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Although protein S-nitrosylation is increasingly recognized as me-
diating nitric oxide (NO) signaling, roles for protein denitrosylation
in physiology remain unknown. Here, we show that S-nitrosoglu-
tathione reductase (GSNOR), an enzyme that governs levels of
S-nitrosylation by promoting protein denitrosylation, regulates
both peripheral vascular tone and β-adrenergic agonist-stimulated
cardiac contractility, previously ascribed exclusively to NO/cGMP.
GSNOR-deficient mice exhibited reduced peripheral vascular tone
and depressed β-adrenergic inotropic responses that were associ-
ated with impaired β-agonist–induced denitrosylation of cardiac
ryanodine receptor 2 (RyR2), resulting in calcium leak. These
results indicate that systemic hemodynamic responses (vascular
tone and cardiac contractility), both under basal conditions and
after adrenergic activation, are regulated through concerted
actions of NO synthase/GSNOR and that aberrant denitrosylation
impairs cardiovascular function. Our findings support the notion
that dynamic S-nitrosylation/denitrosylation reactions are essen-
tial in cardiovascular regulation.

excitation-contraction coupling | nitroso-redox imbalance

Guanosine 3′,5′-cyclic monophosphate (cGMP)-dependent
and -independent signaling by nitric oxide (NO) has been

described in many organ systems, including the cardiovascular
(CV) system (1, 2). Accumulating evidence indicates that the
principal non-cGMP signal is effected by the covalent attach-
ment of NO to the thiol group of cysteine (Cys) residues (S-
nitrosylation) (3) and that this posttranslational modification
may influence cardiac contractility (4) and peripheral vascular
resistance (5) through effects on ion channels (6) and adrenergic
receptors (7). Because deletion or inhibition of NO synthase
(NOS) diminishes all forms of NO bioactivity and thus impairs both
cGMP and S-nitrosylation signaling, it has been difficult to eluci-
date the exact roles of S-nitrosylation vs. cGMP in CV regulation.
Investigation of the role of S-nitrosylation in cellular signaling

has been aided by discovery of enzymes that metabolize S-
nitrosothiols (SNOs) without affecting NOS activity or levels of
NO itself (mammalian enzymes that directly metabolize NO have
not been identified) (8–10). In particular, S-nitrosoglutathione
reductase (GSNOR), an enzyme involved in the removal of NO
groups from Cys thiols in proteins (SNO-proteins) through me-
tabolism of S-nitrosoglutathione (GSNO, which is in equilibrium
with SNO-proteins), has been ascribed an indispensable role
in regulating S-nitrosylation in the CV system (9). Although
GSNOR does not affect baseline blood pressure, it mitigates
hypotension induced by anesthetics and infectious agents (5) and
plays an essential role in regulating both β-adrenergic receptor
expression and responsiveness in the heart (7). These studies
suggest that SNOs may exert physiological roles in the control of
systemic hemodynamics and cardiac contractility.
In the CV system, endothelial NOS (NOS3, eNOS) and neu-

ronal NOS (NOS1, nNOS) subserve endothelium-dependent
vasodilation (11–13) and regulate β-adrenergic receptor signaling
and intracellular calcium handling (7, 14–16), thereby influencing
peripheral vascular resistance and cardiac inotropic responses.

Although a role for cGMP in these effects is well established
(17), the regulatory functions of S-nitrosylation have not been
well-elucidated.
Here, we demonstrate that GSNOR−/− mice exhibit a CV

phenotype characterized by decreased vascular tone and impaired
cardiac inotropic response to β-adrenergic stimulation. Our data
identify GSNO, the substrate of GSNOR, as a physiologic second
messenger in the CV system and indicate that protein deni-
trosylation by GSNOR is essential for CV regulation. Our studies
thus support the notion that CV disease, which is generally at-
tributed to impaired NOS activity, may additionally or alterna-
tively reflect dysregulated S-nitrosylation.

