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Abstract

Defective Ca%* regulation play a key role in the blunted force-frequency response in heart failure
(HF). Since HF is commonly associated with oxidative stress, we studied whether oxidation of
ryanodine receptor (RyR2) contributes to this defect. In control ventricular myocytes, oxidative
stress induced formation of disulfide bonds between RyR2 subunits: intersubunit cross-linking
(XL). Western blot analysis and Ca?* imaging revealed a strong positive correlation between
RyR2 XL and sarcoplasmic reticulum (SR) Ca2* leak. These results illustrates that RyR2 XL can
be used as a sensitive indicator of RyR2 dysfunction during oxidative stress. HF myocytes were in
a state of oxidative stress since they exhibited an increase in reactive oxygen species (ROS) level,
a decrease in ROS defense and an overall protein oxidation. These myocytes were also
characterized by RyR2 XL and increased SR Ca2* leak. Moreover, the frequency-dependent
increase of Ca2* transient amplitude was suppressed due to the inability of the SR to maintain
Ca?* load at high pacing rates. Because SR Ca2* load is determined by the balance between SR
Ca?* uptake and leak, the blunted frequency-dependent inotropy in HF can be mediated by ROS-
induced SR Ca2" leak. Preventing RyR2 XL in HF myocytes decreased SR Ca?* leak and
increased Ca2* transients at high pacing rate. We also studied whether RyR2 oxidation alone can
cause the blunted frequency-dependent facilitation of Ca2* transient amplitude in control
myocytes. When RyR2 XL was induced in control myocytes to a similar level seen in HF, an
increase of Ca2* transient amplitude at high pacing rate was significantly suppressed. These results
suggest that SR Ca2* leak induced by RyR2 oxidation can play an important role in the blunted
frequency-dependent inotropy of HF.
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INTRODUCTION

Heart failure (HF) is a major cause of morbidity and mortality, particularly among the
elderly. One of the mechanisms proposed to explain the impaired myocardial function of
failing heart is a decline of the frequency-dependent positive inotropy. Described by
Bowditch more than 140 years ago, this inotropic mechanism is essential for adjusting
cardiac output during stress. Unlike in the healthy heart, where force generation increases as
heart rate increases, force generation by the failing myocardium remains unchanged. The
impaired frequency-dependent inotropic mechanism is a prominent characteristic of failing
heart, and the degree of this defect correlates with the progression of HF [6;10;32]. It has
been shown that defective sarcoplasmic reticulum (SR) Ca2* handling plays a key role in the
blunted frequency-dependent inotropy in HF [11;13;16;27].

The ryanodine receptor type-2 (RyR2) is the main SR Ca2* release channel in ventricular
myocytes. During systole, RyR2 activation generates the Ca%* transient that initiates
contraction. The force generated during contraction correlates directly with the amplitude of
systolic Ca2* transient. During diastole, RyR2s are not completely quiescent, providing a
major pathway for SR Ca2* leak [47]. Because the Ca2* transient amplitude steeply depends
on SR Ca2* load [35], loss of the intra-SR [Ca2*] ([Ca?*]sg) via Ca2* leak would reduce
contractile force. By shortening diastole at higher heart rates, less Ca?* would leak from the
SR and more CaZ* would enter into the cytosol via L-type Ca2* channels, providing
substrate for the SR CaZ* pump (SERCA). Additionally, intracellular [Na*] accumulation at
higher heart rates would decrease Ca?* extrusion by Na*/Ca2* exchanger (NCX). As a
result, higher SR Ca2* load can be built up at increased heart rate. By this fundamental
mechanism, the heart is able to adjust the cardiac output to meet the body demand in oxygen
and nutrient during stress. In HF myocytes this important inotropic mechanism is
significantly suppressed, mainly because the SR has an impaired ability to retain Ca2* at
increased heart rate. While downregulation of SERCA has been recognized as an important
factor in the blunted frequency-dependent inotropy in HF [12;18;24;31], augmentation of SR
Ca?* leak can also contribute to this defect by limiting SR Ca2* load [37;39;47].

HF is commonly associated with oxidative stress as a result of increased reactive oxygen
species (ROS) production and a decrease in ROS defense [21;30]. Among many ROS
targets, RyR2 plays a particularly important role in an initial cellular response to oxidative
stress [15;20;38;46]. RyR2 contains several highly redox-sensitive cysteine residues that can
link oxidative stress and SR Ca2* regulation [43]. Each free thiol residue can serve as a
target for a number of oxidative modifications, including disulfide bond formation, S
nitrosylation and S-glutathionylation. It has been shown that oxidation of RyR2 cysteines
increases the channel activity, whereas reduction of them makes the channel less active [49].
Although the functional significance of RyR2 redox modification is well documented, it
remains less clear whether RyR2 oxidation contributes to the increased SR Ca?* leak and the
blunted frequency-dependent inotropy in HF.

