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Since aging increases oxidative stress, we analyzed the contribution of reactive oxygen species (ROS) to the contractile dysfunction of aged ventricular myocytes and investigated whether short-term interference with ROS formation could normalize contractile performance.

Isolated ventricular myocytes from young (2-4 months) and aged (24-26 months) male mice (C57BL/6) were used. We analyzed sarcomere shortening and calcium transients

Introduction

The aging heart is characterized by changes in the calcium handling of cardiac myocytes. Particularly the calcium removal from the cytosol by re-uptake into the sarcoplasmic reticulum (SR) is decelerated in aged cardiac myocytes favouring the development of diastolic dysfunction at higher frequencies [START_REF] Lakatta | Cardiovascular regulatory mechanisms in advanced age[END_REF]. Slowed Nevertheless, the role of ROS for contractile dysfunction of cardiac myocytes and its sources have not been directly proven in aged non-transgenic mice. Furthermore, it remains to be elucidated whether contractile dysfunction can not only be prevented by lifelong interventions but once established also can be reversed i.e. by antioxidative treatment.

To address these questions, we determined expression of calcium handling proteins and NADPH oxidase subunits. We analyzed contraction, calcium transients and myofilament ATPase activity of isolated ventricular myocytes from young and aged mice. To identify the role of ROS and NADPH oxidase, pharmacological approaches were used.

We show that increased superoxide formation by upregulated NADPH oxidase significantly contributes to age-dependent alterations in calcium transients and myofilament function that result in contractile dysfunction of aged murine ventricular myocytes.

Material & Methods

Isolation of murine ventricular myocytes

All procedures were approved by the local authorities and conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). We used young (2-4 months) and aged (24-26 months) male mice of the C57BL/6 strain. Mice were killed by cervical dislocation and ventricular myocytes were isolated by standard collagenase dissociation technique as previously described [START_REF] Kamkin | Ion selectivity of stretch-activated cation currents in mouse ventricular myocytes[END_REF]. Myocytes were superfused with tyrode solution (1.8 mmol/L calcium, 37°C) and voltage clamped to a holding potential of -80 mV. Electrode solution was composed of (in mmol/L) 140 CsCl, 5 NaCl, 4 Na 2 ATP, 4.5 MgCl 2 , 0.005 EGTA and 10 Hepes (pH 7.4). Trains of voltage steps were continuously applied at 0.5 Hz (10 ms pre-pulse to -45 mV followed by test-pulse to 0 mV for either 40 ms (short pulse) or 160 ms (long pulse)). After equilibration (3 min) frequency was sequentially increased: 0.5, 1, 2, 4 and 6 Hz (1 min each; 6 Hz for short pulses only).

Sarcomere length was continuously recorded using the IonOptix MyoCam system (scan rate 240 Hz). The last 10 contractions of every frequency train were averaged for fractional sarcomere shortening, time to peak shortening (TPS) and time to 70% relengthening (TR 70 ) using IonOptix software.

Pre-incubations with tiron (1 mmol/L; Fluka), diphenylene iodonium (DPI, 10 µmol/L; Sigma) or apocynin (50 µmol/L; Sigma) were done for at least 2-3 hours.

Calcium transients

Myocytes were loaded with Indo-1 AM (5 µmol/L; Invitrogen) for 30 minutes. 

Myocytes

Myofilament ATPase activity

Myofilaments were prepared as described by Pi et al. (2003). Isolated cardiac myocytes were homogenized in relaxing buffer composed of (in mmol/L) yield different free Ca 2+ concentrations (pCa 6.5 to 4.0; calculated using the WEBMAX C program at http://www.stanford.edu/~cpatton/webmaxc). After 10 min the reaction was stopped by addition of 50 µL ice-cold 25% TCA. Within this time, the reaction was linear using the highest calcium concentration (pCa 4.0).

The generated inorganic phosphate (P i ) was quantified by the malachite green assay [START_REF] Carter | Inorganic phosphate assay with malachite green: An improvement and evaluation[END_REF]. 20 µL of the supernatants from TCA precipitations were diluted to 100 µL. Subsequently, 70 µL of solution A (42 mmol/L Na 2 MoO 4 dissolved Blebbistatin is a specific inhibitor of myosin II ATPase activity [START_REF] Limouze | Specificity of blebbistatin, an inhibitor of myosin II[END_REF].
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For every sample, ATPase reactions were performed using untreated myofilaments and blebbistatin pre-incubated myofilaments (100 µmol/L, 20 min). The difference was ascribed to phosphate generation by myofilament ATPase. Activity was determined as nmol P i (mg protein) -1 min -1 by comparison with a phosphate standard curve, which was linear to at least 500 µmol/L P i .

