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Hormonal regulation of endometriosis and clinical significance
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Worldwide almost 10% of reproductive-aged women are affected by endometriosis and suffer from dysmenorrhea,
dyspareunia, chronic pelvic pain, and infertility. Endometriosis is a gynecological condition in which endometrial cells are
deposited outside the uterine cavity and eventually develop into functional endometrial glands and stroma. It is an estrogen-
dependent disease and is critically modulated by other hormones of the reproductive system. Estrogen promotes the cell
survival and pro-inflammatory roles for both endometrial epithelial and stromal cells. Overexpression of ER-B promotes
invasion of endometriotic lesions as well as epithelial-mesenchymal transition. Moreover, estrogen stimulates the production
of prostaglandin E2 (PGE2), which supports angiogenesis in the ectopic lesions. Progesterone counteracts estrogen and
inhibits the growth of the endometrial glandular cells. Progesterone resistant endometrial cells confer apoptotic-resistance
and aggravate disease condition. Oxytocin stimulates the contraction of uterine muscles by upregulating PGF2a secretion
via calcium-mediated pathways leading to dysmenorrhea in endometriosis. On the contrary, gonadotropin and its receptor
produce amenorrhea by inducing mitochondrial apoptosis and reducing angiogenesis. Scientists are now exploring these
hormone-dependent pathologies of endometriosis to develop anti-endometriotic drugs, which mostly include androgen-
based drugs and/or potential estrogen inhibitors. This review highlights the role of some important hormones e.g. estrogen,
progesterone, prostaglandin, oxytocin, gonadotropin and melatonin in endometriosis progression and their pharmaceutical

potentials.
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Hormones are special messenger molecules secreted by
the endocrine glands which are involved with the
regulation of several physiological as well as pathological
responses. Hormones are mostly classified into three
categories: protein derivatives, steroids, and eicosanoids.
Although endocrine glands are the major source of
hormone secretion, the various other cells can also secrete
hormones in response to different biochemical signals.
Hormonal signaling encompasses its biosynthesis, storage
and secretion, recognition by its receptor, relay, and
amplification of its signal, and finally degradation.
Hormones are mostly transported through the circulatory
system to act on other distant organs (endocrine), or can
also act in an autocrine/paracrine manner. It can be
stimulated or inhibited by various growth factors™.
Endometriosis is a hormone-  dependent
gynaecological disease characterised by the growth of
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endometrial glands outside the uterus. Endometriosis
is associated with severe pelvic pain responses and
infertility®. The etiology of endometriosis remains
unknown; however, several plausible theories have
been proposed. According to Sampson’s retrograde
menstruation theory, the endometrial lining is
refluxed out of the fallopian tubes into the peritoneal
cavity, leading to the development of ectopic lesions”.
Another theory states that specialised cells of the
normal mesothelial lining transform into ectopic
lesion via metaplastic transition. Cyclical sex-steroid
levels are mainly responsible for maintaining the
endometrial lining by regulating the cell proliferation.
During lack of hormone, mainly estrogen and
progesterone, the endometrium becomes thin and
inactive resulting in amenorrhea, whereas excess
levels of estrogen lead to hyperplasia and often
positively associated with the development of
endometriosis®®. Moreover, similar to the normal
endometrium, endometriotic glands also undergo
menstrual cycles of shedding, leading to iron
deposition and formation of an inflammatory milieu,
along with increased oxidative stress and cellular
proliferation’. Aberrant progesterone signaling in the
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endometrium plays a significant role in the development
of endometriosis®. In addition, endometriotic tissues
contain 17B-HSD  (hydroxysteroid dehydrogenase)
type-1, instead of the 17B-HSD type-2, which is more
potent in converting estrone to estradiol and thus locally
support the proliferative  microenvironment  of
endometriotic cells®. Hormones promote the production
of several growth factors, including epidermal growth
factor (EGF) and insulin-like growth factor (IGF) which
modulates cellular proliferation in human endometrium
and endometrial cells'**.

Estrogen receptor acts through mainly estrogen
response element (ERE) and via protein—protein
interactions with other transcription factors such as
AP-1 and SP1*®, ER-a and ER-B have been detected
throughout the menstrual cycle in the eutopic
endometrium of endometriosis patients, where the
expression of ER-a is much higher than that of ER-f,
while the expression of the ERs does not correlate
with menstrual phases in ectopic endometrium™*,
Gonadotropin Releasing Hormone (GnRH) releases
the follicle-stimulating hormone (FSH) and
luteinizing hormone (LH). Both FSH and LH act on
the ovaries to produce estrogen and progesterone and
on the testes to produce testosterone. GnRH, FSH,
and LH have a critical role in endometriosis
progression. Progesterone, on the other hand,
counteracts with estrogen by decreasing the ER
receptors in the endometrium and increases the rate of
conversion of 17B-estradiol. It plays an anti-
steroidogenic effect on the uterine myometrial cells
by decreasing their sensitivity to oxytocin®®. The
feedback effect of progesterone is via inhibition of
LH surge from the hypothalamic and pituitary axis.
Furthermore, case-control cohort studies have found
that promoter polymorphism of ER, PR and
cytochrome P450 (CYP1A, 17A, 19A) influence the
propensity for endometriosis development in
women®’. Oxytocin receptor (OTR) is expressed in
normal endometrial and myometrial cells of the
human uterus where its expression varies according to
the phases of the menstrual cycle, suggesting its
involvement in endometrial functions®%. Oxytocin
also stimulates PGF2a secretion by using both the
extracellular and intracellular Ca®* in bovine
endometrial tissue®*?. Oxytocin receptor (OTR),
estrogen receptor (ER), and progesterone receptor
(PR) are up-regulated by estradiol stimulation and
downregulated by progesterone in the uterine
myometrial cells.

