Cell Death and Differentiation (2006) 13, 1815-1826
© 2006 Nature Publishing Group Al rights reserved 1350-9047/06 $30.00

@

www.nature.com/cdd

Activation of the transient receptor potential M2
channel and poly(ADP-ribose) polymerase is involved
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Abstract

Overproduction of reactive oxygen species is one of the major
causes of cell death in ischemic-reperfusion (I/R) injury. In /R
animal models, electron microscopy (EM) has shown mixed
apoptotic and necrotic characteristics in the same cardio-
myocyte. The present study shows that H,0, activates both
apoptotic and necrotic machineries in the same myocyte and
that the ultrastructure seen using EM is very similar to that in
I/R animal studies. The apoptotic component is caused by the
activation of clotrimazole-sensitive, NAD */ADP ribose/poly
(ADP-ribose) polymerase (PARP)-dependent transient recep-
tor potential M2 (TRPM2) channels, which induces mito-
chondrial [Na*], (and [Ca’"].) overload, resulting in
mitochondrial membrane disruption, cytochrome c release,
and caspase 3-dependent chromatin condensation/fragmen-
tation. The necrotic component is caspase 3-independent and
is caused by PARP-induced [ATP]/NAD " depletion, resulting
in membrane permeabilization. Inhibition of either TRPM2 or
PARP activity only partially inhibits cell death, while inhibition
of both completely prevents the ultrastructural changes and
myocyte death.
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Introduction

Overproduction of reactive oxygen species (ROS) is sug-
gested to be responsible for myocyte death in ischemic—
reperfusion (I/R) animal models and in patients with I/R
injury."? Different types of myocyte death during I/R injury
havesbeen demonstrated, including apoptosis®™ and necro-
sis.>

The hallmarks of apoptosis are usually an intact membrane,
chromatin condensation, and nuclear fragmentation.” The key
events in the mitochondrial-dependent apoptotic pathway are
the opening of the cyclosporin A (CsA)-sensitive permeability
transition pore (PTP), resulting in the release of cytochrome ¢
(cytC) and other apoptogenic proteins, and in caspase 3-
dependent nuclear condensation/fragmentation.*#'° ROS-
induced mitochondrial Ca2* ([Ca2 " ].,) overload is one of the
major causes of PTP opening and cytC release, resulting in
myocyte apoptosis.*"

In contrast, necrosis is commonly characterized by an
increase in plasma membrane permeability, release of
intracellular proteins, and an absence of nuclear morpho-
logical changes.”'2 One major hypothesis for I/R-induced
necrotic cell death is that ROS-induced DNA damage results
in excessive activation of the nuclear repair enzymes, the
poly(ADP-ribose) polymerases (PARPs). The activated
enzymes accelerate NAD " cleavage into poly(ADP ribose)
(PAR), and the regeneration of NAD * consumes ATP; so the
pools of both NAD* and ATP are depleted, leading to
necrosis by energy depletion.'® The use of PARP-1 null
mice (PARP~") or PARP inhibitors significantly reduces
the I/R-induced infarct and peri-infarct (necrosis) area by
~20-25%.1%1°

Electron microscopy (EM) shows that I/R-induced cell
death does not result in a classic apoptotic or necrotic
morphology, but in the appearance of both sets of character-
istics in a single myocyte.'®'® The ultrastructure changes
include EM-TdT-mediated dUTP-X nick end labeling (TU-
NEL)-positive nuclear fragmentation, plasma membrane
permeabilization, and mitochondrial hernia with loss of
cristae. This untypical mode of cell death is not restricted to
cardiac cells, as it is also seen by EM in the rat brain cortex
after cerebral artery occlusion.'® However, the molecular
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mechanism involved in this untypical cell death remains
unclear.

Mammalian homologs of the Drosophila TRP channel gene
encode a family of at least 21 ion channel proteins. The TRP
family mainly consists of Ca®* channels and can be divided
into three subfamilies: classic (TRPC) channels, vanilloid
receptor-like (TRPV) channels, and melastatin-like (TRPM)
channels.?®2! Transient receptor potential M2 channel
(TRPM2) (previously LTRPC2 or TRPC7) is a Na*- and
Ca2*-permeable nonselective cation channel and can be
activated by exposing TRPM2-expressing cell lines to
H-0,.222* ADP ribose (ADPR) is suggested as a downstream
messenger for TRPM2 opening, since one domain of TRPM2,
which is homologous to NUDT9 ADR hydrolase, binds
ADPR.?® However, it has also been suggested that NAD *
directly gates the channel,22® since 32P-labeled $-NAD*
binds strongly to the C-terminus of TRPM2.22

Here, we show that oxidative stress (20—100 M H,0,) also
induces both modes of cell death in a singe cultured rat
cardiomyocyte and that the ultrastructure changes are similar
to those seen in I/R animal models. The H,O,-induced
apoptotic changes involve TRPM2 opening, which results in
mitochondrial [Na*]n (and [Ca®*]n) overload, followed by
mitochondrial membrane disruption, cytC release, and cas-
pase 3-dependent nuclear condensation/fragmentation, while
the necrotic changes are caspase 3-independent, but PARP-
dependent. Interestingly, inhibition of both TRPM2 and PARP
activities totally abolishes H,O.-induced myocyte death.

