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Capsule

Adenomyosis serum samples have distinct and adenomyosis phenotype specific H-NMR-
based serum metabolic profiles. The metabolites with altered levels are involved in
immunity, cell proliferation, and cell migration.

ABSTRACT

Objective: To determine whether the adenomyosis phenotype affects the’H-NMR-based
serum metabolic profile of patients.

Design: A cohort study
Setting: A university hospital-based research center

Patients/Animals: 77 patients who underwent laparoscopy for a benign gynecological
condition.

Interventions: Pelvic magnetic resonance imaging and collection of a venous peripheral
blood sample were performed during the preoperative work-up. The women were allocated
to the adenomyosis group (n=32), or to the control group (n=45). The adenomyosis group
was further subdivided into two groups: diffuse adenomyosis of the inner myometrium
(n=14) and focal adenomyosis of the outer myometrium (FAOM) (n=18). Other
adenomyosis phenotypes were excluded.

Main outcomes measures: Metabolomic profiling based on H-NMR spectroscopy in
combination with statistical approaches.

Results: The serum metabolic profiles of the patients with adenomyosis indicated lower
concentrations of 3-hydroxybutyrate (p=0.02), glutamate (p=0.02), and serine (p=0.04)
compared to the controls. Conversely, the concentrations of proline (p=0.01), choline
(p=0.02), citrate (p=0. 05), 2-hydroxybutyrate (p=0.04), and creatinine (p<0.01) were
higher in the adenomyosis group. The FAOM and the diffuse adenomyosis phenotypes also
each exhibited a specific metabolic profile.

Conclusion: Serum metabolic changes were detected in women with features of
adenomyosis compared to their disease-free counterparts, and a number of specific
metabolic pathways appear to be engaged according to the adenomyosis phenotype. The
metabolites with altered levels are particularly involved in immune activation as well as cell
proliferation and cell migration. Nevertheless, this study did find evidence of a correlation
between metabolite levels and symptoms thought to be related to adenomyosis. Furthers
studies are required to determine the clinical significance of these differences in metabolic
profiles.

KEYWORDS: Adenomyosis; Metabolomics; Serum; *H-NMR; MRI
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INTRODUCTION

Adenomyosis is a benign uterine disorder historically characterized by the presence of
endometrial glands and stroma within the myometrium (1). Although histological analysis is
the gold standard for diagnosis, improvements in imaging techniques in the past several
years (notably transvaginal ultrasonography (TVUS) (2-D, 3-D, elastononography) and
magnetic resonance imaging (MRI)) have allowed adenomyosis to be diagnosed based on
imaging criteria, which has resulted in the disease being diagnosed more often in women of
reproductive age (2,3). It allows adenomyosis to be diagnosed without a need for
histological analysis, which has usually been achieved following a hysterectomy.
Adenomyosis is considered to be a heterogeneous disease in light of the variable anatomical
presentation of the lesions in the myometrium (e.g., diffusely in the myometrium or a more
focal nature) and the variation in its clinical presentation. Furthermore, adenomyosis can
impair the quality of life of women due to the potential disabling symptoms such as pelvic
pain or abnormal uterine bleeding, and effective conservative treatments are lacking (4,5).

Although the current knowledge regarding the pathogenesis of adenomyosis is only in its
infancy, local (in the uterus) (6-8) and systemic imbalances (9-11) of several compounds
that play key roles in immunity, cell proliferation, and oxidative stress have been described
in women with adenomyosis, thus suggesting that several intertwined molecular mediators
are involved. What makes understanding the pathogenesis of adenomyosis even more
difficult is the heterogeneous nature of the lesions, particularly with diffuse and/or focal
disease involving either the internal or the external myometrium (12-15). These distinct
configurations suggest that there may be more than one mechanism to account for the

pathogenesis of this disorder (11,16—18).
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Metabolomics is a new discipline within the large “-omics” family of scientific disciplines,
defined as the study of metabolites or low-molecular-weight products of metabolism in
different entities such as cells, biological fluids, or tissues (19). It is not only used to
characterize metabolic signatures that correspond to an organism’s particular state, but it
also enables the identification of biomarkers (20,21). Since the metabolome corresponds to
the endpoint of the omics cascade, the metabolic profile can be considered to be a snapshot
of a given phenotype (22,23). Use of this approach in adenomyosis is still at a nascent stage.
Indeed, few studies to date have focused on omics methods applied to adenomyosis (24),
and none have examined the metabolomic signatures in women with adenomyosis, let alone
according to specific adenomyosis phenotypes.

