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ABSTRACT 37 

Research question: To determine if there is a correlation between the serum metabolic 38 

profile and the endometriosis phenotype.  39 

Design: This was a pilot study nestled in a prospective cohort study at a University hospital, 40 

including forty-six patients with painful endometriosis who had surgery, and 21 controls who 41 

did not have macroscopic endometriotic lesions. Endometriosis was strictly classified into 2 42 

groups of 23 patients each: endometrioma(OMA) and deep infiltrating endometriosis(DIE). 43 

Serum samples were collected before the surgery to perform a metabolomic profiling based 44 

on 1H-NMR spectroscopy in combination with statistical approaches. Comparative 45 

identification of the metabolites in the serum from endometriosis patients and from controls 46 

was carried out, including an analysis according to the endometriosis phenotype.  47 

Results: The serum metabolic profiles of the endometriosis patients revealed significantly 48 

lower concentrations of amino acids compared with the controls, while the concentrations 49 

of free fatty acids and ketone bodies were significantly higher. The OMA and the DIE 50 

phenotypes each exhibited a specific metabolic profile, with higher concentrations of two 51 

ketone bodies in the OMA group, and higher concentrations of free fatty acids and lipids in 52 

the DIE group. 53 

Conclusion: 1H-NMR–based metabolomics of serum samples was found to have ample 54 

potential for the identification of metabolic changes associated with endometriosis 55 

phenotypes. This information may be useful for obtaining a better understanding of the 56 

pathogenesis of endometriosis. 57 

 58 
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KEY MESSAGE: 63 

1H-NMR–based metabolomics of serum samples has ample potential for the identification of 64 

metabolic changes associated with endometriosis phenotypes. This information may be useful 65 

for obtaining a better understanding of the pathogenesis of endometriosis. 66 

67 
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INTRODUCTION 68 

Endometriosis, a benign chronic gynecological disorder defined as the presence of 69 

endometrial tissue (e.g., glands and stroma) outside the uterine cavity (Sampson, 1927), 70 

affects 10-15% of reproductive-aged women, causing pain and/or infertility (Chapron et al., 71 

2019). This disease is heterogeneous in nature, with three main types of lesions: (i) superficial 72 

peritoneal endometriosis (SUP), (ii) ovarian endometrioma (OMA), and (iii) deeply infiltrating 73 

endometriosis (DIE) (Nisolle and Donnez, 1997). Its precise pathophysiology remains to be 74 

fully elucidated, and numerous theories have been put forward including retrograde 75 

menstruation, coelomic metaplasia, stem cells and Müllerian remnants. Immunological, 76 

hormonal, genetic/epigenetic and environmental factors may also be involved (Chapron et al., 77 

2019; Laganà et al., 2017). 78 

A notable characteristic of the disease is a markedly long time to diagnosis and treatment 79 

(Chapron et al., 2011a), resulting in highly adverse consequences on the quality of life of 80 

women with the disease (Chapron et al., 2019). Indeed, the currently available blood tests and 81 

imaging techniques have moderate diagnostic values (Ahn et al., 2017), thus making the 82 

development of new non-invasive diagnostic methods a high-priority objective in the field of 83 

endometriosis research (Thubert et al., 2014). 84 

Metabolomics consists of determination of the set of metabolites in biological samples 85 

under normal or pathophysiological conditions, such as diseases (Klassen et al., 2017; Pallet 86 

et al., 2014). This is, therefore, a promising approach to obtain greater insight into the nature 87 

of complex disorders by means of the identification of a specific metabolic signature, and this 88 

could be a way to gain a better understanding of endometriosis pathogenesis as well as new 89 

non-invasive diagnostic biomarkers of this disease. The most commonly used tools for 90 
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establishing a metabolic profile are mass spectrometry (MS) and nuclear magnetic resonance 91 

(NMR) spectroscopy. In particular, proton-nuclear magnetic resonance (1H-NMR) has the 92 

advantage of being able to provide a quantitative and non-destructive evaluation of a complex 93 

mixture of metabolites, with minimal handling (Duarte and Gil, 2012). A small number of 94 

studies have recently analyzed the metabolic profile of serum from endometriosis patients, 95 

and they have identified biomarkers involved in inflammation, oxidative stress, cell 96 

proliferation, and angiogenesis (Dutta et al., 2018, 2012; Jana et al., 2013; Vicente-Muñoz et 97 

al., 2016). However, these studies did not correlate the metabolic alterations with the 98 

endometriosis phenotypes.  99 

In light of the of paucity of data in the literature in this regard, the aim of the present study 100 

was to use 1H-NMR to evaluate the serum metabolic profiles of endometriosis patients versus 101 

control patients, and to determine whether different endometriosis phenotypes have specific 102 

signatures. 103 

 104 

MATERIALS AND METHODS 105 

Study Protocol and Patients  106 

This study was approved by the local institutional review board (approval number 05-2006 107 

provided by the ‘Comité de Protection des Personnes et des Biens dans la Recherche 108 

Biomédicale’ of Paris Cochin) and all of the participants provided written informed consent.  109 

This was a pilot study nestled in a prospective cohort study which details were already 110 

published elsewhere (Chapron et al., 2011c). Forty-six patients with painful endometriosis 111 

who underwent surgery for complete removal of their endometriotic lesions between January 112 

2012 and November 2016 were included. Endometriosis was categorized into two groups 113 
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according to histological findings: OMA and DIE, as described previously (Chapron et al., 2011). 114 

As these two types of endometriotic lesions are frequently associated, endometriotic patients 115 

were classified in the category of the worst finding. By definition, endometriotic lesions 116 

ranked from least to worst were OMA and DIE (Chapron et al., 2011b). Endometriosis was 117 

scored according to the American Society for Reproductive Medicine (ASRM) (“Revised 118 

American Society for Reproductive Medicine classification of endometriosis,” 1997). Patients 119 

were considered as presenting endometriosis and included only when lesions were 120 

histologically proved. 121 

 The control patients included 21 non-pregnant women without any macroscopic 122 

endometriotic lesions based on the results of a pre-operative magnetic resonance imaging 123 

(MRI) and a thorough examination of the abdominopelvic cavity during surgery. The 124 

indications for surgery in these control patients were the following: tubal infertility, non-125 

endometriotic ovarian cysts, or uterine myoma. All the patients underwent a pre-operative 126 

imaging work-up by senior radiologists, including a MRI, to accurately stage the endometriosis 127 

according to previously published criteria (Kinkel et al., 2006; Medeiros et al., 2015; Millischer 128 

et al., 2015) in the endometriosis group, and to rule out the presence of DIE lesions in the 129 

control group, as small nodules may be difficult to identify during surgical examination 130 

(Koninckx et al., 2012). Women over 42 years of age, who had cancer or chronic viral infections 131 

(e.g., hepatitis and HIV), who did not undergo a pre-operative MRI and/or a serum sampling 132 

the morning of the surgery, or who did not provide consent were excluded from the study.  133 

The study analysis used a prospectively managed database. For each patient, their personal 134 

history data were obtained during face-to-face interviews, which were conducted by the 135 

surgeon in the month prior to the surgery. A highly structured previously published 136 

questionnaire was used for all of the patients  (Chapron et al., 2010b, 2010a). The following 137 
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items were recorded: age, parity, gravidity, height, weight, body mass index (BMI), the 138 

existence and duration of infertility, lifestyle habits, the history of hormonal and/or surgical 139 

treatments for symptomatic endometriosis, and the existence of gynecological pain 140 

symptoms (dysmenorrhea, deep dyspareunia, non-cyclic chronic pelvic pain (NCCPP)), and 141 

gastrointestinal and lower urinary tract symptoms. A 10-cm visual analog scale was used 142 

(Huskisson, 1974) in order to evaluate the pain intensity preoperatively. The patients who had 143 

no hormonal treatment at the time of the surgery had a minimum wash-out period of three 144 

months. The indications of using hormonal treatments in both study groups were: invalidating 145 

chronic pelvic pain symptoms and/or a need for contraception. Different hormonal 146 

treatments could be used according to the efficacy, tolerability and cost, including combined 147 

oral contraceptives (COC), progestins (P) or gonadotropin-releasing hormone agonists 148 

