a dye exclusion method using trypan blue, and vigorous medium changes, a 

sustainable BOEC-culture is asserted. Also, preliminary testing in our laboratory using different 

transportation means (temperature, media, supplements, slaughter/tissue processing interval …) 

allowed to optimize the tissue collection protocol in order to establish viable primary bovine oviduct 

epithelial cell cultures that display typical cellular characteristics, e.g. ciliary activity, in the isolated 

cells (figure 3).  

Finally, the purity of the cell cultures was tested in CHAPTER 4 using cytokeratin staining, and disclosed 

a >95% pure BOEC-culture with little to no contamination by stromal cells, and no differences in purity 

due to subcultivation. 
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Figure 3. Large oviduct epithelial cell sheet with distinct ciliary beating and ‘luminal flow’ after optimized ex vivo 
tissue collection. 

Thus, the polarized cell culture (PCC) system used in our experiments, is an in vitro cell culture model 

that allows detailed studying of cellular mechanisms and pathways. An additional advantage can be 

found in the hanging inserts that create two distinct compartments: an upper, “oviduct lumen” and a 

lower, “blood” compartment. The compartmental provision of nutrients to the cells supports cell 

growth in a more physiologically relevant manner. For our experiments we opted to grow the cell on 

PET, transparent filter supports, with 0.4µm diameter pores at a density of 2x106 pores per cm2. The 

cell culture surface was 1cm2 for BOEC physiology assessment (CHAPTER 4 and 5), but was reduced to 

33.6mm2 for BOEC/zygote co-cultures (CHAPTER 6) in order to maximize the paracrine effects of 

embryos grown in groups. When monolayers are confluent, the compartments can be considered ‘free 

of leakage’. Any transfer of molecules (para- or transcellular) from one compartment to the other 

should therefore be due to (inter)cellular mechanisms. The latter was tested in our experiments when 

we performed a permeability assay in CHAPTER 5. We performed the assay from upper to lower 

compartment and compared it with the reversed transfer direction in order to assess any potential 

confounding interferences of gravity in the assay. Medium samples were always taken from both the 

compartment in which the tracer molecule was supplemented, as well as from the opposite, tracer 

recipient compartment (figure 4).  
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Figure 4: The permeability assay showed FITC-albumin flux measured in both the supplemented (2) and the 
opposite, non-supplemented compartment (1) after a 3h assay in which the FITC-albumin-flux from the basal to 
the apical compartment (A), and the flux from the apical to the basal compartment (B) were observed. a,b 
Different superscripts per bar indicate statistical significant differences (P<0.05). 

The transfer from lower to upper compartment (A1 and 2 in figure 4) was more pronounced in both 

the supplemented (lower) as the non-supplemented (upper) compartment, compared to the opposite 

tracer molecule transfer direction. Gravity was therefore not considered to be an important factor 

when considering the test results, and the transfer was suggested to be actively regulated by the 

BOECs. Furthermore, overall flux was compared between inserts with and without BOEC-monolayers. 

In the inserts without the monolayers (but with laminin coating) the overall flux was on average three 

times the flux measured in inserts with confluent BOEC-monolayers, and was independent of 

directionality. Therefore, the reduced flux in inserts with BOECs is more likely due to monolayer 

properties rather than to the laminin coating (to enhance cellular adhesion) and insert characteristics. 

Despite the capacity to promote natural cell growth in the PCC, dedifferentation of the cells is still 

occuring. Also in the PCC system, BOECs continue to loose their natural columnar shape, cell height, 

cilia and oviduct specific glycoprotein expression (figure 5). Even though some natural BOEC 

characteristics were still present after a 9 day culture period, they displayed an atypical appearance. 
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As such, cilia were present to a much lesser extent and tended to loose their in sync orientation. 

Instead, abundant and evenly distributed microvilli were expressed. Monolayers were also generally 

flattened with a minority of cells still displaying a cuboidal form. Oviduct specific glycoprotein was still 

expressed in comparison to reports on conventional monolayers, but showed limited  and variable 

expression rates. The effects of cellular dedifferentiation will be discussed in “IV. HOW IMPORTANT IS 

CELLULAR DIFFERENTIATION FOR THE OUTCOME OF THE BOEC/ZYGOTE COCULTURE RESULTS? AND HOW SPECIFIC ARE 

THE BENEFICIAL EFFECTS OF OVIDUCTAL CELLS ON BLASTOCYST FORMATION COMPARED TO OTHER SOMATIC CELL TYPES?”. 

  

 
Figure 5: The epithelial characteristics of BOECs cultivated on filter supports were assessed by Scanning Electron 
Microscopy with attention on cell polarity, the presence of both microvilli (star) and cilia (big arrow), monolayer 
integrity (asterisk indicates monolayer interruptions), and cellular secretion (small arrow) (A and B). Also 
expression of OVGP1 (C) was assessed and contributes to the finding that BOEC monolayers cultured within a 
polarized cell culture system still tend to dedifferentiate but maintain some of their natural characteristics.  

To minimize the effects of dedifferentiation of BOECs in the PCC system some adaptations to the 

culture protocol can be implemented. For instance, the use of estrogens has been described to 

promote the cells’ natural characteristics (Chen et al., 2013), even when grown in vitro over a longer 

period of time. Even though, the more natural shape, cell height, expression of cilia and OVGP1 in the 

cells can be observed, the difficulty lies within the establishment of in vivo like estradiol concentrations 

to be used during longer culture periods. In addition, at peri-ovulatory follicular fluid levels, estradiol 
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is reported to trigger inflammatory responses and proliferation in porcine oviduct epithelial cells as 

seen in carcinomas (Palma-Vera et al., 2017). Furthermore, estradiol concentrations show significant 

fluctuations during the estrous cycle, therefore supplementation of optimal concentrations (as 

reported by Chen et al., 2013 in porcine OECs) over a longer period of time may be challenging. 

Recently, Palma-Vera et al. (2014) reported a technique to establish redifferentiation of bovine oviduct 

epithelial cells without hormonal supplementation. The primary cell culture was grown in the PCC 

system with hanging inserts and cell culture medium in both compartments (liquid/liquid interface). 

Within 1 week BOEC-monolayers were confluent, after which the upper compartment was drained 

from its culture medium and monolayers were continuously cultured under air/liquid interface. The 

absence of relatively large volumes of culture medium (in comparison to the minimal volumes of 

oviductal fluid in the in vivo oviduct) and the natural energy supply via the basal cell side, stimulated 

the cells to re-establish their natural appearance and function. Earlier, similar findings were also 

reported in porcine, murine and equine oviduct epithelial cell monolayers (Su: Miessen et al., 2011 and  

Chen et al., 2015; Mu: Chen et al.2016 and Eq: Henning et al., 2016). Schoen et al. (2016) reported 

highly differentiated cell cultures with OVGP1 secretion in murine, porcine and bovine OEC cultures 

grown under air/liquid interface. However, to establish maximum BOEC redifferentiation under 

air/liquid interface, a period of 4 to 6 weeks under artificial BOEC culture conditions is required. As in 

any in vitro culture model, gene expression and functional changes must therefore be anticipated, that 

might be affected by the extent of cellular deprivation from their natural context within the host. 

Otherwise, adding different cell layers, for instance, in the lower compartment of the PCC or on the 

bottom side of the inserts has also been suggested to make the culture system more in vivo-like, by 

establishing paracrine effects between the different cell layers or to remodel the multiple cell layers 

of the oviductal wall (Simintiras et al., 2016). With respect to the NEFA transfer experiments from a 

basal, blood compartment to an apical, oviduct lumen compartment, an additional layer of endothelial 

cells may be considered. Endothelial cells are recognized for their lipase activity through expression of 

lipoprotein lipase bound to the luminal endothelial wall. Lipoprotein lipases can not be synthesized or 

degraded by the endothelial cells, instead, the expression is regulated by the target cells. Lipoprotein 

lipases can catabolize triglycerides into glycerol and free fatty acids, but it can also act as a ligand 

binding factor involved in intracellular, receptor mediated lipoprotein uptake (Voshol et al., 2009). 