Pflugers Arch. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bovo et al. Page 3

MATERIALS AND METHODS

Rabbit heart failure model

All animal experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committees and comply with USA regulations on animal
experimentation. New Zealand White rabbits (Harlan Laboratories, Indianapolis, USA)
underwent two separate surgeries to induce hypertrophy and HF. A combined insult of aortic
insufficiency and constriction was used to induce left ventricular volume and pressure
overload, respectively [28]. Aortic insufficiency was performed by puncturing the aortic
valve. Two-dimensional echocardiography was used to confirm and determine the degree of
aortic valve insufficiency. Two weeks later, aortic constriction was performed on the
abdominal aorta proximal to the renal arteries. The progression of hypertrophy and HF was
monitored using echocardiography at 2 to 4 week intervals after both surgeries. All
parameters were calculated relative to the baseline measurements taken prior to the
surgeries. The development of hypertrophy and the subsequent onset of HF were carried out
over the course of approximately 5-8 months. Once left ventricular end-diastolic diameter
was increased by >50% and left ventricular fractional shortening was decreased by
approximately 40% (depending on morbidity), hearts were categorized as HF.

Isolation of left ventricular myocytes

Ventricular myocytes were isolated from control and failing rabbit hearts. Total 26 animals
(2-3 kg) were used in this study. Rabbits were anaesthetized with sodium pentobarbital (50
mg/kg 1.V.). Following thoracotomy hearts were quickly excised, mounted on a Langendorff
apparatus, and retrogradely perfused with collagenase-containing solution at 37°C according
to the procedure described previously [7]. All chemicals and reagents were purchased from
Sigma-Aldrich (St Louis, MO, USA).

Measurements of RyR2 XL

Alteration in the electrophoretic mobility of the 560 kDa subunit was used to detect RyR2
XL [1;23]. Control and HF myocytes were pelleted and lysed in non-reducing Laemmli
buffer (“Sigma”, USA) containing N-ethylmaleimide (5 mM) to block free sulfhydryl
groups. Dithiothreitol (DTT; 30 mM) was used to confirm reversibility of RyR2 XL and to
estimate total RyR2. Lysate samples were incubated at 70°C for 10 min and ran on 3-15%
SDS-PAGE. Then, the samples were transferred onto nitrocellulose membrane using Turbo-
transfer (Bio-Rad, USA). Immunoblots against RyR2 were carried out using the monoclonal
34C primary antibody [3] (1:1000; “DSHB”, USA) and anti-mouse HRP-conjugated
secondary antibody (1:5000; Santa Cruz, USA). Secondary HRP-conjugated antibodies were
visualized using the Luminata Forte Western HRP Substrate (“Millipore”; USA). Western
blots were quantified using the ChemiDoc XRS imaging system (BioRad, USA) and ImageJ
software (NIH, USA). Relative RyR2 XL was analyzed as (Total RyR2 - Monomeric RyR2)/
(Total RyR2).
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Measurements of RyR2 phosphorylation

Control and HF myocytes were pelleted and lysed in Laemmli buffer (“Sigma”, USA)
containing the reducing agent 2-mercaptoethanol. The same amount of total lysate from each
sample was subjected to 4-15% SDS-PAGE. Then, the samples were transferred to
nitrocellulose membranes. RyR2 phosphorylation level at the CaMKI| site (Ser 2815) was
quantified using phospho-specific antibody RyR-PS2815 [41] (kindly provided by Dr.
Terentyev; Brown University, USA). The signal was normalized to total RyR2 level
measured with the primary antibody C34 (“DSHB”, USA). Western blots were quantified
using the ChemiDoc XRS imaging system and ImageJ software.

Free Thiol Content Measurement

The free thiol content of proteins was measured using the irreversible alkylating agent
monobromobimane (mBB), which becomes fluorescent once it reacts with a free thiol [5].
To introduce mBB (400 uM) into the cytosol, myocytes were permeabilized with saponin
(0.005%). Myocytes were incubated with mBB for one hour and then washed three times in
order to remove unbound mBB. Myocytes were then lysed in reducing Laemmli Buffer
(containing 10% 2-mercaptoethanol). The same amount of total lysate from each sample was
subjected to 3-15% SDS-PAGE and transferred to nitrocellulose membranes. The gel was
first imaged using UV light to measure mBB emission (490 nm) with the ChemiDoc XRS
imaging system. Afterwards the gel was stained with Coomassie Blue in order to normalize
the mBB signal to the total protein level. The maximal free thiol level was determined after
treating myocytes with DTT (30 mM).

