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TRPMZ2: bridging calcium and ROS
signhaling pathways—implications
for human diseases

Maria Maliougina and Yassine El Hiani*

Department of Physiology and Biophysics, Dalhousie University Faculty of Medicine, Halifax, NS, Canada

TRPM2 is a versatile and essential signaling molecule that plays diverse roles in
Ca®" homeostasis and oxidative stress signaling, with implications in various
diseases. Research evidence has shown that TRPM2 is a promising therapeutic
target. However, the decision of whether to activate or inhibit TRPM2 function
depends on the context and specific disease. A deeper understanding of the
molecular mechanisms governing TRPM2 activation and regulation could pave
the way for the development of innovative therapeutics targeting TRPM2 to treat a
broad range of diseases. In this review, we examine the structural and biophysical
details of TRPMZ2, its involvement in neurological and cardiovascular diseases, and
its role in inflammation and immune system function. In addition, we provide a
comprehensive overview of the current knowledge of TRPM2 signaling pathways
in cancer, including its functions in bioenergetics, oxidant defense, autophagy,
and response to anticancer drugs.
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Highlights

o TRPM2 converts ROS signal into a Ca®* signal.
« TRPM2 is involved is various disease.
« Both activation and inhibition of TRPM2 could be used in therapy.

Introduction

Transient Receptor Potential (TRP) channels are a large superfamily of signaling
membrane proteins. They are widely expressed and have similar overall structure, yet
they possess distinct regulatory mechanisms triggered by an astonishing variety of stimuli,
ranging from ions and oxidants to photons and mechanical force. In humans, 27 TRP genes
have been described and classified into six subfamilies based on sequence homology: TRPA
(ankyrin), TRPC (canonical, seven members), TRPM (melastatin, eight members), TRPML
(mucolipin, three members), TRPP (polycystin, two members), and TRPV (vanilloid, six
members) (Moran et al., 2011; Himmel and Cox, 2020; Fallah et al., 2022).

TRPM2 is ubiquitously expressed and naturally activated by adenosine ribose (ADPR), a
molecule produced in the nucleus and mitochondria under oxidative stress conditions
(Perraud et al., 2001; Malko and Jiang, 2020). In the nucleus, excessive accumulation of
reactive oxygen species (ROS) leads to DNA damage, which triggers the production of poly-
ADPR polymerase (PARP) and poly-ADPR glycohydrolase (PARG). These enzymes
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FIGURE 1

Schematic representation of the main structure of the TRPM2 channel and the gating mechanism—Modified from (Wang et al., 2018) (A)

TRPM2 major domain sizes, with residue numbers indicating the start and end of each domain. (B) TRPM2 special organization showing 1) the
transmembrane domain composed of six transmembrane segments (TMS) with a pore between fifth and sixth TMS; 2) a cytoplasmic TRPM2 N-terminal
containing four homology regions (MHR1-4); 3) a cytoplasmic TRPM2 C-terminal displaying the NUDT9H domain, where ADPR initiate

TRPM2 activation. (C) A diagram representing TRPM2 gating. [a] In the absence of ADPR and Ca?*, transmembrane segment 6 (S6) (yellow) closes the
channel gate of TRPM2 (top left). In this condition, the pore of the TRPM2 homotetramer is closed (lower left). [b] Upon ADPR binding, NUDT9H (grey)
undergoes conformational changes that trigger rotation of MHR1/2 (thin purple), exposing the channel vestibule (top middle). In this condition, the pore
of TRPM2 homotetramer is closed (bottom center). [c] ADPR-mediated conformational changes allow Ca?* binding to TMS3 (orange) and TRP H1 (cyan),
causing TRP H1 to tilt and pull S6, resulting in rotation of S6 and channel opening (top right). In this state, the pore of the TRPM2 homoteramer is open

(bottom right).

catalyze the conversion of nicotinamide dinucleotide (NAD") to
ADPR (Fonfria et al., 2004; Miller, 2004). In mitochondria, NUDT9-
ADPRase converts NAD* to ADPR (Perraud et al.,, 2005). Once
formed, ADPR diffuses and binds to the cytoplasmic portion of
TRPM2 at the plasma membrane, activating calcium (Ca*") influx.
This ability of TRPM2 to sense and respond to oxidative stress
signals by converting the ROS signal to a Ca®" signal places
TRPM2 at the heart of the cellular signaling network, which
buffers oxidative stress and regulates Ca®" homeostasis—two
major signaling pathways important for all cellular functions.
Despite two decades of elaborate studies and research
investigations, many aspects of TRPM2 function and regulation
have only recently been elucidated, and many more questions
of
of
of
as

remain unanswered. In this review, we provide an overview
the functional structure of the TRPM2 channel, its mode
activation and gating mechanism. We review the roles
TRPM2 in various neurological and cardiovascular diseases
well as in inflammation and the immune system. Lastly, we
examine the current understanding of TRPM2-mediated cancer
bioenergetics, oxidant defense, autophagy and response to
anticancer drugs.

TRPM2—structure and gating
mechanism

TRPM2 is the second member of the family of TRPM channels,
which is part of the larger TRP channel superfamily. Like other TRP
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channels, TRPM2 has a modular architecture consisting of six
transmembrane segments (TMS)s, with a pore between the fifth
and sixth TMS, and cytoplasmic N and C termini. Like other TRPM
members, TRPM2 exhibits similar features such N-terminal
homology regions (MHR1-4) and C-terminal domains (TRP
helices H1 & H2, Rib helix and Pole helix). However, unlike all
other TRP channel members, TRPM2 possesses a unique NUDT9-H
domain at its C-terminus that senses ADPR and shares similarities
with the mitochondrial NUDT9 enzyme, which cleaves ADPR into
adenosine monophosphate (AMP) and ribose 5-phosphate (R5P)
(Clapham, 2003; Perraud et al., 2003) (Figure 1). Whether NUDT9-
H of TRPM2 also cleaves ADPR into AMP and R5B like the
NUDT9
Nevertheless, Csanady’s group has provided evidence suggesting
that the NUDT9H domain of TRPM2 does not function as an ADPR
hydrolase, and that TRPM2 is a simple ligand-gated channel rather
than a ‘chanzyme’ (Toth et al., 2014; Iordanov et al., 2016).

The functional TRPM2 channel exists as a homotetramer that

mitochondrial enzyme remains  controversial.

forms a Ca*" permeable, cationic, nonselective pore with a unique
gating mechanism (Wang et al., 2018; Zhang et al., 2018). The gating
mechanism of human TRPM2 involves the sequential binding of
ADPR and Ca**. In the closed state—without ADPR and Ca**—the
NUDT9-H region interacts closely with the MRHI1/2 and
MRH3 domains of the same subunit and the MRH1/2 region of
the adjacent subunit within the homotetramer. The binding of
ADPR to NUDT9-H triggers structural changes, resulting in a
dramatic 27° counterclockwise rotation of the NUDT9-H and
MHRI1/2 regions, which releases the vestibule space of the
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channel pore. At this point, the ADPR-bound TRPM2 is not open
but is primed for channel opening by Ca** binding. The
conformational changes mediated by ADPR expose the TMS
environment, allowing for further structural changes upon Ca®*
binding (Wang et al, 2018). Ca®* binding occurs at four sites:
E843 and Q846 of TMS2, N869 of TMS3, and E1073 of the TRP
H1 helix (Csanady and Torocsik, 2009; Wang et al., 2018). Following
Ca’* binding, the TRP H1 helix undergoes a conformational change
and interacts to pull TMS6, thereby widening the channel pore and
opening the channel gate. Cytosolic Ca*" is thought to initiate the
opening of the channel, only to remain activated by new
extracellular Ca*" entering the pore domain. Altogether, the
coactivation of TRPM2 by ADPR and Ca’" is controlled by the
C-terminal NUDT9-H and TMS domains (Wang et al., 2018). In its
NUDT9-H forms
interactions to lock the pore vestibule and, consequently, the
channel gate. The binding of ADPR to NUDT9-H unlocks the
channel vestibule, and Ca** binding opens the channel gate

unbound state, intra- and inter-subunit

(Figure 1).

Upon activation, the whole-cell TRPM2 current exhibits a stable
and linear current-voltage (I/V) relationship, reversing at 0 mV
(Perraud et al., 2001; Sano et al, 2001). In excised patches,
TRPM2 unitary currents also display a linear I/V shape with a
conductance range of 52-60 pS at negative potentials and ~72 pS at
positive potentials, and a reversal potential around 0 mV, suggesting
that TRPM2 functions as a non-selective cation channel (Perraud
et al, 2001; Sano et al., 2001). Indeed, extensive research has
demonstrated that TRPM2 is permeable to various monovalent
and divalent ions, including sodium (Na*) potassium (K*), Ca*",
and magnesium (Mg’"). The permeability ratios were found to
1.1 for the ratio of K* to Na" (Pk,/Pnas), 0.9 for the ratio of
Ca® to Na' (Pcu2./Pnas), and 0.5 for the ratio of Mg®* to Na*
(Pmgz+/Pray) (Perraud et al., 2001; Sano et al., 2001; Kraft et al.,
2004; Xia et al, 2008). In this context, Xia and coworkers
demonstrated that side-chain residues G960, A987, and
G981 control permeation of TRPM2 for Ca2+, and a fourth side-
chain residue G1022 contributes to Mg** permeation, all of which lie
within the selectivity filter of the TRPM2 pore (Xia et al., 2008).

In contrast to whole-cell TRPM2 currents, which remain stable
as long as both ADPR and Ca** are present (Perraud et al., 2001;
Sano et al., 2001), inside-out TRPM2 currents rapidly decay within
1-2 min (Sano et al,, 2001; Hill et al., 2006; Csanady and Torocsik,
2009). This decay continues until it is completely suppressed, even in
the continued presence of saturating concentrations of ADPR and
Ca’" in excised patches. This so-called rundown poses substantial
challenges to obtaining steady-state single-channel recordings,
thereby limiting the proper investigation of the biophysical
details of TRPM2. Csanaday’s group has extensively investigated
the mechanism behind this decay in TRPM2 and demonstrated that
TRPM2 “rundown” is due to a conformational rearrangement of the
selectivity filter, causing a progressive, irreversible decline in the
number of activated channels (Csanady and Torocsik, 2009).
Indeed, the introduction of one negatively charged side chain
into Y985E significantly slowed the decay’s time-course of
TRPM2 current and prevented its complete inactivation (Toth
and Csanady, 2012). Consequently, a significant portion of the
TRPM2 current remained constant for as long as the patches
could be held. This mechanism is similar to those described in
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TRPM4 and TRPMS5, where the removal of one or two side chain
residues induced a rapid, irreversible rundown (Liu and Liman,
2003; Zhang et al., 2005; Nilius et al., 2006; Liman et al., 2007).
Indeed, when the researchers introduced two negative charges plus a
TRPM2,

result was

single-residue  insertion  in
TRPM5

TRPM2 channels with stable, unabated maximal currents after

mimicking  the
selectivity filter, the non-inactivating
activation (Toth and Csanady, 2012). While this non-inactivating
TRPM2 variant displayed altered permeation properties, it has no
impact on the channel pore diameter and an intact ADPR/Ca2+-
dependent gating. This opens the door for comprehensive studies of
the biophysical details of TRPM2 gating, as well as the identification
of more selective, modulators  of
TRPM2 channel.

specific, and potent

TRPM2—the master of CA?* and ROS
signaling interplay

If Ca’" and ROS represent the two most vital second messengers
used by a cell in response to both intra- and extracellular signals,
their interplay forms a critical cell network involved in virtually
every aspect of cellular physiology (Yan et al., 2006; Hidalgo and
Donoso, 2008; Gorlach et al., 2015). On the one hand, Ca** signals
modulate the production of ROS by stimulating the Krebs cycle and
oxidative phosphorylation in mitochondria (Brookes et al., 2004),
and by regulating NADPH oxidases at the endoplasmic and plasma
membranes (Jiang and Zhang, 2003; Kobayashi et al., 2007; Salmon
and Ahluwalia, 2009). On the other hand, ROS signals regulate the
activity of several Ca** channels and transporters (Poteser et al.,
2006; Takahashi and Mori, 2011; Bogeski et al., 2012; Nikolaienko
et al, 2018; Schmidt et al, 2019). Therefore, understanding the
reciprocal regulation of ROS and Ca®* is of paramount importance
for preventing dysfunctions that lead to pathological conditions.

In this context, particular attention has been given to the Ca**
permeable TRPM2 channel due to its regulation by oxidative stress
(Hara et al., 2002; Fonfria et al., 2004; Perraud et al., 2005), and its
emerging role in diverse physiological processes. One of its most
critical functions lies within the immune system, where it mediates
the oxidative burst in neutrophils and plays a role in inflammatory
responses (Knowles et al., 2013). Additionally, TRPM2 has been
found to be involved in insulin secretion from pancreatic B cells
(Togashi et al.,, 2006; Uchida et al., 2011; Uchida and Tominaga,
2011), pain (Haraguchi et al., 2012; So et al., 2015; Matsumoto et al.,
2016), and regulating body temperature (Song et al., 2016; Kashio
and Tominaga, 2017; Tan and McNaughton, 2018; Vilar et al., 2020).
At the cellular level, the activation of the TRPM2 channel, typically
through oxidative stress, allows for an influx of Ca** ions into the
cell, altering the intracellular Ca** concentration. This change in
Ca’* homeostasis can subsequently influence various intracellular
processes, including cell signaling, gene expression, cell
proliferation, and apoptosis.

This critical position at the interface of the Ca’" and ROS
systems highlights the crucial role of TRPM2 in fine-tuning
cellular signaling and, ultimately, determining a cell's fate
(Yamamoto and Shimizu, 2016). However, this also implies that
any disturbance in TRPM2 expression and/or regulation can affect
the Ca®* and/or ROS systems and potentially cause various
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pathophysiological disorders. Indeed, dysfunction or dysregulation
of TRPM2 has been linked with a range of pathological conditions,
including neurodegenerative diseases, cardiovascular diseases, and
cancer, thus underscoring its pivotal role in maintaining cellular
health and function.

