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Abstract

We have shown previously that electrically induced tachycardia effectively produces myocardial preconditioning. Among other effects,
tachycardia increases calcium release rates in microsomal fractions enriched in sarcoplasmic reticulum (SR) isolated from dog cardiac ven-
tricular muscle. Here, we report that preconditioning tachycardia increased twofold the NADPH oxidase activity of isolated SR-enriched
microsomal fractions, measured as NADPH-dependent generation of superoxide anion and hydrogen peroxide. Tachycardia also augmented
the association of rac1 and the NADPH oxidase cytosolic subunit p47phox to the microsomal fraction, without modifying the content of the
membrane integral subunit gp91phox. Microsomes from control animals displayed endogenous S-glutathionylation of cardiac ryanodine recep-
tors (RyR2); in microsomal fractions isolated after tachycardia RyR2 S-glutathionylation levels were 1.7-fold higher than in controls. Parallel
in vitro experiments showed that NADPH produced a transient increase in calcium release rates and enhanced 1.6-fold RyR2 S-glutathionylation
in control microsomes but had marginal or no effects on microsomes isolated after tachycardia. Catalase plus superoxide dismutase, and the
NADPH oxidase inhibitors apocynin and diphenyleneiodonium prevented the in vitro stimulation of calcium release rates and RyR2
S-glutathionylation induced by NADPH, suggesting NADPH oxidase involvement. Conversely, addition of reducing agents to vesicles incu-
bated with NADPH markedly inhibited calcium release and prevented RyR2 S-glutathionylation. We propose that tachycardia stimulates
NADPH oxidase activity, which by enhancing RyR2 redox modifications such as S-glutathionylation, would contribute to sustain faster
calcium release rates during conditions of increased cardiac activity. This response may be an important component of tachycardia-induced
preconditioning.
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1. Introduction

Massive generation of reactive oxygen species
(ROS)—such as superoxide anion, hydrogen peroxide and
hydroxyl radical—is an important factor in the damage and
cell death induced by reperfusion of the ischemic myocar-
dium [1]. Ischemic preconditioning, an adaptive response of
the heart to short episodes of ischemia, decreases the damage
produced by a prolonged subsequent ischemic episode [2].
Exposure to a low dose of oxygen radicals in the absence of
ischemia reproduces the beneficial effects of ischemic pre-
conditioning on infarct size and post-ischemic recovery of
left ventricular function [3]. In contrast, antioxidants elimi-

nate the protective effect of ischemic preconditioning [4].
Thus, controlled ROS generation during these short episodes
of ischemia and reperfusion is believed to play a role in
ischemic preconditioning.

Preconditioning of the myocardium can also be achieved
by five short episodes of electrically induced tachycardia [5].
Tachycardia-induced preconditioning increases both the den-
sity and the activity of two SR proteins involved in Ca2+ han-
dling in heart muscle: the ryanodine receptor/Ca2+ release
channel (RyR2) and the SERCA2a cardiac isoform of the
Ca2+-ATPase [6]. The resulting enhancement of both SR Ca2+

release and uptake may be determinant for successful precon-
ditioning.

The primary signals responsible for increased activity and
enhanced expression of RyR2 and SERCA2a in response to
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tachycardia-induced preconditioning have not been identi-
fied. Periods of increased cardiac activity
—including those induced by tachycardia—are likely to
increase ROS generation. Through covalent redox modifica-
tions, ROS can alter the activity of key proteins for cardiac
muscle function, such as the RyR2 channels that are particu-
larly sensitive to redox modulation [7–9]. The cardiac NADPH
oxidase may be a potential source of ROS generation during
tachycardia. The activity of this enzyme has been shown to
increase in human cardiomyocytes after acute myocardial inf-
arction [10,11] and during the development of experimental
cardiac hypertrophy [12–14].

Thus, the available evidence suggests that the NADPH oxi-
dase plays a role in physiological and pathological condi-
tions in the heart. Accordingly, the aims of this work were 1)
to investigate the potential stimulatory effect of electrically
induced tachycardia on the cardiac NADPH oxidase activity
of isolated SR vesicles and 2) to explore whether tachycardia
induces RyR2 redox modifications that may contribute to the
enhanced Ca2+ release produced by preconditioning tachy-
cardia.

