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ABSTRACT

Research Question: Is there a follicular fluid (FF)-specific metabolic profile in deep
infiltrating endometriosis (DIE) according to the presence of an associated ovarian
endometrioma (OMA) that could lead to the identification of biomarkers for diagnosis

and prognosis of the disease?

Design: A prospective cohort study. Proton-nuclear magnetic resonance ('H-NMR)
experiments were carried out on 50 FF samples from patients presenting with DIE,
associated or not with an OMA, and on 29 FF samples from patients with infertility
due to a tubal obstruction. The follicles were aspirated individually.

Results: FF glucose levels were decreased in patients with DIE compared with the
controls, whereas the levels of lactate and pyruvate were increased. FF samples
from patients with DIE also had higher levels of lipids and ketone bodies. Conversely,
the levels of citrate, creatine, and amino acids such as tyrosine and alanine were
decreased in FF samples from patients with DIE. When taking into account the
presence of an associated OMA in patients with DIE, the metabolic analysis revealed
enhanced levels of glycerol and ketone bodies in patients with OMA, indicative of the
activation of lipolysis followed by B-oxidation. Conversely, the levels of lactate and
pyruvate were increased in patients without OMA, whereas the level of glucose was
decreased, highlighting the activation of the anaerobic glycolysis pathway.
Differences in the levels of amino acids such as threonine and glutamine were also
statistically relevant to discriminate between the presence or absence of OMA.
Conclusions: These results are indicative of a mitochondrial dysregulation in
endometriosis phenotypes, with a modified balance between anaerobic glycolysis
and B-oxidation in OMA phenotypes that could potentially affect the fertility of patients

with endometriosis. Since FF composition has been shown to be correlated with both
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oocyte development and the implantation outcome after fertilization, these findings

may help explain the high level of infertility observed in these patients.
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Follicular fluid; Endometrioma; Deep infiltrating
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INTRODUCTION

Endometriosis is a gynecological disease characterized by ectopic growth of
endometrial cells outside the uterine cavity (Sampson, 1927), leading to an estrogen-
dependent chronic inflammation environment that can cause pelvic pain and infertility
(Chapron et al., 2019). Endometriosis affects 10% to 15% of women of reproductive
age, approximately 40% of whom are infertile (de Ziegler et al., 2010). Different
phenotypes of this disease have been described, including superficial endometriosis
(SUP), deep infiltrating endometriosis (DIE), and ovarian endometrioma (OMA); the
latter is considered to be the most severe form and it has a detrimental impact on
ovarian physiology. The occurrence of infertility can be explained by the presence of
chronic inflammation and oxidative stress in the pelvic cavity (Santulli et al., 2015).
Others have pointed out the negative impact of the disease on oocyte quality, which
can cause embryonic development impairment and result in a lower implantation
competence (Sanchez et al., 2014). Currently, the main selection criteria for oocytes
and embryos for in vitro fertilization (IVF) rely on morphological aspects associated
with cleavage kinetics; however, these criteria have limited predictive capability
(Bromer and Seli, 2008). The development of new, non-invasive, and effective
methods to select the embryos most likely to give rise to a favourable pregnancy
outcome, therefore, represents a high-priority objective in this field.

Metabolomics, defined as the simultaneous detection and quantification of a large
number of low-molecular-weight molecules in different biological matrices, is a
powerful method that can be used to study an organism’s state; either during normal
conditions or in response to perturbations such as environmental factors, drugs, or

disease. Various metabolomic techniques have been developed, including mass
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spectrometry (MS) and proton—nuclear magnetic resonance ("H-NMR) spectroscopy
(Amberg et al.,, 2017; Markley et al., 2017). The latter technique has the advantage
that it does not result in destruction of the samples, and it can provide a quantitative
evaluation with minimal handling (Duarte and Gil, 2012). In recent years,
metabolomics has increasingly been used as an approach to gain a better
understanding of various pathophysiological mechanisms involved in the onset of
diseases.

In the context of infertility, follicular fluid (FF) is one of the most relevant fluids for
analysis (Bender et al., 2010). Indeed, FF, originating both from plasma and local
secretion by cumulus cells, has been shown to be essential for oocyte development
(Da Broi et al, 2018; Dumesic et al., 2015; Edwards, 1974; Fortune, 1994).
Determination of its composition may, therefore, allow identification of biomarkers
associated with oocyte quality (Revelli et al., 2009). In case of endometriosis, for
which a lower oocyte quality has been observed (Garrido et al., 2000; Xu et al., 2015;
Orazov et al., 2019), determination of the composition of FF could provide insights
into the metabolic pathways involved in the disease and that potentially influence
oocyte growth and quality. This could lead to the identification of new biomarkers
(Sutton et al., 2003; Wallace et al.,, 2012). From this perspective, and considering
that the composition of the FF surrounding each oocyte is unique, it is imperative to
study the FF of every single follicle.