The treatment regime for endometriosis is limited
to  surgical  procedures and  steroidogenic
treatments®?. GnRH antagonists as well as anti-
inflammatory drugs such as cyclooxygenase (COX)
inhibitors are widely used. In this regard, the role of
melatonin an endogenous antioxidant with multiple
attributes is worth reporting. Melatonin acts as an
anti-oxidant and anti-inflammatory molecule via both
direct and melatonin receptor-mediated pathways,
which are present in the uterus. It has potent analgesic
and anti-estrogenic attributes as well. Moreover, it can
modulate matrix metalloproteinase (MMP) levels
modulating cellular invasiveness and pathological
angiogenesis. Studies have shown that melatonin can
suppress endometriosis development by decreasing
the oxidative stress and inflammation as well as
induces apoptosis in ectopic endometriotic lesions®*,

Role of different hormones in endometriosis
Estrogen

Estrogens are sex-steroid hormones, produced
primarily from the ovary, corpus luteum, placenta,
adrenal cortex, in smaller amounts from liver,
pancreas, bone, adrenal glands, skin, brain, adipose
tissue, and breasts. Estrogens are mainly responsible
for maintaining the window of uterine receptivity
along with progesterone. Estradiol, an aromatized
C18 steroid, is the primary potent form of mammalian
estrogenic steroid. Aromatase P450 is the key enzyme
for ovarian estrogen biosynthesis, catalyzing the
conversion of androstenedione and testosterone
produced to estrone and estradiol (E2) (Fig. 1).
Higher levels of E2 have been reported in menstrual
blood of endometriosis patients, in comparison with
healthy women®. Endometriotic lesions express
aromatase and are able to synthesize their own E2'%"
Ectopic endometrium of patients with ovarian,
peritoneal, and deep infiltrating endometriosis show
increased aromatase expressions®®. The successful
treatment of several cases of endometriosis, using
aromatase inhibitors, showed inhibition of local
estrogen formation®’. All the enzymes necessary for
the local production of estrogens are expressed in the
human endometrium including aromatase, oxidative
17BHSD, and sulfotransferases®. Ovarian, peritoneal
and  deep-infiltrative  endometriosis  expresses
predominantly 17BHSD type 1 isoform, as compared
to the 17BHSD type 2°%.

Estrogen exerts its actions through both nuclear
estrogen receptors, namely ERa and ERp, along with
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Fig. 1—Hormonal regulatory pathways for endometriosis and possible inhibitors for anti-endometriotic therapy. A. Prostaglandin
synthesis via arachidonic acid metabolism. Generally, NSAIDs are used as COX/prostaglandin inhibitor. B. Estrogen and progesterone
biosynthesis through the steroidogenic pathway. Aromatase inhibitors, progestins and several androgenic drugs are used for
endometriosis therapy. C. GnRH regulates the release of FSH and LH via hypothalamus—pituitary axis .GnRH agonist is widely used for
the treatment of endometriosis patient by inhibiting the LH/FSH function

G-protein coupled estrogen receptor 1 (GPERL1).
Studies with ER-a knockout mice revealed the
necessity of ER for the normal functioning of the
uterus. ER-p knock-out mice show enhanced
responses to estrogen stimulation, indicating that
ER-B is a modulator of ERa action®* ER-a
predominates over ER-B in human endometrium and
their expression differs between the menstrual phases.
Aberrant expression of ERs has been reported in
estrogen-dependent diseases like endometrial cancer
and endometriosis™™. A decreased ratio of ER-o/ER-f
has been observed in the ectopic endometrium of
patients with ovarian and peritoneal endometriosis.
Highest ER-B/ER-a ratio has been reported in ovarian
endometriomas, indicating ER} mediated inflammation
endometriotic lesions formation. Vivacqua et al.
reported that 12-hE2 exposure reduced ERa
expression, but did not affect the expression of ERp,
suggesting that down-regulation of ERa is a
consequence of increased local E2 formation®.
Overexpression of ER-f promotes invasion of
endometriotic lesions through epithelial-mesenchymal
transition. E2 exerts its proliferative effect via ERp,
the MAPK or AKT signaling pathways*. E2 is also
known to induce human endometrial stromal
cell invasion and angiogenesis by enhancing
[-catenin expression associated with the LEF/TCF
family along with VEGF-mediated angiogenesis in
endometriosis™.

Higher expression of G protein-coupled estrogen
receptor (GPER) mRNA was reported in primary human

endometriotic cells as compared to normal
endometrium®™. GPER activation in endometriotic and
endometrial cancer cells promotes the activation of PI3K
and MEK/ERK MAPK pathways, leading to cell
proliferation and invasion. Estrogen exerts anti-
inflammatory actions by repressing pro-inflammation
genes, such as IL-6, IL-8, TNF-a through of the NF-xB
pathway, or by recruiting steroid receptor co-activator
(SRC)-2, which acts as a transcriptional repressor™.
Endometrioma induces inflammation within the
peritoneal cavity, which results in the production of
IL-1B and VEGF and increased levels of PGE2 **',
Moreover, COX-2 induction also indirectly increases the
local concentration of E2, which further up-regulates
COX-2 and aromatase and establishes a positive-

feedback loop during endometriosis progression®".

Progesterone

Progesterone is a C,; steroid mainly secreted by
corpus luteum. The hormone is mainly responsible for
the pro-gestational changes in the endometrium, cervix,
and vagina. There are two isoforms of the progesterone
receptor PR-A and PR-B; the former serving as a
trans-repressor of the latter®. Progesterone counteracts
with estrogen by decreasing the ER receptors in the
endometrium and increases the rate of conversion of
17B-estradiol® (Fig. 1B). Aberrant progesterone
signaling in the endometrium plays a significant role in
the  development of endometriosis  through
progesterone resistance and impaired decidualization of
effluxed endometrium®*, The exact mechanism of
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Fig. 1B—Estrogen and progesterone biosynthesis through the
steroidogenic pathway. Aromatase inhibitors, progestins and
several androgenic drugs are used for endometriosis therapy

progesterone resistance is yet to be elucidated;
however, aberrations in the genetic and epigenetic
regulation of PRs and their targets have been
demonstrated®. Several studies have reported that the
PR-B levels were significantly reduced in
endometriosis lesions, whereas PR-A isoforms were
generally increased®®. The anti-inflammatory
properties of progesterone in uterine cells have been
well-established.  Progesterone suppresses NF-«
signalling pathway in endometrial cells*. Other
cytokines also play a vital role in progesterone
resistance through alteration of PRs. Epigenetic
modifications of PR isoforms directly control the
inflammatory cytokine levels. For example, TNF-a
exposure leads to promoter hypermethylation of the
PR-B isoform in endometriotic cells, causing a
decrease in expression and increase in PR-A/PR-B
ratio®. Alterations in steroid receptor chaperone
proteins, such as the FKBP5, and receptor coactivators
such as hydrogen HIC-5/ARA55 cytokines may also
disrupt receptor function®®. Other mechanisms by
which pro-inflammatory cytokines disrupt PR function
are through competitive inhibition of the receptors and
other transcription factors, such as FOXO1*.
Modulation of post-translational ~ modifications,
including serine phosphorylation, ubiquitination and
sumoylation can affect PR stability, half-life, and
trafficking®.  Epigenetic  modifications to the
transcriptional machinery within endometriotic cells
may also contribute to the regulation of progesterone
resistance®*®,  Progesterone receptor modulators
(PRM) are hormonally active drugs effective in the
management of endometriosis. PRMs are synthetic
compounds that interact with the progesterone receptor
to inhibit or stimulate a downstream hormonal

response®. Synthetic progestins, such as dienogest, are
used as anti-endometriotic drugs, increase progesterone
receptor expression and decrease pro-inflammatory
cytokines levels™.

