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Chapter 1

SCOPE OF THE THESIS

The development of an immature oocyte to a competent embryo is a long and complex 
process, and as a consequence only a minority of the total oocyte pool of a woman 
manages to surpass all of the physiological milestones: of the 6-7 million oogonia present 
during foetal life at 16-20 weeks gestational age, about 450 will be actually released 
from the ovary for ovulation1. In addition to number of released oocytes, the chances 
of conception and occurrence of a healthy pregnancy are also determined by the quality 
of the female and male gametes2,3. Oocyte quality is majorly influenced by several 
preconception determinants: (i) female age, with the rate of embryo aneuploidy being 
lowest between 26 and 30 years4, (ii) the accumulation of potential toxic compounds 
in the oocyte and damaged genetic material as a result of increasing maternal age and 
exposition to environmental toxicants such as smoking4,5, and (iii) the overall health status 
of the woman with special importance of metabolic health, as indicated by increased 
risk of infertility and time to pregnancy that are associated with metabolic syndrome, as 
well as lower fecundity, disrupted meiotic spindle formation (i.e., presence of two meiotic 
spindles or of one disarranged meiotic spindle with non-alignment of chromosomes) and, 
in mouse studies, oocyte mitochondrial dysfunction that are associated with obesity6-8.

Oocyte quality is also largely dependent on the composition of follicular fluid (FF), the 
local environment of oocyte development, which reflects a combination of factors derived 
from the maternal circulation and locally-produced by the granulosa cells (GC) and the 
oocyte itself (Figure 1) 9-12. With regard to maternal circulation, lifestyle (e.g., dietary 
intake, intoxications) and disease (e.g., overweight, metabolic syndrome and its components) 
influence liver and gut microbiota function, which result in altered systemic circulating 
levels and function of metabolites, changes that are likely reflected in FF composition and 
may thus impact oocyte development (Figure 1). With regard to local follicular metabolism, 
GC lining the interior of the ovarian follicle, known as mural GC (MGC), and GC just 
adjacent to the oocyte, known as cumulus GC (CGC), play a key supporting role in oocyte 
maturation by participating in FF secretion and in oocyte metabolism1,13. Moreover, the 
oocyte itself is capable of secreting paracrine factors such as growth differentiation factor 
9 and bone morphogenic protein 15, which control GC function and follicle development12.

Overweight and obesity have been associated with poor reproductive outcomes in 
both natural as well as assisted reproduction, part of the association being explained 
by the impact of hormonal and metabolic dysregulation on oocyte and embryo quality 
(e.g., excess free fatty acids, hypersecretion of luteinizing hormone, insulin resistance, 
increased levels of leptin, cytokines and adipokines) 7,14-23. Several key players in systemic 
metabolism merit more extensive attention in the context of local ovarian metabolism: 
(1) sterols, including cholesterol and steroid-derived hormones (key players in ovarian 
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physiology), but also a wider range of metabolically active intermediates, such as 
bile acids (BA), whose roles in the ovarian environment have yet to be explored; (2) 
inflammatory and oxidative balance, which are involved in systemic and local ovarian 
signalling, yet knowledge from systemic function has been insufficiently translated 
to local ovarian environment; (3) microbiome, an intermediate for the effect of diet 
on systemic metabolism and possibly also a missing link in the study of the effect of 
preconception diet on fertility. Bile acids (BA), high density lipoprotein (HDL) anti-
oxidative function and anti-inflammatory function and trimethylamine-N-oxide (TMAO) 
are recognized for their involvement in various important metabolic processes that 
influence health and disease (e.g., glucose, energy and lipid metabolism, inflammatory 
and oxidative balance, cardiovascular health in relation to nutrition). Despite the 
increasing evidence for a negative effect of metabolic dysregulation (as observed in 
obesity and metabolic syndrome) on fertility, the potential roles of these components in 
oocyte and embryo development have been scarcely explored in humans. The study of 
biomaterials obtained at IVF procedures during follicular puncture (FF and GC) has 
allowed for valuable observations on how changes in the systemic circulation translate 
into changes in FF composition. However, in human studies the link with oocyte quality 
could not be adequately made because the model used for these investigations were 
classic hyperstimulation procedures where several oocytes are retrieved at follicular 
puncture and the corresponding FF samples are mixed. Modified natural cycle (MNC)-
IVF offers as a model the possibility to correlate preconception determinants of health 
with FF composition, oocyte and embryo quality, and outcomes of assisted reproductive 
technology, since per cycle only one dominant follicle develops and its contents (FF, 
GC and oocyte) are retrieved. Therefore, using materials from MNC-IVF, the overall 
aim of this thesis is to establish potential causal relationships between novel metabolic-
syndrome related biomarkers in FF and oocyte quality as well as fertility (Figure 1).

Figure 1 | Relationship between bile acids, high density lipoproteins and trimethylamine-N-oxide 
and oocyte development/embryo quality. TMA, trimethylamine. TMAO, trimethylamine-N-oxide. 
Gamma-BB, gamma-butyrobetaine. HDL, high density lipoprotein. BA, bile acids.

1.
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Chapter 1

1. INFERTILITY, A CAUSE OF CONCERN

In evolutionary biology, reproduction’s main purpose is to ensure survival of the species. 
However, education on family planning and access to contraception are empowering 
women to postpone motherhood until social and economic conditions for raising children 
are perceived as optimal. Although postponing childbearing has enabled women to 
develop their own careers and acquire financial independence, the trade-off is that 
in many European countries the mean maternal age at birth of the first child is now 
close to 30 years24,25. In the United States the trade-off between career/education and 
starting a family is reflected in the lower age of motherhood in rural as compared 
to metro counties, and in the inverse relationship between maternal education and 
number of live births (2.7 for mothers with less than high school degree versus 1.90 
for mothers with Bachelor’s degree or higher education level) 26,27. Ironically, acquiring 
reproductive liberty has been an important driving force for the growth in demand of 
assisted reproduction and the reduction of family sizes (often limited to one offspring), 
with advancing female age resulting in (i) depletion of oocyte reserves, (ii) decreased 
oocyte quality, (iii) increased risk of hormonal imbalances (e.g., impaired luteal phase, 
ovulatory disorders) and (iv) decreased frequency of intercourse, all of which have a 
negative impact on the chances of achieving pregnancy 25,28,29.

Infertility is defined by clinicians as “failure to achieve clinical pregnancy despite 
at least 12 months of regular, unprotected intercourse’’ and has been classified by the 
World Health Organization as a disease and an impairment of function that may result 
in disability30. This issue merits attention due to several reasons. Firstly, the number 
of people affected by infertility is far from a minority: amongst women 20-44 years 
of age seeking to conceive, 1.9% suffer from primary infertility and 10.5% suffer from 
secondary infertility, trends that have remained mainly unchanged over the course of 
20 years, despite developments in assisted reproduction31. Secondly, although women 
who choose to delay childbearing are aware of the negative impact of advancing age 
on fertility, they tend to overestimate the ability of IVF to compensate for it32. Despite 
recent innovations in the field, outcomes of assisted reproduction are still suboptimal33. 
Moreover, access to infertility treatment is lowest in the part of the world with the 
highest prevalence of infertility, sub-Saharan Africa34. Thirdly, a diagnosis of infertility 
and treatment inflict emotional, physical and financial stress on the couple, and may 
be an early indicator of a more severe underlying health issue. Unlike other species 
where fertility is seen as trade-off for longevity, in humans the opposite seems to be 
true35,36. Nulliparity is associated with an increased risk of early mortality, possibly 
due to the underlying pathology. For example, women with polycystic ovary disease 
regularly present with systemic metabolic disturbances such as insulin resistance and 
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dyslipidaemia37. Further, endometriosis is associated with increased inflammation and 
increased risk of ovarian cancer, while heavy menstrual blood loss in women with 
uterine fibroids can lead to chronic anaemia, which increases the risk of cardiovascular 
and all-cause mortality38-41.

2. THE JOURNEY FROM OOCYTE TO EMBRYO

2.1. The steady decrease in ovarian reserve

In early foetal development, the number of gametes in the female body has already 
reached a maximum, with 6-7 million oogonia being present at 16-20 weeks gestational 
age1. From this time point onwards, the ovarian oocyte pool will be depleted at a high 
rate until, approximately 52 years later at menopause, around 1000 dormant oocytes 
remain1,42,43. Of the millions of oocytes that are lost due to atresia and apoptosis which 
occur at all stages of follicular development, only around 450 will be released from 
the ovary during ovulation44. The most abundant oocyte depletion takes place before 
birth, when approximately 4-5 million oocytes undergo apoptosis over a period of 20 
weeks. Hence, at birth, women have already lost about 80% of their oocytes1. During 
the reproductively active period, the rate at which the oocyte pool is depleted steadily 
increases and the number of oocytes capable of maturing per cycle steadily declines 
over the years43. However, it is not just the number, but also the quality of the oocytes 
that is affected by aging: women in their late 30s have smaller primordial follicles and 
smaller corresponding oocytes, and the rate of aneuploidy rises with maternal age (the 
percentage of aneuploidy has been shown to be double as high in patients that are 40 
years of age as compared to those five years younger) 45-47 .

2.2. The link between oocyte and ovarian follicle development

During week 9 of gestation, the female germ cells undergo further mitosis to give rise 
to oogonia, which around weeks 11-12 will entering meiosis I and mature into primary 
oocytes. They are then arrested in prophase I and will complete the first meiosis in 
adulthood shortly before ovulation when the surge of luteinizing hormone occurs. The 
primary oocyte then becomes a secondary oocyte and enters meiosis II, which arrests at 
metaphase and will be completed upon fertilization. At the completion of each meiosis 
step, half of the genetic material is extruded in the form of polar bodies1.

Oocyte maturation is the result of efficient communication between the oocyte 
and its environment, the ovarian follicle (Figure 2). During foetal development, the 
primary oocyte will be surrounded by a layer of perivascular cells that give rise to the 
pregranulosa cells1. The primordial follicle consists of the oocyte (arrested in prophase I), 
surrounded by a single layer of pregranulosa cells, enclosed on the exterior by a basement 

1.
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membrane. Of note, the oogonia that are not eventually surrounded by pregranulosa 
cells will degenerate shortly after birth, underlining at an early stage the importance of 
the connection, formed by gap junctions, between oocyte and granulosa cells (GC) 1. In 
the transition to primary follicle, the oocyte begins to grow, the pre-GC become cuboidal 
GC with high mitotic activity, leading to formation of the so-called secondary follicle 
and later preantral follicle (marked by the formation of the zona pellucida around the 
oocyte and organization of the GC into multiple layers). In this process of high mitotic 
activity of the GC, a basal membranes forms to separate the GC layer from the ovarian 
stromal cells, and the proximal layers of stromal cells differentiate into steroidogenic 
cells called theca interna (adjacent to the basal membrane) and theca external (adjacent 
to the theca interna). Of note, this layer is vascularized in contrast to the GC layers1.

The final stage of follicular growth, formation of the antral follicle (also known as 
secondary follicle), is marked by accumulation of FF. Initially, small cavities called 
Exner bodies are observed in between GC. Next, fluid accumulates as a transudate 
from the theca vasculature across the basal membrane and into the follicular cavity. 
The growing amount of liquor will eventually coalesce into a cavity known as antrum, 
and the fluid itself, known as follicular fluid (FF), provides a nutrient- and hormone-
rich (e.g., growth factors, hyaluronic acid, steroid hormones such as progesterone, 
oestrogen, androstenedione) environment for the GC and the oocyte48. A consequence of 
antrum formation is the separation of GC into two populations: the cumulus GC (CGC, 
also known as cumulus oophorus), composed of one to two layers of cells enveloping 

Figure 2 | Stages of oocyte development (Adapted with permission from Wolters Kluwer Health, 
Inc.: Hugh S Taylor MD, Lubna Pal MD, MBBS, MRCOG, MS, Emre Sell MD, Speroff’s  
Clinical Gynecologic Endocrinology and Infertility, 8th edition, Wolters Kluwer Health, Inc., 2019)
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the oocyte, and the mural GC (MGC), comprising the GC lining the interior of the 
basement membrane. The process is finalized at ovulation, when the oocyte is released 
from the antral follicle to be fertilized by a sperm cell. Successful fertilization can lead 
to embryo formation, which can implant in the uterine inner lining and mark the start 
of pregnancy1. Of note, both in the neonatal and in the mature, reproductively-active 
ovary, several immature follicles are recruited to mature synchronously and at each stage 
of follicular progression several will undergo atresia or autophagy due to decreasing 
follicle-stimulating hormone levels1.

FF composition is a reflection of both systemic circulation and local follicular 
metabolism. With regard to the former, the blood-follicle barrier (BFB) (composed of, 
from the outside towards the interior of the follicle, vascular endothelium, sub-endothelial 
basement membrane, the thecal interstitium, the follicular basement membrane, and 
the membrane granulosa) represents a charge- and size-selective molecular sieve that 
allows for passage of blood components into the follicular antrum49. Permeability of the 
BFB changes during follicle maturation to adapt FF composition to the needs of the 
growing oocyte50. In addition to blood-derived components, FF contains locally-produced 
components by GC (e.g., steroid hormones such as oestradiol, energy substrates such as 
pyruvate, regulators of follicle and oocyte development such as anti-Müllerian hormone) 
and the oocyte itself (e.g., proteins involved in energy and cholesterol metabolism such 
a GDF9 and BMP15), production that is aimed at sustaining oocyte development and 
inhibition of pre-mature meiosis progression, and which may affect future embryo 
metabolism11,51-53. Of note, there is bidirectional communication through gap Junctions 
between GC and the oocyte that helps coordinate oocyte growth with GC differentiation 
and proliferation through the above-mentioned locally-secreted substances1. Potentially 
valuable biomarkers for oocyte development, embryo quality and systemic metabolism 
are thus likely present in FF54.

2.3. The link between systemic metabolism, follicular fluid and oocyte development

2.3.1. Obesity and metabolic syndrome

Worldwide obesity is recognized as a pandemic that merits immediate attention due 
to its negative health consequences such as cardiovascular disease with high mortality 
rates , diabetes mellitus (DM) type II, higher cancer rates and systemic metabolic 
dysregulation55. It is estimated that in 2014 13% of the global population was obese, and it 
is projected that this number will further increase to 20% by 203056,57. In the Netherlands, 
the percentage of the population that is overweight increased from 35.1% in 1990 to 
50.2% in 2018, and the percentage of obesity more than doubled from 6.2% to 15%58. For 
women in the reproductive period, reports from 2018 showed an overweight percentage 

1.
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of 31.8 % (of which 10.4% obese) in the 18-34 years category and 47.5% (of which 17.4% 
obese) in the 35-49 years category58. The main reason for the dramatic increase in 
incidence of obesity is the contemporary obesogenic environment, which consists of an 
unhealthy lifestyle (e.g., low physical activity, smoking, excessive alcohol consumption) 
combined with diets rich in high-energy and high-fat foods, resulting in a net excess 
of calories, metabolic derangements and fat storage. Metabolic derangements may be 
precipitated by or co-exist with obesity in the form of metabolic syndrome59-61. Metabolic 
syndrome represents a clustering of risk factors for DM type II and cardiovascular 
disease, such as central adiposity, dyslipidaemia, hyperglycaemia and hypertension62.

From a physiological point of view, one of the ways in which obesity induces 
metabolic dysregulation is through an increase in oxidative stress and inflammation. 
The increased mass of adipose tissue present in obesity requires a proportional increase 
in mitochondrial energy production, which results in an increase in free oxygen 
radicals and thus in oxidative stress63. Moreover, adipocytes and macrophages within 
adipose tissue release pro-oxidative and pro-inflammatory mediators such as tumour-
necrosis factor alpha, interleukin 6, adiponectin and leptin, which lead to a low-grade 
inflammatory state, a further increase in oxidative stress and insulin resistance64. 
Finally, insulin resistance promotes hyperglycaemia which leads to a further increase 
in inflammation and oxidative stress65.

Another factor involved in the development of obesity and metabolic syndrome that 
has recently gained increasing attention is the gut microbiota. For instance, a high-
fat diet increases gut permeability which leads to more lipopolysaccharides “leaking” 
into the systemic circulation and accentuating inflammation66. The gut microbiota 
plays a role in numerous other important regulatory processes such as glucose and 
insulin homeostasis, triglyceride deposition in adipocytes and mitochondrial fatty acid 
oxidation, all of which are involved in metabolic dysregulation and overweight66. A 
decrease in gut bacterial diversity, as seen in response to an obesogenic diet and with 
the use of antibiotics, has been linked to an increase in lipopolysaccharide-associated 
inflammation, fat accumulation and metabolic dysregulation67. Conversely, more diversity 
of the gut bacteria is positively associated with an enhanced anti-inflammatory response 
and suppression of oxidative stress67.

Another emerging player in obesity and metabolic (dys)regulation are bile acids 
(BA). While classically known for their role in fat absorption, BA also act as endocrine 
signalling molecules that influence systemic glucose, lipid and energy metabolism 
through nuclear receptors such as the membrane G-protein-coupled BA receptor TGR5, 
the nuclear receptor farnesoid X receptor (FXR), vitamin D receptor (VDR), constitutive 
active/androstane receptor (CAR), pregnane X receptor (PXR) and sphingosine 
1-phosphate receptor 2 (S1PR2). Both in health and disease (e.g. hyperlipidaemia, 
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hyperglycaemia), the rate of BA synthesis is correlated to the levels of serum 
triglycerides68-71. Moreover, circulating BA levels increase after glucose ingestion, a 
response that is blunted in prediabetic individuals72,73. Interestingly, it is not only the size 
of the circulating BA pool, but also its composition that is related to glycaemic control. 
Specifically, individuals with DM type II show an increase in the levels of deoxycholic 
acid (DCA), 12-alpha hydroxylated BA species and total taurine-conjugated BA species 
compared to non-diabetic individuals74-76. Moreover, BA levels increase after bariatric 
surgery and have been suggested to improve postprandial glycaemic response, incretin 
secretion and insulin sensitivity, while BA sequestrants lower low density lipoprotein 
(LDL) cholesterol and improve glycaemic control in patients with type II DM (although 
the latter may occur via alternate mechanisms than the alterations in the BA pool) 77-79.

2.3.2. Effect of obesity and metabolic syndrome on fertility

Obesity and the components of metabolic syndrome have been consistently associated 
with infertility and decreased fecundity. For instance, in infertile obese women with 
ovulatory cycles and BMI≥29 kg/m2, the probability of naturally conceiving within one 
year declined by 4% per kg/m2 15. Moreover, in assisted reproduction increased BMI has 
been repeatedly associated with decreased chances of pregnancy and live birth. In one 
large study of 45 000 assisted reproduction procedures, the inverse relationship between 
obesity and pregnancy was only seen in cycles where autologous oocytes were used, and 
was not present in cycles where oocytes from a normal weight donor were used80. This 
data indicates that one of the mechanisms that may mediate the effect of obesity on 
reproduction is a reduction in oocyte and embryo quality. Animal studies have shown 
that oocyte maturation (i.e. completion of meiosis I) and metabolism, follicular growth, 
and even mouse foetal and pup growth are impaired in maternal diet-induced obesity, 
which is partially due to disturbances in mitochondrial function23,81. In human studies 
on IVF/ICSI procedures, embryos retrieved from overweight and obese women were 
of reduced maturity, lower quality, displayed metabolic and phenotypic abnormalities, 
and the embryo utilization rate (i.e., transfer and cryopreservation) was decreased82-86.

In comparison to normal weight subjects, the preconception maternal metabolism 
in obesity encompasses changes in lipid, glucose and inflammatory profile that are 
associated with decreased fertility, an effect that is likely mediated by a change in FF 
composition. In a study in women attempting natural conception after 1-2 previous 
miscarriages, fecundity was reduced in patients with abnormal systemic lipid profiles, 
characterized by elevated total cholesterol, low density lipoprotein (LDL) cholesterol 
and triglycerides, and low high density lipoprotein (HDL) cholesterol87. Importantly, 
changes in circulating metabolites are not limited to the blood compartment, but 
can also be found in FF. In women undergoing assisted reproduction, preconception 

1.
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maternal overweight/obesity were associated with elevated systemic CRP, cholesterol, 
triglyceride and insulin levels and decreased HDL cholesterol and apoA-I levels, changes 
that were partially reflected in FF composition and that have been associated with 
endoplasmic reticular stress and impaired oocyte maturation in animal models and poor 
oocyte quality in humans88,89. Interestingly, differences in FF composition associated 
with oocyte quality do not seem to be directly related to BMI, but it is likely metabolic 
and hormonal changes (e.g., insulin resistance, excess free fatty acids, altered levels of 
adipokines) that impact oocyte development7,89,90.

As previously discussed, diet is an important component of the obesogenic 
environment and is likely to influence the relationship between maternal metabolic 
dysregulation and fertility. A Mediterranean diet (abundant in fish, vegetables and 
fruit) and a high dietary score for core food groups in the Netherlands (i.e., fish, meat, 
vegetables, fruit, fats and whole wheat products) are associated with a higher rate of 
pregnancy in couples undergoing fertility treatment91,92. In contrast, consumption of 
foods with high glycaemic index and trans fat is associated with an increased risk 
of ovulatory infertility, while a preconception diet low in fruit and rich in fast food 
is associated with a longer time to pregnancy93-95. In animal studies, mice with diet-
induced obesity displayed more apoptotic follicles and had smaller oocytes that were 
less likely to complete meiosis I81. In summary, there is an increasing body of evidence 
that preconception maternal diet influences fertility, the effect being partially mediated 
by a decrease in oocyte maturation and decrease in oocyte quality. Interestingly, there 
is evidence to suggest that the effect of nutrition on follicular and oocyte development 
may in part be mediated by the gut microbiota and its (intestinal) metabolites. For 
instance, the composition of the intestinal microbiota has been related to polycystic 
ovarian syndrome and unexplained chronic anovulation, which are two leading causes 
of infertility96-98. Moreover, the gut-derived metabolites indol-3-proprionic acid and 
shikimic acid are present in FF and their levels are significantly different between 
obese and normal-weight women. Unfortunately, how their presence and levels in FF 
relate to fertility has not yet been explored99.

3. BILE ACIDS – POTENTIAL PLAYERS IN FERTILITY

3.1.  More than just simple detergents

BA are cholesterol derivatives that are produced in the liver and recirculated through 
the body several times per day in what is known as the enterohepatic circulation (Figure 
3) 100. Their main site of action is in the small intestine where they aid in lipid absorption 
and digestion. From here, the majority of BA are reabsorbed and returned to the liver 
via the portal circulation in order to be resecreted into bile. In this process, BA can 

Voorbereid document - Ruxandra.indd   18Voorbereid document - Ruxandra.indd   18 28-07-2020   10:4528-07-2020   10:45



19

General introduction 

pass through cell membranes and tissues either passively, by diffusion, or actively, 
which requires specialized transporters for import (e.g., apical sodium-dependent bile 
acid transporter, ASBT; Na+-taurocholate cotransporting polypeptide, NTCP), shuttling 
(e.g., ileal bile acid binding protein, IBABP) and export (e.g., organic solute transporter 
alpha-organic solute transporter beta, OSTalpha-OSTbeta; bile salt export pump, BSEP) 
of BA across cells101. However, about 5% of the BA pool will be excreted in the faeces 
per cycle and replaced by de novo synthesis100. Moreover, a part of the BA enter into 
the systemic circulation and end up being redistributed outside the enterohepatic 
circulation, which results in exposure of diverse non-digestive tissues. Studies on this 
exposure have revealed important metabolic and endocrine roles of BA in various 
processes such as lipid, glucose and energy homeostasis, cell survival and differentiation, 
and immunity102-106. Importantly, as previously discussed in section 2.3.1, the size and 
composition of the BA pool may vary in the context of altered body composition and 
metabolic disturbance, such as glycemic dysregulation, indicating a potential role of 
BA in the development of obesity and the components of the metabolic syndrome68-79. 
BA exert their signalling function through nuclear receptors such as the heterodimer 
farnesoid X receptor (FXR)/retinoid X receptor (RXR), pregnane X receptor (PXR), 
vitamin D receptor (VDR) and the G protein-coupled receptor TGR5 (also known as 
GPBAR1) 107. Some of these receptors have been identified in the mouse gonads, hinting 
at a role of BA in fertility108. Specifically, FXR-alpha and its downstream target small 
heterodimer partner (SHP) are present in the interstitial cells of the mouse testis where they 
regulate steroidogenesis via LRH1109. Moreover, supplementation of BA in the diet of 
mice induces testicular defects (germ cell sloughing, rupture of the blood-testis barrier, 
spermatid apoptosis) that decrease male fertility (inability to produce pups and decreased 
number of pups per litter) through TGR5 signalling110. In mouse ovaries, LRH-1 has 
been identified in expanding GC population at all stages of follicular development 
and in oocytes of primordial and single-layered primary follicles only111. In human 
female reproductive tissue, BA synthesis enzymes as well as the nuclear receptors FXR, 
RXR alpha, LRH1 and LXR-alpha have been identified in human GC and discarded 
oocytes112. Nonetheless, their functional role in human female reproductive physiology 
has yet to be described. A study on mice with GC lacking LRH1 demonstrated defective 
follicle maturation and anovulation due to, among other factors, lack of appropriate 
expansion of the CGC population, failure of luteinisation and follicular rupture, 
increase intrafollicular levels of oestradiol and inadequate progesterone synthesis113. 
In the pathological setting of cholestasis, one rat study has found that after bile duct 
ligation surgery BA accumulate in ovarian and testicular tissue114. This was paralleled 
by a decrease in weight of male (testis, vas deference, epididymis) and female (ovary) 
reproductive tissue and a decrease in serum testosterone levels in males, although no 
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signifi cant changes in serum follicle-stimulating hormone (FSH) or luteinizing hormone 
(LH) could be detected in either gender114. Moreover, histological stainings revealed a 
decrease in epididymal sperm content, the number of corpus luteum, pre-antral and 
antral follicles, and an increase in the number of cystic follicles in ovaries114. These 
changes in reproductive tissue induced by cholestasis seem to be mediated by an increase 
in oxidative stress and mitochondrial dysfunction114. Overall, animal studies suggest 
a role of BA nuclear receptors in reproductive tissue development and maintenance, 
steroid hormone production and male germ cell development. Nonetheless, the role of 
BA in oocyte maturation an embryo development has yet to be explored.

Figure 3 | Enterohepatic circulation and distribution of bile acid transporters. During meals, bile 
salts are released into the intestinal tract where together with phospholipids they will form mixed 
micelles that aid in the absorption of fat-soluble nutrients from the intestine100. Except for a small 
fraction of BA passively diff using in the caecum and colon BA are actively taken up into the vil-
lous brush border of enterocytes of the distal ileum by ASBT, transported across the enterocytes 
by IBABP and secreted at the basolateral membrane into capillaries by the heterodimeric trans-
porter OSTalpha-OSTbeta115. Next, BA will reach the liver via the portal vein where they will be 
taken up into the hepatocytes via NTCP and secreted into bile canaliculi by the bile salt export 
pump BSEP100,101. These will be reabsorbed into the renal tubules by ASBT and secreted back into 
the systemic circulation by OSTalpha-OSTbeta115. NTCP, Na+-taurocholate cotransporting poly-
peptide. BSEP, bile salt export pump. ASBT, apical sodium bile acid transporter. OSTα-OSTβ, 
organic solute transporter alpha-organic solute transporter beta. This Image was originally pub-
lished in the Journal of Lipid research. Dawson PA, Lan T, Rao A. Bile acid transporters. J Lipid 
Res. 2009; 50(12): 2340-57. © the American Society for Biochemistry and Molecular Biology.
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3.2. Bile acid synthesis and classification

De novo synthesis of BA from cholesterol occurs via the neutral (classic) pathway (90%) or 
the acidic (alternative) pathway (10%). BA synthesis via the neutral pathway is initiated in 
the liver by the enzyme CYP7A1, which is also the rate-limiting step in BA production. 
The pathway will result in either production of CDCA or, with the extra enzymatic action 
of CYP8B1, in the synthesis of CA (both known as primary BA; Figure 4) 116. The acidic 
pathway, residing in extrahepatic tissues and macrophages, is initiated by the enzyme 
CYP27A1 and leads to the production of CDCA. In the distal intestine, the primary 
BA will be deconjugated by bacterial bile salt hydrolases and further dehydroxylated/
oxidized/epimerized by the gut bacteria to DCA, LCA and ursodeoxycholic acid (UDCA) 
117. DCA and LCA are known as secondary BA, while (UDCA) is thought to be both 
a primary and a secondary BA116,118. The majority of BA are conjugated with either 
taurine or glycine in order to increase their solubility, decrease passive diffusion into 
tissues and confer resistance to the action of pancreatic enzymes116,119. BA can further 
be classified into hydrophobic or hydrophilic BA (in decreasing order of hydrophobicity: 
LCA, DCA, CDCA, CA, and UDCA) 120. Increased hydrophobicity is associated 
with increased passage through cell membranes, cytotoxicity and membranolysis121.

Figure 4 | Classification of bile acid species.

4. HIGH DENSITY LIPOPROTEINS IN THE DEVELOPING 
OVARIAN FOLLICLE

4.1. More than just cholesterol carriers

When considering the role of HDL in health and disease, atheroprotective properties 
come to mind. However, from an evolutionary point of view, atherosclerosis is a 
postreproductive age disease. Thus, the teleological role of HDL is more likely to be 

1.
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found in physiological functions subjected to evolutionary pressure such as (i) protection 
against infection, (ii) wound healing and coagulation and (iii) reproduction. In the 
human ovary, cholesterol, is present almost exclusively as HDL, which, due to its small 
size, is thought to be derived from the blood compartment by diffusion through the 
BFB122,123. Indeed, in women undergoing assisted reproduction, there is a significant 
positive correlation between serum and matched FF levels of HDL cholesterol content 
and of apoA-I89. Delivery of lipids to and from GC and the oocytes via the scavenger 
receptor class B type I (SR-BI) receptor (present on human, but not on mouse oocytes, 
and on GC from human and animal species) fulfils several important functions, among 
which the best known are local steroid hormone synthesis and membrane synthesis, 
but also possibly cholesterol efflux in order to maintain cholesterol balance in the GC 
and the oocyte124-127. Further, female mice deficient in the HDL receptor SR-BI present 
with abnormal HDL, dysfunctional oocytes and infertility128. The cause behind this is 
likely a disturbance in lipoprotein metabolism, since fertility is restored by probucol 
administration (cholesterol-lowering drug), by inactivation of the apoA-I gene or by 
transplantation of SR-BI knock-out ovaries into SR-BI positive mice128.

Nonetheless, from the cardiovascular field it has become obvious that HDL is more 
than just a mere transport complex, but it fulfils biologically relevant functions such as 
lowering oxidation and inflammation129,130. However, a potential relationship between 
FF HDL function and oocyte development has yet to be explored. Studies of FF HDL 
function may provide relevant insights into oocyte development and may lead to the 
discovery of novel biomarkers of (in)fertility.

4.2. High density lipoprotein generation and remodelling

HDL is the most heterogenic class of lipoproteins, defined by a relatively high density 
(1.063-1.21 g/ml) as compared to other lipoprotein classes, varying size (from 5 to 17 nm 
in diameter) and complex particle composition that accounts for its diverse functions. The 
main component of HDL is the apolipoprotein apoA-I, which is produced in hepatocytes 
and enterocytes 131. In the process of HDL formation, phospholipids and cholesterol are 
added to apoA-I by either (i) transfer from liver and intestinal cells by ATP-binding 
cassette transporter A1 (ABCA1) or (ii) lipolysis of lipoproteins rich in triglycerides by 
lipoprotein lipase132,133. Next, the HDL enzyme lecithin: cholesterol acyltransferase induces 
the formation of cholesterol esters that then move to the core of the HDL particle134,135. 
Finally, the mature HDL particle can acquire extra cholesterol via the transporters ATP-
binding cassette sub-family G member 1 (ABCG1) and scavenger receptor class B type 1 
(SR-B1) from various cells and tissues. HDL will undergo further remodelling by proteins 
such as cholesteryl ester transfer protein (CETP), group IIA secretory phospholipase 
A2 (sPLA2), endothelial lipase (EL) or phospholipid transfer protein (PLTP) 127,136-139.
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4.3. High density lipoprotein composition and function

Simplified, HDL has a hydrophilic outside layer made up of phospholipids, free 
cholesterol and the hydrophilic residues of apolipoproteins, and a hydrophobic 
core that is generated by apolar phospholipid side chains and hydrophobic residues 
of the amino acids within apolipoproteins. In addition to the main protein apoA-I, 
mass spectrometry has identified over 50 different protein species that link HDL 
to diverse physiological processes140. Although primarily known for its key role in 
reverse cholesterol transport, HDL exerts a series of other important functions 
such as promoting cholesterol efflux from macrophages, decreasing oxidation and 
inflammation, increasing vasorelaxation, preventing thrombus formation and being 
anti-apoptotic, all of which are being extensively studied in the cardiovascular field. In 
the reproductive field, pathophysiological inflammation and oxidative stress are involved 
in the development of diseases such as polycystic ovary syndrome, endometriosis and 
unexplained infertility141-147. Moreover, oxidative stress and inflammation are increased in 
unhealthy lifestyle patterns associated with infertility, such as obesity and smoking148-151. 
Interestingly, certain levels of inflammation and oxidation seem to be necessary for 
normal reproductive physiology, as indicated by the local production of immune 
mediators (such as cytokines, prostaglandins and chemokines) by theca and GC, the 
influx of immune cells during ovulation and the detrimental effect of both extremes 
of FF oxidative stress on oocyte and embryo development152,153. Given the abundance 
of HDL in FF, its function may play a role in the ovarian oxidative and inflammatory 
balance and warrants further investigation.

