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ABSTRACT

Background The dysfunction of the immune system

is one of the pathogeneses of endometriosis. Immune
cells can not only affect the microenvironment of the
endometrium by secreting cytokines and defensins

but also promote angiogenesis, growth and invasion of
endometrial stromal cells.

Result ATP is a key mediator in the immune mechanism
of endometriosis and plays a crucial role in endometriosis.
While ATP acts as a purinergic signalling molecule, it

has a close relationship with the pain of endometriosis

via activating ATP receptors, including P2X3, P2X4, P2X7
and P2Y receptors, after being activated by the immune
system. Besides, ATP levels reflect the impairment of
mitochondrial function in granulosa cells, which could
lead to infertility. The modulation of ATP expression

levels is controlled by ectonucleotidases. The content of
ectonucleotidases is altered in endometriosis which may
be emerging non-invasive biomarkers.

Gonclusion In the present review, we briefly introduce the
relationship between the change of ATP level controlled by
ectonucleotidases and endometriosis-associated infertility
and pain, and illustrate our prospects for future research.

INTRODUCTION

Endometriosis, a common gynaecological
disease among women of reproductive age, is
characterised by the growth of endometrial-
like tissue in ectopic locations.' Itis frequently
associated with chronic pelvic pain and infer-
tility, which seriously undermine the quality
of life of patients.”* However, the aetiopatho-
genic mechanisms underlying endometriosis-
related symptoms have not yet been fully
understood, leading to a lack of effective
biomarkers and treatment strategies.” > This
has created an urgent need for high-quality
studies to define the underlying pathophysi-
ological mechanisms that contribute to endo-
metriosis (figure 1). An aberrant immune
response in the peritoneal environment
seems to be crucial for the proliferation of
ectopic endometrial cells, and ATP may be a
key mediator. Recent research has explored

the relevance of ATP to the immune mecha-
nisms of endometriosis."

Endometriosisisanimmune-related disease.
After implantation into the peritoneal cavity,
endometrial cells activate various immune
cells to release various proinflammatory cyto-
kines,*™® leading to the release of ATP.? ATP
plays diverse roles in different conditions.
Intracellular ATP, a critical factor in main-
taining cellular homeostasis, exerts biological
effects in energy-requiring processes, DNA/
RNA biosynthesis and enzyme regulation.'
However, extracellular ATP is mostly a proin-
flammatory molecule released under a variety
of pathological situations, such as necrosis or
apoptosis, hypoxia and inflammation."" '* Tt
is also a kind of purinergic signalling factor'
which is defined as the group modulating
biological effects by extracellular nucleo-
tides and nucleosides. The resulting cellular
responses mediated by purinergic signalling
depend on the consequence of the ratio of
extracellular ATP and ADP, which is regu-
lated by a network of ectonucleotidases.'*

Here, we review the current immunolog-
ical knowledge about ATP and ATP receptor-
induced  endometriosis-associated  pain
symptoms. Then, we demonstrate the mech-
anism of infertility in the case of endometri-
osis. The alteration of ectonucleotidases in
endometriosis is also discussed briefly. Lastly,
new therapeutic horizons of patients with
endometriosis are discussed.

ATP IS INVOLVED IN THE OCCURRENCE OF
ENDOMETRIOSIS-ASSOCIATED PAIN

The pain of endometriosis is considered as a
kind of immune-related pain, for the proin-
flammatory cytokines, such as interleukin
(IL)-1B, IL-6 and tumour necrosis factor
(TNF)-0, are increasingly released in ectopic
lesions.”® These changes are believed to
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Figure 1 The pathogenesis of endometriosis. At
present, there are several theories about the pathogenesis
of endometriosis. Retrograde menstruation: during
menstruation, endometrial fragments are regurgitated through
the fallopian tube and implanted on the surface of the pelvic
and abdominal organs. Coelomic epithelium metaplasia:
ovarian germinal epithelium, pleural pelvic peritoneum,
etc originated from coelomic epithelium. When they are
subjected to inflammation, oestrogen and other repeated
stimulation will be transformed into endometrioid tissue.
Endometrial stem cell implantation: endometrial epithelial
progenitor cells and mesenchymal stem cell-like cells are
shed into the peritoneum via retrograde menstruation.
latrogenic implantation: the surgical procedure brings the
endometrial tissue directly to the incision. Genetic factors:
endometriosis has a certain degree of familial clustering.

