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Abstract
Endocannabinoid (eCB) levels fluctuate in inflammatory conditions and as such may take part in endometriosis-associated pain or even in
endometriosis pathogenesis. In this case–control (23casesand19controls) study, targeted lipidsweremeasured in theserumandperitoneal
fluid collected during laparoscopy. Endometriosis was confirmed histologically. Dysmenorrhea, abdominal pain, and dyspareunia were
assessedusing theNumericRatingScale for pain. Steroids, eCBs, and related lipidswerequantifiedby liquid chromatography-tandemmass
spectrometry (LC-MS/MS). Tumor necrosis factor alpha, IL-8, PAPP-A, PP14, RANTES, OPG, MIDKINE, MCP-1, VEGF, leptin, and
defensins were quantified by ELISA. We found that eCB levels were significantly influenced by both noncyclic and cyclic abdominal pain.
Specifically, women suffering from noncyclic abdominal pain were characterized by a higher 2-AG level in the peritoneal fluid throughout the
menstrual cycle, whereas women suffering from dysmenorrhea had higher 2-AG levels and lower AEA levels during the proliferative phase
alone. In addition, 2-AG positively correlated with prostaglandin E2 (PGE2), and the ratio AEA/2-AG positively correlated with defensins,
suggesting a possible link between endocannabinoids system and inflammatory pain. The results of the current study indicate that the eCB
system may play a role in endometriosis-associated pain, but additional studies are needed to investigate the causal relationship.
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1. Introduction

Endometriosis is a hormone-dependent disease in which endo-
metrial tissue grows outside the uterus. For many women with
endometriosis, pain, commonly dysmenorrhea, noncyclic pelvic
pain, dyspareunia, and dyschezia, represents the most important
symptom.13 Dysmenorrhea, especially, is reported in more than
80% of the women with endometriosis.14

Dysmenorrhea refers to the presence of recurrent, crampy, and
lower abdominal pain occurring during menses. In primary dysmen-
orrhea, the pain originates from released prostaglandins, essentially
prostaglandin E2 (PGE2) and prostaglandin F2 alpha (PGF2 alpha), at

the beginning of the menses, leading to nonrhythmic or incoordinate
contractions. In light of the role of prostaglandins in pain treatment,
changes in arachidonate remodeling and correlations with endocan-
nabinoids (eCBs), which are generally antinociceptive and anti-
inflammatory lipids counteracting prostaglandin signaling, are still
poorly studied in endometriosis. Endocannabinoids which can be
detected in tissue are represented by anandamide (AEA) and 2-

arachidonoylglycerol (2-AG). Both are synthesized from phospholipid

precursors at the inner leaflet of the cell membrane. Anandamide can

be further hydrolyzedby the fatty acid amidehydrolase into arachidonic

acid (AA) and ethanolamine, whereas 2-AG can be further hydrolyzed

by the monoacylglycerol lipase (MAGL) into AA and glycerol. During

inflammatory conditions, eCBs and in particular 2-AG may serve as a

reservoir of classic prostaglandin production through release of

arachidonic acid, especially in the brain.21,34 In specific conditions,

such as inflammation and reduced activity of the hydrolytic enzymes,

eCBs can be directly oxygenated into prostaglandin-like molecules.42

In addition to this immunomodulating role, eCBs could
potentially act locally on pain through multiple receptors such

as the cannabinoid receptor type-1 (CB1) and type-2 (CB2),

transient receptor potential vanilloid type 1 (TRPV1),21 gamma-

aminobutyric acid (GABA) type A receptors,41 glycine receptor,

and the peroxisome proliferator–activated receptor gamma

(PPAR-g)3 which are expressed in the fibers innervating the

endometriotic lesions9 or in the endometriosis foci as reported in

deep-infiltrating endometriotic26 and peritoneal endometriosis.37

Each of these receptors have been all suspected to mediate pain

(visceral, pelvic, and gynecological pains), in animal models or in

endometriotic women.9,20,29–31 Of interest too, clinical studies

testing the effect of palmitoylethanolamide (PEA), a major N-

acylethanolamine, demonstrated a significant reduction of
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chronic pelvic pain, dysmenorrhea, and deep dyspareunia in
women with endometriosis on treatment.4,23

The eCB system (ECS) is involved in controlling several functions
both at peripheral and central levels, and in recent years, it has
become apparent that the ECS including the 2-AG or AEA
metabolites is pivotal in the regulation of inflammation42 and that
ECS may be a possible target for prevention and treatment of
endometriosis-associated pain. Despite this, little is known about
the regulation and action of eCBs on the pathophysiology of
endometriosis. In this study, we analyzed the serum and the
peritoneal fluid to evaluate whether eCBs are associated with pain
and inflammatory markers in women suffering from endometriosis.

2. Materials and methods

2.1. Source and handling of the biological material

The study has been approved by theSwiss EthicCommittee before its
start (KEK-BE (149/03, 2003)). The patients involved in this study
provided informed consent and were requested to complete a pain
questionnaire (Numeric Rating Scale for pain, NRS) covering in-
formation on different types of pain including menstrual pain, lower
abdominal pain, and dyspareunia. Whole blood was drawn before
anaesthesia for serumpreparation. Theperitoneal fluidwascollectedat
the beginning of the laparoscopic procedure from the pouch of
Douglas. The volumeofperitoneal fluidwasmeasured for eachpatient.
Sera andperitoneal fluidswere clarified by centrifugation at 800g for 10
minutes and stored in aliquots at280˚C for subsequent analysis.

2.2. Including and excluding criteria

All patients included in this study were operated by laparoscopy. The
indications for laparoscopy included abdominal pain, uterine
fibromas, ovarian cysts, or tubal pathologies. The peritoneal cavity
of all patients was carefully inspected by experienced gynecologists
to detect the potential presence of endometriosis lesions. When
lesions were visually detected, a score (stage I-IV) was assigned
based on the revised American Fertility Society staging system
(AFS),36 and the subtype (peritoneal, endometrioma, or deep
infiltrating) recorded. All suspicious lesions were removed during
laparoscopy and analyzed by an experienced pathologist to validate
the endometriotic nature of the biopsy. The total protein content in
peritoneal fluid (PF) was determined using a micro bicinchoninic
assay (Quanti-Pro BCA; Sigma-Aldrich, St. Louis, MO) to ascertain
absence of dilution with abdominal flushing medium under the
procedure. ThePFsampleswith a total protein content below15mg/
mLorwith hemolysiswere excluded from the study.Menstrual phase
assignment was performed using serum progesterone level and
patients self-report in which patients informed about the first day of
the last menses. The proliferative phase has been defined as follows:
cycle day below 16 and progesterone level below 5 nmol/L.
Progesterone was quantified in the serum by a radioimmunoassay
(coat-a-count, DPC; Buhlmann Laboratories, Allschwill, Switzerland).
Themenstrual phase was not confirmed histologically. Patients older
than 50, patients with acute pelvic inflammation, and patients treated
with either hormonal medication in the past 3months or nonsteroidal
anti-inflammatory drugs in the past 2 weeks were excluded.

