MEDICAL
SCIENCE

HUMAN STUDY

e-ISSN 2325-4416
MONITOR © Med Sci Monit Basic Res, 2019; 25: 76-87
BASIC RESEARCH DOI: 10.12659/MSMBR.914019

Accepteds 20190114 New Insights of Uterine Leiomyoma
e e Pathogenesis: Endocannabinoid System

Authors’ Contribution: ABCDEF 1,2 Thangesweran Ayakan nu 1 Endocannabinoid Research Group, Reproductive Sciences, Department of Cancer
Study Design A ABCDEF 1,3 Anthony H. Taylor Studies and Molecular Medicine, University of Leicester, Leicester, U.K.
Data Collection B N 2 Department of Obstetrics and Gynaecology, North Cumbria University Hospital
Suatistical Analysis ¢ | BCDEF 1,4 Timothy H. Marczylo NHS Trust, Carlisle, UK.
Data Interpretation D perG 1,5 Justin C. Konje 3 Department of Molecular and Cellular Biology, University of Leicester,
Manuscript Preparation E Leicester, UK.
Literature Search F 4 Public Health England, Chilton, Oxford, UK.
Funds Collection G 5 Department of Obstetrics and Gynaecology, Sidra Medicine, Doha and Wellness

Women'’s Research Centre, Doha, Qatar

Corresponding Author: Thangesweran Ayakannu, e-mail: t.ayakannu@nhs.net
Source of support: This work was funded by grants from the University Hospitals of Leicester NHS Trust and miscellaneous income from Postgraduate
(MRCOG) courses run by Professor Konje at the University of Leicester

Background: The aim of this study was to determine if components of the endocannabinoid system are modulated in uterine
leiomyomas (fibroids). Components studied included cannabinoid receptors 1 (CB1) and 2 (CB2); the G protein-
coupled receptor GPR55; transient potential vanilloid receptor 1 (TRPV1) and the endocannabinoid modulating
enzymes N-acylphosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and fatty acid amide hydrolase
(FAAH), and their N-acylethanolamine (NAE) ligands: N-arachidonylethanolamine (AEA), N-oleoylethanolamine
(OEA), and N-palmityolethanaolamine (PEA).

Material/Methods: Transcript levels of CB1, CB2, TRPV1, GPR55, NAPE-PLD, and FAAH were measured using RT-PCR and correlated
with the tissue levels of the 3 NAEs in myometrial tissues. The tissues studied were: 1) fibroids, 2) myometrium
adjacent/juxtaposed to the fibroid lesions, and 3) normal myometrium. Thirty-seven samples were processed
for NAE measurements and 28 samples were used for RT-PCR analyses.

Results: FAAH expression was significantly lower in fibroids, resulting in a NAPE-PLD: FAAH ratio that favors higher AEA
levels in pre-menopausal tissues, whilst PEA levels were significantly lower, particularly in post-menopausal
women, suggesting PEA protects against fibroid pathogenesis. The CB1: CB2 ratio was lower in fibroids, sug-
gesting that loss of CB1 expression affects the fibroid cell phenotype. Significant correlations between reduced
FAAH, CB1, and GPR55 expression and PEA in fibroids indicate that the loss of these endocannabinoid system
components are biomarkers of leiomyomata.

Conclusions: Loss of expression of CB1, FAAH, GPR55, and PEA production are linked to the pathogenesis of uterine fibroids
and further understanding of this might eventually lead to better disease indicators or the development of
therapeutic potentials that might eventually be used in the management of uterine fibroids.
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Background

Uterine leiomyomas (fibroids) are the most common non-
cancerous pelvic tumors found in women [1] with prevalence
rates of up to 70% in those of reproductive age [2] and in the
post-reproductive age uterus, these reduce in size with sar-
comatous changes being more likely to occur within the fi-
broids of women in this age group [3]. Both of these pathol-
ogies are characterized by an increase in smooth muscle cell
(SMC) proliferation [4,5] and can cause symptoms including
abnormal uterine bleeding, pressure effects, pelvic pain, and
reproductive dysfunction. The growth of fibroids is primarily
mediated by the ovarian sex steroid hormones [6,7] in both
pre- and post-menopausal women, although other more rec-
ognized growth factors have been reported to be associated
with their growth and survival [8-10].

