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Abstract

Background: The interplay between oxidative stress and other signaling pathways in the contractile
machinery regulation during cardiac stress and its consequences on cardiac function remains poorly
understood. We evaluated the effect of the crosstalk between B-adrenergic and redox signaling on post-
translational modifications of sarcomeric regulatory proteins, Myosin Binding Protein-C (MyBP-C) and
Troponin I (Tnl). Methods and Results: We mimicked in vitro high level of physiological cardiac
stress by forcing rat hearts to produce high levels of oxidized glutathione. This led to MyBP-C S-
glutathionylation associated with lower protein kinase A (PKA) dependent phosphorylations of MyBP-
C and Tnl, increased myofilament Ca** sensitivity, and decreased systolic and diastolic properties of the
isolated perfused heart. Moderate physiological cardiac stress achieved in vivo with a single 35 min
exercise (Low stress induced by exercise, LSE) increased Tnl and cMyBP-C phosphorylations and
improved cardiac function in vivo (echocardiography) and ex-vivo (isolated perfused heart). High stress
induced by exercise (HSE) altered strongly oxidative stress markers and phosphorylations were
unchanged despite increased PKA activity. HSE led to in vivo intrinsic cardiac dysfunction associated
with myofilament Ca** sensitivity defects. To limit protein S-glutathionylation after HSE, we treated
rats with N-acetylcysteine (NAC). NAC restored the ability of PKA to modulate myofilament Ca?*
sensitivity and prevented cardiac dysfunction observed in HSE animals. Conclusion: Under cardiac
stress, adrenergic and oxidative signaling pathways work in concert to alter myofilament properties and

are key regulators of cardiac function.



Introduction

Oxidative stress is common in many cardiac disorders including ischemia/reperfusion, diabetes, and
hypertensive heart disease. Oxidative stress leads to impaired cardiac pump function due to changes in
the expression or function of proteins that regulate the excitation contraction coupling. There is growing
evidence that the cardiodepressant actions of reactive oxygen species (ROS) are not only mediated by
myocardial injuries but also are attributable to subtler redox-dependent post-translational modifications
of excitation contraction coupling proteins [1]. Each cardiac contraction is triggered by the release of
calcium (Ca*") from the sarcoplasmic reticulum that binds on the troponin-tropomyosin regulatory
complex, which activates subsequently the interaction between thick and thin filaments. Oxidative
modifications of proteins involved in Ca?" handling during excitation contraction coupling are largely
described and include inhibitory SERCA2a redox modification [2] and oxidation as well as ROS-
dependent hyperphosphorylation of the Ryanodine receptor [3]. Although the contractile machinery has
been less studied, the sarcomere itself is also the target of oxidative modifications that further contribute
to contractile dysfunctions in cardiac disease [4]. In the healthy heart, the role of such modifications to
accommodate the difference in hemodynamic loads during rest and cardiac stress remains to be clarified

and was the focus of the present study.

The contractile machinery is highly regulated by post-translational modifications of regulatory
contractile proteins, such as Myosin Light Chain 2 (MLC2), Troponin I (Tnl) and cardiac Myosin
Binding Protein-C (cMyBP-C). These sarcomeric proteins are phosphorylated by ROS-sensitive
enzymes [5] and can be directly impacted by ROS production [6]. Among redox-sensitive sarcomeric
proteins, cMyBP-C is under the scope. Indeed, cMyBP-C is an important regulator of cardiac dynamics,
a potential activator of the thin filaments that interacts with myosin [7] and titin [8] and contributes to
the heart (-adrenergic response [9, 10]. cMyBP-C phosphorylation at Ser273, Ser282, and Ser302 is
generally attributed to protein kinase A (PKA) and viewed as a mechanism that modulates the kinetic
of thick-thin filament interactions and increases force generation [11]. In the last decade, cMyBP-C was

shown to be a preferential target of S-glutathionylation, a reversible post-translational modification
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between glutathione (GSH) and redox-sensitive cysteines of proteins activated during oxidative stress
(see [12] for review). S-glutathionylation of cMyBP-C was identified first in a proteomic screen of
cardiomyocytes stimulated in vitro with oxidized GSH or diamide a thiol selective oxidant [13]. The
functional consequences of cMyBP-C S-glutathionylation were demonstrated later in the
deoxycorticosterone acetate-salt hypertensive mouse model [14]. The level of cMyBP-C S-
glutathionylation was correlated with diastolic dysfunction without apparent change in cellular Ca**
fluxes [14]. The ROS associated with the disease induced S-glutathionylation of cMyBP-C, which
slowed cross-bridge kinetics and increased Ca’" sensitivity. Several cysteines of cMyBP-C can be S-
glutathionylated in vitro and lead to an increase in myofilament Ca**sensitivity [15, 16]. Previous
experiments have found that every cardiac myofilament protein, except TnT and MLC2 has a cysteine
that can be modified by oxidants [17, 18]. Among them all proteins are not S-glutathionylated. A high-
molecular-weight protein, which could be titin has been identified as a likely target of S-
glutathionylation following myocardial infarction [19]. Later a study showed clearly in vitro that titin
can be S-glutathionylated [20]. Interestingly, an interaction between phosphorylation and S-
glutathionylation of cMyBP-C was explicitly demonstrated in vitro [16]. Reduced site-specific cMyBP-
C phosphorylation is accompanied by increased protein S-glutathionylation in ventricular tissue from
patients with heart failure. The link between pathways and the functional consequences remains unclear

in particular in vivo.

Therefore, the aim of the present study was to focus on the cardiac functional consequences of
myofilament protein post-translational modifications induced by ROS or ROS-activated signaling
enzymes. We particularly investigated cMyBP-C and c¢Tnl. The (-adrenergic signaling and oxidative
stress pathways were differentially activated by modulating in intensity and duration the physiological
stress induced by exercise. We observed that depending on the stress duration, the cardiomyocyte
contractile machinery is targeted by different post-translational modifications that differentially affect

the cardiomyocyte contractile function in vivo.



Materials and Methods

Animal studies. Male Wistar rats (12-week-old, n=78; weight=361+4 g; Janvier, France) were housed
with a 12-hour light-dark cycle and free access to water and food. All investigations conformed to the
European Parliament Directive 2010/63/EU and were approved by the local ethics committee (Comité
d’éthique pour I’expérimentation animale Languedoc-Roussillon, n°® CEEA-00322.03). All rats were
familiarized with the treadmill by running at 15 m/min for 15min daily for a week. Afterwards, to
achieve different degrees of activation of the pathways investigated, some rats performed a bout of
exercise at 20m/min (about 65% of the maximal aerobic velocity, MAV) for 35min (Low stress induced
by exercise, LSE group) or until exhaustion for about 3 hours (186.7+14.6 min) to induce a high stress-
induced by exercise (HSE) [21]. LSE and HSE animals were compared with non-runners (control group).
Animals were regularly given access to water during the exercise protocol to avoid dehydration and
hypovolemia. Other rats (n=12) were treated with 50mg/kg N-acetyl cystein (NAC) by i.p. injection 48
hours and 1 hour before HSE (HSE+NAC group). To study the modifications persisting after exercise,

all experiments were performed after a recovery of 30min.

In vivo cardiac function analysis. Rats were anesthetized with ketamine and xylazine (75mg/kg and

15mg/kg respectively, i.p.) for echocardiography (MyLab 30 ESAOTE), as previously described [22].

Isolated perfused hearts. Isolated hearts were retrogradely perfused and LV function evaluated all
along the procedure, as described [23], in presence or not of 80umol/L 1,3-bis-2chloroethyl-1-nitrourea

(BCNU), a glutathione reductase inhibitor, for S5min (8), or with 0.1uM ISO for Smin (n=4).

Force measurements in permeabilized cardiomyocytes. Isometric force was measured in single
cardiomyocytes permeabilized with 0.3% Triton X-100 for 5min.[22] The relationship between Ca*'-
activated force and internal Ca®* concentration was measured at a SL of 2.3um and fitted using a

modified Hill equation. To mimic -adrenergic stimulation, some permeabilized cardiomyocytes were



incubated before attachment with recombinant PKA catalytic subunit (Sigma Aldrich, France) at room

temperature for 50min, as described [10].