2.3. Detection of endocannabinoid ligands in the serum and
peritoneal fluid

Sampleswere blinded before processing. The eCBsAEA, 2-AG; the
N-acylethanolamines LEA (N‐linoley-), PEA (N-palmitoyl-), OEA (N-
oleoyl-), SEA (N-stearoyl-), and the other related lipids including AA

(arachidonic acid), SAG (stearoyl-arachidonoylglycerol), PGD2,
PGE2, C20:4 phosphatidylethanolamine (C20:4 PE), C18-20:4
phosphatidylcholine (C18-20:4 PC), and C18-20:4 PE were
quantified after extraction using liquid chromatography-tandem
mass spectrometry (LC-MS/MS)multiple reactionmonitoring (MRM)
parameters exactly as described in Ref. 6. In brief, the samples were
weighed in the bead beater vials. The extraction was performed
using 5 volumes of methanol followed by homogenization with the
bead beater (Mini Beater 24 Biospec USA, max level 3200 strokes/
minute for 30 seconds). Subsequently, samples were centrifuged at
max speed for 10minutes at 4˚C in anEppendorf centrifuge (5415R).
Fifty microliters of supernatant were recovered, and 5 mL of internal
standards were added to all tubes, and 10 mL of the solution were
injected in the LC-MS/MS system. Measurements and validation of
the new peptide LC-MS/MS method were performed on a more
sensitive 4000 QTrap mass spectrometer equipped with an ESI
probe (AB Sciex Concord, Ontario, Canada) and connected to an
ExionLC AC UHPLC system (AB Sciex Concord).

2.4. Inflammatory marker quantification by ELISA

Leptin, Monocyte Chemoattractant Protein 1 (MCP-1), Osteoprote-
gerin (OPG), and Regulated on Activation Normal T cell Expressed
andSecreted (RANTES)were determined using theDuo-Setmethod
from R&D Systems (Abingdon, England). Neutrophil defensins
(combined alpha defensins HNP-1, HNP-2, and HNP-3) were
determined with the assay from Hycult Biotech (Uden, the Nether-
lands). Pappalysin-1 (PAPP-A) was determined with the double-
antibody enzyme immunometric method that was developed in our
laboratory and available from Buhlmann Laboratories, Allschwil,
Switzerland. MIDKINE was determined by a microplate enzyme
immunometric assay manufactured by BioVendor (Modrice, Czech
Republic). Glycodelin (PP14) and Vascular Endothelial Growth Factor
(VEGF) were determined with an ELISA kit from Bio-Serv (Dispolab,
Dielsdorf, Switzerland) and the Quantikine© kit from R&D Systems
(Oxford, England), respectively. Peritoneal fluid samples were diluted
as 1:2 to 1:11. The assays were performed according to the
recommendations of the manufacturers with modifications.1,2,32,39

2.5. Statistical analyses

The sample size was not based on a power analysis in this
exploratory study. A paired Student t test was used to compare
the systemic values with the peritoneal values. The correlations
between the systemic values and the peritoneal values were
further assessed by a basic linear regression. An ANOVA was
performed to compare the means of every metabolite in function
of the menstrual cycle, the pain, or the disease. A 2-way analysis
of variance (ANOVA) was performed to analyze the metabolites in
function of dysmenorrhea. In these analyses, a pain threshold
was set up arbitrary at NRS 5 5. Women with NRS , 5 were
included in the group “low pain” and the others formed the group
“high pain”. Women were distributed to these groups regardless
of their endometriosis status. To assess the crude association
between pain-associated metabolites and selected inflammation
markers, a basic linear regression was performed. Values were
considered statistically significant at P , 0.05. The statistical
analyses were performed using JASP and GraphPad Prism
softwares. Serum levels of PGD2, PGE2, and corticosterone
were found to be below the detection limit in 27, 18, and 13
measurements, respectively (over 42 patients). Similarly, the PF
level of corticosterone was below the detection limit in 31
measurements. To improve the chance to detect an eventual
effect of pain, cycle, or disease, an arbitrary value corresponding
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to the detection limit has been attributed and all samples were
used for the analysis.

3. Results

3.1. Population characteristics

Endocannabinoids and related lipids were measured in sera and
matched peritoneal fluids collected during the proliferative and
secretory phases. Table 1 details the descriptive statistics of the
whole cohort of participants. Besides the stage and the progesterone
levels, the characteristics of the study participantswere similar across
the groups as revealed by ANOVA and Fisher exact tests.

3.2. Quantification in the serum and peritoneal fluid

eCBs, N-acylethanolamines (AEA, LEA, OEA, PEA, SEA), SAG,
PE, PC, and AA were detected in all samples. The levels of SAG,
C18-20:4 PE, SEA, 2-AG, PEA, PGE2, and PGD2 were higher in
PF than in the serum, whereas the levels of C20:4 PE, C18-20:4
PC,AEA, LEA,OEA, corticosterone, cortisol, andAAwere higher in
the serum (Tables 2 and 3). The valuesmeasured in PF and serum
presented a strong positive correlation for C18-20:4 PE, C18-20:4
PC, C20:4 PE, corticosterone, and cortisol (Table 4). By contrast,
the levels of SAG, SEA, 2-AG, AEA, LEA, PEA, OEA, AA, PGE2, or
PGD2 in PF and serum did not correlate, suggesting an interplay
with local metabolism involving different tissues. Some of the
results presented in this paragraph should be viewed with caution.
This is mainly the case for corticosterone, PGD2, and PGE2
because these compounds were barely detectable in PF
(corticosterone) or in the serum (PGD2, PGE2, and corticosterone).

3.3. Targeted lipidomics in peritoneal fluid

An ANOVA analysis was performed to assess whether the lipids
quantified in our study could be associated with menstrual cycle,
endometriosis, or pain (dysmenorrhea, abdominal pain, or
dyspareunia) (Table 5).

By taking into account these variables, we observed an
association between the menstrual cycle and the lipids 2-AG,
OEA, and PGE2 (Table 5) whose levels were higher in the
proliferative phase than the secretory phase (Table 2 and Figs.
1A–C). Endometriosis was associated with C18-20:4 PC
(Table 5), in which the level was higher in the cases than in
controls (Table 2 and Fig. 1D). However, C18-20:4 PC did not
correlate with rAFS (Fig. S1, available at http://links.lww.com/
PAIN/B382). The levels of the other targeted lipids in PF were not
significantly affected by endometriosis (Table 5).

Abdominal pain was significantly associated with elevated 2-
AG and AA (Table 5 and Figs. 1E and F). In addition to the
ANOVA analysis, a positive linear correlation between abdominal
pain score and 2-AG was found, although weak (P5 0.049) and
significant only during the proliferative phase (Table S1, Fig. S2,
available at http://links.lww.com/PAIN/B382). For dysmenor-
rhea, we reported the simple main effect alone because a
significant interaction with the menstrual cycle was indeed
observed for 2-AG (P 5 0.024). Hence, dysmenorrhea was
characterized by an increased 2-AG level occurring during the
proliferative phase alone (Fig. 1G). Dysmenorrhea was not
significantly linked to AEA (data not shown). However, the ratio
AEA/2-AGwas significantly lowered during the proliferative phase
(Fig. 1H). In addition, the dysmenorrhea pain score correlated
positively with 2-AG and negatively with AEA, during this phase
(Table S1, Fig. S3, available at http://links.lww.com/PAIN/B382).