Therefore, the aim of the present study was to use a proton-nuclear magnetic resonance (*H
NMR) untargeted metabolomics approach to evaluate the serum metabolic profiles of

adenomyosis versus control patients, and to determine whether different adenomyosis

phenotypes have specific metabolomic signatures.
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MATERIALS AND METHODS

Study Protocol and Patients

The study protocol was approved by the ethics committee of our institution (Comité
Consultatif de Protection des Personnes dans la Recherche Biomédicale de Paris—Cochin,
reference No. 05-2006). All of the data were fully anonymized before use.

This was a prospective cohort study that included 77 non-pregnant women of less than 42
years of age who underwent an operative laparoscopy for a benign gynecological condition
at our institution. The indications for surgery were a benign gynecologic disease associated
with: (i) pelvic pain defined as the presence, for at least 6 months, of dysmenorrhea and/or
intermenstrual pelvic pain and/or dyspareunia of moderate to severe intensity (25); (ii)
infertility defined as at least 12 months of unprotected intercourse not resulting in
pregnancy (26); (iii) a pelvic mass (benign ovarian cysts; or uterine myomas for example);
and (iv) others: abnormal uterine bleeding, request for tubal ligation for example. All of the
women had undergone a conservative uterine surgical treatment, and no hysterectomy was
performed. The included women had undergone a pelvic magnetic resonance imaging (MRI)
performed by our senior radiologist, and a venous peripheral blood sample was taken during
the preoperative work-up (14). Patients with cancer or borderline tumors, chronic viral
infections (e.g., hepatitis and HIV), and those who did not consent to participate in the study
were excluded from this population. For the purpose of this study, the women were
allocated to two groups based on the MRI findings: an adenomyosis group comprising
subjects with MRI findings of adenomyosis (14,27,28) and a control group of women who did

not exhibit criteria for adenomyosis by MRI.



F&S ___ stylerevision 6

The study analysis used a prospectively managed database. For each patient, the personal
history data were obtained during face-to-face interviews using a highly structured
previously published questionnaire (29). The following data were recorded: age (years),
parity, gravidity, height, weight, and the body mass index (BMI). To be considered as free of
exogenous hormones, the participants were required to report spontaneous menses in the
absence of gonadal steroid treatment in the three months prior to surgery. We also
recorded current use of hormonal treatments (including progestogens, estrogen and
progestogen (or progestin) - containing compounds, or gonadotropin releasing agonists

(GnRH) agonists) and prior endometriosis and/or uterine surgery.

MRI examination

All of the pelvic MRI examinations were performed using a 1.5T MRI machine (Sonata,
Siemens; Erlangen, Germany). The MRI data were interpreted by a senior radiologist (CB)
with extensive expertise in gynecological MRI (ten years of referral practice and a mean of
1,000 scans/year). As previously described, three criteria were assessed on T;-weighted
acquisitions (27) (i) the maximal junctional zone (JZ max) thickness corresponding to a low
signal intensity band of myometrium lining the endometrium (28); (ii) the JZ max to
myometrial thickness ratio (ratio max) using the maximal thickness of the JZ and the
corresponding thickness of the myometrium obtained at the same level of measurement;
and (iii) the presence of high-intensity spots within the myometrium. In this study, diffuse
adenomyosis was defined by the association of the following two criteria: (1) a JZ max of at
least 12 mm and (2) a ratio max > 40 %, as previously described (14), which correspond to

diffuse adenomyosis. By definition, for the purpose of this study, focal adenomyosis was
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defined as MRI features of the disorder isolated to the outer myometrium and separated
from the JZ by a zone of normal-appearing muscular tissue (13,30).

The women included in the control group had no evidence of adenomyosis on MRI. In the
adenomyosis group, we included women with either only diffuse adenomyosis or only focal
adenomyosis of the outer myometrium (FAOM) (14). Therefore, other adenomyosis
phenotypes such as diffuse adenomyosis of the outer myometrium or focal adenomyosis of
the inner myometrium were excluded and women with associated focal and diffuse forms
were voluntarily not included in order to better characterize the metabolic profile of each of

the studied adenomyosis phenotypes.