Fibroids present a major health [11] and economic [12] burden;
and robot-assisted laparoscopic myomectomy rather than con-
ventional surgery is becoming the treatment of choice [13,14]
where it is available. There is currently a drive to identify pos-
sible mechanistic factor(s) that may be involved in fibroid
pathogenesis (for review see [15]); manipulation of these fac-
tors might lead to cheaper pharmacological management of
the disease/symptoms.

One such mechanistic factor might be the endocannabinoid sys-
tem. This hypothesis comes from a single microarray study of
fibroid gene expression in comparison to that of normal myo-
metrium that showed that CB1 receptor transcript levels were
decreased by 72% in fibroid tissue [16], as well as a pilot study
performed by our group [17] where we found that tissue levels
of N-arachidonylethanolamine (AEA) were increased relative to
non-adjacent myometrial tissue, suggesting a possible role for
the endocannabinoid system in the pathogenesis of fibroids.

The “endocannabinoid system” (ECS) consists of 2 major iso-
forms of cannabinoid receptor (CB1 and CB2) that bind a number
of endogenous ligands collectively known as endocannabinoids.
The ligands that belong to the N-acylethanolamines (NAE) group,
namely N-arachidonylethanolamine (AEA), N-oleoylethanolamine
(OEA), and N-palmitoylethanolamine (PEA), have been exten-
sively studied in normal endometrium [18-21] and other repro-
ductive tissues [22-25], but not in the myometrium [17]. The
tissue and plasma concentrations of these ligands are primarily
regulated by the expression and activities of the main enzymes
that regulate ligand synthesis, N-acylphosphatidylethanolamine-
specific phospholipase D (NAPE-PLD) and degradation, fatty
acid amide hydrolase (FAAH) [26]. AEA, OEA, and PEA also par-
tially activate other putative cannabinoid receptors such as the
transient potential vanilloid receptor 1 (TRPV1) and the orphan
G protein- coupled receptor 55 (GPR55) [15,27-30], although
this is thought to not happen in the non-pregnant human

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

HUMAN STUDY

myometrium [31-33]. Nevertheless, CB1, CB2, and FAAH have
been demonstrated in the human term myometrium [34], and
CB1, CB2, and the TRPV1 receptors are expressed in a non-
pregnant human myometrial cell line, which has the capacity to
synthesize, respond to, and degrade endocannabinoids [35]. In
addition, it also responds when exposed to AEA by increasing
ERK,, expression through a mechanism that involved CB1,
Ga,,, Src, and PI3K, but not phospholipase C, protein kinase C,
Ca?*/calmodulin-dependent protein kinase, Ca?* ions, CB2, or
the TRPV1 receptor [36]. The cells also autoregulated CB1 re-
ceptor expression, through a desensitization pathway that
causes reduced receptor expression. However, a targeted ex-
amination of the major endocannabinoid components in fi-
broids to the best of our knowledge is yet to be undertaken.

The aim of this study was therefore to compare the expres-
sion of the NAE-binding receptors, their modulating enzymes,
and the levels of the NAE ligands in fibroids, tissue adjacent
to the fibroid lesions, and in normal myometrial tissue, to fur-
ther clarify the possible role that the endocannabinoid system
might play in fibroid growth and development.

Material and Methods

Tissue collection and ethics statement

Thirty-eight women aged 37 to 77 years were recruited for this
study at Leicester Royal Infirmary and participants gave writ-
ten informed consent. None had received hormonal therapy for
at least 3 months prior to surgery. Tissue samples were taken
from the women undergoing hysterectomy for non-malignant
indications, such as dysfunctional uterine bleeding or uterine
prolapse. Fresh uteri specimens were immediately transported
on ice to the Histopathology Department where biopsies were
obtained by a consultant gynecological histopathologist who
divided them into 2 samples; 1 sample for this study and the
other sample for histological confirmation of diagnosis. Three
types of biopsy were obtained: 1) normal myometrium, where
no pathology could be identified; 2) normal myometrium adja-
cent to fibroid tissue; and 3) confirmed fibroid tissues. These
samples were immediately frozen in liquid nitrogen and stored
at —80°C for later analyses. All protocols for human tissue col-
lection and experimental use were approved by the University
Hospitals of Leicester R&D, and Leicestershire and Rutland
Research Ethics Committees.

N-acylethanolamine measurements

N-acylethanolamine (NAE) concentrations were determined in
normal myometrium and fibroids as previously described [19].
Briefly, frozen tissues were first pulverized under liquid ni-
trogen in a pestle and mortar. Approximately 100 mg of
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Table 1. Primer sequences used for amplification of the indicated components of the endocannabinoid system within gRT-PCR.

