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1 TRPM2 (melastatin-like transient receptor potential 2 channel) is a nonselective cation channel
that is activated under conditions of oxidative stress leading to an increase in intracellular free Ca2þ

concentration ([Ca2þ ]i) and cell death. We investigated the role of the DNA repair enzyme poly(ADP-
ribose) polymerase (PARP) on hydrogen peroxide (H2O2)-mediated TRPM2 activation using a
tetracycline-inducible TRPM2-expressing cell line.

2 In whole-cell patch-clamp recordings, intracellular adenine 50-diphosphoribose (ADP-ribose)
triggered an inward current in tetracycline-induced TRPM2-human embryonic kidney (HEK293)
cells, but not in uninduced cells. Similarly, H2O2 stimulated an increase in [Ca

2þ ]i (pEC50 4.5470.02)
in Fluo-4-loaded TRPM2-expressing HEK293 cells, but not in uninduced cells. Induction of TRPM2
expression caused an increase in susceptibility to plasma membrane damage and mitochondrial
dysfunction in response to H2O2. These data demonstrate functional expression of TRPM2 following
tetracycline induction in TRPM2-HEK293 cells.

3 PARP inhibitors SB750139-B (patent number DE10039610-A1 (Lubisch et al., 2001)), PJ34 (N-(6-
oxo-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide) and DPQ (3, 4-dihydro-5-[4-(1-piper-
idinyl)butoxy]-1(2H)-isoquinolinone) inhibited H2O2-mediated increases in [Ca

2þ ]i (pIC50 vs 100mM
H2O2: 7.6470.38; 6.6870.28; 4.7870.05, respectively), increases in mitochondrial dysfunction (pIC50
vs 300 mM H2O2: 7.3270.23; 6.6970.22; 5.4470.09, respectively) and decreases in plasma membrane
integrity (pIC50 vs 300mM H2O2: 7.4570.27; 6.3570.18; 5.2970.12, respectively). The order of
potency of the PARP inhibitors in these assays (SB7501394PJ344DPQ) was the same as for
inhibition of isolated PARP enzyme.

4 SB750139-B, PJ34 and DPQ had no effect on inward currents elicited by intracellular ADP-ribose
in tetracycline-induced TRPM2-HEK293 cells, suggesting that PARP inhibitors are not interacting
directly with the channel.

5 SB750139-B, PJ34 and DPQ inhibited increases in [Ca2þ ]i in a rat insulinoma cell line (CRI-G1
cells) endogenously expressing TRPM2 (pIC50 vs 100 mM H2O2: 7.6470.38; 6.6870.28; 4.7870.05,
respectively).

6 These data suggest that oxidative stress causes TRPM2 channel opening in both recombinant and
endogenously expressing cell systems via activation of PARP enzymes.
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Introduction

TRPM2 (melastatin-like transient receptor potential 2), for-

merly known as TRPC7 and LTRPC2, is a nonselective cation

channel highly expressed in the brain (Nagamine et al., 1998;

Hara et al., 2002; Kraft et al., 2004) and in immune cells

(Perraud et al., 2001; Sano et al., 2001) that is thought to

respond to changes in oxidative stress (Hara et al., 2002;

Wehage et al., 2002). TRPM2 activation has been demon-

strated upon extracellular application of oxidants such as

hydrogen peroxide (H2O2), tertbutylhydroperoxide and dithio-

nite (Hara et al., 2002; Wehage et al., 2002), the second

messenger arachidonic acid (Hara et al., 2002), intracellular

application of adenine 50-diphosphoribose (ADP-ribose) or
nicotinamide adenine dinucleotide (NAD) (Perraud et al.,

2001; Sano et al., 2001; Hara et al., 2002; Wehage et al., 2002;

Inamura et al., 2003; McHugh et al., 2003). Once activated,

TRPM2 causes a sustained elevation in intracellular free

calcium ion concentration ([Ca2þ ]i) and subsequent cell death

(Hara et al., 2002; Zhang et al., 2003). To date, the molecular
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links between oxidative stress and TRPM2 activation have not

been described.

