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Ryanodine receptor leak mediated by caspase-8 activation leads to left ventricular injury after myocardial ischemia-reperfusion

Myocardial ischemic disease is the major cause of death worldwide. After myocardial infarction, reperfusion of infracted heart has been an important objective of strategies to improve outcomes. However, cardiac ischemia/reperfusion (I/R) is characterized by inflammation, arrhythmias, cardiomyocyte damage, and, at the cellular level, disturbance in Ca 2+ and redox homeostasis. In this study, we sought to determine how acute inflammatory response contributes to reperfusion injury and Ca 2+ homeostasis disturbance after acute ischemia. Using a rat model of I/R, we show that circulating levels of TNF-α and cardiac caspase-8 activity were increased within 6 h of reperfusion, leading to myocardial nitric oxide and mitochondrial ROS production. At 1 and 15 d after reperfusion, caspase-8 activation resulted in S-nitrosylation of the RyR2 and depletion of calstabin2 from the RyR2 complex, resulting in diastolic sarcoplasmic reticulum (SR) Ca 2+ leak. Pharmacological inhibition of caspase-8 before reperfusion with Q-LETD-OPh or prevention of calstabin2 depletion from the RyR2 complex with the Ca 2+ channel stabilizer S107 ("rycal") inhibited the SR Ca 2+ leak, reduced ventricular arrhythmias, infarct size, and left ventricular remodeling after 15 d of reperfusion. TNF-αinduced caspase-8 activation leads to leaky RyR2 channels that contribute to myocardial remodeling after I/R. Thus, early prevention of SR Ca 2+ leak trough normalization of RyR2 function is cardioprotective.

M yocardial infarction is, in the United States with >1.5 million new cases diagnosed each year, a leading cause of death. Reperfusion of infracted heart has been the main strategy to improve outcomes [START_REF] Piot | Effect of cyclosporine on reperfusion injury in acute myocardial infarction[END_REF]. However, cardiac ischemia/reperfusion (I/R) is characterized by arrhythmias, cardiomyocyte damage, inflammation, and, at the cellular level, disturbance in Ca 2+ and redox homeostasis.

Elevated plasma levels of tumor necrosis factor α (TNF-α) have been reported in cardiac reperfusion injury, myocardial infarction, and in congestive heart failure. TNF-α induces pleiotropic effects that are mediated through activation of two distinct receptors: TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) [START_REF] Defer | TNFR1 and TNFR2 signaling interplay in cardiac myocytes[END_REF]. Most of the deleterious effects are mediated by TNFR1 signaling [START_REF]Expression and functional significance of tumor necrosis factor receptors in human myocardium[END_REF]. TNF-α also has long-term beneficial effects due to the induction of cytoprotective genes involved in cellular growth, survival, and proliferation [START_REF] Sack | Tumor necrosis factor in myocardial hypertrophy and ischaemia-an anti-apoptotic perspective[END_REF]. Thus, release of TNF-α after myocardial injury may activate signaling pathways that promote either cardiac adaptation/protection or maladaptive responses. Multicenter trials using TNF-α antagonists in moderate to severe heart failure (HF) demonstrated adverse effects instead of benefits [START_REF] Coletta | Clinical trials update: RENEWAL (RENAISSANCE and RECOVER) and ATTACH[END_REF][START_REF] Mann | Targeted anticytokine therapy in patients with chronic heart failure: Results of the Randomized Etanercept Worldwide Evaluation (RENEWAL)[END_REF]. Therefore, a new therapeutic strategy specifically targeting early deleterious effects of TNF-α, without affecting its cytoprotective activity, remains of interest.

One of the early events in the TNF-α/TNFR1 signaling pathways is activation of caspase-8 [START_REF] Ashkenazi | Death receptors: Signaling and modulation[END_REF]. This pathway is initiated by recruitment of the adaptor protein Fas-associated via a death domain (FADD), which then recruits procaspase-8 into the death-inducing signaling complex (DISC). Caspase-8 activation leads to the generation of ceramide, mitochondrial reactive oxygen species (ROS) production, Bid cleavage, followed by cytochrome c release from mitochondria, and apoptosome formation, ultimately leading to activation of effectors caspases (i.e., caspase-3) and cell death [START_REF] Kroemer | Mitochondrial membrane permeabilization in cell death[END_REF][START_REF] Luo | Bid, a Bcl2 interacting protein, mediates cytochrome c release from mitochondria in response to activation of cell surface death receptors[END_REF][START_REF] Zhu | TNF-alpha-induced impairment of mitochondrial integrity and apoptosis mediated by caspase-8 in adult ventricular myocytes[END_REF]. In parallel, acute nitric oxide (NO) production through activation of the endothelial nitric oxide synthase (eNOS), or increased expression of inducible nitric oxide synthase (iNOS) inhibit key apoptogenic signals triggered by TNF-α such as ceramide formation and caspase-8 [START_REF] Barsacchi | Cyclic GMP-dependent inhibition of acid sphingomyelinase by nitric oxide: An early step in protection against apoptosis[END_REF][START_REF] Barsacchi | Activation of endothelial nitric-oxide synthase by tumor necrosis factor-alpha: A novel pathway involving sequential activation of neutral sphingomyelinase, phosphatidylinositol-3′ kinase, and Akt[END_REF].

