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Abstract

Cancer pain is the most prevalent symptom experienced by cancer patients. It substantially impacts a patient’s long-term
physical and emotional health, making it a pressing issue that must be addressed. Purinergic receptor P2X7 (P2X7R) is a
widely distributed and potent non-selective ATP-gated ion channel that regulates tumor proliferation, chronic pain, and the
formation of inflammatory lesions in the central nervous system. P2X7R plays an essential role in cancer pain and complica-
tions related to cancer pain including depression and opioid tolerance. This review focuses on the structure and distribution
of P2X7R, its role in diverse tissues in cancer pain, and the application of P2X7R antagonists in the treatment of cancer pain
to propose new ideas for cancer pain management.
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Introduction

Cancer incidence and mortality rates are on the rise with
population size growth, increasing aging population, and
the prevalence of cancer-causing factors [1]. Cancer pain
is unavoidable for patients suffering from intermediate to
advanced cancer [2]. Currently, most analgesics for cancer
pain follow the international three-step analgesic protocol,
which begins with non-steroidal anti-inflammatory drugs
(NSAIDs) and transitions to NSAIDs plus mild opioids.
Finally, when the pain becomes unbearable, potent opioids
are used, supplemented by other treatments including radia-
tion therapy, nerve blocks, antiepileptics, antidepressants,
and steroids [3]. A systematic review of the literature on pain
in cancer patients conducted over the last 40 years revealed
that, on average, 53% of cancer patients report pain, with this
percentage rising to 59% in patients receiving anti-cancer
treatment and 33% still experiencing pain even after cured
treatment [4].

Cancer pain is chronic pain with complex and distinct
mechanisms, overlapping but not identical characteristics of
inflammatory and neuropathic pain [5]. Sensitizing media-
tors produced and secreted by tumors and associated immune
cells activate peripheral injurious receptors, which travel up
to the dorsal root ganglion (DRG) or trigeminal ganglion
(TG), which in turn establish synapses with second-order

interneurons in the dorsal horn of the spinal cord, activat-
ing spinal microglia to release inflammatory mediators [6].
These microglia interact with T cells that infiltrate the dorsal
horn of the spinal cord after nerve injury and are involved in
central sensitization and chronic pain [7]. Thus, due to the
increased concentration of neuromodulators such as inter-
leukin (IL)-1p, brain-derived cell growth factor (BDNF),
and prostaglandin E2 in the cerebrospinal fluid, they can
fine-tune excitatory or inhibitory synaptic transmission,
ultimately enhancing the transmission of pain signals to the
brain [8]. A large body of evidence suggests that P2X7R is
a trigger for inflammatory factors and is widely distributed
in tumor cells and various immune cells [9]. P2X7R can be
activated by high ATP concentrations and mediates inflam-
matory responses by releasing pro-inflammatory cytokines
such as tumor necrosis factor-o and IL-1f and activating var-
ious ion channels, G protein-coupled receptors, and tyrosine
kinase receptors, thereby enhancing pain transduction and
transmission [10, 11]. Significant progress has recently been
made in investigating P2X7R to treat cancer pain. Moreover,
many studies have revealed that negative emotions aggra-
vate cancer pain progression, reduce patient compliance,
and negatively affect cancer pain treatment [12]. The study
of P2X7R in cancer pain has made significant progress in
recent years, and it is likely to be an essential direction for
cancer pain treatment in the future (Fig. 1).
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Fig. 1 Research status of P2X7R in the mechanism of cancer pain
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Necrotic cells and activated immune cells release a large
amount of ATP during cancer pain progression, which stim-
ulates P2X7R-expressing macrophages, Schwann cells, and
cancer cells to release pro-inflammatory factors and acti-
vate nociceptors directly. The pain signal is then transmit-
ted to the dorsal root ganglion and cooperates with T cells
to regulate neuronal plasticity and participate in central
sensitization. Cells such as microglia and astrocytes that
express P2X7Rs are activated at the spinal cord level, medi-
ate inflammatory responses, and secrete neuromodulators.
Finally, the pain signal is further enhanced and sent to the
brain, where it produces pain sensations.

