
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TNF-a-mediated caspase-8 activation induces
ROS production and TRPM2 activation in adult
ventricular myocytes
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Aims TRPM2 is a Ca2+-permeable cationic channel of the transient receptor potential (TRP) superfamily that is linked to apop-
totic signalling. Its involvement in cardiac pathophysiology is unknown. The aim of this study was to determine whether
the pro-apoptotic cytokine tumour necrosis factor-a (TNF-a) induces a TRPM2-like current in murine ventricular
cardiomyocytes.

Methods
and results

Adult isolated cardiomyocytes from C57BL/6 mice were exposed to TNF-a (10 ng/mL). Western blotting showed
TRPM2 expression, which was not changed after TNF-a incubation. Using patch clamp in whole-cell configuration, a
non-specific cation current was recordedafterexposure to TNF-a (ITNF), which reached maximal steady-state amplitude
after 3 h incubation. ITNF was inhibited by the caspase-8 inhibitor z-IETD-fmk, the antioxidant N-acetylcysteine, and the
TRPM2 inhibitors clotrimazole, N-(P-amylcinnamoyl) anthranilic acid and flufenamic acid (FFA). TRPM2 has previously
been shown to be activated by ADP-ribose, which is produced by poly(ADP-ribose) polymerase 1 (PARP-1). TNF-a
exposure resulted in increased poly-ADP-ribosylation of proteins and the PARP-1 inhibitor 3-aminobenzamide inhibited
ITNF. TNF-aexposure increased themitochondrial production of reactiveoxygen species (ROS; measuredwith thefluor-
escent indicator MitoSOX Red), and this increase was blocked by the caspase-8 inhibitor z-IETD-fmk. Clotrimazole and
TRPM2 inhibitory antibody decreased TNF-a-induced cardiomyocyte death.

Conclusion These results demonstrate that TNF-a induces a TRPM2 current in adult ventricular cardiomyocytes. TNF-a induces
caspase-8 activation leading to ROS production, PARP-1 activation, and ADP-ribose production. TNF-induced
TRPM2 activation may contribute to cardiomyocyte cell death.
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1. Introduction
Elevated plasma levels of tumour necrosis factor-a (TNF-a) are asso-
ciated with a broad range of cardiac diseases, such as reperfusion
injury, myocardial infarction, and congestive heart failure progression.1

TNF-a activates two distinct receptors: TNF receptor 1 (TNFR1) and
TNF receptor 2 (TNFR2). Cumulative evidence indicates that TNF-a/
TNFR1 signalling induces deleterious effects such as mitochondrial
dysfunction, altered Ca2+ handling, and cell death.2 In acute ischaemia,

TNF-a induces caspase-8 activation, which alters mitochondrial func-
tion, increasesproductionof reactiveoxygenspecies (ROS), and induces
sarcoplasmic reticulum (SR) Ca2+ leak.3 Accordingly, caspase-8 inhib-
ition reduces reperfusion injury.3,4

The transient receptor potential (TRP) superfamily is subdivided into
seven groups: TRPC1–7 (canonical), TRPV1–6 (vanilloid), TRPM1–8
(melastatin), TRPP1–3 (polycystine), TRPML (mucolipine), TRPA
(ankyrine), and TRPN (NOMPC, not present in mammalians). Within
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the TRPM family, TRPM2 is a Ca2+-permeable channel, widely
expressed in mammalian tissues (including brain, blood vessels, spleen,
heart, liver, and lungs), that is activated by oxidative stress.5 Its activation
confers susceptibility to cell death.5 For instance, hydrogen peroxide
(H2O2)-induced apoptotic cell death involves TRPM2 activation in cul-
tured rat cardiomyocytes.6 H2O2 induces TRPM2 activation via activa-
tion of the intracellular second messenger adenosine diphosphoribose
(ADP-ribose).7 ADP-ribose is primarily generated by poly(ADP-ribose)
polymerase 1 (PARP-1), which is a nuclear enzyme involved in DNA
repair.8 TRPM2 can also be activated by nicotinamide adenine dinucleo-
tide (NAD+) and cyclic ADP-ribose (cADP-ribose).9,10

The aim of this study was to test the functional linkage between
TNF-a and TRPM2 in adult ventricular cardiomyocytes. Our results in-
dicate that TNF-a activates a TRPM2 current via caspase-8 activation
and also increases ROS production and PARP-1 activation. Further-
more, TRPM2 channel inhibition protects against TNF-a-induced ven-
tricular cell death.

2. Methods

2.1 Animal model and cell isolation
Adult (3–5 months) C57BL/6 mice were killed by rapid neck disarticulation
and the hearts were excised. Single cardiomyocytes were isolated from the
ventricles following the protocols developed by the Alliance for Cellular
Signalling (AfCS Procedure Protocol ID PP00000 125).11 Experiments
conform to the Directive 2010/63/EU of the European Parliament and are
approved by The Animal Care and Use Committee Languedoc-Roussillon.
This protocol is recorded under the following reference: CEEA-LR-12079.

2.1.1 Materials
1-Oleoyl-2-acetyl-sn-glycerol (OAG), 2-aminoethoxydiphenyl borate
(2-APB), 3-aminobenzamide (3-AB), SK&F96365, N-acetyl cysteine (NAC),
z-IETD-fmk (caspase-8 inhibitor), clotrimazole, N-(P-amylcinnamoyl) anthra-
nilic acid (ACA),flufenamicacid (FFA), andH2O2 were fromSigma.TNF-awas
from Calbiochem. Inhibitory TRPM2 antibody12 was from Bethyl Labs
(A300-414A). All compounds were prepared as stock solutions in appropri-
ate solvents. On the day of the experiment, stock solutions were diluted to
the desired final concentration in the incubation medium and the same
volume of solvent was added to the controlmedium. The final concentration
of DMSO was ,0.1%.

