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S-Nitrosylation is a ubiquitous post-translational modifica-
tion that regulates diverse biologic processes. In skeletalmuscle,
hypernitrosylation of the ryanodine receptor (RyR) causes sar-
coplasmic reticulum (SR) calcium leak, but whether abnormal-
ities of cardiac RyR nitrosylation contribute to dysfunction of
cardiac excitation-contraction coupling remains controversial.
In this study,we tested the hypothesis that cardiacRyR2 is hypo-
nitrosylated in heart failure, because of nitroso-redox im-
balance. We evaluated excitation-contraction coupling and ni-
troso-redox balance in spontaneously hypertensive heart failure
rats with dilated cardiomyopathy and age-matched Wistar-
Kyoto rats. Spontaneously hypertensive heart failure myocytes
were characterized by depressed contractility, increased dia-
stolic Ca2� leak, hyponitrosylation of RyR2, and enhanced xan-
thine oxidase derived superoxide. Global S-nitrosylation was
decreased in failing hearts compared with nonfailing. Xanthine
oxidase inhibition restored global and RyR2 nitrosylation and
reversed the diastolic SR Ca2� leak, improving Ca2� handling
and contractility. Together these findings demonstrate that
nitroso-redox imbalance causes RyR2 oxidation, hyponitrosyla-
tion, and SR Ca2� leak, a hallmark of cardiac dysfunction. The
reversal of this phenotype by inhibition of xanthine oxidase has
important pathophysiologic and therapeutic implications.

Heart failure (HF)3 is a complex, multi-faceted disorder
characterized by depressed contractility of cardiac myocytes
and a diverse array of abnormalities in excitation-contrac-
tion coupling. It is increasingly appreciated that SR calcium
leak through the RyR2 is a central lesion leading to dimin-
ished myocyte contraction and electrical instability, which
enhances the risk of cardiac arrhythmias (1). With regard to
RyR biology, recent reports implicate elevated nitrosylation
of RyR1 with SR Ca2� leak and skeletal muscle dysfunction
(2–4). Paradoxically, we have shown that in cardiac myo-

cytes of neuronal nitric-oxide synthase (NOS1)-deficient
mice, decreased S-nitrosylation causes RyR2 leak, decreased
contractile reserve, and occurrence of delayed after-depolar-
izations (5).
One possible explanation for this paradox relates to nitro-

so-redox imbalance, a condition in which excess formation
of reactive oxygen species (ROS) can modify the same thiols
that are targets of S-nitrosylation, leading to irreversible
protein activation (6). Because increased oxidative stress is
common in myocardial dysfunction (7), we tested the idea
that in the case of RyR2, the channel is hyponitrosylated but
similarly subject to SR calcium leak because of increased
oxidative modification. The RyR2 is especially sensitive to
redox modifications because of the presence of many hyper-
reactive cysteines (8), which can be S-nitrosylated (9), gluta-
thionylated (10, 11), or further oxidized to disulfide bonds.
The purpose of this study was to assess RyR2 nitrosylation

and function in a relevant HFmodel, the SHHF rat. Our results
reveal that the channel is hyponitrosylated because of increased
oxidative stress, mainly derived from xanthine oxidase (XO),
and that reversal of increased ROS formation corrects its func-
tion and improves Ca2� handling.

EXPERIMENTAL PROCEDURES

Westudiedmale spontaneous hypertensive-heart failure rats
SHHF (�18 months old) and their normotensive controls,
Wistar-Kyoto rats as previously described (12). Heart failure
was confirmed using echocardiography (see the supplemen-
tal material). The Animal Care and Use Committee of the
Miller School ofMedicine of the University ofMiami approved
all protocols and experimental procedures.
Myocytes were isolated as described in detail in the

supplemental material. Intracellular calcium was measured as
previously described (5). Cell contractility was estimated mea-
suring sarcomere length as previously described (5). The degree
of sarcomere shortening is expressed as the ratio between the
amplitude of the shortening (�L) and the base-line sarcomere
length (L0).
Assessment of SR Ca2� Leak—Calcium leak was assessed as