Western blots

Western blot analyses were performed using hearts that were perfused with normal tyrode solution (1 min). Thereafter, hearts were immediately shock-frozen in liquid nitrogen. Hearts were homogenized in lysis buffer composed of (in mmol/L) 20 Tris, 250 sucrose, 3 EGTA, 20 EDTA, plus 0.5% Triton X-100, 0.5% SDS (pH 8.0), protease inhibitor cocktail (1:50; Sigma) and Ser/Thr phosphatase inhibitor cocktail (1:100; Sigma). After SDS-PAGE of total proteins and transfer onto polyvinylidene difluoride (PVDF) membranes, blots were incubated with antibodies specific for total phospholamban (Santa Cruz), DHP receptor α subunit (Dianova), RyR2 (Sigma) and Calsequestrin (Upstate). Blots were visualised using the ECL Western blotting analysis system (Amersham Pharmacia Biotech). annealing: 57°C, 20 s; synthesis: 72°C, 30 s). At the end of each run, melting curve analysis validated PCR reactions (see online Supplementary material). One sample was denominated as "calibrator" and the amount of target in each sample was determined relative to the "calibrator". Amplification of 18S rRNA was used as an internal control;

mRNA values are given as ratios normalized to 18S rRNA in arbitrary units (a.u.).

Statistics

All data are presented as mean ±standard error for n experiments. Differences between groups were tested using t-tests or one way ANOVA where appropriate and considered significant when P<0.05.

Results

Contractions

When paced with 40 ms voltage clamp pulses, fractional shortening of aged ventricular myocytes was smaller than in young myocytes. This difference became statistically significant with higher stimulation frequency (2-6 Hz). Pre-incubation with the superoxide scavenger tiron did not significantly improve fractional shortening in aged myocytes (table 1, Supplementary material). There were no significant differences in time to peak shortening (TPS) and time to 70% relengthening (TR 70 ) between young and aged myocytes paced with short pulses (data not shown).
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Representative recordings of a young and an aged cardiac myocyte paced with 160 ms voltage clamp pulses are shown in Fig. 1. This protocol induced calcium stress as indicated by after-contractions seen in young and aged myocytes, respectively. With increasing frequency, fractional shortening was reduced in both groups. However, young and aged myocytes shortened to the same extend. This was accompanied by a significant increase in TPS and TR 70 in aged myocytes.

We analyzed, whether oxidative stress contributes to the prolonged TPS and TR 70 of aged myocytes. Therefore, we pre-incubated aged myocytes with the superoxide scavenger tiron, with the flavoprotein inhibitor DPI or the NADPH oxidase inhibitor apocynin. These compounds had no effect on fractional shortening, but accelerated contraction kinetics and significantly reduced TPS and TR 70 in aged myocytes (Fig. 2).

None of these interventions significantly affected fractional shortening, TPS or TR 70 in young myocytes (data not shown).

Calcium transients

Representative calcium transients of a young myocyte, an aged myocyte and an aged myocyte pre-incubated with tiron are shown in Fig. 3. Statistical analyses indicated no difference in the time to peak calcium concentration (TPC) between the groups.

However, the amplitude of the calcium transients was significantly increased in the aged 

Myofilament ATPase activity

Maximum myofilament ATPase activity at pCa 4.0 (Fig. 4A) did not differ between the young group (264 ±13 nmol P i (mg protein) -1 min -1 ; n=3) and the aged group (273 ±19 nmol P i (mg protein) -1 min -1 ; n=3). In both groups, pre-incubation of isolated myocytes with tiron had no effect on maximum myofilament ATPase activity.

However, compared to young myocytes the calcium response curve of myofilament ATPase activity of aged myocytes was shifted rightwards (Fig. 4B). Consequently, myofilament ATPase activity was significantly reduced in aged myocytes at pCa 6.0 (Young: 190 ±5 nmol P i (mg protein) -1 min -1 ; n=3; Aged: 142 ±8 nmol P i (mg protein) -1 min -1 ; n=3). The reduced calcium sensitivity of ATPase activity from aged myofilaments was normalized by pre-incubation of aged myocytes with tiron. Hence, activity of myofilament ATPase at pCa 6.0 significantly increased (Aged + Tiron: 185 ±11 nmol P i (mg protein) -1 min -1 ; n=3). These values correspond to 72% (Young), 52%

(Aged) and 74% (Aged + Tiron) of the maximum myofilament ATPase activity.

