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Abstract

Background—Patients with Duchenne muscular dystrophy (DMD) are at risk of developing 

cardiomyopathy and cardiac arrhythmias. Studies in a mouse model of DMD revealed that 

enhanced sarcoplasmic reticulum (SR) Ca2+ leak contributes to the pathogenesis of cardiac 

dysfunction. In view of recent data suggesting the involvement of altered phosphorylation and 

oxidation of the cardiac ryanodine receptor (RyR2)/Ca2+ release channel, we hypothesized that 

inhibition of RyR2 phosphorylation in a mouse model of DMD can prevent SR Ca2+ leak by 

reducing RyR2 oxidation.

Methods and Results—Confocal Ca2+ imaging and single RyR2 channel recordings revealed 

that both inhibition of S2808 or S2814 phosphorylation, and inhibition of oxidation could 

normalize RyR2 activity in mdx mice. Moreover, Western blotting revealed that genetic inhibition 

of RyR2 phosphorylation at S2808 or S2814 reduced RyR2 oxidation. Production of reactive 

oxygen species (ROS) in myocytes from mdx mice was reduced by both inhibition of RyR2 

phosphorylation or the ROS scavenger 2-mercaptopropionyl glycine (MPG). Finally, it was shown 

that ROS production in mdx mice is proportional to the activity of RyR2-mediated SR Ca2+ leak, 

and likely generated by Nox2.

Conclusions—Increased ROS production in the hearts of mdx mice drives the progression of 

cardiac dysfunction. Inhibition of RyR2 phosphorylation can suppress SR Ca2+ leak in mdx mouse 

hearts in part by reducing RyR2 oxidation.
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Introduction

Duchenne muscular dystrophy (DMD) is the most common and severe form of muscular 

dystrophy affecting approximately 1 of every 3,500 male births. DMD is X-linked recessive 

disorder caused by mutations in the dystrophin gene. Dystrophin and its associated 

glycoproteins provide a structural link between the myocyte cytoskeleton and extracellular 

matrix, connecting contractile proteins to the cell membrane [1]. Patients with DMD have a 

high incidence of cardiovascular morbidity and mortality due to cardiomyopathy and cardiac 

arrhythmias. The mdx mouse model of DMD also displays a phenotype consisting of age-

dependent cardiomyopathy, with older mice showing cardiac dilatation, reduced 

contractility, fibrosis and arrhythmias [2-4].

Several studies have demonstrated profound changes in excitation-contraction coupling and 

intracellular Ca2+ handling in hearts of mdx mice [5]. For example, expression levels of 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a) and sarcoplasmic reticulum (SR) 

luminal proteins such as calsequestrin are reduced, whereas resting [Ca2+ ] are increased [5]. 

Enhanced activity of the SR Ca2+ release channel known as ryanodine receptor type-2 

(RyR2) has been linked to the pathogenesis of cardiac dysfunction in DMD [3, 4, 6]. 

Changes in the phosphorylation status of Ca2+ handling proteins such as RyR2 are thought 

to contribute to SR Ca2+ leak, reduced Ca2+ transients, and increased likelihood of diastolic 

Ca2+ waves [4, 6]. Recent studies suggest a sequential or potentially synergistic contribution 

of both phosphorylation and oxidation of RyR2 as a contributor of progressive cardiac 

deterioration in mdx mice [7]. However, at this time the differential roles of RyR2 

phosphorylation and oxidation in DMD-related cardiac disease pathogenesis remains 

unclear.

The aim of this study was to delineate the potential interactions between RyR2 post-

translational modifications, in particular phosphorylation and oxidation, in the mdx mouse 

model of DMD. Our findings revealed that both inhibition of two major RyR2 

phosphorylation sites as well as RyR2 oxidation could normalize SR Ca2+ release activity in 

cardiomyocytes from mdx mice. Western blotting revealed, surprisingly, that genetic 

inhibition of RyR2 phosphorylation at S2808 or S2814 reduced RyR2 oxidation, suggesting 

a potential interaction between these post-translational pathways. The production of reactive 

oxygen species (ROS) in myocytes from mdx mice was reduced both by inhibition of RyR2 

phosphorylation and the ROS scavenger 2-mercaptoproppionylglycin (MPG), suggesting 

functional synergy between these post-translational modifications. Finally, we demonstrated 

that ROS production in mdx mice is proportional to the activity of RyR2-mediated SR Ca2+ 

leak. In conclusion, our study suggests that increased ROS production in the hearts of mdx 

mice drives the progression of cardiomyopathy, and that inhibition of RyR2 phosphorylation 

can suppress oxidation-induced SR Ca2+ leak in mdx mouse hearts.
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Methods