Finally, we observed a negative association between dyspareunia
and AEA (Tables 5 and Fig. 1I), in which the level was lowered in
women suffering from dyspareunia. In line, dyspareunia NRS and
AEA levels correlated negatively (Fig. S4, available at http://links.
lww.com/PAIN/B382). The levels of the other lipids measured in
the PF were not significantly affected by pain (Table 5).

3.4. Targeted lipidomics in the serum

Considering the differences between the levels of the targeted
lipids in PF and serum highlighted in Tables 3 and 4, a similar
analytic approach was conducted with the sera to evaluate
whether the values measured in the serum could serve as a
marker of pain or endometriosis. The ANOVA showed an
association between the menstrual cycle and ser AA, in which
the level was lower during the secretory phase (Table 5 and
Fig. 2A). Significant differences in the serum that may account for
endometriosis were found for LEA and OEA whose levels were
lower in cases than in controls (Table 5 and Figs. 2B and C).
Lowest values for LEA and OEA were found in advanced
endometriosis stages (Fig. S1, available at http://links.lww.com/
PAIN/B382). In the serum, AA tended to be the best pain
indicators (Table 5). In fact, ser AA was significantly elevated
during the proliferative phase in women suffering from dysmen-
orrhea (Fig. 2D). Interestingly, 2 dysmenorrhea markers found in
our study, ie, ser AA and PF. 2-AG, were strongly correlated
(Table 6).

Contrasting with the results found in the PF and in line with the
lack of correlation between serum and PF values, ser 2-AG, ser
OEA, and ser PGE2 were not significantly affected by the
menstrual phase, ser C18-20:4 PC was not significantly different
in cases than in controls, and ser 2-AG and ser AEA/AEA did not
associate with abdominal pain nor with dysmenorrhea (Table 5).

3.5. Modulation of inflammation by the endocannabinoid
anandamide and 2-arachidonoylglycerol

Several inflammatory markers were quantified by ELISA (cyto-
kines) or by HPLC (PGE2) in the peritoneal fluid to evaluate
whether the eCBs AEA and 2-AG which were found to be
associated with pain in our study could play a role in the
inflammatory response and consequently in the inflammatory
pain. The link between eCBs and inflammation was analyzed by
linear regressions in the whole cohort independently of disease or
pain (Table 7). We observed a positive correlation between 2-AG
and both PGE2 and PGE2/PGD2. In addition, the ratio AEA/2-AG
was significantly positively correlated with defensins. Although
the effects of AEA or 2-AG taken independently were not
significant, AEA and 2-AG seemed to exhibit opposite effects,
AEA being positively correlatedwith defensinswhereas 2-AGwas
negatively correlated. The other inflammation markers quantified
in our study were not directly affected by the eCBs (or vice versa).

4. Discussion

Pain is one of the predominant clinical features of endometriosis,
and understanding the biochemical mechanisms behind it is a
prerequisite for newmedical approaches. The ECS has emerged
recently as a biological factor in endometriosis because of its
potential modulatory role in pain, immune response, and
proliferation.4 Although others focused on eCBs in plasma or
on eCB receptors levels in endometriosis affected women,4,38

our study reports for the first time the levels of eCBs and other
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Table 1

Characteristics of the study participants.

Characteristics of the study participants Proliferative phase Secretory phase ANOVA (P) Fisher exact test (P)

Controls
(n 5 6)

Cases
(n 5 12)

Controls
(n 5 13)

Cases
(n 5 11)

Menstrual phase Disease Menstrual phase Disease

Age (y)

Mean 33.1 32.5 36.8 33.4 0.295 0.250

SEM 2.8 1.6 2.0 1.4

BMI

Mean 24.8 22.4 25.7 25.4 0.166 0.434

SEM 1.1 1.2 1.2 1.8

Volume of peritoneal fluid (mL)

Mean 8.0 12.2 14.8 6.4 0.865 0.256

SEM 1.8 1.8 3.9 0.9

Stages (rAFS)

I-II — 7 (58.3%) — 6 (54.5%) .0.999 n.a.

III-IV — 5 (41.7%) — 3 (23.7%)

Endometriosis subtypes

Endometrioma — 4 (33.3%) — 5 (45.5%)

Peritoneal — 8 (66.7%) — 5 (45.5%)

DIE — 2 (16.7%) — 4 (36.4%)

Concomitant procedures during laparoscopy

Myomectomy 1 (16.7%) 0 4 (30.8%) 1 (9.1%)

Hysterectomy 1 (16.7%) 0 6 (46.7%) 1 (9.1%)

Salpingectomy 0 0 3 (23.1%) 1 (9.1%)

Adnexectomy 1 (16.7%) 1 (8.3%) 0 0

Ovarian cystectomy 0 2 (16.7%) 2 (15.4%) 0

Dysmenorrhea (NRS 1-10)

Mean 3.7 4.3 4.5 6.3 0.203 0.289

SEM 1.9 1.1 1.1 1.0

Patients with NRS Dysm. .5 (n, %) 2 (33.3%) 6 (50%) 7 (53.9%) 7 (63.6%) 0.533 0.757

Patients with NRS Dysm. ,5 (n, %) 4 (66.7%) 6 (50%) 6 (46%) 4 (36.4%)

NRS Dysm. .5 (& Dysp. ,5 & Abdo. ,5)

(n, %)

1 (16.7%) 1 (8.3%) 5 (38.5%) 2 (18.2%)

Abdominal pain (NRS 1-10)

Mean 2.7 2.5 4.2 4.9 0.069 0722

SEM 1.4 0.8 1.1 1.1

Patients with NRS Abdo. .5 (n, %) 2 (33.3%) 3 (25%) 7 (53.8%) 5 (45.5%) 0.208 0531

Patients with NRS Abdo. ,5 (n, %) 4 (66.7%) 9 (75%) 6 (46.2%) 6 (54.5%)

NRS Abdo. .5 (& Dysm. ,5 & Dysp ,5)

(n, %)

1 (16.7%) 1 (8.3%) 1 (7.7%) 0 (0.0%)

Dyspareunia (NRS 1-10)

Mean 1.0 1.7 1.5 2.6 0.351 0240

SEM 0.8 0.7 0.7 0.9

Patients with NRS Dysp. .5 (n, %) 1 (16.7%) 3 (25%) 2 (15.4%) 2 (18.2%) 0.698 0693

Patients with NRS Dysp. ,5 (n, %) 5 (83.3%) 7 (58.3%) 11 (84.6%) 7 (63.6%)