Accordingly, there was a significant difference in the calcium concentration for halfmaximal myofilament ATPase activation between young and aged myocytes (Young: 0.72 ±0.08 µmol/L, n=3; Aged: 1.00 ±0.04 µmol/L, n=3; Fig. 4B inset) that was normalized by pre-incubation with tiron (Aged + Tiron: 0.70 ±0.04 µmol/L, n=3). Tiron had no effect on calcium sensitivity of myofilament ATPase of young myocytes.

Calcium handling protein expression

We determined expression of proteins involved in the calcium cycling of cardiac myocytes (Fig. 5). The α subunit of the DHP receptor that is responsible for calcium 
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NADPH oxidase subunit expression and activity

Using total RNA prepared from isolated cardiac myocytes, we analyzed subunit mRNA expression of NADPH oxidases (Fig. 6A). Aged: 119 944 ±5 607 RLU (mg protein) -1 min -1 ; n=5). In both groups, pre-treatment with tiron (n=5) or DPI (n=5) significantly reduced the chemiluminescence signal by approx. 95%. In contrast, pre-incubation with L-NAME (n=5) had no significant effect on chemiluminescence.

Discussion

In this report, we show that aged murine ventricular myocytes are characterized by alterations in calcium transients and myofilament function that result in slowed contraction kinetics. These alterations are sensitive to the superoxide scavenger tiron. 

Effect of the duration of membrane depolarisation on age-dependent changes of contraction

In previous studies on age-dependent changes, supra-threshold field stimulation was used to elicit contractions of ventricular myocytes [START_REF] Capasso | Cellular mechanisms of ventricular failure: myocyte kinetics and geometry with age[END_REF][START_REF] Li | Aging induces cardiac diastolic dysfunction, oxidative stress, accumulation of advanced glycation endproducts and protein modification[END_REF][START_REF] Yang | Metallothionein prolongs survival and antagonizes senescence-associated cardiomyocyte diastolic dysfunction: role of oxidative stress[END_REF]. This method does not allow for the control of action potential duration of myocytes. This is important because aged myocytes show action potential prolongation with concomitant delay in calcium channel inactivation supporting prolonged calcium influx [START_REF] Capasso | Effects of age on mechanical and electrical performance of rat myocardium[END_REF][START_REF] Walker | Age associated changes in membrane currents in rat ventricular myocytes[END_REF]. Therefore, compared to young myocytes field stimulation is expected to impose a larger calcium In contrast, we used rectangular voltage clamp pulses a method that facilitates application of identical membrane depolarisations to young and aged myocytes. When myocytes were paced with 40 ms pulses, fractional shortening was reduced in aged myocytes confirming results of a previous study by [START_REF] Grandy | Cardiac excitation-contraction coupling is altered in myocytes from aged male mice but not in cells from aged female mice[END_REF].

However, in our study age-related differences in fractional shortening were no longer evident when myocytes were paced with 160 ms voltage clamp pulses. It was suggested that the age-dependent delay of calcium channel inactivation and action potential prolongation is an adaptation of aged myocytes to preserve normal fractional shortening by increasing calcium influx [START_REF] Janczewski | Action potential prolongation in cardiac myocytes of old rats is an adaptation to sustain youthful intracellular Ca2+ regulation[END_REF]. Accordingly, application of short depolarisations to young and aged myocytes attenuates this adaptation and thus compromises fractional shortening of aged myocytes whereas long voltage clamp pulses support adaptation and normal fractional shortening.

Although we applied long voltage clamp pulses that exceed normal action potential duration, we could confirm the age-related deceleration of shortening/ relengthening of aged myocytes as previously reported using field stimulation [START_REF] Capasso | Cellular mechanisms of ventricular failure: myocyte kinetics and geometry with age[END_REF][START_REF] Li | Aging induces cardiac diastolic dysfunction, oxidative stress, accumulation of advanced glycation endproducts and protein modification[END_REF][START_REF] Yang | Metallothionein prolongs survival and antagonizes senescence-associated cardiomyocyte diastolic dysfunction: role of oxidative stress[END_REF]. Using a different mode of electrical pacing than previous studies, we show that prolonged membrane depolarization of aged myocytes is critical for the age-dependent alterations in contraction kinetics. Thus, in our study we applied long voltage clamp pulses to stimulate calcium transients and contractions. Deceleration of shortening/ relengthening of aged myocytes could result from analogous alterations in the calcium transients of aged myocytes. In our study, this was not the case. Time to peak calcium concentration was similar between young and aged myocytes. However, the amplitude of the calcium transients and time to 70% calcium decay were increased in the aged group. This suggests additional age-dependent changes in the function of myofilaments. For the first time, we could demonstrate a reduced calcium sensitivity of myofilaments of aged myocytes by analysis of myofilament ATPase activity. Due to this finding the data on contractions can be conclusively brought together with the calcium transient analyses. Thus, aging changes the contractile phenotype of myocytes in a complex way affecting calcium homeostasis as well as myofilament function.