Increased ROS and/or NO-derived reactive species (RNS) change the redox environment of Ca 2+ transporters and channels and, thus, affect cellular Ca 2+ cycling [START_REF] Zima | Redox regulation of cardiac calcium channels and transporters[END_REF]. The cardiac ryanodine receptor (RyR2) that mediates sarcoplasmic reticulum (SR) Ca 2+ release during excitation-contraction coupling contains ≈33 free thiol residues, rendering it highly sensitive to the cellular redox state. Cysteine oxidation facilitates RyR opening and SR Ca 2+ leak [START_REF] Xu | Activation of the cardiac calcium release channel (ryanodine receptor) by poly-S-nitrosylation[END_REF][START_REF] Yano | Correction of defective interdomain interaction within ryanodine receptor by antioxidant is a new therapeutic strategy against heart failure[END_REF]. Moreover, we have recently shown that S-nitrosylation of RyR1 (skeletal muscle) and RyR2 (cardiac muscle) and dissociation of their stabilizing subunit calstabin1 (FKBP12) or calstabin2 (FKBP12.6), respectively, induces SR Ca 2+ leak, cardiac arrhythmia, skeletal muscle weakness, and remodeling in a Duchene muscular dystrophy (mdx) mouse model [START_REF] Bellinger | Hypernitrosylated ryanodine receptor calcium release channels are leaky in dystrophic muscle[END_REF][START_REF] Fauconnier | Leaky RyR2 trigger ventricular arrhythmias in Duchenne muscular dystrophy[END_REF].

In this study, we sought to determine whether TNF-α-induced caspase-8 activation would affect RyR2 S-nitrosylation leading to diastolic SR Ca 2+ leak and left ventricular remodeling in a rat model of I/R. Using broad-spectrum caspase inhibitors and preferential caspase-8 inhibitors, and stabilization of the RyR2 macromolecular complex with a rycal (S107), we showed that early caspase-8 activation increases mitochondrial ROS and NO production, resulting in S-nitrosylation of RyR2 and depletion of calstabin2 from the channel complex causing a diastolic SR Ca 2+ leak that leads to acute pathological left ventricular remodeling.

Results

Effect of TNF-α and Caspase-8 Activation on RyR2 Function in Vitro.

Acute application of TNF-α (1 h, 10 ng/mL) to freshly isolated control cardiomyocytes induced caspase-8 like and caspase-3 like activities sequentially (Fig. S1A). In addition, application of TNF-α resulted in a progressive and significant increase in the Mitosox Red fluorescence within 1 h in control cells or in myocytes preincubated with a preferential caspase-3/7 inhibitor (Z-DEVD-FMK; 10 μM) (103 ± 10%, n = 30 and 90.5 ± 12%, n = 29, respectively), whereas there was no change in fluorescence in cells preincubated either with preferential caspase-8 inhibitors [Q-LETD-OPh (18), 10 μM; or Z-IETD-FMK, 10 μM] or with broad spectrum caspase inhibitor (Q-VD-OPh; 10 μM) (Fig. 1 A and B). Of note, this mitochondrial ROS production was associated with a significant ΔΨ m depolarization that was inhibited by caspase-8 inhibitors (Fig. S1B). Several studies have reported that TNF-α increases NO production either acutely through ceramide production and eNOS activation [START_REF] Barsacchi | Activation of endothelial nitric-oxide synthase by tumor necrosis factor-alpha: A novel pathway involving sequential activation of neutral sphingomyelinase, phosphatidylinositol-3′ kinase, and Akt[END_REF] or after induction of iNOS expression [START_REF] Maciejewski | Nitric oxide suppression of human hematopoiesis in vitro. Contribution to inhibitory action of interferon-gamma and tumor necrosis factoralpha[END_REF]. Thus, we tested the effect of TNF-α on NO production by using DAF-FM, which increases its fluorescence when oxidized by NO [START_REF] Kojima | Detection and imaging of nitric oxide with novel fluorescent indicators: Diaminofluoresceins[END_REF]. TNF-α application caused a progressive increase in the DAF-FM fluorescence, which was inhibited by caspase-8 inhibitor (32 ± 5%, n = 20 vs. 0.2 ± 0.8% n = 20; P < 0.05, Fig. 1 C andD). TNF-α-induced NO production was also significantly decreased in the presence of a ceramide catabolism inhibitor (NOE; 10 μM), suggesting that caspase-8-induced ceramide production is essential for TNF-induced NO production. Moreover, TNF-α failed to increase NO level when eNOS was inhibited (L-NIO; 1 μM) (Fig. 1D). These results suggest that TNF-α induced caspase-8 activation is an upstream event in the signaling pathways involving ceramide production [START_REF] Sawada | Molecular mechanisms of TNF-alpha-induced ceramide formation in human glioma cells: P53-mediated oxidant stress-dependent and -independent pathways[END_REF] and eNOS activation [START_REF] Barsacchi | Activation of endothelial nitric-oxide synthase by tumor necrosis factor-alpha: A novel pathway involving sequential activation of neutral sphingomyelinase, phosphatidylinositol-3′ kinase, and Akt[END_REF].