2. Material and methods

2.1. Experimental design

Mongrel dogs of either sex, weighing on average 25 kg,
were used to study the preconditioning effect of tachycardia,
following previously described protocols in [5,6]. All experi-
ments were done with approval from the Animal Care Com-
mittee, Facultad de Medicina, University of Chile, and in
accordance with the “Position of the American Heart Asso-
ciation on Research and Animal Use”. Dogs were anesthe-
tized with sodium pentobarbital (30 mg kg–1, i.v.); arterial
blood pH, pO2 and pCO2 were stabilized by the administra-
tion of bicarbonate or adjusting the frequency and volume
of the ventilator. Tachycardia was induced with five periods
of stimulation at 216 ± 29 beats min–1 for 5 min, followed
by intervening periods of 5 min of stimulation at
91 ± 9 beats min–1; electrocardiograms indicated that this
stimulation protocol did not produce ischemia. Controls were
stimulated at a rate of 88 ± 5 beats min–1 for 50 min. Blood
gases and pH were monitored periodically and no changes
were observed during tachycardia. The number of animals
used in the different determinations is stated in every case.

2.2. Isolation of sarcoplasmic reticulum (SR) vesicles

A microsomal fraction enriched in SR vesicles was iso-
lated as previously described in [6,15], snap frozen in liquid
nitrogen and kept at –80 °C. Fractions were used within 7 days
after isolation.

2.3. Determination of NADPH oxidase activity

To determine the activity of this enzyme, we measured
NADPH oxidation as well as generation of superoxide anion

and H2O2. NADPH oxidation was measured spectroscopi-
cally at 25 °C using the molar extinction coefficient of
6250 l (mol cm)–1 at 340 nm. Superoxide anion generation
was measured by the lucigenin derived chemiluminiscence
method in a Berthold FB 12 luminometer. To this aim, SR
vesicles (0.2 mg ml–1) were incubated at 25 °C with
100 mmol l–1 MOPS-Tris, pH 7.0, plus 100 µmol l–1 NADPH
and 5 µmol l–1 lucigenin. Chemiluminiscence was expressed
as nmoles of superoxide anion generated per mg protein per
minute; calibration was done using hypoxanthine and xan-
thine oxidase as described in [16]. Hydrogen peroxide gen-
eration was measured at 37 °C usingAmplex Red as described
in [17]. The effect of diphenyleneiodonium (DPI, 10 µmol l–1),
apocynin (4 mmol l–1), rotenone (200 nmol l–1), NG-nitro-L-
arginine methyl ester (L-NAME, 1 mmol l–1), allopurinol
(250 µmol l–1) and of the enzymes superoxide dismutase
(SOD, 300 U ml–1) or catalase (300 U ml–1) was tested in
some experiments.

2.4. Detection of NADPH oxidase subunits in SR
membrane fractions

Polyclonal antibodies against p47phox and rac1 were a kind
gift from Dr. Frans B. Wientjes (Division of Molecular Medi-
cine, Department of Medicine, University College London,
UK). Monoclonal antibodies against gp91phox and p67phox

were a kind gift from Dr. Mark Quinn (Veterinary Molecular
Biology, Montana State University, USA).A commercial anti-
body against gp91phox (BD Biosciences, San Diego, CA) was
also used in some experiments. To detect gp91phox, p67phox

and p47phox, SR fractions (10 µg) were loaded in 8% poly-
acrylamide gels; for detection of rac1, 10% gels were used.
After SDS-PAGE under reducing conditions, proteins were
transferred to PVDF membranes and probed with the above
antibodies (dilution 1/1500). The antigen–antibody reaction
was detected by ECL (Amersham, Biosciences).

2.5. Ca2+ release kinetics

SR vesicles (1 mg ml–1) were actively loaded with cal-
cium at 37 °C and calcium release was induced in a SX.18 MV
stopped-flow fluorescence spectrometer (Applied Photophys-
ics Ltd., Leatherhead, U.K.) as detailed elsewhere [6,15].
Changes in extravesicular calcium concentration with time
were measured with the fluorescent indicator Calcium Green-
5 N (Molecular Probes, Eugene, OR). Calcium release time
courses followed double exponential kinetics; the rate con-
stants (k) of the faster exponential were 5–10-fold higher than
the k values of the slower exponential but both exponentials
displayed similar amplitudes. The initial rate of calcium
release was calculated from the amplitude and the k value of
the faster exponential component. To investigate the effect of
NADPH on release kinetics, 100 µmol l–1 of NADPH was
added to the vesicles during the last 10 min of active calcium
loading. When tested, 10 µmol l–1 of hydrogen peroxide was
added 1 min before inducing Ca2+ release.
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2.6. Detection of RyR2 S-glutathionylation