(GnRHa).    149 

Sample collection and NMR sample preparation 150 

For each subject, a serum sample was collected after overnight fasting and before the 151 

surgery. The blood samples were centrifuged at 800g for 12 min at 4°C, and the serum 152 

supernatants were collected. Aliquots of the supernatants were stored at −70°C un[l they 153 

were analyzed. 154 

NMR samples were prepared by taking 300 μL from each serum sample supernatant after 155 

thawing on ice, followed by the addition of 300 μL of a solution containing a phosphate buffer 156 

with D20 to obtain a final buffer concentration of 38 mM with a pH value of 7.4, that contained 157 

2.3 mM NaN3 as well as 2.3 mM sodium trimethylsilylpropionate salt (TSP) as the NMR 158 

chemical shift reference. D2O (12% (v/v)) was used for the field-frequency lock and shimming 159 

on the NMR spectrometer. A total of 600 μL was then transferred into 5-mm NMR tubes for 160 
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the metabolomic analysis. 161 

NMR spectroscopy and spectral processing  162 

The NMR data were recorded at 300 K on a 500 MHz Bruker Avance II spectrometer 163 

equipped with a 5-mm 13C/1H cryoprobe, using a sampleXpressTM automation sample changer. 164 

1H spectra were obtained for each sample using a Carr-Purcell-Meiboom-Gill (CPMG) pulse 165 

sequence (Meiboom and Gill, 1958) to remove broad peaks originating from macromolecules. 166 

For each experiment, a total of 512 scans with 32768 points were recorded using a recycle 167 

delay of 2 s, and a chemical shift spectral window of 20.65 ppm, thereby resulting in a total 168 

experimental time of 33 min. Other parameters were as follow: a CPMG spin-echo train of 64 169 

ms with a spin-echo delay of 400 μs, and an acquisition time of 1.6 s. Processing of the NMR 170 

spectra was carried out using NMRProcflow software (Jacob et al., 2017). The spectra were 171 

zero-filled to 65536 points and processed with an exponential apodization function using a 172 

line broadening of 0.3 Hz prior to Fourier transformation. They were then phased, baseline 173 

corrected and finally, referenced to the alanine methyl group signal at 1.47 ppm. Individual 174 

metabolites were assigned using the Chenomx NMR suite 7.1 software (Chenomx Inc. 175 

Edmonton, Canada), the human metabolome database (HMDB) (Wishart et al., 2007) as well 176 

as previously published data  (Dutta et al., 2012; Vicente-Muñoz et al., 2016).  177 

The spectral data were further reduced by dividing each spectrum into unevenly spaced 178 

buckets using the variable size bucketing (VSB) method as implemented in NMRProcflow 179 

(Jacob et al., 2017) to avoid peaks lying in different consecutive integration regions. The 180 

spectral regions corresponding to TSP (ppm), water (ppm), as well as to the baseline noise 181 

(ppm), were excluded from the analysis. A total number of 121 buckets were obtained and 182 

further integrated to build the matrix of variables used in the statistical analysis.  183 
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Prior to the statistical analysis, the matrix of buckets integral values was normalized using a 184 

Probabilistic Quotient Normalization (PQN) (Dieterle et al., 2006) to account for the difference 185 

in samples concentrations, and then finally scaled to unit variance to afford the same weight 186 

to each variable, using MetaboAnalyst (Chong et al., 2018; Xia et al., 2009). 187 

Statistical Analysis  188 

The continuous data are presented as mean and standard deviations; the categorical data, 189 

as numbers and percentages. For comparison of the patients’ general characteristics, we used 190 

a Pearson’s Χ2 test or Fisher’s exact probability test for the qualitative variables and the 191 

Student’s t-test for the quantitative variables. 192 

In the present study, an untargeted approach whereby no assumption was made about the 193 

metabolites or the metabolic pathways affected by the disease was used in order to obtain an 194 

overall profile for endometriosis patients. The calculation of a sample size did not appear to 195 

be necessary. Both univariate and multivariate statistical approaches were used. Univariate 196 

analysis was carried out using the Student’s t-test and ANOVA as implemented in 197 

MetaboAnalyst (Chong et al., 2018; Xia et al., 2009). Multivariate analysis was performed using 198 

SIMCA software (Sartorius Stedim Biotech). A supervised orthogonal projections to latent 199 

structures discriminant analysis (OPLS-DA) (Trygg and Wold, 2002) was carried out, taking into 200 

account the class of the different samples to maximize class discrimination. The quality of the 201 

models thus obtained was assessed with the quality factors provided by the SIMCA software, 202 

i.e. the cumulative explained variance of the observed data X, R2X, the cumulative explained 203 

variance of assignment Y, R2Y, and the estimate of predictive ability, Q2. The performance of 204 

the models was further tested using CV-ANOVA (Eriksson et al., 2008) with a p-value < 0.05 205 

being considered statistically significant. The main variables responsible for the class 206 



 11 

discrimination, were identified with the Variable Importance on Projection (VIP) values of the 207 

OPLS-DA models. Variables were considered relevant only when their VIP score was greater 208 

than 1. 209 

RESULTS 210 

Study Population 211 

Forty-six women with endometriosis and 21 disease-free women were included in the 212 

study. The patients’ characteristics are presented in Table 1. No significant differences were 213 

found in terms of age, BMI, gravidity, parity, and infertility between the study and the control 214 

groups. Neither the percentage of patients undergoing hormonal treatment at the time of the 215 

surgery nor the menstrual cycle phases for the patients without hormonal treatment differed 216 

significantly between the two study groups. The distribution of the hormonal treatments in 217 

the study population was as follows: COC, 5 patients (23.8%), P, 12 patients (57.1%) and 218 

GnRHa, 4 patients (19.1%) in the endometriosis group, versus COC, 1 patient (12.5%), P, 5 219 

patients (62.5%) and GnRHa, 2 patients (25%) in the control group (p = 0.999). In the 220 

endometriosis group, the phenotypes were distributed as follows: OMA, 23 patients (50%) 221 

and DIE, 23 patients (50%), including 9 patients (39.1%) with associated OMA. The mean ASRM 222 

stage was 2.96 ± 1.08. 223 

Serum metabolic profiles of the endometriosis patients compared with the controls  224 

Figure 1 depicts a representative serum 1H-NMR spectrum from an endometriosis patient. 225 

The assignment of the most significant metabolites is also indicated. Following univariate 226 

analysis, a total of 22 variables with a p-value < 0.1 (of which 18 variables had p-values < 0.05) 227 

were identified as relevant regions in the discrimination. These were used to identify the 228 

metabolites that had altered levels in the endometriosis patients, as shown in Supplemental 229 
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Table 1 and Figure 2. The concentrations of several amino acids, such as glutamine (GLN), 230 

valine (VAL), threonine (THR), histidine (HIS), leucine (LEU), isoleucine (ILE), and glutamic acid 231 

(GLU) were significantly lower in the endometriosis patients compared with the control 232 

patients. Conversely, the concentrations of free fatty acids (α-CH2 FFA) such as 2-octanoate, 233 

and ketone bodies (KB) such as acetone (Ac) and 3-hydroxybutyrate (3HB), were significantly 234 

higher in the endometriosis group.  235 

The supervised OPLS-DA score plot, presented in Figure 3 showed a clear separation between 236 

the endometriosis and the control samples, with relatively good model quality factors (R2X = 237 

0.13, R2Y = 0.71, and Q2 = 0.33). The corresponding CV-ANOVA analysis  (Eriksson et al., 2008) 238 

led to a p-value of 5.03 x 10-5, further confirming the good performance of the model.  The 239 

main variables contributing to the differences between the two groups of samples were 240 

identified and plotted as a VIP score plot (Figure 4). Assignment of these variables revealed 241 

the same metabolites as those obtained with the univariate analysis, thereby underscoring 242 

their relevance to the pathology. 243 

To be noted, no validated model was obtained according to the cycle phase or the type of 244 

hormonal treatment using a supervised method (p-value = 1, and Q2 values = - 0.18 and - 0.28, 245 

respectively, typical of unpredictive models (full data not shown)). 246 

Serum metabolic profiles according to the endometriosis phenotypes  247 

The results of the univariate analysis comparing the serum metabolic profiles of the control 248 

women versus the OMA patients and the DIE patients are displayed in Figure 5. In the OMA 249 

group, a significantly higher concentration of two KB (Ac, 3HB) was found compared with the 250 

control group and the DIE group (p < 0.05). In the DIE group, the concentrations of free fatty 251 

acids and lipids were significantly higher compared with the other two groups (p < 0.05). The 252 
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multivariate analysis comparing the three groups confirmed these results, with the OPLS-DA 253 

score plot underlining a significant discrimination between the three types of samples (p = 254 

