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ABSTRACT
Heart failure and arrhythmias occur at 3 to 5 times higher rates
among individuals with diabetes mellitus, compared with age-
matched, healthy individuals. Studies attribute these defects in
part to alterations in the function of cardiac type 2 ryanodine
receptors (RyR2s), the principal Ca2�-release channels on the
internal sarcoplasmic reticulum (SR). To date, mechanisms under-
lying RyR2 dysregulation in diabetes remain poorly defined. A rat
model of type 1 diabetes, in combination with echocardiography,
in vivo and ex vivo hemodynamic studies, confocal microscopy,
Western blotting, mass spectrometry, site-directed mutagenesis,
and [3H]ryanodine binding, lipid bilayer, and transfection assays,
was used to determine whether post-translational modification by
reactive carbonyl species (RCS) represented a contributing cause.
After 8 weeks of diabetes, spontaneous Ca2� release in ventric-
ular myocytes increased �5-fold. Evoked Ca2� release from the
SR was nonuniform (dyssynchronous). Total RyR2 protein levels

remained unchanged, but the ability to bind the Ca2�-dependent
ligand [3H]ryanodine was significantly reduced. Western blotting
and mass spectrometry revealed RCS adducts on select basic
residues. Mutation of residues to delineate the physiochemical
impact of carbonylation yielded channels with enhanced or re-
duced cytoplasmic Ca2� responsiveness. The prototype RCS
methylglyoxal increased and then decreased the RyR2 open
probability. Methylglyoxal also increased spontaneous Ca2� re-
lease and induced Ca2� waves in healthy myocytes. Treatment of
diabetic rats with RCS scavengers normalized spontaneous and
evoked Ca2� release from the SR, reduced carbonylation of
RyR2s, and increased binding of [3H]ryanodine to RyR2s. From
these data, we conclude that post-translational modification by
RCS contributes to the heterogeneity in RyR2 activity that is seen
in experimental diabetes.

Introduction

More than 350 million people throughout the world have
diabetes mellitus, and �70% of them develop a unique type of
heart failure referred to as diabetic cardiomyopathy (http://
www.diabetes.org/living-with-diabetes/complications; http://
www.who.int/mediacentre/factsheets/fs312/en). A significant
proportion of these individuals die prematurely as a result of fatal,
stress-induced, ventricular arrhythmia (Bertoni et al., 2004)
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(http://www.diabetes.org/living-with-diabetes/complications).
Mechanisms responsible for the reduced basal and stress-induced
aberrant ventricular contractions in individuals with dia-
betes mellitus remain incompletely defined, and therapeu-
tic strategies to slow their development and progression
are virtually nonexistent.

Efficient, rhythmic, ventricular contractions depend in part
on adequate and synchronized release of Ca2� from the sarco-
plasmic reticulum (SR) through type 2 ryanodine receptor
(RyR2) Ca2�-release channels. Alterations in RyR2 expression
or function reduce the rate and amplitude of Ca2� release from
the SR. Uncoordinated opening of RyR2s triggers delayed af-
terdepolarization and arrhythmias (Lehnart et al., 1998; Yano
et al., 2009; Watanabe and Knollmann, 2011).

Studies reported either no change or reductions in steady-
state levels of RyR2 protein in diabetes (Bidasee et al., 2001,
2003; Netticadan et al., 2001; Zhong et al., 2001; Belke et al.,
2004; Yaras et al., 2005; Ligeti et al., 2006; Pereira et al.,
2006). Increased spontaneous Ca2� release, which is charac-
teristic of enhanced cellular RyR2 activity, was observed in
ventricular myocytes isolated from rats with streptozotocin
(STZ)-induced diabetes (Yaras et al., 2005; Shao et al., 2007).
The latter was attributed in part to increased phosphoryla-
tion of RyR2 at Ser2808(9) and Ser2814(5), arising from
enhanced protein kinase A and Ca2�-calmodulin kinase II
activities, and a reduction in the amount of the immunophi-
lin FK506 binding protein 12.6 bound to RyR2 (Netticadan et
al., 2001; Yaras et al., 2005; Shao et al., 2007, 2009). When
RyR2s were isolated from diabetic rat hearts (dRyR2s), their
ability to bind the Ca2�-dependent ligand [3H]ryanodine was
significantly reduced, consistent with a reduction in activity
(Bidasee et al., 2003; Shao et al., 2007). Electrically evoked
Ca2� release from the SR was nonuniform (dyssynchronous)
in diabetic myocytes (Shao et al., 2007), which suggests un-
coupling between L-type Ca2� channels and RyR2s. These
paradoxical findings led us to propose the existence of two
populations of RyR2s in diabetic myocytes, one population
with enhanced Ca2� responsiveness and one with reduced
Ca2� responsiveness (i.e., heterogeneity in RyR2 function
in diabetes) (Shao et al., 2007). We purified dRyR2s under
reducing and dephosphorylating conditions and, by using
lipid bilayers, identified a population of channels with
enhanced responsiveness to Ca2�, ATP, and cADP-ribose
and reduced responsiveness to Mg2� (Tian et al., 2011).
The population of RyR2s with reduced Ca2� responsive-
ness and the mechanisms responsible for heterogeneity in
RyR2 function in diabetes remain to be characterized.

Reactive carbonyl species (RCS) are small electrophiles
generated from glucose and fatty acid auto-oxidation, through
polyol pathway flux, and by enzymes such as vascular adhesion
protein-1/serum semicarbazide-sensitive amine oxidase
(Baynes and Thorpe, 1999; Uchida, 2000; Ellis, 2007; Vander
Jagt, 2008). At low micromolar concentrations, RCS regulate
cell proliferation, prevent aggregation of proteins, and tag
proteins for degradation (Nagaraj et al., 2003; Barrera et al.,
2004; Dalle-Donne et al., 2006; Wong et al., 2010; Segré and
Chiocca, 2011). In diabetes, production of RCS, including
lipid-derived malondialdehyde and 4-hydroxynonenal and
glucose-derived glyoxal, deoxyglucosone, and methylglyoxal
(MGO), increases (Slatter et al., 2004; Lapolla et al., 2005;
Fosmark et al., 2009; Vicentini et al., 2011). These electro-
philes react with susceptible basic amino acids on proteins to

form RCS adducts. To our knowledge, no enzymes that are
capable of breaking RCS adducts after they are formed on
proteins have been identified in mammalian cells. Therefore,
RCS adducts formed on proteins with slow turnover, such as
RyR2s (t1/2 � 9 days) (Ferrington et al., 1998), can be viewed
as “diabetes-induced mutations.”

By using matrix-assisted laser desorption ionization
(MALDI)-time of flight (TOF)-mass spectrometry (MS) and a
Perl script, we previously detected RCS adducts on RyR2s iso-
lated from hearts of rats with STZ-induced diabetes (Bidasee et
al., 2003). These adducts were not confirmed with other meth-
ods, however, and their impact on RyR2 function was not char-
acterized. The hypothesis for the present study was that car-
bonylation (post-translational modification by RCS) is an
underlying cause of the heterogeneity in RyR2 activity seen in
diabetes.

Materials and Methods
Antibodies and Reagents

RyR2-specific antibodies were obtained from Thermo Fisher Sci-
entific (Waltham, MA), and argpyrimidine-specific antibodies were
from JaiCA (Zhizuoka, Japan). Antibodies to N�-carboxy(methyl)ly-
sine, 3-deoxyglycosone/imidazolone, GA-pyridine, pentosidine, and
pyrraline were supplied by Dr. Royji Nagai (Japan Women’s Univer-
sity, Tokyo, Japan) and are now available through Cosmo Bio USA,
Inc. (Carlsbad, CA). [3H]Ryanodine was purchased from GE Health-
care (Chalfont St. Giles, Buckinghamshire, UK), phosphatidylserine,
phosphatidylcholine, and phosphatidylethanolamine were obtained
from Avanti Polar Lipids (Alabaster, AL), insulin pellets were ob-
tained from LinShin Canada Inc. (Scarborough, Canada), and pyri-
doxamine and aminoguanidine were purchased from Sigma-Aldrich
(St. Louis, MO). MitoSOX Red and MitoTracker Green were obtained
from Invitrogen (Carlsbad, CA). MGO was synthesized, purified, and
quantified in our laboratory, by using methods described previously
(Nemet et al., 2004). All other reagents used were of the highest
grade commercially available.

Induction and Verification of Type 1 Diabetes

The procedures involving rats that were used in this study were
approved by the institutional animal care and use committee of the
University of Nebraska Medical Center and adhered to the Guide for
the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, 1996). The induction of diabetes with STZ and the
care of rats with type 1 diabetes were described in detail previously
(Shao et al., 2009; Tian et al., 2011).

