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Role of TRPM2 in brain tumours and potential as a
drug target
Delphine Ji1,2, Zheng-wei Luo1,2, Andrea Ovcjak2, Rahmah Alanazi1,2, Mei-Hua Bao3, Zhong-Ping Feng2 and Hong-Shuo Sun1,2,4,5

Ion channels are ubiquitously expressed in almost all living cells, and are the third-largest category of drug targets, following
enzymes and receptors. The transient receptor potential melastatin (TRPM) subfamily of ion channels are important to cell function
and survival. Studies have shown upregulation of the TRPM family of ion channels in various brain tumours. Gliomas are the most
prevalent form of primary malignant brain tumours with no effective treatment; thus, drug development is eagerly needed. TRPM2
is an essential ion channel for cell function and has important roles in oxidative stress and inflammation. In response to oxidative
stress, ADP-ribose (ADPR) is produced, and in turn activates TRPM2 by binding to the NUDT9-H domain on the C-terminal. TRPM2
has been implicated in various cancers and is significantly upregulated in brain tumours. This article reviews the current
understanding of TRPM2 in the context of brain tumours and overviews the effects of potential drug therapies targeting TRPM2
including hydrogen peroxide (H2O2), curcumin, docetaxel and selenium, paclitaxel and resveratrol, and botulinum toxin. It is long
withstanding knowledge that gliomas are difficult to treat effectively, therefore investigating TRPM2 as a potential therapeutic
target for brain tumours may be of considerable interest in the fields of ion channels and pharmacology.
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INTRODUCTION
Ion channels are eminent therapeutic targets in the treatment of
various pathophysiological conditions and currently represent the
third-largest targets for drug research [1], following enzymes and
receptors. Pharmacological research has shown that these
proteins modulate a dynamic range of physiological processes
and the dysfunction of which results in various pathologies [2].
Drugs have widespread potential as they can regulate ion
channels in their ability to open or block the channels, act as
receptor agonists or antagonists, or modify enzyme activities [3].
Ion channels have established their extensive capabilities in
regulating cellular functions and processes and have gained
potential therapeutic relevance in various pathological conditions.
Primary brain tumours are a heterogeneous group of tumori-

genic cells within the central nervous system (CNS), and can be
malignant or benign [4]. There are histologically over 100 distinct
types of primary CNS tumours. Further classification is based on
the cell type, location, and degree of malignancy [5]. Despite
developments in research and medicine, interventions remain
challenging [6]. The most common primary brain tumour is
glioma, derived from glial cells and includes astrocytoma,
ependymomas, oligodendrogliomas, and glioblastoma [7]. WHO
classification of gliomas is categorized into four grades,
each increasing in malignancy. Grades I–II represent low-grade
and Grades III–IV represent high-grade gliomas. In adults
diagnosed with glioblastoma, grade IV type by WHO classification,
and one of the most aggressive forms of cancer, only 18% will

survive 2 years after the initial diagnosis [8, 9]. As mentioned, the
difficulty in the treatment of primary brain tumours is due to the
development of resistance to current therapies such as chemor-
adiation and chemotherapy. Targeting ion channels in drug
development may aid in enhancing therapeutic outcomes.
TRPM2 (transient receptor potential melastatin), the second

member of the TRPM subfamily of channels is essential to cell
survival and proliferation [10]. It is permeable to Ca2+, Na+, and K+

and is especially important to the cellular response to oxidative
stress. This article will review the many roles of TRPM2 and discuss
its importance and therapeutic potential as a drug target in brain
tumour pathologies.

TRP family
While most major ion channel families had been identified by the
late 20th century, there were clusters of sensory transduction
channels, calcium-activated non-selective cation channels, and
second messenger channels that had yet to be molecularly
identified. With such diversity in channel properties, mechanisms
of action, and regulatory function, it is quite remarkable that one
major family encompasses most of said ion channels. This major
ion channel family is the transient receptor potential (TRP), a
polymodal superfamily of non-selective cation channels involved
in widespread physiological and pathological functions [11].
Initially described in the trp-mutant fruit fly due to its transient

potential to light [12], the Drosophila TRP protein was the first in the
TRP superfamily to be sequenced [13]. Since the initial discovery, a
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multitude of TRP channel subfamilies within the TRP superfamily
have been recognized: TRPC (canonical), TRPV (vanilloid), TRPM
(melastatin), TRPA (ankyrin), TRPML (mucolipin), and TRPP (poly-
cystic). All TRP proteins share a characteristic of six transmembrane
segments (S1–S6) with a pore loop between S5 and S6 [14]. The N-
and C-termini domains in the cytosol contain different functional
and structural elements varying between each TRP subfamily. In the
TRPC family, there are seven members, unique in structure with
ankyrin repeat domains and a coiled-coil domain on the N-terminus.
The C-terminal domain contains a TRP motif and a calmodulin/
inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) receptor-binding domain
[15]. In literature, TRPC channels have been implicated in PLC
pathways, and internal Ca2+ store regulation [16]. In glioblastoma
patients, gene expression of TRPC6, and TRPC1 were found to be
upregulated [17], with both contributing to increased migration and
invasion in the progression of gliomas [18].
TRPV, family to six channels and originally sourced from