The pathogenesis of endometriosis
+ Retrograde menstruation
*  Coelomic epithelium metaplasia
* Endometrial stem cell implantation
* latrogenic implantation
* Genetic factors

contribute to serious symptoms of pain such as chronic
pelvic pain, dysmenorrhoea and dyspareunia. According
to Sampson’s theory, during menstruation, viable endo-
metrial tissue is refluxed into the peritoneal cavity through
the fallopian tubes where it subsequently implants into
the peritoneal tissue and/or pelvic organs.”” The implan-
tation of ectopic endometrial cells will result in a strong
immunological response in the body, recruiting various
types of immune cells and provoking the secretion of
proinflammatory cytokines. IL-1, a member of the inflam-
matory cytokine superfamily, is secreted by activated
peritoneal macrophages.'® It plays a role in regulating
immunomodulation'” in vivo mainly by secreting cyto-
kines, B cells and antibodies as well as matrix metallopro-
teinases and prostaglandins to initiate the inflammatory
response cascade.'® Y Activated macrophages can also
secrete IL-6 to increase haptoglobin at the lesion site.
Haptoglobin may protect endometrial implants from
clearance by the immune surveillance system by reducing
the phagocytic activity of immune cells. The resulting
positive feedback pathway favours the survival of ectopic
endometrial tissue and further promotes its develop-
ment.” It is worthy of noting that the increased IL-6 can
inhibit natural killer (NK) cell cytotoxicity in peritoneal
fluid of patients with endometriosis by downregulating
the cytolytic granule component of NK cells,” which can
also lead to dysfunctional clearance of ectopic endome-
trial stromal cells (ESCs).

These proinflammatory cytokines induce the release of
ATP from intracellular to extracellular milieus in ectopic

ESCs in endometriosis lesions via allowing Ca*" influx.’
Thus, the ATP content of ectopic endometrium was
significantly higher than that in eutopic endometrium in
patients with endometriosis. Increased extracellular ATP
has been considered a key signalling transmitter of neuro-
pathic pain, which could activate selective ATP receptors
and play a critical role in inducing nociceptive sensitisa-
tion."” Patients suffered from more severe endometriosis
pain with higher ATP content.*

ATP receptors could be divided into different fami-
lies in terms of structure and function, including the P1
family (A1, A2A, A2B, A3), the P2X family (P2X1-7) and
the P2Y family (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11-14).%

P2X3 receptor (purinergic receptor P2X ligand-gated
ion channel 3) is exclusively distributed in epithelial cells
and non-peptidergic small-diameter sensory neurons,
which could mediate neuropathic, nociceptive and
inflammatory pain.** Research showed that inflamma-
tory mediators such as IL-1B can lead to higher levels of
mRNA and protein of the P2X3 receptor via activating
mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase/cAMP response element-binding
protein pathway, which could mediate nociceptive sensi-
tisation via regulating protein phosphorylation.” Mean-
while, the P2X3 receptor plays a vital part in mediating
reflex activities and pain in nociceptive C-fibres and Ad-fi-
bres (small and medium-sized neurons) of the dorsal root
ganglia (DRG).” * The expression levels of both ATP and
P2X3 receptors released in endometriotic DRG tissue
were significantly increased in comparison with the non-
endometriotic rats and were positively correlated with
the severity of hyperalgesia induced by endometriosis.”
These findings show that elevated expression and activa-
tion of ATP and P2X3 receptors in endometriotic lesions
and eutopic endometrium may lead to nerve sensitisation
and signal transduction in endometriosis-associated pain.