2.2 Measurement of non-selective cationic
currents
Cardiomyocytes were placed in a perfusion chamber on the stage of a Zeiss
Axio Observer A.1 inverted microscope and continuously perfused with
standard Tyrode solution of the following composition (in mM): NaCl
135, KCl 4, CaCl2 1.8, MgCl2 1, HEPES 2, glucose 10, pH adjusted to 7.4
with NaOH. Whole-cell patch-clamp experiments were performed at
room temperature (�248C) using an Axopatch 200B amplifier (Axon
Instruments, Burlingham, CA, USA). Patch pipettes had a resistance of
2–3 MV. Currents were normalized to the cell membrane capacitance
and presented as current densities (pA/pF). Series resistances were elec-
tronically compensated before voltage-clamp recordings. Leak current
was not compensated, and all cells exhibiting a leak current larger than
100 pA were excluded. The patch-pipette solution contained (in mM): 120
CsCl, 6.8 MgCl2, 5 Na2ATP, 5 sodium creatine phosphate, 0.4 Na2GTP, 11
EGTA, 4.7 CaCl2 (120 nM free [Ca2+]), and 20 HEPES; pH was adjusted
with CsOH to 7.2. In some experiments, CsCl was equimolarly replaced
by Cs-aspartate. To record a non-specific cationic current induced by
TNF-a, H2O2, or OAG, the bathing solution was switched to a modified
Tyrode solution as previously described,11 where Na+ was replaced by

Li+ to inhibit the Na+–Ca2+ exchanger; 200 mM ouabain was added to
inhibit Na+–K+ ATPase; 1 mM BaCl2 was added to block residual K+ and
background conductance. In the N-methyl-D-glucamin (NMDG) solution,
Li+ was replaced with an equimolar amount of NMDG (pH adjusted to
7.4 with HCl). Quasi steady-state I–V relations of the non-specific cationic
current were obtained by applying a descending voltage ramp that
covered the physiological range of membrane potentials. The holding poten-
tial wasmaintained at 280 mVand the voltage ramp decreased from+50 to
2120 mV with a slope of 0.057 V/s11 and was repeated at 0.03 Hz, which
inactivates both rapid Na+ currents and L-type Ca2+ currents. TNF-a-,
H2O2-, and OAG-mediated non-specific cationic currents were determined
as the difference between steady-state currents recorded after and before
application of drugs.

2.3 Measurements of mitochondrial
ROS production
MitoSOX Red was used to measure mitochondrial ROS production.13

Isolated cardiomyocytes were loaded with MitoSOX Red (5 mM) in
Tyrode for 15 min at room temperature, followed by washout. Confocal
images were obtained by excitation at 488 nm and measuring the emitted
light at 585 nm. MitoSOX Red fluorescence was measured in five different
areas in each cell, and the signal was normalized to that at the start of the
experiment.

2.4 Western blot
Freshly isolated cardiomyocytes were homogenized directly into lysis
buffer (20 mM HEPES pH 7.4, 40 mM KCl, 1 mM dithiothreitol, 0.3% 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 1 mM phenyl-
methylsulfonyl fluoride, 1 mg/mL leupeptin, 1 mg/mL pepstatin, and 1 mM
EDTA). Lysates were centrifugated at 6000 × g for 5 min at 48C. Proteins
were quantified with DC Protein Assay (Biorad). Twenty-five micrograms
(for poly-ADP-ribose) or 50 mg (for TRPM2) of the total protein were
loaded on 4–20% gradient gel of acrylamide. Proteins were transferred
onto the nitrocellulose membrane (0.2 mm) (GE Healthcare). The mem-
branes were blocked (blocking buffer from Thermo Scientific) and then
incubated with primary antibody at 48C overnight: anti-TRPM2 (1:300;
Novus Biologicals, NB110-81601), anti-poly-ADP-ribosylated protein (PAR;
1:1000; Trevigen, 4335-MC-100-AC), or anti-GAPDH (1:60 000; Abcam,
ab8245). The membranes were then incubated for 1 h in the dark with
secondary antibodies: anti-rabbit (1:30 000; LI-COR) for TRPM2 and anti-
mouse (1:30 000; LI-COR) for PAR and GAPDH. After the final washes,
the membranes were scanned with an Odyssey infra-red imager (LI-COR
Biosciences).

2.5 Simultaneous measurement of cell viability
and intracellular Ca21

Experimental procedure was adapted from ref.6 Briefly, freshly isolated car-
diomyocytes were loaded for 15 min at RT with fluo-4 AM (5 mmol/L,
Molecular Probes). Cells were then placed in a standard Tyrode solution
containing 2.5 mg/mL of propidium iodide (PI), which stained dead cells in
red upon membrane permeabilization. Changes in fluo-4 fluorescence and
PI staining were simultaneously recorded using time-lapse confocal micros-
copyover 4 h. To allowcomparison between control and TNF-aconditions,
acquisition was performed for each cell isolation simultaneously on two
LSM510 Meta Zeiss confocal microscopes equipped with either a ×10 or
×25 objective (NA: 1.3). Measurements were performed in a frame mode
(1.54 s/images) every 20 s. An excitation wavelength of 488 nm was used,
and emitted light was collected through a 505-nm long pass filter. The
laser intensity used was 1–3% of the maximum and had no noticeable dele-
terious effect on the fluorescence signal. To enable comparisons between
cells, the change in fluorescence (F) was divided by the fluorescence
detected immediately before TNF-a application (10 ng/mL) (F0). Spontan-
eous Ca2+ spikes were counted as such in all viable cells when F/F0 . 1.5.
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TNF-a (10 ng/mL) was applied after 30 min of acquisition to ensure steady
state. In some experiments, cells were placed in a standard Tyrode solution
containing inhibitory TRPM2antibody12 (1 mg/mL)orclotrimazole (10 mM).
Ca2+ spike frequency (events/min) wascalculatedduring the following 3 hor
until induction of membrane permeabilization. The percentage of dead cells
was determined by the ratio between red cells and total cells.