Considering the potential interactions of oviductal cells and endothelium with plasma-lipoproteins, 

adding an endothelial cell layer to the culture model could provide a more in vivo like reflection of 

oviduct luminal NEFA concentrations and fatty acid transfer across the oviduct epithelial cell layers. 
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These adaptations provide a series of possibilities to make the current research more in vivo-like and 

would probably affect the outcome of the experiments. However, as insights in potential 

oviduct/embryo interactions are currently missing in literature, we opted to approach our research 

questions first through conceptual work, after which more in vivo-like research can be attempted. For 

instance, to observe the transfer of NEFAs across the oviductal monolayers, medium supplementation 

in both the upper and the lower compartment is required. Culture under air/liquid interface might 

therefore be less suited for our research purposes. Therefore, and with respect to the culture model’s 

limitations, we opted to work with the PCC system with hanging inserts under liquid/liquid interface. 

These limitations don’t detract from our findings as all conclusions drawn were carefully considered 

but require substantiation. Future research should, indisputably, focus on estimation of NEFA 

concentrations in the oviduct of metabolically compromised individuals and their effects on the 

composition of the oviduct fluid to fully understand the consequences of lipolysis associated disorders 

in the mother on the first micro-environment of the developing embryo. 

IV. HOW IMPORTANT IS CELLULAR DIFFERENTIATION FOR THE OUTCOME OF THE BOEC/ZYGOTE COCULTURE RESULTS? 

AND HOW SPECIFIC ARE THE BENEFICIAL EFFECTS OF OVIDUCTAL CELLS FOR EMBRYO GROWTH COMPARED TO OTHER 

SOMATIC CELL TYPES? 

Cellular dedifferentiation is an important biological process characterized by genetic, protein, 

functional and morphological regression of otherwise specialized cell types to a more simple state (Cai 

et al., 2007). During this proces, proteins and genes that support differentiation are suppressed, urging 

the cells become smaller with fewer cell organelles and a higher karyoplasmic ratio, but with regained 

proliferation capacity. This phenomenon is associated with tissue repair and regeneration, as well as 

tumor formation (Cai et al., 2007). In in vitro cell cultures, dedifferentiation is a common trait that 

complicates the observation of in vivo-like processes due to reduced cellular metabolism, and altered 

functionality. In BOECs this may suggest altered embryo supportive and anti-oxidative capacities. Also, 

an altered BOEC/zygote or gamete interaction, and expression of in vivo like BOEC characteristics can 

contribute significantly to in vitro blastocyst formation. For instance, the secretion of oviduct specific 

glycoproteins is associated with BOEC function and drives successful fertilization through maintaining 

sperm viability and motility (Abe et al., 1995; Killian, 2004), enhanced oocyte penetration (Hill et al., 

1996), and prevention of polyspermia in pigs and cattle (Coy et al., 2008), as well as regulation of pre-

implantation embryo development (Buhi, 2002). In vitro OVGP1 expression is often used as a quality 

assessment parameter and BOEC culture supports the protein secretion depending on the cell culture 

system used. As such, OVGP1 expression could be detected in suspension cultures of BOEC explants 



CHAPTER 7: GENERAL DISCUSSION AND CONCLUSIONS 
 

- 184 - 
 

(Rottmayer et al., 2006), as well as in the polarized cell culture system. The latter showed an active 

secretion when culture was performed under air-liquid interface (Chen et al., 2017), while under liquid-

liquid conditions only gene expression showed a moderate response. However, in BOECs cultured in 

conventional, 1-compartment culture plates, no OVGP1 expression was detectable (Maillo et al., 2016; 

data not published). These results suggest that BOEC cultures in the polarized cell culture system were 

superior in quality compared to conventional cultures, allowing a maximum in vitro differentiation for 

long-term cultures, with ample opportunities to be adapted and to evolve into a more in vivo-like 

research tool when intended.  

Apart from oviduct specific glycoprotein secretion, other cellular characteristics have been recognized 

to promote early embryo development. For instance, production of growth factors (Aviles et al., 2010) 

and antioxidants (Lapointe and Bilodeau, 2003), and optimization of culture conditions through 

reduction of oxygen tension (Bermejo-Alvarez et al., 2010), eliminate embryo toxic substances such as 

ammonia (Nancarrow and Hill, 1994) and decrease glucose concentrations to levels that are non-

detrimental for early embryo growth (Vanroose et al., 2001). The direct embryo/cell contact was an 

absolute requirement to trigger embryo supportive mechanisms as embryo development in mouse 

embryo/human oviductal epithelial cell cocultures was significantly improved compared to contactless 

cultures (Joo et al., 2001). However, the secretion of growth factors and antioxidants can be attributed 

specifically to the oviduct, while other beneficial traits described above can be performed by different 

somatic cells types. Coculture with somatic cells from different origin (bovine oviduct epithelial (BOEC), 

buffalo rat liver (BRL), Madin Darby bovine kidney (MDBK) or African green monkey kidney (Vero) 

cells), significantly improved blastocyst formation. But the highest embryo development could still be 

observed when cocultured with BOECs compared to other somatic cells (Myers et al., 1994). Therefore, 

in vitro embryo coculture with BOECs can be considered superior to other somatic cell types, however, 

with a significant impact of cellular differentiation. 

V. HOW CAN FUTURE RESEARCH HELP TO FURTHER IMPROVE THE KNOWLEDGE ON THE ROLE OF THE OVIDUCT AS A 

MICRO-ENVIRONMENT FOR THE PRE-IMPLANTATION EMBRYO DURING LIPOLYSIS ASSOCIATED METABOLIC DISORDERS? 

As mentioned earlier, the in vitro experiments were required to obtain primary, though fundamental, 

insights in the oviductal conditions during metabolic stress conditions. However, to fully evaluate the 

consequences of lipolytic disorders on the oviduct as the micro-environment for early embryo 

development, additional testing is required. For instance and as mentioned earlier, in the current 

experiments the oviduct gatekeeper function was tested over a single cell layer of epithelial cells, while 
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a permeability assessment of a full thickness tissue sample could provide more complete information 

on the reaction of the oviductal barrier function to metabolic stress. Furthermore, to value the 

potential protective effects of the oviduct on the early embryo, another BOEC/zygote coculture model 

can be considered. Previously, Van Hoeck et al. (2011) showed that, oocytes exposed to elevated NEFA 

concentrations during maturation demonstrate decreased developmental capacity and the resulting 

embryos showed a decreased quality with an increased risk for an aberrant metabolism. Routine 

fertilization of such oocytes and subsequent coculture with BOEC-monolayers, might permit the 

assessment of any potential embryo protective or recovery mechanisms via the interaction with 

BOECs. 

In order to substantiate all in vitro findings, the different puzzle pieces of in vitro metabolic stress 

conditions should be reassembled and in vivo experiments may be hereto considered. As such, the 

effects of elevated NEFAs, as a typical feature of lipolysis associated disorders, in the oviduct can be 

evaluated in cattle after artificial induction of negative energy balance. Sampling the oviduct in these 

animals for fluid collection, gene expression profiling and functional testing, would provide data that 

might give further insights in the actual role of the oviduct for early embryo development. The 

outcome of such experiments is, however, multifactorial and results not only from elevated NEFAs but 

also from several other conditions like altered glucose, ketone body and varying hormone 

concentrations. However, such experiments provide a more complete and “real-life” insight in the role 

of the oviduct for early embryo development during metabolic stress conditions. 