Animals

The mdx mice were obtained from Jackson laboratories (C57BL/10ScSn-Dmdmdx/J). The 

mdx:S2808A mice were generated by crossing mdx mice with RyR2-S2808A, in which 

S2808 on RyR2 is substituted by alanine to inhibit PKA phosphorylation of RyR2 in mdx 

mice [3]. The mdx:S2814A mice were generated by crossing mdx mice with RyR2-S2814 

mice, in which S2814 on RyR2 is genetically inactivated to prevent CaMKII 

phosphorylation of RyR2 [4]. Only male mice were used for experiments, and all lines were 

backcrossed for at least 20 generations. All studies were performed according to protocols 

approved by the Institutional Animal Care and Use Committee of Baylor College of 

Medicine conforming to the Guide for the Care and Use of Laboratory Animals published 

by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Mouse Ventricular Myocyte Isolation

Mouse ventricular myocytes isolation was performed as described [8]. Briefly, hearts were 

removed from anesthetized mice and rinsed in 0 Ca2+ Tyrode solution (137 mM NaCl, 5.4 

mM KCl, 1 mM MgCl2, 5 mM HEPES, 10 mM glucose, 3 mM NaOH, pH 7.4). The heart 

was cannulated through the aorta and perfused using a Langendorff system with 0 Ca2+ 

Tyrode for 5 minutes at 37 °C, followed by 0 Ca2+ Tyrode containing 20 μg/ml Liberase 

(Roche, Indianapolis, IN) for 10 to 15 minutes at 37 °C. After digestion, the heart was rinsed 

with 5 ml KB solution (90 mM KCl, 30 mM K2HPO4, 5 mM MgSO4, 5 mM pyruvic acid, 5 

mM β-hydroxybutyric acid, 5 mM creatine, 20 mM taurine, 10 mM glucose, 0.5 mM EGTA, 

5 mM HEPES, pH 7.2). The digested heart was minced in KB solution and agitated, then 

filtered through a 210 mm polyethylene mesh. The isolated ventricular myocytes were 

washed once and stored in KB solution at room temperature before use.

Confocal Calcium Imaging

Confocal imaging was performed as described [8]. Ventricular myocytes were incubated 

with 2 mM Fluo-4-acetoxymethyl ester (Fluo-4 AM, Invitrogen, Carlsbad, CA) in normal 

Tyrode (NT) solution containing 1.8 mM Ca2+ for 1 hour at room temperature, followed by 

15 min for de-esterification with dye-free NT solution and loaded on a laser scanning 

confocal microscope (LSM 510, Carl Zeiss, Thornwood, NY). Fluorescence images were 

recorded in line-scan mode with 1024 pixels per line at 500 Hz. After being paced at 1 Hz (5 

ms, 10 V) for 2 minutes, only rod-shaped myocytes showing clear striation and normal 

contractility were selected for further experiments. Once steady state Ca2+ transient was 

observed, pacing was stopped and Ca2+ sparks were counted.

ROS Production Assay

For the quantification of ROS production, myocytes were loaded with 5-(and-6)-

chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, 

Invitrogen) [9]. Briefly, isolated ventricular myocytes were loaded with 10 mM CM-

H2DCFDA in NT solution containing 1.8 mM Ca2+ for 30 min, followed by 15 min for de-

esterification with dye-free NT solution. Cells loaded with CM-H2DCFDA were excited at 
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488 nm using an Argon laser, and emitted fluorescence signals were collected above 500 

nm. After a conditioning 1-Hz pacing train, pacing was stopped and ROS production was 

measured. A time series of 160 cell fluorescence images with 2s interval was acquired for 

each cell. The laser power was minimized to reduce laser light induced production of ROS.