Results
Integrated Hemodynamic Measurements. To establish whether
GSNORparticipates in physiological regulation of the CV system,
we measured integrated CV performance in female mice homo-
zygous for a deletion of GSNOR (GSNOR−/−) and in corre-
sponding WT C57BL/6 mice by using a combined left ventricular
(LV) pressure–volume catheter (16) (Fig. 1). GSNOR−/−mice, as
previously described (5), have similar blood pressure to WT mice
(Fig. 1A). In addition, basal cardiac contractility [maximum rate of
change in left ventricular pressure (dP/dtmax) and ratio of dP/dtmax
to instantaneously developed pressure (dP/dt-IP); Table S1],
ventricular elastance (Ees), a load-independent measurement of
contractility, and coupling of the cardiac to the vascular system
[ratio of Ees to arterial elastance (Ea), Ees/Ea; Fig. 1B] are normal.
The Ees/Ea assesses the interaction between ventricular peak
stiffening and vascular tone (18). The optimal Ees/Ea value, in-
dicative of flow output at a minimal energy cost, is between 1 and
2 (19). Thus, GSNOR−/− mice manifest normal cardiac mechan-
ical efficiency. Importantly, however, GSNOR−/− mice exhibit a
greatly decreased Ea (Fig. 1B; 5.6 ± 0.6 mmHg/μL inWT vs. 3.6 ±
0.2 mmHg/μL in GSNOR−/−, P < 0.05), indicating a state of
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systemic vasodilatation. Blood pressure is thus maintained in the
normal range by increases in cardiac output (Fig. 1C; 11.1± 1 μL/s
in WT vs. 15.4 ± 0.7 μL/s in GSNOR−/−, P < 0.05). Cardiac
chamber size [end diastolic volume (EDV)] is also increased in
GSNOR−/−mice (Fig. 1C; 28.9± 3.1 μL inWT vs. 39.1± 1.4 μL in
GSNOR−/−, P < 0.05) because of an increase in myocyte length
(Fig. 1D). Thus, the GSNOR−/− mouse evidently adapts to
chronic reduction in vascular tone (systemic vasodilatation) with
cardiac chamber enlargement and increased cardiac output.

GSNOR Localization and Activity. Previous work has established
that regulation of β-adrenergic inotropic responses (7, 16, 20)
and sarcoplasmic reticulum (SR) Ca2+ cycling (21) by NOS3 and
NOS1, respectively, is achieved via their subcellular compart-
mentalization at the plasma membrane and SR (14). At the
plasma membrane NOS3 interacts with target proteins, including
caveolin and β-arrestin, whereas at the SR NOS1 interacts with
cardiac ryanodine receptor 2 (RyR2) (14, 21). Immunoblotting
(Fig. S1A) and confocal microscopy (Fig. S1C and Fig. 2A)
showed that, although GSNOR is present in the hearts of mice
(and humans) and widely distributed throughout the myocar-
dium, a significant proportion of immunoreactivity is distributed
in a T-tubular pattern and colocalizes with RyR2. RyR2 ex-
pression is similar in WT and GSNOR−/− myocytes (Fig. S1B),
whereas GSNOR is absent from GSNOR−/− myocytes (Fig. S1 A
and C). GSNOR activity, assayed in cardiac and skeletal muscle
SR-enriched fractions and crude homogenates, is enriched in SR
of cardiac but not skeletal muscle (Fig. 2C). This difference is
consistent with the observation that GSNO has a primary role
in regulating cardiac versus skeletal Ca2+ release (22). These
results also reveal that the GSNOR denitrosylase is, in significant
part (∼35% of whole-cell activity), localized to the cardiac myocyte
SR, the organelle that subserves inotropic Ca2+ signaling and the
principal site of NOS1 in the heart.

Interaction of GSNOR and NOS. We next examined whether there is
an interaction between GSNOR and NOS. Confocal fluorescent
microscopy images show colocalization of GSNOR with NOS1
but not NOS3 (Fig. 2A). The Pearson correlation coefficient, used
for quantitative analysis of colocalization, is significantly de-
creased in the GSNOR and NOS3 dual-stained myocytes.
To test for a direct interaction between GSNOR and NOS1,

immunoprecipitation experiments with GSNOR and NOS1 or
NOS3 were performed, but the results were confounded by
nonspecific binding of proteins. Therefore, as an alternative ap-
proach, we immobilized GST-tagged GSNOR to a glutathione
resin and incubated the complex with recombinant human NOS1
or NOS3. After elution, the complexes were examined by West-
ern blot analysis. NOS3 was seen only in the flow-through,
whereas NOS1 was found only in the elution fraction (Fig. 2B).
These results indicate that NOS1, but not NOS3, bound to GST-
GSNOR, and they support the view that enzymatic machinery for
both S-nitrosylation and denitrosylation is resident in cardiac SR.