Treatment of Diabetic Animals

Two weeks after injection of STZ (in 0.1 M citrate buffer, pH 4.5),
diabetic rats were randomly divided into three groups. One group
was treated with pyridoxamine (Py) (1.6 g/kg per day) in drinking
water for 5 to 6 weeks (Shao et al., 2011), the second group was
treated with aminoguanidine (Ag) (1.6 g/kg per day) (Shao et al.,
2010), and the third group remained untreated. Four weeks later,
insulin pellets were implanted subcutaneously in some untreated
diabetic animals, to attain the euglycemic state. Two weeks after
injection of citrate buffer, control animals were divided into three
groups. One group was treated with pyridoxamine (2.0 g/kg per day,
because these rats drink one third less water than diabetic rats) for
5 to 6 weeks, the second group was treated with aminoguanidine (2.0
g/kg per day), and the third group remained untreated.

Blood Parameters

Blood samples were collected from the left renal arteries after
administration of anesthesia and were assayed for glucose, insulin,
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thiobarbituric acid-reactive substances (primarily lipid-derived mal-
ondialdehyde), serum semicarbazide-sensitive amine oxidase activ-
ity, MGO (a glucose-derived RCS), and glycosylated hemoglobin, as
described previously (Shao et al., 2010, 2011).

Establishment of Diabetic Cardiomyopathy (Reduced
Ventricular Function)

M-mode echocardiography was performed at the end of the 8-week
protocol with anesthetized animals (100 mg/kg ketamine/2.5 mg/kg
acepromazine i.p.), to confirm reduced left ventricular function (in
vivo) and diabetic cardiomyopathy (Shao et al., 2010).

Establishment of Stress-Induced Aberrant Ventricular
Contractions

After euthanasia with thiobutabarbital (Inactin; 75 mg/kg i.p.),
the chest cavities of control, diabetic, and insulin-treated diabetic
animals were opened, and the hearts were removed, mounted on a
Langendorff apparatus through the aortas, and perfused retro-
gradely with oxygenated Krebs-Henseleit buffer (118 mM NaCl, 27.2
mM NaHCO3, 4.8 mM KCl, 1.2 mM MgSO4, 1.0 mM KH2PO4, 1.25
mM CaCl2, 11 mM glucose, 37°C). A silk thread was inserted through
the apex of each ventricle and attached to a force displacement
transducer (FT03C; Grass Instruments, Quincy, MA) for measure-
ment of developed ventricular tension (contraction). After stabiliza-
tion, the right atrium of each heart was excised, the atrioventricular
node was crushed, and a pair of platinum electrodes was inserted
into the left ventricular wall, to pace the ventricle at 180 to 200
beats/min. Basal ventricular tension was determined; isoproterenol
(1 ml of a 1 nM solution) was then injected through a side arm, and
changes in ventricular tension were determined. Hearts were al-
lowed to stabilize for 30 min, a higher dose of isoproterenol (1 ml of
a 10 nM solution) was injected, and changes in developed ventricular
tension were determined.

Dyad Junction Architecture

Hearts were perfused retrogradely with Krebs-Henseleit buffer on
a Langendorff apparatus, to remove blood, and then were fixed with
3.5% glutaraldehyde in 1% phosphate-buffered saline, pH 7.2. Left
ventricles were cut into pieces, washed three times with 0.1 M
Sorenson’s phosphate-buffered saline, pH 7.3, postfixed in 1% aque-
ous osmium tetroxide solution for 1 h at room temperature, and
washed three times with Sorenson’s phosphate-buffered saline. Tis-
sues were dehydrated in graded ethanol (50, 70, 90, 95, and 100%
three times), followed by three times with 100% propylene oxide, and
then were left overnight in a 1:1 mixture of propylene oxide and
Araldite embedding medium (Polysciences, Warrington, PA). Ven-
tricular sections were placed in flat silicon rubber molds with fresh
Araldite and were polymerized overnight at 65°C. Ultrathin sections
(�30–40 nm) were prepared with a Leica EM-UC 6 microtome (Leica
Microsystems, Inc., Bannockburn, IL) with a Diatome diamond knife
(Diatome, Biel, Switzerland) and were stained with 2% uranyl ace-
tate and Reynold’s lead citrate. A transmission electron microscope
[Philips 410LS (FEI, Hillsboro, OR), operating at 80 kV] was used to
assess dyad junction architecture and the distance between T-tu-
bules and junctional SR in a random manner.

Myocyte Isolation and Confirmation of Altered SR Ca2�

Release

Ventricular myocytes were isolated through retrograde collage-
nase perfusion, as described previously (Mitra and Morad, 1985;
Shao et al., 2007). Confocal microscopy (whole-cell and line-scan
modes) was used to assess spontaneous and evoked Ca2� release in
ventricular myocytes (Shao et al., 2007). Caffeine-induced Ca2� tran-
sient amplitudes were measured and used as indices of SR Ca2�

contents (Shao et al., 2009).

Confirmation and Determination of Location of Carbonyl
Adducts on RyR2s

Western Blotting. Western blots with membrane vesicles (30 �g)
were used to determine relative levels of RyR2 protein in hearts
from control, diabetic, insulin-treated, and drug-treated animals
(Shao et al., 2011; Tian et al., 2011). Western blots with junctional
sarcoplasmic reticulum vesicles (60 �g), which were prepared by
fractionating membrane vesicles on discontinuous sucrose gradi-
ents (Tian et al., 2011), were used to determine relative levels of
argpyrimidine, N�-carboxy(methyl)lysine, 3-deoxyglycosone/
hydroimidazolone, GA-pyridine, pentosidine, and pyrraline ad-
ducts with well characterized antibodies (Ling et al., 1998; Oya et
al., 1999; Nagai et al., 2003, 2008). �-Actin served as the internal
control, to correct for variations in sample loading.

Mass Spectrometry. Immunoprecipitated RyR2s were solubi-
lized in gel dissociation medium and subjected to electrophoresis on
4 to 15% denaturing SDS-polyacrylamide gels (prerun for 10 min
before sample loading) for 180 min at 150 V. Gels were stained with
Coomassie Blue and destained with 30% methanol, and RyR2 bands
were excised, digested with trypsin, desalted with ZipTips (Millipore
Corp., Billerica, MA), and divided into two aliquots. One aliquot was
subjected to MALDI-TOF-MS, and data were searched for peptides
with RCS adducts (Bidasee et al., 2003). The other aliquot was
subjected to liquid chromatography-MS/MS with electrospray ioniza-
tion (in a nanospray configuration) with a microcapillary RP-C18

column (New Objectives, Woburn, MA), to determine peptide se-
quences containing RCS adducts. MS/MS was performed with an ion
trap mass spectrometer (LCQ-Deca XP Plus; Thermo Fisher Scien-
tific). Data-dependent acquisition was performed with a 1-s survey
scan between 380 and 1900 atomic mass units, followed by a 2.4-s
MS/MS data acquisition between 200 and 1300 atomic mass units.
Mascot Wizard was obtained from Matrix Science Inc. (Boston, MA).

Site-Directed Mutagenesis

To delineate the physiochemical effects of carbonylation, mutation
studies (with single and double mutations) involving five amino acid
residues [i.e., Arg1611 (between regions 1 and 2), Lys2190 and
Lys2888 (within the middle region), and Arg4462 and Arg4683
(within the C-terminal region)] were performed. Mouse RyR2 cDNA
(a gift from Dr. Wayne Chen, University of Alberta, Edmonton,
Alberta, Canada) was excised from pcDNA3.0 with NheI and NotI,
purified through agarose gel electrophoresis, and digested with
BsiWI, which yielded two fragments, a NheI/BsiWI fragment (bases
0–8864; fragment 1) and a BsiWI/NotI fragment (bases 8865–
14,904; fragment 2). Fragments were cloned in-frame into pGEM-3z
by using their respective restriction sites, which yielded clone 1
(bases 0–8864) and clone 2 (bases 8865–14,904), respectively.
QuikChange mutagenesis kits (Agilent Technologies, Santa Clara,
CA) were used to mutate Arg1611, Lys2190, and Lys2888 (Lys2887
in mouse cDNA) in clone 1 and Arg4462 and Arg4683 (Arg4682 in
mouse cDNA) in clone 2 to tyrosines and tryptophans. These residues
were selected because they best reflected the charge neutralization
and increase in bulk induced by RCS adducts. Glycine mutants were
also created, to assess the impact of charge neutralization only.
Oligonucleotide primers of �40 base pairs were used. After mu-
tation, plasmids were transformed into competent HB101 cells,
amplified in liquid cultures, and purified with MaxiPrep columns
(QIAGEN, Valencia, CA), and mutations were confirmed through
oligonucleotide sequencing. The fragments containing mutations
were excised from pGEM-3z with appropriate restriction enzymes,
purified through agarose gel electrophoresis, and ligated to the
nonmutated fragment with T4 ligase (Promega, Madison, WI), to
create full-length RyR2s containing mutations. Forward and re-
verse oligonucleotide sequencing was performed (mutation site
and four or five randomly chosen sites) to ensure that nonspecific
mutations did not occur during the procedures. Wild-type and
mutant RyR2 cDNAs were then cloned in-frame into pCMS-EGFP
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(Clontech, Mountain View, CA) by using the NheI and NotI re-
striction sites, transformed into competent HB101 cells, amplified
in liquid broth, and purified with plasmid MaxiPrep columns
(QIAGEN).