Under these proinflammatory conditions, simultaneous production of superoxide anion (O 2 . -) and NO can generate peroxynitrite formation [START_REF] Pacher | Nitric oxide and peroxynitrite in health and disease[END_REF]. Among proteins involved in excitationcontraction coupling, RyR2 is highly sensitive to peroxynitrite and subsequent S-nitrosylation [START_REF] Zima | Redox regulation of cardiac calcium channels and transporters[END_REF]. In the present study, acute incubation of cardiomyocytes with TNF-α (10 ng/mL) for 1 h was sufficient to cause RyR2 S-nitrosylation and calstabin2 depletion from RyR2 complexes (Fig. 1E). TNF-α also increases open probability (Po) of RyR2 channels incorporated into planar lipid bilayers (Fig. 1F) and Ca 2+ -spark frequency in intact ventricular cardiomyocytes (Fig. 1G). In the presence of the caspase-8 inhibitor, Q-LETD-OPh, the TNF-α-induced changes in RyR2 S-nitrosylation, calstabin2 binding to the RyR2 complex, RyR2 Po, and Ca 2+ sparks frequency were prevented (Fig. 1 E-G). Of note, RyR2 PKA-dependent phosphorylation site (ser2808) was unchanged (Fig. S2). The increase in Ca 2+ sparks frequency was also prevented by the RyR Ca 2+ release channel stabilizer "rycal" S107 (Fig. 1G). Q-LETD-OPh or S107 did not change basal Ca 2+ sparks frequency, and a combined treatment similarly decreased TNF-α-increased sparks frequency compared with a single treatment with Q-LETD-OPh or S107 (Fig. S1C). However, S107 treatment did not prevent ΔΨ m depolarization (Fig. S1B), mitochondrial ROS production (Fig. 1 A and B), or NO production (Fig. 1 C and D), suggesting that RyR2 leak does not affect caspase-8-mediated mitochondrial dysfunction. The antioxidant Nacetyl cysteine (NAC) also normalized Ca 2+ spark frequency (Fig. 1G). Moreover, TNF-α decreased the Ca 2+ transient amplitude, Ca 2+ release kinetics, SR Ca 2+ load, and cell shortening (Fig. S3). Q-LETD-OPh prevented the TNF-α-induced decrease in the Ca 2+ transient amplitude, Ca 2+ release kinetics, SR Ca 2+ load, and cell shortening (Fig. S3). S107 or NAC did not affect basal Ca 2+ transient characteristics (Fig. S3 B-E). In such conditions and in agreement with a previous report (2), TNF-α induced positive effects on Ca 2+ handling and cell shortening (Fig. S3 B-E). Thus, TNF-α-mediated ROS/NO production via caspase-8 activation increased RyR2 S-nitrosylation and SR Ca 2+ leak.

A B E G F D C

Roles of Caspase-8 and RyR2 Leak in Myocardial Reperfusion Injury.

To determine whether the TNF-α-induced SR Ca 2+ leak via RyR2 channels contributes to reperfusion injury, we performed 30 min of ischemia followed by reperfusion in vivo in rats. TNF-α plasma levels were detected at 1 h and returned to baseline 6 h after reperfusion (276 ± 48 pg/mL at 1 h, n = 6; Fig. 2A). In parallel, cardiac caspase-8 activity was also significantly increased by 1 h after reperfusion, peaked at 6 h, and returned to baseline by 24 h (Fig. 2B). In addition, Bid cleavage increased significantly after 24 h of reperfusion as shown by the increase level of the truncated Bid isoform (Fig. S4). RyR2 S-nitrosylation and cal-stabin2 depletion were also observed 24 h after reperfusion (Fig. 2C) without any change in phosphorylation of RyR2 at ser2808 (Fig. S2). S107 (25 mg/100 mL, in drinking water) treatment for 1 wk before surgery prevented calstabin2 depletion from the RyR2 complex but did not affect S-nitrosylation of the channel (Fig. 2C). In contrast, Q-LETD-OPh treatment (1 mg/kg i.p.) 15 min before reperfusion inhibited both RyR2 S-nitrosylation and depletion of calstabin2 from the RyR2 complex (Fig. 2C). In addition, both S107 and Q-LETD-OPh significantly reduced myocardial infarct size [infarct area/area at risk (IA/AAR)] compared with DMSO-treated rats (Fig. 2D). Similar experiments were performed with an anti-TNF-α (Etanercept) treatment before surgery. As with S107 or Q-LETD-OPh, Etanercept reduced infarct size by ≈50% (Fig. S5). The severity of the ischemic insult was similar in the different groups, as shown by the ratios of AAR relative to ventricle area (V) (AAR/V= 39 ± 8% in DMSO treated, n = 10; 35 ± 6% in Q-LETD-OPh treated, n = 8; 38 ± 6% in S107 treated, n = 5; 39 ± 7% in Etanercept treated). Moreover, on calstabin2 KO mice, myocardial infarct size was significantly increased compared with WT mice and S107 was inefficient, whereas it reduced significantly infarct size in WT (Fig. S6A). Similarly, RyR2 S-nitrosylation was increased in cal-stabin2 KO after I/R (Fig. S6B). Altogether these results corroborate in vivo the role of TNF-α in caspase-8/RyR2-mediated reperfusion injury.

