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Abstract

Endometriosis is a complex disease characterized by inflammation and the growth of endometrial- like glands and stroma 
outside the uterine cavity. The pathophysiology of endometriosis is not entirely understood, however, with a prevalence 
of ~10% of women in their reproductive years, the disease symptoms significantly affect the quality of life of millions 
of women globally. Metabolomic studies have previously identified specific metabolites that could be a signature of 
endometriosis. This approach could potentially be used as a non-invasive tool for early diagnosis and provide a better 
understanding of endometriosis pathophysiology. This review aims to provide insight as to how endometriosis affects the 
metabolome by reviewing different studies that have used this approach to design follow-up studies. The search query 
included the term 'endometriosis' in combination with 'metabolomics', 'lipidomics', or 'sphingolipidomics' published 
between 2012 and 2020. We included studies in humans and animal models. Most studies reported differences in the 
metabolome of subjects with endometriosis in comparison to healthy controls and used samples taken from serum, 
endometrial tissue, follicular fluid, urine, peritoneal fluid, or endometrial fluid. Statistically significant metabolites 
contributed to group separation between patients and healthy controls. Reported metabolites included amino acids, 
lipids, organic acids, and other organic compounds. Differences in methods, analytical techniques, and the presence of 
confounding factors can interfere with results and interpretation of data. Metabolomics seems to be a promising tool for 
identifying significant metabolites in patients with endometriosis. Nonetheless, more investigation is needed in order to 
understand the significance of the study results.

Lay summary

Endometriosis is a chronic disease affecting the quality of life in one out of every ten women during their reproductive 
years, causing pain and infertility. It is characterized by inflammation and growth of tissue like the endometrium (uterus 
lining) outside the uterine cavity. Studies have searched for a predictor of endometriosis-associated changes by observing 
small molecules necessary for metabolism on a large scale (metabolomics). Metabolomics could serve to resolve one of 
the biggest challenges that patients with endometriosis face: a delay in diagnosis. In this review, the authors summarize 
identified potential biomarkers from various bodily fluids and tissues that are characteristic of metabolic processes 
observed in endometriosis. Biomarkers include cell growth, cell survival, high energy demand, oxidative stress, and fatty 
acid levels. A metabolomics approach offers promise as a non-invasive tool to identify significant metabolite changes 
in patients with endometriosis, potentially leading to earlier diagnoses and new opportunities for back-translational 
strategies.
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Introduction

Endometriosis (EMT) is a chronic inflammatory disease 
characterized by the presence of endometrial-like glands 
and stroma that can be present within the peritoneal cavity, 
ovaries, rectovaginal septum, fossa ovarica, uterosacral 
ligaments, and posterior cul-de-sac (Burney & Giudice 
2012, Mehedintu et al. 2014, Zondervan et al. 2020). The 
disease affects women during their reproductive ages 
(Parasar et al. 2017). As reviewed by Parasar et al. (2017), 
some risk factors include earlier age at menarche, shorter 
menstrual cycle, taller height, use of alcohol, and caffeine 
intake. The clinical presentation of endometriosis can 
vary from woman to woman, but symptoms commonly 
reported are dysmenorrhea, dyspareunia, dysuria, 
bleeding in between menstrual cycles, infertility, pelvic 
pain, painful defecation, and gastrointestinal symptoms 
(Sinaii et al. 2008, Mehedintu et al. 2014). Although some 
women are asymptomatic, those who experience these 
chronic symptoms most often suffer from emotional 
distress and reduced quality of life, with high levels of 
stress, anxiety, and depression (Luisi et al. 2015, Appleyard 
et al. 2020). In fact, it has been demonstrated in an animal 
model of endometriosis that stress can exacerbate the size 
and presence of endometriotic lesions (Cuevas et al. 2012, 
Appleyard et  al. 2015). Thus, having the disease may 
create a cycle of emotional distress that will worsen the 
symptoms continuously.

The American Society for Reproductive Medicine has 
classified endometriosis patients within several stages: 
stage I (minimal), stage II (mild), stage III (moderate) 
and stage IV (severe). The classification is based on the 
morphology, number, size, and location of endometriotic 
lesions (American Society for Reproductive Medicine 
1997). Interestingly, there is no association between 
advanced stages and severity of symptoms (Endometriosis 
GIplS 2001, Hassa et  al. 2005, Sinaii et  al. 2008). The 
confirmatory diagnostic tool is a laparoscopic surgery 
with histological analysis of a tissue biopsy. This can be 
complemented by various imaging technologies including 
ultrasound, MRI and CT (Parasar et al. 2017). Nonetheless, 
some patients may have atypical or inconsistent 
symptoms, which delays the diagnosis for approximately 
8 to 11 years (Hadfield et  al. 1996). In addition, the 
cause and mechanisms of endometriosis are not well 
understood. There are several well-accepted theories that 
could potentially explain the etiology of endometriosis 
but have not been confirmed (Sampson 1927, Gruenwald 
1942, Szyllo et al. 2003, Wu & Ho 2003).