Most of the available knowledge on the anti-oxidative function of HDL stems from 
atherosclerosis research. Oxidized LDL is taken up by macrophages, giving rise to 
pro-atherogenic foam cells in the arterial wall and consequently increasing the risk of 
cardiovascular events over time154. LDL, endothelial cells and remnant particles can 
transfer lipid hydroperoxides and short-chain oxidized phospholipids to HDL particles 
which will be subsequently metabolized or transported to the liver for elimination129,155,156. 
Moreover, HDL can prevent glycation of LDL, another form of pro-atherogenic 
modification linked to insulin resistance/DM157,158. The anti-oxidative function of HDL 
is mainly attributed to paraoxonase/arylesterase 1 (PON1,) but numerous other proteins 
such as apoJ, apoA-II, apoA-IV and apoE have been implicated129.

Extensive research on HDL functionality revealed an important role in 
pathophysiological inflammation, as seen, for example, in atherosclerosis, DM and 
auto-immune diseases159,160. HDL can exert a multitude of anti-inflammatory effects 
such as inhibiting the adhesion of monocytes to and migration through the endothelial 
cell layer and reducing the expression of adhesion molecules on endothelial cells and 
monocyte activation130. Moreover, HDL can induce vascular nitric oxide production by 
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activating endothelial nitric oxide synthase through its sphingosine 1-phosphate (S1P) 
content161. Interestingly, the anti-inflammatory capacity of HDL seems to be inversely 
related to particle size, with e.g. small HDL3 particles inhibiting vascular cell adhesion 
molecule-1 expression in endothelial cells more efficiently than large HDL2 particles162.

In the reproductive field, only limited knowledge is available on the relationship 
of HDL anti-oxidative and anti-inflammatory function with fertility. In women with 
polycystic ovary syndrome (PCOS), serum HDL inflammatory index is elevated as 
compared to healthy controls and is additionally influenced by HDL-cholesterol ester 
content and oestradiol levels163. Moreover, within the PCOS group, intrinsic serum HDL 
oxidation levels and levels of malondialdehyde were lower in patients with anovulation 
+ polycystic ovary than in those with hyperandrogenism163. In summary, this data 
indicates that serum HDL anti-oxidative and anti-inflammatory functions are impaired 
in PCOS patients, which may be due to hormonal imbalances, increased oxidative stress 
and altered HDL composition. Interestingly, a recent study shows that female self-
reported infertility (defined as inability to achieve pregnancy after 12 months of trying) 
is associated with increased odds of cardiovascular events, which, in combination with 
research on HDL dysfunction in PCOS, suggests that dysfunctional HDL may mediate 
the effect of a high risk cardiovascular profile on reproductive function164. In line with 
this, a recent study of FF HDL functionality in relationship to BMI reported increased 
FF HDL oxidation and lipid peroxidation levels, and decreased activity of FF PON1 and 
of FF total antioxidant capacity in overweight and obese women as compared to normal-
weight women165. Additionally, there is limited evidence that FF HDL anti-oxidative 
function may relate to oocyte and embryo development. One study demonstrates that 
FF HDL oxidation rate is negatively correlated to PON1 activity and positively to the 
total number of oocytes and the number of good quality oocytes retrieved at follicular 
punction165. However, given the fact that materials were obtained from controlled 
ovarian hyperstimulation (COH)-IVF, the FF HDL function could not be related to the 
quality of the corresponding oocyte or embryo165. To date, no studies have been carried 
out on the relationship between FF HDL anti-inflammatory function and fertility.

5. TRIMETHYLAMINE-N-OXIDE: LINK BETWEEN NUTRITION, 
GUT MICROBIOTA AND HEALTH

Lifestyle factors represent modifiable patient behaviours that may affect disease outcome 
or overall health. In the field of fertility, numerous lifestyle factors such as age at start 
of reproduction, nutritional status and use of potential toxic substances such as alcohol, 
smoking and drugs have been shown to impact reproductive outcomes166. Given the 
overall health benefits of stopping with smoking, alcohol and drug use, as well as 
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the implementation of healthy diets, lifestyle changes and interventions to increase 
reproductive health are gaining increasing public interest167-170. One lifestyle factor that 
has been under intense research is nutrition. While some interesting relationships 
between dietary intake and fertility have emerged (e.g., time to pregnancy is increased 
in patients consuming a diet poor in fruit or abundant in fast food), in the field of 
fertility the role of certain food groups such as dairy and meat remain unclear95,171. As 
a consequence, no guidelines for preconception diet have been developed. A possible 
reason for this gap in knowledge may be the fact that previous fertility research has 
focused exclusively on the composition of food, while little attention has been paid to 
the metabolic modifications that food undergoes through interaction with, for example, 
the microbiome and the liver before reaching the proximity of the oocyte172.

An important player that mediates the effect of health on nutrition is the gut 
microbiota. Ingested food is metabolized by gut microbiota to products that can have 
widespread metabolic effects. For example, in a study on the short term effects of 
dietary changes, consumption of a meat-based diet lead to an enrichment in bile acid-
metabolizing bacteria which are associated with the development of inflammatory bowel 
disease173. Further, in a study on the prediction of glycaemic response to meals, study 
participants’ blood glucose measurements differed significantly in response to identical 
meals, indicating that microbiota has a significant modulating effect on the relationship 
between diet and glucose regulation174. Researchers were able to predict the glycaemic 
response by taking into account, among other factors, the gut bacteria174. All in all, 
research has revealed a sensitive relationship between gut microbe imbalance and a 
diverse range of diseases, such as gastrointestinal, neuropsychiatric and metabolic, to 
name only a few172. In animal studies, information is emerging on a possible role of dietary 
gut-derived metabolites and reproductive fitness. For example, sterility can be induced 
in C. elegans lacking nhr-114 through feeding different diets, effect that is presumably 
mediated by bacterial tryptophan metabolites, as sterility is reversed when tryptophan 
is supplemented to the growth medium. These findings underline the importance of 
bacterial metabolic status in reproductive fitness, at least in this model organism175. The 
link between diet, bacteria and reproductive fitness has yet to be explored in humans.

A recent example of a metabolite that integrates nutrition, gut bacteria and genetic 
make-up of an individual is trimethylamine N-oxide (TMAO) 176. TMAO is produced in 
the liver through oxidation of trimethylamine (TMA) by the enzymes flavin-dependent 
monooxygenase (FMO) isoforms 2 and 3. TMA itself is produced by the gut bacteria 
from dietary sources of L-carnitine (such as red meat) and choline (such as fish, dairy 
products and eggs). The crucial role of gut bacteria in TMAO production has been studied 
extensively in both animals and humans. For instance, experiments involving dietary 
supplementation of l-carnitine in germ-free mice demonstrated that, in the absence of the 
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gut microbiome, TMAO production does not occur177. Further, antibiotics treatment in 
humans resulted in a sharp decrease of circulating TMAO178. With regard to the effects 
on health, TMAO has been gaining increasing attention due to its proposed causal role 
in the development of atherosclerosis and its associations with obesity, disturbances of 
glucose metabolism and renal function179-182. All in all, TMAO is a relevant example of diet 
exerting an indirect effect on health through gut-derived metabolites, and its presence 
in the ovary, follicles and potential role in oocyte development are worth exploring.

6. MODIFIED NATURAL CYCLE-IVF, A GATEWAY FOR  
RESEARCH INTO THE OOCYTE’S NATURAL ENVIRONMENT

6.1. History and advantages of modified natural cycle-IVF

In 1959 Min Chuen Chang performed the first successful IVF procedure that led to the 
birth of a live rabbit, demonstrating that artificial insemination of oocytes is a viable 
alternative to natural reproduction183. This achievement was successfully translated to 
humans in 1978 when the first IVF baby was born following a natural, unstimulated 
cycle184. In order to increase the success rate of IVF procedures, COH was added to 
allow for concomitant maturation of several follicles. Consequently, multiple oocytes are 
retrieved per cycle, which heightens the chances of development of a good quality embryo 
that can implant and result in a viable pregnancy. Nonetheless, COH and multiple embryo 
transfer have several drawbacks. Firstly, administration of supraphysiological doses of 
gonadotrophins increases the costs of the fertility treatment and the risk of ovarian 
hyperstimulation syndrome (OHSS) following oocyte retrieval185. Secondly, the transfer of 
multiple embryos often leads to the occurrence of multiple pregnancies, which is associated 
with an increased risk of adverse maternal (e.g., hypertensive disorder, preeclampsia, 
postpartum haemorrhage, gestational diabetes, venous thromboembolism, increased risk 
of caesarean section) and neonatal outcomes (e.g., neonatal mortality, low birth weight, 
respiratory distress syndrome, cerebral haemorrhage, necrotizing enterocolitis) 186,187. 
Finally, when compared to spontaneously occurring pregnancies, singletons from COH-IVF 
have poorer neonatal outcomes188. Multiple pregnancies in COH-IVF can be circumvented 
by transferring only one embryo and cryopreservation of good quality surplus embryos189.

MNC-IVF emerged as a compromise between the initial unstimulated natural 
cycle-IVF and high-success COH-IVF190,191. In MNC-IVF, much lower dosages of 
gonadotrophins are used for a short period (2-4 days) in order to support the natural 
selection and growth of a dominant follicle, rather than stimulate the maturation of 
multiple follicles (Figure 5). This mild stimulation regimen has several advantages. Firstly, 
the risk of OHSS is greatly reduced, making it especially attractive in young patients 
who are at a high risk. Secondly, the retrieval of the oocyte is technically easier and 
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there is no risk of multiple pregnancies since on average a maximum of only one embryo 
is available for transfer. Thirdly, MNC-IVF mimics the body’s natural follicular selection 
of dominant follicle in the menstrual cycle, which allows for study of oocyte, GC and 
FF in a near-physiologic setting. However, MNC-IVF does have certain disadvantages. 
Firstly, the rate of cycle cancellation due to premature ovulation and unsuccessful oocyte 
retrieval is higher190,192. Secondly, the pregnancy rate per cycle is lower than in COH-
IVF, although, on average, the cumulative pregnancy rate of six MNC-IVF cycles is 
equivalent to one COH-IVF cycle190,193,194. Of note, in the subset of patients that undergo 
embryo transfer, rates of embryo implantation are comparable or higher in MNC-IVF 
than in COH-IVF195. Perinatal outcomes in MNC-IVF are comparable and may even be 
superior to those in COH-IVF, with one systematic review and meta-analysis reporting 
higher risk of neonatal low birthweight and of premature birth in COH-IVF194,196.

In summary, MNC-IVF is a suitable model for research on biomarkers for oocyte 
quality. Since during every cycle only one oocyte is retrieved, fertilized and a maximum 
of one embryo is selected for transfer, outcomes of the cycle (pregnancy, neonatal 
outcomes) can be precisely correlated to oocyte, embryo and FF characteristics.

Figure 5 | Comparison of stimulation protocols used in modified natural cycle- versus hyperstim-
ulation-IVF. MNC, modified natural cycle. IVF, in vitro fertilization. COH, hyperstimulation. 
FSH, follicle stimulating hormone. GnRH, gonadotropin releasing hormone. hCG, human chori-
onic gonadotropin. FP, follicular punction. ET, embryo transfer. OC, oral contraceptive. To prevent 
LH-surges and thus reduce the number of cancelled cycles due to early ovulation, gonadotropin-re-
leasing hormone (GnRH)-agonists or -antagonists are used to downregulate hormone secretion by 
the anterior pituitary (i.e., LH and follicle stimulating hormone (FSH)). The suppressed FSH is 
compensated by supraphysiologic doses of human menopausal gonadotrophins in order to (i) substi-
tute the drop in FSH when (antagonists or) agonists are used and (ii) to allow for controlled growth 
of multiple ovarian follicles, which results in retrieval of multiple oocytes at follicular punction 
and transfer of a single or two embryos back into the uterus for implantation. Finally, human 
choriongonadotrofine (hCG) enables triggering of ovulation and thus planning of oocyte retrieval.
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6.2. Outcomes of modified natural cycle-IVF

After oocyte retrieval, fertilization and embryo development are followed in the IVF 
laboratory. The oocyte is fertilized either by adding spermatozoa to culture medium 
(IVF), or it is injected with one spermatozoon (intracytoplasmatic sperm Injection, 
ICSI). Under normal circumstances, on day one after fertilization, two pronuclei, one 
of the mother and one of the father, are observed197. Oocytes with more than two 
pronuclei are discarded as this may indicate (i) a diploid oocyte, (ii) diploid spermatozoa 
or (ii) fertilization of the haploid oocyte with several haploid spermatozoa. On day 2 
and 3 after fertilization, embryo quality is evaluated based on (i) the number of cells 
(called blastomeres), (ii) percentage of fragmentation and (iii) presence of multinucleated 
blastomeres197. Top quality embryos (i.e., embryos that display an ideal development and 
have the best chances of implanting and resulting in pregnancy) fulfil the following 
criteria: (i) two pronuclei on day 1, (ii) four blastomeres, <10% fragmentation on day 
2, (iii) eight cells, <10% fragmentation on day 3 and (iv) absence of multinucleated 
blastomeres197. Finally, either on day two or day three (depending on laboratory policy), 
the embryo will be placed back in the uterus for implantation. Occurrence of pregnancy 
will be evaluated two weeks later by a serum hCG test, and, if positive, viability of the 
pregnancy will be evaluated by ultrasonography at 12 weeks gestational age.

OUTLINE OF THE THESIS

With the global rise in prevalence of obesity and the concomitant decrease in fertility 
of women of reproductive age, it is of no surprise that overweight and unhealthy 
lifestyle are frequently observed in patients attending infertility clinics. The metabolic 
dysregulations that result from or accompany obesity lead to systemic changes that are 
partially reflected in FF and may impact oocyte maturation. Therefore, exploring how 
metabolic risk factors for obesity and metabolic syndrome relate to oocyte and embryo 
development may help understand the impact of preconception maternal lifestyle on 
fertility as well as aid in the development of novel biomarkers for oocyte quality in 
IVF procedures.

Sterols such as cholesterol and steroid-derived hormones are abundantly present in 
FF and play a crucial role in follicular development and oocyte maturation. Interestingly, 
BA have also been reported to be present in FF, but their role in oocyte development and 
fertility has yet to be explored. Chapter 2 reports on the levels and composition of FF 
BA and their relation to oocyte and embryo quality in MNC-IVF. Chapter 3 describes 
the preconception effect of serum and FF BA on foetal growth with birth weight of 
children as outcome in a cohort of neonates born after MNC-IVF. Chapter 4 explores 
the origins of ovarian BA with regard to local production, passive diffusion and active 
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transport within ovarian follicles and GC. Given the emerging role of BA as players in 
the regulation of whole body metabolism and in the development of obesity and DM type 
II, their presence in FF and potential involvement in oocyte development may represent 
a novel dimension in understanding the impact of metabolic dysregulation on fertility.

Inflammation and oxidative stress represent core features of obesity and metabolic 
syndrome and are also commonly present in reproductive disorders such as PCOS. 
In the cardiovascular field, HDL is gaining increasing attention for its anti-oxidative 
and anti-inflammatory capacity. In the context of ovarian function, FF HDL has 
thus far been recognized for its exclusive role as cholesterol carrier for GC and the 
developing oocyte, with little information being available on its functional properties. 
In Chapter 5 and Chapter 6 explore the relationship between the anti-oxidative and 
anti-inflammatory properties of FF HDL and outcomes of MNC-IVF.

Metabolic syndrome is often associated with the presence of obesity and an unhealthy 
lifestyle such as a caloric- and fat-rich diet that results in microbiome alterations. TMAO 
is an important regulator of systemic metabolism that is produced by intestinal and 
hepatic modifications of dietary choline and l-carnitine. Recent studies have revealed a 
role of TMAO in the development of cardiovascular disease, diabetes and obesity, and 
in promoting oxidative stress and inflammation. The association of these diseases and 
pathologic processes with infertility raises the question whether TMAO is a potential 
link between systemic metabolic dysregulation and infertility. Chapter 7 explores the 
presence of TMAO and its precursors in FF and their relationship with outcomes of 
MNC-IVF.

In Chapter 8 the findings from the above-mentioned studies are summarized in 
the context of current literature and recommendations for future research and potential 
clinical implications for fertility treatment are made.

1.
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ABSTRACT

Study question

Are bile acids (BA) and their respective subspecies present in human follicular fluid 
(FF) and do they relate to embryo quality in modified natural cycle IVF (MNC-IVF)?

Summary answer

BA concentrations are two-fold higher in FF than in serum and ursodeoxycholic acid 
(UDCA) derivatives were associated with development of top quality embryos on day 
3 after fertilisation.

What is known already

Granulosa cells are capable of synthesizing BA, but a potential correlation with oocyte 
and embryo quality as well as information on the presence and role of BA subspecies 
in FF have yet to be investigated.

Study design, size, duration

Between January 2001 and June 2004, FF and serum samples were collected from 303 
patients treated in a single academic centre that was involved in a multicentre cohort 
study on the effectiveness of MNC-IVF, were collected.

Participants/materials, setting, methods

Material from patients who underwent a first cycle of MNC-IVF was used. Serum 
was not stored from all patients, and the available material comprised 156 FF and 
116 matching serum samples. Total BA and BA subspecies were measured in FF 
and in matching serum by enzymatic fluorimetric assay and liquid chromatography-
mass spectrometry, respectively. The association of BA in FF with oocyte and embryo 
quality parameters such as fertilisation rate and cell number, presence of multinucleated 
blastomeres and percentage of fragmentation on day 3, was analysed.

Main results and the role of chance

Embryos with eight cells on day 3 after oocyte retrieval were more likely to originate 
from follicles with a higher level of UDCA derivatives than those with fewer than eight 
cells (P<0.05). Furthermore, FF levels of chenodeoxycholic derivatives were higher 
and deoxycholic derivatives were lower in the group of embryos with fragmentation 
compared to those without (each P<0.05). Levels of total BA were two-fold higher in FF 
compared to serum (P<0.001), but had no predictive value for oocyte and embryo quality.
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Limitations, reasons for caution

Only samples originating from first cycle MNC-IVF were used, which resulted in 14 
samples only from women with an ongoing pregnancy, therefore further prospective 
studies are required to confirm the association of UDCA with IVF pregnancy 
outcomes. The inter-cycle variability of BA levels in FF within individuals has yet to 
be investigated. We checked for macroscopic signs of contamination of FF by blood but 
the possibility that small traces of blood were present within the FF remains. Finally, 
although BA are considered stable when stored at -20˚C, there was a time lag of 10 
years between the collection and analysis of FF and serum samples.

Wider implications of the findings

The favourable relation between UDCA derivatives in FF and good embryo development 
and quality deserves further prospective research, with live birth rates as the endpoint.

2.
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INTRODUCTION

Within the ovary, follicular fluid (FF) represents the natural environment in which 
oocyte development and steroid production takes place and is thereby important for 
follicle homeostasis and oocyte maturation (Fortune, 1994). This is exemplified by 
experiments during IVF procedures in which addition of FF to culture media improved 
the maturation of oocytes (Sutton et al., 2003). FF contains a number of nutrients and 
constituents, such as growth factors, amino acids, carbohydrates, hormones, lipids 
and cholesterol (Sutton et al., 2003; Hennet and Combelles, 2012). Variations in the 
metabolic profile of FF have an impact on the developmental potential of oocytes, and 
hence embryos, in IVF procedures (Wallace et al., 2012; Gautier et al., 2010).

Steroid levels in FF are one of the factors crucial for oocyte and embryo development 
(Stouffer et al., 2007). During follicular maturation, cholesterol is present in abundant 
quantities in FF and is a pivotal substrate for steroid hormone production in follicular 
cells (Sutton et al., 2003; Stouffer et al., 2007; van Montfoort et al., 2014). In the liver, 
cholesterol is converted at relatively high rates into bile acids (BA), and BA synthesis 
is commonly believed to be an exclusive feature of hepatocytes (Lefebvre et al., 2009). 
However, recently it has been suggested that cumulus granulosa cells are also capable of 
synthesising BA, at least under conditions of controlled ovarian hyperstimulation-IVF 
(COH-IVF) (Smith et al., 2009). In 93 patients undergoing COH-IVF, the presence 
of BA in FF was confirmed. Additionally, granulosa cells and oocytes were shown to 
functionally express several key enzymes involved in BA synthesis as well as to have BA 
responsive nuclear receptors. However, in spite of the presence of BA in FF, the (patho)
physiological relevance in terms of fertility as well as a potential impact on oocyte and 
embryo quality remains unknown. Also information on the presence of BA subspecies 
in FF and their respective role in oocyte and embryo development is currently lacking.

BA can be subdivided into primary (cholic acid [CA] and chenodeoxycholic acid 
[CDCA]) and secondary (deoxycholic acid [DCA] and lithocholic acid [LCA])) BA species, 
the latter being a product of metabolic conversion by the intestinal microbiota (Lefebvre 
et al., 2009). Ursodeoxycholic acid (UDCA) is believed to be produced in hepatocytes 
as well as by intestinal bacteria (Hagey et al., 1993). Hepatocytes can also conjugate 
primary and secondary BA with glycine or taurine (Lefebvre et al., 2009).

Modified natural cycle IVF (MNC-IVF) (Pelinck et al., 2005) or natural cycle (NC) 
IVF are more suitable research models than COH-IVF to study the presence of FF 
constituents, such as BA and their subspecies, in relation to parameters of oocyte and 
embryo quality. The minimal use of hormones in (M)NC-IVF allows for the growth 
of only one dominant follicle that will subsequently be collected and used in the IVF 
procedure (Pelinck et al,. 2005). Therefore in (M)NC-IVF each FF sample corresponds 
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to a single follicle and a single oocyte and, as a consequence, the subsequent embryo 
and implantation outcomes can be directly correlated to FF composition.

As there is a lack in knowledge concerning the potential role of BA in human 
fertility, and oocyte and embryo development, the aim of the present study was to 
characterise the presence of BA and their respective subspecies in FF and serum in 
order to investigate whether FF BA correlate with parameters of oocyte and embryo 
quality. Material was obtained from patients undergoing MNC-IVF to (i) reflect normal 
physiology as closely as possible and (ii) be able to correlate individual FF composition 
to subsequent oocyte, embryo and implantation outcomes.

METHODS

Sample and data collection

Samples were collected at the University Medical Centre Groningen (UMCG), The 
Netherlands, in the setting of a multicentre cohort study on the effectiveness of MNC-IVF 
(Pelinck et al., 2006). Inclusion took place between January 2001 and June 2004 with the 
following inclusion criteria: female age 18-36 years, presence of a regular menstrual cycle 
with length of 26-35 days, BMI of 18-28 kg/m2 and first IVF treatment ever or after a 
pregnancy. The indications for IVF were: tubal pathology, cervical factor, endometriosis, 
mild male factor, failed artificial insemination with donor semen and unexplained 
subfertility (Pelinck et al., 2006). A more detailed description of the study protocol was 
published before (Pelinck et al., 2006). All patient characteristics and IVF outcomes were 
collected in a database where all patients were assigned a non-traceable code. At the start 
of their treatment, patients signed a universal consent form in which they allowed the use 
of their data from medical records for research purposes, under the condition that their 
data remain confidential and their identity untraceable. Further, each patient can object 
to the usage for research purposes of so-called waste material, that inevitably becomes 
available in regular medical treatment and would otherwise be discarded (e.g. FF and 
surplus serum). Institutional Review Board (IRB) approval was requested but waived, 
since in this study only anonymised material and data were used from patients that had 
signed the universal consent form and did not object to the usage of the waste material.

As part of the study protocol, blood was drawn on the day of ovum retrieval. Each 
surplus serum sample was coded and stored at -20°C. After ovum retrieval, when the oocyte 
was collected in the laboratory, the FF remaining was centrifuged for 20 minutes at 300 
g to allow removal of the cellular pellet and then stored with the patient’s code at -20°C.

For the current study, executed in 2014, FF samples were selected by the following 
inclusion criteria: the sample belonged to the first cycle of a patient, macroscopically 
blood-free FF was available, and no or only one oocyte was retrieved.

2.
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MNC-IVF procedures

The MNC-IVF procedure has been described previously (Pelinck et al., 2005; Pelinck 
et al., 2006). In short, follicular growth was followed by ultrasound beginning at cycle 
days 6-8. When the diameter of the dominant follicle reached 14 mm, the patient was 
started on daily injections of 0.25 mg GnRH antagonist and 150 IU recombinant FSH. 
In order to induce ovulation, 10 000 IU hCG was administered when the dominant 
follicle reached a minimal size of 18 mm and/or serum oestradiol levels exceeded 0.8 
nmol/l. Ovum retrieval took place 34 hours after hCG administration without sedation 
or local anaesthesia, with a single-lumen aspiration needle and without flushing of 
the follicle. If an oocyte was obtained, standard insemination was performed within 6 
hours of retrieval.

Fertilisation was assessed 17-20 hours after insemination by determination of the 
number of pronuclei (PN). Embryos were scored at 42-46 hours and 66-70 hours 
after insemination on the following criteria: number of blastomeres, percentage of 
fragmentation and presence or absence of multinucleated blastomeres (MNBs).

Top quality embryos fulfilled the following criteria: presence of two PN, less than 
10% fragmentation, presence of four cells on day 2 and eight cells on day 3, and absence 
of MNBs.

Embryo transfer was performed on the third day after oocyte retrieval. An embryo was 
considered not suitable for transfer if it contained more than two PN or more than 50% 
fragmentation. For luteal support hCG (1500 IU, Pregnyl) was given on days five, eight and 
eleven after oocyte retrieval. Ongoing pregnancy was confirmed at 12 weeks gestational 
age by ultrasound visualisation of an intrauterine gestational sac with foetal heartbeat.

BA measurement and profiling of BA subspecies

Total BA concentrations were assessed using an enzymatic fluorimetric assay as 
described previously (Dikkers et al., 2013). For the quantitative determination of 
free and conjugated BA subspecies we used a high performance Agilent 1100 liquid 
chromatography system (Agilent, Santa Clara, CA, USA) and tandem AB SCIEX 
API-3200 triple quadrupole mass spectrometry (AB SCIEX, Framingham, MA, USA) 
(LC-MS/MS). Sample pretreatment consisted of addition of deuterium-labelled cholic 
acid, glycocholic acid, taurocholic acid, chenodeoxycholic acid, glycochenodeoxycholic 
acid and taurochenodeoxycholic acid as internal standards followed by extraction, 
reconstitution in 50% methanol and filtering with a 0.2 µm centrifugal filter. Chromatic 
separations were performed with an XBridge Shield RP18 column equipped with an 
XBridge Shield RP18 guard column (Waters, Milford, MA, USA). The mobile phase 
consisted of 20 mM ammonium acetate, adjusted to pH 8.0 with 25% ammonia (mobile 
phase A) and methanol (mobile phase B), at a total flow rate of 0.2 ml/min. The mass 
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spectrometer parameters were optimized by infusing each analyte and the internal 
standards separately in a 50% methanol solution via a Harvard pump 11 standard 
infusion syringe pump (Harvard Apparatus, South Natick, MA, USA). All BA were 
detected in negative mode with the mass spectrometer.

Statistical analysis

Patient characteristics are expressed as mean ± SD and BA levels as median 
[interquartile range (IQR)]. Differences in BA levels between groups were analysed by 
means of Mann-Whitney U test (when two groups were compared) or Kruskal Wallis test 
(when three or more groups were compared). To compare percentages of BA subspecies 
in FF and serum, a Paired Sample T-Test was used. To compare FF and serum levels 
of total BA and BA subspecies, Wilcoxon signed rank sum test was performed. P-values 
of less than 0.05 were regarded as significant and statistical analysis was carried out 
using SPSS 22.0 (IBM).

Due to the explorative nature of the study, no sample size calculation was performed.

RESULTS

Patient characteristics

At the UMCG a total of 303 MNC-IVF patients were included in the multicentre study 
on effectiveness of MNC-IVF (Figure 1) (Pelinck et al., 2006). Only the first cycle of 
each patient was included in the present study. Patients in whom no ovum retrieval was 
performed in the first cycle (e.g. because of preterm ovulation) or in whom more than 
one oocyte was retrieved were excluded, leaving 224 patients suitable for the present 
study. From this cohort, material was available from 156 patients. In 114 patients one 
oocyte was retrieved and in 42 patients no oocyte was obtained. Of the patients with 
one oocyte, an embryo transfer was performed in 78 women, resulting in 20 ongoing 
pregnancies. Two patients had a miscarriage before 12 weeks of gestation. Since serum 
was not stored from all patients, the available material comprised a total of 156 FF and 
116 matching serum samples. A summary of the patient characteristics from which FF 
was included in this study is provided in Table I.

Total BA levels in FF compared to serum and embryo development parameters

In 116 patients, total BA levels were measured in matching FF and serum samples. BA 
levels were almost two-fold higher in FF as compared to serum (10.3 [8.6-12.0] versus 5.4 
[3.9-7.9] µmol/l, respectively; P < 0.001, Figure 2). In 156 patients, total BA levels were 
measured in FF and correlated to data on parameters of oocyte and embryo quality on 
day 3 after insemination (Table II). No significant relations were found.

2.
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Figure 1 | Flow chart of sample selection. Failure to achieve pregnancy in a first cycle of mod-
ified natural cycle IVF is defined in the figure as ‘no ongoing pregnancy’.
MNC=Modified Natural Cycle, UMCG=University Medical Center Groningen, FF=follicular fluid

Figure 2 | Comparison of median total bile acid levels (µmol/l) in matching human follicular fluid 
and serum. The median is represented by a horizontal line. The bottom of the box indicates the 25th 
percentile, the top the 75th percentile. P-values are calculated using the Wilcoxon signed rank sum test.
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Table I | Patient characteristics in a study of bile acids in follicular fluid and their relation 
with embryo development in modified natural cycle (MNC)-IVF (n=156)

Age at time of MNC-IVF (years) 32.3 ± 2.8
BMI (kg/m2) 23.0 ± 3.3
Duration of subfertility (months) 47.3 ± 22.2
Subfertility

 Primary
 Secondary
 Unknown

104 (67)
49 (31)
3 (2)

Indication
 Tubal factor
 Cervical factor
 Endometriosis
 Male factor
 Failed artificial insemination with donor semen
 Unexplained

44 (28)
4 (3)
9 (6)
24 (15)
6 (4)
69 (44)

Values are mean ±SD or N (%)

Table II | Embryo development and total bile acid levels (µmol/l) in follicular fluid (n=156)

Presence of oocyte Yes (n = 114)
No (n= 42)

10.3 (8.6 – 12.1)
9.5 (8.6 – 12.3)

Fertilisation 2 pronuclei (n=74)
0/1 pronucleus (n=5)#

3 pronuclei (n=8)
Other (n=27)

10.4 (8.5-12.1)
10.7 (6.1 – 12.1)
10.5 (8.3 - 15.8)
10.3 (8.8 - 12.0)

Cell number on day three *a Fewer than 8 (n = 52)
8 (n = 25)
 More than 8 (n = 1)

 10.5 (8.5 – 12.6)
10.4 (8.2 – 11.5)
11.3

Presence of multinucleated 
blastomeres on day 3 a

No (n=68)
Yes (n=10)

10.4 (8.4-12.0)
11.1 (8.2-13.1)

Fragmentation on day 3a 0% (n=11)
Fewer than 10% (n=46)
10-40% (n=18)
More than 40% (n=3)

9.1 (6.8-10.9)
10.3 (8.2-12.7)
11.1 (8.9-12.5)
10.3

Ongoing pregnancy at 12 weeks a Singleton (n=20)
No (n= 58)

10.4 (8.7 - 11.9)
10.4 (8.4 - 12.5)

Values are expressed as median (interquartile range). No significant differences of P<0.05 were 
found (Mann-Whitney U test for comparing 2 groups and Kruskal Wallis test for comparing >2 
groups). # This group consists of zygotes that had 0 or 1 pronucleus at the time of fertilization 
control and underwent cleavage divisions. *Total of 79 embryos of which 74 contained 2 pronuclei 
and 5 had no or 1 pronucleus. a One embryo degraded between day 2 and 3, leaving 78 embryos 
on day 3 for analysis.

2.
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BA species in FF compared to serum

Since different BA species can have different biological activities, we next performed 
an extended analysis of BA species present in FF and serum. In 116 patients both FF 
and serum samples were available (Table III). For two patients there was insufficient 
material and they were excluded from further analysis. LCA derivatives were absent 
in all samples and were therefore excluded from further analysis. The levels of CA, 
CDCA, DCA and UDCA derivatives were all higher in FF as compared to serum  
(P < 0.001, Figure 3). In addition, secondary BA, such as DCA and UDCA derivatives, 
actually represented a lower percentage of the total BA pool in FF (28%) as compared 
to serum (41%) (Table III, P < 0.001).

Table III | Bile acid profiles in matched follicular fluid and serum samples (n = 114) (µmol/l)

Follicular fluid Serum

Cholic acid derivaties (CA), mean % of total
 Cholic acid
 Glycocholic acid
 Taurocholic acid

15%
0.16 (0.06 – 0.35) *
0.24 (0.18 – 0.33) *
0.00 (0.00 – 0.07) *

15%
0.00 (0.00 – 0.07)
0.12 (0.06 – 0.22)
0.06 (0.00 – 0.09)

Chenodeoxycholic acid derivatives (CDCA), 
mean % of total
 Chenodeoxycholic acid
 Glycochenodeoxycholic acid
 Taurochenodeoxycholic acid

57%
0.29 (0.13 – 0.60) *
1.25 (1.04 – 1.57) *
0.19 (0.12 – 0.28) *

45%
0.08 (0.00 – 0.18)
0.38 (0.21 – 0.96)
0.06 (0.00 – 0.14)

Deoxycholic acid derivatives (DCA), mean 
% of total
 Deoxycholic acid
 Glycodeoxycholic acid
 Taurodeoxycholic acid

23%
0.30 (0.19 – 0.51) *
0.32 (0.16 – 0.52) *
0.08 (0.05 – 0.14)

37%
0.24 (0.11 – 0.38)
0.15 (0.08 – 0.30)
0.06 (0.05 – 0.11)

Ursodeoxycholic acid derivatives (UDCA), 
mean % of total
 Ursodeoxycholic acid
 Glycoursodeoxycholic acid
 Tauroursodeoxycholic acid

5%
n.d.
0.13 (0.09 – 0.18) *
n.d.