Expression of Wild-Type and Mutated RyR2s

Wild-type and mutated RyR cDNAs (15–20 �g) were transfected into
HEK-293T cells grown in Dulbecco’s modified Eagle’s medium (DMEM)
with 1.8 mM Ca2� [passage 10 or higher, 30–40% confluence, 18–20
dishes (100 mm)], by using calcium phosphate (Chen and Okayama,
1987). These cells were chosen because they express little or no RyR2
(Luo et al., 2005). The medium was changed 6 to 8 h after transfection,
and cells were allowed to grow for an additional 36 to 38 h. After that
time, cells were washed with 1� phosphate-buffered saline containing
1 mM EDTA, harvested through centrifugation (500g for 3 min), resus-
pended in buffer containing 0.25 M sucrose, and 10 mM histidine, pH
7.3, and a protease inhibitor mixture (1 mM benzamidine, 2 �g/ml
leupeptin, 2 �g/ml pepstatin A, 2 �g/ml aprotinin, and 0.5 mM phenyl-
methylsulfonyl fluoride), and homogenized with a Polytron homoge-
nizer (5 � 6 s, setting 5; Kinematica, Basel, Switzerland). Homogenates
were centrifuged (85,195g for 45 min), and membranes were collected,
quick-frozen in liquid nitrogen, and stored at �80°C. Serial-dilution
Western blotting was performed to determine RyR2 protein contents in
membrane vesicles.

Preparation of Proteoliposomes Containing RyR2s

Proteoliposomes containing wild-type or mutated RyR2s were pre-
pared as described previously (Tian et al., 2011), except that HEK-293T
membranes at 3.0 mg/ml were solubilized with 1.5% 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonicacid (CHAPS). Proteolipo-
somes containing wild-type and mutant RyR2s were stored in the vapor
phase of liquid nitrogen until use.

Cytoplasmic Ca2� Responsiveness of Wild-Type and
Mutated RyR2s

[3H]Ryanodine Binding Assays. Membrane vesicles (0.1 mg/
ml) were incubated in binding buffer (500 mM KCl, 20 mM Tris-HCl,
2 mM GSH, 100 �M EGTA, and 6.7 nM [3H]ryanodine, pH 7.4) with
varying Ca2� concentrations (0–4 mM) for 2 h at 37°C. After incu-
bation, membranes were filtered and washed, and the amount of
[3H]ryanodine bound to RyR2s was determined through liquid scin-
tillation counting. Nonspecific binding was determined simultane-
ously by incubating vesicles with 1 �M unlabeled ryanodine (Shao et
al., 2007).

Planar Lipid Bilayer Assays. These studies were conducted as
described previously (Tian et al., 2011). After fusion of RyR2s to the
lipid bilayer, Ca2� was added to the cis chamber and stirred vigor-
ously for �30 s. Channel activity (open probability, gating, and
conductance) was recorded for 6 min (3 min at �35 mV and 3 min at
�35 mV). Electrical signals were filtered at 2 kHz, digitized at 10
kHz, and analyzed by using pClamp (Molecular Devices, Sunnyvale,
CA). All experiments were performed at room temperature (23–25°C)
in ambient air.

Transfection of Wild-Type and Mutated RyR2s into HEK-
293T Cells and Responsiveness of Cells to Extracellular Ca2�.
Wild-type RyR2, K2887W (a mutant with enhanced cis Ca2� respon-
siveness), R4462Y (a mutant with reduced cis Ca2� responsiveness),
or a blank vector (pCMS-EGFP) was transfected into HEK-293T cells
grown in DMEM by using calcium phosphate (Chen and Okayama,
1987). The medium was changed 6 to 8 h after transfection, and cells
were allowed to grow for an additional 36 to 38 h. Cells were then
washed, loaded with fura-2/acetoxymethyl ester (5 �M) in low-Ca2�

Tyrode’s solution (140 mM NaCl, 5.4 mM KCl, 1 mM Na2HPO4, 10
mM HEPES, 5 mM glucose, 1 mM MgCl2, and 0.2 mM Ca2�, pH 7.4)
for 30 min at 37°C, placed on the stage of a Nikon TE2000 microscope
(Nikon, Tokyo, Japan), and perfused with low-Ca2� Tyrode’s solution
at a rate of 1.0 ml/min. The Ca2� concentration in the perfusate was

increased gradually (0.4, 0.6, 1.0, and 1.8 mM, 2.5 min each), and
changes in cellular Ca2� levels were recorded. Caffeine (10 mM) was
added at the end of the procedure, to confirm the presence of func-
tional RyR2s in the cells assayed. Recordings were performed with a
dual-excitation fluorescence photomultiplier system (Image Master
fluorescence microscope; Photon Technology International, Law-
renceville, NJ), by using FELIX software (Photon Technology Inter-
national). Cells were excited at 340 and 380 nm, and emission was
measured at 510 nm.

Assessment of Effects of MGO on RyR2 Activity

[3H]Ryanodine Binding Assays. Experiments were conducted
as described above except that varying levels of MGO (0–600 �M)
were added to the binding buffer during incubation. In some exper-
iments, membrane vesicles (0.1 mg/ml) were preincubated with vary-
ing amounts of MGO (0–400 �M) in binding buffer (500 mM KCl, 20
mM Tris-HCl, and 13 �M Ca2�, pH 7.4) at 37°C for 30 min. After that
time, membranes were divded into 10 tubes, 6.7 nM [3H]ryanodine
and increasing amounts of Ca2� (0–4 mM) were added, and incuba-
tion was continued at 37°C for 1.5 h. Membranes were filtered and
washed, and the amount of [3H]ryanodine bound was used as an
index of the ability of MGO to modulate RyR2 activity.

Lipid Bilayer Assays. Purified RyR2s from control animals were
incorporated into the lipid bilayer with cis Ca2� levels of 3.3 �M.
MGO (0–80 �M) was added to the cis chamber and stirred vigorously
for 30 s. Channel activity (open probability, gating, and conductance)
was recorded for 6 min (3 min at �35 mV and 3 min at �35 mV).

Spontaneous and Evoked Ca2� Release in Myocytes. Ven-
tricular myocytes isolated from control rats in DMEM/F12 medium
with 1.8 mM CaCl2 were loaded with fluo-3/acetoxymethyl ester for
30 min at 37°C. Cells were then washed, medium was replaced with
Tyrode’s solution (140 mM NaCl, 5.4 mM KCl, 1 mM Na2HPO4, 10
mM HEPES, 5 mM glucose, 1.0 mM Ca2�, and 1 mM MgCl2, pH 7.4),
and chambers containing fluo-3-loaded cells were placed on the stage
of a laser confocal microscope [Nikon swept-field confocal microscope
equipped with a Cascade 512B high-quantum efficiency digital cam-
era (Photometrics, Tucson, AZ), an argon-krypton laser (5% inten-
sity), and a 60� plan apochromatic lens]. Images of cells were col-
lected every 2 s (3 ms per scan) for 3 min, to determine basal
spontaneous Ca2� release. MGO (25 �M) was then added, and spon-
taneous Ca2� release was assayed over 5 min. Experiments were also
performed in line-scan mode by using a Zeiss 410 confocal microscope
(Carl Zeiss Inc., Thornwood, NY) and field-stimulating cells at 0.25
Hz (10 V for 10 ms), as described previously (Shao et al., 2009).
Caffeine (10 mM) was added 6 min after the addition of MGO, to
assess SR Ca2� contents.

Effects of MGO on Mitochondrial Production of
Superoxide and Total Reactive Oxygen Species

Rat ventricular myocytes in DMEM/F12 medium with 1.8 mM
CaCl2 were loaded with the mitochondria-localizing probe Mito-
Tracker Green (100 nM), followed by the fluorogenic, mitochondria-
targeted, superoxide/reactive oxygen species (ROS) probe MitoSOX
Red (2 �M), for 15 min each. After loading, DMEM was replaced with
Tyrode’s solution (140 mM NaCl, 5.4 mM KCl, 1 mM Na2HPO4, 10
mM HEPES, 5 mM glucose, 1.0 mM Ca2�, and 1 mM MgCl2, pH 7.4),
and cells were placed on the stage of a Zeiss LSM 510 Meta laser
scanning microscope, with excitation at 405 nm (to detect the super-
oxide-specific 2-hydroxyethidium product of oxidized MitoSOX Red)
and 488 nm (to detect ROS-produced ethidium products) to capture
fluorescence images for MitoTracker Green and MitoSOX Red, re-
spectively. MitoTracker Green was excited at 488 nm, and emissions
were monitored at 516 nm. MitoSOX Red fluorescence was quanti-
fied with ImageJ analysis software (http://rsbweb.nih.gov/ij/).

Statistical Analyses

Differences among values for the groups (control, diabetic, insulin-
treated diabetic, Py-treated control, Py-treated diabetic, Ag-treated
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control, Ag-treated diabetic, and wild-type and mutant RyR2 groups)
were evaluated through analysis of variance with GraphPad Prism
(GraphPad Software Inc., San Diego, CA). Data shown are mean �
S.E.M. values. Results were considered significantly different at p �
0.05 (95% confidence interval).