In this context, we have seen that many aspects 
of endometriosis, such as understanding the 
pathophysiology, delayed and invasive diagnosis, 
inconsistent clinical presentation, and unknown etiology, 
present a challenge for the scientific and medical 
community which consequently affects patients’ health. 
Several studies have acknowledged these unresolved 
issues by using a metabolomics-based approach to provide 
a better understanding of the pathophysiology and 
potentially mine this information for early diagnosis of 
endometriosis (Dutta et al. 2012, Ghazi et al. 2016, Dutta 
et al. 2018, Li et al. 2018a,b).

Metabolomics is the study of small molecules 
within biofluids or tissues and gives information 
about the physiological state of a cell tissue or biofluid 
(EVAR Workgroup et  al. 2011, Goulidelmos et  al. 2020). 
Different types of samples, such as tissues, urine, blood, 
saliva, bronchial washes, CSF, pancreatic juice, and 
other biofluids, can be utilized (Spratlin et  al. 2009). 
Most of the studies reviewed here used serum, while 
others used endometrial (ectopic or eutopic) tissue, 
follicular fluid, urine, peritoneal fluid, or endometrial 
fluid. The type of sample and the aim of the experiment 
will determine the choice of instrumentation for data 
analysis. The most commonly seen analytical techniques 
in metabolomic studies are NMR and mass spectrometry 
(MS). NMR requires minimal or no sample preparation 
without additional fractionation techniques and offers 
identification of compounds with identical masses and 
those difficult to ionize (reviewed by Markley et al. 2017). 
On the other hand, MS requires tissue preparation and 
is coupled with additional separation techniques such 
as liquid chromatography (LC) or gas chromatography 
(GC) but provides more sensitivity in comparison to 
NMR (reviewed by Klupczyńska et  al. 2015). Despite 
the differences between NMR and MS, both techniques 
are ideal for data acquisition and it has been suggested 
that their combined use may provide a more complete  
picture of the metabolome (reviewed by Bingol & 
Brüschwei 2015).

A metabolomic study generates a large amount of data, 
and once analyzed, the data is subjected to pre-processing 
and pre-treatment steps involving deconvolution, 
alignment, scaling, and normalization (Goodacre et  al. 
2007). This allows the results to be reliable and manageable. 
Investigators commonly employ multivariate analysis 
methods such as principal component analysis (PCA) 
and partial least squares (PLS) to assess metabolomic 
differences between groups (Putri et al. 2013). Moreover, 
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the data is further analyzed by additional statistical 
analysis, and metabolites can be identified by the use of 
online databases such as the Human Metabolome Database 
(HMDB) (Wishart et al. 2007, 2009). Once biomarkers are 
identified, metabolic pathway analysis can be applied to 
gain biological understanding and relate the potential 
role of specific metabolites to disease pathophysiology 
(Klupczyńska et al. 2015).

This technique has gained interest in the potential 
identification of key metabolites within mechanistic 
pathways that play a significant role in the pathophysiology 
of endometriosis (reviewed by Yang et al. 2017). It has also 
been considered as a potential diagnostic tool because of its 
usefulness to monitor disease progression and to distinguish 
between diseased and healthy subjects using a minimally 
invasive approach (Nicholson & Lindon 2008). This review 
article aims to provide insight about how endometriosis 
affects the metabolome by reviewing studies that have 
used this novel approach. We present potential biomarkers 
of endometriosis that have been found in several studies, 
discuss the limitations of metabolomic studies, and provide 
perspectives for back-translational strategies that could be 
used in animal models of endometriosis.

Methods

Information sources and search strategy

To search for articles, we used the electronic database 
PubMed and Google Scholar. The search query included 
the following keywords: (1) 'endometriosis' AND 
'metabolomics', (2) 'endometriosis' AND 'sphingolipidomics' 
and (3) 'endometriosis' AND 'lipidomics'.

Selection process and data collection

Inclusion criteria: articles must have been published from 
January 1, 2012 to May 31, 2020, inclusive. The studies 
were selected based on the research question: 'What is the 
impact of endometriosis on the metabolome?'. Therefore, 
articles must have used metabolomics and spectroscopy 
techniques to identify changes in the metabolome and 
determine significant metabolites in patients or animal 
models with endometriosis compared to controls.

Exclusion criteria: articles were excluded if they were 
published in a language other than English, were purely 
methodological articles with no results or did not explicitly 
identify the metabolites. Review articles were also excluded.

Data collection: the first reviewer (CNO) identified the 
manuscripts in the databases and screened them, applying 

the inclusion and exclusion criteria systematically. Once 
the manuscript passed screening, the variables of interest 
were collected in a tabular format.

Quality assessment

The second reviewer (ATR) used the Newcastle–Ottawa 
Assessment Scale (Wells et  al. 2013) for measuring the 
quality of cohort or case-control studies selected by the 
first author. This scale assigns a maximum of five stars 
in three different categories (Supplementary Table 1, see 
section on supplementary materials given at the end of 
this article). Since animal studies were also included, 
the Animal Research: Reporting of In Vivo Experiments 
guidelines 2.0 (ARRIVE) were utilized to measure the 
quality of the included studies (Percie du Sert et al. 2020). 
ARRIVE is a checklist of ten items for which we assigned 
a value of one if a specific criterion was met and a zero 
if it was not. In each case, the instructions provided by 
each assessment scale were strictly followed and the total 
number of points for each manuscript were reported in 
the corresponding table.

