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A B S T R A C T

Controlled ovarian stimulation (COS) is used to augment the number of retrieved oocytes in in vitro fertilization
(IVF). Follicular fluid (FF) contributes significantly to oocyte quality. Since the FF is composed of follicular
secretions and plasma exudation, it reflects alterations in granulosa and thecal cells secretion as well as changes
in the level of plasma constituents. Phospholipids (PL) and free fatty acids (FFA) are important constituents of
both, FF and serum. Our hypothesis is that COS affects the level of PL and FFA in serum. Furthermore, since the
level of PL and FFA in FF partially depends on their levels in serum, as a collaterally of our hypothesis is that the
existing level of PL and FFA in serum correlates with the levels of PL and FFA in FF, and that the dose of applied
gonadotropins during COS will correlate with the levels of PL and FFA in serum and FF. In addition, we assume
that the level of PL and FFA in serum and in FF after COS will correlate with the retrieved number of GQ oocytes,
one of the most important outcomes of COS.

.

Introduction

Controlled ovarian stimulation (COS) is medically induced growth
and maturation of multiple follicles and oocytes, in order to achieve as
many as possible good quality (GQ) oocytes used in in vitro fertilization
(IVF) [1]. Follicular fluid (FF), as the immediate environment of ovum,
contributes significantly to oocyte maturation and quality [2]. Since the
FF is composed of follicular secretions and plasma exudation, it reflects
both alterations in the secretory processes of granulosa and thecal cells,
and changes in the level of plasma constituents [3]. Therefore, con-
temporary research is focused on the influence of COS on serum and FF
components and on the discovery of those biomarkers in FF and serum
that could predict some important outcomes of COS, such as the
number of GQ oocytes.

Phospholipids (PL) and free fatty acids (FFA) are important con-
stituents of FF and serum [4]. In addition to being a major component
of all cell membranes, PL play a number of important roles in

reproduction processes of both animals [5] and humans [6]. The im-
portance of FFA for the reproductive system is reflected in the energy
potential they possess, since the reproduction is an energetically ex-
pensive process [7]. Alterations in lipid profile can impact the human
cumulus–oocyte complex (COC) during its maturation and increased
follicular FFA have been associated with poor COC morphology [8].

Estrogens influence the metabolism of lipids by regulating the lipid
metabolism in adipocytes and hepatocytes and by central regulation of
lipid metabolism and therefore modulate the concentration of lipid
substances in serum and FF [9,10]. In humans, estrogens have direct
effects on lipolysis in adipocytes and estrogen deficiency is associated
with increased levels of plasma FFA [11]. Furthermore, estrogen re-
strains accumulation of white adipose tissue by decreasing FFA and
triglyceride (TG) synthesis and lipogenesis by repressing gene expres-
sion of lipoprotein lipase (LPL), regulating enzyme that disassembles
plasma TG into FFA and glycerol [12].
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Hypothesis

Since COS increases estrogen levels and stimulates production of
multiple ovarian follicles, estrogen levels in serum are higher in women
undergoing COS during IVF procedure compared with estrogen levels
found in healthy women during menstrual cycle or women using
monophasic oral contraceptives [13,14]. COS represents rudimentary
treatment for superovulation induction in assisted reproductive tech-
nology and IVF processes and it comprises the use of gonadotropins,
which are influencing the composition, growth and maturation of fol-
licles and FF and consequently estrogen levels [3]. COS could be a
challenge for lipid metabolism, that could result in an excessive in-
crease of serum PL and FFA and therefore could affect the reproduction
processes. Thus, we hypothesized that serum levels of PL and FFA are
modified/affected by gonadotropins used in COS. Furthermore, since
the level of PL and FFA in FF partially depends on their levels in serum,
as a collaterally of our hypothesis is that the existing level of PL and
FFA in serum after COS correlates with the levels of PL and FFA in FF,
and that the dose of applied gonadotropins during COS will correlate
with the levels of PL and FFA in serum and FF. In addition, we assume
that the level of PL and FFA in serum and in FF after COS will correlate
with the retrieved number of GQ oocytes, one of the most important
outcomes of COS (Fig. 1). Therefore, the hypothesis of our study is that
serum levels of PL and FFA after COS could be valuable predictors of
the oocytes quality and of the possible number of GQ oocytes achieved
by COS. The purpose of this study is to identify potential biomarkers of
oocyte quality, such as PL and FFA, that could be used for future in-
vestigations regarding the management of COS protocols in order to
better predict the COS outcome in current assisted reproduction pro-
grams.