Results

In the Supplementary Information, we show that functional
TRPM2 channels are present in primary ventricular myocytes
(Supplementary Figures S1 and S2). Since the electrophy-
siological properties of the H>O»-induced currents (Supple-
mentary Figure S3) were very similar to those of the TRPM2
channel, the H,O,-induced [Na *]/[Ca%*]; overload (Supple-
mentary Figure S3Ae—g) could result from TRPM2 opening. If
this were the case, the endogenous levels of NAD* and/or
ADPR should be raised by exposure to H,O,. We tested this
hypothesis in Figure 1.

H,0, increases intracellular levels of NAD* and
ADPR

The fluorescence of reduced pyridine nucleotides (NADH and
NADPH) accounts for most of the cellular autofluorescence
seen on excitation at 340 nm, as oxidized pyridine nucleotides
(NAD* and NADP *) are nonfluorescent.?” The basal level of

NAD(P)H was normalized as F/Fo=1 (Fy=basal fluores-
cence; Figure 1Ad). When cells were exposed to 100 M
H,O,, the NAD(P)H levels started to decrease (i.e. NAD*
levels increased) at 1.9+ 0.2 min, and maximum NAD * levels
were seen at 7.3 +0.8 min (Figures 1Ad and D). When H;0,
was continuously present for 60 min, there was no recovery of
NAD(P)H (Figure 1Cb), indicating that NAD ™ is probably
depleted at this time-point, since [ATP]; was depleted by
exposure to 100 uM H,O, for 60min (see below). When
rotenone was added in the continued presence of H,O,,
NAD(P)H levels reversed rapidly (Figure 1Ac, d and D), as
rotenone inhibits complex | in the respiratory chain, causing
maximal accumulation of NAD(P)H.2” Addition of rotenone
alone had little effect (Figure 1D). The OH® inhibitors,
phenanthroline (Figure 1B and D) and DMTU (10 mM, not
shown), completely inhibited the oxidation of NAD(P)H
caused by H,0,, indicating that OH® induced an increase in
NAD* levels (Figure 6).

Application of a PARP inhibitor, 3-aminobenzamide (3-AB),
for ~40 min (Figure 1C) resulted in a small, but nonsignificant
(P>0.05; Figure 1C), reduction in basal levels of NAD(P)H,
indicating that little PARP was activated under basal condi-
tions. However, in the presence of H,O,, 3-AB induced partial
recovery of NAD(P)H (Figure 1Cc), probably as a result of
NAD * accumulation due to PARP inhibition, thus shifting the
NAD * < NADH equilibrium to the right (Figure 6). Prevention
of H,O,-induced NAD * depletion by PARP inhibitors has also
been demonstrated in other studies.?®2°

After treatment with DNA-damaging reagents (e.g. H20,),
the enzyme poly(ADP-ribose) glycohydrolase (PARG) con-
verts PAR (half-life of less than 1min) into mono(-
ADPR)."33%31 Since anti-PAR antibody only recognizes the
polymer,32 to prevent PAR degradation into ADPR, the cells
were fixed with trichloroacetic acid (see Supplementary
Methods). Compared to the untreated control (Figure 1Ea),
amarked increase in nuclear PAR immunoreactivity was seen
in myocytes exposed for 5-20 min to 20 or 100 uM H,O,
(Figure 1Eb—d), the immunoreactivity decreasing after 30 min
exposure (Figure 1Ed). Moreover, phenanthroline, rotenone,
3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1(2H)-isoquinolinone
(DPQ), or 3-AB largely inhibited the PAR formation seen after
20 min exposure to 100 uM H,O, (Figure 1Ed), indicating that
these chemicals effectively prevented PARP-activated PAR
formation. The above results (Supplementary Figures S1-S3
and Figure 1) therefore indicate that the TRPM2 may be
activated by H,O.-induced NAD/ADPR formation (see
Discussion), resulting in the [Na ], and [Ca® " ]; overloads.

ROS-induced mitochondrial Ca2* ([Ca®*],,) overload is
one of the major causes of myocyte apoptosis.* "33 Since we
found that 50% of the [Ca®*]; overload originated from the

Figure 1

>

H,0, increases intracellular levels of NAD * and PAR, and 3-AB (a PARP inhibitor) partially recovers NADH levels. (A) (a-d) After addition of 100 uM H,0,

to the bath solution, NAD * levels increase (i.e. NADH levels decrease) rapidly and the response is reversed by addition of 10 uM rotenone (n=5). The basal level of
NAD(P)H is normalized as F/Fy =1 (d). (B) Phenanthroline (1 mM, 30 min pretreatment) completely inhibits the increase in NAD ™ levels during exposure to Hy0,
(n=4). (C) (a) 3-AB (1 mM) alone has a small, but nonsignificant, effect (P> 0.05, 1d) on basal NADH levels. (b, ¢) In the continuous presence of H,O, for 60 min, there
is no NADH recovery (n = 4), while early addition of 3-AB partially recovers the level of NADH (see text). (D) Statistical analysis of the data from (A)}~(C). (E) (a) Control,
(b—c) PAR immunoreactivity (see Supplementary Methods) in the nucleus (‘Nu’) after 20 min exposure to 20 uM or 100 M H,0,. (d) Time-course of changes in PAR
after exposure to 100 uM H,0O,. Note that a very low concentration of H,O, (20 uM) causes an increase in PAR, while phenanthroline (1 mM), 3-AB (1 mM), DPQ
(30 M), or rotenone (10 uM) markedly inhibits PAR formation at 20 min exposure. After exposure to H,O, for 60 min, cells were washed (‘wash’ in Ed) and returned to
normal medium. At least four animal preparations were used (n=4), each tested in duplicate (D and Ed)