2.6 Statistics
Data are presented as mean+ SEM. Statistically significant differences were
assessed with Student’s t-test (for paired or unpaired samples) or when
three or more groups were compared, one-way analysis of variance

(ANOVA) with a Newman–Keuls post hoc test. A P-value of ,0.05 was
considered significant.

3. Results

3.1 TNF-a induces a non-specific cationic
current via caspase-8 activation and ROS
production
Adult freshly isolated ventricular cardiomyocytes incubated with
TNF-a (10 ng/mL) developed a non-specific cationic current (ITNF)
recorded under whole-cell patch-clamp techniques that reached

Figure 1 TNF-a induces a non-specific cationic current via caspase-8 activation and ROS production. (A) Non-specific cationic current density recorded
at +50 mVat different TNF-a incubation times. TNF-a induced a progressive activation of a non-specific cationic current, which reaches its maximum after
4 h (t ¼ 0, n ¼ 8cells, fourmice; t ¼ 30 min, n ¼ 8cells, fivemice; t ¼ 1 h,n ¼ 8cells, fivemice; t ¼ 2 h,n ¼ 8cells, fivemice; t ¼ 3 h, n ¼ 10cells, fivemice;
t ¼ 4 h, n ¼ 6 cells, three mice). (B and C) Current induced by 3 h of TNF-a incubation is abolished in the presence of caspase-8 inhibitor (z-IETD-fmk) or
antioxidant (NAC) (TNF-a, n ¼ 10 cells, five mice; z-IETD-fmk, n ¼ 6 cells, three mice; NAC, n ¼ 7, three mice; *P , 0.05 compared with TNF-a con-
ditions). (D and E) Mitochondrial ROS production after TNF-a exposure. TNF-a induced a ROS production within 60 min and caspase-8 inhibition by
z-IETD-fmk abolished this ROS production (*P , 0.05 compared with control conditions, n . 15 cells, three mice).
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maximal steady-state amplitude after 3 h incubation (Figure 1A). ITNF

presents an outward rectification I–V relationship with a reversal po-
tential close to 0 (Erev ¼ 27.8+ 1.0 mV) (n ¼ 10) (Figure 1B). One of
the early events in the TNF-a/TNFR1 signalling cascade is the activa-
tion of caspase-8 through the death-inducing signalling complex
(DISC). We therefore co-incubated cells with TNF-a and
z-IETD-fmk (10 mM), a specific caspase-8 inhibitor. z-IETD-fmk was
applied 20 min prior to TNF-a application. When incubated with
z-IETD-fmk, ITNF was markedly decreased after 3 h of TNF-a applica-
tion (Figure 1B and C ). ITNF was also decreased when cells were
co-incubated with the non-specific antioxidant NAC (20 mM)
(Figure 1B and C ). These results indicated that ITNF activation by

TNF-a requires ROS production through caspase-8 activation, as
demonstrated by the progressive increase in MitoSOX Red signal
within 1 h of TNF-a application (Figure 1D and E). When caspase-8
was inhibited, TNF-a did not affect MitoSOX Red fluorescence
compared with control (Figure 1C and D).

3.2 TNF-a does not activate a TRPC3
current
As TRPC3 expression may increase with pro-inflammatory cytokines,
such as TNF-a,14 we determined whether ITNF is related to TRPC3.
Anti-TRPC3 antibody can block cationic currents when applied on the
inside of the plasma membrane.11 We therefore measured ITNF after

Figure 2 TNF-a does not activate a TRPC3 current. (A and B) Patch-clamp recordings from cardiomyocytes incubated with TNF-a in the presence of
several blockers. TRPC3 antibody (Ab-TRPC3) did not affect TNF-a-induced current, but TRP inhibitors, 2-APB and SK&F96365, blocked this current
(TNF-a, n ¼ 10 cells, five mice; Ab-TRPC3, n ¼ 6 cells, two mice; 2-APB, n ¼ 6 cells, three mice; SK&F96365, n ¼ 6 cells, three mice; *P , 0.05 compared
with TNF-a). (C and D) Patch-clamp recordings from cardiomyocytes incubated with OAG, a DAG analogue known as a TRPC3 activator. OAG induced a
TRPC3-like current inhibited by TRPC3 antibody (Ab-TRPC3), but not by the antioxidant NAC. In the presence of OAG, TNF-a induced an additive
current (OAG, n ¼ 10 cells, four mice; Ab-TRPC3, n ¼ 9 cells, three mice; NAC, n ¼ 6 cells, three mice; SK&F96365, n ¼ 6 cells, three mice;
OAG + TNF, n ¼ 8 cells, four mice; OAG + TNF + NAC, n ¼ 6 cells, three mice; OAG + TNF + Ab-TRPC3, n ¼ 7 cells, three mice; OAG + TNF +
Ab-TRPC3 + NAC, n ¼ 6 cells, two mice; *P , 0.05 compared with OAG conditions).
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3 h of TNF-a treatment with anti-TRPC3 antibodies (+/2 an excess of
TRPC3 blocking peptide) present in the patch pipette. ITNF was not
affected by addition of anti-TRPC3 antibodies to the patch-pipette solu-
tion (Figure 2A and B). Next, we tested different pharmacological tools
frequently used to inhibit TRP channel activity such as 2-APB (30 mM)
and SK&F96365 (10 mM). Both inhibitors significantly inhibited ITNF