Collection of serum samples

Serum samples were collected from all of the participants in the month prior to the surgery.
Briefly, samples of 5-10 ml of venous blood were collected using a peripheral venous
catheter (PVC) and then centrifuged at 800x g for 12 min at 4 °C. The serum supernatants
were collected, aliquoted, and stored at -70 °C within two hours of being collected until
further use. NMR samples were prepared by taking 300 pL from each serum sample
supernatant, after thawing on ice, followed by the addition of 300 uL of a solution
containing a phosphate buffer with D;0 to obtain a final buffer concentration of 38 mM with
a pH value of 7.4 that contained 2.3 mM NaN3 as well as 2.3 mM sodium
trimethylsilylpropionate-ds (TSP-da) as the NMR chemical shift reference. A total of 600 uL
was then transferred into 5-mm NMR tubes for the metabolomic analysis. D0 (12% (v/v))

was used for the field-frequency lock and shimming on the NMR spectrometer.
NMR spectroscopy and spectral processing

The NMR data were recorded on a 500.45 MHz Bruker AVANCE Il spectrometer equipped
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with a 5-mm 3C/*H cryoprobe, using a SampleXpress™ automation sample changer. *H
spectra were obtained for each sample using a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence (31) to remove broad peaks originating from macromolecules. For each
experiment, a total of 512 scans with 32,768 points were recorded using a recycle delay of 2
s and a chemical shift spectral window of 20.65 ppm, thereby resulting in a total
experimental time of 33 min. The other relevant parameters were as follows: a CPMG spin-
echo train of 64 ms with a spin-echo delay of 400 s, and an acquisition time of 1.6 s.
Processing of the NMR spectra was carried out using NMRProcFlow software (32). The
spectra were zero-filled to 65,536 points and processed with an exponential apodization
function using a line broadening of 0.3 Hz prior to Fourier transformation. They were then
phased, baseline corrected, and finally referenced to the alanine methyl group signal at 1.47
ppm, which offers a better reference than TSP, for which the signal frequency varies in the
presence of proteins. Individual metabolites were assigned using Chenomx NMR suite 7.1
software (Chenomx Inc. Edmonton, Canada), the human metabolome database (HMDB)

(33), as well as previously published data (Dutta et al. 2012; Vicente-Munoz et al. 2016).

The spectral data were further reduced by dividing each spectrum into unevenly spaced
buckets using the variable-size bucketing (VSB) method as implemented in NMRProcFlow
(32) to avoid peaks lying in different consecutive integration regions. The spectral regions
corresponding to TSP (ppm), water (ppm), as well as to the baseline noise (ppm), were
excluded from the analysis. A total number of 121 buckets were obtained and further

integrated to build the matrix of variables used in the statistical analysis.

Prior to the statistical analysis, the matrix of bucket integral values was normalized using a

Quantile Normalization (QN) (36) to account for the difference in sample concentrations,
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and then finally scaled to unit variance to assign the same weight to each variable, using

MetaboAnalyst (37,38).

Statistical analysis

The continuous data are presented as means with the standard deviation; the categorical
data as numbers and percentages. For comparison of the patients’ general characteristics,
we used a Pearson X? test or Fisher’s exact probability test for the qualitative variables and
the Student’s t-test for the quantitative variables. Both univariate and multivariate statistical
approaches were used to identify the metabolites involved in adenomyosis. Univariate
analysis was carried out using the Student’s t-test for comparisons between two groups, and
one-way ANOVA for comparisons of more than two groups, as implemented in
MetaboAnalyst (37,38). Multivariate analysis was performed using SIMCA software
(Sartorius Stedim Biotech, Gottingen, Germany). A supervised orthogonal partial least-
squares discriminant analysis (OPLS-DA) (39) was carried out, taking into account the class of
the different samples in order to maximize class discrimination. The quality of the models
that were thereby obtained was assessed with the quality factors provided by the SIMCA
software, i.e., the cumulative explained variance of the observed data X, R?X; the cumulative
explained variance of assighment Y, R%Y; and the estimate of the predictive ability, Q?. The
performance of the models was further tested using CV-ANOVA (40) with a p-value < 0.05
being considered statistically significant. The main variables responsible for the class
discrimination in the OPLS-DA models were identified with their Variable Importance on
Projection (VIP) values. The latter corresponding to the weights of each variable in the

separation.
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RESULTS

Study Population

A total of 77 patients were included in this study, 32 with adenomyosis and 45 with no
evidence of adenomyosis based on MRI imaging. The patient characteristics are presented in
Table 1. The indications for surgery in the control group and the adenomyosis group are
shown in Supplemental Table 1. No significant differences were found in terms of age, BMI,
gravidity, and parity between the study group and the control group. Neither the percentage
of patients undergoing hormonal treatment at the time of the surgery nor the menstrual
cycle phases for the patients without hormonal treatment differed significantly between the
two study groups. In the adenomyosis group, the phenotypes were distributed as follows
(Supplemental Table 2): focal adenomyosis of the outer myometrium was present in 18
patients (56.2 %) and diffuse adenomyosis in 14 patients (43.8 %). The adenomyosis
characteristics according to the MRI criteria used to define focal and diffuse forms of

adenomyosis are detailed in Supplemental Table 2.