Gene Primer sequences*

Forward
NAPE-PLD

Reverse

5’-AAGAGATAGGAAAAAGATTTGGACCTT-3’

5’-AGCATGGCTTTCAGCAGACA-3’

*All the primer sequences listed were designed using Primer Express software (Applied Biosystems, Warrington, UK) and purchased
as HPLC-purified versions from Sigma-Aldrich (Poole, Dorset, UK). The primers for the housekeeping genes (B-actin (BACT), tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein  (YWHAZ) and splicing factor 3a, subunit 1 (SF3A1), were
designed and purchased as part of a SYBR green geNorm kit (Primer Design Ltd., Chandler’s Ford, Southampton, Hampshire, UK).

pulverized tissue was mixed with deuterated internal stan-
dards (12.5 pmol/g AEA-d8 and OEA-d2, and 25 pmol/g PEA-d4,
Cayman Chemical, Ann Arbor, MI, USA) and 1 mL phosphoric
acid (5%), and thoroughly mixed on a benchtop vortex mixer.
The mixture was then diluted with 1 mL deionized water and
homogenized for 40 seconds using TissueRuptor (QIAGEN)
on ice. The samples were then subjected to centrifugation at
1500 g for 30 minutes at 4°C. The supernatant was carefully
transferred to a fresh tube and NAEs extracted by solid phase
extraction as described previously [17]. The extract was dried
under a constant stream of nitrogen before being reconsti-
tuted in 80 pL of acetonitrile [19]. The NAEs were separated
and quantified using a previously validated UHPLC-MS/MS
method [17,37].

Quantitative RT-PCR analysis of the endocannabinoid
system

Biopsy fragments (100 mg) were pulverized under liquid ni-
trogen and homogenized in 1 mL of TRIzol reagent solution
(Applied Biosystems) using an Ultra Turrax homogenizer on
full power for 40 seconds on ice. RNA was extracted using
1-bromo-3-choro-propane (Sigma, Gillingham, Dorset, UK)
as previously described [38] and RNA yield determined using
a NanoDrop ND1000 spectrometer (ThermoFisher Scientific,
Loughborough, Leics, UK). Samples with a 260 nm/280 nm ra-
tio between 1.8 and 2.1, were reverse transcribed for PCR; any
samples outside of this range were rejected. Total cellular RNA
(500 ng) was reverse transcribed (High Capacity RNA-to-cDNA
kit, Applied Biosystems) and the resultant cDNA stored at —20°C.
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Primers for the genes of interest (CB1, CB2, FAAH, NAPE-
PLD, GPR55, and TRPV1; Table 1) were designed using Primer
Express software (Applied Biosystems, Warrington, UK), whilst
the endogenous control genes (housekeeping genes) [B-actin
(BACT), tyrosine 3-monooxygenase/tryptophan 5-monooxy-
genase activation protein £ (YWHAZ) and splicing factor 3a,
subunit 1 (SF3A1)] were purchased as SYBR green-specific oli-
gonucleotides as part of a geNorm endogenous control gene
kit (PrimerDesign Ltd., Southampton, Hamp., UK). Quantitative
real-time PCR reactions were carried out in a final reaction vol-
ume of 20 pL containing 10 pL of 2xSYBR Green PCR Universal
Master Mix (Applied Biosystems), 300 nM of re-suspended en-
dogenous control gene primer mix or 900 nM of target gene
primers, 5 pL of diluted cDNA (diluted 1: 10 with RNase-free
water) and 4 pL of RNAse/DNAse free water. The thermal cy-
cler conditions for gRT-PCR were 95°C for 10 minutes followed
by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute and
an extension at 72°C for 2 minutes. In all cases, a final exten-
sion incubation for 10 minutes at 72°C was performed. All re-
actions were performed in triplicate using an ABI PRISM® 7000
real-time PCR system (Applied Biosystems, Warrington, UK).