(Figure 2A and B). As previously reported, a diacylglycerol analogue,
OAG, activates a TRPC3 current (IOAG) in adult ventricular cardiomyo-
cytes.11 Therefore, we tested whether TNF-awould also affect TRPC3
properties. OAG alone (30 mM) gradually activated an outwardly

rectifying current within minutes with a reversal potential of 28.2+
2.4 mV (n ¼ 10) (Figure 2C and D). IOAG was inhibited by anti-TRPC3
and SK&F96365 in the patch pipette (Figure 2D). However, NAC incuba-
tion, which inhibits ITNF, did not significantly affect IOAG (Figure 2D), sug-
gesting that IOAG activation is not mediated by ROS production.
In addition, when ITNF reached its maximum, OAG was added and this
resulted in an increased current density that reached its maximal
amplitude within 15 min (Figure 2C and D). When anti-TRPC3 was
present in the patch pipette, OAG did not significantly affect ITNF

(Figure 2C and D). When ITNF was inhibited by NAC, IOAG was still

Figure 3 TNF-a activates a TRPM2 current. (A) Expression of TRPM2 protein in cardiomyocytes in control conditions and after TNF-a exposure.
TRPM2 is expressed in mouse adult ventricular cardiomyocytes and TNF-a did not affect its expression level after 2 and 4 h of incubation (n ¼ 5
mice). TRPM2 were normalized to GAPDH expression revealed on the same western blot. Each samples correspond to adjacent wells. (B and C) Patch-
clamp recordings in the presence of TRPM2 inhibitors or the PARP inhibitor. (D) TNF-a-induced currents recordedwith Cs-aspartate replacing CsCl in the
intra-pipette medium in Li+ or NMDG-based external medium (n ¼ 6, three mice). (E) Mean values of current density at + 50 mV of cells incubated with
TNF-a in the presence of TRPM2 inhibitors (clotrimazole, CLTZ, n ¼ 10 cells, four mice; ACA, n ¼ 6 cells, three mice; FFA, n ¼ 6 cells, three mice; 3-AB,
n ¼ 8 cells, four mice). All these inhibitors abolished the current induced by TNF-a (*P , 0.05 compared with TNF-a).
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present and comparable with IOAG recorded in the absence of TNF-a
(Figure 2D). Finally, in the presence of NAC in the medium and
anti-TRPC3 in the patch pipette, we were unable to activate either
ITNF or IOAG (Figure 2D). All together, these results indicate that
TNF-a does not activate TRPC3 current.

3.3 TNF-a activates a TRPM2 current
Western blot analyses showed that TRPM2 is expressed in adult ven-
tricular cardiomyocytes and TNF-a exposure did not affect TRPM2 ex-
pression level (Figure3A).Wethen testedwhether TRPM2mediates ITNF

by applying clotrimazole (10 mM), a TRPM2 inhibitor.15 When clotrim-
azole was applied acutely (,5 min), ITNF induced by 3 h of TNF-a treat-
ment was almost abolished (Figure 3B and E). Similarly, acute application
of ACA (20 mM) as well FFA (100 mM), two anthranilic acid derivates
known to inhibit TRPM2,16 significantly decreased ITNF (Figure 3C and
D). The nuclear enzyme PARP-1 produces ADP-ribose, which can acti-
vate TRPM2 by binding to its C-terminal.17 Application of the PARP-1
inhibitor 3-AB markedly decreased ITNF (Figure 3B and E). To exclude
participation of a Cl2 conductance, intra-pipette CsCl was equimolarly

replaced by Cs-aspartate. I–V curves were comparable and the reversal
potential was not shifted (Erev ¼ 28.4+ 1.2 mV, n ¼ 6; Figure 3D). In
addition, when Li+ was replaced by NMDG, the inward component of
ITNF was reduced and the reversal potential was shifted to the left
(Erev ¼ 258+6 mV, n ¼ 6; Figure 3D).

To confirm TRPM2 activation, we tested the effect of H2O2, a
known activator of TRPM2. We applied H2O2 (100 mM) on the
extracellular side, which induced a non-specific cationic current (IH2O2

)
within 10 min with an outward rectifying I–V curve and with a reversal
potential close to 0 (Erev ¼ 25.2+1.0 mV, n ¼ 10) (Figure 4A). As
for ITNF, IH2O2

was inhibited by clotrimazole (Figure 4B) and 2-APB, but
not by anti-TRPC3 (Figure 4B). In addition, OAG was able to activate
an additive non-specific cationic current in the presence of H2O2,
whereas H2O2 did not affect cardiomyocytes incubated for 3 h with
TNF-a (Figure 4B). These results indicate that ITNF as well as IH2O2

are
carried by a TRPM2 channel.

3.4 PARP-1 activation is responsible
for TRPM2 activation
PARP-1 inhibition by 3-AB blocked the TRPM2-like current (Figure 3B
and D), which indicates that the current was activated by ADP-ribose.
TRPM2 can also be activated by cADP-ribose18 and we performed
patch-clamp experiments with cADP-ribose (200 mM) in the patch
pipette and observed a progressively developing non-specific cationic
current with a linear I–V relationship and Erev¼ 29.2+1.0 mV, n ¼ 6.
The cADP-ribose-induced current was inhibited by clotrimazole
(Figure 5A and B). Most notably, the antioxidant NAC and the caspase-8
inhibitor z-IETD-fmk did not affect the cADP-ribose-induced current
(Figure 5B).

To confirm PARP-1 activation during TNF-a exposure, we measured
poly-ADP-ribosylated cardiomyocyte proteins induced by TNF-a incu-
bation. After 4 h of TNF-a exposure, western blot analysis showed a
significant increase in PAR compared with control (Figure 5C). To sum
up, our results indicate that TNF-a-induced TRPM2 activation can
occur via PARP-1 activation and increased ADP-ribose formation.

