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The sensitivity and specificity of clinical diagnostic indicators and non-invasive diagnostic

methods for endometriosis at early stage is not optimal. Previous studies demonstrated

that abnormal lipid metabolism was involved in the pathological development of

endometriosis. Our cross-sectional study included 21 patients with laparoscopically

confirmed endometriosis at stage I–II and 20 infertile women who underwent

diagnostic laparoscopy combined with hysteroscopy from January 2014 to January

2015. Eutopic endometrium was collected by pipelle endometrial biopsy. Lipid

metabolites were quantified by ultra-high performance liquid chromatography coupled

with electrospray ionization high-resolution mass spectrometry (UHPLC-ESI-HRMS).

Lipid profiles of endometriosis patients at early stage (I–II) was characterized by a

decreased concentration of phosphatidylcholine (18:1/22:6), (20:1/14:1), (20:3/20:4),

and phosphatidylserine (20:3/23:1) and an increased concentration of phosphatidic

acid (25:5/22:6) compared with control. The synthesized predicting strategy with

5 biomarkers has a specificity of 75.0% and a sensitivity of 90.5%. Lipid

profile of eutopic endometrium in endometriosis was effectively characterized by

UHPLC-ESI-HRMS-based metabolomics. Our study demonstrated the alteration of

phosphatidic acid, phosphatidylcholine, phosphatidylserine metabolites in endometriosis

and provided potential biomarkers for semi-invasive diagnose of endometriosis at early

stage.

Keywords: endometriosis, lipid profiling, UHPLC-ESI-HRMS, eutopic endometrium, early diagnosis

INTRODUCTION

The prevalence of endometriosis is estimated as 2–10% in the general female population and up
to 40% in women with subfertility (Eskenazi and Warner, 1997; Ozkan et al., 2008; Dunselman
et al., 2014), which significantly compromises quality of life in women and adolescents and
causes a substantial societal economic burden (Gao et al., 2006; Nnoaham et al., 2011; Soliman
et al., 2016). Currently, diagnosis of endometriosis is extremely challengeable due to similar
symptoms to other gynecological and gastrointestinal diseases. Since endometriosis at early stage
lacks specific imaging features, the reliable way to diagnose endometriosis, especially at early
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stage, is surgical laparoscopy. As the common diagnostic
indicator, cancer antigen 125 (CA125) has been shown to be
more beneficial for diagnosing advanced stages (III–IV) than
stages I and II (Hirsch et al., 2016). Therefore, diagnosis of
endometriosis is typically delayed up to 8–10 years from the
initial appearance of symptoms (Greene et al., 2009; Nnoaham
et al., 2011; Hudelist et al., 2012). It is urgent to development
novel diagnostic biomarkers and non-invasive methods for
endometriosis diagnosis. In this study, we investigated alterations
of lipid profile in eutopic endometrium of endometriosis patients
at stage I–II by ultra-high performance liquid chromatography
coupled with electrospray ionization high-resolution mass
spectrometry (UHPLC-ESI-HRMS)-based metabolomics, which
provided potential markers for early diagnosis of this disease.

MATERIALS AND METHODS

Study Design and Sample Source
A cross-sectional study was performed on stored samples
prospectively collected from women who participated in a
previous metabonomic study. Participants were recruited from
Reproductive Medicine Research Center, Sixth Hospital of
Sun Yat-sen University from June 2014 to January 2015,
who underwent diagnostic laparoscopy and hysteroscopy for
infertility. This study was approved by institutional review
board from sixth Hospital of Sun Yat-sen University, and
written informed consent was taken from all participants
(approval number: G2012021). All participants had regular
menstrual cycles (28 ± 7 days) without hormonal treatment
in 3 months prior to sample collection. Women laparoscopic
and hysteroscopic diagnosed with endometriosis at stage I–II
were further visually confirmed the presence of endometriosis
according to American Society of Reproductive Medicine revised
system (American Society for Reproductive Medicine, 1997).
Patients who were diagnosed as endometriosis by transvaginal
ultrasonography or had the history of abnormally increased
CA125 previously were excluded from this study. Endometrial
polyp, endometritis, submucous myoma, and hydrosalpinx were
also excluded. Eutopic endometrium samples were collected by
pipelle endometrial biopsy on day 3–5 after the end of menstrual
bleeding during laparoscopy and hysteroscopy or within 3
months after surgery.