Statistical analysis

Results were analyzed using Graph-Pad Prism version 7.0 for
Windows (Graph-Pad Software. San Diego, CA, USA; www.graph-
pad.com). Data are presented as mean + standard deviation
(SD) and statistical analysis performed using 2-tailed Student’s
unpaired t-test for non-paired data and Student’s paired t-test
for pairwise data. Correlation analysis was performed using
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Figure 1. (A—C) Measurement of tissue NAE levels. The levels of AEA, OEA, and PEA in normal myometrium (myometrium; n=19),
normal myometrium adjacent to fibroid (adjacent; n=19) and within fibroid tissue (n=19) were evaluated by ultra-high-
performance liquid chromatography-tandem mass spectrometry. The data for each patient biopsy is presented together
with the mean + standard deviation for the measurement. Statistical differences in NAE levels between normal and adjacent
myometrium were determined by unpaired Student’s t-test and by paired Student’s test between adjacent myometrium and

fibroid: * P<0.05; n.s. — not significantly different.
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Figure 2. (A—C) Tissue levels of the NAEs in pre- and post-menopausal myometrium and fibroids. Lipids extracted from normal
myometrium (Myo), tissue adjacent (adj) to the fibroid and the fibroid (Fib) itself were measured by UHPLC-MS/MS as
described in the Materials and Methods section and corrected for the amount of starting material. The numbers of patient
samples analyzed were: n=9 for normal pre-menopausal myometrium and n=10 for normal post-menopausal myometrium;
n=7 for pre-menopausal fibroids and their adjacent myometrium; n=11 for the post-menopausal fibroid and adjacent
myometrium. The data are presented as mean * standard deviation; * P<0.05 Student’s unpaired t-test compared to normal

myometrium; n.s. — not significantly different.

Pearson correlation on non-logarithmic transformed data.
P<0.05 was considered statistically significant.

Results

Patient samples

Although a total of 38 patient samples for NAE measurements
were collected, 1 sample was lost due to patient withdrawal
from the study. Of the remaining 37 samples, 16 samples were
obtained from pre-menopausal women and 21 samples were
obtained from post-menopausal women. All 37 samples were
processed for NAE measurement. For PCR analyses, one sam-
ple was lost during processing and 8 had low quality RNA and
were discarded. These 28 RNA samples comprised 8 normal
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myometrial samples and 20 fibroid tissues. Two extra normal
myometrial samples were prepared and used in the PCR anal-
yses, but were not used in the measurement of NAEs.

PEA tissue levels are increased in fibroid

Figure 1 shows the levels of the NAEs (AEA, OEA, and PEA) in
normal myometrium, myometrium adjacent to the fibroid and
in fibroid for the entire cohort. AEA, OEA, or PEA levels were not
significantly different between normal and adjacent myome-
trium, even though the mean (+SD) in PEA levels did increase
to 80.0+42.0 pmol/g wet weight and 97.7+56.3 pmol/g wet
weight in normal myometria and adjacent myometria, respec-
tively. Similarly, there were no differences in AEA or OEA tissue
levels between adjacent myometria and fibroids. Although OEA
levels were higher in fibroid compared to adjacent myometrium
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Table 2. The expression of components of the endocannabinoid system in the normal myometrium and fibroid tissue.

(o: 3] CB2 CB1: CB2
Myometrium 2.0£1.1 0.9+0.5 2.22+1.22
Fibroid 0.6+0.2ns 2.2+0.7ns  0.27+0.09*

TRPV1

4.6+2.1ns

NAPE-PLD:
GPR55 NAPE-PLD FAAH FAAH
5.6+3.3 14.1+2.0 1.3+0.5 10.8+1.54
1.140.3ns  12.5+3.8ns 0.5+0.1* 25.0+4.6*

The data are presented as mean +SEM from 10 normal myometrial and 20 fibroid tissue samples. In each case, the levels of

the indicated transcripts were normalized to the geometric mean of the amount of transcript for the -actin (ACTB), tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein £ (YWHAZ) and splicing factor 3a, subunit 1 (SF3A1) housekeeping
genes: (see Material and Methods section). * P<0.05; ns — not significantly different, fibroid versus normal myometrium; Student’s

unpaired t-test.

(10.745.0 pmol/g wet weight versus 8.9+3.6 pmol/g wet
weight); this difference was not statistically significant (P=0.77;
Student’s paired t-test). By contrast, the levels of PEA (76.0+44.5
pmol/g wet weight) in fibroids were significantly lower than in
adjacent myometrium (97.84+56.3 pmol/g wet weight; P=0.013;
Student’s paired t-test).