Few metabolomics studies have focused on the characteristics of FF of patients with
endometriosis (Cordeiro et al., 2017, 2015; Karaer et al., 2019; Marianna et al., 2017;
Sun et al., 2018 Morelli et al., 2019). Indeed, only two studies to date have analyzed
the FF of a single follicle, and these involved only a small number of samples and did

not take into account the severity of the disease (Karaer et al., 2019; Morelli et al.,
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2019). These authors highlighted the importance of the anaerobic glycolysis
pathway, with increased lactate and pyruvate levels observed in the FF of patients
with endometriosis. This is in keeping with previous work carried out using pooled FF
samples (Marianna et al., 2017). Other metabolites, such as ketone bodies (KB), also
appeared to be particularly relevant for the characterization of endometriosis (Morelli
et al., 2019)._Given that endometriosis is a heterogeneous condition that probably
has variable effects on FF composition, it is crucial to take into account the
endometriosis phenotype when evaluating its impact.

In this context, the aim of this study was to evaluate the impact of DIE on FF
composition, using 'H-NMR-based metabolomics, based on analysis of FF from
single oocytes following controlled ovarian stimulation, and to evaluate whether the

presence or absence of an OMA affects the FF composition.

MATERIALS AND METHODS

Patients

The study population comprised sixteen women who were infertile and who were
prospectively enrolled in an assisted reproductive technology (ART) attempt at our
center between March and June 2018. The women were divided into two groups (an
endometriosis group and a control group).

The endometriosis group comprised nine women presenting with DIE, some with and
some without an OMA. The study data were stored in a prospectively managed
database and subsequently used for the analysis. Each patient’s personal history
was obtained during a face-to-face interview, supplemented by items recorded using

a structured questionnaire (Chapron et al., 2010b). The data items collected included
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(Chapron et al., 2010a) age, parity, gravidity, height, weight, body mass index (BMI),
existence and duration of infertility, lifestyle habits, history of hormonal and/or
surgical treatments for symptomatic endometriosis, and the existence of
gynecological pain symptoms (dysmenorrhea, deep dyspareunia, non-cyclic chronic
pelvic pain (NCCPP)), and gastrointestinal and lower urinary tract symptoms. All of
the women with endometriosis underwent an appropriate pre-ART imaging workup to
obtain a clear diagnosis and staging of the disease. For the DIE and OMA
phenotypes, previously published imaging criteria using transvaginal ultrasound
(TVUS), magnetic resonance imaging (MRI), or transrectal ultrasonography
(Guerriero et al., 2016; Guerriero et al., 2018; Nisenblat et al., 2016; Van den Bosch
and Van Schoubroeck, 2018).

The control group comprised seven women for whom the infertility was due to a tubal
obstruction only, with no other associated pathological context, such as inflammation
or infection. Both groups were not associated with any male infertility factors, and all
of the semen parameters were normal according to the World Health Organization
(WHO) criteria (WHO, 2010). Women who were more than 42 years of age, exhibited
a chronic viral infection, or who had already been included in another ART research
protocol were excluded from the study.

All of the enrolled patients provided written informed consent and the study was
approved by the relevant Ethical Committee, “Comité de Protection des Personnes”

(CPP-2017-32), and registered at Clinicaltrials.gov (EndOvo, NCT03241329).

Controlled ovarian stimulation protocol
The following controlled ovarian stimulation (COS) protocols were performed

according to our institutional clinical protocols, using 150—-450 IU/day of recombinant
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follicle-stimulating hormone (rFSH) (Puregon, MSD, Courbevoie, France; Gonal-F,
Merck-Serono, Lyon, France) and human menopausal gonadotropin (hMG)
(Menopur, Ferring Pharmaceuticals, Gentilly, France) (Bourdon et al., 2017). Final
oocyte maturation was triggered when >3 ovarian follicles with a diameter of 217
mm were visible by ultrasound and when the estradiol (E2) levels were >1.000
pg/mL. Final oocyte maturation was achieved using either a single injection of 0.2 mg
gonadotropin-releasing hormone (GnRH) agonist (Triptoreline, Decapeptyl, Ibsen
France) or 250 pg of recombinant human chorionic gonadotropin (rhCG) (Ovitrelle,
Serono, France). Oocyte retrieval was performed 35 to 36 hours later by transvaginal

aspiration under ultrasound guidance.

Collection and processing of FF samples

The main objective during the ovarian collection was that the entire content of each
follicle was aspirated individually into a single dry sterile tube pre-heated to 37 °C
while avoiding any blood contamination. After each follicle aspiration, the puncture
syringe and the tubing were washed before the next follicle was processed in the
same way. Only FF containing a single oocyte were retained for the study; FF that
did not contain an oocyte or that contained more than one oocyte were excluded
from the study. FF samples that were free of blood contamination were centrifuged at
300 x g for 10 min and the supernatants were aliquoted and stored at -80 °C until they
were analyzed.

The samples were not randomized during the collection but were instead collected as
groups and not at the same time of day. All of the included patients had fasted before

the oocyte collection took place under local or general anesthesia.
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Sample preparation

The samples were randomly mixed prior to the NMR measurements, with the aim of
mixing the running order of the two groups and thus avoid systematic error
measurements. The 'H-NMR experiments were carried out using whole samples
without any extraction. Prior to the NMR measurements, the FF samples were
thawed on ice. For each NMR sample, 500 pL of FF was added to 50 uL of a solution
containing 1 mM sodium trimethylsilylpropionate salt (TSP), which was used as the
"H-NMR chemical shift reference of -0.016 ppm, dissolved in D20, used as a field-
frequency lock. A total volume of 550 pL was then transferred into 5-mm NMR tubes

for analysis.