capsaicin, also has N-terminal ankyrin repeat domains and a TRP
motif, but differs at its pore, where there are two gate regions,
unique to TRPV1, TRPV2, TRPV6, TRPA1, and TRPP2 [19]. It is widely
expressed in sensory nerves, smooth muscle, and vascular
endothelial cells. TRPV channels are found to have an important
role in the digestive, respiratory, and cardiovascular systems [20],
as well as pain perception, temperature sensation, and calcium
homoeostasis [21]. Further, TRPV1 and TRPV2 have been found to
be significantly upregulated in glioblastoma patients exhibiting a
79- and 31.5-fold change, respectively [17]. The inhibition of both
channels resulted in a corresponding decrease in proliferation and
oncogenic activity in glioblastoma [22, 23].
TRPA, which has only one member, TRPA1, contains 14–17

ankyrin repeats on the N-terminal domain, and no TRP motif on its
C-terminal domain [15]. TRPA1 is found on epithelial cells, mast
cells, and fibroblasts [24].
TRPML, consisting of three members, is unique in its lack of

ankyrin repeats and TRP motif, with only an endoplasmic
reticulum (ER) retention domain on its C-terminus [15]. The TRPML
subfamily is found in the adrenal gland, bladder, placenta, lung,
various immune cells, cochlear sensory cells, and melanocytes
[25]. Accordingly, TRPML plays a critical role in the lysosome
systems, but also in immune and inflammatory responses [25].
Finally, the TRPP subfamily has five members, and like TRPML,

has an ER retention domain, and no ankyrin repeats nor a TRP
motif. TRPP channels are ubiquitously expressed in vertebrates
and are best known for the association of TRPP2 and autosomal
dominant polycystic kidney disease [26]. However, other functions
of the TRPP channels include signalling in primary cilia and tube
morphogenesis [27].
Beyond the discussion of TRPM2 presented in this review, there

are several other subfamilies of TRP channels that are relevant in
the discussion of brain tumours. In literature, many other TRP
channels have been employed as therapeutic targets for various
pathological conditions and are of great relevance in the context
of drug development [28].

TRPM subfamily
The TRPM (melastatin) subfamily of proteins is the most wide-
spread, diverse, and largest group in the TRP family. There are
eight members, TRPM1-8, and the majority (TRPM1-3, TRPM6-8)
are Ca2+ permeable, with all members playing a critical role in the
regulation of apoptosis, magnesium homoeostasis, vascular tone,
and more [29]. Structurally, in comparison to the other TRP
proteins, TRPM channels are the largest, spanning between 732 to
1611 amino acids in length [29]. Characteristic to most members
of the TRPM subfamily are four TRPM homology region (MHR)
domains on the N-terminus, six transmembrane domains, a TRP
domain, and a coiled-coil domain on the C-terminus.
TRPM1, the founding member of the TRPM subfamily is found

on the retinal ON-bipolar cells, and in melanocytes of the skin. It

has been implicated in melanoma [30], and is regulated by the
mGluR6 cascade and Gβ3 [31]. Physiological functions include the
development of ON rod bipolar dendrites, melanocytogenesis,
and pigmentation.
TRPM3 is primarily found in beta cells of the pancreas, the

kidney, and is used for nociception. Its structure remains highly
conserved to other members of the TRPM subfamily, however,
there are different isoforms of TRPM3 that can alter the channel
permeability to Ca2+ [32, 33].
TRPM4 and TRPM5 both exhibit similar structures to other TRPM

channels and are activated by intracellular Ca2+ but differ in their
heightened sensitivity to Ca2+ [34]. Both TRPM4 and TRPM5 are
voltage-gated and regulated by PLC and PI(4,5)P2 [35]. Strong
evidence suggests that the channel plays a role in cytokine
secretion in T lymphocytes and in cerebral arterial myogenic
constriction [36].
Unique to TRPM6 and TRPM7 lies a serine/threonine kinase

domain, functionally allowing the channels to act as “chanzymes,”
due to their dual function as both a channel and an enzyme [37].
TRPM7 is ubiquitously expressed all over the body, and is highly
implicated in numerous CNS pathologies [38]. Both TRPM6 and
TRPM7 are preferentially permeable to Zn2+, Mg2+, and Ca2+, but
are perhaps most essential in their maintenance of physiological
Mg2+ homoeostasis [39].
Finally, TRPM8 is primarily expressed in sensory neurons and in

the prostate, serving a role in the regulation of Ca2+ homoeostasis,
apoptosis, thermosensation, inflammation, and pain. Various
disorders such as irritable bowel syndrome, migraines, cancer,
and chronic cough have been linked with TRPM8 in their
pathologies [40]. TRPM2, 3, 7, and 8 have all been found to be
upregulated in patients with glioblastoma. TRPM8 had an 1850-
fold increase in gene expression in patients with glioblastoma and
has thus been heavily studied in the literature in the context of
brain tumours [17]. TRPM2 gene expression increased 57.5-fold,
while TRPM7 showed a 17.5-fold increase [17]. However, while
TRPM7 has recently gained traction as a potential therapeutic
target for brain tumours [41–44], the literature surrounding TRPM2
in the same context remains limited. As reviewed here, the TRPM
family holds great significance and has gained recent recognition
as promising therapeutic targets due to their extensive involve-
ment in physiological function and pathologies.