3x10-3) (Figure 6).  255 

 256 

DISCUSSION 257 

Principal findings 258 

This study highlights the potential role of using 1H-NMR-metabolomics of serum 259 

samples to identify metabolic changes associated with endometriosis and endometriosis 260 

phenotypes. We showed that the concentrations of several amino acids were lower in the 261 

serum of endometriosis patients. Concomitantly, we found that the concentrations of ketone 262 

bodies and free fatty acids concentrations were higher. Moreover, OMA and DIE women 263 

exhibited specific metabolic profiles.  264 

 Results 265 

The search for biomarkers involved in endometriosis is challenging, not only because 266 

it could become a non-invasive diagnostic tool, but also because it could help with obtaining 267 

a better understanding of the pathophysiological processes underlying the disease. A small 268 

number of untargeted NMR-based metabolomics studies have recently analyzed blood 269 

samples of endometriosis patients relative to controls (Dutta et al., 2018, 2012; Jana et al., 270 

2013; Vicente-Muñoz et al., 2016), and they have highlighted the relevance of amino acids 271 

and metabolites involved in oxidative stress and glycolytic pathway.  272 

 Clinical/research implications and Biological rational of the findings 273 

In the present study, several amino acids appeared to be statistically discriminant 274 

between the patient and the control samples, with lower levels observed in endometriosis 275 
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patients. It is well known that endometriosis is a chronic inflammatory and immune condition 276 

(Ahn et al., 2015; Coelho Riccio et al., 2018; Lousse et al., 2012), characterized by increased 277 

levels of various cytokines (Lambert et al., 2014; Luckow Invitti et al., 2018; Santulli et al., 278 

2013, 2012). The production of a number of these cytokines by inflammatory cells has been 279 

shown to stimulate the acute-phase response (APR) in the liver, leading to the secretion of 280 

acute-phase proteins (APP) (Gabay and Kushner, 1999). The reduction in the amino acids 281 

levels could hence be due to their use in the synthesis of APP, as observed in other chronic 282 

inflammatory conditions such as chronic kidney disease (Suliman et al., 2005).  283 

Oxidative stress could also be one of the causes of variation in serum amino acids’ levels. 284 

Indeed, endometriosis is associated with enhanced oxidative stress (Donnez et al., 2016; Jana 285 

et al., 2013; Ngô et al., 2009; Santulli et al., 2015; Scutiero et al., 2017) and increased reactive 286 

oxygen species levels in the patients’ samples could promote amino acids oxidation, thus 287 

explaining their reduced levels.  288 

Among the affected amino acids, GLN, GLU, VAL, ILE, THR and HIS are glucogenic amino acids. 289 

Their reduced levels in serum samples of endometriosis patients may also reflect their 290 

increased use in gluconeogenesis, to meet the higher energy requirements of endometriotic 291 

cells, which have been shown to have a proliferative capacity similar to that of cancer cells 292 

(Wingfield et al., 1995). Indeed, enhanced gluconeogenesis has been observed in various 293 

types of cancers  (Chen et al., 2015), suggesting that the level of circulating glucose is not 294 

sufficient for optimal cell proliferation.  As endometriotic cells have features in common with 295 

cancer cells, such as their ability to proliferate, migrate, and invade (Maignien et al., 2019), 296 

gluconeogenesis may also be increased in endometriosis, thereby accounting for the reduced 297 

levels of gluconeogenic amino acids. These results are consistent with the study of Jana and 298 

coworkers, who also highlighted this metabolic alteration (Jana et al., 2013). 299 
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Secondly, we found higher KB concentrations in the serum of endometriosis patients. KB are 300 

formed as a result of lipolysis through the action of lipases, when the circulating level of 301 

glucose is not sufficient, and they can be an alternative source of energy. The production 302 

pathways of KB could, therefore, be activated to meet the high energy requirements of highly 303 

proliferative endometriotic cells. In support of this hypothesis, the levels of glycerol and free 304 

fatty acids such as 2-octenoate, which are produced during the first steps of lipolysis, were 305 

also higher in the patient samples compared to the controls. In addition to their role as energy-306 

rich compounds, they can be involved in a range of functions including signal transduction 307 

(Puchalska and Crawford, 2017). In particular, many studies have pointed out the pro-308 

inflammatory role of KB and their link with increased cytokines levels (Chriett et al., 2019; 309 

Kurepa et al., 2012; Shi et al., 2014), as well as their role in promoting oxidative stress (Cheng 310 

et al., 2019; Kanikarla-Marie and Jain, 2015; Shi et al., 2016). KB levels can hence be expected 311 

to increase in endometriosis, consistent with the inflammatory and oxidative character of this 312 

disease. To illustrate these hypotheses, an overview of the putative altered metabolic 313 

pathways in endometriosis patients is presented in Figure 7. In summary, these metabolic 314 

alterations associated with energy pathways are very similar to those observed in prolonged 315 

fasting. This may be explained by an impaired glucose metabolism or reduced mitochondrial 316 

respiration (Atkins et al., 2019), leading to enhanced gluconeogenesis and KB formation to 317 

meet the high energy requirements of endometriotic cells. Of note, enhanced lipolysis as well 318 

as the effects of KB on reduced perception of hunger and food intake (Paoli et al., 2015) could 319 

favor leanness in patients, which is consistent with the documented relationship between 320 

endometriotic patients and a low BMI (Pillet et al., 2012). Moreover, 3HB has recently been 321 

shown to influence pathways commonly believed to be part of the pathophysiology of 322 

migraine (Gross et al., 2019), which could account for the significant association between 323 
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migraine and endometriosis (Maitrot-Mantelet et al., 2019). In the same way, 3HB has been 324 

linked to abdominal pain (van Rijt et al., 2020), and was found in increased levels in the serum 325 

of celiac disease (CD) patients, as in the serum of endometriosis patients. In a few publications, 326 

the gluten-free diet contributed to restore normal levels of 3HB and to improve CD patients’ 327 

quality of life (Bertini et al., 2009; Calabrò et al., 2014). Our findings could therefore contribute 328 

to explain the potential benefits of gluten-free diet in endometriosis patients (Marziali et al., 329 

2012; Marziali and Capozzolo, 2015).    330 

In finishing, for the first time in the literature we have shown that endometriosis phenotypes 331 

are characterized by specific metabolic profiles. Indeed, the OMA samples exhibited 332 

significantly higher concentrations of two KB (Ac and 3HB), while the DIE patients had higher 333 

concentrations of lipids. One explanation could be that the estradiol concentration appears to 334 

be higher in OMA compared with DIE (Huhtinen et al., 2012), which could increase lipases’ 335 

activity, as previously shown by Cox-York et al. and Palin et al. (Cox-York et al., 2017; Palin et 336 

al., 2003). Lipolysis would, therefore, be enhanced in OMA compared to DIE, thereby resulting 337 

in higher KB levels in OMA samples, as opposed to higher lipid levels in DIE samples, as 338 

observed in our study. These observations of phenotypic differences between the two 339 

endometriosis phenotypes are in agreement with previous reports underlining different 340 

molecular features in OMA and DIE patients (Nisolle and Donnez, 1997; Sanchez et al., 2014; 341 

Tosti et al., 2015), and this calls for each subtype as being considered to be a separate disease 342 

entity.  343 

Strengths and limitations 344 

The main strengths of this study lie in the novelty of the subject and the 345 

methodological design: (i) as far as we are aware, this is the first study to correlate the serum 346 