Age-dependent changes on different levels of excitation-contraction coupling

Cardiac expression of calcium handling proteins during aging in C57BL/6 mice

Calcium handling deficiency with subsequent contractile dysfunction of aged myocytes could be due to an altered expression of calcium handling proteins as it was shown for SERCA2 in human cardiac aging [START_REF] Lakatta | Cardiovascular regulatory mechanisms in advanced age[END_REF]. Similarly, reduced cardiac expression of SERCA2 was demonstrated for aged rats and FVB mice, respectively [START_REF] Buttrick | Effect of aging and hypertension on myosin biochemistry and gene expression in the rat heart[END_REF]Lompre et al., 1991;[START_REF] Li | Cardiac-specific overexpression of insulin-like growth factor 1 attenuates agingassociated cardiac diastolic contractile dysfunction and protein damage[END_REF]. However, previously we could not find any age-dependent change in cardiac SERCA2 expression in C57BL/6 mice [START_REF] Isenberg | Ca 2+ transients of cardiomyocytes from senescent mice peak late and decay slowly[END_REF]. Additionally, we show that aging had no effect on the expression of DHP receptor α subunit, RyR2, phospholamban, calsequestrin and NCX1 confirming previous analyses by other groups [START_REF] Li | Cardiac-specific overexpression of insulin-like growth factor 1 attenuates agingassociated cardiac diastolic contractile dysfunction and protein damage[END_REF][START_REF] Xu | Effects of aging on sarcoplasmic reticulum Ca2+-cycling proteins and their phosphorylation in rat myocardium[END_REF]. In conclusion, it seems very unlikely that in the mouse strain C57BL/6 altered calcium handling protein expression accounts for the contractile dysfunction of aged ventricular myocytes. Therefore, in this model post-translational mechanisms have to be responsible for the observed age-dependent differences in myocytes function.
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NADPH oxidase-dependent superoxide formation decelerates contraction in aged myocytes

It is known that the activity of calcium handling proteins can be modulated by oxidative modification [START_REF] Stamler | Oxidative modifications in nitrosative stress[END_REF] and that oxidative stress accumulates with aging [START_REF] Adler | NAD(P)H oxidase-generated superoxide anion accounts for reduced control of myocardial O2 consumption by NO in old Fischer 344 rats[END_REF][START_REF] Sawada | Changes in superoxide radical and lipid peroxide formation in the brain, heart and liver during the lifetime of the rat[END_REF]. However, until now only a few studies have tried to analyse the impact of age-related changes in radical formation on calcium handling and contraction in ventricular myocytes. One study showed coincidence of age-related increase in oxidative stress and impairment of contractions without proving a causal relationship between both phenomena [START_REF] Li | Aging induces cardiac diastolic dysfunction, oxidative stress, accumulation of advanced glycation endproducts and protein modification[END_REF].

Recently, the same group showed prevention of age-related contractile dysfunction by lifelong constitutive cardiac-specific overexpression of antioxidative enzymes [START_REF] Li | Cardiac-specific overexpression of insulin-like growth factor 1 attenuates agingassociated cardiac diastolic contractile dysfunction and protein damage[END_REF][START_REF] Yang | Metallothionein prolongs survival and antagonizes senescence-associated cardiomyocyte diastolic dysfunction: role of oxidative stress[END_REF].

With our study, we further support the idea that reactive oxygen species causally contribute to age-related slowing of contractions. For the first time, we demonstrate that on the cellular level also short-term antioxidative treatment normalizes age-dependent contractile dysfunction of cardiac myocytes by affecting different processes of excitation-contraction coupling.

