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Abstract Seven P2X ion channel nucleotide receptor sub-
types have been cloned and characterised. P2X7 receptors
(P2X7R) are unusual in that there are extra amino acids in
the intracellular C terminus. Low concentrations of ATP open
cation channels sometimes leading to cell proliferation,
whereas high concentrations of ATP open large pores that
release inflammatory cytokines and can lead to apoptotic cell
death. Sincemany diseases involve inflammation and immune
responses, and the P2X7R regulates inflammation, there has
been recent interest in the pathophysiological roles of P2X7R
and the potential of P2X7R antagonists to treat a variety of
diseases. These include neurodegenerative diseases, psychiat-
ric disorders, epilepsy and a number of diseases of peripheral
organs, including the cardiovascular, airways, kidney, liver,
bladder, skin and musculoskeletal. The potential of P2X7R
drugs to treat tumour progression is discussed.
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Introduction

P2X receptors are a family of ionotropic ATP-gated receptors.
They are cation-selective channels, equally permeable to Na+

and K+ and with significant Ca2+ permeability. Seven mam-
malian subunits have been cloned to date (P2X1-7) that form
either functional homo- or heterotrimers. When three mole-
cules of ATP bind to a P2X receptor, the pore opens within
milliseconds, allowing the cations to flow. P2X7 receptors
(P2X7R) differ in that they have extra amino acids in the
intracellular C terminus and are bi-functional. The binding
of ATP within milliseconds induces the opening of a channel
selective for small cations, and within seconds, a larger pore
opens, which allows permeation by molecules with a mass of
up to 900 Da (leading to the release of inflammatory cytokines
and apoptosis) (see [1, 2]).

An important review was published about the development
of P2X7R antagonists for anti-inflammatory therapy, includ-
ing therapeutic potential and recent discoveries [3]. More re-
cent reviews about P2X ion channel receptors and inflamma-
tion [1] and the P2X7R as a therapeutic target [4] have been
published. This review is focused largely on the recent interest
since 2014 about the involvement of P2X7R in inflammation
and tumour progression.

P2X7R and inflammation

P2X7R have been implicated in the regulation of inflamma-
tion [5] and virtually all immune cell types (both of innate and
adaptive immunity, including lymphocytes, macrophages,
monocytes, neutrophils, basophils, dendritic cells, eosinophils
and mast cells) express P2X7R [6]. They therefore represent
significant therapeutic potential. A review was published in
2015 that discussed those P2X7R antagonists that exhibited
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promising therapeutic potential for the treatment of inflamma-
tory diseases, pain and cancer [7]. Other reviews have been
published that highlight the involvement of P2X7R in neuro-
inflammation and how medicinal chemists are working to
identify centrally penetrant antagonists [8, 9]. For instance,
GSK1482160 is a potent P2X7R antagonist with blood–brain
barrier penetration, which has the ability to be radiolabelled
with 11C. This allows it to be potentially useful as a biomarker
of neuroinflammation [10], since P2X7R may mediate the
neuroinflammation and cognitive impairment that can result
following surgery [11]. Another review explored the role of
P2X7R in fibrosis, the pathological outcome of most chronic
inflammatory diseases [12].

Activation of P2X7R is associated with immune responses,
including allergic inflammation [13]. ATP released from dam-
aged or infected cells causes inflammation by activation of
P2X7R and subsequent release of inflammatory cytokines, such
as interleukin (IL)-1β, thereby acting as a danger signal by acti-
vating P2X7R on immune cells to increase immune responses
[14]. An example of this is seen in enteric epithelial cells in con-
ditions of inflammation of the gut (see [1]; Fig. 1). Pulmonary
neutrophils are the inflammatory cells that are initially recruited
during lung injury. Antagonism of the P2X7R with
AZ106006120, or knockout (KO) of the receptor, reduced neu-
trophil infiltration and pro-inflammatory cytokine levels in a
mousemodel of acute lung injury [16]. Human andmurine neu-
trophils express functional P2X7R, which mediate NLRP3
inflammasome-dependent IL-1β secretion [17]. Nanobodies
are small, single-domain antibody fragments and a mouse
nanobody, 13A7,was shown toblockgatingof theP2X7Rchan-
nel on Tcells andmacrophages in vivo and is proposed as a new
drug candidate for inflammatory disorders [18].

P2X7R in inflammation, infection and immunity

Extracellular ATP is an endogenous danger signal that acti-
vates inflammatory responses in immune cells. The role of
P2X7R in infectious inflammatory diseases has been reviewed
[8, 19, 20]. P2X7R are needed for the development of the
inflammatory response associated with sepsis in mice [21,
22] and Brilliant Blue G (BBG; a selective antagonist for
mouse P2X7R that is blood–brain barrier permeable and safe)
was shown to ameliorate sepsis-induced brain damage [23].
Also in mice, P2X7R downstream of caspase-11 play a critical
role for pyroptosis and susceptibility to sepsis induced by the
non-canonical inflammasome [24].

Theuse of P2X7Ragonists in conjunctionwith lowmolecular
weight anti-bacterial medicines has been proposed for the treat-
mentofmulti-drug-resistant tuberculosis[25].P2X7Rantagonists
are potential tools for the treatment of Clostridium perfringens
type C [26] and Porphyromonas gingivalis [27] infections.
P2X7 activation was shown to be protective during severe

Escherichia coli infection in mice [28]. Similarly, ATP release
from infected macrophages and subsequent activation of P2X7R
are critical for IL-1-dependent host protection from Bacillus
anthracis [29].The roleofP2X7Randectonucleotidases in infec-
tious inflammatory diseases has been reviewed [20].

Evidence was presented to show that mouse P2X7R are
involved in containing the parasitic protozoan Toxoplasma
gondii spread in vivo, by stimulating inflammation [30]. The
dysfunction of P2X7R is likely to contribute to morbidity due
to human schistosomiasis, a chronic inflammatory disease
[31]. P2X7R-deficient mice were more susceptible to
Leishmania amazonensis infection than wild type (WT) mice,
suggesting that P2X7R play a key role in parasite control by
regulating T effector cells and inflammation [32].

P2X7R activation regulates inflammatory responses during
acute viral infection in mice [33]. Upregulated expression of
P2X7R on peripheral blood mononuclear cells provides anti-
viral immunity in patients against hepatitis C virus [34], while
activation of P2X7R participates in the exacerbated immune
response that occurs during influenza virus infection in mice
[35]. P2X7R play a role in control of dengue virus-2 infection
and KN62 appeared to have anti-viral and anti-inflammatory
actions in infected human monocytes [36]. Purinergic recep-
tors, particularly P2X7, have been identified as key mediators

Fig. 1 Cell type-specific schema of ATP release and action. ATP (red
triangles) can be released from the cell cytosol to the extracellular space
(dashed red line) via pannexin 1 (Panx1) channels or connexin 43 (Cx43)
hemichannels (pictured). Once in the extracellular space, this ATP acts as
a paracrine transmitter, as can ATP released from nearby cells that are
dead or dying (not shown). Extracellular ATP can activate P2 receptors,
such as P2X7 receptors (P2X7R) (pictured), that depolarise the target cell
but also activate an inflammatory response in immune cells (dashed gray
line) with subsequent release of cytokines such as interleukin (IL)-1β that
can act back at Panx1 and Cx43 to modulate their function (dashed gray
lines). Activation of P2X7R also mediates the T cell responses (e.g. Ca2+

entry, IL-2 synthesis) and macrophage migration (not shown).
(Reproduced from [15], with permission from Frontiers Media S.A. (via
Open Access))
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of human immunodeficiency virus-1 (HIV-1) infection and
inflammation [37] and ATP induces rapid release of HIV-1
from virus containing compartments of human macrophages
[38]. In HIV-1 infection, abnormalities in neuron-glia interac-
tions result in neuronal damage. HIV-1 Tat induces neuronal
apoptosis and augments the expression of P2X7R in astro-
cytes. Oxidised ATP (oxATP), A-438079 and BBG attenuated
Tat-mediated neurotoxicity and may be novel tools for thera-
peutic management of neuroAIDS [39].

A valuable review discusses the role of purinergic signal-
ling in autoimmunity and highlights a role for P2X7R in sys-
temic lupus erythematosus [40]. P2X7R activation deleted
intestinal T cells by apoptosis and suppressed T cell-induced
colitis in mice [41]. P2X7R are expressed on peripheral lym-
phocytes and may influence the immune profile from patients
with the indeterminate form of Chagas disease [42].

P2X7R and inflammatory neuropathic pain

The earlier literature about the involvement of P2X7R in neu-
ropathic pain has been reviewed [43].

Genetically determined P2X7R pore formation was shown
to regulate variability in chronic pain sensitivity [44]. P2X7R
activation by endogenous ATP contributes to the development
of inflammatory hyperalgesia. Removal of the P2X7R gene or
P2X7R antagonists, such as BBG and oxATP, abolished
chronic inflammatory and neuropathic pain in animal models
(see review by Alves et al. [45]). Inflammatory pain that oc-
curs in burn patients following dressing changes was relieved
by puerarin treatment, which was claimed to act by decreasing
the expression levels of P2X7R mRNA and protein in periph-
eral blood mononuclear cells [46]. P2X7R activation in vivo
was involved in the development of central sensitisation in an
acute inflammatory pain animal model (see [1]).

P2X7R antagonists were shown to have analgesic activity
in a rat model of neuropathic pain. P2X7R expressed by mi-
croglia mediate neuropathic pain, which is reduced by antag-
onists, such as A-740003 and A-438079 (see [47]). Central
nervous system (CNS)-penetrant P2X7R antagonists may be
beneficial for the treatment of persistent pain by targeting
microglia. Resveratrol was shown to be neuroprotective
against neuropathic pain mediated by P2X7R expressed on
satellite glial cells of the dorsal root ganglia (DRG) [48].

P2X7R and tumour progression

A review covering the early literature about the involvement of
purinergic signalling and cancer, including discussion about the
roles of the P2X7R in a variety of tumours, is available [49].

P2X7R are a key mediator of inflammation and cancer
invasion/metastasis and P2X7R antagonists are potential

anti-metastatic agents [50]. A feature of some cancer cells is
the high level of expression of P2X7R, which, depending on
the tumour type, can mediate either proliferation or cell death
(see [51]). Thus, P2X7R activation may have effects on anti-
tumour immunity that are opposed to a direct effect on tumour
growth. It was also pointed out in this review that there is
increased release of ATP, promoting cancer cell migration
and metastasis. High levels of extracellular ATP accumulate
in tumour interstitium and highATP doses inhibit migration of
endothelial cells from human breast carcinoma, via the acti-
vation of P2X7R [52]. Human pancreatic duct adenocarcino-
ma cells in vitro express high levels of P2X7R protein and
AZ10606120 inhibited cell proliferation [53]. ATP activation
of P2X7R triggers immunogenic signalling, which converts
dying cancer cells into an effective anti-cancer vaccine [54].
P2X7R activation is linked to elevated expression of inflam-
mation promoting factors, tumour cell migration, increase in
[Ca2+]i and membrane depolarisation in malignant gliomas
(see [55]; Fig. 2). Evidence has been presented to suggest that
P2X7R antagonists are promising therapeutic tools for the
treatment of osteosarcoma [56]. Growth of experimental tu-
mours is strongly inhibited by P2X7R antagonism of both
cancer and immune cells (see [57]). A non-functional
P2X7R, nfP2X7R, is expressed on cancer cells and has been
proposed as a novel therapeutic target for human cancer [58,
59]. A phase I clinical trial has recently demonstrated that
nfP2X7R-targeted antibodies were a novel, safe and tolerable
topical therapy for basal cell carcinoma [60]. P2X7R activa-
tion induces apoptosis in acute myeloid leukaemia cells but
not in normal hematopoietic stem cells [61].

ACN human neuroblastoma cells express P2X7R, which is
a regulator of its growth and angiogenesis, and AZ10606120
and A-740003 reduced ACN-derived tumour growth in nude
mice so P2X7R may be a novel therapeutic target for treat-
ment of neuroblastoma [62, 63]. P2X7R are expressed on
human malignant glioma and C6 cells [55, 64, 65] and high
P2X7R expression has been correlated with progression-free
survival and overall survival [66]. P2X7R activation caused
release of inflammatory cytokines bymacrophages exposed to
glioma-conditioned medium that was prevented by A-740003
[67]. A P2X7R agonist, 2'(3')-O-(4-benzoylbenzoyl)-ATP
(Bz-ATP), enhanced the temozolomide anti-tumour effect on
human cultured glioblastoma stem cells [68].

Autocrine release of ATP and activation of P2X7R influ-
ence the metastatic migration of human lung cancer H292 and
PC-9 cells [69], and in immunodeficient mice, migration of
transplanted HTB177 and HTB183 lung cancer cells was re-
duced by A-438079 [70]. The role of P2X7R in tumour pro-
gression is complex and studies show contradictory effects of
P2X7R activation. For instance, an increase in survival of
non-small cell lung cancer patients with high P2X7R expres-
sion was observed [71], although low P2X7R expression re-
sulted in greater mRNA (miR-21) expression in the non-small
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cell lung cancer tumours. Thus, the high levels of miR-21
expression in these cancer patients may be a consequence of
P2X7R downregulation and resultant promotion of tumour
progression. These results agree with the study by Souza
and colleagues [72], which showed that defective P2X7R ex-
pression following miR-21 activation by a K-Ras mutation,
led to reduced tumour-killing activity, resulting in a poorer
prognosis. P2X7R are expressed in pancreatic cancer
PancTu-1 Luc cells and antagonists, such as AZ10606120,
are likely to be effective therapeutic agents [53]. Other antag-
onists, A-438079 and A-740003, reduced inflammation asso-
ciated with colitis but increased tumour incidence in a mouse
model of colitis-associated cancer [73]. In P2X7R-transfected
human embryonic kidney cells and CT26 colon carcinoma,
there was enhanced tumourigenesis when the cells were inoc-
ulated into either immunodeficient or immunocompetent
mice, respectively. It was shown that in tumours derived from
B16 mouse melanoma or ACN human neuroblastoma cell

lines, tumour growth was inhibited by oxATP [74]. The an-
thraquinone, emodin, suppressed the invasiveness of the high-
ly invasive breast cancer cell line MDA-MB-435s, by antag-
onizing P2X7R [75]. ATP increased [Ca2+]i in breast tumour
cells and high concentrations produced apoptosis via P2X7R.
ATP-mediated activation of the human breast cancer cell line
T47D resulted in an increase in cell migration and the devel-
opment of metastases, suggesting a potential therapeutic role
for P2X7R antagonists [76]. P2X7R expression is a prognos-
tic indicator for postoperative cancer-specific survival of pa-
tients with clear-cell renal cell carcinoma [77].