Measurements of the GSH/GSSG level

Ventricular myocytes were quickly settled down and homogenized using a bead-beater
homogenizer (Biospec Products, USA). The addition of 5-sulfo-salicylic acid dihydrate (5%
w/v) was used to precipitate protein from homogenate samples. Samples were centrifuged at
14,000 rpm at 4°C for 10 min. The resulting supernatant was used for analysis of the ratio
between reduced (GSH) and oxidized (GSSG) glutathione (GSH/GSSG). The concentration
of GSH was defined using fluorometric glutathione detection assay DetectX (Arbor Assays,
USA), utilizing a fluorescent label that covalently binds to GSH. The sample fluorescence
was measured using a fluorometer (OLIS DM 45, USA) at an excitation/emission of
390/510 nm. A standard plot of known GSH concentrations was developed before each set
of experiments. After GSH fluorescence was determined for each sample, the subsequent
reduction of GSSG by glutathione reductase would yield total GSH fluorescence. Absolute
concentrations were determined based on the linear fit of the standard fluorescence.
Absolute GSSG concentration was quantified as: [(Total GSH - Free GSH)/2]. Values
presented are percent changes in GSH/GSSG.

Measurements of ROS production

ROS production was measured with a ROS-sensitive fluorescent dye, 5-(and-6)-
chloromethyl-2",7’-dichlorodihydrofluorescein diacetate (H,DCFDA; Molecular Probes/
Invitrogen, Carlsbad, USA) [5]. Myocytes were loaded with 20 pM H,DCFDA for 30 min at
room temperature. HoDCFDA was measured at an excitation/emission of 488/>600 nm.
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Fluorescence intensity (F) was integrated over the entire volume of the cell. Changes of ROS
level were presented as background-subtracted normalized fluorescence (F/Fp), Fq is the
initial fluorescence recorded at the beginning of an experiment. Because HoDCFDA
irreversibly reacts with free oxygen radicals, ROS production was analyzed as the first
derivative of Ho,DCFDA signal (a{F/Fg)/dp. At the end of each experiments peroxide was
applied to estimate the maximal rate of ROS production.

Intracellular Ca2* Imaging

Changes in cytosolic [Ca2*] ([Ca2*];) and intra-SR [Ca2*] ([Ca2*]sg) were measured with
laser scanning confocal microscopy (Radiance 2000 MP, Bio-Rad, UK) equipped with a x40
oil-immersion objective lens (N.A.=1.3).

Measurements of [Ca2*];—To record [Ca2*]; we used the high affinity CaZ* indicator
Fluo-4 (Molecular Probes/Life Technologies, Grand Island, NY). Cells were incubated at
room temperature with 10 uM Fluo-4/AM for 15 minutes in Tyrode solution (in mM: NaCl
140; KCI 4; CaCl, 2; MgCl, 1; glucose 10; HEPES 10; pH 7.4), followed by a 20 minute
wash. Fluo-4 was measured at an excitation/emission of 488/>515 nm. Action potentials
were induced by electrical field stimulation using a pair of platinum electrodes, which were
connected to a Grass stimulator (Astro-Med. Inc., USA) set at a voltage ~50% above the
threshold. Fluo-4 recordings were acquired in line-scan mode (3 ms per scan; pixel size 0.12

pm).

Simultaneous measurements of [Ca?*]; and [Ca?*]gg—For simultaneous imaging
of [Ca?*]sg and [Ca2*]; dynamics, Rhod-2 (instead of Fluo-4) was used to record [Ca2*];. To
record [Ca%*]sr we used the low affinity Ca2* indicator Fluo-5N (Molecular Probes/Life
Technologies, Grand Island, NY). To load the SR with Ca2* indicator, myocytes were
incubated with 5 pM Fluo-5N/AM for 2.5 hours at 37°C. Then, the Fluo-5N loaded cells
were incubated at room temperature with 10 uM Rhod-2/AM for 13 minutes in Tyrode
solution. Fluo-5N was measured at an excitation/emission of 488/>515 nm. Rhod-2 was
measured at an excitation/emission of 543/>580 nm. These measurements were made using
line-sequential scanning to avoid any bleed-through in both channels. Recordings were
acquired in line-scan mode (3 ms per scan; pixel size 0.12 pm).