TRPM2 channel
The second member of the TRPM subfamily to be cloned, TRPM2
(Fig. 1), is a non-selective cation channel permeable to Na+, K+,
and Ca2+. First described by Nagamine et al. [45], it has been
previously known as TRPC7 and LTRPC and is widely distributed in
the CNS. It is highly expressed in neurons, dendritic cells [46],
astrocytes, and microglia [45, 47–49], as well as immune cells
including macrophages [50], neutrophils [51], lymphocytes [52],
and monocytes [53]. TRPM2 has also been detected in peripheral
tissues such as the liver, pancreas, heart, and lung [49]. This
widespread expression reflects the broad involvement of TRPM2
in a multitude of physiological processes and pathologies.
Furthermore, its defining characteristic lies in its NUDT9-H domain
[48]. TRPM6 and TRPM7, as mentioned earlier, and in addition,
TRPM2, are the only TRP channels that contain an enzyme domain
in the C-terminus. The NUDT9-H domain in TRPM2 holds a similar
homology to human nucleoside diphosphate linked moiety X type
(Nudix) hydrolase motif 9 (NUDT9). ADPR, a substrate of NUDT9, is
also an agonist for TRPM2, which suggests that the channel has a
critical role in the modulation of oxidative stress [54].
The human TRPM2 gene is situated on chromosome 21q22.3,

consisting of 32 exons, spanning 90 kb. There are multiple
alternative splicing isoforms of TRPM2 expressed in specific
regions within the body [55]. Structurally, like the other members
of the TRPM subfamily, TRPM2 shares the characteristic homology
of an N-terminal region (MHR1-4) [48], a coiled-coil domain, and a
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TRP motif on the C-terminus. The TRPM2 channel protein also
includes six transmembrane domains (S1–S6), with the pore loop
located between domains S5 and S6, and an ion channel located
at residues 762–1048, out of a total of 1503 [56]. The Glu-960, Gln-
981, Asp-987, and Glu-1022, contribute to the channel’s divalent
cation permeable properties, with the first three residues
especially critical to Ca2+ permeability [57]. The regulation of
Ca2+ in TRPM2 is also based in the calmodulin (CaM) binding IQ-
like motif found in the 700 amino acid length N-terminus [56].
Conserved among the members of the TRPM subfamily are the
Cys-996 and Cys-1008 residues, which are located around the pore
region of TRPM2. Findings from site-directed mutagenesis have
revealed the necessity of these cysteine residues in channel
activation by ADPR, and thus, proper channel functioning [58].

TRPM2 MODULATION AND SIGNALLING
TRPM2 signalling (Fig. 2) under oxidative stress primarily centres
around poly (ADP-ribose) polymerase (PARP), especially PARP1.
Activation of PARP/poly (ADP-ribose) glycohydrolase (PARG) path-
ways in response to ROS leads to the production of NAD+

metabolite, ADPR. Accumulated ADPR move freely in the cytosol
and act on TRPM2’s NUDT9-H domain, triggering Ca2+ influx into
the cell. Specifically, the NUDT9-H domain senses ADPR and upon
binding, rotates 27° with the MHR1/2 domains priming the channel
to open. TRPM2 then undergoes a 15° rotation in the cytosolic
domains, causing the TRP motif to tilt, and twisting open the S6
gating domain to result in channel opening [59]. While primarily
regulated by ADPR, some researchers suggest that NUDT9-H may be
activated by ROS independently of ADPR [60, 61], although the
pathways are not postulated to be mutually exclusive. Finally,
TRPM2 currents are also regulated by intracellular Ca2+ which is
dependent on the CaM-binding IQ-like motif [62].

Activation
Due to the broad distribution profile and varied physiological roles
of TRPM2, there are several external stimuli involved in its activation.
Some controversy is presented in the literature regarding the
activation of TRPM2, especially regarding nucleotide activation [63].
Generally, ADPR is considered the TRPM2 agonist with the highest
affinity (EC50 of 10–80 μM) [48]. Other external activators include

tumour necrosis factor-α (TNFα) [64], ROS [65], Zn2+ [66],
concanavalin A [67], amyloid β peptide [68], paclitaxel and
resveratrol [69], docetaxel and selenium [70], and hydrogen
peroxide (H2O2) [71]. However, most of these act through ADPR as
their mechanism of activation. Other more controversial activators
presented in the literature include, cyclic ADPR (cADPR) [63],
nicotinic acid adenine dinucleotide (NAAD), NAAD-phosphate
(NAADP) [72], and nicotinamide-adenine dinucleotide (NAD) [61].
As some of these activators function at a much lower affinity, their
direct role in TRPM2 activation has been disputed. Finally, other
factors of activation depend on intracellular Ca2+ to sensitize TRPM2
to ADPR through the interaction with CaM, and are also able to gate
TRPM2 without ADPR [62] in its spliced isoforms [73].