Western blot analysis. Myocardial protein expression was studied, as previously described [5]. Briefly,
frozen LV tissue was solubilized in non-reducing Laemmli buffer. Proteins were separated using SDS-
PAGE electrophoresis and transferred onto nitrocellulose membranes (GE Healthcare). Membranes
were blocked with the Odyssey Blocking Buffer in PBS (LI-COR Biosciences) and incubated overnight
with primary antibodies (Supplemental TableS1). Bands were revealed and quantified with the Odyssey
system (LI-COR Biosciences, Lincoln, Nebraska) after incubation with fluorescent secondary

antibodies. Protein content was expressed relative to GAPDH or calsequestrin (CSQ) content.

Determination of glutathione levels and cMyBP-C S-glutathionylation. Levels of oxidized (GSSG)
and reduced glutathione (GSH) in LV were measured using a Glutathione (GSSG/GSH) Detection Kit
(ADI-900-160, EnzoLife Sciences, NY, USA), according to the manufacturer's instructions.

Non-reducing SDS-PAGE was used to determine cMyBP-C S-glutathionylation, following a previously

described protocol.[15]

Malondialdehyde assay. As a marker of myocardial lipid peroxidation, Malondialdehyde (MDA) level
was measured in cardiac tissue using the Lipid Peroxidation-MDA Assay Kit (ab118970, Abcam,

Cambridge, Mass, United States), according to the manufacturer's instructions.

Determination of protein kinase A activity. PKA activity was determined by a non-radioactive
protein kinase assay kit (PKA Kinase Activity Assay Kit, no. ab139435, Abcam, Cambridge, Mass,

United States) according to the manufacturer's instructions.



Statistical analysis. Statistics were performed using StatView 5.0 (SAS Institute, Cary, NC). Data are
presented as the mean+=SEM. Differences were assessed with the one-way ANOV A when appropriate.

When significant interactions were found, a Bonferroni post hoc test was applied with p< 0.05.



Results

S-glutathionylation affects post-translational modifications of contractile proteins and cardiac
function in rats

Isolated control hearts were perfused with or without an inhibitor of glutathione reductase activity
(BCNU). Glutathione reductase inhibition decreases the cellular reduced/oxidized glutathione ratio
(GSH/GSSG), leading to protein S-glutathionylation [24]. Perfusion of isolated hearts with BCNU
reduced markedly the level of free GSH as well as the GSH/GSSG ratio (Fig. S1) without impacting
MDA (Fig S1B), used as a marker of lipid peroxidation. In line with altered GSH/GSSG ratio, BCNU
increased the level of S-glutathionylated cMyBP-C (Fig. 1A). Regarding regulatory proteins of
sarcomeric function, S-glutathionylation was specific to ¢cMyBP-C and did not affect the other
regulatory protein cTnl (Fig. 1B). Interestingly, the phosphorylation levels of cMyBP-C and Tnl at PKA
sites were decreased in particular for cMyBP-C (Fig. 1C and 1D). This was not due to a reduction of
PKA activity with BCNU treatment since the level of PKA activity was not altered (Fig. 1E). Those
post-translational modifications of cMyBP-C and Tnl were associated with changes in the contractile
machinery properties investigated in permeabilized cardiomyocytes. The relationship between the Ca*'-
activated tension and the amount of Ca*" (pCa=-log[Ca?']) was altered in BCNU-treated myocytes
compared with control cells (Fig. 1F). The maximal active tension was decreased by BCNU (Fig. 1F
and 1H). The Ca®" sensitivity of myofilaments, assessed as the pCa that develops half of the maximal
tension (pCaso), was higher in BCNU-treated myocytes than in controls (Fig. 1G and 11). The diastolic
stiffness of the myocytes was determined by measuring the level of passive tension developed when
stretching the myocyte from the slack length (=1.8um) to 2.0 and 2.3um of SL in absence of Ca*".
Passive tension was not significantly altered by BCNU although a tendency to increase was observed
(Fig. 1]). Increasing the amount of oxidized GSH altered the contractile properties of the whole heart
evaluated ex vivo using a Langendorff isolated perfused heart model to control cardiac preload, afterload,
heart rate and circulating factors. The LV diastolic properties were altered as indicated by the tendency
to higher LV diastolic pressure (Fig. 1K) and significant lower relaxation velocity dP/dtmin (Fig. 1N)
in BCNU-perfused hearts compared with untreated samples. Systolic function was also altered, as
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indicated by the lower LV systolic pressure (Fig. 1L) and contraction velocity dP/dtmax (Fig. 1M). In
conclusion, high oxidized GSH levels induce negative effects on both diastolic and systolic contractile
properties, possibly via protein S-glutathionylation and decreased phosphorylation of regulatory

contractile proteins.

Differential balance between B-adrenergic and oxidative pathways mediated by low and high
stress-induced by exercise

We explored the physiological relevance of the interaction between protein S-glutathionylation and
PKA-dependent phosphorylations in a context of acute physical exercise, known to activate both (3-
adrenergic and oxidative pathways [25]. Moderate physiological cardiac stress was achieved in vivo
with a single 35min exercise (Low stress induced by exercise, LSE). For high stress induced by exercise
(HSE), animals ran until exhaustion. The degree of [-adrenergic signaling pathway activation was
determined by measuring the activity of its intracellular effector PKA (Fig. 2A). PKA activity was
increased by 15% in LSE hearts and by 30% with HSE to a level reached when isolated control hearts
were stimulated ex vivo with isoprenaline (ISO). The phosphorylation levels of cMyBP-C and Tnl on
PKA sites (Fig. 2B) were both increased with LSE compared with control hearts. The level of Tnl
phosphorylation after LSE was however lower when compared to hearts directly treated ex vivo with
ISO. Interestingly the levels of cMyBP-C and Tnl phosphorylation were similar to control hearts after
HSE despite the increase in PKA activity (Fig. 2B).

The level of oxidative stress produced by cardiac stress was evaluated by several markers. A marker of
lipid peroxidation, MDA, was increased significantly by 66% after LSE and by 240% with HSE
compared with controls (Fig. 2C). ISO stimulated hearts had also a higher MDA content of 160%. Both
LSE and HSE had no effect on irreversible post-translational modifications such as the protein
carbonylation (Fig. S2B). We also measured the level of free GSH as well as the GSH/GSSG ratio (Fig.
2D and 2E), which reflect the degree of oxidative stress and altered cellular redox state. Both parameters
were unchanged with LSE and significantly decreased with HSE or isoprenaline stimulation. This
reflects an increase in oxidized glutathione content and decrease in free glutathione with HSE and

isoprenaline stimulation. The level of S-glutathionylated cMyBP-C was increased in all conditions of
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stress, LSE, HSE and ISO (Fig. 2F). Altogether, the results indicate that these stress protocols provide
as expected differential levels of activation of [-adrenergic and oxidative pathways associated with
different post-translational modifications of regulatory proteins.