Fig. 1. Integrated hemodynamics reveal reduced vascular tone and in-
creased cardiac output in female GSNOR−/− mice. (A) Systolic (SBP) and di-
astolic (DBP) blood pressure of GSNOR−/− mice is indistinguishable from WT,
although the LV-end systolic pressure (LVPes) is decreased in GSNOR−/− mice,
which is a reflection of lower systemic vascular resistance. LVPed, LV-end
diastolic pressure. (B) GSNOR−/− mice have reduced afterload. Vascular ela-
stance is markedly reduced (Ea; P < 0.05 vs. WT), a finding consistent with
increased vascular NO bioactivity. The coupling of Ees/Ea and myocardial
lusitropy (Tau) are similar between the strains. (C) Integrated CV function.
GSNOR−/− mice compensate by increasing chamber size (EDV), thereby in-
creasing stroke volume (SV) and cardiac output (CO) (all P < 0.05 vs. WT). End
systolic volume (ESV) is similar between strains. (D) Myocyte length is in-
creased in GSNOR−/− mice, consistent with the increased chamber size. *P <
0.05 vs. WT, †P < 0.001 vs. WT, t test.
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Fig. 2. GSNOR colocalizes with NOS1 and RyR2 in the
heart. (A) Confocal fluorescent microscopy images depict
colocalization of GSNOR with NOS1 but not NOS3 and
colocalization of GSNOR with RyR2 along the T-tubular
invaginations of the cardiac myocyte. (Scale bars: 10 μM.)
(B) GSNOR binds NOS1 but not NOS3 in vitro. Aliquots of
recombinant NOS1 and NOS3 were incubated with GST or
GST-GSNOR fusion proteins. The first well corresponds to
the positive control, being either NOS1 or NOS3 (2.5 ng).
The second well corresponds to the first flow through the
column after binding. Consecutive washes of the column
were then performed before elution. The bottom gel
shows the profile (silver staining) of elution of GST-GSNOR
(∼67 kDa) in the NOS1 binding experiment. (C) GSNOR
enzymatic activity in total skeletal and heart muscle
homogenates and in purified SR preparations. GSNOR ac-
tivity is enriched in SR of cardiac but not skeletal muscle.
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Effect of S-Nitrosylation on β-Adrenergic Response and Diastolic Ca2+

Leak. Motivated by these findings, we evaluated the role of
GSNOR in regulation of excitation–contraction coupling. To this
end, mice (prepared as for integrated hemodynamics) received
i.v. infusions of increasing concentrations of the β-adrenergic
agonist isoproterenol (ISO). This treatment produced increases
in myocardial contractility (peak dP/dtmax) that were significantly
attenuated in GSNOR−/− mice (Fig. 3A).
Next, we assessed the β-adrenergic inotropic response in iso-

lated myocytes paced at 1 Hz. Although electrically evoked
baseline Ca2+ transients ([Ca2+]i) and sarcomere shortening were
similar in myocytes isolated from WT and GSNOR−/− mice (Fig.
3B), GSNOR−/− myocytes demonstrated substantial blunting of
both [Ca2+]i and sarcomere shortening in response to ISO (Fig.
3 C and D). Specific inhibition of NOS1 with N5-(1-imino-3-
butenyl)-L-ornithine (L-VNIO) as well as NOS inhibition with
NG-monomethyl-L-arginine monoacetate (L-NMMA) normal-
ized the β-adrenergic responses in GSNOR−/− myocytes (Fig. 3E
and F), verifying the role of GSNO in the impaired inotropic
responses. By contrast, treatment with KT5823 (1 μM), a PKG in-
hibitor, did not restore responsiveness to ISO (Fig. S2). Increases in
contractility and [Ca2+]i stimulated by force–frequency were not
different between strains (Fig. 3G and H).
We performed several experiments to show that blunting of