TRPM2 in aging and neurodegenerative
disease

Longstanding evidence have demonstrated a strong correlation
between altered ROS and Ca** systems and brain diseases, including
aging and neurodegenerative disorders (Patel, 2016; Cobley et al.,
2018; Franco and Vargas, 2018; Madreiter-Sokolowski et al., 2020).
Given its role in sensing and responding to oxidative stress, many
research groups investigated the potential role of TRPM2 in
oxidative stress-mediated brain diseases. One of the most
markers of aging is probably the dramatic decline of the
antioxidant Glutathione (GSH). In this context, Belrose and
coworkers showed that the loss of GSH-mediated neuronal
senescence is associated with increased TRPM2 current density
in cultured hippocampal neurons, suggesting a cellular connexion
between activation of TRPM2 and neuronal senescence (Belrose
et al, 2012). Furthermore, Kaneko’s group demonstrated that
knocking out the TRPM2
dysfunction and prevents age-related damage in the white matter

channel attenuates cognitive
and hippocampus of normal and chronic cerebral hypoperfusion
mouse models, suggesting that activation of TRPM2 has a
deleterious effect on the pathophysiology of the aging brain
(Miyanohara et al, 2018; Kakae et al, 2019). Activation of
TRPM2 has also been associated with the establishment of long-
term depression (LTD), a specific form of NMDAR-dependent
synaptic plasticity that requires endocytosis of AMPA receptors
(AMPAR) (Xie et al.,, 2011). Mechanistically, the authors showed
that loss of TRPM2 impairs NMDAR-dependent LTD through the
inactivation of GSK-3P and reduction of PSD95 and AMPAR
Glul expression (Xie et al, 2011). The genetic etiology of
TRPM2 has also been associated with increased susceptibility to
bipolar disorder (BD). Indeed, a family-based association study
showed the association between D543E mutation of Trpm2 and
type-1 BD (McQuillin et al, 2006; Xu et al, 2009). Using
TRPM2 KO mice, Jong and colleagues demonstrated that loss of
TRPM2 is associated with the behavioral manifestations of BD,
including increased anxiety and impaired social interaction (Jang
etal,, 2015). Mechanistically, the authors provided evidence that loss
of TRPM2 induces the inhibitory phosphorylation of GSK-3 via
calcineurin, a known kinases in bipolar disorder (Li et al., 2010;
Pandey et al, 2010), and suggest that loss of TRPM2 has a
deleterious effects on BD (Jang et al., 2015).

TRPM2 has also been associated with Alzheimer’s disease (AD),
a common neurodegenerative disorder primarily associated with the
accumulation of B-amyloid (AP) plaques, Ca** overload, and
increased ROS (Gibson, 2002; Leclerc et al, 2009; Zhao and
Zhao, 2013; Tong et al, 2018). For instance, inhibition of
TRPM2 has been shown to reduce AP-mediated cytosolic Ca**
overload and cytotoxicity in rat striatal cells, suggesting a key
role of TRPM2 in Ap-induced cytotoxicity (Fonfria et al., 2005).
In support, another study also demonstrated that TRPM2-mediated
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massive Ca®* entry is required for AB-mediated cerebrovascular
dysfunction, confirming the role of the activation of TRPM2 in the
deleterious cerebrovascular effects of AP (Park et al, 2014).
that  Ap-mediated
oxidative-nitrosative stress triggers PARP activity, DNA damage,
and ADPR overproduction, which in turn activates TRPM2-
mediated Ca®* overload in cerebrovascular cells, ultimately

Mechanistically, the authors showed

impairing cerebral blood flow (Park et al., 2014).

Another hallmark of AD is microglia’s failure to phagocyte Af
(Chen and Trapp, 2016; Sarlus and Heneka, 2017), due to the failure
of Ap-mediated NLRP3 activation and cognitive dysfunction (Halle
et al,, 2008; Gold and El Khoury, 2015). In this context, Amizadeh
and coworkers demonstrated that the DPQ TRPM2 inhibitor
decreases AP-mediated ROS and Ca** elevation, together with
decreased NLRP3 activation and proinflammatory cytokines IL-
1P secretion in microglial cells (Aminzadeh et al., 2018). Meanwhile,
Ostapchenko and collaborators showed that Ap-mediated decreases
in the presynaptic marker synaptophysin and reduced microglial
activation critically depend on TRPM2 current activation in
cultured neurons. Using a Barnes maze analysis, the authors
further show that inhibition of TRPM2 prevents the pathological
and behavioral deficits observed in older (12-15 months) APP/
PS1 AD mouse models, supporting a causative relationship
between AP and the TRPM2 in  Ap-induced
neurotoxicity and cognitive dysfunction (Ostapchenko et al,
2015). Interestingly, Li and Jiang showed that AP-mediated
primary hippocampal neuron toxicity involves TRPM2-mediated

activation

lysosomal Zn** release (Li and Jiang, 2018). The authors
demonstrated that AB-mediated neuron toxicity is ablated in
TRPM2 KO mice and provided evidence that lysosomal TRPM2-
mediated Zn** release dysfunction and
cytoplasmic Zn*" overload, which in leads to mitochondrial Zn**

causes lysosomal
accumulation and loss of mitochondrial function (Li and Jiang,
2018). Collectively, these results highlight the therapeutic potential
of TRPM2 and suggest the inhibition of TRPM2 as promising
strategy to counteract the deleterious effects of in brain diseases.

TRPM2 in ischemic stroke

Ischemic stroke is characterized by sudden neurological deficits
and occurs when the arteries supplying blood to the brain become
blocked, resulting in neuronal necrosis (Dirnagl et al., 1999; Paul and
Candelario-Jalil, 2021). A crucial mechanism involved in ischemic
stroke is the excessive release of the neurotransmitter glutamate,
which leads to overactivation of NMDA (N-methyl-D-aspartate)
receptors (NMDAR) and subsequently to excessive Ca** influx and
overproduction of ROS in neurons (Wu and Tymianski, 2018; Ge
et al., 2020). Given the potential link between the Ca®*/ROS system
and TRPM2 on the one hand and NMDAR-mediated ischemic
stroke on the other, the role of TRPM2 in ischemic stroke has been
investigated in detail (Turlova et al., 2018; Zong et al., 2022a; Xu
et al,, 2022). The first evidence linking TRPM2 with ischemic stroke
was provided by Fonfria and collaborators, who showed increased
TRPM2 mRNA expression and function after ischemic injury in the
microglia of the transient middle cerebral artery occlusion (tMCAO)
rat stroke model. They suggested that TRPM2 activation during
ischemic brain injury may mediate key aspects of microglial
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pathophysiological responses (Fonfria et al., 2006). A similar result
was also observed in neonatal mice, where genetic deletion of
TRPM2 reduced brain injury and improved functional behavior
injury, suggesting
TRPM?2 inhibition as a promising therapeutic target for the

after neonatal hypoxic-ischemic brain
ischemic brain injury (Huang et al, 2017). Intriguingly, the
therapeutic benefit of TRPM2 inhibition in ischemic cell death
appears sex-dependent (Yuan et al, 2009; Liu et al, 2011).
Indeed, Jia and coworkers demonstrated that TRPM2-mediated
ischemic cell death is male-specific and does not contribute to
damage in female neurons or brain tissue. Using pharmacological
and genetic detection of TRPM2, the authors demonstrated
significant protection only for male neurons following in vitro
ischemia (oxygen-glucose deprivation, OGD), while having no
effect on female neurons (Jia et al,, 2011). One explanation for
this sex-dependent TRPM2 effect in stroke cell death may residein a
greater sensitivity to ADPR in males and/or activation of different
signaling pathways in males versus females after ischemic injury
(Lang and McCullough, 2008). Indeed, deletion of PARP, a potent
signal for TRPM2 activation, has been shown to be neuroprotective
in males and deleterious in females (McCullough et al., 2005), where
stroke-mediated cell death involves caspase-dependent apoptosis
(Renolleau et al., 2007; Liu et al., 2011).

Mechanistically, TRPM2-mediated ischemic stroke has been
associated with the expression and signalling of NMDARs (Ge
et al, 2020; Xu et al, 2022). Among the numerous subunits,
GluN2A and GIluN2B are the most important types of NMDARs
and have been shown to control signalling pathways leading to cell
survival and death, respectively (Sun et al., 2018). Using an in vivo
stroke model, Alim and coworkers demonstrated a shift in the
GluN2A/GluN2B ratio toward the induction of GIuN2A subunits
and activation of the downstream prosurvival signalling pathways
Akt and ERK1/2 in TRPM2 KO mice (Alim et al., 2013). A recent
study further revealed that TRPM2 directly interacts with GIuN2A
to modulate its membrane expression (Boyce and Thompson, 2022;
Zong et al., 2022b). The interaction between TRPM2 and GIuN2A
occurs via the unique EE3 motif at the N-terminus of TRPM2 and
the KKR motifs at the C-terminus of GluN2A, requiring the
recruitment of PKCy to selectively increase NMDAR subunit
activity and membrane expression (Zong et al., 2022b). Utilizing
the TRPM2-derived interfering peptide TAT-EE3, the authors
demonstrated that disruption of the TRPM2-NMDAR interaction
effectively prevented phosphorylated CREB and ERK1/2 levels,
inhibited neuronal excitotoxicity, and protected mice from
ischemic stroke in vitro and in vivo (Zong et al., 2022b). This
confirms the neuroprotective role of TRPM2 inhibition in stroke
and suggests that peptide-based uncoupling of TRPM2-NMDAR
association is a promising therapeutic strategy for ischemic stroke
(Wu and Tymianski, 2018; Zong et al., 2022b). Overall, inhibition of
TRPM2 could be an effective therapeutic target for the treatment of
stroke in men.

TRPM2 in cardiac ischemic/reperfusion

Myocardial infarctions are caused by sudden blood obstruction,
leading to cardiac ischemia, which results from a decreased oxygen
and glucose supply (Heusch, 2016; Heusch, 2019). After the
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ischemic episode, effective blood flow is restored, and the
ischemic tissue is reperfused. However, this process leads to a
effect called (I/R)  injury,
characterized by ROS and Ca®" overload, excessive production of

secondary ischemia/reperfusion
inflammatory cytokines, and ultimately cardiomyocyte cell death
(Hausenloy et al., 2017; Wu et al., 2018). Given the role of TRPM2 in
the ROS/Ca*" system, many research groups investigated the role of
TRPM2 in the pathophysiology of I/R injury (Zhan et al.,, 2016).
provided the first that
TRPM2 channels are functionally present in the plasmalemma of

Yang and coworkers evidence
myocytes and are involved in ROS-mediated cardiomyocyte death.
They showed that increased ROS triggers PAPR-induced ADPR
production, which subsequently activates TRPM2, leading to
mitochondrial Ca**/Na* uptake and accumulation. This process
disrupts mitochondrial permeability, causing cytochrome C
release and caspase 3 activation, ultimately triggering apoptotic
cell death (Yang et al., 2006). Similarly, TRPM2 has also been
associated with TNF-a-mediated cardiomyocyte death (Roberge
et al,, 2014), an important proinflammatory cytokine involved in
I/R (Kleinbongard et al., 2011). The authors showed that TNF-a
activates PARP and TRPM2, resulting in a massive Ca** influx that
likely leads to mitochondrial Ca** overload. This, in turn, results in
increased mitochondrial ROS production, caspase 8 activation, and
ultimately cardiomyocyte death (Roberge et al., 2014). Collectively,
these findings emphasize the significance of PARP and TRPM2 in
I/R-mediated cardiomyocyte apoptosis and propose TRPM2 as a
promising approach to mitigate I/R-mediated cardiovascular
damage. However, Miller’s group conducted a series of studies
that meticulously demonstrated that TRPM2 may actually play a
protective role in I/R-mediated cardiovascular damage (Miller et al.,
2013; Miller et al.,, 2014; Hoffman et al., 2015). They employed a
cardiac ischemia period followed by reperfusion in WT and
TRPM2-KO mice. They discovered that TRPM2-KO mice exhibit
altered expression of proteins involved in contractility (higher Na*-
Ca®* exchanger, decreased al-subunit of Na'-K*-ATPase), ROS
scavenging SOC1/2 and increased NOXI1), and
mitochondrial bioenergetics and mitophagy (lower complexes I,

(lower

III, and IV, and increased complexes II and V; lower MCU and
BNIP3). TRPM2-KO  mice
mitochondrial function, including lower oxygen consumption

Consequently, have reduced
rate, decreased ATP production, and increased mitochondrial
ROS production. Importantly, rescue experiments with ectopic
TRPM2 injections in TRPM2-KO mice confirmed that only
TRPM2-WT, and not TRPM2-E960D silent pore, can rescue and
restore myocyte mitochondrial function, corroborating the
protective role of TRPM2-mediated Ca®" entry in cardiomyocyte
survival after I/R. In summary, these results suggest that TRPM2-
mediated Ca* influx into myocytes serves a dual protective function
against I/R injury by maintaining mitochondrial function and
energy production and by promoting antioxidant defense and

reducing ROS production.

TRPM2 in innate inflammation and bacterial
infection

Numerous studies have established the critical role of ROS/Ca**
signaling in the immune system, covering aspects from immune cell
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activation to suppression of immune responses (Vig and Kinet,
2009; Nathan and Cunningham-Bussel, 2013; Yang et al., 2013;
Morris et al., 2022). TRPM2, positioned at the intersection of ROS
and Ca*" systems, has quickly emerged as a target for investigating
immune physiology (Knowles et al., 2013; Syed Mortadza et al.,
2015). Early evidence from Perraud’s group and others provide
indicates that TRPM2 is functionally expressed in inflammatory
cells, including monocytes, neutrophils, and phagocytes (Perraud
et al,, 2001; Sano et al.,, 2001; Heiner et al., 2003; Massullo et al.,
2006). Yamamato and colleagues showed that
TRPM2 prevents the H,0,-induced Ca®* influx and the
downstream Ca’'-dependent tyrosine kinase Pyk2. This, in turn,
leads to NF-KB nuclear translocation and CXCL8 chemo-cytokine
production in human U937 cells. These observations were further
confirmed in vivo using TRPM2 TRPM2-KO mice. Notably,
TRPM2-KO monocytes exhibited reduced CXCL2 production
and exacerbated dextran sulfate sodium (DSS)-induced ulcerative

silencing

colitis. However, TRPM2 KO neutrophil maintained their functions,
including migration and infiltration from bone marrow in response
suggesting that the protective
TRPM2 inhibition may be primarily attributed to a defect in

to chemokines, role of
monocyte cytokine production (Yamamoto et al., 2008).