Patients and methods

This pilot study was conducted at the IVF Department of Clinic for
Gynecology and Obstetrics “Narodni front”. This study included 20
infertile women participants undergoing IVF and the characteristics of
the study population are presented in the Table 1. Regarding infertility
cause, two women had PCOS, five women had PCOS and their male
partners had abnormal semen analysis according to WHO criteria [15],
13 women were without identified infertility cause and 6 of them had
partners with abnormal semen analysis and 7 with normal semen
analysis. Women with BMI over 30, more than 40 years of age, with
chronic cardiovascular, metabolic, kidney, hepatic, malignant and in-
fective diseases were excluded. In order to determine the serum levels

of total FFA and total PL, blood samples were collected from all study
participants immediately before the initiation of COS and after the
completion of COS, on the day of oocyte retrieval. Follicular fluid
samples for the assessment of total FFA and PL levels were collected
from all patients instantly after the ovum pickup and the extraction of
oocytes from FF. Baseline serum estradiol (E2) levels (on day 3 of
menstrual cycle which precedes the cycle with COS) were measured in
all participants. Furthermore, serum levels of E2 were measured im-
mediately before the initiation and after the completion of COS on all
study participants (Table 1). The study was approved by the Institu-
tional Review Board (decision No. 05006-2017-7333) and an informed
consent for biochemical and hormonal analysis of blood and follicular
fluid was obtained from all study participants.

Gonadotropin-releasing hormone (GnRH) agonist (GnRH-a), and
GnRH antagonist (GnRH-an) protocols were used for COS. The protocol
type was chosen for each patient individually, according to the benefits
and shortcomings of each treatment option, and more considerably on
the patients’ response and characteristics. Usually, GnRH-an protocol
was used for the patients at high risk of developing ovarian hyper-
stimulation syndrome, patients with a higher number of previously
unfavorable cycles, and patients at an advanced age. The presence of at
least three follicles with diameter> 17mm measured during transva-
ginal ultrasound scan was the criterion for triggering. In case of poor
ovarian response, final oocyte maturation was induced if there had
been only one follicle with diameter> 17mm. In all protocols
10,000 IU of human chorionic gonadotropin (Pregnyl, Merck Sharp &
Dohme d.o.o) were administered as an intramuscular bolus injection for
ovulation triggering. Ultrasound guided aspirations were performed
35 h after triggering. The analyzed parameter of COS was the total
number of GQ oocytes obtained by aspiration of follicles. Metaphasis II
oocytes and fertilized oocytes after IVF were considered to be GQ oo-
cytes.

Measurements of serum E2 levels were performed in Laboratory
Department of Clinic for Gynecology and Obstetrics “Narodni front” by
specific chemiluminescence assay using the automated Elecsys im-
munoanalyzer (Roche Diagnostics GmbH, Mannheim, Germany). Intra-
assay and inter-assay coefficients of variation were 0.5% and 0.1% and
the results are expressed as pmol/l.