SR Ca?* leak measurements—SR Ca2* leak was measured in cardiomyocytes loaded
with Fluo-5N as described previously [47]. To improve signal-to-noise ratio of the low
intensity Fluo-5N signal, fluorescence was collected with an open pinhole and averaged over
the entire cellular width of an individual 2-D image. Changes in [Ca2*]sg were calculated by
the formula: [Ca2*]sg = Kg X [(F = Fmin)/( Fmax — F), where F was the Fluo-5N
fluorescence; Fmax and Frin Where the fluorescence level at 10 mM Ca?*/ionomycin and
after depletion of the SR Ca2* with caffeine (10 mM), respectively. The Fluo-5N Ca2*
dissociation constant (Kq ) was 390 UM based on in situ calibrations [47]. SR Ca2* leak was
calculated as changes of total [Ca?*]sg ([Ca?*]srT) after SERCA inhibition with
thapsigargin (TG): d[Ca2*]sry/dt. [Ca2*]srT Was calculated as: [Ca2*]srT = Bmax/(1
+Kg/[Ca?*]sRr) + [Ca?*]sr; Where Bpax and Kq were 2700 uM and 630 pM, respectively
[36]. SR Ca?* leak (d[Ca?*]sgr/dt) was plotted as a function of [Ca?*]gg. For all
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experimental groups, SR Ca2* leak was compared at the same range of [Ca%*]sg: 400-500
uUM. All images were analyzed with ImageJ software (NIH, USA).

Data were presented as means + S.E.M. of n measurements. In case of single cell
experiments (such as ROS and Ca measurements), n represents the number of cells isolated
from at least 3 different animals. In case of RyR2 XL and GSH/GSSG measurements, n
represents the number of animals used in these experiments. When only two groups were
compared, statistical significance was determined by Student’s t-test. Significance between
multiple groups was determined by one-way ANOVA followed by a Newman-Keuls post-
hoc test. P<0.05 was considered statistically significant. Statistical analysis and graphical
representation of averaged data was carried out on OriginPro7.5 software (OriginLab, USA).

Correlation between RyR2 XL and SR Ca?* leak in control myocytes

RyR2 as non-covalently assembled homotetramer is always detected as a single band in non-
reducing SDS-PAGE (with MW ~560 kDa). However, after treatment of cardiomyocytes
with oxidants (H,O, or diamide) RyR2 can be detected as a polymer with MW >1MDa
(Figs. 1A and 3). In the following experiments, diamide was used to selectively oxidize
sulfhydryl groups of proteins. Dithiothreitol (DTT) was used to reduce disulfide bonds and
restore the monomeric pattern of RyR2. Diamide increased RyR2 XL by a dose-dependent
manner, causing a maximum RyR2 XL at 50 uM (Fig. 1B). We also found that diamide
increased RyR2-mediated SR Ca2* leak in control ventricular myocytes (Fig. 1C). In these
experiments, SR Ca2* leak was measured as the rate of decline of [Ca?*]gR after SERCA
inhibition with thapsigargin (TG) [47]. Examples of SR Ca2* leak experiment are shown on
Fig. 4. Western blot analysis and Ca2* imaging revealed a strong positive correlation
(R2=0.89) between the degree of RyR2 XL and SR Ca2* leak (Fig. 1D). When the XL
reached the maximum level (at 50 uM diamide), further oxidation of RyR2 did not enhance
SR Ca?* leak. These results illustrate that RyR2 XL can be used as a sensitive indicator of
RyR2 dysfunction in cardiac pathologies associated with oxidative stress.