Results
General Characteristics of Animals Used in Study

General characteristics of the animals used in the study
are shown in Table 1. M-mode echocardiography confirmed
reductions in ejection fraction and fractional shortening in
diabetic animals. Insulin treatment reversed these changes,
which indicated that the changes in ejection fraction and
fractional shortening resulted from the diabetes and not the
diabetogenic agent STZ. Py and Ag treatments also blunted
reductions in ejection fraction and fractional shortening. In-
sulin and Ag treatments blunted the increase in serum thio-
barbituric acid-reactive substance (malondialdehyde) levels,
whereas insulin, Py, and Ag treatments blunted the increase
in serum semicarbazide-sensitive amine oxidase activity in-
duced by diabetes.

Ex Vivo Stress-Induced Aberrant Ventricular Contractions

Maximal developed tension (i.e., extent of contraction) val-
ues for ex vivo diabetic hearts were 22.5 � 3.5% less than
those for control hearts (Fig. 1i). Values for contractions
induced by isoproterenol (1 and 10 nM) also were signifi-
cantly lower for diabetic rat hearts (p � 0.05). Treatment of
diabetic animals with insulin for 2 weeks blunted these
changes, which emphasized that reductions in ventricular
contractions stemmed from the diabetes and not the diabe-
togenic agent STZ. When challenged with 10 nM isoprotere-
nol, 56% of diabetic rat hearts (9 of 16 hearts) exhibited
abnormal ventricular contractions, compared with 13% of
control hearts (2 of 15 hearts; p � 0.05) (Fig. 1ii). In five of
those nine diabetic hearts, normal contractions resumed
within 10 to 30 s after injection of 10 nM isoproterenol (Fig.
1ii). In the other four diabetic hearts, rhythmic contractions
ceased. Three (21%) of 14 hearts from insulin-treated dia-
betic rats exhibited abnormal contractions when challenged
with 10 nM isoproterenol. Two of 16 diabetic hearts, 1 of 15
control hearts, and 1 of 14 insulin-treated diabetic hearts
tested exhibited abnormal contractions in response to 1 nM

isoproterenol (p � 0.05). These data are consistent with the
notion that diabetic hearts are more likely to exhibit abnor-
mal contractions when stressed (Bertoni et al., 2004) (http://
www.diabetes.org/living-with-diabetes/complications).

Altered SR Ca2� Release in Diabetic Myocytes

Spontaneous Ca2� Release (Ca2� Sparks). Myocytes
from the hearts of diabetic animals exhibited a 4.8-fold
higher frequency of spontaneous Ca2� release from the SR,
compared with myocytes from control heart1s (13.6 � 1.2
versus 2.8 � 0.5 sparks/s in 50 �m; p � 0.05, �32 cells
(Fig. 2i). There was no difference in the full-width-at-half-
maximum values for sparks from control and diabetic myo-
cytes (2.05 � 0.02 and 2.10 � 0.04 �m, respectively; 200
sparks from each group). Insulin treatment blunted the in-
crease in Ca2� spark frequency, which indicated that this
defect stemmed from the diabetes and not from the diabeto-
genic agent STZ. These data confirmed earlier studies that
showed increased cellular activity of RyR2s in diabetic myo-
cytes (Yaras et al., 2005; Shao et al., 2007).

Evoked Ca2� Release. When cells were field-stimulated at
0.5 Hz, the rate of evoked Ca2� release from the SR and the
Ca2� transient amplitude were reduced in diabetic myocytes,
compared with control myocytes (78.2 � 8.1 versus 108.2 � 5.2
arbitrary fluorescence units/s and 3.3 � 0.4 versus 4.8 � 0.1
arbitrary fluorescence units, respectively) (Fig. 2ii). The Ca2�

decay time was significantly increased in diabetic myocytes,
compared with control myocytes (722.1 � 14.5 versus 260.5 �
8.1 ms). Evoked Ca2� release from the SR was dyssynchronous
(nonuniform) in more than 50% of myocytes from diabetic ani-
mals, with diastolic Ca2� release between pulses; approxi-
mately 9% of diabetic myocytes exhibited Ca2� alternans (Fig.
2ii). These data confirmed nonuniform evoked release of Ca2�

from the SR (Shao et al., 2007).

Dyad Junction Architecture

Evoked Ca2� release from the SR is dependent on the
ability of L-type Ca2� channels to respond to a depolarizing
impulse, the spatial distance between T-tubules and SR
membranes, and the responsiveness of RyR2s to Ca2� influx.
A majority of studies reported no change in L-type Ca2�

channel activity in myocytes from rats with STZ-induced
diabetes (Jourdon and Feuvray, 1993; Choi et al., 2002;

TABLE 1
General characteristics of animals used in study

Parameter Control
(n � 48)

Diabetic
(n � 48)

Insulin-Treated
Diabetic (n � 48)

Py-Treated
Control (n � 14)

Py-Treated Diabetic
(n � 15)

Ag-Treated Control
(n � 15)

Ag-Treated
Diabetic (n � 15)

Body mass, g 370.0 � 13.3 290.1 � 17.3* 324.0 � 7.5 397.6 � 12.9 283.5 � 12.6 403.3 � 7.8 304 � 10.1
Blood glucose level, mM 5.0 � 0.5 21.1 � 1.4* 8.1 � 2.1** 4.9 � 1.1 20.1 � 1.6 8.10 � 0.33 22.02 � 2.12
Heart rate, beats/min 370.2 � 10.2 283.9 � 13.2* 327.5 � 7.5** 307 � 20.6 282.1 � 29.0 417.0 � 19.8 294.1 � 30.2
Fractional shortening, % 60.9 � 3.2 49.3 � 1.0* 56.3 � 2.6** 58.9 � 3.1 57.4 � 3.7** 57.9 � 1.9 56.4 � 3.7**
Ejection fraction, % 83.5 � 2.2 72.5 � 1.0* 80.3 � 3.5** 84.4 � 5.2 81.5 � 3.9** 81.8 � 2.9 80.1 � .3.5**
Glycosylated hemoglobin, % 4.1 � 0.1 7.2 � 0.1* 4.7 � 0.2** 4.2 � 0.2 7.6 � 0.3 4.23 � 0.21 8.2 � 0.17
Serum insulin level, ng/ml 1.02 � 0.21 0.31 � 0.03* 0.91 � 0.02** 1.10 � 0.07 0.28 � 0.04 0.67 � 0.07 0.31 � 0.03
Serum TBARS level,

nmol/ml
2.4 � 0.3 11.1 � 1.9* 4.1 � 1.0** 1.0 � 0.2 8.0 � 0.9 4.1 � 0.9 7.2 � 0.7**

Serum SSAO activity,
units � ml�1 � min�1

0.32 � 0.02 0.56 � 0.03* 0.35 � 0.06** 0.22 � 0.01 0.39 � 0.02** 0.47 � 0.03* 0.41 � 0.05**

Ventricular MGO level,
�mol/100 mg tissue
(n � 6)

1.8 � 0.2 4.2 � 0.6* 2.2 � 0.4** N.D. N.D. N.D. N.D.

TBARS, thiobarbituric acid-reactive substances; SSAO, semicarbazide-sensitive amine oxidase; N.D., not done.
* Significantly different from control value (p � 0.05).
** Significantly different from diabetic value (p � 0.05).
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Bracken et al., 2006; Shao et al., 2007). This prompted us to
ascertain whether the spatial distance between T-tubules
and SR membranes (i.e., the dyad junction architecture) was

altered in myocytes from rats with STZ-induced diabetes.
Images collected randomly from the top, middle, and apex of
ventricles from control, diabetic, and insulin-treated diabetic
animals showed no significant difference in the distance be-
tween T-tubules and SR membranes (Fig. 2iii). The mean
distance between SR and T-tubule membranes was 18.2 �
4.8 nm in control rats (103 images from four rats), 16.2 � 3.4
nm in diabetic rats (122 images from five rats), and 17.7 �
5.4 nm in insulin-treated diabetic rats (81 images from four
rats). These data indicated that the dyad junction architec-
ture was not altered in myocytes from rats after 8 weeks of
STZ-induced diabetes.

Reduced RyR2 Activity in Diabetes

With no changes in the activity of L-type Ca2� channels
and dyad junction architecture, we focused our attention on
RyR2s. In this study, steady-state levels of RyR2 protein did
not change after 8 weeks of diabetes but, at equivalent
amounts, dRyR2s bound �30% less [3H]ryanodine than did
cRyR2s at optimal Ca2� levels (530.2 � 12.3 fmol of [3H]ry-
anodine/mg of diabetic membranes, compared with 762.2 �
13.6 fmol of [3H]ryanodine/mg of control membranes; p �
0.05) (Fig. 3i). Treatment with insulin blunted the reduction
in [3H]ryanodine binding to RyR2s, which confirmed that
this defect stemmed from diabetes and not from STZ.
cRyR2s, dRyR2s, and RyR2s from insulin-treated animals
(Ins-DRyR2s) exhibited similar affinities for the prototype
ligand ryanodine (cRyR2, Kd � 1.0 � 0.1 nM; dRyR2, Kd �
0.8 � 0.1 nM; Ins-DRyR2, Kd � 0.9 � 0.1 nM; p � 0.05).