Decreased expression of P2X7R is associated with the de-
velopment of cervical cancer. In women, decreased expression
of P2X7R is found in endometrial epithelial pre-cancerous
lesions. Activation of P2X7R-dependent apoptosis with
BzATP may be a chemotherapeutic approach to prevent cell
growth of pre-cancerous and early cancerous epithelial lesions
[78]. Clearly, while ATP and P2X7R activation induced

Fig. 2 Altered regulation of
calcium channels in brain
tumours is part of neoplastic
transformation. In the brain, the
transformation of a normal cell
into a tumour cell might be related
to Ca2+ oscillations, and the
homeostasis misbalance can
define the malignant phenotype,
which includes uncontrolled
proliferation, enhanced migration
and invasion and abnormal cell
death. The activation of P2X7
receptors (P2X7R) leads to
extracellular signal-regulated
protein kinases 1 and 2 (ERK1/2),
phosphatidylinositol 3-kinase
(PI3K) and mitogen-activated
protein kinase 1/2 (MEK1/2)
activation. High P2X7R
functionality and pore activity are
linked to apoptosis/necrosis in
glioma cells and better
progression-free survival.
(Reproduced from [55], with
permission from the American
Society for Pharmacology and
Experimental Therapeutics)
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apoptosis of tumour cells in some models, in others it accel-
erated tumour growth.

It is known that there are many polymorphisms of the
P2X7R [79, 80], which, in addition to resulting in a loss of
function, may alter the activity of the receptor. Expression of
non-functional cytolytic P2X7R was found in all pathology
specimens of prostate cancer examined [81]. P2X7R were not
expressed in normal tissues from patients with no evidence of
cancer, suggesting that the appearance of P2X7R is an early
marker of prostate cancer. The expression of P2X7R is in-
creased by hypoxia and hypoxia-driven increase in P2X7R
enhances invasion and migration of tumour cells [82].
Ultraviolet (UV) light has been implicated in the genesis of
cutaneous cancer, including basal and squamous cell carcino-
ma as well as melanoma. UV-B irradiation destroys P2X7R,
by directly killing epithelial cells and by reducing P2X7R
mRNA by degrading the protein, and may contribute to the
malignant transformation of keratinocytes [83]. P2X7R were
expressed in the necrotic centre of nodular basal cell carcino-
mas and in apoptotic cells in superficial multifocal and infil-
trative cells. ATP caused apoptosis of cultured A431 human
squamous cell carcinoma cell line via P2X7R and application
of BzATP inhibited the formation of skin papillomas and car-
cinomas in mice [84]. There was increased expression of
P2X7R in patients with superficial spreading melanomas,
which were later shown to be functional, and it was suggested
that they are a target for melanoma therapy. A low pH envi-
ronment (like that seen in solid tumours) induced ATP release
from B16 melanoma cells to increase proliferation via P2X7R
and oxATP inhibited tumour growth in B16 melanoma-
bearing mice [85]. In P2X7R KO mice, tumour progression
of B16 melanoma was accelerated, showing that P2X7R are
critical to support an anti-tumour immune response as well as
restricting tumour growth and metastatic diffusion [86]. γ-
Irradiation, which causes growth arrest and death of tumour
cells, induced P2X7R-dependent ATP release from the B16
melanoma cells. P2X7R KO mice were susceptible to bone
cancer pain and had an earlier onset of pain-related behav-
iours. The majority of human osteosarcomas express P2X7R
isoforms A and B and the expression of either isoform is
differently coupled to cell growth and activity [87]. P2X7R
are involved in cancer-induced bone pain and A839977 was
suggested as a useful analgesic tool in a rat model of cancer-
induced bone pain [88].

Activation of P2X7R can either promote cellular survival
or induce cytotoxicity and depends on the stimulus intensity
of ATP to control the ion channel or the P2X7-dependent large
pore functions. How these two opposite effects are controlled
is not fully understood. Recently, a feedback loop was de-
scribed showing that sustained activation of P2X7R results
in the release of active matrix metalloproteinase 2, which
stops ion channel and large pore responses in several different
cell types, including macrophages and human tumour cells.

This effect may be an important fine-tuning of P2X7R func-
tions. The authors suggested that P2X7R antagonists could be
useful as in treating inflammatory diseases and cancers [89].

As the tumour microenvironment contains very high con-
centrations of ATP, adenosine is also present in high concen-
trations, following enzymatic breakdown of ATP by CD39
and CD73. Both ATP and adenosine contribute to immuno-
suppression or immunostimulation of the host, and stimula-
tion of growth or cytotoxicity of the tumour, depending on the
receptors activated. Thus, targeting specific receptor subtypes
produces different effects, for example targeting CD73 or A2A

receptors reduced immunosuppresion and potently inhibited
tumour growth [90]. As has been described above, growth of
experimental tumours is also strongly inhibited by targeting
P2X7R of cancer and immune cells (see [57]).

P2X7R and diseases of the CNS

The role of P2X7R in diseases related to neuroinflammation and
theuseofcentrallypenetrant antagonistshasbeenhighlighted [1,
11, 14, 18, 91–94].Blockadeof P2X7Rmay serve as a therapeu-
tic target in alleviating the degree of inflammation seen in neuro-
degenerative and neoplastic conditions [95]. Figure 3 is a sche-
matic showing P2X7R-mediated pathways of common disease
mechanisms inCNS disorders of different aetiology. P2X7R are
upregulated in various disease conditions and stress signals elicit
activation, which can lead to excitotoxicity, neuroinflammation,
neuronal damage, reactive astrogliosis or neuroplasticity, con-
tributing to disease pathology (see [92]).

Neurodegenerative diseases

Attention has been directed recently towards the use of P2X7R
antagonists for the treatment of neurodegenerative diseases,
which are often associated with inflammation and damage to
both neurons and glia [96–99]. P2X7R antagonists were neuro-
protective in an animal model of Alzheimer’s disease (AD).
P2X7Rtriggerα-secretase-dependent processingof the amyloid
precursorprotein togenerateβ-amyloidpeptides,whicharepres-
ent in the amyloid plaques in AD. Inhibition of P2X7R in vivo
reduces amyloid plaques through glycogen synthase kinase 3β
and secretases. BBG improved cognition in an animal model of
AD and inhibited amyloid-β-induced loss of filopodia and den-
drite spines in cultured hippocampal neurons [100]. The control
of amyloid plaque formation in vivo by P2X7Rwas reviewed in
2015 [97] and discussed further in 2017 [101]. It was suggested
that P2X7Rcontribute to Parkinson’s disease (PD) pathogenesis
through a triple effect on synaptotoxicity, gliosis and neurotox-
icity, indicating therapeutic potential of P2X7R antagonists for
PD [102–104]. BBGwas neuroprotective in an intranigral lipo-
polysaccharide (LPS) animal model of PD [104]. P2X7R are
involved in multiple sclerosis (MS) and in the animal model of
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MS, experimental autoimmune encephalomyelitis (see [105]),
where increased expression of P2X7R protein was shown in
brain homogenates. Genetic variants in P2X7R affect suscepti-
bility to MS [106, 107]. Altered P2X7R level and function in
mouse models of Huntington’s disease was reported and BBG
prevented neuronal apoptosis and reduced bodyweight loss and
motor-coordination deficits [108].

Inflammation features in the pathogenesis of amyotrophic
lateral sclerosis (ALS). The potential of antagonism with BBG
for the treatmentofALSwasproposed,but itwasclaimedthat the
treatmentwasgender-dependent,althoughthisvariedindifferent
studies using the SOD1-G93A mouse model of ALS: more ef-
fective in males [109], more effective in females [110] and no
differencebetweenthesexes[111].Similarly, thepathogenesisof
ALS was shown to differ in different studies. In P2X7R KO-

SOD1-G93A mice, onset of the disease occurred more rapidly
than in WT mice, with increased astrogliosis, microgliosis,
motorneuron loss, induction of pro-inflammatory markers and
activation of mitogen-activated protein kinase (MAPK) path-
ways [112]. In a later study by this group using the same mouse
model of ALS, BBG reduced neuroinflammation at late pre-
symptomatic phases of the disease, enhancedmotor neuron sur-
vival and reduced microgliosis in the lumbar spinal cord [111].
These differencesmaybedue to the timing of the receptor block,
complete absence of the receptor in the KO study, as opposed to
antagonising the receptorprior to symptomsshowing in the latter
study.Ca2+abnormalities inALSexist inbothmotorneuronsand
immune cells. Reduction of P2X7R expression on peripheral
blood mononuclear cells from ALS patients led to calcium dys-
regulation, a feature of ALS [112].

Fig. 3 Common disease mechanism by P2X7 receptor (P2X7R)-
mediated pathways in central nervous system (CNS) disorders of
different etiology. P2X7R are expressed on nerve terminals, astrocytes
and microglia, and they are upregulated in various disease conditions.
Stress signals such as hypoxia/ischemia (metabolic limitations),
mechanical injury and bacterial or chemical toxins elicit the
endogenous activation of P2X7R and lead to a self-amplifying ATP
release and to further activation of P2X7R on neighbouring cells.
Following the influx of Ca2+ through the receptor ion channel complex,
P2X7R activation (i) releases glutamate from nerve terminals and
astrocytes by both exocytotic and non-exocytotic mechanisms, which
may give rise excitotoxicity; (ii) leads to the posttranslational
processing of pro-interleukin-1β (pro-IL-1β) to the leaderless, mature
IL-1β and to its further release by the NLRP3 inflammasome and that

of other cytokines, which contribute to neuroinflammation; (iii) enhance
reactive oxygen species (ROS) production and thereby aggravate protein
misfolding and neuronal damage; (iv) leads directly or indirectly to cell
death and the following reactive astrogliosis; and (v) directly or indirectly
downregulates the production of brain-derived neurotrophic factor
(BDNF) and the subsequent neuroplasticity. These key mechanisms
could be manifested and contribute to disease pathology in Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
status epilepticus (SE), amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), stroke, pain and mood disorders in different forms and
proportion, depending on the etiology. Abbreviations: GLU, glutamate,
ROS, reactive oxygen species. (Reproduced from [92], with permission
from Elsevier)
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Psychiatric disorders

Activation of microglial P2X7R causes inflammation and
brain penetrant P2X7R antagonists are being developed since
microglial P2X7R are being increasingly recognised as a ther-
apeutic target for the treatment of neurological and psychiatric
diseases [113]. A review on this subject is available [114].

There is increased neuronal death via P2X7R and pannexin 1
channels in cultured cerebral cortex from prenatal LPS-exposed
mice, which suggested a link to an increased risk of developing
neurological disorders, including schizophrenia, in the offspring
(see [115]). P2X7R,mediating neuroinflammation via the activ-
ity of microglia, may play a role in bipolar disorder and offer
therapeutic possibilities (see [116]). Anti-depressant effects of
chrysophanol (a natural anthraquinone) via inhibition of
P2X7Rhas been reported in anLPS animalmodel of depression
[117]. Similarly, BBG had anti-inflammatory and anti-
depressant effects in mice after LPS administration [118].
Acute restraint stress activates the inflammasome via release of
ATP and stimulation of P2X7R in a mouse model of stress-
related mood disorders [119] and the antagonist A-804598 was
shown to have an impact on the neuroimmune and behavioural
consequences of stress in a rat model [120]. The P2X7R-
Gln460Arg variant has been associated with mood disorders
and co-expression of WT P2X7R with the polymorphic variant
Gln460Arg transfected into HEK293 human cells was found to
impair receptor function [121].

Neuroprotection from injury

Therearereviewsthatdiscuss the importanceof inflammationand
the involvement of purinergic signalling in the responses to brain
injury [8] and of the P2X7R in particular [1, 14]. P2X7R antago-
nists are a promising therapeutic tool for the treatment of cerebral
ischaemia (see [122, 123]). BBG reduced delayed neuronal cell
death in the hippocampalCA1 region after ischaemia/reperfusion
injury and it was found that systemic administration of P2X7R
antagonists improved recovery after spinal cord injury. The neu-
roprotectiveactionoftheP2X7Rantagonist,GSK1370319A,acts
by inhibiting the assembly of the NLRP3 inflammasome in glial
cells [124, 125]. ATP enhanced radiation-induced brain injury
through microglial activation via P2X7R-mediated release of in-
flammatorymediators, such as cyclooxygenase-2, tumour necro-
sis factor-α (TNF-α) and IL-6, andP2X7Rantagonistswere sug-
gested as a potential strategy for the treatment of patients with
radiation-induced brain injury [126]. Activation of P2X7R in the
hippocampus following traumatic brain injurywas thought to im-
ply cognitive impairment in rats [127], whileA-438079 provided
neuroprotection toward neurological disorders, including stroke,
traumatic brain injury and subarachnoid haemorrhage, as well as
preserving blood–brain barrier integrity [128].

Recent papers have recognised a role for P2X7R antagonists
for the treatment of epilepsy, including drug-resistant epilepsy [8,

129, 130]. P2X7R antagonism produced lasting reduction in the
development of spontaneous seizures and inhibited glial inflam-
matory responses inmousemodels of experimental temporal lobe
epilepsy [131] and pentylenetetrazol-induced seizures [132].
However, inpilocarpine-inducedstatusepilepticus inmice,block-
ade of central P2X7R increased the number of seizures and their
severity [133]. P2X7R are considered as a target for the treatment
of hypoxic/ischaemic encephalopathy and other causes of neona-
tal seizures since inA-438079-treatedmice, seizurenumber,EEG
powerandspikingduringhypoxiaaswellasmolecularmarkersof
inflammation andmicroglia were reduced [130].