4%
n.d.
0.06 (0.00 – 0.13)
n.d.

Values are expressed as median (interquartile range). * Significantly different from serum (at 
least P < 0.05, Wilcoxon signed rank sum test); n.d., not detectable.
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Figure 3 | Comparison of bile acid species levels (µmol/l) in matching human follicular fl uid and serum 
samples. The median is represented by a horizontal line. The bottom of the box indicates the 25th per-
centile, the top the 75th percentile. P-values are calculated using the Wilcoxon signed rank sum test.

BA species in FF and embryo development parameters

Next, we investigated the relation of the various BA species within FF to oocyte and 
embryo parameters (Table IV) in a similar way as described above for total BA. Due 
to scarcity of material, FF from only 121 out of 156 patients was available. For this 
purpose conjugated and unconjugated forms of a respective BA species were summed. 
Embryos with eight cells on day 3 after insemination originated from follicles with 
a higher level of UDCA derivatives (median 0.16 µmol/l) compared with those with 
less than eight cells (median 0.13 [0.08 – 0.15] µmol/l) (P = 0.026). Accordingly, top 
quality embryos were obtained from follicles with a signifi cantly higher level of UDCA 
derivatives compared with embryos that were not of top quality (0.21 [0.13-0.40] versus 
0.12 [0.08-0.15] µmol/l, respectively; P = 0.002). Levels of CDCA and DCA derivatives 
in FF varied signifi cantly among embryos with diff erent percentages of fragmentation 
(P = 0.047 and P = 0.036, respectively; Table IV); in the groups with fragmentation, 
CDCA levels were higher and DCA levels were lower compared to the group with no 
fragmentation. There were no diff erences in FF levels of BA species between groups 
with regard to the presence of an oocyte at retrieval, fertilisation, presence of MNBs 
on day 3 and ongoing pregnancy at 12 weeks of gestation (Table IV).

2.
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DISCUSSION

The results of this study demonstrate that in women undergoing MNC-IVF (i) BA levels 
in FF are significantly higher than in serum, suggesting local production within the 
ovary, (ii) total BA levels in FF are of limited predictive value for oocyte and embryo 
development and (iii) UDCA derivatives are associated with cellular division and the 
development of a top quality embryo on day 3 after fertilisation. Levels of CDCA and 
DCA derivatives in FF varied significantly among embryos with different percentages 
of fragmentation; in the groups with fragmentation, CDCA levels were higher and DCA 
levels were lower compared to the group with no fragmentation.

Using MNC-IVF is an important strength of the study compared to research 
conducted in COH-IVF, since the MNC setting allows for the correlation of oocyte, 
embryo and implantation outcomes to the specific composition of the very FF in which 
initial oocyte development took place.

Limited research on the presence of BA in human FF has been published so far 
(Smith et al., 2009). Our findings in MNC-IVF are comparable to results reported in 
COH-IVF (Smith et al., 2009) in which BA levels were found to be about two fold 
higher locally (in FF) than systemically (in serum). In our opinion, these findings 
are in agreement with a concept of local synthesis of BA by granulosa cells. Further 
support for this comes from the finding that secondary BA represented 28% of the 
total BA pool in FF and 41% in serum, while primary BA, such as CA derivatives and 
CDCA derivatives, represented 72% of the total BA pool in FF, in contrast to only 
60% in serum. In addition, functional expression of key enzymes of BA synthesis, such 
as Cyp7A1, Cyp8B1 and Cyp27 has been detected in granulosa cells that produce the 
FF (Smith et al., 2009). However, secondary BA are the result of modification of BA 
by colonic bacteria, making their presence in FF unexpected. Therefore, next to local 
production in granulosa cells in the ovarian follicle, transport of secondary BA from 
serum into FF through the basement membrane between the theca and granulosa 
cell layer has to be considered. Combined, these data indicate that FF BA are most 
likely derived from both local production and transport into the follicle from the blood 
compartment. The local production of BA might be species specific, as in cows the level 
of bile acids is lower in the fluid of the dominant follicle when compared with plasma 
(Sanchez et al., 2014). The reason for this seemingly opposing finding in different species 
is speculative, but might be related to the fact that cows have a different follicular 
development or that the stage of follicular development at which FF was collected is 
not comparable to the stage in the human studies.

Our results further suggest that several BA species are associated with blastomere 
division and fragmentation. In animal studies, tauroursodeoxycholic acid (TUDCA) has 

2.
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been shown to enhance in vitro blastocyst development by promoting structural integrity 
and by reducing embryonic apoptosis (Kim et al., 2012). Both UDCA and TUDCA 
have been known to interfere with apoptosis by, among other mechanisms, raising the 
cellular threshold for apoptosis and by inhibiting the production of reactive oxygen 
species (Lazaridis et al., 2001; Kim et al., 2012; Rodrigues et al., 1998; Rodrigues et al., 
1999; Rodrigues et al., 2000). It can be hypothesised that UDCA derivatives promote 
cellular division of the fertilised oocyte in the first days of development by interfering 
with cellular damage and consequent elimination of blastomeres. However, the presence 
of apoptosis in human blastocysts is still debated, and therefore a clear link between 
UDCA derivatives and apoptosis in the early embryonic phase cannot be made at 
present (Qiao and Li, 2013). In addition, CDCA and DCA derivatives were associated 
with varying percentages of fragmentation on day 3 after fertilisation, which could be 
in line with cytotoxic effects that have been reported for elevated levels of these BA in 
cholestatic liver disease (Lefebvre et al., 2009).

A limitation of our study is the relatively low number of patients, consequently 
translating into a limited number of successful pregnancies. Further prospective 
studies therefore are required to confirm especially the association of UDCA with IVF 
pregnancy outcomes. In the present study we could only control for macroscopic levels 
of contamination of FF by blood, leaving the possibility for small blood traces within 
the FF. However, we do not expect that the presence of low (invisible) amounts of blood 
in FF is unequally distributed among embryos of different quality (which would cause 
bias). Furthermore, a significant blood contamination would be unlikely to result in 
higher FF compared to blood BA levels. Another potential limitation is the time lag of 
10 years between collection and analysis of FF and serum, although BA are considered 
stable when stored at -20˚C for prolonged periods of time.

It has been shown that the key BA synthesis enzymes are strongly downregulated in 
hepatocytes in response to an acute inflammatory stimulus (Khovidhunkit et al., 2004) 
and that alterations in hepatic BA metabolism occur in patients with insulin resistance 
or type 2 diabetes mellitus (Lefebvre et al., 2009; Brufau et al, 2010; Li et al., 2012). It 
is therefore plausible that maternal characteristics associated with infertility, such as 
inflammation or the metabolic syndrome, might influence BA production in the ovary.

Smith et al (2009) hypothesized that there is competition between cholesterol-derived 
production of steroid hormones and the BA synthetic pathway in granulosa cells. The 
importance of such a balance can potentially be explored in future studies in MNC-IVF 
in relation to IVF outcomes. Moreover, the analysis of consecutive cycles in the same 
patient will shed light on the intercycle variability of the production of BA species and 
whether this can be influenced by diet.
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In conclusion, we report that BA levels in human FF are almost 2-fold higher than 
in serum and increased levels of UDCA derivatives were found in FF of oocytes resulting 
in top quality embryos. Further study into the mechanism behind the regulation of FF 
levels of BA species could offer valuable insights into FF homeostasis. The pathway of 
BA production has been shown to be active in the human follicle (Smith et al., 2009), 
but further studies, in both human and animal models, on the regulation of local 
production and/or transport or diffusion of the different BA species from serum through 
the follicular-blood-barrier are required. MNC-IVF and natural cycle IVF are unique 
models for studies of the clinical significance of alterations in these BA pathways.
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INTRODUCTION

In a large general population cohort, Hagström et al. reported that maternal liver 
cirrhosis is associated with an increased risk of (very) low birth weight (BW) (1). This 
observation might have important implications for offspring health, since low BW is 
now an established risk factor for metabolic syndrome-related disease later in life (2). 
Thus, it would in our view also be relevant and informative to follow up the children 
born to mothers with liver cirrhosis. The mechanism underlying the observed decreased 
BW is unclear. However, in patients with liver cirrhosis circulating bile acids (BA) are 
commonly elevated. BA are increasingly recognized as endocrine mediators of a diverse 
range of (patho)physiological functions, including fertility (3).

Adding to the observations of Hagström et al. we investigated whether preconceptional 
alterations in maternal BA associate with offspring BW.

METHODS

Serum and follicular fluid (FF) BA were determined at ovum pick-up in women 
undergoing modified natural cycle-IVF, a procedure close to normal physiology using 
minimal hormone dosages (3). Institutional Review Board waived approval, since only 
anonymized material/data were used, and patients did not object to usage of waste 
material for research. The study was conducted in accordance with the 1975 Declaration 
of Helsinki. Sixty singleton deliveries, without clinical/laboratory indications for pre-
existing or gestational liver dysfunction, were included. Perinatal data have been 
published (4). A z-score for BW after correction for gestational age, offspring gender 
and parity was calculated (http://www.perinatreg.nl/).

RESULTS AND DISCUSSION
There was no significant relationship between FF levels of BA (total or of different 
species; n=34) and BW z-scores. Serum levels of the primary BA chenodeoxycholic 
and cholic acid (Figure) were significantly correlated with BW z-scores (r=-0.288, 
P=0.026 and r=-0.274, P=0.034, respectively). After additional correction for maternal 
BMI and smoking in a multivariate regression analysis, cholic and chenodeoxycholic 
acid were still significant predictors of BW (β=-477.9, P=0.016 and β=-159.8, P=0.009, 
respectively), while total and secondary BA remained unrelated.

In summary, the present analysis demonstrates a significant relationship between 
higher primary BA in maternal serum at the time of conception and low fetal BW. 
These novel data extend the observations of Hagström et al. and suggest that even in 
individuals free of liver disease, maternal BA levels are associated with fetal growth.
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Figure | Correlation between maternal serum levels of primary bile acids at the time of con-
ception and birth weight of the neonate. The graphs plot birth weight z-score corrected for sex, 
gestational age at birth and parity against maternal serum levels of chenodeoxycholic acid (A) or 
cholic acid (B) at the time of conception. R=correlation coefficient. P=probability value.

3.
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ABSTRACT

Bile acids (BA) are present in ovarian follicular fluid (FF) and have been linked to 
embryo development. However, information on the source of ovarian BA is scarce. 
Therefore, we aimed to explore local ovarian synthesis and BA transport from blood 
into FF. BA levels were determined in matching FF and serum from women who 
underwent in vitro fertilization. In vitro BA production by human mural (MCG) and 
cumulus granulosa cells (CGC) was measured by mass spectrometry. Gene and protein 
expression were quantified in human MCG and CGC and in human ovarian tissue by 
quantitative PCR and Western blot/immunohistochemistry, respectively. There was a 
significant correlation between the levels of BA in blood and FF (rs=0.186, P=0.027). 
Interestingly, levels of FF BA were almost double those in blood (P<0.001) with a 
higher percentage of primary BA, indicating that, in addition to passive diffusion, other 
sources of ovarian BA might exist. The key BA synthesis enzyme CYP7A1 was absent 
in MGC and CGC, and there was no evidence of BA production in vitro. Therefore, 
local ovarian BA production is unlikely. However, common BA importers (NTCP, 
ASBT) and an exporter (ABCC3) were identified in GC, theca cells and the oocyte. In 
summary, these results suggest that passive and active transport of BA from blood into 
FF constitute sources of FF BA.
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INTRODUCTION

Prior to ovulation, oocytes develop in ovarian follicles. Each preovulatory follicle has an 
external, vascularized layer of theca cells and an avascular internal space that consists of 
granulosa cells (GC), the oocyte and follicular fluid (FF) 1. GC are metabolically active 
cells that line the interior of the follicle (mural GC: MGC) and form a layer around 
the oocyte (cumulus GC: CGC). The proximity of the CGC to the oocyte is functionally 
important2. Indeed, oocyte maturation is regulated by the surrounding CGC 3, which 
provide most of its metabolic substrates 4, 5. Moreover, the oocyte regulates expansion 
of the CGC population, which in turn has been shown to impact fertility 6. Thus, a 
functioning relationship between CGC and oocyte is crucial for oocyte development.

In the growing follicle, GC contribute to the accumulation of increasing amounts of 
FF that surround the oocyte. FF thus constitutes the natural environment of the oocyte 
during maturation. Moreover, alterations in its composition have been linked to oocyte 
development and embryo quality 7-9. The composition of FF is determined by two main 
factors: passive or active transport of metabolites from the systemic circulation and 
local production by GC. Passage of metabolites from blood into FF seems to be size-
dependent, with small components passing freely and larger ones selectively or facilitated 
by transporters, if at all 1. Therefore, alterations in the maternal blood composition 
of smaller molecules are expected to be to a certain extent reflected in FF, the 
microenvironment of the developing oocyte 10. With regards to local production, GC are 
capable of modifying the composition of FF by secreting or degrading metabolites. For 
example, in addition to local steroid production11, human GC were demonstrated to secrete 
very-low density lipoproteins (VLDL) and higher levels of FF VLDL were correlated 
with better in vitro fertilization (IVF) outcomes 12. Thus, the final FF composition of 
the mature follicle is a reflection of systemic maternal and local follicular metabolism.

Bile acids (BA) are steroid compounds that are classically involved in fat and vitamin 
absorption in the gut, but are increasingly recognized for their endocrine roles, such 
as in glucose and lipid metabolism 13, 14. BA production occurs via two pathways: the 
classic (neutral) and the alternative (acidic) pathway 15. In order to preserve the BA 
pool, loss of BA is prevented by active reuptake from the digestive tract into the 
blood stream via specialized transporters in the intestine and liver 16. Importantly, BA 
have been shown to be present in FF and are linked to embryo development in IVF, 
indicating that BA may have biological relevance for oocyte maturation 8. Hence, it is 
conceivable that alterations in the FF BA pool may have an impact on the oocyte and, 
consequently, on embryo development. However, the origin of BA in FF has not been 
clarified. In addition to simple diffusion from blood into FF, other sources of BA, such 
as local production and active transport, could play a role 17. The present study thus 
aimed to delineate the origin of ovarian BA with a focus on the two possibilities, local 
intrafollicular synthesis and import from the blood compartment.

4.
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MATERIALS AND METHODS

Follicular fluid and serum collection

Follicular fluid and serum from patients undergoing modified natural cycle (MNC)-IVF 
at the University Medical Centre Groningen (UMCG) in Groningen, the Netherlands, 
were collected during a multicentre cohort study on the outcomes of MNC-IVF 18. Our 
group has previously reported on BA levels in a subset of these samples consisting 
of only samples from the first IVF cycle of a patient 8, 18. For the present study, also 
samples from a subsequent IVF cycle were used. Details on patient inclusion and study 
protocol have been previously published 8, 18. A universal consent form was signed by all 
patients and their confidentiality was protected during the study by assigning patients 
and samples untraceable codes. None of the patients objected to the use of their so-called 
waste material (such as FF, GC and surplus serum), which routinely becomes available 
during patient care and would otherwise be discarded. Fasted blood was drawn on the 
morning of oocyte retrieval and surplus serum was stored under the respective study 
code at -20°C. After oocyte collection, the remaining FF was centrifuged for 20 min at 
300 g and the supernatant was stored under the respective study code at -20°C.

For the current study, FF and matching blood samples fulfilling the following criteria 
were used: FF was free of blood contamination upon visual inspection, no or one oocyte 
was retrieved, only one mature follicle was detected by ultrasound at ovum pickup.

Ethical approval from the Institutional Review Board was requested but waived, 
since materials were anonymized, and patients had signed the universal consent form.

Modified natural cycle – in vitro fertilization procedure and collection of follic-
ular fluid for bile acid analysis

The MNC-IVF procedure has been described in detail previously 18, 19.In contrast to 
classic hyperstimulation IVF, where multiple dominant follicles develop in each cycle, 
in MNC-IVF only one dominant follicle develops and its contents are retrieved at ovum 
pickup. Consequently, the composition of the FF can be accurately compared to that of 
the matching blood sample. In short, when the diameter of a natural growing ovarian 
follicle (measured by vaginal ultrasonography) reached 14 mm, daily injections of 0.25 
mg GnRH antagonist and 150 IU recombinant FSH were started. When the diameter 
of the dominant follicle reached a minimum 18 mm and/or serum oestradiol levels 
exceeded 0.8 nmol/l, 10 000 IU hCG was administered in order to prevent ovulation. 
Approximately 34 h later the oocyte was retrieved with a single-lumen aspiration needle 
and without flushing of the follicle. The oocyte was inseminated following standard 
procedure. If macroscopic blood contamination was absent, the FF was centrifuged for 
20 minutes at 300 g and the supernatant was stored at -80oC for later analysis.
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Controlled ovarian hyperstimulation – in vitro fertilization procedure and  
collection of granulosa cells

The controlled ovarian hyperstimulation (COH)-IVF procedure has been described in 
detail elsewhere 20. In short, on day 23 of the previous menstrual cycle or during the 
use of oral contraceptives patients were started on a hormonal down-regulation protocol 
with daily subcutaneous triptorelin 0.5 mg GnRH analogue and human menopausal 
gonadoprophin 150-225 IU up until the day of hCG injection. When the diameter 
of at least three dominant follicles reached a minimum 18 mm, 5 000 IU hCG was 
administered for final maturation of the follicle and oocyte. Approximately 36 h later the 
oocytes were retrieved with a single-lumen aspiration needle. Cumulus aggregates (CGC) 
were manually separated from the oocyte and used for experiments. After removal of 
cumulus-oocyte complexes, the FF was saved in 50 ml Falcon tubes (Corning, Reynosa, 
Mexico) at 37.5oC and 5% CO2 until they could be used for isolation of MGC later the 
same day. Only the lab technician and the fertility physician that were involved in the 
clinical procedure were aware of the identity and characteristics of the patient, but not 
the researchers.

Cumulus and mural granulosa cell isolation and culture

Primary MGC and CGC were obtained from pre-ovulatory follicles from women 
undergoing controlled ovarian hyperstimulation-IVF (COH-IVF) at the UMCG. CGC 
were manually separated from the cumulus-oocyte complex and washed once in Hank’s 
Balanced Salt Solution (HBSS) (Life Technologies, USA) before being brought into 
culture or stored for further analysis. For the isolation of MGC, FF was centrifuged for 
5 min at 400 g followed immediately by 5 min at 500 g. Red blood cells were removed 
by layering the cell pellet on a 40% Percoll (GE Healthcare, Uppsala, Sweden) solution 
followed by centrifugation for 10 min at 550 g. The suspension of GC was gently pipetted 
out and washed twice in HBSS in order to remove the Percoll solution. Both CGC and 
MGC were either stored for later analysis or brought into culture. In the latter case, 
both cumulus and MGC were first incubated in trypsin for 3 minutes at 37oC followed 
by dispersion of potential clumps by passage through a 40 μm cell strainer (Corning, 
Durnham, USA).

Finally, primary CGC and MGC were plated in 12-well plates (Corning, Kennebunk, 
USA) at a density of 300 000 cells/well and were left to attach for two days in basal 
medium (Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 [Gibco, Paisley, 
UK] supplemented with 10% foetal calf serum [FCS] [Lonza, Verviers, Belgium] and 
1% penicillin/streptomycin/amphotericin B [Lonza, Walkersville, USA]) at 37oC and 5% 
CO2. The medium was refreshed after two days and then daily until the culture was 
devoid of red blood cells upon visual inspection (on average four days). Thereafter, the 

4.
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cells were cultured for 63 hours in medium with either 0.34 mmol/l LDL cholesterol, 
0.34 mmol/l HDL cholesterol or the equivalent volume of phosphate-buffered saline 
(PBS; Gibco, Paisley, UK). FCS was not added to this medium as it contains BA. 
LDL and HDL were isolated by sequential ultracentrifugation (1.019 < d < 1.063 and 
1.063 < d < 1.21, respectively) from plasma of healthy male volunteers. HepG2 cells (a 
hepatoma cell line) and empty wells were used as positive and negative controls for 
each condition, respectively.

Bile acid measurements

In blood and FF, measurement of total BA were conducted using an enzymatic 
fluorimetric assay and by liquid chromatography-mass spectrometry (LC-MS) as 
previously described 8. In cell culture supernatants and cell lysates, BA were measured 
by LC-MS as previously described 8.

Protein measurement

Total protein levels were measured in matched FF and serum using the BCA 
Protein Assay Kit (Pierce, Rockford, USA) following the instructions provided by the 
manufacturer.

Isolation of RNA and measurement of mRNA levels by quantitative real-time PCR

Total RNA was obtained from freshly isolated MGC and CGC and from healthy human 
livers using TRI Reagent (Sigma, St. Louis, USA) and quantified with a Nanodrop 
spectrophotometer (Nanodrop 2000c, Thermo Scientific). Complementary DNA was 
synthesized from 1 μg of RNA using Moloney-Murine Leukaemia Virus reverse 
transcriptase (Invitrogen, Carlsbad, USA). Quantitative real-time PCR analysis was 
performed on a Real-Time PCR system (StepOnePlus, Applied Biosystems). Primers 
and fluorogenic probes (Table 1) were designed with the Primer Express software 
(Thermo Fisher Scientific) and synthesized by Eurogentec (Seraing, Belgium). Gene 
expression levels were normalized to the housekeeping gene peptidylprolyl isomerase 
G and calculated using the delta-Ct method.
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Table 1 | Primer sequences.

Gene name Sequence
PPIG Forward: 5’- TGGAGCCATGGGAATAAAGGT - 3’

Reverse: 5’- CTCTTCCAGCAGGTTGATTGTTAAT - 3’
Probe: 5’ - CAACGTCCTCGATGTTTTTTTGACATTGCC – 3’

CYP7A1 Forward: 5’ - TCAGCTTGGAAGGCAATCCTAT - 3’
Reverse: 5’ - AGCCTCAGCGATTCCTTGATTA - 3’
Probe: 5’ - CTGGCAGGTCATTCAGTTCTGCTTGACTC - 3’

CYP8B1 Forward: 5’ - CCTGAGCTTGTTCGGCTACAC - 3’
Reverse: 5’ - TGCGGAACTCCATGAATAACTCTC- 3’
Probe: 5’ - CCTGTAGCAGGTCCTGCTCCTTGTCCTT - 3’

CYP27A1 Forward: 5’ - TGCGGGCAGAGAGTGCTT - 3’
Reverse: 5’ - ACAGGATGTAGCAAATAGCTTCCA - 3’
Probe: 5’ - CAGGTGTCGGACATGGCTCAACTCTTCT - 3’

CYP7B1 Forward: 5’ - CTTGAAATAGGAGCACATCATTTAGG- 3’
Reverse: 5’ - GATAATACATTGCCCAGAACATAGTTG - 3’
Probe: 5’ - CTCTGGGCCTCTGTGGCAAACACTATTC - 3’

FXR Forward: 5’ - AGGGGTGTAAAGGTTTCTTCAGGA- 3’
Reverse: 5’ - ACACTTTCTTCGCATGTACATATCCAT- 3’
Probe: 5’ - TTGCCCCCGTTTTTACACTTGTACACAGC- 3’

RXR-alpha Forward: 5’ - GCAAACATGGGGCTGAACC - 3’
Reverse: 5’ - GCTGCTTGGCAAATGTTGGT - 3’
Probe: 5’ - CAGCTCGCCGAACGACCCTGTC - 3’

LXR-alpha Forward: 5’ - CTTGCTCATTGCTATCAGCATCTT - 3’
Reverse: 5’ - ACATATGTGTGCTGCAGCCTCT - 3’
Probe: 5’ - TCTGCAGACCGGCCCAACGTG - 3’

LRH-1 Forward: 5’ - CAGAGAACTTAAGGTTGATGACCAA - 3’
Reverse: 5’ - GGTAAATGTGGTCGAGGATTAAGAG- 3’
Probe: 5’ - TCACTCCAGCAGTTCTGAAGCAGCTTCA - 3’

TGR5 Forward: 5’ - CGTCTACTTGGCTCCCAACTTC - 3’
Reverse: 5’ - GGCCTCAGGACTGCCATGTA - 3’
Probe: 5’ - CTCTCCCTGCTTGCCAACCTCTTGC - 3’

VDR Forward: 5’ - CCGCATCACCAAGGACAAC - 3’
Reverse: 5’ - TCATCTGTCAGAATGAACTCCTTCA - 3’
Probe: 5’ - AGGCCTGCCGGCTCAAACGC - 3’

PXR Forward: 5’ - ACATGCTGAAGAAGCTGCAGCT - 3’
Reverse: 5’ - GGCGGTCTGGGGAGAAGA - 3’
Probe: 5’ - ATGGCCTGCATCAGCACATACTCCTCC - 3’

CAR Forward: 5’ - ACCGACCTGGAGTTACCCAGA - 3’
Reverse: 5’ - CTTCGCATACAGAAACCGATCC - 3’
Probe: 5’ - CTTTGCAGAGTCAGTGCCATCTCCTCTTG - 3’

FGFR4 Forward: 5’ - TGTGCAAGGTGTACAGCGATG - 3’
Reverse: 5’ - TATTGATGTCTGCAGTCTTTAGGACTT - 3’
Probe: 5’ - CGTCATCAACGGCAGCAGCTTCG - 3’

FGF19 Forward: 5’ - ATGCAGGGGCTGCTTCAGTA - 3’
Reverse: 5’ - AGCCATCTGGGCGGATCT - 3’
Probe: 5’ - TCCTCGAAAGCACAGTCTTCCTCCG - 3’

4.
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Table 1 | Continued.

Gene name Sequence
KLB Forward: 5’ - AATGGCTGGTTCACAGACAGTC - 3’

Reverse: 5’ - TCATCTAACCTTATTGCTTGAAGCA - 3’
Probe: 5’ - ACCACGGCCATCTACATGATGAAGAATTTC - 3’

NTCP Forward: 5’ - TGATATCACTGGTCCTGGTTCTCA - 3’
Reverse: 5’ - GCATGTATTGTGGCCGTTTG - 3’
Probe: 5’ - TCCTTGCACCATAGGGATCGTCCTCA - 3’

ASBT Forward: 5’ - CACGCAGCTATGTTCCACCAT - 3’
Reverse: 5’ - GAGCGGGAAGGTGAATACGA - 3’
Probe: 5’ – CAGCTCTCCTTCACTCCTGAGGAGCTC A - 3’

OST-alpha Forward: 5’ - GGTGAGCAGAACATGGGAGC - 3’
Reverse: 5’ – ATGGAGGGCTGTAGGGCAGT - 3’
Probe: 5’ - AAATTTGCTCTGTTCCAGGTTCTCCTCATCC - 3’

OST-beta Forward: 5’ – CAGGAGCTGCTGGAAGAGAT - 3’
Reverse: 5’ - GACCATGCTTATAATGACCACCA - 3’
Probe: 5’ - CGTGTGGAAGATGCATCTCCCTGGAATCATTC - 3’

ABCB11 Forward: 5’ - ACATGCTTGCGAGGACCTTTA - 3’
Reverse: 5’ – GGAGGTTCGTGCACCAGGTA - 3’
Probe: 5’ - CCATCCGGCAACGCTCCAAGTCT - 3’

ABCC3 Forward: 5’ - GCCATCGACCTGGAGACTGA - 3’
Reverse: 5’ - GACCCTGGTGTAGTCCATGATAGTG - 3’
Probe: 5’ - CATCCGCACCCAGTTTGATACCTGCAC - 3’

ABCC4 Forward: 5’ - AAGTGAACAACCTCCAGTTCCAG - 3’
Reverse: 5’ - GGCTCTCCAGAGCACCATCT - 3’
Probe: 5’ - CAAACCGAAGACTCTGAGAAGGTACGATTCCT - 3’

OATP1B1 Forward: 5’ - AAGCCACTTCTGCTTCTGTGTTT - 3’
Reverse: 5’ - AATTCTTAGTGAAAGGACCAGGAACT - 3’
Probe: 5’ - CTCAAAAATAACATCTTACTGAATCAATGCA - 3’

OATP1B3 Forward: 5’ - AACATGTAATTTGGACATGCAAGAC - 3’
Reverse: 5’ – TTGTCAGTGAAAGACCAGGAACA - 3’
Probe: 5’ - CTGCTGCCAACTAACATTGCATTGATTCATT - 3’

Western Blotting

Western blots for Na+/Taurocholate Cotransporting Polypeptide (NTCP), apical sodium-
dependent bile acid transporter (ASBT), ATP-Binding Cassette Sub-Family C Member 4 
(ABCC4) and ATP-Binding Cassette Sub-Family C Member 3 (ABCC3) were carried out 
on primary human MGC and CGC pooled from several patients. Protein was resolved 
by SDS-PAGE electrophoresis and subsequently blotted onto nitrocellulose (Trans-Blot 
Turbo Transfer Pack, Biorad, Hercules, USA). The proteins were visualized using NTCP 
antibody (kindly provided by Prof. Dr. Bruno Stieger, University Hospital Zurich, 
Zurich, Switzerland; raised in rabbit; dilution 1:500), ASBT antibody (kindly provided by 
Prof. Paul A. Dawson, Wake Forest University School of Medicine, Winston-Salem, NC, 
USA; raised in rabbit; dilution 1:10000), commercially available ABCC4 antibody (M4I-
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10, NBP1-42339, Novus Biologicals, Minneapolis, USA; raised in rat; dilution 1:200) 
and commercially available ABCC3 antibody (sc-5776, C-18, Santa Cruz Biotechnology, 
Santa Cruz, USA; raised in goat; dilution 1:500), followed by the appropriate HRP-
conjugated secondary antibody (goat anti-rabbit [P0448, Dako, Heverlee, Belgium], 
rabbit anti-goat [P0449, Dako, Heverlee, Belgium] and goat anti-rat [HAF005, R&D 
Systems, Minneapolis, USA]).

Immunohistochemistry

For the present study, we used anonymized ovarian tissue from carriers of the BRCA 
mutation who underwent preventive oophorectomy. The tissue was fixed in formalin, 
embedded in paraffin and sectioned into 3 μm slides. Prior to staining, paraffin was 
removed by immersion of the slides in xylol solution, followed by washing in ethanol. 
For antigen retrieval, either magnesium citrate (ASBT and ABCC4), EDTA (NTCP) or 
Tris/EDTA buffer (ABCC3) was used. In order to reduce endogenous peroxidase activity, 
the slides were incubated in hydrogen peroxide solution for 30 minutes. The slides were 
then incubated for one hour at room temperature in primary antibody dissolved in 1% 
BSA/PBS. The following dilutions were used: NTCP 1:500, ASBT 1:200, ABCC4 1:100 
(see above) and ABCC3 1:100 (sc-5774, H-16, Santa Cruz Biotechnology, Santa Cruz, 
USA; raised in goat). Thereafter, they were incubated with secondary and tertiary goat 
anti-rabbit antibodies (P0448, Dako, Heverlee, Belgium), rabbit anti-goat (P0449, Dako, 
Heverlee, Belgium) and rabbit anti-goat antibodies (P0450, Dako, Heverlee, Belgium) 
diluted 1:100 in 1%BSA with 1% corresponding serum solution prepared in PBS. The 
order of these antibodies was determined by the nature of the primary antibody. The 
slides were then incubated for 10 minutes in 3,3’-diaminobenzidine and counterstained 
with hematoxylin. Finally, the slides were dehydrated and mounted.

Statistical analysis

Results of the measurements of BA in FF and matched serum and of measurements 
of total protein in FF and serum were expressed as median [interquartile range]. Their 
correlations were expressed as Spearman’s r. For BA measurements in matched FF and 
serum, the levels were compared statistically using multilevel generalized estimating 
equations and the results were presented as odds ratio (95% confidence interval)). For 
protein measurement in matched FF and serum, the levels were compared statistically 
using Wilcoxon Signed Ranks test. Gene expression levels in CGC and MGC were 
compared statistically using the independent samples t-test if the values were normally 
distributed or the Mann-Whitney U test if the values were not normally distributed. A 
P value <0.05 was considered statistically significant. Analyses were conducted using 
SPSS version 23 (SPSS, Inc., Chicago, IL, USA).

4.
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RESULTS

Passive diffusion of bile acids from blood into follicular fluid

Total bile acid (TBA) levels were measured in FF and matching serum from 142 MNC-
IVF procedures corresponding to 131 unique patients. A summary of cycle characteristics 
can be found in Supplementary table 1. There was a weak positive correlation between 
TBA in serum and those in blood (rs=0.186, P=0.027; Fig 1), and secondary bile acids 
were present in FF (deoxycholic acid derivatives [DCA]: 0.72 [0.39-1.19] μmol/l, n=139). 
Nonetheless, TBA levels were consistently about two-fold higher in FF compared to 
matching serum samples (10.10 [8.38-11.93] versus 5.89 [4.15-7.88] μmol/l, OR 58.01 
(31.05-108.40), P<0.001; Fig. 2) and primary BA were more abundant in FF than in 
matched serum (mean of 73% versus 60% of total BA, p<0.001).

In order to study whether the higher levels of FF BA may be related to a different 
protein composition of FF as compared to serum, total protein levels were measured 
in FF and matched serum samples from 10 individual patients for which total BA 
measurements were available. The levels of protein in FF were significantly lower than 
those in matched serum (56.16 [51.86-59.25] mg/ml versus 69.83 [67.54-76.32] mg/ml, 
P=0.005). Moreover, there was no correlation between protein levels and total BA in 
FF (rs=-0.006, p=0.987).

Figure 1 | Relationship of total bile acid levels in follicular fluid and in matching blood. Solid 
black line represents the best fitting line for the relationship between total bile acids in blood 
and in follicular fluid.
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Figure 2 | Comparison of total bile acid levels in follicular fl uid and in matching blood. *** - P<0.001.