Using the carrageenan-induced inflammatory pain model,
that TRPM2-mediated
inflammation critically depends on macrophage and microglial
CXCL2 production and subsequent neutrophil infiltration
(Haraguchi et al, 2012). Interestingly, TRPM2 deficiency had no
effect on the production of H,O,, TNF-a and CCL2 involved in
inflammatory pain (Ren and Dubner, 2010), suggesting that

Haraguchi and coworkers showed

TRPM2 inhibition specifically reduces the inflammatory response.
Another study also reported the involvement of TRPM2-mediated
Ca™ influx in lipopolysaccharide (LPS)-induced production of
numerous cytokines (IL-6, IL-8, IL-10, and TNF-a) in primary
monocyte THP-1 (Wehrhahn et al, 2010).
Yonezawa collaborators ~ demonstrated  that

cells Similarly,

and inhibiting
TRPM2 reduces bleomycin (BLM)-induced lung inflammation
polymorphonuclear  leukocyte  (PMN)
recruitment and reduced secretion of inflammatory cytokines,
including IL-1B, MIP-2, and TNF-a (Yonezawa et al, 2016). In
support, Malik’s group demonstrated that TRPM2-mediated Ca**

influx is required for VE-cadherin phosphorylation at Y73, a

through  decreased

process necessary for the disassembly of adherens junctions and
opening of the paracellular pathways, thereby allowing PMN
adhesion and transmigration (Mittal et al, 2017). Indeed, when
challenged with LPS injection, TRPM2-depleted mice exhibited
reduced PMN accumulation, inflammation, and mortality,
suggesting a protective role of TRPM2 inhibition (Mittal et al,
2017). Using the 8-Br-cADPR TRPM2 antagonist, Eraslan and
colleagues showed  the benefits  of
TRPM2 inhibition, as it prevented ischemic acute kidney
inflammation through reduced production of TNF-a, IL-1B, and
activity (Eraslan et al, 2019).
suppression of TRPM2 alleviated fibrosis accumulation and the
inflammatory unilateral urethral
obstruction (UUO) mice model, primarily by reducing
transforming growth factor (TGF)-p1-mediated JNK activation and
decreasing NF-kB expression and downstream fibrotic genes,

also therapeutic

myeloperoxidase Moreover,

associated response in a

including a-smooth muscle actin (a-SMA), connective tissue
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growth factor (CTGEF), fibronectin (FN), and Collagen lalpha 1
(Collal) (Wang et al, 2019). In accordance, inhibition of
TRPM2 protected Apoe—/— mice from high-fat diet (HFD)-induced
atherosclerosis by suppressing of CD36 signaling and the activation of
macrophage pro-inflammatory activity (Zong et al., 2022c), further
consolidating the benefits of TRPM2 inhibition in mitigating severe
inflammatory responses.

In striking contrast, other studies have associated the loss of
TRPM2 with the aggravation of inflammatory responses. For
instance, Di  and  collaborators = showed  exacerbated
proinflammatory cytokine production of CXCL2, TNFaq, and IL-6
in the lungs and poor survival of TRPM2-deficient mice compared
to WT mice in response to endotoxin LPS (Nathan and
Cunningham-Bussel, 2013). Mechanistically, the authors showed
that LPS activates TRPM2-mediated Ca®'/Na*
depolarizes the plasma membrane to inhibit NADPH oxidase

influx, which

and ROS production, proposing a negative feedback mechanism
in which TRPM2 activation buffers LPS-induced ROS and
proinflammatory activity (Wu and Tymianski, 2018). In another
study, the inhibition of TRPM2 was associated with LPS-induced
inflammation, neutrophil migration, and neutrophil-mediated
vascular injury through a mechanism independent of
TRPM2 cation channel activity (Wang et al., 2016a). The authors
showed that LPS-induced ROS in neutrophils negatively regulates
neutrophil migration by oxidizing TRPM2 at Cys549 of its
(Wang et al, 2016a), which triggers
interaction and internalization of the chemoattractant receptor
FPR1,
(Dorward et al.,

N-terminal region
a key regulator of the inflammatory environment
2015).  This that
TRPM2 activation may serve as a strategy mitigate neutrophil-
induced inflammatory injury (Wang et al., 2016a).

finding  suggests

In addition to its contribution to innate immunity, TRPM2 has
also been shown to play a crucial role in defense against infections.
For example, Knowles and colleagues reported that TRPM2-
depleted mice were more susceptible to infection with Listeria
monocytogenes (LM) and exhibited lower production of the
cytokines IL -12 and IFNy compared with WT mice, suggesting
arole for TRPM2 in combating LM infections (Knowles et al., 2011).
Partida-Sanchez’s group further showed that the increased
susceptibility of TRPM2-KO mice to LM-induced lethality was
associated with enhanced neutrophil migration, accumulation,
and inflammatory TNF-a, IL -6, and IL -10 production in the
liver and spleen. Interestingly, the authors demonstrated that in
vivo depletion of neutrophils in TRPM2 KO mice prevented LM
-mediated systemic inflammation, confirming the benefit of
TRPM2 neutrophils for combating LM
dissemination and preventing neutrophil-mediated tissue damage
during Listeria infection (Robledo-Avila et al., 2020). Using H. pylori
as an infection model, the same group showed that the loss of

activation  in

TRPM2 resulted in increased macrophage-mediated inflammatory
gastritis and decreased H. pylori colonization compared to WT mice
(Beceiro et al., 2017). In this context, the authors showed that H.
pylori activates TRPM2-mediated Ca** influx, which in turn reduces
NADPH oxidase-mediated ROS production and macrophage
inflammatory activities. In TRPM2-depleted macrophages, H.
pylori induces excessive Ca®" overload and enhanced MAPK and
NADPH oxidase activities, exacerbating macrophage production of
inflammatory cytokines, suggesting that TRPM2 activation may
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represent a promising therapeutic strategy to control macrophage-
mediated excessive inflammation and tissue damage in response to
H. pylori (Beceiro et al., 2017). Similar enhanced inflammatory
activity has also been observed in TRPM2 KO mice in response
to other infection models, including lung infection triggered by P.
aeruginosa (Di et al., 2017), sepsis triggered by E. coli (Zhang et al.,
2017), or polymicrobial sepsis (Qian et al., 2014).

The role of TRPM2 in the immune system is indeed
multifaceted, as it has been shown to exert both proinflammatory
and anti-inflammatory functions. The discrepancies between
various reports may be attributed to factors such as the genetic
background of the animal models employed, the specific context of
inflammation under study, and the different pathways and doses of
Consequently, additional
research is required to evaluate the therapeutic potential of

endotoxin-mediated  inflammation.
manipulating TRPM2 more accurately is innate inflammation
and infection. This further investigation will facilitate a deeper
understanding of TRPM2’s role and inform the development of
targeted therapies for a range of inflammatory and infectious
conditions.

TRPM2 in cancer

Cancer survival has long been known to depend on its sustained
metabolic rate, necessary for progression, and its antioxidant system,
crucial for optimizing the production of reactive oxygen species
(ROS). Simultaneously, growing evidence suggests that impaired
Ca’* homeostasis drives cancer development and progression. Being
at the intersection of oxidative stress and Ca®" systems, TRPM2 has
rapidly become a fertile area of investigation for understanding
cancer biology and improving cancer therapy. In fact, increased
TRPM2 expression has been observed in numerous cancers, and its
inhibition has been linked to cancer cell death in vitro and in vivo,
implying its role in cancer survival and progression (Miller, 2019). In
the following section, we highlight current knowledge regarding
TRPM2-mediated Ca®" entry in cancer signaling, from its
connection to mitochondrial bioenergetics and redox balance to
autophagy and chemotherapy response.

TRPM2 in the mitochondrial bioenergetics
and redox balance

In addition to providing energy in the form of ATP,
mitochondria produce ROS from various sources, including the
electron transport chain (ETC), mainly complexes I and III
(Murphy, 2009; Zorov et al.,, 2014). Among the many factors that
contribute to mitochondrial function and ATP production, Ca®*
plays an essential role coordinating oxidative phosphorylation and
activating the respiratory chain, leading to increased ATP
production (Brookes et al, 2004). In cancer, mitochondrial
function is further stimulated to increase ATP production, which
is required for sustained cell proliferation and survival, thereby also
increasing ROS production and the risk of cytotoxicity (Sabharwal
and Schumacker, 2014). In response, cells enhance antioxidant
elevated ROS and
cytotoxicity. In this context, Miller’s group have demonstrated a

proteins to detoxify themselves from
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delicate role for TRPM2-mediated Ca®" entry in mitochondrial
bioenergetics and redox balance (Miller, 2019). In neuroblastoma
cells, Miller’s group showed that inhibition or silencing of
TRPM2 decreased hypoxia-inducible factor-1/2 (HIF)-1/2 and its
downstream mitochondrial membrane proteins involved in
mitophagy (BNIP3), ROS-scavenging (SOD1/2), and ATP
synthesis (ETC., complexes) (Chen et al., 2014; Bao et al., 2016).
In addition, downregulation of TRPM2 was associated with
inhibition of Pyk2 and the downstream MCU,
mitochondrial Ca®" uptake and altering the mitochondrial

reducing

membrane potential (Hirschler-Laszkiewicz et al., 2018). Loss of
TRPM2-mediated altered mitochondrial membrane proteins was
also linked to altered mitochondrial function, as it resulted in
significant reductions in oxygen consumption rate (OCR) and
OCR-mediated ATP production, thereby suppressing energy
production and ultimately reducing tumor survival and
progression in vitro and in vivo (Chen et al., 2014; Bao et al,
2016; Hirschler-Laszkiewicz et al., 2018). Importantly, in rescue
experiments using WT TRPM2 but not the silent E960D
TRPM2 mutant, mitochondrial function and tumor survival were
restored in vitro and in vivo, suggesting a direct link between
TRPM2-mediated Ca®" influx, mitochondrial bioenergetics, and
cancer progression (Bao et al., 2016; Hirschler-Laszkiewicz et al.,
2018). Similar observations have been made in acute myeloid
leukemia (AML) (Xu et al., 2022), gastric cancer (Almasi et al,
2018), and breast cancer (unpublished data, El Hiani’s laboratory).
Taken together, these data indicate that TRPM2 promotes cancer
progression by enhancing mitochondrial function and ATP
ROS
increased ATP  production,
upregulate their antioxidant system, a key process in which
TRPM2 has been shown to play a pivotal role. Indeed, Miller’s

group demonstrated a critical role for TRPM2-mediated Ca** influx

production. To mitigate the potential accumulation

associated  with cancer cells

in maintaining the activity of Nuclear factor (erythroid-derived 2)-
Related Factor-2 (Nrf2) (Bao et al.,, 2019), a master transcription
factor that regulates crucial genes important for antioxidant
enzymes and cofactors necessary to reduce excessive ROS levels
in tumor cells (Abdul-Aziz et al., 2015; Tonelli et al., 2018). In
neuroblastoma, the authors showed that loss of TRPM2 reduced the
expression of Nrf2 and expression of its regulatory proteins IQ motif
containing GTPase activating protein 1 (IQGAP1) and Kelch-like
ECH-associated protein 1 (Keapl), as well as the expression of
Nrf2 downstream antioxidant proteins NADP*, NADPH, NAD",
NADH, and GSH, leading to ROS accumulation. Moreover, ectopic
expression of WT -TRPM2, but not the pore-silent TRPM2 E960D
mutant, in TRPM2-depleted neuroblastoma cells restored cell
viability and reconstituted expression of the antioxidants NADP",
NADPH, NAD *, NADH, and GSH, while reducing ROS
production, demonstrating the critical role of TRPM2-mediated
Ca’" entry in Nrf2 activity and downstream antioxidant proteins
(Bao et al., 2019).

Collectively, these studies have shown that TRPM2 supports
cancer survival through a dual function: Elevated cancer ROS
activates TRPM2-mediated Ca** influx to 1) directly couple with
mitochondrial Ca®* uptake and ATP production to promote cancer
progression, and 2) potentiate the NFR2 and downstream
NADPH and GSH to ROS
production. On the one hand, increased ROS production ensures

antioxidant proteins reduce
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TRPM2 is essential in cancer survival and progression through the
control of the fueling and oxidant-defense systems—Inspired from
(Chenetal, 2020). Elevated ROS induces TRPM2-mediated Ca®* to (1)
directly coupled to mitochondrial Ca** uptake (mCU) to supply

ATP production, thereby fueling program, and (2) trigger oxidant-
defense by activating NRF2 phosphorylation, allowing its transfer and
accumulation into the nucleus, which leads to the induction of a wide
array of antioxidant genes. Simultaneously, TRPM2-mediated Ca**
influx activates autophagy/mitophagy through the activation of CREB,
ATF4, and ULK, thereby promoting mitophagy and maintenance of
mitochondrial quality. On one hand, elevated ROS production
guarantees increasing TRPM2 activity and thus increased ATP
production, using a positive-feedback mechanism (1- ROS-On
system); on the other hand, ROS-scavenging proteins and mitophagy
buffer ROS from reaching levels that incur cell-damage (2—ROS-OFF
system).

the enhancement of TRPM2 activity and thus increased ATP
production via a positive feedback mechanism; on the other
hand, TRPM2-mediated Ca®* entry triggers ROS-scavenging
proteins that prevent ROS from reaching cell-damaging levels
(Figure 2).

TRPM2 in autophagy and response to
chemotherapeutics

Another specific adaptive system that cancer cells use to
withstand elevated ROS -mediated cell death is autophagy.
Autophagy plays an important role in controlling ROS levels (by
eliminating dysfunctional proteins, recycling damaged organelles)
and even in the induction of drug resistance (by removing DNA
damage and eliminating mutant cells), thereby providing a survival
advantage for cancer cell progression (Kumar et al., 2015; Chang and
Zou, 2020; Redza-Dutordoir and Averill-Bates, 2021). However,
there is also growing evidence that sustained autophagy may act
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as a suppressor of tumor development through excessive elimination
of essential proteins and organelles, and the induction of caspase-
independent autophagic cell death (Eskelinen, 2011; Singh et al.,
2018; Yun et al., 2020; Zhou et al., 2020). Mechanistically, autophagy
can be activated under various stress conditions, including nutrient
starvation and hypoxia, and involves divers signalling pathways,
particularly mTOR (mechanistic target of rapamycin) and ULK1
(unc-51-like kinase) (Dikic and Elazar, 2018; Yu et al., 2018). Since
Ca* and ROS have been implicated in autophagic signalling
pathways (Bootman et al, 2018; Hasan et al, 2022), many
groups have investigated the role of TRPM2 in the autophagy of
different types of cancer.

In this context, Miller’s group was the first to report a key role of
TRPM2 in the link between autophagy and tumor growth (Chen
et al, 2014; Bao et al, 2016). In neuroblastoma, this group
demonstrated that inhibition of TRPM2 triggers cell death and is
associated with a decrease in HIF-1/2 and its downstream target
BNIP3, leading to the accumulation of Hsp60 and Tom20 proteins,
two key indicators of decreased autophagy and mitophagy (Chen
et al., 2014). Genetic deletion of TRPM2 in these cells also led to a
decrease in HIF-1/2 and BNIP3, confirming the role of TRPM2 in
autophagy (Bao et al,, 2016). In support, Almasi and coworkers
showed that silencing TRPM2-mediated cell death was associated
with decreased autophagy flux and autophagy markers (e.g., ATGs 3,
5, 7, and 12) through an mTOR-independent JNK-dependent
mechanism (Almasi et al, 2018). In acute myeloid leukemia
(AML), Chen and coworkers also show that cell death mediated
by knocking down TRPM2 is associated with decreased autophagy
through inhibition of the CREB and ATF4, which are important
transcription factors for autophagosome biogenesis, leading to a
decrease in ULKI1 and autophagy markers (ATGs 5, 7, and 13)
(Chen et al., 2020). In striking contrast, Tektemur and coworkers
showed that silencing TRPM2 induces apoptotic genes along with
key autophagic genes, including ATG5, BECNI, and ULK1/2,
suggesting a correlation between TRPM2 inhibition and
autophagy induction (Tektemur et al, 2019). Using the
TRPM2 antagonists CLT or 8-Br-ADPR, Wang and coworkers
also showed that oxidative stress-mediated death of HeLa cells is
accompanied by a TRPM2-dependent Ca®* influx that activates
CAMK2 (Ca’/calmodulin-dependent protein kinase II) and its
downstream target BECN1/Beclin 1, which in turn binds
BCL2 to inhibit autophagy, making the cells more prone to death
(Wang et al, 2016b). Collectively, these findings indicates that
TRPM2 plays a pivotal role in cancer survival through a dual
role in autophagy, which varies depending on the specific type of
cancer.