To detect endogenous S-glutathionylation, SR vesicles
(30 µg) were incubated in non-reducing loading buffer plus
5 mmol l–1 N-ethylmaleimide at 60 °C for 20 min and sepa-
rated by SDS-PAGE in 3.5–8% gradient gels under non-
reducing conditions.After electrophoresis and transfer to PDF
membranes, proteins were probed with anti-glutathione (anti-
GSH) antibody (1:10000) from Virogen (Watertown, MA).
After ECL detection of the antigen–antibody reaction, mem-
branes were stripped and probed with anti-RyR antibody
(1:2000; Santa Cruz Biotechnology, Santa Cruz, CA). Blots
were quantified by densitometric analysis using the Quantity
One software (BioRad, Hercules, CA). Results were expressed
as the ratio of anti-GSH/anti-RyR band densities. To detect
NADPH-promoted S-glutathionylation, SR vesicles
(1 mg ml–1) were incubated at 37 °C for 10 min in a solution
containing (mmol l–1) 0.1 NADPH, 100 MOPS Tris pH 7.0.

2.7. Labeling of SR proteins with [35S]-GSH

Vesicles were incubated for 10 min at 37 °C in a solution
containing 100 mmol l–1 MOPS-Tris, pH 7.2, 100 µmol l–1

NADPH plus [35S]-GSH as tracer. The reaction was termi-
nated by addition of non-reducing sample buffer plus
5 mmol l–1 N-ethylmaleimide. SR proteins (30 µg) were sepa-
rated in 3.5–8% non-reducing gels as above. Gels were stained
with Coomassie Blue and the 35S radioactivity incorporated
into proteins was determined in a Molecular Imager FX sys-
tem (BioRad) using a Phosphor Screen CP (Kodak, Roches-
ter, NY).

2.8. Other procedures

The total glutathione content of the SR fraction was deter-
mined according to Griffith [18]. Protein concentration was
determined according to Hartree [19] using commercial
bovine serum albumin as standard. All reagents were of ana-
lytical grade. Ryanodine and protease inhibitors were obtained
from Sigma Chemical Company (St Louis, MO).

2.9. Statistical analysis

Results are expressed as Mean ± S.E.M. For statistical
analysis we used Student’s t-test or one-way ANOVA fol-
lowed by Tukey’s Multiple comparison test. Differences were
considered significant at P < 0.05.

3. Results

3.1. NADPH oxidase activity

We measured initial rates of NADPH oxidation and
NADPH-dependent superoxide anion and hydrogen perox-
ide generation in SR-enriched microsomal fractions isolated

from dog cardiac ventricular muscle of control animals or
after inducing preconditioning tachycardia. We found that
NADPH oxidation rates increased from 10.0 ± 2.9 nmol mg–1

min–1 in controls to 26.3 ± 6.6 nmol mg–1 min–1 after
tachycardia (Fig. 1A, P < 0.05, N = 6 per group). Likewise,
tachycardia doubled the initial rate of NADPH-dependent
superoxide anion generation, from 10.1 ± 1.4 to
20.0 ± 2.2 nmol mg–1 min–1 (Fig. 1B, P < 0.05, N = 6 per
group). Similarly, the rate of NADPH-dependent H2O2 gen-
eration measured at 37 °C increased from 15.2 ± 2.2 to
24.9 ± 0.4 nmol mg–1 min–1 after tachycardia (Fig. 1C,
P < 0.05, N = 6 per group). When 100 µmol l–1 NADH was
used as a substrate the initial rate of superoxide anion gen-
eration in controls was only 10–20% of the rate obtained with
100 µmol l–1 NADPH, indicating that in vitro NADPH is a
better substrate of the cardiac NADPH oxidase than NADH.

In order to verify the source of superoxide anion and hydro-
gen peroxide generation, we tested the effect of different
inhibitors. We found that L-NAME (a nitric oxide synthase
inhibitor), allopurinol (a xanthine oxidase inhibitor), or roten-
one (a mitocondrial inhibitor) did not inhibit the production
of superoxide anion (Fig. 1D). In contrast, DPI, a non-
specific flavoprotein inhibitor, decreased the production of
superoxide anion by 85%, whereas the more specific NADPH
oxidase inhibitor apocynin produced 52% inhibition (Fig. 1D).
Apocynin also produced a similar degree of inhibition of
hydrogen peroxide generation (not shown).