Results and discussion

The selection process of articles is summarized in Fig. 1. The 
first search generated a total of 39 studies in PubMed, from 
which 19 were selected to review. The other 20 studies were 
eliminated because they were review articles, endometrial 
cancer studies, studies regarding pregnancy outcome 
and infertility, did not present specific identification of 
metabolites, or assessed the performance of different high-
resolution techniques for endometriosis foci differentiation. 
The second search resulted in one study. The third search 
generated eight studies from which two studies were 
selected, three overlapped with the first search, and three 
were eliminated because they were article reviews, analysis 
of an alternative treatment for endometriosis, and another 
assessment of high-resolution techniques. Google Scholar 
searches overlapped with studies already identified in 
PubMed. A total of 19 human studies and 3 animal studies 
were thus included in this review.

General findings of endometriosis-metabolomic  
studies

Our main objective was to find articles demonstrating 
the impact of endometriosis on the metabolome. The 
articles selected are listed in Table 1 (human studies) and  
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Table 2 (animal models). Overall, the main focus of 
most studies we reviewed was to determine significant 
metabolites that distinguish endometriosis patients 
from healthy controls with the aim of having a better 
understanding of the pathophysiology. Also, some 
articles proposed panels of metabolites that could be 
useful for early detection of the disease. In general, 
all studies demonstrated group separation between 
endometriosis subjects and healthy controls. This was 
seen across all experiments and demonstrates that 
endometriosis undoubtedly affects the metabolome. 
However, there are still some challenges and a lack of 
consensus about what these differences in results could 
mean, and what could be the most representative panel 
of metabolites for the different stages of endometriosis. 
To facilitate the presentation of the findings, we prepared 
Tables 3, 4, 5 and 6 to visualize statistically significant 
metabolites identified throughout the manuscripts. We 
include the nature of the molecule, levels in comparison 
to healthy controls, sample source, association to stages 
of endometriosis (if applicable), and references. The 
following sections of this review discuss how altered 
levels of amino acids, lipids, organic acids, and other 
compounds reported in endometriosis samples may 
be associated with disease pathophysiology. Since the 
number of animal studies was limited, a summary of their 
findings and discussion of how these relate to human 
studies are presented separately.

Amino acids
Researchers were able to identify altered levels of amino 
acids in tissue (eutopic endometrium) (Dutta et al. 2018, 
Li et  al. 2018a), serum (Dutta et  al. 2012, 2018, Jana 
et  al. 2013, Vicente-Muñoz et  al. 2016), follicular fluid 
(Marianna et  al. 2017, Castiglione Morell et  al. 2019, 
Karaer et  al. 2019), urine (Vicente-Muñoz et  al. 2015) 
and endometrial fluid (Domínguez et al. 2017) of human 
subjects with endometriosis. Statistically significant 
amino acids are listed in Table 3. In comparison to other 
types of compounds, there seems to be more discrepancy 
between the levels of amino acids. For example, in two 
experiments, Dutta et al. (2012, 2018) reported increased 
serum levels of leucine in patients with EMT, while Jana 
et  al. (2013) demonstrated decreased levels. We noted 
that Dutta  et al. collected the samples in women during 
their mid-secretory and secretory phases (part of the luteal 
phase) whereas Jana   et al. collected samples during the 
follicular phase. The metabolome is a dynamic system 
and is susceptible to environmental and genetic changes 
(Johnson & Gonzalez 2012); thus, hormonal variations 
throughout the menstrual cycle phases could have 
implications on the levels of amino acids. For instance, 
one of the studies that used urine samples from patients 
with EMT determined metabolite differences between the 
follicular phase and luteal phase, but also demonstrated 
that regardless of the menstrual cycle phase, three 
metabolites (taurine, unknown metabolite U2, and lysine) 

Figure 1 Summary of the selection process of 
articles selected to review.
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were significantly altered (Vicente-Muñoz et al. 2015). In 
addition, it has been recognized that one of the significant 
challenges in metabolomics is the non-standardization 
of methods and analysis of results (Johnson & Gonzalez 
2012, reviewed by Klupczyńska et  al. 2015), which 
could account for the variety of products found in the 
experiments overall.