 17 

metabolic profiles with well-defined endometriosis phenotypes (OMA or DIE) based on 347 

stringent pre-operative imaging criteria and surgical exploration; (ii) only patients who had 348 

undergone a thorough surgical evaluation of the peritoneal cavity and for whom histological 349 

proof confirmed the disease were included, and thus the endometriosis state was assessed 350 

with a high degree of precision according to a previously described classification (Chapron et 351 

al., 2006); (iii) all of the control patients also underwent a surgical examination, which 352 

definitively ruled out the presence of endometriosis; (iv) we employed a statistical analysis 353 

using an untargeted approach, measuring and comparing many metabolite signals 354 

simultaneously, to identify those involved in the disease with no prior knowledge. 355 

However, our findings may nonetheless be subject to several biases: (i) the study included 356 

women who were undergoing hormonal treatments, or who were at different stages of the 357 

menstrual cycle. As the serum metabolic profile can be altered by these parameters (Draper 358 

et al., 2018; Ruoppolo et al., 2014; Wallace et al., 2010), our results could have been affected. 359 

Nevertheless, no significant difference was found regarding the percentage of patients under 360 

hormonal treatments or the distribution of the menstrual cycle phases between the two 361 

groups, which makes this scenario less likely. Moreover, no cluster according to the menstrual 362 

cycle phase or the presence of hormonal treatment was found in our analysis; (ii) the study 363 

was undertaken in a referral center for the disease and, therefore, included patients with 364 

particularly severe forms of endometriosis, which may have exacerbated the differences in 365 

the serum metabolic profile between the endometriosis patients and the controls; (iii) our 366 

control group included patients operated for benign gynecological conditions (e.g., tubal 367 

infertility, uterine fibroids, or ovarian cysts) which could conceivably also result in altered 368 

metabolic patterns (Yang et al., 2017), and may therefore not be representative of the 369 

metabolic profile of disease-free patients; (iv) we did not include patients with isolated 370 
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superficial peritoneal endometriotic lesions. As it was a preliminary study, we chose to focus 371 

on the most severe endometriosis phenotypes (Chapron et al., 2019), to see if significant 372 

differences were found regarding the metabolic serum signatures. Further analysis, including 373 

superficial lesions, are currently being handled. Moreover, some of the endometriosis patients 374 

had both types of endometriotic lesions (i.e. DIE with associated OMA: 9 patients, 19.6%), 375 

which could have biased the evaluation of the metabolic profiles according to the two 376 

endometriosis phenotypes (i.e. OMA and DIE). We thus performed a supplemental 377 

multivariate analysis, comparing the three subgroups of endometriosis patients (i.e. OMA 378 

only, DIE only, and DIE with associated OMA) and failed to find any significant differences 379 

between the serum metabolic profiles, possibly due to the small sample size of each subgroup 380 

(data not shown). Further analysis with a larger number of patients would be interesting to 381 

perform to find out if the metabolomic analysis could discriminate the three subgroups of 382 

phenotypes.   383 

 Conclusion 384 

1H-NMR–based metabolomics of serum samples, which is a rapid and non-invasive 385 

approach, was shown to have ample potential for identification of the characteristic metabolic 386 

changes associated with endometriosis and endometriosis phenotypes. This information may 387 

be useful for obtaining greater insight into the pathogenesis of endometriosis and it could 388 

help with non-invasive diagnosis of the disease. Although further research is needed, with 389 

larger cohorts of patients, to confirm these results, 1H-NMR metabolomics appears to be a 390 

promising tool for increasing what is known regarding this complex disorder.  391 

392 



 19 

AUTHORS’ ROLES  393 

PS, CC and GB conceived of and designed the study. CM, CC, FK, LM, MB, KP and PS contributed 394 

to the data collection. All of the authors analyzed and interpreted the data. FK, GB and PS 395 

supervised and reviewed the statistical analysis. CM, FK, PS, GB, and CC authored the 396 

manuscript. All of the authors read and approved the final version of the manuscript.  397 

 398 

ACKNOWLEDGEMENTS  399 

The authors thank staff members from our department operating room for their expert 400 

assistance with data collection, and Professor Didier Borderie for sharing his expertise 401 

regarding biochemistry. The authors also thankfully acknowledge Jeanne Colombe for 402 

unabatedly managing the patient database. 403 

 404 

 STUDY FUNDING / COMPETING INTEREST(s):  405 

This study was partially supported by a Merck Biopharma France Research Grant to CC and 406 

PS. The funder had no role in study design, data collection and analysis, decision to publish, 407 

or preparation of the manuscript. There was no additional external funding received for this 408 

study.  409 



 20 

REFERENCES 410 

Ahn, S.H., Monsanto, S.P., Miller, C., Singh, S.S., Thomas, R., Tayade, C., 2015. Pathophysiology 411 

and Immune Dysfunction in Endometriosis. BioMed Res. Int. 2015, 795976. 412 

https://doi.org/10.1155/2015/795976 413 

Ahn, S.H., Singh, V., Tayade, C., 2017. Biomarkers in endometriosis: challenges and 414 

opportunities. Fertil. Steril. 107, 523–532. https://doi.org/10.1016/j.fertnstert.2017.01.009 415 

Atkins, H.M., Bharadwaj, M.S., O’Brien Cox, A., Furdui, C.M., Appt, S.E., Caudell, D.L., 2019. 416 

Endometrium and endometriosis tissue mitochondrial energy metabolism in a nonhuman 417 

primate model. Reprod. Biol. Endocrinol. RBE 17, 70. https://doi.org/10.1186/s12958-019-418 

0513-8 419 

Bertini, I., Calabrò, A., De Carli, V., Luchinat, C., Nepi, S., Porfirio, B., Renzi, D., Saccenti, E., 420 

Tenori, L., 2009. The metabonomic signature of celiac disease. J. Proteome Res. 8, 170–177. 421 

https://doi.org/10.1021/pr800548z 422 

Calabrò, A., Gralka, E., Luchinat, C., Saccenti, E., Tenori, L., 2014. A metabolomic perspective 423 

on coeliac disease. Autoimmune Dis. 2014, 756138. https://doi.org/10.1155/2014/756138 424 

Chapron, C., Bourret, A., Chopin, N., Dousset, B., Leconte, M., Amsellem-Ouazana, D., de 425 

Ziegler, D., Borghese, B., 2010a. Surgery for bladder endometriosis: long-term results and 426 

concomitant management of associated posterior deep lesions. Hum. Reprod. Oxf. Engl. 25, 427 

884–889. https://doi.org/10.1093/humrep/deq017 428 

Chapron, C., Chopin, N., Borghese, B., Foulot, H., Dousset, B., Vacher-Lavenu, M.C., Vieira, M., 429 

Hasan, W., Bricou, A., 2006. Deeply infiltrating endometriosis: pathogenetic implications of 430 

the anatomical distribution. Hum. Reprod. Oxf. Engl. 21, 1839–1845. 431 

https://doi.org/10.1093/humrep/del079 432 

Chapron, C., Lafay-Pillet, M.-C., Monceau, E., Borghese, B., Ngô, C., Souza, C., de Ziegler, D., 433 



 21 

2011a. Questioning patients about their adolescent history can identify markers associated 434 

with deep infiltrating endometriosis. Fertil. Steril. 95, 877–881. 435 

https://doi.org/10.1016/j.fertnstert.2010.10.027 436 

Chapron, C., Lafay-Pillet, M.-C., Monceau, E., Borghese, B., Ngô, C., Souza, C., de Ziegler, D., 437 

2011b. Questioning patients about their adolescent history can identify markers associated 438 

with deep infiltrating endometriosis. Fertil. Steril. 95, 877–881. 439 

https://doi.org/10.1016/j.fertnstert.2010.10.027 440 

Chapron, C., Marcellin, L., Borghese, B., Santulli, P., 2019. Rethinking mechanisms, diagnosis 441 

and management of endometriosis. Nat. Rev. Endocrinol. 15, 666–682. 442 

https://doi.org/10.1038/s41574-019-0245-z 443 

Chapron, C., Souza, C., Borghese, B., Lafay-Pillet, M.-C., Santulli, P., Bijaoui, G., Goffinet, F., de 444 

Ziegler, D., 2011c. Oral contraceptives and endometriosis: the past use of oral contraceptives 445 

for treating severe primary dysmenorrhea is associated with endometriosis, especially deep 446 

infiltrating endometriosis. Hum. Reprod. Oxf. Engl. 26, 2028–2035. 447 

https://doi.org/10.1093/humrep/der156 448 

Chapron, C., Souza, C., de Ziegler, D., Lafay-Pillet, M.-C., Ngô, C., Bijaoui, G., Goffinet, F., 449 