Increased Carbonylation of RyR2s in Diabetes

Compared with cRyR2s, dRyR2s contained �2.5 times
more immunoreactive N�-carboxy(methyl)lysine pyrraline,
pentosidine, argpyrimidine, and deoxyglucosone/hydroimida-
zole adducts (Fig. 3, ii and iii). Immunoreactive GA-pyridine
was found on dRyR2s but was not detected on cRyR2s. Insu-

Fig. 1. Ex vivo ventricular function. i, basal and isoproterenol (Iso)-
induced changes in left ventricular tension in ex vivo hearts from control,
diabetic, and insulin-treated diabetic animals. Values shown are for �14
hearts. �, significantly different from control hearts (p � 0.05). ��, signif-
icantly different from diabetic hearts (p � 0.05). ii, representative origi-
nal tracings of left ventricular responses of hearts from control, diabetic,
and insulin-treated diabetic animals challenged with 1 and 10 nM iso-
proterenol. Red arrows, abnormal ventricular contractions.

Fig. 2. Alterations in RyR2 activity in diabetic myocytes. i,
representative line-scan images of spontaneous Ca2� re-
lease (Ca2� sparks) in myocytes from control, diabetic, and
insulin-treated diabetic animals. ii, representative evoked
Ca2� transients from control, diabetic, and insulin-treated
diabetic myocytes with 0.5-Hz stimulation. iii, representa-
tive electron-microscopic images of dyad junctions from
control, diabetic, and insulin-treated diabetic animals.
IFM, interfibrillar mitochondrion; T, T-tubule. Scale bars,
100 nm.
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lin treatment blunted the levels of carbonyl adducts formed
on RyR2s.

Digestion of cRyR2s, dRyR2s, and Ins-DRyR2s with tryp-
sin yielded 302, 251, and 281 peptides, respectively, with
M�H� values between 500 and 3000 Da. These peptides
were within 10 ppm of theoretical RyR2 peptide values and
covered �65% of the primary sequence. The Perl script de-
signed to compare experimental masses with theoretical di-
gest masses (with up to three miscleaved peptides) and to
search for modified peptides generated a list of five peptides
with RCS adducts on lysine or arginine residues. Fragmen-
tation of these peptides with tandem mass spectrometry con-
firmed that they originated from RyR2s. As an example, a
single charged ion with m/z 1202.60 was found after digestion

of dRyR2s but not cRyR2s or Ins-DRyR2s (Fig. 3iv). The Perl
script predicted that this mass was derived from glyoxal/
methylglyoxal-derived hydroimidazolone on Arg4462 in pep-
tide 4461LRQLTHTHR4469. Fragmentation of this peptide
with tandem mass spectrometry afforded b and y M�1 ions
that confirmed the peptide 4461LRQLTHTHR4469 (Fig. 3v).
We did not detect the imidazolone B adduct (142 Da) because
it was below the set mass detection threshold. Because argi-
nine is the only basic residue on this peptide at which an
imidazolone adduct can be formed, we reason that imid-
azolone B is on Arg4462. The combination of MALDI-TOF-
MS, Perl script, and MS/MS confirmed the locations of imid-
azolone B on Arg1611 (in 1607VDVSRISER1615) and pyrraline
adducts on Lys2190 (in 2185EITFPKMVANCCR2197) and

Fig. 3. Post-translational modification
of RyR2 by reactive carbonyl species in
diabetes. i, top, representative autora-
diograms showing steady-state levels of
RyR2 protein in membrane vesicles iso-
lated from control (C), diabetic (D), and
insulin-treated diabetic (Ins-D) rat
hearts; bottom, graph showing normal-
ized [3H]ryanodine binding (mean �
S.E.M. of more than four experiments).
�, significantly different from control
value. ii, representative autoradio-
grams showing carbonyl adducts on
RyR2s from control, diabetic, and insu-
lin-treated diabetic rat hearts. Immuno-
blots were obtained by using 60 �g of
membrane vesicles and using antibod-
ies to N�-carboxy(methyl)lysine, argpy-
rimidine, 3-deoxyglucosone/hydroimi-
dazolone, GA-pyridine, pentosidine, and
pyrraline as the primary antibodies in
Western blot assays (1:1000, for 16 h).
iii, relative levels (mean � S.E.M.) of
carbonyl adducts on RyR2s in hearts
from control, diabetic, and insulin-
treated diabetic animals. Values shown
are from four separate preparations.
CML, N�-carboxy(methyl)lysine; Argp,
argpyrimidine; 3-Deox/Hydro, 3-deox-
yglycosone/hydroimidazolone; GA-Pyr,
GA-pyridine; Pent, pentosidine; Pyrr,
pyrraline. �, significantly different from
control value; #, significantly different
from diabetic value (p � 0.05). iv, align-
ment of MALDI-TOF mass spectra ob-
tained after trypsin digestion of RyR2s
from control, diabetic, and insulin-
treated diabetic rats. An M�1 peak was
present at 1202.60 Da in diabetic sam-
ples but not in the other samples. The
Perl algorithm suggested that this peak
was imidazolone B on Arg4462
(4461LRQLTHTHR4469). v, y and b ions
obtained after fragmentation of the
1202.60-Da M�1 mass peak. vi, RyR2
structure. Red circles, locations of car-
bonyl adducts on RyR2; black circles, po-
sitions of other amino acids, for reference.
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Lys2888 (in 2887EKAQDILK2892) in rat RyR2s. Arg4683 (in
4675AALDFSDAREK4685) was modified with argpyrimidine
in two experiments and with hydroimizazolone in two other
experiments. The carbonylation sites on RyR2s were similar
to those in our previous study (Bidasee et al., 2003), but
the adduct type was different for some residues.

Functional Impact of Carbonylation

Rationale. We next set out to determine whether RCS
adducts were responsible for the functional heterogeneity of
RyR2s seen in experimental type 1 diabetes mellitus. To
date, chemical methods to insert a specific adduct at a de-
fined amino acid residue without disrupting the tertiary
structure of RyR2 are unavailable. Because carbonyl adducts
neutralize basic charges and increase bulk, we reasoned that
mutation of these residues to tyrosines, tryptophans, and
glycines might provide insights into the roles these residues
play in the overall function of RyR2 and might facilitate
determination of the impact of carbonylation of these resi-
dues on RyR2 function. Three approaches were used to assess
the activity of RyR2 mutants.

Ca2�-Dependent Binding of [3H]Ryanodine. Neutral-
izing the basic charge on Arg1611 by converting it to glycine
did not significantly alter Ca2�-dependent binding of [3H]ry-
anodine to RyR2s (Fig. 4i). Neutralizing the basic charge and
increasing the bulk at Arg1611 by converting it to tryptophan
or tyrosine also did not alter the binding of [3H]ryanodine
(Fig. 4i). Neutralizing basic charges on Lys2190 or Lys2887
(the mouse equivalent of Lys2888) by converting each to
glycine did not alter Ca2�-dependent binding of [3H]ryanod-
ine (Fig. 4, ii and iii). However, neutralizing the basic charge
and increasing the bulk at Lys2190 or Lys2887 by converting
those residues to tryptophan or tyrosine potentiated Ca2�-
dependent binding of [3H]ryanodine to RyR2s (Fig. 4, ii and
iii). These increases in Ca2�-dependent binding of [3H]ryano-
dine were not attributable to alterations in the amount of
RyR2 protein used for assays (Fig. 4, insets). R1611G/
K2190Y, R1611W/K2190Y, and K2190Y/K2887Y double-mu-
tants exhibited reduced ability to bind [3H]ryanodine (Fig.
4iv). Neutralizing the basic charge or neutralizing the charge
and increasing the bulk at residues Arg4462 and Arg4682
(the mouse equivalent of Arg4683) reduced binding of
[3H]ryanodine (Fig. 4, v and vi).

Planar Lipid Bilayer Assays. To gain mechanistic in-
sights regarding altered [3H]ryanodine binding, wild-type
and mutated RyR2s were purified and reconstituted into
lipid bilayers and their gating and conductance were assayed
as a function of cis (cytoplasmic) Ca2� levels. Figure 5i shows
representative 1-s recordings of the cis Ca2� responsiveness
of wild-type, single-mutant (K2190Y, K2887W, R4462W, and
R4682G), and double-mutant (R1611G/K2190Y, R1611W/
K2190Y, and K2190Y/K2887Y) receptors at �35 mV, in sym-
metric 250 mM KCl. Arg1611 mutants were not assayed
because they did not show alterations in Ca2�-dependent
[3H]ryanodine binding. K2190Y and K2887W, which showed
enhanced Ca2�-dependent [3H]ryanodine binding, were more
responsive to low cis Ca2� levels (0.1–1 �M), as indicated by
their increased open probabilities (Fig. 5i). The responsive-
ness of K2190Y was similar to that of wild-type RyR2 at
higher Ca2� levels, but K2887W was inactivated at lower
Ca2� levels (deactivation EC50 � 20 �M, compared with 3

mM for wild-type RyR2) (Fig. 5ii). R1611G/K2190Y, R1611W/
K2190Y, and K2190Y/K2887Y double-mutants showed re-
duced responsiveness to low and high cis Ca2� levels.
R4462W and R4682G mutants also exhibited reduced re-
sponsiveness to cis Ca2� levels, with channels, attaining
maximal open probability values of 0.42 and 0.37 with 1000
and 100 �M Ca2�, respectively (Fig. 5, i and ii).