described by Shannon et al. (13, 14). Ventricular myocytes
were loaded with fura-2 and paced by field stimulation at the
different frequencies in normal Tyrode’s solution until cel-
lular Ca2� transients reached a steady state. After the last
pulse, the bath solution was rapidly switched to 0 Na�-0
Ca2� (Na� replaced by Li�) Tyrode. In the control condi-
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tion, [Ca2�]i was monitored, whereas 0 Na�-0 Ca2� Tyrode
buffer was applied for 40 s to eliminate transsarcolemmal
Ca2� fluxes, creating a closed system with a steady state
[Ca2�]i. Then a rapid pulse of caffeine (10 mM) was added to
cause SR Ca2� release. After the cell recovers, it was stimu-
lated again in the same conditions, but the 0 Na�-0 Ca2�

Tyrode solution contained 1 mM tetracaine. Under this con-
dition, RyR was blocked, and a shift (decrease) in the fura-2
signal (cytosolic [Ca2�]) was observed. In this condition, the
leak was blocked, and the difference in [Ca2�]i between tet-
racaine and control condition corresponded to diastolic
Ca2� efflux. The amplitude of the caffeine-induced Ca2�

transient was used to estimate the total [Ca2�]i. The load-
leak relationship was constructed by grouping cells with sim-
ilar total SR [Ca2�].
Direct Measurement of Intra-SR [Ca2�]i—Isolated myocytes

were incubated with 1 �M mag-fura-2 acetoxymethyl ester
(Molecular Probes Inc., Eugene, OR) for 1 h at room tempera-
ture. Then the cells were washed at least three times in normal
Tyrode solution, for washout of the indicator out of the cytosol.
The cells were used within 2 h for the experiments. With this
protocol, 60–80% of the cells consistently displayed downward
twitch and caffeine-induced transients, indication that the flu-
orescence signal originates preferentially from the SR. A similar
protocol to fura-2 was used, including tetracaine in 0 Na�-0
Ca2� solution and caffeine.
S-Nitrosylation—For determination of RyR2 nitrosylation,

the hearts were treated as previously described (9), and the
biotin switch technique was performed accordingly to Jaf-
frey et al. (15). To visualize S-nitrosylation in cardiac sec-
tions, we applied the biotin switch method with modifica-
tions (16, 17). Briefly, fresh hearts were embedded in O.C.T.
(Tissue-Tek), frozen, cut in 10-�m sections, and fixed in
microscope slides. The sections were washed in HEN buffer
(see the supplemental material) and fixed with paraformal-
dehyde 2% for 20 min at room temperature and permeabi-
lized with HEN plus Triton 1%. Sulfhydryl groups were
blocked by incubating the slides with HEN-plus 20 mM

N-ethylmalemaide for 30 min at 4 °C. After removal of per-
meabilizing and blocking solutions, the sections were incu-
bated with 1 mM sodium acorbate and 3-[N-(maleimidopro-
pionyl)] biocitin (MBP) as labeling agent, for 1 h at room
temperature and then incubated with streptavidin-FITC at
4 °C. The nuclei were stained with DAPI. To visualize S-ni-
trosylation in isolated cardiomyocytes, we used a rabbit
polyclonal anti-S-nitrosocysteine antibody (Sigma).
Detection of Superoxide—Fresh, unfixed hearts were frozen

inO.C.T. (Tissue-Tek). Transverse sections (20�mthick) were
cut in a cryostat and placed on glass slides. The samples were
then incubated at room temperature for 30 min with dihydro-
ethidium (DHE, 3 �M; Molecular Probes). After washing with
PBS, the sections were fixed with 2% paraformaldehyde for 5
min at 4 °C. Finally, the samples weremounted in ProlongGold
anti-fade (Invitrogen). The images were obtained using a Zeiss
LSM-710 confocal microscope. Fluorescence was quantified
using the Image-Pro plus software (MediaCybernetics, Silver
Spring, MD).