ADP-ribose has emerged as a strong candidate for the

endogenous activator of TRPM2. Intracellular application

of ADP-ribose activates TRPM2 channels in whole-cell patch-

clamp experiments (Perraud et al., 2001; Sano et al., 2001;

Hara et al., 2002; Wehage et al., 2002; Inamura et al., 2003;

McHugh et al., 2003) independent of immediate breakdown

products of ADP-ribose (Perraud et al., 2001). Furthermore,

TRPM2 possesses a Nudix hydrolase domain on the

C-terminus that functions as a specific ADP-ribose pyropho-

sphatase (Perraud et al., 2001). Both a deletion mutant (Hara

et al., 2002) and splice variant (Zhang et al., 2003) lacking

this domain have demonstrated compromised activation in

response to oxidative stress. Curiously, a neutrophil TRPM2

splice variant lacking the ADP-ribose pyrophosphatase

domain is reported to show H2O2-mediated activation

(Wehage et al., 2002). In the same way, Heiner et al. (2003)

reported a deletion mutant lacking part of the C-terminus

upstream of the Nudix motif in which H2O2, but not ADP-

ribose, mediates activation of TRPM2 (Heiner et al., 2003).

These results suggest that the mechanism of TRPM2 activa-

tion may not be universal.

In the present study, we considered the role of poly(ADP-

ribose) polymerase (PARP) enzymes as a potential source of

ADP-ribose for the activation of TRPM2 under conditions

of oxidative stress. PARP-1, the most abundant of the PARP

family, is a nuclear enzyme that binds to single- and double-

stranded DNA breaks resulting from various toxic stimuli

including oxidants, alkylating agents and ionising radiation

(Virag & Szabo, 2002). Once bound, PARP-1 catalyses the

cleavage of NAD into nicotinamide and ADP-ribose and

polymerises ADP-ribose onto various nuclear proteins, in-

cluding histones and transcription factors, resulting in the

activation of DNA repair mechanisms and stimulation of

nuclear factor kB-mediated transcription (Tanuma et al., 1985;

de Murcia & Menissier, 1994; Oliver et al., 1999; Virag &

Szabo, 2002). Under conditions of severe oxidative stress,

PARP-1 becomes overactivated leading to consumption of

NAD and ATP and ultimately cellular dysfunction and cell

death.

Here, we present evidence for a direct role of PARP enzymes

in linking oxidative stress with TRPM2 activation in both

a recombinant cell system and in a rat insulinoma cell line,

CRI-G1, endogenously expressing TRPM2.

Experimental procedures

Cell culture

Human embryonic kidney (HEK293) cells expressing tetra-

cycline-inducible human Flag-tagged TRPM2 (TRPM2-

HEK293 cells) grown in minimum essential medium (MEM)

supplemented with nonessential amino acids, 10% foetal calf

serum and 0.2mM L-glutamine were maintained under 5%

CO2 at 371C. TRPM2 expression was induced by incubating

cells for 24 h with 1mgml�1 tetracycline (Perraud et al., 2001).

Rat insulinoma CRI-G1 cells (ECACC Clone Ref. no.

87052701) endogenously expressing TRPM2 were cultured in

Dulbecco’s minimum essential medium (DMEM) supplemen-

ted with 10% foetal calf serum and 2mM L-glutamine and

maintained under 5% CO2 at 371C. All cell culture media were

obtained from Invitrogen (Paisley, U.K.). For Ca2þ and cell

death analysis, TRPM2-HEK293 and CRI-G1 cells were

seeded into black-walled, clear-bottom 96-well plates (Costar,

U.K.) at a density of 25,000–30,000 cells well�1 and incubated

at 371C/5% CO2 overnight.

Measurement of [Ca2þ]i using a fluorometric imaging
plate reader (FLIPR)

TRPM2-HEK293 or CRI-G1 cells were loaded with 4mM
Fluo-4 AM (Teflabs, Austin, U.S.A.) at 221C for 1 h, washed

with Ca2þ -free Tyrodes medium (mM: NaCl 145, KCl 2.5,

HEPES 10, glucose 10, MgCl2 1.2, ethylene glycol-bis(b-
aminoethyl ether)-N,N,N0,N0-tetraacetic acid (EGTA) 1, pH