NRS Dysp. .5 (& Dysm. ,5 & Abdo. ,5)

(n, %)

0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (9.1%)

Missing data 0 2 (16.7%) 0 0

Operation time (base 100)

Mean 10.0 9.0 9.6 9.6 0.847 0.651

SEM 0.6 0.9 0.6 0.8

Missing data 1 (16.7%) 0 0 1 (9.10%)

Serum progesterone (nmol/L)

Mean 2.5 1.4 27.5 27.4 ,0.001 0.938

SEM 0.7 0.2 5.2 9.9

Missing data 1 (16.7%) 0 0 1 (9.10%)

Menstrual cycle

Regular (n, %) 4 (66.7%) 9 (75.0%) 9 (69.2%) 6 (54.5%) 0.424 .0.999

Not regular (n, %) 1 (16.7%) 1 (8.3%) 3 (23.1%) 3 (27.3%)

Missing data 1 (16.7%) 2 (16.7%) 1 (7.7%) 2 (18.2%)

ANOVA, analysis of variance; BMI, Body Mass Index; DIE, Deep Infiltrating Endometriosis; NRS, Numeric Rating Scale; rAFS, revised American Fertility Society score.
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Table 2

Levels of eCBs and metabolites in the peritoneal fluid and serum (mean 6 SEM).

Peritoneal fluid Serum Peritoneal fluid/serum PF Serum PF/serum

Proliferative phase Secretory phase Proliferative phase Secretory phase Proliferative phase Secretory phase All cycles

Controls
(n 5 6)

Cases
(n5 12)

Controls
(n 5 13)

Cases
(n5 11)

Controls
(n 5 6)

Cases
(n5 12)

Controls
(n 5 13)

Cases
(n5 11)

Controls
(n 5 6)

Cases
(n5 12)

Controls
(n 5 13)

Cases
(n5 11)

Controls & cases
(n 5 42)

SAG [ng/mL]

Mean 59.27 65.24 40.93 54.32 9.53 7.12 11.41 10.01 6.99 11.12 6.00 7.32 54.00 9.55 7.95

SEM 8.64 9.76 3.84 5.94 1.66 0.76 2.31 1.81 1.27 2.49 1.51 1.32 3.80 0.92 0.96

C20:4 PE [ng/mL]

Mean 85.46 138.16 123.90 115.59 324.45 446.04 391.83 376.41 0.27 0.33 0.33 0.31 120.30 393.65 0.32

SEM 7.43 16.77 11.51 10.41 16.71 59.34 50.41 30.39 0.03 0.02 0.03 0.02 6.94 24.53 0.01

C18-20:4 PC [ng/mL]

Mean 2601.83 2984.42 2636.69 3185.18 3693.17 3630.67 3159.08 3814.64 0.73 0.85 0.84 0.87 2874.71 3541.81 0.83

SEM 214.70 155.53 193.20 156.22 409.59 309.34 159.14 327.67 0.06 0.04 0.05 0.06 94.79 145.35 0.03

C18-20:4 PE [ng/mL]

Mean 1947.83 2174.00 1737.69 1711.09 1485.00 1479.42 1453.00 1244.27 1.45 1.56 1.27 1.42 1885.41 1410.45 1.42

SEM 213.69 180.82 125.69 213.89 269.91 147.96 136.34 164.76 0.17 0.15 0.10 0.12 92.78 81.29 0.07

SEA [ng/mL]

Mean 12.16 12.20 12.80 11.63 7.91 7.71 8.03 6.72 1.57 1.65 1.70 1.83 12.23 7.58 1.70

SEM 0.72 0.71 0.40 0.82 0.54 0.43 0.54 0.48 0.13 0.14 0.15 0.18 0.33 0.26 0.08

2-AG [ng/mL]

Mean 20.71 30.09 21.47 18.56 12.41 11.04 20.05 16.57 1.87 2.96 1.50 1.32 23.06 15.47 1.93

SEM 4.39 4.21 3.12 2.35 1.66 1.34 3.91 3.13 0.61 0.41 0.26 0.15 1.86 1.59 0.20

AEA [ng/mL]

Mean 0.47 0.58 0.47 0.52 1.61 1.67 1.83 1.51 0.31 0.42 0.31 0.34 0.51 1.67 0.35

SEM 0.06 0.05 0.04 0.09 0.20 0.19 0.19 0.13 0.04 0.08 0.05 0.04 0.03 0.09 0.03

LEA [ng/mL]

Mean 1.53 1.68 1.60 1.32 4.64 4.09 4.54 3.42 0.34 0.42 0.40 0.40 1.54 4.13 0.40

SEM 0.13 0.13 0.13 0.17 0.42 0.25 0.43 0.35 0.03 0.03 0.06 0.05 0.07 0.20 0.02

PEA [ng/mL]

Mean 7.82 7.38 7.67 7.11 5.95 5.25 5.49 5.01 1.33 1.46 1.50 1.49 7.46 5.36 1.46

SEM 0.52 0.45 0.23 0.43 0.39 0.26 0.37 0.33 0.09 0.13 0.14 0.14 0.20 0.17 0.07

OEA [ng/mL]

Mean 1.87 1.91 1.69 1.55 4.07 3.34 3.57 2.83 0.48 0.59 0.52 0.58 1.74 3.38 0.55

SEM 0.10 0.10 0.10 0.12 0.31 0.18 0.29 0.26 0.05 0.04 0.05 0.05 0.06 0.14 0.03

Corticosterone [ng/

mL]

Mean 1.03 1.19 1.66 1.58 3.67 4.41 3.32 3.56 0.74 0.76 0.77 1.05 1.41 3.74 0.83

SEM 0.13 0.15 0.51 0.41 1.11 1.07 0.57 0.84 0.34 0.22 0.18 0.34 0.19 0.43 0.13

(continued on next page)
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related lipids in peritoneal fluids in relation to pain, inflammation,
and endometriosis.

AEA and 2-AG as well as the structurally related lipids (SAG,
SEA,OEA, PEA, LEA, C20:4 PE,C18-20:4 PC, andC18-20:4 PE)
were all present in the peritoneal fluid. The 2-AG level was higher
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Table 3

Comparison between peritoneal fluid and matched serum

values for each metabolite (paired t test).

Paired samples t test t df P

Peritoneal fluid vs serum

SAG 11,046 41 ,0.001

C20:4 PE 213,521 41 ,0.001

C18-20:4 PC 25856 41 ,0.001

C18-20:4 PE 6515 41 ,0.001

SEA 11,598 41 ,0.001

2-AG 3388 41 0.002

AEA 212,436 41 ,0.001

LEA 213,629 41 ,0.001

PEA 7829 41 ,0.001

OEA 211,711 41 ,0.001

Corticosterone 25696 41 ,0.001

Cortisol 211,245 41 ,0.001

PGE2 7044 41 ,0.001

PGD2 16,346 41 ,0.001

AA 211,133 41 ,0.001

Student t test.