Sample Preparation for Lipidomics
Endometrial tissues were obtained from 20 infertile women
(Control) and 21 women with endometriosis. Lipids extraction
was performed according to methyl-tert-butyl ether (MTBE)
method (Matyash et al., 2008). 0.01 g endometrium samples were
thawed and then homogenized in 200 µL PBS using Precellys 24
homogenizer (Bertin, France). Then 150 µL of homogenate was
added to 1.2mL chilled mixture of methanol/MTBE/water (4:5:5,
v/v/v). Samples were incubated on ice for 1 h and vortexed for
1min every 15min. Following centrifugation (2,000 rpm, 5min),
200 µL supernatant of each sample was transferred to new tubes
and dried under nitrogen flow at room temperature. Samples
were re-suspended in 500 µL mixture of methanol/isopropanol
(1:1, v/v) and centrifuged at 18,000× g for 5min at 4◦C Finally, 2

µL of supernatant was injected for UHPLC-ESI-HRMS (Thermo
Scientific, San Jose, CA) analysis. Three microliter of each sample
was mixed to be quality control (QC) samples (Zhang et al.,
2017).

UHPLC-ESI-HRMS Measurement of
Endometrial Tissues
Samples were separated using an Ascentis Express C18 2.7µm
column (100 × 2.1mm, Sigma-Aldrich, St. Louis, MO) on a
Thermo Scientific Dionex Ultimate 3000 UHPLC system. Flow
rate was 0.3 mL/min while column temperature was 45◦C. The
mobile phases consisted of (A) 5% acetonitrile in isopropanol
with 10mM ammonium formate and 0.1% formic acid and
(B) 50% water in acetonitrile with 10mM ammonium formate
and 0.1% formic acid. Linear gradient was as follows: 0–0.5min
remaining at 20% A, linearly increasing to 50% A at 7.5min, then
linearly decreasing to 20% A at 10min, following increasing to
100%A at 20min, holding at 100%A until 21.9min, then linearly
increasing to 80% B at 22min and equilibrating until 25min.
Mass spectrometry was performed with a Thermo Scientific
Q ExactiveTM benchtop Orbitrap mass spectrometer equipped
with heated ESI source in ESI positive and negative modes
(Thermo Scientific, San Jose, CA). The main parameters for
MS/MS included AGC target 1e5; maximum IT 65ms; isolation
window 1.2m/z; normalized collision energy 25, 35 eV in positive
mode and 20, 30, and 40 eV in negative mode; apex trigger
5–10 s; and dynamic exclusion 10.0 s. Ionization conditions were
operated at spray voltage 3.5 kV and capillary temperature 300◦C
(Yu et al., 2016).

Lipidomic Data Processing
The acquired total ion chromatograms (TIC) and mass spectra
from UHPLC-ESI-HRMS were exported as raw files by Xcalibur
(Thermo Scientific, San Jose, CA). Three-dimensional data set
including m/z-values, retention times, and peak areas were
extracted by LipidSearch software (Thermo Scientific, San Jose,
CA) to perform lipids identification and evaluate matching
degrees by A, B, C, D four grades. Orthogonal projection to
latent structures discriminant analysis (OPLS-DA) in positive
and negative modes were carried out by SIMCA-P 13.0
Software (Umetrics, Kinnelon, NJ) to visualize differences of
lipid metabolites between endometriosis patients and control.
S-plots were generated in OPLS-DA mode and potential markers
were selected on the basis of a variable importance in the
projection (VIP) with threshold of 1.0 (Dutta et al., 2016). A
logistic regression analysis was used to assessing the strength
of association between lipid metabolites and minimal-mild
endometriosis. The receiver operating characteristic (ROC) curve
was plotted and the area under the curve (AUC) was calculated.
The optimal point on ROC curve provided the best trade-off
between sensitivity and specificity. Shapiro–Wilk test was used to
evaluate the normality of distribution, then statistical significance
was calculated using Student’s t-test and non-parametric Mann–
Whitney U-test, with p < 0.05 as statistical significance level.
Statistical test was carried out by SPSS 20.0 software (IBM
Analytics, USA).
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RESULTS

The endometriosis group was composed of 14 patients at stage
I and 7 patients at stage II. None of patients in this group
was confirmed with ovarian endometriomas by laparoscopy. The
control group consisted of 20 participants. Two groups were
balanced in terms of age, BMI, and AMH level (Table 1).