Serum metabolic profiles of the patients with adenomyosis compared with the controls

The first step was to obtain an overall profile for the sera of patients with features of
adenomyosis. Therefore, an untargeted approach was used whereby no assumption was
made about the metabolites or the metabolic pathways affected by the disease. All of the
metabolites that could be detected and identified in the serum sample spectra were taken
into account and investigated in terms of their relevance in the adenomyosis signature. We
were able to identify a total of 97 variables, corresponding to approximately 43 metabolites
(mainly to amino acids, sugars, lipids, carboxylic acids, ketoacids and derivatives). After

univariate analysis, a total of 10 variables with a p-value < 0.1 (of which 9 variables had p-



F&S ___ stylerevision 11

values < 0.05) were identified as being relevant for the discrimination. Corresponding
metabolites that were present at different levels in the adenomyosis and the control group
are summarized in Figure l1a and Supplemental Figure 1. The concentrations of several
metabolites, such as 3-hydroxybutyrate (p=0.02), glutamate (p=0.02), and serine (p=0.04),
were lower in the patients with features of adenomyosis compared to the control patients.
Conversely, the concentrations of proline (p=0.01), choline (p=0.02), citrate (p=0.05), 2-
hydroxybutyrate (p=0.04), and creatinine (p < 0.01) were higher in the adenomyosis group.
The OPLS-DA model was formulated to highlight the changes in metabolite levels that
allowed the groups to be distinguished. The supervised OPLS-DA score plot is presented in
Figure 1b/c, and it reveals a clear separation between the adenomyosis and the control
groups, with relatively good model quality factors (R?X=0.20, R?Y=0.76, Q%>=0.193). The
model was validated with a p-value of 0.017 obtained after a CV-ANOVA analysis (40). The
main variables contributing to the separation between the two groups in the OPLS-DA model
(Figure 1b) were identified and plotted as a VIP score plot (Figure 1c). Assignment of these
variables revealed the same metabolites as those obtained with the univariate analysis,

thereby underscoring their relevance to the pathology.

Serum metabolic profiles according to the adenomyosis phenotypes

To gain further insights regarding the metabolic changes in adenomyosis, we analyzed the
serum metabolic profiles of two specific adenomyosis phenotypes (diffuse adenomyosis and
FAOM) compared to controls. The results of the analysis comparing the serum metabolic
profiles of the control women versus the diffuse and the FAOM forms of adenomyosis are
shown in Figure 2. A significant increase in proline (p=0.04) and creatinine (p < 0.01) was

observed in the FAOM and the diffuse adenomyosis groups compared to the control group.
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Significantly lower levels of glutamate (p=0.02), 3-hydroxybutyrate (p=0.01), and serine
(p=0.03), as well as an increased level of choline (p=0.01), were observed in the FAOM
group compared to the control group. In the diffuse adenomyosis group, significantly
increased levels of valine (p = 0.04), citrate (p < 0.01), and 2-hydroxybutyrate (p < 0.01) were
observed compared to the control group. A number of significant differences in metabolite
levels were also observed between diffuse and FAOM adenomyosis, including glutamate (p <
0.01), 3-hydroxybutyrate (p =0.03), valine (p=0.03), and citrate (p=0.04), which were
present at significantly higher levels in the diffuse group compared to the FAOM group.
Conversely, myo-inositol (p=0.02) and choline (p=0.02) were present at significantly lower

levels in the diffuse group compared to the FAOM group.
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DISCUSSION

Our study underlines the potential of using *H-NMR-metabolomic profiling of serum samples
to identify metabolic changes associated with adenomyosis. This approach can also be used
to determine the metabolic signature of different adenomyosis phenotypes. We first of all
observed that women with adenomyosis have a specific serum metabolite profile, with
some metabolites being present at significantly lower concentrations in the serum of
patients with features of adenomyosis (e.g., 3-hydroxybutyrate, glutamate, and serine),
while higher levels were observed for a number of other metabolites (e.g., proline, choline,
citrate, 2-hydroxybutyrate, and creatinine) compared to the controls. Moreover, although
the proline and creatinine levels were significantly higher for both of the studied phenotypes
compared to the controls, we found that other metabolites in the adenomyosis serum
samples exhibited different levels according to the disease phenotype. FAOM was associated
with lower levels of glutamate, 3-hydroxybutyrate, and serine and an increase in the levels
of choline and myo-inositol, whereas the metabolite profiles for women with only diffuse

adenomyosis revealed increased levels of valine, citrate, and 2-hydroxybutyrate.