SR Ca 2+ leak is thought to play a role in triggering arrhythmias during the early phase of reperfusion [START_REF] Lakatta | Spontaneous myocardial calcium oscillations: Are they linked to ventricular fibrillation?[END_REF][START_REF] Zucchi | Modulation of sarcoplasmic reticulum function: A new strategy in cardioprotection?[END_REF]. We observed numerous ventricular extrasystoles and sustained ventricular tachycardia during the first 12 h of reperfusion (Fig. S7 A-E). Q-LETD-OPh and S107 treatment both significantly reduced arrhythmias (Fig. S7A andC-E). In WT mice injected with TNF-α, we measured Bid cleavage, RyR2 S-nitrosylation, calstabin2 dissociation, and ventricular arrhythmias (Figs. S7F andS8). As for I/R, TNF-α in vivo significantly increased ventricular extrasystoles, Bid cleavage, RyR2 S-nitrosylation, and calstabin2 dissociation. All these effects were prevented by caspase-8 inhibition (Figs. S7F andS8). Thus, inhibition of caspase-8 and prevention of cal-stabin2 depletion from the RyR2 complex with S107 prevents early reperfusion injury and associated arrhythmias.

Role of Caspase-8 and RyR2 Leak in Left Ventricular Remodeling. We subsequently analyzed and compared the longer-term effects of either early caspase-8 inhibition or S107 treatment on left ventricular remodeling 15 d after myocardial reperfusion. Histological analyses of the left ventricle were performed by using Masson trichrome staining to detect collagen fibers. There was an increase in extracellular matrix (i.e., fibrosis) that was prevented when animals were treated with Q-LETD-OPh (1 mg/kg i.p.), 15 min before the reperfusion or pretreated with S107 (25 mg/100 mL in the drinking water) 1 wk before ischemia and up to 72 h after reperfusion, compared with vehicle-treated animals (Fig. 3A). As an index of hypertrophy, HW/BW ratio was sig- nificantly increased in DMSO-treated animals and unchanged in Q-LETD-OPh or S107-treated animals (Fig. 3B). After I/R, the rats exhibited evidence of cardiac dysfunction with an increase in LVtd and a decrease in fractional shortening (Fig. 3C), both of which were significantly improved in animals treated with Q-LETD-OPh or S107 (Fig. 3C).

A B D C
The cardiac ventricular remodeling observed 2 wk after reperfusion was associated with RyR2 S-nitrosylation, calstabin2 depletion from the RyR2 complex, without any modification of RyR2 phosphorylation at ser2808 (Fig. 4A and Fig. S2), and with an increase in RyR2 channel Po measured under conditions corresponding to diastole (low activating [Ca 2+ ] ≈150 nM; Fig. 4B). These results are consistent with a diastolic SR Ca 2+ leak. Once again, S107 inhibited depletion of calstabin2 from the RyR2 complexes without affecting S-nitrosylation of RyR2, whereas Q-LETD-OPh normalized both. RyR2 channel PO, measured at 150 nM cytosolic Ca 2+ , was partially or totally reduced to that observed in control channels from animals treated with S107 or Q-LETD-OPh, respectively. At the cellular level, Ca 2+ transient amplitudes were decreased by ≈20% and the rising phases was significantly slower in vehicle-treated animals (Fig. S9 A andB). These changes were accompanied by decreased SR Ca 2+ content and fractional cell shortening (Fig. S9 C andD). Thus, S107 or Q-LETD-OPh treatment prevented altered Ca 2+ handling and impaired cell shortening.

Cytosolic Ca 2+ regulates the nuclear translocation of some transcription factors and the expression of Ca 2+ -dependent genes known to contribute to ventricular remodeling [START_REF] Passier | CaM kinase signaling induces cardiac hypertrophy and activates the MEF2 transcription factor in vivo[END_REF]. In that context, we hypothesized that the diastolic SR Ca 2+ leak via RyR2 channels after I/R might contribute to the cardiac remodeling process. The nuclear factor of activated T cells (NFAT) is a transcription factor involved in cardiac hypertrophy [START_REF] Molkentin | Calcineurin and beyond: Cardiac hypertrophic signaling[END_REF]. Ele-vated cytosolic [Ca 2+ ] i activates the calmodulin-activated serine/ threonine protein phosphatase calcineurin, which dephosphorylates NFATc resulting in nuclear translocation of NFAT and activation of hypertrophy genes ( 27) and immunologically important genes, such as TNF-α [START_REF] Rao | Transcription factors of the NFAT family: Regulation and function[END_REF]. We examined cytosolic to nuclear translocation of NFAT and observed increased NFAT after I/R (Fig. 4C). When the animals were treated with caspase-8 inhibitor (Q-LETD-OPh) or rycal (S107), NFAT was retained in the cytosol at levels similar to those observed in sham-operated animals and may contribute to the reduction in hypertrophy shown in Fig. 3B. Additionally, mRNA levels of the heart failure marker ANF were also significantly reduced with both treatments (Fig. 4D). In addition to lower levels of collagen (Fig. 3A), interstitial fibrosis as evidenced by increased levels of fibronectin mRNA was also prevented by caspase-8 inhibition or S107 inhibition of SR Ca 2+ leak (Fig. 4D). I/R also increased mRNA levels of molecules involved in TNF-α signaling including TNFR1, TNFR2, caspase-8, and TNF-α (Fig. 4E). This increase in mRNA levels was prevented by the caspase-8 inhibitor (Q-LETD-OPh) and by S107, suggesting a reduced inflammatory response. Taken together, these results indicate that an increase in ROS and NO production, via early caspase-8 activation, induces RyR2 S-nitrosylation and diastolic SR Ca 2+ leak, which contribute to I/R injury and long-term left ventricular remodeling.