A total of 468 ions in positive mode and 253 ions in
negative mode were observed. The comparison of TIC can
be seen in the mirror plots (Figure 1). Multiple differences in
peak intensities detected at the same retention time, indicates
different lipid spectrums between endometriosis patients and
control. OPLS-DA models with acceptable R2Y and Q2 revealed
a trend of separation between two groups (Figures 2A,B),
indicating distinct lipid profiles of endometriosis patients.
The alteration of lipids was identified by VIP >1.0 and
then validated at an univariate level by Student’s t-test
or Mann–Whitney U-test, with p < 0.05 set as the level
of statistical significance. Lipid identification was performed
using LipidSearch software to directly identify lipid species
from accurate precursor m/z and MS/MS raw data with the
reference of large-scale database. As shown in Figures 2C,D, PC
(18:1/22:6), PC (20:1/14:1), PC (20:3/20:4), PA (25:5/22:6), and
PS (20:3/23:1) were selected as potential markers and details were
summarized in Table 2. Apparently, levels of PC (18:1/22:6), PC
(20:1/14:1), PC (20:3/20:4), and PS (20:3/23:1) were significantly
decreased in endometriosis group, which have previously been
to involve in the progress of endometriosis (Vouk et al., 2016).
However, PA (25:5/22:6) level was much higher in endometriosis
group compared to control (Figure 3), which could be a
novel marker of endometriosis and further facilitated to the
mechanism studies of the disease. The multivariable regression
model for early stage endometriosis included five independent
predictors: PC (18:1/22:6), PC (20:1/14:1), PC (20:3/20:4), PS
(20:3/23:1), and PA (25:5/22:6). The apparent AUC of ROC
curve for the complete model predicting early endometriosis
was 0.871 with a sensitivity of 0.905 and specificity of 0.750
(Figure 4).

DISCUSSION

Quantitative tracing of lipid metabolism under
pathophysiological stimuli, environmental or genetic

TABLE 1 | Characteristics of participant.

Endometriosis

patients (n = 21)

Control group

(n = 20)

P

Age (years) 29.71 ± 3.117 30.45 ± 3.034 0.4487

BMI (kg/m2) 20.76 ± 1.716 21.24 ± 2.882 0.5198

AMH (ng/ml) 4.417 ± 2.990 6.117 ± 5.079 0.2189

Endometriosis stage

I stage 14 N/A

II stage 7 N/A

Ovarian endometriomas N/A N/A

modifications has been successfully used as a diagnostic
tool to monitor disease and develop new treatment strategies.
In order to optimize lipidomics system, lipids extraction was
performed according to MTBE method in this study. Compared
to traditional methods, such as Bligh&Dyer method and Folch
method, MTBE method delivers similar or better recoveries and
performs better extraction efficiency, especially for PC, TG, and
SM. Furthermore, MTBE is noncorrosive and chemically stable
without forming peroxides during storage, which presents no
danger to degrade labile lipids (Matyash et al., 2008). Previous
studies reported alterations of lipid profile in serum, peritoneal
fluid, follicular fluid, and endometrium of endometriosis patients
(Vouk et al., 2012, 2016; Cordeiro et al., 2015; Chagovets et al.,
2017). However, it is has not been investigated the alteration of
lipid metabolism in endometrium.

This is the first time to report alterative levels of phosphatidic
acid (PA), phosphatidylcholine (PC), and phosphatidylserine
(PS) in eutopic endometrium of endometriosis patients at
early stage. Instead of peripheral blood or urine, endometrium
might contain various information to indicate the presence
of endometriosis, using the direct source of the disease is
perhaps logical to identify biomarkers for endometriosis (Ahn
et al., 2017). Besides, pipelle biopsy is minimally invasive and
suitable for outpatient. Hence, eutopic endometrium is ideal to
analyze lipid profile of endometriosis for identifying potential
biomarkers. We collected samples strictly on day 3–5 after
menstrual cessation, which ensured all samples obtained in early
follicle phase. The time to collect samples was chosen according
to hysteroscopic surgical requirements and patient compliance.
Unfortunately, we did not collect enough data on patients with
advanced endometriosis because few patients in stage III–IV in
our centermet the inclusion criteria (exposure to hormonal drugs
within 3 months).