Inhibition
In a similar fashion, there are a plethora of agents that inhibit and
target TRPM2. Predominant inhibitors that have been discussed in
the literature include: N-(p-amylcinnamoyl) anthranilic acid (ACA),
clotrimazole, econazole, flufenamic acid (FFA), compounds 7i and
8a, scalaradial, 2-aminoethoxydiphenyl borate (2-APB), AG490/555/
556, curcumin, tat-M2NX, low extracellular pH and glutathione
(GSH). KO mice models of depleted TRPM2 are viable, but exhibit
significant changes in oxidative stress signalling [55]. ACA has
previously been used in the context of phospholipase A2 (PLA2),
but has been found to completely block the ADPR- and H2O2-
induced TRPM2 currents (IC50= 1.7 μM) in HEK293 cells [74].
Similarly, 2-aminoethoxydiphenyl borate (2-APB) induced rapid
and reversible inhibition of the channel and could be modulated by
heat [75]. AG490/555/556 were found by Shimizu et al., to inhibit
the H2O2-induced TRPM2 Ca2+ entry, which was later confirmed by
Li et al. using AG490 in mouse models in vivo [76, 77]. Closely
related compounds, like AG555 and 556, were also shown to inhibit
TRPM2 [76–78]. Clotrimazole and econazole are both antifungal
agents that inhibit TRPM2 channels in concentrations ranging from
3 to 30 μM, with the latter completely inhibiting the ADPR-activated
currents in HEK293 cells [79]. FFA is a non-steroid anti-inflammatory
agent, found to inhibit TRPM2 currents at 50 to 1000 μM, and was
shown to be influenced by the surrounding pH [80]. Furthermore,
a low extracellular and intracellular pH was found to inhibit
TRPM2 at an IC50 of pHo= 5.3, and IC50 of pHi= 6.7, respectively
[81]. Antioxidants like glutathione and curcumin were also
demonstrated to inhibit TRPM2 and regulate the oxidative stress
within a cell [82]. Recently, Luo et al. were able to synthesize two
new analogues to inhibit TRPM2 selectively: compounds 7i and 8a
with an IC50 of 5.7 and 5.4 μM, respectively. The compounds are
specific to TRPM2, selectively inhibiting TRPM2 over close
homologues like TRPV1, TRPV3, TRPM7, and TRPM8 [83]. Scalaradial,
a scalarane sesterterpenoid extracted from Cacospongia mollior, has
an anti-inflammatory profile and was also found to inhibit TRPM2
Ca2+ influx [84]. Most recently, tat-M2NX had been discovered to
inhibit 90% of TRPM2 currents at 2 μM, acting through interactions
with the NUDT9-H domain. Although still in its early stages of
characterization, tat-M2NX has been proven to be an incredibly
potent TRPM2 antagonist, with great potential as a novel
instrument to study TRPM2 mechanisms within the cell, and an
opportunity to be utilized in numerous pathologies [85].

TRPM2 IN CNS DISEASES
TRPM2 is primarily localized and expressed in the peripheral
immune system where it is critical to the activation and
recruitment involved in the inflammatory response. Previous
experiments have indicated differing levels of cytokines, IFNγ and
IL-12, and a compromised immune system in TRPM2 KO mice [86].
Further, as TRPM2 has essential functions in mediating oxidative
stress within a cell, it has been found to be highly expressed in
various cancers all over the body, including melanoma, leukaemia,
breast, prostate, and pancreatic cancers [87]. Within the CNS,

Fig. 1 Structure of TRPM2, a non-selective Ca2+ permeable cation
channel. The structure includes 4 N-terminal MHR domains, six
transmembrane helices labelled S1–S6, a TRP domain, a C-
terminal coiled-coil domain, and a ~270 residue NUDT9-H domain
on the C-terminus which interacts with ADP-ribose (ADPR).
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TRPM2 mRNA is amongst the most expressed out of all the TRP
channels [49]. As a result, a rising amount of evidence supports
the importance of TRPM2 in the physiology and pathology of the
CNS [88]. TRPM2 is expressed in various regions of the CNS,
including the spinal cord, cortex, striatum, hippocampus, and
substantia nigra [88, 89].
Stroke is an extremely complex condition wherein ischemia and/

or hypoxia triggers the activation of various excitotoxic cascades,
causing lasting and varying levels of impairment in patients [90].
Repair and recovery from periods of ischemia and hypoxia are
heavily dependent on the regulation of inflammatory cascades and
apoptosis [91]. Given the postulated role of TRPM2 in these two
processes, along with Ca2+ and Zn2+ regulation, and oxidative
stress, TRPM2 represents a potential drug target in the treatment of
stroke. Accordingly, various inhibitors of TRPM2, such as ACA, have
been shown to promote protective effects against ischemia [92].
Neuronal excitotoxicity in neurodegenerative diseases has also

classically been studied using models focused on the glutamate N-
methyl-D-aspartate receptors (NMDARs), to very little avail. The
search for therapeutic targets has since moved to focus on
mediating the downstream effects of NMDAR activation [93] as
well as Ca2+ signalling, relevant to TRPM2 channels. Dysregulation of
Ca2+ homoeostasis contributes to AD, PD, and Huntington’s disease
(HD) [94], as well as the physiological process of aging [95]. With age,
GSH [96], a TRPM2 inhibitor, decreases and in turn, increases [Ca2+]i
and oxidative stress, causing the internal environment of the cell to
become toxic [97, 98]. Inflammation has also been implicated in the
development and severity of AD [99], PD [100], and HD [101]. As

TRPM2 is expressed in astrocytes and microglia, responds to
oxidative stress, and activates downstream cascades such as JNK,
NF-κB, and p38 MAPK, it has been suggested to play a role in the
progression of these neurodegenerative pathologies [102].