Oxidative stress and RyR2 XL in HF myocytes

We studied whether HF induced by a combined insult of aortic insufficiency and stenosis is
associated with oxidative stress and RyR2 XL. Ventricle myocytes isolated from rabbit
failing hearts were in the state of oxidative stress since they exhibited an increase in reactive
oxygen species (ROS) production and a decrease in ROS defense. The intracellular ROS
level was measured using the ROS-sensitive fluorescent dye H,DCFDA in electrically
stimulated myocytes (Fig. 2A). Because H,DCFDA irreversibly reacts with free oxygen
radicals, ROS production was presented as the first derivative of HoDCFDA signal. We
found that ROS level was substantially higher in HF myocytes, particularly at fast pacing
rate (Fig. 2B). At the same time, the reducing power of the major antioxidant, glutathione,
was decreased in HF myocytes (Fig. 2C). The glutathione redox status was estimated from
the ratio between reduced (GSH) and oxidized (GSSG) glutathione. As a result of increased
ROS production and reduced ROS defense, the overall protein oxidation was significantly
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higher in HF myocytes (Fig. 2D). Protein oxidation was measured as a decrease in free thiol
content measured with the mBB assay. For each experimental group, the mBB signal was
normalized to the total protein level. On average, the mBB signal decreased from 95% in
control (n=4 animals) to 62% in HF (n=4 animals). Maximal free thiol level (100% reduced)
was obtained after treating myocytes with DTT (30 mM). We also detected a significant
level of RyR2 XL in HF (Fig. 3). We found that in HF myocytes 45% RyR2 subunits were
cross-linked (n=4 animals). This post-translation modification was effectively reduced after
treating HF myocytes with DTT.

SR Ca?* leak in HF myocytes

In the following experiments, we studied changes in SR Ca2* handling that occur in HF
myocytes. Fig. 4A shows original recordings of SR Ca?* load and SR Ca?* leak in control
and HF myocytes. In these experiments, SR Ca?* load was estimated from diastolic
[CaZ*]gr measured between electrical stimulations at 1 Hz. SR Ca?* leak was measured as
the rate of decline of [Ca?*]gg after SERCA inhibition. In comparison with control
myocytes, SR Ca2* load was significantly depleted in HF myocytes (Fig. 4B). While
downregulation of SERCA in HF [12;18;24;31] might contribute to the decreased SR Ca2*
load, we studied whether SR Ca?* leak is also altered in HF myocytes. In these experiments,
SR Ca?* leak was analyzed as a function of [Ca2*]gg. Thus, SR Ca2* leak in control and HF
myocytes can be compared at the same SR Ca2* load. Analysis of the [Ca2*]gg decline
revealed that SR Ca2* leak is nearly doubled in HF compared to control myocytes (Fig. 4C).
In the following experiments mercapto-propionylglycine (MPG) was used to reduce
disulfide bonds, because DTT significantly decreased the Fluo-5N fluorescence independent
of [Ca2*]. Treating HF myocytes with MPG (10 mM) reduced SR Ca2* leak and partially
restored SR Ca2* load (Fig 4B and C).

The frequency-dependent facilitation of Ca2* transient amplitude in HF myocytes

Abnormal SR Ca?* handling has been shown to play a key role in the blunted frequency-
dependent inotropy in HF [11;13;16]. To define mechanisms of this defect, we
simultaneously measured [Ca2*]; (dark red traces) and [Ca%*]sg (dark green traces) at low
(0.2 Hz) and high (1 Hz) pacing frequencies. Before each recording, myocytes were given 2
min at each frequency so that CaZ* cycling could reach steady state. Frequency-dependent
facilitation from 0.2 to 1 Hz was calculated as the absolute change in SR Ca2* load and the
relative change in Ca2* transient amplitude. We found that in control myocytes SR Ca2*
load and Ca?* transients increased with increasing pacing frequency (Fig. 5A, left). These
effects were associated with a faster [CaZ*]; transient decay and faster [Ca2*]gg recovery
after Ca2* release, presumably, due to an increase in SERCA activity. On average, an
increase in pacing rate from 0.2 to 1 Hz increased the [Ca2*]gg recovery rate by 32% (n=6).
In HF myocytes, an increase of Ca2* transient amplitude at high pacing frequency was
abolished (Fig. 5B) due to the inability of the SR to maintain SR Ca2* load at high pacing
frequency (Fig. 5C). At the same time, the frequency-dependent acceleration of [Ca?*]sr
recovery was reduced only by ~30% (n=5; Fig. 5D). These results suggest that the increased
SR Ca?* leak might also contribute to the blunted frequency-dependent inotropy in HF.
MPG only partially restored the frequency-dependent facilitation of Ca2* transient
amplitude and SR Ca?* load in HF myocytes (Fig 5B and C).
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Effect of diamide on the frequency-dependent facilitation of Ca2* transients in control

