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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 

8.
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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 

8.
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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.

Voorbereid document - Ruxandra.indd   152Voorbereid document - Ruxandra.indd   152 28-07-2020   10:4728-07-2020   10:47



153

General discussion

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-

8.
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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.
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