Under these different stresses and modifications, myofilament contractility was unchanged by LSE and
altered by HSE (Fig. 3A and 3B). The maximal active tension was decreased (Fig. 3A and 3C) and the
Ca’" sensitivity of myofilaments (pCaso) increased in HSE myocytes compared with controls (Fig. 3B
and 3D). Finally, the diastolic properties were altered, as indicated by the higher passive tension induced
by HSE compared with control myocytes after a stretch to 2.3pum of SL in relaxing solution (Fig. 3E).
LSE had modest impact on the whole heart contractility measured ex vivo in isolated perfused heart
model. In such conditions, systolic parameters, such as the developed pressure (Fig. 3F) and dP/dtmay,
(Fig. 3G) were similar after LSE to control hearts and only relaxation velocity dP/dtmi, tended to increase
(Fig. 3H). Conversely, after HSE all systolic and diastolic parameters were reduced compared to control
hearts (Fig. 3F to 3H). Finally, in another set of rats, cardiac contractile function was measured in vivo
by echocardiography after a resting period of 30min under anesthesia (Fig. 3E). No difference of heart
rate was observed between groups (supplemental Table S2). The left ventricular diastolic end diameter
was increased after LSE and reduced after HSE compared with controls. The left systolic ventricular
end diameter decreased only after HSE. Systolic function was increased only after LSE as indicated by
the higher LV shortening fraction (Fig. 31, Supplemental Table S2) and LV systolic wall motion velocity
(Sm), evaluated by tissue Doppler imaging compared with controls (Supplemental Table S2). The
diastolic anterior and posterior wall thicknesses were significantly increased in HSE compared with LSE,
synonyms of reduced wall relaxation during diastole in HSE. Other indexes of diastolic function such
as the E/A ratios of early diastolic and atrial transmitral inflow velocities (Fig. 3J) as well as the Em/Am
ratios obtained by tissue Doppler imaging, were reduced only in HSE compared with controls and LSE
(Fig. 3K). Altogether, the in vivo and ex vivo results indicate that in rats, LSE has no major effects on
cardiac function and if there is one it is beneficial whereas HSE leads to in vivo intrinsic cardiac
dysfunction associated with specific post-translational modifications such as reduced PKA-dependent

phosphorylations and increased S-glutathionylated cMyBP-C.
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Preventing redox modifications reduces the stress-induced by exercise

N-acetylcysteine (NAC), a cell-permeable cysteine precursor shown to replenish intracellular GSH
levels [26], was administrated to rats to limit the activation of protein S-glutathionylation after HSE.
MDA levels in HSE hearts were normalized to those of control rats (Fig. S2). Moreover the levels of
free GSH as well as the GSH/GSSG ratio in HSE-NAC were significantly higher than HSE (Fig. 4A).
NAC also prevented the increased level of S-glutathionylated cMyBP-C after HSE (Fig. 4B). Relative
to controls, the levels of PKA-dependent phosphorylations were reduced for cMyBP-C and unchanged
for Tnl. In isolated hearts, systolic parameters such as the L'V developed pressure tended to be higher in
hearts from HSE+NAC rats compared with untreated HSE animals (Fig. 4C) and the difference reach
significance regarding dP/dtmay, (Fig. 4D). The impaired relaxation (dP/dtmis) after HSE was completely
prevented by NAC (Fig. 4E). At the level of the contractile machinery, NAC pre-treatment had no effect
on the maximal active tension (Fig. 4F) but prevented the changes induced by HSE on the passive
tension and myofilament Ca** sensitivity (Fig. 4, G and H).

Incubation of permeabilized myocytes with the recombinant PKA catalytic subunit led to a reduction in
the myofilament Ca®" sensitivity (Fig. 4H) in control myocytes, as previously reported [10]. Conversely,
myofilaments became insensitive to PKA after HSE. Similar results, as well as impaired relaxation,
were previously obtained in transgenic mouse models in which Tnl could not be phosphorylated by
PKA [27] or cMyBP-C was absent [10, 28]. Interestingly, the myofilament sensitivity to PKA was
maintained in the HSE+NAC group, as shown by the reduction in pCasy upon incubation with
recombinant PKA catalytic subunit (Fig. 4H). Altogether, the results indicate that HSE alters the

contractile properties through a redox-dependent mechanism.
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Discussion

In this study, we investigated the intrinsic contractile defects that persist in the myocardium after
physiological cardiac stress induced by different levels of physical activity. We observed that following
increased cardiac workload, the contractile machinery is the target of reversible post-translational
modifications that affect the cardiac function in vivo. Specifically, moderate exercise induced persistent
S-glutathionylation of the regulatory protein cMyBP-C and PKA-dependent phosphorylation of
cMyBP-C and Tnl that have positive effect on systolic cardiac function. On the other hand, higher
cardiac stress induced by prolonged exercise led to cardiac dysfunction with persistent cMyBP-C S-
glutathionylation that interfered on the PK A-dependent phosphorylation levels. Our study highlights a
crosstalk between S-glutathionylation and phosphorylation of cardiac contractile regulatory proteins

resulting in differential cardiac modulations (Fig. S3).

Intrinsic cardiac dysfunction after prolonged exhaustive exercise.

Acute high cardiac stress induced in vivo diastolic dysfunction with preserved systolic contractile
function. This is in accordance with previous clinical [29] and experimental [21] studies showing that
HSE induces transient early reduction of LV diastolic function with secondary altered systolic function
following longer exercise [30]. Cardiac effects of prolonged exhaustive exercise have never been
compared to the effects of a shorter exercise bout. We observed that moderate cardiac stress (LSE)
increased systolic function. This beneficial effect on cardiac function disappears with prolonged stress
(HSE) with the appearance of in vivo diastolic dysfunction and alteration of some systolic parameters
function. The mechanisms underlying the decreased LV function after prolonged exhaustive exercise
are unclear, but could involve in humans 1) diminution in blood volume due to dehydration that could
reduce cardiac preload leading to decreased ventricular performance without direct alteration of cardiac
contractility [31] or 2) intrinsic alterations independent of blood volume changes. Our investigation on
isolated perfused hearts normalized loading conditions, heart rate and circulating factors between groups,
and detected both systolic and diastolic dysfunctions in HSE. Such intrinsic systolic abnormalities were
probably compensated in vivo by high levels of plasma epinephrine and norepinephrine previously
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reported in similar conditions of HSE [21]. Consistent is the high level of PKA activity measured here
in the myocardium after HSE to the same extent as observed with isoprenaline perfusion. /n vivo, the
heart is clearly under the regulation of the autonomic nervous system during exercise and recovery [32].
The complete recovery of the sympathovagal balance after the end of exercise may take up 48 hours [33]
and is negatively impacted by the duration of exercise [34]. The B-adrenergic pathway plays a key role
in the functional and molecular cardiac responses to exercise. However, the B-adrenergic pathway per
se does not seem to be necessary to observe HSE-induced biochemical and functional modifications. In
LSE (intermediate level of PKA activity) or Isoproterenol perfusion (high level of PKA activity but with
short duration), some of the adaptations observed in HSE were present, but without cardiac dysfunction.
Moreover, in conditions of severe adrenergic stress but preserved redox balance with NAC treatment
(no oxidative stress and normal oxidized glutathione levels), deleterious effects of HSE were absent.
Finally, pharmacological inhibition of glutathione reductase with BCNU mimicked the HSE-induced
biochemical and functional modifications with no impact on PKA activity.

There are several potential mechanisms for diastolic dysfunction. One is increased diastolic Ca®*
resulting in a slowed ventricular relaxation and diastolic dysfunction. Alternatively, myofilament cross-
bridge kinetics and response to Ca’>" are regulated and, if altered, could contribute to diastolic
dysfunction ([35-37]). There is now various evidences that show clearly the link between myofilament
S-glutationylation and impaired cardiac function. The group of Solaro has clearly showed in models of
hypertension and familial hypertrophic myopathy [14, 38, 39] that S-glutationylation of cMyBP-C
slowed cross-bridge cycling kinetics and increased Ca** sensitivity, which result is diastolic dysfunction.
Those diastolic abnormalities occur with no change in the Ca** transients suggesting that the dysfunction
occurs at the level of the sarcomere. Consistent with those previous findings, we evaluated the effect of
HSE on cross-bridge cycling kinetics by measuring K¢ after a release-restretch protocol. Ktr was
significantly decreased after HSE consistent with a slower cross-bridge cycling kinetic (Fig. S4).
Alternatively, diastolic changes of the heart and cardiomyocytes could be due to the giant elastic protein
titin. The relationship between higher cellular stiffness and increased myofilament Ca’* sensitivity
observed after HSE is consistent with previous reports indicating that the level of titin-based passive
tension can influence the myofilament Ca®" sensitivity [40-42]. Additionally, S-glutathionylation has
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been clearly shown in vitro to target titin [20]. We performed some exploratory experiments showing
that S-glutathionylation of titin increases with our cardiac stress conditions LSE, HSE and after BCNU
treatment (Fig S5). It is to note that no sign of titin degradation is observed in all conditions. S-
glutathionylation of titin may not explain alone the higher passive tension after HSE since previous
report showed in vitro a reduction of passive tension with S-glutathionylation of titin [20]. Changes in
titin phosphorylation by PKA, PKC, PKG or CamKII are also expected to affect the level of passive
tension [43, 44]. Muller, et al. reported that a single bout of 15 min exercise in rat increased cellular
stiffness and altered PEVK titin phosphorylations probably mediated by PKCa[45]. Moreover, PKG
pathway has been shown to be very important in increasing passive tension in heart failure with
preserved ejection fraction [43, 44]. Thus, considering the complex regulation of titin by various redox
post-translational modifications and the impact on both passive and active contractile properties, further
studies are required to elucidate the exact participation of titin S-glutathionylation and phopshorylations

in the contractile changes observed after cardiac stress.