Cell Death and Differentiation
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H,0,-induced [Na ™ ]; overload (Supplementary Figure S3Ae—
g), a possible role of [Na*],/[Na™]n overload in myocyte
death was investigated in detail.

Mitochondrial Na* ([Na*],,), but not cytosolic
Na™ ([Na"]cy), overload is involved in the H,0,-
induced caspase 3-dependent apoptotic pathway

CoroNa Red has been used to measure changes in cytosolic
Na™® ([Na']e).2* Using confocal microscopy with a thin
optical section (0.04 um), it can be used to simultaneously
report changes in the [Na ™ ].,; and [Na ™ ], since only a small
proportion of the probe is found in the cytosolic compart-
ment,®* the majority being trapped by the negative mitochon-
drial potential because of the positive charge of the probe.
Since the nuclear membrane is no barrier to cytosolic ion
movement,®>*® averaging the signal over a small nuclear
optical section (ER-free and mitochondria-free) or the
mitochondria (identified by a mitochondrial marker, MTG, last
frame in Figures 2a and c), respectively, allows dynamic
changes in the [Na™ ]y or [Na ™ ], to be recorded.

After exposure to 100 uM H,O, for 680 s in normal medium
(Figures 2a and e, Video Supplementary Figure S1) or after
clamping the [Na™]; at 60mM using Na-ionophore cocktail
(5 uM gramicidin D, 40 uM monensin, and 100 M strophanthi-
dine) in Ca-free medium,® the peak levels of [Na™]., and
[Na*1,, were ~60 mM (Figure 2e). Photobleaching of CoroNa
Red did not occur, since there was little change in the absence
of HyO, treatment (-H,O,' in Figure 2b). Moreover, little
HzOz-induced [Na *]o,+/[Na ¥ ] increase was seen in Na-free
medium, while Ca-free medium did not have any inhibitory
effect (Figure 2e), indicating that the probe is Na-sensitive and
Na-selective. Pretreatment with 10 uM RU360, a potent
inhibitor of the mitochondrial Ca®* import pathway,®”:®
markedly inhibited the H,O,-/Na-ionoph-induced [Na*],
overload, but not the [Na*]cyt overload (i versus ii in Figures
2c and e), showing that RU360 effectively prevents [Na™],
overload.

Significant chromatin condensation (arrows in Figure 2fi)
and DNA fragmentation (Figure 2fii, green for TUNEL (+)
staining) were seen after 4.5h wash-out of H,O, or of Na-
ionophore cocktail/Ca-free medium (Figure 2g). Approxi-
mately 18% inhibition of condensation was seen in Ca-free
medium (Figure 2g), in which the [Ca® " ]., overload should be
totally abolished. Moreover, treatment with RU360, Na-free
medium, Z-DEVD.fmk (a specific caspase 3 inhibitor), or
phenanthroline (an iron chelator that prevents OH® produc-
tion; Figure 6) markedly inhibited not only H,O»-induced, but

also  Na-ionophore-induced, chromatin  condensation
(Figure 2g), indicating that [Na™],, overload per se plays an
important role in caspase 3-dependent apoptosis.

Since ROS-induced [Ca®™]; overload®® and PARP activa-
tion'® have been suggested to also induce necrosis, we tested
whether [Ca®*]/[Na™]; overload and PARP activation were
involved in the necrotic machinery.

PARP activation, but not [Na*]/[Ca%*]; overload
per se, is involved in the H,O5-induced necrotic
pathway

Two common indicators used to demonstrate necrosis are
membrane permeabilization and release of cytosolic protein
(e.g. calcein-AM).'240 After 60 min treatment with 100 uM
H>0,, the cells were immediately incubated with a mixture of
CAM (green) and ethidium homodimer (EthD-1) (red), then
washed, fixed, and stained with a muscle marker, antibody
A12 (blue). In the untreated cells, the live myocytes (blue)
stained green for calcein (arrows in Figure 3a) and contained
no red nuclei, while 78 +5% (n=6) of the H,O»-treated cells
showed red nuclear labeling (EthD-1, arrows in Figure 3b) and
no calcein staining, confirming that H,O, also induces
necrosis. This raises the question whether the permeabiliza-
tion of the plasma membrane is due to [Ca®*], and/or [Na*];
overload. To our knowledge, this possibility has not been
properly tested previously. Using time-lapse confocal micro-
scopy of live myocytes, the temporal profiles of changes in the
[Ca® "] (fluo 3-loaded cells) and membrane permeabilization
(propidium iodide (Pl) added to the external medium) were
measured simultaneously.