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 report on serum metabolite profiles
of women with adenomyosis; (ii) Given the wide heterogeneity of adenomyosis, a novel
aspect of our study is the fact that we considered the metabolomic profile in women with
adenomyosis according to the phenotype of the lesions (diffuse or focal lesions of the outer
myometrium) diagnosed by MRI; (iii) All of the women had undergone a pelvic MRI that was
performed by a senior radiologist (CB) with expertise in gynecologic imaging, using strict

previously published MRI criteria to diagnose adenomyosis (14,15); (iv) We analyzed the
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metabolomic signature in the sera of women with adenomyosis. Since a key feature of
serum is its high level of availability and its abundance of metabolites, its use in
metabolomics studies can help with obtaining information regarding a change in metabolism

associated with a given disease, without a need to resort to invasive interventions.

Our findings may nonetheless be subject to several biases: (i) This study was performed with
patients who required a surgical intervention for symptomatic benign gynecological
conditions. This could conceivably result in altered metabolic patterns (41). However, the
women in both of the groups underwent a surgical intervention, with similar indications for
surgery (Supplemental Table 1); (ii) The population studied was selected from a referral
center for adenomyosis and endometriosis. This could explain the high rate of patients
exhibiting an associated endometriosis. The current literature clearly indicates that
adenomyosis frequently coexists with endometriosis (14,18,42—45). However, although both
diseases share common features, detailed knowledge of their pathogenic pathways has
revealed possible key differences (46—48). In addition, the proportion of endometriosis-
affected women was comparable between the group of women with and the group without
adenomyosis. Despite the high rate of endometriosis-affected women in the whole
population (for both the adenomyosis and the control group), we were nonetheless able to
identify metabolic alterations in serum samples in adenomyosis compared to non-affected
counterparts as well as for both of the two phenotypes studied. Moreover, the metabolic
pathways potentially affected by endometriosis in our previous metabolomic study in sera
were not the same as those presented here (49). (iii) Another limitation stems from the
absence of a consensual classification of adenomyosis: indeed, numerous types of
adenomyosis have been reported, leading to several adenomyosis classifications

(12,14,49,50). In our study, the results were analyzed based on MRI criteria demonstrating
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evidence of diffuse adenomyosis in the inner myometrium or focal findings in the outer
myometrium (14). This choice allowed for better identification of the features of each of
these two types of adenomyosis lesions. We cannot exclude the possibility that the study of
other MRI-defined adenomyosis phenotypes could have altered our results, notably the
focal adenomyosis of the inner myometrium and the diffuse adenomyosis of the outer
myometrium lesions (50); (iv) We cannot exclude that other factors could have influenced
the serum metabolic profiles in our population, notably the use of hormonal treatments, or
the stage of the menstrual cycle (51-53). However, no significant differences were found
between the two groups in terms of the proportion of patients using hormonal treatment or
according to the phase of the menstrual cycle. Moreover, no cluster according to the
menstrual cycle phase or the presence of hormonal treatment was found in our analysis.
Indeed, no validated model according to any of these two parameters could be obtained,
even using a supervised method, as confirmed by an associated p-value of 1, and negative Q?
values (Q? =- 0.07 and Q? = - 0.16, respectively), characteristic of unpredictive models. (v)
Finally, although our findings indicate that there are metabolomic specificities in women
with features of adenomyosis, to this day, it is currently not possible to know whether these
are altered due to the presence of adenomyosis and/or are responsible for the development
of this pathology. At this stage, we can only present hypotheses in this regard. Additionally,
in this study, we focused on serum metabolic profiles. In future studies, it would be
interesting to also evaluate metabolic changes in the endometrium, given that a number of
recent studies have reported changes in endometrial molecular expression profiles in

women with features of adenomyosis (46,54,55).
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Although adenomyosis has been studied extensively, very little is known about how
metabolic pathways are affected in this disease. Various hypotheses have been put forward
to explain the pathogenesis of adenomyosis (48,56,57). In the present study, we were
interested in the changes in the serum metabolome of patients with features of
adenomyosis, and we examined all metabolites simultaneously, with no prior knowledge of
those that could potentially be affected, in order gain insights regarding the mechanisms

involved in the genesis and the development of adenomyosis.