Discussion

The therapeutic strategy of rapid reperfusion of ischemic myocardium is designed to preserve cardiac function. However, reperfusion itself has notable adverse effects including arrhythmias and cell death [START_REF] Buja | Myocardial ischemia and reperfusion injury[END_REF][START_REF] Yellon | Myocardial reperfusion injury[END_REF]. We now show that inhibiting RyR2 mediated diastolic SR Ca 2+ leak with a unique orally available drug called rycal (S107), which stabilizes the channel, or by caspase-8 inhibition, significantly reduces reperfusion injury, infarct extension, and left ventricular remodeling in the later phase of reperfusion (i.e., 15 d after reperfusion). LV remodeling after ischemia is caused by multiple factors including: (i) myocardial cell death; (ii) ROS production and inflammatory cytokines; (iii) structural changes of myocardium in response to mechanical stress; and (iv) myocardial fibrosis [START_REF] Hori | Oxidative stress and left ventricular remodelling after myocardial infarction[END_REF][START_REF] Peng | Tumor necrosis factoralpha-induced AT1 receptor upregulation enhances angiotensin II-mediated cardiac fibroblast responses that favor fibrosis[END_REF]. The present study reports the unique finding that inhibition of RyR2 mediated diastolic SR Ca 2+ leak before the reperfusion is sufficient to substantially reduce reperfusion injury, myocardial cell death, fibrosis, left ventricular remodeling, and inflammation.

In this study, we present a unique TNF-α-mediated signaling pathway wherein caspase-8 activation leads to S-nitrosylation of RyR2 and calstabin2 depletion from the channel complex. The subsequent increase in diastolic SR Ca 2+ leak contributes to reperfusion injury and left ventricular remodeling after acute I/R. TNFR1 is a death receptor that activates initiator caspases including caspase-8 [START_REF] Kroemer | Mitochondrial membrane permeabilization in cell death[END_REF]. The resulting activation of caspase-8 is either sufficient to trigger the proteolytic activation of other caspases (i.e., caspase-3), or requires the proteolytic activation of proapoptotic proteins of the Bcl2 family in particular Bid, which triggers a loss of mitochondrial inner membrane potential Δψm and ROS generation [START_REF] Zhu | TNF-alpha-induced impairment of mitochondrial integrity and apoptosis mediated by caspase-8 in adult ventricular myocytes[END_REF][START_REF] Peter | The CD95(APO-1/Fas) DISC and beyond[END_REF][START_REF] Scaffidi | Two CD95 (APO-1/Fas) signaling pathways[END_REF][START_REF] Schulze-Osthoff | Cytotoxic activity of tumor necrosis factor is mediated by early damage of mitochondrial functions. Evidence for the involvement of mitochondrial radical generation[END_REF]. In cardiomyocytes, caspase-8 inhibition prevented TNF-α-induced loss of Δψm and mitochondrial release of cytochorme c (10). Alternatively, the TNF/TNFR1 complex is thought to regulate sphingolipid signaling pathways [START_REF] Hannun | Functions of ceramide in coordinating cellular responses to stress[END_REF]. After TNF-α binds to TNFR1 an early weak recruitment of FADD and stimulation of caspase-8 in the cell are sufficient to activate sphingomyelinase [START_REF] Sawada | Molecular mechanisms of TNF-alpha-induced ceramide formation in human glioma cells: P53-mediated oxidant stress-dependent and -independent pathways[END_REF]. Activation of sphingomyelinase initiates sphingolipid metabolism with ceramide, sphingosine, and sphingosine-1-phosphate formation and permits death-receptor oligomerization and caspase-8 activation [START_REF] Rotolo | Caspase-dependent and -independent activation of acid sphingomyelinase signaling[END_REF]. These bioactive phospholipids induce cellular responses, such as mitochondrial ROS production [START_REF] Suematsu | Oxidative stress mediates tumor necrosis factor-alphainduced mitochondrial DNA damage and dysfunction in cardiac myocytes[END_REF] and NO synthesis [START_REF] Finkel | Negative inotropic effects of cytokines on the heart mediated by nitric oxide[END_REF]. Hence, early inhibition of caspase-8 prevents TNF-α induced mitochondrial dysfunction and NO production (10) (Fig. 1). Concomitant ROS production and NO production would affect cellular signaling most likely through peroxynitrite formation and S-nitrosylation [START_REF] Zima | Redox regulation of cardiac calcium channels and transporters[END_REF][START_REF] Pacher | Nitric oxide and peroxynitrite in health and disease[END_REF]. Oxidation of thiols on RyR2 may activate the channels resulting in a diastolic SR Ca 2+ leak under pathological conditions [START_REF] Zima | Redox regulation of cardiac calcium channels and transporters[END_REF][START_REF] Yano | Correction of defective interdomain interaction within ryanodine receptor by antioxidant is a new therapeutic strategy against heart failure[END_REF]. Here, we show that S-nitrosylation and diastolic SR Ca 2+ leak are associated with calstabin2 depletion from the channel complex, which is prevented by pharmacological inhibition of caspase-8 or with rycal S107 treatment. Of note, only caspase-8 inhibition prevented both calstabin2 depletion and S-nitrosylation. These results suggest that changes in the redox environment of the channel may lead to calstabin2 depletion and increased RyR2 channel activity under pathological conditions as shown in heart failure [START_REF] Yano | Correction of defective interdomain interaction within ryanodine receptor by antioxidant is a new therapeutic strategy against heart failure[END_REF][START_REF] Fauconnier | Leaky RyR2 trigger ventricular arrhythmias in Duchenne muscular dystrophy[END_REF]. SR Ca 2+ leak is thought to trigger cellular damage after acute ischemia and reperfusion. Several studies have reported RyR2 dysfunction after I/R [START_REF] Zucchi | Modulation of sarcoplasmic reticulum function: A new strategy in cardioprotection?[END_REF]. Ca 2+ overload has been reported to play a pathological role after reperfusion and ventricular arrhythmias [START_REF] Brooks | Reperfusion induced arrhythmias following ischaemia in intact rat heart: Role of intracellular calcium[END_REF][START_REF] Kihara | Abnormal Cai2+ handling is the primary cause of mechanical alternans: Study in ferret ventricular muscles[END_REF]. Moreover, reperfusion is associated with the recovery of ATP phosphorylation potential, which restores SR Ca 2+ -ATPase activity and increases Ca 2+ sequestration into the SR [START_REF] Zucchi | Modulation of sarcoplasmic reticulum function: A new strategy in cardioprotection?[END_REF]. SR Ca 2+ overload can cause oscillations of cytosolic Ca 2+ . Short-term oscillations in cytosolic Ca 2+ have been implicated in the genesis of reperfusion arrhythmias [START_REF] Lakatta | Spontaneous myocardial calcium oscillations: Are they linked to ventricular fibrillation?[END_REF]. Indeed, caspase-8 inhibition, which prevents early RyR2 dysfunction, has a profound impact on reperfusion arrhythmias (Fig. 2). In addition, these results suggest a connection between circulating TNF-α levels and arrhythmias in acute ischemia [START_REF] London | Calcium-dependent arrhythmias in transgenic mice with heart failure[END_REF][START_REF] Xiao | Positive correlation of tumor necrosis factor-alpha early expression in myocardium and ventricular arrhythmias in rats with acute myocardial infarction[END_REF].