Quantification of RyR2 Free Thiols—Free thiols in the RyR2
were assessed using the fluorescent probe for cysteines
monobromobimane (Calbiochem, San Diego, CA) as
described previously (5). Proteins were resolved in 3–8%
Tris acetate gels and transilluminated with UV light. Total
RyR2 was identified upon silver staining of the gel and con-
firmed by Western blotting with anti-RyR2. Free cysteine
content is expressed as the ratio of the optical density of the
UV signal to the total RyR signal.
Confocal Microscopy—Heart sections and isolated myo-

cytes were prepared as described above, fixed in parafor-
maldehyde 2%, and incubated overnight at 4 °C with mono-
clonal antibodies to NOS1 (BD Bioscience), anti-RyR2
(Affinity BioReagent), and xanthine oxidase (NeoMarkers)
and polyclonal antibodies against S-nitrosocysteine (Sigma),
NOS1, and xanthine oxidase (Santa Cruz). Secondary incu-
bations were performed at 37 °C for 1 h using anti-mouse
TRITC and anti-rabbit FITC (Jackson Immunoresearch,
West Grove PA) using a Zeiss LSM-710 confocal micro-
scope. To validate the specificity of the signal obtained with
the anti-S-nitrosocysteine antibody, we performed two con-
trols: first, we used normal rabbit serum instead of the anti-
body, and second, before incubating with anti-S-nitrosocys-
teine antibody, the samples were treated with HgCl2 (0.2% in
PBS, 30 min) to degrade the S-nitrosylation bonds (18).
Co-localization Analysis—Quantitative co-localization anal-

ysis was performed after the images were deconvolved, using
Huygens Essential software (Scientific Volume Imaging, Hil-
versum, The Netherlands) computing the Pearson correlation
coefficient, as recommended (19, 20).
Statistical Analysis—The data are expressed as the means �

S.E. For comparisons of two groups, Student’s t test was used.
For comparison of three ormore groups, one- or two-way anal-
ysis of variance was performed with Newman-Keuls post-hoc
test. For both tests, a p value of less than 0.05 was considered
significant.

RESULTS

Previously, we described increased XO activity in the
SHHF rat heart (12). To confirm this, we measured an abun-
dance of XO. Using immunofluorescence (Fig. 1A), we found
that XO expression was increased in heart tissue sections of
failing hearts compared with nonfailing (34.4 � 5.6 fluores-
cence units in WKY versus 91.8 � 11.2 in SHHF, p � 0.005).
Up-regulation of XOwas confirmed byWestern blot analysis
(Fig. 1B). Furthermore, at the single myocyte level at high
magnification (Fig. 1C), it can be appreciated that the local-
ization of XO is in close vicinity to the RyR2. In fact, the
degree of co-localization between both proteins is increased
in the failing hearts (p � 0.0001), consistent with an up-reg-
ulation of XO.
Redox State of RyR2—Given the proximity of XO and RyR2,

it would be expected that an up-regulation of XO could alter
the redox state of the channel, as well as its function. We
previously described that decreased S-nitrosylation of the
ryanodine receptor (RyR2) altered the channel activity,
inducing sarcoplasmic reticulum Ca2� leak and reducing
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contractility (5). We investigated here the degree of S-ni-
trosylation of RyR2 with the biotin switch assay (Fig. 2A).
Consistent with the global histological studies, the level of
S-nitrosylated RyR2 was lower in the failing hearts (5.6 � 1.8
densitometric units in WKY versus 1.9 � 1.0 in SHHF, p �
0.05, n � 5WKY and 6 SHHF hearts). Next, we measured the
levels of free thiols (SH-RyR2) using the monobromobimane
assay (Fig. 2B). Relative free thiols levels were lower in the
failing hearts (14.1 � 1.4 densitometric units in WKY versus
9.5 � 1.0 in SHHF, p � 0.05, n � 3WKY and 4 SHHF hearts),
suggesting, along with decreased S-nitrosylation, increased
oxidation of cysteine residues. Finally, we analyzed the
amount of phosphorylated RyR2 in serine 2809, because this
modification has been related to RyR2 leak and the progres-
sion to HF (21). There were no differences in the ratio of
phosphorylated to total RyR2 between strains, although both
were intensively phosphorylated (0.89 � 0.07 WKY, n � 4
versus 0.80 � 0.06 SHHF, n � 5). Together, these results
strongly suggest that in heart failure, RyR2 has lost S-ni-
trosylated cysteines, and they are highly oxidized.