β-adrenergic contractility by NO/SNO was not caused by im-
pairment of signaling through the β-adrenergic receptor nor
mediated by changes in the phosphorylation state of phospho-
lamban or RyR2 (7). In particular, ISO-mediated phosphoryla-
tion of phospholamban at Ser-16 was similar in GSNOR−/− and
WT strains, and the degree of phosphorylation of Thr-17 was
neither different nor changed by ISO (Fig. S3A). In addition,

phosphorylation of RyR2 at Ser-2809 was increased similarly by
ISO inGSNOR−/− andWTmice (Fig. S3B). The levels of guanylyl
cyclase and cGMPwere also examined and showed no differences
between strains (Fig. S3C). Altogether, these results suggest that
the blunted inotropic responses in GSNOR−/−mice are unrelated
to NOS3/cGMP or to a defect in β-adrenergic receptor signaling
(note that β-adrenergic receptor density is actually higher in
hearts from GSNOR−/− mice) (7) and point to aberrant Ca2+

cycling as the cause. Furthermore, any molecular explanation for
NO/SNO effects must account for the observation that Ca2+ cy-
cling is only impaired after stimulation by agonists.
Calcium leak is well known to be associated with conditions of

impaired cardiac and skeletal muscle function (23, 24), and in-
creased S-nitrosylation of RyR1 has been implicated in a Ca2+

leak that underlies the pathogenesis of skeletal muscle disorders,
including malignant hyperthermia, exercise-induced fatigue, and
central core disease (25, 26). On the other hand, decreased S-
nitrosylation of RyR2, caused by nitroso–redox imbalance, has
also been linked with diastolic Ca2+ leak and depressed con-
tractility in a rodent model of heart failure (21, 27). We therefore
considered the possibility that aberrant S-nitrosylation of RyR2
would produce a Ca2+ leak that would compromise excitation–
contraction coupling. We used a tetracaine–caffeine protocol
(Fig. 4A) to measure Ca2+ leak from RyR2 under basal con-
ditions and after stimulation by ISO. Notably, whereas the
GSNOR−/− mouse showed intact load–leak relationships at rest,
a substantial increase in SR Ca2+ leak was detected after ISO
stimulation in GSNOR−/− vs. WT mice (Fig. 4 B and C), an ef-
fect that has direct bearing on SR Ca2+ content (Fig. 4D). Al-
though WT myocytes increased SR Ca2+ content with ISO,
GSNOR−/− myocytes failed to augment SR Ca2+ load (Fig. 4D),

**m 50Fc 1 5

2000 GSNOR

**m

20

50Fc 1 5

1 2r2000 GSNOR 20

20 20 WT g †
GSNOR /

1 2r

20

e %

20

%

WT

m
g

(

†
GSNOR /

Log [Isoproterenol] (M)

e %

Log [Isoproterenol] (M)

%

Log [Isoproterenol] (M)

m (

g

L

Log [Isoproterenol] (M) Log [Isoproterenol] (M) Log [Isoproterenol] (M)

L

16000

18000

20000

H
g

/s
)

CA B

60

70
0

(%
)

baseline Isoproterenol100 nM

o
m

e
re

le
n

g
th

(µ
m

)

1.8

1.7

1.6

WT
-/-6000

8000

10000

12000

14000

d
P

/d
t 

m
a

x
 (

m

30

40 *

[C
a

2
+
] i
Δ

F
/

S
a

r .

1 s Wild type

GSNOR-/-

[Ca2+]i

1.4

a
ti

o
0

 n
m

)

baseline Isoproterenol100 nM

0 10 20 30 40
0

isoproterenol
(ng/kg/min)

FED

-9 -8 -7 -6

 log [isoproterenol] (M)

20 †WT

1s

.