Borghese, B., 2010b. Smoking habits of 411 women with histologically proven endometriosis 450 

and 567 unaffected women. Fertil. Steril. 94, 2353–2355. 451 

https://doi.org/10.1016/j.fertnstert.2010.04.020 452 

Chen, J., Lee, H.-J., Wu, X., Huo, L., Kim, S.-J., Xu, L., Wang, Y., He, J., Bollu, L.R., Gao, G., Su, F., 453 

Briggs, J., Liu, X., Melman, T., Asara, J.M., Fidler, I.J., Cantley, L.C., Locasale, J.W., Weihua, Z., 454 

2015. Gain of Glucose-Independent Growth upon Metastasis of Breast Cancer Cells to the 455 

Brain. Cancer Res. 75, 554–565. https://doi.org/10.1158/0008-5472.CAN-14-2268 456 

Cheng, X., Yang, S., Xu, C., Li, L., Zhang, Y., Guo, Y., Zhang, C., Li, P., Long, M., He, J., 2019. 457 



 22 

Proanthocyanidins Protect against β-Hydroxybutyrate-Induced Oxidative Damage in Bovine 458 

Endometrial Cells. Molecules 24. https://doi.org/10.3390/molecules24030400 459 

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., Wishart, D.S., Xia, J., 2018. 460 

MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic 461 

Acids Res. 46, W486–W494. https://doi.org/10.1093/nar/gky310 462 

Chriett, S., Dąbek, A., Wojtala, M., Vidal, H., Balcerczyk, A., Pirola, L., 2019. Prominent action 463 

of butyrate over β-hydroxybutyrate as histone deacetylase inhibitor, transcriptional 464 

modulator and anti-inflammatory molecule. Sci. Rep. 9, 742. https://doi.org/10.1038/s41598-465 

018-36941-9 466 

Coelho Riccio, L. da G., Santulli, P., Marcellin, L., Abrao, M.S., Batteux, F., Chapron, C., 2018. 467 

Immunology of endometriosis. Best Pract. Res. Clin. Obstet. Gynaecol. 50, 39–49. 468 

https://doi.org/10.1016/j.bpobgyn.2018.01.010 469 

Cox-York, K.A., Erickson, C.B., Pereira, R.I., Bessesen, D.H., Van Pelt, R.E., 2017. Region-specific 470 

effects of oestradiol on adipose-derived stem cell differentiation in post-menopausal women. 471 

J. Cell. Mol. Med. 21, 677–684. https://doi.org/10.1111/jcmm.13011 472 

Dieterle, F., Ross, A., Schlotterbeck, G., Senn, H., 2006. Probabilistic quotient normalization as 473 

robust method to account for dilution of complex biological mixtures. Application in 1H NMR 474 

metabonomics. Anal. Chem. 78, 4281–4290. https://doi.org/10.1021/ac051632c 475 

Donnez, J., Binda, M.M., Donnez, O., Dolmans, M.-M., 2016. Oxidative stress in the pelvic 476 

cavity and its role in the pathogenesis of endometriosis. Fertil. Steril. 106, 1011–1017. 477 

https://doi.org/10.1016/j.fertnstert.2016.07.1075 478 

Draper, C.F., Duisters, K., Weger, B., Chakrabarti, A., Harms, A.C., Brennan, L., Hankemeier, T., 479 

Goulet, L., Konz, T., Martin, F.P., Moco, S., van der Greef, J., 2018. Menstrual cycle rhythmicity: 480 

metabolic patterns in healthy women. Sci. Rep. 8, 14568. https://doi.org/10.1038/s41598-481 



 23 

018-32647-0 482 

Duarte, I.F., Gil, A.M., 2012. Metabolic signatures of cancer unveiled by NMR spectroscopy of 483 

human biofluids. Prog. Nucl. Magn. Reson. Spectrosc. 62, 51–74. 484 

https://doi.org/10.1016/j.pnmrs.2011.11.002 485 

Dutta, M., Joshi, M., Srivastava, S., Lodh, I., Chakravarty, B., Chaudhury, K., 2012. A 486 

metabonomics approach as a means for identification of potential biomarkers for early 487 

diagnosis of endometriosis. Mol. Biosyst. 8, 3281–3287. 488 

https://doi.org/10.1039/c2mb25353d 489 

Dutta, M., Singh, B., Joshi, M., Das, D., Subramani, E., Maan, M., Jana, S.K., Sharma, U., Das, 490 

S., Dasgupta, S., Ray, C.D., Chakravarty, B., Chaudhury, K., 2018. Metabolomics reveals 491 

perturbations in endometrium and serum of minimal and mild endometriosis. Sci. Rep. 8, 492 

6466. https://doi.org/10.1038/s41598-018-23954-7 493 

Eriksson, L., Trygg, J., Wold, S., 2008. CV-ANOVA for significance testing of PLS and OPLS® 494 

models. J. Chemom. 22, 594–600. https://doi.org/10.1002/cem.1187 495 

Gabay, C., Kushner, I., 1999. Acute-phase proteins and other systemic responses to 496 

inflammation. N. Engl. J. Med. 340, 448–454. 497 

https://doi.org/10.1056/NEJM199902113400607 498 

Gross, E.C., Klement, R.J., Schoenen, J., D’Agostino, D.P., Fischer, D., 2019. Potential Protective 499 

Mechanisms of Ketone Bodies in Migraine Prevention. Nutrients 11. 500 

https://doi.org/10.3390/nu11040811 501 

Huhtinen, K., Desai, R., Ståhle, M., Salminen, A., Handelsman, D.J., Perheentupa, A., Poutanen, 502 

M., 2012. Endometrial and Endometriotic Concentrations of Estrone and Estradiol Are 503 

Determined by Local Metabolism Rather than Circulating Levels. J. Clin. Endocrinol. Metab. 504 

97, 4228–4235. https://doi.org/10.1210/jc.2012-1154 505 



 24 

Huskisson, E.C., 1974. Measurement of pain. Lancet Lond. Engl. 2, 1127–1131. 506 

Jacob, D., Deborde, C., Lefebvre, M., Maucourt, M., Moing, A., 2017. NMRProcFlow: a 507 

graphical and interactive tool dedicated to 1D spectra processing for NMR-based 508 

metabolomics. Metabolomics 13, 36. https://doi.org/10.1007/s11306-017-1178-y 509 

Jana, S.K., Dutta, M., Joshi, M., Srivastava, S., Chakravarty, B., Chaudhury, K., 2013. 1H NMR 510 

based targeted metabolite profiling for understanding the complex relationship connecting 511 

oxidative stress with endometriosis. BioMed Res. Int. 2013, 329058. 512 

https://doi.org/10.1155/2013/329058 513 

Jones, C.J., Fazleabas, A.T., McGinlay, P.B., Aplin, J.D., 1998. Cyclic modulation of epithelial 514 

glycosylation in human and baboon (Papio anubis) endometrium demonstrated by the binding 515 

of the agglutinin from Dolichos biflorus. Biol. Reprod. 58, 20–27. 516 

Kanikarla-Marie, P., Jain, S.K., 2015. Role of Hyperketonemia in Inducing Oxidative Stress and 517 

Cellular Damage in Cultured Hepatocytes and Type 1 Diabetic Rat Liver. Cell. Physiol. Biochem. 518 

Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 37, 2160–2170. 519 

https://doi.org/10.1159/000438573 520 

Kinkel, K., Frei, K.A., Balleyguier, C., Chapron, C., 2006. Diagnosis of endometriosis with 521 

imaging: a review. Eur. Radiol. 16, 285–298. https://doi.org/10.1007/s00330-005-2882-y 522 

Klassen, A., Faccio, A.T., Canuto, G.A.B., da Cruz, P.L.R., Ribeiro, H.C., Tavares, M.F.M., 523 

Sussulini, A., 2017. Metabolomics: Definitions and Significance in Systems Biology. Adv. Exp. 524 