In this study, we observed PA (25:5/22:6) was significantly
higher in endometriosis patients compared to control group.
It is the first to report PA is involved in the pathophysiology
of endometriosis. PA is a phospholipid consisting out of a
glycerol backbone with two fatty acids and one phosphate group
attached, which is a central intermediate for the synthesis and
storage of membrane lipids (Castro-Gomez et al., 2015). It has
been implicated in various cellular signaling pathways, including
in cell growth, proliferation, cell motility, and reactive oxygen
species (ROS) production (Wang et al., 2006). PA has not
only been shown to exert anti-apoptotic effects (Wang et al.,
2006), but also has been identified as a mitogenic activator
of the mammalian target of rapamycin signaling pathway to
promote cell proliferation and generate survival signals (Chen,
2004), which might contribute to active proliferative capacity
of endometriosis. Moreover, PA is related to cell motility
(O’Luanaigh et al., 2002; Su et al., 2006), which may promote
endometrium migration and invasion. PA is also responsible
for the production of ROS via activating NADPH oxidase
(Palicz et al., 2001). Excessive release of ROS plays an essential
role in the inflammation process, which is involved in the
pathogenesis of endometriosis by inducing endometrial fragment
adhesion, proliferation, and neovascularization (Donnez et al.,
2016). In addition, previous evidences suggested prostaglandin
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FIGURE 1 | Mirror plot of representative total ion chromatograms (TIC) under positive (A) and negative mode (B). TIC in red: healthy controls; TIC in blue:

endometriosis patients.

FIGURE 2 | OPLS-DA plots of patients with endometriosis (n = 21, red diamonds) and healthy controls (n = 20, blue diamonds) under (A) positive (R2Y = 0.712; Q2

= 0.412) mode and (B) negative (R2Y = 0.728; Q2 = 0.602) mode. (C) S-plot under positive mode with selected PCs highlighted in red. (D) S-plot under negative

mode with selected PE and PA highlighted in red.

TABLE 2 | Detailed information of significantly changed lipids between endometriosis patients and healthy controls.

Lipid molecular Molecular formula Adduct m/z tR (min) P-values VIP-values Fold change

POSITIVE MODE

PC(18:1/22:6) C48H8O8N1P1 M+H 832.5815 11.7155 0.012 1.1382 1.1120

PC(20:1/14:1) C42H80O8N1P1 M+H 758.5690 12.7660 0.005 1.0215 1.6466

PC(20:3/20:4) C48H82O8N1P1 M+H 832.5851 11.4469 0.03 2.8718 1.4716

NEGATIVE MODE

PA(25:5/22:6) C50H77O8P1 M–H 835.5275 11.9538 0.037 3.7783 1.6479

PS(20:3/23:1) C49H88O10N1P1 M–H 880.6049 11.7765 0.028 2.1203 1.2424

E2 (PGE2) and cyclooxygenase-2 (COX-2) in pathophysiology
and pathogenesis of endometriosis (Wu et al., 2007; Banu
et al., 2008; Machado et al., 2010). Lysophosphatidic acid (LPA)
signaling stimulates PGE2 production and COX-2 expression

in endometrial cells (Lin et al., 2008; Woclawek-Potocka et al.,
2009). LPA is considered as potential factor for endometriosis (Ye
and Chun, 2010), which is as the main source of PA. In this study,
no significant difference of LPA was detected in endometrium.
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FIGURE 3 | Scatter diagram of five selected lipids. PCs and PS in endometriosis patients were significant decreased compared to healthy controls, while PA in

endometriosis patients was higher than healthy controls. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, endometriosis patients (EMS, n = 21) vs. healthy

controls (Control, n = 20).

FIGURE 4 | Receiver operating characteristic curves for endometriosis at

minimal-mild stage.

We speculated that PA alteration occurs earlier compared to LPA
in the development of endometriosis, which might be used as a
novel predictor of endometriosis at early stage.

Eutopic endometrium contributed to pathogenesis of
endometriosis due to the increase of proliferation, migration,
and invasion of ectopic endometrium (Joshi et al., 2015;

Laudanski et al., 2015). We detected PS (20:3/23:1) decreased
significantly in endometriosis group in this study. Only one
study mentioned PS level was observed lower in follicular fluid
in endometriosis patients previously (Cordeiro et al., 2015).
Phospholipids are maintained asymmetrically in the eukaryotic
plasma membrane in health cells. PS exposure on the cell surface
shows an apoptotic signal for phagocytes (Segawa and Nagata,
2015; Nagata et al., 2016). Lower PS (20:3/23:1) levels may be
due to reduced endometrial apoptotic cells in endometriosis
patients. Three unsaturated PC (20:3/20:4), PC (18:1/22:6), PC
(20:1/14:1) were significantly decreased in eutopic endometrium
of endometriosis patients. Our results are consistent with

previous studies (Vouk et al., 2012, 2016; Cordeiro et al., 2015).
PC is one of the major sources of polyunsaturated fatty acids, that

are the precursors of eicosanoids and has numerous biological
activities (van der Veen et al., 2017). Evidence has accrued that