3.2. Detection of NADPH oxidase subunits in cardiac SR
vesicles

In addition to membrane integral subunits, most NADPH
oxidase isoforms possess cytosolic subunits that are recruited
to the membrane upon activation. We found (Fig. 2A) that
the isolated microsomal SR-enriched fraction used in this
work contained the integral subunit gp91phox and two of the
cytosolic subunits, p67phox and p47phox, as well as of the small
G protein rac1 that is required for the activation of some
NADPH oxidase isoforms [20]. Equal amounts of the mem-
brane integral subunit gp91phox were present in SR vesicles
from controls and after tachycardia (Fig. 2B, N = 6). In con-
trast, rac1 and the cytosolic subunit p47phox increased over
twofold in SR vesicles isolated after tachycardia (Fig. 2B,
P < 0.05, N = 6). The cytosolic subunit p67phox increased
somewhat after tachycardia, but the increase was not statisti-
cally significant (Fig. 2B, N = 6).

These results, which are consistent with the increased
NADPH oxidation and superoxide anion/hydrogen peroxide
production displayed by SR-enriched fraction isolated after
tachycardia, strongly suggest that tachycardia increases the
generation of ROS through NADPH oxidase activation.

The microsomal SR-enriched fraction used in this work
contained attached sarcolemmal/transverse tubule mem-
branes, as evidenced by the binding densities of [3H]-
nitrendipine (2.4 nmol mg–1 protein) and [3H]-ouabain
(3.5 nmol mg–1 protein). Furthermore, these plasma mem-
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brane components remained associated to SR after centrifu-
gation in sucrose density gradients. Therefore, although we
cannot discriminate whether the measured NADPH oxidase

activity is associated to SR or plasma membranes, in either
case the NADPH oxidase generates ROS in close proximity
to RyR2 channels.

3.3. Endogenous S-glutathionylation of RyR2 from controls
and after tachycardia

Protein S-glutathionylation, i.e. the formation of mixed dis-
ulfides between GSH and cysteine SH residues, has been
shown to increase after oxidative stress in isolated cardiomyo-
cytes and hearts [21,22]. RyR channels contain highly reac-
tive cysteine residues that can undergo redox modifications
in vitro [8,9]. Therefore we investigated if tachycardia induced
S-glutathionylation of cysteine residues of cardiac RyR in
vivo. Using anti-GSH antibodies, we found that RyR and sev-
eral other proteins present in the isolated SR fraction were
endogenously S-glutathionylated both in control (Fig. 3A, lane
1) and after electrically induced tachycardia (Fig. 3A, lane
3). S-glutathionylation was completely abolished by incuba-
tion of vesicles with DTT (Fig. 3A, lanes 2 and 4, control and
tachycardia, respectively), indicating that this redox modifi-
cation can be readily reversed. A single high MW band was
recognized by anti-RyR antibody after stripping the mem-
brane (Fig. 3A, lanes 1′, 2′, 3′ and 4′). Incubation with DTT
increased the amount of RyR detected in the Western blot
(lanes 2′ and 4′), probably because DTT disrupted disulfide
bridges between RyR subunits or with other proteins that pre-
vented RyR entry into the gel. To correct for any difference
in protein content, S-glutathionylation was normalized by the
RyR content of the same band determined with anti-RyR. As
shown in Fig. 3B, tachycardia increased S-glutathionylation
of RyR by 60% compared to controls (P < 0.05, N = 6).

3.4. In vitro S-glutathionylation of RyR2

It has been reported that GSH acts as a cofactor for the
stimulation of calcium release mediated by H2O2 in cardiac
myocytes [23]. Noteworthy, protein S-glutathionylation,
including RyR1 S-glutathionylation, can be induced in vitro
by incubation with GSH plus H2O2 [24,25]. The SR fraction
used in this work contained 0.48 ± 0.3 nmol mg–1 protein of
total GSH (Mean ± S.D., N = 3). Therefore we tested if
H2O2—NADPH oxidase generated—plus endogenous GSH
supported S-glutathionylation of RyR2 in vitro. Fig. 3C shows
that RyR2 S-glutathionylation increased 70%, on average,
after incubation of control vesicles with 100 µmol l–1 NADPH.
SR vesicles incubated with NADPH in the presence of DPI
(not shown) or apocynin (Fig. 3C) did not present increased
RyR2 S-glutathionylation relative to the controls; likewise,
apocynin alone was without effect on the basal level of
S-glutathionylation (Fig. 3C).

