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Abstract 

Transient receptor potential melastatin 2 (TRPM2) proteins form Ca
2+

-permeable cationic 

channels that are potently activated by reactive oxygen species (ROS). ROS are produced 

during immune responses as signaling molecules as well as anti-microbial agents. ROS-

sensitive TRPM2 channels are widely expressed in cells of the immune system and located on 

the cell surface as a Ca
2+

 influx pathway in macrophages, monocytes, neutrophils, 

lymphocytes and microglia but preferentially within the lysosomal membranes as a Ca
2+

 

release mechanism in dendritic cells; ROS activation of the TRPM2 channels, regardless of 

the subcellular location, results in an increase in the intracellular Ca
2+

 concentrations.  Recent 

studies have revealed that TRPM2-mediated ROS-sensitive Ca
2+

 signaling mechanisms play a 

crucial role in a number of processes and functions in immune cells.  This mini-review 

discusses the recent advances in revelation of the various roles the TRPM2 channels have in 

immune cell functions and the implications in inflammatory diseases.  

 

Key words: TRPM2, reactive oxygen species, Ca
2+

 signaling, immune cell functions; 

inflammatory diseases. 
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Introduction 

Cells of the immune system, including monocytes, macrophages, dendritic cells, neutrophils, 

T and B lymphocytes and natural killer cells, play a critical role in orchestrating both innate 

and adaptive immune responses to microbial pathogens, environment irritants, and danger 

molecules released from damaged cells.  Microglia represents the residual macrophages in the 

central nervous system (CNS) responsible for immune responses to nerve damages. 

Intracellular Ca
2+

 is a universal and vital signaling molecule in almost every mammalian cell.  

Several Ca
2+

 signaling mechanisms are well-known in immune cells.  Activation of the T-cell 

receptor, B-cell receptor and Fc receptors, which are coupled to phospholipase C  (PLC or 

the PLC-coupled chemokine receptors, generates inositol-1,4,5-trisphosphate (IP3) to 

activate the IP3 receptors and release Ca
2+

 from the endoplasmic reticulum (ER).  Reduction 

in the ER Ca
2+

 elicits store-operated Ca
2+

 entry through Ca
2+

 release-activated Ca
2+

 channels 

to stimulate Ca
2+

 influx and increase the intracellular Ca
2+

 concentrations ([Ca
2+

]i) (Hoffmann 

et al., 2003; Feske, 2007; Hogan et al., 2010).  Purinergic receptors for extracellular 

nucleotides such as ATP, comprising P2X and P2Y subfamilies, are another set of recognized 

immune Ca
2+

 signaling mechanisms. Several P2Y receptors, like chemokine receptors, are 

cascaded to the PLC-IP3 receptor signaling pathway, whereas P2X receptors are ligand-

gated Ca
2+

-permeable channels all mediating Ca
2+

 influx (Burnstock, 2012; Jiang, 2012).  The 

P2X7 receptor was formerly named P2Z receptor in immune cells for its low sensitivity to 

ATP and its intriguing ability to induce formation of large and cytolytic pores (Jiang, 2009, 

2015; Barelett et al., 2014).  

 

Mammalian cells express a large family of transient receptor potential (TRP) proteins, which 

are commonly divided based on sequence relatedness into TRPC (canonical), TRPV 

(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin) and TRPML (mucolipin), 

but all have the same membrane arrangement and form cationic channels with a majority 

permeating Ca
2+

 (Venkatachalam and Montell, 2007; Nilius et al., 2007).  The recently 

determined atomic structures of the TRPV1 channel define the tetrameric assembly (Liao et 

al., 2014); each subunit comprise six transmembrane segments (S1-S6) and intracellular N- 

and C-termini, and the ion permeation pathway is made of the S5, S6 and re-entrant loop 

between them from each of the four subunits.  The mammalian TRPM2 genes, cloned so far 

from human, rat and mouse, encode proteins of ~1300 amino acid residues and ~171 kDa 

(Jiang et al., 2010).  Two seminal studies in 2001 are the first to show that TRPM2 proteins 

form Ca
2+

-permeable cationic channels gated by intracellular ADP-ribose (ADPR) upon 

binding to the unique NUDT9 homology (NUDT9-H) domain in the distal C-terminus 

(Perraud et al., 2001; Sano et al., 2001) (Fig. 1).  Studies shortly demonstrated that TRPM2 

channels are potently activated by reactive oxygen species (ROS) (Hara et al., 2002; Wehage 

et al., 2002; Zhang et al., 2003), mainly through ADPR-generating mechanisms engaging 

poly(ADP-ribose) polymerase (PARP) and poly(ADP-ribose) glycohydrolase in the nucleus 

or NADase in the mitochondria (Fig. 1). Subsequent studies have revealed that intracellular 

Ca
2+

 can activate the TRPM2 channels independently via an IQ-like calmodulin-binding motif 

in the N-terminus (Du et al., 2009) (Fig. 1). 

 

It is well-recognized that immune cells generate ROS as anti-microbial agents and also 

signaling molecules (Natha, 2003; Holmström and Finkel, 2014).  A number of studies show 

that TRPM2 channels, albeit with cell type-specific subcellular localization, serve widely as 

ROS-induced Ca
2+

 signaling mechanisms in the immune cells.  The TRPM2 channels are 

located on the cell surface mediating Ca
2+

 influx in monocytes, macrophages, neutrophils, 

lymphocytes, microglia, but preferentially present within the lysosomal membranes in 
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dendritic cells for Ca
2+

 release.  Efforts to investigate the role of the TRPM2 channels have 

been hampered by the lack of specific inhibitors (Jiang et al., 2010).  Recent studies, mainly 

using transgenic knockout (KO) mice and derived cells, have revealed that TRPM2 channels 

play an important role in numerous immune cell functions (Tab. 1) and TRPM2-mediated 

Ca
2+

 signaling mechanisms are crucial in many of these functions (Fig. 1).  Furthermore, 

studies combining with mouse models of various diseases have provided evidence to 

implicate the TRPM2 channels in the pathogenesis of numerous inflammatory diseases.  This 

mini-review discusses the recent advances in understanding the roles of TRPM2 channels in 

immune cell functions and inflammatory diseases. Several recent reviews provide more 

information regarding the structural features, activation mechanisms, biophysical and 

pharmacological properties of TRPM2 channels as well as their roles in excitable cells and 

other non-excitable cells (Jiang et al., 2010; Yamamoto et al., 2010; Sumoza-Toledo and 

Penner, 2011; Knowles et al., 2013; Ru and Yao, 2014; Li et al., 2015). 