PC contribute to both proliferative growth and programmed cell

death (Ridgway, 2013). PC synthesis is increased in response to
fatty acid and fatty acid-derived substrates, which is frequently

observed in cancer cells (Ridgway, 2013). Unlike malignancy,

PC markedly decreased in endometrium in endometriosis. This

difference can be used to distinguish between endometriosis
and malignancy. PC serves as a source for sphingomyelins and

production of prostaglandins that may lead to decreased PC
levels in endometrial tissue in this study. Sphingomyelins are
abundant in endometriosis, which promotes cell survival in

response to apoptotic stimuli (Vouk et al., 2012). Prostaglandins
mediate inflammation in pathophysiology of endometriosis
(Banu et al., 2008). Meanwhile, PC itself is also closely related
to inflammation process (Drobnik et al., 2003; Ganna et al.,
2014). Thus, PC has been correlated as a potential biomarker for
endometriosis.
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CONCLUSION

This is the first report that PA, PC, and PS alterations in eutopic
endometrium of endometriosis at stage I–II by UHPLC-ESI-
HRMS-based metabolomics. These findings provide potential
biomarkers for semi-invasive diagnose of endometriosis at early
stages in clinical practice. However, a large sample size study
on endometriosis lipidolomics analysis is needed to validate the
implications of these individual lipids in the pathophysiology of
endometriosis. Our findings also provide potential targets for
therapeutic approach of this disease.

AUTHOR CONTRIBUTIONS

JL: conceived of study, wrote the manuscript and supervised
patient recruitment. YG, LG, HZ and DL: contributed to

the study execution, analysis, and interpretation of data.

XG: performed data analysis and interpretation. JS and PC:
reviewed manuscript. HB, MH, ZM and XL: supervised
patient recruitment, data collection, data evaluation, drafting,
editing, and approving the final version of this paper for
submission.

ACKNOWLEDGMENTS

This study was financially supported by the National Natural
Science Foundation of China (No. 81601347, 81503156,
81320108027), Natural Science Foundation of Guangdong
Province (No. 2014A030310096), and Public Welfare
Research and Capacity Building Fund of Guangdong (No.
2016A020218006).

REFERENCES

Ahn, S. H., Singh, V., and Tayade, C. (2017). Biomarkers in

endometriosis: challenges and opportunities. Fertil. Steril. 107, 523–532.

doi: 10.1016/j.fertnstert.2017.01.009

American Society for Reproductive Medicine (1997). Revised American Society

for Reproductive Medicine classification of endometriosis: 1996. Fertil. Steril.

67, 817–821.

Banu, S. K., Lee, J., Speights, V. O. Jr., Starzinski-Powitz, A., and Arosh, J.

A. (2008). Cyclooxygenase-2 regulates survival, migration, and invasion of

human endometriotic cells through multiple mechanisms. Endocrinology 149,

1180–1189. doi: 10.1210/en.2007-1168

Castro-Gomez, P., Garcia-Serrano, A., Visioli, F., and Fontecha, J. (2015).

Relevance of dietary glycerophospholipids and sphingolipids to

human health. Prostaglandins Leukot. Essent. Fatty Acids 101, 41–51.

doi: 10.1016/j.plefa.2015.07.004

Chagovets, V. V., Wang, Z., Kononikhin, A. S., Starodubtseva, N. L., Borisova,

A., Salimova, D., et al. (2017). Endometriosis foci differentiation by rapid lipid

profiling using tissue spray ionization and high resolution mass spectrometry.

Sci. Rep. 7, 2546. doi: 10.1038/s41598-017-02708-x

Chen, J. (2004). Novel regulatory mechanisms of mTOR signaling. Curr. Top.

Microbiol. Immunol. 279, 245–257. doi: 10.1007/978-3-642-18930-2_14

Cordeiro, F. B., Cataldi, T. R., Perkel, K. J., do Vale Teixeira da Costa, L., Rochetti,

R. C., Stevanato, J., et al. (2015). Lipidomics analysis of follicular fluid by ESI-

MS reveals potential biomarkers for ovarian endometriosis. J. Assist. Reprod.