TRPM2 IN BRAIN TUMOURS
Existing literature has shown that TRPM2 is found to be
upregulated in gliomas [17, 103]. Experiments measuring TRP
gene expression levels with qRT-PCR, showed a significant
increase in TRPM2 gene expression, especially in older patients
with higher-grade gliomas (Grades III-IV) [17]. In U251 and U87 cell
lines, models of human primary glioblastoma, the overexpression
of TRPM2-AS is met with increased proliferation, invasion, and
migration, hallmark characteristics of cancer malignancy [103]. The
same characteristics were suppressed when TRPM2-AS was
downregulated using siRNA [103]. Further, TRPM2-AS expression
directly corresponded with levels of regulator of G protein
signaling 4, a tumour promoter [103]. Another experiment
studying the gene expression levels of the TRP ion channel
proteins in GBM patients found that TRPM2 gene expression was
significantly higher, showing a 57.5-fold change compared to
controls [17]. Together, both studies establish TRPM2 as, not only a
significant contributor to the hallmark characteristics seen in
cancer cells, but also a significantly upregulated ion channel in
glioma patients [17]. With TRPM2’s role in ROS regulation,
antioxidants, oxidants, and various chemotherapeutic agents have
been investigated as potential therapies. The following sections

Fig. 2 Schematic diagram of the TRPM2 apoptotic pathway under conditions of oxidative stress. a Increased reactive oxygen species due
to tumour necrosis factor-α (TNF-α), induces caspase 8-dependent mitochondrial ROS generation. b ROS generation in the mitochondria
induces poly (ADPR) polymerase-1 (PARP1) activation, ADPR production, and Ca2+ entry across the plasma membrane through the TRPM2
channel. In a similar fashion, H2O2 and oxidative stress result in the activation of PARP1, which in turn produces ADPR. ADP-ribose binds to the
NUDT9-H domain allowing for Ca2+ entry across the plasma membrane, which overactivates the caspase 3 and 9 cascades and
ultimately triggers apoptosis.
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review various pharmacological agents and their interactions
through TRPM2 in the context of brain tumours.

Hydrogen peroxide and ROS
Various studies have begun the process of exploiting the
characteristics and mechanisms of TRPM2 as a potential ther-
apeutic target for brain tumours. It had been previously
established that H2O2 induces a robust increase in Ca2+ influx
via the TRPM2 channel of microglia [47]. In addition, activation of
TRPM2 via ROS eventually causes the cell to progress to necrotic
cell death. Early experiments used this characteristic of TRPM2 to
selectively induce cell death with the insertion of TRPM2 in A172
human GBM cells [47, 71]. Ishii et al. found that TRPM2 transfected
cells treated with 0.1–5mM H2O2, could enhance cell death [71].
This was accomplished by creating a plasmid construct with
human TRPM2 cDNA mixed into the solution where the A172 cells
were electroporated. Transfection of the TRPM2 plasmid construct
into the A172 cells was confirmed through RT-PCR, while cell
death was assessed through a Trypan blue exclusion assay. The
results showed that cell death was mediated by the TRPM2
channels that had been transfected into A172 cells, while cell
proliferation, invasion, and migration were surprisingly unaffected.
This experiment confirmed that TRPM2 was activated by ROS and
that inducing cell death with H2O2 may provide an alternative
treatment method without exacerbating the malignancy in GBM
cells. H2O2 is a model system for experimental oxidative stress,
and was confirmed as an activator for TRPM2 in this experiment.
These experiments collectively provided evidence that the evoked
Ca2+ overload was derived from TRPM2 activation [60]. Thus,
targeting TRPM2 activation in order to mediate cell death in
pathological cells is a promising therapeutic direction for cancer
that other labs have since begun to explore.

Curcumin
Turmeric is a household common spice that had been
traditionally used for its medicinal properties. The natural
polyphenol sourced from turmeric and where it derives its
medicinal capabilities is curcumin (1,7-bis(4-hydroxy-3-methox-
yphenyl)-1,6-heptadiene-3,5-dione). Curcumin has been more
recently investigated in its use as an anti-inflammatory [104],
antioxidant [105], and chemoprotective agent [106]. Curcumin is
sourced from rhizomes of Curcuma longa L. (turmeric) and similar
species [107]. Previously, curcumin has demonstrated protective
properties in various neurodegenerative diseases, and neuropsy-
chiatric disorders [108]. Tumour suppressive effects of curcumin
had previously been identified to show oncoprotection on A1207
human glioma cells [109]. The mechanism of which was shown to
be through the NEDD4 E3 ubiquitin ligase [109], transcriptional
activation of which is modulated through ROS [110]. While it had
been established that the TRPM2 channel was independently
activated by oxidative stress, leading to cell death, less literature
had studied if an antioxidant could regulate or inhibit TRPM2
activity. However, curcumin’s ability to modulate ion channels
and transporters has been established [111], with literature
demonstrating the effects of curcumin and its analogues on other
TRP proteins, including activation of TRPA1, and inhibition
of TRPM8 [112] and TRPV1 [113]. Öz and Çelik tested the effects
of curcumin on neuroblastoma cell lines, measuring TRPM2
inhibition/activation with electrophysiology, as well as the effects
on PARP1, caspase 3, and 9 levels via Western blotting [114].
Neuroblastoma cells were transfected to overexpress TRPM2
[114, 115]. Experimental groups were separated into controls and
those incubated in media containing concentrations of curcumin.
Since curcumin had previously been known to have antioxidant
effects, action through the TRPM2 channel was confirmed
through whole-cell recordings, and compared to a known TRPM2
antagonist ACA [74]. Experimenters were able to show that
curcumin inhibited the TRPM2 currents; when triggered by H2O2,