First, the calcium homeostasis is corrected, since pre-incubation of aged myocytes with the superoxide scavenger tiron normalized calcium transient amplitude and accelerated calcium decay. We speculate about the calcium release channel of the sarcoplasmic reticulum to be involved in these effects since it is known that oxidative modification of hyperactive SH-groups modulates ryanodine receptor channel activity. As a consequence, augmented RyR2 activation due to increased sensitivity to cytosolic calcium or reduced interaction with the inhibitory regulator calmodulin has been reported [START_REF] Balshaw | Calmodulin binding and inhibition of cardiac muscle calcium release channel (ryanodine receptor)[END_REF]Marengo et al., 1998) that would favour increased calcium transient amplitude. On the other hand, due to oxidative modification the RyR2 channel becomes leaky (Mochizuki et al., 2007), contributing to a slowed calcium decay by ongoing calcium efflux from the sarcoplasmic reticulum. However, the role of RyR2 as a target for age-dependent oxidative modulation should be proved in future studies i.e. by analyzing putative age-dependent redox-sensitive changes in calcium spark frequency and duration. Beside RyR2, SERCA2, the L-type Ca 2+ channel and the NCX have been shown to be modulated by oxidative modifications [START_REF] Kaneko | Mechanism for depression of heart sarcolemmal Ca2+ pump by oxygen free radicals[END_REF][START_REF] Kukreja | Singlet oxygen interaction with Ca(2+)-ATPase of cardiac sarcoplasmic reticulum[END_REF][START_REF] Gill | Free radicals irreversibly decrease Ca2+ currents in isolated guinea-pig ventricular myocytes[END_REF][START_REF] Goldhaber | Free radicals enhance Na+/Ca2+ exchange in ventricular myocytes[END_REF]. Therefore, also these calcium handling proteins are putative targets of age-related increased superoxide formation.

Additionally, we found that the reduced calcium sensitivity of myofilament ATPase of aged myocytes was corrected by pre-incubation with the superoxide scavenger tiron.

This suggests age-dependent functional modulation of the acto-myosin complex by superoxide. This view is supported by a recent study showing reduced calcium sensitivity of myofibrillar ATPase after ischemia-reperfusion of the rat heart that was prevented by application of antioxidants (Maddika et al., 2009).

As a consequence of these tiron-mediated effects on calcium transients and myofilament ATPase activity contraction kinetics of aged myocytes is normalized.

We wondered about the source of superoxide mediating the age-dependent functional alterations. Therefore, we analyzed contraction of aged myocytes in response to the structurally unrelated NADPH oxidase inhibitors apocynin and DPI. Similar to tiron,
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both inhibitors accelerated shortening/ relengthening suggesting cardiac myocytes NADPH oxidases to be the source of the involved superoxide anions.

Recently, it was suggested that in vascular cells apocynin predominantly acts as a scavenger of reactive oxygen species but not as an inhibitor of NADPH oxidases [START_REF] Heumüller | Apocynin is not an inhibitor of vascular NADPH oxidases but an antioxidant[END_REF]. For the following reasons this might not apply to our study.

Using tiron, we clearly demonstrated that superoxide is a mediator of the age-dependent slowing of contractions. However, according to [START_REF] Heumüller | Apocynin is not an inhibitor of vascular NADPH oxidases but an antioxidant[END_REF] substantial scavenging of superoxide depends on high concentrations of apocynin (> 300 µmol/L) that are far beyond the concentration used in our study. Alternatively, since apocynin scavenges hydrogen peroxide also at lower concentrations [START_REF] Heumüller | Apocynin is not an inhibitor of vascular NADPH oxidases but an antioxidant[END_REF] one could speculate that the superoxide was converted into hydrogen peroxide that in turn mediated the deceleration of contraction. However, this conversion critically depends on superoxide dismutase activity that is known to decline in aging hearts of rats and mice [START_REF] Van Der Loo | Expression and activity patterns of nitric oxide synthases and antioxidant enzymes reveal a substantial heterogeneity between cardiac and vascular aging in the rat[END_REF][START_REF] Vaanholt | Protein synthesis and antioxidant capacity in aging mice: effects of long-term voluntary exercise[END_REF]. Therefore, in the aged heart an increased formation of hydrogen peroxide from superoxide seems to be unlikely.

Considering these facts, we think our data provide evidence that superoxide derived from cardiac myocytes NADPH oxidase substantially contributes to the development of age-dependent contractile dysfunction. Nevertheless, this finding does not exclude other potential cellular sources of ROS. For example, the mitochondrial electron transport chain could be involved as well since it was shown that constitutive mitochondriatargeted overexpression of catalase also prevents age-dependent alterations in contractile performance [START_REF] Dai | Overexpression of catalase targeted to mitochondria attenuates murine cardiac aging[END_REF].