myocytes

We used an alternative approach to test the hypothesis that the RyR2 oxidation contributes to
the blunted frequency-dependent inotropy in HF. In the following experiments, the
frequency-dependent facilitation of Ca2* transients was studied in control myocytes exposed
to diamide (25 pM). This concentration of diamide increased RyR2 XL and SR Ca2* leak in
control myocytes (Fig. 1) to similar level observed in HF (Figs. 3 and 4). CaZ* transients
were recorded from each myocyte at both 0.2 and 1 Hz in two consecutive sets (Fig. 6A).
The myocytes subjected to oxidative stress were perfused with diamide during the second set
(beginning 2 minutes prior to 0.2 Hz recording). Frequency facilitation from 0.2 to 1 Hz was
calculated as the relative change in Ca2* transient amplitude and was determined for each
set. These experiments revealed that diamide (25 uM) significantly suppressed the
frequency-dependent facilitation of Ca2* transient amplitude (Fig. 6B). We had shown
previously that diamide used at such concentration did not affect SR Ca?* uptake [23],
suggesting that the increased SR Ca?* leak is a main contributor to the blunted frequency-
dependent inotropy during oxidative stress.

Effect of diamide and heart failure on RyR2 phosphorylation

RyR2 phosphorylation by the Ca2*/Calmodulin-dependent kinase type 11 (CaMKIl) is
known to increase SR Ca?* leak [2;4:29]. In agreement with previous work [2], RyR2
phosphorylation at the CaMKI| site (serine 2815) was significantly increased in HF (Fig 7).
Because oxidative stress can activate CaMKII via a Ca2*-independent mechanism [8], we
tested whether diamide (25 pM) increases RyR2 phosphorylation at the CaMKII site in
control myocytes. We found that diamide (25 uM) did not affect RyR2 phosphorylation at
serine 2815 (Fig 7). These results suggest that the observed effect of diamide on the
frequency-dependent facilitation of Ca2* transient amplitude in control myocytes was
mainly mediated by RyR2 oxidation.

DISCUSSION

In the heart, SR Ca?* release through RyR?2 is essential for initiating a robust myocardial
contraction. Consequently, defects in RyR2 regulation cause contractile dysfunction in a
variety of cardiac pathologies. In particular, abnormal RyR2 activity contributes to SR Ca%*
mishandling, arrhythmias and contractile dysfunction in failing hearts [48]. Recent emphasis
has been placed on the study of oxidative post translational modifications and their
important role in the regulation of heart function [15;20;49]. It has been suggested that
maladaptive changes in cellular metabolism that occur during HF progression decrease the
ability of myocardium to resist oxidative stress [21]. In this study, we reported that the
antioxidant defense (measured as the GSH/GSSG ratio) is decreased, whereas ROS
production is increased in a rabbit HF model induced by left ventricular volume and pressure
overload (Fig 2). Although specific sources of ROS production have not been identified in
this study, it appears that several mechanisms are likely to be involved in oxidative stress in
HF [30]. One of these mechanisms is related to mitochondrial respiration. It has been shown
that in failing myocytes the mitochondrial electron transport chain (ETC) was more prone to
uncoupling and subsequent ROS production [17]. We found that an increase of pacing rate
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increases ROS production only in HF myocytes (Fig 2). It seems that an increase in ATP
consumption during higher pacing rate stimulates mitochondrial metabolism leading to
electron leakage from the ETC and formation of superoxide radicals. The depleted
antioxidant defense (including GSH [19]) and other ROS sources (including NADPH- [14]
and xanthine- oxidases [9]) might also contribute to oxidative stress in HF.

We found that an unbalance between ROS production and defense leads to protein oxidation
in HF myocytes (Fig 2). Among all cardiac ion transporters and channels, RyR2 appears to
be the most sensitive to redox modification [15;46], thus linking oxidative stress to CaZ*
regulation. RyR2 has approximately 360 cysteine residues per tetrameric channel and 84 of
those are estimated to be in a reduced free thiol state [43]. To date, a number of /n vitro
studies have shown that oxygen free radicals and other oxidants can modify RyR2 function.
Lipid bilayer and isolated myocyte experiments have shown that RyR2 channel activity is
increased in the presence of ROS and oxidants, whereas reducing agents decrease the RyR2
activity [46]. Thus, abnormally elevated ROS level can lead to RyR2 oxidation, RyR2
activation and SR Ca?* leak in HF myocytes (Fig 4). Indeed, it has been shown previously
that RyR2 in HF myocytes is partially oxidized [40]. However, mechanisms by which
oxidative stress affect SR Ca2* handling in HF are not yet fully understood.