Except for P2X3 receptors, other ATP receptors also
play an important role in endometriosis-associated pain
signal cascade triggering.”’” P2X4and P2X7 receptors
are expressed in neural crosstalk between inflammatory
cells and microglia.”® * Stimulation of P2X4 receptors in
macrophages is related to the release of cyclo-oxygenase-
dependent release of prostaglandin E2 (PGE2), which
contributes to pain hypersensitivity,” thus playing a role
in maintaining the immunological state of endometriosis
after activating by ATP.

Purinergic receptors P2Y1 and P2Y2 are expressed in
primary sensory and promote the pain-related symptoms
of endometriosis through a variety of ways after acti-
vating transient receptor potential vanilloid-1 (TRPVI)
channels.” The clinical research results of using TRPV1
inhibitors to relieve pain in patients with endometri-
osis are disappointing. Studies have reported that high
temperature and hypothermia are the main side effects,
weakening the potential use of TRPV1 inhibitors.”” The
activation of P2Yl may result in the upregulation of
P2X3 in endometriosis via the activating transcription
factor 3 (ATF3)/activator protein (AP)-1 pathway22 and
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p38/MAPK pathway.”> However, research by Chen et al
stated that P2Y1 reduces P2X3 expression level with the
p38/MAPK signalling pathway in DRG neurons.”* More
researches are needed to explain the exact effects of
P2Y1. P2Y12 and P2Y13 are expressed in microglial in
endometriosis, which is also involved in the release of
proinflammatory mediators and the upregulation of the
P2X3 receptor mediated by ADP.*’

The development of painful symptoms of endometriosis
is also related to the following factors.”* Endometriosis
is a kind of oestrogen-dependent disease with mark-
edly elevated levels of oestrogen.' Increased oestradiol
(E2) can regulate the release of bioactive granules from
macrophages, thereby stimulating neural activity, and act
as the key bridge between nerve tissue and macrophage
in the peritoneal fluid of patients with endometriosis.***
Increased numbers of macrophages and nerve fibresin the
peritoneal fluid of patients with endometriosis promote
the occurrence and development of the disease,” and
their interaction can also promote the occurrence of
painful symptoms of endometriosis. There is evidence
that E2 increases the expression of nociceptive ion chan-
nels such as TRPV1 in lesions in a mouse model.”®* Mast
cells are also associated with endometriosis-related pain.*!
Their numbers are significantly increased at the site of
lesions in ovarian endometriosis.”” At present, mast cell
stabilisers have received widespread attention in the pros-
pect of treatment of painful endometriosis.*’

Based on published research results, E2, macrophages
and mast cells, as well as ATP and ATP receptors, which
are expressed at high levels in the ectopic endometrium,
act together to cause hyperalgesia in endometriosis.?’
Abnormal innervations are observed in most endome-
triotic lesions: an increased number of total intact nerve
fibres, increased sensory and decreased sympathetic
nerve fibre density, the occurrence of cholinergic and
unmyelinated nerve fibres, etc.?” *® These changes are
also closely related to pain.

ATP IS INVOLVED IN THE OCCURRENCE OF ENDOMETRIOSIS-
ASSOCIATED INFERTILITY

The ideal embryo implantation requires a good interac-
tion between the blastocyst and the receptive endome-
trium.** Although abnormal folliculogenesis, increased
oxidative stress, changes in immune function and the
hormonal milieu in follicular and peritoneal environ-
ments, and decreased endometrial receptivity are all
involved in the pathogenesis of endometriosis-associated
infertility, the exact mechanism of the pathogenesis
remains controversial. "’

In the follicular microenvironment, granulosa cells
(GGCs) are in the immediate vicinity of oocytes and exert
important effects on the function of oocytes through
direct gap junctions.*® The connections between oocytes
and GCs could control the competency of oocytes and
determine the outcomes of female fertility or assisted
reproductive theralpy.47 The expression levels of

mitochondria in mature oocytes may play a critical role
in oocyte and embryo development; thus, ATP levels
may be important parameters for pregnancy potential.*®
Studies have confirmed the senescence and the severe
endoplasmic reticulum stress of GCs in endometriosis by
RNA-sequencing and bioinformatics tools. There was a
statistically significant decrease in the expression of mito-
chondrial membrane potential ratio and ATP production
in GCs of women suffering from endometriosis. These
data showed that patients with endometriosis may have
abnormal mitochondrial functions, such as restricted
nutrient synthesis, membrane transport and accumula-
tion of ATP, which may damage follicular function and
fertility, thus affecting embryogenesis.*’