2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; LEA, N‐linoleyl-ethanolamine; OEA, N‐oleoyl-

ethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEA, palmitoylethanolamide; PGD2,

prostaglandin D2; PGE2, prostaglandin E2; SAG, stearoyl-arachidonoylglycerol; SEA, N-stearoyl-ethanolamines.

Table 4

Linear correlation between peritoneal fluid and matched

serum values for each metabolite.

Pearson correlations r P

Peritoneal fluid vs serum

SAG 20.128 0.419

C20:4 PE 0.708*** ,0.001

C18-20:4 PC 0.622*** ,0.001

C18-20:4 PE 0.656*** ,0.001

SEA 0.086 0.588

2-AG 0.161 0.308

AEA 0.082 0.608

LEA 0.244 0.119

PEA 20.052 0.745

OEA 0.234 0.135

Corticosterone 0.345* 0.025

Cortisol 0.675*** ,0.001

PGE2 0.058 0.715

PGD2 20.130 0.412

AA 0.231 0.141

*P ,0.05, ***P , 0.001.

2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; LEA, N‐linoleyl-ethanolamine; OEA, N‐oleoyl-

ethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEA, palmitoylethanolamide; PGD2,

prostaglandin D2; PGE2, prostaglandin E2; SAG, stearoyl-arachidonoylglycerol; SEA, N-stearoyl-ethanolamines.
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than that of AEA which is in line with the ratio previously found in
the plasma11,19,21,24,38 and brain.5,8 It should be noted that the
levels of all the lipids quantified in the peritoneal fluid were
significantly different from those found in the serum. This
demonstrates the value of quantifying these molecules locally in
addition to measuring them in the circulation. We also observed
that circulating and peritoneal levels of eCBs did not correlate. This
finding supports the concept of a local production, or of a local
metabolism, within the peritoneal cavity happening either by
immune cells or the reproductive tract. This is in line with current
knowledge on circulating eCBswhich can be producedbymultiple
organs and tissues, including brain, muscle, adipose tissue, and
circulating cells.21 In mice and humans, AEA, 2-AG, and their
regulatory enzymes are produced in the endometrium, and their
levels fluctuate significantly over the estrus cycle.7,17,40,46 In-
terestingly, endocannabinoid hydrolysis especially increases dur-
ing the midsecretory phase.40 We also found that the levels of 2-
AG, OEA, and PGE2 apparently fluctuate during the menstrual
phase in the peritoneal fluid; their levels being lower during the
secretory phase. An increase in MAGL expression during the
secretory phase as reported previously40 could explain the level of
2-AG in our study. However, further studies are needed to validate
this finding, especially in the case of 2-AG which is in addition
strongly affected by pain in a cycle-specific manner.

Endometriosis was associatedwith a higher level of C18-20:4 PC
measured in the peritoneal cavity. C20:4 PE, C18-20:4 PE, and
C18-20:4 PC are phosphatidylethanolamine or phosphatidylcholine
lipids which function as reservoir precursors for the polyunsaturated
fatty acid, arachidonic acid. PC species are also precursors of N-
acylethanolamines (AEA, LEA,OEA, PEA, andSEA) generatedbyN-
acetyltransferase and phospholipase D. This is the reason why they
have been measured in our study. Interestingly, we found a higher

level of C18-20:4 PC in patients with endometriosis. This finding is in
line with previous studies showing an alteration of phosphatidylcho-
line metabolites lipid profiles in plasma,44 peritoneal fluid,45 and
eutopic endometrium27 of endometriosis women. In mice, artificial
inductionof endometriosis led to aglobal increaseof circulatingPCs,
independently of inflammation.10 Interestingly, plasma and serum
levels of C18-20:4 PC in our study correlated strongly and a similar
trend was observed for ser C18-20:4 PC. However, the area under
the curve was low (0.698 and 0.580 for PF and serum, receiver
operating characteristic analysis, data not shown), suggesting that
the value of this lipid alone does not qualify as an endometriosis
marker. Moreover, our results have to be interpreted with care
because of the possible degradation of C18-20:4 PC during the
sample storage (to be evaluated). PC and PE lipids were not
associated with pain in our study.

Lower levels of circulating LEA and OEA were found in women
with endometriosis. This is contrasting with a recent study that
reported an increase of AEA, 2-AG, andOEA levels in the plasmaof
women with endometriosis during the secretory phase.38 This
apparent discrepancy between both studies is puzzling but could
be attributed to differences in the methodology used. First, in the
study by Sanchez et al., the pain was not characterized in the
women without endometriosis, and therefore, it remains to be
elucidated whether the reported association was disease or
symptom dependent. Second, the data were expressed as mg
of total extracted lipids which makes a direct comparison difficult.
Third, eCBs were quantified in mononuclear cell layers (Peripheral
BloodMononuclear Cells, PBMCs) containing plasma,which is not
strictly plasma. In our study, the lipidswere quantified in the serum.
This differencemay suggest a dysregulation of the ECS at the level
of the PBMCswhich is relevant considering the key role of the ECS
to modulate migration and activation state of these cells42 and the

Table 5

ANOVA in the peritoneal fluid and serum (P-values).

Peritoneal fluid Serum

Menst.
cycle

Endometriosis Dysmenorrhea Abdo.
pain

Dyspareunia Menst.
cycle

Endometriosis Dysmenorrhea Abdo.
pain

Dyspareunia

SAG 0.056 0.127 0.781 0.619 0.133 0.265 0.218 0.093 0.661 0.571

C20:4 PE 0.922 0.278 0.571 0.281 0.344 0.649 0.435 0.885 0.262 0.182

C18-20:4 PC 0.662 0.008** 0.427 0.167 0.651 0.626 0.166 0.515 0.454 0.311

C18-20:4 PE 0.064 0.668 0.958 0.611 0.894 0.293 0.290 0.079 0.858 0.333

SEA 0.892 0.301 0.477 0.746 0.846 0.319 0.109 0.540 0.858 0.852

2-AG 0.009** 0.487 0.077 0.024* 0.149 0.110 0.453 0.560 0.609 0.348

AEA 0.362 0.081 0.115 0.058 0.032* 0.979 0.270 0.308 0.506 0.370

LEA 0.153 0.498 0.436 0.814 0.102 0.298 0.026* 0.477 0.603 0.762

PEA 0.631 0204 0.622 0.691 0.974 0.329 0.108 0.474 0.883 0.925

OEA 0.022* 0.561 0.818 0.737 0.606 0.068 0.010* 0.436 0.982 0.852

Corticosterone 0.220 0.986 0.893 0.665 0.960 0.304 0.454 0.708 0.165 0.171

Cortisol 0.498 0.113 0.851 0.162 0.584 0.588 0.062 0.548 0.279 0.656

PGE2 0.033* 0.233 0.615 0.102 0.051 0.274 0.746 0.883 0784 0.693

PGD2 0.755 0.471 0.514 0.853 0.360 0.863 0.274 0.318 0.204 0.569

AA 0.098 0.127 0.734 0.044* 0.166 0.005** 0.276 0.070 0.735 0.527

AEA/2-AG 0.285 0.760 0.768 0.057 0.224 0.198 0.841 0.670 0.274 0.249

PGE2/PGD2 0.056 0.094 0.304 0.115 0.121 0.269 0.237 0.160 0.342 0.439

*P , 0.05, **P , 0.01.