When myocytes were treated with H,O,, a slow increase in
the [Ca® "], was seen (green, Figure 3c). Extracellular P! did
not enter the cell and stain the nuclei (red) until the fluo 3 had
started to leak out slowly (Figure 3c, see video Supplementary
Figure S2), indicating that the early Ca®* influx (and Na*
influx, not shown) was not due to membrane permeabilization.
Moreover, the Ca®" influx was completely inhibited by
phenanthroline (an OH® inhibitor, Figures 3e and 6) but
partially inhibited by DPQ (a PARP inhibitor) (Figure 3f).
Importantly, the permeabilization was independent of [Na™];
or [Ca® "], overload, since Ca-free (Figure 3g) or Na—Ca-free
medium (Figure 3d) did not inhibit the Pl influx.

The level of the [ATP]; has been suggested to be the switch
deciding between apoptosis and necrosis, since the formation
of the apoptosome in the caspase 3-mediated apoptotic
pathway is dATP/ATP-dependent (Figure 6).'2 Since H,0,
induced both membrane permeabilization (Figure 3b and c)

>

Figure2 [Na™ ], overload per se initiates caspase 3-dependent apoptosis. (a, b) H,O, induces both [Na * ], (Nu', nucleus) and mitochondrial (Mt) Na™ ([Na ™ ]»)
overload. See Supplementary Methods for measurement and transformation into [Na * Jo,/[Na * I, (in mM). (c-€) Na-ionophore cocktail medium (‘Na-ionoph’) also
induces [Na * J,,/[Na * ], overload (e) and RU360 selectively inhibits the H,O,-/Na * ionoph-induced [Na * ], overload (i versusii in c), but not the [Na * ., overload (d,
e). The Na ™ ionophore cocktail medium effectively clamps the [Na * J;= [Na * ],.% The Na-ionoph/Ca-free medium contained 5 M gramicidin D, 40 uM monensin, and
100 1M strophanthidine in 60 mM NaCl-containing medium. Note that the Ca-free medium has little inhibitory effect on the H,O-induced Na * J,,/[Na * I, overload (e).
(f) Cells were exposed to 100 1M H,0, for 60 min, then returned to normal medium for 4.5 h; the nucleus shows chromatin condensation (arrows in i, Hoechst staining)
and DNA fragmentation (ii) (green or blue for TUNEL or myocyte staining, respectively; see Supplementary Methods). (g) Prevention of [Na * ], overload by RU360
inhibits the caspase 3-dependent apoptosis. In Ca-free medium, there is an ~ 18% inhibition of the nuclear condensation. The Na-ionoph/Ca-free medium was exposed
for 30 min and wash-out for 4.5h. H,O, (100 «M), Z-DEVD.fmk (100 1M, 2 h pretreatment, a caspase 3 inhibitor), phenanthroline (1 mM, 30 min pretreatment), and
RU360 (10 uM, 2 h pretreatment) were used. All results are expressed as the mean + S.E.M. for at least four animal preparations (n = 4), each tested in duplicate. In all,
200 cells from 10 randomly selected fields were scored on each coverslip. *P<0.05 compared, respectively, to the H,O, group or Na-ionoph group as appropriate
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and caspase 3-dependent nuclear condensation (Figure 2g),
the [ATP]; was measured. After 60 min treatment with 100 uM
H>O5 in normal medium, Ca-free medium, or Na—Ca-free
medium, or with chemical ischemia (rotenone or KCN/FCCP),
the [ATP]; markedly decreased and Pl staining increased
(Figure 3g). Inhibition of OH*® production (phenanthroline or
DMTU) or of PARP activation (DPQ or 3-AB) prevented the
H>O»-induced [ATP]; depletion and increase in Pl staining
(i.e. membrane permeabilization; Figure 3g). Importantly, the
membrane permeabilization and [ATP]; depletion were not
inhibited by a specific caspase 3 inhibitor, Z-DEVD.fmk
(Figure 3g), suggesting that OH® induced PARP activation
(Figure 6), via a caspase 3-independent necrotic pathway.
We next investigated the molecular mechanisms for the
caspase 3-dependent and caspase 3-independent cell death.

Mechanisms for activation of both apoptotic and
necrotic machineries in a single myocyte

H,Os-induced Na®™ or Ca®* influx was monitored by
recording changes in the [Na *J; (using SBFI-AM) or [CaZ*];
(using fura 2-AM) (Supplementary Methods). When cells were
exposed to 20-500 uM H,O, for 20-25min, there was a
parallel increase in the [Na * ], and [Ca2 * ]; (Figure 4a). Since a
smaller inhibitory effect on nuclear condensation was seen
under Ca-free conditions than under Na-free conditions
(Figure 2g), Na-free medium was used when different
concentrations of H,O, (20-500 M) were applied (brown
line in Figure 4b). We found that, even at a low H.O,
concentration (20 uM), inhibition of [Na™]/[Na*],, overload
largely inhibited condensation (measured at 4.5h wash-out,
brown versusblack in Figure 4b). Moreover, an increase in the
H>O, concentration (20-500 M H>O, exposure for 60 min)
resulted in a decrease in the [ATP]; and an increase in
membrane permeability Pl (4 ) staining (Figure 4b).