In addition to alterations in cis Ca2� responsiveness, the
conductances of K2190Y, K2887W, R4462G, R4682W,
R1611G/K2190Y, and R1611W/K2190Y channels were �10%
lower than that of wild-type RyR2 (p � 0.05) (Fig. 5iii). The
conductance of the double-mutant K2190Y/K2887Y was sim-
ilar to that of wild-type RyR2 (Fig. 5iii).

Transfection of RyR2s into HEK-293T Cells and Re-
sponsiveness of Cells to Extracellular Ca2�. We next set
out to determine whether mutant channels exhibited altered
Ca2� responsiveness inside cells. Less than 3% of the �150
HEK-293T cells transfected with wild-type RyR2 showed in-
tracellular Ca2� oscillations in medium containing 0.2 or 0.4
mM Ca2� (Fig. 6). Increases in the Ca2� concentration in the
medium to 1.0 or 1.8 mM only modestly increased intracel-
lular Ca2� oscillations in cells transfected with wild-type
RyR2 [8 (5%) of 150 cells]. Less than 3% of cells (4 of 149 cells)
transfected with R4462Y, a mutant with reduced cis Ca2�

responsiveness, exhibited intracellular Ca2� oscillations in
medium with Ca2� concentrations ranging from 0.2 to 1.8
mM (Fig. 6). However, cells transfected with K2887W, a
mutant with enhanced Ca2� responsiveness, exhibited en-
hanced Ca2� oscillations in media with low and high Ca2�

concentrations [0.2 mM Ca2�, 9 (6%) of 154 cells; 0.6 mM
Ca2�, 25 (16%) of 154 cells; 1.8 mM Ca2�, 35 (23%) of 154
cells]. All cells assayed generated Ca2� transients when chal-
lenged with 10 mM caffeine, which indicated that the cells
contained functional RyR2s. These data strongly suggested
that carbonylation could induce aberrant opening and/or
closing of RyR2s inside myocytes.

RCS Modulation of RyR2s and Triggering of Ca2� Release
from SR

We proceeded to determine whether RCS could alter the
activity of RyR2s in vitro and in vivo. The prototype RCS
chosen for this study was MGO.

Effects of MGO on Binding of [3H]Ryanodine to
RyR2s. In competition [3H]ryanodine binding assays con-
ducted with a free cytoplasmic Ca2� concentration of 300 �M,
MGO initially enhanced binding and then displaced ryano-
dine from RyR2s in two phases. The Ki1 for phase A displace-
ment was 25.0 � 2.5 �M, and the Ki2 for phase B displace-
ment was 400.5 � 10.2 �M (Fig. 7i). The displacement curve
for MGO was not parallel to that for ryanodine (data not
shown), which suggests that MGO and ryanodine interact at
different sites on RyR2. In a more-extensive study, we found
that pretreating membrane vesicles with 15 �M MGO for 30
min increased the amount of [3H]ryanodine bound to RyR2s
at all Ca2� concentrations tested (Fig. 7ii). Pretreatment
with 200 or 400 �M MGO enhanced binding of [3H]ryanodine
to RyR2s at lower Ca2� concentrations (0.1–13 �M) but re-
duced [3H]ryanodine binding at higher Ca2� concentrations
(70–3900 �M) (Fig. 7ii).

Lipid Bilayer Assays. To gain mechanistic insights, pu-
rified RyR2s were reconstituted into lipid bilayers and the
effects of MGO on gating and conductance were determined.
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Addition of 16 �M MGO to the cis chamber of the lipid bilayer
chamber (cis Ca2� concentration of 3.3 �M and symmetric
KCl concentrations of 250 mM, �35 mV) increased the RyR2
open probability (from 0.21 to 0.51; p � 0.05) within 1 min
after addition (Fig. 7, iii and iv). The increase in open prob-
ability was seen at both positive and negative holding poten-
tials and resulted predominantly from an increase in the
open state dwell time (from 1.5 to 5.7 ms; p � 0.05). Increas-
ing the MGO concentration in the cis chamber further (32–80
�M) dose-dependently reduced the RyR2 open probability
from 0.51 to 0.05 (Fig. 7, iii and iv). MGO concentrations of
�40 �M significantly (p � 0.05) reduced RyR2 conductance
(Fig. 7, iii and v).

MGO Effects on Ca2� Release from SR. [3H]Ryanodine
binding and lipid bilayer assays indicated that MGO altered
the responsiveness of RyR2s to cytoplasmic Ca2�. We sought
to determine whether MGO could alter the activity of RyR2s
inside cardiac myocytes. Time-lapse images for 1 of 24 qui-
escent myocytes exposed to MGO are shown in Fig. 8i. Ten
seconds after the addition of MGO (25 �M), spontaneous
Ca2� release increased at random locations within the myo-
cyte. This increase in spontaneous Ca2� release persisted for
37 to 45 s, depending on the cell, and then transitioned into
a Ca2� wave that lasted �2.5 s and triggered myocyte con-
traction. Nuclear Ca2� levels also increased after the Ca2�

wave. Removal of Ca2� from the medium did not alter the

Fig. 4. Alterations in Ca2�-dependent
binding of [3H]ryanodine to RyR2s with
mutations to mimic carbonylation. In-
sets, equal amounts of RyR2 protein
were used for this study. i, wild-type
(wt) and Arg1611 mutant RyR2s. ii,
wild-type and Lys2190 mutant RyR2s.
iii, wild-type and Lys2887 mutant
RyR2s. iv, wild-typeand Arg1611,
Lys2190, and Lys2887 double-mutant
RyR2s. v, wild-type and Arg4462 mu-
tant RyR2s; vi, wild-type and Arg4682
mutant RyR2s. Data represent mean �
S.E.M. values from four experiments. �,
significantly different from wild-type
RyR2s (p � 0.05).
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ability of MGO to alter spontaneous Ca2� release and gen-
eration of Ca2� waves (data not shown), which indicated that
MGO was triggering Ca2� release from the SR.

Line-scan studies were conducted with 0.25-Hz field stim-
ulation. Within 15 s after the addition of MGO (20 �M),
spontaneous Ca2� release from the SR increased 12.8-fold in
18 of 22 of myocytes (Ca2� spark frequency before the addi-
tion of MGO was 1.8 � 0.5 sparks/s in 50 �m, compared with
21.6 � 1.2 sparks/s in 50 �m after MGO addition; p � 0.05)
(Fig. 8ii). The increase in Ca2� spark frequency continued for
30 � 6 s. In 66% of myocytes (12 of 18 cells), Ca2� sparks

transitioned into Ca2� waves (Fig. 8ii). These Ca2� waves
reduced the amplitude of evoked Ca2� transients (from 4.8 �
0.4 fluorescence absorbance units after MGO addition but
before the wave to 4.0 � 0.2 fluorescence absorbance units
after MGO addition and after the wave). Evoked Ca2� re-
lease from the SR after MGO treatment was dyssynchronous,
akin to that seen in diabetic myocytes (Fig. 7ii). Spontaneous
and evoked Ca2� cycling ceased in 18 (80%) of 22 cells, 5 min
after the addition of MGO. The addition of caffeine (10 mM)
to myocytes after cessation of evoked Ca2� transients trig-
gered Ca2� release from the SR, but the amplitude was

Fig. 5. Alterations in cytoplasmic
Ca2� responsiveness of RyR2s with
mutations to mimic carbonylation. i,
representative, 1-s, single-channel re-
sponses of wild-type (wt) and mutated
RyR2s to increasing cis Ca2� levels. Po,
open probability; o, open; c, closed. ii,
mean open probability values for at
least nine channels for each mutant.
S.E.M. values were between 4 and 8%
and were omitted for clarity. iii, mean
conductance values for wild-type and
mutated RyR2s. �, significantly differ-
ent from wild-type RyR2s (p � 0.05).
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significantly reduced (31.9 � 7.7% of that generated in un-
treated myocytes; eight cells).

Effects of MGO on Mitochondrial Production of
Superoxide/ROS

Previous studies showed that MGO increased mitochon-
drial superoxide/ROS production (Du et al., 2001). Time-
lapsed confocal microscopy was used to ascertain whether
changes in intracellular Ca2� homeostasis induced by MGO
resulted from MGO acting directly on RyR2s or from the
superoxide/ROS produced acting on RyR2s. Addition of MGO
(20 �M) to freshly isolated rat ventricular myocytes (16 cells)
increased mitochondrial superoxide and total ROS produc-
tion. However, this increase started �8 to 9 min after the
addition of MGO (Fig. 9, i and iv). Analyses of Z-stack images
of mitochondria (MitoTracker Green), mitochondrial super-
oxide (405-nm excitation of MitoSOX), and mitochondrial
total ROS (488-nm excitation of MitoSOX) before and after
MGO addition revealed a 210.5 � 6.4% increase in superox-
ide levels 15 min after MGO addition (seven cells) (Fig. 9, ii
and iii) and a 758.9 � 12.2% increase in total ROS levels 16
min after MGO addition (seven cells) (Fig. 9, v and vi).
Increasing MGO to 40 �M decreased the time to detection of
mitochondrial superoxide and total ROS production to �3
min and increased the amount of superoxide and total ROS
produced (data not shown).