2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; LEA, N‐linoleyl-ethanolamine; OEA, N‐oleoyl-ethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEA, palmitoylethanolamide; PGD2,

prostaglandin D2; PGE2, prostaglandin E2; SAG, stearoyl-arachidonoylglycerol; SEA, N-stearoyl-ethanolamines.
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transcriptomic modulation previously observed in PBMCs of
patients with endometriosis.12

In the peritoneal fluid, 2-AG and AEA were both associated
with pain. ECs and related lipids are involved in nociception,
neuropathic pain, and inflammatory pain by acting on cannabi-
noid and noncannabinoid receptors, including CB1, CB2, TRPV1,
PPARs, GPR55, GPR18, and GABAA, among others.15,35,41 By
comparing the levels of eCBs and other lipids in the peritoneal fluid
with the pain scale, we identified 2-AG and AEA as dysregulated
signaling molecules in pain. However, it is unclear yet whether this
effect is endometriosis dependent as the number of sampleswere not
high enough to perform subgroup analysis. Abdominal pain and
dysmenorrhea were characterized both by a high level of 2-AG in the
peritoneal fluid. However, our study revealed differences in the timing
when this dysregulation occurs. Hence, the dysregulation was found
essentially the proliferative phase for dysmenorrhea while it was seen
throughout the cycle for abdominal pain. Strengthening our finding, 2-

AG correlated positively with dysmenorrhea and abdominal pain
scores. The other particularity of dysmenorrhea is its low level of AEA
which is negatively correlated with the pain score during the
proliferativephase.Hence,ourdata suggest that 2-AGconcentrations
in PF represent a possible marker of pain. The mechanism explaining
the change in 2-AG level and AEA/2-AG ratio in abdominal pain and
dysmenorrhea, respectively, deserves further investigations. Because
of the positive correlation observed between PF 2-AG and ser AA, we
propose that thehigh level of 2-AGobserved indysmenorrheamaybe
consecutive to a systemic increase of arachidonic acid.

In the peritoneal fluid, eCBs are moderately associated with
inflammation. Endometriosis-associated pain has in part been
attributed to inflammatory pain and the establishment of a chronic
local inflammatory environment. Hence, interleukin-6, tumor
necrosis factor alpha, and RANTES are increased in
endometriosis-associated dysmenorrhea.39,43 Among the vari-
ous inflammatory modulators analyzed in the peritoneal fluid in

Figure 1. Targeted lipidomics in PF. Descriptive plots for 2-AG (A), OEA (B), and PGE2 (C) in the proliferative (“1 5 Pro”) and secretory (“2 5 Se”) phases.
Descriptive plots for C18-20:4 PC (D) in patients without (“0”) and with endometriosis (“1”). Descriptive plots for 2-AG (E) and AA (F) in patients with low (“0”) and
high (“1”) abdominal pain. Descriptive plots for 2-AG (G) and AEA/2-AG (H) across the menstrual cycle in patients with low (white circles) and high (dark circles)
dysmenorrhea. Descriptive plot for AEA (I) in patients with low (“0”) and high (“1”) dyspareunia. The number of patients is indicated on the figure. The values
represent mean 6 SEM. ANOVA, *P , 0.05, **P , 0.01 (A–F, I). Two-way ANOVA, Tukey post hoc test, *P , 0.05 (G and H). ANOVA, analysis of variance.
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our study, only PGE2 and defensins were directly positively
correlated with eCBs. Hence, our data suggest that both 2-AG
and PGE2 could participate to the modulation of abdominal pain,
whereas AEA/2-AG and defensins may modulate dysmenorrhea.
As reviewed by Hillard,21 eCBs have the potential to increase or
decrease the perception of pain, depending on themechanism of
action. Although the administration of the eCB-like molecule PEA
showed to efficiently reduce pain in patients with endometri-
osis,4,23 other studies showed that 2-AG, its COX-2 metabolite
PGE2-glycerol ester, and PGE2 reduce the pain threshold and
exacerbate pain and neurogenic inflammation by modulating

Figure 2. Targeted lipidomics in the serum. Descriptive plots for AA (A) in the proliferative (“15 Pro”) and secretory (“25 Se”) phases. Descriptive plots for LEA (B)
andOEA (C) in patients without (“0”) andwith endometriosis (“1”). Descriptive plots for AA (D) across themenstrual cycle in patients with low (white circles) and high
(dark circles) dysmenorrhea. The number of patients is indicated on the figure. The values represent mean6 SEM. ANOVA, *P, 0.05, **P, 0.01 (A–C). Two-way
ANOVA, Tukey post hoc test, *P , 0.05 (D). ANOVA, analysis of variance.

Table 6

Linear correlation between ser AA and PF. 2-AG, PF.

Pearson correlations All patients (n 5 42)

r P

ser. AA

PF. 2-AG 0.510* ,0.001

PF. AEA 0.152 0.335

PF. AEA/2-AG 20.109 0.494

PF. AA 0.231 0.141

AEA, PF. AEA/2-AG, and PF. AA in the whole cohort (n 5 42).

*** P , 0.001.

2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; PF, peritoneal fluid.

Table 7

Linear correlation between the endocannabinoids PF.

Pearson correlations All conditions and cycles

All patients (n 5 42)

r P

PF. AEA

PF. PGE2 0.187 0.235

PF. PGD2 0.122 0.443

PF. PGE2/PGD2 0.142 0.370

PF. defensins 0.222 0.174

PF. 2-AG

PF. PGE2 0.354* 0.021

PF. PGD2 20.155 0.326

PF. PGE2/PGD2 0.412** 0.007

PF. defensins 20.278 0.086

PF. AEA/2-AG

PF. PGE2 20.157 0.322

PF. PGD2 0.030 0.849

PF. PGE2/PGD2 20.166 0.293

PF. defensins 0.423** 0.007

AEA, PF. 2-AG, PF. AEA/2-AG, and the inflammation markers PGE2, PGD2, and defensins in the whole

patient cohort.

*P , 0.05, ** P , 0.01.

2-AG, 2-arachidonoylglycerol; AEA, anandamide PGD2, prostaglandin D2; PF, peritoneal fluid; PGE2,

prostaglandin E2.
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TRPV1 sensitivity.8,22,25,28 Thus, elevated 2-AG and PGE2 levels,
as found in our study, may mediate pain sensation.

Our patient samples have been collected under standardized
protocols, but over several months, we are aware that many
factors such as storage and circadian rhythm can affect the level
of eCBs.16,18 In addition, we would like to highlight the fact that
the data related to ser PGD2, ser PGE2, ser corticosterone, and
PF corticosterone should be taken with caution because of the
reported sensitivity issue. Another limitation to our study is the
relatively small number of patients which did not allow us to
perform a complete subgroup analysis. Nevertheless, the fact
that eCBs present in the peritoneal fluid fluctuate with the
sensation of pain mainly dysmenorrhea and abdominal pain
shows, that it would now be justified and worthwhile to perform a
more in-depth study with a larger cohort.