Local ovarian bile acid production

In order to study whether BA are locally produced in the ovaries, mRNA expression of 
key genes involved in BA production and metabolism was measured in freshly isolated 
MGC (nine individual patients) and CGC (eight individual patients) (Fig 3). For the BA 
production enzymes, healthy human livers served as positive control (n=4). Prior to all 
analyses on primary MGC and CGC, we confi rmed the presence of anti-Muellerian 
hormone type-2 receptor (MISR-II, markers specifi c for GC) and steroidogenic activity 
(i.e., oestrogen production upon induction with follicle stimulating hormone and 
androstenedione) of the isolated primary cells (data not shown). Gene expression of 
CYP7A1 could not be detected in either MGC or CGC, indicating that the classical 
pathway of BA production is not present. Very low level mRNA expression of CYP8B1, 
CYP27A1 and CYP7B1 was inconsistently detected in MGC and CGC, also making it 
highly unlikely that there is a discernible, substantial de novo synthesis of BA via 
the alternative pathway in the ovary. Nonetheless, the nuclear receptors Farnesoid X 
Receptor (FXR), Retinoic Acid Receptor (RXR)-alpha, Liver X Receptor (LXR)-alpha and 
Liver Receptor Homolog 1 (LRH1) as well as the G-Protein coupled bile acid receptor 
TGR5 were present in both cell types (Figure 4, Supplementary table 2). The level of 
mRNA expression of FXR, RXR-alpha, LXR-alpha and LRH1 was hereby signifi cantly 
higher in CGC than in MGC (P=0.023 for FXR, P<0.001 for all other).

In order to further formally test the concept of de novo synthesis of BA via the 
alternative pathway in the ovary, MGC and CGC were cultured in medium without 
or with added lipoproteins as a substrate for BA synthesis (0.34 mmol/l LDL or 0.34 
mmol/l HDL). BA content of cell supernatants and lysates was measured after 63 
hours. In over ten individual experimental repeats, BA could never be detected in any 
appreciable amounts in GC cultures (medium and cells) but were consistently present, 
though in low amounts, in material from HepG2 cultures.

4.
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Figure 3 | mRNA expression of key enzymes for bile acid production in mural and cumulus 
granulosa cells and human livers. CGC – cumulus granulosa cells, MGC – mural granulosa cells.

Figure 4 | mRNA expression of bile acid responsive receptors in mural and cumulus granulosa 
cells. CGC – cumulus granulosa cells. * - P<0.05. *** - P<0.001. MGC – mural granulosa cells.
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Active transport of bile acids from blood into follicular fluid

In order to explore the possibility of active transport of BA from blood into FF, 
mRNA expression studies of common BA importer (NTCP, ASBT, OATP1B1, OATP1B3) 
and exporter (Organic Solute Transporter Subunit alpha [OST-alpha], Organic Solute 
Transporter Subunit beta [OST-beta], ATP Binding Cassette Subfamily B Member 11 
[ABCB11], ABCC3, ABCC4) proteins were performed in freshly isolated GC, harvested 
from FF from COH-IVF procedures. NTCP, ASBT, OST-alpha, ABCC3 and ABCC4 
transcripts were present at varying levels in MGC and CGC (Fig. 5, Supplementary 
table 2). The level of gene expression of ABCC3 was significantly higher in CGC as 
compared to MGC (P < 0.001). For NTCP, ASBT, OST-alpha and ABCC4 there was no 
significant difference in the levels of gene expression between the two granulosa cell 
types. OST-beta and ABCB11 expression was below detection level in both cell types (data 
not shown). Since OST-alpha is only functional in the presence of OST-beta 21, we did 
not further explore protein expression of OST-beta.

Next, protein expression of the above-mentioned transporters was studied (Fig. 
6). Freshly isolated MGC and CGC from multiple patients were pooled and protein 
expression was assessed by Western blotting. Immunohistochemistry was performed on 
paraffin-embedded human ovarian tissue. In tertiary follicles, the BA importers ASBT 
and NTCP were present in both theca and MGC, and NTCP was additionally detected 
in CGC. The organic anion exporter ABCC3 was present in theca cells, MGC and CGC. 
ABCC3 expression could not be confirmed by Western blot of MGC. The presence of 
the BA exporter ABCC4 was confirmed in Western blots of CGC and MGC, but not in 
immunohistochemical staining of ovarian tissue. Finally, in immunohistochemistry of 
primary and primordial follicles, NTCP and ABCC3 were present in GC, while ASBT 
was absent. Finally, all three transporters were also clearly detectable in the oocyte.

Figure 5 | mRNA expression of common transport proteins involved in the import (upper row) 
and export of bile acids (lower row). *** - P<0.001. CGC – cumulus granulosa cells, MGC – 
mural granulosa cells.

4.
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Figure 6 | Protein expression of the bile acid importers NTCP and ASBT and the bile acid 
exporter ABCC3 in cell lysates of human primary cumulus and mural granulosa cells (upper 
row: Western blot) and in ovarian tissue (middle row: immunohistochemical staining of tertiary 
follicles, scale bar represents 500 µm; lower row: immunohistochemical staining of primordial 
and primary follicles, scale bar represents 50 µm). CGC — cumulus granulosa cells, MGC — 
mural granulosa cells.

DISCUSSION

The results of the present study suggest that BA present in FF in higher amounts as 
compared to serum likely reach the FF from the systemic circulation by passive diff usion 
and active transport. Conversely, in human ovarian granulosa cells, local BA production 
is highly unlikely to occur. To our knowledge, this is the fi rst report of BA transporters 
being present in ovarian follicles.

The BA synthesis pathway is traditionally thought to be exclusively present in the 
liver. However, a previous microarray study in human GC from hyperstimulation-IVF 
suggested that components of the classical and alternative pathway of BA synthesis 
are present in human CGC 17. In the current study, primary BA were two-fold more 
abundant in FF than in serum, indicating that local production may take place. 
Moreover, in partial agreement to previous work17, we found mRNA expression, 
although only very weak and inconsistent, of certain BA synthesis enzymes of the 
alternative pathway (namely CYP27A1 and CYP7B1). However, we could not confi rm 
any physiological relevance of that, since under none of the applied conditions did GC 
actually produce BA. In addition, mRNA expression of CYP7A1, the key enzyme of the 
classical pathway, was completely absent. Combined, these data make it highly unlikely 
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that BA are being locally produced in the ovary. The cause of this discrepancy between 
previous results and ours is unclear, but it may be related to differences in culture 
conditions 17. In the present study, we did not add FCS to the culture medium, as this 
contains BA and may thus potentially bias the results.

Instead of local synthesis, our results suggest that ovarian BA are being passively 
and actively transported into FF. In order to enter the FF, blood components must 
pass through the blood-follicular barrier (BFB) composed of, from the exterior to the 
follicle, a vascular wall (endothelium and basement membrane), theca cells, follicular 
basement membrane and GC 1. Passage of molecules from blood into FF is size- and 
charge-dependent 1. BA are small compounds that are predominantly present in blood 
bound to albumin and lipoproteins 22. With regards to the former, immunohistochemical 
studies have shown albumin to be present in the structures composing the BFB and the 
follicular antrum, suggesting that it passes unhindered from blood into FF 10. As for 
the latter means of transport, high density lipoproteins are the sole type of lipoproteins 
present in FF 23. Given their small size, they are assumed to originate from blood by 
diffusion across the BFB 24. Indeed, there was a positive correlation between BA in 
FF and those in blood, supporting the concept of passive diffusion. This is further 
reinforced by the presence of secondary BA in FF, since secondary BA originate from 
the modification by intestinal bacteria, which are not expected to be present in FF. 
In conclusion, BA are likely to pass unhindered through the BFB as cargo of serum 
proteins, such as albumin, and possibly also high density lipoproteins. However, the 
much higher levels of FF BA as compared to blood (which is in agreement with the work 
of Smith et al. 17) and the lack of a correlation between protein levels and BA levels in 
FF already suggest that facilitated transport, in addition to diffusion, takes place. The 
relative overabundance of BA importers (NTCP and ASBT) over exporters (ABCC3) 
found in the present study may explain BA accumulation in FF. In the present study, we 
have focused on the most common BA transporters and it cannot be excluded that other, 
less well-known importers and exporters may also be present in ovarian follicles. Since 
we did not formally show active transport in the current study, studies quantifying the 
relative transport capacities of each transporter in and out of FF would be interesting 
and additive to the current work. However, these are technically very challenging to 
perform and virtually impossible to carry out in humans. Finally, it should be mentioned 
that blood BA concentrations show diurnal variations, i.e., are higher after ingestion of 
a meal. Since blood was collected under fasting conditions, high FF BA concentrations 
may in part reflect an earlier exposure to high serum BA concentrations.

Accumulation of BA in FF during oocyte development and the presence of BA 
transporters in the oocyte as well as of a signalling system responsive to bile acids in the 
follicular environment argue in favour of a biological function of ovarian BA in human 

4.
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reproduction. Over the past decade there has been extensive research indicating that 
BA are more than just mere detergents, and also fulfil important endocrine functions. 
Indeed, they are involved in the regulation of glucose and lipid metabolism, immunity 
and gut microbiota function via nuclear receptors such as FXR and TGR5 13. Moreover, 
BA seem to be involved in fertility and programming of offspring health. In previous 
work, we have shown that ursodeoxycholic acid derivatives in human FF are associated 
with the development of top quality embryos 8. In animals, tauroursodeoxycholic acid 
has been shown to reduce apoptosis of mouse and pig embryos and to increase the 
implantation and live-birth rate in mice 25-27. In male rodents, supplementation of the 
diet with cholic acid resulted in reduced fertility, altered sperm methylation patterns 
and increased perinatal mortality as well as metabolic changes of the surviving pups, 
effects that seem to be mediated by TGR5 28, 29. Despite emerging studies on the possible 
mechanistic function of BA in animals, knowledge on BA in human reproduction is 
scarce and difficult to obtain due to ethical concerns regarding research with gametes 
and embryos.

We consider one of the strengths of our work to be the study of two different types 
of human GC, CGC and MGC. Moreover, as to the best of our knowledge, we are the 
first to demonstrate the presence of the classic BA transporters NTCP and ASBT outside 
hepatocytes and ileocytes, respectively. However, the present study also has points that 
should be approached cautiously. Firstly, it cannot be excluded that the freshly isolated 
GC may have been contaminated with other types of cells (e.g., vaginal epithelial cells, 
ovarian epithelial cells, ovarian stromal cells, theca cells) that may have affected the 
results of protein detection and would thus explain the discrepancies between the 
Western Blot and immunohistochemistry results. For example, cancerous epithelial 
ovarian cells have been previously shown to express ABCC4 30. In GC cultures, however, 
the majority of cells stained positive for MISR-II, indicating that, at least in cultures, 
contamination with other cells was minimal. Secondly, the FF is naturally rich in 
steroid hormones. In the present study, gonadotrophins stimulating steroid hormone 
production were not added to the culture medium, which may alter the functioning of 
the GC. However, the steroidogenic capacity of the cultured cells was intact, indicating 
that the cultivated cells were vital.

In summary, the results of the present study suggest that BA likely reach ovarian 
follicles by both passive and active transport from the blood compartment. Further 
studies are warranted to gain insight into the regulation of BA transport from blood into 
FF and into a potential impact of dysfunctional transport on reproductive physiology. 
Moreover, changes in blood BA composition may possibly impact FF BA composition, 
which would enable lifestyle and pharmacological interventions to prevent and treat 
infertility.
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SUPPLEMENTARY TABLES

Supplementary table 1 | Cycle and patient characteristics.

Age (years) 33 [31-35]
BMI (kg/m2)* 22.75 [21.28-24.91]
Smoking (number (%))
 Yes
 No

38 (26.8%)
104 (73.2%)

Alcohol consumption (number (%)) †

 Yes
 No

69 (48.6%)
72 (50.7%)

Indication for fertility procedure (number (%))‡

 Male
 Tubal
 Unexplained

17
55
67

Total bile acids (μmol/l)
 Follicular fluid
 Blood

10.10 [8.38-11.93]
5.89 [4.15-7.88]

* Values missing for four cycles.
† Value missing for one cycle.
‡ Values missing for three cycles.
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Supplementary table 2 | Gene expression (Ct values) of bile acid nuclear receptors and 
transporters in granulosa cells and liver.

Gene name Mural granulosa Cumulus granulosa Liver
FXR 36.55 31.93 27.14
RXR-alpha 32.60 28.11 26.29
LXR-alpha 34.28 29.42 33.62
LRH1 31.67 26.62 31.04
TGR5 35.57 31.26 32.75
VDR n.d. 38.28 37.69
PXR n.d. n.d. 34.82
CAR n.d. n.d. 30.61
FGFR4 n.d. 36.36 31.46
FGF19 n.d. n.d. 36.63
KLB n.d. n.d. 31.14
NTCP 36.55 33.53 29.00
ASBT 37.64 33.72 38.35
OST-alpha 36.86 33.68 28.65
OST-beta n.d. n.d. 34.45
ABCB11 n.d. 37.25 28.18
ABCC3 34.43 27.60 27.56
ABCC4 32.76 28.47 33.75
OATP1B1 n.d. 37 27.27
OATP1B3 n.d. 36.79 27.54

n.d., not detectable. FXR, Farnesoid X Receptor. RXR-alpha, Retinoid X Receptor-alpha. LXR-
alpha, Liver X Receptor-alpha. LRH1, Liver Receptor Homolog 1. TGR5, G-Protein Coupled Bile 
Acid Receptor 1. VDR, Vitamin D Receptor. PXR, Pregnane X Receptor. CAR, Constitutive 
Androstane Receptor. FGFR4, Fibroblast Growth Factor Receptor 4. FGF19, Fibroblast Growth 
Factor 19. KLB, Klotho Beta. NTCP, Na(+)/Taurocholate Transport Protein. ASBT, Apical Sodium-
Dependent Bile Acid Transporter. OST-alpha, Organic Solute Transporter Subunit alpha. OST-beta, 
Organix Solute Transporter Subunit beta. ABCB11, ATP Binding Cassette Subfamily B Member 
11. ABCC3, ATP Binding Cassette Subfamily C Member 3. ABCC4, ATP Binding Cassette 
Subfamily C Member 4. OATP1B1, Solute Carrier Organic Anion Transporter Family Member 
1B1. OATP1B3, Solute Carrier Organic Anion Transporter Family Member 1B3.

4.
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ABSTRACT

High density lipoproteins (HDL) are the main cholesterol carriers in follicular fluid 
(FF), the natural environment of oocyte development. Additionally, HDL have critical 
biological functions such as anti-oxidative capacity, which have not been studied in 
reproduction. Therefore, this study aimed to investigate whether the anti-oxidative 
function of FF-HDL is associated with fertility outcomes. From 253 women undergoing 
modified natural cycle (MNC)- IVF at a single academic centre FF and plasma were 
collected (n=375 cycles). Anti-oxidative function of FF was mainly attributable to HDL 
(n=8; 83%). FF-HDL had a higher anti-oxidative function than plasma FF (n=19, 
P<0.001) coinciding with increased vitamin E and sphingosine 1 phosphate content 
(P=0.028 each). Proteomic analysis indicated no significant differences in major anti-
oxidative proteins such as paraoxonase 1, apolipoprotein (apo) A-I or apoA-IV between 
FF-HDL and matched plasma-HDL (n=5), while apoC-III, apoE and apoC-II were 
relatively lower in FF-HDL. Finally, FF-HDL anti-oxidative function was related to 
a decrease in the odds of the oocyte undergoing normal fertilization, an association 
that persisted after adjustment for confounders (odds ratio 0.97 (0.93-1), P=0.041). In 
conclusion, FF-HDL has considerable anti-oxidative properties that might be relevant 
for embryo quality.
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INTRODUCTION

The role of high density lipoproteins (HDL) in health and disease is traditionally 
viewed in the context of protection against atherosclerotic cardiovascular disease (CVD). 
Although circulating HDL-cholesterol levels are consistently inversely correlated 
with incident CVD events in large population studies, recent genetic research and 
disappointing pharmacological intervention studies resulted in a shift of concept 
towards HDL function being more important than HDL-cholesterol 1. While the body 
of literature on HDL function in the cardiovascular field is increasing, this concept 
remains insufficiently explored in other fields where HDL might play a physiological 
role, such as reproduction2.

In female reproduction, follicular fluid (FF) is the natural environment for the 
final phase of oocyte maturation. Its composition has been linked to oocyte growth and 
quality, and variations in the metabolic profile of FF, such as lipoproteins, certain bile 
acid species, glucose, lactate and other metabolites are associated with the developmental 
potential of embryos in in vitro fertilization (IVF) procedures 3-5. A key component 
of FF is cholesterol, which is almost exclusively contained within HDL, which are 
believed to originate from the blood compartment 3, 6. During follicular maturation, 
HDL cholesterol homeostasis in FF is important as it provides the substrate for local 
steroid hormone production 7. Additionally, HDL quantity and structure has been linked 
to oocyte quality in mice as exemplified by the presence of dysfunctional oocytes and 
subsequent infertility in female mice lacking the HDL receptor SR-BI 8, 9. In addition 
to cholesterol transport, HDL have a number of functional properties. A key metric of 
HDL functionality is the ability to prevent oxidation 10.

Oxidative stress has a negative impact on reproductive fitness as exemplified 
in women with reproductive disorders such as polycystic ovarian syndrome and 
endometriosis 11-14. Furthermore, unfavourable metabolic conditions including obesity, 
insulin resistance or other components of the metabolic syndrome are associated 
with decreased fertility on the one hand and with altered plasma HDL anti-oxidative 
function on the other 10, 15-19. However, despite the biological activities of HDL and their 
abundant presence in FF, the anti-oxidative properties of HDL in FF and their potential 
association with parameters of fertility have not been explored thus far. Therefore, the 
present study aimed to evaluate the relevance of anti-oxidative properties of FF-HDL for 
outcomes of modified natural cycle (MNC)-IVF. In contrast to classic hyperstimulation 
IVF, in MNC-IVF (a setting close to normal reproductive physiology) it is possible 
to associate each FF sample collected with one specific oocyte and subsequently one 
embryo.

5.
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RESULTS

Study population characteristics

As detailed in methods, FF and plasma were collected between August 2013 and April 
2017 from a total of 620 MNC-IVF cycles derived from 253 patients (Figure 1). Of these, 
375 monofollicular MNC-IVF cycles corresponding to 215 patients were suitable for 
analysis. The vast majority of cycles was excluded because no oocyte was retrieved upon 
intended ovum pick-up or because there was visible blood contamination of FF. Out of 
the 375 cycles, 160 were obtained during the observational study period and 215 during 
the prospective study. In total, there were 244 transferable embryos that resulted in 67 
pregnancies. Table I contains a description of HDL anti-oxidative capacity and patient 
characteristics at the time of ovum pick-up.

Table I | HDL anti-oxidative capacity and cycle characteristics of patients undergoing modified 
natural cycle IVF. P values are derived from generalized estimating equations and describe the 
effect of cycle characteristics on HDL anti-oxidative capacity.

Total group P value
Reduction in oxidation (%) 81.7 ± 6.8 -
Age (years) 31.3 ± 3.4 0.474
BMI (kg/m2)a 23.2 [21-26.2] 0.154
Smoking

 Yes
 No
 Stopped before treatment
 Unknown

40 (11%)
195 (52%)
107 (28%)
33 (9%)

0.266

Alcohol consumption
 Yes
 No
 Unknown

185 (49%)
138 (37%)
52 (14%)

0.974

Duration of subfertility (months)b 35.6 [23.7-50.1] 0.286
Indication

 Male factor
 Tubal factor
 Unexplained

261 (70%)
48 (13%)
66 (17%)

0.568

Fertility treatment
 ICSI
 IVF

309 (82%)
66 (18%)

0.729

Data are expressed as mean ± standard deviation, median [interquartile range] or number of cases 
(percentage) of outcome. The relationship between cycle characteristics of patients and reduction 
in oxidation was estimated by univariate GEE. aBMI at start of the fertility treatment episode. 
Values are missing for 31 cycles corresponding to 22 patients. bDuration of subfertility at intake. 
Data are missing for 14 cycles corresponding to 11 patients.
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Figure 1 | Flow diagram of sample selection. Of the 620 MNC-IVF cycles that were initially 
considered for inclusion in the study, 375 cycles were consistent with all of the selection criteria 
as detailed in methods. MNC, modified natural cycle.

Anti-oxidative capacity of follicular fluid HDL

First, we determined how the anti-oxidative capacity of FF (containing virtually 
exclusively HDL as the sole lipoprotein subclass) compares to that of plasma HDL 
(obtained by precipitation of apoB-containing lipoproteins). For 19 randomly selected 
patients who fulfilled the above-mentioned selection criteria and underwent a first 
cycle MNC-IVF, the anti-oxidative capacity of FF and matching apoB-depleted 
plasma was measured. As shown in the supplementary table there were no major 
differences in patient characteristics between the selected subgroup and the whole study 
population. The percentage reduction in oxidation was consistently significantly higher 
in FF as compared to plasma HDL (84% [79.2-87.1] versus 67.2% [63.8-70.1]; p<0.001; 
Supplementary Figure). The correlation between the anti-oxidative function of FF and 
that of matching plasma did not reach significance (rs= 0.307, p=0.201).

Next, we investigated the specific contribution of FF-HDL to the overall anti-
oxidative properties of FF. For this purpose, eight patients were randomly selected 
who fulfilled the above-mentioned criteria and underwent a first cycle MNC-IVF. As 

5.
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indicated in the Supplementary table, except for the lower proportion of patients who 
consumed alcohol, these patients did not differ in their clinical characteristics compared 
to the whole patient population. HDL was isolated from these FF samples by fast protein 
liquid chromatography (FPLC). Cholesterol measurements confirmed that almost all 
cholesterol in FF is contained within HDL particles 3. Importantly, the anti-oxidative 
capacity of isolated FF-HDL accounted for 83% [77.2-90.4] of the total FF anti-oxidative 
capacity (whole FF 57.14% [55.15-58.89] versus FF-HDL 46.75% [45.35-50.75]).

In order to characterize the composition of FF-HDL in greater detail, proteomic 
analyses were carried out in matching plasma-HDL and FF-HDL (n=6 patients) isolated 
by FPLC. FF-HDL and plasma-HDL from one patient with a high inflammatory 
load were subsequently excluded from the analysis. As summarized in Figure 2 (for 
a complete list of proteins please see Supplementary Table 2) apolipoprotein C-III, 
apolipoprotein E and apolipoprotein C-II were significantly enriched in plasma-HDL as 
compared to FF-HDL (each P<0.05). For the other proteins, notably including proteins 
implicated in oxidative stress defence such as PON1, apoA-I or apoA-IV, no significant 
differences between FF-HDL and matched plasma-HDL were discernible. Next, we 
explored the content of anti-oxidative lipids in the different HDL preparations. Vitamin 
E and sphingosine-1-phosphate (S1P) were both present in FF-HDL at significantly 
higher levels than in matched plasma-HDL (vitamin E: FF-HDL 4.21 [9.32-49.05] 
nmol/ml versus plasma-HDL 3.86 [2.50-27.41] nmol/ml, P=0.028; S1P: FF-HDL 71.08 
[36.83-340.72] ng/l versus plasma-HDL 34.60 [25.02-224.99] ng/l, P=0.028).

Table II | Oocyte and embryo development in Modified Natural Cycle IVF and ICSI and 
follicular fluid anti-oxidative capacity

Number of cycles Anti-ox (%)

Progression to metaphase II (ICSI) Yes (n = 287)
No (n = 15)

81.7 ± 7.2
83.5 ± 6.3

Normal fertilization Yes (n = 244)
No (n = 92)

81.3 ± 6.8
82.8 ± 6.6

Fragmentation Low (less than 10%) (n = 199)
High (more than 10%) (n = 45)

81.6 ± 6.7
80.0 ± 6.9

Top quality embryo Yes (n = 128)
No (n = 208)

81.5 ± 6.9
81.9 ± 6.7

Pregnancy Yes (n = 67)
No (n = 177)

81.4 ± 7.4
81.3 ± 6.5

Data are expressed as mean ± standard deviation or median [interquartile range]. Anti-ox, anti-
oxidative function.
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Figure 2 | Comparison of the abundance of HDL-associated proteins between HDL from 
follicular fluid and from matched plasma (n=6 each). Protein intensity ratio was calculated as 
the median protein intensity in follicular fluid-HDL samples divided by the median protein 
intensity in matched plasma-HDL samples. Apolipoprotein D and serum amyloid A1 could not 
be detected in plasma-HDL from one patient and in follicular fluid-HDL and plasma-HDL 
from three patients, respectively, hence the n number for these proteins is lower. * - P<0.05 by 
Wilcoxon Signed Ranks test (protein intensity). Apo – apolipoprotein, SAA – serum amyloid A, 
PON1 – paraoxonase/arylesterase 1.

Intra-individual variation in the anti-oxidative function of follicular fluid HDL

The anti-oxidative function of FF-HDL was assessed in 215 patients (Figure 1), and 
in 106 of them material from a minimum of two MNC-IVF cycles were available 
for comparison. For these, minimum and maximum values for FF-HDL anti-oxidant 
capacity were calculated and the difference was expressed as the intra-individual 
variance. There was a strong positive correlation between the minimum and maximum 
FF-HDL anti-oxidant function (minimum: 78.7 [75.5 – 81.6], maximum 85.1 [81 – 88], 
rs=0.508, p<0.001, intra-individual variance 7.1 [3.3 – 11.4]), indicating that the anti-
oxidative function of FF-HDL is a rather stable parameter.

Follicular fluid HDL anti-oxidative function in relation to embryo quality and 
pregnancy

We investigated the relation between FF-HDL anti-oxidative function and embryo 
quality as well as pregnancy occurrence (Table II). Of the total 309 cycles during which 
an ICSI procedure was planned, in seven cycles the procedure was not carried out due 
to separation of the oocyte from the zona pellucida or abnormal oocyte morphology. Of 

5.
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the remaining cycles, 16 oocytes were not injected due to insufficient spermatozoa. One 
oocyte was lost during removal of granulosa cells and after ICSI 15 oocytes degenerated. 
Of the total 366 oocytes (ICSI and IVF), in which development after fertilization was 
followed, 92 had an abnormal number of pronuclei or did not undergo cell cleavage 
and were therefore discarded. Finally, in 244 monofollicular MNC cycles the embryo 
was suitable for transfer, which resulted in 67 positive pregnancy tests from 64 patients.

A higher FF-HDL anti-oxidative capacity was associated with decreased odds of 
the oocyte undergoing normal fertilization (Table III), an association that remained 
significant after adjustment for age, BMI and smoking (OR 0.97 [0.93-1.00], p=0.041). 
No significant relationship with the corresponding oocyte (progression to metaphase 
II in ICSI), embryo (fragmentation, top quality embryo) and pregnancy parameters 
(positive pregnancy test) was found.

Table III | Generalized estimating equations analysis of the relationship between embryo 
development in Modified Natural Cycle IVF and ICSI and follicular fluid anti-oxidative capacity

Unadjusted model Adjusted model
Odds ratio 
(95% CI)

p value
Odds ratio 
(95% CI)

p value

Progression to metaphase II (ICSI) 0.97 (0.91-1.02) 0.220 0.97 (0.91-1.02) 0.225
Normal fertilization 0.97 (0.94-1.00) 0.042 0.97 (0.93-1.00) 0.041
Low fragmentationa 1.03 (0.98-1.08) 0.208 1.04 (1.00-1.09) 0.068
Top quality embryo 1.00 (0.97-1.03) 0.898 1.00 (0.97-1.04) 0.805
Pregnancy 1.00 (0.96-1.05) 0.906 1.01 (0.96-1.06) 0.703

Adjusted model includes percentage reduction in LDL oxidation, maternal age, BMI, smoking. 
Additionally, models for normal fertilization and pregnancy include the type of fertility treatment 
(IVF or ICSI) and duration of subfertility, respectively. Bold values: p<0.05 in GEE analysis.  
a After exclusion of one extreme outlier (FF-HDL anti-oxidative function of 55.58%): adjusted 
OR 1.03 (0.98-1.08), p value = 0.202

DISCUSSION

The results of this study demonstrate that (i) FF has anti-oxidative capacity of which 
the majority is attributable to the presence of HDL, and (ii) an increase in FF anti-
oxidative function was associated with a decreased chance for the oocyte to undergo 
normal fertilization. The above findings suggest that beyond being a cholesterol carrier, 
FF-HDL have anti-oxidative function that is related to the developmental potential of 
the oocyte during the initial phases of zygote development.

HDL are small lipoprotein particles of complex composition which are according to our 
results responsible for more than 80% of the total FF anti-oxidative function. Moreover, 
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the significantly increased anti-oxidative properties of FF as compared to apolipoprotein 
B-depleted plasma indicate the existence of an environment relatively enriched in 
anti-oxidant capacity surrounding the developing oocyte. This finding is in accordance 
with previous work showing that FF from women undergoing (albeit hyperstimulation) 
IVF contains significantly lower levels of oxidative stress markers (conjugated dienes, 
lipid hydroperoxides and thiobarbituric acid reactive substances) and has a higher total 
antioxidant capacity as compared to plasma 20, 21. Extending current knowledge, the 
present study shows that the net pro-oxidative property of FF is mainly due to local 
HDL particles. Moreover, the anti-oxidative function of FF-HDL fluctuates within a 
narrow range with a relatively stable and low intra-individual variation between cycles.

Despite the expected diffusion of HDL from blood across the blood-follicle barrier, 
FF and plasma-derived HDL differ in size and composition, indicating that during 
transport, remodelling of HDL occurs 6. In support of such a concept, we detected 
significant differences in the HDL proteome between the two matrices, namely a 
decreased apolipoprotein E, apolipoprotein C-II and apolipoprotein C-III content of 
FF-HDL. However, more obvious candidates for HDL-associated proteins with an anti-
oxidative function such as PON1, apolipoprotein A-I, apolipoprotein A-IV or the S1P 
carrier apolipoprotein M were not differentially present on FF compared with plasma 
HDL. In contrast, FF-HDL was enriched in vitamin E and S1P, which may conceivably 
contribute to the accentuated anti-oxidative potential of FF as compared to plasma 
HDL. Previous literature reported lower levels of apolipoprotein A-I and apolipoprotein 
A-IV in apolipoprotein B-precipitated FF-HDL than in matched serum or plasma 22, 23. 
This discrepancy is likely due to different stimulation protocols; specifically, the higher 
amounts of hormones used in hyperstimulation-IVF in previous literature may influence 
oxidative balance in the follicular environment.

The present study found a negative correlation between the FF-HDL anti-oxidative 
capacity and the chance of the oocyte undergoing normal fertilization, which may seem 
counterintuitive. However, the optimum balance of pro- and anti-oxidants for successful 
fertilization has yet to be established, and previous literature implies that both extremes 
of the oxidative stress spectrum may be detrimental for oocyte maturation and embryo 
quality. Specifically, our finding is in agreement with the study of Sabatini et al. 
who reported an inverse correlation between FF levels of the antioxidant superoxide 
dismutase and fertilization rates 24. Moreover, anti-oxidative defence may increase in 
response to high stress, such as seen for example in smokers 25. Increased anti-oxidant 
function may thus reflect the need of the oocyte for increased protection in unfavourable 
developmental conditions and is likely part of a functioning defence mechanism against 
oxidative stress. Further, a certain amount of oxidative stress may be necessary for 
normal reproductive physiology, as is suggested by a previous study in which all 
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pregnancies occurred in women with a mid-range FF oxidative-stress indices 26. In 
addition, oxygen radicals represent an ancient signalling system important for many 
biological processes, among others for providing guidance cues during development27. On 
the other hand, Oyawoye et al. found that an increase in the total antioxidant capacity of 
FF was associated with successful oocyte fertilization, which may reflect the detrimental 
effects of excess oxidative stress 28. Efforts have also been made to determine the upper 
limit of ROS beyond which it becomes toxic for the oocyte 29. However, it is rather 
difficult to draw an exact conclusion about the physiological limits for the pro-/anti-
oxidant balance due to different laboratory pro-/anti-oxidant measurement techniques 
and hormonal stimulation protocols used in fertility research.

The present study did not find a relationship between the FF-HDL anti-oxidative 
function and the occurrence of pregnancy, which is in agreement with previous work 
20. This finding may be attributable to the fact that, aside from the pre-ovulatory 
environment of oocyte development, extra-ovarian factors such as endometrial receptivity 
and sperm quality are crucial determinants of pregnancy. Nonetheless, previous studies 
have reached conflicting conclusions about a possible detrimental versus beneficial role 
of FF oxidative stress on the chances of achieving a successful pregnancy 21, 30-33. The 
difference in study outcomes may be explained by differences in IVF procedures and 
patient characteristics. In MNC-IVF, the patient’s natural ovulatory cycles are followed, 
hence a much lower dose of gonadotropins is administered which is likely to influence 
the FF total antioxidant capacity 34. The lower doses of exogenous hormones result in the 
development of only one dominant follicle. Consequently, only one oocyte is fertilized and 
single embryo transfer is performed. MNC-IVF is thus much closer to normal physiology 
of ovarian follicle growth as compared to the conventional hyperstimulation protocols.

We therefore consider one of the strengths of our study the use of material from 
MNC-IVF, which allows for correlating components of FF with oocyte, embryo and 
pregnancy outcomes. Additionally, the current study highlights one of the previously 
unrecognized key players in the FF oxidative balance, namely HDL, and quantified its 
contribution to the total local functional antioxidant capacity. The present study also 
has certain limitations. Firstly, this is a single centre study. Secondly, dynamic HDL 
function assays are not standardized as e.g. clinical chemistry determinations of static 
biomarkers, and results have to be interpreted in the context of the respective conditions 
applied 10. Lastly, due to the invasive nature of the oocyte pick-up procedure, minor 
contamination of the FF samples with blood cannot be completely excluded. However, 
since the anti-oxidative capacity of FF-HDL is higher, that would rather be expected 
to result in a dilution of the observed effect size.