 

Production of chemokine CXCL8/CXCL2 

Human chemokine C-X-C motif ligand 8 (CXCL8) or mouse functional homolog CXCL2, 

produced by immune cells, plays an important role in recruiting neutrophils to the sites of 

infection and inflammation (Summers et al., 2010).  For CXCL8/CXCL2 production by 

monocytes, ROS-induced Ca
2+

 influx is crucial in inducing the activation of extracellular-

signal-regulated kinases (ERK) and ERK-dependent nuclear translocation of transcription 

factor nuclear factor-κB (NF-κB).  In human U937 monocytic cells, H2O2-induced CXCL8 

production was strongly dependent of extracellular Ca
2+

 and TRPM2 expression, and more 

specifically TRPM2-mediated Ca
2+

 influx was important in elevating the [Ca
2+

]i as a signal 

for sequential activation of proline-rich tyrosine kinase (Pyk2), which is sensitive to Ca
2+

, Ras 

and ERK (Yamamoto et al., 2008).  Consistently, H2O2-induced Ca
2+

 influx and CXCL2 

production were remarkably attenuated in monocytes from the TRPM2-KO mice.  Migration 

of neutrophils from the wild-type (WT) mice was enhanced in culture medium preconditioned 

by H2O2-treated monocytes from the WT but not TRPM2-KO mice.  CXCR2 is known to 

have a critical role in inducing ulcerative colitis (Buanne et al., 2007).  In response to dextran 

sulphate sodium (DSS)-induced colon inflammation, a model of ulcerative colitis, there was 

strong increase in the CXCL2 expression in monocytes from the WT but not TRPM2-KO 

mice (Yamamoto et al., 2008).  Neutrophil infiltration into the inflamed colons was increased 

in the WT mice, which was largely abolished in the TRPM2-KO mice.  The TRPM2-KO 

mice manifested significantly reduced severity of colitis. Therefore, TRPM2-mediated Ca
2+

 

influx is important in ROS-induced CXCL2/CXCL8 production by monocytes (Tab. 1 and 

Fig. 1) and neutrophil infiltration that, if heightened to colon inflammation, lead to colitis. 

 

Prominent CXCL2 production and neutrophil infiltration were also observed in the inflamed 

paw of the WT mice induced by carrageenan injection or in the site of nerve injury 

(Haraguchi et al., 2012).  Both CXCL2 production and neutrophil infiltration were 

significantly impaired in the TRPM2-KO mice.  Nerve injuries can further elicit microglial 

activation in the spinal cord, which was clearly reduced in the TRPM2-KO mice.  

Lipopolysaccharide (LPS), found in gram-negative bacterial walls, and interferon  (IFN- 
produced mainly by T lymphocytes and natural killer cells, are widely used in studying the 

immune responses to infection and inflammation, and both agents are known to stimulate the 

ROS production (Gloire et al., 2006; Voloshyna et al., 2014).  LPS/IFN--induced CXCL2 

production was reduced in macrophages and microglia from the TRPM2-KO mice (Tab. 1). 

The TRPM2-KO mice exhibited similar basal sensitivity to mechanical or thermal stimulation 

as the WT mice but reduced mechanical allodynia and thermal hyperalgesia after 

carrageenan-induced inflammation or nerve injury.  These results provide consistent evidence 
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to suggest that activation of the TRPM2 channels in macrophages and microglia in response 

to inflammation or nerve injury stimulates the CXCL2 production and neutrophil infiltration 

and thereby intensifies peripheral and spinal pro-nociceptive immune responses, leading to 

inflammatory and neuropathic pain.   

 

Further three recent studies have examined the role of TRPM2 channels in the CXCL2 

production by immune cells in responses to infection and there were significant discrepancies 

in these studies using different cell preparations and infection stimuli.  The first study 

observed no difference between the WT and TRPM2-KO mice in the CXCL2 expression in 

splenocytes and neutrophil recruitment to the site of infection induced by injection of Listeria 

monocytogense (Lm), a model of listeriosis (Knowles et al., 2011).  In the second study, the 

CXCL2 production induced by zymosan, containing 13--glucans of fungal cell walls and 

known to induce ROS production, was significantly reduced in macrophages from the 

TRPM2-KO mice (Kashio et al., 2012) (Tab. 1).  Surprisingly, the third study reported an 

increase in the CXCL2 production in LPS-treated macrophages from the TRPM2-KO mice 

and also in the TRPM2-KO mice in response to LPS-induced lung inflammation (Di et al., 

2012), which is thought to result, as discussed further below, from increased NADPH oxidase 

activity and ROS production. 

 

Production of proinflammatory cytokines 

Numerous proinflammatory cytokines are produced during the innate immune response to 

infection and inflammation.  Numerous recent studies have investigated the role of the 

TRPM2 channels in the production of proinflammatory cytokines.  LPS-induced production 

of IL-6, IL-8, IL-10 and tumor necrosis factor- (TNF- in THP1 monocytic cells was 

significantly attenuated using short hairpin RNA (shRNA) to reduce the TRPM2 expression 

(Wehrhahn et al., 2010) (Tab. 1).  Furthermore, LPS-induced Ca
2+

 influx and TNF- 

generation were diminished upon removal of extracellular Ca
2+

 or after treatment with 

TRPM2 shRNA, supporting that TRPM2-mediated Ca
2+

 influx has a significant role (Fig. 1).  