Spectral acquisition and processing

The 'H-NMR spectra were obtained with a 500 MHz Bruker Avance spectrometer
equipped with a 5-mm 'H/'3C dual cryoprobe using a SampleXpress™ automated
sample changer. A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Meiboom
and Gill, 1958) with a spin-echo delay of 400 us was used to remove any broad
peaks originating from macromolecules. For each experiment, after a delay of 5 min
for temperature equilibration at 300 K, a total of 512 scans were acquired with 32 768
points and an acquisition time of 1.6 s. A recycle delay of 2 s and a chemical shift
spectral window of 20.65 ppm were used, resulting in a total experiment time of 33
min. The 'H-NMR spectra were processed using Topspin 3.1 software (Bruker,
GMBH, Karlsruhe, Germany). A zero-filling to 65536 points with an exponential
anodization function using a line broadening of 0.3 Hz was applied prior to Fourier
transformation. The spectra were then manually phased and baseline corrected. The

spectra were aligned before bucketing, and ultimately the alanine methyl group signal
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was used as a chemical shift reference at 1.47 ppm, instead of the TSP signal, which
is known to vary in the presence of proteins or lipoproteins. Each metabolite was
assigned using Chenomx NMR suite 7.1 software (Chenomx Inc., Edmonton,
Canada), the human metabolome database (HMDB) (Wishart et al., 2007), and
previously published data (Pifnero-Sagredo et al., 2010).

Spectral bucketing was carried out using the variable size bucketing (VSB) method,
as implemented in NMRProcFlow (Jacob et al, 2017). This method allows the
spectra to be manually divided into unevenly spaced buckets of different sizes to
avoid peaks lying in different consecutive integration regions. Only spectral regions
corresponding to metabolite signals were included in the analysis. A total of 215
buckets was obtained and further integrated to build the matrix of variables used in
the statistical analysis. This matrix of variables was pretreated using MetaboAnalyst
(Chong et al.,, 2018; Xia et al., 2009) before performing the statistical analysis.
Constant sum normalization (CSN) was first applied to account for any differences in
sample concentration. Finally, Pareto scaling (Eriksson et al.,, 2004) was used to
avoid enhancing background noise and to reduce the importance of large fold
changes compared to small ones, while staying closer to the original data (van den

Berg et al., 2006).

Statistical analysis

All of the clinical data were compiled in a computerized database and analyzed using
IBM® SPSS® Statistics version 23.0 software (SPSS Inc. Headquarters, USA). We
used the Mann—Whitney U test for the quantitative variables and Fisher’s exact test
or Pearson’s chi-square test for the qualitative variables, as appropriate. A p-value

< 0.05 was considered to be statistically significant.
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Conventional metabolomics analysis, comprising both univariate and multivariate
analysis, was carried out to identify metabolites statistically relevant for discriminating
between the groups being studied. Univariate analysis, which deals with each
variable one at a time, was performed using the Student’s t-test for comparisons
between two groups, and one-way ANOVA was used for comparisons among more
than two groups, using MetaboAnalyst (Chong et al., 2018; Xia et al, 2009).
Metabolites were considered statistically relevant when their p-value was < 0.05.

Multivariate analysis, which considers all variables simultaneously, was performed
using SIMCA software (Sartorius Stedim Biotech). Both principal component analysis
(PCA) and supervised orthogonal projections to latent structures discriminant
analysis (OPLS-DA) (Trygg and Wold, 2002) were carried out. The latter, taking into
account the class of the different samples, was used to maximize class
discrimination. The quality of the models thus obtained was assessed according to
the usual quality factors, i.e., the cumulative explained variance of observed data X,
R2X; the cumulative explained variance of group assignment Y, R2Y; and the
estimate of predictive ability, Q2. The goodness of fit of the models was further
evaluated using CV-ANOVA (Eriksson et al., 2008), with a p-value < 0.05 considered
to be statistically significant. Variables responsible for the class discrimination in the
OPLS-DA models were identified with the variable importance on projection (VIP)
values. The VIP values correspond to the variable weights in the discrimination
observed in the model. A VIP score threshold of 1 was used in our study to consider
the variables relevant in the group separation. Important metabolites for the
classification model were further identified using the S-line plot generated from
SIMCA (Figure A in the Supplementary files). The S-line plot is a spectra-like plot

colored according to the correlation coefficient (p(corr)) between each variable and

12
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the classification score of the OPLS-DA model (right vertical axis). The more it tends
to the red, the more important the metabolite is for separation of the two groups in
the corresponding model. It also allows visualization of the covariance (p(ctr))
between each variable and the classification score of the OPLS-DA model, although
it is less interpretable since its magnitude is scale-dependent and affected by the
intensity of the signal according to the noise level. Important metabolites for the
discrimination between the two groups should have a clear covariance as well as a

high absolute value of the correlation coefficient.