Cardiac stress intensity and function

We propose from our experiments that B-adrenergic signaling pathway activation increased cardiac
workload that induced oxidative stress. This consequently activated S-glutathionylation mechanisms
that finally affected cardiac function. How to explain the different effects of cardiac stress in our study?
We observed that both moderate and high cardiac stress increased S-glutathionylation of cMyBP-C.
Considering that GSH can prevent damage to important cellular components caused by ROS, it is not
surprising that S-glutathionylation is activated early [46]. Importantly, we did not detect any sign of
major carbonylation, an irreversible redox modification, of contractile proteins (Fig. S2). This is
consistent with previous studies suggesting that direct oxidative modifications of sarcomeric proteins
lead to a decrease in force generation, whereas sarcomeric protein phosphorylation by ROS-activated
enzymes decrease myofilament Ca?" sensitivity, which is not observed here [4]. A main difference
between stress conditions was that only moderate stress increased the level of cMyBP-C and Tnl
phosphorylation. Oxidative stress is a key intermediate in intense exercise-induced myocardium injury
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[47]. In presence of NAC, HSE induced no persistent oxidative stress (normal MDA level), no S-
glutathionylation and no PKA-dependent phosphorylation resulting in normal cardiac function. This is
consistent with previous publications showing that restoring redox balance either by relieving NOS
uncoupling in the DOCA-salt hypertensive mouse model [38] or using NAC in a familial hypertrophic
cardiomyopathy mouse model [39] restored diastolic function in correlation with a reduction of S-
glutathionylation of cMyBP-C.

Differences in the stimulus intensity and more importantly duration may explain different effects on the
levels of cMyBP-C and Tnl post-translational modifications and cardiac function. Firstly, oxidation can
affect kinase activities. Hydrogen peroxide can activate type I PKA, which then translocates from the
cytosol to the nuclear and myofilament compartments in cardiomyocytes in a cAMP-independent
manner [48]. Similarly, PKA activity is enhanced in mild oxidizing conditions, or after short exposure
to oxidants [49]. In contrast, longer or higher concentrations of the oxidant diamide inhibit PKA
phosphorylation in the same conditions [49]. PKA is protected from oxidation in the inactive tetrameric
state, but is susceptible to oxidation and S-glutathionylation upon activation [49]. The catalytic subunit
can be protected against irreversible oxidation-induced inactivation by S-glutathionylation or by
disulfide linkage to the regulatory subunit Il of PKA. In our study, PKA activity remained increased by
15% with moderate exercise and by 30% with HSE to a level reached when isolated control hearts were
stimulated ex-vivo with isoprenaline (Fig. 2). Thus, the reduced phosphorylation levels on PKA sites
after HSE cannot be explained by a reduced kinase activity. However, it cannot be excluded that
oxidation may modulate PKA phosphorylation via indirect routes by acting on phosphatases [49].
Secondly, S-glutathionylation itself could prevent phosphorylations on specific sites. Previous
publications showed that several cysteines of cMyBP-C can be S-glutathionylated in vitro [15, 16].
Stathopoulou et al [16] showed that in vitro S-glutathionylation of Cys249, localized near the
phosphorylation sites, attenuated phosphorylations by protein kinases (PKA and CaMKII). This may
explain why after HSE, PKA-mediated phosphorylation of Tnl and cMyBP-C was similar in control and
HSE hearts despite higher PKA activity (Fig. 2A) and why myofilaments contractile properties were
unchanged by recombinant PKA catalytic subunit incubation. Interestingly, similar myofilament
insensitivity to PKA was observed previously in transgenic mouse models in which Tnl [27] or cMyBP-
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C [10] could not be phosphorylated on PKA sites. The BCNU experiments confirmed the direct link
between increased GSSG and cMyBP-C S-glutathionylation amounts, the reduced phosphorylation of
regulatory contractile proteins and the cardiac dysfunction with no impact on B-adrenergic signaling
pathway (Figure 1E) and oxidative stress (Supplemental Figure 1B). Adaptive responses associated
with environmental stressors are critical to cell survival. Under conditions when cellular redox and
antioxidant defenses are overwhelmed, the selective oxidation of critical residues within selected protein
sensors functions to down-regulate energy metabolism and the further generation of ROS. This may
ensure minimal nonspecific cellular damage, allowing for rapid restoration of cellular function through

repair of oxidized proteins.

Study limitation:

In our study, we used an antibody approach to detect S-glutathionylation and not an analytical approach.
We thus analyzed only global S-glutathionylation status with the limitations of the detection. In
particular, we cannot specifically indify the Cysteines modified and to which extent they are S-
glutathionylated as a function of the duration/intensity of exercise/oxidative stress. The relative
contribution of S-glutathionylation to reduce cMyBP-C PKA-dependent phosphorylation and to inhibit

or prevent PKA activity on the effect of HSE on cardiac function needs to be investigated more precisely.

Only young male rats were tested in this study. Age- and gender-related factors could significantly
influence cardiac response to exercise and subsequent cardiac remodeling. Experiments were performed
30 min after exercise and future studies should determine if such reversible changes could become
irreversible when the exercise is repeated and lead to potential deleterious heart remodeling, as observed
during heart failure.

Taking all these consideration together, our results pave the way: 1/ to further studies to investigate the
pathophysiology and for instance propose various modalities of training to reduce these deleterious
effects induced by strenuous exercise, and 2/ to pharmacological prevention of such deleterious effect
of strenuous exercise. Indeed, activation of the glutathione system is easily available in daily practice
(NAC) and above all, innocuity is well-established. Other candidates with anti-oxidative properties

could be tested.
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Conclusion:

In summary, we demonstrate the importance of both adrenergic and oxidative stress signaling pathways
in regulating/dysregulating cardiac function. We show that both pathways work in concert to alter
myofilament properties and cardiac function. Depending on the intensity/duration of the stress, we
showed that dynamic regulations of the pathways with redox alterations can blunt the adrenergic
signaling pathways and lead to cardiac dysfunction. Whether such reversible changes could become
irreversible and constitute a key trigger of deleterious heart remodeling, as observed during heart failure

remains to be investigated.
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Abbreviations Used

BCNU = 1,3-bis-2chloroethyl-1-nitrourea

B-AR = B- adrenergic receptors

Ca’" = calcium

CSQ = calsequestrin

cAMP = cyclic adenosine monophosphate

DevP = Left ventricular developed pressure

dP/dtmin = minimal first derivative of left ventricular pressure
dP/dtmax = maximal first derivative of left ventricular pressure
E/A = ratio of early (E) diastolic and atrial (A) transmitral inflow velocities
Em/Am = ratio of early (Em) to late (Am) diastolic left ventricular wall motion
GAPDH = glyceraldehyde-3-phosphate dehydrogenase

GSH = glutathione

GSH/GSSG = ratio of reduced to oxidized glutathione

HSE = High stress induced by exercise

ISO = isoprenaline

Sm = left ventricular systolic wall motion velocity

LSE = Low stress induced by exercise

LV = Left ventricular

LVED = Left Ventricular end dimensions

MAYV = maximal aerobic velocity

MDA = Malondialdehyde

MLC2 = Myosin Light Chain 2

MyBP-C = Myosin Binding Protein-C

NAC = N-acetylcysteine

NEM = N-ethylmaleimide

PKA = protein kinase A

ROS = reactive oxygen species

19



Tnl = Troponin I

20



References

[1] Kohler AC, Sag CM, Maier LS. Reactive oxygen species and excitation-contraction
coupling in the context of cardiac pathology. Journal of molecular and cellular cardiology.
2014,73:92-102.