1.0

0.8

F
u

ra
(3

6
5

/3
8

10

15

WT
GSNOR-/-

re
Sh
or
te
ni
ng

Δ
L/
L 0
)

*
**

** ***

10

15

er
e
Sh
or
te
ni
ng

Δ
L/
L 0
) †

†
† †GSNOR-/-

WT+ L-VNIO
GSNOR-/-+ L-VNIO

10

15

er
e
Sh
or
te
ni
n

%
Δ
L/
L 0
) †

†
- -

WT+ L-NMMA
GSNOR-/-+ L-NMMA

0

5

BL -9 -8 -7 -6

Sa
rc
om
(

0

5

BL -9 -8 -7 -6

Sa
rc
om
(

0

5

BL -9 -8 -7 -6

Sa
rc
o

4

5

6

7

s
h
o
rt

e
n
in

/L
0
)

G

30

35

F
/F

0
) 
(%

)

H

0 2 4 6 8
0

1

2

3

Frequency (Hz)

S
a
rc

o
m

e
re

 

(Δ

0 2 4 6 8
20

25

Frequency (Hz)

[C
a

2
+
] i
 (
Δ

Fig. 3. β-Adrenergic inotropic response is blunted in GSNOR−/− mice. (A) Dose–response curve for the in vivo effect of ISO on cardiac contractility in WT (n =
12) and GSNOR−/− (n = 11) mice. *P < 0.05, two-way ANOVA. (B) Representative traces of sarcomere shortening and [Ca2+]i in myocytes isolated from WT and
GSNOR−/− hearts at baseline and after ISO (100 nM). (C and D) [Ca2+]i and sarcomere shortening dose–response to ISO in isolated myocytes. GSNOR−/−

myocytes (n = 11–13, 2–10 cells per heart) displayed a blunted response to ISO vs. WT (*P < 0.05, **P < 0.01, ***P < 0.001; n = 11–14, 2–4 cells per heart). (E and
F) Specific inhibition of NOS1 with L-VNIO (100 μM) as well as pan-NOS inhibition with L-NMMA (100 μM) normalized the β-adrenergic responses in GSNOR−/−

myocytes (†P < 0.05 vs. control). (G and H) Evaluation of the force–frequency response (sarcomere shortening and the amplitude of the [Ca2+]i) in isolated
myocytes stimulated at 1–8 Hz. The force–frequency relationship is preserved in GSNOR−/− cardiomyocytes.
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consistent with SR leak because measurement of reuptake
parameters, including Tau sarcomere relaxation and Tau Ca2+
reuptake, was not different between groups (Fig. 4 E and F).
Thus, GSNOR, by regulating RyR2 activity, controls SR Ca2+
levels during β-adrenergic stimulation in a manner that is in-
dependent of the reuptake systems.

Effect of S-Nitrosylation on Regulatory Heart Proteins. It has been
reported that both the L-type Ca2+ channel (LTCC) (28) and the
RyR (29) are targets of S-nitrosylation, and a regulatory effect of
GSNOR on either or both Ca2+ channels would, in principle, be
consistent with our findings. We performed biotin-switch assays
for S-nitrosylation on total cardiac extracts from WT and
GSNOR−/− hearts, followed by immunoprecipitation or strep-
tavidin-affinity and Western blotting strategies to establish the
identity of cardiac SNO proteins underlying cardiac regulation
(Fig. 5A and Table S2). This approach identified RyR2, SR Ca2+
ATPase (SERCA2a), and LTCC as physiological substrates of
S-nitrosylation (Fig. 5B), whereas other calcium-handling pro-
teins such as the plasma membrane sodium–calcium exchanger
(NCX) were not detected. Several steps were taken to verify
these results, including the use of prephotolysis (UV) to elimi-
nate cellular SNOs (30) (Fig. 5 A and B) and validation of RyR2
and SERCA2a nitrosylation by MS/MS (Tables S2 and S3).
Consistent with findings in other organ systems (5, 31), there
were no differences in basal SNO modification of RyR2, SER-
CA2a, and LTCC betweenWT and GSNOR−/− hearts. In addition,
the NOS inhibitor L-NMMA reduced the levels of S-nitrosylated
proteins in both WT and GSNOR−/− animals (Fig. 5 A and B).
We also examined the consequences of β-adrenergic receptor