The implantation after embryo formation is mainly
regulated by steroid hormones, but in order to
successfully implant, the best proinflammatory and
anti-inflammatory state must be maintained at the fetal—
maternal interface. It has been proved that many local
immune cells, cytokines, growth factors and adhesion
molecules are involved in the attachment, adhesion and
invasion of blastocysts.”” > Once the function of these
immune cells and the production of cytokines change,
it may lead to abnormal implantation, even poor oocyte
quality and abnormal fertilisation.”® * Studies have
shown that the higher concentration of inflamma-
tory mediators in the peritoneal fluid in endometri-
osis has toxic effects on oocyte pickup by the fimbria,
sperm oocyte interaction and embryo implantation,
leading to an aberrant reproductive function in these
women. These effects were reversed during hormonal
treatment.”

The cytotoxic activity of peripheral and peritoneal
NK cells was decreased with the severity of the disease.”
However, when endometriosis is accompanied by infer-
tility or recurrent abortion, the cytotoxicity of uterine
NK cells (CD16/NKp46 is its cytotoxic marker) increases,
producing cytotoxic factors, leading to infertility and/or
abortion or abnormal placenta, which can be used as a
marker associated with infertility or recurrent abortion.”

Regulatory T (Treg) cells are recognised by the
expression of transcription factor FoxP3,”” which
secretes IL-10 and transforming growth factor (TGF)-B.
IL-10 inhibits the synthesis of inflammatory factors and
releases inflammatory cells to activate migration and
adhesion; TGF-B inhibits the proliferation of immune
cells and lymphocyte activation. These immunosup-
pressive cytokines can suppress the cytotoxicity of other
immune cells, which is essential to prevent destructive
immunity in all tissues.”®* The number of Treg cells in
the endometrium of patients with endometriosis infer-
tility during peri-implantation period and their positive
correlation with the disease stage indicate that they are
related to embryo implantation® and can be used as a
potential target for infertility treatment. Moreover, poly-
clonal B cell activation, B-1 cell proliferation and auto-
antibody production may be associated with infertility in
these patients.®
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Table 1 Major ectoenzymes involved in endometriosis

Enzyme or

enzyme family Gene Catalytic reaction

NTPDase family/ E-NTPD ATP-ADP-AMP

CD39 NTP-NDP-NMP

NPP family ENPP ATP-ADP-AMP
ATP-AMP+PPi

Ecto-5’- NT5E AMP-adenosine

nucleotidase

family/CD73

Alkaline ALP ATP-ADP-~AMP-adenosine

phosphatases NTP-NDP-NMP
PPi-Pi

Adenosine ADA Adenosine—inosine

deaminase

ADA, adenosine deaminase; ALP, alkaline phosphatase; ENPP,
ectonucleotide pyrophosphatase/phosphodiesterase; E-NTPD,
ectonucleoside triphosphate diphosphohydrolase; NDP, nucleotide
diphosphate; NMP, nucleotide monophosphate; NPP, nucleotide
pyrophosphatase/phosphodiesterase; NT5E, ecto-5’-nucleotidase;
NTP, nucleotide triphosphate; NTPDase, nucleoside triphosphate
diphosphohydrolase; Pi, phosphonic acid; PPi, pyrophosphonic
acid.

ECTONUCLEOTIDASES ALTERED IN ENDOMETRIOSIS

Studies showed that ectonucleotidases, which belonged
to specialised membrane enzymes, governed the levels of
extracellular ATP and adenosine by hydrolysing nucleo-
tides and nucleosides individually or sequentially.”’ Ecto-
nucleotidases could be divided into four families: (1)
exonucleotide triphosphate diphosphate hydrolase family,
called CD39 family, mainly hydrolyses ATP and ADP to
AMP; (2) exonucleotide pyrophosphatase/phosphodies-
terase family (ENPP) that mainly converts ATP into AMP;
(3) the ecto-5’-nucleotidase family (CD73) dephosphory-
lates AMP to adenosine®*; and (4) alkaline phosphatase
family (ALP), which hydrolyses nucleoside triphosphate
and nucleoside diphosphate to AMP, releasing inorganic
phosphate.'* Adenosine deaminase (ADA) is a soluble
enzyme that often combines with dipeptidyl peptidase
IV/CD26 to inactivate adenosine and produce inosine. As
shown in table 1, the main exoenzymes involved in endo-
metriosis have been described."*