[2] Sivakumaran V, Stanley BA, Tocchetti CG, Ballin JD, Caceres V, Zhou L, et al. HNO
enhances SERCAZ2a activity and cardiomyocyte function by promoting redox-dependent
phospholamban oligomerization. Antioxidants & redox signaling. 2013;19:1185-97.

[3] Shan J, Betzenhauser MJ, Kushnir A, Reiken S, Meli AC, Wronska A, et al. Role of chronic
ryanodine receptor phosphorylation in heart failure and beta-adrenergic receptor blockade in
mice. J Clin Invest. 2010;120:4375-87.

[4] Sumandea MP, Steinberg SF. Redox signaling and cardiac sarcomeres. J Biol Chem.
2011;286:9921-7.

[5] Andre L, Fauconnier J, Reboul C, Feillet-Coudray C, Meschin P, Farah C, et al.
Subendocardial increase in reactive oxygen species production affects regional contractile
function in ischemic heart failure. Antioxidants & redox signaling. 2013;18:1009-20.

[6] Johnston AS, Lehnart SE, Burgoyne JR. Ca(2+) signaling in the myocardium by (redox)
regulation of PKA/CaMKII. Front Pharmacol. 2015;6:166.

[7] Harris SP, Rostkova E, Gautel M, Moss RL. Binding of myosin binding protein-C to myosin
subfragment S2 affects contractility independent of a tether mechanism. Circulation research.
2004;95:930-6.

[8] Sadayappan S, de Tombe PP. Cardiac myosin binding protein-C: redefining its structure
and function. Biophys Rev. 2012;4:93-106.

[9] Gresham KS, Stelzer JE. The contributions of cardiac myosin binding protein C and
troponin | phosphorylation to beta-adrenergic enhancement of in vivo cardiac function. J
Physiol. 2016;594:669-86.

[10] Cazorla O, Szilagyi S, Vignier N, Salazar G, Kramer E, Vassort G, et al. Length and protein
kinase A modulations of myocytes in cardiac myosin binding protein C-deficient mice.
Cardiovasc Res. 2006;69:370-80.

[11] Barefield D, Sadayappan S. Phosphorylation and function of cardiac myosin binding
protein-C in health and disease. Journal of molecular and cellular cardiology. 2010;48:866-75.
[12] Xiong Y, Uys JD, Tew KD, Townsend DM. S-glutathionylation: from molecular
mechanisms to health outcomes. Antioxidants & redox signaling. 2011;15:233-70.

[13] Brennan JP, Miller JI, Fuller W, Wait R, Begum S, Dunn MJ, et al. The utility of N,N-
biotinyl glutathione disulfide in the study of protein S-glutathiolation. Mol Cell Proteomics.
2006;5:215-25.

[14] Lovelock JD, Monasky MM, Jeong EM, Lardin HA, Liu H, Patel BG, et al. Ranolazine
improves cardiac diastolic dysfunction through modulation of myofilament calcium sensitivity.
Circ Res. 2012;110:841-50.

[15] Patel BG, Wilder T, Solaro RJ. Novel control of cardiac myofilament response to calcium
by S-glutathionylation at specific sites of myosin binding protein C. Front Physiol. 2013;4:336.
[16] Stathopoulou K, Wittig I, Heidler J, Piasecki A, Richter F, Diering S, et al. S-
glutathiolation impairs phosphoregulation and function of cardiac myosin-binding protein C in
human heart failure. FASEB J. 2016;30:1849-64.

[17] Brennan JP, Wait R, Begum S, Bell JR, Dunn MJ, Eaton P. Detection and mapping of
widespread intermolecular protein disulfide formation during cardiac oxidative stress using
proteomics with diagonal electrophoresis. J Biol Chem. 2004;279:41352-60.

[18] Gross SM, Lehman SL. Accessibility of myofilament cysteines and effects on ATPase
depend on the activation state during exposure to oxidants. PLoS One. 2013;8:69110.

21



[19] Avner BS, Shioura KM, Scruggs SB, Grachoff M, Geenen DL, Helseth DL, Jr., et al.
Myocardial infarction in mice alters sarcomeric function via post-translational protein
modification. Mol Cell Biochem. 2012;363:203-15.

[20] Alegre-Cebollada J, Kosuri P, Giganti D, Eckels E, Rivas-Pardo JA, Hamdani N, et al. S-
glutathionylation of cryptic cysteines enhances titin elasticity by blocking protein folding. Cell.
2014;156:1235-46.

[21] Vitiello D, Boissiere J, Doucende G, Gayrard S, Polge A, Faure P, et al. beta-Adrenergic
receptors desensitization is not involved in exercise-induced cardiac fatigue: NADPH oxidase-
induced oxidative stress as a new trigger. J Appl Physiol (1985). 2011;111:1242-8.

[22] Ait Mou Y, Reboul C, Andre L, Lacampagne A, Cazorla O. Late exercise training
improves non-uniformity of transmural myocardial function in rats with ischaemic heart failure.
Cardiovasc Res. 2009;81:555-64.

[23] Farah C, Kleindienst A, Bolea G, Meyer G, Gayrard S, Geny B, et al. Exercise-induced
cardioprotection: a role for eNOS uncoupling and NO metabolites. Basic Res Cardiol.
2013;108:389.

[24] Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, Talukder MA, et al. S-
glutathionylation uncouples eNOS and regulates its cellular and vascular function. Nature.
2010;468:1115-8.

[25] Mason SA, Morrison D, McConell GK, Wadley GD. Muscle redox signalling pathways in
exercise. Role of antioxidants. Free radical biology & medicine. 2016.

[26] Atkuri KR, Mantovani JJ, Herzenberg LA, Herzenberg LA. N-Acetylcysteine--a safe
antidote for cysteine/glutathione deficiency. Curr Opin Pharmacol. 2007;7:355-9.

[27] Konhilas JP, Irving TC, Wolska BM, Jweied EE, Martin AF, Solaro RJ, et al. Troponin |
in the murine myocardium: influence on length-dependent activation and interfilament spacing.
J Physiol. 2003;547:951-61.

[28] Tong CW, Stelzer JE, Greaser ML, Powers PA, Moss RL. Acceleration of crossbridge
kinetics by protein kinase A phosphorylation of cardiac myosin binding protein C modulates
cardiac function. Circ Res. 2008;103:974-82.

[29] George K, Oxborough D, Forster J, Whyte G, Shave R, Dawson E, et al. Mitral annular
myocardial velocity assessment of segmental left ventricular diastolic function after prolonged
exercise in humans. J Physiol. 2005;569:305-13.

[30] Oxborough D, Birch K, Shave R, George K. "Exercise-induced cardiac fatigue"--a review
of the echocardiographic literature. Echocardiography. 2010;27:1130-40.

[31] Middleton N, Shave R, George K, Whyte G, Hart E, Atkinson G. Left ventricular function
immediately following prolonged exercise: A meta-analysis. Medicine and science in sports
and exercise. 2006;38:681-7.

[32] Porges SW. Vagal tone: a physiologic marker of stress vulnerability. Pediatrics.
1992;90:498-504.

[33] Furlan R, Piazza S, Dell'Orto S, Gentile E, Cerutti S, Pagani M, et al. Early and late effects
of exercise and athletic training on neural mechanisms controlling heart rate. Cardiovasc Res.
1993;27:482-8.