We also verified RyR2 S-glutathionylation through the
incorporation of 35S from [35S]-GSH into RyR2. Control
vesicles were incubated with 100 µmol l–1 NADPH in the
presence of tracer amounts of [35S]-GSH and 35S-label incor-
poration was analyzed in a phosphorimager system. Fig. 4A

Fig. 1. Tachycardia increases NADPH oxidase activity. Initial rates of
NADPH oxidation (panel A), superoxide anion generation (panel B) and
hydrogen peroxide generation (panel C) were determined in SR vesicles
isolated from control (open bars) and after electrically induced tachycardia
(solid bars) * P < 0.05, N = 6. Panel D: percentage of the initial rate of supe-
roxide anion generation after addition of the indicated inhibitors (N = 3 in
each case). For further details, see text.
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illustrates a Coomassie blue-stained gel of SR vesicles incu-
bated without NADPH (lane 1) with NADPH (lane 2) or with
NADPH plus DTT (lane 3). The corresponding radioactive
image of the same gel shows that 35S incorporation into
RyR2 occurred only when the incubation solution contained
NADPH (Fig. 4A, lane 2′).Almost no radioactivity was incor-
porated into RyR2 in the absence of NADPH (Fig. 4A, lane
1′) or when DTT was included during the incubation with
NADPH (Fig. 4A, lane 3′). The role played by ROS in the
radioactive labeling of RyR2 is confirmed by the results shown
in Fig. 4B. The presence of SOD and catalase during the incu-
bation with NADPH decreased the incorporation of [35S]-
glutathionyl residues into RyR2 (lane 5′, Fig. 4B) when com-
pared to the incorporation produced solely by NADPH (lane
4′, Fig. 4B). On average less that 10% of this RyR2 radioac-
tive labeling remained in the presence of SOD plus catalase
(Fig. 4C).

3.5. Effect of NADPH on Ca2+ release kinetics

We have shown before that microsomal SR-enriched frac-
tions isolated after tachycardia display faster calcium release
kinetics than controls [6], denoting higher activity, higher con-
tent of RyR2, or both. Representative release records obtained
for both types of vesicles are shown in Fig. 5A. Calcium
release was transient and after < 0.5 s SR vesicles reverted
from calcium release to calcium uptake, as shown in Fig. 5B.
These results show that despite the higher initial rate of cal-
cium release observed after tachycardia, the calcium release
process ceased as rapidly in vesicles isolated after tachycar-
dia as in controls, allowing SR refilling. Thus, the stimula-
tion of RyR2 activity produced by tachycardia does not seem
to affect the process whereby RyR2 rapidly close after open-
ing [15].

Addition of thapsigargin eliminated calcium uptake [6] and
preincubation with 100 µM Ryanodine abolished calcium
release (not shown). These results, which indicate that all the
calcium accumulated by the SR membrane fraction is taken
up by the SERCA and that calcium is released solely through

RyR2, rule out eventual transverse tubule contribution to
uptake and release.

Phosphorylation of RyR2 has been shown to increase the
activity of single channels in lipid bilayers [26] as well as
calcium release kinetics in isolated cardiac myocytes [27].
To investigate if a higher degree of RyR2 phosphorylation
contributed to the faster release rates observed after tachycar-
dia, we measured the incorporation of 32P from [c-32P]-ATP
into RyR2 during or after active calcium loading. Both
RyR2 in tachycardic or control SR had similar 32P incorpo-
ration during active loading. Addition of [c-32P]-ATP after
20 min of active calcium loading did not result in incorpora-
tion of 32P into RyR2 from controls or after tachycardia. We
interpret these results as an indication that in both types of
vesicles RyR2 became equally and maximally phosphory-
lated by endogenous kinases during active calcium loading.
Therefore, the higher release rate observed in vesicles
obtained after tachycardia cannot be attributed to a different
degree of RyR2 phosphorylation. Different extents of cal-
cium loading can also be discarded; both types of vesicles
removed all the extravesicular calcium from the loading solu-
tion and thus attained the same calcium load (45 nmol mg–1)
before mixing with the release solution.