P2X7R structure and distribution

The P2 receptor family is divided into ligand-gated ion chan-
nel P2X receptors and G protein-coupled metabolic P2Y
receptors [13]. P2X is an ATP-dependent non-selective cat-
ion channel purinoceptor, and up till now, seven P2X recep-
tors (P2X1-7) have been cloned [14]. P2X7R has a lower
affinity for ATP than other P2X receptor subtypes and is
not activated at normal physiological concentrations; how-
ever, when dead cells and activated immune cells are in a
state of inflammation or ischemic tissue injury, they release
high concentrations of ATP (> 100 umol/L) [15]; P2X7R
is activated and other forms of cation-selective channels
that mediate Na* and Ca** influx and K* efflux, resulting in
changes in cellular ion homeostasis [16, 17]. Structurally,
in contrast to other P2X receptors, P2X7R has a very long
intracellular C-terminus that accounts for 40% of the entire
protein, which is thought to be the primary reason for its
physiological functions [18]. P2X7R is widely distributed
in many cell types, including (i) almost all immune cells,
including dendritic cells, macrophages, monocytes, granulo-
cytes, lymphocytes, osteoblasts, osteoclasts, and osteocytes;
(ii) neural cells, such as central and spinal cord neurons, and
retinal ganglion cells; (iii) glial cells, including microglia,
astrocytes, Miiller cells, Schwan cells, and satellite cells;
and (iv) epithelial and endothelial cells [19-24]. Due to its
widespread distribution, P2X7R has also been implicated
in the development of several diseases., including diabetes
[25], Crohn’s disease [26], depression [27], chronic pain
[28], chronic neurodegenerative diseases [29], and various
cancers, including breast cancer, stomach cancer, and bone
metastasis [30]. P2X7R recently attracted the attention of
many researchers who focused on P2X7R concerning cancer
pain and found that the neurological P2X7R plays a vital
role in the development of cancer pain [9]. Under physi-
ological conditions, extracellular ATP levels are generally
in the low millimolar range, so P2X7R is not activated and
does not trigger a disease response. However, when the
body is exposed to noxious stimuli, large amounts of ATP
are released to activate P2X7R, causing changes in protein

conformation, which leads to alterations in downstream
cellular cascade signaling pathways, thereby promoting
neurotransmitter release, neuroimmune dysregulation, and
neuroinflammatory responses [31].

Correlation of P2X7R polymorphism with cancer
pain

The human P2RX7 gene is located on chromosome
12q24.31. P2RX7 gene has many single nucleotide poly-
morphism (SNP) loci that can alter the functional status of
P2X7R by affecting its membrane pore-forming ability or
IL-1p secretion [32]. Studies have revealed that P2ZRX7 gene
polymorphisms have been associated with various chronic
pains, including arthralgia, diabetic neuropathic pain, and
cancer pain [33]. Tao et al. compared the frequency of dif-
ferent alleles and the genotype distribution of selective SNPs
in patients with gout and hyperuricemia. Patients with sus-
ceptible genotypes such as rs1653624 exhibited significantly
higher IL-1p concentrations and prevalence than those car-
rying non-susceptible genotypes. The more sensitive the
genotype, the more susceptible they were to the disease
[34]. A recent study from the Xing laboratory investigated
the relationship between SNPs and susceptibility to post-
herpetic neuralgia (PHN) based on different genetic models
and found that rs7958311 (P2RX7) was significantly asso-
ciated with PHN [35]. Kambur et al. used a cold pressor
assay to assess the intensity and tolerance of postoperative
pain in breast cancer patients. They showed that pain inten-
sity was significantly lower in carriers of the pure-hybrid
minor allele (AA) than in other genotypes. The expression of
P2RX7 SNP rs7958311 is likely to regulate pain sensitivity
in humans [33].

P2X7R in rodents has an 80% homologous sequence to
human P2X7R, so studying P2X7R in rats or mice can help
researchers better understand the function of human P2X7R
[14]. Hansen et al. observed that P2X7R-deficient C57BL/6-
BALB/cj hybrid mice exhibited susceptibility to bone can-
cer pain (BCP). Still, later, this group in transgenic murine
spinal cord monitored a shear mutant of P2X7R, P2X7 (k),
which may compensate for the function of P2X7R [36].
One study used Lewis lung cancer (LLC) cells to induce
BCP in P2RX7 —/—mice on a C57BL/6 J background,
showing that P2RX7 —/— mice inoculated with LL.C cells
showed nociceptive sensitization compared to control mice.
Although no significant differences in nociceptive perfor-
mance were found between P2RX7 —/— and wild-type mice,
catwalk gait analysis parameter changes occurred earlier in
P2RX7 —/—mice than in wild-type mice, suggesting that
knocking out P2X7R may accelerate the progression of can-
cer pain [37].