stimulation (2.5 nM ISO for 10 min) on protein nitrosylation in
situ. Remarkably, ISO tended to decrease the steady-state levels
of multiple SNO-proteins, generally matching the effect of NOS
inhibition with L-NMMA (Fig. 5A). These data suggest that ISO
induces the denitrosylation of multiple proteins that are actively
S-nitrosylated by constitutive NOS. Separate measurements were
conducted on Ca2+-handling proteins to explore the basis of the
Ca2+ leak in GSNOR−/− mice. These studies showed that, among
the endogenously S-nitrosylated Ca2+-handling proteins, only RyR2
S-nitrosylation was linked to stimulation of the β-adrenergic re-
ceptor (Fig. 5B). More specifically, in WT animals, RyR2 (but
not SERCA2 or LTCC) underwent denitrosylation in response
to ISO, and decreases in SNO-RyR2 mediated by ISO were
comparable to those elicited by L-NMMA (Fig. 5B). Thus, RyR2
undergoes cycles of NOS-mediated S-nitrosylation that are followed
by ISO-induced denitrosylation. By contrast, in the GSNOR−/−

mouse, ISO-induced denitrosylation was substantially abrogated
(and the NOS-inhibitor L-NMMA more modestly lowered the
levels of SNO-RyR2). S-nitrosylation/denitrosylation of RyR2

is thus regulated by the concerted actions of nNOS and GSNOR,
and deletion of GSNOR leads to impaired denitrosylation of RyR2.
Denitrosylation induced by ISO was confirmed by confocal

fluorescence microscopy images of cardiomyocytes in WT mice
compared with GSNOR−/− mice (Fig. S4 A–C). In these studies,
nitrosylation was measured as fluorescence intensity (Fig. S4B)
of cardiac myocytes by using an anti–Cys-NO antibody with
verified specificity (Fig. S5). Merged images were deconvolved
and analyzed by computing the Pearson correlation coefficient
for quantitative colocalization (Fig. S4C). In addition, L-NMMA
(2 mM) decreased the SNO signal, whereas NO donor S-nitroso-
N-acetylpenicillamine (SNAP; 1 mM) increased it. Collectively,
our results implicate dynamic S-nitrosylation and denitrosylation
of RyR2 as critical to β-adrenergic inotropic responses, the
central mechanism underlying cardiac contractile reserve.

Discussion
S-nitrosylation of Cys residues has emerged as a major signaling
pathway through which NO modifies protein activity and thereby
elicits diverse effects (32–34). A major mechanism of S-nitro-
sylation involves transnitrosylation by GSNO (32, 34). GSNOR
selectively metabolizes GSNO and thereby depletes the levels of
S-nitrosylated proteins in equilibrium with GSNO (9). In the
present paper, we have demonstrated that mice deficient in
GSNOR exist in a persistent state of systemic vasodilatation.
Blood pressure is thus maintained by increased cardiac output.
In addition, basal cardiac contractility and mechanical efficiency
are normal, but the cardiac inotropic response to β-adrenergic
stimulation is impaired. Thus, GSNOR governs two essential CV
responses, systemic vasodilatation and β-agonist–induced inotropic
responses, indicating that GSNO plays a key a role in classic
physiology customarily ascribed to NO/cGMP (2, 11–13).
S-nitrosylation modulates the function of ion channels that

regulate excitation–contraction coupling and thereby subserve
normal systolic and diastolic function (32, 34). These channels
may also undergo alternative redox-based modifications (35–37),
including S-glutathionylation and higher S-oxidations, particu-
larly under pathological conditions (29, 38–40). In animal models
of heart failure, hyponitrosylation with concomitant oxidation
of the RyR2 leads to SR Ca2+ leak, which is corrected by anti-
oxidants, with improvement in cardiac function (27, 36, 37). We
have also shown that a low concentration of NO donor, which
restores the nitrosylation state of the channel, increases cardiac
contractility (4, 21, 27). Collectively, these observations highlight
the importance of nitroso–redox balance within the SR in de-
termining cardiac function. The current study adds perspective
by showing that the steady-state levels of RyR2 nitrosylation may
be determined by the activity of denitrosylases. Impaired deni-
trosylation of RyR2 in response to β-adrenergic stimulation