Zymosan-induced production of granulocyte colony stimulating factor (G-CSF) and IL-1α 
was also strongly attenuated in macrophages from the TRPM2-KO mice (Kashio et al., 2012) 

(Tab. 1).  Sulphur mustard (SM), an alkylating agent used in chemical warfare, causes tissue 

damage and induces inflammatory responses.  SM-induced production of IL-6, IL-8 and TNF-

 by human neutrophils requires TRPM2-mediated Ca
2+

 influx to activate the p38 mitogen-

activated protein kinase (p38 MAPK) signaling pathway (Ham et al., 2011) (Tab.1 and Fig. 

1).  In contrast, there was no difference in the IL-6 production by splenocytes and in the 

serum level of IL-6 between the WT and TRPM2-KO mice after Lm infection (Knowles et al., 

2011).  The production of IL-6 and IL-10 in response to acute inflammation following 

ovalbumin/alum-induced severe allergy remained the same between the WT and TRPM2-KO 

mice (Sumoza-Toledo et al., 2013).  Zymosan-induced production of TNF-α in macrophages 
was not altered by TRPM2 deficiency (Kashio et al., 2012).  The production of IL-6 and 

TNF- was however enhanced in LPS-treated macrophages from the TRPM2-KO mice and in 

response to LPS-induced infection in the TRPM2 KO mice (Di et al., 2012).  Evidently, 

further studies are required to clarify the noticeable discrepancies from these studies using 

different infection stimuli and cell preparations. 

 

The production of IL-12 and interferon γ (IFN-) after DSS-induced colon inflammation was 

significantly decreased in the TRPM2-KO mice (Yamamoto et al., 2008).  The production of 

these cytokines in Lm-treated splenocytes from the TRPM2-KO mice and the serum level of 

IL-12 and IFN-γ in the TRPM2-KO mice following Lm infection were also strongly reduced 
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(Knowles et al., 2011).  Further analysis suggests that the TRPM2 channel function is 

required for the production of IL-12, the early inflammatory cytokine produced by dendritic 

cells (Tab. 1) and possibly other immune cells, which elicits IFN-γ-mediated innate immune 

responses. The deficient production of IL-12 and IFN-γ in the TRPM2-KO mice led to a 

significantly lower survived rate after Lm infection, supporting a vital role for the TRPM2 

channel in the innate immune response to Lm infection (Knowles et al., 2011). 

 

As the residual macrophage in the CNS, microglia play a key role in the major immune 

responses to nerve damages by producing a number of pro-inflammatory mediators, including 

chemokine and nitric oxide (NO) (Dheen et al., 2007; Hanisch et al., 2007; Kettenmann et al., 

2011). As discussed above, LPS/IFN--induced CXCL2 production as part of the immune 

responses to peripheral nerve injury was strongly impaired in microglia from the TRPM2-KO 

mice (Haraguchi et al., 2012).  A recent study shows that LPS/IFN--induced increase in the 

[Ca
2+

]i and subsequent release of NO in microglia also depends on the TRPM2 channel 

function (Miyake et al., 2014) (Tab. 1).  

 

Production of IL-1 
Immune cells such as macrophages and microglia produce IL-1β, a key proinflammatory 

cytokine in innate immunity (Matinon et al., 2009).  The production of the leaderless IL-1 

(and also IL-18) optimally needs two signals termed the priming and activation signals. The 

priming signal stimulates a Toll-like receptor (TLR) such as TLR4 by LPS or other receptors 

to initiate signaling pathways leading to synthesis of pro-IL-1Activation or assembly of the 

NLRP3 inflammasome is required for activating caspase-1, which converts pro-IL-1into IL-

1 via proteolytic cleavage. A number of structurally diverse substances are known as the 

activation signal, including molecules released from damaged cells such as ATP, lipids, 

amyloid peptides, uric acid and mitochondrial DNA, environmental irritants like asbestos and 

silica, and alum used as a vaccine adjuvant (Cassel et al., 2008; Dostert et al., 2008; Halle et 

al., 2008; Duewell et al., 2010; Schroder and Tschopp, 2010).  While ATP activates the 

NLRP3 inflammasome via the P2X7 receptor, the mechanisms for other activation signals 

remain less well understood. Accumulating evidence supports that many of them termed 

particulates can induce mitochondrial production of ROS but how the NLRP3 inflammasome 

is activated by ROS still remains a matter of extensive investigations (Schroder and Tschopp, 

2010).  TRPM2 channels mediate Ca
2+

 influx as the major ROS-induced Ca
2+

 signaling 

mechanism in macrophages (Zhou et al., 2013) (Fig. 1).  The NLRP3 inflammasome 

activation in macrophages by particulates such as charged lipids, silica and alum was strongly 

dependent of extracellular Ca
2+

 and remarkably impaired in macrophages from the TRPM2-

KO mice (Zhong et al., 2013) (Fig. 1 and Tab. 1).  Thus, TRPM2-mediated Ca
2+

 influx is a 

critical step in coupling ROS generation to NLRP3 inflammasome activation and IL-1β 
maturation.  It is unclear whether TRPM2-mediated Ca

2+
 signaling plays a similar role in the 

activation of NLRP3 inflammasome by other particulars that can induce ROS generation.  