A decrease in expression of
NOS may have been the cause of
decreased S-nitrosothiols. For this
reason, we evaluated the level of
the three NOS isoforms (Fig. 2C).
NOS1 was increased (both � and �
isoforms), consistent with previ-
ous reports in heart failure (22,
23). NOS3 levels were not differ-
ent between strains, and NOS2
expression was below our limit of
detection. These results suggest
that changes in NOS expression
are not a cause for decreased S-ni-
trosylation in this model of heart
failure.
Nitroso-redox Pathways—We stud-

ied the levels of nitrogen reactive
species (S-nitrosylation) and ROS in
WKY and SHHF hearts (Fig. 3). The
levels of ROS detected by oxidative
microphotography with DHE stain-
ing (Fig. 3A) were increased in the
heart failure rats. Perfusion of iso-
lated hearts with the xanthine oxi-
dase inhibitor oxypurinol (100 �M,
45 min) decreased the levels of ROS
in the failing hearts to levels similar
to the nonfailing hearts.
S-Nitrosylation—Next,weassessed

global myocardial S-nitrosylated
proteins. We applied a modified
biotin switch protocol for in situ
detection of nitrosylated proteins in
fresh myocardial sections (Fig. 3B).
The S-nitrosylation signal was
diminished in the failing hearts
compared with WKY (p � 0.05).

The treatment with oxypurinol restored the levels of S-nitrosy-
lation in the failing hearts to normal levels and even increased
S-nitrosylation in WKY hearts (p � 0.05).
RyR2 Nitrosylation—To test whether increased XO activity

had a causal relationship with the levels of nitrosylation of
RyR2, we analyzed the level of S-nitrosylation of cardiac
RyR2 in isolated myocytes treated with or without oxypuri-
nol. Using confocal microscopy, we compared the degree of
co-localization for RyR2 and S-nitrosocysteine in isolated
cardiomyocytes. In WKY, a clear co-localization between
RyR2 and S-nitrosocysteine was observed (Fig. 4). On the
contrary, the co-localization was significantly decreased in
SHHFmyocytes, due mainly to the general reduction in S-ni-
trosothiols. Incubation with oxypurinol (100 �M, 60 min
(24)) significantly increased the general level of S-nitrosyla-
tion (p � 0.05) and, in particular, the degree of S-nitrosyla-
tion associated with the RyR2. Thus, XO inhibition restored
the redox state of RyR2.
Intracellular Ca2� Handling and Contractility—To gain