Fig. 4. Increased diastolic Ca2+ leak in GSNOR−/− car-
diomyocytes. (A) Protocol used to estimate diastolic SR
Ca2+ leak. (B) Load–leak relationship in WT (n = 12) and
GSNOR−/− myocytes (n = 10 animals, 4–9 cells per data
point) in the presence or absence of ISO (100 nM) shows
a leftward shift in GSNOR−/− myocytes stimulated by ISO.
(C) Comparison of the amount of diastolic Ca2+ leak
against a matched load for both strains in the presence or
absence of ISO. GSNOR−/− myocytes manifest a substantial
increase in SR Ca2+ leak after ISO stimulation (*P < 0.05,
ANOVA). (D) SR Ca2+ content at different frequencies in
the presence or absence of ISO (†P < 0.05, ANOVA).
GSNOR−/− myocytes fail to augment SR Ca2+ load in re-
sponse to ISO. (E) Sarcomere relaxation in response to ISO
was similar in WT versus GSNOR−/− cardiac myocytes. (F)
The Tau constant of [Ca2+]i decline, a measurement of Ca2+

reuptake, was similar in WT vs. GSNOR−/− myocytes. Black,
WT; green, WT treated with ISO; red, GSNOR−/−; blue,
GSNOR−/− treated with ISO.
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resulted in diastolic Ca2+ leak, indicating that RyR2 function is
governed by dynamic cycles of nitrosylation and denitrosylation.
Therefore, hypo- and hypernitrosylation of RyR2 may have
similar consequences on RyR function. Consistent with this
idea, increased S-nitrosylation of RyR2 in a mouse model of
Duchenne muscular dystrophy (mdx)-associated dilated cardio-
myopathy resulted in diastolic SR Ca2+ leak and triggered car-
diac arrhythmias (41). In addition, mice with constitutive PKA
hyperphosphorylation of RyR2 develop age-dependent cardio-
myopathy associated with progressive oxidation and S-nitro-
sylation of RyR2 and with diastolic SR Ca2+ leak (42).
It has been shown that β-adrenergic agonists directly stimulate

NO production via RyR2-associated NOS1 (43, 44), which leads
to an increase in RyR2 S-nitrosylation and activity. We now
demonstrate a likely interaction between GSNOR and NOS1,
which suggests that enzymatic machinery for both S-nitrosylation
and denitrosylation is resident in the SR within a ternary com-
plex with RyR2. We also show that levels of RyR2 S-nitrosylation
after agonist stimulation are set primarily by GSNOR (rather
than NOS1), by direct analogy to the role of phosphatases in
setting levels of phosphorylation, and that impaired denitrosylation
of RyR2 may compromise the contractile response to β-adrenergic
agonists. Denitrosylation by GSNOR thus prevents excessive
RyR2 activity by preventing NOS1-induced hypernitrosylation, as
evidenced by the increased SR Ca2+ leak and failure to augment
SR Ca2+ load after ISO stimulation in GSNOR−/− myocytes.
The mechanism by which GSNOR activity is evidently coupled to

β-adrenergic stimulation and the identity of the full complement
of proteins that undergo ISO-mediated denitrosylation remain to
be determined.
Our results have important physiological ramifications. In

particular, systemic hemodynamic responses at rest and after
β-adrenergic stimulation are evidently regulated through con-
certed actions of NOS1/GSNOR (that enhance Ca2+ cycling in
SR) (14) and NOS3/GSNOR (that influence peripheral vascular
tone), respectively (5). A substantial quantity of literature de-
scribes dysregulated NOS activity in CV and other diseases.
Although our results do not in any way diminish the essential
role of cGMP in NOS action (45), they establish an additional
level of regulation of CV function through protein S-nitro-
sylation/denitrosylation, which may have implications for dysre-
gulated S-nitrosylation in disease (26, 46, 47). In fact, impair-
ments in CV denitrosylation manifest in GSNOR−/− mice have
been linked to increased mortality after endotoxic challenge,
hypotension under anesthesia, and survival after myocardial in-
farction (5, 48). Aberrant protein denitrosylation, which can
result from altered GSNOR activity or expression, may thus play
a previously underappreciated role in diseases such as hyper-
tension and heart failure.