The present results show that RyR2 exhibited increased
S-glutathionylation after tachycardia. Thus, we investigated
if the stimulation of RyR2 S-glutathionylation promoted in
vitro by NADPH caused an increased rate of calcium release
in SR-enriched microsomal fractions isolated from controls.
To this purpose vesicles were incubated with 100 µmol l–1

NADPH after active calcium loading and before inducing
release. In the experiment shown in Fig. 5C, incubation of
control vesicles with NADPH increased by 40% the magni-
tude of the faster component of calcium release and increased
its rate constant from 113 to 200 s–1. These values imply that
NADPH produced a 2.5-fold increase in the initial rate of
calcium release (calculated as the magnitude of release mul-
tiplied by the rate constant value). In contrast, NADPH had
no effect after tachycardia (Fig. 5D), since NADPH did not
affect the magnitude of release and on average, k values in

Fig. 2. Tachycardia increases the association of the cytosolic subunits of NADPH oxidase to the SR-enriched membrane fraction. Panel A: Representative
Western blots of cardiac SR vesicles isolated from control (C) and after tachycardia (T). The amount of protein loaded per lane was 10 µg in each case. Panel
B: Densitometric analysis of Western blots like those shown in Panel A. * P < 0.05, N = 6 for control (open bars) and tachycardia (solid bars).
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tachycardia were (in s–1) 165 ± 9 (N = 18) before and 163 ± 19
(N = 5) after addition of NADPH. Addition of DTT
(250 µmol l–1) during the incubation with NADPH greatly
inhibited calcium release in vesicles isolated from both con-
trols and after tachycardia (Fig. 5C, D).

In contrast to NADPH, addition of 100 µmol l–1 NADH,
which as described above is a poor substrate of the cardiac
NADPH oxidase, did not modify calcium release rates in con-
trol SR; yet, as reported [28] increasing NADH to 1 mM
decreased calcium release rates (not shown). Incubation of
control SR vesicles with 1 mM glutathione (GSH), a reduc-
ing agent present in millimolar concentrations in cardiac cells,
inhibited rather than activated calcium release in the absence
of NADPH (Fig. 5E). The inhibitory effect of GSH is consis-
tent with its ability to maintain RyR2 SH residues in a reduced
state, a condition that favors RyR2 closing [7–9]. In contrast,

as reported previously [29] incubation of SR vesicles with
H2O2 (10 µmol l–1) increased considerably calcium release
rates (Fig. 5F).

The effects of NADPH on the rates of calcium release from
control SR vesicles are summarized in Fig. 6. On average,
and considering all experiments, incubation with NADPH
increased the magnitude of the faster component of calcium
release by 30% and its rate constant (k) from 113 ± 6.4 s–1

(N = 19) to 190 ± 16 s–1 (N = 5), resulting in an average two-
fold increase in the initial rate of calcium release (P < 0.05).
The stimulation by NADPH was prevented by SOD and cata-
lase, implying involvement of superoxide anion and hydro-
gen peroxide. In contrast, addition of SOD and catalase in
the absence of NADPH did not modify the initial rates of
calcium release. Similarly, apocynin (4 mmol l–1) abolished
the observed enhancement in calcium release produced by

Fig. 3. S-glutathionylation of RyR2. Panel A: Representative Western blots obtained in SR vesicles from controls probed with anti-GSH antibody (lanes 1, 2)
or anti-RyR antibody (lanes 1′, 2′), or from SR vesicles after tachycardia, probed with anti-GSH (lanes 3, 4) or anti-RyR (lanes 3′, 4′). Lanes 2, 2′ and 4, 4′ were
obtained after addition of DDT (100 mmol l–1) to the protein samples. Panel B: The ratio anti-GSH/anti-RyR was calculated from the analysis by densitometry
of Western blots like those shown in A; values were normalized with respect to controls. P < 0.05, N = 6 for control (C) and tachycardia (T). Panel C: RyR2
S-glutathionylation in controls (open bars) in the absence (N = 5) or in the presence of apocynin (4 mmol l–1; N = 3), and with NADPH (100 µmol l–1, hatched
bars) in the absence (N = 6) or in the presence of apocynin (4 mmol l–1; N = 3) *P < 0.05.
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NADPH without changing calcium release rates in the absence
of NADPH, whereas the nitric oxide synthase inhibitor
L-NAME did not modify calcium release before or after incu-
bation with NADPH (Fig. 6).