[34] Kaikkonen P, Hynynen E, Mann T, Rusko H, Nummela A. Can HRV be used to evaluate
training load in constant load exercises? Eur J Appl Physiol. 2010;108:435-42.

[35] Flagg TP, Cazorla O, Remedi MS, Haim TE, Tones MA, Bahinski A, et al. Ca2+-
independent alterations in diastolic sarcomere length and relaxation kinetics in a mouse model
of lipotoxic diabetic cardiomyopathy. Circ Res. 2009;104:95-103.

[36] Pohlmann L, Kroger I, Vignier N, Schlossarek S, Kramer E, Coirault C, et al. Cardiac
myosin-binding protein C is required for complete relaxation in intact myocytes. Circ Res.
2007;101:928-38.

22



[37] Wolska BM, Kitada Y, Palmiter KA, Westfall MV, Johnson MD, Solaro RJ. CGP-48506
increases contractility of ventricular myocytes and myofilaments by effects on actin-myosin
reaction. Am J Physiol. 1996;270:H24-32.

[38] Jeong EM, Monasky MM, Gu L, Taglieri DM, Patel BG, Liu H, et al. Tetrahydrobiopterin
improves diastolic dysfunction by reversing changes in myofilament properties. Journal of
molecular and cellular cardiology. 2013;56:44-54.

[39] Wilder T, Ryba DM, Wieczorek DF, Wolska BM, Solaro RJ. N-acetylcysteine reverses
diastolic dysfunction and hypertrophy in familial hypertrophic cardiomyopathy. Am J Physiol
Heart Circ Physiol. 2015;309:H1720-30.

[40] Cazorla O, Vassort G, Garnier D, Le Guennec JY. Length modulation of active force in
rat cardiac myocytes: is titin the sensor? Journal of molecular and cellular cardiology.
1999;31:1215-27.

[41] Cazorla O, Wu Y, Irving TC, Granzier H. Titin-based modulation of calcium sensitivity of
active tension in mouse skinned cardiac myocytes. Circ Res. 2001;88:1028-35.

[42] Fukuda N, Sasaki D, Ishiwata S, Kurihara S. Length dependence of tension generation in
rat skinned cardiac muscle: role of titin in the Frank-Starling mechanism of the heart.
Circulation. 2001;104:1639-45.

[43] LeWinter MM, Granzier HL. Cardiac titin and heart disease. J Cardiovasc Pharmacol.
2014,63:207-12.

[44] Linke WA, Hamdani N. Gigantic business: titin properties and function through thick and
thin. Circ Res. 2014;114:1052-68.

[45] Muller AE, Kreiner M, Kotter S, Lassak P, Bloch W, Suhr F, et al. Acute exercise modifies
titin phosphorylation and increases cardiac myofilament stiffness. Front Physiol. 2014;5:449.
[46] Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of
glutathione, a cellular protagonist. Biochem Pharmacol. 2003;66:1499-503.

[47] Neilan TG, Januzzi JL, Lee-Lewandrowski E, Ton-Nu TT, Yoerger DM, Jassal DS, et al.
Myocardial injury and ventricular dysfunction related to training levels among nonelite
participants in the Boston marathon. Circulation. 2006;114:2325-33.

[48] Brennan JP, Bardswell SC, Burgoyne JR, Fuller W, Schroder E, Wait R, et al. Oxidant-
induced activation of type | protein kinase A is mediated by RI subunit interprotein disulfide
bond formation. J Biol Chem. 2006;281:21827-36.

[49] Humphries KM, Juliano C, Taylor SS. Regulation of cAMP-dependent protein Kinase
activity by glutathionylation. The Journal of biological chemistry. 2002;277:43505-11.

23



Figure Legends:

Fig. 1. Effect of S-glutathionylation on cardiac function and post-translational modifications of
contractile proteins. Isolated hearts were perfused or not with 80uM BCNU to block glutathione
reductase activity. (A) Level of cMyBP-C S-glutathionylation (SG), (n=4 hearts/group at least in
duplicate) (B) Representative SDS-PAGE analyses and quantification of cardiac troponin I
immunoprecipitated from control hearts, BCNU-treated hearts and hearts that were subjected to low
(LSE) and high (HSE) stress-induced by exercise do not reveal S-glutathionylation of Tnl
immunoblotted with anti-GSH antibody (green) and anti-Tnl (red). PKA-dependent phosphorylation of
cMyBP-C (C) and Tnl (D) after BCNU treatment. (n=4 hearts/group in triplicate) (E) PKA activity
(U/pg protein) in LV myocardium from control (Ctrl, n=5) and control (BCNU, n=4) stimulated with
80uM BCNU. (F) The relationship between the tension generated by the myofilaments and the Ca®*
concentration expressed as pCa (=-log[Ca*"]) was studied in permeabilized myocytes from Ctrl (n=16
cells from 4 hearts) and BCNU (n=16 cells from 4 hearts). The averaged absolute (F) and relative to
maximal tension (G) tension-pCa curves were established. Effect of BCNU treatment on maximal active
tension (H), myofilament Ca*" sensitivity (pCaso) (I), and passive tension (J) in permeabilized
cardiomyocytes. (F) LV diastolic (K) and systolic (L) pressures and (M) dP/dtmax and (N) dP/dtmin were
measured ex vivo in isolated perfused hearts after treatment or not with BCNU (n=4 hearts/group). *,

p<0.05 BCNU vs Ctrl, ANOVA followed by Bonferroni’s post-hoc tests.

Fig. 2. Effect of low (LSE) and high (HSE) stress-induced by exercise on markers of B-adrenergic
and oxidative pathways. (A) PKA activity (U/ug protein) and (B) PKA-dependent phosphorylation of
cMyBP-C and Tnl were measured in LV myocardium from control (Ctrl, n=5), LSE (35min exercise,
n=4), HSE (3 hours exercise, n=4) and ISO-treated hearts (n=3). Levels of phosphorylated cMyBP-C at
Ser282 were normalized to total cMyBP-C and phosphorylated Tnl at Ser23/24 normalized to total Tnl
content (in duplicate); (C to E) Markers of oxidative stress measured in in LV myocardium from control
(Ctrl, n=5), LSE (n= 4), HSE (n=4) and ISO-treated hearts (n=3). (C) Measure of lipid peroxidation
based on the malondialdehyde (MDA). (D and E) Redox Glutathione modulation indexed by the ratio
between reduced glutathione (GSH) and oxidized glutathione (GSSG) and by the free glutathione
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content. (F) Level of cMyBP-C S-glutathionylation (SG) increased significantly in LSE and HSE
myocardium. Note that blots in B and F are composite images. *, p<0.05 vs Ctrl, ANOVA followed by

Bonferroni‘s post-hoc tests.

Fig. 3. Effect of low (L.SE) and high (HSE) stress-induced by exercise on cardiac function. (A) The
averaged absolute and (B) relative to maximal tension-pCa curves were established from control (Ctrl;
n=16 cells from 4 rats), LSE (n=15 cells from 4 rats) and HSE (n=16 cells from 4 rats) conditions. (C
to E) indexes of myofilament contractility were measured: maximal active tension, myofilament Ca?"
sensitivity (pCaso) and passive tension. Ex vivo measurement of LV developed pressure (F) and the peak
rate variation of the first derivative of LV pressure rise and fall (dP/dt max, G) and fall (dP/dt min, H)
in isolated perfused control (Ctrl, n=7), LSE rats (n=5) and HSE rats (n=9). (I to K) Echocardiographic
measurements in controls (Ctrl) (n=6), LSE (n=5) and HSE (n=7) rats of fractional shortening, E/A wave

ratio, and Em/Am velocity ratio. *, p<0.05 vs Ctrl, ANOVA followed by Bonferroni‘s post-hoc tests.