Materials and Methods
A detailed description of the materials and methods is in the SI Materials
and Methods. Briefly, GSNOR−/− mice were generated as described (5) and
compared with age-matched WT (C57BL/6; 4–8 months old). Myocardial

WT GSNOR-/-
I I h I I h

- Asc 0       iso Inh

WT GSNOR

1

0       iso UV Inh   -Asc

A

so Inh so nh

Band # 1 0.46** 0.49* 1.14 0.64†

Band # 2 0.63* 0.83 1.18 0.85

Band # 3 0.52** 0.52* 1.08 0.81†

Band # 4 0.54** 0.67 1.08 1.06

250

130 *

2

3
4
5

Band # 5 0.50** 0.64* 0.97 0.87

Band # 6 0.58** 0.73 0.96 0.95

Band # 7 0.59** 0.73* 0.93 0.89

** P≤ 0.001-0.01,  *P≤ 0.01-0.05

95

72

55

*

6

7

B

-/-

Fig. 5. Effect of ISO and NOS on S-nitrosylation of proteins in the heart and cardiomyocytes. (A) S-nitrosylated protein band clusters in WT and GSNOR−/−

mice heart homogenates by Western blot analysis. Each lane represents biotin-switched homogenate of a whole heart perfused with Krebs–Henseleit solution
(0), in the presence of 2.5 nM ISO (iso) or the NOS inhibitor (Inh) L-NMMA (100 μM). Elimination of sodium ascorbate (−Asc) or exposure to UV-photolysis (UV)
are controls for the biotin-switch technique (30). Red asterisks indicate endogenously biotinylated proteins. The table shows densitometric quantification of
SNO protein band clusters normalized to baseline (0). ISO and L-NMMA reduced S-nitrosylation levels in WT whereas this effect is blocked or attenuated in
GSNOR−/− mice (*P ≤ 0.01–0.05 and †P ≤ 0.001–0.01; ANOVA with Student Newman–Keuls post hoc test; WT 0 and ISO, n = 11; L-NMMA, n = 5; GSNOR−/− 0 and
ISO, n = 9; L-NMMA, n = 3). (B) Representative Western blot images of immunoprecipitated SNO-RyR2, LTCC, and SERCA2 after biotin-switch assay, with
cumulative measurements displayed graphically. Each graph shows the effect of ISO and L-NMMA on SNO levels of RyR2, LTCC, and SERCA2 in WT and
GSNOR−/− mice hearts. The SNO level was detected by anti-biotin antibody normalized to the total protein load as detected with its specific antibody (*P ≤
0.01–0.05; ANOVA with Student Newman–Keuls or Kruskal–Wallis posttest). Western blot images are representative of n = 4–6 RyR2, n = 7–9 LTCC, and n = 4–6
SERCA2. In the GSNOR−/− heart, ISO-induced denitrosylation of RyR2 was substantially abrogated.
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systolic and diastolic performance was assessed from pressure-volume data,
as described previously (16). Isolated myocyte sarcomere shortening (SL) and
Ca2+ transients ([Ca2+]i were measured as described previously (21), and SR
Ca2+ leak was determined using tetracaine and caffeine pulses as described
previously (49). For the GST-GSNOR binding column, we used full-length
recombinant GSNOR with a GST tag at the N terminus (10 μg; Abnova Cor-
poration). Biotin-switch assay was performed as described in Forrester et al.
(30), as modified from Jaffrey et al. (50). In addition, biotinylated proteins
from whole extracts were separated with streptavidin-agarose beads and
electrophoretically resolved, then bands at 550 and 110 KDa were submitted
for MS/MS identification (Tables S2 and S3), and determined to be RyR2 and
SERCA2a, respectively. GSNOR activity was assayed as described previously
(31) in cardiac and skeletal muscle SR-enriched fractions and crude homog-
enates. For the immunofluorescence experiments, myocytes were fixed in

2% paraformaldehyde and dual-stained for RyR2 and Cys-NO and, in sepa-
rate experiments, dual-stained for GSNOR and nNOS, eNOS, or RyR2. cGMP

was measured using an enzyme immunoassay kit (Cayman, Ann Arbor, MI).

For statistical analyses, data are reported as mean ± standard error of the

mean (SEM). Concentration-effect relationships were analyzed by two-way

analysis of variance (ANOVA) with interaction terms between isoproterenol

concentration and genotype. Comparisons at baseline between C57Bl/6 and

GSNOR−/− mice were performed using Student’s t test.
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