Investigating HDL function is an emerging concept in cardiovascular medicine, 
and several studies have found an increased prevalence of cardiovascular disease risk 
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in women with ovulatory failure due to e.g. polycystic ovarian disease, endometriosis 
or primary ovarian insufficiency 16-18. Given the perceived ability of HDL to diffuse 
across the ovarian blood-follicle barrier, lifestyle and drug interventions to modify the 
functionality of HDL may also affect reproductive outcomes by e.g. interfering with 
known risk factors for infertility such as the components of the metabolic syndrome in 
which HDL dysfunction may be expected 35-39.

In summary, this study shows that FF is a matrix with accentuated anti-oxidative 
properties that are predominantly exerted by HDL in the pre-ovulatory follicular 
environment. Moreover, differences in anti-oxidative capacity between FF- and plasma-
HDL might be explained by an altered lipid composition of the particles. Importantly, 
an increase in the anti-oxidative function of FF-HDL seems to be a negative predictor 
of normal fertilization, which may be the reflection of an unfavourable ovarian 
environment that stimulated anti-oxidant activity. Further studies are warranted to gain 
more insight into the relationship between FF-HDL function and embryo quality as well 
as pregnancy chances in IVF. Moreover, fine-tuning the balance between oxidative stress 
and antioxidants is conceivably required in order to exploit this system for therapeutic 
purposes, with the ultimate goal of optimizing reproductive success in IVF procedures.

METHODS

Sample and data collection

Surplus FF and blood from ovulatory women attending the fertility clinic of the 
University Medical Centre Groningen in the years 2013-2017 for a maximum of six 
cycles of MNC-IVF was used for the current study. Patients attending the IVF clinic 
between August 2013 and July 2014 were included in an observational setting as part of 
routine medical care. From October 2014 to April 2017 IVF patients were enrolled in a 
prospective observational cohort study on the relationship between women’s nutrition, 
blood biomarkers, FF composition and MNC-IVF outcome parameters. There were no 
differences in hormonal treatment, ovum pick-up or laboratory procedures between the 
two sequentially recruited patient groups.

On the day of oocyte retrieval, a fasted blood sample was drawn and the surplus 
plasma was stored at -80oC. After the oocyte had been collected for IVF/ICSI, the FF 
was centrifuged for 20 minutes at 300 g and the supernatant was stored at -80oC for later 
analysis. FF supernatant with visible or suspected blood contamination was discarded. 
Materials from each cycle were assigned non-traceable codes and information regarding 
the participants and IVF outcomes were gathered from a database for routine patient 
care. MNC-IVF has the advantage of being as close to normal reproductive physiology 
as possible.

5.
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For the present study, samples were used from cycles in which (i) one dominant 
follicle developed, (ii) one oocyte was retrieved and (iii) macroscopic blood contamination 
of FF was minimal.

Ethical approval

For the present study, plasma and FF were used, which are considered waste materials 
that would otherwise be discarded. For the prospective study (Netherlands Trial Register 
number NTR4409), patients were asked to fill in food frequency questionnaires; for this 
additional task, medical ethics committee approval was obtained (Medisch Ethische 
Toetsingscommissie 2014/007, number NL47569.042.13) and all participants gave written 
informed consent before inclusion in the study. For the usage of samples collected during 
routine medical care, approval was requested at the Medical Ethical Committee of the 
UMCG but waived, since all patients had signed a universal consent form that permits 
the usage of surplus material and data from medical records for research purposes under 
the condition that the patient identity remains untraceable and the data confidential. 
The research was conducted in accordance with the Declaration of Helsinki.

Fertility treatment

The MNC-IVF procedure was carried out as previously described (Supplementary 
methods) 5. The oocyte underwent standard insemination in the form of incubation 
with medium containing spermatozoa or intracytoplasmatic sperm injection (ICSI) 
within 6 h of retrieval. The number of pronuclei was assessed on the morning of day 
1 after insemination/spermatozoa injection and cleavage, the number of blastomeres, 
percentage of fragmentation and presence or absence of multinucleated blastomeres 
(MNBs) on day 2 after insemination. Normal fertilization was defined as the presence 
of either zero, one or two pronuclei on day 1 and the occurrence of cell cleavage on day 
two. Abnormal fertilization was defined as the presence of three pronuclei on day 1 
or the absence of cell cleavage on day two, irrespective of the number of pronuclei on 
day 1. Top quality embryos were defined as the presence of two pronuclei on day 1 and 
presence of four cells, absence of MNBs and less than 20% fragmentation on day two 
after fertilization. Single embryo transfer took place on day two after oocyte retrieval. 
Embryos containing more than two pronuclei or more than 40% fragmentation were 
discarded. On days 5, 8 and 11 after oocyte retrieval, hCG (1500 IU, Pregnyl, MSD) was 
administered for luteal support. The occurrence of pregnancy was defined by a positive 
serum hCG test at two weeks after embryo transfer. Ongoing pregnancy (defined as 
the presence of an intrauterine gestational sac with fetal heartbeat) was confirmed by 
ultrasound at 12 weeks gestational age.
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HDL anti-oxidative function

HDL was isolated from plasma by precipitating apoB-containing lipoproteins using 
polyethylene glycol-6000 (Sigma-Aldrich, Germany) exactly as detailed previously 40. 
For FF samples, apoB-containing lipoproteins were not precipitated, since FF is already 
almost entirely devoid of these 6.

The anti-oxidative capacity of FF and plasma HDL was studied by adding individual 
FF and apoB-depleted plasma samples to native, unoxidized LDL particles as previously 
published 40-44. Oxidation was induced by 2,2’-azobis [2-amidinopropane] dihydrochloride 
(2.5 mM; AAPH, Sigma, Germany) in aliquots of native LDL (3.6 mM cholesterol 
concentration), to which either PBS (2.5 µl; control) or FF (2.5 µl) or apoB-depleted 
plasma (2.5 µl) was added. Anti-oxidative function was calculated as the capacity of 
HDL to suppress the maximally induced LDL oxidation. Consequently, higher values 
describe lower oxidation, and thus better protection. The inter-assay coefficient of 
variation of the assay was previously determined to be 5.1% 19, 41, 43, 44.

To assess the contribution of FF-HDL to the total FF anti-oxidative capacity, 
HDL was isolated from eight first cycle MNC FF samples from individual patients 
by fast protein liquid chromatography (FPLC) 45. Cholesterol content in individual 
fractions after FPLC was measured using a routine enzymatic colorimetric method 
(Roche Diagnostics GmbH, The Netherlands). For each sample, the FPLC fractions 
corresponding to HDL (as determined by fraction number and cholesterol content) were 
pooled and anti-oxidant capacity was subsequently determined as described above in 
the concentrated HDL and in the whole FF sample (in total 16 samples corresponding 
to the above-mentioned eight patients).

HDL composition

Differential protein composition of plasma- versus FF-HDL particles isolated by FPLC 
was assessed by untargeted proteomics as follows. First, for in solution digestion 10 µL 
of a 0.2% Rapigest in milliQ water was added to the protein mixtures (50 ug) followed 
by 10 µL of 100mM Ammonium BiCarbonate (ABC) in milliQ water. The sample was 
reduced by adding 10 µL of 10mM DTT in 100mM ABC buffer and incubated at 56 °C 
for 30 minutes. The sample was cooled down to room temperature (RT) and alkylated 
by adding 10 µL of a 55mM Iodoacetamide in 100mM ABC buffer and left at RT in 
the dark for 45 minutes. Alkylation was quenched by addition of 10uL 10mM DTT in 
100mM ABC buffer. 25 µL of a 10ng/ul trypsin in 100mM ABC buffer was added and 
the sample was incubated in an oven at 37 °C. After two hours an additional 25uL of 
a 10ng/ul trypsin in 100mM ABC buffer was added and incubated overnight at 37 °C. 
Samples were acidified by addition of 10uL 10% (v/v) TFA in water and incubated at 37 
°C. After 45 minutes the samples were spun down and the supernatant was concentrated 

5.
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and desalted by Stage Tip cleanup and finally eluted in 20uL 50% acetonitrile/0.1%TFA. 
The samples were dried in a speedvac and resuspended in 20ul 5% formic acid for 
analysis by LCMS. LC-MS/MS of the tryptic peptides was performed with the Ultimate 
3000 HPLC system coupled online to a Q-Exactive-Plus mass spectrometer with a 
NanoFlex source (both from Thermo Fisher Scientific) equipped with a stainless-steel 
emitter. 1 µL of tryptic digest was loaded onto a 5 mm × 300 µm i.d. trapping micro 
column packed with PepMAP100 5 µm particles (Dionex) in 0.1% FA at the flow rate 
of 20 µL/min. After loading and washing for 3 minutes, peptides were back-flush 
eluted onto a 50 cm × 75 µm i.d. nano-column, packed with Acclaim C18 PepMAP100 
2 µm particles (Dionex). The following mobile phase gradient was delivered at the 
flow rate of 300 nL/min: 2–45% of solvent B in 90 min; 50–80% B in 1 min; 80% B 
during 14 min, and back to 3 % B in 1 min and held at 2% B for 24 minutes. Solvent 
A was 100:0 H2O/acetonitrile (v/v) with 0.1% formic acid and solvent B was 0:100 
H2O/acetonitrile (v/v) with 0.1% formic acid. The mass spectrometer was operated in 
data-dependent mode to switch automatically between MS and MS/MS and the top 
15 precursor ions with a charge state of 2-5+ were selected with an isolation width of 
1.8 m/z and fragmented by HCD (resolution 17500, max IT =50ms) with a 20 seconds 
exclusion time. The normalized collision energy was set at 28. For database search and 
label free quantitation (LFQ) the software PEAKS X (Bioinformatics Solutions Inc., 
Waterloo, Ontario, Canada) was applied to the spectra generated by the Q-exactive plus 
mass spectrometer to search against the Human SwissProt database (2019.04.02/ 20404 
entries) with fixed modification carbamidomethylation of cysteine and the variable 
post translational modifications oxidation of methionine (done with a maximum of 5 
posttranslational modifications per peptide at a parent mass error tolerance of 20 ppm 
and a fragment mass tolerance of 0.04 Da). False discovery rate was set at 1 and at least 
1 unique peptide should be present. LFQ was performed using the PeaksQ module 
incorporated in the Peaks X software.

Vitamin E and sphingosine-1-phosphate (S1P) were measured in HDL isolated from 
FF and plasma by FPLC using commercially available ELISA kits (MBS163944 and 
MBS163661, MyBioSource,San Diego, USA) following the instructions provided by the 
manufacturer. Final volume after pooling of FPLC HDL fractions and concentration 
of the sample was used to normalize the results.

Statistical analysis

Results are expressed as mean ± standard deviation for normally distributed variables 
and median [interquartile range] for non-normally distributed variables. Extreme outliers 
were defined as cases with values more than three times the interquartile range above 
the third quartile or below the first quartile. Statistical analysis after exclusion of 
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extreme outliers was compared with original results. Differences in HDL anti-oxidative 
capacity between FF and matched plasma, between the maximum and minimum 
HDL anti-oxidative function and between lipid and protein content of FF-HDL and 
plasma-HDL were analysed by means of Wilcoxon Signed Ranks test (paired), and 
their correlation was expressed as Spearman’s r. To study the relationship between FF 
anti-oxidative function and oocyte, embryo and pregnancy parameters, as well as the 
relationship between FF anti-oxidative function and cycle characteristics, multilevel 
analysis using generalized estimating equations (GEE) was used 46. The results of 
GEE analysis are presented as odds ratio (95% confidence interval). A p value lower 
than 0.05 was considered statistically significant. Factors known from literature to 
influence fertility (age, BMI, smoking, type of procedure – IVF or ICSI – specifically 
for fertilization) and factors that were significantly correlated to MNC-IVF outcomes 
were included in the adjusted GEE model. SPSS 23 (SPSS, Inc., Chicago, IL, USA) 
was used for data analysis.

ADDITIONAL INFORMATION

Acknowledgements

We are indebted to the staff of the Reproductive Medicine laboratory of the University 
Medical Centre Groningen for collection of patient materials and technical expertise 
in assisted reproductive medicine. We are grateful to Marcel de Vries from the Mass 
Spectrometry Centrum of the University of Groningen for technical assistance and 
expertise in untargeted proteomics.

Author Contributions Statement

R.A.N. contributed to study design, execution, analysis, manuscript drafting and critical 
discussion. A.P.A.v.M. contributed to study design, analysis and critical discussion. H.G. 
contributed to analysis and critical discussion. I.H. contributed to study design, execution 
and critical discussion. D.A., R.M., J.A. contributed to execution and critical discussion. 
A.H. and U.J.F.T. contributed to study design, execution, analysis, manuscript drafting 
and critical discussion. All authors reviewed the manuscript.

Competing interests

A.H. declares that the Department of Obstetrics and Gynaecology of the University 
Medical Groningen received an unrestricted educational grant of Ferring Pharmaceutical 
BV, the Netherlands. R.A.N., A.P.A.vM., H.G., I.H., D.A., R.H.M., J.L.C.A. and 
U.J.F.T. declare no potential conflict of interest.

5.

Voorbereid document - Ruxandra.indd   99Voorbereid document - Ruxandra.indd   99 28-07-2020   10:4628-07-2020   10:46



100

Chapter 5

Data availability

The datasets generated during and/or analyzed during the current study are available 
from the corresponding author on reasonable request.

Supplementary methods

Follicular growth was followed by vaginal ultrasound and serum oestradiol and 
luteinizing hormone levels were measured regularly beginning at cycle days 6–8. When 
the diameter of the follicle reached 14 mm, the patient was started on daily injections of 
0.25 mg GnRH antagonist cetrorelix (Cetrotide, Merck bv, The Netherlands) and 150 
IU recombinant FSH (r-FSH, Follitropin-alpha: Gonal-F, Merck bv, The Netherlands). 
Patients were instructed to self-administer the subcutaneous injections at 24 hour 
intervals, with cetrorelix being used up to and including the day of ovulation triggering 
and r-FSH up to the day of ovulation triggering.

In order to induce ovulation, 10 000 IU hCG (Pregnyl, Organon, The Netherlands) 
was administered when the dominant follicle reached a minimal size of 18 mm and/
or serum oestradiol levels exceeded 0.8 nmol/l. Approximately 34 hours after hCG 
administration oocyte retrieval was carried out by ultrasound-guided transvaginal 
follicle aspiration without sedation or local anaesthesia, with a single-lumen aspiration 
needle and without flushing of the follicle.
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SUPPLEMENTARY MATERIAL

Supplementary fi gure | Comparison of HDL anti-oxidative function in apoB-depleted plasma 
and matched follicular fl uid (N=19). The anti-oxidative function of follicular fl uid was signifi -
cantly higher than that of matching apoB-depleted plasma. This indicates that follicular fl uid is 
a compartment with augmented anti-oxidative properties. *** - P<0.001; anti-ox, anti-oxidative.
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Supplementary table | Comparison of cycle characteristics of subgroups of patients for the 
comparison of FF versus matched plasma as well as total FF versus FF-HDL subfractions.

Total group
(N = 375)

Subgroup for 
comparison of FF 

and matched plasma
(N = 19)

Subgroup for 
comparison of FF 
and HDL fraction

(N = 8)
Age (years) 31.7 [29.3-33.7] 33.9 [29.9-34.9] 31.6 [28.9-33.4]
BMI (kg/m2)a 23.2 [21.0-26.2] 25.8 [21.1-26.5] 23.2 [20.3-24.2]
Smoking

 Yes
 No
 Stopped before treatment
 Unknown

40 (11%)
195 (52%)
107 (28%)
33 (9%)

3 (16%)
6 (47%)
6 (32%)
1 (5%)

0 (0%)
5 (63%)
3 (37%)
0 (0%)

Alcohol consumption
 Yes
 No
 Unknown

185 (49%)
138 (37%)
52 (14%)

11 (58%)
7 (37%)
1 (5%)

3 (38%)
5 (63%)
0 (0%)

Duration of subfertility (months)b 35.6 [23.7-50.1] 35.5 [18.6-43.8] 35.6 [20.1-38.4]
Subfertility

 Primary
 Secondary

224 (60%)
151 (40%)

8 (42%)
11 (58%)

5 (63%)
3 (37%)

Indication
 Male factor
 Tubal factor
 Unexplained

261 (70%)
48 (13%)
66 (17%)

14 (74%)
3 (16%)
2 (10%)

7 (88%)
1 (12%)
0 (0%)

Fertility treatment
 ICSI
 IVF

309 (82%)
66 (18%)

16 (84%)
3 (16%)

7 (88%)
1 (12%)
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INTRODUCTION

Cholesterol homeostasis plays an important role in oocyte development and fertility 
(1). In follicular fluid (FF), the environment surrounding the developing oocyte, high 
density lipoproteins (HDL) are the predominant carriers of cholesterol (2, 3). Within 
the cardiovascular field the focus of research is currently changing from measuring the 
static biomarker HDL cholesterol (HDL-C) towards determining functional properties 
of HDL particles (4). With respect to the field of reproductive medicine, an interesting 
recent study in mice showed that a decreased cholesterol efflux function of FF-HDL 
results in impaired fertility (5). However, next to promoting cholesterol efflux HDL 
particles also have potent anti-inflammatory properties (4, 6). Accumulating evidence 
indicates that inflammatory disorders alter the composition of FF and result in 
infertility due to reduced oocyte quality (7, 8). Conceivably, HDL present in FF might 
modulate the local inflammatory state within the follicle. However, currently, to the 
best of our knowledge, no data exist exploring such a hypothesis either in humans or 
preclinical models. Therefore, the present study was designed (i) to characterize anti-
inflammatory properties of FF-HDL in relation to systemic HDL and (ii) to determine 
if the anti-inflammatory function of FF-HDL is associated with outcomes of modified 
natural cycle-in vitro fertilization (MNC-IVF), a procedure close to normal human 
reproductive physiology (9).

METHODS

The study included 326 MNC-IVF cycles from 198 patients collected during either 
routine medical care (August 2013 – July 2014) or an observational cohort study to 
relate nutrition, biomarkers and MNC-IVF outcomes (October 2014 – March 2018, 
Netherlands Trial Register number NTR4409). For further details on cohort and MNC-
IVF procedure, please see (9) and supplementary methods. Inclusion criteria were: 
growth of a single dominant follicle; retrieval of one oocyte; minimal macroscopic blood 
contamination; maximum cycle number of six. Medical ethics committee approval 
was requested, but waived, since FF is considered waste material. Patients consented 
to blood draws. Top quality embryos were defined as two pronuclei on day 1 and four 
cells, no multinucleated blastomeres and less than 20% fragmentation on day 2. Single 
embryo transfer took place on day 2 and the occurrence of pregnancy was confirmed 
by a positive serum hCG test two weeks later. The anti-inflammatory capacity of HDL 
was assessed as the ability to inhibit tumor necrosis factor-α induced VCAM-1 mRNA 
expression in endothelial cells in vitro (higher values indicate higher anti-inflammatory 
capacity), as previously published (6) using 2% (v/v) individual apoB-depleted plasma 
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or FF samples or phosphate buffered saline (PBS) (Online supplement). Results are 
expressed as median [interquartile range]. Wilcoxon Signed Ranks test, Spearman 
correlations and multilevel analysis using generalized estimating equations (GEE) 
were applied as appropriate (SPSS 23) (Supplementary methods). A P value <0.05 was 
considered statistically significant.

RESULTS AND DISCUSSION

Median age throughout all cycles was 31.9 [29.3-33.8] years and BMI 23.3 [21.1-26.1] 
kg/m2 (27% overweight, 4.9% obese). Prior to IVF treatment, in 50.3% of cycles alcohol 
was consumed regularly and in 9.8% the patient was a smoker. Median subfertility 
duration was 35.6 [22.3-50.4] months. In 19 randomly selected first cycle MNC-IVF 
patients, FF-HDL anti-inflammatory capacity was comparable to that of matched plasma 
HDL (FF: 13.8% [3.4-24], plasma: 17.4% [8.9-25], P=0.872). However, no significant 
correlation between the anti-inflammatory capacity of the two matrices was found 
(r=0.098, P=0.689). In order to explore to what extent FF-HDL contributes to the 
whole FF anti-inflammatory capacity, eight patients undergoing first cycle MNC-IVF 
were randomly selected. Compared with whole FF, FF-HDL isolated from these samples 
by fast protein liquid chromatography had a significantly higher anti-inflammatory 
capacity (15% [12-19] versus 20% [16-23] reduction in VCAM-1 mRNA related to the 
full TNF-α-induced induction, P=0.012) indicating that HDL might be a physiologically 
relevant contributing factor to the protective function of FF against inflammation. 
In all 326 MNC-IVF cycles a higher FF-HDL anti-inflammatory function was 
related to an increased chance of the oocyte to develop into a top-quality embryo in 
unadjusted analyses (table). This result remained significant also after adjustment for 
age, BMI, smoking, alcohol and fertilization method (odds ratio per % increase in anti-
inflammatory function: 1.02 [95% confidence interval: 1.00-1.03], per standard deviation 
(16.62%) increase in anti-inflammatory function: 1.33 [1.06-1.68], P=0.016; table). No 
significant relationship with the occurrence of pregnancy was found.

Taken together, the results of the present study indicate that, in addition to a role in 
cholesterol transport, FF-HDL have anti-inflammatory properties that, at least under 
the assay conditions used in the present work, positively associate with certain early 
developmental parameters of the oocyte. FF-HDL are considered to be largely derived 
from plasma (1, 2, 5), however, they differ in size and composition compared to plasma 
HDL by containing less cholesterol and more phospholipids (2). In our study, the lack 
of a relationship between the anti-inflammatory capacities of FF and matched plasma 
HDL indicates that FF may contain anti-/pro-inflammatory factors specific to the 
ovarian environment.

6.
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It is unclear at present, if the differences in anti-inflammatory function between 
the matrices is due to remodelling occurring during the passage of plasma HDL into 
the follicle, or if anti-/pro-inflammatory factors are produced locally by granulosa cells, 
theca cells or the oocyte, which then associate with FF-HDL particles. Important 
advantages of our study are the prospective design and the use of MNC-IVF, which 
is closer to normal physiology compared with classical hyperstimulation IVF and 
allows for an individual correlation of FF composition with single oocyte and embryo 
characteristics. Potential limitations are that patients were from a single centre and 
that only one selected anti-inflammatory function was tested and not complete pro/anti-
inflammatory profiles generated. However, the current study indicates that such studies 
would be worthwhile to be carried out. Further, no relationship between FF-HDL anti-
inflammatory capacity and pregnancy was found, likely due to the fact that pregnancy 
is the result of multiple factors, including endometrial and spermatozoa function. 
Additional research is necessary to explore the mechanism behind the FF-HDL anti-
inflammatory capacity (e.g., quantify FF-HDL components that exert anti-inflammatory 
function), since such an approach offers the potential to identify not only clinically 
relevant biomarkers for natural and assisted reproduction but also potential targets for 
therapeutic intervention.

SUPPLEMENTARY METHODS

HDL isolation by precipitation of apolipoprotein B-containing lipoproteins

HDL was isolated by precipitating apolipoprotein B-containing lipoproteins according 
to a previously published method used by us and others for HDL function studies 
(1-4). Briefly, 50 µl polyethylene glycol-6000 (Sigma-Aldrich, Germany) in 10 mM 
4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 8.0 was added to 
100 µl plasma or follicular fluid followed by mixing and incubation on ice for 30 min. 
Subsequently, samples were centrifuged at 2000 g at 4oC for 30 min. HDL-containing 
supernatants were transferred to clean tubes and kept on ice for immediate use in 
the HDL function assay. We and others established before that this method results is 
suitable to fully recover the HDL fraction (5, 6).

Modified natural cycle-IVF procedure

Modified natural cycle-IVF procedures took place following standard protocol (7). 
Beginning at menstrual cycle days 6-8, follicular growth was closely followed by 
ultrasound, in parallel with regular measurements of serum hormone levels (luteinizing 
hormone and estradiol). When the dominant follicle reached a diameter of 14 mm, 
the patients started with daily injections of 0.25 mg cetrorelix, a GnRH antagonist 

6.
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(Cetrotide®, Merck BV, The Netherlands) up to the day of ovulation triggering 
(including the day itself) and daily injections of 150 IU Follitropin-alpha, a recombinant 
form of FSH (Gonal-F®, Merck BV, The Netherlands) up to the day of ovulation 
triggering. When the dominant follicle reached a diameter of 18 mm or serum estradiol 
levels surpassed 0.8 nmol/L, patients were administered 10 000 IU hCG (Pregnyl®, 
Orgnanon, The Netherlands) in order to induce ovulation. The oocyte was retrieved from 
the dominant follicle approximately 34 hours later by ultrasound-guided transvaginal 
follicle aspiration. A single-lumen aspiration needle was used and the follicle was not 
flushed. If an oocyte was obtained, it was subsequently inseminated within 6 hours 
following standard procedure (incubation with spermatozoa-containing culture medium 
or intracytoplasmatic sperm injection).

HDL anti-inflammatory function assay

The anti-inflammatory capacity of HDL was assessed as the ability to inhibit tumour 
necrosis factor-α induced VCAM-1 mRNA expression in endothelial cells in vitro (higher 
values indicate higher anti-inflammatory capacity), as previously published (1). Briefly, 
human umbilical vein endothelial cells, pooled from different donors, were provided 
by the Endothelial Cell Core Facility of the University Medical Centre Groningen. 
Then 2% (v/v) of individual apoB-depleted plasma or FF samples or phosphate buffered 
saline (PBS) was added. After 30 min, cells were washed and incubated with 10 ng/
ml tumour necrosis factor-α (TNF-α; R&D systems, Abingdon, UK) for 5 h followed 
by RNA extraction and determination of VCAM-1 mRNA expression with quantitative 
real-time PCR. Then the percent reduction in VCAM-1 mRNA expression relative to 
the response of TNF-α stimulated cells without added HDL was calculated.

Statistical analysis

Results are expressed as median [interquartile range]. Differences in anti-inflammatory 
capacity between FF and matched plasma and between unfractionated FF and FF-HDL 
were analysed by Wilcoxon Signed Ranks test, and their association expressed as 
Spearman’s r.

Multilevel generalized estimating equations (GEE) was used in order to study the 
relationship between FF-HDL anti-inflammatory capacity and outcomes of MNC-IVF. 
Initial models were subsequently adjusted for confounders that were previously shown in 
literature to impact embryo quality and pregnancy (specifically maternal BMI, age and 
smoking status), as well as for MNC-IVF characteristics that were significantly related 
to anti-inflammatory function or fertility outcome variables (GEE P value cut-off: 0.15). 
In order to prevent overfitting of adjusted models, predictors were removed one-by-one 
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based on P value until the model included a maximum of ten cases per predictor. The 
results of the GEE analysis are given as odds ratio (95% confidence interval).

All analyses were done with SPSS 23, a P value <0.05 was considered statistically 
significant.

ADDITIONAL INFORMATION

Key words

High density lipoprotein, anti-inflammatory activity, fertility, follicular fluid, embryo 
quality

Abbreviations

FF, follicular fluid; MNC-IVF, modified natural cycle-in vitro fertilization; HDL-C, 
high density lipoprotein cholesterol; CVD, cardiovascular disease; HUVECS, Human 
umbilical vein endothelial cells; TNF-α, tumour necrosis factor-α; VCAM-1, vascular 
cell adhesion molecule-1; GEE, generalized estimating equations; NO, nitric oxide; 
PBS, phosphate buffered saline.

6.
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ABSTRACT

Study question

Are levels of trimethylamine-N-oxide (TMAO) in human follicular fluid (FF) related 
to IVF outcomes?

Summary answer

Higher levels of TMAO are a negative predictor of oocyte fertilization and embryo 
quality.

What is known already

TMAO is a metabolic product of dietary choline and l-carnitine produced via subsequent 
enzymatic modifications by the intestinal microbiota and hepatocytes. TMAO promotes 
inflammatory and oxidative stress pathways and has been characterized as a causative 
biomarker for the development of cardiometabolic disease.

Study design, size, duration

For the present cross-sectional study, samples (FF and plasma) from 431 modified 
natural cycle (MNC)-IVF cycles of 132 patients were collected prospectively between 
October 2014 and March 2018 in a single academic medical centre.

Participants/materials, setting, methods

TMAO and its precursors (choline, l-carnitine and gamma-butyrobetaine) were measured 
by ultra-high performance liquid chromatography/ mass spectrometry in (i) matched 
FF and plasma from 63 MNC-IVF cycles, in order to compare metabolite levels in 
the two matrices, and (ii) FF from additional 232 MNC-IVF cycles in which only one 
oocyte was retrieved at follicular punction. The association between metabolite levels 
and oocyte fertilization, embryo fragmentation percentage, embryo quality and the 
occurrence of pregnancy was analysed using multilevel generalized estimating equations 
with adjustment for patient and cycle characteristics.

Main results and the role of chance

The level of choline was higher in FF as compared to matched plasma (P<0.001). 
Conversely, the levels of TMAO and gamma-butyrobetaine were lower in FF as compared 
to plasma (P=0.001 and P=0.075, respectively). For all metabolites there was a positive 
correlation between FF and plasma levels. Finally, levels of TMAO and its gut-derived 
precursor gamma-butyrobetaine were lower in FF from oocytes that underwent normal 
fertilization (TMAO: odds ratio [OR] 0.65 [0.48-0.89], P=0.006; gamma-butyrobetaine: 
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OR 0.77 [0.60-1.00], P=0.047) and developed into top quality embryos (TMAO: OR 0.56 
[0.42-0.76], P<0.001; gamma-butyrobetaine: OR 0.79 [0.62-1.00], P=0.050) than in FF 
from oocytes of sub-optimal development.

Limitations, reasons for caution

The individual contributions of diet, gut bacteria and liver to the metabolite pools have 
not been quantified in this analysis.

Wider implications of the findings

More research on the contribution of diet and the effect of gut bacteria on FF TMAO 
is warranted. Since TMAO integrates diet, microbiota and genetic set-up of the person, 
our results indicate potential important clinical implications for its use as biomarker 
for lifestyle interventions to improve fertility.

7.
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INTRODUCTION

Patients attending infertility clinics often display features of an unhealthy lifestyle 
frequently manifesting as overweight and obesity (Broughton and Moley, 2017). 
In addition to lower fecundity, obesity has been associated with decreased rates of 
implantation, pregnancy and live birth in assisted reproduction (Bellver et al., 2013, 
Jungheim and Moley, 2010, Kawwass et al., 2016). One of the ways in which excessive 
nutrition influences reproductive outcomes is through a decrease in oocyte quality. Mice 
with diet-induced obesity had an increased number of apoptotic follicles, a decreased 
number and size of mature oocytes, and displayed impaired mitochondrial function as 
compared to controls (Grindler and Moley, 2013, Jungheim et al., 2010). Moreover, in 
human studies, oocytes from overweight and obese women were more frequently of lower 
quality and of reduced number, and displayed phenotypic and metabolic abnormalities 
(Leary et al., 2015, Marquard et al., 2011, Wittemer et al., 2000). In summary, changes 
in nutritional status impact fertility by inducing complex modifications in oocyte and 
embryo developmental potential, which are likely mediated by alterations in ovarian 
follicular conditions. During oocyte maturation, alterations in the oocyte’s natural 
environment, the follicular fluid (FF), are known to impact oocyte development and 
maturation (Sutton et al., 2003). Consequently, changes in FF composition have been 
related to decreased oocyte quality in obese women. Although women with higher 
BMI have been shown to have higher FF triglycerides, insulin and glucose levels 
than women with a normal BMI (compositional changes associated with decreased 
oocyte quality in animal models) (Valckx et al., 2012, Yang et al., 2012), at large such 
differences in FF composition do not seem to be directly related to BMI (Valckx et al., 
2012). Rather, metabolic and hormonal changes (e.g., alterations in steroid hormones 
and leptin levels, development of insulin resistance and excess free fatty acids) occurring 
as complications of an increased BMI seem to mediate the impact of obesity on female 
fertility (Broughton and Moley, 2017, Hallajzadeh et al., 2018).

One of the components of lifestyle that might be involved in obesity-mediated 
subfertility is nutrition. However, thus far the picture of how diet impacts fertility is 
inconclusive, reflected by the fact that no nutritional guidelines have been established 
for sub/infertility. One of the underlying reasons could be that existing studies have 
focused on the pure composition of food, leaving out the diverse potential metabolic 
modifications that can occur by the intestinal microbiota or by enzyme systems of the 
host (Lynch and Pedersen, 2016).

The gut microbiota is an important regulator of health and disease, with major 
involvements in energy homeostasis, whole-body metabolism, obesity and onset of 
chronic disease, such as atherosclerosis (Lynch and Pedersen, 2016, Vinje et al., 2014). 
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Recently, two gut-derived metabolites, indole-3-propionic acid and shikimic acid, have 
been identified by untargeted metabolomics to be differentially abundant in FF from 
obese versus normal weight women (Ruebel et al., 2019).

A relevant recent example of a metabolite integrating diet, microbiota and host 
metabolism is trimethylamine N-oxide (TMAO) (Figure 1). Dietary choline (present in, 
for e.g., dairy products, fish) and l-carnitine (present in, for e.g., red meat) are converted 
by the gut microbiota into trimethylamine (TMA) (Koeth et al., 2013, Koeth et al., 2014). 
TMA is a gas that is further metabolized by hepatic flavin monooxygenases (FMO) 1 
and FMO3 into TMAO. TMAO is involved in a number of processes that influence cell 
and whole-body metabolism, such as coagulation, inflammation, and sterol metabolism 
(Chen et al., 2017, Schugar and Brown, 2015, Zhu et al., 2016). Importantly, there is an 
increasing body of evidence that TMAO is a causative biomarker for the development 
of atherosclerosis, diabetes and overweight (Bogiatzi et al., 2018, Heianza et al., 2018, 
Zheng et al., 2019, Zhuang et al., 2019). Studies on TMAO from the cardiovascular field 
lend strong support to the idea that nutrition modulates the risk of metabolic syndrome 
through the effect of bacteria-derived metabolites. Despite the evidence for a relationship 
between nutrition, metabolic syndrome and infertility, the influence of gut metabolites 
on fertility has been scarcely studied. Therefore, in the present study, we investigated 
the relationship between FF TMAO and its precursors with oocyte and embryo quality 
in modified natural cycle (MNC)-IVF. In contrast to classic hyperstimulation IVF, in 
MNC-IVF only one oocyte is retrieved at follicular punction, which makes it possible 
to clearly link FF composition to oocyte, embryo and pregnancy outcomes.