Concerning NADPH oxidase, we could demonstrate increased activity in aged myocytes using the lucigenin chemiluminescence assay. For both young and aged myocytes, the signal was reduced by more than 95% using DPI. We have to admit that DPI is a flavoprotein inhibitor. Consequently, it inhibits flavin-containing NADPH oxidases but also other flavoproteins. With regard to our assay conditions, DPI might also have inhibited the flavin-containing NO synthases that in a specific setting (substrate or cofactor deficiency) can generate superoxide upon stimulation with NADPH. Therefore, the contribution of NO synthases to the DPI-sensitive chemiluminescence signal was tested using L-NAME. Since L-NAME had no effect, we conclude that the recorded signal derived from superoxide generated by NADPH oxidases that are functionally upregulated in aged murine myocytes.

Increased NADPH oxidase activity may result from an increased expression. We tried to quantify subunit expression. Unfortunately, in our hands commercially available antibodies to NADPH oxidase subunits failed to give distinct signals in Western blot experiments using murine whole heart homogenates. Therefore, we analyzed mRNA expression in isolated ventricular myocytes although we know that these results might not necessarily translate into identical changes on protein level. Nevertheless, we found increased expression of p47phox as well as NOX2 and NOX4, the two core subunits of NADPH oxidase expressed in cardiac myocytes [START_REF] Byrne | Contrasting roles of NADPH oxidase isoforms in pressureoverload versus angiotensin II-induced cardiac hypertrophy[END_REF]. Our findings confirm and extend previous reports on NADPH oxidase expression and support increased NADPH oxidase activity in aged rodent hearts [START_REF] Adler | NAD(P)H oxidase-generated superoxide anion accounts for reduced control of myocardial O2 consumption by NO in old Fischer 344 rats[END_REF][START_REF] Li | Aging induces cardiac diastolic dysfunction, oxidative stress, accumulation of advanced glycation endproducts and protein modification[END_REF][START_REF] Yang | Metallothionein prolongs survival and antagonizes senescence-associated cardiomyocyte diastolic dysfunction: role of oxidative stress[END_REF].

In our study, even short-term antioxidative intervention attenuated age-dependent alterations in cardiac myocytes function. But the efficacy of antioxidants like Vitamin E to correct for age-dependent cardiac alterations in humans is questionable since it also has failed to show consistent beneficial effects in clinical trials on cardiovascular diseases (for putative reasons of failure see Robinson et al, 2006). However, oxidative stress results from an imbalance between formation and decomposition of reactive oxygen species. Therefore, oxidative stress due to an increased formation of reactive oxygen species could also be attenuated by a compensatory upregulation of antioxidative enzyme activity. It was demonstrated that regular physical activity increases antioxidative capacity in the rat heart or human skeletal muscle (Powers et al., 1993;[START_REF] Venditti | Antioxidants, tissue damage, and endurance in trained and untrained young male rats[END_REF][START_REF] Husain | Interaction of exercise training and chronic NOS inhibition on blood pressure, heart rate, NO and antioxidants in plasma of rats[END_REF][START_REF] Ennezat | Physical training in patients with chronic heart failure enhances the expression of genes encoding antioxidative enzymes[END_REF][START_REF] Linke | Antioxidative effects of exercise training in patients with chronic heart failure: increase in radical scavenger enzyme activity in skeletal muscle[END_REF]. These findings could provide an explanation for the observation that lifelong physical activity effectively prevents age-related cardiac contractile dysfunction [START_REF] Arbab-Zadeh | Effect of aging and physical activity on left ventricular compliance[END_REF].

In summary, we show augmented NADPH oxidase-dependent superoxide formation in aged myocytes and causally link these changes to the observed decelerated contraction kinetics of cardiac myocytes from aged mice. Further studies are needed to identify the target proteins of oxidative modification that mediate altered calcium homeostasis and myofilament function during cardiac aging. 
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  Furthermore, shortening and relengthening of aged myocytes are accelerated by the NADPH oxidase inhibitors DPI and apocynin. Our analyses indicate increased mRNA expression of NADPH oxidase subunits and augmented NADPH oxidase activity in aged myocytes. Collectively, these data suggest that augmented NADPH oxidasedependent superoxide formation contributes to the age-dependent impairment of contraction kinetics by modulation of calcium handling and myofilament function.

  myocytes that without further signalling per se could challenge calcium handling machinery.
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