High resolution cryo-EM studies revealed that a transition of RyR2 between close and open
state is associated with a large-scale intersubunit dynamic [26;33;42;44]. Thus, any post-
translational modifications that affect RyR2 intersubunit interaction would likely modify
RyR2 function and SR Ca2* release. We recently discovered that oxidation of RyR2 causes
formation of disulfide bonds between two subunits within the channel: intersubunit XL [23].
Although redox-mediated RyR XL has been described previously [1], its functional
significance remains unclear. Direct measurements of [Ca?*]sg using a fluorescent Ca?* dye
(Fluo-5N) entrapped within the SR demonstrated that RyR2 XL is associated with an
increase in SR Ca2* leak. We found a strong positive correlation between the degree of
RyR2 XL and SR Ca2* leak (Fig 1). When the XL reached the maximum level, further
oxidation of RyR2 did not enhance SR Ca?* leak. Therefore, these results suggest that RyR2
XL might be an important regulator of RyR2 function during oxidative stress. Although it
remains to be determined whether XL is the most functionally important redox modification
of RyR2, the level of XL can be used as a sensitive indicator of RyR2 dysfunction and SR
Ca?* mishandling during oxidative stress.

Since HF is commonly associated with oxidative stress (Fig 2 and [21]), we tested whether
RyR2 in HF myocytes is also susceptible to intersubunit XL. Indeed, we found a significant
level of RyR2 XL in HF (Fig 3). We suggested that RyR2 oxidation might contribute to the
increased diastolic SR Ca2* leak in HF myocytes (Fig 4 and [37;40;47]). Preventing RyR2
XL in HF myocytes decreased SR Ca?* leak. Together with downregulation of SERCA
function [12;18;24;31], the increased SR Ca2* leak would cause a shift in Ca?* balance that
resulted in a depletion of SR Ca%* content (Fig 4). Subsequently, this would decrease action
potential-induced Ca?* transients and contractions of failing heart. At low pacing
frequencies, however, Ca2* transients in HF myocytes had relatively similar amplitude to
control myocytes (Fig 5A). The enhanced activity of RyR2 in HF can partially normalize
Ca?* transient amplitude at depleted SR Ca2* load by increasing the fractional SR Ca2*
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release [7]. The critical difference in Ca2* regulation between control and HF myocytes
appeared at a high pacing rate. Unlike in control myocytes, where an increase in pacing
frequency increases Ca2* transient amplitude (Fig 5C), Ca?* transients in HF myocytes
remains unchanged. It appears that the increased SR Ca?* leak together with the decreased
SR Ca?* uptake in HF myocytes prevent the SR Ca2* load buildup at high pacing rates.
These defects in SR Ca2* handling have been suggested to play an important role in reduced
contractility of the failing heart during stress [11;13;27].

Although RyR2 oxidation increases SR Ca?* leak in HF, other mechanisms may also
contribute to aberrant SR Ca2* regulation and the blunted frequency-dependent inotropy in
failing heart. HF is commonly viewed as a disorder of cell signaling. For example, increased
SR Ca?* leak in HF has been attributed to abnormal RyR2 phosphorylation either by the
protein kinase A [22;25;34] or CaMKII [2;29;45]. Furthermore, alterations in expression of
other Ca2* transporters or regulatory proteins, including SERCA, likely affect SR Ca2*
regulation as well. In agreement with previously published work [2], we detected a
significant level of RyR2 phosphorylation at the CaMKII site (Fig 7). Instead of separating
XL and CaMKII effect on RyR2 in HF (which would largely rely on unspecific
pharmacological tools), we studied whether RyR2 oxidation alone can induce the blunted
frequency-dependent inotropy in control myocytes. We reported previously, that in control
myocytes diamide did not change cytosolic Ca2* transient amplitude (recorded at a low
pacing frequency) despite a decrease in SR Ca2* load. Similar to HF, fractional SR Ca?*
release was significantly increased in the presence of diamide [23]. In this study, we found
that a low dose of diamide (25 uM) that increases RyR2 XL in control myocytes to similar
level observed in HF largely abolished the frequency-dependent facilitation of Ca2* transient
amplitude (Fig 6). At the same time, this dose of diamide did not affect RyR2
phosphorylation at the CaMKI| site (Fig 7). Since this diamide concentration did not affect
SR Ca?* uptake [23], we suggest that the increased SR Ca?* leak due to RyR2 oxidation
should contribute to the blunted frequency-dependent inotropy during oxidative stress.
Together with other maladaptive changes in structure and function of HF myocytes, this
defect in SR Ca?* handling contributes to contractile dysfunction of the failing heart.
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Figure 1. Effect of diamide on RyR2 XL and SR Ca2* leak in control rabbit ventricular
myocytes