Oxytocin

Oxytocin (OXT) is a nine amino acid neuropeptide
produced by the paraventricular nucleus of the
hypothalamus and released by the posterior pituitary
gland. OXT plays a key role in both female and male
reproduction, but it is best known for its crucial role
in the childbirth and breastfeeding. It stimulates the
uterine muscle contraction during parturition. It also
stimulates the production of prostaglandins that
promote the uterine contractions. The oxytocin
receptor (OTR) belongs to the rhodopsin-type (Class 1)
of the G-protein-coupled receptor family that requires
magnesium and cholesterol and regulated by local
changes in oxytocin concentration. Estrogen has been
found to increase circulating OXT concentration and
OTR in the brain and in uterine tissues®. The
maintenance of high receptor levels is done through
the continuous de novo synthesis of the receptors.
OTR activation triggers a number of signalling events
primarily by elevating intracellular calcium, involving
multiple mechanisms like sarcoplasmic reticulum
Ca®* release and sensitization of the contractile
apparatus to Ca®*, inositol-tris-phosphate-mediated
stored calcium release, store-operated Ca(2+) entry
and voltage-operated Ca(2+) entry™®%,

Genomic regulation of the OTR is mediated by
progesterone in the endometrium via suppression of
ER signalling®®. Upon OXT binding to its receptor on
endometrial cells, both COX-2 and PGF,, are released
and transported to the ovary, which leads to luteal
regression via a positive feedback loop, and also
cause an increase in PGE ***°. In primary cultures of
human decidua, IL-1f increases OXT production via
COX-PGE signaling pathway, which may down-
regulate the OTR and subsequent signalling cascade®*.

Smooth muscle cells, which mediate the contractile
responses, are frequently found in peritoneal, deep,
and ovarian, endometriotic lesions®. Smooth muscle
cells express a high amount of OTR. Therefore,
differential OTR expressions can distinguish uterine
smooth muscle tumors from endometrial stromal
sarcomas®®. In addition, the oxytocin-OTR system
may also be involved in the process of contractility
regulation of non-pregnant uterus. The OTR
concentrations are higher during the proliferative
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phase as compared to the secretory phase®.
Moreover, excessive estrogen alters the OTR
distribution in endometriosis  uteri, therefore
prominently increasing the uterine contraction as
compared to the women without endometriosis*®?.
Studies suggest that atosiban, an OTR antagonist, can
improve the clinical pregnancy and implantation rates
in endometriosis-associated infertility **. However,
blockage of the OTR may not be the suitable strategy
for treating endometriosis, since oxytocin treatment
showed decreased the ectopic endometrial implant
size in an experimental endometriosis rat model.
Treatment with OXT significantly decreases the
peritoneal and plasma levels of VEGF, MCP-1, and
TNF-alpha in an experimental murine model of
endometriosis®. Szeto et al. reported that vascular
oxidative stress and inflammation can be attenuated
by OXT®. The protective effect of OXT involves the
maintenance of anti-oxidant capacity in protecting the
tissues against oxidative stress®. In addition, OXT
also induces a release of nitric oxide (NO). In human
endometrial carcinoma cell line, OXT treatment
showed anti-proliferative  responses,  through
intracellular cAMP and protein kinase A, a signal
transduction system that is different from the classical
calcium-inositol system involved in the contraction in
myometrial and myoepithelial cells® .

Prostaglandins

Prostaglandins are potent bioactive lipid molecules
which play important roles in uterine physiology as
well as pathological responses such as endometriosis.
The changes of concentrations of PGs are cyclic in the
uterine tissues and contribute to steroid ovarian
hormones. PGF2a vasoconstricts the endometrial
vessels during menstruation and contracts the smooth
muscle of the myometrium. PGE2 vasodilates the
vessels of the endometrium, and PGI2 relaxes smooth
muscle, vasodilates the vessels of the myometrium and
inhibits thrombocyte aggregation™. Prostaglandins and
thromboxane A, (TXA;), collectively termed
prostanoids, are formed from arachidonic acid (AA), a
20-carbon unsaturated fatty acid precursor that is
released from the plasma membrane upon cleavage by
phospholipases (PLAs) and metabolized by the
sequential actions of cyclooxygenase (COX)™. Four
principal bioactive prostaglandins namely prostaglandin
E, (PGE,), prostacyclin (PGl,), prostaglandin D, (PGD,)
and prostaglandin F,, (PGF,) are ubiquitously
produced. Usually, each cell type generates one or two
dominant products and acts as autocrine and paracrine

lipid mediators to maintain local homeostasis in the
body. Both COX1 and COX2 enzymes contribute to
the generation of autoregulatory and homeostatic
prostanoids, and both can contribute to prostanoid
release” (Fig. 1A). COX2 is over expressed in ectopic
endometrial cells and might be linked to the
overproduction of PGE2 and PGF2a".

High levels of prostaglandins, such as PGE2 and
PGF2a are present in uterine tissues of women
suffering from menorrhagia, dysmenorrhoea, and
endometriosis””’. PGE2 and PGF2q act in a temporal
and cell-specific manner via its different receptors
around the time of implantation and are important for
blastocyst spacing, implantation, and decidualization
in the mouse endometrium. According to Sharma et al.,
the peritoneal fluid in women with early-stage
endometriosis has higher PGF2a levels, but lower
levels of PGE2 and PGE2:PGF2q ratio’®.