In addition to its role in cell survival, numerous studies have
shown that autophagy is involved in the efficacy of various
chemotherapeutic agents and the development of drug resistance.
While the mechanisms underlying autophagy’s impact on the
effectiveness of anticancer drugs are not fully understood, a
potential explanation could reside in the link between autophagy
and ROS. Indeed, chemotherapeutic agents act primarily by
inducing ROS to kill cells (Yang et al., 2018; Perillo et al.,, 2020).
However, as mentioned above, TRPM2-mediated NRF2 and
autophagy decrease ROS levels and increase the ROS-induced
damage threshold, thereby buffering the cytotoxicity of anticancer
drugs. This reduction in the efficacy of chemotherapeutic agents
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TABLE 1 Summary of chemotherapeutic antibodies combined with TRPM2 modulators.

Status of TRPM2 Anticancer agents

Study system

Effects on ROS levels References

and/or cell death

TRPM2 knockout by CRISPER Doxorubicin Neuroblastoma Increased ROS and cell death Chen et al. (2014); Bao et al. (2016);
Hirschler-Laszkiewicz et al. (2018);
Bao et al. (2019);
Hirschler-Laszkiewicz et al. (2022)

TRPM2 knockout by CRISPER AML Increased ROS and cell death Chen et al. (2020)

TRPM2 downregulation ShRNA Gastric Cancer Increased cell death Almasi et al. (2018)

TRPM2 inhibition by 2-APB and ACA Breast cancer Increased cell death Koh et al. (2015)

TRPM2 downregulation ShRNA Paclitaxel Gastric cancer Increased cell death Almasi et al. (2018)

TRPM2 inhibition by 2-APB and ACA | Tamoxifen Breast cancer Increased cell death Koh et al. (2015)

Activation of TRPM2 by paclitaxel Paclitaxel LsCC Increased ROS and cell death Kumbul and Naziroglu (2022)

Potentiation of TRPM2 activity by Glioblastoma cells Increased cell death Ozturk et al. (2019)

resveratrol

Activation of TRPM2 by Curcumin Cisplatin LSCC Increased ROS and cell death | Gokce Kutuk et al. (2019)

Potentiation of TRPM2 activity by Glioblastoma cells Increased cell death Ocal and Naziroglu (2022)

Eicosapentaenoic acid

Activation of TRPM2 by silver Glioblastoma cells Increased ROS and cell death Akyuva and Naziroglu (2023)

nanoparticle

Activation of TRPM2 by CMPx 5-FU and LV, both individually & | Breast and colon Increased cell death Guler and Ovey (2018)

in combination cancers
Activation of TRPM2 by selenium Docetaxel Glioblastoma cells Increased cell death Ertilav et al. (2019)

contributes to drug resistance. Targeting the TRPM2 function could,
therefore, represent a tipping point that can be exploited for
improved cancer therapy (Table 1). Accordingly, numerous
studies have shown that inhibition of TRPM2 increased the
efficacy of anticancer drugs. In neuroblastoma, Miller’s group
demonstrated that inhibition of TRPM2 increased the
cytotoxicity of doxorubicin (Chen et al, 2014; Bao et al, 2016;
Hirschler-Laszkiewicz et al, 2018; Bao et al, 2019; Hirschler-
Laszkiewicz et al., 2022), a widely used anticancer drug in
chemotherapy to treat various cancers (Minotti et al., 2004). A
similar result was reported in myeloid leukemia, where knockdown
of TRPM2 enhanced doxorubicin-mediated cell death (Chen et al.,
2020). In breast cancer, inhibition of TRPM2 increased cell death
after doxorubicin and tamoxifen (Koh et al., 2015), another
commonly used chemotherapeutic agent in breast cancer therapy
(Howell and Howell, 2023). In gastric cancer, inhibition of
TRPM2 has been shown to increase the efficacy of doxorubicin
and paclitaxel (Almasi et al., 2018), a widely used anticancer drug in
cancer therapy (Mekhail and Markman, 2002). Overall, these studies
suggest that inhibition of TRPM2 is a novel strategy to increase the
efficacy of anticancer drugs and improve cancer therapy. However,
other show the opposite, with the activation of
TRPM2 increasing the efficacy of chemotherapeutic agents. Most
of these studies were conducted by Naziroglu’s research group,

studies

showing that the activation of TRPM2 enhanced the anticancer
drug-mediated ROS production and cell death in various types of
instance, curcumin-mediated TRPM2 activation

enhanced ROS production and cell death in laryngeal squamous

cancers. For

cancer cells (LSCC) after treatment with cisplatin (Gokce Kutuk
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etal,, 2019), one of the most commonly used drugs for the treatment
of squamous cell carcinoma (Pendleton and Grandis, 2013).
Interestingly, paclitaxel-mediated ROS production and cell death
in LSCC also involved TRPM2 activation (Kumbul and Naziroglu,
2022). In glioblastoma cells, the combination of paclitaxel with and
resveratrol, a naturally occurring phytochemical that has been
shown to sensitize multiple cell lines to
chemotherapeutic agents (Xiao et al, 2018), potentiated
paclitaxel-mediated cytotoxicity and cell death through the
activation of TRPM2 channel (Ozturk et al, 2019). The
combination of cisplatin and Eicosapentaenoic acid, a component
of omega-3 polyunsaturated fatty acids recently shown to influence

numerous

the effects of many anticancer drugs (Ghoreishi et al, 2012;
Bennouna et al., 2019), also enhanced cisplatin-mediated oxidant
effects and cell death through TRPM2 activation in glioblastoma
cels  (Ocal and Naziroglu, 2022).  Selenium-mediated
TRPM2 activation also enhanced ROS production and cell death
in glioblastoma cells after treatment with docetaxel (Ertilav et al.,
2019), an important antineoplastic agent used in the management of
multiple metastatic and non-resectable tumor types (Farha and Kasi,
2023). Similarly, honeybee venom melittin and silver nanoparticles
enhanced cisplatin-mediated oxidant actions and cell death in
glioblastoma cells through the activation of TRPM2 (Akyuva and
Naziroglu, 2023; Ertilav and Naziroglu, 2023). Finally, the
TRPM2 agonist cumene hydroperoxide (CMPx) increased the
sensitivity of breast and colon cancer cells to 5-fluorouracil (5-
FU) and leucovorin (LV), both individually and in combination
(Guler and Ovey, 2018), both of which are widely used drugs in
breast and digestive tract cancers (Machover, 1997; Sethy and
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Kundu, 2021). Collectively, these studies clearly suggest that
activation of TRPM2 is a promising strategy to improve the
efficacy of many anticancer drugs. However, the drugs used in
these studies to activate and inhibit TRPM2 function are far
from specific to TRPM2, and genetic knockdowns and/or
overexpression are necessary to confirm this role of TRPM2 in
pro-anticancer drug effects.

Conclusion and perspectives

The therapeutic potential of targeting TRPM2 in a variety of
diseases is significant, largely due to its multifaceted role in cellular
functions across a range of organs. This opens up the prospect for
broad-spectrum therapies. For instance, inhibiting TRPM2 in the
brain could potentially alleviate cognitive dysfunction in
neurodegenerative disorders. On the other hand, the activation of
TRPM2 in the heart might offer protective benefits against ischemia-
reperfusion injury. Furthermore, modulating TRPM2 activities in
immune responses and cancer could not only help to manage disease
progression but also enhance the efficacy of existing treatments.

Despite this considerable promise, the clinical application of
TRPM2 agonists and antagonists confronts several significant
challenges. A primary hurdle is the dearth of selective and potent
modulators capable of effectively targeting TRPM2 without impacting
other cellular processes. For instance, 2-aminoethoxydiphenyl borate
(2-APB) (Togashi et al., 2008), flufenamic acid (FFA) (Naziroglu et al.,
2007), and the anti-fungal imidazoles clotrimazole and econazole (Hill
et al,, 2004), have been described as TRPM?2 inhibitors. However, these
substances are also known to impact other targets: 2-APB is a general
inhibitor of most TRP channels (Bencze et al., 2015) and also activates
IP3R (Huang et al., 2005); FFA inhibits a wide variety of TRP channels
(Rae et al, 2012); clotrimazole inhibits Ca**-activated K+ channels
(Brugnara et al, 1995 Wu et al, 1999); and econazole inhibits
TRPV5 and TRPV6 (Hughes et al., 2018). These off-target impacts
underscore the urgency in identifying potent, TRPM2-specific drugs
prior to their potential introduction into clinical trials. In this regard, the
discovery of the non-inactivating TRPM2 variant by the Csanddy group
provides a valuable model for validating TRPM2 drugs, studying the
mechanisms of drug binding in steady-state gating, and verifying drug
specificity and sensitivity. Considering that TRPM2 is ubiquitously
expressed in various tissues and cell types, including neurons, cardiac
cells, and immune cells, a TRPM2 modulator must reach these different
tissues in adequate concentrations to exert its therapeutic effects.

However, the widespread distribution of TRPM2 also amplifies the
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function in disease-specific scenarios further muddies the waters in the
design of effective therapeutic strategies. This makes striking the right
balance between inhibition and activation of TRPM2 another
significant challenge.

In conclusion, the manipulation of TRPM2 presents exciting
therapeutic potential. However, realizing this potential will require
extensive and careful investigation to 1) fully understand the
mechanistic intricacies of TRPM2 activity and its downstream
signaling, 2) the development of highly selective and potent
modulators, 3) a strategic approach to biodistribution, and 4) the
appropriate balance between inhibition and activation of TRPM2.

Author contributions

MM: draft. YE:
conceptualization, supervision, writing—review and editing. All

research literature, —writing—original
authors contributed to the article and approved the submitted

version.

Funding

This work was supported by the ResearchNS- MED-EST-2019-
2174 to YE.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

mitochondrial function and promotes gastric cancer cell survival via the JNK-
signaling pathway. J. Biol. Chem. 293, 3637-3650. doi:10.1074/jbc.M117.817635

Aminzadeh, M., Roghani, M., Sarfallah, A, and Riazi, G. H. (2018).
TRPM2 dependence of ROS-induced NLRP3 activation in Alzheimer’s disease. Int.
Immunopharmacol. 54, 78-85. doi:10.1016/j.intimp.2017.10.024

Bao, L., Chen, S. J., Conrad, K., Keefer, K., Abraham, T., Lee, J. P., et al. (2016).
Depletion of the human ion channel TRPM2 in neuroblastoma demonstrates its key

role in cell survival through modulation of mitochondrial reactive oxygen species and
bioenergetics. J. Biol. Chem. 291, 24449-24464. doi:10.1074/jbc.M116.747147

Bao, L., Festa, F., Freet, C. S., Lee, J. P., Hirschler-Laszkiewicz, I. M., Chen, S. ], et al.
(2019). The human transient receptor potential melastatin 2 ion channel modulates
ROS through Nrf2. Sci. Rep. 9, 14132. doi:10.1038/541598-019-50661-8

frontiersin.org


https://doi.org/10.1155/2015/454659
https://doi.org/10.1016/j.cbi.2022.110261
https://doi.org/10.1523/JNEUROSCI.1729-13.2013
https://doi.org/10.1523/JNEUROSCI.1729-13.2013
https://doi.org/10.1074/jbc.M117.817635
https://doi.org/10.1016/j.intimp.2017.10.024
https://doi.org/10.1074/jbc.M116.747147
https://doi.org/10.1038/s41598-019-50661-8
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1217828

Maliougina and El Hiani

Beceiro, S., Radin, J. N., Chatuvedi, R., Piazuelo, M. B., Horvarth, D. J., Cortado, H.,
et al. (2017). TRPM2 ijon channels regulate macrophage polarization and gastric
inflammation during Helicobacter pylori infection. Mucosal Immunol. 10, 493-507.
doi:10.1038/mi.2016.60

Belrose, J. C., Xie, Y. F., Gierszewski, L. ]., MacDonald, J. F., and Jackson, M. F. (2012).
Loss of glutathione homeostasis associated with neuronal senescence facilitates
TRPM2 channel activation in cultured hippocampal pyramidal neurons. Mol. Brain
5, 11. doi:10.1186/1756-6606-5-11

Bencze, M., Behuliak, M., Vavrinova, A., and Zicha, J. (2015). Broad-range TRP
channel inhibitors (2-APB, flufenamic acid, SKF-96365) affect differently contraction of
resistance and conduit femoral arteries of rat. Eur. J. Pharmacol. 765, 533-540. doi:10.
1016/j.ejphar.2015.09.014

Bennouna, D., Solano, M., Orchard, T. S., DeVries, A. C., Lustberg, M., and Kopec, R.
E. (2019). The effects of doxorubicin-based chemotherapy and omega-3
supplementation on mouse brain lipids. Metabolites 9, 208. doi:10.3390/metabo9100208

Bogeski, I, Kilch, T., Niemeyer, B. A., and RosSOCE (2012). ROS and SOCE: Recent
advances and controversies in the regulation of STIM and orai. J. Physiol. 590,
4193-4200. doi:10.1113/jphysiol.2012.230565

Bootman, M. D., Chehab, T., Bultynck, G., Parys, J. B., and Rietdorf, K. (2018). The
regulation of autophagy by calcium signals: Do we have a consensus? Cell Calcium 70,
32-46. doi:10.1016/j.ceca.2017.08.005

Boyce, A. K. J., and Thompson, R. J. (2022). Another win for mimetic peptides in
stroke: Disruption of TRPM2-NMDAR signaling. Neuron 110, 1881-1884. doi:10.1016/
jneuron.2022.05.020

Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M. W., and Sheu, S. S. (2004).
Calcium, ATP, and ROS: A mitochondrial love-hate triangle. Am. J. Physiol. Cell Physiol.
287, C817-C833. doi:10.1152/ajpcell.00139.2004

Brugnara, C., Armsby, C. C., Sakamoto, M., Rifai, N., Alper, S. L., and Platt, O. (1995).
Oral administration of clotrimazole and blockade of human erythrocyte Ca(++)-
activated K+ channel: The imidazole ring is not required for inhibitory activity.
J. Pharmacol. Exp. Ther. 273, 266-272.