 

Dendritic cell maturation and chemotaxis 

Dendritic cells (DC) play a critical role in presenting antigens to T lymphocytes and thus DC 

maturation and migration are crucial in linking the innate and adaptive immune responses 

(Steinman, 2012).  A recent study reveals that the TRPM2 channels preferentially function as 

a lysosomal Ca
2+

 release mechanism in DCs (Sumazo-Toledo et al., 2011) (Fig. 1).  This 

study further showed that a high proportion of DCs from the TRPM2-KO mice exhibited 

significant reduction in chemokine-induced Ca
2+ 

responses and loss of cell maturation (Tab. 

1).  Moreover, several chemokine receptors, including CXCR4, CXCR5 and CXCR7, were 
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not up-regulated in the TRPM2 deficient DCs, and these cells failed to migrate to the site of 

infection induced by injection of E. coli.  Therefore, TRPM2 channel-mediated lysosomal 

Ca
2+

 release provides the critical Ca
2+

 signal during DC maturation and chemotaxis. 

 

Post-ischemic or reperfusion tissue damages 

Reperfusion is essential in preventing heart and brain damages induced by myocardial 

infarction and ischemic stroke, but it is well-known that reperfusion results in excessive ROS 

production and causes additional tissue damage termed “reperfusion damage”. While 

numerous ischemia/reperfusion (I/R) damage mechanisms have been proposed (e.g., Prasad A 

et al., 2009; Li et al., 2015), oxidative stress-induced inflammatory response is strongly 

implicated in reperfusion damage. Consistently, myocardial infarction after I/R, but not 

ischemia alone, and post-ischemic cardiac contractile dysfunction were strongly reduced in 

the TRPM2-KO mice (Hiroi et al., 2013) (Tab. 1).  Such protective results are dominantly, not 

exclusively, due to reduced accumulation of neutrophils into myocardium during reperfusion.  

Moreover, the [Ca
2+

]i in neutrophils, and neutrophil migration and adhesion to endothelial 

cells were enhanced by H2O2 in combination of leukotriene B4, an inflammatory mediator 

known to be involved in post-ischemic leukocyte infiltration.  The increase in the [Ca
2+

]i and 

adhesion were strongly attenuated, while migration remained unaltered in the TRPM2 

deficient neutrophils (Hiroi et al., 2013).  A recent study using TRPM2-KO mice has also 

demonstrated an important role for the TRPM2 channel in mediating brain damage after 

transient ischemia, but not ischemia without reperfusion (Alim et al., 2013).  TRPM2 

deficiency significantly reduced infarction and neurological deficits due to transient ischemia 

(Alim et al., 2013; Gelderblom et al., 2014; Ye et al., 2014).  Ischemic brain invasion by 

neutrophils and macrophages was noticeably reduced in the TRPM2-KO mice, suggesting a 

critical role for the TRPM2 channel in determining the migration of neutrophils and 

macrophages into ischemic brain tissues (Gelderblom et al., 2014) (Tab. 1).  These studies are 

consistent in supporting a detrimental role for post-ischemia ROS-induced activation of the 

TRPM2 channels in mediating inflammation that contribute to reperfusion damages after 

myocardial infarction and ischemic stroke. 

 

Regulation of heme oxygenase-1 expression 

Heme oxygenase-1 (HO-1) provides a protective mechanism by limiting oxidative stress-

induced tissue damage during inflammation and sepsis (Angus and van der Poll, 2013; 

Motterlini and Foresti, 2014).  A recent study has examined the role of TRPM2 channels in 

regulating HO-1 expression in sepsis using cecal ligation and puncture (CLP)-induced model 

(Qian et al., 2014) (Tab. 1).  The HO-1 expression in mouse macrophages was enhanced by 

treatment with LPS in vitro and CLP in vivo. LPS-induced increases in the [Ca
2+

]i and HO-1 

expression were diminished by removing extracellular Ca
2+

 and in macrophages from the 

TRPM2-KO mice (Fig. 1).  CLP-induced increase in the HO-1 expression was also reduced in 

the TRPM2-KO mice.  Furthermore, the TRPM2-KO mice exhibited significantly lower 

survival rate, accompanied with increased bacterial burden, tissue injury and inflammation.  

Taken together, these results support that TRPM2-mediated Ca
2+

 influx is important in up-

regulating the HO-1 expression and enhancing bacterial clearance during sepsis.   

 

Modulation of NADPH oxidase activity 

NADPH oxidases represent the primary mechanism by which phagocytes such as 

macrophages produce ROS during innate immune responses, and their enzymatic activity can 

be regulated by Ca
2+

, Ca
2+

-sensitive protein kinase C  (PKC) and membrane potential 

(Bedard and Krause, 2007). Similarly in response to Lm infection, the TRPM2-KO mice 

experienced a greater mortality than the WT mice after LPS-induced lung inflammation (Di et 
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al., 2011).  However, the reduced survival as a result of TRPM2 deficiency in this case was 

due to increased ROS production in phagocytes (Tab. 1).  Further detailed analysis reveals 

that Ca
2+

/Na
+
 influx and particularly K

+
 efflux mediated by the TRPM2 channels induces 

membrane depolarization and inhibits the membrane potential-sensitive NADPH oxidases 

(Fig. 1).  In conclusion, the TRPM2 channels in phagocytes provide a negative feedback 

mechanism restricting NADPH oxidase-mediated ROS production and thereby mitigating 

bacterial infection-induced lung damage.  