Med. Biol. 965, 3–17. https://doi.org/10.1007/978-3-319-47656-8_1 525 

Koninckx, P.R., Ussia, A., Adamyan, L., Wattiez, A., Donnez, J., 2012. Deep endometriosis: 526 

definition, diagnosis, and treatment. Fertil. Steril. 98, 564–571. 527 

https://doi.org/10.1016/j.fertnstert.2012.07.1061 528 

Kurepa, D., Pramanik, A.K., Kakkilaya, V., Caldito, G., Groome, L.J., Bocchini, J.A., Jain, S.K., 529 



 25 

2012. Elevated acetoacetate and monocyte chemotactic protein-1 levels in cord blood of 530 

infants of diabetic mothers. Neonatology 102, 163–168. https://doi.org/10.1159/000339286 531 

Laganà, A.S., Vitale, S.G., Salmeri, F.M., Triolo, O., Ban Frangež, H., Vrtačnik-Bokal, E., 532 

Stojanovska, L., Apostolopoulos, V., Granese, R., Sofo, V., 2017. Unus pro omnibus, omnes pro 533 

uno: A novel, evidence-based, unifying theory for the pathogenesis of endometriosis. Med. 534 

Hypotheses 103, 10–20. https://doi.org/10.1016/j.mehy.2017.03.032 535 

Lambert, S., Santulli, P., Chouzenoux, S., Marcellin, L., Borghese, B., de Ziegler, D., Batteux, F., 536 

Chaprona, C., 2014. Endometriosis: Increasing concentrations of serum interleukin-1 beta and 537 

interleukin-1sRII is associated with the deep form of this pathology. J. Gynecol. Obstet. Biol. 538 

Reprod. (Paris) 43, 735–743. https://doi.org/10.1016/j.jgyn.2014.06.014 539 

Lousse, J.-C., Van Langendonckt, A., Defrere, S., Ramos, R.G., Colette, S., Donnez, J., 2012. 540 

Peritoneal endometriosis is an inflammatory disease. Front. Biosci. Elite Ed. 4, 23–40. 541 

Luckow Invitti, A., Schor, E., Martins Parreira, R., Kopelman, A., Kamergorodsky, G., Gonçalves, 542 

G.A., Batista Castello Girão, M.J., 2018. Inflammatory cytokine profile of co‑cultivated primary 543 

cells from the endometrium of women with and without endometriosis. Mol. Med. Rep. 18, 544 

1287–1296. https://doi.org/10.3892/mmr.2018.9137 545 

Maignien, C., Santulli, P., Chouzenoux, S., Gonzalez-Foruria, I., Marcellin, L., Doridot, L., Jeljeli, 546 

M., Grange, P., Reis, F.M., Chapron, C., Batteux, F., 2019. Reduced alpha-2,6 sialylation 547 

regulates cell migration in endometriosis. Hum. Reprod. 34, 479–490. 548 

https://doi.org/10.1093/humrep/dey391 549 

Maitrot-Mantelet, L., Hugon-Rodin, J., Vatel, M., Marcellin, L., Santulli, P., Chapron, C., Plu-550 

Bureau, G., 2019. Migraine in relation with endometriosis phenotypes: Results from a French 551 

case-control study. Cephalalgia Int. J. Headache 333102419893965. 552 

https://doi.org/10.1177/0333102419893965 553 



 26 

Marziali, M., Capozzolo, T., 2015. Role of Gluten-Free Diet in the Management of Chronic 554 

Pelvic Pain of Deep Infiltranting Endometriosis. J. Minim. Invasive Gynecol. 22, S51–S52. 555 

https://doi.org/10.1016/j.jmig.2015.08.142 556 

Marziali, M., Venza, M., Lazzaro, S., Lazzaro, A., Micossi, C., Stolfi, V.M., 2012. Gluten-free diet: 557 

a new strategy for management of painful endometriosis related symptoms? Minerva Chir. 558 

67, 499–504. 559 

Medeiros, L.R., Rosa, M.I., Silva, B.R., Reis, M.E., Simon, C.S., Dondossola, E.R., da Cunha Filho, 560 

J.S., 2015. Accuracy of magnetic resonance in deeply infiltrating endometriosis: a systematic 561 

review and meta-analysis. Arch. Gynecol. Obstet. 291, 611–621. 562 

https://doi.org/10.1007/s00404-014-3470-7 563 

Meiboom, S., Gill, D., 1958. Modified spin-echo method for measuring nuclear relaxation 564 

times. Rev. Sci. Instrum. 29, 688–691. https://doi.org/10.1063/1.1716296 565 

Miller, D.L., Jones, C.J.P., Aplin, J.D., Nardo, L.G., 2010. Altered glycosylation in peri-566 

implantation phase endometrium in women with stages III and IV endometriosis. Hum. 567 

Reprod. Oxf. Engl. 25, 406–411. https://doi.org/10.1093/humrep/dep401 568 

Millischer, A.-E., Salomon, L.J., Santulli, P., Borghese, B., Dousset, B., Chapron, C., 2015. Fusion 569 

imaging for evaluation of deep infiltrating endometriosis: feasibility and preliminary results. 570 

Ultrasound Obstet. Gynecol. Off. J. Int. Soc. Ultrasound Obstet. Gynecol. 46, 109–117. 571 

https://doi.org/10.1002/uog.14712 572 

Ngô, C., Chéreau, C., Nicco, C., Weill, B., Chapron, C., Batteux, F., 2009. Reactive oxygen 573 

species controls endometriosis progression. Am. J. Pathol. 175, 225–234. 574 

https://doi.org/10.2353/ajpath.2009.080804 575 

Nisolle, M., Donnez, J., 1997. Peritoneal endometriosis, ovarian endometriosis, and 576 

adenomyotic nodules of the rectovaginal septum are three different entities. Fertil. Steril. 68, 577 



 27 

585–596. 578 

Palin, S.L., McTernan, P.G., Anderson, L.A., Sturdee, D.W., Barnett, A.H., Kumar, S., 2003. 579 

17Beta-estradiol and anti-estrogen ICI:compound 182,780 regulate expression of lipoprotein 580 

lipase and hormone-sensitive lipase in isolated subcutaneous abdominal adipocytes. 581 

Metabolism. 52, 383–388. https://doi.org/10.1053/meta.2003.50088 582 

Pallet, N., Thervet, E., Beaune, P., Karras, A., Bertho, G., 2014. The urinary metabolome of 583 

chronic kidney disease. Kidney Int. 85, 1239–1240. https://doi.org/10.1038/ki.2014.34 584 

Paoli, A., Bosco, G., Camporesi, E.M., Mangar, D., 2015. Ketosis, ketogenic diet and food intake 585 

control: a complex relationship. Front. Psychol. 6, 27. 586 

https://doi.org/10.3389/fpsyg.2015.00027 587 

Pillet, M.-C.L., Schneider, A., Borghese, B., Santulli, P., Souza, C., Streuli, I., de Ziegler, D., 588 

Chapron, C., 2012. Deep infiltrating endometriosis is associated with markedly lower body 589 

mass index: a 476 case-control study. Hum. Reprod. 27, 265–272. 590 

https://doi.org/10.1093/humrep/der346 591 

Puchalska, P., Crawford, P.A., 2017. Multi-dimensional Roles of Ketone Bodies in Fuel 592 

Metabolism, Signaling, and Therapeutics. Cell Metab. 25, 262–284. 593 

https://doi.org/10.1016/j.cmet.2016.12.022 594 

Revised American Society for Reproductive Medicine classification of endometriosis: 1996, 595 

1997. . Fertil. Steril. 67, 817–821. 596 

Ruoppolo, M., Campesi, I., Scolamiero, E., Pecce, R., Caterino, M., Cherchi, S., Mercuro, G., 597 

Tonolo, G., Franconi, F., 2014. Serum metabolomic profiles suggest influence of sex and oral 598 

contraceptive use. Am. J. Transl. Res. 6, 614–624. 599 

Sampson, J., 1927. Peritoneal endometriosis due to menstrual dissemination of endometrial 600 

tissue into the peritoneal cavity. Am J Obstet Gynecol 442–69. 601 



 28 

Sanchez, A.M., Viganò, P., Somigliana, E., Panina-Bordignon, P., Vercellini, P., Candiani, M., 602 

2014. The distinguishing cellular and molecular features of the endometriotic ovarian cyst: 603 

from pathophysiology to the potential endometrioma-mediated damage to the ovary. Hum. 604 