Blunting of RyR2 Dysregulation through Treatment with
RCS Scavengers

We reported previously that treatment of diabetic rats with
the RCS scavengers Ag and Py blunted reductions in cardiac
and myocyte function (Shao et al., 2010, 2011). These drugs
did not alter serum glucose levels but decreased serum semi-
carbazide-sensitive amine oxidase activity and levels of thio-
barbituric acid-reactive substances (principally malondialde-
hyde) (Table 1). In this study, treatment of diabetic rats with
Py and Ag blunted the increase in Ca2� spark frequency
(Fig. 10i). Py and Ag treatments prevented the formation of
carbonyl adducts on RyR2s (Fig. 10, ii and iii). Py treatment
reduced N�-carboxy(methyl)lysine adduct levels by 79.2 � 5.1%,
pentosidine adduct levels by 86.4 � 8.2%, pyrraline adduct
levels by 88.3 � 12.1%, and 3-deoxyglucosone/hydroimidazole
levels by 89.1 � 11.2%. Ag treatment was less effective, reduc-
ing N�-carboxy(methyl)lysine adduct levels by 48.1 � 7.2%,
pentosidine adduct levels by 38.1 � 9.1%, pyrraline adduct
levels by 67.1 � 9.1%, and 3-deoxyglucosone/hydroimidazole
levels by 58 � 13% (Fig. 10iii). Py and Ag treatments did not
alter the expression of RyR2s in diabetes but enhanced their
ability to bind [3H]ryanodine (Fig. 10iv). The amplitude of caf-
feine-induced Ca2� transients in diabetic myocytes was 52%
less than that in control myocytes (0.37 � 0.02 versus 0.76 �
0.03 fluorescence absorbance units). Py and Ag treatments
blunted the reduction in caffeine-induced Ca2� transient am-
plitudes to 80.2 � 3.4 and 74.5 � 4.5% of control values, respec-
tively (Fig. 10v).

Discussion
The principal finding of the present study is that the het-

erogeneity in RyR2 function seen in hearts of rats with STZ-
induced diabetes stems in part from post-translational mod-
ification by RCS. These modifications alter the sensitivity of
RyR2s to cytoplasmic Ca2�, with some modifications enhanc-
ing cytoplasmic Ca2� responsiveness and others reducing the
responsiveness of the channel to cytoplasmic Ca2�. In this
study, carbonyl adducts at five amino acid residues of RyR2s
were confirmed. These residues by no means represent the
complete list of amino acids of RyR2s that undergo carbony-
lation in diabetes. Elevated levels of pentosidine, N�-car-
boxy(methyl)lysine, and GA-pyridine adducts on dRyR2s
were detected through Western blotting, but their locations
on RyR2s were not determined. Several reasons for the latter
are likely, including reduced ionization efficiency of the car-
bonylated peptides, the inability of our Perl algorithm to
locate cross-linking pentosidine adducts efficiently, and for-
mation of some adducts at relatively low levels (Ahmed et al.,
2003). Another reason might involve the method itself. In the
present study, trypsin was used for digestion of RyR2s. This
enzyme cleaves proteins at lysines and arginines; if a modi-
fication is present on either residue, then trypsin will not
digest the protein. If GluC, which cleaves proteins at glu-
tamyl residues, had been used for digestion of RyR2s, then
more peptides with carbonyl adducts might have been ob-
tained (Priego Capote and Sanchez, 2009).

A surprising finding of the present study is that RCS did
not react indiscriminately with all available basic amino acid
residues on RyR2s. Some residues (such as the ones identi-
fied) were more susceptible to carbonylation than others. One
explanation for this finding might be the electronic environ-

Fig. 6. Altered cellular Ca2� responsiveness of RyR2s with carbonylation-
mimicking mutations. i, representative intracellular Ca2�-cycling traces
of HEK-293T cells transfected with K2888W, R4462Y, or wild-type (wt)
RyR2 and subjected to increasing concentrations of Ca2� in the medium.
Black arrow, start of caffeine challenge, which continued for 300 s. ii,
mean number of cells exhibiting intracellular Ca2� oscillations as a
function of the Ca2� concentration in the medium (five experiments with
�30 cells for each mutant). �, significantly different from wild-type
RyR2s (p � 0.05).
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ment of these residues. Basic residues with low pKa values
are more likely to undergo carbonylation than are residues
with higher pKa values, because a greater fraction of low-pKa

residues would exist in the deprotonated state at a physio-
logical pH of 7.4, which would render them susceptible to
modification (Iberg and Flückiger, 1986).

The present study indicates that the site and extent of
modification dictate the effects of carbonylation on RyR2
function. In this study, mutation of Arg1611 had no signifi-
cant impact on RyR2 function. This finding raises the possi-
bility that some residues act as “sinks” to protect RyR2s from
transient bursts in �-oxoaldehyde production that may occur.
In contrast, mutations at Lys2190 or Lys2887 exaggerated
the Ca2� responsiveness of RyR2. In the resting or nonacti-
vated state, the N-terminal and central domains of RyR2
make close contacts in several regions, to maintain RyR2 in
a closed state. Two such subdomains reside between amino
acids 2000 and 2500 (Ikemoto and Yamamoto, 2002) and
amino acids 2234 and 2750 (Suetomi et al., 2011). Because
Lys2190 and Lys2887 reside on both sides of these domains,

we speculate that these residues may be involved in “domain
zipping” and modifying them may destabilize N-terminal
domain-C-terminal domain interactions, leading to enhanced
Ca2� responsiveness of RyR2.

Mutagenesis studies suggest that carbonylation at Arg4462
or Arg4682 likely would reduce the Ca2� responsiveness of
RyR2. These residues reside within and immediately down-
stream of divergent region 1 (amino acids 4254–4631), which
dictates the Ca2� sensitivity of ryanodine receptors (Du et al.,
2000), and increasing bulk at these residues might compromise
the ability of Ca2� to activate RyR2.

Our data showed that mutations at more than one site
(Arg1611, Lys2190, and Lys2887) reduced the Ca2� respon-
siveness of RyR2 (Fig. 4), which suggests that, the more
extensive the carbonylation is, the more likely it is that RyR2
activity would be reduced. More-extensive carbonylation
could occur through greater duration of diabetes and/or
higher glucose levels (more glucose-derived RCS generated).
Because blood glucose levels in 15-week db/db mice are �30
mM, increased carbonylation of RyR2s may be a contributing

Fig. 7. Alteration of RyR2 activity by
MGO. i, ability of MGO to displace
[3H]ryanodine from RyR2s. Data shown
are the average of six experiments con-
ducted with three separate membrane
preparations. ii, effects of preincubation
of SR membrane vesicles with varying
amounts of MGO on Ca2�-dependent
binding of [3H]ryanodine to RyR2s.
Data shown are the average of six ex-
periments performed with three sepa-
rate membrane preparations. iii, repre-
sentative, 1-s, single-channel responses
of cRyR2s to increasing cis concentra-
tions of MGO at a holding potential of
�35 mV. sym, symmetric; o, open; c,
closed. iv, open probability (Po) (mean �
S.E.M.) values for cRyR2s with increas-
ing MGO concentrations at a holding
potential of �35 mV, with cis Ca2� lev-
els of 3.3 �M and symmetric KCl con-
centrations of 250 mM (at least 10 chan-
nels). v, conductance (mean � S.E.M.)
values for RyR2s in response to increas-
ing MGO concentrations at a holding
potential (HP) of �35 mV, with cis Ca2�

levels of 3.3 �M and symmetric KCl
concentrations of 250 mM (at least 10
channels). �, significantly different from
wild-type RyR2s (p � 0.05).
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factor in the reduced frequency of Ca2� sparks reported for
myocytes from these animals (Pereira et al., 2006). Factors
other than high levels of glucose also may be involved in
reducing the activity of RyR2 (Lacombe et al., 2007).

Through Western blotting, 2- to 5-fold increases in car-
bonyl adduct levels were found for dRyR2s. These are aggre-
gate increases and do not indicate the extent to which indi-
vidual RyR2 molecules are modified by RCS and how much of
the total RyR2 protein amount in the cell undergoes carbony-
lation in diabetes. From [3H]ryanodine binding studies, we
know that �30% of total dRyR2s exhibited reduced Ca2�

responsiveness. The amount of RyR2 with enhanced Ca2�

responsiveness is not known but we suspect that it may be
significant, because the majority of channels assayed in an
earlier study exhibited gain of function (Tian et al., 2011). It
is important to note that more than one type of carbonyl
adduct may be formed on a susceptible amino acid residue in
diabetes. For example, both imidazolone A/B (derived from
glyoxal/methylglyoxal) and argpyrimidine (derived from
MGO) were found on Arg4462 of RyR2 in this study. Which

type of adduct is formed on any particular residue may be
dictated by the concentration of RCS present.