Single Channel Recordings

Single channel recordings of native RyR2 from mdx mice and WT mice were acquired under 

voltage-clamp conditions at 0mV as described [8]. Native cardiac SR preparations were 

added to be incorporated into lipid bilayer membranes. Once the RyR2 channel as inserted 

into the membrane, data were collected using a digidata 1322A (Axon instruments, 

Sunnyvale, CA) and a Warner Bilayer Clamp Amplifier BC-535 (Warner Instruments, 

Hamden, CT, USA). Ryanodine (5 μM) was applied to the cis chamber to confirm RyR2 

identity at the end of each experiment. Data were analyzed using pCLAMP 9.2 software 

(Axon instruments, Sunnyvale, CA).

Western Blot Analyses

Heart lysates were prepared from flash-frozen mouse hearts as described [8]. 

Phosphorylation of RyR2 were detected by using custom-made phospho-epitope specific 

antibodies against RyR2-S2814 (1:1,000) and RyR2-S2808 (1:1,000) [4]. Western blotting 

was performed using anti-gp91-phox (NADPH oxidase-2 or Nox2, 1:1,000; Abcam, 

Cambridge, MA), p47-phox (regulatory subunit of Nox2, 1:1,000; Santa Cruz, Dallas, TX), 

NADPH oxidase 4 (Nox4, 1:1,000; Abcam, Cambridge, MA). Oxidation level of RyR2 was 

measured by oxyblot (OxyBlot™ Protein Oxidation Detection Kit, 1:150; Millipore, 

Bedford, MA). Briefly, samples were denatured by SDS and the carbonyl groups in the 

protein side chains were derivatized to DNP-hydrazone by reaction with DNPH (2,4-

dinitrophenylhydrazine). The DNP-derivatized protein samples were separated by 

polyacrylamide gel electrophoresis followed by Western blotting, and then recognized by an 

antibody specific to the DNP moiety of the proteins.

Immunoprecipitation

Immunoprecipitation was performed as previously described [8]. Briefly, heart lysates were 

used for immunoprecipitation by using a commercial RyR2 antibody, the pellets were 

subjected to Western blotting. The membranes were probed with RyR2 antibody (1:5,000; 

Thermo Scientific, Rockford, IL), gp91-phox, p47-phox and Nox 4 antibodies. The 

intensities of both RyR2 and NADPH oxidase bands were measured with Image J software 

(version 1.44).

Statistical Analysis

Results are expressed as mean ± SEM. Continuous variables were evaluated with an 

unpaired Student t test or ANOVA test with post hoc Bonferroni correction. P<0.05 was 

considered statistically significant. All the analyses were done using SPSS.
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Results

Inhibition of RyR2 phosphorylation and oxidation both inhibit Ca2+ sparks in mdx mice

To test the effect of inhibition of RyR2 phosphorylation and oxidation on SR Ca2+ leak in 

mdx mice, Ca2+ imaging studies were performed on ventricular myocytes isolated from 3-

month-old wildtype (WT) and mdx mice. Isolated ventricular myocytes were subjected to a 

1-Hz pacing to obtain steady-state Ca2+ cycling, after which pacing was stopped and the 

incidence of Ca2+ sparks was documented. Representative line-scan images (Fig. 1A) and 

bar graphs containing summary data (Fig. 1B) show an increased frequency of Ca2+ sparks 

in myocytes from mdx mice (2.8±0.5 sparks/100μm/s) compared to WT mice (1.1±0.3 

sparks/100μm/s; P<0.05), consistent with enhanced SR Ca2+ leak in mdx mice. In contrast, 

genetic inhibition of the primary PKA phosphorylation site on RyR2 (S2808) or primary 

CaMKII site (S2814) greatly reduced the frequency of Ca2+ sparks, suggesting that 

inhibition of RyR2 phosphorylation reduces diastolic Ca2+ leak in mdx mice (Fig. 1B). 

Moreover, the ROS scavenger 2-mercaptopropionyl glycine (MPG) also reduced the Ca2+ 

spark frequency in mdx mice (1.55±0.35 sparks/100μm/s, P<0.05 vs mdx) (Fig. 1B).

Although not statistically significant, the amplitude of the calcium transients of mdx mice 

showed a trend toward a decrease probably due to the higher calcium leak in mdx 

cardiomyocytes, ROS scavenger MPG and genetic inhibition of RyR2 phosphorylation has 

similar amplitude with WT (Supplemental Fig 1A). In contrast to the Ca2+ sparks frequency, 

there were no significant difference between WT and mdx for sparks properties including 

Ca2+ sparks amplitude, the full-duration of half-maximum (FDHM) and the full-width of 

half-maximum (FWHM) (Supplemental Fig. 1, 2). Genetic inhibition of RyR2 

phosphorylation and MPG did not significantly change sparks properties in mdx mice 

(Supplemental Fig. 1, 2).