Genet. 32, 1817–1825. doi: 10.1007/s10815-015-0592-1

Donnez, J., Binda,M.M., Donnez, O., andDolmans,M.M. (2016). Oxidative stress

in the pelvic cavity and its role in the pathogenesis of endometriosis. Fertil.

Steril. 106, 1011–1017. doi: 10.1016/j.fertnstert.2016.07.1075

Drobnik, W., Liebisch, G., Audebert, F. X., Frohlich, D., Gluck, T., Vogel,

P., et al. (2003). Plasma ceramide and lysophosphatidylcholine inversely

correlate with mortality in sepsis patients. J. Lipid Res. 44, 754–761.

doi: 10.1194/jlr.M200401-JLR200

Dunselman, G. A., Vermeulen, N., Becker, C., Calhaz-Jorge, C., D’Hooghe, T.,

De Bie, B., et al. (2014). ESHRE guideline: management of women with

endometriosis. Hum. Reprod. 29, 400–412. doi: 10.1093/humrep/det457

Dutta, M., Anitha, M., Smith, P. B., Chiaro, C. R., Maan, M., Chaudhury,

K., et al. (2016). Metabolomics reveals altered lipid metabolism in

a mouse model of endometriosis. J. Proteome Res. 15, 2626–2633.

doi: 10.1021/acs.jproteome.6b00197

Eskenazi, B., and Warner, M. L. (1997). Epidemiology of endometriosis. Obstet.

Gynecol. Clin. North Am. 24, 235–258. doi: 10.1016/S0889-8545(05)70302-8

Ganna, A., Salihovic, S., Sundstrom, J., Broeckling, C. D., Hedman, A. K.,

Magnusson, P. K., et al. (2014). Large-scale metabolomic profiling identifies

novel biomarkers for incident coronary heart disease. PLoS Genet. 10:e1004801.

doi: 10.1371/journal.pgen.1004801

Gao, X., Outley, J., Botteman, M., Spalding, J., Simon, J. A., and Pashos, C.

L. (2006). Economic burden of endometriosis. Fertil. Steril. 86, 1561–1572.

doi: 10.1016/j.fertnstert.2006.06.015

Greene, R., Stratton, P., Cleary, S. D., Ballweg, M. L., and Sinaii, N. (2009).

Diagnostic experience among 4,334 women reporting surgically diagnosed

endometriosis. Fertil. Steril. 91, 32–39. doi: 10.1016/j.fertnstert.2007.11.020

Hirsch, M., Duffy, J., Davis, C. J., Nieves Plana, M., Khan, K. S., International

Collaboration to Harmonise, O., et al. (2016). Diagnostic accuracy of cancer

antigen 125 for endometriosis: a systematic review and meta-analysis. BJOG

123, 1761–1768. doi: 10.1111/1471-0528.14055

Hudelist, G., Fritzer, N., Thomas, A., Niehues, C., Oppelt, P., Haas,

D., et al. (2012). Diagnostic delay for endometriosis in Austria and

Germany: causes and possible consequences. Hum. Reprod. 27, 3412–3416.

doi: 10.1093/humrep/des316

Joshi, N. R., Su, R. W., Chandramouli, G. V., Khoo, S. K., Jeong, J. W., Young, S. L.,

et al. (2015). Altered expression of microRNA-451 in eutopic endometrium

of baboons (Papio anubis) with endometriosis. Hum. Reprod. 30, 2881–2891.

doi: 10.1093/humrep/dev229

Laudanski, P., Charkiewicz, R., Tolwinska, A., Szamatowicz, J., Charkiewicz,

A., and Niklinski, J. (2015). Profiling of selected microRNAs in proliferative

eutopic endometrium of women with ovarian endometriosis. Biomed. Res. Int.

2015:760698. doi: 10.1155/2015/760698

Lin, C. I., Chen, C. N., Huang, M. T., Lee, S. J., Lin, C. H., Chang, C. C., et al.

(2008). Lysophosphatidic acid upregulates vascular endothelial growth factor-

C and tube formation in human endothelial cells through LPA(1/3), COX-2,

and NF-kappaB activation- and EGFR transactivation-dependent mechanisms.

Cell. Signal. 20, 1804–1814. doi: 10.1016/j.cellsig.2008.06.008

Machado, D. E., Berardo, P. T., Landgraf, R. G., Fernandes, P. D., Palmero, C.,

Alves, L. M., et al. (2010). A selective cyclooxygenase-2 inhibitor suppresses the

growth of endometriosis with an antiangiogenic effect in a rat model. Fertil.