These results can be helpful for the determination of a strategy to prevent or alleviate metabolic stress, 

not only in the oviduct but also in other reproductive organs, to optimize the reproductive 

management in cattle and women. For instance, recent work in our laboratory showed that alpha 

linolenic acid, a poly-unsaturated omega-3 fatty acid, can be a promising molecule to relieve the 

negative effects of NEFAs, as earlier seen during in vitro maturation experiments (Marei et al., 2017). 

Alpha-linolenic acid is associated with several beneficial effects on lipotoxicity (Zhang et al., 2012) and 

specifically on the oocyte. However, these effects may potentially be extended to developmental 

stages that succeed the oocyte. In such a case, development of alpha-linolenic acid supplementation 

methods to be administered specifically in the oviduct may improve embryo support during lipolysis 

associated maternal metabolic disorders.  
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CONCLUSIONS 

I. Ex vivo oviductal NEFAs mirror plasma concentrations in healthy cattle. 

II. Pathological NEFA concentrations hamper in vitro BOEC functionality, but not morphology, in 

a polarity dependent manner. 

III. NEFAs can be either selectively transferred across the in vitro oviduct epithelium or 

intracellularly metabolized, impairing BOEC barrier function, transcriptome and fatty acid 

transporter expression differently depending on the NEFA exposure side. 

IV. NEFAs reduce BOEC embryo-supportive and –protective features both directly and indirectly, 

therefore under lipotoxic conditions the embryotrophic capacity of the in vitro oviduct may be 

hampered though persists and can partially compensate direct lipotoxic effects of NEFAs 

exerted at the level of the embryo. 

In conclusion, NEFAs can be transferred into the oviduct lumen and impair oviduct physiology by 

hampering oviduct epithelial cell viability and function. At concentrations as seen during lipolysis 

associated metabolic disorders, oviductal NEFAs provide a less favorable micro-environment for early 

embryo development. Both functional and transcriptomic data suggest the upregulation of oviduct 

defense mechanisms and a persistent, though altered, embryo supportive and protective ability in 

response to elevated NEFAs. This may allow the oviduct to safeguard pre-implantation embryo growth 

during lipolytic conditions, albeit to a limited extent. These findings may partially elucidate the reduced 

embryo supportive capacity in metabolically compromised individuals and suggest a crucial position 

for the oviduct in the pathogenesis of lipolysis induced female subfertility. 

Overall, in a first and rudimentary approach using a PCC-system, addition of pathological NEFA 

concentrations during BOEC/zygote coculture reduced in vitro embryo developmental competence 

and quality, however to a lesser extent than in the absence of BOECs. The PCC-system provides a 

physiologically relevant research tool to observe cellular responses, and through representation of the 

organ in a single cell layer, a conceptual design rather than an in vivo-like research tool was 

contemplated. This “simplification” of the oviduct, however, challenges the ability to translate the 

research data into actual preventative or curative measures for lipolysis associated reproductive 

disorders. Hereto, whole organ assessments of oviduct gatekeeper affinity and observation of in vivo 

oviduct embryo protective mechanisms should be addressed. Furthermore, to fully understand the 

loss in fertility during maternal lipolytic disorders, many more factors than NEFAs in the oviduct need 

to be taken into consideration. Given the alarming rates at which metabolic disorders continue to 

increase globally, further research is urgently needed. 
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Maternal metabolic health is a growing concern considering the rising incidences of obesity and 

associated metabolic disorders such as type II diabetes. In veterinary medicine, dairy cattle show 

similar trends for metabolic stress related disorders due to the advanced genetic selection for high 

milk producing cows which resulted in animals that are more prone to develop negative energy balance 

conditions. Earlier research indicated that maternal metabolic health and female fertility are closely 

linked. As such, metabolic stress is known to trigger hormonal imbalance, abnormal follicular 

development, and ovulatory dysfunction. Increased lipolysis and systemic elevations of non-esterified 

fatty acids are specific, though common traits during metabolic disorders. When expressed during the 

critical early embryo developmental stage, high levels of non-esterified fatty acids can negatively affect 

embryo quality as well as resulting pregnancy, potentially even with a transgenerational outcome. As 

early embryo development takes place in the oviduct, the focus in this dissertation documents the 

impact of non-esterified fatty acids on the in vitro oviduct and its consequences for early embryo 

development (CHAPTERS 1 and 2).  

By means of an adapted oviduct fluid sampling protocol, the ex vivo bovine oviduct micro-environment 

of healthy cattle, we showed that NEFAs are present in the bovine oviduct at concentrations that are 

similar as seen in the blood (CHAPTER 3). 

In CHAPTER 4, the consequences of elevated NEFA concentrations for the physiology and functionality 

of in vitro cultured bovine oviduct epithelial cells (BOEC) are studied. BOECs are the cells that line the 

oviduct lumen and that are in close contact with female and male gametes, as well as the early embryo. 

BOEC-physiology was affected by high NEFAs concentrations. In our experiments we saw a decreased 

cell number, lower monolayer integrity, and reduced cell proliferation and sperm binding capacity. 

These effects on BOEC physiology could affect female fertility.  

As BOECs also regulate the oviductal micro-environment, CHAPTER 5 describes the consequences of 

elevated NEFAs for the barrier function within the in vitro oviduct. Here, data on monolayer integrity 

are complemented with a permeability assay using a fluorescent tracer molecule and a fatty acids 

transfer study across the BOEC-monolayers. Pathological NEFA-concentrations in the lower 

compartment of the BOEC monolayer’s set-up, resulted in restricted transfer of fatty acids across the 

monolayer. In addition, metabolism of the supplemented fatty acids was observed, with limited effects 

on BOEC gene expression profiles. Otherwise, when the NEFA-exposure direction was reversed (and 

NEFA-supplementation was performed in the luminal or upper compartment), no fatty acid transfer 

from the upper to the lower compartment was observed. The supplemented fatty acids were largely 
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accumulated intracellularly within the BOEC. This, may hint for a potential embryo-protective 

mechanism attempting to ameliorate the early embryonic growth environment in the oviduct. The 

modified gene expression profiles due to this treatment suggested upregulated fatty acid uptake and 

–metabolism which was confirmed through increased expression of specific fatty acid transporters.  

Next in CHAPTER 6, the oviduct adaptation mechanisms are studied in greater detail, as well as their 

possible consequences for early embryo development. Special attention is hereby attributed to the 

effects of elevated NEFA-concentrations on BOEC embryo-supportive and –protective capacities. By 

means of BOEC/zygote co-culture we showed that increased embryo-toxicity during lipolysis 

associated metabolic disorders can be induced by both direct embryotoxic effects as well as by indirect 

effects of NEFAs on BOEC-physiology. NEFAs resulted in reduced embryo developmental competence, 

increased morula lipid content and decreased blastocyst quality. The BOEC embryo-protective 

characteristics were compromised though persistent due to NEFA-exposure.  