PGs exert their effects by activating rhodopsin-like
seventransmembrane spanning G protein-coupled
receptors, followed by activation of phospholipase C
(PLC) and release of inositol trisphosphate (IP3) and
diacylglycerol. The prostanoid receptor subfamily is
comprised of eight members: EP1, EP2, EP3, and EP4
subtypes of the PGE receptor, PGD receptor (DP1),
PGF receptor (FP), PGI receptor (IP), and TX
receptor (TP)”. FP receptor is indispensable in female
reproduction and that its ablation results in loss of
parturition. Estradiol E2 and progesterone P4 regulate
the expression of endometrial EPs and FP, and that
these receptors have specific functions in the
respective reproductive phase. The expression of the
PGF2a receptor was increased in both ectopic and
eutopic endometrium of endometriosis patients, while
expression of EP3 and EP4 was increased in ectopic
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Fig. 1A—Prostaglandin  synthesis via arachidonic acid
metabolism. Generally, NSAIDs are used as COX/prostaglandin
inhibitor
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endometrium  only®®.  Recent  studies have
demonstrated that selective blockade of EP4 signaling
inhibits proliferation and adhesion of human
endometriotic epithelial and stromal cells through
suppression of integrin-mediated pathway® . In
addition, inhibition of EP2 and EP4 signaling
decreases the migration of human endometriotic
epithelial and stromal cells via multiple mechanisms,
including MMP-mediated responses. PGE2 promotes
MMP2-mediated angiogenesis in endometriosis and
inhibition of MMP-2 or COX-2 pathway can
deteriorate the disease®®. PGF2a can also induce
angiogenesis in endometrial adenocarcinoma cells
by transactivation of the EGFR and induction of
VEGF mRNA expression®. EGFR activation
promotes cellular transition through MMP dependent
pathway in endometriosis®’. PGE2 also promotes cell
growth, survival and invasion of endometriotic
epithelial cells and stromal cells through the EP2 and
EP4 pathway. Selective inhibition of EP2 and
EP4 decrease the expression of Bl and B3 subunits
of integrin receptors, which is important for adhesion
turnover, cell migration, and integrin receptor
cross-talk with the MAPK®. Selective inhibition of
EP2 and EP4 also reduce MMP levels and block
endometriosis®*,

Gonadotropin releasing hormone

Gonadotropin Releasing Hormone (GnRH), a
decapeptide, is secreted by the anterior hypothalamus
and acts through its receptors. GnRHR, a seven-
transmembrane G-protein-coupled receptor that is
known to stimulates the synthesis and secretion of LH
and FSH. In addition to ovulation induction, GnRH
analogs are considerably useful in a variety of

clinical indications including management of
endometriosis, uterine  leiomyomas, hirsutism,
dysfunctional  uterine  bleeding,  premenstrual

syndrome, assisted reproduction, and some hormone-
dependent tumours®*. Several clinical trials support
the use of GnhRH agonists for endometriosis
management and GnRH agonist treatments are done
based on women’s condition on amenorrhea and
anovulation® (Fig. 1C).

GnRH analogues are found to directly act on
endometrial cells and inhibit their growth and
proliferation by  regulating  apoptosis  and
angiogenesis. Leuprolide acetate, an analog of GnRH,
widely used to treat endometriosis because it
modulates the expression of several mMIRNAs
associated with the disease. Leuprorelin inhibits cell

GnRH agonist
Estrogen/

FSH/LH & ---» Progesterone

GnRH

- - -

Fig. 1C — GnRH regulates the release of FSH and LH via
hypothalamus—pituitary axis .GnRH agonist is widely used for the
treatment of endometriosis patient by inhibiting the LH/FSH
function

proliferation and induces apoptosis in eutopic
endometrial cells by elevating pro-apoptotic proteins
Bax and FasL while decreasing the expression of
Bcl-2. Leuprorelin  also inhibits endometriosis
progression by reducing the production of VEGF-A
and IL-1p in eutopic endometrial cell cultures®.
Leuprorelin is also reported to modulate miRNA
levels in endometriosis®™. Aromatase inhibitors (Als)
are generally used in treating endometriosis-related
pain but they cause significant adverse effects that
limit their long-term use®. Endometriosis can be
treated by estrogen withdrawal which is effectively
provided by the use of a GnRH agonist. However,
complete estrogen withdrawal results in unacceptable
side-effects, including accelerated bone density loss.
On the contrary, upon sequential administration of
the GnRH antagonist (Cetrotide), the regression
of endometriotic lesion occurred in 60% of cases
and the degree of endometriosis declined to stage Il
with symptomatic endometriosis from stage |IIl.
Recent clinical trials on GnRH antagonist showed the
most promising results for the treatment of
endometriosis®.

Melatonin

Melatonin is a naturally occurring indoleamine,
majorly controls circadian rhythm. In mammals, it is
produced mostly from the pineal gland, although
several other organs (e.g., retina, extra-orbital lacrimal
gland, gastrointestinal tract, bone marrow cells, blood
platelets etc.) also synthesize the hormone®. The initial
precursor of melatonin biosynthesis is an amino acid,
tryptophan. N-acetyl-5-methoxytryptamine (melatonin)
is synthesized sequentially through several enzymatic
steps including  tryptophan  5-hydroxylation,
decarboxylation, N-acetylation, and O-methylation®.
Unlike other antioxidants, melatonin does not undergo
redox cycling; therefore, it acts as terminal
antioxidant®. Melatonin has also been shown to
regulate NO synthesis, which in turn reduces
production of pro-inflammatory cytokines and
chemokines®™’. Melatonin is highly protective against
several diseases, including cardiac toxicity, cerebral
ischemia, gastric ulcer, endometriosis®™*.
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Fig. 2 — Positive and negative regulators of endometriosis.
Endometriosis progression is controlled by different hormones
either positively or negatively via inducing some cytokines and
growth factors while inhibiting some others in disease stages

Studies from our lab found that melatonin can
suppress the endometriosis development in a murine
model of endometriosis®®. Melatonin treatment has
been found to decrease oxidative stress in the
endometriotic lesions and decreased levels of acute
inflammatory cytokines such as IL-1B, IL-6, and
TNF-o0. We identified the expression ratio of
proMMP-9 versus TIMP-1 as a novel biomarker for
assessing the severity and progression  of
endometriosis, which can be reversed with melatonin
treatments by inhibiting MMP-9  activities®.
Melatonin also inhibits the disease progression by
down regulating MMP-3 and c-fos overexpression via
inhibiting AP-1 activity. Melatonin induces apoptosis
in ectopic endometriotic lesions by promoting Bax
expression and caspase-9 activation along with the
reduction of Bcl-2 expression®. Moreover, clinical
phase Il trial of melatonin with endometriosis affected
women reports better pain management and improved
life quality with melatonin treatments®.