Cardiovascular diseases

The long non-coding RNA (lncRNA), NONRATT021972,
targeted using a small interfering RNA (siRNA), decreased the
upregulation of P2X7R in the superior cervical ganglion and im-
proved cardiac function after myocardial ischaemia in rats [134].
Myocardial ischaemic injury facilitated sympathoexcitatory ac-
tionviaP2X7Rand itwassuggested thatP2X7Rantagonistsmay
beuseful for the treatment of coronaryheart disease as expression
of P2X7R is increased during coronary ischaemia-reperfusion
[135].Microglial P2X7R in the rat hypothalamic paraventricular
nuclei regulate the sympathoexcitatory responses in acute myo-
cardial infarction and gene knockdown of P2X7R with P2X7-
siRNA, or inhibition with BBG, reducedmRNA and protein ex-
pression of IL-1β and TNF-α [136]. P2X7R involvement in di-
lated cardiomyopathy has been reported in P2X7R KO mice
[137].A-740003 reduced experimental autoimmunemyocarditis
in amousemodel, suggesting a treatment for clinicalmyocarditis
[138]. P2X7R in the kidney play a role in hypertension and it has
been suggested that P2X7R antagonists may have promise as
clinical anti-hypertensive agents. In atherosclerotic mice,
P2X7Rareover-expressedwhereasP2X7RKOmicewere found
to have less plaque formation and decreased leukocyte recruit-
ment following ATP stimulation [139]. P2X7R are pro-
thrombotic and genetic KO of the P2X7R gene is protective in a
mouse model of carotid artery thrombosis. Vasomotor dysfunc-
tionwas causedby sub-failure overstretch injury in rat abdominal
aorta via activation of P2X7R and this suggested that the use of
antagonists for the treatment of vascular stretch injury in humans
may be beneficial [140].

Diseases of the airways

Inflammation occurs in most diseases of the airways, including
asthma, chronic obstructive pulmonary disease, cystic fibrosis,
dyspnea, allergy, infection and injury. P2X7R are a target for
therapeutic intervention in lung hypersensitivity reactions asso-
ciated with chronic inflammatory responses. Extracellular ATP
was recognised as a danger signal activating P2X7R in lung
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inflammation and fibrosis and P2X7R antagonists were pro-
posed as a novel therapeutic approach in humans to control IL-
1β production and fibrosis in lung injury [141] as well as in
silicosis, an occupational lung disease, following a study in a
mouse model [142]. Attenuated P2X7R function gives protec-
tion from asthma and is age-related, being most effective in
youngboys. P2X7Rhave alsobeen implicated in thepathophys-
iology of allergy-induced lung inflammation. Targeting P2X7R
on haematopoietic cells, namely dendritic cells or eosinophils,
may be a therapeutic approach for the treatment of allergic asth-
ma. The anti-allergic anti-histamine, oxatomide, is claimed to
also act as a P2X7R antagonist in N18TG2 and J774 cells [13].
BBG prevented neurogenic pulmonary oedema after subarach-
noid haemorrhage in rats by attenuating inflammation [143].
Cigarette smoke activates P2X7R signalling, which appears to
be involved in thepathogenesisof emphysema, and inducesATP
and inflammatory cytokine release from neutrophils via P2X7R
activation [144]. Polymorphisms of the P2X7R gene are associ-
ated with the risk and prognosis of human tuberculosis [145].
Data was presented to support the view that P2X7R antagonists
shouldbeused to treat theaggressive formsof tuberculosis [146].
ATP, released by activated macrophages and damaged cells,
modulates lung inflammation in pneumonia in cattle. Both epi-
thelial cells and pulmonary microvascular endothelial cells
expressed mRNA for P2X7R, as did alveolar macrophages,
which, when stimulated, activate the proinflammatory IL-1 to
IL-5 cytokine cascade. P2X7Rare involved in the pathophysiol-
ogyofLPS-inducedlunginjury[147]andthere isupregulationof
pulmonary P2X7R in both acute and chronic lung injury inmice
where P2X7R deletion was shown to be lung protective [148].
Pulmonary neutrophils are the initial inflammatory cells to be
recruited during lung injury and are crucial for innate immunity.
Incontrast,pathological recruitmentofneutrophils results in lung
injury and P2X7R antagonists were shown to reduce neutrophil
infiltration and proinflammatory cytokine levels [16].

Gut disorders

Extracellular nucleotides and their receptors are involved in the
pathogenesis of inflammatory bowel disease (IBD), which in-
cludes two main forms, namely ulcerative colitis (UC) and
Crohn’s disease (CD). P2X7R are involved in colonic motor
dysfunction associated with bowel inflammation in rats [149]
and are over-expressed in gut mucosa of patients with CD
[150].P2X7RKOmicewereprotectedagainstgut inflammation,
while inWTmice,ATPviaP2X7R triggers the death ofmucosal
regulatory T cells [151]. Oestrogen receptor β activation may
play a therapeutic role in IBD by downregulation of P2X7R
[152].ReviewsdiscussingtheroleofP2X7RinIBDareavailable
[15, 153]. UC differentially affects P2X7R-expressing enteric
neurons based on their chemical codes [154]. In a later paper, it
was shown that trinitrobenzene sulfonic acid-inducedUC in rats

affected secretoryandvasodilatoryneurons, enteric sensoryneu-
ronsandentericgliaof thesubmucosalplexusexpressingP2X7R
[155]. ATP mediates inflammatory responses in dextran sulfate
sodium-induced UC in mice via P2X7R signalling and
A-438079 down-regulated the production of proinflammatory
cytokines and attenuated the colitis [156]. There is increased
expression of P2X7R in the inflamed mucosa in CD in humans
and animal models, suggesting that P2X7R may be a target for
treatment of CD [151, 156, 157]. Purinergic signalling is in-
volved in gastrointestinal motility disorders, such as diarrhoea
and constipation. P2X7R activity was enhanced in enteric glia
thatwere isolated frommicewith long-termmorphine treatment,
which can result in colonic inflammation [158].

Diseases of the kidneys

IncreasedexpressionofP2X7Rin renalhypertension,polycystic
kidneydisease (PKD)andglomerulonephritis isopeningupnov-
el purinergic possibilities for the treatment of kidney failure (see
[159, 160]). A-438079protected against ischaemic acute kidney
injury in mice [161]. P2X7R are expressed in collecting duct
cysts in the cpk/cpk mouse model of congenital PKD, and
mRNA and protein increased as the disease developed. ATP
inhibits renal cyst growth, via P2X7R and oxATP, and
A-438079 reduced cyst formation via MAPK-dependent path-
ways in a zebrafishmodel of PKD [162]. P2X7R expression has
been demonstrated in both experimental and human glomerulo-
nephritis,whichsuggests thatP2X7Rantagonistsmayhave ther-
apeuticpotential [163].P2X7Rdeficiencyattenuatedrenal injury
in experimental glomerulonephritis inmice.BBGattenuated ne-
phritis by inhibiting inflammasome activation in amousemodel
of lupus nephritis [164]. There is predominant P2X7R control of
glomerular haemodynamics in angiotensin-II hypertension
[165]. While P2X7R are only weakly expressed in healthy kid-
ney, they are significantly upregulated in hypertension [166],
antagonismofwhichwouldreduce interstitial inflammation,pre-
vent interstitial cell death and improve blood pressure control.
P2X7R antagonism prevented the development of salt-sensitive
hypertension and renal injury in Dahl salt-sensitive rats [167].
P2X7R expression was increased in human kidneys with type 2
diabetesandactivationofP2X7Revokedrenal inflammationand
injury in thehigh-fat dietmodel ofmetabolic syndrome, suggest-
ing that P2X7R antagonists might be useful therapeutically for
diabetic nephropathy [168]. P2X7R activation contributes to the
high prevalence of kidney disease found in diabetics [160].

Diseases of the lower urinary tract

Localised inhibition of P2X7R at the spinal cord inflammato-
ry injury site in a rat model reduced microglia numbers and
improved neurogenic bladder dysfunction [169]. P2X7R,
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expressed by macrophages and neutrophils in the bladder sub-
mucosa, are increased in cyclophosphamide-induced
haemorrhagic cystitis in mice and treatment with A-438079
or genetic ablation of this receptor reduced the tissue levels of
IL-1β and TNF-α and reduced nociceptive behaviour [170]. It
was shown that 7 days after unilateral ureteral obstruction in
WTmice there was increased expression of P2X7R associated
with inflammation and fibrogenic responses in the cortex
[171]. It was suggested that there is a potential role for
P2X7R antagonists to prevent renal interstitial fibrosis [172].

Diseases of the liver

In mouse models of acetaminophen (APAP)-induced inflam-
mation, liver injury after overdose involved P2X7R activation
[173] resulting in hepatic caspase-1 and migration of neutro-
phils into the liver, suggesting that ATP may play a pivotal
role in the development of inflammasomes after APAP over-
dose [174]. A-438079 was reported to be protective against
APAP-induced liver injury, by an effect on metabolic activa-
tion and cell death pathways, rather than on involvement of
inflammasomes [175]. Blockade of the P2X7R-NLRP3
inflammasome axis is a potential therapeutic target for liver
fibrosis [176]. In mice with induced autoimmune hepatitis,
activation of P2X7R on natural killer T cells was shown to
inhibit naive but stimulate activated cells, resulting in suppres-
sion or stimulation of the autoimmune hepatitis [177].
P2X7R-mediated responses participate in infection of human
hepatocytes by hepatitis delta virus and hepatitis B virus.
P2X7R mediate leptin-induced GLUT4 function in mice stel-
late cells in non-alcoholic steatohepatitis [178]. P2X7R may
be a major component of the purinergic signalling complex in
hepatitis C virus-induced liver pathogenesis [34].

Skin diseases

A valuable review discusses the involvement of P2X7R in
skin biology and their role in inflammatory skin disorders,
including irritant and chronic dermatitis, psoriasis, cancer,
graft-versus-host disease as well as wound healing and trans-
plantation [179]. Inflammation of the skin is associated with
release of ATP, increase in expression of purinoceptors, par-
ticularly the P2X7R, and subsequent release of proinflamma-
tory cytokines from immune cells [180]. P2X7R antagonists
reduce skin inflammation. In psoriasis, high P2X7R expres-
sion, confined to the cell membrane of the basal layer of the
epidermis, plays a role in shaping the inflammatory microen-
vironment [181], leading to differentiation of Th17 lympho-
cytes, which are involved in the pathogenesis and potential
treatment of psoriasis [182]. Systemic sclerosis fibroblasts ex-
press mRNA for several P2R subtypes, including P2X7R,

suggesting a potential therapeutic role for P2X7R antagonists
in systemic sclerosis patients. In the initial phase of wound
healing, there is acute inflammation. P2X7R on immune cells
also mediate killing of intracellular pathogens by inducing
apoptosis of host macrophages, chemo-attraction and cell ad-
hesion. P2X7R immunoreactivity was associated with hyper-
keratotic areas of the stratum corneum and in nuclei of
koilocytes in the suprabasal layers of warts [183]. The nuclei
that were positive for P2X7R were shrunken, showing much
more intense P2X7R staining. The presence of P2X7R in the
nucleus of human papillomavirus-infected cells indicates dis-
ruption of the cellular machinery. P2X7R agonists may be
used to trigger apoptosis in these virally infected cells.
Sensitisation to contact allergens requires activation of the
immune system by endogenous danger signals. Mice lacking
P2X7R are resistant to contact hypersensitivity. P2X7R-
deficient dendritic cells fail to induce sensitisation to contact
allergens and do not release IL-1β in response to ATP, sug-
gesting that P2X7R are crucial for extracellular ATP release in
skin in response to contact allergens [184]. Interference with
P2X7R signalling may be a promising strategy for the preven-
tion of allergic contact dermatitis. There is a pathogenic role
for keratinocyte-derived ATP in irritant dermatitis. The necro-
sis produced by the chemical irritant croton oil was prevented
in mice by pre-treatment with A-438079 [185].

Musculoskeletal diseases

P2X7R proteins were upregulated on dystrophic myoblasts of
mdx mice (a mouse model of Duchenne muscular dystrophy)
and it was suggested that antagonists to these receptors may be
of potential therapeutic benefit [186] as treatment with BBG
or oxATP slowed the progression of disease in the mouse
model [187]. The P2X7R has received the most attention in
relation to the treatment of osteoporosis [188]. P2X7R plays
an important role in both cortical and cancellous bone mass
augmentation. They were shown to mediate stimulation of
periosteal and cancellous bone formation and inhibition of
cancellous bone resorption during growth [188]. Single nucle-
otide polymorphisms (SNPs) of the P2X7 gene are associated
with fracture risk, decrease in bone mineral density and oste-
oporosis [189]. P2X7R are also involved in the chain of events
leading to the formation of human osteoclasts, and P2X7R
antagonists may have therapeutic roles in bone diseases with
an increase in osteoclast number, such as Paget’s disease
[190]. P2X7R antagonists may be useful for the management
of osteoporosis and with disorders of remodelling, where there
is reduced bone mass [191]. Different polymorphic variants of
the P2X7R are associated with high or reduced periprosthetic
osteolysis in the long-term complication of total hip
arthroplasty due to osteoarthritis [192]. Cross-talk between
P2X7R and Wnt/β-catenin pathways may modulate
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osteoblast activity in response to mechanical loading [193].
Treatment with AZD9056, a selective P2X7R antagonist, pro-
duced pain-relieving and anti-inflammatory effects in rats with
osteoarthritis [194]. ATP, via P2X7R, induced higher levels of
IL-1β in blood samples from rheumatoid arthritis (RA) pa-
tients compared to controls. It was suggested that mononucle-
ar cells from these patients were more sensitive to ATP stim-
ulation, perhaps due to genetic polymorphism in the P2X7R
gene [195]. P2X7R play a role in the pathogenesis of RA and
systemic lupus erythematosus. Human rheumatoid
synoviocytes express P2X7R mRNA and protein. Animal
models of arthritis have provided evidence for an in vivo role
for the P2X7R in the progression of inflammatory disease. In
P2X7R KO mice, there was a reduced incidence and severity
of anti-collagen-induced arthritis symptoms; therefore,
targeting the P2X7R may be a promising treatment for RA
[196]. Block of P2X7R signalling in the collagen-induced
arthritis animal model of RA inhibited peripheral inflammato-
ry tissue destruction. P2X7R antagonists have been explored
for the treatment of inflammatory pain in joints [197].
Charcot-Marie-Tooth 1A is a demyelinating hereditary neu-
ropathy and A-438079 improved the clinical phenotype of the
disease in a rat model and was recommended for its treatment
[198]. A review was published about P2X7R antagonists in
rodent models of musculoskeletal and other disorders [199].