Inhibition of RyR2 phosphorylation and oxidation both inhibit RyR2 activity in mdx mice

To directly assess the effects of post-translational modifications on RyR2 channel activity, 

single channel recordings were performed in planar lipid bilayers (Fig. 2A). RyR2 channels 

from 3-5 month-old mdx mice showed a higher open probability (0.084±0.017) compared to 

WT (0.013±0.004; P<0.05). In contrast, genetic inhibition of RyR2 phosphorylation 

normalized open probability in hearts of mdx:S2808A (0.016±0.009; P<0.05 vs mdx), and 

mdx:S2814A mice (0.015±0.011(P<0.05 vs mdx) (Fig. 2B). In addition, ROS scavenger 

MPG also normalized the open probability in mdx mice (0.02±0.011; P<0.05 vs mdx). Other 

channel properties were also affected in the hearts of mdx mice.

RyR2 channels from mdx mice exhibited a higher mean open time (To, 4.91±2.17ms) 

compared to WT mice (1.374±0.106ms; P<0.05), and a lower closed time in mdx hearts (Tc, 

93.31±61.05ms) compared to WT (627.55±85.1ms; P<0.05). These RyR2 single channel 

properties were also mostly normalized by genetic inhibition of S2814 or S2808 

phosphorylation on RyR2, compared to mdx mice (Fig. 2B). Finally, treatment with ROS 

scavenger MPG also normalized RyR2 channel abnormalities in mdx mice (Fig. 2B). The 

dwell time histograms of the open and close states of a single typical channel from WT, mdx 

and mdx with MPG were shown and fitted using an exponential probability distribution 
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function (Supplemental Fig. 2). The lifetime of open states increased, and the lifetime of 

closed states decreased in mdx mice, and were normalized by MPG treatment (Supplemental 

Fig. 3). These data suggest that both phosphorylation and oxidation of RyR2 can contribute 

to elevated RyR2 activity in mdx mice.

Age-dependent changes in RyR2 oxidation and phosphorylation in mdx mice

We next assessed the level of RyR2 phosphorylation and oxidation in WT and mdx mice at 

1-month and 3-months of age using Western blotting. Consistent with our previously 

published data, there was no difference in RyR2 phosphorylation at S2808 or S2814 at 1-

month or 3-months of age between WT and mdx mice (Fig. 3A-B). In contrast, RyR2 

oxidation – while similar at 1-month of age – was increased 1.6 fold in mdx mice compared 

to WT mice at 3 months (Fig. 3C).

We next sought to explore the effects of genetic inhibition of RyR2 phosphorylation on the 

level of RyR2 oxidation, since our work shows that inhibition of RyR2 phosphorylation can 

reduce SR Ca2+ leak despite unaltered RyR2 phosphorylation levels at 3-months of age. 

Genetic inhibition of RyR2 phosphorylation at S2808 and S2814 in mdx mice blunted the 

elevated oxidation level of RyR2 in mdx mice at 3 months-of-age (Fig. 3D). These data 

suggested functional interplay between RyR2 phosphorylation and oxidation in the hearts of 

mdx mice.

Inhibition of RyR2 phosphorylation reduces ROS production in mdx mice

To assess the level of oxidative stress and production of reactive oxygen species (ROS), 

ventricular myocytes were incubated with ROS indicator CM-H2DCFDA (Fig. 4). The rate 

of ROS production was found to be significantly higher in cardiomyocytes from 3-month-

old mdx mice compared to WT controls (Fig. 4B-C). In contrast, treatment with ROS 

scavenger MPG reduced the ROS production in mdx mice to levels similar to those seen in 

WT myocytes (Fig. 4B-C). Genetic inhibition of RyR2 phosphorylation in mdx mice also 

reduced ROS production compared to mdx mice at 3-months of age (Fig. 4B-C). A second 

assay was used to quantify ROS production using DHE staining, which confirmed the 

aforementioned results (Supplemental Fig 4). Finally, the changes in ROS production were 

not present at the age of 1-month, suggesting that cardiac remodeling occurs between the 1-

to- 3 months of age time period (Supplemental Fig. 5).