Endometriosis-associated pain has a strong impact on the
quality of life. Unfortunately, current treatment strategies are not
fully satisfactory33 so that novel treatments with better effective-
ness and tolerability are urgently needed. Our study demon-
strated a link between eCB especially 2-AG, selected
inflammation indicators, and pain in women undergoing laparos-
copy, suggesting that the ECSmay be involved in endometriosis-
associated pain. Further investigation will be needed to elucidate
these links and to evaluate whether ECS could provide a target
model for new therapeutic intervention.

Conflict of interest statement

A. Chicca and J. Gertsch are cofounders of Synendos
Therapeutics, a spin-off company of the University of Bern that
develops first-in-class eCB modulators. The remaining authors
have no conflicts of interest to declare.

Acknowledgment

The authors acknowledge Anne Vaucher for her technical
support, as well as physicians, nurses, and study nurses (Juliette
Wanner and Barbara Rohrbach) involved in the patient re-
cruitment and sample collection. Study funding/competing
interest(s): the study was funded by the University of Bern, the
Department of Gynecology and Gynecological Oncology at
Inselspital of Bern and NCCR-TransCure.

Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PAIN/B382.

Article history:
Received 24 July 2020
Received in revised form 9 April 2021
Accepted 30 April 2021
Available online 1 May 2021

References

[1] Bersinger NA, Odegard RA. Serum levels of macrophage colony
stimulating, vascular endothelial, and placenta growth factor in relation
to later clinical onset of pre-eclampsia and a small-for-gestational age
birth. Am J Reprod Immunol 2005;54:77–83.

[2] Bersinger NA, von Roten S, Wunder DM, Raio L, Dreher E, Mueller MD.
PAPP-A and osteoprotegerin, together with interleukin-8 and RANTES,
are elevated in the peritoneal fluid of women with endometriosis. Am J
Obstet Gynecol 2006;195:103–8.

[3] Bouaboula M, Hilairet S, Marchand J, Fajas L, Le Fur G, Casellas P.
Anandamide induced PPARgamma transcriptional activation and 3T3-L1
preadipocyte differentiation. Eur J Pharmacol 2005;517:174–81.

[4] Bouaziz J, Bar On A, Seidman DS, Soriano D. The clinical significance of
endocannabinoids in endometriosis pain management. Cannabis
Cannabinoid Res 2017;2:72–80.

[5] Buczynski MW, Parsons LH. Quantification of brain endocannabinoid
levels: methods, interpretations and pitfalls. Br J Pharmacol 2010;160:
423–42.

[6] Chicca A, Nicolussi S, Bartholomaus R, Blunder M, Aparisi Rey A,
Petrucci V, Reynoso-Moreno IDC, Viveros-Paredes JM, Dalghi Gens M,
Lutz B, Schioth HB, Soeberdt M, Abels C, Charles RP, Altmann KH,
Gertsch J. Chemical probes to potently and selectively inhibit
endocannabinoid cellular reuptake. Proc Natl Acad Sci U S A 2017;
114:E5006–15.

[7] Cui N,Wang L,WangW, Zhang J, Xu Y, Jiang L, HaoG. The correlation of
anandamide with gonadotrophin and sex steroid hormones during the
menstrual cycle. Iran J Basic Med Sci 2017;20:1268–74.

[8] Di Marzo V. New approaches and challenges to targeting the
endocannabinoid system. Nat Rev Drug Discov 2018;17:623–39.

[9] Dmitrieva N, Nagabukuro H, Resuehr D, ZhangG, McAllister SL, McGinty
KA, Mackie K, Berkley KJ. Endocannabinoid involvement in
endometriosis. PAIN 2010;151:703–10.

[10] Dutta M, Anitha M, Smith PB, Chiaro CR, Maan M, Chaudhury K,
Patterson AD. Metabolomics reveals altered lipid metabolism in a mouse
model of endometriosis. J Proteome Res 2016;15:2626–33.

[11] Gachet MS, Rhyn P, Bosch OG, Quednow BB, Gertsch J. A quantitiative
LC-MS/MS method for the measurement of arachidonic acid,
prostanoids, endocannabinoids, N-acylethanolamines and steroids in
human plasma. J Chromatogr B 2015;976:6–18.

[12] Gentilini D, Perino A, Vigano P, Chiodo I, Cucinella G, Vignali M, Di Blasio
AM, Busacca M. Gene expression profiling of peripheral blood
mononuclear cells in endometriosis identifies genes altered in non-
gynaecologic chronic inflammatory diseases. Hum Reprod 2011;26:
3109–17.

[13] Giudice LC, Kao LC. Endometriosis. Lancet 2004;364:1789–99.
[14] Greene R, Stratton P, Cleary SD, Ballweg ML, Sinaii N. Diagnostic

experience among 4,334 women reporting surgically diagnosed
endometriosis. Fertil Steril 2009;91:32–9.

[15] Guerrero-Alba R, Barragan-Iglesias P, Gonzalez-Hernandez A, Valdez-
Morales EE, Granados-Soto V, Condes-Lara M, Rodriguez MG,
Marichal-Cancino BA. Some prospective alternatives for treating pain:
the endocannabinoid system and its putative receptors GPR18 and
GPR55. Front Pharmacol 2018;9:1496.

[16] Gurke R, Thomas D, Schreiber Y, Schafer SMG, Fleck SC, Geisslinger G,
Ferreiros N. Determination of endocannabinoids and endocannabinoid-
like substances in human K3EDTA plasma—LC-MS/MS method
validation and pre-analytical characteristics. Talanta 2019;204:386–94.

[17] HabayebOM, Taylor AH, EvansMD, CookeMS, Taylor DJ, Bell SC, Konje
JC. Plasma levels of the endocannabinoid anandamide in women–a
potential role in pregnancy maintenance and labor? J Clin Endocrinol
Metab 2004;89:5482–7.

[18] Hanlon EC. Impact of circadian rhythmicity and sleep restriction on
circulating endocannabinoid (eCB) N-arachidonoylethanolamine
(anandamide). Psychoneuroendocrinology 2020;111:104471.

[19] Hauer D, Schelling G, Gola H, Campolongo P, Morath J, Roozendaal B,
Hamuni G, Karabatsiakis A, Atsak P, Vogeser M, Kolassa IT. Plasma
concentrations of endocannabinoids and related primary fatty acid
amides in patients with post-traumatic stress disorder. PLoSOne 2013;8:
e62741.

[20] Hellman KM, Yu PY, Oladosu FA, Segel C, Han A, Prasad PV, Jilling T, Tu
FF. The effects of platelet-activating factor on uterine contractility,
perfusion, hypoxia, and pain in mice. Reprod Sci 2018;25:384–94.

[21] Hillard CJ. Circulating endocannabinoids: from whence do they come
and where are they going? Neuropsychopharmacology 2018;43:
155–72.