A, representative western immunoblots (non-reducing) against RyR2 from control myocytes
treated with different concentrations of diamide. For each sample, the reducing agent DTT
(30 mM) was added in order to measure total RyR2. B, effects of different doses of diamide
on RyR2 XL. Relative RyR2 XL was analyzed as (Total RyR2 - Monomeric RyR2)/(Total
RyR2). The results were obtained from 4 animals. C, effects of different doses of diamide on
SR Ca?" leak. SR Ca?* leak was measured at the same range of [Ca%*]gg (400500 pM).
The results were obtained from 31 cells; 6 animals. D, the correlation between RyR2 XL and
SR Ca?* leak rate.
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Figure 2. Oxidative stress in control and HF myocytes
A, changes of H,DCFDA signal during electrical stimulation at high pacing frequency (1

Hz) in control (black circles) and HF myocytes (gray circles). H,O, (1 mM) was applied to
estimate the maximal rate of ROS production. B, changes of ROS production at 1 Hz in
control (n=9) and HF (n=7) myocytes. The rate of ROS production was presented as the first
derivative of HoDCFDA signal (AF/At). C, changes of the GSH/GSSG ratio measured in 4
control and 4 HF animals. D, changes of free thiol content in proteins from control and HF
myocytes. The free thiol content was measured using the mBB assay in 4 control and 4 HF
animals. #P<0.05 vs control.
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Figure 3. RyR2 XL in rabbit HF myocytes
A, Representative western immunoblots (non-reducing) against RyR2 from control and HF

myocytes. Control myocytes were treated with H,O, (50 uM) to induce RyR2 XL. HF
myocytes were treated with DTT (30 mM) to reduce disulfide bonds and restore the
monomeric pattern of RyR2. B, Changes of RyR2 XL in control and HF myocytes. The
results were obtained from 4 control and 4 HF animals. *P<0.05 vs control and *P<0.05 vs
HF. N/D - Not Defined.
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Figure 4. SR Ca2* load and leak in control and failing myocytes
A, changes of [Ca?*]sg during electrical stimulation at 1 Hz and during rest in the presence

of thapsigargin in control (black circles), HF myocytes (light gray circles) and HF treated
with MPG (dark gray dashed line). B, SR Ca2* load in control (n=8) and HF myocytes
(n=6). SR Ca?* load was measured as diastolic [Ca?*]ggr with the low-affinity Ca?* dye
Fluo-5N. C, SR Ca2* leak in control (n=8) and HF myocytes (n=6). SR Ca2* leak was
measured as the rate of decline of [Ca%*]gg after SERCA inhibition with thapsigargin.
Changes in SR Ca2* leak between control and HF myocytes were compared at the same
[Ca%*]sgr: 400-500 uM. Mercapto-propionylglycine (MPG) was used to prevent RyR2 XL.
#P<0.05 vs control.
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Figure 5. Effects of stimulation frequency on SR Ca?* load, Ca2* transient amplitude and
[Ca2+]SR recovery in control and HF myocytes

A, Cytosolic Ca?* transients (dark red traces) and corresponding [Ca%*]sg depletions (dark
green traces) at low (0.2 Hz) and high (1 Hz) pacing frequencies in control and HF
myocytes. Increase of Ca2* transient amplitude (B), SR Ca?* load (C) and [Ca?*]sg
recovery (C) after changing pacing frequencies from 0.2 to 1 Hz in control (n=6) and in HF
(n=5) myocytes. #P<0.05 vs control.
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Figure 6. Effect of diamide (25 pM) on the frequency-dependent facilitation of Ca?* transient

amplitude in control myocytes

A, cytosolic Ca2* transients at low (0.2 Hz) and high (1 Hz) pacing frequencies in control
(n=10) and diamide-treated (n=8) myocytes. Ca2* transients were recorded at 0.2 and 1 Hz
in two consecutive sets (Set 1 and 2). B, increase of Ca?* transient amplitude after changing
pacing frequencies from 0.2 to 1 Hz in control and diamide-treated myocytes. #P<0.05 vs

control.
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Figure 7. Changes of RyR2 phosphorylation in HF and control myocytes
A, representative western immunoblots showing RyR2 phosphorylation at the CaMKII site

in control, HF and diamide-treated control myocytes. The signal was normalized to total
RyR2 level measured with the primary antibody 34C (“DSHB”, USA). B, changes in RyR2
phosphorylation level at the CaMKI| sites in HF (n=4 animals) and diamide (25 uM)-treated
control myocytes (n=4 animals). #P<0.05 vs control.
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