Nonetheless, there is substantial evidence that 
demonstrates statistically significant differences between 
EMT and healthy controls. These findings are essential to 
explain some aspects of disease progression. The altered 
levels of amino acids potentially explain tissue injury 
repair mechanisms in endometriosis (Leyendecker et  al. 
2009) and increased energy demand of proliferative 
endometrial cells (Bahtiyar et al. 1998). Dutta et al. (2018) 
state that 'the catabolic state induced in response to 
injury in endometriosis leads to increased breakdown of 
endogenous protein and release of free amino acids in 
circulation.at' This statement is in agreement with their 
study, where they found an inverse relationship of amino 
acid levels between tissue and serum (Table 3) (Dutta 
et al. 2018). The many similarities of endometrial cells to 
neoplastic cells, such as high proliferation, angiogenesis, 
anti-apoptosis, and cell invasion have been extensively 
recognized in the literature (Varma et al. 2004, Anglesio 
et  al. 2017). All of these characteristics require a high 
catabolic state from which amino acids could be serving 
as an important supply since they can be interconverted 
to the TCA cycle intermediates and support energy 
requirements for fast-growing endometrial cells (Jana 
et al. 2013, Li et al. 2018a). In addition, several authors 

conducted pathway analysis on their data, and their 
results suggest an imbalance in the metabolism of several 
amino acids (Dutta et al. 2012, Jana et al. 2013, Marianna 
et al. 2017).

Lipids
Characteristic lipid profiles have been identified in tissue 
(Adamyan et  al. 2018, Li et  al. 2018b), serum (Vouk 
2012), follicular fluid (Cordeiro et  al. 2015, Marianna 
et  al. 2017, Sun et  al. 2018), peritoneal fluid (Vouk 
et  al. 2016) and endometrial fluid of human subjects 
with EMT. Statistically significant lipids are illustrated 
in Table 4. Li et  al. (2018b) identified increased levels 
of lysophosphatidylethanolamine (LysoPE), omega-3 
arachidonic acid, and phosphatidic acid (PA), whereas 
decreased levels of phosphatidylcholine (PC) and 
phosphatidylserine (PS) were observed in eutopic 
endometrium. The function of some of these lipids is 
in parallel with some known aspects of endometriosis 
pathophysiology. For example, PA is a phospholipid known 
for its diverse involvement in cellular processes such as 
'cell proliferation, cell survival, cell transformation, tumor 
progression, and differentiation' (Wang et al. 2006, O’Neil 
et al. 2009). As mentioned earlier, these functions are seen 
in cancer cells as well as endometrial cells. We could infer 
that PA may be a chief mediator for cell transformation, 
survival, and proliferation of endometriotic cells outside 
the uterine cavity. In addition, PA stimulates oxidative 
burst leading to the production of reactive oxygen species 
(ROS) (Wang et al. 2006). This correlates with Jana et al. 
(2013) and others where they reported lower expression 

Table 2 Characteristics of endometriosis metabolomic studies with animal models.

Reference Animal model Country Main findings
Quality 
score

Atkins et al. 
(2019)

Non-human primate 
(NHP) model:

Spontaneous 
endometriosis in 
Macaca fascicularis 
and M. mulatta

USA Endometriotic lesions and endometrium from NHPs with endometriosis 
showed decreased mitochondrial respiration in comparison to  
healthy controls.

8

Significant metabolites identified in endometriosis lesions and 
endometrium from NHPs with endometriosis include decreased 
carnitine, creatine phosphate, NADH, malic acid, FAD and tryptophan. 

Pathway analysis of significant metabolites were mapped to tryptophan 
and nitrogen metabolism.

Dutta et al. 
(2016)

Mouse model:
homologous 

C57BL/6J using 
syngeneic donor

India Endometriosis samples evidenced dysregulation of lipids such as 
phosphatidylcholines, sphingomyelins, phosphatidylethanolamines  
and triglycerides.

5

Mice with induced endometriosis also demonstrated altered ratio of 
phosphatidylcholine/phosphatidylethanolamine.

Ni et al. 
(2020)

Mouse model: 
homologous 
C57BL/6J using 
syngeneic donor

China Endometriosis group demonstrated decreased diversity and richness of 
bacteria in comparison to the control.

6

Significant metabolites that contributed to differences in the fecal 
metabolome between groups include ALA, CDCA, UDCA and  
12,13-EOTrE.
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of antioxidative enzymes such as superoxide dismutase 
(SOD) and catalase and thus, higher production of ROS 
in the serum of women with EMT (Murphy et al. 1998, 
Shanti et al. 1999).

Some authors reported altered levels of 
phosphocholine and phosphatidylcholine in tissue 
(Adamyan et  al. 2018, Li et  al. 2018b), follicular fluid 
(Cordeiro et  al. 2015, Marianna et  al. 2017), and 
peritoneal fluid (Vouk et al. 2016). These terms are used 
interchangeably, but in reality, phosphocholine is an 
intermediate during the synthesis of phosphatidylcholine, 
the most abundant phospholipid in mammalian cells. PC 
has been recognized as a biomarker of cell proliferation in 
malignant tumors, including breast cancer (Eliyahu et al. 
2007). Interestingly, PC is a source for the production 
of sphingomyelins (SMs) and prostaglandins. SMs have 
been identified in tissue (Adamyan et al. 2018), follicular 
fluid (Vouk et al. 2012) and peritoneal fluid (Vouk et al. 
2016) and may be involved in the process of denervation 
and subsequent re-innervation in endometriosis and cell 
survival (Vouk et al. 2012, Cordeiro et al. 2015). Overall, 
the functions of most lipids reported by researchers are 
related to endometrial cell pathophysiology, but as in 
the case of amino acids, the methodology, statistics, and 
environmental factors from each experiment should 
be considered. Nonetheless, lipidomics demonstrates 
excellent potential for the explanation of mechanistic 
pathways involved in endometriosis.