Chang, H., and Zou, Z. (2020). Targeting autophagy to overcome drug resistance:
Further developments. J. Hematol. Oncol. 13, 159. doi:10.1186/s13045-020-01000-2

Chen, S. J., Bao, L., Keefer, K., Shanmughapriya, S., Chen, L., Lee, J., et al. (2020).
Transient receptor potential ion channel TRPM2 promotes AML proliferation and
survival through modulation of mitochondrial function, ROS, and autophagy. Cell
Death Dis. 11, 247. doi:10.1038/s41419-020-2454-8

Chen, S. ., Hoffman, N. E., Shanmughapriya, S., Bao, L., Keefer, K., Conrad, K., et al.
(2014). A splice variant of the human ion channel TRPM2 modulates neuroblastoma
tumor growth through hypoxia-inducible factor (HIF)-1/2a. J. Biol. Chem. 289,
36284-36302. doi:10.1074/jbc.M114.620922

Chen, Z., and Trapp, B. D. (2016). Microglia and neuroprotection. J. Neurochem. 136
(1), 10-17. doi:10.1111/jnc.13062

Clapham, D. E. (2003). TRP channels as cellular sensors. Nature 426, 517-524. doi:10.
1038/nature02196

Cobley, J. N., Fiorello, M. L., and Bailey, D. M. (2018). 13 reasons why the brain is
susceptible to oxidative stress. Redox Biol. 15, 490-503. doi:10.1016/j.redox.2018.01.008

Csanady, L., and Torocsik, B. (2009). Four Ca2+ ions activate TRPM2 channels by
binding in deep crevices near the pore but intracellularly of the gate. J. Gen. Physiol. 133,
189-203. doi:10.1085/jgp.200810109

Di, A, Kiya, T., Gong, H., Gao, X,, and Malik, A. B. (2017). Role of the phagosomal
redox-sensitive TRP channel TRPM2 in regulating bactericidal activity of macrophages.
J. Cell Sci. 130, 735-744. doi:10.1242/jcs.196014

Dikic, I., and Elazar, Z. (2018). Mechanism and medical implications of
mammalian autophagy. Nat. Rev. Mol. Cell Biol. 19, 349-364. do0i:10.1038/
s41580-018-0003-4

Dirnagl, U., Tadecola, C., and Moskowitz, M. A. (1999). Pathobiology of ischaemic
stroke: An integrated view. Trends Neurosci. 22, 391-397. doi:10.1016/s0166-2236(99)
01401-0

Dorward, D. A., Lucas, C. D., Chapman, G. B., Haslett, C., Dhaliwal, K., and Rossi, A.
G. (2015). The role of formylated peptides and formyl peptide receptor 1 in governing
neutrophil function during acute inflammation. Am. J. Pathol. 185, 1172-1184. doi:10.
1016/j.ajpath.2015.01.020

Eraslan, E., Tanyeli, A., Polat, E., and Polat, E. (2019). 8-Br-cADPR, a TRPM2 ion
channel antagonist, inhibits renal ischemia-reperfusion injury. J. Cell Physiol. 234,
4572-4581. doi:10.1002/jcp.27236

Ertilav, K., Naziroglu, M., Ataizi, Z. S., and Braidy, N. (2019). Selenium enhances
the apoptotic efficacy of docetaxel through activation of TRPM2 channel in
DBTRG glioblastoma cells. Neurotox. Res. 35, 797-808. doi:10.1007/s12640-
019-0009-5

Ertilav, K., and Naziroglu, M. (2023). Honey bee venom melittin increases the oxidant
activity of cisplatin and kills human glioblastoma cells by stimulating the
TRPM2 channel. Toxicon 222, 106993. doi:10.1016/j.toxicon.2022.106993

Eskelinen, E. L. (2011). The dual role of autophagy in cancer. Curr. Opin. Pharmacol.
11, 294-300. doi:10.1016/j.coph.2011.03.009

Frontiers in Physiology

11

10.3389/fphys.2023.1217828

Fallah, H. P, Ahuja, E,, Lin, H., Qi, ., He, Q., Gao, S., et al. (2022). A review on the role
of TRP Channels and their potential as drug Targets_An insight into the TRP channel
drug discovery methodologies. Front. Pharmacol. 13, 914499. doi:10.3389/fphar.2022.
914499

Farha, N. G., and Kasi, A. (2023). Docetaxel, StatPearls. Treasure Island (FL).

Fonfria, E., Marshall, I. C., Benham, C. D., Boyfield, L, Brown, J. D., Hill, K,, et al.
(2004). TRPM2 channel opening in response to oxidative stress is dependent on
activation of poly(ADP-ribose) polymerase. Br. J. Pharmacol. 143, 186-192. doi:10.
1038/5j.bjp.0705914

Fonfria, E., Marshall, I. C,, Boyfield, I, Skaper, S. D., Hughes, J. P., Owen, D. E,, et al.
(2005). Amyloid beta-peptide(1-42) and hydrogen peroxide-induced toxicity are
mediated by TRPM2 in rat primary striatal cultures. J. Neurochem. 95, 715-723.
doi:10.1111/j.1471-4159.2005.03396.x

Fonfria, E., Mattei, C., Hill, K., Brown, J. T., Randall, A., Benham, C. D., et al. (2006).
TRPM2 is elevated in the tMCAO stroke model, transcriptionally regulated, and
functionally expressed in C13 microglia. J. Recept Signal Transduct. Res. 26,
179-198. doi:10.1080/10799890600637522

Franco, R, and Vargas, M. R. (2018). Redox biology in neurological function,
dysfunction, and aging. Antioxid. Redox Signal 28, 1583-1586. doi:10.1089/ars.2018.
7509

Ge, Y., Chen, W, Axerio-Cilies, P., and Wang, Y. T. (2020). NMDAR:s in cell survival
and death: Implications in stroke pathogenesis and treatment. Trends Mol. Med. 26,
533-551. doi:10.1016/j.molmed.2020.03.001

Ghoreishi, Z., Esfahani, A., Djazayeri, A., Djalali, M., Golestan, B., Ayromlou, H., et al.
(2012). Omega-3 fatty acids are protective against paclitaxel-induced peripheral
neuropathy: A randomized double-blind placebo controlled trial. BMC Cancer 12,
355. doi:10.1186/1471-2407-12-355

Gibson, G. E. (2002). Interactions of oxidative stress with cellular calcium dynamics
and glucose metabolism in Alzheimer’s disease. Free Radic. Biol. Med. 32, 1061-1070.
doi:10.1016/s0891-5849(02)00802-x

Gokce Kutuk, S., Gokee, G., Kutuk, M., Gurses Cila, H. E., and Naziroglu, M. (2019).
Curcumin enhances cisplatin-induced human laryngeal squamous cancer cell death
through activation of TRPM2 channel and mitochondrial oxidative stress. Sci. Rep. 9,
17784. doi:10.1038/s41598-019-54284-x

Gold, M., and El Khoury, J. (2015). p-amyloid, microglia, and the inflammasome in
Alzheimer’s disease. Semin. Immunopathol. 37, 607-611. doi:10.1007/s00281-015-
0518-0

Gorlach, A., Bertram, K., Hudecova, S., and Krizanova, O. (2015). Calcium and ROS:
A mutual interplay. Redox Biol. 6, 260-271. doi:10.1016/j.redox.2015.08.010

Guler, Y., and Ovey, L. S. (2018). Synergic and comparative effect of 5-fluorouracil and
leucoverin on breast and colon cancer cells through TRPM2 channels. Bratisl. Lek. Listy
119, 692-700. doi:10.4149/BLL_2018_124

Halle, A, Hornung, V., Petzold, G. C., Stewart, C. R., Monks, B. G., Reinheckel, T.,
et al. (2008). The NALP3 inflammasome is involved in the innate immune response to
amyloid-beta. Nat. Immunol. 9, 857-865. doi:10.1038/ni.1636

Hara, Y., Wakamori, M., Ishii, M., Maeno, E., Nishida, M., Yoshida, T., et al. (2002).
LTRPC2 Ca2+-permeable channel activated by changes in redox status confers
susceptibility to cell death. Mol. Cell 9, 163-173. doi:10.1016/s1097-2765(01)00438-5

Haraguchi, K., Kawamoto, A., Isami, K., Maeda, S., Kusano, A., Asakura, K., et al.
(2012). TRPM2 contributes to inflammatory and neuropathic pain through the
aggravation of pronociceptive inflammatory responses in mice. J. Neurosci. 32,
3931-3941. doi:10.1523/J]NEUROSCI.4703-11.2012

Hasan, A., Rizvi, S. F., Parveen, S., Pathak, N., Nazir, A., and Mir, S. S. (2022).
Crosstalk between ROS and autophagy in tumorigenesis: Understanding the
multifaceted paradox. Front. Oncol. 12, 852424. doi:10.3389/fonc.2022.852424

Hausenloy, D. J., Botker, H. E., Engstrom, T., Erlinge, D., Heusch, G., Ibanez, B., et al.
(2017). Targeting reperfusion injury in patients with ST-segment elevation myocardial
infarction: Trials and tribulations. Eur. Heart J. 38, 935-941. doi:10.1093/eurheartj/
ehwl145

Heiner, L, Eisfeld, J., Halaszovich, C. R., Wehage, E., Jungling, E., Zitt, C., et al. (2003).
Expression profile of the transient receptor potential (TRP) family in neutrophil
granulocytes: Evidence for currents through long TRP channel 2 induced by ADP-
ribose and NAD. Biochem. ]. 371, 1045-1053. doi:10.1042/BJ20021975

Heusch, G. (2016). Myocardial ischemia: Lack of coronary blood flow or myocardial
oxygen supply/demand imbalance? Circ. Res. 119, 194-196. doi:10.1161/circresaha.116.
308925

Heusch, G. (2019). Myocardial ischemia: Lack of coronary blood flow, myocardial
oxygen supply-demand imbalance, or what? Am. J. Physiol. Heart Circ. Physiol. 316,
H1439-H1446. doi:10.1152/ajpheart.00139.2019

Hidalgo, C., and Donoso, P. (2008). Crosstalk between calcium and redox signaling:
From molecular mechanisms to health implications. Antioxid. Redox Signal 10,
1275-1312. doi:10.1089/ars.2007.1886

Hill, K., McNulty, S., and Randall, A. D. (2004). Inhibition of TRPM2 channels by the
antifungal agents clotrimazole and econazole. Naunyn Schmiedeb. Arch. Pharmacol.
370, 227-237. doi:10.1007/s00210-004-0981-y

frontiersin.org


https://doi.org/10.1038/mi.2016.60
https://doi.org/10.1186/1756-6606-5-11
https://doi.org/10.1016/j.ejphar.2015.09.014
https://doi.org/10.1016/j.ejphar.2015.09.014
https://doi.org/10.3390/metabo9100208
https://doi.org/10.1113/jphysiol.2012.230565
https://doi.org/10.1016/j.ceca.2017.08.005
https://doi.org/10.1016/j.neuron.2022.05.020
https://doi.org/10.1016/j.neuron.2022.05.020
https://doi.org/10.1152/ajpcell.00139.2004
https://doi.org/10.1186/s13045-020-01000-2
https://doi.org/10.1038/s41419-020-2454-8
https://doi.org/10.1074/jbc.M114.620922
https://doi.org/10.1111/jnc.13062
https://doi.org/10.1038/nature02196
https://doi.org/10.1038/nature02196
https://doi.org/10.1016/j.redox.2018.01.008
https://doi.org/10.1085/jgp.200810109
https://doi.org/10.1242/jcs.196014
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1016/s0166-2236(99)01401-0
https://doi.org/10.1016/s0166-2236(99)01401-0
https://doi.org/10.1016/j.ajpath.2015.01.020
https://doi.org/10.1016/j.ajpath.2015.01.020
https://doi.org/10.1002/jcp.27236
https://doi.org/10.1007/s12640-019-0009-5
https://doi.org/10.1007/s12640-019-0009-5
https://doi.org/10.1016/j.toxicon.2022.106993
https://doi.org/10.1016/j.coph.2011.03.009
https://doi.org/10.3389/fphar.2022.914499
https://doi.org/10.3389/fphar.2022.914499
https://doi.org/10.1038/sj.bjp.0705914
https://doi.org/10.1038/sj.bjp.0705914
https://doi.org/10.1111/j.1471-4159.2005.03396.x
https://doi.org/10.1080/10799890600637522
https://doi.org/10.1089/ars.2018.7509
https://doi.org/10.1089/ars.2018.7509
https://doi.org/10.1016/j.molmed.2020.03.001
https://doi.org/10.1186/1471-2407-12-355
https://doi.org/10.1016/s0891-5849(02)00802-x
https://doi.org/10.1038/s41598-019-54284-x
https://doi.org/10.1007/s00281-015-0518-0
https://doi.org/10.1007/s00281-015-0518-0
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.4149/BLL_2018_124
https://doi.org/10.1038/ni.1636
https://doi.org/10.1016/s1097-2765(01)00438-5
https://doi.org/10.1523/JNEUROSCI.4703-11.2012
https://doi.org/10.3389/fonc.2022.852424
https://doi.org/10.1093/eurheartj/ehw145
https://doi.org/10.1093/eurheartj/ehw145
https://doi.org/10.1042/BJ20021975
https://doi.org/10.1161/circresaha.116.308925
https://doi.org/10.1161/circresaha.116.308925
https://doi.org/10.1152/ajpheart.00139.2019
https://doi.org/10.1089/ars.2007.1886
https://doi.org/10.1007/s00210-004-0981-y
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1217828

Maliougina and El Hiani

Hill, K., Tigue, N. J., Kelsell, R. E., Benham, C. D., McNulty, S., Schaefer, M., et al.
(2006). Characterisation of recombinant rat TRPM2 and a TRPM2-like conductance in
cultured rat striatal neurones. Neuropharmacology 50, 89-97. doi:10.1016/j.
neuropharm.2005.08.021

Himmel, N. J., and Cox, D. N. (2020). Transient receptor potential channels: Current
perspectives on evolution, structure, function and nomenclature. Proc. Biol. Sci. 287,
20201309. doi:10.1098/rspb.2020.1309

Hirschler-Laszkiewicz, 1, Chen, S. ], Bao, L, Wang, J, Zhang, X. Q,
Shanmughapriya, S., et al. (2018). The human ion channel TRPM2 modulates
neuroblastoma cell survival and mitochondrial function through Pyk2, CREB, and
MCU activation. Am. J. Physiol. Cell Physiol. 315, C571-C586. doi:10.1152/ajpcell.
00098.2018

Hirschler-Laszkiewicz, 1., Festa, F., Huang, S. Moldovan, G. L., Nicolae, C,
Dhoonmoon, A., et al. (2022). The human ion channel TRPM2 modulates cell
survival in neuroblastoma through E2F1 and FOXMI. Sci. Rep. 12, 6311. doi:10.
1038/s41598-022-10385-8