3.5 TRPM2 inhibition protects against
ventricular cell death
Next, we assessed whether TRPM2 activation is involved in TNF-a-
induced cardiomyocyte death. To determine whether TNF-a-induced
TRPM2 activation precedes and is causally linked to myocyte cell death,
we monitored intracellular Ca2+ in fluo-4 loaded cells placed in medium
containing PI, which stained nuclei after membrane permeabilization.
Upon TNF-a exposure, Ca2+ spike frequency progressively increases
and systematically precedes membrane permeabilization (Figure 6A and
B). Clotrimazole, as well as the TRPM2 blocking antibody,12 significantly
reduced Ca2+ spike occurrence and subsequent TNF-a-induced cell
death (Figure 6C–E), supporting the hypothesis that TRPM2 activation is
involved in TNF-a-induced cardiomyocyte death.

4. Discussion
The results of the present study fit with a model where: (i) TNF-a
induces a non-specific cationic current (ITNF) through ROS production
induced by caspase-8 activation in mouse left ventricular cardiomyo-
cytes; (ii) ITNF is associated with activation of TRPM2; and (iii) clotrima-
zole and TRPM2 inhibitory antibody are protective against TNF-induced
cardiomyocyte cell death.

Figure 4 H2O2 activates a non-specific cationic current. (A) I/V curve
obtained by patch-clamp recordings on cells incubated with H2O2. H2O2

activated a non-specific cationic current blocked by clotrimazole (H2O2,
n ¼ 10 cells, four mice; CLTZ, n ¼ 8 cells, four mice). (B) Mean values
of currents density at + 50 mV of cells incubated with H2O2 in the pres-
ence of several compounds (2-APB, n ¼ 6 cells, three mice; NAC, n ¼ 6
cells, three mice; OAG, n ¼ 6 cells, three mice; Ab-TRPC3, n ¼ 6 cells,
three mice; TNF, n ¼ 6 cells, two mice). TRPC3 antibody (Ab-TRPC3)
did not affect the current induced by H2O2. Although OAG activates
an additive current, TNF-a did not induce an additional current in the
presence of H2O2 (*P , 0.05 compared with H2O2 conditions).
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Several studies have reported that mitochondria are the principal
source of ROS production in the TNF-a pathway.19 The binding of
TNF-a to TNFR1 causes an intracellular cascade initiated by the recruit-
ment of the adapter protein Fas-associated protein with death domain
to form a complex termed DISC.20 The formation of this complex
allows the recruitment of procaspase-8. Owing to DISC, procaspase-8
is autocleaved and activated. Bid, a pro-apoptotic protein, is cleaved
by active caspase-8 and translocates to the mitochondria where it
induces loss of mitochondrial transmembrane potential (cm).3 An
increase of ROS generation occurs and is likely to be the result of a
feedback increase of respiratory chain activity due to the loss of cm
and ATP production. Thus, caspase-8 inhibition prevents mitochondrial
ROS production (Figure 1A).3 Elevation of ROS production leads to
PARP-1 activation, which contributes to TNF-a-induced necrotic cell
death.21 PARP-1 detects and binds DNA breaks induced by ROS.21

PARP-1 catalyses the cleavage of NAD+ into nicotinamide and ADPR,

and PARP-1 activation is associated with inhibition of ATP synthesis
and compromised energy metabolism.22

In parallel, oxidative stress-induced PARP-1 activation has been
shown to activate TRPM2 in several cell types.23 ADPR binds to and acti-
vates TRPM2 channels allowing Ca2+ to enter into the cells. TRPM2 ac-
tivation increased with ADPRconcentration.9 Its activation is modulated
by nicotinic acid adenine dinucleotide phosphate (NAADP), H2O2, and/
orCa2+.5,24–26 TRPM2exhibits amoderateoutward rectificationdue to
a steady-state inactivation at negative potentials.9,17,24 Intracellular Ca2+

level facilitates TRPM2 activation through an increase in ADPR sensitiv-
ity.24,25 At low [Ca2+]i, TRPM2 inactivation at negative potential is more
pronounced.17,25,27 Intracellular application of cADPR induces TRPM2
gating either directly or following secondary processes.10,26 cADPR is
a precursor of ADPR formation and also a potent activator of ryanodine
receptors.28 The synergy of a large increase in intracellular Ca2+ in the
vicinity of the channel with an increase in ADPR and cADPR may

Figure 5 cADPR activates TRPM2 current in adult cardiomyocytes. (A) Representative I/V curve of a cADPR-induced non-specific cationic current. The
current was inhibited by external application of clotrimazole (10 mM). (B) Mean values of the maximal current activated by intracellular application of
cADPR. Although the TRPM2 inhibitor clotrimazole inhibits the current, the caspase-8 inhibitor (z-IETD) or the antioxidant NAC is ineffective. Similarly,
TNF-a did not induce an additional current in the presence of cADPR (n ¼ 6 cells, three mice, in each condition; *P , 0.05 compared with cADPR con-
ditions). (C) Western blot analysis indicating that TNF-a increases cardiomyocytes poly(ADP-ribosyl)ation compared with control conditions. Freshly
isolated cardiomyocytes fromC57BL/6 mousehearts were incubated from1 to4 hwithTNF-aormaintained during the same period in control conditions.
Poly(ADP-ribose) signal between15 and 250 kDawasquantitated by densitometry and normalized to GAPDH content revealedon the samewestern blot.
Eachsamples correspond toadjacent wells. Each lane represents cell lysate isolated andprepared from an individual mouseheart (*P , 0.05 comparedwith
control conditions; n ¼ 5 hearts in each conditions).
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Figure 6 Role of TRPM2 in cell death. (A) Intracellular Ca2+ and cell death were simultaneously assessed using fluo-4 and PI staining, respectively, in freshly
isolated cardiomyocytes from C57BL/6 mouse hearts, during 4 h of TNF-a exposure (10 ng/mL). (B and C) Typical examples of simultaneous time-lapse
recordings of TNF-a-induced intracellular Ca2+ changes and PI influx (membrane permeabilization) in freshly ventricular adult cardiomyocytes isolated
from the same heart incubated or not with the blocking TRPM2 antibody (n ¼ 20 cardiomyocytes in both conditions). TNF-a progressively increases
Ca2+ spike frequency prior PI staining. TRPM2 antibody reduced Ca2+ spike occurrence and PI staining. (D) Mean Ca2+ spike frequency recorded in
viable cardiomyocytes during 3 h of TNF-a exposure (ctrl, n ¼ 35, two mice; TNF, n ¼ 68, four mice; Ab-TRPM2, n ¼ 30, two mice; Ab-TRPM2 + TNF;
n ¼ 60, four mice; Cltz, n ¼ 34, two mice; TNF + Cltz, n ¼ 44; two mice) (*P , 0.05 compared with control conditions). (E) Mean values of PI-stained car-
diomyocytes were normalized to the total numberof cells visualized in transmitted light. TNF-a incubation increased the % of PI-stained cells progressively. In
the presence of clotrimazole (CLTZ) or TRPM2 blocking antibody, TNF-a-induced cell death is prevented (*P , 0.05 compared with control conditions).
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account for the reduced inactivation of the TRPM2,10 and thus the linear
I–V relationship with cADPR.17