ROS source in mdx mice

To identify the potential source of ROS generation in mdx mice, we measured expression 

levels of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits in the 

hearts of WT, mdx, mdx:S2808A and mdx:S2814A mice. Previous studies suggest that 

NADPH oxidase 2 (Nox2) and NADPH oxidase 4 (Nox4) are major contributors to elevated 

ROS production in dystrophic hearts [9, 10]. Western blot analysis revealed that protein 

levels of Nox2 and Nox4 were increased by 20-30% in mdx mice compared to WT at 3-5 

months (Fig. 5A, 5B). Genetic inhibition of RyR2 phosphorylation did not affect the 

increased Nox2 and Nox4 expression levels in mdx mice. Since activation of Nox2 requires 

translocation of cytosolic factors (p47-phox, p67-phox and p40-phox) to the NoX2/p22phox 

complex by the “organizer subunit” p47-phox,[10] and p47-phox was shown to colocalize 
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with RyR1 in skeletal muscle,[11] we also measured p47-phox expression levels (Fig. 5C). 

There were no significant changes in p47-phox expression level in mdx mice compared to 

WT mice (Fig. 5C).

ROS production in mdx mice is RyR2-dependent

Finally, we set out to investigate whether the production of ROS was dependent on RyR2-

mediated SR Ca2+ release. Caffeine was used to activate RyR2,[12] whereas RyR2 stabilizer 

JTV519 (JTV, also known as K201)[13] was applied to inhibit RyR2, and ROS production 

was measured in ventricular myocytes from mdx mice (Fig. 6A, 6B). RyR2 blockade by 

JTV519 decreased ROS production (slope: 0.015±0.004) compared to buffer-treated mdx 

myocytes (0.06±0.008; P<0.05) (Fig. 6B). On the other hand, caffeine activated ROS 

production (slope increased to 0.09±0.01; P<0.05 vs mdx) (Fig. 6B). These data suggest that 

SR Ca2+ release through RyR2 is an important mediator of ROS production. Finally, to 

determine the contribution of Nox2 to ROS production, Nox2 inhibitor gp91ds-tat was 

applied and ROS production was measured. After treatment with gp91ds-tat, ROS 

production in mdx mice was significantly decreased (0.013±0.003 vs 0.06±0.008 P<0.05), 

confirming Nox2 as a ROS source in mdx mice (Fig. 6).

Discussion

Previous studies have shown that alterations in either the phosphorylation status or the 

oxidation state of RyR2 lead to abnormal intracellular Ca2+ release during the progression of 

cardiac disease in mdx mice, a commonly used animal model of DMD [4, 14]. Here we 

show that these two post-translation modifications are intimately connected, regulating 

RyR2 function and intracellular Ca2+ homeostasis in mdx mice. In 3 month-old mdx mice, 

prior to the development of structural heart disease, we found increased oxidation of RyR2 

yet unaltered phosphorylation of RyR2 at both PKA and CaMKII phosphorylation sites. 

Intriguingly, genetic inhibition of RyR2 phosphorylation decreased RyR2 activity, reduced 

ROS production, and decreased the oxidation state of RyR2. These data suggest a cross-talk 

between oxidation and phosphorylation, resulting in increased SR Ca2+ leak and enhanced 

ROS production, both of which lead to the pathogenesis of heart disease in dystrophic 

hearts.

Role of RyR2 dysfunction in cardiac remodeling in mdx mice

Mdx mice develop progressive cardiac dysfunction with age. At 2 months of age, mdx mice 

have normal ventricular function based on echocardiography, whereas at 8 months of age 

they typically exhibit evidence of dilated hypertrophy, fibrosis, and alterations of 

contractility [2, 15]. However, at the cellular level, cardiomyocytes from young (3 months) 

mdx mice already show increased diastolic Ca2+ leak, increased Ca2+ spark frequency, and 

increased RyR2 single channel open probability. Therefore, alterations in RyR2 function 

may represent early events that drive the progression of dystrophic cardiomyopathy.