 

Cell death 

The most well-established role of the TRPM2 channels in diverse cell types is to mediate 

ROS-induced cell death (Jiang et al., 2010).  This was firstly demonstrated in a study using 

several cell types including U927 cells (Hara et al., 2002) (Tab. 1).  Further examination 

showed that exposure to relatively low H2O2 concentrations (0.1 mM) induced substantial 

CXCL8 production but modest cell death in U937 cells (Yamamoto et al., 2008).  TNF- can 

stimulate the ROS production (Gloire et al., 2006). Treatment of U937 cells with TNF- 

resulted in salient increase in the [Ca
2+

]i and decrease in cell viability (Zhang et al., 2006) 

(Tab. 1 and Fig. 1).  TNF--induced cell death was suppressed by using small interference 

RNA to reduce the TRPM2 expression or overexpressing TRPM2-S, an alternatively spliced 

and truncated isoform that cannot form a functional channel on its own but imposes 

dominant-negative inhibition of the activity of the TRPM2 channel formed by the full-length 

protein.  Exposure to relatively high H2O2 concentrations (0.3-1 mM) strongly reduced the 

viability of RAW264.7 and macrophages from the WT mice and such cell death was reduced 

by using PJ-34, a PARP inhibitor, and also reduced by TRPM2 deficiency (Zou et al., 2013) 

(Tab. 1 and Fig. 1).  These findings are consistent with that TRPM2 channels play an 

important role in the hierarchal model of oxidative stress (Gloire et al., 2006), in which 

modest oxidative stress initiates intracellular signaling pathways for the production of 

inflammation proteins such as chemokines and cytokines whereas severe oxidative stress 

results in disruption in intracellular Ca
2+

 homeostasis and cell death. 

 

Concluding remarks 

Since the discovery of TRPM2 channels as ROS-activated Ca
2+

-permeable cationic channels 

in immune cells, studies have made important progress in better understanding their locations 

and functions in the immune cell functions. Studies in combination with mouse models have 

demonstrated the importance of the TRPM2 channels in immune cells at the system level; the 

TRPM2 channel activity is clearly crucial for both innate and adaptive immunity but 

excessive TRPM2 channel activity contributes significantly towards the pathogenesis of 

inflammatory diseases.  The ongoing and future studies, with the aid of specific TRPM2 

inhibitors that hopefully become available in the near future, will provide a more mechanistic 

insight into the TRPM2 channels in humans under physiological and pathological conditions 

that ultimately will enable us to explore the therapeutic potential of this amazing ion channel.   

 

 

Figure Legend 

 

Figure 1 Subcellular localization, activation mechanisms and functional roles of the 

TRPM2 channels in immune cells  
 

TRPM2 channels are present as a Ca
2+

-permeable cationic channel on the immune cell surface 

with the exception of dendritic cell, where they are localized in the lysosomal membranes as a 
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Ca
2+

 release channel.  TRPM2 channels are activated by intracellular ADPR and Ca
2+

 via 

upon binding to the C-terminal NUDT9-H domain and N-terminal IQ-like calmodulin-

binding motif respectively (highlighted in the insert), and by ROS (e.g., H2O2) through the 

mechanisms engaging PARP/PARG in the nucleus or NADase in the mitochondria to 

generate ADPR from NAD.  ROS are generated by phagocytes via NADPH oxidases, or by 

mitochondria in response to particulates as the NLRP3 inflammasome activation signals (e.g., 

lipids, silica or alum).  Activation of the TRPM2 channels mediates K
+
 efflux and Ca

2+
/Na

+
 

influx to induce membrane depolarization and inhibits membrane potential-sensitive NADPH 

oxidases to limit ROS production by phagocytes (box 1).  TRPM2-mediated Ca
2+

 influx 

triggers multiple-step intracellular signaling pathways (not depicted) in various immune cells, 

leading to production of chemokine CXCL8/CXCL2 and proinflammatory 

cytokines/mediators, up-regulation of HO-1 expression, and cell death (box 2).  Finally, 

TRPM2-mediated lysosomal Ca
2+

 release is required for chemokine-induced dendritic cell 

maturation and chemotaxis (box 3).  Insert: a schematic presentation of one TRPM2 subunit 

in the tetrameric channel, which is composed of six transmembrane segments (S1-S6) and a 

pore-forming loop between the S5 and S6, and intracellular N- and C-termini.  Abbreviations: 

ROS, reactive oxygen species; NAD, nicotinamide adenine dinucleotide; ADPR, ADP-ribose; 

PARP, poly(ADP-ribose) polymerase; PARG; poly(ADP-ribose) glycohydrolase; pADPR, 

poly(ADP-ribose) moiety; NADPH oxidase, nicotinamide adenine dinucleotide phosphate 

oxidase; CXCL, C-X-C ligand; IL, interleukin; TNF-, tumor necrosis factor-; INF-, 

interferon ; NO, nitric oxide; HO-1, heme oxygenase-1.  
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Table 1 A summary of TRPM2 channel-dependent immune cell functions 

Cell type Associated cell functions References 
Monocyte Production of CXCL2/CXCL8 induced by H2O2 and CXCL2 to in response to dextran sulphate 

sodium-induced colon inflammation 
 
LPS-induced production of IL-6, IL-8, IL-10 and TNF- 
 
H2O2- and TNF--induced cell death 

Yamamoto et al., 2008  
 
 
Wehrhahn  et al., 2010 
 
Hara et al., 2002;  
Zhang et al., 2006 

Macrophage Production of CXCL2 in response to carrageenan-induced inflammation or nerve injury and to 
LPS/IFN-  
 
Inhibition of LPS-induced production of ROS by NADPH oxidase, CXCL2, IL-6 and TNF-  
 
Zymosan-induced production of CXCL2, G-CSF and IL-1α  
 
Activation of NLRP3 inflammasome and IL-1 maturation induced charged lipids, silica and alum  
 
Up-regulated HO-1 expression induced by LPS, and cecal ligation and puncture  
 
H2O2-induced cell death  

Haraguchi et al., 2012 
 
 
Di et al., 2011                        
 
Kashio et al., 2012 
 
Zhong et al., 2013           
 
Qian et al., 2014           
 
Zou et al., 2013 

Microglia  Production  of CXCL2 in response to nerve injury and in response to LPS/IFN- 
 