7.4) in order to remove extracellular Fluo-4 AM and incubated

for a further 30min at room temperature. Fluorescence

(lex¼ 488 nm, lem¼ 540 nm) from each well was measured

using a FLIPR (Molecular Devices, U.K.) before and after the

addition of H2O2 and 2mM Ca2þ . Three independent

experiments were generated using 10 concentrations of H2O2

in quadruplicate. For experiments involving mitochondrial

uncoupling, carbonylcyanide-4-(trifluoromethoxy)phenylhy-

drazone (FCCP, Sigma-Aldrich, Dorset, U.K.) was added in

place of H2O2. For experiments involving PARP inhibitors,

cells were preincubated for 30min with SB750139-B (patent

number DE10039610-A1 (Lubisch et al., 2001)), PJ34 (N-(6-

oxo-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide)

or DPQ (3, 4-dihydro-5-[4-(1-piperidinyl) butoxy]-1(2H)-iso-

quinolinone) prior to the addition of H2O2. SB750139-B and

PJ34 were synthesised in-house by standard chemical proce-

dures and DPQ was purchased from Calbiochem, Notting-

ham, U.K.

Cell death assays

Measurement of plasma membrane integrity using Sytox
Green TRPM2-HEK293 or CRI-G1 cells were rinsed and

incubated with fresh Ca2þ -containing growth medium con-

taining 1 mM Sytox Green (Molecular Probes, Eugene, OR,

U.S.A.) and H2O2 as indicated. For experiments involving

PARP inhibitors, cells were preincubated for 1 h with test

compound prior to the addition of H2O2. Sytox Green

fluorescence (lex¼ 485 nm, lem¼ 525 nm) from each well was

measured using a FLEXStation (Molecular Devices, Woking-

ham, U.K.). Three independent experiments were generated

for DPQ, SB750139-B and PJ34 in the presence of H2O2 using

seven concentrations in triplicate. Data were expressed as

arbitrary fluorescence units or % Sytox Green fluorescence

(100� fluorescence emission in the presence of PARP inhi-

bitor/fluorescence emission in the absence of PARP inhibitor).

MTT cell viability assay TRPM2-HEK293 or CRI-G1

cells were rinsed and incubated with fresh Ca2þ -containing

growth media. For experiments involving PARP inhibitors,

cells were preincubated for 1 h with test compound prior to the

addition of 300 mM H2O2. After 20 h, the MTT assay was

performed using the Cell Titer 96 nonradioactive proliferation

assay according to the manufacturer’s instructions (Promega,

Southampton, U.K.). Three independent experiments were

performed for DPQ, SB750139-B and PJ34 using seven

concentrations in triplicate. Data were expressed as the percent
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of metabolic activity (well fluorescence � blank)� 100/
(control well fluorescence � blank).

PARP enzymatic activity assay

Enzyme velocities were quantified by a scintillation proximity

assay in 96-well plate format using a human PARP-1–

glutathione-S-transferase fusion protein. The reaction mix

contained 6 nM PARP-1 enzyme, 1.5mgml�1 activated calf

thymus DNA, 3mM cold NAD and [3H]-NAD

(3.3 mCi�well�1; Perkin-Elmer Life Sciences, U.K.). After

10min incubation at room temperature, the reaction was

terminated by adding stop solution (5mgml�1 glutathione-

coated yttrium silicate scintillation proximity assay beads,

Amersham Pharmacia, U.K.; 100 mM benzamide; 20mM

EDTA). The plates were sealed and shaken before analysis

in a 1450 Micro-Beta Plus Counter (Wallac, U.K.). The 10-

point experiments were performed in duplicate.

Western blot analysis of TRPM2 expression

Protein in each whole-cell lysate from TRPM2-HEK293 cells

was quantified (Bio-Rad, Hemel Hempstead, U.K.) and 25mg
of protein was electroblotted. Following blotting, membranes

were incubated with anti-Flag antibody diluted 1 : 10,000

(Sigma-Aldrich, Dorset, U.K.), washed and incubated

with a horseradish peroxidase-conjugated secondary antibody

(1 : 5000 dilution; Amersham Pharmacia, U.K.). ECL was used

for detection of signal (Perbio Science U.K. Limited, Chester,

U.K.).