3

Several proinflammatory cytokines, oxidative stress
and hypoxia regulate the expression of CD39 through
transcription factors Spl, Stat3® % and zinc finger
protein growth factor independent—l.67 When the body
is exposed to hypoxia,” * as well as proinflammatory
mediators, such as TGF-B, interferons, TNF-o, IL-1 and
PGEZ2, increase,70 ! the expression and function of CD73
are upregulated. After having triggered the inflamma-
tory response, extracellular ATP in normal adult women
is degraded into AMP by CD39 and then converted to
adenosine by CD73.”% The end products can downreg-
ulate the intensity and duration of leucocyte activation,
inhibit the activity of immune cells and play an effective
anti-inflammatory role. They can be considered as ‘immu-
nological switches’ that transform ATP-driven proinflam-
matory immune cell activity into an adenosine-mediated
anti-inflammatory state (figure 2).

However, studies have found an alteration in CD39-
CD73 pathway in ectopic lesions. CD39 expression was
lost in stromal cells of eutopic endometrium in women
with endometriosis. CD73 expression was lost in ovarian
and deeply infiltrative endometriosis lesions. These
findings indicate that the changes in the ATP hydrolysis
pathway correlate with the severity of endometriosis since
they are lost mostly in the deeply infiltrating lesions and
stage IV pelvic endometriosis. Changes in endometriosis
ectonucleotidases promote the accumulation of ATP in
the tissue microenvironment.” The insufficient activity
of the CD39/CD73 axis is related to the expansion and
uncontrolled activation of neutrophils,74 7 the expansion
of chemotaxis’® " and the increased adhesion of vascular
endothelium.™ ™

Meanwhile, we should focus that in women with
deeply infiltrating lesions, loss of ectonucleoside triphos-
phate diphosphohydrolase 3 epithelial expressions also
happened.” These changes in ectonucleotidases would
result in the accumulation of extracellular ATP, which in
turn induces the release of cytokines from the intracel-
lular to the extracellular milieus, in favour of an increase
of the survival and development rates of endometriotic
cells."* These studies are in accordance with the previous
findings that indicated the level of ATPase Na+/K+
transporting family member beta 4 decreases with the

Proinflammatory cytokines
Oxidative stress
Hypoxia

Hypoxia

Proinflammatory cytokines

CD39/NTPD|

Adenosine

Figure 2 Mechanisms of immune cell activation in the microenvironment CD39-CD73 can be considered as ‘immunological
switches’ that transform ATP-driven proinflammatory immune cell activity into adenosine-mediated anti-inflammatory state.
ADA, adenosine deaminase; eATP, extracellular ATP; NTPD, nucleoside triphosphate diphosphohydrolase.

The activity of
immune cells §
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degree of ATP hydrolysis of endometriotic cells, and is
differentially expressed between women with and without
endometriosis.”

The increased expression of ENPP3 in stromal cells from
patients with endometriosis is a special phenomenon.”
ENPP3 may be a cellular tool to offset the decrease in
ATPase resulting from the lack of CD39, which explains
the high expression of ENPP3 in endometriotic stromal
cells throughout the cycle. Thus, it might be an effec-
tive biomarker of the disease in the future. However, the
activity of ENPP3 would not be able to replace the ATPase
action, as CD39 has a higher affinity for ATP than ENPP3;
moreover, the expression of ENPP3 in stromal cells is not
in line with the expression CD73 throughout the cycle.”