RESULTS

Study population

Nine women with DIE and seven control patients with a tubal obstruction were
included in our study, resulting in a total of 50 and 29 FF samples, respectively. Of
the nine patients with DIE, five had an associated OMA, corresponding to 25
samples. The patients’ characteristics are presented in Table 1. No significant
differences were noted in terms of age, BMI, parity, gravidity, type and length of
infertility, or ovarian reserve. The follicular volume and the total retrieved oocytes
were also similar in both groups. When taking into account the endometriosis group,
the baseline characteristics of the OMA+ and the OMA- DIE patients were also

similar, and there were no significant differences between them (Table 2).

Follicular fluid profiles of patients with DIE compared with controls

An untargeted 'H-NMR-based metabolomics approach was used to obtain an overall

profile of the FF composition in patients with DIE and in control patients. This
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procedure allows identification of metabolites present at different levels in the two
groups, with no prior knowledge of those that are potentially relevant. Figure 1 shows
a typical "H-NMR spectrum of FF from a patient with DIE, with the assignment of the
most relevant metabolites indicated above their corresponding peaks. These
metabolite peaks corresponded to glucose, pyruvate, lactate, lipids, and ketone
bodies (KB), and they were statistically relevant for discriminating between the DIE
and the control group in the univariate analysis. The Student’s t-test results indicated
that the glucose levels were significantly lower in the patients with DIE compared with
the glucose levels in the control patients, whereas the levels of lactate and pyruvate
were increased (Figure 2A). The FF of the patients with DIE also had higher levels of
lipids and KB, i.e., acetoacetate, 3-hydroxybutyrate, and acetone, as well as
threonine (Figure 2B). Conversely, the levels of citrate, creatine, and amino acids
such as tyrosine and alanine were lower in the FF of patients with DIE (Figure 2C).

Supervised multivariate analysis led to a clear separation between the two groups, as
demonstrated by the OPLS-DA score plot shown in Figure 3A. The quality of the
corresponding model was validated through the high-quality factors obtained,
R?X = 0.839, R2Y =0.844, and Q?=0.697, as well as the p-value (6.93 x 10-9)
obtained from the CV-ANOVA analysis of the model. The variables responsible for
discrimination between the two groups were plotted as a VIP score plot, shown in
Figure 3B, and sorted according to their weight in the model. The corresponding
most relevant metabolites were the same as those obtained in the univariate
analysis, further confirming their importance for discriminating between the FF

composition in patients with and without DIE.
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Follicular fluid profiles of patients with DIE as a function of the presence or
absence of OMA

Interestingly, the OPLS-DA score plot presented in Figure 3A also showed two
clusters within the endometriosis group, which corresponded to the presence (OMA+)
or the absence (OMA-) of endometrioma. We, therefore, decided to look at
differences in FF composition according to the endometriosis phenotypes, since each
analysis from the OMA+ and the OMA- DIE patients was made between them. The
difference between the OMA+ and the OMA- DIE patients was first assessed by
univariate analysis, which revealed the importance of several metabolites for
discriminating between the two groups. Among these metabolites, KB and glycerol
were present at increased levels in the OMA+ patients (Figure 4A). Conversely, the
levels of lactate and pyruvate were increased in the OMA- patients, whereas the level
of glucose was decreased (Figure 4B). Some amino acids were also statistically
relevant for discriminating between the two groups, with isoleucine levels being
increased and alanine, glutamine, and tyrosine levels markedly decreased in the
OMA+ phenotype. Interestingly, high levels of threonine and glutamine were
biomarkers of the OMA- phenotype. The levels of succinate were also higher in the
OMA+ patients. Finally, the creatine and succinate levels were decreased in the
OMA- patients (Figure 4C). The OPLS-DA score plot revealed a clear separation
between the three groups (Figure 5), the model being validated with a p-

value = 1.9 x 104, obtained from a CV-ANOVA analysis.

DISCUSSION
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Our study confirms the difference in FF composition between patients with
endometriosis and control patients, while also showing that there is a specific
metabolic signature according to the endometriosis phenotype. We found that the
glucidic balance in the FF of women with endometriosis differed from that in the
women in the control group, with a decrease in glucose levels and an increase in
pyruvate and lactate levels observed in the FF of patients with endometriosis. A
lower concentration of several amino acids was also noted in the presence of the
disease. Concurrently, we found that the concentrations of KB and free fatty acids
(FFA) were higher in the FF of women with endometriosis. Finally, and for the first
time, we showed that the FF of patients with OMA also exhibited specific metabolic
profiles when compared with the profiles of endometriosis patients without OMA.
Using a non-targeted 'H-NMR metabolomics approach, the present study highlighted
the importance of energetic pathways in the characterization of FF of patients with
endometriosis. Indeed, the FF samples from these patients exhibited a decrease in
glucose levels, whereas the levels of lactate and pyruvate were increased. These
three metabolites are associated with glycolysis, which has been shown to provide a
source of energy for oocyte growth (Boland et al., 1994; Pifero-Sagredo et al., 2010).
Thus, it appears that this pathway is more active in endometriosis patients.
Endometriotic cells are characterized by higher energy needs and they display
properties comparable to those of cancer cells (Maignien et al., 2019; Wingfield et al.,
1995), and the enhanced level of glycolysis could hence arise from the well-known
Warburg effect (Warburg, 1956), thereby allowing for rapid cell proliferation.