P2X7R and diabetes

Type 1 and type 2 diabetes are inflammatory diseases. P2X7R
KO in mice prevents streptozotocin (STZ)-induced type 1
diabetes and the levels of proinflammatory mediators (IL-
1β, interferon-γ and nitric oxide) did not increase [200].
P2X7R-pannexin 1 channels impair bone mechanosignalling
in osteocytes associated with type 1 diabetes that affects oste-
oblast function and maintenance of bone health [201]. In STZ-
induced diabetic animals, P2X7R located on glucagon-
containing α cells in pancreatic islets increase and they mi-
grate centrally to take the place of the missing insulin-
containing β cells [202]. OxATP in mice has been proposed
as a therapeutic tool to cause immunosuppression and toler-
ance induction in pancreatic islet transplantation [203, 204].
LncRNANONRATT021972 siRNA decreases the expression
of P2X7 mRNA and protein in DRG, thereby reducing me-
chanical and thermal hyperalgesia in type 2 diabetic rats [205].
ATP concentrations and P2X7R expression were increased in
glial cells in rats with painful diabetic neuropathy [206].
Diabetic sympathetic neuropathy in type 2 diabetic rats was
improved by reducing the expression of P2X7R with
lncRNAuc.48+ siRNA in superior cervical ganglia [207].
Different P2X7R polymorphisms are associated with pain
sensitivity for diabetic neuropathic pain patients, such that
patients with the gain-of-function SNP report more severe

pain, whereas those with a loss-of-function SNP report less
pain when the pain was tested and scored [208]. P2X7R an-
tagonists may be a useful coadjuvant treatment to delay the
progression of diabetic nephropathy [209].

Conclusions

It is clear from the recent literature that P2X7R antagonists are
potential effective therapeutic agents for the treatment of inflam-
matory diseases and cancer. There is a problem, however,
concerning the many polymorphic forms of the human P2X7R,
as care must be taken in identifying those patients that would
most benefit by the available antagonists, as different antagonists
are not always effective agents at some of the polymorphic types
(see [210]). There is an explosion of interest in developing cen-
trally penetrant P2X7R antagonists and their therapeutic explo-
rations in clinical trials [211–213]. The relation between inflam-
mation elicited by P2X7R activation and the immune system
needs further exploration. Apart from the potential of the thera-
peutic use of P2X7R antagonists for CNS disorders (including
neurodegenerative diseases, brain injury, psychiatric diseases,
epilepsy and neuropathic pain), there is increasing recognition
of their use for the treatment of diseases of the heart, lung, gut,
kidney, liver and bladder. The reasons for dual roles of P2X7R
mediating cell proliferation and apoptotic cell death need further
investigation of themechanisms involved.

The purinergic signalling field is now well established and
much known about the physiological roles played by this sys-
tem. The emphasis now is on the pathophysiology and thera-
peutic potential of purinergic signalling (see [214, 215]). For
example, clopidogrel (trade name Plavix) and ticagrelor (trade
name Brilique) are P2Y12 receptor antagonists that inhibit
platelet aggregation and are widely used for the treatment of
thrombosis and stroke (see [216]).

Characterisation of the P2Y class (see [217]) made it pos-
sible to identify specific agonists of the P2Y2 receptor, which
evokes mucus secretion. A new, long-lasting agonist,
diquafasol (Diquas), has been developed by Inspire
Pharmaceuticals [218]. Diquas was launched by Santen in
Japan in 2010, with Inspire Pharmaceuticals.

Through the cloning of the P2X3 ion channel receptor lo-
cated on nociceptive sensory nerves [219] and later the dis-
covery of the involvement of these channels in signalling pain
(see [220]), a new target for pain relief is receiving attention
from the pharmaceutical industry. Roche and, more recently,
Afferent Pharmaceuticals have developed AF-219, a specific
P2X3 antagonist, which is a promising new analgesic, orally
bioavailable and stable in vivo [221]. AF-219 is currently in
phase 2 clinical trials for the treatment of three painful disor-
ders: osteoarthritis; interstitial cystitis/bladder pain syndrome
and idiopathic chronic cough. Four phase 1 studies of AF-219
have demonstrated that the compound is safe and well
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tolerated and the phase 2 clinical trials were completed earlier
this year [222]. Antagonism of P2X3 receptors on primary
afferent neurons is a novel analgesic approach that has been
pursued by leading pharmaceutical companies for the last
15 years. Over 600 patents are currently held which relate to
the P2X3 receptor and pain (https://patentscope.wipo.int/
search/en/result.jsf). There are currently investigations into
the potential therapeutic use of purinergic compounds for
osteoporosis, irritable bowel syndrome, atherosclerosis,
kidney failure and cancer.

Since P2X7R-mediated inflammation is associated with a
wide range of diseases, medicinal chemists in research insti-
tutes, universities and drug companies are optimistic that
P2X7R antagonists are promising tools for the treatment of
inflammatory diseases and more than 70 patents have been
filed in the last few years by Glaxo, AstraZeneca, Roche,
Janssen and Abbott, to name a few. For instance, Abbot filed
a patent from the use of A-438079 in disease models of affec-
tive disorders and status epilepticus, while Abbott filed for
triazole-based compounds for the CNS disorders and as a
therapeutic strategy to treat spinal cord injury and the
University Hospitals of Cleveland claimed in vitro and
in vivo effects of P2X7R antagonists in epithelial cancer and
papilloma (see [213]).

As mentioned above, a major challenge is to understand
which polymorphic variations of the P2X7R have relevance to
which disease and to fit patients with different polymorphisms
to the P2X7R antagonist that would have the greatest efficacy
for that variant. For example, the responses of human leuko-
cytes to GSK1370319A were significantly altered, directly
related to the SNP genotype, there being a 6.7-fold difference
in the inhibition of ATP-stimulated IL-1β release by
GSK1370319A between individuals with the homozygous
gain- and loss-of-function genotypes [223]. A correlation
was found between some gain-of-function and loss-of-
function P2X7R SNPs, transfected into HEK-293 cells, and
the expression of the channel protein. A change in both chan-
nel and pore function was described for the mutant P2X7R in
parallel to the protein levels, although the agonist and antag-
onist sensitivity was not altered. The presence of the gain-of-
function SNP (rs208294 (His155Tyr) and rs1718119
(Ala348Thr)) in female patients with diabetic peripheral neu-
ropathic pain was associated with higher pain intensity scores
[208]. Recently, mutations and molecular modelling studies
have identified an allosteric binding site forming at the subunit
interface at the apex of the receptor, distinct from the ATP-
binding pocket, that regulates access of antagonists, such as
AZ10606120, to the allosteric site. This allosteric pocket may
provide novel targets for P2X7R drug development [224,
225], although the effect of polymorphic variations on the
allosteric site has not been elucidated yet.

Also, more needs to be discovered about the relation of
inflammatory diseases to the immune system where

lymphocytes, macrophages, monocytes, neutrophils, baso-
phils, dendritic cells, eosinophils and mast cells all express
P2X7R (see [6]).

It seems likely that a breakthrough will occur about the use
of P2X7R antagonists for a variety of diseases in the future,
including, in particular, neurodegenerative diseases and can-
cer and the description of the crystal structure of mammalian
P2X7R can only help in this endeavour [225, 226].

In addition to the therapeutic potential of P2X7R antago-
nists, P2X3R antagonists look extremely promising for the
treatment of chronic cough, visceral pain, bladder disorders
and hypertension. Exploration of the use of purinergic drugs
for the treatment of obesity is also well worth pursuing.

Funding The writing of this review article was not financially supported.

Compliance with ethical standards

Conflict of interest Geoffrey Burnstock declares that he has no conflict
of interest.

Gillian E. Knight declares that she has no conflict of interest.

Ethical approval This review article does not contain any studies with
human participants or animals performed by either of the authors.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Burnstock G (2016) P2X ion channel receptors and inflammation.
Purinergic Signalling 12:59–67

2. Volonté C, Apolloni S, Skaper SD, Burnstock G (2012) P2X7
receptors: channels, pores and more. CNS & Neurological
Disorders-Drug Targets 11:705–721

3. Mehta N, Kaur M, Singh M, Chand S, Vyas B, Silakari P, Bahia
MS, Silakari O (2014) Purinergic receptor P2X7: a novel target for
anti-inflammatory therapy. Bioorg Med Chem 22:54–88

4. Burnstock G (2013) Purinergic signalling: pathophysiology and
therapeutic potential. Keio J Med 62:63–73

5. Di Virgilio F, Dal Ben D, Sarti AC, Giuliani AL, Falzoni S (2017)
TheP2X7receptor in infectionandinflammation. Immunity47:15–
31

6. Burnstock G, Boeynaems J-M (2014) Purinergic signalling and
immune cells. Purinergic Signal 10:529–564

7. Baudelet D, Lipka E, Millet R, Ghinet A (2015) Involvement of
the P2X7 purinergic receptor in inflammation: an update of antag-
onists series since 2009 and their promising therapeutic potential.
Curr Med Chem 22:713–729

8. Beamer E, Gölöncsér F, Horváth G, Bekö K, Otrokocsi L,
Koványi B, Sperlágh B (2016) Purinergic mechanisms in neuro-
inflammation: an update from molecules to behavior.
Neuropharmacology 104:94–104

Purinergic Signalling

https://patentscope.wipo.int/search/en/result.jsf
https://patentscope.wipo.int/search/en/result.jsf


9. Rech JC, Bhattacharya A, Letavic MA, Savall BM (2016) The
evolution of P2X7 antagonists with a focus on CNS indications.
Bioorg Med Chem Lett 26:3838–3845

10. Territo PR,Meyer JA, Peters JS, Riley AA,McCarthy BP, GaoM,
Wang M, Green MA, Zheng QH, Hutchins GD (2017)
Characterization of 11C-GSK1482160 for targeting the P2X7 re-
ceptor as a biomarker for neuroinflammation. J Nucl Med 58:458–
465

11. Zheng B, Lai R, Li J, Zuo Z (2017) Critical role of P2X7 receptors
in the neuroinflammation and cognitive dysfunction after surgery.
Brain Behav Immun 61:365–374

12. Gentile D, Natale M, Lazzerini PE, Capecchi PL, Laghi-Pasini F
(2015) The role of P2X7 receptors in tissue fibrosis: a brief review.
Purinergic Signal 11:435–440

13. Yoshida K, Ito M, Matsuoka I (2015) P2X7 receptor antagonist
activity of the anti-allergic agent oxatomide. Eur J Pharmacol 767:
41–51

14. Giuliani AL, Sarti AC, Falzoni S, Di Virgilio F (2017) The P2X7
receptor-interleukin-1 liaison. Front Pharmacol 8:123

15. Diezmos EF, Bertrand PP, Liu L (2016) Purinergic signaling in gut
inflammation: the role of connexins and pannexins. Front Neurosci
10:311

16. Mishra A, Guo Y, Zhang L, More S, Weng T, Chintagari NR,
Huang C, Liang Y, Pushparaj S, Gou D, Breshears M, Liu L
(2016) A critical role for P2X7 receptor-induced VCAM-1 shed-
ding and neutrophil infiltration during acute lung injury. J
Immunol 197:2828–2837

17. Karmakar M, Katsnelson MA, Dubyak GR, Pearlman E (2016)
Neutrophil P2X7 receptors mediate NLRP3 inflammasome-
dependent IL-1βsecretion inresponsetoATP.NatCommun7:10555

18. DanquahW,Meyer-Schwesinger C, Rissiek B, Pinto C, Serracant-
Prat A, Amadi M, Iacenda D, Knop JH, Hammel A, Bergmann P,
Schwarz N, Assunção J, Rotthier W, Haag F, Tolosa E, Bannas P,
Boué-Grabot E, Magnus T, Laeremans T, Stortelers C, Koch-
Nolte F (2016) Nanobodies that block gating of the P2X7 ion
channel ameliorate inflammation. Sci Transl Med 8:366ra162

19. Di Virgilio F, Vuerich M (2015) Purinergic signaling in the im-
mune system. Auton Neurosci 191:117–123

20. Morandini AC, Savio LE, Coutinho-Silva R (2014) The role of
P2X7 receptor in infectious inflammatory diseases and the influ-
ence of ectonucleotidases. Biomed J 37:169–177

21. Csóka B, Németh ZH, Törö G, Idzko M, Zech A, Koscsó B,
Spolarics Z, Antonioli L, Cseri K, Erdélyi K, Pacher P, Haskó G
(2015) Extracellular ATP protects against sepsis through macro-
phage P2X7 purinergic receptors by enhancing intracellular bac-
terial killing. FASEB J 29:3626–3637

22. Santana PT, Benjamim CF, Martinez CG, Kurtenbach E, Takiya
CM, Coutinho-Silva R (2015) The P2X7 receptor contributes to
the development of the exacerbated inflammatory response asso-
ciated with sepsis. J Innate Immun 7:417–427

23. Savio LE, Andrade MG, de Andrade Mello P, Santana PT,
Moreira-Souza AC, Kolling J, Longoni A, Feldbrügge L, Wu Y,
Wyse AT, Robson SC, Coutinho-Silva R (2016) P2X7 receptor
signaling contributes to sepsis-associated brain dysfunction. Mol
Neurobiol

24. Yang D, He Y, Munoz-Planillo R, Liu Q, Nuñez G (2015)
Caspase-11 requires the pannexin-1 channel and the purinergic
P2X7 pore to mediate pyroptosis and endotoxic shock.
Immunity 43:923–932

25. Soares-Bezerra RJ, Pinho RT, Bisaggio RC, Benévolo-de-
Andrade TC, Alves LA (2015) The search for new agonists to
P2X7R for clinical use: tuberculosis as a possible target. Cell
Physiol Biochem 37:409–418

26. Nagahama M, Seike S, Shirai H, Takagishi T, Kobayashi K,
Takehara M, Sakurai J (2015) Role of P2X7 receptor in

Clostridium perfringens beta-toxin-mediated cellular injury.
Biochim Biophys Acta 1850:2159–2167

27. Almeida-da-Silva CL, Morandini AC, Ulrich H, Ojcius DM,
Coutinho-Silva R (2016) Purinergic signaling during
Porphyromonas gingivalis infection. Biomed J 39:251–260

28. Greve AS, Skals M, Fagerberg SK, TonnusW, Ellermann-Eriksen
S, Evans RJ, Linkermann A, Praetorius HA (2017) P2X1, P2X4,
and P2X7 receptor knock out mice expose differential outcome of
sepsis induced by α-haemolysin producing Escherichia coli.
Front Cell Infect Microbiol 7:113

29. Ali SR, Timmer AM, Bilgrami S, Park EJ, Eckmann L, Nizet V,
Karin M (2011) Anthrax toxin induces macrophage death by p38
MAPK inhibition but leads to inflammasome activation via ATP
leakage. Immunity 35:34–44