A constant concentration of 100 uM H,O, was then used to
explore the temporal relationship between [ATP]; depletion,
membrane permeabilization, caspase 3 activation, and
nuclear condensation. After 40 min of H,O, exposure, the
[ATP]; was reduced to ~20% of control levels (blue,
Figure 4c) and this was followed by a rapid increase in PI
staining (red) at 60min (Figures 3c and 4c; see video
Supplementary Figure S2), indicating that depletion of [ATP];
may increase the membrane permeability, as suggested by
other studies.'®'® However, marked caspase 3 activation
(green) was already seen at 20 min (Figure 4c), that is, earlier
than [ATP]; depletion and PI influx. Chromatin condensation
was not seen until after 2h of wash-out of H,O, (arrows,
Figure 4ci), then increased with time. Furthermore, all
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(red) are seen in the same myocyte after 2h wash-out of Hy0,. (i) Caspase 3
activation and nuclear condensation, but not membrane permeabilization, are markedly
inhibited by 100 1M Z-DEVD.fmk. (iii) After 60 min treatment with HoO,, followed by
16h wash-out, myocytes show double labeling (yellow) for TUNEL (green, DNA
fragmentation) and P! (red). (iv) Na-free medium markedly inhibits H,O,-induced DNA
fragmentation, but not membrane permeabilization, indicating an antiapoptotic effect at
least for 16 h using Na-free medium (see Supplementary Methods for staining)

Figure 3 PARP activation is involved in the H,O,-induced [ATP]; depletion and membrane permeabilization, which are both caspase 3-independent. (a) Controls
(arrows). (b) The membrane permeability increases after 60 min exposure to 100 M H,O,. Membrane permeabilization (EthD-1 ( + ) staining) is shown by the arrows,
stained with calcein (green), EthD-1 (red), and antibody A12 (blue). (c—f) Time-lapse recordings of H,O-induced Ca®* influx (measured by fluo 3 AM, see
Supplementary Methods), followed by Pl influx (membrane permeabilization) in live myocytes (n= 4, see also video Sugplementary Figure S2). Phenanthroline (1 mM)

completely, and DPQ (30 M) partially, inhibits the Ca® * influx (both n= 4). (g) Summary histograms for the peak [Ca

*]i response (green, data from c—f) and [ATP];

(blue) and PI staining (red) after various treatments. Ca-, Na—Ca-free, or Z-DEVD.fmk (100 xM, a caspase 3 inhibitor) has little inhibitory effect on [ATP]; depletion and
membrane permeabilization, while PARP inhibitors (1 mM 3-AB and 30 M DPQ) or OH*® scavengers (1 mM phenanthroline and 20 mM DMTU) abolish both effects. The
concentrations of rotenone, KCN, or FCCP were 10 uM, 5mM, or 1 uM, respectively. [ATP]; and P!l staining were measured immediately after 60 min treatment. All

results are expressed as the mean + S.E.M. for at least five animal preparations (n = 5), each tested in duplicate. * **P<0.05, compared to the H,0,-induced [Ca

2+]i

increase (*), [ATP]; depletion (), and membrane permeabilization (PI( + ), ¥) as appropriate
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condensed nucleus (Hoechst staining) was also stained by Pl
(black, Figure 4c). After 16 h of wash-out, for example, the
same nucleus in 80% of myocytes was stained with both
TUNEL (DNA fragmentation) and PI (yellow, Figure 4ciii).
Again, Na-free medium largely prevented TUNEL staining
(yellow; Figure 4civ), but not PI staining (red), confirming that
the membrane permeabilization seen in Figure 3g was [Na ™ |-
independent. Importantly, caspase 3 activation (green),
chromatin condensation (arrows), and PI staining (red) were
all seen within the same myocyte (Figure 4ci), indicating that
both modes of cell death were induced by H>O, in the same
cell. Z-DEVD.fmk did not inhibit Pl staining (Figure 4cii), but
abolished both caspase 3 activation (Figure 4ci versus cii) and
chromatin condensation (brown line in Figure 4c), indicating
that the nuclear condensation, but not the membrane
permeabilization, was caspase 3-dependent.

These results show that both TRPM2-induced [Na * ], (and
[Ca®*]m) overload and PARP-dependent [ATP]; depletion are
important in the induction of the untypical cell death (Figure 6).
We next tested whether the simultaneous inactivation of both
the TRPM2 and PARP conferred a better protective effect.

Inhibition of both TRPM2 opening and PARP
activation prevents both modes of cell death

Since both NAD ™" and ADPR are suggested to be specific
messengers for TRPM2 opening, we manipulated endo-
genous levels of NAD ™ and/or ADPR or directly inhibited the
TRPM2, then examined (i) whether NAD * and/or ADPR were
involved in the H,Oo-/TRPM2-induced Na*/Ca®™* influx, and
(i) whether simultaneous inhibition of both TRPM2 and PARP
activity prevented both modes of cell death.