Organic acids
Organic acids are illustrated in Table 5. Statistically 
significant changes between controls and women with 
EMT were identified in tissue (Dutta et al. 2018, Li et al. 
2018a), serum (Dutta et al. 2012, Jana et al. 2013), follicular 
fluid (Marianna et al. 2017, Castiglione Morell et al. 2019, 
Karaer et al. 2019) and urine (Vicente-Muñoz et al. 2015). 
We have already discussed how endometriosis resembles 
cancer cells and how altered levels of amino acids could 
explain the high energy demand of endometrial cells. In 
this context, several authors have reported increased levels 
of organic acids supporting the idea of increased energy 
metabolism in endometriosis (Dutta et al. 2012, Jana et al. 
2013, Marianna et  al. 2017, Karaer et  al. 2019). Organic 
acids such as pyruvate, succinate, and citrate are important 
intermediates of the TCA cycle, and some have been 
reported to be elevated in serum (Dutta et al. 2012, Jana et al. 
2013) and follicular fluid (Castiglione Morell et al. 2019, 
Karaer et al. 2019). This could indicate an upregulation of 
the TCA cycle for the generation of ATP to supply the rapid 
proliferation of endometrial cells (Jana et al. 2013). On the Ta
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other hand, researchers have found lower levels of glucose 
(Dutta et al. 2012, Jana et al. 2013, Marianna et al. 2017) 
and higher levels of lactate (Dutta et al. 2012, Jana et al. 

2013, Marianna et al. 2017, Castiglione Morell et al. 2019, 
Karaer et al. 2019) in subjects with EMT which indicates 
high anaerobic metabolism, a phenomenon known as 

Table 4 Summary of lipids identified as potential biomarkers from human subjects with endometriosis.

Lipids Tissue† Serum Follicular fluid Peritoneal fluid Endometrial fluid

Choline ↓Marianna et al. 
(2017)*#

Ceramides ↓Domínguez  
et al. (2017)

Lysophosphatidylethanolanime ↑Li et al. (2018a)*
Lysophosphocholine ↑Sun et al. (2018)
Omega-3 arachidonic acid ↑Li et al. (2018a)*
Phosphatidic acid ↑Li et al. (2018b)*
Phosphatidylcholines ↓Li et al. (2018b)*

↑Adamyan  
et al. (2018)‡

↑Cordeiro et al. 
(2015)#

↓Vouk et al. 
(2016)

Phosphocholine ↓Marianna 
et al. (2017)*#

Phytosphingosine ↓Sun et al. (2018)
Plasmanylcholine, plasmenycholines ↑Vouk et al. 

(2012)
Phosphatidylethanolamine ↑Adamyan  

et al. (2018)‡

Phosphatidylserine ↓Li et al. (2018b)*
Sphingomyelins ↑Adamyan et al. 

(2018)‡
↑Vouk et al. 

(2012)
↓Vouk et al. 

(2016)
↓Domínguez  

et al. (2017)
Sphingolipids ↑Cordeiro et al. 

(2015)#

Glucosylceramide ↑Lee et al. 
(2014)#

↑Lee et al. 
(2014)#

Unsaturated lipids ↑Castiglione et al. 
(2019)

†Ectopic or eutopic endometrium; *I–II (mild-minimal) stages of EMT; #III–IV (advanced) stages of EMT; ‡Particularly elevated in endometriotic lesions 
(ectopic) compared to healthy endometrium (eutopic) in patients with endometriosis; ↑, significantly increased in comparison to controls; ↓, significantly 
decreased in comparison to controls.

Table 5 Summary of organic acids identified as potential biomarkers from human subjects with endometriosis.

Organic acids Tissue† Serum Follicular fluid Urine

2-hydroxybutyrate ↑Dutta et al. (2012)*, 
Jana et al. (2013)

2-hydroxyisovalerate ↑Vicente-Muñoz et al. (2015)
3-hydroxybutyrate ↑Dutta et al. (2012)*
β-hydroxybutyrate ↓Castiglione et al. (2019)
Acetate ↓Castiglione et al. (2019)
Adipic acid ↑Jana et al. (2013)
Citric acid ↑Jana et al. (2013) ↓Castiglione et al. (2019)
Formate ↓Dutta et al. (2018)#

Lactate ↑Dutta et al. (2012)*, 
Jana et al. (2013)

↑Karaer et al. (2019), Marianna 
et al. (2017)*#, Castiglione 
et al. (2019)

Pyruvate ↑Jana et al. (2013) ↑Karaer et al. (2019)
Succinate ↑Dutta et al. (2012)*, 

Jana et al. (2013)
Taurine ↑Dutta et al. (2018)# ↑Vicente-Muñoz et al. (2015)
Uric acid ↓Li et al. (2018a)*