According to the only study published to date, which focused on a single metabolite related
to adenomyosis in a non-human model (58), a difference in the level of citrate, both in
adenomyosis uterine tissue and fluid, was observed compared with controls. Our results
provide support for the notion that adenomyosis and controls can be differentiated based
on citrate levels, with increased citrate levels in adenomyosis serum samples. Citrate is one
of the key intermediates in the tricarboxylic acid (TCA) cycle (Figure 3). Its accumulation
could arise from a potential alteration of mitochondrial function, and it could be linked to
inflammatory processes (59,60), which are two phenomena that are known to be associated
with adenomyosis (61-65). Other mediators of inflammation have been described in
adenomyosis, notably an increase in oxidative stress (6,66). In our study, the modifications
of relevant metabolites (the increased levels of 2-hydroxybutyrate and choline and the
decreased levels of glutamate and serine) could reflect this imbalance between the
production of reactive oxygen species (ROS) and antioxidant defenses in the adenomyosis
group compared to the control group (Figure 3). Indeed, the increased levels of 2-
hydroxybutyrate, choline, and creatinine in the serum samples taken from women with
features of adenomyosis could reflect enhanced glutathione (GSH) synthesis, which requires

glutamate and serine (among others), both of which had consistently lower levels in our



F &S ___ stylerevision 17

study. The GSH synthesis pathway is recognized as being important in many pathological
conditions (67), and its upregulation has been shown to occur as a response to oxidative
stress (68-71). In addition, GSH synthesis is also known to promote cell proliferation
(67,70,72—74), which is a phenomenon that has also been described in the development of
adenomyosis (75-78). Finally, several transcription factors involved in the GSH activation

pathway (67,79,80) are over-expressed in adenomyosis (81-83).

Our study also revealed an increase in proline levels in the serum samples taken from
women with features of adenomyosis. Proline is a very unique amino acid as it is the only
proteogenic secondary amino acid. Its metabolism is hence expected to be associated with
very specific pathophysiological processes. A key feature of proline is its ready availability
under nutrient stress conditions due to the breakdown of collagen in the extracellular matrix
(ECM) (Figure 3) (84,85). The increase in proline levels observed in the serum samples taken
from women with features of adenomyosis compared to controls is in keeping with the
upregulation of matrix metalloproteinases MMPs that has been observed in many diseases
associated with inflammation (86), including adenomyosis, for which increased expression of
MMP2 and MMP9 has been described (47,87,88). Interestingly, MMPs are known to be
upregulated by estradiol (89). Impaired steroid biosynthesis has been described in
adenomyosis, with an increase in the local level of estradiol (90). It is, therefore, reasonable
to presume that these enzymes have a potential role in the progression and invasion of
endometrial tissue in the myometrium during the development of adenomyosis. Moreover,
MMPs also play a critical role in the activation of the epithelial to mesenchymal transition
(EMT) (91,92). The EMT, which consists of a switch of epithelial cells to a mesenchymal
profile with migratory and invasive properties, has been shown to be involved in the

pathogenesis of adenomyosis (93—97). The increase in proline levels observed in the
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adenomyosis serum samples could hence be a reflection of a pathogenic development
driven by an EMT mechanism. Glutamine catabolism is another putative source of proline
synthesis (Figure 3). Glutamine can be catabolized into glutamate by glutaminase (GLS),
which can result in further production of proline. The upregulation of this pathway could
contribute to the decrease in the glutamate levels observed in the adenomyosis serum
samples accompanied by an increase in the levels of proline. The well-known oncogenic
transcription factor c-myc (MYC), which plays a central role in the proliferation and
differentiation of various types of cells (98—101), is known to markedly upregulate enzymes
involved in the synthesis of proline from glutamine, while downregulating those involved in
proline catabolism (100). Although no data about MYC expression in adenomyosis have been
described to date, numerous studies have shown its estrogen-dependent over-expression in
endometriosis (102—106). Since adenomyosis is also associated with high estrogens levels,
MYC might also be upregulated in adenomyosis, thereby resulting in an increase in

glutamine metabolism-mediated synthesis of proline.