A sub-analysis of the tissue NAE levels using pre-and post-
menopausal status as the discriminator is shown in Figure 2.
In this analysis, the samples were divided into groups based on
whether the patients were pre-menopausal (41.1+3.15 years)
or post-menopausal (63.15+8.95 years). The age difference be-
tween pre- and post-menopausal women was significantly dif-
ferent (P<0.0001 for the myometrial samples and P<0.0001 for
adjacent myometria/fibroid pair samples, respectively; Student’s
unpaired t-test). The ages of the women (mean +SD) providing
the different tissue types were not statistically significantly
different within the pre-menopausal group (normal myome-
trium=40.78+3.86 years [n=9] versus adjacent/fibroid pair
41.43+2.44 [n=7]; P=0.997 Student’s unpaired t-test) or within
the post-menopausal group (normal myometrium=66.4+9.57
years [n=10] versus adjacent/fibroid pair 59.91+7.34 years
[n=11]; P=0.147 Student’s unpaired t-test).

There were no significant differences in the AEA, OEA, or PEA
levels found between the pre-menopausal tissues (Figure 2). In
the post-menopausal tissues, AEA levels at 1.21+0.40 pmol/g
wet weight (mean +SD) in the normal myometrium were higher
than either the adjacent tissue (0.89+0.29 pmol/g wet weight)
or in the fibroid (0.88+0.39 pmol/g wet weight), but neither
of these differences were significant (P=0.080 and P=0.975,
respectively).

OEA levels in the post-menopausal normal myometrium at
11.16+3.67 pmol/g wet weight were significantly (P=0.013)
higher than that found in the tissue adjacent to the fibroid
(7.96+3.19 pmol/g wet weight) but they were not significantly
higher than that found in the fibroid (8.46+3.47 pmol/g
wet weight); OEA levels in the pre-menopausal fibroid
(12.92+6.10 pmol/g wet weight) were significantly (P=0.046)
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different to adjacent myometrium (8.85+3.29 pmol/g wet
weight) but not to normal myometrium at a distant site
(9.82+4.63 pmol/g wet weight).

The levels of PEA in both the pre-menopausal and post-meno-
pausal tissues were more variable than those found for either
AEA or OEA. In the pre-menopausal tissues, PEA levels were
not significantly different to those found in the normal myo-
metrium. In post-menopausal samples the levels of PEA in
the myometrium adjacent to the fibroid (95.34+47.67 pmol/g
wet weight) though similar to that of the normal myometrium
(89.50+48.77 pmol/g wet weight; P=0.785), were significantly
higher than that found in the fibroid (72.02+38.96 pmol/g wet
weight; P=0.013).

The expression of NAE binding receptors in fibroid tissue

The expression of CB1, CB2, TRPV1, and GPR55 was not sig-
nificantly different between fibroid tissues and normal myo-
metrium (Table 2). The mean (SEM) levels of CB1 were 0.6+0.2
in the fibroid and 2.0+1.1 in myometrium, whilst that of CB2
were 2.2+0.7 in the fibroid and 0.9+0.5 in the myometrium.
TRPV1 levels were very similar between myometrium and fibroid
(3.740.8 and 4.6%2.1, respectively), whilst mean GPR55 tran-
script levels were 5 times higher in the myometrium (5.6+3.3)
than in fibroid tissues (1.1+0.3). This was due to 2 samples of
myometrium having levels of over 30 and 16. Because of the
inverse expression patterns of CB1 and CB2; i.e., CB1 is higher
in myometrium than fibroid and CB2 is higher in the fibroid
than myometrium), the CB1: CB2 ratio was also examined. The
data showed that the mean CB1: CB2 ratio was significantly
(P=0.031) 10 times higher in myometrium (2.22+1.22) com-
pared to that of the fibroid (0.27+0.09; Table 2).

The ratio of NAPE-PLD: FAAH transcript levels in fibroids

Analysis of the expression of the NAE modulating enzymes
showed that the levels of NAPE-PLD expression in fibroids
(12.5+3.8) was similar to that found in myometrium (14.1+2.0;
Table 2). By contrast, the levels of FAAH in fibroids at 0.5+0.1
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Table 3. Correlation analyses of the interactions between components of the endocannabinoid system in normal myometrium and
fibroid tissue.