It has been known for more than 20 years that RCS and
RCS adduct levels are elevated in the serum of individuals
with diabetes (Makita et al., 1992; Slatter et al., 2004;
Lapolla et al., 2005; Fosmark et al., 2009; Vicentini et al.,
2011) and scavengers of RCS can prevent diabetic compli-
cations (Brownlee et al., 1986). Although RCS adduct-
breaking strategies have been not been successful in clin-
ical studies (Hartog et al., 2011), therapies involving
agents that scavenge RCS and/or prevent RCS production
have been successful (Bolton et al., 2004; Williams et al.,
2007). Such drugs likely exert their beneficial effects
through multiple mechanisms, including chelating metals
involved in the synthesis of RCS (Nagai et al., 2012). In
this study, we found that Py was more effective than Ag in
reducing the carbonylation of RyR2 and normalizing its
Ca2� responsiveness (activity). Might Py be more effica-
cious than Ag because its lower primary amine content
allows it to enter myocytes? If this is the case, then cellular

Fig. 8. Alteration of intracellular Ca2�

homeostasis in healthy myocytes by
MGO. i, time-lapse confocal images
showing changes in intracellular Ca2�

release in a myocyte acutely exposed to
20 �M MGO and monitored for �6 min.
Red arrows, spontaneous Ca2� release.
White arrows, elevations in nuclear
Ca2� levels. Experiments were con-
ducted with 18 cells from four separate
myocyte preparations, all of which ex-
hibited similar behavior when chal-
lenged with MGO. ii, representative
line-scanned images of spontaneous
and evoked Ca2� release in myocytes
acutely exposed to 20 �M MGO and
monitored for �6 min. Black arrows,
stimulation at 0.25 Hz. White arrows,
spontaneous Ca2� release. Green ar-
rows, sites of nonuniform evoked Ca2�

release. Experiments were conducted
with 22 cells from four separate myo-
cyte preparations, and 18 exhibited
characteristics similar to those shown.
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permeability may be an important consideration in the
design of RCS-reducing therapies. It should be noted that
we found in a previous study that glucose-derived MGO,
the enzyme that synthesizes it (vascular adhesion protein-
1/serum semicarbazide amine oxidase), and the enzyme
that breaks it down (glyoxalase-1) were up-regulated in
ventricular myocytes in diabetes (Shao et al., 2011). It is
noteworthy that the MGO-derived argpyrimidine adduct
was elevated on SERCA2 (Shao et al., 2011) and on RyR2
(Fig. 3ii).

The present study has limitations. First, none of the mutants
created is ideal for mimicking the simultaneous charge neutral-
ization and increase in bulk induced by carbonylation. Tryptophan
has a hydrophobic side chain that might compromise protein fold-
ing, and tyrosine is a phosphorylatable residue that might alter
RyR2 activity. Although alanine (and perhaps isoleucine/leucine)
would have been a more-appropriate choice than glycine to mimic
charge neutralization, we were fortunate that the characteristics
of our glycine mutants paralleled those of the corresponding try-
rosine and tryptophan mutants.

Fig. 9. Increased mitochondrial super-
oxide production with MGO. i and iv,
time-lapse confocal images showing
production of superoxide (i) and total
ROS (iv) in a myocyte after exposure to
20 �M MGO. ex, excitation; em, emis-
sion. ii and v, mitochondrial localization
and superoxide levels with MGO expo-
sure. Green images, MitoTracker Green
(mitochondria); red images, MitoSox
signals monitored with 404-nm (ii) or
488-nm (v) excitation; right panels,
green-red overlay images, showing su-
peroxide and ROS in mitochondria. iii
and vi, graphs showing production
(mean � S.E.M.) of superoxide (iii) and
ROS (vi) in mitochondria before and 15
and 16 min, respectively, after MGO ad-
dition. �, significantly different from
values before MGO addition (p � 0.05).
White arrows indicate formation of su-
peroxide and total ROS.
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Second, we and others showed that SERCA2 activity in the
myocardium was reduced in diabetes (Belke et al., 2004;
Shao et al., 2011). In addition to affecting the rate and
amount of Ca2� transport from the cytoplasm to the lumen of
the SR (i.e., SR Ca2� content), reductions in SERCA2 levels
would elevate diastolic Ca2� levels, which could increase the
activity of RyR2. In a recent study, we found that SERCA2
was extensively modified by RCS in diabetes and that treat-
ment of diabetic rats with Py prevented the carbonylation of
SERCA2 and enhanced its activity (Shao et al., 2011). There-
fore, the increase in Ca2� sparks seen in diabetic myocytes
and the reduction in Ca2� sparks seen in myocytes from Py-
and Ag-treated rats may be attributable in part to alterations
in SERCA2 activity.

Third, in addition to regulation by cytoplasmic Ca2�, the
activity of RyR2 is regulated by an array of other cytoplasmic

ligands and proteins and by luminal Ca2�. Whether the
carbonylation-mimicking RyR2 mutations altered the re-
sponsiveness of RyR2 to activating/deactivating ligands such
as ATP, cADP-ribose, and Mg2� and whether the mutants
would exhibit altered luminal Ca2� responsiveness remain to
be determined. It is not clear whether RCS adducts alter the
binding of proteins, including FK506 binding protein 12.6,
protein phosphatase 2, and calmodulin, to RyR2.

Fourth, it is unlikely that MGO increases Ca2� sparks in
myocytes solely through its action on RyR2. MGO also acts on
SERCA2, which can affect RyR2 activity. It is possible that
MGO also alters the redox status of mitochondria, which
would directly affect the activity of RyR2 (Zhou et al., 2011).
On the basis of the findings of the present study, however,
MGO’s actions on mitochondria occur after those on SR Ca2�-
cycling proteins. MGO was used as a prototype RCS, and its

Fig. 10. Treatment of diabetic rats with
scavengers of reactive carbonyl species,
blunting RyR2 dysregulation. i, repre-
sentative evoked Ca2� transients in
ventricular myocytes isolated from con-
trol, diabetic, Py-treated control, Py-
treated diabetic, Ag-treated control, and
Ag-treated diabetic rats. Myocytes were
stimulated at 1 Hz (black arrow). Ex-
periments were conducted with �30
cells from four separate myocyte prepa-
rations per experimental group. ii, rep-
resentative autoradiograms of carbonyl
adducts in ventricular heart homoge-
nates from diabetic, Py-treated control,
Py-treated diabetic, Ag-treated control,
and Ag-treated diabetic rats. Experi-
ments were conducted with four sepa-
rate junctional SR vesicle preparations.
iii, relative intensity values (mean �
S.E.M.). �, significantly different from
control value (p � 0.05); #, significantly
different from diabetic value (p � 0.05).
iv, representative autoradiograms indi-
cating steady-state levels of RyR2 and
�-actin proteins in membrane vesicles
isolated from hearts of control, diabetic,
Py-treated control, Py-treated diabetic,
Ag-treated control, and Ag-treated dia-
betic rats. Graph, ability of equivalent
amounts of RyR2 protein from control,
diabetic, Py-treated control, Py-treated
diabetic, Ag-treated control, and AG-
treated diabetic hearts to bind [3H]ry-
anodine. Experiments were conducted
at least five times, with four different
membrane preparations. �, significantly
different from control value (p � 0.05);
#, significantly different from diabetic
value (p � 0.05). v, representative caf-
feine-induced Ca2� transients in ven-
tricular myocytes isolated from control,
diabetic, Py-treated control, Py-treated
diabetic, Ag-treated control, and Ag-
treated diabetic hearts. First three
black arrows, electrically evoked stimu-
lation; last black arrow, application of
caffeine. Experiments were performed
five times.
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effects on intracellular Ca2� homeostasis and RyR2 function
occurred very quickly (seconds to minutes). Although this
rapid modification with MGO emphasizes our point that
RyR2 is a molecular target, we do not have any data on the
kinetics of action of other RCS, such as malondialdehyde,
4-hydroxynonenal, and glucosone.

In conclusion, this study identifies carbonylation as a novel
mechanism that contributes to RyR2 dysregulation (func-
tional heterogeneity) in diabetes. Limited carbonylation en-
hances or reduces the cytoplasmic Ca2� responsiveness of
RyR2 (depending on the site of carbonylation), whereas ex-
tensive carbonylation reduces the cytoplasmic Ca2� respon-
siveness of RyR2. Aberrant opening of RyR2 resulting from
enhanced Ca2� responsiveness would induce delayed after-
depolarization and arrhythmias (Lehnart et al., 1998; Marks,
2002; Watanabe and Knollmann, 2011), whereas decreased
Ca2� responsiveness of RyR2 would reduce the amplitude of
evoked Ca2� release from the SR and muscle contraction,
phenotypes that are commonly seen among individuals with
diabetes mellitus. Reductions in RCS levels blunted RyR2
dysregulation in diabetes. These new data suggest that myo-
cyte-permeant RCS scavengers may be useful as an adjunct
therapy to slow the development of heart failure in individ-
uals with diabetes.
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