Finally in CHAPTER 7 the current research, as well as the previous existing literature is discussed. We 

conclude that serum NEFAs can be transferred into the oviduct lumen and impair oviduct physiology 

by hampering oviduct epithelial cell viability and function. At concentrations as seen during lipolysis 

associated metabolic disorders, oviductal NEFAs provide a less favorable micro-environment for early 

embryo development. Both functional and transcriptomic data suggest the that the presence of NEFAs 

in the oviduct lumen upregulate oviduct ‘defense’ mechanisms and resulted in a persistent, though 

altered embryo supportive and protective ability of the BOECs. This may allow the oviduct to safeguard 

pre-implantation embryo growth during lipolytic conditions, albeit to a limited extent. These findings 

may partially elucidate the reduced embryo supportive capacity in metabolically compromised 

individuals and suggest a crucial position for the oviduct in the pathogenesis of lipolysis induced female 

subfertility. 
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Maternale metabole gezondheid en goede vruchtbaarheid zijn nauw met elkaar verbonden. Het 

groeiende obesitas percentage bij vrouwen en de daarmee gepaard gaande daling in de kans op 

natuurlijke conceptie is hiervan het meest duidelijke voorbeeld. Ook bij hoog productieve melkkoeien 

komt deze negatieve correlatie tot uiting. Voornamelijk tijdens de pieklactatie, wanneer de 

voederopname ontoereikend is om de energetische belasting van de melkproductie te compenseren, 

verkeren hoog producerende melkkoeien in een toestand van negatieve energiebalans (NEB). Net als 

bij obesitas en obesitas gerelateerde metabole aandoeningen zoals diabetes type II, gaat NEB gepaard 

met sterke vetafbraak en verhoogde vrijstelling van niet-veresterde vrije vetzuren (NEFAs) in het bloed. 

Eerder werd aangetoond dat systemisch verhoogde NEFA concentraties leiden tot een verstoring van 

het folliculair milieu, met significante gevolgen voor de eicel en het daaruit ontwikkelend embryo. De 

effecten van deze NEFA-toxiciteit op oviductaal niveau zijn echter onbekend maar uiterst relevant 

aangezien in het oviduct behalve de spermacapacitatie en de finale eicelmaturatie, ook de bevruchting 

en de vorming van het pre-implantatie embryo plaatsvindt. Om deze redenen werd tijdens het huidige 

doctoraatsonderzoek onderzocht of, en aan welke concentraties NEFAs kunnen voorkomen in het 

oviduct, welke gevolgen deze NEFAs kunnen uitoefenen op de fysiologie van het oviduct, hoe deze 

effecten kunnen worden verklaard en wat hiervan de gevolgen zijn voor het vroege embryo 

(HOOFDSTUKKEN 1 en 2). 

Door middel van een aangepast protocol voor de bemonstering en analyse van oviductaal vocht, wordt 

het ex vivo boviene oviductale micro-milieu van gezonde runderen bestudeerd. In HOOFDSTUK 3 werd 

hierbij aangetoond dat NEFAs wel degelijk in het oviductaal micro-milieu van runderen kunnen 

voorkomen en dit aan gelijkaardige concentraties als gemeten in het bloed.  

In HOOFDSTUK 4 worden de gevolgen van verhoogde NEFA concentraties op de fysiologie en de 

functionaliteit van in vitro gecultiveerde bovien oviductaal epitheliale cellen (BOEC) bestudeerd en 

beschreven. BOECs zijn de cellen in het oviduct die rechtstreeks contact maken met vrouwelijke en 

mannelijke gameten, evenals met het vroege embryo. Veranderingen in BOEC-fysiologie ten gevolge 

van hoge NEFA-concentraties kwamen tot uiting in een verminderd cel aantal, gedaalde monolayer 

integriteit, en een gereduceerde proliferatie- en spermabindingscapaciteit. Deze veranderingen op het 

niveau van de BOECs kunnen mogelijk een rechtstreeks effect op de vrouwelijke vruchtbaarheid 

uitoefenen. 

Aangezien BOECs eveneens verondersteld worden om het oviductale micro-milieu in grote mate te 

kunnen reguleren, worden in HOOFDSTUK 5 de gevolgen van hoge NEFAs op de barrière-functie van het 

in vitro oviduct bestudeerd. Hierbij worden data over de monolayer integriteit aangevuld met een 

permeabiliteitsstudie door middel van fluorescente tracer-molecules en vetzuurtransfer. Blootstelling 
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van BOECs aan pathologische NEFA-concentraties in het basale compartiment zorgde voor minimale 

transfer en metabolisatie van de gesupplementeerde vetzuren, en met beperkte gevolgen voor de 

BOEC-genexpressie. Anderzijds bij apicale blootstelling werd geen vetzuurtransfer van het bovenste, 

apicale naar het onderste, basale compartiment waargenomen. De gesupplementeerde vetzuren 

werden echter in grote hoeveelheden in de BOECs opgenomen, wat kan duiden op een mogelijk 

embryo-protectief mechanisme. Door de intracellulaire vetzuuropname in de BOECs verbetert de 

samenstelling van het oviductale micro-milieu ten voordele van het vroege embryo. De gewijzigde 

genexpressieprofielen in de BOECs in deze behandelingsgroep wezen in de richting van een verhoogde 

vetopname en –metabolisme wat werd bevestigd door de verhoogde eiwitexpressie van specifieke 

vetzuurtransporters. 

Vervolgens in HOOFDSTUK 6 worden deze oviductale adaptatiemechanismen in meer detail bestudeerd, 

evenals hun gevolgen voor de vroeg embryonale ontwikkeling. Hierbij wordt de nadruk gelegd op de 

effecten van verhoogde NEFA-concentraties voor de ondersteunende en beschermende 

eigenschappen van het oviduct voor vroeg embryonale ontwikkeling. Door middel van BOEC/zygote 

co-cultuur experimenten werd aangetoond dat de verhoogde embryotoxiciteit tijdens lipolyse-

geassocieerde maternale aandoeningen kan worden veroorzaakt door zowel direct embryotoxische 

effecten van NEFAs, als door de indirecte effecten doordat NEFAs de BOEC-fysiologie wijzigen. Een 

verminderde embryo ontwikkelingscompetentie, een verhoogd morula vetvolume en een 

verminderde blastocystenkwaliteit lagen aan de basis van deze conclusie. De embryo-protectieve 

eigenschappen van de BOECs waren gecompromitteerd door NEFA-blootstelling, maar bleven 

persistent aanwezig.  

Tenslotte wordt in HOOFDSTUK 7 met een kritische blik het huidige onderzoek alsmede de bestaande 

literatuur bediscussieerd. We kunnen besluiten dat NEFAs vanuit het bloed naar het oviductaal lumen 

worden getransfereerd waar ze de fysiologie en functionaliteit van BOECs negatief beïnvloeden. 

Hierdoor dragen NEFAs bij tot een suboptimaal ontwikkelingsmilieu voor het vroege embryo. Zowel 

functionele als transcriptoom data suggereren dat, hoewel steeds actief, de 

beschermingsmechanismen van het oviduct voor vroeg embryonale ontwikkeling gecompromitteerd 

worden door verhoogde NEFA concentraties. Hierdoor kan het oviduct de vroeg embryonale 

ontwikkeling tijdens lipolyse geassocieerde metabole aandoeningen, zij het in beperktere mate, blijven 

ondersteunen. Deze bevindingen kunnen het aandeel van het oviduct in de verhoogde vroeg 

embryonale sterfte gedurende maternaal metabole aandoeningen deels nuanceren, doch opperen 

een cruciale rol voor het oviduct in de pathogenese van lipolyse geïnduceerde vrouwelijke 

subfertiliteit. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



CURRICULUM VITAE AND BIBLIOGRAPHY 

 
 

CURRICULUM VITAE  
AND  

BIBLIOGRAPHY



 

 
 



CURRICULUM VITAE AND BIBLIOGRAPHY 

- 207 - 
 

Curriculum Vitae Lies Jordaens, DVM 

Name:     Lies Jordaens 
Address: Justitiestraat 28, 2018 Antwerp, Belgium 
(            +32 486 80 35 27 
*            liesjordaens@hotmail.com 