During I/R, aberrant intracellular Ca 2+ leak is taken up by the mitochondria [START_REF] Ruiz-Meana | Role of sarcoplasmic reticulum in mitochondrial permeability transition and cardiomyocyte death during reperfusion[END_REF]. Ca 2+ accumulation in the mitochondria leads to activation of mitochondrial permeability transition pore (MPTP) [START_REF] Halestrap | Calcium, mitochondria and reperfusion injury: A pore way to die[END_REF]. Immediately after MPTP activation, mitochondria swell and release apoptogenic factors like cytochrome c and AIF, which activates caspase-dependent and independent execution of apoptosis. This study points out a potential involvement of a dual detection mechanisms sensitizing large-scale MPTP opening and mitochondrial membrane permeabilization [START_REF] Hajnóczky | Mitochondrial calcium signalling and cell death: Approaches for assessing the role of mitochondrial Ca2+ uptake in apoptosis[END_REF][START_REF] Jacobson | Mitochondrial oxidative stress and cell death in astrocytes-requirement for stored Ca2+ and sustained opening of the permeability transition pore[END_REF][START_REF] Pinton | The Ca2+ concentration of the endoplasmic reticulum is a key determinant of ceramide-induced apoptosis: Significance for the molecular mechanism of Bcl-2 action[END_REF]. Accordingly, this sensitizing mechanism suggests that caspase-8-induced mitochondrial depolarization alone, without SR Ca 2+ leak, will not be sufficient to trigger cell death but would require a commitment [Ca 2+ ] mito oscillations. Discrete modification of the SR Ca 2+ leak may thus be sufficient to prevent large scale swelling and allowing functional recovery of the mitochondria [START_REF] Hajnóczky | Mitochondrial calcium signalling and cell death: Approaches for assessing the role of mitochondrial Ca2+ uptake in apoptosis[END_REF][START_REF] Jacobson | Mitochondrial oxidative stress and cell death in astrocytes-requirement for stored Ca2+ and sustained opening of the permeability transition pore[END_REF][START_REF] Pinton | The Ca2+ concentration of the endoplasmic reticulum is a key determinant of ceramide-induced apoptosis: Significance for the molecular mechanism of Bcl-2 action[END_REF]. The present study suggests that leaky RyR2 may contribute to mitochondrial Ca 2+ accumulation during I/R and to an amplification loop leading to reperfusion injury [START_REF] Luo | Bid, a Bcl2 interacting protein, mediates cytochrome c release from mitochondria in response to activation of cell surface death receptors[END_REF] given that inhibiting calstabin2 dissociation from the RyR2 complex reduces RyR2-mediated SR Ca 2+ leak and is protective. Improving SR Ca 2+ handling thus appears to be a potential unique target for reducing reperfusion injury, independently of reducing arrhythmia occurrence per se [START_REF] Zucchi | Modulation of sarcoplasmic reticulum function: A new strategy in cardioprotection?[END_REF][START_REF] Piper | Cellular mechanisms of ischemia-reperfusion injury[END_REF].

In conclusion, the present study highlights the pathophysiological roles of TNF-α-induced caspase-8 activation and ROS/ NO production, in the control of RyR2 function after acute myocardial infarction. Early reperfusion induced S-nitrosylation of RyR2 and calstabin2 depletion from the channel complex. Caspase-8 activation also participates in reperfusion injury. Thus, both caspase-8 inhibition and RyR2/calstabin2 normalization are potential targets for the prevention of the effects of reperfusion, including myocardial cell death, arrhythmias, and late left ventricular remodeling after acute myocardial infarction.