LPS/IFN--induced release of NO 

Haraguchi et al., 2012 
 
Miyake et al., 2014  

Neutrophil Sulphur mustard-induced priming and production of IL-6, IL-8 and TNF- in vitro 
 
Adhesion of neutrophils to endothelial cells and myocardial infarction during reperfusion 
 
Migration of neutrophils and brain damage during reperfusion after ischemic stroke 

Ham et al., 2012 
 
Hiroi et al., 2013 
 
Gelderblom et al., 2014 

Dendritic cell Production of IL-12 in response to Listeria monocytogenes-induced infection 
 
Chemokine-induced cell maturation and migration, and chemotaxis to E. coli-induced infection  

Knowles et al., 2011 
 
Sumazo-Toledo et al., 
2011                   
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Abbreviations: CXCL, C-X-C ligand; LPS, lipopolysaccharide; ROS, reactive oxygen species; NADPH, nicotinamide adenine dinucleotide 

phosphate; IFN- interferon ; IL, interleukin; TNF-tumor necrosis factor-; G-CSF, granulocyte colony stimulating factor; HO-1, heme 

oxygenase-1; NO; nitric oxide. 



12 

 

References 

Alim, I., Teves, L., Li, R., Mori, Y., Tymianski, M. (2013) Modulation of NMDAR subunit 

expression by TRPM2 channels regulates neuronal vulnerability to ischemic cell death. J. 

Neurosci. 33, 17264-71727.  

Angus, D.C., van der Poll, T. (2013) Severe sepsis and septic shock. N. Engl. J. Med. 369, 

840-851. 

Bartlett, R., Stokes, L., Sluyter, R. (2014). The P2X7 receptor channel: recent developments 

and the use of P2X7 antagonists in models of disease. Pharmacol. Rev. 66, 638-675. 

Bedard, K., Krause, K.H. (2007). The NOX family of ROS-generating NADPH oxidases: 

physiology and pathophysiology. Physiol. Rev. 87, 245-313. 

Beck, A., Kolisek, M., Bagley, L.A., Fleig, A., Penner, R. (2006). Nicotinic acid adenine 

dinucleotide phosphate and cyclic ADP-ribose regulate TRPM2 channels in T 

lymphocytes. FASEB J. 20, 962-964. 

Buanne, P., Di Carlo, E., Caputi, L., Brandolini, L., Mosca, M., Cattani, F., et al. (2007). 

Crucial pathophysiological role of CXCR2 in experimental ulcerative colitis in mice. J. 

Leukoc. Biol. 82, 1239-1246.  

Buelow, B., Song, Y.,  Scharenberg, A.M. (2008). The Poly(ADP-ribose) polymerase PARP-

1 is required for oxidative stress-induced TRPM2 activation in lymphocytes. J. Biol. Chem. 

283, 24571-24583. 

Burnstock, G. (2012). Discovery of purinergic signalling, the initial resistance and current 

explosion of interest. Br. J. Pharmacol. 167, 238-255. 

Cassel, S.L., Eisenbarth, S.C., Iyer, S.S., Sadler, J.J., Colegio, O.R., Tephly, L.A., et al. 

(2008). The Nalp3 inflammasome is essential for the development of silicosis. Proc. Natl. 

Acad. Sci. U. S. A. 105, 9035-9040.   

Dheen, S.T., Kaur, C., Ling, E.A. (2007). Microglial activation and its implications in the 

brain diseases. Curr. Med. Chem. 14, 1189-1197. 

Di, A. Gao, X.P., Qian, F., Kawamura,T., Han, J., Hecquet, C., et al. (2012). The redox-

sensetivecation channel TRPM2 modulates phagocyte ROS production and inflammation. 

Nat. Immunol. 13, 29-34. 

Dostert, C., Pétrilli, V., Van Bruggen, R., Steele, C., Mossman, B.T., Tschopp, J. (2008). 

Innate immune activation through Nalp3 inflammasome sensing of asbestos and silica. 

Science 320, 674-677.   

Du, J., Xie, J., Yue, L. (2009). Intracellular calcium activates TRPM2 and its alternative 

spliced isoforms. Proc. Natl. Acad. Sci. U.S.A. 106, 7239-7244. 

Duewell, P., Kono, H., Rayner, K.J., Sirois, C.M., Vladimer, G., Bauernfeind, F.G., Abela, 

G.S., et al. (2010). NLRP3 inflammasome are required for atherogenesis and activated by 

cholesterol crystals. Nature 464, 1357-1361 

Feske, S. (2007). Calcium signalling in lymphocyte activation and disease. Nat. Rev. 

Immunol. 7, 690-702. 

Gasser, A. Glassmeier, G., Fliegert, R., Langhorst, M.F., Meinke, S., et al. (2006). Activation 

of T cell calcium influx by the second messenger ADP-ribose. J. Biol. Chem. 281, 2489-

2496. 

Gelderblom, M., Melzer, N., Schattling, B., Göb, E., Hicking, G., Arunachalam, P., et al. 

(2014) Transient receptor potential melastatin subfamily member 2 cation channel 

regulates detrimental immune cell invasion in ischemic stroke. Stroke 45, 3395-3402. 

Gloire, G., Legrand-Poels, S., Piette, J. (2006). NF-kB activation by reactive oxygen species: 

fifteen years later. Biochem. Pharmacol. 72, 1493-1505. 

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.  



13 

 

Ham, H.Y., Hong, C.W., Lee, S.N., Kwon, M.S., Kim, Y.J., Song, D.K. (2012). Sulfur 

mustard primes human neutrophils for increased degranulation and stimulates cytokine 

release via TRPM2/p38 MAPK signaling. Toxicol. Appl. Pharmacol. 258, 82-88.  

Hanisch, U.K., Kettenman, K. (2007). Microglia: active sensor and versatile effector cells in 

the normal and pathologic brain.  Nat. Neurosci. 10, 1387-1394. 