Fig. 4. Oxidative stress could be involved in cardiac dysfunction after high stress-induced by
exercise. The antioxidant capacities of animals were increased by injecting 50 mg.kg™ of NAC, a non-
specific permeant antioxidant, 48 hours and 1 hour before HSE (HSE+NAC). (A) Free glutathione
content and ratio between reduced glutathione (GSH) and oxidized glutathione (GSSG) in the
myocardium of HSE (n=4) and HSE rats treated with NAC (n=4) relative to control levels. (B) Levels
of cMyBP-C S-glutathionylation (SG) and phosphor PKA ¢cMyBP-C revealed by Western blotting
normalized to total cMyBP-C level on the same membrane relative to control. Levels of phospho PKA
cTnl normalized to total cTnl level (n=11 control hearts and 12 HSE and HSE+NAC hearts). (C to E)
Effect of NAC treatment on LV developed pressure, and dP/dtmi.x and dP/dtmin measured ex vivo in
isolated perfused hearts of HSE rats without NAC (n=9) and HSE rats with NAC (n=12) relative to
control levels. (F to H) Effect of NAC treatment on myofilament contractile properties in permeabilized
cardiomyocytes from HSE (n=16 cells from 4 hearts) and HSE-NAC (n=16 cells from 4 hearts).
Expressed as the average delta relative to control conditions of maximal active tension (F) and passive
tension (G). *, p<0.05 vs Ctrl, ANOVA followed by Bonferroni‘s post-hoc tests. (H) Effect of PKA
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stimulation of myocytes from control (n=16 cells from 4 hearts), HSE (n=16 cells from 4 hearts) and
HSE+NAC myocytes (n=12 cells from 4 hearts). *, p<0.05 stress effect vs Ctrl within stimulated and
non-stimulated PKA groups, , p<0.05 PKA effect within the same group, ANOVA followed by

Bonferroni‘s post-hoc test.
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Supplementary information on Methods

Isolated perfused hearts. After anesthesia (100 mg/kg sodium pentobarbital, i.p.) and total loss of
consciousness, rats were heparinized (1000 Ul/kg, i.v.). The heart was rapidly removed and immersed
in ice-cold Krebs solution. The aorta was cannulated for perfusion with oxygenated (95% 0,/5% CO>)
Krebs solution (118.3mmol/L NaCl, 25mmol/L NaHCOs;, 4.7mmol/L KCl, 1.2mmol/L MgSOs,,
1.2mmol/L KH;PO4, 11.1mmol/L glucose, 1.25mmol/L CaCl,, pH=7.4, 37°C). The right atrium was
excised. The atrioventricular node was crushed using fine forceps and the heart was paced at a rate
of 300 beats/min with an electrical stimulator (Low voltage stimulator, BSL MP35 SS58L, 3V). A non-
compliant balloon was inserted into the LV via the mitral valve and the balloon volume was adjusted
to achieve a LV end diastolic pressure of 5mmHg. The heart was perfused at a constant pressure
(80mmHg) and was allowed to stabilize for 30 min. To evaluate specifically the consequence of
protein post-translational modifications, some control hearts (n=4) were perfused with 80umol/L
1,3-bis-2chloroethyl-1-nitrourea (BCNU), a glutathione reductase inhibitor, for 5 min [1], or with
0.1uM ISO for 5 min (n=4). Throughout the procedure, the cardiac function parameters were
recorded (MP35, BioPac System Inc) to calculate the developed pressure (DevP), the maximal
(dP/dtmax) and minimal (dP/dtmi) first derivative of LV pressure. Finally, at the end of the
experimental procedure, LVs were frozen quickly in liquid nitrogen and stored at -80°C for western

blot analysis.

Cross-bridge kinetics:

Kinetic of tension redevelopment (ki) was measured by mechanically disrupting force-generating
cross-bridges at either sub-maximal activating solution ([Ca?*]=1.3uM) or at maximal calcium
activation ([Ca%**]=32uM). Cross-bridge disruption was induced by rapid release/restretch protocol [2,
3]. Briefly, cardiomyocytes were perfused with activating solution, when developed force reached

steady state, a rapid (2 ms) release/restretch of 20% original cell length was applied. The cell was



shortly kept (20 ms) at the unload shortening prior to 100% restretch. Following the

release/restretch step, force will drop to zero indicating that most cross-bridge have
detached. After the restretch step, force rises exponentially up to initial maximal force with
rate constant ky. For each cardiomyocyte, at a given SL, the above protocol was repeated 3

times and the average ki was estimated

Western blot analysis. Myocardial protein expression was studied, as previously described [4].
Briefly, LV tissue was quickly frozen in liquid nitrogen and solubilized in non-reducing Laemmli buffer
(3% SDS, 50 mM Tris HCL pH 6.8, 8 M urea, 2 M thiourea, 1 mM EGTA, 1 mM EDTA, 10 mM
Benzamidine, 0.2 mM Na3V04, 50 mM NaF, 20 mM B-glycerophosphate). Proteins were separated
using SDS-PAGE electrophoresis and were electrically transferred onto nitrocellulose membranes (GE
Healthcare). Then, membranes were blocked with the Odyssey Blocking Buffer in PBS (LI-COR
Biosciences) at room temperature for 45 min and incubated overnight with primary antibodies
(Supplemental TableS1). Bands were revealed and quantified with the Odyssey system (LI-COR
Biosciences, Lincoln, Nebraska) after incubation with fluorescent secondary antibodies (1:30,000
dilution, LI-COR Biosciences) at room temperature for 45 min. Protein content was expressed relative

to GAPDH or calsequestrin (CSQ) content.

Determination of glutathione levels and cMyBP-C S-glutathionylation (Fig S1). As an index of
myocardial lipid peroxidation, malondialdehyde (MDA) levels were measured in cardiac tissue using
the Lipid Peroxidation (MDA) Assay Kit (ab118970, Abcam, Cambridge, Mass, United States),
according to the manufacturer's instructions. Briefly, small LV pieces were homogenized in lysis
buffer and directly centrifuged at 15,000 g at 4°C for 15 min. The resulting supernatants were used to

measure MDA content by spectrofluorimetry.



Non-reducing SDS-PAGE was used to determine cMyBP-C and titin S-glutathionylation, following a
previously described protocol.[5] Briefly, samples were solubilized in non-reducing Laemmli buffer
(3% SDS, 50 mM Tris HCL pH 6.8, 8 M urea, 2 M thiourea, 1 mM EGTA, 1 mM EDTA, 10 mM
Benzamidine, 0.2 mM Na3V04, 50 mM NaF, 20 mM B-glycerophosphate) with 25mM N-
ethylmaleimide (NEM) 45 min at room temperature. Proteins were resolved on 10% acrylamide SDS
gel for MyBP-C and 3-8% SDS-polyacrylamide gradient gel and transferred onto nitrocellulose
membranes (GE Healthcare). Membranes were blocked with the Odyssey Blocking Buffer in PBS (LI-
COR Biosciences) at room temperature for 45 min and incubated with primary antibodies (anti-GSH,
anti-cMyBP-C3, anti-C-terminus titin and anti-CSQ) overnight. Then, membranes were incubated with
fluorescent secondary antibodies and revealed with the Odyssey system. For each sample, the

glutathionylated band (140kDa) was normalized to the level of total cMyBP-C on the same gel.

Determination of glutathione levels (Fig S2). Levels of oxidized (GSSG) and reduced glutathione (GSH)
in LV were measured using a Glutathione (GSSG/GSH) Detection Kit (ADI-900-160, Enzolife Sciences,
NY,USA), according to the manufacturer's instructions. Briefly, small LV pieces were homogenized in
5% meta-phosphoric acid (20uL/mg tissue) and directly centrifuged at 15,000 g at 4°C for 15 min. The
resulting supernatants were used to measure total GSH. To measure GSSG levels, supernatants were

incubated with 2M 4-vinylpyridine at room temperature for one hour.