Reprod. Update 20, 217–230. https://doi.org/10.1093/humupd/dmt053 605 

Santulli, P., Borghese, B., Chouzenoux, S., Streuli, I., Borderie, D., de Ziegler, D., Weill, B., 606 

Chapron, C., Batteux, F., 2013. Interleukin-19 and interleukin-22 serum levels are decreased 607 

in patients with ovarian endometrioma. Fertil. Steril. 99, 219-U592. 608 

https://doi.org/10.1016/j.fertnstert.2012.08.055 609 

Santulli, P., Borghese, B., Chouzenoux, S., Vaiman, D., Borderie, D., Streuli, I., Goffinet, F., de 610 

Ziegler, D., Weill, B., Batteux, F., Chapron, C., 2012. Serum and peritoneal interleukin-33 levels 611 

are elevated in deeply infiltrating endometriosis. Hum. Reprod. 27, 2001–2009. 612 

https://doi.org/10.1093/humrep/des154 613 

Santulli, P., Chouzenoux, S., Fiorese, M., Marcellin, L., Lemarechal, H., Millischer, A.-E., 614 

Batteux, F., Borderie, D., Chapron, C., 2015. Protein oxidative stress markers in peritoneal 615 

fluids of women with deep infiltrating endometriosis are increased. Hum. Reprod. Oxf. Engl. 616 

30, 49–60. https://doi.org/10.1093/humrep/deu290 617 

Scutiero, G., Iannone, P., Bernardi, G., Bonaccorsi, G., Spadaro, S., Volta, C.A., Greco, P., Nappi, 618 

L., 2017. Oxidative Stress and Endometriosis: A Systematic Review of the Literature. Oxid. 619 

Med. Cell. Longev. 2017, 7265238. https://doi.org/10.1155/2017/7265238 620 

Shi, X., Li, D., Deng, Q., Peng, Z., Zhao, C., Li, Xiaobing, Wang, Z., Li, Xinwei, Liu, G., 2016. 621 

Acetoacetic acid induces oxidative stress to inhibit the assembly of very low density 622 

lipoprotein in bovine hepatocytes. J. Dairy Res. 83, 442–446. 623 

https://doi.org/10.1017/S0022029916000546 624 

Shi, X., Li, X., Li, D., Li, Y., Song, Y., Deng, Q., Wang, J., Zhang, Y., Ding, H., Yin, L., Zhang, Y., 625 



 29 

Wang, Z., Li, X., Liu, G., 2014. ß-Hydroxybutyrate Activates the NF-κB Signaling Pathway to 626 

Promote the Expression of Pro-Inflammatory Factors in Calf Hepatocytes. Cell. Physiol. 627 

Biochem. 33, 920–932. https://doi.org/10.1159/000358664 628 

Suliman, M.E., Qureshi, A.R., Stenvinkel, P., Pecoits-Filho, R., Bárány, P., Heimbürger, O., 629 

Anderstam, B., Rodríguez Ayala, E., Divino Filho, J.C., Alvestrand, A., Lindholm, B., 2005. 630 

Inflammation contributes to low plasma amino acid concentrations in patients with chronic 631 

kidney disease. Am. J. Clin. Nutr. 82, 342–349. https://doi.org/10.1093/ajcn/82.2.342 632 

Thubert, T., Santulli, P., Marcellin, L., Menard, S., M’Baye, M., Streuli, I., Borghese, B., de 633 

Ziegler, D., Chapron, C., 2014. Measurement of hs-CRP is irrelevant to diagnose and stage 634 

endometriosis: prospective study of 834 patients. Am. J. Obstet. Gynecol. 210, 533.e1-635 

533.e10. https://doi.org/10.1016/j.ajog.2014.01.022 636 

Tosti, C., Pinzauti, S., Santulli, P., Chapron, C., Petraglia, F., 2015. Pathogenetic Mechanisms of 637 

Deep Infiltrating Endometriosis. Reprod. Sci. 22, 1053–1059. 638 

https://doi.org/10.1177/1933719115592713 639 

Trygg, J., Wold, S., 2002. Orthogonal projections to latent structures (O-PLS). J. Chemom. 16, 640 

119–128. https://doi.org/10.1002/cem.695 641 

van Rijt, W.J., Jager, E.A., Allersma, D.P., Aktuğlu Zeybek, A.Ç., Bhattacharya, K., Debray, F.-G., 642 

Ellaway, C.J., Gautschi, M., Geraghty, M.T., Gil-Ortega, D., Larson, A.A., Moore, F., Morava, E., 643 

Morris, A.A., Oishi, K., Schiff, M., Scholl-Bürgi, S., Tchan, M.C., Vockley, J., Witters, P., 644 

Wortmann, S.B., van Spronsen, F., Van Hove, J.L.K., Derks, T.G.J., 2020. Efficacy and safety of 645 

D,L-3-hydroxybutyrate (D,L-3-HB) treatment in multiple acyl-CoA dehydrogenase deficiency. 646 

Genet. Med. Off. J. Am. Coll. Med. Genet. 22, 908–916. https://doi.org/10.1038/s41436-019-647 

0739-z 648 

Vicente-Muñoz, S., Morcillo, I., Puchades-Carrasco, L., Payá, V., Pellicer, A., Pineda-Lucena, A., 649 



 30 

2016. Pathophysiologic processes have an impact on the plasma metabolomic signature of 650 

endometriosis patients. Fertil. Steril. 106, 1733-1741.e1. 651 

https://doi.org/10.1016/j.fertnstert.2016.09.014 652 

Wallace, M., Hashim, Y.Z.H.-Y., Wingfield, M., Culliton, M., McAuliffe, F., Gibney, M.J., 653 

Brennan, L., 2010. Effects of menstrual cycle phase on metabolomic profiles in premenopausal 654 

women. Hum. Reprod. Oxf. Engl. 25, 949–956. https://doi.org/10.1093/humrep/deq011 655 

Wingfield, M., Macpherson, A., Healy, D.L., Rogers, P.A., 1995. Cell proliferation is increased 656 

in the endometrium of women with endometriosis. Fertil. Steril. 64, 340–346. 657 

https://doi.org/10.1016/s0015-0282(16)57733-4 658 

Wishart, D.S., Tzur, D., Knox, C., Eisner, R., Guo, A.C., Young, N., Cheng, D., Jewell, K., Arndt, 659 

D., Sawhney, S., Fung, C., Nikolai, L., Lewis, M., Coutouly, M.-A., Forsythe, I., Tang, P., 660 

Shrivastava, S., Jeroncic, K., Stothard, P., Amegbey, G., Block, D., Hau, D.D., Wagner, J., Miniaci, 661 

J., Clements, M., Gebremedhin, M., Guo, N., Zhang, Y., Duggan, G.E., Macinnis, G.D., Weljie, 662 

A.M., Dowlatabadi, R., Bamforth, F., Clive, D., Greiner, R., Li, L., Marrie, T., Sykes, B.D., Vogel, 663 

H.J., Querengesser, L., 2007. HMDB: the Human Metabolome Database. Nucleic Acids Res. 35, 664 

D521-526. https://doi.org/10.1093/nar/gkl923 665 

Xia, J., Psychogios, N., Young, N., Wishart, D.S., 2009. MetaboAnalyst: a web server for 666 

metabolomic data analysis and interpretation. Nucleic Acids Res. 37, W652–W660. 667 

https://doi.org/10.1093/nar/gkp356 668 

Yang, H., Lau, W.B., Lau, B., Xuan, Y., Zhou, S., Zhao, L., Luo, Z., Lin, Q., Ren, N., Zhao, X., Wei, 669 

Y., 2017. A mass spectrometric insight into the origins of benign gynecological disorders. Mass 670 

Spectrom. Rev. 36, 450–470. https://doi.org/10.1002/mas.21484 671 

  672 



 31 

TABLES 673 

TABLE 1. Baseline characteristics of the patients.  674 

Patient characteristics   Endometriosis 

(n = 46) 

Controls 

(n = 21) 

P-valued 

Age (years)a  33.9 ± 5.8 33.1 ± 5.8 0.515 

BMI (kg/m2)a 22.1 ± 3.8  23.3 ± 3.8 0.165 

Paritya 0.3 ± 0.7 0.5 ± 0.7 0.207 

Graviditya 0.5 ± 1 0.9 ± 1 0.130 

Infertility   0.386 

No 32 (70%) 13 (60%)  