External application of H2O2 activates TRPM2 within minutes.5,7 Ac-
tivation mode under external application of H2O2 is associated with
ADPR formation as well as direct activation of TRPM2.5,9,17 In addition,
H2O2 may activate TRPM2 independently of ADPR production.29 H2O2

is also capable of increasing mitochondrial ROS production, which
would amplify its gating effects on TRPM2.7,19

Although TRPM2-induced sustained Ca2+ entry is a key component
of oxidative stress and cell death,5 expression and/or function of
several members of the TRP channel family are sensitive to the redox
status and oxidative stress. Redox regulation of TRP channels has
been reported to be direct (TRPC3, TRPC5, TRPM4, TRPM6, TRPA1,
and TRPV1) or indirect (TRPM2, TRPM7, and TRPC6) and appears to
be critical in pathophysiological regulation of Ca2+ signalling pathways.30

Among the TRP channel family, TRPM2 is the most extensively studied
regarding redox regulation of cell death.

TRPM2 knockdown limits Ca2+ rise under oxidative stress and/or
TNF-a and prevents subsequent cell death.5 Accordingly, TNF-a and
ROS activate a non-selective cationic current in adult cardiomyocytes
(Figures 1 and 3 and Jabr and Cole31), which is presumably carried by
TRPM2. TNF-a induced a non-selective cationic current that appears
to occur via caspase-8 and PARP-1 activation.

TRPM2 structure and function have widely been studied in several cell
types such as immune cells and pancreatic beta cells, and in neurodegen-
erative diseases.18 Although TRPM2 involvement in cardiac function is
largely unknown, its role in ischaemic heart disease has recently
emerged.32,33 Rapid restoration of coronary blood flow of an ischaemic
heart is the main strategy to improve outcomes. However, reperfusion is
accompanied by cell damage, arrhythmias, myocardial stunning, and no
re-flow phenomena due to vascular defects.34 Oxidative stress and
inflammatory processes are ubiquitously observed during the early
phase of reperfusion and promote intracellular Ca2+ overload, which
contributes to reperfusion injuries.35 Elevation of intracellular Ca2+

level results from both trans-sarcolemmal Ca2+ entry and altered SR
Ca2+ cycling. Recently, a reduction of reperfusion injury in TRPM2
knockout mice has been reported, presumably through a decrease in in-
flammatory processes and neutrophil infiltration.32 Accordingly, it is
possible that the inflammatory response that occurs during the first
hour of reperfusion is blunted in the cardiomyocytes level when
TRPM2 is inhibited. In addition, reduced endothelial permeability and
cardiomyocytes cell death may have cumulative cardioprotective
effects during acute ischaemia12 (Figure 6). Surprisingly, global TRPM2
knockout mice did not protect against reperfusion injuries.33,36

Although the use of the cardioprotective volatile anaesthetic isoflurane
during the surgery procedure33,37 might be a confounding factor, global
TRPM2 knockout resulted in decreased mitochondrial function and
enhanced mitochondrial ROS production.36 This is in agreement with
the results of the present study where TRPM2 function and mitochon-
drial ROS production are closely connected and appear to play a critical
role in cell survival. Further studies are necessary to clarify the role of
TRPM2 activation in cardiac reperfusion injury. Unfortunately, the
present lack of specific TRPM2 inhibitors and/or activators constitutes
a major obstacle in this context.

Indeed, pharmacology of TRPM2 is poorly understood, but some
organic substances such as antifungal imidazole, clotrimazole, and eco-
nazole are known to inhibit the channel.15 Clotrimazole has been
shown to prevent cell death induced by TNF-a in vitro in several cell
types as well as in neonatal and adult cardiomyocytes6 (Figure 6). In

addition, econazole significantly decreases the infarct size.32 Although
clotrimazole affects, in addition to TRPM2, a wide range of signalling
pathways, clotrimazole and TRPM2 inhibition have also been reported
to be protective in liver ischaemia/reperfusion injury and stroke,
cardiac arrest-induced global cerebral ischaemia, and focal brain ischae-
mia.38– 41 Other studieshavealso shown thatPARP-1 inhibitionmight be
cardioprotective;8 but here, we show that the protective effect of
PARP-1 inhibition may involve TRPM2 inhibition.

In summary, we demonstrate that TNF-a, a pro-inflammatory cyto-
kine that increases during ischaemia–reperfusion, induces a TRPM2-like
current involving PARP-1 activation through caspase-8 activation and
mitochondrial ROS production. TRPM2 inhibition prevents ventricular
cell death and demonstrates that TRPM2 channel is functional in native
adult cardiomyocytes. Thus, specifically targeting TRPM2 might provide
a new therapeutical strategy to combat ischaemia–reperfusion injuries.

Acknowledgements
The authors thank Dr Gilles Carnac for technical assistance.

Conflict of interest: none declared.