30. Corrêa G, Almeida Lindenberg C, Moreira-Souza AC, Savio LE,
Takiya CM, Marques-da-Silva C, Vommaro RC, Coutinho-Silva R
(2017) Inflammatory early events associated to the role of P2X7 re-
ceptor in acutemurine toxoplasmosis. Immunobiology222:676–683

31. Silva CL (2016) Purinergic signaling in schistosomal infection.
Biomed J 39:316–325

32. Figliuolo VR, Chaves SP, Savio LE, Thorstenberg ML, Machado
Salles É, Takiya CM, D'Império-Lima MR, de Matos Guedes HL,
Rossi-Bergmann B, Coutinho-Silva R (2017) The role of the
P2X7 receptor in murine cutaneous leishmaniasis: aspects of in-
flammation and parasite control. Purinergic Signal 13:145–152

33. Lee BH, Hwang DM, Palaniyar N, Grinstein S, Philpott DJ, Hu J
(2012) Activation of P2X7 receptor by ATP plays an important
role in regulating inflammatory responses during acute viral infec-
tion. PLoS One 7:e35812

34. Manzoor S, Akhtar U, Naseem S, KhalidM,MazharM, Parvaiz F,
Khaliq S (2016) Ionotropic purinergic receptors P2X4 and P2X7:
proviral or antiviral? An insight into P2X receptor signaling and
hepatitis C virus infection. Viral Immunol 29:401–408

35. Leyva-Grado VH, Ermler ME, Schotsaert M, Gonzalez MG,
Gillespie V, Lim JK, Garcia-Sastre A (2017) Contribution of the
purinergic receptor P2X7 to development of lung immunopathol-
ogy during influenza virus infection. MBio 8:e00229–e00217

36. Corrêa G, Lindenberg dAC, Fernandes-Santos C, Gandini M,
Petitinga PF, Coutinho-Silva R, Kubelka F (2016) The purinergic
receptor P2X7 role in control of dengue virus-2 infection and
cytokine/chemokine production in infected human monocytes.
Immunobiology 221:794–802

37. Swartz TH, Dubyak GR, Chen BK (2015) Purinergic receptors: key
mediators of HIV-1 infection and inflammation. Front Immunol 6:
585

38. Graziano F, Desdouits M, Garzetti L, Podini P, Alfano M,
Rubartelli A, Furlan R, Benaroch P, Poli G (2015) Extracellular
ATP induces the rapid release of HIV-1 from virus containing
compartments of human macrophages. Proc Natl Acad Sci U S
A 112:E3265–E3273

39. Tewari M, Monika VRK, Menon M, Seth P (2015) Astrocytes
mediate HIV-1 Tat-induced neuronal damage via ligand-gated
ion channel P2X7R. J Neurochem 132:464–476

40. Di Virgilio F, Giuliani AL (2016) Purinergic signalling in autoim-
munity: a role for the P2X7R in systemic lupus erythematosus?
Biomed J 39:326–338

41. Hashimoto-Hill S, Friesen L, KimM, KimCH (2017) Contraction
of intestinal effector T cells by retinoic acid-induced purinergic
receptor P2X7. Mucosal Immunol 10:912–923

42. Souza VD, Dos Santos JT, Cabral FL, Barbisan F, Azevedo MI,
Dias Carli LF, de Avila BS, Dos Santos Jaques JA, Rosa Leal DB
(2017) Evaluation of P2X7 receptor expression in peripheral lym-
phocytes and immune profile from patients with indeterminate
form of Chagas disease. Microb Pathog 104:32–38

43. Burnstock G (2013) Purinergic mechanisms and pain—an update.
Eur J Pharmacol 716:24–40

Purinergic Signalling



44. Sorge RE, Trang T, Dorfman R, Smith SB, Beggs S, Ritchie J,
Austin JS, Zaykin DV, Vander MH, Costigan M, Herbert TA,
Yarkoni-Abitbul M, Tichauer D, Livneh J, Gershon E, Zheng M,
Tan K, John SL, Slade GD, Jordan J, Woolf CJ, Peltz G, Maixner
W, Diatchenko L, Seltzer Z, Salter MW, Mogil JS (2012)
Genetically determined P2X7 receptor pore formation regulates
variability in chronic pain sensitivity. Nat Med 18:595–599

45. Alves LA, Bezerra RJ, Faria RX, Ferreira LG, da Silva Frutuoso V
(2013) Physiological roles and potential therapeutic applications
of the P2X7 receptor in inflammation and pain. Molecules 18:
10953–10972

46. Zhang J, Li X, Gao Y, Guo G, Xu C, Li G, Liu S, Huang A, Tu G,
Peng H, Qiu S, Fan B, Zhu Q, Yu S, Zheng C, Liang S (2013)
Effects of puerarin on the inflammatory role of burn-related pro-
cedural pain mediated by P2X7 receptors. Burns 39:610–618

47. Tsuda M (2017) P2 receptors, microglial cytokines and
chemokines, and neuropathic pain. J Neurosci Res 95:1319–1329

48. Xie J, Liu S,WuB, Li G, Rao S, Zou L, Yi Z, ZhangC, Jia T, Zhao
S, Schmalzing G, Hausmann R, Nie H, Li G, Liang S (2017) The
protective effect of resveratrol in the transmission of neuropathic
pain mediated by the P2X7 receptor in the dorsal root ganglia.
Neurochem Int 103:24–35

49. Burnstock G, Di Virgilio F (2013) Purinergic signalling in cancer.
Purinergic Signalling 9:491–540

50. Park JH, Williams DR, Lee JH, Lee SD, Lee JH, Ko H, Lee GE,
Kim S, Lee JM, Abdelrahman A, Muller CE, Jung DW, Kim YC
(2016) Potent suppressive effects of 1-piperidinylimidazole based
novel P2X7 receptor antagonists on cancer cell migration and
invasion. J Med Chem 59:7410–7430

51. Ferrari D, Malavasi F, Antonioli L (2017) A purinergic trail for
metastases. Trends Pharmacol Sci 38:277–290

52. Avanzato D, Genova T, Fiorio PA, Bernardini M, Bianco S,
Bussolati B, Mancardi D, Giraudo E, Maione F, Cassoni P,
Castellano I, Munaron L (2016) Activation of P2X7 and P2Y11
purinergic receptors inhibits migration and normalizes tumor-
derived endothelial cells via cAMP signaling. Sci Rep 6:32602

53. Giannuzzo A, Saccomano M, Napp J, Ellegaard M, Alves F,
Novak I (2016) Targeting of the P2X7 receptor in pancreatic can-
cer and stellate cells. Int J Cancer 139:2540–2552

54. Garg AD, Krysko DV, Vandenabeele P, Agostinis P (2016)
Extracellular ATP and P2X7 receptor exert context-specific immu-
nogenic effects after immunogenic cancer cell death. Cell Death
Dis 7:e2097

55. Morrone FB, Gehring MP, Nicoletti NF (2016) Calcium channels
and associated receptors in malignant brain tumor therapy. Mol
Pharmacol 90:403–409

56. YadavM, Singh A, Rizvi N, Ali S, Salma S, KumarV, Hussain SR
(2015) The role of P2X7R purinoreceptor in osteosarcoma.
Advances in Modern Oncology Research 1:88–96

57. Di Virgilio F, Adinolfi E (2017) Extracellular purines, purinergic
receptors and tumor growth. Oncogene 36:293–303

58. Barden JA, Gildey-Baird A, Teh LC, Rajasekariah G-H, Pedersen
J, Christensen NI, Spielman D, Ashley DM (2016) Therapeutic
targeting of the cancer-specific cell surface biomarker nfP2X7. J
Clin Cell Immunol 7:432

59. Barden JA, Yuksel A, Pedersen J, Danieletto S, Delprado W
(2014) Non-functional P2X7: a novel and ubiquitous target in
human cancer. J Clin Cell Immunol 5:327

60. Gilbert SM, Gidley Baird A, Glazer S, Barden JA, Glazer A, Teh
LC, King J (2017) A phase I clinical trial demonstrates that
nfP2X7-targeted antibodies provide a novel, safe and tolerable
topical therapy for basal cell carcinoma. Br J Dermatol 177:117–
124

61. Salvestrini V, Orecchioni S, Talarico G, Reggiani F, Mazzetti C,
Bertolini F, Orioli E, Adinolfi E, Di Virgilio F, Pezzi A, Cavo M,
Lemoli RM, Curti A (2017) Extracellular ATP induces apoptosis

through P2X7R activation in acute myeloid leukemia cells but not
in normal hematopoietic stem cells. Oncotarget 8:5895–5908

62. Amoroso F, Capece M, Rotondo A, Cangelosi D, Ferracin M,
Franceschini A, Raffaghello L, Pistoia V, Varesio L, Adinolfi E
(2015) The P2X7 receptor is a key modulator of the
PI3K/GSK3β/VEGF signaling network: evidence in experimental
neuroblastoma. Oncogene 34:5240–5251

63. Gomez-Villafuertes R, Garcia-Huerta P, Diaz-Hernandez JI,
Miras-Portugal MT (2015) PI3K/Akt signaling pathway triggers
P2X7 receptor expression as a pro-survival factor of neuroblasto-
ma cells under limiting growth conditions. Sci Rep 5:18417

64. Monif M, O'Brien TJ, Drummond KJ, Reid CA, Liubinas SV,
Williams DA (2014) P2X7 receptors are a potential novel target
for anti-glioma therapies. Journal of Inflammation 11:25

65. Fang J, Chen X,Wang S, Xie T, DuX, Liu H,Wang S, Li X, Chen
J, Zhang B, Liang H, Yang Y, Zhang W (2015) The expression of
P2X7 receptors in EPCs and their potential role in the targeting of
EPCs to brain gliomas. Cancer Biol Ther 16:498–510

66. Gehring MP, Kipper F, Nicoletti NF, Sperotto ND, Zanin R,
Tamajusuku AS, Flores DG, Meurer L, Roesler R, Filho AB,
Lenz G, Campos MM, Morrone FB (2015) P2X7 receptor as
predictor gene for glioma radiosensitivity and median survival.
Int J Biochem Cell Biol 68:92–100

67. Bergamin LS, Braganhol E, Figueiró F, Casali EA, Zanin RF,
Sévigny J, Battastini AM (2015) Involvement of purinergic sys-
tem in the release of cytokines by macrophages exposed to
glioma-conditioned medium. J Cell Biochem 116:721–729

68. D'Alimonte I, Nargi E, Zuccarini M, Lanuti P, Di Iorio P, Giuliani
P, Ricci-Vitiani L, Pallini R, Caciagli F, Ciccarelli R (2015)
Potentiation of temozolomide antitumor effect by purine receptor
ligands able to restrain the in vitro growth of human glioblastoma
stem cells. Purinergic Signal 11:331–346

69. Takai E, Tsukimoto M, Harada H, Kojima S (2014) Autocrine
signaling via release of ATP and activation of P2X7 receptor in-
fluences motile activity of human lung cancer cells. Purinergic
Signal 10:487–497

70. Schneider G, Glaser T, Lameu C, bdelbaset-Ismail A, Sellers ZP,
MoniuszkoM,UlrichH,RatajczakMZ (2015) Extracellular nucleo-
tides as novel, underappreciated pro-metastatic factors that stimulate
purinergic signaling in human lung cancer cells.Mol Cancer 14:201

71. Boldrini L, Giordano M, Alì G, Melfi F, Romano G, Lucchi M,
Fontanini G (2015) P2X7 mRNA expression in non-small cell lung
cancer:MicroRNAregulationandprognosticvalue.OncolLett9:449–
453

72. Souza CO, Santoro GF, Figliuolo VR, Nanini HF, de Souza HS,
Castelo-Branco MT, Abalo AA, Paiva MM, Coutinho CM,
Coutinho-Silva R (2012) Extracellular ATP induces cell death in
human intestinal epithelial cells. Biochim Biophys Acta 1820:
1867–1878

73. Hofman P, Cherfils-Vicini J, Bazin M, Ilie M, Juhel T, Hébuterne
X, Gilson E, Schmid-Alliana A, Boyer O, Adriouch S, Vouret-
Craviari V (2015) Genetic and pharmacological inactivation of
the purinergic P2RX7 receptor dampens inflammation but in-
creases tumor incidence in a mouse model of colitis-associated
cancer. Cancer Res 75:835–845

74. Adinolfi E, Raffaghello L, Giuliani AL, Cavazzini L, Capece M,
Chiozzi P, Bianchi G, Kroemer G, Pistoia V, Di Virgilio F (2012)
Expression of P2X7 receptor increases in vivo tumor growth.
Cancer Res 72:2957–2969

75. Jelassi B, Anchelin M, Chamouton J, Cayuela ML, Clarysse L, Li
J, Gore J, Jiang LH, Roger S (2013) Anthraquinone emodin in-
hibits human cancer cell invasiveness by antagonizing P2X7 re-
ceptors. Carcinogenesis 34:1487–1496

76. Xia J, Yu X, Tang L, Li G, He T (2015) P2X7 receptor stimulates
breast cancer cell invasion and migration via the AKT pathway.
Oncol Rep 34:103–110

Purinergic Signalling



77. Liu Z, Liu Y, Xu L, An H, Chang Y, Yang Y, Zhang W, Xu J
(2015) P2X7 receptor predicts postoperative cancer-specific sur-
vival of patients with clear-cell renal cell carcinoma. Cancer Sci
106:1224–1231

78. Gorodeski GI (2009) P2X7-mediated chemoprevention of epithe-
lial cancers. Expert Opin Ther Targets 13:1313–1332

79. Fuller SJ, Stokes L, SkarRatt KK,BJG,Wiley JS (2009)Genetics of
the P2X7 receptor and human disease. Purinergic Signal 5:257–262

80. Shemon AN, Sluyter R, Fernando SL, Clarke AL, Dao-Ung LP,
SkarRatt KK, Saunders BM, Tan KS, BJ G, Fuller SJ, BrittonWJ,
Petrou S, Wiley JS (2006) A Thr357 to Ser polymorphism in
homozygous and compound heterozygous subjects causes absent
or reduced P2X7 function and impairs ATP-induced mycobacte-
rial killing by macrophages. J Biol Chem 281:2079–2086

81. Slater M, Danieletto S, Gidley-Baird A, Teh LC, Barden JA
(2004) Early prostate cancer detected using expression of non-
functional cytolytic P2X7 receptors. Histopathology 44:206–215