Fibroid

-0.3058 —4 xx107 -0.2640 -0.0172 -0.1463

0.5390

0.0018 ! - 0.2110 0.2579 0.8485 0.0056 —-0.2046 0.5678

-0.0730 -0.0085 - -0.0614 0.8872 -0.0013 -0.0304 0.2747

Normal -~~~ - S
0.6396 -0.1086 -0.1826 0.0086 - -0.0179 0.2000 -0.0069 0.0632

—-0.0436 0.0414 -0.0023 0.9802 0.0011 - 0.0098 -0.0173 0.5521

0.2309 0.0291 0.1505 -0.3385 -0.0582 -0.3073 - 0.6320 0.1722

0.0585 —-0.0096 -0.0098 -0.5345 -0.0006 -0.5690 0.4043 —-0.0004

—-0.0094 0.0714 -0.0001 0.8712  -0.0049 0.9479 -0.2294 -0.5186

The data are presented as the Pearson correlation squared (R?); inverse correlations are indicated with a minus sign placed before
each number. Correlations that are significantly different to zero are shown in a bold font and those relationships that are similar in
both tissue types are shaded. The significant correlations (with p-values) are shown graphically in Figure 3.
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Figure 3. Correlation analysis of the endocannabinoid system in normal myometrium and fibroid. Pearson correlation analysis is
shown for the expression of the indicated components of the endocannabinoid system in normal myometrium (solid line)
and in fibroid tissue (dashed line). Factors that are either significantly positively or negatively correlated in both normal
myometrium and fibroid tissue are shown in the upper panel (A-D) (previous page), whilst those correlated only in the
normal myometrium are shown in the middle panel (E-I) (this page), and those only correlated in the fibroid tissue are
shown in the lower panel (J, K) (next page). Statistically insignificant correlations are presented in Table 3. The P-values for

the normal myometrium (Pm) and for fibroid (Pf) are shown on the individual graphs. (0 — fibroid; ® — normal myometrium).
Transcript levels were corrected against the geometric mean of 3 housekeeping genes as described in the Material and

Methods section.
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were significantly lower (P=0.042) than in myometrium
(1.3+0.5). Furthermore, the NAPE-PLD: FAAH ratio was also
significantly (P=0.042) higher in fibroid tissue at (25.0+4.6)
when compared with that in myometrium (10.8+1.5).

Correlation analyses

Table 3 shows the relationships between tissue NAE levels, and
receptor and enzyme expression levels, for normal myometrium
and fibroids. The data show that the levels of AEA and OEA
were positively correlated both within normal myometrium and
in fibroids. At the same time, there were positive correlates
between GPR55 and CB1 (myometrium: R2=0.9802, P<0.0001;
fibroids: R2=0.8872, P=0.0005), GPR55 and FAAH (myometrium:
R?=0.9479, P<0.0001; fibroids: R?=0.5521, P=0.0347) and NAPE-
PLD and TRPV1 (myometrium: R?=0.4043, P=0.0481; fibroids:
R?=0.6320, P=0.0184) in both tissue types (Table 3, Figure 3).

By contrast, in the normal myometrium there was a positive
correlation between FAAH and CB1 (myometrium: R?=0.8712,
P<0.0001; fibroids: R?2=0.2747, P=0.1824), a negative correla-
tion between NAPE-PLD and GPR55 (myometrium: R2=0.5690,
P=0.0117; fibroids: R?=0.0174, P=0.7558) and between NAPE-
PLD and CB1 (myometrium: R?=0.5345, P=0.0163; fibroids:
R2=0.0304, P=0.6794) that was not present in the corresponding
fibroids (Table 3, Figure 3). Interestingly, there was also an in-
verse correlation between CB2 and AEA levels in the normal
myometrium that was absent from the fibroid (myometrium:
R?=0.6396, P=0.0172; fibroids: R2=0.2640, P=0.2381). Taken
together, these observations suggest a dysregulation of the
endocannabinoid system in fibroid tissue.

Fibroids also showed 2 correlates that were absent in normal
myometrium; these were between GPR55 and PEA (myometrium:
R2=0.0023, P=0.8950; fibroids: R?=0.8485, P=0.0032, and
FAAH and PEA (myometrium: R2=0.0001, P=0.9734; fibroids:
R?=0.5678, P=0.0309). In each case, the relationship was
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positive (i.e., as one parameter increases so does the other).
The strongest relationship was between GPR55 and CB1 ex-
pression in fibroids (R?-value=0.887; Table 3).