†Ectopic or eutopic endometrium; *I–II (mild-minimal) stages of EMT; #III–IV (advanced) stages of EMT; ↑, significantly increased in comparison to controls; 
↓, significantly decreased in comparison to controls.
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the 'Warburg effect' in cancer cells (Young et  al. 2014). 
Moreover, Jana et  al. (2013) suggest that impairments 
in glucose metabolism and mitochondrial respiration 
could be a potential source of ROS. As previously said, 
antioxidative enzymes were downregulated in patients 
with endometriosis (Jana et  al. 2013). Specifically, 
insufficient levels of reduced glutathione (GSH) lead to 
opthalmate synthesis from which 2-hydroxybutyrate is a 
byproduct (Fong et al. 2011, Dutta et al. 2012, Jana et al. 
2013). This byproduct was found to be elevated in the 
serum of patients (Dutta et al. 2012, Jana et al. 2013), which 
correlates ROS to the process of chronic inflammation and 
tissue damage in endometriosis.

Other compounds
Compounds such as hormones, sugars, amino acid 
derivatives, nucleosides, purine derivatives or choline-
containing compounds are included in Table 6. These 
were identified in tissue (Dutta et al. 2018, Li et al. 2018a), 
serum (Dutta et al. 2012, Jana et al. 2013, Ghazi et al. 2016, 
Letsiou et al. 2017, Vicente-Muñoz et al. 2016), follicular 
fluid (Marianna et  al. 2017, Karaer et  al. 2019), urine 
(Vicente-Muñoz et  al. 2015) and peritoneal fluid (Vouk 
et  al. 2016). A metabolite of interest is taurine, which 
has been associated to high proliferation and cell density 
(Jong et al. 2012, Vicente-Muñoz et al. 2015, Dutta et al. 
2018). In addition, high concentrations have been found 
in some tumors (Chan et al. 2009, Srivastava et al. 2010, 
Taherizadeh et al. 2017), which follows the analogy of EMT 
with neoplasms (Vicente-Muñoz et al. 2015, Dutta et al. 
2018). On the other hand, taurine acts as an antioxidant 
and has been found to be elevated in sites with high 
oxidative stress (reviewed by Marcinkiewicz & Kontny 
2014). We have already mentioned that endometriosis 
is characterized by high concentrations of ROS, thus 
elevated levels of taurine may be playing a role in reducing 
high oxidative stress conditions (Jeon et al. 2009, Oliveira 
et al. 2010). In the same manner, Ghazi et al. (2016) found 
elevated levels of 2-methoxyestradiol, a compound that 
has gained interest for the treatment of cancer since it 
has been demonstrated to inhibit angiogenesis and cell 
proliferation (reviewed by Pribluda et al. 2000). As in the 
case of taurine, elevated levels of 2-methoxyestradiol 
could be serving a protecting role to prevent angiogenesis 
and proliferation of endometrial cells.

One of the enzymes that participates in purine salvage 
reactions is purine nucleoside phosphorylase (PNP). It has 
been demonstrated that PNP is teratogenic or lethal to 
the embryo when it is pharmacologically inhibited (Witte 
et al. 1991). Li et al. (2018a) suggest an impairment of PNP 

due to the presence of high concentrations of guanosine, 
hypoxanthine, inosine, and xanthosine in combination 
with low levels of uric acid in eutopic endometrium 
of patients with EMT. Additionally, Kao et  al. (2003) 
demonstrated low expression of PNP in patients with 
EMT, leading to the conclusion that purine salvage is 
impaired in EMT and may cause implantation failure. 
The latter statement could explain the altered levels of 
purine metabolites reported by Li et al. 2018a) and may 
relate to the high prevalence of infertility seen in women 
with endometriosis. Another compound contributing 
to differences between EMT and healthy controls is 
glycerophosphocholine or glycerophosphatidylcholine 
(GPC) (Dutta et al. 2012, Jana et al. 2013, Vicente-Muñoz 
et al. 2015, 2016). GPC is the product of phospholipase 
A1 and A2 (PLA2), an enzyme found to be increased in 
ectopic endometrium from EMT patients (Sano et al. 1994). 
Interestingly, secretory PLA2 has been demonstrated as 
a stimulator of vascular endothelial migration, which 
suggests its potential role in angiogenesis (Rizzo et  al. 
2000), a process characteristic of endometriotic implants.

Findings in animal models
We noticed that studies using animal models of 
endometriosis and metabolomics are limited. From 
the search engine, we found only three studies, a 
macaque nonhuman primate model with spontaneous 
endometriosis and two homologous mouse models where 
minced endometrial tissue was injected from syngeneic 
donor mice (Table 2). The nonhuman primate model 
(Macaca fascicularis and M. mulatta) by Atkins et al. (2019) 
demonstrated decreased mitochondrial respiration and 
tissue metabolism in endometrium and endometriosis 
tissue in comparison to controls. They suggested two 
possible explanations: mitochondrial damage by ROS 
from hemoglobin oxidation, inflammatory cells, and 
electron transport chain or a shift to anaerobic glycolysis 
to meet the increased energy demands of endometriosis 
tissue. The second explanation must be supported by 
further investigation since an increase in lactic acid was 
not identified. Additionally, they reported decreased 
levels of tryptophan and metabolites involved in its 
biosynthesis. This amino acid has not been identified in 
other studies we have mentioned but might be important 
since it is thought that its catabolism may be involved in 
the immune tolerance of endometriosis implants (Urata 
et al. 2014).