Serum and FF measurements of PL and FFA were performed in
Laboratory of Radiobiology and Molecular Genetics at Institute Vinca,
Belgrade, Serbia. Concentrations of PL in the serum and in FF were
determined according to the colorimetric method described by Stewart
[16]. The Stewart assay is based on the ability of the extracted phos-
pholipids, in the presence of reagent 1 (aqueous solution of ferric
chloride hexahydrate FeCl3·6H2O and ammonium thiocyanate
NH4SCN), to form a complex with ammonium ferric thiocyanate, with
maximum of absorbance at 485 nm. Briefly, serum and FF samples
(100 μl) were mixed with the mixture of chloroform/methanol (200 μl)
in the ratio of 2:1. The resulting mixture was shaken for 20 s and then
centrifuged for 3min at 1000g. Up to 500 μl chloroform and then 500 μl
of reagent 1 were added to the lower (chloroform) layer with extracted
phospholipids. The resulting mixture was shaken for 20 s and then
centrifuged for 10min at 300g. After removing the upper layer, all
sample and standard absorbance were read on a spectrophotometer
(Lambda 35UV/VIS, Perkin Elmer, Waltham Massachusetts) at 485 nm
and the phospholipids concentration was calculated from a phosphati-
dylcholine standard curve and expressed as mg/ml. Concentrations of
FFA in the serum and FF were determined by a modified version of the
Duncombe's method [17]. The principle of the method is based on the
fact that the extracted FFA in chloroform, in the presence of an ap-
propriate reagent (aqueous solution of Cu(NO3)2 3H2O with trietha-
nolamine (TEA), pH 7.8), form copper salts, which in contact with
diethyldithiocarbamate (DDC) builds a yellow complex compound with
a maximum absorbance at 436 nm. The sample and standard absor-
bance were read on a spectrophotometer (Lambda 35UV/VIS, Perkin
Elmer, Waltham Massachusetts) and the FFA concentrations were

Fig. 1. The proposed mechanism of the effect of COS on the level of PL and FFA
in serum and in FF and consequent correlation of PL and FFA levels in serum
and in FF with the number of retrieved GQ oocytes. COS – controlled ovarian
stimulation; ↑E2 – increase of estradiol; GQ – good quality.
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calculated from a palmitate standard curve and expressed as mmol/l.
The Statistical Package for the Social Sciences (SPSS) 12.0 (SPSS

Inc., Chicago, Illinois) was used for all statistical calculations. Data are
presented as mean ± standard error (SE). Differences between each
serum levels of PL and FFA before and after COS and between serum
and FF levels of PL and FFA were analyzed by Student’s τ-test. Linear
correlation analysis (Pearson) was used to test correlations between
changes of used gonadotropin dose with PL and FFA levels in the serum
after COS and in FF and between number of GQ oocytes and PL and FFA
levels in the serum after COS and in FF. A p < 0.05 (2-tailed) was
considered significant.

Preliminary results

Gonadotropin stimulation increases estrogen levels and stimulates
production of multiple ovarian follicles. Serum estrogen levels are
higher in women undergoing COS during IVF procedure compared with
estrogen levels found in healthy women during menstrual cycle
[13,14]. In our study, after COS, on the day of the follicles aspiration,
serum E2 levels were increased for 14.6-fold compared with the serum
E2 levels before the stimulation (Serum E2 before COS=67.1 ± 34.3,
Serum E2 after COS=9747.1 ± 2535.9 in pmol/l, p < 0.001)
(Table 1).

The assumption that gonadotropins, GnRHa and GnRHan applied
during COS affects lipid metabolic milieu and lipid levels in the serum
and FF have been tested only in animal and in vitro experimental models
until now [18–20]. GnRHa stimulates the metabolism of some PL in rats
[18], results from experimental study performed in the culture of
human preantral and preovulatory granulosa cells treated with GnRHa
show increased secretion of PL [19]. The evaluation of serum level of PL
in a healthy woman during different phases of menstrual cycle (early
proliferative, late proliferative, mid-cycle, early luteal and late luteal
phase) did not demonstrate significant differences [21], or significant
decrease of PL levels was only found in the late luteal phase [22].

The results of our study support our hypothesis that COS affects
blood levels of PL in humans. Our preliminary results (Fig. 2) show that
the serum level of PL was increased after COS (p < 0.05). Significant
difference was observed between the level of PL in FF and the level of
PL in the serum before COS, with the level of PL being higher in FF
(S1= 100, FF= 133.92 ± 20.32%; p < 0.05). These results are in
accordance with the studies performed in cows where COS modulated
the PL content of bovine serum and FF with a significant increase in
phosphatidylcholine 34:2 [20]. Increased levels of PL in serum, besides
the impact of COS on estrogen levels and consequently on PL metabo-
lism, could also be explained by enlarged needs for PL during the IVF
procedure compared to natural menstrual cycle. Based on our results
we suggest that COS results in great morphological changes of ovaries
(increase in number of mature follicles leads to the alterations of weight
and histomorphology in the ovaries) and endometrium [23], which
caused increased processes of membranogenesis and consequently