82. Tafani M, Schito L, Pellegrini L, Villanova L, Marfe G, Anwar T,
Rosa R, Indelicato M, Fini M, Pucci B, Russo MA (2011)
Hypoxia-increased RAGE and P2X7R expression regulates tumor
cell invasion through phosphorylation of Erk1/2 and Akt and nu-
clear translocation of NF-κB. Carcinogenesis 32:1167–1175

83. Ruzsnavszky O, Telek A, Gönczi M, Balogh A, Remenyik E,
Csernoch L (2011) UV-B induced alteration in purinergic receptors
and signaling on HaCaT keratinocytes. J Photochem Photobiol B
105:113–118

84. Fu W, McCormick T, Qi X, Luo L, Zhou L, Li X, Wang BC,
Gibbons HE, bdul-Karim FW, Gorodeski GI (2009) Activation
of P2X7-mediated apoptosis inhibits DMBA/TPA-induced forma-
tion of skin papillomas and cancer in mice. BMC Cancer 9:114

85. Hattori F, Ohshima Y, Seki S, Tsukimoto M, Sato M, Takenouchi
T, Suzuki A, Takai E, Kitani H, Harada H, Kojima S (2012)
Feasibility study of B16 melanoma therapy using oxidized ATP
to target purinergic receptor P2X7. Eur J Pharmacol 695:20–26

86. Adinolfi E, Capece M, Franceschini A, Falzoni S, Giuliani AL,
Rotondo A, Sarti AC, Bonora M, Syberg S, Corigliano D, Pinton
P, Jorgensen NR, Abelli L, Emionite L, Raffaghello L, Pistoia V,
Di Virgilio F (2015) Accelerated tumor progression in mice lack-
ing the ATP receptor P2X7. Cancer Res 75:635–644

87. Giuliani AL, Colognesi D, Ricco T, Roncato C, Capece M,
Amoroso F, Wang QG, De Marchi E, Gartland A, Di Virgilio F,
Adinolfi E (2014) Trophic activity of human P2X7 receptor iso-
forms A and B in osteosarcoma. PLoS One 9:e107224

88. Falk S, Schwab SD, Frosig-Jorgensen M, Clausen RP, Dickenson
AH, Heegaard AM (2015) P2X7 receptor-mediated analgesia in
cancer-induced bone pain. Neuroscience 291:93–105

89. Young CNJ, Chira N, Rog J, Al-Khalidi R, Benard M, Galas L,
Chan P, Vaudry D, Zablocki K, Gorecki DC (2017) Sustained
activation of P2X7 induces MMP-2-evoked cleavage and func-
tional purinoceptor inhibition. J Mol Cell Biol. https://doi.org/10.
1093/jmcb/mjx030

90. Loi S, Pommey S, Haibe-Kains B, Beavis PA, Darcy PK, Smyth
MJ, Stagg J (2013) CD73 promotes anthracycline resistance and
poor prognosis in triple negative breast cancer. Proc Natl Acad Sci
U S A 110:11091–11096

91. Burnstock G (2015) Physiopathological roles of P2X receptors in
the central nervous system. Curr Med Chem 22:819–844

92. Sperlagh B, Illes P (2014) P2X7 receptor: an emerging target in
central nervous system diseases. Trends Pharmacol Sci 35:537–
547

93. Cisneros-Mejorado A, Perez-Samartin A, Gottlieb M, Matute C
(2015) ATP signaling in brain: release, excitotoxicity and potential
therapeutic targets. Cell Mol Neurobiol 35:1–6

94. Pevarello P, Bovolenta S, Tarroni P, Za L, Severi E, Torino D,
Vitalone R (2017) P2X7 antagonists for CNS indications: recent
patent disclosures. Pharm Pat Anal 6:61–76

95. MonifM,ReidCA,PowellKL,DrummondKJ,O'BrienTJ,Williams
DA (2016) Interleukin-1β has trophic effects in microglia and its
release is mediated by P2X7R pore. J Neuroinflammation 13:173

96. Metzger MW, Walser SM, Aprile-Garcia F, Dedic N, Chen A,
Holsboer F, Arzt E, Wurst W, Deussing JM (2017) Genetically
dissecting P2rx7 expression within the central nervous system
using conditional humanized mice. Purinergic Signal 13:153–170

97. Miras-Portugal MT, Diaz-Hernandez JI, Gomez-Villafuertes R,
Diaz-Hernandez M, Artalejo AR, Gualix J (2015) Role of P2X7
and P2Y2 receptors on α-secretase-dependent APP processing:
control of amyloid plaques formation "in vivo" by P2X7 receptor.
Comput Struct Biotechnol J 13:176–181

98. Sáez-Orellana F, Godoy PA, Bastidas CY, Silva-Grecchi T,
Guzmán L, Aguayo LG, Fuentealba J (2016) ATP leakage induces
P2XR activation and contributes to acute synaptic excitotoxicity
induced by soluble oligomers of β-amyloid peptide in hippocam-
pal neurons. Neuropharmacology 100:116–123

99. Woods LT, Ajit D, Camden JM, Erb L, Weisman GA (2016)
Purinergic receptors as potential therapeutic targets in
Alzheimer's disease. Neuropharmacology 104:169–179

100. Chen X, Hu J, Jiang L, Xu S, Zheng B, Wang C, Zhang J, Wei X,
Chang L, Wang Q (2014) Brilliant Blue G improves cognition in
an animal model of Alzheimer's disease and inhibits amyloid-β-
induced loss of filopodia and dendrite spines in hippocampal neu-
rons. Neuroscience 279:94–101

101. Burnstock G (2017) Purinergic signalling and neurological dis-
eases: an update CNS Neurol Disord Drug Targets 16:257–265

102. Carmo MR, Menezes AP, Nunes AC, Pliássova A, Rolo AP,
Palmeira CM, Cunha RA, Canas PM, Andrade GM (2014) The
P2X7 receptor antagonist Brilliant Blue G attenuates contralateral
rotations in a rat model of Parkinsonism through a combined con-
t ro l of synapto toxic i ty, neuro tox ic i ty and gl ios i s .
Neuropharmacology 81:142–152

103. Jörg M, Scammells PJ, Capuano B (2014) The dopamine D2 and
adenosine A2A receptors: past, present and future trends for the
treatment of Parkinson's disease. Curr Med Chem 21:3188–3210

104. Wang XH, Xie X, Luo XG, Shang H, He ZY (2017) Inhibiting
purinergic P2X7 receptors with the antagonist brilliant blue G is
neuroprotective in an intranigral lipopolysaccharide animal model
of Parkinson's disease. Mol Med Rep 15:768–776

105. Burnstock G (2015) Purinergic signalling in neuroregeneration.
Neural Regeneration Research 10:1919

106. BJ G, Field J, Dutertre S, Ou A, Kilpatrick TJ, Lechner-Scott J,
Scott R, Lea R, Taylor BV, Stankovich J, Butzkueven H, Gresle
M, Laws SM, Petrou S, Hoffjan S, Akkad DA, Graham CA,
Hawkins S, Glaser A, Bedri SK, Hillert J, Matute C, Antiguedad
A, Wiley JS (2015) A rare P2X7 variant Arg307Gln with absent
pore formation function protects against neuroinflammation in
multiple sclerosis. Hum Mol Genet 24:5644–5654

107. Sadovnick AD, BJ G, Traboulsee AL, Bernales CQ, Encarnacion
M, Yee IM, Criscuoli MG, Huang X, Ou A,Milligan CJ, Petrou S,
Wiley JS, Vilarino-Guell C (2017) Purinergic receptors P2RX4
and P2RX7 in familial multiple sclerosis. HumMutat 38:736–744

108. Díaz-Hernández M, Domenico J, Sánchez-Nogueiro J, Gómez-
Villafuertes R, Canals JM, Alberch J, Miras-Portugal MT, Lucas
JJ (2009) Altered P2X7-receptor level and function in mouse
models of Huntington's disease and therapeutic efficacy of antag-
onist administration. FASEB J 23:1893–1906

109. Cervetto C, Frattaroli D, Maura G, Marcoli M (2013) Motor neu-
ron dysfunction in a mouse model of ALS: gender-dependent
effect of P2X7 antagonism. Toxicology 311:69–77

110. Bartlett R, Sluyter V, Watson D, Sluyter R, Yerbury JJ (2017)
P2X7 antagonism using Brilliant Blue G reduces body weight loss
and prolongs survival in female SOD1G93A amyotrophic lateral
sclerosis mice. PeerJ 5:e3064

Purinergic Signalling

https://doi.org/10.1093/jmcb/mjx030
https://doi.org/10.1093/jmcb/mjx030


111. ApolloniS,AmadioS,ParisiC,MatteucciA,PotenzaRL,ArmidaM,
Popoli P, D'Ambrosi N, Volonté C (2014) Spinal cord pathology is
amelioratedbyP2X7antagonism in aSOD1-mutantmousemodel of
amyotrophic lateral sclerosis. DisModelMech 7:1101–1109

112. Apolloni S, Amadio S, Montilli C, Volonté C, D'Ambrosi N
(2013) Ablation of P2X7 receptor exacerbates gliosis and moto-
neuron death in the SOD1-G93A mouse model of amyotrophic
lateral sclerosis. Hum Mol Genet 22:4102–4116

113. Bhattacharya A, Biber K (2016) The microglial ATP-gated ion
channel P2X7 as a CNS drug target. Glia 64:1772–1787

114. Krügel U (2016) Purinergic receptors in psychiatric disorders.
Neuropharmacology 104:212–225

115. Avendano BC, Montero TD, Chávez CE, von Bernhardi R,
Orellana JA (2015) Prenatal exposure to inflammatory conditions
increases Cx43 and Panx1 unopposed channel opening and acti-
vation of astrocytes in the offspring effect on neuronal survival.
Glia 63:2058–2072

116. Barron ML, Werry EL, McGregor IS, Kassiou M (2014) P2X7 in
bipolar and depressive disorders. In: Weiss N, Koschak A (eds)
Pathologies of calcium channels. Springer Berlin Heidelberg,
Berlin, Heidelberg, pp 635–661

117. Zhang K, Liu J, You X, Kong P, Song Y, Cao L, Yang S,WangW,
Fu Q, Ma Z (2016) P2X7 as a new target for chrysophanol to treat
lipopolysaccharide-induced depression in mice. Neurosci Lett
613:60–65

118. Ma M, Ren Q, Zhang JC, Hashimoto K (2014) Effects of brilliant
blue G on serum tumor necrosis factor-α levels and depression-
like behavior in mice after lipopolysaccharide administration. Clin
Psychopharmacol Neurosci 12:31–36

119. Iwata M, Ota KT, Li XY, Sakaue F, Li N, Dutheil S, Banasr M,
Duric V, Yamanashi T, Kaneko K, Rasmussen K, Glasebrook A,
Koester A, Song D, Jones KA, Zorn S, Smagin G, Duman RS
(2016) Psychological stress activates the inflammasome via re-
lease of adenosine triphosphate and stimulation of the purinergic
type 2X7 receptor. Biol Psychiatry 80:12–22

120. CatanzaroJM,HuestonCM,DeakMM,DeakT(2014)Theimpactof
theP2X7 receptor antagonistA-804598onneuroimmuneandbehav-
ioral consequences of stress. Behav Pharmacol 25:582–598

121. Aprile-Garcia F, Metzger MW, Paez-Pereda M, Stadler H, Acuña
M, Liberman AC, Senin SA, Gerez J, Hoijman E, Refojo D,
Mitkovski M, Panhuysen M, Stühmer W, Holsboer F, Deussing
JM, Arzt E (2016) Co-Expression of wild-type P2X7R with
Gln460Arg variant alters receptor function. PLoS One 11:
e0151862

122. Cisneros-Mejorado A, Gottlieb M, Cavaliere F, Magnus T, Koch-
Nolte F, Scemes E, Pérez-Samartín A, Matute C (2015) Blockade
of P2X7 receptors or pannexin-1 channels similarly attenuates
postischemic damage. J Cereb Blood Flow Metab 35:843–850

123. MahiN,KumarA,JaggiAS,SinghN,DhawanR(2015)Possiblerole
of pannexin 1/P2x7 purinoceptor in neuroprotective mechanism of
ischemic postconditioning inmice. J Surg Res 196:190–199

124. Yue N, Huang H, Zhu X, Han Q, Wang Y, Li B, Liu Q, Wu G,
Zhang Y, Yu J (2017) Activation of P2X7 receptor and NLRP3
inflammasome assembly in hippocampal glial cells mediates
chronic stress- induced depressive-l ike behaviors . J
Neuroinflammation 14:102

125. Murphy N, Cowley TR, Richardson JC, Virley D, Upton N,
Walter D, Lynch MA (2012) The neuroprotective effect of a spe-
cific P2X7 receptor antagonist derives from its ability to inhibit
assembly of the NLRP3 inflammasome in glial cells. Brain Pathol
22:295–306

126. Xu P, Xu Y, Hu B, Wang J, Pan R, Murugan M, LJ W, Tang Y
(2015) Extracellular ATP enhances radiation-induced brain injury
through microglial activation and paracrine signaling via P2X7
receptor. Brain Behav Immun 50:87–100

127. Sun L, Gao J, Zhao M, Cui J, Li Y, Yang X, Jing X, Wu Z (2015)
A novel cognitive impairment mechanism that astrocytic p-
connexin 43 promotes neuronic autophagy via activation of
P2X7R and down-regulation of GLT-1 expression in the hippo-
campus following traumatic brain injury in rats. Behav Brain Res
291:315–324

128. Zhao H, Zhang X, Dai Z, Feng Y, Li Q, Zhang JH, Liu X, Chen Y,
Feng H (2016) P2X7 receptor suppression preserves blood-brain
barrier through inhibiting RhoA activation after experimental in-
tracerebral hemorrhage in rats. Sci Rep 6:23286

129. Cieslak M, Wojtczak A, Komoszynski M (2017) Role of the
purinergic signaling in epilepsy. Pharmacol Rep 69:130–138

130. Rodriguez-Alvarez N, Jimenez-Mateos EM, Engel T, Quinlan S,
Reschke CR, Conroy RM, Bhattacharya A, Boylan GB, Henshall
DC (2017) Effects of P2X7 receptor antagonists on hypoxia-induced
neonatal seizures inmice. Neuropharmacology 116:351–363