Phenanthroline or rotenone, which inhibited the increase in
levels of both NAD* and PAR/ADPR (Figures 1B, E, and 6),
or clotrimazole, a putative TRPM2 inhibitor (Supplementary
Figure S2Ab), completely inhibited the H,O,-induced Na™
influx (Figure 5A and C) and Ca® " influx (not shown), resulting
in rapid recovery from [Na™J; overload in the absence of an
Na—K ATPase inhibitor. However, 3-AB/DPQ, which comple-
tely inhibited the increase in PAR/ADPR levels (Figure 1Ed)
while partially restoring NADH/NAD * levels (Figure 1Cc), had
a small inhibitory effect on both the [Ca®* ], overload (Figures
3f and 5B) and the [Na ' ]; overload (33 +5% for 3-AB, n=4),
indicating that both NAD* and ADPR are involved in the

TRPM2 opening. Thus, PARP activation contributes not only
to membrane permeabilization but also to TRPM2 opening.

Direct inhibition of TRPM2 by clotrimazole did not inhibit the
H>0,-induced membrane permeabilization (red bar in Figure
5Giii), but almost completely abolished cytC release
(Figure 5D), caspase 3 activation (green fluorescence in
Figure 5Ei; Figure 5Eii: red for myocyte marker), and nuclear
condensation/fragmentation (Figure 5F and green bar in
Figure 5Giii), indicating that TRPM2 activation is involved in
the apoptotic process. Z-DEVD.fmk markedly abolished the
nuclear condensation (Figure 2g) and TUNEL response
(green bars in Figure 5Giii), but not the EthD-1 staining (red
bar in Figure 5Giii), again suggesting that DNA fragmentation/
condensation, but not membrane permeabilization, is cas-
pase 3-dependent. In contrast, inhibition of PARP activity by
3-AB or DPQ completely abolished membrane permeabiliza-
tion (red bars in Figure 5Giii), but only had a weak inhibitory
effect on condensation/fragmentation (15—-20%; Figure 5F
and Giii). These results therefore suggest that both TRPM2
opening and PARP activation are involved in the cell death.
Simultaneous inhibition of TRPM2 and PARP almost com-
pletely abolished both the apoptotic (TUNEL staining) and
necrotic features (EthD-1 staining, blue for myocyte marker in
Figure 5Gii and Giii).

When examined by EM, myocytes exposed to 100 uM H,0,
for 60min (Figure 5Hb) showed disruption of membrane
integrity (arrows) and mitochondrial hernia and loss of cristae
(arrow heads). Little change in chromatin was seen after
60 min exposure to H,O, (Figure 5Hb, see the red nucleus in
Figure 3b), but chromatin fragmentation was more obvious
after 4.5h (inset, see TUNEL staining in Figure 2fii). These
ultrastructure changes were very similar to those seen in the
infarct/peri-infarct zone in I/R animal studies.'®'8

It has been suggested that PTP opening induces water
influx, resulting in disruption of the outer mitochondrial
membrane (OMM, i.e. hernia), followed by cytC release.*°
The present study showed that the use of Na-free medium
largely prevented H,Oo-induced mitochondrial hernia forma-
tion and loss of cristae (arrow heads, Figure 5Hc), but did not
protect the plasma membrane (arrows), suggesting that the
H,0,-/TRPM2-induced [Na* ], overload (Figures 2a, 5A and
C) was important in OMM disruption and clotrimazole-
sensitive cytC release (Figure 5D). Cotreatment with 3-AB
(PARP inhibition) and clotrimazole (inhibition of both Na*/
Ca2™* influx) markedly prevented the mitochondrial swelling,

Figure 5

>

Inhibition of both TRPM2 opening and PARP activation prevents both apoptotic and necrotic features. (A, C). In the absence of an Na-K ATPase inhibitor,

1 mM phenanthroline (30 min pretreatment, n = 4), rotenone (10 uM, n=5), or clotrimazole (50 uM, n= 5) completely abolishes H,0, (100 uM)-induced Na ™ influx
and accelerates recovery from [Na ™ ], overload. (B) Pretreatment with PARP inhibitors, 3-AB (1 mM), or DPQ (30 M), partially inhibits the [Ca2 * ] overload — 33 + 5%
for 3-AB, 27 4+ 5% for DPQ, both n=5. (D, E) The H,0,-induced cytC release (D) and caspase 3 activation (green fluorescence, Ei) are completely inhibited by 50 M
clotrimazole (n=15), a putative TRPM2 inhibitor. CytC release and caspase 3 activation were measured immediately after 100 uM H,O, exposure for 60 min. (F)
Clotrimazole almost completely inhibits nuclear condensation (n = 5), while 3-AB or DPQ inhibits condensation by ~ 15-20% (n = 4). (G) (i, ii) Myocytes (blue) staining
with both TUNEL (green, DNA fragmentation) and EthD-1 (red, membrane permeabilization) are shown with yellow nuclei and was abolished by cotreatment with
clotrimazole and DPQ. (iii) After simultaneous inhibition of both TRPM2 and PARP activity by cotreatment with clotrimazole (n=5) and DPQ (n=4) or 3-AB (n=#6),
H,0,-induced DNA fragmentation (TUNEL, green) and membrane permeabilization (EthD-1, red) are markedly inhibited. Note that Z-DEVD.fmk (100 M) inhibits the
TUNEL response, but not membrane permeabilization (n=>5). Nuclear condensation and fragmentation were measured after 4.5h (F, G) wash-out of H,0,. (H)
Electron micrographs. (a) control, (b) an increase in plasma membrane permeability (black arrows) and mitochondrial (Mt) hernia and loss of cristae (arrow heads) are
seen after 60 min exposure to 100 uM H,O,. Inset: chromatin condensation/fragmentation is more obvious at 4.5h. (¢) Na-free medium prevents the hernia (i.e.
breakdown of the OMM, arrow heads) without preventing the mitochondrial swelling or protecting the plasma membrane (arrows). (d) Cotreatment with 3-AB and
clotrimazole markedly prevents membrane permeabilization (arrows), OMM rupture (arrow heads), and chromatin fragmentation (measured at 4.5 h after wash-out of
H20,)
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OMM disruption (arrow heads), plasma membrane permea-
bilization (arrows in Figure 5Hb), and chromatin fragmentation
normally seen after 4.5 h exposure to H>O, (inset, Figures 2fii
and 5Hb), again showing that activation of both TRPM2 and
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PARP was involved in the generation of the mixed features of
cell death (Figure 6). However, mitochondrial swelling was not
abolished in H,O./Na-free medium (Figure 5Hc), possibly
because a [Ca®™" ], overload (~500nM, ~50% inhibition by
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Figure 6 Possible molecular mechanism for H,O,-induced myocyte death. OH® induces an increase in NAD */ADPR levels, resulting in an early TRPM2 opening,