higher demands for PL [24]. This is additionally supported by a sig-
nificant negative correlation (p < 0.05) observed in our study between
the applied dose of gonadotropins and serum levels of PL after COS
(Fig. 3), while our results show also that gonadotropin doses did not
correlate with the levels of PL in FF. Women with good ovarian reserve
(so-called “good responders” in terms of response to COS) have a sig-
nificantly higher number of developing follicles and therefore in-
tensified membranogenesis compared to women with poor ovarian re-
serve, so-called “poor responders” [25]. At the same time, “good
responders” require lower doses of gonadotropins during COS com-
pared to “poor responders” [25].

Table 1
Anthropometric, hormonal and IVF characteristics of study participants.

Parameters Mean ± SD Min–max p value

Age (years) 32.3 ± 3.3 27–40 NA
Body Height (cm) 168.1 ± 6.1 156–180 NA
Body Mass (kg) 64.6 ± 8.1 48–79.1 NA
BMI (kg/m2) 22.72 ± 2.6 18.3–26.7 NA
Baseline serum E2[pmol/l] 152.6 ± 16.8 41.2–289.9 NA
Serum E2before COS [pmol/l] 67.1 ± 34.3 37–151 <0.001***

Serum E2 after COS [pmol/l] 9747.1 ± 2535.9 3281–13,211 < 0.001*** < 0.001###

Gonadotropin dose [IU] 1972.5 ± 501 1200–3000 NA
Number of retrieved oocytes 9.4 ± 2.9 4–14 NA
Number of retrieved GQ oocytes 6.6 ± 2.7 1–11 NA

p < 0.001*** – to baseline E2; p < 0.001### – to E2 before COS; NA – non applicable; BMI – body mass index; E2 – estradiol; COS – controlled ovarian stimulation;
GQ – good quality.

Fig. 2. Levels of phospholipids (PL) in serum before controlled ovarian stimu-
lation (COS) (S1), after COS (S2) and in follicular fluid (FF) on the day of ovum
pickup. The results are expressed in percentages (%) and represent the mean
value ± SEM (n=12–14); (*p < 0.05).

Fig. 3. Correlation between applied gonadotropin dose during controlled
ovarian stimulation (COS) and serum level of phospholipids (PL) after COS. r –
indicates Pearson correlation coefficient.
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Although, most serum metabolites, including PL and FFA, are re-
flected in human FF, they are present in FF at lower levels compared
with serum [26] and this is inconsistent with our results regarding PL.
We did not observed any significant difference between the level of PL
in serum after COS and the level of PL in FF on the day of oocyte re-
trieval (Fig. 2). However, intensified synthesis of some types of PL that
occurs in COC cells during IVF process [27] and the fact that our pre-
liminary results were not BMI-related could explain disagreement be-
tween our results and the results demonstrated by Valckx et al. [26].

Correlation between serum and FF levels of PL and the number of
retrieved GQ oocytes was not observed in our pilot study while Fayezi
et al. found a significant negative correlation between the levels of PL in
FF and fertilization ratio in women with wide range of infertility causes
[28]. Participants in our study were women with unexplained infertility
cause or PCOS. Therefore, we speculate that some other conditions
underlying women’s infertility (different than PCOS or unexplained
infertility) could contribute or modulate the correlation between serum
and FF levels of PL and the number of retrieved GQ oocytes.