131. Jimenez-Pacheco A, Diaz-Hernandez M, Arribas-Blázquez M,
Sanz-Rodriguez A, Olivos-Oré LA, Artalejo AR, Alves M,
Letavic M, Miras-Portugal MT, Conroy RM, Delanty N, Farrell
MA, O'Brien DF, Bhattacharya A, Engel T, Henshall DC (2016)
Transient P2X7 receptor antagonism produces lasting reductions
in spontaneous seizures and gliosis in experimental temporal lobe
epilepsy. J Neurosci 36:5920–5932

132. Fischer W, Franke H, Krügel U, Müller H, Dinkel K, Lord B,
Letavic MA, Henshall DC, Engel T (2016) Critical evaluation of
P2X7 receptor antagonists in selected seizure models. PLoS One
11:e0156468

133. Rozmer K, Gao P, Araújo MG, Khan MT, Liu J, RongW, Tang Y,
Franke H, Krügel U, Fernandes MJ, Illes P (2016) Pilocarpine-
induced status epilepticus increases the sensitivity of P2X7 and
P2Y1 receptors to nucleotides at neural progenitor cells of the
juvenile rodent hippocampus. Cereb Cortex 27:3568–3585

134. Tu G, Zou L, Liu S, Wu B, Lv Q, Wang S, Xue Y, Zhang C, Yi Z,
ZhangX, LiG, Liang S (2016) Long noncodingNONRATT021972
siRNA normalized abnormal sympathetic activity mediated by the
upregulation ofP2X7 receptor in superior cervical ganglia aftermyo-
cardial ischemia. Purinergic Signal 12:521–535

135. GranadoM,Amor S,Montoya JJ, Monge L, Fernández N, García-
Villalón AL (2015) Altered expression of P2Y2 and P2X7
purinergic receptors in the isolated rat heart mediates ischemia-
reperfusion injury. Vascul Pharmacol 73:96–103

136. DuD, JiangM, LiuM,Wang J, Xia C, Guan R, Shen L, Ji Y, ZhuD
(2015)Microglial P2X7 receptor in the hypothalamic paraventricular
nuclei contributes to sympathoexcitatory responses in acutemyocar-
dial infarction rat. Neurosci Lett 587:22–28

137. Martinez CG, Zamith-Miranda D, da Silva MG, Ribeiro KC,
Brandão IT, Silva CL, Diaz BL, Bellio M, Persechini PM,
Kurtenbach E (2015) P2x7 purinergic signaling in dilated cardio-
myopathy induced by auto-immunity against muscarinic M2 re-
ceptors: autoantibody levels, heart functionality and cytokine ex-
pression. Sci Rep 5:16940

138. Zempo H, Sugita Y, Ogawa M, Watanabe R, Suzuki J, Isobe M
(2015) A P2X7 receptor antagonist attenuates experimental auto-
immune myocarditis via suppressed myocardial CD4+ Tand mac-
rophage infiltration and NADPH oxidase 2/4 expression in mice.
Heart Vessels 30:527–533

139. StachonP,HeidenreichA,Merz J,HoppeN,BodeC, IdzkoM,Zirlik
A (2016)Deficiencyof purinergic receptor P2X7 reduces atheroscle-
rosis inmice. Circulation 134(Suppl_1):A16502

140. Luo W, Guth CM, Jolayemi O, Duvall CL, Brophy CM, Cheung-
Flynn J (2016) Subfailure overstretch injury leads to reversible
functional impairment and purinergic P2X7 receptor activation
in intact vascular tissue. Front Bioeng Biotechnol 4:75

141. Gicquel T, Le Dare B, Boichot E, Lagente V (2017) Purinergic
receptors: new targets for the treatment of gout and fibrosis.
Fundam Clin Pharmacol 31:136–146

Purinergic Signalling



142. Monção-Ribeiro LC, Faffe DS, Santana PT, Vieira FS, da Graca
CL, Marques-da-Silva C, Machado MN, Caruso-Neves C, Zin
WA, Borojevic R, Takiya CM, Coutinho-Silva R (2014) P2X7
receptor modulates inflammatory and functional pulmonary
changes induced by silica. PLoS One 9:e110185

143. Chen S, Zhu Z, Klebe D, BianH, Krafft PR, Tang J, Zhang J, Zhang
JH (2014) Role of P2X purinoceptor 7 in neurogenic pulmonary
edema after subarachnoid hemorrhage in rats. PLoSOne 9:e89042

144. Lucattelli M, Cicko S, Muller T, Lommatzsch M, De Cunto G,
Cardini S, Sundas W, Grimm M, Zeiser R, Durk T, Zissel G,
Sorichter S, Ferrari D, Di Virgilio F, Virchow JC, Lungarella G,
Idzko M (2011) P2X7 receptor signaling in the pathogenesis of
smoke-induced lung inflammation and emphysema. Am J Respir
Cell Mol Biol 44:423–429

145. Zheng X, Li T, Chen Y, Pan H, Zhang Z, Dai Y, Wang J (2017)
Genetic polymorphisms of the P2X7 gene associated with suscep-
tibility to and prognosis of pulmonary tuberculosis. Infect Genet
Evol 53:24–29

146. Amaral EP, Ribeiro SC, Lanes VR, Almeida FM, deAndradeMR,
Bomfim CC, Salles ÉM, Bortoluci KR, Coutinho-Silva R, Hirata
MH, Alvarez JM, Lasunskaia EB, D’Império-Lima MR (2014)
Pulmonary infection with hypervirulent Mycobacteria reveals a
crucial role for the P2X7 receptor in aggressive forms of tubercu-
losis. PLoS Pathog 10:e1004188

147. Moncao-Ribeiro LC, Cagido VR, Lima-Murad G, Santana PT,
Riva DR, Borojevic R, Zin WA, Cavalcante MC, Rica I,
Brando-Lima AC, Takiya CM, Faffe DS, Coutinho-Silva R
(2011) Lipopolysaccharide-induced lung injury: role of P2X7 re-
ceptor. Respir Physiol Neurobiol 179:314–325

148. Hafner S, Wagner K, Weber S, Gröger M, Wepler M, McCook O,
Scheuerle A, Stahl B, Huber-Lang M, Jung B, Calzia E, Georgieff
M, Möller P, Frick M, Radermacher P, Wagner F (2017) Role of
the purinergic receptor P2XR4 after blunt chest trauma in cigarette
smoke-exposed mice. Shock 47:193–199

149. Antonioli L, Giron MC, Colucci R, Pellegrini C, Sacco D, Caputi
V, Orso G, Tuccori M, Scarpignato C, Blandizzi C, Fornai M
(2014) Involvement of the P2X7 purinergic receptor in colonic
motor dysfunction associated with bowel inflammation in rats.
PLoS One 9:e116253

150. Neves AR, Castelo-Branco MT, Figliuolo VR, Bernardazzi C,
Buongusto F, Yoshimoto A, Nanini HF, Coutinho CM, Carneiro
AJ, Coutinho-Silva R, de Souza HS (2014) Overexpression of
ATP-activated P2X7 receptors in the intestinal mucosa is impli-
cated in the pathogenesis of Crohn's disease. Inflamm Bowel Dis
20:444–457

151. Figliuolo VR, Savio LEB, SafyaH, Nanini H, Bernardazzi C, Abalo
A, de Souza HSP, Kanellopoulos J, Bobe P, Coutinho C, Coutinho-
Silva R (2017) P2X7 receptor promotes intestinal inflammation in
chemically induced colitis and triggers death of mucosal regulatory
Tcells. BiochimBiophys Acta 1863:1183–1194

152. Ma B, Jiang Q, Li W, Li Z (2016) Estrogen receptor beta (ERβ)
activation plays a therapeutic role in murine models of inflamma-
tory bowel disease (IBD) via inhibiting P2X3 and P2X7 receptors.
The FASEB Journal 30:1023–1023

153. Kurashima Y, Kiyono H, Kunisawa J (2015) Pathophysiological
role of extracellular purinergic mediators in the control of intesti-
nal inflammation. Mediators Inflamm 2015:427125

154. da Silva MV, Marosti AR, Mendes CE, Palombit K, Castelucci P
(2015) Differential effects of experimental ulcerative colitis on
P2X7 receptor expression in enteric neurons. Histochem Cell
Biol 143:171–184

155. da Silva MV, Marosti AR, Mendes CE, Palombit K, Castelucci P
(2017) Submucosal neurons and enteric glial cells expressing the
P2X7 receptor in rat experimental colitis. Acta Histochem 119:
481–494

156. Wan P, Liu X, XiongY, Ren Y, Chen J, LuN, GuoY, Bai A (2016)
Extracellular ATP mediates inflammatory responses in colitis via
P2 x 7 receptor signaling. Sci Rep 6:19108

157. Eser A, Colombel JF, Rutgeerts P, Vermeire S, Vogelsang H,
Braddock M, Persson T, Reinisch W (2015) Safety and efficacy
of an oral inhibitor of the purinergic receptor P2X7 in adult pa-
tients with moderately to severely active Crohn's disease: a ran-
domized placebo-controlled, double-blind, phase IIa study.
Inflamm Bowel Dis 21:2247–2253

158. Bhave S, Gade A, Kang M, Hauser KF, Dewey WL, Akbarali HI
(2017) Connexin-purinergic signaling in enteric glia mediates the
prolongedeffectofmorphineonconstipation.FASEBJ31:2649–2660

159. Burnstock G, Evans L, Bailey M (2014) Purinergic signalling in
the kidney in health and disease. Purinergic Signalling 10:71–101

160. Menzies RI, Tam FW, Unwin RJ, Bailey MA (2017) Purinergic
signaling in kidney disease. Kidney Int 91:315–323

161. Yan Y, Bai J, Zhou X, Tang J, Jiang C, Tolbert E, Bayliss G, Gong
R, Zhao TC, Zhuang S (2015) P2X7 receptor inhibition protects
against ischemic acute kidney injury in mice. Am J Physiol Cell
Physiol 308:C463–C472

162. Chang MY, JK L, Tian YC, Chen YC, Hung CC, Huang YH,
Chen YH, MS W, Yang CW, Cheng YC (2011) Inhibition of the
P2X7 receptor reduces cystogenesis in PKD. J Am Soc Nephrol
22:1696–1706

163. TurnerCM,TamF,LaiP-C,TarziRM,BurnstockG,PuseyCD,Cook
HT,UnwinRJ (2007) Increasedexpressionof thepro-apoptoticATP-
sensitiveP2X7receptor inexperimentalandhumanglomerulonephri-
tis. NephrologyDialysis Transplantation 22:386–395

164. Zhao J, Wang H, Dai C, Wang H, Zhang H, Huang Y, Wang S,
Gaskin F, Yang N, SM F (2013) P2X7 blockade attenuates lupus
nephritis by inhibiting NLRP3/ASC/caspase-1 activation.
Arthritis Rheum 65:3176–3185

165. Franco M, Bautista-Perez R, Cano-Martinez A, Pacheco U,
Santamaria J, Del Valle-Mondragon L, Perez-Mendez O, Navar
LG (2017) Physiopathological implications of P2X1 and P2X7
receptors in regulation of glomerular hemodynamics in angioten-
sin II-induced hypertension. Am J Physiol Renal Physiol:
ajprenal.00663.02016

166. Menzies RI, Unwin RJ, Bailey MA (2015) Renal P2 receptors and
hypertension. Acta Physiol (Oxf) 213:232–241

167. Ji X, Naito Y, HirokawaG,Weng H, Hiura Y, Takahashi R, Iwai N
(2012) P2X7 receptor antagonism attenuates the hypertension and
renal injury in Dahl salt-sensitive rats. Hypertens Res 35:173–179

168. Solini A, Menini S, Rossi C, Ricci C, Santini E, Blasetti Fantauzzi
C, Iacobini C, Pugliese G (2013) The purinergic 2X7 receptor
participates in renal inflammation and injury induced by high-fat
diet: possible role of NLRP3 inflammasome activation. J Pathol
231:342–353

169. MunozA,Yazdi IK, TangX,RiveraC, TaghipourN,GrossmanRG,
Boone TB, Tasciotti E (2017) Localized inhibition of P2X7R at the
spinal cord injury site improves neurogenic bladder dysfunction by
decreasing urothelial P2X3R expression in rats. Life Sci 171:60–67

170. Martins JP, Silva RB, Coutinho-Silva R, Takiya CM, Battastini
AM, Morrone FB, Campos MM (2012) The role of P2X7
purinergic receptors in inflammatory and nociceptive changes ac-
companying cyclophosphamide-induced haemorrhagic cystitis in
mice. Br J Pharmacol 165:183–196

171. Gonçalves RG, Gabrich L, Rosário A Jr, Takiya CM, Ferreira ML,
Chiarini LB, Persechini PM, Coutinho-Silva R, Leite M Jr (2006)
The role of purinergic P2X7 receptors in the inflammation and
fibrosis of unilateral ureteral obstruction in mice. Kidney Int 70:
1599–1606

172. Xiao H, Si LY, Liu W, Li N, Meng G, Yang N, Chen X, Zhou YG,
Shen HY (2013) The effects of adenosine A2A receptor knockout
on renal interstitial fibrosis in a mouse model of unilateral ureteral
obstruction. Acta Histochem 115:315–319

Purinergic Signalling



173. Amaral SS, Oliveira AG, Marques PE, Quintão JL, Pires DA,
Resende RR, Sousa BR, Melgaco JG, Pinto MA, Russo RC,
Gomes AK, Andrade LM, Zanin RF, Pereira RV, Bonorino C,
Soriani FM, Lima CX, Cara DC, Teixeira MM, Leite MF, Menezes
GB (2013) Altered responsiveness to extracellular ATP enhances
acetaminophen hepatotoxicity. Cell Commun Signal 11:10

174. Hoque R, Sohail MA, Salhanick S, Malik AF, Ghani A, Robson
SC, Mehal WZ (2012) P2X7 receptor-mediated purinergic signal-
ing promotes liver injury in acetaminophen hepatotoxicity inmice.
Am J Physiol Gastrointest Liver Physiol 302:G1171–G1179

175. Xie Y, Williams CD, McGill MR, LebofskyM, Ramachandran A,
Jaeschke H (2013) Purinergic receptor antagonist A438079 pro-
tects against acetaminophen-induced liver injury by inhibiting
P450 isoenzymes, not by inflammasome activation. Toxicol Sci
131:325–335

176. Jiang S, Zhang Y, Zheng JH, Li X, Yao YL, YLW, Song SZ, Sun P,
NanJX,LianLH(2017)Potentiationofhepatic stellatecell activation
by extracellular ATP is dependent on P2X7R-mediated NLRP3
inflammasome activation. Pharmacol Res 117:82–93