The above studies suggest that the hypothesis of P2X7R
involvement in cancer pain development is inconsistent. It is
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speculated that this discrepancy is due to P2X7R polymor-
phism and related functional differences in different tissues
and conditions, which should be investigated further [36].

The role of tumor P2X7R in cancer pain

The relationship between tumor and sensory nerves is one
of the most important factors influencing cancer pain in
patients. Effective treatment of cancer pain can be achieved
by targeting specific neuroreceptors in the tumor tissue. For
example, in bone tissue, the release of Nerve growth factor
(NGF) from tumor and stromal cells promoted neuropathic
sprouting and neuroma formation. NGF-specific antibodies
significantly reduce pain associated with metastatic bone
cancer [38]. Besides, many studies have demonstrated that
P2X7R is overexpressed in cancer cells and associated
immune cells in a variety of malignancies, as well as that
the tumor microenvironment releases large amounts of ATP,
which has been shown to play an essential role in regulating
tumor cell growth, apoptosis, migration, and erosion by acti-
vating P2X7R in tumor tissues [39—41]. However, P2X7R
acts as a trigger for inflammatory cytokine release, but no
study has been reported on the association of P2X7R in the
tumor microenvironment with cancer pain. Our study used
Walker 256 breast cancer cells to create a rat BCP model.
X-rays revealed that Brilliant Blue G (BBG) could not ame-
liorate the tumor damage to the bone. In vitro experiments
did not detect any expression of P2X7R in Walker 256 breast
cancer cells. As a result, it is speculated that P2X7R expres-
sion and the therapeutic effect of BBG may be related to the
specificity of inoculated cells [42].

Currently, animal experiments used to study the mecha-
nism of cancer pain primarily use BCP models. However,
bone tissue detection is relatively difficult due to the com-
plexity of the bone microenvironment. We believe that
with the progress of bone tissue detection technology, the
research prospect for bone tumor microenvironment P2X7R
and pain will become very broad. Furthermore, given that
specific P2X7R antagonists effectively inhibit the growth
and migration of tumors such as breast [43] and colon [44]
cancers in various animal models and clinical trials, we
hypothesized that P2X7R is likely to be a promising phar-
macological target for treating cancer and cancer pain.

Involvement of spinal microglia expressed P2X7R
in cancer pain

Microglia are a macrophage-like cell population that resides
in the central nervous system (CNS) and play a crucial role
in maintaining tissue homeostasis [45]. Numerous studies
have revealed that P2X7R is predominantly expressed in
spinal cord segments on microglia in the dorsal horn of the
spinal cord and that P2X7R activation promotes the release
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of large amounts of inflammatory mediators from microglia
in response to adverse external stimuli, resulting in the main-
tenance of pain and central sensitization [46].

According to literature, P2X7R modulation of microglia
polarization toward M1 pro-inflammatory type has been
observed in chronic pain models such as neuropathic pain
and ischemia—reperfusion injury pain [47]. Administration
of P2X7R antagonists can inhibit microglia polarization to
the pro-inflammatory M1 type and promote their polariza-
tion to the anti-inflammatory M2 type, effectively relieving
pain [48]. Additionally, our experimental group used Walker
256 rat breast cancer cell line and discovered that P2X7R
was involved in the polarization of microglia in the dorsal
horn of the spinal cord in a rat breast cancer BCP model
for the first time. However, it is debatable whether P2X7R
is involved in the entire process of BCP development and
progression in the dorsal horn microglia of the spinal cord.
Although Yang et al. demonstrated that P2X7R is involved in
microglia activation in a rat model of breast cancer—induced
BCP, it is active during the maintenance phase of BCP,
not during the initial phase [10]. Falk et al. demonstrated
that intrathecal administration of P2X7R-specific inhibi-
tor A839977 significantly decreased pain in the initial and
maintenance phases of a BCP model in rats injected with
MRMT-1 breast cancer cells [49]. Our group used Walker
256 rat breast cancer cell line. It indicated that although
microglia were not activated until the 14th day after tumor
inoculation, the administration of P2X7R-specific inhibitor
BBG was effective in relieving BCP at the onset of pain,
implying that P2X7R is involved in the development and
progression of BCP [42]. Interestingly, microglia were not
significantly activated in the early stages of BCP. Micro-
glia activation and nociceptive sensitization are not entirely
synchronous, and the precise mechanism needs to be inves-
tigated in depth. Falk et al. demonstrated that administering
therapeutic doses of P2X7R antagonist A-839977 was inef-
fective at suppressing BCP and that high doses of A-839977
exacerbated the pain [49]. Despite this, many reports indi-
cate that microglia are not involved in BCP formation, such
as the study by Ducourneau et al., who created a rat model of
breast cancer BCP by injecting MRMT-1 cells and examined
the expression of microglia markers IBA-1 and OX-42 and
found no evidence of microglia activation [50].