insights into themechanistic impact of RyR2 redox restoration,

FIGURE 1. Up-regulation of xanthine oxidase in heart failure. A, immunostaining for XO in WKY and SHHF
heart sections. The bar graph depicts average fluorescence signal � S.E. of three hearts analyzed in each strain.
The bar indicates 50 �m. B, Western blot analysis for XO expression in cardiac homogenates of WKY and SHHF
hearts. The bar graph depicts average densitometry units � S.E. n � 4 WKY hearts and 8 SHHF hearts. MW,
molecular mass. C, double immunostaining for RyR2 (green) and XO (red) in isolated myocytes from nonfailing
(WKY, n � 15 cells) and failing myocytes (SHHF, n � 16 cells). The bars indicate 100 �m. Right panel, bar graphs
depicting the values for co-localization (Pearson coefficient values) analysis between both proteins. *, p � 0.05;
†, p � 0.005; ‡, p � 0.0001.
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we investigated some components of the excitation-contrac-
tion coupling process in which the activity of RyR2 is a key
regulatory element. To this end, we assessed contractility
and calcium handling in this model by measuring sarcomere
shortening of isolated myocytes and the amplitude of the
Ca2� transients (Fig. 5). When myocytes were paced from
0.5 to 4 Hz of stimulation, the degree of sarcomere shorten-
ing was relatively flat in WKY myocytes. Conversely, in
SHHF myocytes, the response was negative, i.e. the degree of
sarcomere shortening decreased with the increased fre-
quency of stimulation as has been previously described (25)
(Fig. 5A). This decrease in contractility was correlated with
the levels of intracellular calcium. In WKY, the amplitude of
the transients increased with frequency, but in the failing
myocytes it remained relatively constant (Fig. 5B). In the
failing myocytes, both cell contractility and Ca2� transients
were improved when the cells were incubated with oxypuri-
nol (100 �M for 40 min). Shorter incubation times did not
produce an effect, and oxypurinol did not affect contractility
or calcium transients in WKY cells (data not shown).
Because diastolic SR Ca2� leakage through RyR2 is an

important factor affecting Ca2� handling and content in
heart failure, we evaluated this leak. For this, we measured
the diastolic SR Ca2� efflux using tetracaine as an inhibitor

of RyR2 (Fig. 6A) as has been pre-
viously described (13, 14). When
comparing the amount of Ca2� leak
at matched Ca2� contents (assessed
by caffeine application), we found an
increased diastolic SR efflux in the
failingmyocytes. Thiswas reduced by
oxypurinol treatment to the levels of
the nonfailing myocytes. We also
assessed intra-SR Ca2� directly using
the low affinity Ca2� (Kd � 50 �M)
indicator mag-fura2 (Fig. 6B). Using
mag-fura2, the Ca2� transient is
shownas adownward shift, because it
denotes the Ca2� content within the
SR. Upon caffeine application, SR is
emptied of Ca2�. Using this tech-
nique, we found that the intra-SR
Ca2� content is significantly reduced
in failing myocytes. Incubation of
myocytes with oxypurinol (100 �M,
40min) restored the SRCa2� content
toward the value observed in thenon-
failing myocytes. Together, these
results demonstrate that the redox
imbalance created by XO up-regula-
tion directly impacts on the calcium-
cycling process, particularly at the
level of the RyR2, because of its high
redox dependence.

DISCUSSION

In the present study, we show the
consequences of the imbalance

between reactive nitrogen and reactive oxygen species on exci-
tation-contraction coupling in heart failure (Fig. 7). We show
that in HF the RyR2 has diminished levels of S-nitrosylation,
associated with impaired calcium handling and contractility.
These data demonstrate that a spectrum of thiol modifications
can lead to excess activation of the RyR2 and subsequent leak of
calcium in disorders of muscle contraction.
Our findings are in agreement with a substantial body of

literature demonstrating thiol modification, either via S-ni-
trosylation or by oxidative modification, promoting alter-
ations in protein function (see for reviews Refs. 26 and 27). In
the case of the RyR1 and RyR2, S-nitrosylation increases the
activity of the channel (8, 28–33). Physiologically, this en-
hances the function of the channel and thus excitation-con-
traction coupling. Disruption of this important mechanism
can result from either hypernitrosylation or oxidation. We
anticipate that the difference is due to nitroso-redox dis-
equilibrium arising at least in part from the increase in the
superoxide producing enzyme XO. In this case we confirm
the up-regulation of xanthine oxidase, as previously
reported (12), and its close localization to RyR2.
To the best of our knowledge, this is the first report of the

levels of nitrosylation in a model of heart failure. It has been
reported that RyR2 contains 89 cysteines, of which 21 are in