Figure 1 | Schematic drawing of trimethylamine N-oxide synthesis. TMA, trimethylamine. 
TMAO, trimethylamine N-oxide. FMO, flavin-containing monooxygenase.

7.
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METHODS

Sample and data collection

FF and plasma were prospectively collected from women enrolled in a large observational 
cohort study at the University Medical Centre Groningen on the relationship between 
women’s nutrition, serum and FF composition, and the outcomes of MNC-IVF 
(Netherlands Trial Register number NTR4409, first patient enrolled in September 
2014). Material collected between October 2014 and March 2018 from women attending 
the fertility clinic for a maximum of six MNC-IVF cycles was used for the present study. 
Each study participant was assigned a non-traceable code under which the materials, 
cycle characteristics and outcomes of the fertility treatments were stored.

Fasted blood samples and FF were collected on the day of oocyte retrieval and stored 
at -80oC. After collection of the oocyte, FF was centrifuged for 20 minutes at 300 g and 
the supernatant was stored at -80oC until needed for analysis. FF with a red colour as 
sign of blood contamination was discarded. For the present study, only samples from 
cycles in which one dominant follicle developed and one oocyte was retrieved were used.

Ethical approval

Ethical approval was obtained from the local Medical Ethics Committee (METc 
2014/007, number NL47569.042.13) prior to start of the clinical study and signed 
consent was obtained from all study participants.

Modified natural cycle-in vitro fertilization procedure and outcomes

MNC-IVF was performed following a standard protocol as previously described (Nagy 
et al., 2015). In short, from cycle days 6-8 onwards, growth of the dominant follicle was 
followed by vaginal ultrasound and serum hormone levels (oestradiol and luteinizing 
hormone) were measured regularly. Once the diameter of the dominant follicle reached 
14 mm, self-administered, subcutaneous daily injections of 0.25 mg GnRH antagonist 
cetrorelix (CetrotideÒ, Merck bv, The Netherlands) and of 150 IU recombinant FSH (r-
FSH, Follitropin-alpha: Gonal-FÒ, Merck bv, The Netherlands) were started. Cetrorelix 
was administered up to and including the day of ovulation triggering and r-FSH up to the 
day of ovulation triggering. Ovulation was triggered by administration of 10 000 IU hCG 
(PregnylÒ, Organon, The Netherlands) when the size of the dominant follicle reached 
18 mm and/or serum oestradiol levels were higher than 0.8 nmol/l. Approximately 34 
hours later, the oocyte was retrieved by ultrasound-guided transvaginal follicle aspiration 
without either sedation or local anaesthesia, with a single-lumen aspiration needle and 
without flushing of the follicle. The oocyte was inseminated either by incubation with 
culture medium containing spermatozoa or by intracytoplasmatic sperm injection (ICSI) 
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(within 6 hours of follicular puncture). On the morning of day one after insemination/
ICSI, the number of pronuclei was assessed. On day two after insemination/ICSI, 
the cleavage, number of blastomeres, percentage of fragmentation and the presence of 
multinucleated blastomeres (MNBs) were assessed. Normal fertilization was defined 
as the presence of zero, one or two pronuclei on day one after insemination/ICSI and 
the occurrence of cell cleavage on day two after insemination/ICSI. Fertilization was 
considered abnormal if three pronuclei were present on the day after insemination/ICSI 
or if the embryo failed to cleave on day two after insemination/ICSI, irrespective of the 
number of pronuclei. Top quality embryos were defined as the presence of two pronuclei 
on day one after insemination/ICSI and presence of four cells, absence of MNBs and less 
than 20% fragmentation on day two after insemination/ICSI. Embryos that displayed 
abnormal fertilization or more than 40% fragmentation were discarded. Embryo transfer 
was performed on day two after follicle puncture. For luteal support, 1500 IU hCG 
was administered on days five, eight and 11 after oocyte retrieval. The occurrence of 
pregnancy was defined by a positive serum hCG test at two weeks after embryo transfer.

Measurements of TMAO and its precursors

In FF and plasma samples, TMAO and its precursors (choline, l-carnitine and gamma-
butyrobetaine) were analysed by ultra-high performance liquid chromatography in 
combination with isotope dilution tandem mass spectrometry (UPLC-MS/MS) as 
previously published (Brandsma et al., 2019).

Statistical analysis

Levels of TMAO and its precursors were expressed as mean±standard deviation (for 
normally distributed variables) or median [interquartile range (IQR)] (for not normally 
distributed variables). Levels in matched FF and plasma were compared by paired 
samples testing. The relationship between L-carnitine, choline, gamma-butyrobetaine 
and TMAO in plasma and matched FF, as well as between diet-derived (L-carnitine and 
choline) and gut-derived metabolites (gamma-butyrobetaine and TMAO) was expressed 
as Pearson correlation coefficient (r, for normally distributed variables) or Spearman’s 
rank correlation coefficient (rs, for not normally distributed variables). Since FF samples 
from several cycles corresponding to the same patient were used, multilevel generalized 
estimating equations (GEE) analysis was used to study the relationship between 
measurements of TMAO and its precursors and the outcomes of MNC-IVF (Zeger and 
Liang, 1986). Confounders known from literature to affect embryo quality and pregnancy 
(i.e., maternal age, BMI and smoking) were included in the adjusted models. Additionally, 
cycle characteristics that were related to MNC-IVF outcomes were also included in the 
adjusted model. In order to avoid overfitting of the model, predictors with the highest P 
value were removed one-by-one until a model with ten cases per predictor was obtained. 

7.
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Results of GEE analysis were presented as odds ratio (OR) [confidence interval (CI)] for 
the change in either 1 μmol/L (for choline, l-carnitine and TMAO) or 0.1 μmol/L (for 
gamma-butyrobetaine, since values are below 1 μmol/L). A P value lower than 0.05 was 
considered significant, except for the selection of possible confounders where a cut-off of 
0.15 was used. SPSS version 23 (SPSS, Inc., Chicago, IL, USA) was used for data analysis.

RESULTS

Study population characteristics

Between October 2014 and March 2018, FF and plasma were collected from 431 MNC-
IVF cycles of 132 patients attending the fertility clinic of the UMCG (Supplementary 
figure 1). FF samples with macroscopic blood contamination were discarded (n=68). FF 
from cycles where either more than one follicle was punctured or more than one oocyte 
was retrieved were likewise discarded (n=14). Finally, a small number of samples were 
lost during preparation for storage (n=5). For the present analysis, cycles in which no 
oocyte was retrieved were excluded (n=107). Further cases were excluded due to cycle 
number exceeding the standard maximum of 6 (n=1) and due to the inability to track 
samples back in storage (n=4). Finally, 232 cycles corresponding to 111 patients were 
selected for the present study. Cycle characteristics are detailed in Table I. In 143 cycles 
embryo transfer took place, which resulted in 42 positive pregnancy tests.

Table I | Cycle characteristics (n=232).

Total group

Age (years) 31.42±3.50
BMI (kg/m2) 23.05 [20.92-25.69]
Smoking

 Yes
 Stopped before cycle
 No

20 (9%)
68 (29%)
144 (62%)

Alcohol consumption
 Yes
 No

124 (53%)
108 (47%)

Duration of subfertility (months)a 36.47 [22.34-50.27]
Indication

 Male factor
 Tubal factor
 Unexplained

160 (69%)
31 (13%)
41 (18%)

Fertility treatment
 ICSI
 IVF

195 (84%)
37 (16%)

aValues missing for six cycles corresponding to four patients.
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Metabolites in plasma compared to follicular fluid

Firstly, we determined whether TMAO and its precursors (Figure 1) are present in 
FF and how their levels compare to those in plasma (Supplementary figure 2). TMAO 
and its precursors were measured and compared in FF and matched plasma from first 
cycle MNC-IVF procedures from 63 women (patient characteristics are described in 
Supplementary table I). The level of choline was significantly higher in FF as compared 
to matched plasma (FF: 25.40 [20.51-29.09] μmol/L versus plasma: 6.35 [5.56-7.32] 
μmol/L, P<0.001). Conversely, the level of gamma-butyrobetaine was significantly lower 
in FF as compared to plasma (FF: 0.58 [0.51-0.66] μmol/L versus plasma: 0.70 [0.45-
0.84] μmol/L, p=0.001), and a similar though not significant trend was observed for 
TMAO (FF: 1.97 [1.57-2.93] μmol/L versus plasma: 2.13 [1.67-3.02] μmol/L, p=0.075). 
There was no significant difference in l-carnitine levels between FF and plasma (FF 
29.84±7.39 μmol/L versus plasma 30.63±6.58 μmol/L, p=0.175). Finally, there were 
significant positive correlations between FF and plasma levels of TMAO (rs=0.901, 
p<0.001), l-carnitine (r=0.787, p<0.001) and gamma-butyrobetaine (rs=0.421, p=0.001), 
and a positive correlation with trend towards significance for choline (rs=0.232, p=0.067, 
Supplementary figure 3).

Next, we studied the relationship between metabolites that are directly diet-derived 
and those arising following metabolism by microbiota and/or liver in FF. There was a 
positive though not significant relationship between FF choline and FF TMAO levels 
(rs=0.128, P=0.056). While a significant positive relationship between FF l-carnitine and 
gamma-butyrobetaine was detected (r=0.295, P<0.001), no such association was present 
between FF l-carnitine and FF TMAO (rs=-0.007, P=0.915). Interestingly, there was no 
significant relationship between FF TMAO levels and patient BMI (rs=0.041, P=0.544).

Relationship of metabolites in follicular fluid with embryo quality and pregnancy

Next, we investigated whether there was a significant relationship between TMAO, 
choline, l-carnitine and gamma-butyrobetaine in FF with embryo quality and the 
occurrence of pregnancy (Table II, Table III; n = 232). In 19 ICSI procedures oocytes 
failed to progress from metaphase I to metaphase II and were thus not injected. From 
the oocytes that were injected, 13 oocytes subsequently degenerated. Finally, one oocyte 
was lost during removal of the granulosa cells in the IVF procedure. Hence, from the 
total 232 cycles selected for the present study, oocyte development after fertilization was 
followed in 199. Normal fertilization was observed in 144 of these cycles. One embryo 
displayed more than 40% fragmentation and was discarded. Finally, 143 embryos were 
transferred to the uterus for implantation, which resulted in 42 positive pregnancy tests. 
Of note, TMAO measurements from seven samples were excluded from analysis due to 
technical issues with mass spectrometry peak integration.

7.
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Levels of gamma-butyrobetaine and of TMAO were lower in FF from oocytes 
that underwent normal fertilization as compared to oocytes that did not (gamma-
butyrobetaine: 0.57 [0.49-0.65] μmol/L versus 0.60 [0.55-0.69] μmol/L, OR [CI] for 
adjusted model: 0.77 [0.60-1.00], P=0.047; TMAO: 2.06 [1.56-2.67] μmol/L versus 2.33 
[1.72-3.41] μmol/L, OR [CI] for adjusted model: 0.65 [0.48-0.89], P=0.006). Moreover, 
the levels of gamma-butyrobetaine and TMAO were lower in FF from oocytes that 
developed into top quality embryos as compared to embryos of lower quality (gamma-
butyrobetaine: 0.56 [0.49-0.63] μmol/L versus 0.58 [0.51-0.67] μmol/L, OR [CI] for 
adjusted model: 0.79 [0.62-1.00], P=0.050; TMAO: 1.86 [1.33-2.56] μmol/L versus 2.25 
[1.70-3.17] μmol/L, OR [CI] for adjusted model: 0.56 [0.42-0.76], P<0.001). No significant 
relationships were observed between choline or l-carnitine and outcomes of MNC-IVF 
procedures. Additional analysis of embryo quality including the oocytes that failed to 
progress to metaphase II and the ones that degenerated after injection led to similar 
conclusions (Supplementary table 2 and Supplementary table 3). Combined, these data 
indicate that microbiota-dependent metabolites, especially TMAO, are significant 
predictive biomarkers for unfavourable IVF outcomes, independent of patient BMI.

DISCUSSION

The results of the present study demonstrate that TMAO (i) is present in FF at lower 
levels than those in plasma and (ii) is associated with unfavourable fertility outcomes. 
Despite their abundant presence in FF, there was no relationship of the direct dietary 
precursors of TMAO, choline and l-carnitine, with oocyte and embryo quality. 
Importantly, TMAO and the intermediate gamma-butyrobetaine were significantly lower 
in FF from oocytes that developed into top quality embryos than in FF corresponding 
to lower quality embryos. Taken together, these results suggest that gut metabolites 
derived from the diet enter FF and may influence oocyte development, thus providing 
a new perspective for studying the influence of diet and gut microbiome on fertility.

To the best of our knowledge, this is the first report of TMAO and gamma-
butyrobetaine in the context of fertility. The lower levels in FF as compared to plasma, as 
well as the positive correlation between measurements in the two matrices indicate that 
FF TMAO and FF gamma-butyrobetaine likely originate from the blood compartment 
by diffusion. Importantly, lower levels of both were associated with positive outcomes 
of MNC-IVF. Although in general observed differences were small, previous clinical 
observations from the vascular and renal field related to TMAO suggest that such 
changes might be biologically meaningful (Bogiatzi et al., 2018, Gruppen et al., 2017, 
Wu et al., 2018). Moreover, the observed inverse association between embryo quality 
and TMAO levels is in line with previous reports on the negative impact of TMAO on 
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health in the context of cardiometabolic disease. Specifically, TMAO was associated with 
an increased incidence of cardiovascular events by promoting thrombus formation and 
vascular inflammation, and by reducing reverse cholesterol transport (Chen et al., 2017, 
Koeth et al., 2013, Wang et al., 2011, Zhu et al., 2016, Zhu et al., 2017). Importantly, these 
effects of TMAO on the cardiovascular system are dependent on the gut microbiota. 
Atherosclerotic plaque formation in susceptible mouse models fed a choline-rich diet 
was inhibited after suppression of the intestinal microflora, demonstrating that it is 
not the dietary intake, but the resulting bacterial metabolites that exert the negative 
health effects (Wang et al., 2011). Similarly, in the present study we did not find any 
significant relationship of FF levels of l-carnitine and choline (dietary components 
which have not been altered by gut bacteria) with IVF outcomes. However, there was 
a positive relationship between these diet-derived metabolites and levels of FF TMAO 
and FF gamma-butyrobetaine. It can be envisioned that recording the dietary intake of 
choline and l-carnitine in addition to FF levels could provide complimentary clinical 
information. All in all, these data lend strong support to the concept that diet may have 
an indirect effect on fertility mediated by the gut microbiota.

Nonetheless, the present study did not find any relationship between FF metabolites 
and the occurrence of pregnancy. Although this may be surprising at first, given the 
relationship between TMAO and gamma-butyrobetaine with embryo quality, pregnancy 
is the result of a multitude of factors, such as spermatozoa quality and endometrial 
receptivity (Miravet-Valenciano et al., 2015, Zhang et al., 2016). Moreover, the pregnancy 
rate per cycle of MNC-IVF is lower than in hyperstimulation-IVF, and thus the present 
study might have an insufficient number of pregnancies to detect a significant effect of 
FF metabolites on pregnancy occurrence (Allersma et al., 2013). Replication in larger 
cohorts could address this question.

Levels of L-carnitine in FF and matched plasma were comparable and correlated, 
indicating that likely diffusion between the two compartments takes place. Total and 
free carnitine have been previously reported to be present in FF at levels higher than 
those in serum, which is in contradiction with our results (Valckx et al., 2012). The 
reason for this discrepancy may be due to the use of different hormonal treatments. In 
contrast to the present study, where MNC-IVF was used, hyperstimulation IVF uses 
much higher hormonal dosages which leads to the development of multiple dominant 
follicles and may also alter FF composition. Finally, in the present study, no relationship 
between FF levels of l-carnitine and outcomes of IVF was found, which is in partial 
agreement with previous literature (Montjean et al., 2012). Although one study reports no 
relationship between FF total carnitine levels and pregnancy rate, l-carnitine has been 
suggested to be beneficial in the management of infertility as it may exert antioxidant, 
anti-apoptotic and anti-inflammatory effects (Agarwal et al., 2018, Montjean et al., 2012). 

7.
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Daily oral supplementation of l-carnitine in women with clomiphene resistant polycystic 
ovarian syndrome (PCOS) resulted in higher ovulation and pregnancy rates (Ismail et 
al., 2014). Nonetheless, in the respective study, no plasma or FF measurements were 
performed, hence it is unclear whether the beneficial effect was exerted directly by 
circulating l-carnitine or by its metabolites. In animal IVF studies, supplementation 
of oocyte culture medium with l-carnitine was linked to improved oocyte quality, 
suggesting that deprivation of oocytes of l-carnitine during IVF may be accountable for 
a decrease in oocyte quality (Agarwal et al., 2018). However, in vivo, especially in the 
light of our results concerning the l-carnitine metabolite TMAO, it remains difficult 
to disentangle the direct from the indirect effects of l-carnitine. More research, also 
including microbiota analyses, seems warranted before issuing a recommendation for 
l-carnitine supplementation.

In contrast to the other measurements, the level of choline in FF was consistently 
higher than that in plasma, indicating that substantial enrichment in FF occurs. Despite 
this, no relationship between FF choline and outcomes of IVF was found, which is 
somewhat surprising. Metabolic profiling of FF revealed choline/phosphocholine as 
a discriminating metabolite between FF from oocytes that failed to cleave and those 
that underwent normal cleavage (Wallace et al., 2012). Once again, this may be due to 
differences in hormone levels between MNC-IVF and classic hyperstimulation IVF.

An important advantage of the current study is the use of material collected 
prospectively from MNC-IVF, which is closer to normal physiology than classical 
hyperstimulation IVF and allows for the correlation of FF composition to oocyte 
and embryo characteristics. Moreover, the present study highlights the presence 
and importance of TMAO in FF and provides evidence for a possible role of the gut 
microbiota in fertility. Nonetheless, the present study has certain limitations. Firstly, 
oocyte and embryo quality assessed during IVF procedures is a reflection of the fully 
matured, fertilized oocyte. However, oocyte maturation is a complex biological process 
that extends over a long period, and it is technically not possible to study the dynamic 
changes in FF composition that occur over time. Moreover, embryo quality is also 
influenced by factors related to spermatozoa, which have not been taken into account 
in the present study. Another limitation of our single centre study is that it is not 
possible to differentiate between exogenous, dietary sources of l-carnitine and choline 
and endogenous production. Moreover, in the present study we have not quantified the 
individual contributions of the gut bacteria and the liver to TMAO production. Although 
technically very challenging, in future studies, it could be useful to distinguish the 
differential contribution of the different dietary components and of each step (diet 
composition, bacterial metabolism, hepatic metabolism) to TMAO production. Further, 
given that the microbiota is altered in obese subjects (Ley et al., 2006) and the present 
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study has been conducted in a normal weight population, replication in an overweight/
obese population seems desirable in order to extrapolate and generalize the clinical 
importance of a relationship between nutrition, microbiota and fertility. The results of 
such studies would allow for a better understanding of the (patho)physiological role of 
TMAO in fertility, and hence the development of biomarkers of (in)fertility. Moreover, 
the development of nutritional interventions to modulate TMAO levels and activity 
or of pharmacological inhibitors of the formation of its precursor TMA may increase 
reproductive success in both assisted and natural reproduction (Wang et al., 2015).

In summary, the present study shows that TMAO is present in FF and that its levels 
have the potential to serve as a negative predictive biomarker of embryo quality. These 
results position the microbiota as an important factor to modulate and integrate dietary 
cues with host metabolism to influence oocyte maturation and embryo development. 
Further studies are warranted to gain more insight into the mechanistic role of TMAO 
in oocyte development. Moreover, a better understanding of FF TMAO homeostasis 
may allow for the design of tailored lifestyle interventions taking account of the complex 
interplay between diet and microbiota with the ultimate goal to improve reproductive 
success.
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SUPPLEMENTARY MATERIALS

Supplementary figure 1 | Flow diagram of cycle selection.

7.
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Supplementary figure 2 | Comparison of levels of choline, l-carnitine, gamma-butyrobetaine 
and trimethylamine N-oxide in plasma and follicular fluid (N=63). TMAO, trimethylamine 
N-oxide. ***, P < 0.001.
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Supplementary figure 3 | Relationship between levels of choline, l-carnitine, gamma-butyr-
obetaine and trimethylamine N-oxide in plasma and in follicular fluid (N=63). TMAO, trime-
thylamine N-oxide.

7.

Voorbereid document - Ruxandra.indd   137Voorbereid document - Ruxandra.indd   137 28-07-2020   10:4728-07-2020   10:47



138

Chapter 7

Supplementary table 1 | Cycle characteristics for total population and subset selected for 
comparison of metabolites in blood and follicular fluid (n=63).

Total group (n=232) Subset (n=63)
Age (years) 31.42±3.50 31.24±3.24
BMI (kg/m2) 23.05 [20.92-25.69] 23.09±3.05
Smoking

 Yes
 Stopped before cycle
 No

20 (9%)
68 (29%)
144 (62%)

7 (11%)
19 (30%)
37 (59%)

Alcohol consumption
 Yes
 No

124 (53%)
108 (47%)

36 (57%)
27 (43%)

Duration of subfertility (months) 36.47 [22.34-50.27] a 34.17 [20.81-47.95]
Indication

 Male factor
 Tubal factor
 Unexplained

160 (69%)
31 (13%)
41 (18%)

47 (75%)
8 (13%)
8 (13%)

Fertility treatment
 ICSI
 IVF

195 (84%)
37 (16%)

52 (83%)
18 (11%)

aValues missing for six cycles corresponding to four patients.
Due to rounding up, percentages may not add up to 100%.
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Chapter 8

The present thesis investigates the potential role of three key players in the development 
of obesity-related metabolic dysregulation in oocyte development: bile acids (BA), 
function of high density lipoprotein (HDL), and trimethylamine-N-oxide (TMAO). 
The following discussion summarizes key findings and elaborates on their potential as 
biomarkers for fertility, as well as further steps that can be taken to implement their 
evaluation in clinical practice.

Follicular fluid: link between systemic metabolism and oocyte development

Understanding how systemic metabolic processes influence embryo development is 
essential for optimization of success rates of fertility procedures, as modifications in 
systemic metabolism could potentially increase oocyte quality and thus the chances of 
development of the oocyte into a high quality embryo. Conversely, the use of low quality 
embryos in IVF procedures decreases the already low chances of implantation, which 
results in further delay of motherhood, need for additional expensive and hormonally-
laden procedures, as well as emotional and financial burdens for the patient or couple. 
Moreover, alterations in systemic and local follicular metabolism may induce epigenetic 
changes in the oocyte that impact embryo development and consequently offspring 
health. For instance, offspring of diabetic women are at an increased risk of obesity 
and components of the metabolic syndrome, a relationship that is partially explained 
by epigenetic alteration of the embryo induced by a hyperglycaemic intrauterine 
environment, as well as maternal hyperglycaemia-induced disturbances of the oocyte 
epigenome1. Furthermore, oocytes from diabetic mouse models display alterations not 
only in genes involved in maturation, quality, and energy production, but also in histone 
acetylation patterns and in Dnmt1 expression, a gene that is involved in maintaining 
methylation patterns2,3. In addition, oocytes derived from three generations of offspring 
of female mice fed a high-fat/high-sugar diet had decreased mitochondrial mass, ATP 
and citrate content as compared to offspring from control mice, indicating that the 
effects of periconceptional diet-induced metabolic dysregulation are transgenerational4.

Globally, the majority of fertility procedures employ the controlled ovarian 
hyperstimulation (COH)-IVF procedure during which the administration of 
supraphysiological doses of hormones leads to the maturation of multiple follicles. The 
studies conducted for the present thesis use a model that is comparable to the natural 
menstrual cycle, namely modified natural cycle (MNC)-IVF. In this procedure, when 
the naturally occurring dominant follicle develops up to 14 mm, a GnRH antagonist is 
used to prevent the luteinizing hormone (LH) surge that would occur in case of a natural 
cycle. To substitute the decrease in gonadotropins that results from the addition of the 
GnRH antagonist, gonadotropins are substituted for approximately two days. Thereafter, 
the LH surge is mimicked by hCG injection to allow for the final maturation of the 
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oocyte before oocyte retrieval. The lower dosages and shorter duration of hormonal 
stimulation as compared to COH-IVF results in the retrieval of on average one oocyte5. 
This is a close to ideal setting for (i) the study of the impact of maternal systemic 
metabolism on oocyte development and subsequent embryo quality, mediated by changes 
in follicular fluid (FF) composition, and for (ii) the detection of potential follicular fluid 
(FF) biomarkers for embryo quality for several reasons. Firstly, FF is in direct contact 
with the cumulus-oocyte complex (COC) and it is composed of both blood-derived 
components (i.e., products of systemic metabolism) and locally-produced metabolites 
by the cumulus-oocyte complex (COC) (which reflect COC metabolic requirements) 
6,7. Therefore, study of FF composition allows for the observation of the direct effect 
of systemic metabolism on oocyte maturation and embryo quality. Secondly, since in 
MNC-IVF the contents of only one dominant follicle are retrieved, the composition of 
FF can be related to oocyte maturity, embryo quality and pregnancy. The present thesis 
studies FF compounds that link systemic metabolism with the preovulatory ovarian 
niche, an approach that on the long term would allow for a better understanding of 
the effect of obesity-related metabolic dysregulation (e.g., oxidative and inflammatory 
imbalance) and its risk factors (e.g., obesogenic diet, gut microbial dysbiosis) on oocyte 
quality and embryo development.

Bile acids in reproduction

In chapter 2 the levels of BA (total and individual species) were measured in FF from 
303 women and matching serum from 114 of these women undergoing a first cycle of 
MNC-IVF and related these measurements to fertility outcomes (oocyte characteristics, 
embryo quality, ongoing pregnancy at 12 weeks gestational age). BA were present in 
human FF in a total amount that was almost double that in serum (P<0.001), but total 
BA levels did not predict fertility outcomes. However, certain FF BA species seem to 
be relevant for embryo development. Based on their origin, BA can be classified into 
primary BA (i.e., synthesized in the liver: cholic acid [CA] and chenodeoxycholic acid 
[CDCA]) and secondary BA (i.e., modified by intestinal bacteria: deoxycholic acid [DCA] 
and lithocholic acid [LCA]) 8,9. Ursodeoxycholic acid (UDCA) is regarded as belonging 
to both categories. Levels of UDCA derivatives (i.e., the sum of unconjugated and 
conjugated forms) were significantly higher in FF corresponding to embryos with an 
ideal number of cells (eight) than with a suboptimal number on day 3 after fertilization 
(P<0.05) and in FF from oocytes that developed into top quality embryos (P<0.05). 
Furthermore, levels of CDCA derivatives were higher and of DCA derivatives were 
lower in FF corresponding to embryos with fragmentation compared to those without 
on day 3 after fertilization (each P<0.05).

8.
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In chapter 3 the levels of BA were measured in serum and in FF from MNC-IVF 
procedures from the cohort in chapter 2 that resulted in a singleton pregnancy (n=60). 
These measurements were subsequently related to offspring parameters (gestational age 
and birth weight). There was no significant relationship between total BA in serum 
or FF and offspring parameters. Serum levels of primary BA, CDCA and CA, were 
negative predictors of neonatal birthweight (β = −477.9, P = 0.016 and β = −159.8, 
P = 0.009, respectively; models corrected for maternal BMI and smoking). No significant 
relationship between FF BA species and offspring parameters could be found.

Chapter 4 explores the potential sources of ovarian BA, with focus on local 
production and transport from blood. The FF and serum BA measurements from 
chapter 2 were extended to samples from all MNC-IVF cycles available (n=142 cycles 
from 131 patients). There was a significant positive correlation between BA in the two 
matrices (rs=0.186, P=0.027) and the levels of FF BA were significantly higher than 
those in matching plasma (P<0.001). This indicates that, in addition to passive diffusion 
of BA from blood into FF, other sources of BA likely contribute to the ovarian BA pool. 
Next, local ovarian BA production was investigated by measuring (i) the expression 
of key genes for BA production in human mural (MGC) and cumulus granulosa cells 
(CGC) and (ii) BA production in cultured human MGC and CGC. CYP7A1, the rate-
limiting enzyme for BA production, was absent in both cell types, and BA production in 
vitro could not be detected. Therefore, it is highly unlikely that ovarian BA production 
occurs in vivo. Finally, in freshly isolated human MGC and CGC, common BA 
transporters (the importers Na+-taurocholate cotransporting polypeptide [NTCP] and 
the apical sodium-dependent bile acid transporter [ASBT] and an exporter, ATP Binding 
Cassette Subfamily C Member 3 [ABCC3]) and nuclear receptors involved in BA-related 
signalling (farnesoid X receptor [FXR], retinoid X receptor alpha [RXR-alpha], liver X 
receptor [LXR-alpha], liver receptor-homolog-1 [LRH1] and G protein-coupled receptor 
TGR5 [also known as GPBAR1]) were detected. In conclusion, in addition to passive 
diffusion, active transport from blood into FF occurs. Moreover, the presence of nuclear 
receptors in MGC and CGC in the oocyte’s proximity argues in favour of a biologically 
relevant function of BA in oocyte development.

Upon their initial discovery, BA were seen exclusive as players in gastrointestinal 
physiology, more specifically as drivers of bile formation and as digestive molecules that 
aid in the absorption of dietary fats and lipid soluble vitamins). Nowadays, they are 
recognized as a family of versatile, costly molecules in terms of energy consumption to 
synthesize (as demonstrated by the complexity of the enterohepatic circulation, aimed 
at preventing loss of BA from the body) that exert endocrine and paracrine signalling 
through nuclear receptors such as FXR and GPBAR110. For example, BA are capable 
of regulating their own synthesis and transport, as well as adapting these to local 
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pathophysiological conditions, such as cholestasis11-13. Moreover, they are involved in 
energy metabolism, as demonstrated by the fact that feeding rodents a high-fat diet 
supplemented with CA prevented the development of obesity and insulin resistance, 
an effect that was mediated by increasing energy consumption through activation of 
the BA receptor GPBAR1 in brown adipose tissue14. Furthermore, BA metabolism 
is closely related to glucose homeostasis, as demonstrated by the increase in insulin 
sensitivity and the decrease in hepatic gluconeogenesis observed upon BA-activation 
of the nuclear receptor FXR15. Exploration of the roles of BA are still in progress, 
and one important endocrine organ that has thus far been largely overseen is the 
ovary. In the male counterparts, the testis, the nuclear receptors FXR-alpha and small 
heterodimer partner (SHP) have been identified in the interstitial compartment that 
contains the steroidogenic Leydig cells16. Moreover, FXR-alpha induces SHP expression 
in this compartment, which ultimately results in a decreased testosterone production16. 
Conversely, SHP-deficient mice show an accelerated differentiation of germ cells16. 
Despite previous research demonstrating the presence of BA nuclear receptors also in 
human GC and oocytes, information on the ovarian presence and functional role of 
BA in female germ cell development is scarce17. Therefore, the research presented in 
this thesis set out to explore the presence of BA in ovaries as well as their potential 
link with oocyte development and fertility outcomes in MNC-IVF.

The research conducted in the present thesis has brought forth evidence that 
primary and secondary BA are present in FF and that they likely originate from the 
blood compartment by passive diffusion and active transport. As discussed in chapter 
1, FF is a mix of blood-derived components and locally produced metabolites by GC 
and the oocyte. With regard to the former, the blood-follicle-barrier (BFB) is a size- 
and charge-selective barrier composed of, from the exterior of the follicle, vascular 
endothelium, sub-endothelial basement membrane, the thecal interstitium, the follicular 
basement membrane, and MGC7. BA are molecules of relatively small size and are thus 
expected to selectively diffuse based on charge and/or hydrophilicity into FF through the 
BFB. However, free diffusion of BA across the BFB is expected to result in comparable 
levels of BA in the two compartments, which was not the case in our observations. The 
significantly higher levels of total BA as well as the higher percentage of primary BA 
in FF as compared to blood are likely due to, in addition to passive diffusion, either (i) 
local ovarian BA production or (ii) active uptake of BA from blood into FF.

With regard to local ovarian BA production, in chapter 3 the key BA enzyme CYP7A1 
was not expressed in freshly isolated GC, and there was only very weak and inconsistent 
expression of BA synthesis enzymes of the alternative pathway, CYP27A1 and CYP7B1. In 
line with these results, BA synthesis could not be detected in vitro, which argues against 
local ovarian BA production. Our results are in contradiction with a previous study 

8.
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that demonstrates that BA synthesis enzymes of both the classic and the alternative 
pathway are present in GC and that CGC can synthesize BA in vitro17. The discrepancy 
between results may be due to differences in culture medium, as in our present study 
foetal calf serum (FCS) was not added to the culture medium, as this contains BA. 
Future studies using labelled cholesterol may shed light on whether GC indeed utilize 
cholesterol for BA synthesis, although in the present thesis no evidence of this could 
be found. Moreover, it is possible that purification of the GC culture by several days of 
culturing prior to stimulation with lipoproteins, as well as the absence of FSH and LH 
in the culture medium may have influenced the BA producing capacity. Therefore, in 
the future, alternative methods of GC culture purifications that allow for shorter culture 
periods, as well as addition of gonadotropins to culture medium are recommended.