Electrophysiological analysis of TRPM2 expression

Experiments were performed at room temperature using

whole-cell voltage-clamp recording mode. Electrodes were

pulled from borosilicate glass capillaries and typically had a

resistance of 2–4MO for the whole-cell experiments. Record-

ings were made using an Axopatch 200B patch-clamp

amplifier (Axon Instruments Inc., U.S.A.). Data were recorded

on a PC using PCLAMP 8 software (Axon Instruments Inc.,

U.S.A.). In the whole-cell mode, the cell was clamped to

�50mV. The extracellular solution consisted of 140mM NaCl,

5mM KCl, 2mM MgCl2, 1mM CaCl2, 10mM HEPES (pH 7.3)

for the Ca2þ -containing solution, and 140mM NaCl, 5mM

KCl, 2mM MgCl2, 1mM BaCl2, 10mM HEPES (pH 7.3) for

the Ca2þ -free solution (pH was adjusted with NaOH). Patch

pipettes were filled with the following solutions: 120mM Kþ

gluconate, 10mM KCl, 2mM MgCl2, 10mM HEPES (pH 7.3)

(adjusted with KOH). TRPM2 channels were activated by

adding ADP-ribose to a concentration of 0.1mM to the

intracellular recording solution. Cells typically had a capaci-

tance of 1771 pF. Series resistance was typically 5–7MO and

was not compensated. It is acknowledged that the lack of series

resistance compensation may have resulted in substantial

errors in reported holding potential, although these would not

be anticipated to impact upon the relative differences between

data in the presence and absence of PARP inhibitors. During

recordings, cells were usually voltage clamped at �50mV and

perfused from a rapid solution exchange device. This equip-

ment permitted complete solution exchanges to be made in

o100ms. In all experiments, membrane current was filtered at

2 kHz (four-pole Bessel characteristic filter) and sampled

continuously at 5 kHz. For analysing the effect of PARP

inhibitors, the cells were preincubated in 10mM PARP

inhibitor for 1–2 h at 371C in normal cell culture buffer and

were transferred for the patch-clamp experiments to extra-

cellular solution containing 10 mM of the corresponding PARP

inhibitor.

Data analysis

Data were expressed as mean7s.e. The computer program

GraphPad Prism (GraphPad Software Inc., San Diego,

U.S.A.) was used for curve fitting and statistical analysis.

Results

TRPM2 expression on HEK293 cells and CRI-G1 cells

Tetracycline (1 mgml�1, 24 h) induced a robust expression of
TRPM2 in the tetracycline-inducible HEK-293 Flag-TRPM2

cell line. A 170 kDa band corresponding to Flag-tagged

TRPM2 protein was identified in cell lysates from tetracy-

cline-induced TRPM2-HEK293 by using an anti-Flag anti-

body (Figure 1a). The apparent molecular weight of 170 kDa

is in agreement with the Flag-tagged TRPM2 reported

previously (Perraud et al., 2001; McHugh et al., 2003).

Immunostaining was not evident in noninduced cells. TRPM2

was endogenously expressed by the rat insulinoma cell line

CRI-G1 (Inamura et al., 2003) as confirmed by quantitative

RT–PCR (data not shown).

H2O2 and ADP-ribose trigger activation of TRPM2

In whole-cell patch-clamp experiments, intracellular applica-

tion of ADP-ribose triggered a calcium-dependent cation

current in tetracycline-induced TRPM2-expressing HEK293

cells (Figure 1b) and in CRI-G1 cells (Figure 1c). The values

for the current densities for the induced TRPM2-HEK293 cells

were 571 pApF�1 (�50mV holding potential) in the absence

of ADP-ribose and 340721 pApF�1 in the presence of 100 mM
ADP-ribose in the patch pipette. Noninduced TRPM2-

HEK293 cells showed a current density of 271 pApF�1

(�50mV holding potential) in the absence of intracellular

ADP-ribose. Similarly, H2O2 triggered an increase in Fluo-4

fluorescence in both induced TRPM2-HEK293 cells (pEC50
4.5470.02, n¼ 4, Figure 2a) and in CRI-G1 cells (pEC50
4.0870.12, n¼ 3, data not shown) indicative of a rise in

[Ca2þ ]i. H2O2 did not produce any significant increase in

[Ca2þ ]i in uninduced TRPM2-HEK293 cells (Figure 2a).