TRPM2 current density was significantly reduced in the curcumin-
incubated TRPM2-transfected groups and further, curcumin was
found to attenuate the H2O2-induced currents more than ACA
(Fig. 3). By extension, intracellular free calcium concentrations
were also significantly reduced by curcumin treatment. In various
assays, the curcumin-incubated TRPM2-transfected group also
showed reduced levels of procaspase 9 and 3, as well as reduced
ROS production and mitochondrial membrane potential (MtMP)
levels compared to the curcumin-free TRPM2-transfected groups.
Previous literature regarding curcumin in rat hepatocytes showed
that ADPR-induced TRPM2 cationic currents were inhibited by
curcumin [116], which suggests that ADPR is implicated in this
pathway as well. In the end, it was concluded that curcumin was
able to partially rescue the severity of ROS and oxidative stress
through inhibition of the TRPM2 channel.
Most recently, curcumin was used in combination with

cisplatin, a chemotherapeutic agent well established in the
literature and used in a variety of cancer treatments. Cisplatin is a
taxane that had previously been used to treat neuron metastasis,
breast, and prostate cancers [117]. The combination of curcumin
and cisplatin showed that curcumin enhanced cisplatin-induced
cancer cell death via TRPM2 in human laryngeal squamous cancer
(HEP2) cells [118]. Curcumin could enhance the effects of cisplatin
even in drug-resistant conditions, thus proving a worthy
combination drug therapy for brain tumours as well. In SH-SY5Y
cells, pairing the compounds prevented one of the most common
side effects of cisplatin, severe visual loss [119]. TRPM2 was
confirmed in experiments measuring the fluorescence intensity of
Ca2+, where the intensity was significantly lower in the cisplatin
and curcumin group compared to an increase in Ca2+ fluores-
cence intensity in the cisplatin-only group. Vision loss occurred
through the excessive production of ROS, implicating the
activation of TRPM2. However, experimenters found that curcu-
min was able to help reduce the detrimental effects of cisplatin
on the optic nerve via prevention of oxidative stress-induced cell
death [120]. The combination was proved to be beneficial in
reducing the potential negative side effects of chemotherapeutic
agents. Similar dysregulation of redox status is highly character-
istic of brain tumours like GBM. Redox therapeutics have been
proposed to reduce oxidative stress and to prevent further
damage and mutation to genomic and mitochondrial DNA,
eventually leading to gliomagenesis [121]. Therapeutic agents
that are able to control the redox status would be a favourable
treatment.

Docetaxel and selenium
While maintenance of redox status would stand to be
advantageous in some scenarios, there is a delicate balance
between oxidants and antioxidants in brain tumours. In the
context of cancer, where activation of TRPM2 can increase
oxidative stress, inhibition of TRPM2 to rescue the redox status,
as exemplified with curcumin, may also be applicable. While it
may be important to have antioxidants in the case of prevention
and treatment of healthy cells, drug treatments that increase
ROS may be advantageous in inducing cell death in pathological
cells [122]. Antioxidants and oxidants may act as inhibitors or
inducers of tumorigenesis, respectively. Since TRPM2 has a
critical role in ROS status management, both antioxidants and
oxidants have been investigated as potential therapeutic
treatments in the context of brain cancer. Docetaxel, a
semisynthetic taxane, is a well-established anti-cancer agent
within the literature that is most often used to promote
apoptosis and cell cycle arrest by binding to β-tubulin and
promoting aggregation of intracellular microtubules [123].
Docetaxel and other taxanes are often combined and used as
chemotherapeutic agents, like in the example of curcumin
and cisplatin. One commonly paired with docetaxel is selenium,
an essential micronutrient, and has anticarcinogenic and
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chemoprotective properties. Selenium has been found to have
an inverse relationship with cancer mortality in women with
breast cancer [124]. Similarly, it had been previously found that
there were lower than average levels of selenium in brain
tumour patients [125]. Further, it was found that selenium could
reduce the growth and viability of human GBM cells in vitro
[126]. The combination of selenium and docetaxel has been
used to treat human breast cancer cell lines where it was
reported to inhibit proliferation and induce apoptosis in vitro
[127]. While docetaxel alone has been used to treat prostate
cancer and GBM, it occasionally can have adverse side effects
such as neurotoxicity and nephrotoxicity. Since taxanes are
lipophilic compounds, adipose tissue is much more sensitive
[128]. Selenium and its co-factor glutathione peroxidase as an
antioxidant supplement, have previously been used to attenuate
the hypothesized mechanism of toxicity, excessive mitochon-
drial ROS [129]. The combination of selenium and docetaxel had
previously been investigated in the TRPV1 channel and its role in
mediating neuropathic pain. Like TRPM2, TRPV1 is also activated
by ROS [130] and is upregulated in brain tumour patients. In
addition, it had also been implicated in the pathway of cisplatin-
induced neuropathic pain [131]. Experiments using both
selenium and docetaxel, found that selenium acted through
TRPV1 to attenuate the docetaxel-induced damage to neurons.
Ertilav et al. were able to investigate the mechanisms of

selenium and docetaxel in the context of human GBM cells [70].
Docetaxel had previously been tested and shown to regulate
other members of the TRP family of proteins in the context of
neuropathic pain [132]. TRPM2 is likely involved in proliferation,
as it is critical to Ca2+ regulation. In a similar fashion to that in

the curcumin cancer study, it had yet to be investigated if
selenium could potentially attenuate the adverse neurotoxic
effects of docetaxel and thus provide a more efficient
chemotherapeutic treatment (Fig. 4). Ertilav et al. split the study
groups into separate selenium and docetaxel concentrations, a
control, and one with a combination of both docetaxel and
selenium. Experimenters measured various characteristics such
as viability, cell number, apoptosis via phosphatidylserine
residue detection, ROS, MtMP (JC1), PARP activity, and TRPM2
activation. Cell numbers and viability decreased in the docetaxel
and selenium combined treatment groups, whereas apoptotic
indicators showed the inverse tendency, presenting significantly
higher levels in the combination group. To confirm the
mechanism of action was through TRPM2, experimenters
measured the fluorescence intensity of Ca2+. Intracellular Ca2+