Materials and Methods

See SI Materials and Methods for detailed descriptions.

Animal Model and Cell Dissociation. Eight-week-old Wistar Kyoto rats (Janvier) were used. The investigations conformed to the guidelines for the Care and Use of Laboratory Animals (National Institutes of Health No. 85-23, revised 1996) and European directives (96/609/EEC). For I/R protocol, the left coronary artery was ligated for 30 min (rats) and 1 h (mice). After 15 min of ligation, animals were randomly given vehicle (10% DMSO in 0.9% saline), Q-VD-OPh (i.p., 1 mg/kg in 10% DMSO), or Q-LETD-OPh (i.p., 1 mg/kg in 10% DMSO). In some experiments, animals were pretreated with S107 (25 mg/100 mL in the drinking water) 1 wk before ischemia and up to 72 h after reperfusion). Single cardiomyocytes were enzymatically isolated from the left ventricles as described before [START_REF] Fauconnier | Insulin potentiates TRPC3-mediated cation currents in normal but not in insulin-resistant mouse cardiomyocytes[END_REF].

Statistics. Data are presented as mean ± SEM. Statistical significance was assessed by using the Student 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. P < 0.05 was considered significant.

Fig. 1 .

 1 Fig. 1. (A) Representative MitoSOX red fluorescence recorded at 0, 30, and 60 min of TNF-α (10 ng/mL) or TNF-α + Q-LETD-OPh (10 μM) application in single ventricular rat cardiomyocytes. (B) Mean data ± SEM of normalized MitoSOX red fluorescence after 60 min of TNF-α application. *, statistical difference compared with control conditions (P < 0.05; n ≥ 20 cells in each conditions). Each caspase inhibitor (10 μM) was preincubated 15 min before TNF-α application. For S107 experiments, the animals were orally treated with S107 (25 mg/100 mL, in drinking water) 1 wk before cells isolation. Note that caspase-8 inhibitors (Q-LETD-OPh and Z-IETD-FMK) and broad spectrum caspase inhibitor (Q-VD-OPh) prevents TNF-α-induced mitochondrial ROS production, whereas caspase-3/7 inhibitor (Z-DEVD-FMK) and S107 did not. (C Left) Typical images of TNF-αinduced NO production measured with DAF-FM using confocal microscope. (C Right) Time change of normalized DAF-FM fluorescence in presence of TNF-α (10 ng/mL) or TNF-α + Q-LETD-OPh (10 μM). (D) Mean data ± SEM of normalized DAF-FM fluorescence after 60 min of TNF-α application. *, statistical difference compared with control conditions (P < 0.05; n ≥ 20 cells in each conditions). Note that caspase-8 inhibitor (Q-LETD-OPh), broad spectrum caspase inhibitor (Q-VD-OPh), and eNOS inhibitor (L-NIO) prevent TNF-α-induced NO production, whereas ceramidase inhibitor (NOE) or S107 did not. (E) Representative cardiac RyR2 immunoprecipitation and immunoblots and bar graphs showing Cys nitrosylation of cardiac RyR2 and the amount of calstabin2 in the cardiac RyR2 complex. Bar graph shows the relative amount of calstabin2 associated with the RyR2 channel complex for each group determined by dividing the calstabin2 signals by the total amount of RyR2 that was immunoprecipitated (a.u.). The bar graphs, depicting the relative amount of RyR2 S-nitrosylation for each group, were determined by dividing the Cys-NO signals by the total amount of RyR2 immunoprecipitated (a.u.). Data presented as mean ± SEM (F) RyR2 single channels isolated from left ventricular cardiomyocytes treated 1 h with TNF-α (10 ng/mL), or with Q-LETD-OPh (10 μM) followed by 1 h with TNF-α (10 ng/mL). (F) Representative RyR2 single-channel traces from control, TNF-α treated, and Q-LETD-OPh+TNF-α-treated samples. Single channel activities were recorded at 150 nmol/L free cytosolic (cis) Ca 2+ concentration and 53 mM Ca(OH) 2 luminal (trans) at 0 mV. Channel openings are shown as upward deflections from the closed level (c-). Example of channel activity is shown at two different time scales (10 s for one upper trace and 1 s for two lower traces in each block) as indicated by dimension bars. Summary data of relative values of RyR2 Po of control, TNF-α treated and Q-LETD-OPh+TNF-α treated samples. *P < 0.05 vs. control. (G) Spontaneous SR Ca 2+ release events were recorded in fluo-4-AM-loaded intact cardiomyocytes by laser scanning confocal microscopy. Representative ΔF/F lines can images (1.54 ms per line) were recorded in the absence of (control) or after 1 h of TNF-α incubation. Ca 2+ sparks frequency is used as an index of diastolic SR Ca 2+ leak. Caspases inhibitors are indicated as follows: Q-LETD, Q-LETD-OPh; Z-IETD, Z-IETD-FMK; Z-DEVD, Z-DEVD-FMK; Q-VD, Q-VD-OPh. Data are expressed as mean ± SEM, (*P < 0.05 vs. control; n ≥ 30 cells in each condition).

Fig. 2 .