However, adenomyosis is a heterogeneous disease with various clinical presentations and
different anatomical forms (14,16,107). Our results revealed a number of differences in the
metabolic signature according to the adenomyosis phenotype, thus supporting the notion
that the pathogenesis may vary according to the location of the lesions (i.e., diffuse inner
versus focal outer myometrial lesions) (14,17,18). Indeed, the level of valine was significantly
increased in diffuse inner adenomyosis compared to controls and FAOM. Valine is an
essential amino acid as it is a precursor of the TCA intermediate succinyl-CoA. Its increased
level together with citrate accumulation thus supports the hypothesis of a defective TCA
cycle, consistent with the transcriptome analysis of Herndon and coworkers that revealed a

degree of mitochondrial dysfunction in diffuse adenomyosis (64). The inflammatory process
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in this adenomyosis phenotype could also be related to this pathway (Figure 3) (59,60). On
the other hand, FAOM appears to be characterized by a higher proliferative capacity, with a
pronounced increase in choline and creatinine levels. Choline is an important component in
the formation of cell membranes, and its higher level in FAOM may also be associated with
increased cell turnover and proliferation (108). Interestingly, a decrease in 3-
hydroxybutyrate has also been observed in FAOM. The variation of this metabolite level is
consistent with the fibrotic nature of adenomyosis (109). Indeed, while the mechanism of
fibrogenesis is thought to involve various molecular pathways, some studies have pointed
out the presence of downregulation of fatty acid oxidation (110-113), which could explain
the lower level of 3-hydroxybutyrate observed in FAOM in particular, as this metabolite is
one of the endpoints of the fatty acids oxidation pathway. Changes in myo-inositol also
appear to be specific to FAOM, as significantly higher levels were observed compared to
controls and the diffuse group. Myo-inositol is a polyol belonging to the inositol family.
Although the metabolic pathway associated with its synthesis and degradation is rather
complex, this metabolite is known to play a role in various pathways such as lipid synthesis,
signaling, and proliferation (Henry et al., 2014; Bizzarri et al., 2016; Chhetri, 2019). Altered
myo-inositol levels have been shown to occur in ovarian cancer cells (114) as well as in
endometriosis, where its level has been shown to correlate with the stage of the disease and
with the proliferative activity of the endometriotic lesions (115). This result is in keeping
with the hypothesis of a close relationship of focal lesions of the outer myometrium with
severe deep infiltrating endometriosis (17,18). All up, we can assume that, although the two
adenomyosis locations do have a number of features in common, they differ in several ways.
The identification of specific metabolites associated with each phenotype adds considerably

to the knowledge of the physiological differences at a molecular level.
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Finally, a preliminary additional analysis (data not shown) was performed in order to study
the relationship between metabolite levels and adenomyosis-associated symptoms (i.e.,pain
symptoms (dysmenorrhea, dyspareunia, and non-cyclic pelvic pain) and the presence of
abnormal uterine bleeding), but no correlation between metabolite levels and adenomyosis

symptoms were found. Furthers studies are required in this regard.

In conclusion, we here report the first untargeted serum metabolomic study of adenomyosis
in humans. The use of *H-NMR metabolomics as an overall approach, as employed here,
allowed for the identification of biomarkers associated with adenomyosis, and it highlighted
specific metabolic changes associated with each of the studied phenotypes. In the context of
limited information about the molecular features related to different adenomyosis
phenotypes, our observations could pave the way to further research aimed at obtaining
greater insights into the pathogenesis of the disease and the development of its various

forms.
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Figure captions

Figure 1. Univariate and multivariate analysis of serum samples collected from the control

patients (n=45) and the patients with features of adenomyosis (n=32).

a. Variables identified as relevant in the discrimination between the control and the

adenomyosis samples following univariate analysis.

'The statistical analysis was performed using the Student’s t-test; * p-value < 0.1; ** p-value
< 0.05; in bold: metabolites with lower concentrations in the patients with features of
adenomyosis compared to the controls; in italics: metabolites with higher concentrations in

the patients with adenomyosis compared to the controls.

b/c. Score plot of the supervised multivariate analysis obtained using orthogonal partial
least-squares discriminant analysis (OPLS-DA) of serum samples collected from the control
patients and the patients with adenomyosis. b. OPLS-DA score plot. The corresponding
quality factors were as follows: R>X = 0.20, R%Y =0.76, and Q? = 0.193. The OPLS-DA model
was validated with a p-value of 0.017 obtained using CV-ANOVA; c. Variable importance in
projection (VIP) score plot showing the variables contributing the most to the group
discrimination in the OPLS-DA model, sorted according to their VIP scores. The X-axis
indicates the center of the chemical shift range of the corresponding bucket, whereas the Y-
axis corresponds to the VIP score, i.e., the weight of each variable in the group separation.
Corresponding metabolites are indicated on the top of each box. Metabolites that had
increased levels in patients with features of adenomyosis are indicated in black; those that
had reduced levels are indicated in grey. The results from the univariate analysis using the

Student’s t-test are also indicated: * p-value <0.1, and ** p-value <0.05.
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Figure 2. Boxplots showing the significant differences in the concentrations of metabolites
between the control samples (n=45) and the adenomyosis samples according to the
phenotype (diffuse adenomyosis n=14, light-grey boxes; and focal adenomyosis of the

outer myometrium (FAOM) group n =18, dark-grey boxes).