Several studies - including the present paper - have reported that RyR2 phosphorylation at 

the S2808 phosphorylation site is not elevated in mdx mice up to about 6 months of age [3, 

6]. At an older age of 15-months, however, phosphorylation at this S2808 site does become 
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elevated as cardiac dysfunction manifests [3]. Despite the lack of elevated S2808 

phosphorylation in young mdx mice, genetic modification of this site (S2808A) can 

normalize aberrant SR Ca2+ release in ventricular myocytes [3]. For example, we have 

previously shown that genetic or pharmacological inhibition of RyR2 phosphorylation at the 

S2808 phosphorylation sites restored Ca2+ handling by reducing diastolic Ca2+ leak in 3 

month old mdx mice[3]. Similar findings were obtained for the S2814 phosphorylation site 

of RyR2,[4] which is believed to be the primary CaMKII phosphorylation site on RyR2 

[16].

This apparent discrepancy between unchanged phosphorylation levels in mdx mice and a 

protective effect of genetic ablation of the same phosphorylation site might be explained by 

crosstalk with another posttranslational modification of RyR2 (oxidation), which does occur 

by 3-months of age in the hearts of mdx mice (Fig. 3C-D). In cardiomyocytes isolated from 

mdx mice, ROS production has been shown to be elevated and ROS scavengers or Nox2 

inhibition was able to normalize alterations in calcium homeostasisis [9, 14, 17]. 

Interestingly, the oxidation level of RyR2 was significantly reduced in RyR2-S2808A mice 

(with genetic ablation of PKA phosphorylation of RyR2) after isoproterenol treatment[18], 

while both Cysteine-nitrosylation and oxidation of RyR2 were increased in RyR2-S2808D 

(constitutive PKA hyper-phosphorylation of RyR2) mice [19]. In addition, inhibition of 

neuronal nitric oxide synthase (NOS1) decreased RyR2 phosphorylation at S2814 site 

(CaMKII phosphorylation site) [20]. These studies suggest a functional cross-talk between 

ROS/RNS modifications and phosphorylation of RyR2.

Mechanisms of altered RyR2 oxidation in mdx mice

Consistent with previous work [9, 21], we found increased expression of Nox2 and Nox4 

and increased ROS production in hearts from mdx mice. Increased Nox2-dependent ROS 

production has been shown to promote RyR2 Ca2+ leak in response to mechanical stretch [9, 

14]. In skeletal muscle, Nox2 was previously shown to be the primary source of ROS in 

young mdx mice (2-6 weeks of age) [9, 22, 23].

In this study, we found that genetic inhibition of RyR2 phosphorylation reduced the overall 

ROS production as well as the oxidation state of RyR2. In addition, caffeine, which 

increases RyR2 dependent Ca2+ release, increased ROS production in WT mice and 

blockade of RyR2 leak with the RyR2 inhibitor JTV519 (or K201) decreased ROS 

production in mdx mice. While Nox2 and Nox4 are not directly activated by Ca2+, increased 

RyR2 leak could activate Ca2+ sensitive PKC, leading to activation of Nox [24, 25].

Our data also revealed that Nox2 inhibitor gp91ds-tat blunted ROS production in ventricular 

myocytes from mdx mice. This is consistent with evidence in the literature that Nox2 plays a 

major role in increased ROS production in dystrophic cardiomyocytes [9, 21]. In contrast, 

much less is known about the potential role of Nox4, which is localized to the endo/

sarcoplasmic reticulum [5, 21]. Nox4 is found in an endoplasmic reticulum (ER)-related 

perinuclear location [26], and prior studies have shown that Nox4 co-immunoprecipitates 

with RyR1 in skeletal muscle [27]. Future studies are required to investigate the potential 

contribution of Nox4 to abnormal RyR2 function in cardiomyocytes of mdx mice.
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Potential limitations

In this paper, we focused on RyR2 regulation by oxidation and phosphorylation. Prior work 

has revealed that other post-translational modifications such as S-nitrosylation and S-

glutathionylation also modify RyR2 in muscular dystrophy [6]. Future work is needed to 

investigate whether modifications of the RyR2 phosphorylation sites also affect regulation 

by those pathways in hearts of mdx mice. Although mdx mice have led to important 

advances in our understanding of muscular dystrophy, the disease progression is slower than 

in most human patients. Moreover, therapeutic approaches that yielded promising results in 

mdx mice were often not effective in patients [28]. Therefore, future validations in large 

animal models or human-based clinical studies would be important to confirm the potential 

benefits of anti-oxidant or RyR2-modifying therapeutic strategies.