 2 Fig. 2. (A) Circulating levels of TNF-α after reperfusion compared with sham-operated animals. Plasma level of TNF-α was maximal after 1 h of reperfusion and returned to normal values within 6 h of reperfusion. (*P < 0.05 vs. sham; n ≥ 6 animal in each conditions). (B) Normalized caspase-8 activity measured in left ventricular free wall homogenates after different time of reperfusion. Increased caspase-8 activity was maximal after 6 h of reperfusion and return to normal values within the first 24 h of reperfusion. (n = 6 animals). (C) Representative cardiac RyR2 immunoprecipitation and immunoblots and bar graphs showing Cys nitrosylation of cardiac RyR2 and depletion of calstabin2 from the cardiac RyR2 complex, 24 h after reperfusion in a rat model of ischemiareperfusion (I/R) treated either with the vehicle (DMSO, i.p. injected), S107 (drinking water; 25 mg/100 mL), or Q-LETD-OPh (i.p. injected 15 min before reperfusion). The relative amount of calstabin2 associated with the channel complex was determined by dividing the calstabin2 signals by the total amount of RyR2 immunoprecipitated (a.u.). The relative amount of RyR2 S-nitrosylation for each group was determined by dividing the Cys-NO signals by the total amount of RyR2 immunoprecipitated (a.u.). Data presented as mean ± SEM. (D) Representative sections of TTC-stained hearts. Quantification was done by normalizing the infarct area (IA) to the area at risk (AAR). Treatment with Q-LETD-OPh or S107 reduces infarct size after 24 h of reperfusion. (*P < 0.05 vs. sham; n ≥ 6 animals in each conditions). Caspase-8 inhibitor, Q-LETD-OPh, is indicated as Q-LETD.

Fig. 3 .

 3 Fig.3. Left ventricular remodeling 15 d after reperfusion. (A) Heart section stained with Masson trichrome revealed a major increase in fibrosis that was prevented when animals were i.p. injected in Q-LETD-OPh, 15 min before the reperfusion or when pretreated with S107 (1 wk before ischemia and up to 72 h after reperfusion) compared with vehicle treated animals. (*P < 0.05 vs. sham; n ≥ 6 animals in each conditions). (B) Heart weight to body weight ratio was significantly increased in DMSO-treated animals and unchanged in Q-LETD-OPh-or S107-treated animals (*P < 0.05 vs. sham; n ≥ 10 animals in each conditions). (C) Echocardiographic parameters analyzed 15 d after reperfusion. Left ventricular telediastolic diameter (LVtd; Left), fractional shortening (FS; Center) and E wave over A wave ratio (E/A; Right) are significantly affected in DMSO-treated animal. Echocardiographic parameters were significantly enhanced when animals where i.p. injected in Q-LETD-OPh or with S107. (*P < 0.05 vs. sham; n ≥ 8 animals in each conditions). Caspases inhibitors are indicated as follows: Q-LETD, Q-LETD-OPh; Q-VD, Q-VD-OPh.

Fig. 4 .

 4 Fig. 4. (A) Representative cardiac RyR2 immunoprecipitation and immunoblots and bar graphs showing Cys nitrosylation and depletion of calstabin2 from the cardiac RyR2 complex, 2 wk after reperfusion. Levels of proteins in the RyR2 complex were normalized to the total amount of RyR2 (a.u.). Data presented as mean ± SEM. (B) RyR2 channels isolated from hearts 15 d after reperfusion. Representative single-channel traces recorded at 150 nmol/L free cytosolic (cis) Ca 2+ concentration and 53 mM Ba(OH) 2 luminal (trans) at 0 mV. Channel openings are shown as upward deflections from the closed level (c-). Example of channel activity is shown at two different time scales (10 s for one upper trace and 1 s for two lower traces in each block) as indicated by dimension bars. Summary data of relative values of RyR2 normalized Po under different treatment conditions are indicated in the labeled legend. The single channel Po at 150 nmol/L free cytosolic Ca 2+ concentration was normalized to the Po at 5,000 nmol/L free cytosolic Ca 2+ concentration. *P < 0.05 vs. sham. #P < 0.05 vs. DMSO. Data are the means ± SE of 5-9 experiments for each group. (C) Western blot showing the presence of NFAT4 in cytosolic and nuclear fractions from different cardiac samples. The low level of GAPDH in the nuclear fraction indicates that these fractions were not contaminated by cytosol. The histograms represent the ratio of nuclear NFAT4 to cytosolic plus nuclear NFAT4. (D) mRNA expression level of Atrial Natriuretic Factor (ANF) and fibronectin in left ventricular free wall 15 d after reperfusion. (*P < 0.05 vs. sham; n ≥ 8 animals in each conditions). (E) mRNA expression level of TNF-α signaling cascade key proteins such as TNF-α receptor 1 and 2 (TNFR1 and TNFR2), caspase-8 (C8), and TNF-α. Note that i.p. injection 15 min before reperfusion of Q-LETD-OPh or Q-VD-OPh or a pretreatment with S107 (1 wk before ischemia and up to 72 h after reperfusion) normalized mRNA expression level compared with DMSO-treated animals. (*P < 0.05 vs. sham; n ≥ 8 animals in each conditions). Caspases inhibitors are indicated as follow: Q-LETD, Q-LETD-OPh; Q-VD, Q-VD-OPh.
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