Hara, Y., Wakamori, M., Ishii, M., Maeno, E., Nishida, M., Yoshida, T., et al (2002). 

LTRPC2 Ca
2+

-permeable channel activated by changes in redox status confers 

susceptibility to cell death. Mol. Cell 9, 163-173. 

Haraguchi, K., Kawamoto, A., Isami, K., Maeda, S., Kusano, A., et al. (2012). TRPM2 

contributes to inflammatory and neuropathic pain through the aggravation of 

pronociceptive inflammatory responses in mice. J. Neurosci. 32, 3931-3941.  

Heiner, I., Eisfeld, J., Warnstedt, M., Radukina, N., Jüngling, E., Lückhoff, A. (2006) 

Endogenous ADP-ribose enables calcium-regulated cation currents through TRPM2 

channels in neutrophil granulocytes. Biochem. J. 398, 225-232. 

Hiroi, T., Wajima, T., Negoro, T., Ishii, M., Nakano, Y., Kiuchi, Y., et al. (2013). Neutrophil 

TRPM2 channels are implicated in the exacerbation of myocardial ischaemia/reperfusion 

injury. Cardiovasc. Res. 97, 271-281. 

Hoffmann, A., Kann, O., Ohlemeyer, C., Hanisch UK, Kettenmann H. (2003). Elevation of 

basal intracellular calcium as a central element in the activation of brain macrophage 

(microglia): suppression of receptor-evoked calcium signalling and control of release 

function. J. Neurosci. 23, 4410-4419. 

Holmström, K. M., Finkel, T. (2014). Cellular mechanisms and physiological consequences 

of redox-dependent signalling. Nat. Rev. Mol. Cell. Biol. 15, 411-421. 

Hogan, P.G., Lewis, R.S., Rao, A. (2010). Molecular basis of calcium signaling in 

lymphocytes: STIM and ORAI. Annu. Rev. Immunol. 28, 491-533. 

Jiang, L.H. (2009). Inhibition of P2X7 receptors by divalent cations: old action and new 

insight. Eur. Biophys. J. 38, 339–346. 

Jiang, L.H. (2012). P2X receptor-mediated ATP purinergic signalling in health and disease. 

Cell Health Cytoskelet. 4, 83–101. 

Jiang, L.H., Yang, W., Zou, J., Beech, D.J. (2010). TRPM2 channel properties, functions and 

therapeutic potentials. Expert Opin. Ther. Targets. 14, 973-988. 

Jiang, L.H. (2015). HIV drug nucleoside reverse transcriptase inhibitors as promising anti-

inflammation therapeutics by targeting P2X7-dependent large pore formation: one stone 

for two birds? Front. Pharmacol. 6, 38. 

Kashio, M., Sokabe, T., Shintaku, K., Uematsu, T., Fukuta, N., Kobayashi, N., et al. (2012). 

Redox signal-mediated sensitization of transient receptor potential melastatin 2 (TRPM2) 

to temperature affects macrophage functions. Proc. Natl Acad. Sci. U.S.A. 109, 6745-6750. 

Kettenmann, H., Hanisch, U.K., Noda, M., Verkhratsky, A. (2011). Physiology of microglia. 

Physiol. Rev. 91, 461-553. 

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. 

Knowles, H., Li, Y., Perraud, A.L. (2013). The TRPM2 ion channel, an oxidative stress and 

metabolic sensor regulating innate immunity and inflammation. Immunol. Res. 55, 241-

248. 

Kraft, R., Grimm, C., Grosse, K., Hoffmann, A., Sauerbruch, S., Kettenmann, H., et al. 

(2004).  Hydrogen peroxide and ADP-ribose induce TRPM2-mediatedcalcium influx and 

cation currents in microglia. Am. J. Physiol. Cell Physiol. 286,129-137. 



14 

 

Lange, I., Penner, R., Fleig, A., Beck, A. (2008). Synergistic regulation of endogenous 

TRPM2 channels by adenine dinucleotides in primary human neutrophils. Cell Calcium 

44, 604-615. 

Li, C., Meng, L., Li, X., Li, D., Jiang, L.H. (2015). Non-NMDAR neuronal Ca
2+

-permeable 

channels in delayed neuronal death and as potential therapeutic targets for ischemic brain 

damage. Expert Opin. Ther. Targets. 2, 1-14. 

Liao, M., Cao, E., Julius, D., Cheng, Y. (2013). Structure of the TRPV1 ion channel 

determined by electron cryo-microscopy. Nature 504, 107-112. 

Magnone, M., Bauer, I., Poggi, A., Mannino, E., Sturla, L., Brini, M., et al. (2012). NAD
+
 

levels control Ca
2+

 store replenishment and mitogen-induced increase of cytosolic Ca
2+

 by 

Cyclic ADP-ribose-dependent TRPM2 channel gating in human T lymphocytes. J. Biol. 

Chem.  287, 21067-21081. 

Martinon, F., Mayor, A., Tschopp, J. (2009). The inflammasome: guardian of the body. Annu. 

Rev. Immunol. 27, 229-265.  

Miyake, T., Shirakawa, H., Kusano, A., Sakimoto, S., Konno, M., Nakagawa, T., et al. 

(2014). TRPM2 contributes to LPS/IFNγ-induced production of nitric oxide via the 

p38/JNK pathway in microglia. Biochem. Biophys. Res. Commun. 444, 212-217. 

Motterlini, R., Foresti, R. (2014). Heme oxygenase-1 as a target for drug discovery. Antioxid. 

Redox. Signal. 20, 1810-1826 

Nathan, C. (2003). Specificity of a third kind: Reactive oxygen and nitrogen intermediates in 

cell signaling. J. Clin. Invest. 111, 769–778. 