Discussion

In this study, we have shown that the 3 N-acylethanolamines,
AEA, OEA, and PEA are present in the normal myometrium and
in fibroid tissue. PEA levels were significantly lower in fibroids
compared to adjacent normal myometrial tissue, particularly
in the post-menopausal group, suggesting that the lower lev-
els or indeed a loss of this NAE might be associated with dis-
ease regression. Conversely, the slightly lower AEA levels and
slightly higher OEA levels in the fibroid in the post-menopausal
group, points to possible alterations in these 2 NAEs as disease
progresses. As far as we are aware, the actions of PEA in the
human myometrium have not been studied previously, but in
the mouse prostaglandin-stimulated model, PEA inhibits myo-
metrial contractility [39], suggesting that it might play a simi-
lar role in the human myometrium. One hypothesis related to
fibroid development is that during the normal menstrual cycle
and with postmenopausal bleeding, the clonal expansion of
damaged smooth muscle cells, especially close to the stratum
basalis of the endometrium (subserosal fibroids) are normally
shed by a myometrial contractile mechanism [40,41], but in
the presence of multiple fibroids the normal contractile force
involved is impaired [15]. This results in fibroid smooth mus-
cle cell retention, growth and, in some cases, infertility [42].
If PEA acts to prevent human myometrial contractility, as it
does in the mouse [39], then PEA could thus be the missing
link in this hypothesis.

We also observed that mean transcript levels for CB1 decreased
from 2.0 to 0.6 while that for CB2 increased from 0.9 to 2.2
resulting in an almost 10-fold change in the CB1 to CB2 tran-
script ratio. Although none of the receptor expression level
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changes reached significance, the significant reduction in CB1
transcript levels in relation to other genes (CB2) is in keeping
with the observations of Lee et al. [16] who reported a simi-
lar 72% reduction in CB1 transcript levels in their microarray
study. Unfortunately, they did not report any changes in CB2,
NAPE-PLD, or FAAH transcript levels. The reason for this was
unavailability of cDNA targets for these 3 genes (and TRPV1
and GPR55) on their microarray at the time of their study. We
are unaware of any other studies that have evaluated the lev-
els of NAPE-PLD, FAAH, TRPV1, or GPR55 transcript levels in fi-
broid tissue or normal myometrium, and definitely none that
have reported a comparative study of these endocannabinoid
system components in myometrial disease.

There is ample support in the literature for the loss of CB1 re-
ceptor expression coinciding with a loss of apoptosis or cellular
autophagy (see [43] and references therein), which has led to
the suggestion that cannabinoids (both natural and synthetic)
might be useful in the prevention of both benign [31,44,45]
and malignant [46-48] tumor growth. The observations that
the transcript level for the GPR55 receptor was 5-fold lower in
fibroids, whilst the level for TRPV1 remained constant proba-
bly indicate that the loss of GPR55 might also be involved the
pathogenesis of fibroid formation, whilst TRPV1 is not. The
available evidence suggests that the expression of GPR55
is closely linked to malignant transformation in many tumor
types [49] and its reduction in fibroids might be involved in
preventing the transformation of the fibroid into its malignant
form, the leiomyosarcoma, even though such transformations
are incredibly rare.

We also observed changes in FAAH expression, but not in
NAPE-PLD. There was a decrease in FAAH expression from 1.3
to 0.5 resulting in a significant 2.5-fold increase in the NAPE-
PLD: FAAH ratio. These data suggest that the NAPE-PLD: FAAH
expression ratio might be involved in the regulation of tissue
NAE levels in fibroids. The increase in the NAPE-PLD: FAAH ratio
should have resulted in an increased production of at least one
of the NAEs, as it does in other reproductive tissues [50], and
although this was originally observed in our pilot study [19],
but this was not observed when a larger patient cohort was
examined. It is possible, of course, that under these circum-
stances, mRNA levels are not indicative of functional protein
levels; i.e., regulation is not at the transcription level but at the
translation stage of protein synthesis or that other enzymes are
involved in the NAE catalysis in these tissues, however, these
studies are beyond the scope of the present study. What was
observed was a positive correlation between OEA and AEA in
both normal myometrium and fibroids (Table 3, Figure 3) sug-
gesting that the increased NAPE-PLD: FAAH ratio is biased to-
wards these 2 NAEs, resulting in a preference for PEA degrada-
tion and thus the significantly decreased PEA levels observed
in the fibroids. There was also a strong inverse correlation
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between NAPE-PLD and FAAH expression, but only in the fi-
broid (Table 3, Figure 3) suggesting that reciprocal regulation
of these 2 enzymes occurs in this tissue. This observation is
supported by the differential regulation of these 2 enzymes in
other reproductive tissues [24,50,51]. An interesting observa-
tion from the correlation analyses, is that GPR55 expression
correlated positively with FAAH expression in both tissue types,
and that PEA correlated positively with GPR55 and FAAH ex-
pression, but only in the fibroid tissue. Since PEA binds to and
activates the GPR55 receptor [52] then in the normal myome-
trial smooth muscle it could be postulated that PEA binds to
its receptor (GPR55) resulting in an intracellular cascade that
alters gene expression including increased FAAH expression.
In the fibroids, this mechanism does not take place because
there is a decreased amount of PEA, and there would thus be
reduced GPR55 and FAAH expression relative to that in nor-
mal myometrium, which was observed (Table 2).