Conclusion

The pathogenesis of endometriosis relies on the
ectopic hormonal milieu that includes estrogen,
progesterone, oxytocin, gonadotropins, prostaglandins
etc. Estrogen promotes the cell survival and
pro-inflammatory roles for both endometrial epithelial
and stromal cells, whereas progesterone counteracts
estrogen and inhibits the growth of the endometrium
(Fig. 2). Thus, progesterone therapy can reduce or
eliminate endometrial growth in a controlled fashion.
However, endometrial cells with progesterone resistance
exhibit apoptotic resistance. The synthetic form of
natural progesterone, like progestins, are used for
endometriosis treatment as well as proved to be effective
for pain management. GnRH agonists are also used for
endometriosis treatment because it can repress the
hypothalamic-pituitary-ovary axis. Because of the

remarkably longer half-life of GnRH agonists (than
natural GnRHSs), the pituitary is exposed to continuous
GnRH stimulation resulting negative feedback loop
and down-regulation of LH and FSH secretion.
Consequently, secretion of ovarian steroids like estradiol
is blocked; resulting in postmenopausal E2 levels and
pain relief is achieved in most cases. However, the side
effects include unpleasant menopausal symptoms, and
might leads to osteoporosis. To counteract the side
effects, some estrogens may be needed through add-
back therapy. Androgenic drugs, such as danocrine is
also used as anti-endometriotic drugs, which inhibits the
enzymes in the steroidogenic pathway and increases free
testosterone concentrations. Apart from the conventional
medicine, studies have reported other molecules which
are effective in regressing endometriosis in animal
models, which includes NSAIDs like COX-
2/prostaglandin inhibitors. Moreover, recently usage of
aromatase inhibitors, peroxisome proliferator-activated
receptor (PPAR) agonists, and immunomodulatory
drugs are gaining interests for treatment of
endometriosis. Endogenous antioxidants such as
melatonin are gaining special interests in endometriosis
treatments. Therapies which blocks angiogenesis in
endometriosis are also showing promising results in
animal models of endometriosis. Combinatorial
therapies with conventional hormonal treatment and new
small molecular inhibitors or antioxidants might prevail
as better management for endometriosis.

Acknowledgement

The authors gratefully acknowledge Dr. Sayantan
Jana, Department of Physiology, University of
Alberta, Canada for critically reading the manuscript
and Mr. Anirban Manna, CSIR-Indian Institute of
Chemical Biology for typing and formatting the
manuscript. The authors A.P and Y.B are recipients of
CSIR and UGC JRF respectively. The authors declare
no conflicts of interest.

References

1 Takayama K, Zeitoun K, Gunby RT, Sasano H, Carr BR &
Bulun SE, Treatment of severe postmenopausal
endometriosis with an aromatase inhibitor. Fertil Steril, 69
(1998) 7009.

2 Tseng L, Estrogen synthesis in human endometrial epithelial
glands and stromal cells. J Steroid Biochem, 20 (1984) 877.

3 Bulun SE, Endometriosis. New Eng J Med, 360 (2009) 268.

4 Swarnakar S, Paul S Curcumin arrests endometriosis by
downregulation of matrix metalloproteinase-9 activity.
Indian J Biochem Biophys, 46 (2009) 59.

5 Agarwal A, Gupta S & Sharma RK, Role of oxidative stress
in female reproduction. Reprod Biol Endocrinol, 3 (2005) 28.



358

10

11

12

13

14

15

16

17

18

19

20

INDIAN J. BIOCHEM. BIOPHYS., VOL. 55, OCTOBER 2018

Wingfield M, Macpherson A, Healy DL, & Rogers PA, Cell
proliferation is increased in the endometrium of women with
endometriosis. Fertil Steril, 64 (1995) 340.

Jana S, Ray AK, Chatterjee K, Mahapatra DP, Swarnakar S,
“Achilles Heel” for Endometriosis: Pathway to Malignancy?.
Med J Obstet Gynecol, 4 (2016) 1085.

Al-Sabbagh M, Lam EW, Brosens JJ, Mechanisms of
endometrial progesterone resistance. Mol Cell Endocrinol, 25
(2012) 208.

Cornel KM, Kruitwagen RF, Delvoux B, Visconti L,
Van de Vijver KK, Day JM, Van Gorp T, Hermans RJ,
Dunselman GA & Romano A, Overexpression of 17B-
hydroxysteroid dehydrogenase type 1 increases the exposure
of endometrial cancer to 17 B-estradiol. J Clin Endocrinol
Metab, 97 (2012) E591.

Sales KJ, Milne SA, Williams AR, Anderson RA & Jabbour HN,
Expression, localization, and signaling of prostaglandin F2
alpha receptor in human endometrial adenocarcinoma:
regulation of proliferation by activation of the epidermal
growth factor receptor and mitogen-activated protein
kinase signaling pathways. J Clin Endocrinol Metab, 89
(2004) 986.

Fraser HM, Wilson H, Silvestri A, Morris KD & Wiegand SJ,
The role of vascular endothelial growth factor and estradiol
in the regulation of endometrial angiogenesis and cell
proliferation in the marmoset. Endocrinology, 149 (2008)
4413.

Friebe-Hoffmann U, Baston DM, Hoffmann TK, Chiao JP &
Rauk PN, The influence of interleukin-1f on oxytocin
signalling in primary cells of human decidua. Regul Pept,
142 (2007) 78.

Lin BC, Suzawa M, Blind RD, Tobias SC, Bulun SE,
Scanlan TS & Ingraham HA, Stimulating the GPR30
estrogen receptor with a novel tamoxifen analogue activates
SF-1 and promotes endometrial cell proliferation. Cancer
research, 69 (2009) 5415.

Hu K, Zhong G & He F, Expression of estrogen receptors
ERa and ERP in endometrial hyperplasia and
adenocarcinoma. Int J Gynecol Cancer, 15 (2005) 537.
Utsunomiya H, Suzuki T, Harada N, Ito K, Matsuzaki S,
Konno R, Sato S, Yajima A & Sasano H, Analysis of
estrogen receptor o and P in endometrial carcinomas:
correlation with ERB and clinicopathologic findings in 45
cases. Int J Gynecol Pathol, 19 (2000) 335.

Burney RO, Talbi S, Hamilton AE, Vo KC, Nyegaard M,
Nezhat CR, Lessey BA & Giudice LC, Gene expression
analysis of endometrium reveals progesterone resistance and
candidate susceptibility genes in women with endometriosis.
Endocrinology, 148 (2007) 3814.

Dun EC, Taylor RN & Wieser F, Advances in the genetics of
endometriosis. Genome medicine, 2 (2010) 75.

Fuchs AR, Fuchs F & Soloff MS, Oxytocin receptors in
nonpregnant human uterus. J Clin Endocrinol Metab, 60
(1985) 37.

Kimura T & Saji F, Molecular endocrinology of the oxytocin
receptor. Endocr J, 42 (1995) 607.

Takemura M, Nomura S, Kimura T, Inoue T, Onoue H,
Azuma C, Saji F, Kitamura Y & Tanizawa O, Expression
and localization of oxytocin receptor gene in human uterine
endometrium in relation to the menstrual cycle.
Endocrinology, 132 (1993) 1830.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Arrowsmith S & Wray S, Oxytocin: its mechanism of action and
receptor signalling in the myometrium. J Neuroendocrinol,
26 (2014) 356.