Yes 14 (30%) 8 (40%)  

Length of infertility (months) 34.4 ± 26.7 36.6 ± 24.6 0.844 

Painful symptoms (VAS score)    

Dysmenorrhea 7.7 ± 2.6 6.1 ± 2.5 0.028 

Deep dyspareunia 4.2 ± 3.5 3.3 ± 3.5 0.235 

Non-cyclic chronic pelvic pain 3.9 ± 2.9 1.6 ± 3.2 0.004 

Gastrointestinal symptoms 4.7 ± 3.4 1.8 ± 3.4 < 0.001 

Lower urinary tract symptoms 1.6 ± 2.7 0.2 ±  2.7 0.007 

Hormonal treatment before surgery (n, %)   0.071 

Yes 21 (45.7%) 8 (38%)  

Cycle phase if no hormonal treatment    

Proliferative phase 8 (32%) 9 (69.2%)  

Secretory phase 14 (56%) 2 (15.4%)  
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Missing data 3 (12%) 2 (15.4%)  

Surgical classification of endometriosis (n, %) b    

OMA 23 (50%) NA  

DIE 23 (50%) NA  

Intestinal DIE  9 (39.1%)   

Associated OMA  9 (39.1%)   

ASRM total scorea, c 31.2 ± 34.1 NA  

ASRM implants scorea, c 18.4 ± 15 NA  

ASRM adhesions scorea, c 16.7 ± 19.6 NA  

  675 

Note: BMI: body mass index; VAS: visual analogue scale; OMA; ovarian endometrioma; DIE: 676 

deeply infiltrating endometriosis; NA: not applicable; ASRM: American Society for Reproductive 677 

Medicine 678 

a Data are presented as mean ±  standard deviation  679 

b
 According to a previously published surgical classification for deeply infiltrating endometriosis 680 

by Chapron et al. (Chapron, Chopin et al. 2006) 681 

c Score according to the American Society for Reproductive Medicine classification (“Revised 682 

American Society for Reproductive Medicine classification of endometriosis,” 1997) 683 

 d Statistical analysis was performed using Fisher’s exact test or Pearson’s Chi-square for 684 

qualitative variables and Student’s t test for quantitative variables 685 

Statistical significance: p < 0.05 686 

  687 
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FIGURE LEGENDS 689 

FIGURE 1. Representative 500 MHz 1H-Nuclear Magnetic Resonance spectrum of a serum 690 

sample from one of the endometriosis patients. 691 

1H-NMR spectrum of an endometriosis patient serum sample obtained at 300 K on a 692 

spectrometer operating at a proton frequency of 500 MHz.  693 

Assignment of statistically relevant metabolites is indicated above their corresponding NMR 694 

signal. (1a) Full spectrum; (1b) Enlargement of the left part of the spectrum, corresponding 695 

mainly to the aromatic signals; (1c) Enlargement of the right part of the spectrum 696 

corresponding mainly to the aliphatic signals. 697 

 698 

FIGURE 2. Boxplots showing the significant differences in the concentrations of metabolites 699 

between the control samples (n=21) and the endometriosis samples (n=46).  700 

The results are presented as boxplots showing the difference in the concentrations of 701 

metabolites using the Student’s t-test, with statistically significant differences between the 702 

two groups indicated by an asterisk (* p-value < 0.1 and ** p-value < 0.05).  703 

The data are presented as medians, interquartile ranges, and extremes.   704 
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FIGURE 3. Score plot of the supervised multivariate analysis obtained using orthogonal partial 705 

least square discriminant analysis (OPLS-DA) scores for multivariate analysis of serum samples 706 

collected from the control patients (n=21) and the endometriosis patients (n=46).  707 

The corresponding quality factors were as follows: R2X = 0.13, R2Y = 0.71, and Q2 = 0.33.  708 

The OPLS-DA model was validated with its corresponding p-value of 5.03x10-5 obtained using 709 

CV-ANOVA 710 

 711 

FIGURE 4. Variable importance in projection (VIP) analysis for the multivariate analysis of 712 

serum samples collected from the control patients (n=21) and the endometriosis patients 713 

(n=46). 714 

VIP showing the variables contributing the most to the group discrimination in the OPLS-DA 715 

model. The variables are indicated on the X-axis as the center of the chemical shift of the 716 

corresponding bucket, whereas the Y-axis corresponds to the VIP score, i.e., the weight of each 717 

variable in the group separation. The variables are sorted according to their VIP score, with a 718 

threshold of 1 in order for the variables to be considered statistically relevant. The metabolites 719 

that had increased levels in the endometriosis patients are indicated in black; those that had 720 

reduced levels are indicated in white. 721 

  722 
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FIGURE 5. Boxplots showing the significant differences in the concentrations of metabolites 723 

between the control samples (n=21) and the endometriosis samples according to the 724 

phenotype (OMA, n=23; DIE, n=23). 725 

The results are presented as boxplots showing the difference in the concentrations of 726 

metabolites using one-way ANOVA. Statistically significant differences between pairs of 727 

groups are indicated by an asterisk (* p-value < 0.1, and ** p-value < 0.05). 728 

The data are presented as medians, interquartile ranges, and extremes.  729 

 730 

FIGURE 6. Score plot of the supervised multivariate analysis obtained using orthogonal partial 731 

least square discriminant analysis (OPLS-DA) scores for multivariate analysis of serum samples 732 

collected from the control patients (n=21), the OMA patients (n=23) and the DIE patients 733 

(n=23).  734 

The corresponding quality factors were as follows: R2X = 0.15, R2Y = 0.42, and Q2 = 0.10.  735 

The OPLS-DA model was validated with its corresponding p-value of 3x10-3 obtained using CV-736 

ANOVA.  737 
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FIGURE 7. Schematic representation of the putative metabolic pathways altered in 738 

endometriosis.  739 

 (Top) Oxidative stress resulting in amino acid oxidation, or the activation of the acute phase 740 

proteins synthesis as a response to inflammation, could result in enhanced amino acids 741 

catabolism. 742 

(Bottom) Activation of lipases results in the β-oxidation of lipids, leading to pronounced release 743 

of glycerol and acetyl-CoA, which is then converted into ketone bodies. On the other hand, 744 

whereas ketogenic amino acids such as leucine could also enter the ketone body formation 745 

pathways, glucogenic amino acids could be recruited for the formation of the TCA cycle 746 

intermediates that are substrates of gluconeogenesis, thereby giving rise to glucose. All of  747 

these reactions take place primarily in the liver. 748 
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Note: HIS: histidine; TYR: tyrosine; GLN: glutamine; VAL: valine; THR: threonine; LEU: leucine; 

ILE: isoleucine; GLU: glutamic acid; TYR: tyrosine; FFA: free fatty acid 

 



FIGURE 2.  

   

 

Note: C: control samples; E: endometriosis samples; GLN: glutamine; VAL: valine; THR: 

threonine; HIS: histidine; LEU: leucine; ILE: isoleucine; GLU: glutamic acid ; FFA : free fatty acid 

 



FIGURE 3.  

 

Note: C: control samples; E: endometriosis samples  

 



FIGURE 4.  

 

Note: GLN: glutamine; VAL: valine; THR: threonine; HIS: histidine; LEU: leucine; ILE: isoleucine; 

GLU: glutamic acid; FFA: free fatty acid; TYR: tyrosine; U1: unknown metabolite 1. 

* Results from the univariate analysis using the Student’s t-test (p-value < 0.1) 

** Results from the univariate analysis using the Student’s t-test (p-value < 0.05) 
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Note: C: control samples; OMA: endometrioma samples; DIE: deep infiltrating endometriosis 

samples; HIS: histidine; VAL: valine; GLN: glutamine; THR: threonine; U2: unknown metabolite 

2; FFA: free fatty acid  
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Note: C: control samples; OMA: endometrioma samples; DIE: deep infiltrating endometriosis 

samples 

 



FIGURE 7.  

 

Note: OS: oxidative stress; TCA: tricarboxylic acid cycle 

Large grey arrows indicate the variation in the metabolite concentrations in the endometriosis 

serum samples. 

 