With regard to active transport of BA from blood into FF, chapter 3 demonstrates 
using Western Blot and indirect immunofluorescence the presence of specialized BA 
importers, NTCP and ASBT, and of one exporter, ABCC3 in human MGC and CGC 
from tertiary follicles, as well as in the oocyte of primordial and primary follicles. The 
relative overabundance of importer proteins over exporter proteins may explain the 
enrichment of BA in FF. However, despite studying the most common BA transporters, 
it cannot be excluded that less well known BA exporters are present in MGC and CGC. 
Interestingly, the above-mentioned transporters were present in antral follicles as well as 
primordial and primary follicles, which reinforces the idea that BA play a role in oocyte 
development. Once again, it was unfortunately not possible to study the presence of 
these transporters in secondary follicles and the mature oocyte of tertiary follicles since 
the oocyte was not visible on the stained tissue sections and human oocytes were not 
available for staining. Although no formal studies have been conducted in this direction, 
BA may potentially be involved in maintenance of a balance between cholesterol demand 
in the developing oocyte and mitotically active GCs, on the one hand, and prevention 
of cholesterol overload of these cells, on the other hand. Moreover, if BA indeed play 
a role in oocyte physiology, it is expected that oocytes interact with BA via (i) nuclear 
receptors and specialized transporters on the oocyte itself or (ii) indirectly through 
GC, as GC are well known for their role in supporting oocyte development18. Of note, 
the functionality of the transporters in granulosa cells as well as oocytes has not yet 
been tested, and experiments quantifying BA transport across the BFB and studying 
its regulation should be performed in the future.

Upon analysis of the relationship between FF BA and outcomes of MNC-IVF, it was 
concluded that it is not the total amount of BA present in FF, but rather the types of 
BA species that are of predictive value for oocyte and embryo development. Specifically, 
increasing levels of UDCA were a positive predictor of embryonic cell number and 
of embryo quality on day 3 after fertilization, while increasing levels of CDCA and 
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decreasing levels of DCA were predictive of embryonic fragmentation on day 3 after 
fertilization. These results indicate that specific types of BA species may play a role in 
cell division of the fertilized oocyte and fragmentation of the embryo. In animal studies, 
UDCA derivatives seem to interfere with cellular damage and apoptosis in pig embryos, 
but also in rat hepatocytes and neuronal cells19-21.

The nuclear receptors FXR, RXR-alpha, LXR-alpha and LRH1 and the BA-receptor 
GPBAR1 are present in MGC and CGC and may play a role in reproductive physiology. 
In line with this, LRH-1 in GC and in the corpus luteum has been previously shown 
to be essential in ovulation and achieving as well as maintaining pregnancy22,23. BA 
transporters and nuclear receptors in MGC and CGC may in theory regulate the levels 
and types of BA that are permitted to enter FF and to interact with the developing 
oocyte, respectively, and may interfere with GC proliferation. Therefore, the effect of 
different BA species on oocyte development and GC function, as well as the range 
of biological effects should be studied in vitro and in vivo. Early experiments in this 
direction have already shown that addition of tauroursodeoxycholic (TUDCA) acid to 
IVF culture medium of cumulus-free mouse oocytes matured in vitro increases the rate 
of blastocyst formation and the rate of offspring production (defined as the percentage 
of embryo transfers that results in offspring birth) 24. Interestingly, in the same mouse 
study, TUDCA supplementation of culture medium during in vitro maturation of 
germinal vesicle (GV) oocytes denuded of cumulus cells actually led to a decrease in 
the rate of transition of the oocyte to meiosis II and a decrease in pronuclear rate24. This 
supports our findings in chapter 3 that cumulus as well as mural GC may mediate the 
physiological role of BA in oocyte development.

Interestingly, the serum levels of primary BA CA and CDCA derivatives were 
inversely related to neonatal birth weight. During pregnancy, apart from maternal 
production, the foetus is capable of synthesizing BA, and levels of circulating BA in 
the mother are in direct contact with amniotic fluid BA, interaction that may influence 
growth in the gestational period25. Foetuses start synthesizing BA around 12 weeks 
gestational age, and BA receptors and transporters such as FXR, ATP-binding cassette 
sub-family C member 2 (ABCC2) and bile salt export pump (BSEP), are present in the 
foetal liver from mid-gestation26,27. Nonetheless, since the foetal hepatobiliary system 
and the enterohepatic circulation are immature, the foetus is limited in its capacity 
to excrete, actively reabsorb or transport BA28,29. Therefore, foetal BA are expected to 
cross the placenta into the maternal circulation as a mode of excretion, underlining 
the crucial role of placental transport of BA during pregnancy. Of note, none of the 
women included in the present study experienced cholestasis of pregnancy, hence the 
relationship observed between circulating BA and neonatal birth weight is conceivably 
a reflection of normal physiology. Studies in rodent models have shown that cholestasis 

8.
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of pregnancy is associated with pathologic changes in the placenta, which may result in 
impaired transfer of waste products from foetal into maternal circulation28. Thus, it is 
plausible that preconception levels of plasma BA predict serum and possibly amniotic 
fluid levels during pregnancy, as determined by the capacity of the foetus to produce 
BA, on the one hand, and the capacity of the placenta to mediate foetal BA excretion, 
on the other hand. This observation further argues in favour of a physiological role 
of BA in embryo and foetal developmental potential and growth30. In support of this, 
one study in male mice fed a diet enriched in CA observed an altered sperm DNA 
methylation pattern that was associated with increased perinatal mortality of first 
generation offspring, altered BA metabolism and glucose intolerance in adulthood31. 
Similar studies in female mice are lacking at the moment, but could provide invaluable 
information in the future. Moreover, it is recommended to replicate our observation in 
human cohorts including groups of infants with normal, small and large birth weight, 
as preconception maternal serum levels of primary BA may be predictive of intrauterine 
growth restriction, a condition that is associated with significantly increased infant 
mortality and morbidity as compared to infants with normal in utero development32.

Recommendations for future research (based on results in chapters 2-4):

- Study of ovarian BA production:
o in the CGC-oocyte unit: in vitro tracer study with labelled cholesterol
o using GC purification methods that allow for immediate culture and 

stimulation of BA production
o in the presence of FSH in the culture medium

- Study the effect of different BA species on oocyte fertilization and embryo 
development
o In vitro: incubate discarded human oocytes (with and without cumulus cells) 

with increasing concentrations of BA for different periods of time
- Study BA transport across the BFB:

o In vitro kinetic study on the passage of labelled BA across GC layer using 
transwell cell culture system

o In vivo ovarian perfusion studies to assess the rate of transport of BA from 
blood into FF

- Characterization of BA nuclear and membrane receptors in the ovarian follicle:
o In vitro characterization of their location and activation in the ovarian follicle
o In vitro study of the impact of BA receptor activity on local steroid production 

and BA trafficking (i.e., differential activation/suppression of transcriptional 
programs in mural and cumulus GC in response to BA in different 
concentrations/types)
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- Characterization of the relationship of preconception plasma BA with gestational 
plasma and amniotic fluid BA levels
o Replication of current results in larger cohorts that also include sufficient 

number of infants with low/high birth weight
o Correlation of preconception plasma BA levels with foetal growth patterns 

(foetal sonography)

High density lipoproteins in reproduction

Chapter 5 and chapter 6 explore the relationship between two key FF-HDL function 
metrics and fertility outcomes of MNC-IVF (oocyte characteristics, embryo quality, 
positive pregnancy test). HDL anti-oxidative function (defined as the ability of FF 
to suppress low density lipoprotein [LDL] oxidation) and anti-inflammatory function 
(defined as the ability of FF to inhibit tumour necrosis factor-alpha-induced VCAM-1 
mRNA expression in endothelial cells in vitro) were measured in FF from 375 
and 326 MNC-IVF cycles, respectively. Chapter 5 demonstrates that HDL is the 
main antioxidant in FF (83%) and that the anti-oxidative properties of FF-HDL are 
significantly higher than those of matched plasma (n=19; P<0.001), which may be 
due to an increased content of vitamin E and sphingosine 1 phosphate in FF-HDL as 
compared to plasma-HDL (P=0.028 each). Moreover, FF-HDL anti-oxidative function 
was inversely related to the odds of the oocyte undergoing normal fertilization (n= 375; 
adjusted odds ratio 0.97 (0.93-1), P=0.041). In chapter 6 the anti-inflammatory capacity 
of the FF-HDL fraction was found to be significantly higher than that of unfractionated 
FF (n=8; P=0.012). Moreover, the FF anti-inflammatory capacity was comparable to 
that of matched apoB-depleted plasma (n=19; P=0.872), but there was no significant 
correlation between the anti-inflammatory capacity of the two media (r=0.098, P=0.689). 
Importantly, an increase in FF-HDL anti-inflammatory function was significantly 
related to a greater chance of the oocyte developing into a top quality embryo (adjusted 
odds ratio 1.02 [95% confidence interval: 1.00-1.03], P = 0.016). For both FF-HDL anti-
oxidative and anti-inflammatory function no significant relationship with the occurrence 
of pregnancy (defined as a positive pregnancy test) was found. In conclusion, FF-HDL 
has considerable anti-oxidative and anti-inflammatory functions that seem to be relevant 
for oocyte fertilization and embryo quality, respectively.

Ovarian FF is abundant in cholesterol (crucial for steroid hormone synthesis and 
cell membrane integrity in the growing follicle) packaged as HDL, particle that have 
been intensely studied for their cholesterol-carrying capacities33. However, there is an 
increasing body of evidence from the cardiovascular field that HDL is more than just 
a sterol transporter, but it exerts biologically relevant functions, such as anti-oxidative 
and anti-inflammatory function, which may have implications for fertility34-36. Oxidative 
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stress has been shown to play a role in the development of both male and female 
infertility. For instance, levels of reactive oxygen species (ROS) measured in semen 
samples have a high sensitivity and specificity for diagnosing male infertility, and an 
abnormal increase in seminal ROS may alter sperm morphology and motility, negatively 
impacting oocyte fertilization37,38. With regard to female fertility, excess oxidative 
stress and inflammatory imbalance are involved in the pathogenesis of reproductive 
diseases such as endometriosis and polycystic ovary syndrome (PCOS). Inflammatory, 
chemotactic, angiogenic and oxidative stress profiles of peritoneal fluid from women 
with endometriosis is significantly different from that of women without endometriosis39. 
In women with PCOS, hyperglycaemia increases ROS production by mononuclear cells, 
which likely augments the pro-inflammatory state that is involved in the pathogenesis 
of insulin resistance and hyperandrogenism40. Moreover, generation of oxidative stress 
and inflammation are promoted by an unhealthy lifestyle (e.g., smoking, alcohol 
consumption, inadequate diet leading to obesity and malnutrition), which is a risk factor 
for infertility34,41. Despite these connections between inflammation, oxidative stress and 
reproductive disorders, the role of FF-HDL in regulating oxidative and inflammatory 
balance in the ovary and the potential relevance for fertility has yet to be explored.

Chapters 5 and chapter 6 demonstrate that FF-HDL possesses accentuated anti-
oxidative and anti-inflammatory capacity, both of which are relevant for oocyte and 
embryo development. Despite the tendency in nature for these two functions to co-occur, 
the present studies in FF found relevant differences. Firstly, FF-HDL anti-oxidative 
function was significantly higher than that of apoB-depleted plasma, while the anti-
inflammatory capacity of the two matrices was comparable. These differences may be 
due to (i) secretion of factors with anti-oxidative and/or anti-inflammatory function 
by GC or the oocyte or (ii) modification of HDL upon passage across the BFB. With 
regard to the former, it is important to note that local ovarian HDL production has not 
been formally investigated, and it is generally accepted that FF-HDL is derived from 
the blood compartment42. However, FF-HDL has been previously shown to differ in 
structure and size from blood-HDL, likely due to transformations that occur during 
passage of HDL from blood into FF through the BFB 42,43. In chapter 5 protein and 
lipid composition of FF- and plasma-HDL were compared and it was concluded that 
FF-HDL indeed have a decreased level of apoE, apoC-II and apoC-III (likely a reflection 
of the decreased size of FF-HDL as compared to plasma HDL) and an increased level 
of vitamin E and sphingosine-1 phosphate (S1P) 42. In conclusion, the increased level 
of lipids with anti-oxidative properties may be partially responsible for the augmented 
anti-oxidative capacity of FF-HDL.

Chapter 5 also shows that FF-HDL anti-oxidative function is inversely related to 
the odds of the oocyte undergoing normal fertilization, which may seem contradictory at 
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first. However, previous literature has revealed that both extremes of oxidative stress can 
be detrimental for oocyte and embryo development, and a certain level of oxidative stress 
seems to be necessary for normal reproduction44. Moreover, aside from the detrimental 
effect of oxidative stress, moderate amounts of reactive oxygen and nitrogen species 
are involved in physiological processes such as signalling and protection from noxious 
stimuli45. In line with this, an increased FF-HDL anti-oxidative capacity may be part 
of a protective response to unfavourable FF conditions, in an attempt to increase the 
developmental potential of the oocyte. The use of supplementary antioxidants such 
as multivitamin tablets in order to boost female fertility has been explored in several 
cohort studies, and results have shown an association with increased clinical pregnancy 
and live-birth rate, although quality of the evidence was very low, according to a recent 
Cochrane review46. Although the relationship between antioxidant supplementation of 
culture medium and embryo development has been mainly studied in animals, one 
recent study in humans concluded that supplementation of embryo culture medium 
with L-carnitine, a potential anti-oxidant, was associated with increased numbers of 
good-quality embryos, along with higher embryo implantation, clinical and ongoing 
pregnancy rates as compared to controls47,48.

Chapter 6 demonstrates that FF-HDL anti-inflammatory capacity is a positive 
predictor of embryo quality. In line with our finding, which was derived from a 
predominantly normal weight population, previous literature reported an increased 
inflammatory load in obesity, condition that has been associated with decreased 
quality, lower yield, and presence of metabolic and phenotypic abnormalities in 
human oocytes49-53. Insight into the specific components of FF-HDL particles that 
are responsible for their anti-inflammatory capacity dependent on different BMI 
classes would be useful. Such knowledge would help to implement lifestyle changes 
(such as dietary or exercise programs) or to develop pharmacological interventions to 
increase FF-HDL function and hence increase the odds of oocyte development into 
high quality embryos in fertility procedures. However, as previously discussed for 
HDL anti-oxidative function, minimizing inflammation in the follicular environment 
may not necessarily be beneficial. Proteins involved in inflammation (both pro- and 
anti-inflammatory) constitute an extensive class in FF, underlining the importance 
of inflammatory balance54. Moreover, a certain level of physiologic inflammation is 
necessary for follicular development and ovulation, and the optimum balance of pro- 
and anti-inflammatory factors in FF has yet to be determined55. As a result, clinical 
trials on the effect of pre-conception administration of anti-inflammatory drugs such 
as aspirin, non-steroidal anti-inflammatory (NSAID) drugs or prednisone on fertility 
outcomes of assisted reproduction have yielded conflicting results. An early trial on 
the use of low-dose aspirin treatment in patients undergoing IVF procedures showed a 
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significant improvement in the number of recruited follicles and retrieved oocytes, as 
well as pregnancy and implantation rate as compared to placebo56. Nonetheless, in a 
later trial aimed specifically at the effect of aspirin on oocyte and embryo quality, low-
dose-aspirin administration was associated with a significant decrease in fertilization 
rate and number of good quality embryos, despite the higher number of retrieved 
oocytes57. The effect of NSAIDs on oocyte and embryo quality has yet to be explored, 
and Cochrane reviews have found no clear evidence for the routine use of either aspirin 
or NSAIDs to improve clinical pregnancy in women undergoing IVF procedures58. A 
randomized clinical trial found an increased, despite non-significant rate of implantation 
(16% versus 11%) and of clinical pregnancy after IVF (43.5% versus 32.3%) in patients 
receiving prednisone as compared to placebo59. In summary, clinical trials with anti-
inflammatory drugs as an add-on to IVF have yielded little to no success in improving 
live birth rates, and existing studies have largely focused on clinical pregnancy rates, 
with little attention being paid to the effect on oocyte and embryo maturation.

Interestingly, a recent study has shown that the altered level of FF pro- and anti-
inflammatory markers found in obesity is associated with a change in FF lipid levels 
(triglycerides and free fatty acids, specifically), independent of BMI60. Since HDL is the 
main lipid carriers in FF, it is plausible that FF-HDL becomes dysfunctional in obesity, 
which may in turn result in an increased FF inflammatory load. Research from the 
cardiovascular field has shown that circulating HDL becomes dysfunctional in diabetes 
and smoking, conditions that have been associated with infertility, and may even become 
pro-inflammatory in the acute-phase inflammatory response61-64. The change in HDL 
function is a result of the change in HDL composition. For instance, accumulation of 
oxidized phospholipids, which are known to be pro-oxidative and pro-inflammatory, can 
result in impairment of HDL anti-inflammatory and anti-oxidative function63. Moreover, 
during the acute phase response, circulating levels of apoA-I decrease63. Concluding, 
analysis of HDL function as well as its composition in FF from women with different 
risk factors and aetiologies of infertility has the potential to offer valuable insight.

Finally, modulation of FF HDL anti-oxidative and anti-inflammatory function may 
be achieved through lifestyle interventions. In patients with metabolic syndrome, a 
three week dietary intervention (high in fibre and low in fat) coupled with daily aerobic 
exercise resulted in a change in serum HDL inflammatory index from pro- to anti-
inflammatory65. Another dietary intervention study in healthy adults concluded that 
plasma HDL anti-inflammatory potential is impaired after consumption of saturated 
fat and improved after consumption of polyunsaturated fat66. Nonetheless, in these two 
studies measurements of HDL function were conducted on circulating HDL, and it is 
yet unknown whether these changes are reflected in FF.
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Recommendations for future research (based on results in chapters 5 and 6):

- Comparison of FF- and plasma-HDL lipid and protein composition with regard 
to anti-inflammatory function

- Exploring a potential local ovarian HDL production
- Study the effect of HDL function on oocyte fertilization and embryo development

o In vitro: incubate discarded human oocytes (with and without cumulus cells) 
with HDL of different levels of functionality for different periods of time

- Study HDL transport across the BFB:
o In vitro kinetic study on the passage of labelled HDL across GC layer using 

a transwell cell culture system
o In vivo ovarian perfusion studies to assess the rate of transport of HDL 

from blood into FF and the impact of this transport on HDL structure and 
function

- Characterization of FF-HDL function in specific fertility disorders : e.g. 
unexplained infertility, and anovulatory infertility and polycystic ovarian 
syndrome

- Investigate the effect of lifestyle interventions to favourably modify FF-HDL 
function

- Replication of present studies in patients with obesity and metabolic syndrome

Trimethylamine-N-oxide in reproduction

An unhealthy diet is a well-known predisposing factor for the development of obesity 
and metabolic dysregulations, conditions that negatively impact oocyte and embryo 
quality67-69. TMAO is emerging as a risk factor for obesity and metabolic dysregulation 
as seen in, for example, diabetes and has been associated with oxidative stress and 
inflammation. Therefore, in order to explore whether TMAO represent a functional 
link between diet, systemic metabolic dysregulation and infertility, chapter 7 studied 
the relationship between TMAO and its diet- (choline, L-carnitine) and gut-derived 
precursors (gamma-butyrobetaine) in FF and fertility outcomes (oocyte characteristics, 
embryo quality, positive pregnancy test) of patients undergoing MNC-IVF. The level 
of FF choline was significantly higher than that in matched plasma (n=63 patient 
undergoing a first cycle MNC-IVF procedure; P<0.001), while TMAO and gamma-
butyrobetaine were lower in FF as compared to plasma (P=0.001 and P=0.075, 
respectively). The level of L-carnitine was comparable between the two media (P=0.175). 
Furthermore, there was a positive correlation between FF and plasma levels of all 
metabolites, pointing towards diffusion from blood into FF. Finally, in FF samples 
from 232 MNC-IVF cycles corresponding to 111 patients (maximum cycle number 
six), levels of TMAO and gamma-butyrobetaine were lower in FF from oocytes that 
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underwent normal fertilization (TMAO: odds ratio [OR] 0.65 [0.48-0.89], P=0.006; 
gamma-butyrobetaine: OR 0.77 [0.60-1.00], P=0.047) and developed into top quality 
embryos (TMAO: OR 0.56 [0.42-0.76], P<0.001; gamma-butyrobetaine: OR 0.79 
[0.62-1.00], P=0.050) than in oocytes and embryos with suboptimal fertilization and 
development, respectively. Finally, no relationship of the metabolites with positive 
pregnancy test could be found.

The effect of lifestyle on reproduction and its potential for non-pharmacologic 
interventions to increase fertility have been the topic of extensive research in the 
past decade70-72. While the negative effects of smoking, excessive alcohol consumption 
and obesity are nowadays widely accepted, the role of nutrition remains a topic of 
debate62,69,73,74. Some interesting patterns have already emerged, such as the beneficial 
role of a diet rich in omega-3 fatty acids, whole grain cereals, vegetables and fruit, as 
opposed to the negative effects of a diet rich in trans fatty acids, red meat and fast food 
on fecundity70,71,74. For other nutrients such as soy products and dairy, studies have 
delivered conflicting results70,71. So far, no nutritional guidelines have been developed, 
which underlines the need for a different approach to nutrition in the context of 
fertility. Thus far, studies have focused on the direct effect of ingested food on fertility 
outcomes, an approach that ignores the metabolic potential of gut bacteria and liver 
enzyme systems.

The microbiome is emerging as a player in health and disease, with some specific 
effects on fertility being gradually unraveled75. In assisted reproduction, the composition 
of the vaginal and endometrial microbiome on the day of embryo transfer as well 
as before the start of IVF treatment seems to be predictive for success of assisted 
reproduction 76-80. In the study of Fanchini et al., the presence of cervical micro-
organisms on the day of embryo transfer was associated with a significant decrease 
in embryo implantation, clinical and ongoing pregnancy rates81. Similar results 
were observed in the study of Egbase et al., where the rate of clinical pregnancy 
was significantly higher in women from which there was no microbial growth on 
endocervical swabs and embryo transfer tips82. With regard to the type of colonization, 
Moore et al. have found that the presence of H2O2-producing Lactobacillus in the vagina 
and on the embryo transfer tip is associated with an increase in live birth rate, with the 
opposite being true for the presence of Streptococcus viridans on the embryo transfer tip83. 
In line with this, Koedooder et al. used vaginal microbiome profiling to successfully 
predict the chance of pregnancy in women undergoing IVF/IVF-ICSI79. Moreover, 
in a study on the effect of IVF on the composition of the vaginal microbiome and its 
relationship with reproductive outcomes, hormonal treatment during IVF induced a 
change in vaginal microbiome composition in 33% of women, and the species diversity 
index of the vaginal microbiome was predictive of the occurrence of a live birth78.
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Interestingly, also bacteria outside the reproductive tract, such as gut bacteria, can 
potentially impact fertility. Women with irregular menstrual cycles have a significantly 
different faecal bacterial composition than women with normal menstrual cycles, 
with an abundance of Prevotella and depletion of Clostridiales, Lachnospiraceae and 
Ryminococcus species84. In patients with PCOS, decreased gut microbial diversity and 
altered gut microbial composition is associated with disease and reproductive parameters 
(such as hormone levels, oligo-/amenorrhea, hirsutism, BMI) 85,86. Interestingly, the gut-
metabolites indole-3-propionic acid and shikimic acid are present in FF and their levels 
differ significantly between obese and normal-weight women87. Despite their presence in 
the proximity of the developing oocyte, the relationship of the differential abundance of 
these gut bacteria-derived metabolites with fertility has yet to be explored87. Moreover, 
no information is currently available on the role of gut bacteria as a mediator of the 
effect of diet on oocyte quality and on fertility outcomes of IVF procedures.

Chapter 7 aimed to integrate nutrition, gut bacteria and fertility by studying the 
presence of TMAO in FF. Existing literature indicates that TMAO is a causative 
biomarker for the development of lifestyle-related metabolic diseases, such as overweight, 
diabetes and atherosclerosis88-90. Extending on this, the present study concluded that 
TMAO likely diffuses from blood into FF, where its levels are a negative predictor 
of oocyte fertilization and embryo quality in MNC-IVF. As discussed in chapter 1, 
systemic metabolic disturbances are reflected in FF and can negatively impact oocyte 
quality67,91. Fluctuations in FF TMAO levels may thus reflect an altered nutritional 
status and gut bacterial composition, both of which can impact whole body and local 
ovarian metabolism. TMAO is emerging as a causative biomarker for cardiovascular 
disease and has been associated with obesity and components of the metabolic syndrome, 
diseases that have been consistently related to infertility92. For instance, women with 
metabolic syndrome have a longer time to pregnancy and a greater risk for infertility, 
while subfertile women have higher odds of cardiovascular events93,94. Nonetheless, the 
present study has been conducted in a normal weight, relatively healthy population, 
hence studies on FF TMAO and fertility in a population that displays features of the 
metabolic syndrome are needed in order to further explore this hypothesis.

Interestingly, only the FF levels of TMAO and its gut-derived precursor gamma-
butyrobetaine (not the dietary components L-carnitine and choline) were related to 
fertility outcomes, despite all four metabolites being abundantly present in FF. Moreover, 
there was a positive relationship between diet-derived components (choline, L-carnitine) 
and those produced after metabolism by gut bacteria and/or liver (gamma-butyrobetaine, 
TMAO), which indicates that modification by gut bacteria is an important step in 
transforming dietary components into metabolically active substances that influence 
oocyte and embryo development. Interestingly, long-term dietary habits have been 
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shown to induce a characteristic, persistent gut microbiota composition95. Although 
still under debate, concomitantly with differential composition of the gut microbiome, 
vegans/vegetarians seem to produce lower levels of TMAO than omnivores who regularly 
consume meat, which likely reflects the decreased need for metabolisation of choline 
and L-carnitine90. In vegans/vegetarians undergoing a carnitine challenge, TMAO 
levels were significantly lower and carnitine levels were significantly higher than in 
omnivore subjects, which is likely the effect of long-term decrease in activity of carnitine 
intestinal metabolism90. With regard to fertility, meat consumption has been associated 
with decreased blastocyst formation and decreased rates of ovulation, while vegetable 
consumption has been association with a decreased risk of anovulation and shorter 
time to pregnancy70,74. It would thus be interesting to study gut bacteria composition 
(especially the presence of bacteria with TMA-producing enzyme systems) in relation 
to TMAO production in women seeking to conceive, and determine whether these two 
factors play a causative role in the above-described associations.

Lowering of circulating TMAO levels is theoretically an attractive means of 
preventing cardiovascular disease, and maybe future research will indicate that 
women suffering from infertility may benefit from a similar approach. From a lifestyle 
perspective, a diet low in L-carnitine and choline could potentially reduce the abundance 
of trimethylamine (TMA)-generating bacteria, in addition to lowering the availability of 
diet-derived TMAO-precursors90. However, this approach may be detrimental for other 
aspects of health, since choline is important for the production of neurotransmitters 
and cell wall membranes (both human and bacterial), while L-carnitine is involved in 
muscle maintenance. Another therapeutic option is selective depletion of gut bacterial 
strains capable of generating TMA by ingestion of prebiotics (i.e., nondigestible 
nutrients that promote the growth of specific bacteria) or probiotics (i.e., ingestion 
of bacterial strains) that promote the growth of bacteria suppressing propagation of 
TMA-producing species, or by administration of antibiotics. A modest, yet significant 
decrease in serum TMAO was achieved by administering the prebiotic arabinoxylan 
oligosaccharides and maltodextrin to patients with chronic kidney disease (without 
dialysis) 96. To date, only one mouse study has been successful in reducing TMAO 
levels through the administration of probiotics. In the study of Qiu et al., mice were 
supplemented with choline and administered several potential probiotics97. Of these, 
Lactobacillus plantarum ZDY04 modulated the relative abundance of the bacterial 
families Mucispirillum, Lachnospiraceae, Erysipelotricaceae and Bacteroidaceae which 
led to a significant reduction in serum TMAO and caecal TMA levels97. Moreover, in 
apoE-/- mice fed diets supplemented with choline, Lactobacillus plantarum ZDY04 
significantly reduced the development of atherosclerosis as compared to controls97. In 
humans, studies with probiotics in chronic kidney disease patient on haemodialysis, 
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patients with metabolic syndrome or in healthy young males following a high fat diet 
failed to reduce plasma TMAO levels98-100. On the other hand, antibiotic modification 
of gut microbial composition has resulted in a decrease in plasma levels of TMAO, 
which normalized after cessation of antibiotic treatment101. From a pharmacological 
perspective, TMAO binders (none formally tested to date) or drugs to increase urinary 
excretion of TMAO, such as enalapril (albeit only tested in rats, where is has been 
hypothesized to affect urinary excretion of methylamine), could potentially reduce 
circulating levels, and hence diffusion of TMAO into FF102. Finally, several inhibitors 
of conversion of L-carnitine and choline into TMA have been developed. For examples, 
3,3-Dimethyl-1-butanol shows promising results in atherosclerosis treatment in mice, 
but further testing in humans in awaited103. Further, meldonium has already been 
successfully tested in humans, yet the precise mechanism of TMAO reduction remains 
unclear104,105. However, before attempting pharmacological lowering of FF TMAO levels, 
more studies on the relationship between circulating and ovarian TMAO levels and on 
the mechanism behind the potential actions of TMAO and gamma-butyrobetaine in the 
ovarian follicle are necessary in order to gain insight in the physiological relevance of 
these metabolites in oocyte developmental potential and their consequence in embryo 
development and implantation rates in IVF.

Recommendations for future research (based on results in chapter 7):

- Quantification of dietary intake of L-carnitine and choline, as well as 
characterization of gut bacterial composition in relation to FF TMAO abundance 
(ongoing project in collaboration with the University of Wageningen)

- Replication of the present study in an obese population and in patients with 
metabolic syndrome seeking to conceive

- Comparison of the effect of long-term versus acute dietary changes on TMAO 
abundance in FF

- Study of the teratogenicity of TMAO-reducing medication and of its effectivity 
on lowering FF TMAO

Potential of investigated biomarkers to serve as predictors of fertility outcomes 
in the clinic

To date, despite several targeted analyses as well as metabolomics studies of FF 
composition, no biomarker for oocyte quality has been deemed clinically useful106,107. In 
order for a FF component to classify as fertility biomarker, it should fulfil the following 
criteria: (i) predict embryo quality; (ii) biomarker measurement should be easier and 
ideally less expensive than current standard protocol (assessment of oocyte maturity 
and fertilization and of embryo development), and should be feasible within the time-
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window of embryo maturation in vitro; (iii) the (patho)physiological relationship of the 
biomarker with oocyte and embryo development should be known; (iv) measurement of 
the biomarker should show little to no variability; (v) changes in biomarker abundance 
in response to changes in conditions (including interventions that improve outcome) 
should be well characterized108.

All three investigated groups of potential biomarkers (BA, HDL function, TMAO 
and its precursors) were significantly related to embryo quality, although to different 
degrees. An increased level of FF UDCA derivatives and of FF-HDL anti-inflammatory 
function, as well as a decreased level of FF TMAO and its gut-derived precursor, 
gamma-butyrobetaine, were positively related to the odds of the oocyte developing into 
a top quality embryo (criterion i). Standardized protocols for measurement of these 
compounds are widely available (except for HDL function) and, since FF is easily 
obtained during follicular puncture, measurements can be done within the two day 
window of oocyte maturation in vitro, so that results can be used for clinical decision 
making prior to embryo transfer (criterion ii). With regard to all three compounds, 
their actual predictive value still needs to be tested in clinical practice against and 
in addition to the standard routine procedure of observing and grading oocyte and 
embryo maturation. Moreover, since it is unlikely that microscopy observation will be 
omitted from clinical practice (on the contrary, culturing of embryos in EmbryoScope 
time-lapse monitoring, which allows for constant monitoring of embryo selection and 
development of non-invasive biomarkers for high quality embryo selection, has been 
shown to improve ICSI outcomes) 109,110, measuring FF biomarkers adds additional costs 
to IVF procedures. However, increased accuracy in the assessment of embryo quality 
will increase the chances of success of IVF procedures (i.e., ongoing pregnancy and live 
birth) by selecting the best quality embryo for transfer in COH-IVF, thus reducing the 
number of treatment cycles necessary to achieve pregnancy and implicitly the overall 
costs of fertility treatment episodes. A potential limitation of this approach is that each 
follicle needs to be punctured separately in order to be able to link the FF biomarkers to 
the oocyte and embryo quality, which is a relatively painful procedure with a presumably 
increased risk for infection and vaginal wall bleeding.

The research conducted in the present thesis is descriptive and exploratory in nature, 
hence no conclusions can be drawn with regard to the actual mechanisms underlying 
the relationship of FF content of BA species, HDL anti-inflammatory function and 
TMAO with oocyte and embryo development (criterion iii). In the previous paragraphs 
several theories were proposed (cellular repair and death, metabolic dysregulation, 
inflammatory balance, indirect effect of nutrition and gut microbiota), theories that need 
to be extensively tested in vitro and in vivo before clinical implementation of the potential 
biomarkers can be considered (criterion iii). Moreover, the association presented in 
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this thesis should be confirmed in larger cohorts of different ethnicities that enable 
description of biomarker behaviour in relation to patient profile (e.g., aetiology of 
infertility, age, smoking status) and estimation of normal ranges (criterion iv).

