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The transient receptor potential (TRP) melastatin-like subfamily member 2 (TRPM2) is a non-selective calcium-permeable

cation channel. It is expressed by many mammalian tissues, including bone marrow, spleen, lungs, heart, liver,

neutrophils, and endothelial cells. The best-known mechanism of TRPM2 activation is related to the binding of ADP-ribose

to the nudix-box sequence motif (NUDT9-H) in the C-terminal domain of the channel.
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1. Introduction

The transient receptor potential (TRP) melastatin-like subfamily member 2 (TRPM2; previously reported as TRPC7 or

LTRPC2) is a non-selective calcium-permeable cation channel encoded by a TRPM2 gene located on the human

chromosome 21 . Its expression has been confirmed in many mammalian tissues, such as bone marrow, spleen, lungs,

heart, liver, macrophages, neutrophils, and endothelial cells . There are several isoforms of TRPM2, including the short

splice variant TRPM2-S, which is a shorter form of protein devoid of 4 of 6 carboxyl-terminal transmembrane domains.

The interaction between full-length TRPM2 and TRPM2-S regulates Ca 2+ influx in response to hydrogen peroxide, as

confirmed in transfected 293T cells (human embryonic kidney) . Because of the lacking C-terminal domain, TRPM2-S

may function as an inhibitor of the full-length TRPM2 channel. Moreover, other splice variants were found in hematopoietic

cells. It includes TRPM2-ΔN without amino acids 538–557 in the N-terminus, TRPM2-ΔC lacking amino acids 1292–1325

in C-terminus .

2. TRPM2 Structure and Activation Mechanisms

A functional form of the TRPM2 channel is a tetramer. Each monomer consists of an N-terminal region (approximately 800

amino acids in length), six transmembrane domains (S 1–S 6) with three extracellular loops, and a C-terminal domain.

Both terminal domains are located inside the cell. The pore-forming loop is between S 5 and S 6. A characteristic feature

of the N-terminus is the content of four TRPM subfamily homologous domains and an IQ-like motif responsible for the

binding of CaM. The C-terminus contains a nudix-box sequence motif (NUDT9-H) . The structure of the TRPM2 channel

is shown schematically in Figure 1 .
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Figure 1. Mechanisms of ligand-dependent TRPM2 activation together with potential inhibitors. 2-APB—2-

aminoethoxydiphenyl borate; 3-AB—3-Aminobenzamide; ACA—N-(p-amylcinnamoyl) anthranilic acid; ATP—adenosine

triphosphate; ATPR—ATP-ribose; cATPR—cyclic ATP-ribose; C-term—C-terminal domain; CaM—calmodulin; FFA—

flufenamic acid; MFA—mefenamic acid; N-term—N-terminal domain; NAD—nicotinamide adenine dinucleotide; NMN—

nicotinamide mononucleotide; NMNAT-2—nicotinamide mononucleotide adenylyltransferase 2; PARG—poly(ADPR)

glycohydrolase; PARP—poly-ADPR polymerase; ROS—reactive oxygen species; TRP —transient receptor potential;

TRPM2—TRP melastatin-like subfamily member 2.

The best-known mechanism of regulation of the TRPM2 channel is the binding of ADPR to the NUDT9-H in the C-

terminus . The domain is also characterized by ADP hydrolase activity, which however is weak. Moreover, it seems that

the prolonged interaction of ADPR with TRPM2 stimulates the channel. The intensification of enzymatic activity and the

acceleration of the ADPR decomposition prevents channel opening . The production of ADPR in the cells correlates with

oxidative stress. Free radicals induce DNA damages, which stimulates poly-ADPR polymerase (PARP) to produce ADPR

through the breakdown of NAD to poly(ADPR) and its subsequent degradation by the poly(ADPR) glycohydrolase (PARG)

. An alternative mechanism may be direct hydrolysis of NAD + into nicotinamide and ADPR. However, the PARP-

involving mechanism seems to be much more important . In the interaction of NUTDH9-H and ADPR, the ADPR

terminal ribose is crucial as ADP alone does not induce channel opening . An interesting issue is also the co-activation

of the channel by ADPR and calcium ions. The Ca 2+ -binding site is located close to the intracellular border of the