fluorescence intensity was increased by selenium and docetaxel
following TRPM2 activation. TRPM2 activation increased ROS,
mitochondrial depolarization, and PARP activity compared to
the ACA treatment. Further, the side effects of docetaxel were
alleviated by the addition of selenium. As mentioned, adjuvant
therapies are useful in the case where patients build resistance
to individual chemotherapeutic agents [133]. This experiment
supported that notion while also providing much needed
insight into the synergistic mechanisms of action of the
combination of docetaxel and selenium in cancer therapeutics.
Changes in PARP levels, NADH, ADPR, and TRPM2 activation
corresponded with the current understanding of the
TRPM2 signalling pathway. In summary, this experiment
confirmed the benefits of the combination of docetaxel and
selenium, but also demonstrated their promise as

Fig. 3 Schematic diagram illustrating the inhibitory effect of curcumin, an anti-cancer compound, on TRPM2 cation channel in
neuroblastoma cells. Curcumin decreased PARP1 expression and altered caspase 3 and 9 activities. TRPM2 inhibition was confirmed through
measuring TRPM2 currents in response to H2O2 in curcumin-transfected cells. The effect of curcumin was compared to N-(p-amylcinnamoyl)
anthranilic acid (ACA), a known TRPM2 inhibitor. Curcumin was proved to block more H2O2-induced currents compared to ACA.
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chemotherapeutic agents, while validating TRPM2 as an
effective target in the treatment of brain tumours.

Paclitaxel and resveratrol
Resveratrol (trans-3,4′,5-trihydroxystilbene) is a well-known
polyphenol that has gained recognition in the literature over
the past few decades for its benefits against cancer and
cardiovascular diseases [134]. It is a naturally occurring stilbene
polyphenol and like curcumin, also possesses various antic-
arcinogenic, and antioxidant properties. One of the most
popularized main sources of resveratrol is within red wine
[135]. Due to its poor solubility and potential for adverse side
effects, it stands as one of the more controversial popular
antioxidants [136]. In literature, resveratrol has been investi-
gated to modulate certain TRP family channels, such as TRPA1 in
neurons [137]. Paclitaxel is a potent anti-cancer drug discovered
in the late 1970s and is another taxane similar to docetaxel
[138]. The mechanisms of action are alike as well, disrupting
microtubule dynamics and effectively inducing cell cycle arrest
and apoptosis, and has been used in the contexts of ovarian,
lung, and breast cancers [139–141]. Paclitaxel had been
previously found to modulate TRPA1, TRPV4, TRPM8, TRPV1,
and TRPV2 channels [74, 142]. The combination of paclitaxel and
resveratrol as chemotherapeutic agents has shown mixed
results in forms of cancer. While it had been previously
established in the literature that resveratrol could sensitize
cancer to other drugs, Fukui et al. had found that in contrast,
resveratrol had strongly attenuated the effects of paclitaxel in
the treatment of human breast cancer [143]. More recently,

however, studies have shown the benefit of combining
resveratrol and paclitaxel treatments, and in the same human
breast cancer line, it was found that resveratrol augments the
effects of paclitaxel, making it especially relevant for paclitaxel-
resistant breast cancer cells [144]. In the context of brain
cancers, mixed findings have also been reported. Nicolini et al.
showed that trans-resveratrol had attenuated the apoptotic
effects of paclitaxel in neuroblastoma cells [145].
The combination of resveratrol and paclitaxel was studied in

DBTRG glioblastoma cells by Öztürk et al. who were able to show
that in a mechanism involving TRPM2, resveratrol enhances the
effects of paclitaxel (Fig. 5) [69]. Via increasing the intracellular
ROS levels and inducing dysfunction in the mitochondria,
resveratrol and paclitaxel further increased apoptosis, which
suggests the potential of TRPM2 in regulating GBM apoptosis.
Study groups were divided into control, one without ACA, ADPR,
paclitaxel only, resveratrol only, and one group with both
paclitaxel and resveratrol. TRPM2 function was measured using
whole-cell patch-clamp recordings and Ca2+ fluorescence
intensity. Using whole-cell patch-clamp recordings, experimen-
ters found that TRPM2 current density was highest in the
paclitaxel, resveratrol, and ADPR group and was significantly
higher than the control and ADPR groups. The current density
was severely reduced with the addition of ACA, which confirms
paclitaxel and resveratrol can induce TRPM2 currents. Caspase 3
and 9, and the MtMP were also assessed. TRPM2 currents
increased in a stepwise manner with the addition of paclitaxel
and then in combination with resveratrol. Similarly, the levels
of apoptosis, caspase 3 and 9 activities, and mitochondrial

Fig. 4 Schematic diagram illustrating the combination of docetaxel, a known antitumour drug, and selenium. Together, acting primarily
through the generation of excessive mitochondrial ROS, docetaxel and selenium inhibited cell proliferation in glioblastoma cell lines. This
combination also induced a significant increase of PARP activity.
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depolarization increased progressively with the addition of
paclitaxel alone but were further increased in the presence of
both [69]. Adjuvant therapy with resveratrol therefore proved to
be a promising potential treatment especially in cases of
chemotherapy resistance. In addition, this study revealed that
paclitaxel and resveratrol can work synergistically to increase
apoptosis and oxidative stress via activation of the TRPM2
channel. One limitation, however, lies in the fact that resveratrol
has low bioavailable forms for clinical use [146], a drawback that
can be addressed in future developments.