Hoffman, N. E,, Miller, B. A., Wang, ], Elrod, J. W, Rajan, S., Gao, E,, et al. (2015).
Ca* entry via Trpm?2 is essential for cardiac myocyte bioenergetics maintenance. Am.
J. Physiol. Heart Circ. Physiol. 308, H637-H650. doi:10.1152/ajpheart.00720.2014

Howell, A., and Howell, S. J. (2023). Tamoxifen evolution. Br. J. Cancer 128, 421-425.
doi:10.1038/s41416-023-02158-5

Huang, C., Zhang, Z., and Qiu, F. (2005). Effects of 2-APB on store-operated Ca2+
channel currents of hepatocytes after hepatic ischemia/reperfusion injury in rats.
J. Huazhong Univ. Sci. Technol. Med. Sci. 25, 39-41. doi:10.1007/BF02831382

Huang, S., Turlova, E,, Li, F., Bao, M. H,, Szeto, V., Wong, R,, et al. (2017). Transient
receptor potential melastatin 2 channels (TRPM2) mediate neonatal hypoxic-ischemic
brain injury in mice. Exp. Neurol. 296, 32-40. doi:10.1016/j.expneurol.2017.06.023

Hughes, T. E. T., Lodowski, D. T., Huynh, K. W., Yazici, A., Del Rosario, J., Kapoor,
A, et al. (2018). Structural basis of TRPV5 channel inhibition by econazole revealed by
cryo-EM. Nat. Struct. Mol. Biol. 25, 53-60. doi:10.1038/s41594-017-0009-1

Iordanov, I, Mihalyi, C., Toth, B., and Csanady, L. (2016). The proposed channel-
enzyme transient receptor potential melastatin 2 does not possess ADP ribose hydrolase
activity. Elife 5, €17600. doi:10.7554/eLife.17600

Jang, Y., Lee, S. H,, Lee, B, Jung, S., Khalid, A., Uchida, K., et al. (2015). TRPM2, a
susceptibility gene for bipolar disorder, regulates glycogen synthase kinase-3 activity in
the brain. J. Neurosci. 35, 11811-11823. doi:10.1523/J]NEUROSCI.5251-14.2015

Jia, J., Verma, S., Nakayama, S., Quillinan, N., Grafe, M. R,, Hurn, P. D, et al. (2011).
Sex differences in neuroprotection provided by inhibition of TRPM2 channels following
experimental stroke. J. Cereb. Blood Flow. Metab. 31, 2160-2168. doi:10.1038/jcbfm.
2011.77

Jiang, M., and Zhang, J. (2003). Cross-talk between calcium and reactive oxygen
species originated from NADPH oxidase in abscisic acid-induced antioxidant defence in
leaves of maize seedlings. Plant Cell Environ. 26, 929-939. doi:10.1046/j.1365-3040.
2003.01025.x

Kakae, M., Miyanohara, J., Morishima, M., Nagayasu, K., Mori, Y., Shirakawa, H.,
et al. (2019). Pathophysiological role of TRPM2 in age-related cognitive impairment in
mice. Neuroscience 408, 204-213. doi:10.1016/j.neuroscience.2019.04.012

Kashio, M., and Tominaga, M. (2017). The TRPM2 channel: A thermo-sensitive
metabolic sensor. Channels (Austin) 11, 426-433. doi:10.1080/19336950.2017.1344801

Kleinbongard, P., Schulz, R., and Heusch, G. (2011). TNFa in myocardial ischemia/
reperfusion, remodeling and heart failure. Heart Fail Rev. 16, 49-69. doi:10.1007/
s10741-010-9180-8

Knowles, H., Heizer, J. W., Li, Y., Chapman, K., Ogden, C. A., Andreasen, K, et al.
(2011). Transient Receptor Potential Melastatin 2 (TRPM2) ion channel is required for
innate immunity against Listeria monocytogenes. Proc. Natl. Acad. Sci. U. S. A. 108,
11578-11583. doi:10.1073/pnas.1010678108

Knowles, H., Li, Y., and Perraud, A. L. (2013). The TRPM2 ion channel, an oxidative
stress and metabolic sensor regulating innate immunity and inflammation. Immunol.
Res. 55, 241-248. doi:10.1007/s12026-012-8373-8

Kobayashi, M., Ohura, I, Kawakita, K., Yokota, N., Fujiwara, M., Shimamoto, K., et al.
(2007). Calcium-dependent protein kinases regulate the production of reactive oxygen
species by potato NADPH oxidase. Plant Cell 19, 1065-1080. doi:10.1105/tpc.106.
048884

Koh, D. W., Powell, D. P., Blake, S. D., Hoffman, J. L., Hopkins, M. M., and Feng, X.
(2015). Enhanced cytotoxicity in triple-negative and estrogen receptor-positive breast
adenocarcinoma cells due to inhibition of the transient receptor potential melastatin-2
channel. Oncol. Rep. 34, 1589-1598. doi:10.3892/0r.2015.4131

Kraft, R., Grimm, C., Grosse, K., Hoffmann, A., Sauerbruch, S., Kettenmann, H., et al.
(2004). Hydrogen peroxide and ADP-ribose induce TRPM2-mediated calcium influx
and cation currents in microglia. Am. J. Physiol. Cell Physiol. 286, C129-C137. doi:10.
1152/ajpcell.00331.2003

Kumar, A, Singh, U. K,, and Chaudhary, A. (2015). Targeting autophagy to overcome
drug resistance in cancer therapy. Future Med. Chem. 7,1535-1542. doi:10.4155/fmc.15.88

Kumbul, Y. C, and Naziroglu, M. (2022). Paclitaxel promotes oxidative stress-
mediated human laryngeal squamous tumor cell death through the stimulation of

Frontiers in Physiology

10.3389/fphys.2023.1217828

calcium and zinc signaling pathways: No synergic action of melatonin. Biol. Trace Elem.
Res. 200, 2084-2098. doi:10.1007/s12011-022-03125-6

Lang, J. T., and McCullough, L. D. (2008). Pathways to ischemic neuronal cell death:
Are sex differences relevant? J. Transl. Med. 6, 33. doi:10.1186/1479-5876-6-33

Leclerc, E., Sturchler, E., Vetter, S. W., and Heizmann, C. W. (2009). Crosstalk
between calcium, amyloid beta and the receptor for advanced glycation endproducts in
Alzheimer’s disease. Rev. Neurosci. 20, 95-110. doi:10.1515/revneuro.2009.20.2.95

Li, X,, and Jiang, L. H. (2018). Multiple molecular mechanisms form a positive
feedback loop driving amyloid 42 peptide-induced neurotoxicity via activation of the
TRPM2 channel in hippocampal neurons. Cell Death Dis. 9, 195. doi:10.1038/s41419-
018-0270-1

Li, X,, Liu, M., Cai, Z., Wang, G., and Li, X. (2010). Regulation of glycogen synthase
kinase-3 during bipolar mania treatment. Bipolar Disord. 12, 741-752. doi:10.1111/j.
1399-5618.2010.00866.x

Liman, E. R. (2007). “The Ca(2+)-activated TRP channels: TRPM4 and TRPM5,” in
TRP ion channel function in sensory transduction and cellular signaling cascades. Editors
W. B. Liedtke and S. Heller (Boca Raton (FL).

Liu, D., and Liman, E. R. (2003). Intracellular Ca2+ and the phospholipid
PIP2 regulate the taste transduction ion channel TRPM5. Proc. Natl. Acad. Sci. U.
S. A. 100, 15160-15165. doi:10.1073/pnas.2334159100

Liu, F,, Lang, J., Li, ]., Benashski, S. E., Siegel, M., Xu, Y., et al. (2011). Sex differences in
the response to poly(ADP-ribose) polymerase-1 deletion and caspase inhibition after
stroke. Stroke 42, 1090-1096. doi:10.1161/strokeaha.110.594861

Machover, D. (1997). A comprehensive review of 5-fluorouracil and leucovorin in
patients with metastatic colorectal carcinoma. Cancer 80, 1179-1187. doi:10.1002/(sici)
1097-0142(19971001)80:7<1179::aid-cnerl1>3.0.co;2-g

Madreiter-Sokolowski, C. T., Thomas, C., and Ristow, M. (2020). Interrelation
between ROS and Ca(2+) in aging and age-related diseases. Redox Biol. 36, 101678.
doi:10.1016/j.redox.2020.101678

Malko, P, and Jiang, L. H. (2020). TRPM2 channel-mediated cell death: An important
mechanism linking oxidative stress-inducing pathological factors to associated
pathological conditions. Redox Biol. 37, 101755. doi:10.1016/j.redox.2020.101755

Massullo, P., Sumoza-Toledo, A., Bhagat, H., and Partida-Sanchez, S. (2006). TRPM
channels, calcium and redox sensors during innate immune responses. Semin. Cell Dev.
Biol. 17, 654-666. d0i:10.1016/j.semcdb.2006.11.006

Matsumoto, K., Takagi, K., Kato, A., Ishibashi, T., Mori, Y., Tashima, K., et al. (2016).
Role of transient receptor potential melastatin 2 (TRPM2) channels in visceral
nociception and hypersensitivity. Exp. Neurol. 285, 41-50. doi:10.1016/j.expneurol.
2016.09.001

McCullough, L. D., Zeng, Z., Blizzard, K. K., Debchoudhury, I, and Hurn, P. D.
(2005). Ischemic nitric oxide and poly (ADP-ribose) polymerase-1 in cerebral ischemia:
Male toxicity, female protection. J. Cereb. Blood Flow. Metab. 25, 502-512. doi:10.1038/
5j.jcbfm.9600059

McQuillin, A., Bass, N. ., Kalsi, G., Lawrence, J., Puri, V., Choudhury, K., et al. (2006).
Fine mapping of a susceptibility locus for bipolar and genetically related unipolar
affective disorders, to a region containing the C210RF29 and TRPM2 genes on
chromosome 21q22.3. Mol. Psychiatry 11, 134-142. doi:10.1038/sj.mp.4001759

Mekhail, T. M., and Markman, M. (2002). Paclitaxel in cancer therapy. Expert Opin.
Pharmacother. 3, 755-766. doi:10.1517/14656566.3.6.755

Miller, B. A., Hoffman, N. E., Merali, S., Zhang, X. Q., Wang, ], Rajan, S, et al. (2014).
TRPM2 channels protect against cardiac ischemia-reperfusion injury: Role of
mitochondria. J. Biol. Chem. 289, 7615-7629. doi:10.1074/jbc.M113.533851

Miller, B. A. (2004). Inhibition of TRPM2 function by PARP inhibitors protects cells
from oxidative stress-induced death. Br. J. Pharmacol. 143, 515-516. doi:10.1038/sj.bjp.
0705923

Miller, B. A. (2019). TRPM2 in cancer. Cell Calcium 80, 8-17. doi:10.1016/j.ceca.2019.
03.002

Miller, B. A, Wang, J., Hirschler-Laszkiewicz, L., Gao, E., Song, J., Zhang, X. Q., et al.
(2013). The second member of transient receptor potential-melastatin channel family
protects hearts from ischemia-reperfusion injury. Am. J. Physiol. Heart Circ. Physiol.
304, H1010-H1022. doi:10.1152/ajpheart.00906.2012

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., and Gianni, L. (2004).
Anthracyclines: Molecular advances and pharmacologic developments in antitumor
activity and cardiotoxicity. Pharmacol. Rev. 56, 185-229. doi:10.1124/pr.56.2.6

Mittal, M., Nepal, S., Tsukasaki, Y., Hecquet, C. M., Soni, D., Rehman, J., et al. (2017).
Neutrophil activation of endothelial cell-expressed TRPM2 mediates transendothelial
neutrophil migration and vascular injury. Circ. Res. 121, 1081-1091. doi:10.1161/
CIRCRESAHA.117.311747

Miyanohara, J., Kakae, M., Nagayasu, K., Nakagawa, T., Mori, Y., Arai, K., et al.
(2018). TRPM2 channel aggravates CNS inflammation and cognitive impairment via
activation of microglia in chronic cerebral hypoperfusion. J. Neurosci. 38, 3520-3533.
doi:10.1523/J]NEUROSCI.2451-17.2018

Moran, M. M., McAlexander, M. A., Biro, T., and Szallasi, A. (2011). Transient
receptor potential channels as therapeutic targets. Nat. Rev. Drug Discov. 10, 601-620.
doi:10.1038/nrd3456

frontiersin.org


https://doi.org/10.1016/j.neuropharm.2005.08.021
https://doi.org/10.1016/j.neuropharm.2005.08.021
https://doi.org/10.1098/rspb.2020.1309
https://doi.org/10.1152/ajpcell.00098.2018
https://doi.org/10.1152/ajpcell.00098.2018
https://doi.org/10.1038/s41598-022-10385-8
https://doi.org/10.1038/s41598-022-10385-8
https://doi.org/10.1152/ajpheart.00720.2014
https://doi.org/10.1038/s41416-023-02158-5
https://doi.org/10.1007/BF02831382
https://doi.org/10.1016/j.expneurol.2017.06.023
https://doi.org/10.1038/s41594-017-0009-1
https://doi.org/10.7554/eLife.17600
https://doi.org/10.1523/JNEUROSCI.5251-14.2015
https://doi.org/10.1038/jcbfm.2011.77
https://doi.org/10.1038/jcbfm.2011.77
https://doi.org/10.1046/j.1365-3040.2003.01025.x
https://doi.org/10.1046/j.1365-3040.2003.01025.x
https://doi.org/10.1016/j.neuroscience.2019.04.012
https://doi.org/10.1080/19336950.2017.1344801
https://doi.org/10.1007/s10741-010-9180-8
https://doi.org/10.1007/s10741-010-9180-8
https://doi.org/10.1073/pnas.1010678108
https://doi.org/10.1007/s12026-012-8373-8
https://doi.org/10.1105/tpc.106.048884
https://doi.org/10.1105/tpc.106.048884
https://doi.org/10.3892/or.2015.4131
https://doi.org/10.1152/ajpcell.00331.2003
https://doi.org/10.1152/ajpcell.00331.2003
https://doi.org/10.4155/fmc.15.88
https://doi.org/10.1007/s12011-022-03125-6
https://doi.org/10.1186/1479-5876-6-33
https://doi.org/10.1515/revneuro.2009.20.2.95
https://doi.org/10.1038/s41419-018-0270-1
https://doi.org/10.1038/s41419-018-0270-1
https://doi.org/10.1111/j.1399-5618.2010.00866.x
https://doi.org/10.1111/j.1399-5618.2010.00866.x
https://doi.org/10.1073/pnas.2334159100
https://doi.org/10.1161/strokeaha.110.594861
https://doi.org/10.1002/(sici)1097-0142(19971001)80:7<1179::aid-cncr1>3.0.co;2-g
https://doi.org/10.1002/(sici)1097-0142(19971001)80:7<1179::aid-cncr1>3.0.co;2-g
https://doi.org/10.1016/j.redox.2020.101678
https://doi.org/10.1016/j.redox.2020.101755
https://doi.org/10.1016/j.semcdb.2006.11.006
https://doi.org/10.1016/j.expneurol.2016.09.001
https://doi.org/10.1016/j.expneurol.2016.09.001
https://doi.org/10.1038/sj.jcbfm.9600059
https://doi.org/10.1038/sj.jcbfm.9600059
https://doi.org/10.1038/sj.mp.4001759
https://doi.org/10.1517/14656566.3.6.755
https://doi.org/10.1074/jbc.M113.533851
https://doi.org/10.1038/sj.bjp.0705923
https://doi.org/10.1038/sj.bjp.0705923
https://doi.org/10.1016/j.ceca.2019.03.002
https://doi.org/10.1016/j.ceca.2019.03.002
https://doi.org/10.1152/ajpheart.00906.2012
https://doi.org/10.1124/pr.56.2.6
https://doi.org/10.1161/CIRCRESAHA.117.311747
https://doi.org/10.1161/CIRCRESAHA.117.311747
https://doi.org/10.1523/JNEUROSCI.2451-17.2018
https://doi.org/10.1038/nrd3456
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1217828