Atkins et  al. (2019) also identified significantly 
decreased levels of carnitine, which was also reported 
in peritoneal fluid (Vouk et  al. 2016) of women with 
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endometriosis (Table 6). L-carnitine (LC) is thought to be 
beneficial for infertility management (Dunning & Robker 
2012) through its antioxidative effects (Dokmeci 2005). 
For instance, in a study of patients with polycystic ovarian 
syndrome (PCOS), LC supplementation improved total 
antioxidant capacity (TAC), decreased lipid peroxidation, 
and enhanced general and mental health parameters 
(Jamilian et al. 2017). Such parameters have been found 
to be affected in endometriosis patients, suggesting that 
supplementation of LC could also be beneficial for the 
treatment of endometriosis. However, as reviewed by 
Agarwal et al. (2018), the effect of LC on endometriosis is 
still not well understood since contradictory results have 
been found. Despite this, altered carnitine levels and its 
function should be further investigated to understand the 
relationship between endometriosis, high oxidative stress, 
and infertility.

The homologous mouse model using female c57BL/6J 
mice by Dutta et al. (2016) demonstrated dysregulation of 
lipids such as phosphatidylcholines, sphingomyelins, and 
phosphatidylethanolamines in the serum of mice with the 
induced endometriosis. Specifically, sphingomyelin may 
be involved in cell cycle progression and proliferation 
since a study with rats demonstrated that inhibition 
of SM synthesis prevented G1 to S phase transition in 
uterine epithelial cells (Cerbón et  al. 2018). Moreover, 
sphingolipid metabolism has been reported to be altered 
in women with endometriosis, and sphingomyelin may be 
a source of ceramide for the synthesis of glucosylceramide 
(GlcCer) (Lee et  al. 2014). GlcCer has been reported 
to increase in serum and peritoneal fluid of women 
with endometriosis and is thought to be an important 
mediator of enhanced cell proliferation (Lee et al. 2014). 
As previously mentioned, PC is used as a biomarker 
for cell proliferation in cancer cells and is a source for 
sphingomyelin and prostaglandin synthesis.

The other study using the homologous c57BL/6J 
mouse model is particularly distinctive from the rest of 
the studies reviewed since it correlates fecal metabolomics 
and gut microbiota in mice with endometriosis. Ni 
et  al. (2020) reported decreased diversity and richness 
of bacteria in an endometriosis group and significant 
differences in species composition between the disease 
group and control. In terms of metabolites, alpha-linoleic 
acid (ALA), chenodeoxycholic (CDCA), ursodeoxycholic 
acid (UDCA) and 12,13s-epoxy-9z,11,15z-octadecatrienoic 
acid (12,13-EOTrE) contributed most to differences in 
fecal metabolome. Ni et  al. (2020) suggest that CDCA, 
UDCA, and ALA have a protective role in the intestinal 
wall because of their anti-inflammatory effects (Paula 

et al. 2018, Ko et al. 2019, Song et al. 2019), while 12,13-
EOTrE may be related to inflammation and serve as 
a potential biomarker of endometriosis. Despite such 
findings, further studies are necessary to understand the 
correlation between endometriosis and these compounds 
(Ni et al. 2020).

Limitations of the studies

There is no doubt that endometriosis causes changes in 
the metabolome, but, as mentioned earlier, metabolomic 
studies may present challenges in the methodology 
and interpretation of results and the possibility of bias 
in metabolite identification. One of the limitations 
to interpretation as to the clinical significance of any 
identified metabolites assumes, in part, that all of the 
studies are comparable in study design. The majority of 
the studies included in this review were in the upper half 
of quality scoring for the Newcastle–Ottawa assessment 
scale suggesting that most studies had comparable criteria 
for study design and outcomes, regardless, inclusion 
of some of the studies based on this assumption might 
contribute to contradictory results. Further, every 
study uses a different approach for sample extraction, 
which can influence the type of metabolites identified, 
adding a source of variability from the beginning. Also, 
different studies employed various types of spectroscopy 
(NMR or MS) and other chromatographic techniques, 
all of which can factor in to influence which specific 
compounds are ultimately identified. Equally important, 
investigators used different statistical analytical programs 
for result interpretation. All of these aspects can affect 
the outcome of the experiments and thus limit the 
application of metabolomics to a clinical setting. Most 
studies propose the use of metabolomics as a tool for early 
diagnosis of endometriosis; therefore, 'establishment 
of commonly accepted standardized protocols in the 
range of methodology, data mining and data reporting 
is necessary' (Klupczyńska et  al. 2015). Nonetheless, 
metabolomics may be an excellent candidate for the 
diagnosis of endometriosis since metabolites can be 
readily measured on semi-invasive samples such as blood 
and urine. This could resolve one of the major challenges 
with endometriosis by avoiding the use of laparoscopic 
surgery for diagnosis.