The above results suggest that the role of P2X7R
expressed by microglia in the dorsal horn of the spinal cord
in a BCP model is influenced by the tumor cells used to
construct the BCP model species of experimental animals
and the research method. Therefore, the role of P2X7R in
the inoculation of different tumor cells and different species
of BCP models needs to be further investigated.
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Role of P2X7R in depression due to cancer pain

Cancer pain and depression have become two of the most
prevalent and burdensome challenges cancer patients face.
Numerous studies show that cancer pain and depression may
share the same signaling pathways and neurotransmitters
[51]. Long-term untreated cancer pain can result in severe
mental disorders, and this secondary mood disorder com-
plicates and aggravates pain treatment [52, 53]. As a result,
identifying typical receptors that connect the two is likely to
be an effective target for the future treatment of cancer pain
with depression-related disorders.

Recent epidemiological studies have established that the
human P2RX7 gene, located on chromosome 12q24.31, is
a susceptibility locus for affective disorders [54]. P2X7R is
strongly correlated with neuropsychiatric disorders such as
depression and plays an important role in central neuroin-
flammatory pathways [55]. Liu et al. confirmed that pain-
induced depressed rats had significantly higher hippocampal
P2X7R expression than controls [56]. Wang et al. further
demonstrated that hippocampal P2X7R is vital in develop-
ing nociceptive transmission and depressive behavior in rats
with diabetic neuropathic pain combined with depression
and reducing IL-1p production in hippocampal regions.
Administering inhibitors of P2X7R can effectively alleviate
pain and depressive behavior [57]. Recent research has dem-
onstrated that P2X7R/PRG-1/PP2A plays an important role
in regulating synaptic plasticity in the hippocampus of rats
with BCP in the development of cancer pain and depressive
behavior and that both P2X7R inhibitors and PRG-1 ago-
nists by injection into the hippocampal region can effectively
alleviate cancer pain and depressive-like behavior in rats
[56]. P2X7R was found to be upregulated in microglia in the
rostral ventromedial medulla (RVM) in a rat model of BCP,
and microscopic injection of BBG or P2X7R siRNA into
RVM reduced the expression of D-type serine and 5-hydrox-
ytryptamine, effectively relieving pain and depression-like
behavior [58]. In recent literature, it was reported that in
a rat model of tongue cancer pain, P2X7R was predomi-
nantly expressed in microglia in the caudal subnucleus of
the trigeminal spinal tract nucleus, and the administration
of P2X7R-specific antagonist BBG inhibited pannexin 1/
IL-1p and thus effectively relieved tongue cancer pain [59].

Thus, P2X7R is involved in the onset and development
of cancer pain and psychiatric disorders such as depression
via neuroimmune and neuroinflammatory mechanisms, and
P2X7R is likely to exacerbate cancer pain and depressive
comorbidities by activating the central downstream emme-
tropic system. Therefore, P2X7R appears to be a potentially
useful therapeutic target for cancer pain and secondary
depression.

Role of P2X7R in morphine analgesic tolerance
and nociceptive hyperalgesia

Opioids (e.g., morphine, fentanyl, and oxycodone) com-
monly treat moderate to severe cancer pain [60]. However,
as the duration of use prolongs, adverse effects such as
dependence, tolerance, and nociceptive hypersensitivity
may gradually manifest [61]. There is mounting evidence
that P2X7R is involved in developing morphine analgesic
tolerance and nociceptive hyperalgesia, which is mainly
associated with the fact that long-term high-dose morphine
application causes upregulation of P2X7R expression in
the spinal cord and hippocampus, and inhibiting P2X7R
expression inhibits the development of morphine analge-
sic tolerance [62]. Zhou et al. demonstrated that P2X7R
inhibitors or siRNA effectively reversed morphine toler-
ance by inhibiting the activation of spinal microglia [63].
The midbrain’s periaqueductal gray matter (PAG) is a
critical component of the brain’s endogenous analgesic
system. The analgesic effect of morphine can be attenuated
by injecting oligonucleotides of P2X7R into PAG, whereas
injecting 2' (3')-O-(4-benzoylbenzoyl) ATP (BzATP) into
PAG exacerbates morphine tolerance development [64].
Chen et al. proposed for the first time that ATP is involved
in the onset and development of morphine analgesic toler-
ance by activating P2X7R-containing microglia to release
IL-18 thereby initiating a downstream cascade response.
D-serine, an endogenous ligand for the NMDAR glycine
site, is generally released by microglia and astrocytes and
is closely associated with synapse formation and neu-
ronal development. This experiment also demonstrated
that D-amino acid oxygenase (DAAQO) attenuated mor-
phine tolerance [65]. Similar to the spinal cord, D-serine
content and the serine racemase protein expression level
were significantly upregulated in the ventrolateral region
of the midbrain periaqueductal gray matter in morphine-
tolerant rats. The activation of P2X7R is an important
prerequisite for D-serine release [65], and the injection of
D-amino acid oxidase or antisense oligonucleotides target-
ing P2X7R in the ventral lateral region of the gray mat-
ter surrounding the midbrain conduction can significantly
alleviate the progression of morphine tolerance [66].