These observations are in agreement with the decreased alanine levels seen in the
FF from patients with endometriosis, which is consistent with other studies (Marianna

et al., 2017). Alanine can be converted into pyruvate, thereby shifting the anaerobic
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glycolysis pathway toward lactate production. The decreased level of alanine is,
therefore, consistent with an increased level of both pyruvate and lactate. Since
alanine has been shown to increase meiotic maturation, the level at which it is
present could be important for oocyte development (Cetica et al. 2007). To provide a
better understanding of how these metabolic changes are interconnected, the
pathways potentially affected by endometriosis are presented schematically in Figure
6.

Enhanced glycolysis could also be due to an increase in granulosa cell (GC) activity
as a response to the increased need for energy in the rather low oxygen environment
in patients with endometriosis (Gull et al., 1999; Redding et al., 2008; Sutton et al.,
2003). On the other hand, the accumulation of lactate and pyruvate could also reflect
the dysfunction of cellular respiration in mitochondria, as has been observed in
endometriosis tissue (Atkins et al., 2019). This is supported by the observation of
higher levels of threonine (Noster et al.,, 2019) in endometriosis FF samples, which
probably reflects an accumulation of this essential amino acid that may no longer be
able to enter the tricarboxylic acid (TCA) cycle. Citrate, which is an intermediate in
the TCA cycle, is present at a decreased level in endometriosis FF, further
supporting this hypothesis.

The reduced activity of mitochondrial respiration in endometriosis could potentially
arise from the hypoxic conditions observed during the establishment of the disease
(Hsiao et al., 2015), or from defective mitochondria (Hsu et al., 2015; Atkins et al.,
2019; Xu et al., 2015). Oxidative stress (OS) can also have a deleterious effect on
mitochondrial function (Wang et al., 2013), while reactive oxygen species (ROS) may
exert a negative feedback effect on the TCA cycle. Since endometriosis is associated

with OS (Donnez et al., 2016; Jana et al., 2013; Ng6 et al., 2009; Santulli et al., 2015;
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Scutiero et al., 2017), which has also been shown to affect the composition of
endometriosis FF (Regiani et al., 2015; Sanchez et al., 2017; Scutiero et al., 2017),
the metabolic switch to anaerobic glycolysis observed in endometriosis could be
linked to enhanced OS. This is in agreement with previous observations of
endometriosis serum samples (Jana et al., 2013).

We also observed a higher level of KB and FFA in patients with endometriosis. The
main KB production pathway, mediated by the action of lipases, is activated when
glucose levels are not sufficient to meet the energy needs of cells. KB are indeed the
final products of lipid metabolism, via their degradation into FFA, followed by B-
oxidation leading to acetyl-CoA, which is one of the substrates of the TCA cycle. If
the amount of acetyl-CoA is too high, or if the TCA cycle is dysfunctional, acetyl-CoA
is diverted to the formation of KB (Dhillon and Gupta, 2020; Fukao et al., 2004;
Kerner and Hoppel, 2004; Owen and Hanson, 2004). Conversion of tyrosine into
acetoacetate could also contribute to KB production (Knox, 1955; Knox and LeMay-
Knox, 1951), which is consistent with the lower level of tyrosine observed in FF
samples of patients with DIE. However, in a non-pathological situation, KB are mainly
produced in the mitochondria of liver cells and certain other cells, e.g., human
astrocytes (Guzman and Blazquez, 2004; Le Foll and Levin, 2016). The presence of
KB in the FF, therefore, raises an intriguing question. Either these compounds can be
produced locally in the FF, or they come from blood exchange in patients.
Interestingly, we recently reported an abnormally high level of KB in the blood of
patients with endometriosis (Maignien et al., 2020). It is also interesting to note that
some cancer cells have the remarkable ability to adapt their metabolism to produce
KB (Martinez-Outschoorn et al., 2012). Therefore, it can be hypothesized that

endometrial cells are similarly capable of producing KB. In addition to their role as
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energy-rich compounds, KB have been shown to play a role in promoting
inflammation (Chriett et al., 2019; Kurepa et al., 2012; Shi et al., 2014) as well as OS
(Cheng et al., 2019; Kanikarla-Marie and Jain, 2015; Shi et al., 2016), so it is perhaps
not surprising that their levels can increase during endometriosis, consistent with the
inflammatory and oxidative character of this disease. Interestingly, citrate, the
metabolism of which is also associated with oxygen radical production and
inflammation (Convertini et al., 2016; O’Neill, 2011; Williams and O’Neill, 2018), also
exhibited a statistically lower level in endometriosis FF, thus suggesting enhanced
cytosolic degradation in patients with endometriosis.

Finally, we also noted a lower level of creatine in endometriosis FF. Creatine is the
result of an alternative lipid metabolic pathway via choline. lts lower level could
support the shift of lipid metabolism toward B-oxidation; although it could also
indicate a higher degree of conversion into phosphocreatine, which is considered to
be an energy reserve. Taken together, these results support the hypothesis of a
decrease in mitochondrial respiration in endometriosis in favor of other energetic

pathways, such as anaerobic glycolysis and lipid metabolism (Figure 6).