FIGURE 2. Redox modifications of ryanodine receptor in heart failure. A, biotin switch assay for S-ni-
trosylated RyR2 in nonfailing (WKY) and failing (SHHF) heart homogenates. Cardiac homogenates labeled
for S-nitrosylation in the presence or absence of sodium ascorbate as the negative control of the assay.
The bar graph depicts the average densitometry values � S.E. of n � 5 WKY and 6 SHHF hearts. WB,
Western blotting. B, relative free thiols (SH-RyR2), phosphorylated RyR2 at Ser2809 (pRyR2), and total
content in RyR2 in heart homogenates of WKY and SHHF rats. GAPDH was used as loading control. C, NOS
isoform expression. Top panel, Western blot analysis for NOS1. � indicates positive control (rat brain
homogenate), � and � are spliced variants for NOS1. The bar graph shows average densitometry values �
S.E., n � 4 WKY hearts and 9 SHHF hearts. *, p � 0.05. Middle panel, Western blot analysis to test the
presence of NOS2 in WKY and SHHF rat hearts. � indicates NOS2 positive control (a lysate of acti-
vated macrophages). Bottom panel, NOS3 in heart homogenates of nonfailing (WKY) and failing (SHHF)
hearts. The bar graphs show average densitometry values � S.E., n � 4 WKY hearts and 9 SHHF hearts.
*, p � 0.05.
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the free (fully reduced) form (8).
Thus, 68 cysteines may exist as
S-nitrosylated, as S-glutathiony-
lated, or as disulfide bonds. Our
current data suggest that a signifi-
cant portion of these S-nitrosy-
lated residues are further oxidized
in the failing heart. We show
increased Ca2� leak in a model
of heart failure, associated with
decreased S-nitrosylation of the
channel. We correlated this modi-
fication with functional parame-
ters known to be affected by redox
modifications, notably the activity
of RyR2. Consistent with our
observations, it has been described
that in a caninemodel of heart fail-
ure, oxidation of RyR2 produces
diastolic Ca2� leak in a manner
that is partially reversed by reduc-
ing agents (34).
The origin of altered RyR2

activity apparently comes from
nitroso-redox disequilibrium at
the subcellular level (sarcoplasmic
reticulum). Increased production
of ROS derived from xanthine oxi-
dase is likely to induce these redox
modifications. Other mechanisms
may include the general redox
state of the cell, characterized by
decreased GSH/GSSG ratio as we
and others observed in models of
HF (12, 34). Reduced S-nitrosyla-
tion and lower levels of free thiols
are indicative of further oxidative
modifications in cysteines. Con-
sistent with our observations, it
has been recently reported that
S-nitrosoglutathione (35) but not
NO is the nitrosylating species for
RyR2. This means that NO is nec-
essary (as source) but not suffi-
cient to cause RyR2 nitrosylation.
In addition, S-nitrosothiols (en-
dogenous and exogenous) have
been shown to be cardioprotective
in animal models of myocardial
infarction (36) and ischemia-
reperfusion (37–39).
Chemically, cysteine residues

are susceptible to a spectrum
of oxidative modifications that
include oxidation to sulfenic
(-SOH), sulfinic (-SO2

�), and sul-
fonic acids (-SO3

�) as well as disul-
fide bonds (-SS-) (6, 26). In the

FIGURE 3. Nitroso-redox imbalance in heart failure is restored by XO inhibition. A, superoxide production
assessed by DHE staining. Confocal images for the superoxide probe DHE of sections from WKY hearts, WKY
hearts treated with oxypurinol (OXY, 100 �M, 45 min), SHHF hearts, and SHHF hearts treated with oxypurinol.
The right panel indicates the quantification of the intensity for DHE, n � 3 hearts in each group; † indicates p � 0.05
versus all the other groups. B, set of panels of confocal microscopy signal for S-nitrosylation (SNO) sections of the
same hearts as in Fig. 3A. Hearts of WKY rats (upper set of panels) and SHHF rats (lower set of panels) treated or not
with oxypurinol (100�M, 45 min) are shown. A modification of the biotin switch method was used. Labeling omitting
ascorbate (ascorbate �) and ascorbate and the labeling agent MBP (ascorbate � MBP �) are presented as controls.
The bars indicate 100�m. Right panel, graph depicting average fluorescence signal�S.E., n�3 in each group. †, p�
0.05 versus all the other groups.