Burns P D, Mendes Jr. JO, Yemm RS, Clay CM, Nelson SE,
Hayes SH & Silvia WJ, Cellular mechanisms by which
oxytocin mediates ovine endometrial prostaglandin F2a
synthesis: role of Gi proteins and mitogen-activated protein
kinases. Biol Reprod, 65 (2001) 1150.

Kipker W, Felberbaum RE, Krapp M, Schill T, Malik E
& Diedrich K, Use of GnRH antagonists in the treatment
of endometriosis. Reprod Biomed Online, 5 (2002) 12.
Jana S, Rudra DS, Paul & Swarnakar S. Curcumin delays
endometriosis development by inhibiting MMP-2 activity.
Indian J Biochem Biophys, 49 (2012) 342.

Paul S, Sharma AV, Mahapatra PD, Bhattacharya P,
Reiter RJ & Swarnakar S , Role of melatonin in regulating
matrix metalloproteinase-9 via tissue inhibitors of
metalloproteinase-1 during protection against endometriosis.
J Pineal Res, 44 (2008) 439.

Paul S, Bhattacharya P, Mahapatra PD & Swarnakar S,
Melatonin protects against endometriosis via regulation of
matrix metalloproteinase-3 and an apoptotic pathway.
J Pineal Res, 49 (2010) 156.

Bulun SE, Zeitoun KM, Takayama K & Sasano H, Molecular
basis for treating endometriosis with aromatase inhibitors.
Hum Reprod Update, 6 (2000) 413.

Burney RO & Giudice LC Pathogenesis and pathophysiology
of endometriosis. Fertil Steril, 98 (2012) 511.

Tseng L, Mazella J, Mann WJ & Chumas J, Estrogen
synthesis in normal and malignant human endometrium.
J Clin Endocrinol Metab, 55 (1982) 1029.

Vivacqua A, Bonofiglio D, Recchia AG, Musti AM, Picard D,
Ando S & Maggiolini M, The G protein-coupled receptor
GPR30 mediates the proliferative effects induced by
17B-estradiol and hydroxytamoxifen in endometrial cancer
cells. Mol Endocrinol , 20 (2006) 631.

Couse JF & Korach KS, Estrogen receptor null mice: what
have we learned and where will they lead us?. Endocr Reyv,
20 (1999) 358.

Harris HA, Bruner-Tran KL, Zhang X, Osteen KG &
Lyttle CR, A selective estrogen receptor-p agonist causes
lesion regression in an experimentally induced model of
endometriosis. Hum Reprod, 20 (2005) 936.

He YY, Cai B, Yang YX, Liu XL & Wan XP , Estrogenic G
protein-coupled receptor 30 signaling is involved in
regulation of endometrial carcinoma by promoting
proliferation, invasion potential, and interleukin-6 secretion
via the MEK/ERK mitogen-activated protein kinase
pathway. Cancer Sci, 100 (2009) 1051.

Xiong W, Zhang L, Yu L, Xie W, Man Y, Xiong Y, LiuH &
Liu Y, Estradiol promotes cells invasion by activating
B-catenin signaling pathway in endometriosis. Reproduction,
150 (2015) 507.

Ray P, Ghosh SK, Zhang DH & Ray A, Repression of
interleukin-6 gene expression by 17 beta-estradiol: inhibition
of the DNA-binding activity of the transcription factors
NF-IL6 and NF-kappa B by the estrogen receptor. FEBS
Lett, 409 (1997) 79.

Cvoro A, Tatomer D, Tee MK, Zogovic T, Harris HA &
Leitman DC, Selective estrogen receptor-p agonists repress
transcription of pro-inflammatory genes. J Immunol,
180 (2008) 630.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Cornel%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kruitwagen%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Delvoux%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Visconti%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20de%20Vijver%20KK%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Day%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Van%20Gorp%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hermans%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dunselman%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Romano%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22362820
https://www.ncbi.nlm.nih.gov/pubmed/22362820
https://www.ncbi.nlm.nih.gov/pubmed/22362820

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

PANDIT et al.: HORMONAL REGULATION OF ENDOMETRIOSIS

Tamura M, Sebastian S, Yang S, Gurates B, Fang Z & Bulun SE,
Interleukin-1f elevates cyclooxygenase-2 protein level and
enzyme activity via increasing its mRNA stability in human
endometrial stromal cells: an effect mediated by
extracellularly regulated kinases 1 and 2. J Clin Endocrinol
Metab, 87 (2002) 3263.

Tamura M, Sebastian S, Yang S, Gurates B, Ferrer K, Sasano H,
Okamura K & Bulun SE, Up-regulation of cyclooxygenase-2
expression and prostaglandin synthesis in endometrial
stromal cells by malignant endometrial epithelial cells A
paracrine effect mediated by prostaglandin E2 and nuclear
factor-kappa B. J Biol Chem, 277 (2002) 26208.

Patel B, Elguero S, Thakore S, Dahoud W, Bedaiwy M &
Mesiano S, Role of nuclear progesterone receptor isoforms in
uterine pathophysiology. Hum Reprod Update, 21 (2015) 155.
Patel BG, Rudnicki M, Yu J, Shu Y & Taylor RN,

Progesterone  resistance in  endometriosis:  origins,
consequences and interventions. Acta  obstetricia
et gynecologica Scandinavica, (2017) 624.

Lessey BA, Lebovic DI & Taylor RN, Eutopic

endometrium in women with endometriosis: ground zero
for the study of implantation defects. Semin Reprod Med,
31 (2013) 1009.

Wu Y, Shi X & Guo S, The knockdown of progesterone
receptor isoform B (PR-B) promotes proliferation in
immortalized endometrial stromal cells. Fertil Steril, 90
(2008) 1320.

Attia GR, Zeitoun K, Edwards D, Johns A, Carr BR &
Bulun SE, Progesterone receptor isoform A but not B is
expressed in endometriosis. J Clin Endocrinol Metab, 85
(2000) 2897.

Guo SW, Nuclear factor-kB (NF-kB): An unsuspected major
culprit in the pathogenesis of endometriosis that is still at
large? Gynecol Obstet Invest, 63 (2007) 71.

Wu Y, Starzinski-Powitz A & Guo SW, Prolonged
stimulation with tumor necrosis factor-alpha induced partial
methylation at PR-B promoter in immortalized epithelial-like
endometriotic cells. Fertil Steril, 90 (2008) 234.