Conclusions

Our findings suggest that increased reactive oxygen species (ROS) production leads to 

oxidation of RyR2 and drives the progression of cardiac disease in mdx mice, and that cross-

talk between oxidation and phosphorylation of RyR2 also contributes the cardiac disease 

progression. These studies have the potential to open new avenues for the development of 

drugs that modify Ca2+ handling by RyR2 directly or by targeting ROS production, which 

might prove to be beneficial not only for DMD patients but also for other causes of 

cardiomyopathy and sudden cardiac death.
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Non-standard Abbreviations and Acronyms

CaMKII Calcium/calmodulin-dependent protein kinase II

CaSpF Calcium sparks frequency

DCFH-DA 5-(6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate

DHE Dihydroethidium

DMD Duchenne muscular dystrophy

MPG N-2-mercaptopropionyl glycine

NOS Nitric oxide synthase

NOX NADPH oxidase

PKA Protein kinase A

PTM Post-translational modification

RNS Reactive nitrogen species

ROS Reactive oxygen species

RyR2 Ryanodine receptor type 2

SR Sarcoplasmic reticulum

SERCA2a Sarco/endoplasmic reticulum Ca2+-ATPase
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Highlights

• Increased ROS production contributes to cardiac dysfunction in mdx mice

• Inhibition of RyR2 phosphorylation suppresses SR calcium leak in mdx mouse 

hearts.

• ROS production in mdx mice is proportional to RyR2-mediated SR calcium 

leak.
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Fig 1. Inhibition of RyR2 phosphorylation and oxidation both inhibit Ca sparks in mdx mice
(A) Representative line scan images were recorded in ventricular myocytes from WT, mdx, 

mdx:S2808A, mdx:S2814A, and mdx mice treated with ROS scavenger MPG. (B) Bar graph 

of summary data showing Ca spark frequencies following 1 Hz pacing. *P<0.05 vs. WT; 

#P<0.05 vs. mdx.
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Fig 2. Inhibition of RyR2 phosphorylation and oxidation both inhibit RyR2 open probability in 
mdx mice
(A) Representative single channel recordings of RyR2 channels from WT, mdx, 

mdx:S2808A, mdx:S2814A, and mdx mice treated with ROS scavenger MPG. Channel 

openings (o) are shown as upward deflections from the closed (c) level. (B) Bar graphs 

showing averaged open probability, mean open time, and mean closed time. *P<0.05 vs. 

WT; #P<0.05 vs. mdx.
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Fig 3. Age-dependent changes in RyR2 oxidation and phosphorylation in mdx mice
(A-B) Representative western blots and bar graphs showing unaltered phosphorylation level 

of RyR2 at the main PKA site S2808 and CaMKII site S2814 at 1 and 3 months in mdx 

mice. (C-D) Representative western blots and bar graphs showing increased RyR2 oxidation 

at 3 months in mdx mice, and inhibition of RyR2 oxidation due to genetic inhibition of 

RyR2 phosphorylation sites S2808 and S2814, respectively. *P<0.05 vs. WT; #P<0.05 vs. 

mdx.
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Fig 4. Inhibition of RyR2 phosphorylation reduces ROS production in mdx mice
(A) Representative DCF fluorescence images of ROS in ventricular myocytes from WT, 

mdx, mdx:S2808A, and mdx:S2814A mice. (B) Time course of DCF fluorescence and (C) 
quantification of the time course slope in myocytes from WT, mdx, mdx:S2808A, and 

mdx:S2814A mice. *P<0.05 vs. WT; #P<0.05 vs. mdx.
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Fig 5. ROS sources in mdx mice
Representative Western blots and bar graphs showing (A) increased NADPH oxidase 2 

(Nox2) expression, (B) increased NADPH oxidase 4 (Nox4) expression and (C) unaltered 

Nox2 subunit p47-phox expression in mdx mice. *P<0.05 vs. WT.
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Fig 6. ROS production in mdx mice is RyR2-dependent
(A) DCF fluorescence time course showing increased ROS production in mdx mice, which 

is reduced by Nox2 inhibitor gp91ds-tat and RyR2-inhibitor JTV519 (JTV) and enhanced by 

RyR2 activator caffeine. (B) Quantification of normalized DCF slope in ventricular 

myocytes from WT mice, mdx mice, mdx with JTV, mdx with caffeine cardiomyocytes and 

mdx with gp91ds-tat. *P<0.05 vs. WT. #P<0.05 vs. mdx.
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