FIGURE 4. In situ analysis of ryanodine receptor S-nitrosylation and impact of XO inhibition. Confocal
microscopy images of single cardiac myocytes immunostained for RyR2 (red) and S-nitrosocysteine (Cys-NO,
green). The images were deconvolved, and the degree of co-localization was analyzed. WKY (nonfailing myo-
cytes), SHHF (failing myocytes nontreated), and SHHF � oxypurinol (failing myocytes treated with oxypurinol
100 �M, for 60 min). The upper bar graph depicts the values for the Pearson coefficient of correlation for
co-localization, n � 13 cells WKY, 23 SHHF, and 15 SHHF � oxypurinol). The lower panel indicates the intensity
for S-nitrosocysteine signal. The bars indicate 10 �m. *, p � 0.001 versus WKY and SHHF � oxypurinol, n � 19
cells WKY, 40 SHHF and 36 SHHF � oxypurinol. †, p � 0.01 versus WKY and SHHF untreated.
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case of RyR, disulfide bonds have
been described (40). Other forms
of oxidation of the channel have
not been explored to the best of
our knowledge.
Another potential consequence

of nitroso-redox imbalance could
arise from xanthine oxidase-in-
duced denitrosylation, both by
superoxide-dependent or -inde-
pendent ways. It has been shown
that xanthine oxidase activity can
decompose S-nitrosoglutathione
and S-nitrosocysteine (41–43). As
discussed above, only S-nitroso-
glutathione is able to nitrosylate
RyR2.
Hyperphosphorylation of RyR2

is another proposed mechanism
for increased SR leak in HF. Phos-
phorylation of RyR2 at serine 2809
(21) and serine 2815 (44, 45) has
been associated with increased
RyR2 activity.Wemeasured serine
2809 and found no difference in
the degree of phosphorylation, but
we did not measure serine 2815.
We cannot exclude the possibility
that this phosphorylation contrib-
utes to SR Ca2� leak in the SHHF
model.
Our findings should be also

viewed in the context of descrip-
tions of RyR1 hypernitrosylation
as a cause of SR leak in skeletal
muscle. In murine models of skel-
etal muscle disease like central
core disease, fatigue, andmuscular
dystrophy (2–4), hypernitrosyla-
tion of RyR1 has been linked to
abnormal increases in channel
activity. Indeed, an increased S-ni-
trosylation of RyR1 and RyR2 will
be associated with increased activ-
ity, according to evidence ob-
tained at the single channel level.
These findings can be reconciled
by the fact that nitrosative versus
oxidative modifications can act on
the same cysteines. In the case of
heart failure, apparently oxidative
stress prevails over the nitrosative
stress observed in skeletal muscle
pathologies. In skeletal muscle,
NOS1 is located in the sarco-
lemma, whereas in the cardiac
myocyte it is located in the SR,
close to the channel, supporting

FIGURE 5. Impaired contractility in heart failure is restored by XO inhibition. A, representative traces of
sarcomere shortening in nonfailing myocytes (WKY), failing myocytes (SHHF), and SHHF myocytes treated with
oxypurinol 100 �M, paced at 0.5– 4 Hz. Right panel, graph depicting average � S.E. degree of sarcomere
shortening (�L/L0), n � 30 cells/treatment. B, representative traces of calcium transients. Right panel, graph
depicting average � S.E. values for the amplitude of the calcium transients in WKY, SHHF, and SHHF myocytes
treated with oxypurinol. n � 10 –18 cells/treatment. *, p � 0.05 versus WKY; †, p � 0.05 versus SHHF �
oxypurinol.