The results are presented as boxplots that show the difference in the concentrations of
metabolites using one-way ANOVA. Statistically significant differences between pairs of
groups obtained using the Student’s t-test are indicated by an asterisk (* p-value < 0.1, and

** p-value <0.05).

Figure 3. Schematic representation of the putative metabolic pathways altered in

adenomyosis.

FA: fatty acids; ECM: extracellular matrix; GSH: Glutathione; MYC: oncogenic transcription

factor c-Myc; OS: oxidative stress

Enzymes are indicated in red boxes, ACLY: ATP citrate lyase; CIC: Citrate carrier; GLS:
Glutaminase; MMPs: Matrix metalloproteinases. The metabolic pathways that are
potentially up- or down-regulated in adenomyosis are indicated in blue and red,
respectively. The metabolites for which the levels were statistically different between the
adenomyosis and the control samples are indicated in black, and the variation of their
concentrations in adenomyosis serum samples is indicated with a grey arrow. Oxidative
stress associated with adenomyosis could activate the glutathione synthesis pathway,
thereby resulting in the release of 2-hydroxybutyrate, choline, and creatine, which is further
converted into creatinine. The latter pathway also requires serine and glutamate, thus

contributing to their lower levels in adenomyosis. A defective TCA cycle, as well as glutamine
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catabolism, results in the accumulation of citrate, which can be further converted in the
cytoplasm to oxaloacetate, which is involved in inflammatory processes, and in acetyl-CoA,
which activates the fatty acid synthesis pathway. In keeping with this, the level of 3-
hydroxybutyrate, derived from fatty acids oxidation, is lower in adenomyosis.
Overexpression of MMPs in adenomyosis, potentially upon estrogen activation, results in
upregulation of collagen degradation in the ECM, thereby accounting for the accumulation

of proline, in addition to glutamine catabolism towards proline synthesis.



BUCKET CENTER TH CHEMICAL SHIFT RANGE (ppm) METABOUTES pvalue t

1.1850 2.374-2.29 3-HYDROXYBUTYRATE ** 0.016
23115 2.798 - 2315 3-HYDROXYBUTYRATE ** 0.024
23385 2.325-2.354 GLUTAMATE ** 0.0236
13620 23542310 GLUTAMATE ** 0.0170
25425 2526-2559 CITRATE * 0,051
2.3350 3,332 -3,346 PROLINE ** 0,010
35430 3,939 - 3,947 SERINE ** o.038
19810 2,876 -3.986 2-HYDROXYBUTYRATE ** 0,036
4.0440 4,036 - 2,052 CREATININE ** 0.001
40635 4,053 - 4.074 CHOLINE ** 0.023
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Table 1. Baseline characteristics of the patients

ADE (-) ADE (+) p-value*
N =45 N=32

Patient age (years) 32.6+5.1 33.8+4.1 0.303
BMI (kg/m?) 22.8+4.1 21.6+2.6 0.131
Smoker 10 (22.2) 10 (31.3) 0.374
Gravidity 0.53+0.92 0.81+1.09 0.228
Parity 0.24 £ 0.57 0.53+0.88 0.112
Endometriosis status 0.554
No endometriosis 10 (22.2) 9(28.1)

Associated endometriosis 35(77.8) 23 (71.9)

Hormonal treatment 0.245
No treatment 27 (60.0) 16 (50.0)

GnRH agonist 2(4.4) 1(3.1)

Progestin 14 (31.1) 9(28.1)

Estroprogestin pills 2 (4.4)) 6(18.8)

Associated leiomyomas 10 (22.2) 4(12.5) 0.276
Menstrual phasef 0.356
Follicular phase 16 (59.3) 6 (37.5)

Luteal phase 8(29.6) 8 (50.0)

Unknown 3(11.2) 2(12.5)

ADE, Adenomyosis; ADE (-), women without adenomyosis; ADE (+), adenomyosis-affected women; BMI, Body mass index; GnRH,
Gonadotropin-releasing hormone.
The data are means * the standard deviation or n (%), unless specified otherwise — *Chi? test or t-test, as appropriate