Nilius, B., Owsianik, G., Voets, T., Peters, J.A. (2007). Transient receptor potential cation 

channels in disease. Physiol. Rev. 87, 165-217. 

Partida-Sanchez, S., Gasser, A., Fliegert, R., Siebrands, C.C., Dammermann, W., Shi, G., et 

al. (2007). Chemotaxis of mouse bone marrow neutrophils and dendritic cells is controlled 

by ADR-ribose, the major product generated by the CD38 enzyme reaction. J. Immunol. 

179, 7827-7839. 

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 activated revealed by 

Nudix motif homology. Nature 411, 595-599. 

Prasad, A., Stone, G.W., Holmes, D.R., Gersh, B. (2009) Reperfusion injury, microvascular 

dysfunction,and cardioprotection: the “dark side” of reperfusion. Circulation 120, 2105-

2112. 

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. 

Ru, X., Yao, X. (2014). TRPM2: a multifunctional ion channel for oxidative stress sensing. 

Sheng Li Xue Bao 66, 7-15. 

Sano, Y., Inamura, K., Miyake, A., Mochizuki, S., Yokoi, H., Matsushime, H., et al. (2001). 

Immunocyte Ca
2+

 influx system mediated by LTRPC2. Science 293, 1327-1330. 

Steinman, R.M. (2012). Decisions about dendritic cells: past, present, and future. Annu. Rev. 

Immunol. 30, 1-22. 

Sumazo-Toledo, A. Lange, I., Cortado, H., Bhagat, H., Mori, Y., Fleig, A., et. al. (2011). 

Dendritic cell maturation and chemotaxis is regulated by TRPM2-mediated lysosomal Ca
2+

 

release. FASEB J. 25, 3529-3542. 

Sumazo-Toledo, A., Penner, R. (2011). TRPM2: a multifunctional ion channel for calcium 

signalling. J. Physiol. 589, 1515-1525. 

Summers, C., Rankin, S.M., Condliffe, A.M., Singh, N., Peters, A.M., et al. (2010). 

Neutrophil kinetics in health and disease. Trends Immunol. 31, 318-324. 



15 

 

Sumoza-Toledo, A., Fleig, A., Penner, R. (2013) TRPM2 channels are not required for acute 

airway inflammation in OVA-induced severe allergic asthma in mice. J. Inflamm. 10, 19.  

Tschopp, J., Schroder, K. (2010). NLRP3 inflammasome activation: The convergence of 

multiple signalling pathways on ROS production? Nat. Rev. Immunol. 10, 210-215. 

Venkatachalam, K., Montell, C. (2007). TRP channels. Annu. Rev. Biochem. 76, 387-417. 

Voloshyna, I., Littlefield, M.J., Reiss, A.B. (2014) Atherosclerosis and interferon-γ: new 
insights and therapeutic targets. Trends Cardiovasc. Med. 24, 45-51.  

Wehrhahn, J., Kraft, R., Harteneck, C., Hauschildt, S. (2010). Transient receptor potential 

melastatin 2 is required for lipopolysaccharide-induced cytokine production in human 

monocytes. J. Immunol. 184, 2386-2393. 

Wehage, E., Eisfeld, J., Heiner, I., Jüngling, E., Zitt, C., Lückhoff, A. (2002). Activation of 

the cation channel long transient receptor potential channel 2 (LTRPC2) by hydrogen 

peroxide. A splice variant reveals a mode of activation independent of ADP-ribose. J. Biol. 

Chem. 277, 23150-23156. 

Yamamoto, S., Takahashi, N., Mori, Y. (2010). Chemical physiology of oxidative stress-

activated TRPM2 and TRPC5 channels. Prog. Biophys. Mol. Biol .103, 18-27. 

Yamamoto, S., Shimizu, S., Kiyonaka, S., Takahashi, N., Wajima, T., Hara, Y., et al. (2008). 

TRPM2-mediated Ca
2+

 influx induces chemokine production in monocytes that aggravates 

inflammatory neutrophil infiltration. Nat. Med. 14, 738-747. 

Zhang, W., Chu, X., Tong, Q., Cheung, J. Y., Conrad, K., Masker, K., et al. (2003). A novel 

TRPM2 isoform inhibits calcium influx and susceptibility to cell death. J. Biol. Chem. 278, 

16222-16229. 

Zhang, W., Hirschler-Laszkiewicz, I., Tong, Q., Conrad, K., Sun, S. C., Penn, L., et al. 

(2006). TRPM2 is an ion channel that modulates hematopoietic cell death through 

activation of caspases and PARP cleavage. Am. J. Physiol. Cell Physiol. 290, 1146-1159. 

Zhong, Z., Zhai, Y., Liang, S., Mori, Y., Han, R., Sutterwala, F.S., et al. (2013). TRPM2 links 

oxidative stress to NLRP3 inflammasome activation. Nat. Commun. 4, 1611 

Zou, J., Ainscough, J.F., Yang, W., Sedo, A., Yu, S.P., Mei, Z.Z., et al. (2013). A differential 

role of macrophage TRPM2 channels in Ca
2+

 signaling and cell death in early responses to 

H2O2. Am. J. Physiol. Cell Physiol. 305, 61-69. 

Ye, M., Yang, W., Ainscough, J.F., Hu, X.P., Li, X., Sedo, A., et al. (2014) TRPM2 channel 

deficiency prevents delayed cytosolic Zn
2+

 accumulation and CA1 pyramidal neuronal 

death after transient global ischemia. Cell Death Dis. 5, e1541. 

 

 

Acknowledgements 

SASM is a recipient of Malaysian governmental scholarship. The work was supported in part 

by Xinxiang Medical University start-up funds and Natural Science Foundation of China 

(31471118) to LW and L-HJ.  
 

 

Disclosure 

The authors have declaimed no conflict of interest. 
 

 