OMA presence (OMA+) vs OMA absence (OMA-) in patients with DIE

Interestingly, the multivariate analysis carried out on the results of FF samples from
the patients with DIE and the control group highlighted the presence of two clusters
in the endometriosis group, corresponding to the presence or absence of OMA.
Given that the presence of an associated OMA is a marker for the severity of DIE
(Chapron et al., 2009), we observed a linear variation in the levels of a number of
molecular entities that corresponded to the seriousness of the disease, thus

suggesting that these metabolites could potentially be used as biomarkers in FF. The
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levels of KB increased monotonically, thus implying an increased predilection
towards B-oxidation as an energetic pathway in OMA+. The increased level of
glycerol (released during lipid metabolism) is in keeping with this hypothesis. We
support the notion that in the presence of OMA, the high energy requirements of
highly proliferative endometriotic cells preferentially activate the KB production
pathway. This could be explained by the higher levels of estradiol seen in patients
with OMA (Huhtinen et al., 2012), which has been shown to stimulate the activity of
lipases (Cox[IYork et al., 2017; Palin et al., 2003). On the other hand, the OMA- FF
samples had lower levels of glucose and higher levels of lactate and pyruvate, which
could either arise from blood circulation or from local secretion and metabolic
processes_(Gosden et al., 1988), thus suggesting that OMA- relies on anaerobic
glycolysis, which may reflect a less functional TCA cycle in OMA- patients. This is
further supported by the finding that levels of succinate, an intermediate in the TCA
cycle, are decreased, whereas threonine, which would no longer be able to enter the
TCA cycle, accumulates more in OMA- than in OMA+ patients.

The increased level of creatine in the OMA+ patients compared with its level in the
OMA- patients could arise from a higher rate of conversion of phosphocreatine into
creatine through the action of creatine kinases (CK), thereby fulfilling the high energy
needs of endometrioma cells. This could be seen as a parallel with certain invasive
cancer cells, in association with increased CK activity (Zarghami et al.,, 1996). CK
activity also depends on E2 levels (Fournier et al., 1996); these have been shown to
be higher in ovarian endometriosis cases (Huhtinen et al., 2012), which is consistent
with the higher level of creatine observed in OMA+ patients.

Interestingly, glutamine levels appeared to be lower in OMA+ compared with the

levels in OMA- patients. Glutamine metabolism is known to support inflammation
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(Calder and Yaqoob, 1999) as well as rapid cell proliferation in cancer (Hosios et al.,
2016; Yuan et al., 2015), and could be activated by a high estrogen concentration
(Zhou et al., 2019). The glutamine level is thus expected to decrease in the presence
of an OMA, which is also associated with a high concentration of inflammatory
molecules (Ohata et al., 2008; Sanchez et al., 2014). Altogether, these data suggest
different energetic pathways are in use according to the DIE phenotype. Whereas
DIE without OMA appears to mainly rely on glycolysis, DIE in the presence of OMA
appears to rely on other energetic pathways, such as the KB and glutamine

metabolism pathways, in a similar way to cancer cells.

Strengths and limitations of the study

The main strengths of this study lie in the novelty of the subject and the
methodological design: (i) To the best of our knowledge, this is the first study to focus
on the effect of endometriosis on FF composition using a relatively high number of
samples obtained single follicular aspirations, with each FF sample having its own
oocyte. Only two studies with a similar design have been performed to date, and they
used fewer samples, with only one to three follicles individually aspirated (Karaer et
al., 2019; Morelli et al., 2019), whereas we analyzed 79 samples. (ii) To the best of
our knowledge, this is the first study reporting a difference in FF composition
according to the precise endometriosis phenotype, i.e., DIE with the presence or
absence of associated OMA. (iii) Only patients who had undergone a thorough
imaging exploration of their pelvic cavity were included, and thus their endometriosis
status was assessed with a high degree of precision according to strict, previously
published imaging criteria (Guerriero et al., 2016; Guerriero et al., 2018; Nisenblat et

al., 2016; Van den Bosch and Van Schoubroeck, 2018). Given the heterogeneous
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nature of the disease, we selected patients with well-defined phenotypes and we
used the surgical classification (SUP, OMA, or DIE), which describes the
endometriosis phenotype more accurately than the rAFS classification (the rAFS can
include different types of endometriotic lesions at the same stage, including SUP,
OMA, and DIE) (Chapron et al., 2019). (iv) Finally, we employed statistical analyses
using an untargeted approach, measuring and comparing many metabolite signals
simultaneously, to identify those involved in the disease, with no prior knowledge of
which might be relevant.

However, our study has some limitations, the main one being the fact that the
patients with endometriosis included in our evaluation had the most severe form of
the disease. This is due to the specific nature of the patients encountered in our
institution, which is a reference center for endometriosis. As endometriosis is a
heterogeneous condition, its effect on FF composition may differ according to the
condition’s degree of severity. We also acknowledge that there is no ideal control
group for studying FF metabolic profiles in women with endometriosis (Zondervan et
al., 2002). An ideal control group would consist of women who were not infertile and
who lacked any other gynecological conditions. Our control group comprised women
who underwent ART for tubal obstruction. These women could hypothetically also
exhibit altered FF metabolomic profiles, for unknown reasons. In this context, any

associations could hence have been underestimated.