Clostridium botulinum neurotoxin A
Botulinium neurotoxins (BTXs) are produced by strains of
bacteria of the genus Clostridium (Clostridium botulinum,
Clostridium butyrricum, Clostridium barati, and Clostridium
argentinensis) [147]. C. botulinum has seven serotypes (A–G).
There are a wide variety of applications of Botulinium
neurotoxins type A (BTX-A) and B (BTX-B) in the clinical context,
where it has been used to treat the spasticity of multiple
sclerosis, stroke, cerebral palsy, and spinal cord injuries [148].
BTX-A have recently gained traction as potential treatments
used in cancer-related pain [149], and in vitro cultures of cancer
cell lines have shown BTXs to promote apoptosis, and slow the
mitotic activity of cells [150]. Only within the past few years has
BTX-A shown anti-cancer potential. In prostate cancer cells
(DU145), BTX-A elevated the expression levels of p53, suggest-
ing anticarcinogenic properties to trigger apoptosis in cancer
cells [151]. Botulinum neurotoxin type C (BTX-C) has been
studied in brain tumours, where BTX-C proteases coupled to

neuroblastoma antibodies could selectively induce apoptosis in
differentiated neuroblastoma cells [152].
Akpinar et al. tested the therapeutic potential of BTX-A in

DBTRG glioblastoma (Fig. 6), and SH-SY5Y cells. The experimenters
suggested that BTX and its substrate (RAC1) induced excessive
ROS production, triggering excessive Ca2+ influx via TRPM2
activation, and ultimately leading to mitochondrial breakdown
and cell death. First, inhibition of the TRPM2 channels with ACA
and 2-APB increased cell viability, whereas the BTX group showed
significantly increased cell death. Next, measurements of Ca2+

fluorescence intensity were used to confirm the involvement of
TRPM2. The BTX-treated group showed the highest fluorescence
intensity compared to both the control and H2O2-treated groups,
while the addition of ACA significantly reduced the fluorescence
intensity. In addition, BTX induced increases of caspase 3 and 9
activities that were attenuated with ACA and 2-APB. Laser confocal
microscopy measuring ROS generation showed that BTX induced
increases in mitochondrial membrane depolarization, and ROS in
both the mitochondria and cytosol [153]. These results are more
controversial as this would be the first experiment showing that
BTX directly elevated cytosolic ROS. In contrast, previous literature
suggests that BTX-A exerts protective effects after ischemia in
mouse models [154] via prevention of ROS accumulation in
vascular endothelial cells [154]. While the results of this study are
unique compared to the surrounding literature of BTXs, it
implicates TRPM2 in BTX-mediated mitochondrial and cytosolic
ROS generation, and neuronal death.
The studies discussed above have tested the potential of

certain drugs acting through TRPM2 to regulate activity in brain

Fig. 5 Schematic diagram illustrating the mechanism of action of the combination of paclitaxel and resveratrol. Paclitaxel, a
chemotherapeutic agent, induces mitochondrial ROS generation, increasing the production of ADPR and resulting in TRPM2
activation. Resveratrol, a well-known antioxidant, is proposed to act through proliferator-activated receptor-gamma coactivator-1 (PGC-α)
to increase mitochondrial membrane depolarization. Together, the effects of paclitaxel and resveratrol in cancer cells are apoptotic and
prooxidant.
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tumour cells. However, only a few of the known TRPM2
inhibitors have been tested in cancer contexts, and even fewer
in the context of brain tumours. As mentioned earlier, there are
several non-specific TRPM2 inhibitors such as clotrimazole, PLC
inhibitor FFA, 2-APB, and ACA [155]. While current literature
holds promise for the profile of TRPM2 as a therapeutic target,
future development into drug pharmacokinetic/dynamic prop-
erties is required for more clinical significance in
targeting TRPM2.

CONCLUSION AND FUTURE DIRECTIONS
Ion channels are the third-largest group in drug development.
Although medicine has significantly progressed over the past few
decades in the treatment of brain tumours, employed treatments
still lack the efficacy and specificity required for optimal expected
patient outcomes. While it has been known that TRPM2 is
widely spread in its involvement in physiological processes, there
is increasing evidence suggesting TRPM2 to be a potential target
in a wide variety of CNS diseases, including brain tumours. TRPM2
has been found to be upregulated in various gliomas and is
broadly expressed in the CNS. Thus, TRPM2 may provide more
specificity as a target for drug development depending on the cell
types. Further, TRPM2 has been implicated in the mechanisms of
well-established pre-existing chemotherapeutics like taxanes and
naturally derived anti-cancer agents, thus proving the requisite for
more extensive prospective studies exploiting TRPM2 in a
therapeutic context and investigating the processes that mod-
ulate such effects. Studies reviewed in this article suggest that
TRPM2 has a multitude of functions in cancer cells, ranging from

preserving viability, increasing the sensitivities to chemotherapies,
or inducing cell cycle arrest and apoptosis, all of which represent
potential targets for novel therapeutic approaches. The dual
nature of TRPM2 in its essential ability to regulate or exacerbate
the redox status of a cell also highlights its potential in controlling
the health of a cell. TRPM2 inhibitors and activators alike therefore
offer promising results in future pre-clinical evaluations of brain
tumour treatment.
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