TRPM2. Only the binding of calcium ions and ADPR together is sufficient to activate the channel . In general, the

functioning of TRPM2 appears to be closely dependent on calcium ions. Some of the studies also suggest that the

channel may be activated by the action of Ca 2+ alone . An even more effective channel agonist appears to be 2′-

deoxy-ADPR . In vitro, it is formed from nicotinamide mononucleotide (NMN) and 2′-deoxy-ATP in a reaction catalyzed

by cytosolic nicotinamide mononucleotide adenylyltransferase 2 (NMNAT-2) and nicotinamide adenine dinucleotide

(NAD)-glycohydrolase CD38. As 2′-deoxy-ADPR induces 10.4-fold higher whole-cell currents compared to ADPR, it

makes it a superagonist of the TRPM2 channel . While in the case of ADPR and 2′-deoxy-ADPR, the situation seems

quite clear, activation of TRPM2 by cADPR raises more controversy . Kolisek et al. confirmed the channel opening only

after administration of very high doses of cADPR. Interestingly, the simultaneous treatment with cADPR and ADPR

showed a stronger effect than either of these substances alone, which may suggest their synergistic action . It is also

possible that cADPR is not a TRPM2 agonist at all and the effect observed in some of the studies is related to the easy

degradation of cADPR to ADPR. Heiner et al. performed HPLC analysis of freshly prepared cADPR solutions and found

that they contained approximately 25% ADPR. In turn, after purification, the addition of cADPR alone no longer induced

intracellular ion influx in neutrophils . On the contrary, Yu et al. observed effective TRPM2 activation by purified cADPR

by the binding to the NUDT9-H . Due to the inconsistency in the results, more reports on cADPR-dependent TRPM2

activation are necessary. It is also required to use purified cADPR and confirm the purity using, e.g., HPLC. A similar

controversy is raised by the role of NAD as a TRPM2 agonist. Some reports indicate that NAD can directly activate

TRPM2, while others suggest that it is due to its breakdown or contamination with ADPR . Mechanisms of ligand-

dependent TRPM2 activation were schematically presented in Figure 1 .

3. TRPM2 in Endothelial Cell Death

Numerous reports indicate that TRPM2 is involved in the ROS-induced death of hematopoietic cells, neurons, and

vascular endothelium . Ca 2+ entry, facilitated among others by TRPM2, leads to its rapid and excessive

accumulation. In turn, disturbances in intracellular calcium homeostasis contribute to cell death. Though apoptosis is

important for the maintenance of homeostasis, injury repair, and organ development, in endothelium it also facilitates

pathological changes connected with inflammatory reaction and vascular diseases.

In heart microvessel endothelial cell line H5V, one of the observed effects of H 2O 2 treatment was the decrease in

metabolic activity of cells observed in the MTT assay. Caspase levels examination by electrophoretic DNA fragmentation

showed that the H 2O 2 caused a decrease in cell viability, which was related to apoptosis. However, the authors did not

analyze the percentage of necrotic cells, which may be identified by a characteristic smear visible after the electrophoretic

separation of DNA . On the other hand, the use of TRPM2-specific shRNA resulted in the reduction of caspase 3, 8,

and 9 activation, which indicates an inhibition of apoptosis. Additionally, it is also possible that TRPM2 is involved in the

induction of cell death by one of the proinflammatory cytokines tumor necrosis factor alpha (TNFα). 36 h treatment of H5V

cells with 10 ng/mL of TNFα resulted in a decrease in cell viability. This effect was limited after using TRPM2 blocking

antibody (TM2E3) or TRPM2-specific shRNA .
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Furthermore, TRPM2 may be involved in high glucose-induced mitochondrial fission in endothelial cells . The process

of mitochondrial fission is strictly connected with apoptosis . One of the consequences of diabetes is a high

concentration of circulating glucose. It leads to the production of ROS, which affects endothelial cells and whole

circulatory system. Abuarab et al. showed that inhibition of TRPM2 using its inhibitor or TRPM2 silencing RNA blocked the

mitochondrial fission in HUVEC cells . Similarly, primary endothelial cells obtained from TRPM2 knockout mice were

less susceptible to high glucose-induced mitochondrial fission compared to wild-type mice. Moreover, the observed effect

was not connected with store-operated Ca 2+ entry as the silencing of stromal interaction molecule 1 and Orai-1 did not

affect the high glucose-induced calcium influx. The authors proved that the observed effect was connected with ROS

production stimulated by high glucose concentration as preincubation with N -acetyl-cysteine (ROS scavenger) prevented

mitochondrial fragmentation .