CONCLUSIONS

The effect of endometriosis on FF was well documented, as was the characterization

of biomarkers that can be used to discriminate between the different phenotypes.
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These biomarkers are mainly involved in different energetic pathways and they could
reflect a mitochondrial dysfunction in endometriosis that may potentially affect the
fertility of patients with endometriosis (Xu et al.,, 2015). Interestingly, different
energetic pathways are activated according to the endometriosis phenotype. The
absence of endometrioma appears to result in a reliance on glycolysis, whereas the
presence of endometrioma results in a reliance on lipid and glutamine metabolism as
an energy supply, in a very similar way to cancer cells.

Since FF composition has been shown to be correlated with both oocyte
development and the implantation outcome after fertilization (O’Gorman et al., 2013;
Wallace et al., 2012), these findings may help explain the high level of infertility
observed in these patients.

However, a further step remains, namely to correlate these results with oocyte
quality, embryo quality, and development, which would then represent a new tool for

predicting the chance of a pregnancy with a favorable outcome.
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Table 1. Baseline characteristics of the patients.

Patient characteristics Endometriosis Control P-value
(n=9) (n=7)
Age (years)? 35.7 £ 5.1 37.4+35 0.393
BMI (kg/m?)? 22.5 + 3.1 23.2+3.7 0.606
Parity2 0.1+04 0.6+0.9 0.362
Gravidity? 0.1+04 04+0.8 0.407
Infertility 0.771
Primary 7 (77.8%) 5 (71.4%)
Secondary 2 (22.2%) 2 (28.6%)
Length of infertility (months) 2 32.8+11.4 34.3+18.6 0.679
Day 3 ovarian reserve
FSH (IU/mL) 2 6.4+3.3 6.7 +2.9 0.957
LH (IU/mL) @ 43+2.8 4.4 +1.1 0.707
Estradiol (pg/mL) 2 86.2 +83.5 49.1 + 21.1 0.397
AMH (ng/mL) 2 29+1.6 29+1.3 0.634
Antral Follicular Count @ 16.8 +9.6 20.9+11.3 0.457
Surgical classification of endometriosis
(n, %)°
DIE with associated OMA 5 (55.6%) NA NA
DIE without associated OMA 4 (44.4%) NA NA
Intestinal DIE 5 (55.5%) NA NA
Total number of DIE lesions 2 2.8+ 1.1 NA NA
Follicular volume (mL) 1.9+0.7 1.9+0.8 0.874
Oocyte retrieved 12.6 + 8.9 9.6+6.3 0.632

Note: BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing
hormone; AMH, anti-Mdllerian hormone; OMA, ovarian endometrioma; DIE, deep

infiltrating endometriosis; NA, not applicable
2 The data are presented as means # the standard deviation

b According to a previously published surgical classification for deep infiltrating

endometriosis (Chapron et al., 2006)

d The statistical analysis was performed using Fisher’s exact test or Pearson’s chi-
square for the qualitative variables and the Mann—Whitney U test for the quantitative

variables,

Statistical significance: p <0.05
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918 Table 2. Baseline characteristics of the OMA+ and the OMA- DIE patients.
Patient characteristics OMA+ OMA-
(n=5) (n=4)
Age (years)? 34+1.7 37.8+7.4
BMI (kg/m?)2 22.4+2.6 2264
Parity? 0 0.25+0.5
Gravidity? 0 0
Infertility
Primary 4 (80%) 3 (75%)
Secondary 1 (20%) 1 (25%)
Length of infertility (months) 2 285+11.4 37 +11.1
Day 3 ovarian reserve
FSH (IU/mL) 2 6.2+1.1 6.8+5.3
LH (IU/mL) @ 34+3 55+24
Estradiol (pg/mL) @ 37.2+21.4 1475+ 94.8
AMH (ng/mL) 2 35+2 21+05
Antral Follicular Count 2 176 £9.6 15.8 + 11.1
Follicular Volume (mL) 1.6+0.4 24+0.8
Oocyte retrieved 14+12 10.8 £3.3
919
920

921 Note: BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing
922  hormone; AMH, anti-Mdillerian hormone; OMA, ovarian endometrioma; DIE, deep
923  infiltrating endometriosis; NA, not applicable

924 2 The data are presented as means + the standard deviation
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Figure 1. Representative 500 MHz 'H-NMR (nuclear magnetic resonance)

spectrum of a deep infiltrating endometriosis follicular fluid (FF) sample.

Note: TYR, tyrosine; GLN, glutamine; ALA, Alanine; THR, threonine; ILE, isoleucine.
TH-NMR spectrum of a follicular fluid sample from a patient with endometriosis,

obtained at 300 K on a spectrometer operating at a proton frequency of 500.45 MHz.

The assignment of statistically relevant metabolites is indicated above their

corresponding NMR peaks.

Figure 2: Endometriosis (n =50) vs. Control (n =29): Univariate analysis.