followed by [Na*]./[Ca®* ], overload, which induces CsA-sensitive PTP opening,

411,33

apoptosome formation, and caspase 3-dependent nuclear condensation/

fragmentation. Intracellular ATP/NAD * are also depleted, due to NAD * re-synthesis from ATP and nicotineamide (NA),"® resulting in membrane permeabilization and

DNA fragmentation/condensation in a single myocyte

Na-free medium; Supplementary Figure S3Biii) was still
present.

Discussion

After I/R insult, untypical apoptotic and necrotic ultrastructural
features are both seen in the heart and brain.””~"® To our
knowledge, this is the first report describing the molecular
mechanisms involved in the two sets of death features in the
same cell.

TRPM2 mRNA has been demonstrated in the heart.25:2®
We here provide the first evidence that functional TRPM2
channels are present in the myocyte plasmalemma (Supple-
mentary Figures S1 and S2). Firstly, a TRPM2 protein was
expressed (Supplementary Figure S2D). Secondly, the
electrophysiological properties seen following exposure to
the specific TRPM2 messengers, NAD* and ADPR, were
very similar (Supplementary Figures S1 and S2) to those seen
in TRPM2-expressing cell lines.2272*4! Moreover, a putative
TRPM2 inhibitor, clotrimazole,** completely inhibited the
ADPR-induced current (Supplementary Figure S2Ab).

We also provided four lines of evidence that H,O, activates
TRPM2 via an increase in NAD */ADPR levels, resulting in
the [Ca%"]/[Na*]/Na*]. overload. Firstly, after exposure
to Hy0,, intracellular levels of NAD* and PAR/ADPR (see
below) increased rapidly (Figure 1). Secondly, the electro-
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physiological properties of the H,O»-induced currents (Sup-
plementary Figure S3) were very similar to those induced
using specific TRPM2 messengers (Supplementary Figures
S1 and S2). Thirdly, clotrimazole, a putative TRPM2 inhibitor,
inhibited both the TRPM2-/ADPR-induced currents (Supple-
mentary Figure S2Ab) and the H,O.-induced Na*/Ca®*
influx (Figure 5C). Fourthly, a decrease in the levels of both
NAD* and PAR by either phenanthroline (Figure 1B) or
rotenone (Figure 6) completely inhibited the Na*/Ca® " influx
(Figure 5A), while complete inhibition of an increase in PAR/
ADPR levels by 3-AB or DPQ (Figure 1Ed) had only a partial
inhibitory effect on Ca®*/Na™* influx (Figure 3f and 5B). Our
results therefore indicate that both NAD* and ADPR are
involved in TRPM2 opening (Figure 6).

As reported by others,®® we showed that the TRPM2
was opened by mono(ADPR) (Supplementary Figure S2Ab).
Since anti-PAR antibody only recognizes polymer
(Figure 1D),®2 it is difficult to know whether, following H,O,
exposure, mono(ADPR) levels increase, resulting in TRPM2
opening. When DNA is damaged by H,O,, the accumulated
PAR undergoes rapid turnover, with a half-life of less than
1min, and is converted into mono(ADPR) by PARG."33%:31
The partial inhibitory effect of 3-AB/DPQ on the Na*/Ca®*
influx (Figure 5B) therefore suggests that mono(ADPR) is
probably produced by PARG, resulting in TRPM2 opening.
However, other explanations cannot be ruled out.