Maliougina and El Hiani

Morris, G., Gevezova, M., Sarafian, V., and Maes, M. (2022). Redox regulation of the
immune response. Cell Mol. Immunol. 19, 1079-1101. doi:10.1038/s41423-022-00902-0

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem.
J. 417, 1-13. doi:10.1042/BJ20081386

Nathan, C., and Cunningham-Bussel, A. (2013). Beyond oxidative stress: An
immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol. 13, 349-361.
doi:10.1038/nri3423

Naziroglu, M., Luckhoff, A., and Jungling, E. (2007). Antagonist effect of flufenamic
acid on TRPM2 cation channels activated by hydrogen peroxide. Cell Biochem. Funct.
25, 383-387. doi:10.1002/cbf.1310

Nikolaienko, R., Bovo, E., and Zima, A. V. (2018). Redox dependent modifications of
ryanodine receptor: Basic mechanisms and implications in heart diseases. Front.
Physiol. 9, 1775. doi:10.3389/fphys.2018.01775

Nilius, B., Mahieu, F., Prenen, J., Janssens, A., Owsianik, G., Vennekens, R, et al.
(2006). The Ca2+-activated cation channel TRPM4 is regulated by phosphatidylinositol
4,5-biphosphate. EMBO J. 25, 467-478. d0i:10.1038/sj.emboj.7600963

Ocal, O., and Naziroglu, M. (2022). Eicosapentaenoic acid enhanced apoptotic and
oxidant effects of cisplatin via activation of TRPM2 channel in brain tumor cells. Chem.
Biol. Interact. 359, 109914. doi:10.1016/j.cbi.2022.109914

Ostapchenko, V. G., Chen, M., Guzman, M. S, Xie, Y. F,, Lavine, N,, Fan, J,, et al.
(2015). The transient receptor potential melastatin 2 (TRPM2) channel contributes to
beta-amyloid oligomer-related neurotoxicity and memory impairment. J. Neurosci. 35,
15157-15169. doi:10.1523/INEUROSCI.4081-14.2015

Ozturk, Y., Gunaydin, C,, Yalcin, F., Naziroglu, M., and Braidy, N. (2019). Resveratrol
enhances apoptotic and oxidant effects of paclitaxel through TRPM2 channel activation
in DBTRG glioblastoma cells. Oxid. Med. Cell Longev. 2019, 4619865. doi:10.1155/2019/
4619865

Pandey, G. N., Ren, X,, Rizavi, H. S., and Dwivedi, Y. (2010). Glycogen synthase
kinase-3beta in the platelets of patients with mood disorders: Effect of treatment.
J. Psychiatr. Res. 44, 143-148. doi:10.1016/j.jpsychires.2009.07.009

Park, L., Wang, G., Moore, J., Girouard, H., Zhou, P., Anrather, J., et al. (2014). The
key role of transient receptor potential melastatin-2 channels in amyloid-beta-induced
neurovascular dysfunction. Nat. Commun. 5, 5318. doi:10.1038/ncomms6318

Patel, M. (2016). Targeting oxidative stress in central nervous system disorders.
Trends Pharmacol. Sci. 37, 768-778. doi:10.1016/.tips.2016.06.007

Paul, S., and Candelario-Jalil, E. (2021). Emerging neuroprotective strategies for the
treatment of ischemic stroke: An overview of clinical and preclinical studies.
Exp. Neurol. 335, 113518. doi:10.1016/j.expneurol.2020.113518

Pendleton, K. P., and Grandis, J. R. (2013). Cisplatin-based chemotherapy options for
recurrent and/or metastatic squamous cell cancer of the head and neck. Clin. Med.
Insights Ther. 5, CMT.S10409. doi:10.4137/cmt.s10409

Perillo, B., Di Donato, M., Pezone, A., Di Zazzo, E., Giovannelli, P., Galasso, G., et al.
(2020). ROS in cancer therapy: The bright side of the moon. Exp. Mol. Med. 52,
192-203. doi:10.1038/s12276-020-0384-2

Perraud, A. L., Fleig, A, Dunn, C. A,, Bagley, L. A., Launay, P., Schmitz, C., et al.
(2001). ADP-ribose gating of the calcium-permeable LTRPC2 channel revealed by
Nudix motif homology. Nature 411, 595-599. doi:10.1038/35079100

Perraud, A. L, Shen, B,, Dunn, C. A, Rippe, K., Smith, M. K., Bessman, M. J., et al.
(2003). NUDT9, a member of the Nudix hydrolase family, is an evolutionarily
conserved mitochondrial ADP-ribose pyrophosphatase. J. Biol. Chem. 278,
1794-1801. doi:10.1074/jbc.M205601200

Perraud, A. L., Takanishi, C. L., Shen, B, Kang, S., Smith, M. K., Schmitz, C,, et al.
(2005). Accumulation of free ADP-ribose from mitochondria mediates oxidative stress-
induced gating of TRPM2 cation channels. J. Biol. Chem. 280, 6138-6148. doi:10.1074/
jbc.M411446200

Poteser, M., Graziani, A., Rosker, C., Eder, P., Derler, 1., Kahr, H., et al. (2006).
TRPC3 and TRPC4 associate to form a redox-sensitive cation channel. J. Biol. Chem.
281, 13588-13595. doi:10.1074/jbc.m512205200

Qian, X, Numata, T., Zhang, K., Li, C., Hou, J., Mori, Y., et al. (2014). Transient
receptor potential melastatin 2 protects mice against polymicrobial sepsis by enhancing
bacterial clearance. Anesthesiology 121, 336-351. doi:10.1097/ALN.0000000000000275

Rae, M. G, Hilton, J., and Sharkey, J. (2012). Putative TRP channel antagonists, SKF
96365, flufenamic acid and 2-APB, are non-competitive antagonists at recombinant
human a1B2y2 GABA(A) receptors. Neurochem. Int. 60, 543-554. doi:10.1016/j.neuint.
2012.02.014

Redza-Dutordoir, M., and Averill-Bates, D. A. (2021). Interactions between
reactive oxygen species and autophagy: Special issue: Death mechanisms in cellular

homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 1868, 119041. doi:10.1016/].
bbamcr.2021.119041

Ren, K., and Dubner, R. (2010). Interactions between the immune and nervous
systems in pain. Nat. Med. 16, 1267-1276. doi:10.1038/nm.2234

Renolleau, S, Fau, S., Goyenvalle, C., Joly, L. M., Chauvier, D., Jacotot, E., et al. (2007).
Specific caspase inhibitor Q-VD-OPh prevents neonatal stroke in P7 rat: A role for
gender. J. Neurochem. 100, 1062-1071. doi:10.1111/j.1471-4159.2006.04269.x

Frontiers in Physiology

13

10.3389/fphys.2023.1217828

Roberge, S., Roussel, J., Andersson, D. C., Meli, A. C,, Vidal, B., Blandel, F., et al.
(2014). TNF-a-mediated caspase-8 activation induces ROS production and
TRPM2 activation in adult ventricular myocytes. Cardiovasc Res. 103, 90-99. doi:10.
1093/cvr/cvull2

Robledo-Avila, F. H., Ruiz-Rosado, J. D., Brockman, K. L., and Partida-Sanchez, S.
(2020). The TRPM2 ion channel regulates inflammatory functions of neutrophils during
Listeria monocytogenes infection. Front. Immunol. 11, 97. doi:10.3389/fimmu.2020.00097

Sabharwal, S. S., and Schumacker, P. T. (2014). Mitochondrial ROS in cancer: Initiators,
amplifiers or an achilles’” heel? Nat. Rev. Cancer 14, 709-721. doi:10.1038/nrc3803

Salmon, M. D., and Ahluwalia, J. (2009). Relationship between calcium release and
NADPH oxidase inhibition in human neutrophils. Biochem. Biophys. Res. Commun.
384, 87-92. doi:10.1016/j.bbrc.2009.04.079

Sano, Y., Inamura, K., Miyake, A., Mochizuki, S., Yokoi, H., Matsushime, H., et al.
(2001). Immunocyte Ca2+ influx system mediated by LTRPC2. Science 293, 1327-1330.
doi:10.1126/science.1062473

Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin. Invest.
127, 3240-3249. doi:10.1172/jci90606

Schmidt, B., Alansary, D., Bogeski, I, Niemeyer, B. A., and Rieger, H. (2019).
Reaction-diffusion model for STIM-ORAI interaction: The role of ROS and
mutations. J. Theor. Biol. 470, 64-75. doi:10.1016/j.jtbi.2019.02.010

Sethy, C., and Kundu, C. N. (2021). 5-Fluorouracil (5-FU) resistance and the new
strategy to enhance the sensitivity against cancer: Implication of DNA repair inhibition.
Biomed. Pharmacother. 137, 111285. doi:10.1016/j.biopha.2021.111285

Singh, S. S, Vats, S., Chia, A. Y., Tan, T. Z,, Deng, S., Ong, M. S, et al. (2018). Dual role
of autophagy in hallmarks of cancer. Oncogene 37, 1142-1158. doi:10.1038/s41388-017-
0046-6

So, K., Haraguchi, K., Asakura, K., Isami, K., Sakimoto, S., Shirakawa, H., et al. (2015).
Involvement of TRPM2 in a wide range of inflammatory and neuropathic pain mouse
models. J. Pharmacol. Sci. 127, 237-243. doi:10.1016/j.jphs.2014.10.003

Song, K., Wang, H., Kamm, G. B., Pohle, J., Reis, F. C., Heppenstall, P., et al. (2016).
The TRPM2 channel is a hypothalamic heat sensor that limits fever and can drive
hypothermia. Science 353, 1393-1398. doi:10.1126/science.aaf7537

Sun, Y., Xu, Y., Cheng, X., Chen, X,, Xie, Y., Zhang, L., et al. (2018). The differences
between GluN2A and GluN2B signaling in the brain. J. Neurosci. Res. 96, 1430-1443.
doi:10.1002/jnr.24251

Syed Mortadza, S. A., Wang, L., Li, D., and Jiang, L. H. (2015). TRPM2 channel-
mediated ROS-sensitive Ca(2+) signaling mechanisms in immune cells. Front.
Immunol. 6, 407. doi:10.3389/fimmu.2015.00407

Takahashi, N., and Mori, Y. (2011). TRP channels as sensors and signal integrators of
redox status changes. Front. Pharmacol. 2, 58. doi:10.3389/fphar.2011.00058

Tan, C. H., and McNaughton, P. A. (2018). TRPM2 and warmth sensation. Pflugers
Arch. 470, 787-798. doi:10.1007/s00424-018-2139-7

Tektemur, A., Ozaydin, S., Etem Onalan, E., Kaya, N., Kuloglu, T., Ozercan, I. H,, et al.
(2019). TRPM2 mediates distruption of autophagy machinery and correlates with the
grade level in prostate cancer. J. Cancer Res. Clin. Oncol. 145, 1297-1311. doi:10.1007/
500432-019-02898-z

Togashi, K., Hara, Y., Tominaga, T., Higashi, T., Konishi, Y., Mori, Y., et al. (2006).
TRPM2 activation by cyclic ADP-ribose at body temperature is involved in insulin
secretion. EMBO J. 25, 1804-1815. doi:10.1038/sj.emboj.7601083

Togashi, K., Inada, H., and Tominaga, M. (2008). Inhibition of the transient receptor
potential cation channel TRPM2 by 2-aminoethoxydiphenyl borate (2-APB). Br.
J. Pharmacol. 153, 1324-1330. doi:10.1038/sj.bjp.0707675

Tonelli, C., Chio, L. I. C,, and Tuveson, D. A. (2018). Transcriptional regulation by
Nrf2. Antioxid. Redox Signal 29, 1727-1745. doi:10.1089/ars.2017.7342

Tong, B. C,, Wu, A. ], Li, M,, and Cheung, K. H. (2018). Calcium signaling in
Alzheimer’s disease & therapies. Biochim. Biophys. Acta Mol. Cell Res. 1865, 1745-1760.
doi:10.1016/j.bbamcr.2018.07.018

Toth, B., and Csanady, L. (2012). Pore collapse underlies irreversible inactivation of
TRPM2 cation channel currents. Proc. Natl. Acad. Sci. U. S. A. 109, 13440-13445.
doi:10.1073/pnas.1204702109

Toth, B, Iordanov, L, and Csanady, L. (2014). Putative chanzyme activity of

TRPM2 cation channel is unrelated to pore gating. Proc. Natl. Acad. Sci. U. S. A.
111, 16949-16954. doi:10.1073/pnas.1412449111

Turlova, E., Feng, Z. P, and Sun, H. S. (2018). The role of TRPM2 channels in
neurons, glial cells and the blood-brain barrier in cerebral ischemia and hypoxia. Acta
Pharmacol. Sin. 39, 713-721. doi:10.1038/aps.2017.194

Uchida, K., Dezaki, K., Damdindorj, B., Inada, H., Shiuchi, T., Mori, Y., et al. (2011).
Lack of TRPM2 impaired insulin secretion and glucose metabolisms in mice. Diabetes
60, 119-126. doi:10.2337/db10-0276

Uchida, K., and Tominaga, M. (2011). TRPM2 modulates insulin secretion in
pancreatic beta-cells. Islets 3, 209-211. doi:10.4161/is1.3.4.16130