Funding
This work was supported by ANR Cydiacor, association française contre
les myopathies (AFM n815862) [A.L. and J.F.)], fondation pour la recherche
médicale (A.L. and J.F.), and Campus France (J.F. and H.W.) (PHC DALEN
2011, N8 26222XM), and Swedish Heart Lung foundation (D.C.A. and
H.W.).

References
1. Kleinbongard P, Schulz R, Heusch G. TNF-alpha in myocardial ischemia/reperfusion, re-

modeling and heart failure. Heart Fail Rev 2011;16:49–69.
2. Torre-Amione G, Kapadia S, Lee J, Bies RD, Lebovitz R, Mann DL. Expression and func-

tional significance of tumor necrosis factor receptors in human myocardium. Circulation
1995;92:1487–1493.

3. Fauconnier J, Meli AC, Thireau J, Roberge S, Shan J, Sassi Y, Reiken SR, Rauzier JM,
Marchand A, Chauvier D, Cassan C, Crozier C, Bideaux P, Lompre AM, Jacotot E,
Marks AR, Lacampagne A. Ryanodine receptor leak mediated by caspase-8 activation
leads to left ventricular injury after myocardial ischemia-reperfusion. Proc Natl Acad Sci
USA 2011;108:13258–13263.

4. Roubille F, Combes S, Leal-Sanchez J, Barrere C, Cransac F, Sportouch-Dukhan C,
Gahide G, Serre I, Kupfer E, Richard S, Hueber AO, Nargeot J, Piot C, Barrere-
Lemaire S. Myocardial expression of a dominant-negative form of Daxx decreases
infarct size and attenuates apoptosis in an in vivo mouse model of ischemia/reperfusion
injury. Circulation 2007;116:2709–2717.

5. Hara Y, Wakamori M, Ishii M, Maeno E, Nishida M, Yoshida T, Yamada H, Shimizu S,
Mori E, Kudoh J, Shimizu N, Kurose H, Okada Y, Imoto K, Mori Y. LTRPC2 Ca2+-
permeable channel activated by changes in redox status confers susceptibility to cell
death. Mol Cell 2002;9:163–173.

6. Yang KT, Chang WL, Yang PC, Chien CL, Lai MS, Su MJ, Wu ML. Activation of the tran-
sient receptor potential M2 channel and poly(ADP-ribose) polymerase is involved in
oxidative stress-induced cardiomyocyte death. Cell Death Differ 2006;13:1815–1826.

7. Perraud AL, Takanishi CL, Shen B, Kang S, Smith MK, Schmitz C, Knowles HM, Ferraris D,
Li W, Zhang J, Stoddard BL, Scharenberg AM. Accumulation of free ADP-ribose from
mitochondria mediates oxidative stress-induced gating of TRPM2 cation channels.
J Biol Chem 2005;280:6138–6148.

8. Szabo C. Pharmacological inhibition of poly(ADP-ribose) polymerase in cardiovascular
disorders: future directions. Curr Vasc Pharmacol 2005;3:301–303.

9. Sano Y, Inamura K, Miyake A, Mochizuki S, Yokoi H, Matsushime H, Furuichi K. Immuno-
cyte Ca2+ influx system mediated by LTRPC2. Science 2001;293:1327–1330.

10. Kolisek M, Beck A, Fleig A, Penner R. Cyclic ADP-ribose and hydrogen peroxide syner-
gize with ADP-ribose in the activation of TRPM2 channels. Mol Cell 2005;18:61–69.

11. Fauconnier J, Lanner JT, Sultan A, Zhang SJ, Katz A, Bruton JD, Westerblad H. Insulin
potentiates TRPC3-mediated cation currents in normal but not in insulin-resistant
mouse cardiomyocytes. Cardiovasc Res 2007;73:376–385.

12. Hecquet CM, Ahmmed GU, Vogel SM, Malik AB. Role of TRPM2 channel in mediating
H2O2-induced Ca2+ entry and endothelial hyperpermeability. Circ Res 2008;102:
347–355.

13. Fauconnier J, Andersson DC, Zhang SJ, Lanner JT, Wibom R, Katz A, Bruton JD,
Westerblad H. Effects of palmitate on Ca(2+) handling in adult control and ob/ob

S. Roberge et al.98
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/103/1/90/2930955 by guest on 24 April 2024



cardiomyocytes: impact of mitochondrial reactive oxygen species. Diabetes 2007;56:
1136–1142.

14. White TA, Xue A, Chini EN, Thompson M, Sieck GC, Wylam ME. Role of transient re-
ceptor potential C3 in TNF-alpha-enhanced calcium influx in human airway myocytes.
Am J Respir Cell Mol Biol 2006;35:243–251.

15. Hill K, McNulty S, Randall AD. Inhibition of TRPM2 channels by the antifungal agents clo-
trimazole and econazole. Naunyn Schmiedebergs Arch Pharmacol 2004;370:227–237.

16. Kraft R, Grimm C, Frenzel H, Harteneck C. Inhibition of TRPM2 cation channels by
N-(P-amylcinnamoyl)anthranilic acid. Br J Pharmacol 2006;148:264–273.

17. Perraud AL, Fleig A, Dunn CA, Bagley LA, Launay P, Schmitz C, Stokes AJ, Zhu Q,
Bessman MJ, Penner R, Kinet JP, Scharenberg AM. ADP-ribose gating of the calcium-
permeable LTRPC2 channel revealed by Nudix motif homology. Nature 2001;411:
595–599.

18. Sumoza-Toledo A, PennerR. TRPM2: a multifunctional ion channel for calcium signalling.
J Physiol 2011;589:1515–1525.

19. Suematsu N, Tsutsui H, Wen J, Kang D, Ikeuchi M, Ide T, Hayashidani S, Shiomi T,
Kubota T, Hamasaki N, Takeshita A. Oxidative stress mediates tumor necrosis
factor-alpha-induced mitochondrial DNA damage and dysfunction in cardiac myocytes.
Circulation 2003;107:1418–1423.

20. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science 1998;281:
1305–1308.

21. Los M, Mozoluk M, Ferrari D, Stepczynska A, Stroh C, Renz A, Herceg Z, Wang ZQ,
Schulze-Osthoff K. Activation and caspase-mediated inhibition of PARP: a molecular
switch between fibroblast necrosis and apoptosis in death receptor signaling. Mol Biol
Cell 2002;13:978–988.

22. Hirsch T, Marchetti P, Susin SA, Dallaporta B, Zamzami N, Marzo I, Geuskens M,
Kroemer G. The apoptosis-necrosis paradox. Apoptogenic proteases activated after
mitochondrial permeability transition determine the mode of cell death. Oncogene
1997;15:1573–1581.

23. Fonfria E, Marshall IC, Benham CD, Boyfield I, Brown JD, Hill K, Hughes JP, Skaper SD,
McNulty S. TRPM2 channel opening in response to oxidative stress is dependent on ac-
tivation of poly(ADP-ribose) polymerase. Br J Pharmacol 2004;143:186–192.

24. McHugh D, Flemming R, Xu SZ, Perraud AL, Beech DJ. Critical intracellular Ca2+ de-
pendence of transient receptor potential melastatin 2 (TRPM2) cation channel activa-
tion. J Biol Chem 2003;278:11002–11006.

25. Starkus J, Beck A, Fleig A, Penner R. Regulation of TRPM2 by extra- and intracellular
calcium. J Gen Physiol 2007;130:427–440.

26. Toth B, Csanady L. Identification of direct and indirect effectors of the transient receptor
potential melastatin 2 (TRPM2) cation channel. J Biol Chem 2010;285:30091–30102.

27. TongQ, ZhangW, ConradK,Mostoller K,Cheung JY, PetersonBZ, MillerBA. Regulation
of the transient receptor potential channel TRPM2 by the Ca2+ sensor calmodulin. J Biol
Chem 2006;281:9076–9085.

28. Venturi E, Pitt S, Galfre E, Sitsapesan R. From eggs to hearts: what is the link between
cyclic ADP-ribose and ryanodine receptors? Cardiovasc Ther 2012;30:109–116.

29. Wehage E, Eisfeld J, Heiner I, Jungling E, Zitt C, Luckhoff A. 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
2002;277:23150–23156.

30. Naziroglu M. Molecular role of catalase on oxidative stress-induced Ca(2+) signaling
and TRP cation channel activation in nervous system. J Recept Signal Transduct Res
2012;32:134–141.

31. Jabr RI, Cole WC. Oxygen-derived free radical stress activates nonselective cation
current in guinea pig ventricular myocytes. Role of sulfhydryl groups. Circ Res 1995;76:
812–824.

32. Hiroi T, Wajima T, Negoro T, Ishii M, Nakano Y, Kiuchi Y, Mori Y, Shimizu S. Neutrophil
TRPM2 channels are implicated in the exacerbation of myocardial ischaemia/reperfusion
injury. Cardiovasc Res 2013;97:271–281.

33. Miller BA, Wang J, Hirschler-Laszkiewicz I, Gao E, Song J, Zhang XQ, Koch WJ,
Madesh M, Mallilankaraman K, Gu T, Chen SJ, Keefer K, Conrad K, Feldman AM,
Cheung JY. The second member of transient receptor potential-melastatin (TRPM2)
channel family protects hearts from ischemia-reperfusion injury. Am J Physiol Heart Circ
Physiol 2013;304:548–560.

34. Hearse DJ. Reperfusion of the ischemic myocardium. J Mol Cell Cardiol 1977;9:
605–616.

35. Fauconnier J, Roberge S, Saint N, Lacampagne A. Type 2 ryanodine receptor: a novel
therapeutic target in myocardial ischemia/reperfusion. Pharmacol Ther 2013;138:
323–332.

36. Miller BA, Hoffman NE, Merali S, Zhang XQ, Wang J, Rajan S, Shanmughapriya S, Gao E,
Barrero CA, Mallilankaraman K, Song J, Gu T, Hirschler-Laszkiewicz I, Koch WJ,
Feldman AM, Madesh M, Cheung JY. TRPM2 channels protect against cardiac
ischemia-reperfusion injury: role of mitochondria. J Biol Chem 2014;289:7615–7629.

37. Chiari PC, Bienengraeber MW, Pagel PS, Krolikowski JG, Kersten JR, Warltier DC.
Isoflurane protects against myocardial infarction during early reperfusion by activation
of phosphatidylinositol-3-kinase signal transduction: evidence for anesthetic-induced
postconditioning in rabbits. Anesthesiology 2005;102:102–109.

38. Iannelli A, de Sousa G, Zucchini N, Peyre L, Gugenheim J, Rahmani R. Clotrimazole
protects the liver against normothermic ischemia-reperfusion injury in rats. Transplant
Proc 2009;41:4099–4104.

39. Jia J, Verma S, Nakayama S, Quillinan N, Grafe MR, Hurn PD, Herson PS. Sex differences
in neuroprotection provided by inhibition of TRPM2 channels following experimental
stroke. J Cereb Blood Flow Metab 2011;31:2160–2168.

40. Shimizu T, Macey TA, Quillinan N, Klawitter J, Perraud AL, Traystman RJ, Herson PS.
Androgen and PARP-1 regulation of TRPM2 channels after ischemic injury. J Cereb
Blood Flow Metab 2013;33:1549–1555.

41. Nakayama S, Vest R, Traystman RJ, Herson PS. Sexually dimorphic response of TRPM2
inhibition following cardiac arrest-induced global cerebral ischemia in mice. J Mol
Neurosci 2013;51:92–98.

TRPM2 induced cardiomyocyte cell death 99
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/103/1/90/2930955 by guest on 24 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