One important finding is that TRPM2 opening, resulting in
the Na*/Ca?* overload, is involved in the H,O-activated
apoptotic machinery. There is evidence that ROS-induced
[Ca®*],, overload is one of the major causes of myocyte
apoptosis.*'" However, under Ca-free conditions, in which
the [Ca®*],, overload should be totally abolished, nuclear
condensation was only inhibited by ~18% (Figure 2g). In
addition to the [Ca?*],, overload, the HyOp-induced [Na* ],
overload also plays an essential role in the activation of the
apoptotic machinery, since (i) at least 50% of the [Ca®*];
overload originated from the H,O,-induced [Na™]; overload
(Supplementary Figure S3Af), and Ca-free treatment did not
inhibit either the [Na™], overload (Supplementary Figure
S3Ag) or the [Na * ]o,/[Na * |, overload (Figure 2e), indicating
that [Na™]; overload is an important upstream signal for
[CaZ™*]; overload; (i) when HoO,-/Na-ionoph-induced [Na ],
overload, but not [Na*]cyt overload, was abolished, significant
inhibition of nuclear condensation was seen (Figure 2g); and
(iii) the EM study showed that Na-free treatment largely
prevented the H>O»-induced mitochondrial membrane ruptur-
ing (Figure 5Hc), which results in Na-sensitive cytC release.

High concentrations of ROS/H,O, induce PARP activation
and [ATP]/NAD * depletion, leading to cardiac necrosis, and
the use of PARP~~ mice or PARP inhibitors reduces the
infarct area (necrosis) by ~20-25%,'3~'® indicating that other
mechanisms may be involved (see below). EM analysis
shows that the infarct area exhibits both necrotic and
apoptotic changes,'”'® which are very similar to those seen
in the present study (Figure 5Hb). The present study showed
that PARP inhibitors completely inhibited the caspase 3-
independent necrotic changes (Figure 3g), but had only a
small protective effect (~15-20%, Figure 5F and Giii) on the
caspase 3-dependent nuclear changes. The coactivation of
the caspase-dependent and -independent cell death machi-
neries clearly showed that different mechanisms are involved
(Figure 6). One possible explanation is that caspase 3
activation occurs earlier than depletion of [ATP]; (and NAD ™)
and PI influx (Figure 4c), and the [ATP]; is therefore high
enough for apoptosome formation to induce the apoptotic
characteristics.'®*® Since PARP is normally cleaved/inacti-
vated by activated caspase 3,'® we may ask why 3-AB-
sensitive (Figure 3g), PARP-induced [ATP]; depletion still
occurred after 40min exposure to H,O, (Figure 4c). One
possible explanation is that maximum PARP activation (i.e.
the peak level of PAR, Figure 1Ed) was seen as early as after
5-10min exposure to H,O,, before caspase 3 activation,
which started at 15 min and peaked at 30—40 min (Figure 4c).
Since the resting level of the [ATP];is ~4—7 mM in the heart,*3
it may take time (~40min exposure, Figure 4c) for it to be
completely depleted by activated PARP. It should be noted
that PARP/PAR activity starts to slowly decrease after 30 min
exposure (Figure 1Ed), at the time when caspase 3 activity
peaked (~30-40 min exposure, Figure 4c).

Another important finding is that when TRPM2 and PARP
activities were both inhibited by cotreatment with clotrimazole
and 3-AB/DPQ, both the ultrastructural and microscopic
changes of the two sets of death features were largely
prevented (Figure 5G and Hd), showing a better protective
effect (>90%) than that seen when only PARP activity is
inhibited (20-25%)."3~"® Further animal studies are needed to
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elucidate the therapeutic potential of the combination of PARP
inhibitors and the widely used antifungal drug, clotrimazole, in
providing better protection against I/R-induced injury.

Materials and Methods

Details of the following can be accessed in the expanded Methods section
in Supplementary Materials: chemicals, external, and internal solutions;
patch-clamp techniques; measurement of intracellular levels of NADH/
NAD ", [Na*J/[Ca® "], and ATP ([ATP]); immunochemical detection of
PAR and TRPM2; in situ examination of apoptosis or necrosis; and EM.

Preparation of neonatal rat ventricular myocytes

All procedures were performed in accordance with the Animal Care
Guidelines of the National Taiwan University. In brief, 1-day-old Wistar rats
(both sexes) were killed by cervical dislocation, then decapitated, and
ventricular myocyte cultures prepared as described previously.**

Simultaneous measurement of [Na " ].,:and [Na ™ ],
changes in a single ventricular myocyte using time-
lapse confocal microscopy

The detailed method is described in Supplementary Materials. A Leica SP
confocal laser-scanning imaging system equipped with a 63 x
nicotinamide (NA) 1.32 oil immersion objective was used. The following
equations® were used in Figure 2 to convert the FIF, (F,=Dbasal
fluorescence) into the [Na ™ ], or [Na ™|, respectively:

(1) [Na™]o=27.02 [FIFo]—18.65 (correlation coefficient = 0.998)
(2) [Na*],=43.47 [FIFy)—36.95 (correlation coefficient = 0.997)

Statistics

In fluorescence measurement, all results are expressed as the
mean + S.E.M. for the stated number of animal preparations (n), each
tested in duplicate. In immunostaining experiments, 200 cells from 10
randomly selected fields were scored on each coverslip; at least four
animal preparations were used (n=4) and duplicated in each test.
Statistical differences were compared using the Mann-Whitney U-test,
taking a P-value of <0.05 as significant.
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