The results are presented as boxplots showing statistically significant differences
(p<0.05) in metabolite concentrations obtained from the Student’s ttest using

MetaboAnalyst (Chong et al., 2018; Xia et al., 2009).

The data are presented as medians, interquartile ranges, and individual values. The

average value for each group is also indicated as a yellow diamond.
Note: C, control samples; DIE, deep infiltrating endometriosis samples
2A. Boxplots corresponding to glucose, lactate, and pyruvate metabolites.

2B. Boxplots corresponding to ketone body and lipid metabolites. Note: FA, fatty

acids
2C. Boxplots corresponding to amino acid, citrate, and creatine metabolites.

Note: TYR, tyrosine; ALA, alanine; THR, threonine; ILE, isoleucine
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Figure 3: Endometriosis (n = 50) vs. Control (n = 29): Supervised multivariate
analysis.

The data were obtained using SIMCA software.

3A: Score plot of the orthogonal partial least square discriminant analysis (OPLS-DA)
of the follicular fluid samples. Full and dashed-line circles correspond to the presence

and absence of endometrioma, respectively, within the DIE group.

The corresponding quality factors were as follows: R2X =0.839, R2Y =0.844, and
Q?=0.697. The OPLS-DA model was validated with a p-value of 6.09 x 1073,

obtained using CV-ANOVA.

Note: C, control samples; DIE, deep infiltrating endometriosis

3B. Variable importance in projection (VIP) score plot for the multivariate analysis of
the follicular fluid samples.

Note: THR, threonine; FA, fatty acid

The variables contributing the most to the group discrimination in the OPLS-DA
model were plotted according to their VIP score, i.e., the weight of each variable in
the group separation. The chemical shift center of the corresponding variable NMR
signal is indicated on the X-axis. The same metabolite can have different NMR
signals, thus giving rise to different buckets. The variables were sorted according to
their VIP score, with a threshold of 1 to consider the variables that have a significant
power on the separation of groups in the OPLS-DA model. The metabolites that
exhibited increased levels in patients with endometriosis are indicated by a black
box; those that had reduced levels are indicated by a white box. All of the metabolites

were also validated in the univariate analysis (p < 0.05).
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Figure 4: DIE with endometrioma (OMA+, n = 25) vs. DIE with no endometrioma
(OMA-, n = 25) vs. Control (n =29): Univariate analysis.

The results are presented as boxplots showing statistically significant differences in
metabolite concentrations obtained from a one-way ANOVA for comparisons
between the three groups (p < 0.05), whereas the Student’s t-test was used for the
comparison of each combination of pairs (*p <0.05, **p <0.01, and ***p <0.001). The

data were obtained using MetaboAnalyst (Chong et al., 2018; Xia et al., 2009).

The data are presented as medians, interquartile ranges, and individual values. The

average value for each group is also indicated as a yellow diamond.
Note: C, control samples; OMA-, deep infiltrating endometriosis (DIE) with no
endometrioma samples; OMA+, DIE endometriosis with endometrioma samples

4A. Boxplots corresponding to ketone body and glycerol metabolites.

4B. Boxplots corresponding to glucose, lactate, and pyruvate metabolites.
4C. Boxplots corresponding to amino acids, succinate, and creatine metabolites.

Note: ILE, isoleucine; TYR, tyrosine, ALA, alanine; THR, threonine; GLN, glutamine

Figure 5 (in Supplementary files): DIE with endometrioma (OMA+, n = 25) vs.
DIE with no endometrioma (OMA-, n = 25) vs. Control (n = 29): Supervised
multivariate analysis.

Score plot of the orthogonal partial least square discriminant analysis (OPLS-DA) of

the follicular fluid samples using SIMCA software.

The corresponding quality factors were as follows: R?X = 0.87, R2Y = 0.858, and

Q2 = 0.756.
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The OPLS-DA model was validated with a p-value of 1.9 x 10-'4, obtained using CV-

ANOVA.

Note: C, control samples; OMA-, DIE without associated endometrioma samples;

OMA+, DIE with associated endometrioma sample.

Figure 6: Schematic representation of the putative metabolic pathways altered
in the follicular fluid from patients with endometriosis.
Note: FA, fatty acids; KB, ketone bodies; P-Creatine, phosphocreatine; ROS, reactive

oxygen species; TCA, tricarboxylic acid cycle

Large grey arrows indicate the variation in metabolite concentrations in the follicular
fluid (FF) from patients with DIE compared with their concentration in control

samples.

A dysfunctional TCA cycle could explain the observed accumulation of threonine
observed in the DIE FF samples. Citrate, which would no longer be used in this
pathway, can be converted into oxaloacetate in the cytoplasm, thereby giving rise to

reactive oxygen species (ROS) as well as an inflammatory response.

In the FF of endometriosis patients with no endometrioma, glucose is directed toward
pyruvate and lactate production by the anaerobic glycolysis pathway (blue).
Conversely, the presence of an endometrioma is characterized by a predilection
toward other energetic pathways, such as lipolysis followed by fatty acid p-oxidation,

thereby resulting in the release of glycerol and ketone bodies (red).
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