Finally, the present studies have been conducted in a relatively healthy, normal 
weight population. However, many women seeking reproductive help suffer from 
overweight and obesity, and often display features of metabolic syndrome. Circulating BA 
levels, blood HDL levels and function, nutritional intake and gut bacterial composition 
are altered in the context of obesity and metabolic syndrome, and these changes are 
likely reflected in FF and may thus impact oocyte quality. For instance, higher BMI 
results in increased FF levels of triglyceride, insulin and glucose, and decreased FF 
levels of apoA-I67. In animal models, these changes in FF composition are associated 
with decreased oocyte quality91. In addition, given the close relationship between obesity, 
glucose metabolism and BA homeostasis, as demonstrated by significant changes in 
the circulating BA pool concomitant with changes in insulin sensitivity in patients 
undergoing bariatric surgery, the above-mentioned changes in FF metabolic profile 
will likely result in a change in FF BA levels111. Moreover, blood-HDL function differs 
between normal weight and obese women and, given the expected diffusion of HDL 
from blood into FF, these differences are likely reflected in FF-HDL function112. Finally, 
obese individuals present with concomitant alterations in gut microbiome and circulating 
metabolome as compared to lean individuals, changes that can be partially reversed 
by weight loss after lifestyle interventions (such as physical exercise, diet) or bariatric 
surgery113,114. Moreover, given previous reports of gut metabolites present in FF, BMI-
dependent gut microbial composition likely leaves its signature on FF composition87. 
Concluding, insight into the effect of female obesity and metabolic syndrome on FF 
abundance of BA species, HDL (quantity and quality) and TMAO will be useful in 
further exploring their biomarker potential (criterion v).

The FF bile acid subspecies CDCA derivatives and DCA derivatives, as well as 
FF-HDL anti-oxidative function were only related to certain developmental features 
(embryo fragmentation percentage and oocyte fertilization, respectively), while the total 
level of FF BA did not relate to any fertility parameters. Embryo quality is a composite 
measure that is based on oocyte fertilization, embryo fragmentation, number of 
blastomeres and presence of multinucleated blastomeres. Although the pathophysiology 
and biological importance of the above-mentioned association are worth exploring 
further, it is reasonable to assume that a FF compound that predicts embryo quality is 
of higher prognostic value for IVF outcomes than FF compounds that are predictive 
of only one oocyte or embryo feature. A top quality embryo scores favourably on all 
categories, hence it theoretically possesses the greatest potential to implant and result 
in a viable pregnancy. Nonetheless, none of the investigated FF compounds correlated 
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to pregnancy in MNC-IVF procedures. This may be due to several reasons. Firstly, FF 
collected at follicular puncture as well as oocyte and embryo assessment carried out in 
vitro are a reflection of the fully matured oocyte. However, oocyte maturation is a long, 
dynamic and complex process that cannot be accurately described by a static metabolic 
photograph of the pre-ovulatory follicle. Secondly, in addition to embryo quality, factors 
related to spermatozoa and endometrial receptivity likewise influence pregnancy rate, 
and these factors have not been evaluated in our studies. In the future, a predictive 
model of embryo quality combining biomarkers for both oocyte and spermatozoa quality 
are potentially worth investigating.

In the present thesis, MNC-IVF is used for the initial evaluation of biomarker 
potential of BA, HDL function and TMAO. As discussed in chapter 1, MNC-IVF is 
an ideal model in this context as it enables for the correlation of FF composition to 
information on oocyte, embryo and pregnancy. Attempts to extend observation from 
MNC-IVF to other types of assisted reproduction and natural reproduction raises a few 
points of caution. Firstly, in COH-IVF, multiple follicles mature and are punctured. 
During routine procedure, the contents of the punctured follicles are mixed, hence it is 
not possible to relate FF biomarker abundance to oocyte and embryo quality. Therefore, 
in order to clinically implement biomarkers in COH-IVF, follicles need to be punctured 
separately which, although technically possible, increases patient discomfort and might 
increase the risk of complications. Moreover, the exogenous hormones administered 
during IVF procedures have been found to influence FF composition and are thus 
expected to interfere with FF biomarker abundance115. Secondly, the usefulness of 
FF biomarkers identified in MNC-IVF could potentially be extended to evaluation of 
fertility in natural reproduction and in non-invasive assisted reproduction techniques if 
fluctuations in FF biomarker levels are enduringly reflected in blood biomarker levels. 
This seems to be the case for TMAO, where the strong correlation between the two 
matrices and the absence of bacteria in FF argue in favour of diffusion of TMAO from 
blood. In the case of BA, despite the significant correlation between the two matrices, it 
is yet unknown to which extent active transport across the BFB contributed to the FF 
BA pool. Finally, despite being comparable, the lack of a correlation between matrices 
with regard to HDL anti-inflammatory function makes it impossible to predict the value 
of blood HDL anti-inflammatory function for fertility. Of note, circulating lipoproteins 
are capable of carrying BA, which, although not formally tested, may also represent 
an entry path of BA into FF as well as a way of coordinating HDL and BA actions on 
oocyte maturation.
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Conclusion

The results of the studies conducted in the present thesis indicate that biomarkers 
linked to metabolic regulation (BA, HDL anti-oxidative and anti-inflammatory function, 
TMAO) are present in FF and relate to oocyte and embryo development in MNC-IVF. 
Moreover, they seem to be derived from blood and changes in circulating levels due 
to metabolic dysregulation, obesity or lifestyle factors such as diet are expected to be 
reflected in FF and thus impact oocyte development and embryo quality, as proposed in 
the model below (Figure). Finally, UDCA derivatives, HDL anti-inflammatory function 
and TMAO FF levels are related to embryo quality and more work is needed in order to 
understand their biological role in oocyte and embryo development, potential interactions 
between them and how different patient profiles (BMI, metabolic dysregulation) affect 
their FF abundance and functioning.

Figure | Relationship between bile acids, high density lipoproteins and trimethylamine-N-oxide 
and oocyte development/embryo quality. TMA, trimethylamine. TMAO, trimethylamine-N-ox-
ide. TMAO, Gamma-BB, gamma-butyrobetaine. HDL, high density lipoprotein. BA, bile acids.

8.
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ENGLISH SUMMARY

Infertility is defines as “failure to achieve clinical pregnancy despite at least 12 months 
of regular, unprotected intercourse’’ . The prevalence of infertility has remained 
mainly unchanged over the past years, despite advancements in assisted reproductive 
techniques: 2-3% of women experience unwanted childlessness and 6-10% have less 
children than desired. In addition, the success of fertility procedures is limited and 
the access to these is restricted in regions where they are most needed (for example, 
in Sub-Saharan Africa). Moreover, infertility causes emotional, physical and financial 
stress for the woman/the couple, and it can also be a sign of underlying disease and has 
even been linked to premature mortality. All in all, infertility is a topic that deserves 
further scientific research and it is of no surprise that the World Health Organization 
has declared it a disease and potential source of disability.

An ovulatory cycle, normal function of the fallopian tubes and sexual activity are 
the basic requirement for achieving pregnancy. In addition, female fertility is influenced 
by a large number of preconception factors, among which (i) the composition of the 
natural environment of the oocyte, the follicular fluid (FF) and (ii) the overall health 
status of the woman.

FF components are either locally produced by the granulosa cells and the oocyte, 
or derived from blood capillaries surrounding the follicle via the follicle-blood barrier. 
The composition of FF is of great importance for the maturation of the oocyte. For 
instance, growth and survival of the follicle are dependent on steroidogenic activity of 
specialized follicular cells, the granulosa cells and the theca cells. Furthermore, there 
is an intimate communication and exchange of nutrients between the granulosa cells 
directly surrounding the oocyte, the so-called cumulus cells (via gap junctions), and 
the oocyte.

Lifestyle factors (such as physical activity, nutrition, intoxications) and systemic 
disease (such as overweight, the metabolic syndrome and its components) influence the 
functioning of organ systems such as the liver and the gut microbiota, which results 
in a change in systemically produced intermediates (known as metabolites). A part of 
these changes will be reflected in the composition of FF, and this can further influence 
de quality of the oocyte. Given the current obesity pandemic it is of no surprise that 
many patients attending fertility clinics are overweight and/or display characteristics of 
the metabolic syndrome. The current obesogenic diet, characterized by a combination 
of dietary changes (i.e. abundant in fat and sugars; calorie rich) and decreased physical 
activity, has led to a dramatic increase in the incidence of overweight worldwide as 
well as in the Netherlands. This trend is also visible in women in the reproductively 
active age group: in 2018 31.8% of Dutch women between 18-34 years and 47.5% of 
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Dutch women between 35-49 years were overweight. Overweight and obesity have 
a tight relationship with, or can even cause metabolic dysregulation in the shape of 
the metabolic syndrome and its components (among which abdominal adiposity, high 
levels of fat and sugars in blood, and hypertension). The mechanisms behind this 
relationship are complex and include diverse physiologic processes such as inflammation 
and oxidative stress in diverse organ systems (including the adipose tissue), but also 
more recently discovered players such as the composition of the bacteria in the intestine 
(the microbiome) and bile acids.

There is an increasing body of literature that supports an association between obesity 
and metabolic dysregulation with infertility, both in natural reproduction as well as 
in assisted reproductive techniques. A possible cause is de decreased oocyte quality in 
patients with metabolic dysregulation as a result of obesity and possibly also diet. Data 
from animal and human studies have shown that maternal overweight and obesity 
may lead to immaturity, decreased quality, functional and microscopic defects of the 
oocyte and the resulting embryo. De maturation of the oocyte is partially dependent 
on the composition of FF, which contains metabolites derived from blood. Therefore, 
it is expected that in humans systemic metabolic dysregulation as seen in obesity and 
the metabolic syndrome will be reflected in the composition of follicular fluid, and 
that this will likely impact the maturation of the oocyte. This theory has already been 
proven in animal models.

A series of important players in systemic metabolism are worthy of research in the 
context of local ovarian metabolism: (1) sterols, of which cholesterol is well known for 
its role in reproductive physiology as a substrate for the synthesis of steroid hormones; 
however, the family of sterols also contains less well known members, such as bile 
acids, which play an important role in systemic metabolism; (2) inflammatory and 
oxidative balance, important players in both systemic and local ovarian homeostasis; 
(3) the microbiota, a potential mediator of the effect of preconception diet (healthy 
or obesogenic) on fertility. The current thesis investigates the impact on embryo 
development of three key players in obesity-related metabolic dysregulation: bile acids, 
anti-inflammatory and anti-oxidative function of high-density lipoproteins (HDL), and 
trimethylamine-N-oxide (TMAO).

Previous research on the relationship between metabolic dysregulation, FF 
composition and oocyte quality and embryonal development has failed to formulate a 
model that includes all three components (blood, FF and oocyte-embryo). The reason 
behind this is that during a traditional hyperstimulation-in vitro fertilization (IVF) 
procedure the contents of several follicles are retrieved and mixed. For the current 
research we have used materials from modified natural cycle-IVF (MNC-IVF). This 
procedure is close to the natural physiology of follicular development, in the sense 

9.
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that only one dominant follicle matures and its contents are retrieved during follicular 
punction. This allows for correlation of the composition of FF with the characteristics 
of the oocyte, embryo and possible pregnancy. Therefore, using MNC-IVF as a 
research model it is possible to study the relationship between systemic metabolism, 
FF composition, and embryo development and the occurrence of pregnancy.

Sterols such as cholesterol and steroid hormones are present in FF and they play a 
crucial role in follicular development and oocyte maturation. Bile acids, which belong to 
the sterol family, aid in bile production and fat absorption from the diet. In the previous 
years it has become evident that bile acids also play a role in systemic metabolism and 
in the development of obesity and type II diabetes mellitus. Moreover, bile acids seem to 
be present in FF, but they role in oocyte development has yet to be investigated properly.

Chapter 2 reports on the concentration and composition of the FF bile acid pool 
and its relation with the quality of oocytes and embryos in MNC-IVF. Bile acids atr 
present in FF in a concentration that is almost double than in serum. In addition, the 
concentration of ursodeoxycholic acid (UDCA) derivatives (i.e., the sum of conjugated 
and unconjugated bile acids) is significantly higher in FF of embryos with an optimal 
number of cells in relation to the day of follicular punction and in FF from oocytes 
that developed into top quality embryos, than in FF from oocytes of lower quality. In 
addition, the level of chenodeoxycholic acid (CDCA) derivatives is higher and that of 
deoxycholic acid derivatives is lower in FF of embryo’s with fragmentation, as compared 
to embryos without fragmentation. To conclude, bile acids are abundantly present in FF 
and they seem to play a role in embryonal development in humans.

Chapter 3 describes the preconception effect of bile acids in serum and FF on fetal 
growth in children born after MNC-IVF procedures. There is a significant relationship 
between the concentration of bile acids (total amount) or of different types of bile acids in 
FF and the birth weight of infants. Serum levels of CDCA and cholic acid are negative 
predictors of birth weight. Concluding, the preconception maternal serum concentrations 
of certain bile acids is predictive for the birth weight of the infant.

Chapter 4 studies the origin of ovarian bile acids, among which the possibilities 
of local production, passive diffusion and active transport. Human granulosa cells 
express specialized bile acid transporters (the importer Na+-taurocholate cotransporting 
polypeptide [NTCP] and the apical Na-dependent bile acid transporter [ASBT] and 
one exporters, ATP Binding Cassette Subfamily C Member 3 [ABCC3]) and nuclear 
receptors that are involved in bile acid signaling processes (farnesoid X-receptor [FXR], 
retinoid X-receptor-alpha [RXR-alpha], liver X-receptor-alpha [LXR-alpha], liver receptor 
homolog-1 [LRH-1] and G protein-coupled receptor TGR5 [also known as GPBAR1]) 
that are typically found in the enterohepatic circulation. There is no evidence of local 
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ovarian bile acid production. To conclude, FF bile acids likely originate from blood by 
passive diffusion or active transport.

Inflammation and oxidative stress are important hallmarks of obesity and metabolic 
syndrome and they are associated with diseases impacting fertility, such as the polycystic 
ovary syndrome. Research from the cardiovascular field has shown that HDL possess 
anti-oxidative and anti-inflammatory functions. In fertility HDL are best known for 
their role in cholesterol transport in FF. There is little research available on the 
functional properties of HDL in FF. Chapter 5 studies the relationship between anti-
oxidative FF-HDL function and embryo quality, while chapter 6 studies the relationship 
between anti-inflammatory FF-HDL function and embryo quality in the setting of 
MNC-IVF.

Chapter 5 shows that HDL is the most important antioxidant in FF and that the 
anti-oxidative properties of FF-HDL are significantly higher than those of plasma-
HDL. The latter may be due to an increased content of vitamin E and sphingosine 
1-phosphate in FF-HDL as compared to plasma-HDL. In addition, the anti-oxidative 
function of FF-HDL is inversely related to the chance of the oocyte undergoing normal 
fertilization. Chapter 6 describes the anti-inflammatory function of FF-HDL. The anti-
inflammatory capacity of FF is comparable with that of plasma. Importantly, an increase 
in FF-HDL anti-inflammatory function is significantly related to an increased chance 
of the oocyte developing into a top quality embryo. For both FF-HDL anti-oxidative and 
anti-inflammatory function there is no significant relationship with the occurrence of 
pregnancy. To conclude, FF-HDL has anti-oxidative and anti-inflammatory functions 
that potentially play a role in embryo development in humans.

The metabolic syndrome is often associated with the presence of obesity and 
an unhealthy lifestyle, such as consumption of a diet abundant in calories and fat, 
and physical inactivity. These factors are also associated with the composition of the 
intestinal microbiota. The dietary components choline (found in, for example, dairy 
products and fish) and l-carnitine (found in, for example, red meat) are metabolized 
by the intestines and the liver into TMAO, which is an important player in systemic 
metabolism. Recent studies have shown that TMAO is involved in the development of 
cardiovascular disease, diabetes and obesity, and in the promotion of oxidative stress and 
inflammation. The association of these disease/pathological processes with infertility 
brings up the question of whether TMAO is a potential mediator of the effect of systemic 
metabolic dysregulation on reduced fertility.

Chapter 7 researches the presence of TMAO and its precursors (choline, l-carnitine, 
gamma-butyrobetaine) in FF and their relationship with the outcomes of MNC-IVF. 
All four above-described metabolites are present in FF. The FF levels of TMAO and 
gamma-butyrobetaine (precursor of TMAO that is produced by the microbiota), but not 

9.
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the dietary components l-carnitine and choline, are related to embryo development. 
In addition, there is a positive relationship between the dietary precursors of TMAO 
(choline, l-carnitine) and the ones produced after metabolization by the microbiota and 
the liver (gamma-butyrobetaine, TMAO). This finding suggests that metabolization 
of dietary components by the microbiota is an important step in transforming dietary 
components into active metabolites that influence the development of embryos and thus 
possibly also of oocytes.

Conclusion

The results of the projects described in the current thesis demonstrate that bile acids, 
HDL anti-oxidative and anti-inflammatory function, and TMAO are present in FF. 
These components are recognized as biomarkers that play a role in systemic metabolism 
and the pathophysiology behind obesity and the metabolic syndrome. In FF these 
components have a relationship with embryo development as shown in the MNC-IVF 
model. In addition, these components seem to be derived from blood and not locally 
produced in the ovaries. Finally, FF levels of UDCA derivatives, HDL anti-inflammatory 
function and TMAO are related to embryo quality. It is expected that changes in the 
circulating levels of these components (as a result of metabolic dysregulation, obesity 
of lifestyle factors such as diet) will be reflected in FF with consequences for the 
development of the oocyte and embryo quality. Further research is needed into the 
possible interactions between these compounds, the influence of different patient profiles 
(BMI, metabolic dysregulation) on their concentrations and functions in FF in relation 
to oocyte development and embryo quality.
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NEDERLANDSE SAMENVATTING

Onvruchtbaarheid wordt gedefinieerd als “het uitblijven van een zwangerschap 
ondanks ten minste 12 maanden regelmatige, onbeschermde geslachtsgemeenschap”. 
Ondanks de geavanceerde behandeltechnieken binnen voortplantingsgeneeskunde 
is de prevalentie van onvruchtbaarheid de afgelopen jaren grotendeels onveranderd 
gebleven: 2-3% van de vrouwen krijgt ongewenst geen kinderen en 6-10% krijgt 
minder kinderen dan gewenst. Bovendien blijft het succes van behandelingen binnen 
voortplantingsgeneeskunde beperkt en de toegang behandelingen daartoe onvoldoende 
met name in de gebieden waar de onvruchtbaarheid het meeste voorkomt (bijv. Sub-
Sahara Afrikanen). Onvruchtbaarheid brengt emotionele, fysieke en financiële stress 
met zich mee voor de vrouw/het paar. Tenslotte, kan onvruchtbaarheid ook een teken 
zijn van onderliggende ziekte en zelfs een samenhang hebben met een verhoogd risico 
op vroege sterfte. Al met al is onvruchtbaarheid een onderwerp dat wetenschappelijk 
onderzoek verdient en het is niet verwonderlijk dat de Wereldgezondheidsorganisatie 
het tot een ziekte heeft verklaard.

Een ovulatoire cyclus, normale tubafunctie en seksuele activiteit zijn de basis 
voorwaarden voor een zwangerschap. Daarnaast wordt de vruchtbaarheid van de vrouw 
beïnvloed door een groot aantal preconceptionele factoren, waaronder (i) de samenstelling 
van de natuurlijke omgeving van de eicel, namelijk de ovariële follikelvloeistof (FF) en 
(ii) de algehele gezondheidsstatus van de vrouw.

FF is een weerspiegeling van zowel lokale geproduceerde stoffen (stoffen die 
worden geproduceerd door granulosacellen en de eicel zelf), als stoffen uit het bloed 
(passage van stoffen uit het bloed vanuit capillairen rondom de follikel naar FF via 
de follikel-bloedbarrière). De samenstelling van FF speelt een rol in de eicelrijping. 
Follikelgroei en -overleving zijn afhankelijk van de steroïdogene activiteit van de 
gespecialiseerde folliculaire cellen, granulosacellen en thecacellen. Daarnaast is er een 
nauwe communicatie en uitwisseling van voedingsstoffen tussen granulosacellen, de 
zgn. cumuluscellen (via gap junctions), die dicht tegen de eicel aanliggen, en de eicel.

Leefstijlfactoren (zoals lichaamsbeweging, voeding, intoxicaties) en systemische 
ziekten (zoals overgewicht, het metabool syndroom en de componenten ervan) beïnvloeden 
het functioneren van orgaansystemen zoals de lever en de darmmicrobiota. Dit resulteert 
in een verandering in systemische geproduceerde stoffen (zgn. metabolieten) en een deel 
van deze stofwisselingsproducten zal zich weerspiegelen in de samenstelling van de FF. 
Dit kan van invloed zijn op de kwaliteit van de eicel. Gezien de huidige obesitas pandemie 
is het niet opmerkelijk dat veel patiënten van voortplantingsklinieken overgewicht 
hebben en/of kenmerken hebben van het metabool syndroom. Zowel wereldwijd, als in 
Nederland, heeft de hedendaagse obesogene samenleving, die gekenmerkt wordt door 
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een combinatie van dieetveranderingen (d.w.z. de combinatie een vet- en suikerrijk dieet; 
calorierijk dieet) en minder lichaamsbeweging, geleid tot een dramatische toename van 
de incidentie van overgewicht. Dit komt ook tot uiting bij vrouwen van vruchtbare 
leeftijd: in 2018 hadden 31.8% en 47.5% van de Nederlandse vrouwen tussen 18-34 
jaar en 35-49 jaar last van overgewicht. Overgewicht en obesitas hangen samen met, 
of leiden tot, verstoringen van stofwisseling in de vorm van het metabool syndroom en 
de onderdelen hiervan (waaronder romp adipositas, verhoogde vet en suikerspiegels in 
het bloed, en hoge bloeddruk). Het mechanisme hierachter is complex en omvat een 
diverse reeks fysiologische processen zoals inflammatie (een vorm van ontsteking) en 
oxidatieve stress in diverse orgaansystemen, waaronder het vetweefsel, maar ook meer 
recent onderzochte componenten zoals de samenstelling van bacteriën in de darm (het 
microbioom) en galzuren.

Er is een toenemende hoeveelheid literatuur die een associatie aantoont tussen 
obesitas en ontregeling van de stofwisseling met onvruchtbaarheid, zowel in het kader 
van natuurlijke, als bij geassisteerde voortplanting technieken. Een mogelijk oorzaak 
hiervan is de verminderd eicelkwaliteit bij patiënten met ontregeling van de stofwisseling 
bijvoorbeeld t.g.v. obesitas, maar mogelijk t.g.v. de samenstelling van het dieet. Gegevens 
uit dier- en studies bij de mens hebben aangetoond dat overgewicht en obesitas bij de 
moeder kunnen leiden tot verminderde rijping, verminderde kwaliteit, functionele en 
microscopisch zichtbare afwijkingen van de eicel en het resulterende embryo. De rijping 
van eicellen is deels afhankelijk van de samenstelling van FF, waarvan een deel van 
de stoffen afkomstig zijn vanuit het bloed. Het is dus aannemelijk dat bij de mens, 
systemische ontregeling van de stofwisseling zoals aanwezig bij obesitas en het metabool 
syndroom wordt weerspiegeld in de samenstelling van FF, en dat zal waarschijnlijk 
impact hebben op de rijping van de eicel. Dit is al aangetoond in diermodellen.

Een aantal belangrijke spelers in de systemisch stofwisseling verdienen onderzocht 
te worden in de context van de lokale ovariële stofwisseling: (1) sterolen, het meest 
bekend in de reproductieve fysiologie is cholesterol (substraat voor de synthese van 
steroïdhormonen); de familie bevat echter ook een aantal minder bekende leden, zoals 
galzuren, die een belangrijk rol spelen in het systemische stofwisseling; (2) inflammatoire 
en oxidatieve balans, waarvan de systemische invloed in de context van de lokale ovariële 
omgeving nog onvoldoende is onderzocht; (3) het microbioom, een mogelijke mediator 
van het effect van preconceptioneel dieet (gezond of obesogeen) op de vruchtbaarheid. 
Dit proefschrift beschrijft het onderzoeken van de rol van drie hoofdrolspelers in 
obesitas-gerelateerde metabole ontregeling: galzuren, anti-inflammatoire en anti-
oxidatieve functie van high-density-lipoprotëine (HDL), en trimethylamine-N-oxide 
(TMAO), bij de ontwikkeling van embryo’s.

Voorbereid document - Ruxandra.indd   176Voorbereid document - Ruxandra.indd   176 28-07-2020   10:4728-07-2020   10:47



177

Summary

Eerder onderzoek naar de relatie tussen ontregeling van de stofwisseling, 
samenstelling van FF en eicelkwaliteit en embryonale ontwikkeling heeft alle de drie 
componenten (bloed, FF en eicel-embryo) niet in één model kunnen onderzoeken, 
omdat bij traditionele hyperstimulatie-in vitro fertilisatie (IVF) de inhoud van meerdere 
follikels (d.w.z. FF en eicellen) tijdens één procedure wordt verkregen en dus gemengd 
is. Voor het huidige onderzoek hebben we materialen van gemodificeerde natuurlijke 
cyclus-IVF (MNC-IVF) gebruikt. Deze procedure ligt dicht bij de natuurlijke fysiologie 
van de follikelontwikkeling, in de zin dat slechts één dominante follikel rijpt en de 
inhoud hiervan wordt verkregen bij follikelpunctie. Hierdoor is het mogelijk om de 
samenstelling van FF te correleren met de eigenschappen van de eicel, het embryo en de 
eventuele zwangerschap, en dus de relatie tussen systemische stofwisselingscomponenten, 
samenstelling van FF en embryo ontwikkeling en zwangerschap te bestuderen.

Sterolen zoals cholesterol en van steroïden afgeleide hormonen zijn aanwezig in 
FF en ze spelen een cruciale rol bij de ontwikkeling van de follikels en de rijping van 
eicellen. Galzuren, die tot de sterolfamilie horen, zijn van belang in de galafscheiding 
en vetopname vanuit de voeding. De laatste jaren werd het duidelijk dat galzuren ook 
een rol spelen in systemische stofwisseling en in de ontwikkeling van obesitas en DM 
type II. Ook bleken galzuren aanwezig te zijn in FF, maar hun rol in de ontwikkeling 
van eicellen was nog niet in detail onderzocht.

Hoofdstuk 2 rapporteert over de concentratie en samenstelling van galzuren in FF 
en hun relatie tot de kwaliteit van eicellen en embryo’s in MNC-IVF. Galzuren zijn 
aanwezig in FF in een concentratie die bijna het dubbele is van die in serum. Daarnaast 
is de concentratie van ursodeoxychoolzuur (UDCA)- derivaten (d.w.z. de som van niet-
geconjugeerde en geconjugeerde galzuren) significant hoger in FF van embryo’s met een 
optimaal aantal cellen in relatie tot de dag van follikelpunctie en in FF van eicellen die 
zich ontwikkelen tot embryo’s van topkwaliteit, dan in FF van eicellen van mindere 
kwaliteit. Bovendien is het niveau van chenodeoxychoolzuur (CDCA)-derivaten hoger en 
van deoxychoolzuur-derivaten lager in FF van embryo’s met fragmentatie, in vergelijking 
met embryo’s zonder fragmentatie. Concluderend, galzuren zijn overvloedig aanwezig in 
FF en lijken een rol te spelen bij embryonale ontwikkeling in mensen.

Hoofdstuk 3 beschrijft het preconceptioneel effect van galzuren in serum en FF 
op foetale groei bij kinderen geboren na MNC-IVF. Er is geen significante relatie 
tussen de concentratie van galzuren (totaal) of de concentratie van verschillende 
galzuursoorten in FF en het geboortegewicht van pasgeborenen. Serumspiegels van 
CDCA en choolzuur zijn negatieve voorspellers van geboortegewicht bij pasgeborenen. 
Concluderend, de preconceptionele serum concentratie van bepaalde galzuren van de 
moeder is voorspellend voor de geboortegewicht van het kind.

9.
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Hoofdstuk 4 onderzoekt de oorsprong van ovariële galzuren binnen de ovariële 
follikels waaronder: lokale productie, passieve diffusie en actief transport. Humaan 
granulosacellen hebben gespecialiseerde galzuurtransporters (de importeurs Na+-
taurocholate cotransporting polypeptide [NTCP] en   de apicale natriumafhankelijke 
galzuurtransporteur [ASBT] en een exporteur, ATP Binding Cassette Subfamily 
C Member 3 [ABCC3]) en nucleaire receptoren betrokken bij galzuurgerelateerde 
signalering (farnesoïde X-receptor [FXR], retinoïde X-receptor-alfa [RXR-alfa], lever 
X-receptor-alfa [LXR-alfa], leverreceptor-homoloog-1 [LRH-1] en G-proteïne gekoppelde 
receptor TGR5 [ook bekend als GPBAR1]) die typisch voorkomen in de enterohepatische 
circulatie. Er is geen aanwijzing voor lokale ovariële galzuurproductie. Concluderend, 
galzuren in FF zijn waarschijnlijk afkomstig vanuit het bloed door passieve diffusie en 
actief transport.

Ontsteking en oxidatieve stress zijn belangrijke kenmerken van obesitas en het 
metabool syndroom en zijn geassocieerd met voortplantingsstoornissen, zoals bijvoorbeeld 
polycysteus-ovariumsyndroom. Onderzoek in het cardiovasculaire veld laat zien dat HDL 
anti-oxidatieve en anti-inflammatoire vermogen heeft. In voorplantingsgeneeskunde is 
HDL bekend voor de rol als cholesteroldrager in FF. Er is weinig onderzoek verricht 
naar de functionele eigenschappen van HDL in FF. In hoofdstuk 5 wordt de relatie 
tussen de anti-oxidatieve eigenschappen van FF-HDL en embryo kwaliteit en in 
hoofdstuk 6 de relatie tussen de anti-inflammatoire eigenschappen van FF-HDL en 
embryo kwaliteit binnen het model van MNC-IVF beschreven.

Hoofdstuk 5 laat zien dat HDL de belangrijkste antioxidant in FF is en dat de anti-
oxidatieve eigenschap van FF-HDL significant hoger is dan die van plasma, wat mogelijk 
te wijten is aan een verhoogd FF-HDL gehalte aan vitamine E en sfingosine 1-fosfaat 
in vergelijking met plasma-HDL. Bovendien is de anti-oxidatieve functie van FF-HDL 
omgekeerd gerelateerd aan de kans dat de eicel een normale bevruchting ondergaat. 
Hoofdstuk 6 beschrijft het anti-inflammatoire vermogen van FF-HDL fractie. De 
anti-inflammatoire capaciteit van FF is vergelijkbaar met die van plasma. Belangrijk is 
dat een toename van de anti-inflammatoire functie van FF-HDL significant verband 
heeft met een grotere kans dat de eicel zich ontwikkelt tot een topkwaliteit embryo. 
Voor zowel FF-HDL anti-oxidatieve, als anti-inflammatoire functie is geen significant 
verband gevonden met het optreden van zwangerschap. Concluderend, FF-HDL heeft 
anti-oxidatieve en anti-inflammatoire eigenschappen die mogelijk een rol spelen in 
embryo ontwikkeling bij de mens.

Het metabool syndroom wordt vaak geassocieerd met de aanwezigheid van 
obesitas en een ongezonde levensstijl, zoals een calorie- en vetrijk dieet en beperkte 
lichaamsbeweging. Dit is tevens geassocieerd met de samenstelling en de activiteit 
van het microbioom in de darm. De voedingscomponenten choline (gevonden in 
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bijvoorbeeld melkproducten, vis) en l-carnitine (gevonden in bijvoorbeeld rode vlees) 
worden omgezet door de darm en lever naar TMAO, een belangrijke speler in het 
systemische stofwisseling. Recente studies hebben aangetoond dat TMAO betrokken is 
bij de ontwikkeling van hart- en vaatziekten, diabetes en obesitas, en bij het bevorderen 
van oxidatieve stress en ontsteking. De associatie van deze ziekten/pathologische 
processen met onvruchtbaarheid roept de vraag op of TMAO een mogelijke mediator 
is tussen systemische ontregeling van de stofwisseling en verminderde vruchtbaarheid. 
Hoofdstuk 7 onderzoekt de aanwezigheid van TMAO en voorlopers (choline, l-carnitine, 
gamma-butyrobetaine) in FF en hun relatie met de uitkomsten van MNC-IVF. Alle vier 
genoemde metabolieten zijn aanwezig in FF. De FF spiegels van TMAO en gamma-
butyrobetaine (voorloper van TMAO die geproduceerd word door darmbacteriën), maar 
niet van de voedingscomponenten l-carnitine en choline, zijn gerelateerd aan embryo 
ontwikkeling. Bovendien is er een positieve relatie tussen van voeding afkomstige 
componenten van TMAO (choline, l-carnitine) en die geproduceerd na metabolisme 
door darmbacteriën en lever (gamma-butyrobetaine, TMAO). Dit geeft aan dat 
verandering van voeding door darmbacteriën een belangrijke stap is bij het omzetten 
van voedingscomponenten naar actieve stofwisselingscomponenten die de ontwikkeling 
van embryo’s en mogelijk dus ook de eicellen kunnen beïnvloeden.

Conclusie

De resultaten van de onderzoeken die in dit proefschrift zijn beschreven, tonen aan 
dat galzuren, HDL anti-oxidatieve en anti-inflammatoire functie, en TMAO, aanwezig 
zijn in FF. We kennen deze stoffen als biomerkers, die een rol spelen in systemische 
stofwisseling en de pathofysiologie achter obesitas en het metabool syndroom. In FF 
houden deze stoffen verband met de ontwikkeling van embryo’s zoals we aangetoond 
hebben in het MNC-IVF model. Bovendien blijken deze, in FF aanwezig stoffen 
afgeleid te zijn van bloed en niet lokaal geproduceerd. Ten slotte zijn FF concentraties 
van UDCA-derivaten, HDL anti-inflammatoire functie en TMAO gerelateerd aan de 
embryokwaliteit. De verwachting is dat veranderingen in de circulerende concentraties 
(als gevolg van metabole ontregeling, obesitas of levensstijlfactoren zoals voeding) 
weerspiegeld worden in FF met gevolgen voor de ontwikkeling van de eicel en de 
embryokwaliteit. Er is meer onderzoek nodig naar mogelijke interacties tussen deze 
stoffen, de invloed van verschillende patiëntprofielen (BMI, metabolische ontregeling) op 
hun concentraties en functies in FF, in relatie tot eicelontwikkeling en embryokwaliteit.

9.
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