Steril. 93, 2674–2679. doi: 10.1016/j.fertnstert.2009.11.037

Matyash, V., Liebisch, G., Kurzchalia, T. V., Shevchenko, A., and Schwudke,

D. (2008). Lipid extraction by methyl-tert-butyl ether for high-throughput

lipidomics. J. Lipid Res. 49, 1137–1146. doi: 10.1194/jlr.D700041-JLR200

Nagata, S., Suzuki, J., Segawa, K., and Fujii, T. (2016). Exposure of

phosphatidylserine on the cell surface. Cell Death Differ. 23, 952–961.

doi: 10.1038/cdd.2016.7

Nnoaham, K. E., Hummelshoj, L., Webster, P., d’Hooghe, T., de Cicco

Nardone, F., de Cicco Nardone, C., et al. (2011). Impact of endometriosis

on quality of life and work productivity: a multicenter study across ten

countries. Fertil. Steril. 96, 366–373 e368. doi: 10.1016/j.fertnstert.2011.

05.090

O’Luanaigh, N., Pardo, R., Fensome, A., Allen-Baume, V., Jones, D., Holt, M. R.,

et al. (2002). Continual production of phosphatidic acid by phospholipase D is

essential for antigen-stimulated membrane ruffling in cultured mast cells.Mol.

Biol. Cell 13, 3730–3746. doi: 10.1091/mbc.E02-04-0213

Frontiers in Physiology | www.frontiersin.org 6 January 2018 | Volume 9 | Article 14

https://doi.org/10.1016/j.fertnstert.2017.01.009
https://doi.org/10.1210/en.2007-1168
https://doi.org/10.1016/j.plefa.2015.07.004
https://doi.org/10.1038/s41598-017-02708-x
https://doi.org/10.1007/978-3-642-18930-2_14
https://doi.org/10.1007/s10815-015-0592-1
https://doi.org/10.1016/j.fertnstert.2016.07.1075
https://doi.org/10.1194/jlr.M200401-JLR200
https://doi.org/10.1093/humrep/det457
https://doi.org/10.1021/acs.jproteome.6b00197
https://doi.org/10.1016/S0889-8545(05)70302-8
https://doi.org/10.1371/journal.pgen.1004801
https://doi.org/10.1016/j.fertnstert.2006.06.015
https://doi.org/10.1016/j.fertnstert.2007.11.020
https://doi.org/10.1111/1471-0528.14055
https://doi.org/10.1093/humrep/des316
https://doi.org/10.1093/humrep/dev229
https://doi.org/10.1155/2015/760698
https://doi.org/10.1016/j.cellsig.2008.06.008
https://doi.org/10.1016/j.fertnstert.2009.11.037
https://doi.org/10.1194/jlr.D700041-JLR200
https://doi.org/10.1038/cdd.2016.7
https://doi.org/10.1016/j.fertnstert.2011.05.090
https://doi.org/10.1091/mbc.E02-04-0213
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Li et al. Early Biomarkers for Endometriosis Diagnosis

Ozkan, S., Murk, W., and Arici, A. (2008). Endometriosis and infertility:

epidemiology and evidence-based treatments. Ann. N. Y. Acad. Sci. 1127,

92–100. doi: 10.1196/annals.1434.007

Palicz, A., Foubert, T. R., Jesaitis, A. J., Marodi, L., and McPhail, L. C.

(2001). Phosphatidic acid and diacylglycerol directly activate NADPH oxidase

by interacting with enzyme components. J. Biol. Chem. 276, 3090–3097.

doi: 10.1074/jbc.M007759200

Ridgway, N. D. (2013). The role of phosphatidylcholine and choline metabolites

to cell proliferation and survival. Crit. Rev. Biochem. Mol. Biol. 48, 20–38.

doi: 10.3109/10409238.2012.735643

Segawa, K., and Nagata, S. (2015). An apoptotic ’Eat Me’ signal: phosphatidylserine

exposure. Trends Cell Biol. 25, 639–650. doi: 10.1016/j.tcb.2015.

08.003

Soliman, A. M., Yang, H., Du, E. X., Kelley, C., and Winkel, C. (2016). The direct

and indirect costs associated with endometriosis: a systematic literature review.