Determination of protein kinase A activity. PKA activity was determined by a non-radioactive protein
kinase assay kit (PKA Kinase Activity Assay Kit, no. ab139435, Abcam, Cambridge, Mass, United
States) according to the manufacturer's instructions. Briefly, LV proteins were extracted in ice-cold
lysis buffer (20 mM MOPS, 50 mM B-glycerolphosphate, 50 mM sodium fluoride, 1 mM NazVO,, 5
mM EGTA, 2 mM EDTA, 1% NP40, 1 mM DTT, 1 mM benzamidine, 1 mM PMSF, 10 ug/mL leupeptin).
Protein lysates were centrifuged at 15,000 x g for 30 min at 4°C. Protein concentration was measured

by the Pierce™ BCA Protein Assay Kit (catalog no. 23225, Thermo Fisher Scientific). Protein extracts



were incubated in a microplate precoated with substrate. The assay was developed with
tetramethylbenzidine substrate and color development was stopped with acid stop solution.
Absorbance measured at 450 nm in a microplate reader was divided by total protein (ug) per sample

and the data represented as relative PKA activity.

References

[1] Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, Talukder MA, et al. S-glutathionylation
uncouples eNOS and regulates its cellular and vascular function. Nature. 2010;468:1115-8.

[2] Ait Mou Y, le Guennec JY, Mosca E, de Tombe PP, Cazorla O. Differential contribution of cardiac
sarcomeric proteins in the myofibrillar force response to stretch. Pflugers Arch. 2008;457:25-36.
[3] Vannier C, Chevassus H, Vassort G. Ca-dependence of isometric force kinetics in single skinned
ventricular cardiomyocytes from rats. Cardiovasc Res. 1996;32:580-6.

[4] Andre L, Fauconnier J, Reboul C, Feillet-Coudray C, Meschin P, Farah C, et al. Subendocardial
increase in reactive oxygen species production affects regional contractile function in ischemic heart
failure. Antioxidants & redox signaling. 2013;18:1009-20.

[5] Patel BG, Wilder T, Solaro RJ. Novel control of cardiac myofilament response to calcium by S-
glutathionylation at specific sites of myosin binding protein C. Front Physiol. 2013;4:336.



Supplemental Table S1. Antibody details

Antibody Concentration Source Manufacturer

Tnl 1:5,000 Mouse Hytest (4T21)

Tnl (p-Ser23/24) 1:10,000 Rabbit Abcam (ab58545)
cMyBP-C3 1:1,000 Mouse Santa Cruz Biotech.( sc-137181)
Titin (c-term) 1:500 Rabbit S. Labeit gif (X112-115)t
cMyBP-C3 (p-Ser282) 1:1,000 Rabbit Enzo LS (ALX-215-057-R050)
GSH 1:1,000/250 Mouse Virogen (101-A)

MLC2 1:4,000 Mouse Enzo LS (F109-3E1)

MLC2 (pSer20) 1:2,000 Rabbit Abcam (ab2480)

csQ 1:5,000 Rabbit Thermo Fisher (PA1-913)
GAPDH 1:60,000 Mouse Abcam (ab8245)

DNP 1:300 Rabbit Merck Millipore (S7150)




Supplemental Table S2: Echocardiographic measurements 30 min after low (LSE) or high (HSE)

stress induced by exercise.

Controls LSE HSE
(N=8) (N=5)
(N=7)
HR (bpm) 275+ 10 301+5 279 +8
LVEDd (mm) 7.57+0.27 8.94 +0.23* 6.82 +0.29*
LVEDs (mm) 4.19+0.15 4.26 +0.08 3.47 +0.18"#
AWTd (mm) 1.37 £0.02 1.30 £ 0.04 1.47 £ 0.02*
PWTd (mm) 1.43 £0.02 1.34 £0.04 1.57 +0.04*
SF (%) 44514 522+1.1% 49.0+1.7
Sm (cm/s) 42+0.3 5.4+0.1% 41+0.2
Em (cm/s) 6.3+0.2 6.9+0.3 45+0.3%#
Am (cm/s) 3.7£0.2 41+03 3.3£0.2
Em/Am 1.67 £0.05 1.72+0.12 1.36 +0.06*#
E/Em 15.3£1.0 150+ 1.2 14.4£0.9
E (cm/s) 952 +4.2 109.6 £6.9 66.9 +9.3%#
A (cm/s) 47.9+5.1 62.4+4.7 435+15"
E/A 2.05+0.10 1.78 £0.10 154 +0.21%

Results are presented in the meantSEM. HR: heart rate; LVEDd: left ventricular end
diameter in diastole; LVEDs: left ventricular end diameter in systole; AWTd: anterior wall
thickness in diastole; PWTd: posterior wall thickness in diastole; SF: shortening fraction; Sm:
systolic motion; Em: early diastolic motion; Am: late diastolic motion; E: early diastolic filling;
A: late diastolic filling; *p<0.05 vs Ctrl, ANOVA followed by Bonferroni‘s post-hoc tests; #,
p<0.05 vs LSE, ANOVA followed by Bonferroni‘s post-hoc tests.
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Supplemental Figure 1. Effect of BCNU on markers of oxidative stress measured in LV
myocardium from control (Ctrl, n=3) and BCNU-treated hearts (n=3). A) Redox Glutathione
modulation indexed by the ratio between reduced glutathione (GSH) and oxidized glutathione
(GSSG) (left panel) and by the free glutathione content (right panel).B) Malondialdehyde

(MDA) content as an index of lipid peroxidation. *, p<0.05 vs Ctrl, ANOVA followed by

Bonferroni‘s post-hoc tests.



Supplemental Figure 2
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Supplemental Figure 2: Markers of oxidative stress after high stress-induced by
exercise, effect of NAC pretreatment. The antioxidant capacities of animals were
increased by injecting 50 mg.kg™" of NAC, a non-specific permeant antioxidant, 48 hours and
1 hour before HSE (HSE+NAC). A) Measure of lipid peroxidation based on the
malondialdehyde (MDA). B) PKA activity C) Carbonylation of sarcomeric proteins in LV
myocardium of Ctrl (n=3 hearts), HSE (n=4 hearts), and HSE+NAC (n= 4 hearts) hearts.
Total proteins extracted from LV myocardium were derivatized with DNP to detect protein
carbonylation. The level of carbonylated proteins was revealed by immunoblotting with anti-
DNP antibodies (left panel) and was normalized to Tnl content on the same membrane. *,
p<0.05 HSE vs Ctrl, 1, p<0.05 HSE+NAC vs Ctrl, ANOVA followed by Bonferroni‘s post-hoc

tests.
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Supplemental Figure 3. Hypothetical impact of low (LSE) and high (HSE) stress-

Diastolic dysfunction

induced by exercise on cardiac function. (A) Low stress-induced by exercise increases
in the heart PKA activity and ROS production leading to PKA-dependent phosphorylation and
S-glutahionylation of the myofibrils, respectively. This improves systolic function. (B) High
stress-induced by exercise further increases in the heart PKA activity and ROS production
leading to high levels of S-glutahionylation that prevent PKA-dependent phosphorylation of

the myofibrils. This induces diastolic dysfunction.



Supplemental Figure 4
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Supplemental Fig 4: Effect of HSE on sarcomere function in skinned ventricular
myocytes. A) Representative traces of normalized force redevelopment in
permeabilized myocytes from control (CTRL) and HSE myocytes. B) Rate of force
redevelopment (kir) was determined in activating solution (pCa 4.5) in permeabilized
myocytes from control (n=4 animals; 16 myocytes/condition). * P<0.05 vs. Ctrl, ANOVA
followed by Bonferroni‘s post-hoc tests..
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Supplemental Fig 5: Effect of HSE on titin S-glutathionylation. A) Representative
coomassie 3-8% SDS-PAGE of control (Ctrl), LSE, HSE and BCNU treated myocardium.
B) Western blot analysis of titin S-gluathionylation normalized by the level of titin content
(C-terminus antibody) on the same band. (n=3 hearts/condition in duplicate). * P<0.05

vs. Ctrl, ANOVA followed by Bonferroni‘s post-hoc tests..
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Supplemental Figure 6. Whole Western blots of Figure 1A, 1C and 1D
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Supplemental Figure 7. Whole Western blots of Figure 2B and 2F
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