Nationality:      Belgian 
Place of Birth:  Wilrijk, Antwerp, Belgium 
Date of Birth:   January 29th 1981  

 

PROFESSIONAL EXPERTISE 

• University of Antwerp – October 1st 2011 to present day: expected promotion March 2018 
§ PhD training in the Laboratory of Veterinary Physiology and Biochemistry under the 

supervision of Prof. Dr. JLMR Leroy and Prof. Dr. PEJ Bols in a team of 10 fellows – 
Scientific research in a laboratory and clinical setting, scientific communication (oral 
presentations, poster presentations, research articles), skills training: communication, 
presentation, research techniques, data management, scientific writing, data analysis, 
team work, networking, personal efficacy  

§ Educational assistant in Veterinary Physiology, Radioprotection, Animal Handling – 
teaching theoretical and practical classes with responsibilities to large groups of 
students 

• University of Antwerp – September 1st 2007 to September 30th 2011 
§ Educational employee: Animal Handling – initiation and coordination of a new 

compulsory course for Bachelor students in Veterinary Sciences. The function included 
composition of the teaching syllabus, theoretical and practical teaching (student 
interaction) with responsibilities to large groups of students, organization of extra 
muros student internship opportunities 

§ Coordinator “Portfolio Academic Skillfulness” – the function included management 
portfolio-concept, contact person in mediations between students and professors, 
drafting student manuals, presenting introduction lectures. 

• Veterinary Clinic “De Vroente” – January 1st 2009 to September 30th 2011 
§ Veterinary practitioner with special interests in Medical Imaging and General Surgery 

for both Companion and Exotic animals in a team with 2 veterinary practitioners. 

§ Managerial functions and responsibilities. 

§ Building patient/client relationships 

§ Post-university courses in the most recent advances in veterinary medical care 

• Veterinary Clinic “Goes” – July 1st 2007 to December  31st 2008 
§ Veterinary practitioner in Companion Animals with special interests in Medical 

Imaging in a team of 4 veterinarians. 



CURRICULUM VITAE AND BIBLIOGRAPHY 

- 208 - 
 

§ Post-university courses in the most recent advances in veterinary medical care 
• Several commercial and promotional student jobs. 

EDUCATION 

• PhD in Veterinary Sciences at Antwerp Doctoral School in the Laboratory of Veterinary 
Physiology and Biochemistry – expected promotion: March 2018 
§ Dissertation: “The influence of lipolytic maternal metabolic stress on the bovine 

oviduct: the presence and consequences of non-esterified fatty acids in oviduct fluid” 

• Educational professionalization course at the Centre of Expertise for Higher Education 
(teaching and communicational training for university assistants with educational duties). 

• Post University Education in “Orthopedic surgery and Medical Imaging Techniques in dogs and 
cats”, “Dermatology and Skin conditions in Cats”, “Surgery and Wound healing”, “Internal 
Medicine: Diabetes Mellitus en Hyperthyroidism in Cats”, “Surgery and Medical Imaging in 
Exotic Species”, “Bandages and Bandage Materials”, “Intra-abdominal Surgery”, “Anesthesia 
and Analgesia in Pediatric and Geriatric Patients”. 

• Master degree in Veterinary Sciences – Promotion July 6th 2007, Ghent University with 
honours: 
§ Main subject: Companion Animals 
§ Elective courses in Tropical diseases 
§ Dissertation: “Pharmacokinetics of coumarine anticoagulation in mice: warfarine, 

difethialon, difenacoum and flocoumafen” – Laboratory in Veterinary Toxicology. 
under the supervision of Prof. Dr. S. Croubels. 

• Bachelor degree in Veterinary Sciences – Promotion 2003 at Antwerp University. 

• Secondary School Education – Promotion 1999 at the Royal Atheneum Brasschaat – Sciences 
and Mathematics: graduated with honours and special awards for Biology, Physics, 
Informatics, Dutch, English and French classes: High score of graduation class. 

• Primary School Education – Promotion 1993 at the Royal Atheneum Brasschaat; High score of 
graduation class. 

LANGUAGE SKILLS 

• Dutch: very good (mother tongue).  
• English: very good.  
• French: good (internships).  
• German: moderate (self-study) 



CURRICULUM VITAE AND BIBLIOGRAPHY 

- 209 - 
 

PERSONAL CHARACTERISTICS 

• Loyal, inquisitive, direct / outspoken, ambitious, resilient, competitive, (com)passionate, 
organized, creative. 

• Personal values: accountability, integrity, family and friends orientedness, resourcefulness 
• Hobbies: running, cooking, travelling, hiking, cycling, movies 

 
 

INTERESTS 
 

• Life sciences  
• Animal health and welfare 
• Developmental Biology 
• Clinical studies 
• Teaching 

 
 

ADDITIONAL TRAINING AND COURSES 

• Leadership course : “Safety and well-being at work” ; March 2015 
• Shake-speak in Microsoft PowerPoint, 12/12/2014 
• Basic Principles of Statistics, StatUa, 28/05/2013, 29/05/2013, 05/06/2013, 06/06/2013, 

07/06/2013, 30h 
• Embryo Metabolism Workshop: Prof.Dr. Roger G. Sturmey, Hull York Medical School, February 

2015 
• Enzymatic photometric analyses using TECAN equipment, January 8th 2015 
• Statistical workshop (Waleed Marei) Part I, II, III 
• Blackboard training, October 29th 2015 
• EndNote-training, September 2011 and January 2014 
• Workshop “Microscopy far beyond the limits of optical instruments”, Leuven, 24/11/2011, 6h, 

VWR college 
• Linear Regression Workshop, UA CGB, 30/01/2012, 1/02/2012, 3/02/2012, 12h, StatUA 
• LANUPRO Specialist Course: Fatty acids in dairy cattle in relation to product quality and health, 

Gent, 20 september 2012, 4h, Ugent 
• Training Olympus Microscopy, 9 februari 2015, Karel Dugardein 
• Workshop “Fatty acid metabolism in cumulus oocyte complexes: basic concepts and the 

consequences of an altered fatty acid micro-environment” - Dr. Svetlana Uzbekova, May 2017 
INRA – French National Institute for Agriculture. 

INTERNATIONAL RESEARCH STAYS 

• Hull York Medical School (2014): Research stay Hull York Medical School, Hull, United Kingdom, 
21/09/2014-12/10/2014 – Prof. Dr. R.G. Sturmey 

• INIA, Spain (2015): Research stay INIA, Madrid, Spain, 15/06/2015-05/07/2015 – Prof. Dr. D. 
Rizos + Prof. Dr. A. Gutierrez-Adan 



CURRICULUM VITAE AND BIBLIOGRAPHY 

210 
 

BIBLIOGRAPHY 

International publications: 
I. Research papers: 

• Jordaens L, Arias-Alvarez M, Pintelon I, Thys S, Valckx S, Dezhkam Y, Bols PEJ, Leroy JLMR 2015 
Elevated non-esterified fatty acid concentrations hamper bovine oviductal epithelial cell 
physiology in three different in vitro culture systems. Theriogenology  84 899-910. 

• Jordaens L, Van Hoeck V, Maillo V, Gutierrez-Adan A, Marei WFA, Vlaeminck B, Thys S, Sturmey 
RG, Bols PEJ, Leroy JLMR. Maternal metabolic stress may affect oviduct gatekeeper function. 
Reproduction, 2017; doi:10.1530/REP-16-0569. 

• Jordaens L, Van Hoeck V, De Bie J, Berth M, Marei WFA, Desmet KLJ, Bols PEJ, Leroy JLMR. 
2017 Non-esterified fatty acids in early luteal bovine oviduct fluid mirror plasma 
concentrations: an ex vivo approach. Reproductive Biology 17(3):281-284. 