Consistent with the reported activity of TRPM2 as a cell

death channel (Hara et al., 2002; Zhang et al., 2003), a

heightened sensitivity to oxidative stress-mediated cell death

was evident in TRPM2-expressing cells compared to non-

induced cells. Plasma membrane integrity (Sytox Green assay)

was significantly compromised in tetracycline-induced

TRPM2-HEK293 cells after 5–20 h exposure to 300mM H2O2

compared to noninduced cells (Figure 2b). Similarly, tetra-

cycline-induced TRPM2-HEK293 cells exposed to 300 mM
H2O2 for 18 h showed a significantly greater loss of metabolic

activity compared to noninduced cells as determined by MTT

(Figure 2c).
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The mitochondrial uncoupler FCCP was tested to determine

whether oxidative stress-dependent mitochondrial dysfunction

occurred upstream of TRPM2 activation. At concentrations

sufficient to induce uncoupling of mitochondria, FCCP

induced only a small rise in [Ca2þ ]i that was similar in

tetracycline-induced and uninduced cells (Figure 2d). This

suggests that TRPM2 activation is not a downstream

consequence of mitochondrial uncoupling.

PARP inhibitors suppress H2O2-mediated activation
of TRPM2

The effects of three structurally distinct PARP inhibitors on

H2O2-induced [Ca2þ ]i elevations and cell death in TRPM2-

expressing HEK293 cells were investigated. PJ34, SB750139-B

and DPQ inhibited the H2O2-mediated rise in [Ca2þ ]i in a

concentration-dependent manner (Figure 3a, Table 1) and

1 nA

I = 0

-tet +tet

250 kDa

150 kDa

1 Ca2+
1 Ca2+ 1 Ca2+

1 Ca2+

1 Ba2+

1 Ba2+ 1 Ba2+

1 Ba2+

I = 0

1 nA

100 s 100 s

a b c

Figure 1 Functional expression of TRPM2 in tetracycline-inducible TRPM2-HEK293 cells and in CRI-G1 cells. (a) Western blot of induced
(þ tet) and uninduced (�tet) TRPM2-HEK293 cells. Immunodetection of the Flag epitope revealed the expression of the TRPM2-Flag
construct on the induced cells. TRPM2 currents activated by intracellular ADP-ribose in TRPM2-HEK293 cells (b) and CRI-G1 cells (c) are
reversibly blocked by exchange of 1mM extracellular Ca2þ (1 Ca2þ ) with 1mM Ba2þ (1 Ba2þ ). Whole-cell patch-clamp recordings were
conducted with 100 mM ADP-ribose present in the patch pipette and typical whole-cell currents are shown at �50mV.

Figure 2 TRPM2 expression in TRPM2-HEK293 cells confers sensitivity to H2O2. (a) [Ca
2þ ]i rise in response to H2O2. (b) H2O2-

induced loss of cell membrane integrity as assessed by Sytox Green incorporation. (c) Loss of metabolic activity in response to
300mM H2O2, as assessed by the MTT assay. *Po0.001 vs respective control; #Po0.001 vs uninduced cells (one-way ANOVA
followed by Tukey’s post-test). (d) [Ca2þ ]i rise in response to FCCP. One representative experiment is shown. Similar results were
obtained in three to four independent experiments.
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significantly reduced H2O2-induced cell death as determined

by cell membrane integrity (Figure 3b, Table 1) and by

mitochondrial dysfunction (Figure 3c, Table 1). In the CRI-G1

insulinoma cell line endogenously expressing TRPM2, PARP

inhibitors also inhibited H2O2-induced rises in [Ca2þ ]i
(Figure 3d, Table 1). In all of these assays, the rank order

of potency of the three PARP inhibitors (SB750139-B

4PJ344DPQ) was the same as for inhibition of isolated

PARP enzyme activity (Table 1). The higher potency of the

PARP inhibitors on inhibition of isolated PARP compared

to inhibition of cellular responses is probably due to limited

access of the compounds to the cell interior. No statistically

significant difference was found between the inhibition of

H2O2-mediated increases in [Ca
2þ ]i in TRPM2-HEK293 cells

and CRI-G1 cells (F(1,2)¼ 1.85, P¼ 0.31, Table 1).
Although the rank order of potency of the PARP inhibitors

is consistent with their acting via inhibition of PARP, we tested

the possibility that they interact directly with TRPM2 to block

ADP-ribose-mediated channel opening. In TRPM2-HEK293

cells, the currents evoked by a submaximal concentration of

ADP-ribose (100mM) were not significantly different (P¼ 0.43)
following preincubation with supramaximal (10 mM) con-

centrations of the PARP inhibitors (mean currents7s.e:

5.470.43, 5.770.37, 6.370.70 and 6.3870.57 nA for cells

treated with vehicle, SB750139-B, PJ34 and DPQ, respec-

tively). This suggests that PARP inhibitors do not have a direct

Figure 3 Effect of PARP inhibitors on TRPM2 activation and TRPM2-mediated cell death. (a) PARP inhibitors suppress 100mM
H2O2-induced [Ca

2þ ]i rises in TRPM2-HEK293 cells. Data are expressed as peak fluorescence minus basal. (b) PARP inhibitors
suppress 300 mM H2O2-mediated cell membrane damage as assessed by Sytox Green incorporation in TRPM2-HEK293 cells. Data
are expressed as the percent of Sytox Green fluorescence. (c) PARP inhibitors suppress H2O2-mediated loss of metabolic activity as
assessed by the MTT assay in TRPM2-HEK293 cells. Data are expressed as the percent of metabolic activity in the absence of
300mM H2O2. (d) PARP inhibitors suppress 100 mM H2O2-induced [Ca2þ ]i rises in CRI-G1 cells. Data are expressed as peak
fluorescence minus basal. One representative experiment is shown. Similar results were obtained in at least three independent
experiments.

Table 1 Summary of the effects of the PARP inhibitors in TRPM2-HEK293 and CRI-G1 cells

Isolated enzyme TRPM2-HEK293 cells CRI-G1 cells
PARP inhibitor pIC50 PARP

activity
pIC50 Ca2+

response (FLIPR)
pIC50 cell death
(Sytox Green)

pIC50 cell death
(MTT assay)

pIC50 Ca2+

response
(FLIPR)

SB750139-B 8.770.1 7.670.4 7.570.3 7.370.2 7.470.1

PJ34 8.170. 1 6.770.3 6.470.2 6.770.2 7.470.1

DPQ 40 nMa 4.870.1 5.370.1 5.470.1 5.570.04

Data are means7s.e., n¼ 3–7 experiments. pIC50 values were obtained vs 100mM H2O2 for FLIPR assays and 300mM H2O2 for Sytox
Green and MTT assays.
aEliasson et al. (1997). Two-way ANOVA of pIC50 values revealed statistically significant differences on the compounds used
(F(2,8)¼ 42.55, Po0.0001) and on the assays performed (F(4,8)¼ 12.39, P¼ 0.002). No statistically significant differences were found
among the cellular assays (F(3,6)¼ 1.113, P¼ 0.41).
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blocking action on TRPM2 channels, either by blocking ADP-

ribose-mediated activation or by a direct block of the channel

pore.

Discussion

Extracellular application of oxidants (Hara et al., 2002;

Wehage et al., 2002) and intracellular application of ADP

and NAD (Perraud et al., 2001; Sano et al., 2001; Hara et al.,

2002; Wehage et al., 2002) have been shown to cause activation

of TRPM2 channels in a number of systems. Our current data

suggest a link between TRPM2 activation and activation

of PARP enzymes. In HEK293 cells inducibly expressing

TRPM2, we have shown that three structurally distinct PARP

inhibitors (Lubisch et al., 2001; Cosi, 2002) block TRPM2-

dependent increases in [Ca2þ ]i and cell death mediated by

H2O2 with a similar rank order of potency as for inhibition

of isolated PARP. A direct action of the PARP inhibitors on

TRPM2 was precluded by electrophysiological studies using

ADP-ribose to activate TRPM2 directly. These results provide

evidence that oxidative stress-dependent activation of TRPM2

requires PARP enzyme activity. Our use of a tetracycline-

inducible TRPM2-expressing cell line to elucidate the role

of PARP in peroxide-mediated TRPM2 activation raises

an important question as to whether a similar pathway of

activation is present in cells expressing TRPM2 endogenous

levels of TRPM2. We have shown here that peroxide-mediated

Ca2þ elevations in a rat insulinoma cell line (CRI-G1) known

to express TRPM2 show a similar sensitivity to PARP

inhibitors as described for TRPM2-expressing HEK293 cells.