Hum. Reprod. 31, 712–722. doi: 10.1093/humrep/dev335

Su, W., Chardin, P., Yamazaki, M., Kanaho, Y., and Du, G. (2006). RhoA-

mediated phospholipase D1 signaling is not required for the formation of stress

fibers and focal adhesions. Cell. Signal. 18, 469–478. doi: 10.1016/j.cellsig.2005.

05.027

van der Veen, J. N., Kennelly, J. P., Wan, S., Vance, J. E., Vance, D. E.,

and Jacobs, R. L. (2017). The critical role of phosphatidylcholine and

phosphatidylethanolamine metabolism in health and disease. Biochim

Biophys Acta 1859(9 Pt B), 1558–1572. doi: 10.1016/j.bbamem.2017.

04.006

Vouk, K., Hevir, N., Ribic-Pucelj, M., Haarpaintner, G., Scherb, H., Osredkar,

J., et al. (2012). Discovery of phosphatidylcholines and sphingomyelins

as biomarkers for ovarian endometriosis. Hum. Reprod. 27, 2955–2965.

doi: 10.1093/humrep/des152

Vouk, K., Ribic-Pucelj, M., Adamski, J., and Rizner, T. L. (2016). Altered levels

of acylcarnitines, phosphatidylcholines, and sphingomyelins in peritoneal fluid

from ovarian endometriosis patients. J. Steroid Biochem. Mol. Biol. 159, 60–69.

doi: 10.1016/j.jsbmb.2016.02.023

Wang, X., Devaiah, S. P., Zhang, W., and Welti, R. (2006). Signaling

functions of phosphatidic acid. Prog. Lipid Res. 45, 250–278.

doi: 10.1016/j.plipres.2006.01.005

Woclawek-Potocka, I., Kondraciuk, K., and Skarzynski, D. J. (2009).

Lysophosphatidic acid stimulates prostaglandin E2 production in cultured

stromal endometrial cells through LPA1 receptor. Exp. Biol. Med. 234, 986–993.

doi: 10.3181/0901-RM-36

Wu, M. H., Shoji, Y., Chuang, P. C., and Tsai, S. J. (2007). Endometriosis: disease

pathophysiology and the role of prostaglandins. Expert Rev. Mol. Med. 9, 1–20.

doi: 10.1017/S146239940700021X

Ye, X., and Chun, J. (2010). Lysophosphatidic acid (LPA) signaling

in vertebrate reproduction. Trends Endocrinol. Metab. 21, 17–24.

doi: 10.1016/j.tem.2009.08.003

Yu, T., Wang, Y., Zhang, H., Johnson, C. H., Jiang, Y., Li, X., et al.

(2016). Metabolomics reveals mycoplasma contamination interferes with

the metabolism of PANC-1 cells. Anal. Bioanal. Chem. 408, 4267–4273.

doi: 10.1007/s00216-016-9525-9

Zhang, H., Gao, Y., Sun, J., Fan, S., Yao, X., Ran, X., et al. (2017). Optimization

of lipid extraction and analytical protocols for UHPLC-ESI-HRMS-based

lipidomic analysis of adherent mammalian cancer cells. Anal. Bioanal. Chem.

409, 5349–5358. doi: 10.1007/s00216-017-0483-7

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Li, Gao, Guan, Zhang, Sun, Gong, Li, Chen, Ma, Liang, Huang

and Bi. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Physiology | www.frontiersin.org 7 January 2018 | Volume 9 | Article 14

https://doi.org/10.1196/annals.1434.007
https://doi.org/10.1074/jbc.M007759200
https://doi.org/10.3109/10409238.2012.735643
https://doi.org/10.1016/j.tcb.2015.08.003
https://doi.org/10.1093/humrep/dev335
https://doi.org/10.1016/j.cellsig.2005.05.027
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1093/humrep/des152
https://doi.org/10.1016/j.jsbmb.2016.02.023
https://doi.org/10.1016/j.plipres.2006.01.005
https://doi.org/10.3181/0901-RM-36
https://doi.org/10.1017/S146239940700021X
https://doi.org/10.1016/j.tem.2009.08.003
https://doi.org/10.1007/s00216-016-9525-9
https://doi.org/10.1007/s00216-017-0483-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Discovery of Phosphatidic Acid, Phosphatidylcholine, and Phosphatidylserine as Biomarkers for Early Diagnosis of Endometriosis
	Introduction
	Materials and Methods
	Study Design and Sample Source
	Sample Preparation for Lipidomics
	UHPLC-ESI-HRMS Measurement of Endometrial Tissues
	Lipidomic Data Processing

	Results
	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References