Changes in the expression of the endocannabinoid system in
the uterus have been attributed to changes in estrogen/pro-
gesterone homeostasis. In rodents, estradiol (E2) appears to
upregulate endocannabinoid biosynthesis and directly corre-
lates with uterine and endocannabinoid plasma concentrations
in women [18,53]. On the other hand, progesterone increases
the expression of FAAH [54] suggesting that menstrual cycle-
dependent dysregulation of estrogen and progesterone ho-
meostasis might cause increased mitotic activity and enhanced
DNA replication in myometrial smooth muscle cells leading to
fibroid growth. Indeed, there is evidence that tissue aromatase
expression and activity is increased in fibroid tissue, which re-
sults in increased local E2 tissue levels [55,56]. The large age
range of the volunteers (37 to 77 years) and mixture of pre-
and post-menopausal status suggests that across the group
there were marked differences in estrogen and progesterone
concentrations and their ratio, which may have contributed to
the variability in the data and the consequential lack of sta-
tistical significance. To overcome this limitation, we reclassi-
fied our data into pre-menopausal and post-menopausal sam-
ples and revealed that the effect of disease on the levels of 2
of the NAEs, namely OEA and PEA, was aged-related. This ef-
fect has led us to postulate a new working hypothesis for the
pathogenesis of leiomyomata (Figure 4), in which the actions
of estrogen and progesterone might, through the endocannab-
inoid system, attenuate disease progression. In this scenario,
we predict that loss of estrogen and progesterone action re-
sults in the observed imbalance of enzyme expression and ac-
tivity, thus allowing the selective destruction of OEA and PEA
in and around the myometrial cells that are destined to be-
come the fibroid lesion. More work in this area to test this hy-
pothesis is needed, but we would predict that women on hor-
mone replacement therapy (HRT) (not examined in this study)
might be provided with some protection against the develop-
ment of some forms of leiomyomata.
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Figure 4. Working Hypothesis Model. Our working hypothesis is
that gonadal sex steroid hormones act independently
and synergistically to alter the phenotype of
myometrial smooth muscle cells (SMCs). Estradiol (E2)
acts directly on uterine blood vessel endothelial cells
to increase the expression and activity of NAPE-PLD
to increase systemic NAE concentrations. Paracrine
activation of the cannabinoid receptors that have
altered expression on the SMCs results in increased
cell survival and proliferation. Simultaneously,
progesterone (P4) acts directly on the SMCs to increase
the expression and deposition of extracellular matrix
proteins (ECM), a common feature of fibroids [67],
and alter the ratio of NAPE-PLD: FAAH expression,
resulting in increased degradation of PEA and reduced
expression of GPR55 receptor protein. The combination
of these factors moves the SMC towards a fibroid
generating phenotype. The lack of an inducible GPR55
receptor in the resultant fibroid tissue prevents the
formation of a malignant uterine leiomyosarcoma.
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In summary, the data presented suggest a potential role for
the loss of PEA and FAAH in the development of fibroids and
suggest them as possible future targets for the development
of novel therapies, even if that development might be a long-
time coming. The suggestion that an imbalance in estrogen
and progesterone at the tissue level is associated with fibroid
development [27,30] is supported and it might be that subtle
changes in the expression of some components of the endo-
cannabinoid system are insufficient to prevent the increase in
the mitotic activity of smooth myometrial cells and enhanced
DNA replication that leads to the fibroid growth [15], and that
the loss of GPR55 prevents malignant transformation. These
findings, together with previous investigations providing ev-
idence of the ECS and its roles in myometrial smooth muscle
cell fates [57] suggest a key role for this system in normal and
abnormal myometrial development and function.

Conclusions

In the past decade, interest in the impact of uterine fibroids
on women'’s health, its etiology and implications for future
therapy has increased [15,58-66]. Although renewed interest
in this area is gathering pace, and new therapeutic options are
being developed [59], a clearer understanding of the factors
that underpin the mechanism(s) causing this increasingly prev-
alent disease [15] is currently lacking. Any studies that improve
our understanding behind the etiopathogenesis of fibroids are
likely to provide the rationale for developing potential addi-
tional therapeutic options. In this regard, the endocannabinoid
system may provide a new avenue of research.
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