Vig, M., and Kinet, J. P. (2009). Calcium signaling in immune cells. Nat. Immunol. 10,
21-27. doi:10.1038/ni.£.220

frontiersin.org


https://doi.org/10.1038/s41423-022-00902-0
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1038/nri3423
https://doi.org/10.1002/cbf.1310
https://doi.org/10.3389/fphys.2018.01775
https://doi.org/10.1038/sj.emboj.7600963
https://doi.org/10.1016/j.cbi.2022.109914
https://doi.org/10.1523/JNEUROSCI.4081-14.2015
https://doi.org/10.1155/2019/4619865
https://doi.org/10.1155/2019/4619865
https://doi.org/10.1016/j.jpsychires.2009.07.009
https://doi.org/10.1038/ncomms6318
https://doi.org/10.1016/j.tips.2016.06.007
https://doi.org/10.1016/j.expneurol.2020.113518
https://doi.org/10.4137/cmt.s10409
https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1038/35079100
https://doi.org/10.1074/jbc.M205601200
https://doi.org/10.1074/jbc.M411446200
https://doi.org/10.1074/jbc.M411446200
https://doi.org/10.1074/jbc.m512205200
https://doi.org/10.1097/ALN.0000000000000275
https://doi.org/10.1016/j.neuint.2012.02.014
https://doi.org/10.1016/j.neuint.2012.02.014
https://doi.org/10.1016/j.bbamcr.2021.119041
https://doi.org/10.1016/j.bbamcr.2021.119041
https://doi.org/10.1038/nm.2234
https://doi.org/10.1111/j.1471-4159.2006.04269.x
https://doi.org/10.1093/cvr/cvu112
https://doi.org/10.1093/cvr/cvu112
https://doi.org/10.3389/fimmu.2020.00097
https://doi.org/10.1038/nrc3803
https://doi.org/10.1016/j.bbrc.2009.04.079
https://doi.org/10.1126/science.1062473
https://doi.org/10.1172/jci90606
https://doi.org/10.1016/j.jtbi.2019.02.010
https://doi.org/10.1016/j.biopha.2021.111285
https://doi.org/10.1038/s41388-017-0046-6
https://doi.org/10.1038/s41388-017-0046-6
https://doi.org/10.1016/j.jphs.2014.10.003
https://doi.org/10.1126/science.aaf7537
https://doi.org/10.1002/jnr.24251
https://doi.org/10.3389/fimmu.2015.00407
https://doi.org/10.3389/fphar.2011.00058
https://doi.org/10.1007/s00424-018-2139-7
https://doi.org/10.1007/s00432-019-02898-z
https://doi.org/10.1007/s00432-019-02898-z
https://doi.org/10.1038/sj.emboj.7601083
https://doi.org/10.1038/sj.bjp.0707675
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/j.bbamcr.2018.07.018
https://doi.org/10.1073/pnas.1204702109
https://doi.org/10.1073/pnas.1412449111
https://doi.org/10.1038/aps.2017.194
https://doi.org/10.2337/db10-0276
https://doi.org/10.4161/isl.3.4.16130
https://doi.org/10.1038/ni.f.220
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1217828

Maliougina and El Hiani

Vilar, B,, Tan, C. H., and McNaughton, P. A. (2020). Heat detection by the
TRPM?2 ion channel. Nature 584, E5-E12. doi:10.1038/s41586-020-2510-7

Wang, G., Cao, L., Liu, X,, Sieracki, N. A, Di, A., Wen, X,, et al. (2016a). Oxidant
sensing by TRPM2 inhibits neutrophil migration and mitigates inflammation. Dev. Cell
38, 453-462. doi:10.1016/j.devcel.2016.07.014

Wang, L., Fu, T. M., Zhou, Y., Xia, S., Greka, A., and Wu, H. (2018). Structures and
gating mechanism of human TRPM2. Science 362, eaav4809. doi:10.1126/science.aav4809

Wang, Q., Guo, W., Hao, B., Shi, X, Lu, Y., Wong, C. W., et al. (2016b). Mechanistic
study of TRPM2-Ca(2+)-CAMK2-BECN1 signaling in oxidative stress-induced
autophagy inhibition. Autophagy 12, 1340-1354. doi:10.1080/15548627.2016.1187365

Wang, Y., Chen, L., Wang, K., Da, Y., Zhou, M., Yan, H,, et al. (2019). Suppression of
TRPM2 reduces renal fibrosis and inflammation through blocking TGF-p1-regulated
JNK activation. Biomed. Pharmacother. 120, 109556. doi:10.1016/j.biopha.2019.109556

Wehrhahn, J., Kraft, R., Harteneck, C., and Hauschildt, S. (2010). Transient receptor
potential melastatin 2 is required for lipopolysaccharide-induced cytokine production
in human monocytes. J. Immunol. 184, 2386-2393. doi:10.4049/jimmunol.0902474

Wu, M. Y, Yiang, G. T,, Liao, W. T., Tsai, A. P., Cheng, Y. L., Cheng, P. W,, et al.
(2018). Current mechanistic concepts in ischemia and reperfusion injury. Cell Physiol.
Biochem. 46, 1650-1667. doi:10.1159/000489241

Wu, Q.J., and Tymianski, M. (2018). Targeting NMDA receptors in stroke: New hope
in neuroprotection. Mol. Brain 11, 15. doi:10.1186/s13041-018-0357-8

Wu, S.N,, Li, H. F., Jan, C. R,, and Shen, A. Y. (1999). Inhibition of Ca2+-activated K+
current by clotrimazole in rat anterior pituitary GH3 cells. Neuropharmacology 38,
979-989. doi:10.1016/50028-3908(99)00027-1

Xia, R, Mei, Z. Z., Mao, H. J., Yang, W., Dong, L., Bradley, H., et al. (2008).
Identification of pore residues engaged in determining divalent cationic permeation in
transient receptor potential melastatin subtype channel 2. J. Biol. Chem. 283,
27426-27432. doi:10.1074/jbc.M801049200

Xiao, Q., Zhu, W., Feng, W, Lee, S. S., Leung, A. W, Shen, ], et al. (2018). A review of
resveratrol as a potent chemoprotective and synergistic agent in cancer chemotherapy.
Front. Pharmacol. 9, 1534. doi:10.3389/fphar.2018.01534

Xie, Y. F., Belrose, J. C,, Lei, G., Tymianski, M., Mori, Y., Macdonald, J. F,, et al. (2011).
Dependence of NMDA/GSK-33 mediated metaplasticity on TRPM2 channels at
hippocampal CA3-CA1 synapses. Mol. Brain 4, 44. doi:10.1186/1756-6606-4-44

Xu, C, Li, P. P, Cooke, R. G., Parikh, S. V., Wang, K., Kennedy, J. L., et al. (2009).
TRPM2 variants and bipolar disorder risk: Confirmation in a family-based association
study. Bipolar Disord. 11, 1-10. doi:10.1111/j.1399-5618.2008.00655.x

Xu,J., Zhang, W., Dong, J., Cao, L., and Huang, Z. (2022). A new potential strategy for
treatment of ischemic stroke: Targeting TRPM2-NMDAR association. Neurosci. Bull.
39, 703-706. doi:10.1007/512264-022-00971-1

Yamamoto, S., Shimizu, S., Kiyonaka, S., Takahashi, N., Wajima, T., Hara, Y., et al. (2008).
TRPM2-mediated Ca2+influx induces chemokine production in monocytes that aggravates
inflammatory neutrophil infiltration. Nat. Med. 14, 738-747. doi:10.1038/nm1758

Yamamoto, S., and Shimizu, S. (2016). Targeting TRPM2 in ROS-coupled diseases.
Pharm. (Basel) 9, 57. doi:10.3390/ph9030057

Yan, Y., Wei, C. L., Zhang, W. R., Cheng, H. P., and Liu, J. (2006). Cross-talk between
calcium and reactive oxygen species signaling. Acta Pharmacol. Sin. 27, 821-826. doi:10.
1111/§.1745-7254.2006.00390.x

Yang, H., Villani, R. M., Wang, H., Simpson, M. J., Roberts, M. S., Tang, M., et al.
(2018). The role of cellular reactive oxygen species in cancer chemotherapy. J. Exp. Clin.
Cancer Res. 37, 266. doi:10.1186/s13046-018-0909-x

Frontiers in Physiology

14

10.3389/fphys.2023.1217828

Yang, K. T., Chang, W. L, Yang, P. C,, Chien, C. L., Lai, M. S, Su, M. ], et al. (2006).
Activation of the transient receptor potential M2 channel and poly(ADP-ribose)
polymerase is involved in oxidative stress-induced cardiomyocyte death. Cell Death
Differ. 13, 1815-1826. doi:10.1038/sj.cdd.4401813

Yang, Y., Bazhin, A. V., Werner, J., and Karakhanova, S. (2013). Reactive oxygen
species in the immune system. Int. Rev. Immunol. 32, 249-270. d0i:10.3109/08830185.
2012.755176

Yonezawa, R., Yamamoto, S., Takenaka, M., Kage, Y., Negoro, T., Toda, T., et al.
(2016). TRPM2 channels in alveolar epithelial cells mediate bleomycin-induced lung
inflammation. Free Radic. Biol. Med. 90, 101-113. doi:10.1016/j.freeradbiomed.2015.
11.021

Yu, L., Chen, Y., and Tooze, S. A. (2018). Autophagy pathway: Cellular and molecular
mechanisms. Autophagy 14, 207-215. doi:10.1080/15548627.2017.1378838

Yuan, M, Siegel, C., Zeng, Z., Li, J., Liu, F,, and McCullough, L. D. (2009). Sex
differences in the response to activation of the poly (ADP-ribose) polymerase pathway
after experimental stroke. Exp. Neurol. 217, 210-218. doi:10.1016/j.expneurol.2009.
02.012

Yun, C. W,, Jeon, J., Go, G., Lee, J. H., and Lee, S. H. (2020). The dual role of
autophagy in cancer development and a therapeutic strategy for cancer by targeting
autophagy. Int. J. Mol. Sci. 22, 179. doi:10.3390/ijms22010179

Zhan, K. Y., Yu, P. L, Liu, C. H, Luo, J. H, and Yang, W. (2016). Detrimental or
beneficial: The role of TRPM2 in ischemia/reperfusion injury. Acta Pharmacol. Sin. 37,
4-12. doi:10.1038/aps.2015.141

Zhang, Z., Cui, P., Zhang, K., Chen, Q., and Fang, X. (2017). Transient receptor
potential melastatin 2 regulates phagosome maturation and is required for bacterial
clearance in Escherichia coli sepsis. Anesthesiology 126, 128-139. doi:10.1097/ALN.
0000000000001430

Zhang, Z., Okawa, H., Wang, Y., and Liman, E. R. (2005). Phosphatidylinositol 4,5-
bisphosphate rescues TRPM4 channels from desensitization. J. Biol. Chem. 280,
39185-39192. doi:10.1074/jbc.M506965200

Zhang, Z., Toth, B., Szollosi, A., Chen, J., and Csanady, L. (2018). Structure of a
TRPM2 channel in complex with Ca(2+) explains unique gating regulation. Elife 7,
€36409. doi:10.7554/eLife.36409

Zhao, Y., and Zhao, B. (2013). Oxidative stress and the pathogenesis of Alzheimer’s
disease. Oxid. Med. Cell Longev. 2013, 1-10. doi:10.1155/2013/316523

Zhou,R.X,,Li, Y. Y., Qu, Y., Huang, Q., Sun, X. M., Mu, D. Z,, et al. (2020). Regulation
of hippocampal neuronal apoptosis and autophagy in mice with sepsis-associated
encephalopathy by immunity-related GTPase M1. CNS Neurosci. Ther. 26, 177-188.
doi:10.1111/cns.13229

Zong, P, Feng, J., Yue, Z,, Li, Y., Wu, G,, Sun, B,, et al. (2022b). Functional coupling of
TRPM2 and extrasynaptic NMDARs exacerbates excitotoxicity in ischemic brain injury.
Neuron 110, 1944-1958 e8. doi:10.1016/j.neuron.2022.03.021

Zong, P., Feng, ], Yue, Z, Yu, A. S, Vacher, J., Jellison, E. R, et al. (2022c).
TRPM2 deficiency in mice protects against atherosclerosis by inhibiting TRPM2-
CD36 inflammatory axis in macrophages. Nat. Cardiovasc Res. 1, 344-360. doi:10.
1038/s44161-022-00027-7

Zong, P., Lin, Q., Feng, J., and Yue, L. (2022a). A systemic review of the integral role of
TRPM2 in ischemic stroke: From upstream risk factors to ultimate neuronal death. Cells
11, 491. doi:10.3390/cells11030491

Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial reactive oxygen
species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909-950. doi:10.1152/
physrev.00026.2013

frontiersin.org


https://doi.org/10.1038/s41586-020-2510-7
https://doi.org/10.1016/j.devcel.2016.07.014
https://doi.org/10.1126/science.aav4809
https://doi.org/10.1080/15548627.2016.1187365
https://doi.org/10.1016/j.biopha.2019.109556
https://doi.org/10.4049/jimmunol.0902474
https://doi.org/10.1159/000489241
https://doi.org/10.1186/s13041-018-0357-8
https://doi.org/10.1016/s0028-3908(99)00027-1
https://doi.org/10.1074/jbc.M801049200
https://doi.org/10.3389/fphar.2018.01534
https://doi.org/10.1186/1756-6606-4-44
https://doi.org/10.1111/j.1399-5618.2008.00655.x
https://doi.org/10.1007/s12264-022-00971-1
https://doi.org/10.1038/nm1758
https://doi.org/10.3390/ph9030057
https://doi.org/10.1111/j.1745-7254.2006.00390.x
https://doi.org/10.1111/j.1745-7254.2006.00390.x
https://doi.org/10.1186/s13046-018-0909-x
https://doi.org/10.1038/sj.cdd.4401813
https://doi.org/10.3109/08830185.2012.755176
https://doi.org/10.3109/08830185.2012.755176
https://doi.org/10.1016/j.freeradbiomed.2015.11.021
https://doi.org/10.1016/j.freeradbiomed.2015.11.021
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1016/j.expneurol.2009.02.012
https://doi.org/10.1016/j.expneurol.2009.02.012
https://doi.org/10.3390/ijms22010179
https://doi.org/10.1038/aps.2015.141
https://doi.org/10.1097/ALN.0000000000001430
https://doi.org/10.1097/ALN.0000000000001430
https://doi.org/10.1074/jbc.M506965200
https://doi.org/10.7554/eLife.36409
https://doi.org/10.1155/2013/316523
https://doi.org/10.1111/cns.13229
https://doi.org/10.1016/j.neuron.2022.03.021
https://doi.org/10.1038/s44161-022-00027-7
https://doi.org/10.1038/s44161-022-00027-7
https://doi.org/10.3390/cells11030491
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1217828

	TRPM2: bridging calcium and ROS signaling pathways—implications for human diseases
	Highlights
	Introduction
	TRPM2—structure and gating mechanism
	TRPM2—the master of CA2+ and ROS signaling interplay
	TRPM2 in aging and neurodegenerative disease
	TRPM2 in ischemic stroke
	TRPM2 in cardiac ischemic/reperfusion
	TRPM2 in innate inflammation and bacterial infection

	TRPM2 in cancer
	TRPM2 in the mitochondrial bioenergetics and redox balance
	TRPM2 in autophagy and response to chemotherapeutics

	Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