PARP activation may therefore be a key step in the activation

of TRPM2 in a variety of systems.

PARP-1, the most abundant of the PARP enzyme family,

has a number of key characteristics that support its role as

a mediator between oxidative damage and TRPM2 activation.

PARP-1 binds to single- and double-strand breaks on DNA

caused by oxidative damage and catalyses the breakdown of

NAD into nicotinamide and ADP-ribose. PARP-1 polymerises

ADP-ribose monomers onto various nuclear proteins, includ-

ing histones and transcription factors leading to initiation of

DNA repair mechanisms and stimulation of nuclear factor

kB-mediated transcription (Tanuma et al., 1985; de Murcia &

Menissier, 1994; Oliver et al., 1999; Virag & Szabo, 2002). Free

ADP-ribose, a known activator of TRPM2 (Perraud et al.,

2001; Sano et al., 2001; Hara et al., 2002; Wehage et al., 2002;

Inamura et al., 2003; McHugh et al., 2003), is generated

following degradation of poly(ADP-ribose) polymers by

poly(ADP-ribose)glycohydrolase and ADP ribosyl protein

lyase activities (Virag & Szabo, 2002) and potentially as a

direct consequence of NAD breakdown. Our hypothesis that

free ADP-ribose generated in response to PARP activation is

the physiological activator of TRPM2 relies on free ADP-

ribose achieving intracellular concentrations in the range of

100 mM. Unfortunately, accurate measurements of free intra-
cellular ADP-ribose levels following PARP activation are not

reported, possibly due to difficulties associated with hydrolysis

of pyridine nucleotides on extraction. However, complex

subcellular localisations and novel functions have been

reported for PARP-1 and related enzymes (Smith, 2001),

raising the possibility that microdomains of high ADP-ribose

concentration may be achieved in specific subcellular regions.

While our current data support a role for PARP enzyme

activity in TRPM2-mediated responses to oxidants in certain

cell types, this may not be an exclusive mechanism for TRPM2

activation. Arachidonic acid has been proposed to activate

TRPM2 via a specific binding domain on the channel, the

deletion of which causes abrogation of TRPM2-mediated

responses (Hara et al., 2002). Furthermore, both increased

intracellular Ca2þ (Perraud et al., 2001; Sano et al., 2001; Hara

et al., 2002) and decreased intracellular ATP (Sano et al., 2001)

have been reported to potentiate TRPM2 channel activity,

raising the possibility that changes in Ca2þ or ATP levels

within cells may act as the trigger for TRPM2 activation in

the presence of maintained levels of ADP-ribose. However, the

relationship between oxidative stress-mediated cell dysfunction

and decreased ATP levels is neither clear (Kourie, 1998) nor

is it known how PARP inhibitors might influence these

processes. In pulmonary endothelial cells, iron chelators and

xanthine oxidase inhibitors prevented H2O2-mediated cyto-

toxicity, but did not have any effect on decreased ATP levels

(Varani et al., 1990). On the other hand, mitochondrial

uncoupling by FCCP did not significantly affect [Ca2þ ]i in

TRPM2-HEK293, suggesting that ATP depletion alone does

not activate TRPM2 in these cells.

In conclusion, our data support the hypothesis that PARP

enzyme activity is a central component of the pathway linking

oxidative stress with TRPM2 activation, and raises the

question as to whether TRPM2 activation contributes to a

number of pathophysiological conditions in which PARP

enzyme activity has been implicated (Eliasson et al., 1997;

Takahashi et al., 1997; Burkart et al., 1999; Skaper, 2003;

Suarez-Pinzon et al., 2003). TRPM2 may therefore be an

attractive therapeutic target for specific necrotic conditions

without the liabilities associated with targeting PARP activity.
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