Another common limitation in the studies we 
reviewed is the small sample size and the use of invasive 
samples such as tissue and follicular fluid. The small 
sample size is to be expected since participants were 
human subjects and due to exclusion and inclusion 
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criteria. The use of tissue involves the use of a biopsy, 
which is less invasive than laparoscopic surgery but still 
more invasive than other types of samples employed. 
Moreover, the acquisition of follicular fluid involves the 
use of in vitro fertilization (IVF), which also represents an 
invasive measure. Additionally, IVF treatment requires 
hormonal supplementation, adding a confounding factor 
that may interfere with metabolite composition.

Other confounding factors noted throughout the 
studies included here were differences in menstrual cycle 
phases, age, BMI, nutrition, medications, diseases, and 
lifestyle. Earlier, we pointed out the discrepancy between 
amino acid levels in samples and explained that a factor 
contributing to these differences might be related to the 
menstrual cycle phase. For that reason, there should be 
a consensus regarding in which phase samples should 
be taken. Another option is to collect samples with 
a balanced representation of menstrual cycle phases 
for comparative purposes. Most studies included in 
their inclusion criteria were age, BMI, and hormonal 
medication, but some authors did not take these factors 
into consideration. Lastly, lifestyle was almost never 
considered in the majority of studies, which also acts as 
a confounding factor because nutrition, exercise, stress, 
or environmental factors, in general, could also have 
an impact on the metabolome. Certainly, lifestyle is 
difficult or even impossible to control and may represent 
one of the most challenging confounding factors in  
human studies.

Further investigation is needed

We have summarized some of the most important 
metabolites identified through several metabolomic 
studies and their association with the pathophysiology 
of endometriosis. As mentioned earlier, there are factors 
and limitations that must be considered. However, a 
metabolomic-based approach seems to be promising 
since many metabolites relate to some of the cellular 
processes that have been studied in endometriosis, such 
as endometrial cell proliferation, cell survival, and high 
oxidative stress. We found that metabolic studies in animal 
models or endometriosis are very limited. Nonetheless, 
the three animal studies we reviewed are in parallel 
with human studies. Dutta et al. (2016) and Atkins et al. 
(2019) have demonstrated significant differences between 
endometriosis and healthy controls and have reported 
important metabolites implicated in cell proliferation, 

cell survival, oxidative stress, altered mitochondrial 
function, high energy demand, and lipid dysregulation. 
On the other hand, Ni et al. (2020) provided insight into 
understanding gastrointestinal symptoms commonly 
experienced by women with endometriosis. The study 
of the fecal metabolome in subjects with endometriosis 
is of relevance because it has been documented that 
women with endometriosis experience more abdominal 
pain, constipation, the urgency to defecate, bloating, and 
flatulence in comparison to healthy patients (Ek et  al. 
2015).

Despite the fact that studies with animals were limited, 
we suggest that further investigations in animal models of 
endometriosis could provide valuable information since 
many confounding factors such as diet, exercise, stress 
levels, environmental factors, and age can be controlled 
and standardized. Also, an animal model could allow for 
increased sampling, which is one of the limitations in 
research with human studies. Even though rodents do not 
have a menstrual cycle phase identical to humans, these 
models exhibit similar signs and symptoms experienced 
by human subjects, such as reduced fertility and increased 
vaginal hyperalgesia (reviewed by Grümmer 2006). In 
addition, as reviewed recently by Appleyard et al. (2020), 
endometriotic lesions of the rat auto-transplantation 
model show similar histology, global gene expression 
profile, and increased cellular and molecular mechanisms 
to those of human disease, making this an ideal study 
subject to identify metabolomic changes caused by 
endometriosis. Therefore, we propose, that in addition 
to more clinical studies with larger sample sizes and 
tighter restrictions, future investigations with animal 
models are also warranted. This approach could eliminate 
some of the limitations presented in human studies 
allowing investigation of more samples within the same 
experiment. For example, from each animal, we can 
sample various tissues and fluids (e.g. endometrial tissue, 
peritoneal fluid, endometrial fluid, blood, urine, feces) 
and investigate the relationship between the levels of 
metabolites within each sample. Also, we can study the 
effect of environmental factors such as diet and stressors 
on the metabolome in animal models of endometriosis. 
This way, we can investigate how endometriosis and 
other environmental factors affect the metabolome 
globally within an individual organism, which can then 
be extrapolated to human studies and provide insight 
into the potential use of metabolomics in personalized 
medicine.
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Conclusion

Researchers have recently been using a metabolomics-
based approach to demonstrate differences between 
endometriosis patients and healthy controls. Statistically 
significant metabolites such as amino acids, lipids, organic 
acids, and other biological compounds have contributed 
to group separation. Metabolomics has caught the 
interest of researchers as a new tool to understand the 
pathophysiology of diseases with unknown etiology. 
However, several limitations and confounding factors 
persist within the studies. In addition to larger clinical 
studies with tighter restrictions, we suggest that more 
animal studies are needed to overcome some of the 
identified limitations presented here and pinpoint the 
metabolites with the highest predictive likelihood for 
diagnosis and prognosis of endometriosis.
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