• De Bie J, Marei WF, Maillo V, Jordaens L, Gutierrez-Adan A, Bols PE, Leroy JL. 2017 Differential 
effects of high and low glucose concentrations during lipolysis-like conditions on bovine in vitro 
oocyte quality, metabolism and subsequent embryo development. Reproduction, Fertility and 
Development doi: 10.1071/RD16474. 

• Jordaens L, Van Hoeck V, Pintelon I, Marei WFA, Thys S, Bols PEJ,  Leroy JLMR. 2017 
Compromised oviduct physiology and functionality due to metabolic stress conditions 
negatively affect early embryo development in cattle. Submitted for peer review. 

II. Reviews: 
• Leroy JL, Valckx SD, Jordaens L, De Bie J, Desmet KL, Van Hoeck V, Britt JH, Marei WF, Bols PE. 

2015 Nutrition and maternal metabolic health in relation to oocyte and embryo quality: critical 
views on what we learned on the dairy cow model. Reproduction, Fertility and Development 
27(4):693-703. 

• Leroy JLMR , de Bie J, Jordaens L, Desmet K,  Smits A, Marei WFA, Bols PEJ, Van Hoeck V. 2017 
Negative energy balance and metabolic stress in relation to oocyte and embryo quality: an 
update on possible pathways reducing fertility in dairy cows - Proceedings of the 31th Annual 
Meeting of the Brazilian Embryo Technology Society (SBTE); Cabo de Santo Agostinho, PE, 
Brazil, August 17th to 19th, 2017 

III. Abstracts 
• Jordaens L, Van Hoeck V, Valckx S, Uytterhoeven M, Sturmey RG, Bols PEJ, Leroy JLMR. 2012 

Effects of elevated non-esterified fatty acid concentrations on the bovine oviductal micro-
environment – AETE 2012 Proceedings 

• Jordaens L, Valckx S, Van Hoeck V, Berth M, Bols PEJ, Leroy JLMR. 2013 A polarized cell culture 
system to study the effects of elevated non-esterified fatty acid concentrations on the bovine 
oviductal micro-environment in vitro – IETS 2013 Proceedings, Reproduction, Fertility and 
Development. 
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• Valckx S, Van Hoeck V, Jordaens L, Merckx E, Cortvrindt R, Bols PEJ, Leroy JLMR. 2013 The 
effect of elevated NEFA concentrations on murine in vitro folliculogenesis and subsequent 
oocyte developmental competence - IETS 2013 Proceedings, Reproduction, Fertility and 
Development. 

• Jorssen EPA, Jordaens L, Merckx E, Andries S, Leroy JLMR, Bols PEJ. 2014 The effect of 17α-
ethinylestradiol exposure of in vitro cultured bovine morulae on subsequent embryonic 
development and quality - IETS 2014 Proceedings, Reproduction, Fertility and Development. 

• Jordaens L, Valckx S, Merckx E, Andries S, Bols PEJ, Leroy JLMR. 2014 Non-esterified fatty acids 
affect sperm binding capacity of Bovine Oviduct Epithelial Cells in two in vitro culture systems 
– AETE 2014 Proceedings. 

• Jordaens L, Valckx S, Bols PEJ, Leroy JLMR. 2015 Elevated Non-Esterified Fatty Acid 
concentrations hamper in vitro Bovine Oviductal Epithelial Cell Physiology – IETS 2015 
Proceedings, Reproduction, Fertility and Development. 

• Valckx S, Jordaens L, Cortvrindt R, Bols PEJ, Leroy JLMR The effect of short versus long term 
elevated non-esterified fatty acid concentrations during murine in vitro follicle growth on 
oocyte developmental competence - IETS 2015 Proceedings, Reproduction, Fertility and 
Development. 

• Jordaens L, Valckx S, Bols PEJ, Leroy JLMR. 2015 Elevated Non-Esterified Fatty Acid 
concentrations hamper in vitro Bovine Oviductal Epithelial Cell Physiology  – Veterinary 
Sciences Research Day 2015 Proceedings. 

• Jordaens L, Maillo V, Van Hoeck V, Gutierrez-Adan A, Rizos D, Bols PEJ, Leroy JLMR. 2015 
Exposure to elevated non-esterified fatty acids alters bovine oviductal epithelial cell gene 
expression in a cell polarity dependent manner – Abstract COST Epiconcept 2015, Hersonissos, 
Crete, Greece. 

• De Bie J, Maillo V, Desmet KLJ, Marei WF, Jordaens L, Gutierrez-Adan A, Rizos D, Bols PEJ, Leroy 
JLMR. 2015 The consequences of hypo- and hyperglycemia during lipolysis-like conditions 
during bovine oocyte maturation on blastocyst mRNA transcript abundance – Abstract COST 
Epiconcept 2015, Hersonissos, Crete, Greece. 

• Jordaens L, Van Hoeck V, Vlaeminck B, Fievez V, Gutierrez-Adan A, Rizos D, Sturmey RG, Bols 
PEJ, Leroy JLMR. 2016 Bovine oviduct epithelial cell metabolism alters due to non-esterified 
fatty acid exposure: consequences for the micro-environment of the early embryo – ICAR 2016 
Proceedings. 

• Jordaens L, Van Hoeck V, Vlaeminck B, Fievez V, Thys S, Pintelon I, Bols PEJ, Leroy JLMR. 2016 
In vitro monolayer barrier function of bovine oviduct epithelial cells is modified due to high 
concentrations of non-esterified fatty acids – AETE 2016 Proceedings Animal Reproduction, v. 
13, n. 3 (2016). 

• Jordaens L, Van Hoeck V, Vlaeminck B, Fievez V, Gutierrez-Adan A, Rizos D, Bols PEJ, Leroy JLMR. 
2016 Non-esterified fatty acid supplementation negatively affects in vitro bovine oviduct 
epithelial cell metabolism and transcriptome – Abstract Eurofed Lipid 2016. 
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• Jordaens L, Van Hoeck V, Berth M, Marei WFA,  Bols PEJ, Leroy JLMR. 2017 Non-esterified fatty 
acids in early luteal bovine oviduct fluid mirror plasma concentrations – ESDAR 2017 
Proceedings Reproduction, Fertility and Development 

• Jordaens L, Van Hoeck V, Marei WFA, Desmet KLJ, Andries S, Bols PEJ, Leroy JLMR. 2017 
Elevated non-esterified fatty acid concentrations during bovine oviduct epithelial cell and 
zygote coculture hamper early embryo developmental competence – AETE 2017 Proceedings, 
Animal Reproduction. 

• Van Hoeck V , Hamdi M, Jordaens L, Beemster G, Rizos D, Sprangers K, Gutierrez-Adan A, Bols 
PEJ, Leroy JLMR. 2017 Maternal metabolic disorders and early embryonic loss: pathways to 
bridge the gap between bovine embryo quality and endometrial receptivity – AETE 2017 
Proceedings, Animal Reproduction. 

National publications 
• “Jeuk bij gezelschapsdieren uitgevlooid” – Antwerps Farmaceutisch Tijdschrift; April 2013 

• “Honden met pijnlijke knieën” – De Apotheker; May 2015 

• “Verkoudheid bij Huisdieren” – De Apotheker; September 2015 

• “In mannelijk gezelschap” – De Apotheker; March 2016 

• “Voorbereid onder het mes” – De Apotheker; May 2016 

• “Palliatieve zorgen voor Huisdieren” – De Apotheker; January 2017 

• “Sterilisatie en castratie bij honden en katten” – De Apotheker; March 2017 

→ All articles were published in a monthly journal for Belgian pharmacists to raise more awareness 
for  veterinary care. The articles related to a wide variety of veterinary issues that may concern 
pharmacists, and the topics related to flea and other ectoparasitic infestations, arthritis/-osis, 
respiratory infections, differences between male and female pets, pre- and post-surgical care, 
palliative care, and contraception in cats and dogs, respectively. 