[22] Hu SS, Bradshaw HB, Chen JS, Tan B, Walker JM. Prostaglandin E2
glycerol ester, an endogenous COX-2 metabolite of 2-
arachidonoylglycerol, induces hyperalgesia and modulates NFkappaB
activity. Br J Pharmacol 2008;153:1538–49.

[23] Indraccolo U, Barbieri F. Effect of palmitoylethanolamide-polydatin
combination on chronic pelvic pain associated with endometriosis:
preliminary observations. Eur J Obstet Gynecol Reprod Biol 2010;150:
76–9.

[24] Jean-Gilles L, Feng S, Tench CR, Chapman V, Kendall DA, Barrett DA,
Constantinescu CS. Plasma endocannabinoid levels in multiple sclerosis.
J Neurol Sci 2009;287:212–15.

202 T. Andrieu et al.·163 (2022) 193–203 PAIN®

http://links.lww.com/PAIN/B382


[25] Kawabata A. Prostaglandin E2 and pain–an update. Biol Pharm Bull
2011;34:1170–3.

[26] Leconte M, Nicco C, Ngo C, Arkwright S, Chereau C, Guibourdenche J,
Weill B, Chapron C, Dousset B, Batteux F. Antiproliferative effects of
cannabinoid agonists on deep infiltrating endometriosis. Am J Pathol
2010;177:2963–70.

[27] Li J, Guan L, Zhang H, Gao Y, Sun J, Gong X, Li D, Chen P, Liang X,
Huang M, Bi H. Endometrium metabolomic profiling reveals potential
biomarkers for diagnosis of endometriosis at minimal-mild stages.
Reprod Biol Endocrinol 2018;16:42.

[28] Lin CR, Amaya F, Barrett L, Wang H, Takada J, Samad TA, Woolf CJ.
Prostaglandin E2 receptor EP4 contributes to inflammatory pain
hypersensitivity. J Pharmacol Exp Ther 2006;319:1096–103.

[29] McKinnon B, Bersinger NA, Huber AW, Kuhn A, Mueller MD. PPAR-
gamma expression in peritoneal endometriotic lesions correlates with
pain experienced by patients. Fertil Steril 2010;93:293–6.

[30] McKinnon BD, Bertschi D, Bersinger NA, Mueller MD. Inflammation and
nerve fiber interaction in endometriotic pain. Trends Endocrinol Metab
2015;26:1–10.

[31] Nigam S, Benedetto C, Zonca M, Leo-Rossberg I, Lubbert H,
Hammerstein J. Increased concentrations of eicosanoids and platelet-
activating factor in menstrual blood from women with primary
dysmenorrhea. Eicosanoids 1991;4:137–41.

[32] Nirgianakis K, Bersinger NA, McKinnon B, Kostov P, Imboden S, Mueller
MD. Regression of the inflammatory microenvironment of the peritoneal
cavity in women with endometriosis by GnRHa treatment. Eur J Obstet
Gynecol Reprod Biol 2013;170:550–4.

[33] Nirgianakis K, Vaineau C, Agliati L, McKinnon B, Gasparri ML, Mueller
MD. Risk factors for non-response and discontinuation of Dienogest in
endometriosis patients: a cohort study. Acta Obstet Gynecol Scand
2021;100:30–40.

[34] Nomura DK,Morrison BE, Blankman JL, Long JZ, Kinsey SG,Marcondes
MC, Ward AM, Hahn YK, Lichtman AH, Conti B, Cravatt BF.
Endocannabinoid hydrolysis generates brain prostaglandins that
promote neuroinflammation. Science 2011;334:809–13.

[35] Pertwee RG, Howlett AC, Abood ME, Alexander SP, Di Marzo V, Elphick
MR, Greasley PJ, Hansen HS, Kunos G, Mackie K, Mechoulam R, Ross
RA. International union of basic and clinical pharmacology. LXXIX.
Cannabinoid receptors and their ligands: beyond CB(1) and CB(2).
Pharmacol Rev 2010;62:588–631.

[36] Revised. American Society for reproductive medicine classification of

endometriosis: 1996. Fertil Steril 1997;67:817–21.
[37] Rocha MG, e Silva JC, Ribeiro da Silva A, Candido Dos Reis FJ, Nogueira

AA, Poli-Neto OB. TRPV1 expression on peritoneal endometriosis foci is

associated with chronic pelvic pain. Reprod Sci 2011;18:511–15.
[38] Sanchez AM, Cioffi R, Vigano P, Candiani M, Verde R, Piscitelli F, Di

Marzo V, Garavaglia E, Panina-Bordignon P. Elevated systemic levels of

endocannabinoids and related mediators across the menstrual cycle in

women with endometriosis. Reprod Sci 2016;23:1071–9.
[39] Scholl B, Bersinger NA, Kuhn A, Mueller MD. Correlation between

symptoms of pain and peritoneal fluid inflammatory cytokine

concentrations in endometriosis. Gynecol Endocrinol 2009;25:701–6.
[40] Scotchie JG, Savaris RF, Martin CE, Young SL. Endocannabinoid

regulation in human endometrium across themenstrual cycle. Reprod Sci

2015;22:113–23.
[41] Sigel E, Baur R, Racz I, Marazzi J, Smart TG, Zimmer A, Gertsch J. The

major central endocannabinoid directly acts at GABA(A) receptors. Proc

Natl Acad Sci U S A 2011;108:18150–5.
[42] Turcotte C, Chouinard F, Lefebvre JS, Flamand N. Regulation of

inflammation by cannabinoids, the endocannabinoids 2-arachidonoyl-

glycerol and arachidonoyl-ethanolamide, and their metabolites. J Leukoc

Biol 2015;97:1049–70.
[43] Velasco I, Acien P, Campos A, Acien MI, Ruiz-Macia E. Interleukin-6 and

other soluble factors in peritoneal fluid and endometriomas and their

relation to pain and aromatase expression. J Reprod Immunol 2010;84:

199–205.
[44] Vouk K, Hevir N, Ribic-Pucelj M, Haarpaintner G, Scherb H, Osredkar J,

Moller G, Prehn C, Rizner TL, Adamski J. Discovery of

phosphatidylcholines and sphingomyelins as biomarkers for ovarian

endometriosis. Hum Reprod 2012;27:2955–65.
[45] Vouk K, Ribic-Pucelj M, Adamski J, Rizner TL. Altered levels of

acylcarnitines, phosphatidylcholines, and sphingomyelins in peritoneal

fluid from ovarian endometriosis patients. J Steroid Biochem Mol Biol

2016;159:60–9.
[46] Wang H, Xie H, Sun X, Kingsley PJ, Marnett LJ, Cravatt BF, Dey SK.

Differential regulation of endocannabinoid synthesis and degradation in

the uterus during embryo implantation. ProstaglandinsOther LipidMediat

2007;83:62–74.

January 2022·Volume 163·Number 1 www.painjournalonline.com 203

www.painjournalonline.com