Aghajanova L, Velarde MC & Giudice LC, The progesterone
receptor coactivator Hic-5 is involved in the pathophysiology
of endometriosis. Endocrinology, 150 (2009) 3863.

Afshar Y, Hastings J, Roqueiro D, Jeong JW, Giudice LC &
Fazleabas AT Changes in eutopic endometrial gene expression
during the progression of experimental endometriosis in the
baboon. Papio Anubis. Biol Reprod , 88 (2013) 44.

Guo SW, Epigenetics of endometriosis. Mol Hum Reprod,
15 (2009) 587.

Chwalisz K, Perez MC, DeManno D, Winkel C, Schubert G,
Elger W. Selective progesterone receptor modulator
development and use in the treatment of leiomyomata and
endometriosis. Endocr. Rev, 26 (2005) 423.

Hayashi A, Tanabe A, Kawabe S, Hayashi M, Yuguchi H,
Yamashita Y, Okuda K & Ohmichi M, Dienogest increases
the progesterone receptor isoform B/A ratio in patients with
ovarian endometriosis. J Ovarian Res, 5 (2012) 31.
Acevedo-Rodriguez A, Mani SK & Handa RJ , Oxytocin and
estrogen receptor [ in the brain: an overview. Front
Endocrinol (Lausanne), 6 (2015) 160.

Nissenson R, Flouret G & Hechter O, Opposing effects of
estradiol and progesterone on oxytocin receptors in rabbit
uterus. Proc Natl Acad Sci, 75 (1978) 2044.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

359

Kim S, Choi Y, Spencer TE & Bazer FW, Effects of the
estrous cycle, pregnancy and interferon tau on expression of
cyclooxygenase two (COX-2) in ovine endometrium. Reprod
Biol Endocrinol, 1 (2003) 58.

Stormshak F, Biochemical and endocrine aspects of oxytocin
production by the mammalian corpus luteum. Reprod Biol
Endocrino, 1 (2003) 92.

Wilson T, Liggins GC & Whittaker DJ, Oxytocin stimulates
the release of arachidonic acid and prostaglandin F2o from
human decidual cells. Prostaglandins, 35 (1988) 771.

Sales KJ & Jabbour HN, Cyclooxygenase enzymes and
prostaglandins in  pathology of the endometrium.
Reproduction, 126 (2003) 559.

Bishop CV, Progesterone inhibition of oxytocin signaling in
endometrium. Front Neurosci, 7 (2013) 138.
Friebe-Hoffmann U, Baston DM, Hoffmann TK, Chiao JP &
Rauk PN, The influence of interleukin-1p on oxytocin
signalling in primary cells of human decidua. Regul Pept,
142 (2007) 78.

Anaf V, Simon P, Fayt | & Noel JC, Smooth muscles are
frequent components of endometriotic lesions. Hum Reprod,
15 (2000) 767.

Leyendecker G, Herbertz M, Kunz G & Mall G,
Endometriosis results from the dislocation of basal
endometrium. Hum Reprod, 17 (2002) 2725.

Doss BJ, Wanek SM, Jacques SM, Qureshi F, Ramirez NC &
Lawrence WD, Ovarian smooth muscle metaplasia:

an uncommon and possibly underrecognized entity.
Int J Gynecol Pathol, 18 (1999) 58.
Fukunaga M, Smooth muscle metaplasia in ovarian

endometriosis. Histopathology, 36 (2000) 348.

Guo S W, Mao X, Ma Q, & Liu X, Dysmenorrhea and its
severity are associated with increased uterine contractility
and overexpression of oxytocin receptor (OTR) in women
with symptomatic adenomyosis. Fertil Steril, 99 (2013) 231.
Husslein P & Quartarolo JP, Review of clinical experience
with atosiban and the Tractocile Efficacy Assessment Survey
in Europe (TREASURE) study protocol. Int J Clin Pract, 57
(2003) 121.

He Y, Wu H, He X, Xing Q, Zhou P, Cao Y & Wei Z,
Administration of atosiban in patients with endometriosis
undergoing frozen-thawed embryo transfer: a prospective,
randomized study. Fertil Steril, 106 (2016) 416.

Yeniel A O, Erbas O, Ergenoglu AM, Aktug H, Taskiran D,
Yildirim N & Ulukus M, Effect of oxytocin treatment on
explant size, plasma and peritoneal levels of MCP-1, VEGF,
TNF-o. and histopathological parameters in a rat
endometriosis model. Eur J Obstet Gynecol Reprod Biol, 175
(2014) 134.

Szeto A, Nation DA, Mendez AJ, Dominguez-Bendala J,
Brooks LG, Schneiderman N & McCabe PM, Oxytocin
attenuates NADPH-dependent superoxide activity and 1L-6
secretion in macrophages and vascular cells. Am J Physiol
Endocrinol Metab, 295 (2008) E1495.

Iseri SO, Sener G, Saglam B, Gedik N, Ercan F & Yegen BC,
Oxytocin ameliorates oxidative colonic inflammation by a
neutrophil-dependent mechanism. Peptides, 26 (2005) 483.
Cassoni P, Fulcheri E, Carcangiu ML, Stella A, Deaglio S &
Bussolati G, Oxytocin receptors in human adenocarcinomas
of the endometrium: presence and biological significance.
J Pathol, 190 (2000) 470.



360

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

INDIAN J. BIOCHEM. BIOPHYS., VOL. 55, OCTOBER 2018

Cassoni P, Sapino A, Fortunati N, Stella A & Bussolati G,
Presence and significance of oxytocin receptors in human
neuroblastomas and glial tumors. Int J Cancer, 77
(1998) 695.

Jensen DV, Andersen KB & Wagner G, Prostaglandins in the
menstrual cycle of women A review. Dan Med Bull, 34
(1987) 178.

Ricciotti E & FitzGerald GA, Prostaglandins and
inflammation. Arterioscler Thromb Vasc Biol, 31 (2011) 986.
Dubois RN, Abramson SB, Crofford L, Gupta RA, Simon LS,
Van De Putte LB & Lipsky PE, Cyclooxygenase in biology
and disease. FASEB J, 12 (1998) 1063.

Rakhila H, Carli C, Daris M, Lemyre M, Leboeuf M &
Akoum A, Identification of multiple and distinct defects in
prostaglandin biosynthetic pathways in eutopic and ectopic
endometrium of women with endometriosis. Fertil Steril,
100 (2013) 1650.