177. Kawamura H, Aswad F, Minagawa M, Govindarajan S, Dennert
G (2006) P2X7 receptors regulate NKT cells in autoimmune hep-
atitis. J Immunol 176:2152–2160

178. Chandrashekaran V, Das S, Seth RK, Dattaroy D, Alhasson F,
Michelotti G, Nagarkatti M, Nagarkatti P, Diehl AM, Chatterjee
S (2016) Purinergic receptor X7 mediates leptin induced GLUT4
function in stellate cells in nonalcoholic steatohepatitis. Biochim
Biophys Acta 1862:32–45

179. Geraghty NJ, Watson D, Adhikary SR, Sluyter R (2017) P2X7
receptor in skin biology and diseases. World J Dermatol 5:72–83

180. Inoue K, Hosoi J, Denda M (2007) Extracellular ATP has stimu-
latory effects on the expression and release of IL-6 via purinergic
receptors in normal human epidermal keratinocytes. J Invest
Dermatol 127:362–371

181. Lioi AB, Ferrari BM, Dubyak GR, Weinberg A, Sieg SF (2015)
Human β defensin-3 increases CD86 expression on monocytes by
activating theATP-gated channel P2X7. J Immunol 195:4438–4445

182. KilleenME, Ferris L, Kupetsky EA, Falo L Jr, Mathers AR (2013)
Signaling through purinergic receptors for ATP induces human
cutaneous innate and adaptive Th17 responses: implications in
the pathogenesis of psoriasis. J Immunol 190:4324–4336

183. Greig AVH, Cuthill S, Linge C, Clayton E, Burnstock G (2006)
P2X5 and P2X7 receptors in human warts and CIN 612
organotypic raft cultures of human papillomavirus infected
keratinocytes. Purinergic Signalling 2:509–515

184. Weber FC, Esser PR, Müller T, Ganesan J, Pellegatti P, Simon
MM, Zeiser R, Idzko M, Jakob T, Martin SF (2010) Lack of the
purinergic receptor P2X7 results in resistance to contact hypersen-
sitivity. J Exp Med 207:2609–2619

185. Zanin RF, da Silva GL, Erig T, Sperotto ND, Leite CE, Coutinho-
Silva R, Batastini AM, Morrone FB (2015) Decrease of serum ade-
nine nucleotide hydrolysis in an irritant contact dermatitismicemod-
el: potential P2X7R involvement.Mol Cell Biochem 404:221–228

186. Gazzerro E, Baldassari S, Assereto S, Fruscione F, Pistorio A,
Panicucci C, Volpi S, Perruzza L, Fiorillo C, Minetti C, Traggiai
E, Grassi F, Bruno C (2015) Enhancement of muscle T regulatory
cells and improvement of muscular dystrophic process in mdx
mice by blockade of extracellular ATP/P2X axis. Am J Pathol
185:3349–3360

187. Sinadinos A, Young CN, Al-Khalidi R, Teti A, Kalinski P,
Mohamad S, Floriot L, Henry T, Tozzi G, Jiang T, Wurtz O,
Lefebvre A, Shugay M, Tong J, Vaudry D, Arkle S, doRego JC,
Górecki DC (2015) P2RX7 purinoceptor: a therapeutic target for
ameliorating the symptoms of duchenne muscular dystrophy.
PLoS Med 12:e1001888

188. KvistTM,SchwarzP, JørgensenNR TheP2X7receptor: akeyplayer
in immune-mediated bone loss? ScicWorld J 2014, 2014:10

189. Varley I, Greeves JP, Sale C, Friedman E, Moran DS, Yanovich R,
Wilson PJ, Gartland A, Hughes DC, Stellingwerff T, Ranson C,
FraserWD, Gallagher JA (2016) Functional polymorphisms in the
P2X7 receptor gene are associated with stress fracture injury.
Purinergic Signalling 12:103–113

190. Agrawal A, Buckley KA, Bowers K, Furber M, Gallagher JA,
Gartland A (2010) The effects of P2X7 receptor antagonists on
the formation and function of human osteoclasts in vitro.
Purinergic Signal 6:307–315

191. Jørgensen NR, Boeynaems JM, Di Virgilio F (2011) European
meeting "P2 receptors: new targets for the treatment of osteoporo-
sis". Purinergic Signal 7:275–276

192. Mrazek F,Gallo J, StahelovaA, PetrekM (2010) Functional variants
of the P2RX7 gene, aseptic osteolysis, and revision of the total hip
arthroplasty: a preliminary study. Hum Immunol 71:201–205

193. Grol MW, Brooks PJ, Pereverzev A, Dixon SJ (2016) P2X7 nu-
cleotide receptor signaling potentiates the Wnt/β-catenin pathway
in cells of the osteoblast lineage. Purinergic Signal 12:509–520

194. Hu H, Yang B, Li Y, Zhang S, Li Z (2016) Blocking of the P2X7
receptor inhibits the activation of the MMP-13 and NF-κB path-
ways in the cartilage tissue of rats with osteoarthritis. Int J Mol
Med 38:1922–1932

195. Portales-Cervantes L, Niño-Moreno P, Salgado-Bustamante M,
García-Hernández MH, Baranda-Candido L, Reynaga-
Hernández E, Barajas-López C, González-Amaro R, Portales-
PérezDP (2012) The His155Tyr (489C>T) single nucleotide poly-
morphism of P2RX7 gene confers an enhanced function of P2X7
receptor in immune cells from patients with rheumatoid arthritis.
Cell Immunol 276:168–175

196. Alqallaf SM, Evans BA, Kidd EJ (2009) Atypical P2X receptor
pharmacology in two human osteoblast-like cell lines. Br J
Pharmacol 156:1124–1135

197. Beswick PJ, Billinton A, Chambers LJ, Dean DK, Fonfria E,
Gleave RJ, Medhurst SJ, Michel AD, Moses AP, Patel S,
Roman SA, Roomans S, Senger S, Stevens AJ, Walter DS
(2010) Structure-activity relationships and in vivo activity of
(1H-pyrazol-4-yl)acetamide antagonists of the P2X7 receptor.
Bioorg Med Chem Lett 20:4653–4656

198. Sociali G, Visigalli D, Prukop T, Cervellini I, Mannino E, Venturi
C, Bruzzone S, Sereda MW, Schenone A (2016) Tolerability and
efficacy study of P2X7 inhibition in experimental Charcot-Marie-
Tooth type 1A (CMT1A) neuropathy. Neurobiol Dis 95:145–157

199. Bartlett R, Stokes L, Sluyter R (2014) The P2X7 receptor channel:
recent developments and the use of P2X7 antagonists in models of
disease. Pharmacol Rev 66:638–675

200. Vieira FS, Nanini HF, Takiya CM, Coutinho-Silva R (2016) P2X7
receptor knockout prevents streptozotocin-induced type 1 diabetes
in mice. Mol Cell Endocrinol 419:148–157

201. Seref-Ferlengez Z, Maung S, Schaffler MB, Spray DC, Suadicani
SO, Thi MM (2016) P2X7R-Panx1 complex impairs bone
mechanosignaling under high glucose levels associated with
type-1 diabetes. PLoS One 11:e0155107

202. Coutinho-Silva R, Parsons M, Robson T, Lincoln J, Burnstock G
(2003) P2X and P2Y purinoceptor expression in pancreas from
streptozotocin-diabetic rats. Molecular and Cellular
Endocrinology 204:141–154

203. Vergani A, Fotino C, D'Addio F, Tezza S, Podetta M, Gatti F, Chin
M, Bassi R, Molano RD, Corradi D, Gatti R, Ferrero ME, Secchi
A, Grassi F, Ricordi C, Sayegh MH, Maffi P, Pileggi A, Fiorina P
(2013) Effect of the purinergic inhibitor oxidized ATP in a model
of islet allograft rejection. Diabetes 62:1665–1675

204. Aikin RA (2013) Targeting purinergic receptors in islet transplan-
tation. Diabetes 62:1394–1395

205. Liu S, Zou L, Xie J, Xie W, Wen S, Xie Q, Gao Y, Li G, Zhang C,
Xu C, Xu H, Wu B, Lv Q, Zhang X, Wang S, Xue Y, Liang S
(2016) LncRNANONRATT021972 siRNA regulates neuropathic

Purinergic Signalling



pain behaviors in type 2 diabetic rats through the P2X7 receptor in
dorsal root ganglia. Mol Brain 9:44

206. Liu W, Ao Q, Guo Q, He W, Peng L, Jiang J, Hu X (2017) miR-9
mediates CALHM1-activated ATP-P2X7R signal in painful dia-
betic neuropathy rats. Mol Neurobiol 54:922–929

207. Wu B, Zhang C, Zou L,Ma Y, Huang K, Lv Q, Zhang X, Wang S,
Xue Y, Yi Z, Jia T, Zhao S, Liu S, Xu H, Li G, Liang S (2016)
LncRNA uc.48+ siRNA improved diabetic sympathetic neuropa-
thy in type 2 diabetic rats mediated by P2X7 receptor in SCG.
Auton Neurosci 197:14–18

208. Ursu D, Ebert P, Langron E, Ruble C, Munsie L, Zou W, Fijal B,
Qian YW, McNearney TA, Mogg A, Grubisha O, Merchant K,
Sher E (2014) Gain and loss of function of P2X7 receptors: mech-
anisms, pharmacology and relevance to diabetic neuropathic pain.
Mol Pain 10:37

209. Rodrigues AM, Bergamaschi CT, Fernandes MJ, Paredes-Gamero
EJ, Buri MV, Ferreira AT, Araujo SR, Punaro GR, Maciel FR,
Nogueira GB, Higa EM (2014) P2X7 receptor in the kidneys of
diabetic rats submitted to aerobic training or to N-acetylcysteine
supplementation [corrected]. PLoS One 9:e97452

210. Caseley EA, Muench SP, Roger S, Mao HJ, Baldwin SA, Jiang
LH (2014) Non-synonymous single nucleotide polymorphisms in
the P2X receptor genes: association with diseases, impact on re-
ceptor functions and potential use as diagnosis biomarkers. Int J
Mol Sci 15:13344–13371

211. Barniol-Xicota M, Kwak SH, Lee SD, Caseley E, Valverde E,
Jiang LH, Kim YC, Vázquez S (2017) Escape from adamantane:
scaffold optimization of novel P2X7 antagonists featuring com-
plex polycycles. Bioorg Med Chem Lett 27:759–763

212. Müller CE (2015) Medicinal chemistry of P2X receptors: alloste-
ric modulators. Curr Med Chem 22:929–941

213. Park JH, Kim YC (2017) P2X7 receptor antagonists: a patent
review (2010-2015). Expert Opin Ther Pat 27:257–267

214. Burnstock G (2006) Pathophysiology and therapeutic potential of
purinergic signaling. Pharmacological Reviews 58:58–86

215. Burnstock G (2007) Physiology and pathophysiology of
purinergic neurotransmission. Physiol Rev 87:659–797

216. Zhang Y, Zhang S, Ding Z (2017) Role of P2Y12 receptor in throm-
bosis. In: IslamMS (ed) Thrombosis and embolism: from research to

clinical practice: volume1. Springer International Publishing,Cham,
pp 307–324. https://doi.org/10.1007/5584_2016_123

217. Ralevic V, Burnstock G (1998) Receptors for purines and pyrim-
idines. Pharmacol Rev 50:413–492

218. Matsumoto Y, Ohashi Y, Watanabe H, Tsubota K (2012) Efficacy
and safety of diquafosol ophthalmic solution in patients with dry
eye syndrome: a Japanese phase 2 clinical trial. Ophthalmology
119:1954–1960

219. Chen CC, Akopian AN, Sivilotti L, Colquhoun D, Burnstock G,
Wood JN (1995) A P2X purinoceptor expressed by a subset of
sensory neurons. Nature 377:428–431

220. Burnstock G (2016) Purinergic receptors and pain—an update.
Frontiers in Medicinal Chemistry 9:3–55

221. Gever JR, Rothschild S, Henningsen R, Martin R, Hackos D,
Panicker S, Rubas W, Oglesby I, Dillon MP, Milla ME,
Burnstock G, Ford APDW (2010) AF-353, a novel, potent orally
bioavailable P2X3/P2X2/3 receptor antagonist. Br J Pharmacol
160:1387–1398

222. Abdulqawi R, Dockry R, Holt K, Layton G, McCarthy BG, Ford
AP, Smith JA (2015) P2X3 receptor antagonist (AF-219) in refrac-
tory chronic cough: a randomised, double-blind, placebo-
controlled phase 2 study. Lancet 385:1198–1205

223. McHugh SM, Roman S, Davis B, Koch A, Pickett AM,
Richardson JC, Miller SR, Wetten S, Cox CJ, Karpe F, Todd
JA, Bullmore ET (2012) Effects of genetic variation in the
P2RX7 gene on pharmacodynamics of a P2X(7) receptor antag-
onist: a prospective genotyping approach. Br J Clin Pharmacol
74:376–380

224. AllsoppRC,Dayl S, SchmidR, Evans RJ (2017)Unique residues in
theATPgatedhumanP2X7 receptor define anovel allosteric binding
pocket for the selective antagonist AZ10606120. Sci Rep 7:725

225. Karasawa A, Kawate T (2016) Structural basis for subtype-
specific inhibition of the P2X7 receptor. Elife 5:e22153

226. Kasuya G, Yamaura T, Ma XB, Nakamura R, Takemoto M,
Nagumo H, Tanaka E, Dohmae N, Nakane T, Yu Y, Ishitani R,
Matsuzaki O, Hattori M, Nureki O (2017) Structural insights into
the competitive inhibition of the ATP-gated P2X receptor channel.
Nat Commun 8:876

Purinergic Signalling

https://doi.org/10.1093/jmcb/mjx030

	The potential of P2X7 receptors as a therapeutic target, including inflammation and tumour progression
	Abstract
	Introduction
	P2X7R and inflammation
	P2X7R in inflammation, infection and immunity
	P2X7R and inflammatory neuropathic pain
	P2X7R and tumour progression
	P2X7R and diseases of the CNS
	Neurodegenerative diseases
	Psychiatric disorders
	Neuroprotection from injury

	Cardiovascular diseases
	Diseases of the airways
	Gut disorders
	Diseases of the kidneys
	Diseases of the lower urinary tract
	Diseases of the liver
	Skin diseases
	Musculoskeletal diseases
	P2X7R and diabetes
	Conclusions
	References