It is also worth mentioning that TRPM2 may contribute to the type II programmed cell death called autophagy. Although no

reports are showing TRPM2 involvement in autophagy induction in endothelial cells, there is evidence of its participation

in this type of cell death in vascular smooth muscles and brain pericyte injury . In primary cultured mouse aortic

smooth muscle cells (mASMCs) TRPM2 expression was found in lysosomes/autolysosomes resulting from nutrients

starvation. Both autophagic response and lysosomal /autolysosomal acidification were reduced after TRPM2 knockout .

In turn, in the human brain vascular pericytes, zinc oxide nanoparticles (ZnO-NP)-induced autophagy was accompanied

by increased TRPM2-S expression. Knockout of TRPM2 preserved the structure of brain microvessels in mice and

prevented vascular injury induced by ZnO-NP . Thus, the TRPM2-dependent influx of calcium ions appears to have a

broad effect on the circulatory system. However, in the case of autophagy, the matter remains controversial as it can be

cytoprotective or act as a cell death mechanism .

4. TRPM2 Inhibitors in Clinical Application and Further Perspectives

Although numerous TRPM2 inhibitors are known, they are unable to target the TRPM2 channel with appropriate

specificity. The examples are N-(p-Amylcinnamoyl) anthranilic acid, widely used in research, which additionally affects

TRPM8, TRPC6, TPPV1, TRPC3, or flufenamic acid inhibiting TRPC3, TRPC7, TRPM2–5, TRPM7/8, TRPV1, TRPV3/4

. However, some efforts are made to enhance the specificity of ACA by using its derivatives . Moreover, some of the

substances are characterized by low inhibitory effects or poor membrane permeabilization properties . In turn, some of

the promising inhibitors lacking stability in in vivo conditions . Recently, the influence of various substances of natural

origin, such as resveratrol or curcumin in the context of TRPM2 inhibition, has been intensively studied . However,

so far, no similar studies have been performed on endothelial cells. The substances of natural origin will likely encounter

the same problems as other inhibitors, i.e., lack of specificity and stability . Some of the potential inhibitors of TRPM2

are included in Figure 1 .

Since the opening of the TRPM2 channel is observed in the course of increased oxidative stress, the logical approach

seems to be the use of antioxidants. However, in this case, the results remain inconclusive. As showed by Nazıroğlu and

Lückhoff, treatment of Chinese hamster ovary (CHO) cells with antioxidants such as ascorbic acid (vitamin C), alpha-

tocopherol (vitamin E), or glutathione did not prevent or even weaken the H 2O 2-induced TRPM2 opening and following

Ca 2+ current . However, this study has several limitations, some of which have also been described by the authors.

The first problem is the optimization stage of the study. The doses of the antioxidants selected by the researchers could

be inadequate. The concentration of hydrogen peroxide used in the study is also significant here. Due to the inability to

activate TRPM2 with low concentrations of H 2O 2, mM concentrations were used in the study. For most cells, severe

changes are induced already with nM or µM oxidant concentrations. In this case, the doses of antioxidants should also be

increased accordingly. Moreover, later in the study, cells transfected with the expression plasmid were used to increase

TRPM2 expression. The obtained results are therefore of little importance in the clinical context. It might be more valuable

to use cells that naturally are characterized by a relatively high TRPM2 expression in similar research. An important

variable here is also the experiment design and treatment regimen. Whether and how long cells should be pretreated with

the selected compounds, or maybe a better solution would be the simultaneous administration of an antioxidant and a

substance that intensifies oxidative stress. As endothelial cells naturally express TRPM2-S, it may turn out to be the safest

method. However, currently, no protocols allow effective TRPM2-S upregulation and can be used in the clinical context.

Another option is inhibition of PARP, which prevents the formation of TRPM2 which prevents the formation of ADPR as an

activator of TRPM2 channels. Although some PARP inhibitors are already approved by Food and Drug Administration

(FDA) and European Medicine Agency (EMA), they are currently used mostly in cancer treatment. However, there is

strong evidence suggesting that PARP inhibitors improve endothelial function impaired by the aging process .
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However, due to the involvement of PARP in such important and complex processes as DNA damage repair, the observed

effect of the inhibitors will not be at all or will be only partially related to the blockade of ADPR-induced TRPM2 activation.

Chosen PARP inhibitors were included in Figure 1 .
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