FIGURE 6. Diastolic SR Ca2� leak is reversed by XO inhibition. A, protocol for assessment of SR Ca2� leak. The
cells are paced until a steady [Ca2�]i is observed, then the pacing is stopped, and the bathing solution is
changed to a 0 Na�-0 Ca2� solution containing tetracaine (1 mM), for 40 s. After this period, the solution is
changed for �5 s to a 0 Na�-0 Ca2� solution without tetracaine, and then a pulse of caffeine (10 mM) is applied
to release the Ca2� of the SR. The shift in the Ca2� during tetracaine application accounts for the diastolic Ca2�

efflux from the SR. The bar graphs indicate comparison of SR leak (left bar graph) at a matched Ca2� load for the
three groups (right bar graph). *, p � 0.05 versus WKY and SHHF � oxypurinol (Oxy), one-way analysis of
variance. B, direct assessment of SR Ca2� content using mag-fura. Left panel, representative trace of sarcoplas-
mic reticulum [Ca2�]. The cells were paced in normal solution; then tetracaine is applied to obtain an Fmax for
SR [Ca2�]. Then the solution is changed for 0 Na�-0 Ca2�, to wash tetracaine without disturbing SR Ca2�

content, and caffeine is applied to release Ca2� from the SR and obtain a Fmin value. Right panel, average � S.E.
for SR Ca2� content in nonfailing myocytes (WKY), failing nontreated myocytes (SHHF), and failing myocytes
treated with oxypurinol 100 �M, 60 min. *, p � 0.05 versus WKY and SHHF � oxypurinol.
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physiologic RyR2 nitrosylation. Indeed, excess S-nitrosyla-
tion above normal levels will induce increased channel open
probability in both RyR1 and RyR2. RyR1 in normal condi-
tions contains approximately seven times more nitrosylated
cysteines than RyR2 (8, 30). Increasing the degree of S-ni-
trosylated cysteines in RyR1 (nitrosative stress) as reported
in disease states will dramatically increase the channel activ-
ity (leak). On the other hand, loss of normally S-nitrosylated
cysteines in RyR2 caused by cysteine oxidation (oxidative
stress) will also disturb RyR2 homeostasis leading to Ca2�

leak (34). This implies that a change in the normal content of
S-nitrosylated cysteines in RyR in skeletal muscle and heart
will have a detrimental impact in Ca2� handling in both
organs. Additionally, it has been recently described that
reduced S-nitrosylation decreased the activity of RyR2 (46).
Interestingly, this has been associated with the generation of
a smaller amplitude of calcium transients (46). In other
words, whatever the mechanism, the loss of RyR2 S-nitrosy-
lation will have a profound impact on calcium handling,
impairing cardiac contractility.
Although we focused on the effects of S-nitrosylation of

the RyR2, it is evident from our results that other proteins as
well as small molecules may be affected by the nitroso-redox
imbalance observed in this model of heart failure. This may
include other channels, proteins of the contractile appara-
tus, and elements of the mitochondria (37, 39), all of which
are important regulators of excitation-contraction coupling
and cardioprotection.
It has been previously described in vitro that xanthine oxi-

dase-derived superoxide decomposes low molecular weight
S-nitrosothiols such as S-nitrosoglutathione and S-nitrosocys-
teine. Given that S-nitrosoglutathione but notNO is the species
that directly nitrosylates RyR2, we reasoned that any process
that might interfere with S-nitrosoglutathione bioavailability
would disrupt RyR2 nitrosylation. Indeed, our results show that
neither NO levels nor NOS abundance are decreased in heart
failure, but the nitrosothiol levels are clearly reduced. Impor-
tantly, we showed that nitrosothiol levels are restored by XO
inhibition.

In conclusion, in the present
study, we systematically and
comprehensively document S-ni-
trosylation of RyR2 in failing myo-
cardium. This decrease of S-ni-
trosylation is highly influenced by
the production of ROS derived by
the increased activity of XO. Inhi-
bition of XO restores both the bio-
chemical features of nitroso-redox
imbalance and the calcium han-
dling of cardiomyocytes toward
normal. Together these findings
demonstrate that hyponitrosyla-
tion of RyR2 directly impairs cel-
lular Ca2� handling. These find-
ings offer important insights into
the role NO/redox imbalance (47)
plays in the failing myocyte and

have therapeutic implications.
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