4. Discussion

The present results show that a microsomal cardiac frac-
tion enriched in SR isolated after preconditioning tachycar-
dia displayed increased NADPH oxidase activity, suggesting
that stimulation of this enzyme may be a key feature of pre-
conditioning tachycardia. Noteworthy, a recent preliminary
report [30] shows that ischemic preconditioning does not
occur in NADPH oxidase gp91phox subunit-knockout mice,
suggesting that this enzyme has a crucial role in cardiac
ischemic preconditioning.

Previous studies performed in isolated hearts have shown
that interventions that modify the cellular redox status, such
as simulated ischemia, metabolic inhibition or treatment with
low concentrations of hydrogen peroxide, increase disulfide
bonding and S-glutathionylation of cellular proteins [21,22].
Yet, isolated organs and cells are devoid of normal circula-
tion and experiments with isolated systems are usually per-
formed under higher oxygen tension than present in the tis-
sue. For this reason, it was relevant to study whether redox

modifications such as S-glutathionylation can also occur in
vivo under stressful heart conditions such as preconditioning
tachycardia.

We found that RyR2 channels from dog cardiac ventricu-
lar muscle are S-glutathionylated in vivo, and that RyR2 in
vesicles isolated after tachycardia had increased
S-glutathionylation levels. To our knowledge, this is the first
study to report endogenous S-glutathionylation of cardiac
RyRs and the increase in S-glutathionylation produced by
electrically induced tachycardia in vivo. This redox modifi-
cation of RyR2 release channels might be responsible, at least
in part, for the stimulation of calcium release rates displayed
by SR vesicles after tachycardia [6]. Thus, enhanced RyR2
S-glutathionylation may represent an important mechanism
to sustain faster rates of calcium release in vivo in response
to increased cardiac activity. Yet, it is important to point out
that both RyR2 from controls or after tachycardia closed
equally fast following activation. Thus, the stimulation of cal-
cium release rates induced by tachycardia should not affect
calcium re-uptake into the SR during diastole.

Preconditioning tachycardia produced a parallel increase
in NADPH oxidase activity and RyR2 S-glutathionylation.
These results suggest that increased ROS production by this
enzyme was responsible for the increase in RyR2
S-glutathionylation, with the consequent stimulation of RyR2-
mediated calcium release reported earlier [6] and confirmed

Fig. 4. Incorporation of the [35S]-glutathionyl residue into RyR2. Panel A, Left: Coomassie blue stained non-reducing SDS-containing gel of control SR
proteins incubated with [35S]-GSH. Lane 1: control; Lane 2: vesicles incubated with 100 µmol l–1 NADPH; Lane 3: vesicles incubated with 100 µmol l–1

NADPH plus 100 mM l–1 DTT. Panel A, Right: 35S-radioactivity obtained with a phosphorimager of the same gel shown in Panel A, left. Panel B, Left:
Coomassie blue stained non-reducing SDS-containing gel of control SR proteins incubated with [35S]-GSH and 100 µmol l–1 NADPH in the absence (lane 4)
or in the presence of SOD and catalase (lane 5). Panel B, Right: 35S-radioactivity obtained with a phosphorimager of the same gel shown in Panel B, Left.
Panel C: Quantification of the data shown in A and B. Values were normalized with respect to controls. *P < 0.05.
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here. This proposed role for the NADPH oxidase in cardiac
signal transduction in vivo is further supported by the present
in vitro experiments showing an increase in RyR2
S-glutathionylation and calcium release rates in SR vesicles
from control animals upon incubation with NADPH. The fact
that NADPH did not increase in vitro calcium release rates in
SR vesicles obtained from animals subjected to tachycardia
(Fig. 5, panel D) suggests that tachycardia increases in vivo
RyR2 S-glutathionylation to its maximal extent, at least in
terms of its effects on calcium release rates.