ORAL PRESENTATIONS 

• Non-esterified fatty acids affect sperm binding capacity of Bovine Oviduct Epithelial Cells in 
two in vitro culture systems (1e auteur) – AETE 2014: 12-13th September 2014, Dresden 
Germany: Student Competition Finalist; Oral Presentation + Poster presentation 

• Elevated Non-Esterified Fatty Acid concentrations hamper in vitro Bovine Oviductal Epithelial 
Cell Physiology (1e auteur) – IETS 2015: 11-13th Jan 2015, Versailles France: Student 
Competition Finalist; Oral Presentation + Poster presentation 

• Elevated Non-Esterified Fatty Acid concentrations hamper in vitro Bovine Oviductal Epithelial 
Cell Physiology (1e auteur) – Veterinary Sciences Research Day: Oral Presentation 



CURRICULUM VITAE AND BIBLIOGRAPHY 

213 
 

• In vitro monolayer barrier function of bovine oviduct epithelial cells is modified due to high 
concentrations of non-esterified fatty acids– AETE 2016, 9-10th Sept 2016, Barcelona Spain: 
Poster presentation + Oral presentation (student competition winner)  

• Non-esterified fatty acid supplementation negatively affects in vitro bovine oviduct epithelial 
cell metabolism and transcriptome – Euro Fed Lipid Conference, 20th Sept 2016 in Ghent, 
Belgium 

• Maternal metabolic disorders and early embryonic loss: pathways to bridge the gap between 
bovine embryo quality and endometrial receptivity; Van Hoeck V , Hamdi M, Jordaens L, 
Beemster G, Rizos D, Sprangers K, Gutierrez-Adan A, Bols PEJ, Leroy JLMR; Animal 
Reproduction – AETE 2017: 8-9th Sept 2017, Bath UK:  poster presentation + oral presentation 

AWARDS 

• AETE 2014 Student Competition Finalist: First Runner Up 

• IETS 2015 Student Competition Finalist: First Runner Up 

• AETE 2016 Student Competition Finalist: Winner 

• Reproduction: Magazine Cover June 2017 

PARTICIPATION TO INTERNATIONAL CONFERENCES 

• Congress AETE (Association Européenne de Transfert Embryonnaire / European Embryo 
Transfer Society) 2012, Saint Malo, France : poster presentation 

• Congress VFS (Dutch/Belgian Organisation for Fertility Research) Autumn conference 2012, 
Rotterdam, Netherlands 

• Congress IETS (International Embryo Transfer Society) 2013, Hannover, Germany: poster 
presentation 

• Congress VFS (Dutch/Belgian Organisation of Fertility Research) 2014, Spring conference, 
Leuven, Belgium 

• Congress AETE (Association Européenne de Transfert Embryonnaire / European Embryo 
Transfer Society) 2014, Dresden Duitsland: poster presentation + student competition finalist 

• Congress IETS (International Embryo Transfer Society) 2015, Versailles Frankrijk: poster 
presentation + student competition finalist (runner up) 

• Veterinary Sciences Research Day 2015, UAntwerpen, CDE Wilrijk: Oral presentation 

• Congress ICREO (International College for Research on Equine Osteopathy) 2015, Genk, 
Belgium: Oral presentation 

• Congress AETE (Association Européenne de Transfert Embryonnaire / European Embryo 
Transfer Society) 2015, Ghent Belgium, 10-12 September 2015: participant + organization 

• Congress Epiconcept, Crete Belgium, 6-7 October 2015: participant 

• Congress ICAR (International Congress on Animal Reproduction) 2016, Tours France, 27-30 
June 2016: poster presentation 
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• Congress AETE 2016, Barcelona Spain, 9-10 September 2016: poster presentation + student 
competition finalist: winner 

• Congress Euro Fed Lipid (European Federation for the Science and Technology of Lipids) 2016, 
Ghent Belgium, 18-21 September 2016: poster presentation + Oral presentation 

• Congress AETE 2017, Bath UK, 8-9 September 2017: poster presentation + Oral presentation
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‘QUITTERS NEVER WIN AND WINNERS NEVER QUIT’ is een quote die ik reeds vele jaren meedraag en 

waarin naar mijn mening veel waarheid schuilt. Deze doctoraatsthesis is voor mij in vele opzichten ook 

een overwinning op mijn ambities, onzekerheden en persoonlijke uitdagingen, maar ze is veel meer 

nog de verdienste van een hele groep mensen zonder wie ik dit traject nooit had kunnen 

verwezenlijken. 

Beste Prof. Leroy, beste Jo, dankzij jou heeft mijn doctoraatsopleiding tot veel meer geleid dan 

‘zomaar’ een diploma. Jij hebt me gesteund toen ik als dierenarts-practicus besloot om het 

wetenschappelijk onderzoek te exploreren, en ik kon daarbij steeds vertrouwen op jouw ongezouten 

mening. Je groeiende groep onderzoekstelgen hebben een intensieve begeleiding nooit in de weg 

gestaan en de hechte samenwerking die jij aanmoedigt maakt ons in mijn ogen een droomteam. De 

manier waarop jij vecht om dit team bij elkaar te houden is hartverwarmend. Mijn bewondering voor 

jouw efficiëntie, veerkracht, en intelligentie hebben me geleerd om kritischer te zijn en jouw voorbeeld 

heeft me gestimuleerd steeds het beste uit mezelf te halen. Ook je bekommernis om meer dan enkel 

het wetenschappelijke aspect van onze samenwerking neem ik zeker niet als vanzelfsprekend en zal ik 

niet snel vergeten! 

Beste Prof. Bols, beste Peter, bedankt voor de jaren die ik in uw labo met een fantastisch 

onderzoeksteam heb mogen werken. Ik heb zóveel mogen beleven, leren en doen dat ik niet goed 

weet waar te beginnen. Van de vrijheid die u me gaf en het mij schijnbaar zorgeloos toevertrouwen 

van uw studenten tot de mogelijkheid van niet één maar meerdere buitenlandse 

onderzoeksverblijven, het is teveel om op te noemen. Daarom zou ik u graag simpelweg bedanken 

voor alles dat de afgelopen jaren mogelijk maakte. 

Veerle, ik denk niet dat jij beseft hoeveel je voor mij hebt betekend. Jij stond altijd letterlijk met raad 

en daad voor me klaar en toen ik het even moeilijk had was jij daar om me met je enthousiasme weer 

overeind te trekken. Je wordt nog steeds enorm gemist in het labo als collega en vrolijke flapuit, maar 

ik ben ontzettend blij met de manier waarop jij je geluk najaagt. 

Waleed, you are a most respected colleague. Always poised, supportive and full of knowledge. It has 

been an privilege, as well as a pleasure to share an office with you. You push our team to the next 

level! 

Silke, jouw diplomatie en eeuwige geduld bewonder ik enorm. Van jou heb ik geleerd om mijn grenzen 

af te tasten en, belangrijker nog, om ze te durven trekken. Jij bent veel sterker dan je denkt! Els, ik 

denk dat ik niemand ken die harder en met meer liefde werkt dan jij. Ondanks je snelle 

gezinsuitbreiding in combinatie met soms veeleisende (of liever ambitieuze) collega’s is dit 
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onveranderd en je werklust blijft er steeds eentje om jaloers op te zijn! Zonder jullie beiden zou het 

labo niet hetzelfde zijn. Jullie hebben me doorheen de jaren alle ‘labogeheimen’ geleerd en zorgen 

steeds voor een weergaloze organisatie binnen onze soms wat onstuimige groep. Ik ben ontzettend 

trots op de manier waarop jullie elkaar en alle PhD’s weten aan te vullen! 