Willman EA, Collins WP & Clayton SG ,Studies in the
involvement of prostaglandins in uterine symptomatology
and pathology. Br J Obstet Gynaecol, 83 (1976) 337.
Lundstrom V, Gréen K & Svanborg K, Endogenous
prostaglandins in dysmenorrhea and the effect of prostaglandin
synthetase inhibitors (PGSI) on uterine contractility. Acta Obstet
Gynecol Scand Suppl, 87 (1979) 51.

Catalano RD, Wilson MR, Boddy SC & Jabbour HN,
Comprehensive expression analysis of prostanoid enzymes
and receptors in the human endometrium across the
menstrual cycle. Mol Hum Reprod, 17 (2010) 182.

Sharma SC, Barry-Kinsella C, Cottell E & Harrison RF, A
mid-luteal phase comparison of V76 peritoneal fluid volume and
its content of PGF2a and PGE2 in women with minimal stage
endometriosis and a normal pelvis. Prostaglandins, 47 (1994) 9.
Narumiya S & FitzGerald GA, Genetic and pharmacological
analysis of prostanoid receptor function. J Clin Invest, 108
(2001) 25.

Rakhila H, Bourcier N, Akoum A & Pouliot M, Abnormal
expression of prostaglandins E2 and F2a receptors and
transporters in patients with endometriosis. Biomed Res Int,
(2015) Article 1D 808146.

Lee J, Banu SK, Burghardt RC, Starzinski-Powitz A &
Arosh JA, Selective inhibition of prostaglandin E2 receptors
EP2 and EP4 inhibits adhesion of human endometriotic
epithelial and stromal cells through suppression of integrin-
mediated mechanisms. Biol Reprod, 88 (2013) 77.

Lee J, Banu SK, Rodriguez R, Starzinski-Powitz A & Arosh JA,
Selective blockade of prostaglandin E2 receptors EP2 and
EP4 signaling inhibits proliferation of human endometriotic
epithelial cells and stromal cells through distinct cell cycle
arrest. Fertil Steril, 93 (2010) 2498.

Lee J, Banu SK, Subbarao T, Starzinski-Powitz A & Arosh JA,
Selective inhibition of prostaglandin E2 receptors EP2 and
EP4 inhibits invasion of human immortalized endometriotic
epithelial and stromal cells through suppression of
metalloproteinases. Mol Cell Endocrinol, 332 (2011) 306.
Lee J, McCracken JA, Banu SK & Arosh JA, Intrauterine
inhibition of prostaglandin transporter protein blocks release
of luteolytic PGF2a pulses without suppressing endometrial
expression of estradiol or oxytocin receptor in ruminants.
Biol Reprod, 89 (2013) 27.

Jana S, Chatterjee K, Ray AK, Mahapatra DP & Swarnakar S,
Regulation of Matrix Metalloproteinase-2 Activity by

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

COX-2-PGE2-pAKT Axis Promotes Angiogenesis in
Endometriosis. PLoS One, 11 (2016) e0163540.

Sales KJ, Milne SA, Williams AR, Anderson RA &
Jabbour HN, Expression, localization, and signaling of
prostaglandin F2 alpha receptor in human endometrial
adenocarcinoma: regulation of proliferation by activation of
the epidermal growth factor receptor and mitogen-activated
protein kinase signaling pathways. J Clin Endocrinol Metab,
89 (2004) 986.

Chatterjee K, Jana S, Mahapatra DP & Swarnakar S, EGFR-
mediated matrix metalloproteinase-7 up-regulation promotes
epithelial-mesenchymal transition via ERK1-AP1 axis during
ovarian endometriosis progression. FASEB J, 32 (2018) 4560.
Lerea KM, Venjara AY, Olson SC & Kelly MR, Threonine
phosphorylation of integrin beta3 in calyculin A-treated
platelets is selectively sensitive to 5'-iodotubercidin. Biochim
Biophys Acta, 1773 (2007) 185.

Kumar P & Sharma A, Gonadotropin-releasing hormone
analogs: Understanding advantages and limitations. J Hum
Reprod Sci, 7 (2014) 170.

Tesone M, Bilotas M, Barafao Rl & Meresman G, The role
of GnRH analogues in endometriosis-associated apoptosis
and angiogenesis. Gynecol Obstet Invest, 1 (2008) 10.

Kiba A, Banno K, Yanokura M, Asada M, Nakayama Y,
Aoki D & Watanabe T, Differential micro ribonucleic acid
expression profiling in ovarian endometrioma with leuprolide
acetate treatment. J Obstet Gynaecol Res, 42 (2016) 1734.
Barra F, Scala C, Mais V, Guerriero S & Ferrero S,
Investigational drugs for the treatment of endometriosis, an
update on recent developments. Expert Opin Investig Drugs,
27 (2018) 445.

Reiter RJ, Paredes SD, Manchester LC & Tan DX, Reducing
oxidative/nitrosative stress: a newly-discovered genre for
melatonin. Crit Rev Biochem Mol Biol, 44 (2009) 175.

Tan DX, Hardeland R, Manchester LC, Paredes SD,
Korkmaz A, Sainz RM, Mayo JC, Fuentes-Broto L & Reiter RJ,
The changing biological roles of melatonin during evolution:
from an antioxidant to signals of darkness, sexual selection and
fitness. Biol Rev Camb Philos Soc, 85 (2010) 607.

Reiter RJ, Tan DX, Terron MP, Flores LJ & Czarnocki Z,
Melatonin and its metabolites: new findings regarding their
production and their radical scavenging actions. Acta
Biochim Pol, 54 (2007) 1.

Bettahi I, Pozo D, Osuna C, Reiter RJ, Acufia-Castroviejo D
& Guerrero JM, Melatonin reduces nitric oxide synthase
activity in rat hypothalamus. J Pineal Res, 20 (1996) 205.
Pozo D, Reiter RJ, Calvo JR & Guerrero JM, Inhibition of
cerebellar nitric oxide synthase and cyclic GMP production
by melatonin via complex formation with calmodulin. J Cell
Biochem, 65 (1997) 430.

Oz E, Erbas D, Siiriici HS & Diizgiin E, Prevention of
doxorubicin-induced cardiotoxicity by melatonin. Mol Cell
Biochem, 282 (2006) 31.

Swarnakar S, Paul S, Singh LP & Reiter RJ, Matrix
metalloproteinases in health and disease: regulation by
melatonin. J Pineal Res, 50 (2010) 8.

Schwertner A, Conceigéo Dos Santos CC, Costa GD, Deitos A,
de Souza A, de Souza IC, Torres IL, da Cunha Filho JS &
Caumo W, Efficacy of melatonin in the treatment of
endometriosis: a phase Il, randomized, double-blind,
placebo-controlled trial. PAIN, 154 (2013) 874.