We found that RyR2 S-glutathionylation increased in vitro
upon incubation of control SR vesicles with NADPH. This
result suggests that ROS generated by the NADPH oxidase,
together with the endogenous glutathione present in the
vesicles, promote RyR2 S-glutathionylation. Further support-
ing this proposal is the fact that RyR2 S-glutathionylation

induced by NADPH in vitro was inhibited by apocynin, a
specific inhibitor of NADPH oxidase. Apocynin also blocked
the increase in calcium release rates induced by NADPH. In
contrast, an inhibitor of nitric oxide synthase did not affect
the stimulation of calcium release produced by NADPH, mak-
ing highly unlikely the participation of nitric oxide synthase
in this response. The lack of effect on superoxide anion gen-
eration of rotenone, a mitochondrial electron transport blocker,
and of a xanthine oxidase inhibitor also suggests that NADPH
enhances ROS formation via the NADPH oxidase and not
through stimulation of other ROS-producing enzymes. In
addition, the lack of effect of rotenone confirms our previous
results showing negligible contamination of our isolated car-
diac SR fraction with mitochondria [6].

A number of studies have shown that RyRs are modulated
by their redox state [7–9,31]; this property makes RyR poten-

Fig. 5. Calcium release kinetics in control and after tachycardia. SR vesicles (1 mg ml–1) actively loaded with Ca2+ were mixed (1:10) in a stopped flow
fluorescence spectrometer with a solution that produced upon mixing pCa 6 and 1.2 mmol l–1 free ATP. Release kinetics was measured following the change in
fluorescence of Calcium Green 5 N and were fitted to the double exponential function: A1exp (–k1t) + A2exp (–k2t). Panels A and B: Representative fluorescent
records illustrating calcium release kinetics in control vesicles and after tachycardia in two different time frames. The parameters for the faster exponential
release were A1 = 0.06 units; k1 = 122 s–1 for control and A1 = 0.08 units; k1 = 157 s–1 for tachycardia. Panel C: Calcium release kinetics in SR vesicles from
control before and after incubation with 100 µmol l–1 NADPH or with 100 µmol l–1 NADPH plus 250 µmol l–1 DTT. The parameters for the faster exponential
release were A1 = 0.085 units; k1 = 113 s–1 in the absence of NADPH and A1 = 0.120 units; k1 = 200 s–1 after incubation with NADPH. Panel D: Calcium
release kinetics in SR vesicles after tachycardia before and after incubation with 100 µmol l–1 NADPH or 100 µmol l–1 NADPH plus 250 µmol l–1 DTT. Panel
E: Effect on calcium release kinetics of incubation of control SR vesicles with 1 mM GSH, before calcium loading. Panel F: Stimulation of calcium release
kinetics from control SR vesicles by 10 µmol l–1 H2O2.

G. Sánchez et al.



tial redox sensors, as recently discussed [32]. In particular
S-glutathionylation of skeletal RyR1 causes significant stimu-
lation of channel activity [25,33]. In addition to being endog-
enously S-glutathionylated, as reported here, RyR2 channels
are also endogenously S-nitrosylated and this modification
activates single channel activity in lipid bilayers [34]. It
remains to be studied whether the stimulatory effect of
S-glutathionylation on calcium release is due to activation of
the RyR2 protein itself or to modifications of inhibitory inter-
actions with RyR2-associated proteins, as shown for RyR1
[25]. S-glutathionylation of critical cysteine residues could
constitute a protective mechanism against the irreversible oxi-
dation of the RyR2 protein, as it does for a number of other
proteins [35], since extensive oxidation of RyR2 cysteine resi-
dues produces in vitro uncontrolled calcium release and even-
tually inactivates this protein [31]. Furthermore, the increased
calcium release caused by S-glutathionylation of RyR2 may
enhance calcium-dependent gene expression [36]; it is inter-
esting to recall in this regard that tachycardia enhances the
expression of RyR2 and SERCA2a [6]. All these mecha-
nisms could possibly operate in the heart and may serve a
protective role during preconditioning [37,38].

The mechanisms responsible for tachycardia-induced acti-
vation of NADPH oxidase in the heart remain to be investi-
gated. In leukocytes—the best-known system—the NADPH
oxidase is activated via PKC dependent phosphorylation of
the cytosolic subunit p47phox and the prenylation of Rac that
occurs downstream of phosphatidylinositol-3-kinase (PI3K)
activation [39]. In vascular cells, Angiotensin II activates the
NADPH oxidase via AT1 receptors, which trigger a signaling
cascade involving PI3K and PKC [40]. The stimulation pro-
tocol used in this work may activate similar signal transduc-
tion pathways but more work is needed to establish the par-
ticular pathway involved in the NADPH oxidase activation
induced by tachycardia.
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