Furthermore, our preliminary results show (Fig. 4) an increase of
232% in the serum level of FFA after COS, compared to the serum level
of FFA before COS (p < 0.001). However, cyclic changes in E2 and
progesterone production which occur during the normal menstrual
cycle appear to have no effect on FFA mobilization [29]. FFA play an
important role in the growth and maturation of oocyte, since β-oxida-
tion of FFA provides energy for the growth and maturation of oocyte
[30] and interplay of oocyte and COC cells has an important role. COC
cells are rich in lipid droplets which contain TG. The TG are degraded in
FFA and FFA are taken over by oocytes and used for oocytes metabo-
lism [6]. Thus, monitoring the alterations of FFA levels in immediate
surrounding of the oocyte, such as FF, could be important in the esti-
mation of oocyte maturation and competence in IVF processes. FFA are
incorporated in PL used for the intensified processes of membrano-
genesis and energy consumption, which are taking place in the multiple
follicles development and maturation during COS [4]. As COS is a
challenge for metabolism of FFA, it is clear that increased needs for FFA
at the level of ovary results in higher levels of FFA in serum [4] and
could explain the differences between FFA levels in serum between COS
milieu and normal menstrual cycle.

Even essential substances have a negative impact on physiological
processes if they excessively increase their levels. Since serum levels of
FFA are increased in obesity, type 2 diabetes [31], and PCOS [32] all
related to suboptimal reproductive outcomes and decreased fertility
[33], we could expect that markedly increased serum levels of FFA
adversely influence some IVF outcomes, such as the number of re-
trieved GQ oocytes and this assumption is supported by our preliminary
results as a significant negative correlation (p < 0.05) between the
serum level of FFA after COS and the number of retrieved GQ oocytes

have been observed (Fig. 5). These results could be because of a sig-
nificant correlation between concentrations of FFA in serum and FF and
association between elevated total follicular FFA levels and poorer COC
quality observed in a study of Jungheim et al. [8] suggesting that excess
of FFA after COS adversely influence ovarian follicular function. As a
possible explanation for this effect could be the influence of FFA me-
tabolism on Peroxisome proliferator-activated receptor gamma, an
important enzyme in oocyte development [34,35] or alternatively via
the inhibitory effects on important lipogenic pathways in granulosa cell
function [36]. Furthermore, when serum concentrations of FFA exceed
certain level, FFA are taken over by ovarian somatic cells, reducing
their viability and steroidogenic capacity and inducing suppression of
human granulosa cell proliferation and cell death via apoptosis in
ovarian granulosa cells [37].

Our preliminary results show a higher level of FFA was observed in
FF compared with the serum level of FFA before COS (p < 0.05)
whereas the level of FFA in FF was lower (p < 0.05), compared with
the serum level of FFA after COS (Fig. 4), and this s in line with the
results of Valckx et al. [26]. The fact that FF faithfully reflects the
content of FFA in serum, but not their levels, indicates that FFA are
intensively used in follicle [2,26,30].

Based on the results from our study we suggest that the use of go-
nadotropins in the course of COS influences the serum PL and FFA le-
vels, leading to their significant increase and therefore COS presents a
kind of challenge for lipid metabolism. Besides, we demonstrated that
the serum level of FFA after COS correlate with the number of GQ
oocytes retrieved.

Conclusion

In conclusion, our preliminary data suggest that COS poses ability to
challenge lipid metabolism and as a result of that increases E2, total
FFA and total PL levels in serum. Furthermore, increased serum levels
of FFA initiated by COS are negatively correlated with the number of
retrieved GQ oocytes. Therefore, our assumption is that serum level of
FFA after COS could be a good predictor of the number of retrieved GQ
oocytes. On the other hand, this assumption could have a practical
significance for future investigations regarding the management of COS
protocols in current assisted reproduction programs. Serum level
measurements of FFA after the completion of COS could be used in
future research for monitoring the effects of modifications of COS
protocols in order to achieve better COS outcomes, such as the number
of obtained GQ oocytes.

Fig. 4. Levels of total serum free fatty acids (FFA) before controlled ovarian
stimulation (COS) (S1), after COS (S2) and in follicular fluid (FF) on the day of
ovum pickup. The results are expressed in percentages (%) and represent the
mean value ± SEM (n=14–16); (*p < 0.05 and ***p < 0.001).

Fig. 5. Correlation between serum level of free fatty acids (FFA) after con-
trolled ovarian stimulation (COS) and number of good quality (GQ) oocytes. r –
indicates Pearson correlation coefficient.
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