Thus, P2X7R is critical in promoting morphine tolerance
in animal cancer pain models. The specific mechanism by
which P2X7R contributes to this process has research signif-
icance and clinical application value, as cancer pain requires
long-term high-dose morphine application for all pain
types and warrants in-depth study [67]. The recent study of
P2X7R and opioid tolerance is limited to morphine. Still,
as opioids continue to evolve, other opioids are commonly
used in treating moderate to severe cancer pain. Whether the
formation and development of tolerance to these opioids are
related to P2X7R remains unknown.
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P2X7R antagonists in the treatment of cancer pain

P2X7R has been the most popular subtype of the P2X fam-
ily, and P2X7R antagonists are increasingly being used to
treat various pain types (Table 1) [68]. Numerous studies
have indicated that P2X7 knockout mice effectively resist
inflammatory and neuropathic pain, implying that P2X7R
may be an important target for pain treatment [36]. P2X7R
ligand research advances have recently identified several dif-
ferent types of P2X7R antagonists, which are divided into
the following six major groups; BBG, a polysulfone acid
dye, is a potent noncompetitive inhibitor of rat and human
P2X7R. It can alleviate bone cancer pain mainly by inhibit-
ing glial cell activation and inflammatory response. In addi-
tion, BBG can also relieve pain-related depressive behaviors
[69]. The second group is some natural products and derived
complexes [70]. It has been demonstrated that 1 and 10 uM
emodin reduced ATP-induced increase of intracellular Ca®*
concentration by 35% and 60%, respectively, thereby inhib-
iting P2X7R function [71, 72]. Specifically, ROS, NO, and
IL-1p will all be reduced by colchicine. The third group is
a newly synthesized molecule with various structural and
chemical conformation types, including A438079, A740003,
A804598, AZ10606120, AZ11645373, and KN-62. Some
of these antagonists may relieve not only cancer pain, but
other types of neuropathic pain as well as pain-related mood
disorders. As for their mechanisms in treating cancer pain,
one can find that these antagonists mainly work by regulat-
ing the inflammatory response and ion transport. Among
them, A438079, A804598, and AZ1164537 can inhibit
microglia function and inflammatory response in the pro-
cess of reliving cancer pain [73-75] while A740003 and
AZ10606120 can alleviate cancer pain by reducing calcium
influx [76, 77]. Additionally, KN-62 can not only inhibit
ATP-dependent Ca’* influx and ethidium bromide uptake,
but also reduce the secretion of IL-1p.

Progress and prospect

P2X7R is another potential therapeutic target worth explor-
ing for cancer and pain. P2X7R is important in chronic
pain because it promotes cancer pain and plays a regula-
tory role in tumor development. Despite the controversy
surrounding P2X7R, many studies support the important
role of P2X7R in cancer pain and demonstrate significant
potential in pharmacological studies. Based on our review
and summary of the literature, we assume that P2X7R is
involved in the development and progression of cancer pain
at the peripheral and central nervous system levels and in
the development and maintenance of psychiatric disorders
such as depression via neuroimmune and neuroinflammatory
mechanisms. Cancer pain is most prone to opioid tolerance,

so the role of P2X7R in nociceptive sensitization for cancer
pain treatment is critical. An in-depth investigation of the
mechanism of action of P2X7R can help reveal the patho-
genesis of cancer pain and affective depressive disorder in
tumor patients, with far-reaching implications for identifying
novel therapeutic targets.
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