Britt, jij bent echt altijd even opgewekt en behulpzaam. Jouw people-skills en de manier waarop jij in 

het leven staat zijn meer dan bewonderingswaardig. Jij bent zonder twijfel mijn grappigste collega, 

altijd ad rem, vol goeie tips en adviezen, en ik hoop echt dat ik de band die wij nu hebben nooit ga 

moeten missen. 

Jessie, ik ken niemand die liever dingen aan anderen bijbrengt dan jij! Dus hopelijk doet het je plezier 

als ik je vertel dat jij me, naast de weetjes, de antwoorden op ontelbare vragen en de power point-

truukjes, hebt geleerd om meer open-minded en creatiever, maar vooral minder streng te zijn. Jouw 

oprechtheid, jeugdige enthousiasme, nieuwsgierigheid en zachtmoedigheid maken dat ik jou zie als 

meer dan zomaar een collega. Ik had de geweldige ervaring van onze onderzoeksreis naar Madrid met 

niemand anders willen delen. 

An, mijn eerste practicum-partner-in crime. Altijd daar voor aanmoedigingen, advies of hulp, en steeds 

de eerste om ergens vol overgave je schouders onder te zetten. Dank je wel voor de practicum-initiatie, 

ik had het van niemand beter kunnen leren! Maar vooral bedankt voor alle ‘naschoolse’ gesprekken, 

ik denk dat onze voornaamste conclusie moet blijven dat soms ‘gemakkelijk ook gaat’… 

Als opvolger van An had jij, Anniek, figuurlijk ‘big shoes to fill’. Ik bedoel het zonder enige negatieve 

bijklank als ik zeg dat jij me hebt doen inzien dat je mensen niet ondanks, maar eerder dankzij hun 

specifieke eigenschappen moet appreciëren. Het is ontzettend mooi om te zien hoe je bij het woord 

‘zwangerschap’ steeds opfleurt en daarom vertrouw ik je met plezier onze practicum-baby toe! 

Karolien, van alle collega’s heb jij waarschijnlijk de meeste veranderingen doorgemaakt. Ik kan alleen 

maar vol bewondering toekijken naar de weg die jij hebt afgelegd. Van stille Bachelor student tot 

helemaal open gebloeide collega, en nu zelfs aanstormend talent en veroveraar van de Noorse 

embryo-productie-wereld. En ook al mis ik je grapjes, lachbuien en taarten, ik ben heel blij dat je het 

super doet. 

Anouk, jij doet mij bijna elke dag versteld staan met je wat je op korte tijd allemaal al gepresteerd hebt. 

Het is een plezier om te zien hoe jij met je elegantie en vriendelijkheid steeds weer een stapje verder 

lijkt te gaan. Daarnaast ben je ook nog eens een topcollega, en ik ben er zeker van dat je het nog ver 

zal schoppen. 
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Mariana, your independence and the way you adapted yourself from Brazil to Belgium is in my opinion 

at least remarkable. Today, it seems as if you have always been a part of our team and you will 

definitely be missed once you go back home. Thank you for the pleasure of working together during 

the sheep experiments: I really enjoyed your company as well as the chance to learn from your skills.  

Sofie en Isabel, samenwerken met jullie heeft niet alleen hele mooie beelden opgeleverd, maar was 

ook een echt plezier! Jouw precisie en nauwkeurigheid, Sofie, waardeer ik enorm. Het resultaat 

hiervan, onze ‘Reproduction’-cover, blijft een grote trots zoals jullie ook aan de kaft van mijn 

doctoraatsthesis kunnen zien. 

Sara, jij stond altijd klaar met goede raad voor iedereen. De quote op mijn deur “It always seems 

impossible until it’s done” is nog een erfenis van jou, en vandaag lijkt niets minder waar. Jouw 

integriteit en professionele attitude heb ik altijd bewonderd, en ik hoop dat daar ook maar een beetje 

op mij mag afstralen. 

Wij zijn lang vrolijke bureaumaatjes geweest, Ellen. Tussen de ernstige gesprekken door was er altijd 

voldoende tijd voor grapjes, en in mijn ogen maakte juist dat ons een erg productief en complementair 

duo. Drukke agenda’s zijn vaak het excuus, maar het is leuk om te zien dat als we mekaar terug zien, 

alles nog steeds hetzelfde is. Ik bewonder nog steeds enorm jouw positivisme en de manier waarop jij 

alles steeds weer voor mekaar krijgt! 

Aan de collega’s van de Toegepaste Diergeneeskundige Morfologie: dank jullie wel voor de leerrijke 

discussies, de samenwerking en collegialiteit, maar even goed voor de gezellige lunches! 

Roger Sturmey, thank you for your hospitality during my three week research stay in your lab. The 

opportunity to learn from you and your PhD-students, and to discuss research ideas, ignited the 

enthousiasm and drive I needed to properly finish a significant series of my experiments.  

Dimitrios Rizos, Alfonso Gutierrez-Adan and Veronica. Thank you so very much for welcoming Jessie 

and I into your labs. You made our research stays not only educational and productive, but also 

incredibly memorable.  Working with you was as much a pleasure as it was an honour. 

To the members of my internal doctoral committee and jury: thank you for your time, critical reading, 

guidance, advice and suggestions to improve my thesis. It has been a privilege learning from you. 
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“Il n'y a qu'un seul bonheur dans la vie, c'est d'aimer et d'être aimé” – George Sand 

Het is een bijna onmogelijke taak om in woorden te beschrijven welke indrukken en emoties die jullie, 

mijn lieverds, bij mij los maken. George Sand vat eigenlijk alles al mooi samen, maar ik wil graag toch 

nog enkele dingen toevoegen. 

Lieve mama en papa, ik ben ontzettend trots om jullie dochter te zijn. Jullie onmetelijke liefde voor mij 

en elkaar is bijna tastbaar, en blijft mijn eeuwig voorbeeld. Dank u wel voor de oneindige steun, het 

geduld, alle troetels, aanmoedigingen en mogelijkheden die ik van jullie heb gekregen. Zelfs mijn 

collega’s weten ondertussen dat alles altijd goed komt! Dank u wel voor de normen en waarden die 

jullie me nog steeds elke dag bijbrengen. Raad eens hoeveel ik van jullie houd… ? 

Aan mijn weergaloze, Duitse fanclub: dank je wel om mijn zus en “schwieger”broertje te zijn, voor jullie 

bekommernissen, om altijd te luisteren naar mijn gezeur en om mij graag te zien. Ook al moeten we 

elkaar soms lang missen, jullie lijken nooit ver weg. 

Lieverdjes, jullie weten wel wie ik bedoel… Dank je wel om er echt altijd voor mij te zijn, ondanks mijn 

koppigheid en vaak rare hersenkronkels. Jullie zijn de spiegel die ik vaak nodig heb, als ik weer eens te 

ver lijk te gaan. Jullie eerlijkheid, eeuwige geduld, blind vertrouwen, enthousiaste aanmoedigingen, 

onvoorwaardelijke vriendschap en liefde, jullie soms troostende woorden maar vooral onbedaarlijke 

lachbuien, en zoveel meer betekenen echt alles voor mij. Zonder jullie had ik dit nooit gekund!  

Vanaf vandaag besluit ik alleen nog maar te genieten …  

 

 

 

 

 

 

 

 



 

 
 



 

 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 