Except for changes of ectonucleotidases in ectopic and
eutopic endometrial tissue with endometriosis, there
also exists changes of ectonucleotidases in the contents
of ovarian endometriomas. Endometriosis can appear as
different entities, including peritoneal endometriosis,
ovarian endometriomas and deep infiltrating lesions.™
Among them, endometriomas are also known as ‘choco-
late cysts’ because the contents derived from the cysts are
dark, internal fluid blood.'® In endometriomas’ contents’
aspirates, the activation of enzymes is quantifiable, with
significantly higher ectonucleotidase activity in endome-
triomas compared with simple cysts. Furthermore, the
expression levels of ADA and ENPPI are significantly
higher than in simple cysts. Meanwhile, the levels of ALP
and ENPP3 did not show huge differences between the
two groups. Thus, the ectonucleotidases ADA and ENPP1
may well be candidates for endometriomas’ histological
markers.”'

PROSPECTIVE

Currently, the drugs widely used to treat endometriosis
have many defects in clinical application. Since most of
the drugs used are contraceptives, women may have to
choose between managing painful symptoms and trying
to conceive. In addition, most women with endometriosis
also purchase over-the-counter drugs to seek pain relief,
such as paracetamol and non-steroidal anti-inflammatory
drugs, which may inhibit ovulation.*” The importance of
the immune system in the pathogenesis of endometriosis
supports the idea of using therapeutic strategies involving
drugs that modulate specifically the function of immune
cells.”” Considering that ATP and P2X$ receptors play
a critical role in the pain mechanism of endometri-
osis, there will be emerging therapy in endometriosis-
associated pain.

Studies found that intramuscular injection ATP could
reduce the size of endometrial lesions in rat models
which seems in contrast to the conclusion that ATP is
closely linked to the genesis and development of endo-
metriosis.** Further researches are needed to solve this
problem. The use of inhibitors of ectonucleotidases does
not seem to represent an appropriate strategy. On the
contrary, increasing the ATPase activity would combat the

eventual ATP accumulation in the endometrial microenvi-
ronment. A-317491, a selective P2X3 receptor antagonist,
could lead to a reduction in mechanical and heat hyperal-
gesia in a rat model of endometriosis by blocking the Ca*"
influx induced by extracellular ATP in endometriosis rat
models.*” Although P2X3$ is a noteworthy target, its antag-
onists usually have poor pharmacokinetics. At present, a
new compound (BAY1817080) is being used in clinical
trials to solve this problem. Another treatment worth
mentioning is SP600125, a ¢JUN N-terminal kinase, that
could inhibit the ATF3/AP-1 signalling pathway thereby
reducing endometriotic lesions and attenuating the
upregulation of P2X$ in rat models.”* Other antagonists
targeting P2X4, P2X7 or P2Y receptors are needed to
achieve clinical trial.”’

The MAPK pathway can increase the clinical reper-
cussions of inflammation and endometriosis by
recruiting immune cells and amplifying the inflamma-
tory response,” generating an anti-apoptotic signa1,87
increasing growth factor expression leading to angiogen-
esis,*® and playing a role in the development of pain and
hypersensitivity to pain.*” It was shown that their inhibi-
tors can control the progression of disease in vitro and
animal models.” However, the use of MAPK inhibitors
in the treatment of endometriosis remains limited owing
to their teratogenic nature and specific adverse side
effects.”!

For diagnosis, ectonucleotidases may be valuable
biomarkers. The emergence of ENPP3 is closely related
to stromal cells of endometriosis. The expression levels
of CD39 and CD73 are decreased in deep infiltrating
endometriosis.”” The presence of ADA and ENPPI
levels is significantly increased in endometriomas.”
Lastly, restoring the activity of ectonucleotidases might
be another effective therapy to deal with endometriosis-
associated pain.

CONCLUSION

Current evidence indicates that ATP (and/or ATP recep-
tors) and the immune system are associated with the
mechanism of pain and infertility of endometriosis. It
could serve as cytokines and energetic molecules, which
are significantly involved in the pathogenesis of endo-
metriosis. Through in-depth research on endometriosis,
some new approaches to diagnosis and treatment have
been found. Further studies are needed not only to have
a better understanding of this disease but also to improve
current therapeutic strategies.
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