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Abstract

Aim: Nitric oxide (NO) plays important, but incompletely defined roles in skeletal muscle. NO exerts its
regulatory effects partly though S-nitrosylation, which is balanced by denitrosylation by enzymes such as
S-nitrosoglutathione reductase (GSNOR), whose functions in skeletal muscle remain to be fully deciphered.
Results: GSNOR null (GSNOR-/-) tibialis anterior (TA) muscles showed normal growth and were stronger and
more fatigue resistant than controls in situ. However, GSNOR-/- lumbrical muscles showed normal contractility and
Ca2+ handling in vitro, suggesting important differences in GSNOR function between muscles or between in vitro
and in situ environments. GSNOR-/- TA muscles exhibited normal mitochondrial content, and capillary densities,
but reduced type IIA fiber content. GSNOR inhibition did not impact mitochondrial respiratory complex I, III, or IV
activities. These findings argue that enhanced GSNOR-/- TA contractility is not driven by changes in mitochondrial
content or activity, fiber type, or blood vessel density. However, loss of GSNOR led to RyR1 hypernitrosylation,
which is believed to increase muscle force output under physiological conditions. cGMP synthesis by soluble
guanylate cyclase (sGC) was decreased in resting GSNOR-/- muscle and was more responsive to agonist (DETANO,
BAY 41, and BAY 58) stimulation, suggesting that GSNOR modulates cGMP production in skeletal muscle.
Innovation: GSNOR may act as a ‘‘brake’’ on skeletal muscle contractile performance under physiological
conditions by modulating nitrosylation/denitrosylation balance.
Conclusions: GSNOR may play important roles in skeletal muscle contractility, RyR1 S-nitrosylation, fiber
type specification, and sGC activity. Antioxid. Redox Signal. 26, 165–181.
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Introduction

N itric oxide (NO) plays many important roles in the
skeletal muscle, where it is primarily synthesized by

differentially localized nNOSl and nNOSb splice variants
(38, 46, 49, 58). NO from neuronal nitric oxide synthase
(nNOS) has been implicated in the regulation of skeletal
muscle oxidative–glycolytic fiber type balance, growth, at-
rophy, strength, fatigue resistance, local blood delivery

and glucose uptake during contraction, insulin sensitivity,
mitochondrial biogenesis, and mitochondrial activity (19, 36,
44, 45, 48, 49, 56, 63, 64). The mechanisms by which NO
performs these diverse functions in skeletal muscle are unclear.

Strict control of the site of NO synthesis represents an im-
portant mechanism facilitating NO signaling diversity. How-
ever, different NO signal propagation modes also represent an
additional level of regulatory control that contributes to diver-
sity. NO signals can be propagated through cGMP-dependent
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pathways, where NO directly binds and activates soluble gua-
nylate cyclase (sGC) to synthesize cyclic guanosine mono-
phosphate (cGMP) (20, 28). Skeletal muscle cGMP-dependent
NO signaling has emerged as an important drug target in dys-
trophinopathies (47). NO can also exert its regulatory effects on
protein structure and function through S-nitrosylation of cys-
teine thiols (32, 34). The functions of NO in skeletal muscle that
are mediated by cGMP-dependent signaling or by S-
nitrosylation remain to be fully elucidated.

The importance of S-nitrosylation in skeletal muscle is
highlighted by studies of the RyR1 Ca2+ release channel, an
essential player in excitation–contraction coupling (33). Under
physiological conditions, which include low O2 concentra-
tions, nNOSl-mediated S-nitrosylation of cysteine 3536 of
RyR1 increases open channel probability, leading to greater
Ca2+ release and increased muscle force production (5, 23, 24,
59–61). The mechanisms modulating physiological RyR1 S-
nitrosylation remain to be fully understood. In contrast, under
pathological conditions, RyR1 hypernitrosylation can lead to
‘‘Ca2+ leak’’ (increased open channel probability), which
contributes to skeletal muscle damage and weakness in many
pathological states, including: Duchenne and Becker muscular
dystrophies, b-sarcoglycanopathy, sarcopenia, malignant hy-
perthermia, and rheumatoid arthritis (4, 7, 8, 21, 31, 39, 67).
These findings collectively suggest a somewhat paradoxical
scenario where increased RyR1 S-nitrosylation could be either
beneficial or detrimental to skeletal muscle depending on the
cellular context. Thus, the physiological consequences of in-
creased RyR1 S-nitrosylation and the roles of S-nitrosylation,
more generally in skeletal muscle, remain to be determined.

The degree of S-nitrosylation is balanced by denitrosylation,
which is regulated by enzymes such as S-nitrosoglutathione
reductase (GSNOR), which acts as a denitrosylase. GSNOR
degrades S-nitrosoglutathione (GSNO) and promotes gluta-
thione (GSH) formation, thereby favoring a reduction in S-
nitrosylation (26). Skeletal muscle contains a large pool of
active GSNOR, the functions of which remain unclear (6a).
However, consistent with a deleterious role for increased S-
nitrosylation, GSNOR null mice may exhibit peripheral neu-
ropathy and skeletal muscle dysfunction; whereas supra-
physiological GSNO levels may promote weakness in skinned
skeletal muscles in vitro (22, 43, 65). Thus, we hypothesize
that loss of GSNOR will drive skeletal muscle weakness under
physiological conditions.

To test our hypothesis and elucidate GSNOR function in
skeletal muscle, we investigated muscle integrity and function
in mice lacking GSNOR (GSNOR-/-). GSNOR null tibialis
anterior (TA) and lumbrical muscles displayed no evidence of
atrophy or weakness. In fact, GSNOR-/- TA muscles were
stronger and more fatigue resistant than controls and enhanced
contractility was associated with RyR1 hypernitrosylation,
providing a plausible mechanism. Differences in muscle re-
sponse to GSNOR inhibition both in situ and in vitro were not
unexpected and may reflect differences in GSNOR function
between muscles or between in vitro and in situ environments.
Increases in capillary density and oxidative fiber composition
were ruled out as mechanisms underpinning enhanced con-
tractility. GSNOR inhibition had no impact on mitochondrial
content or respiratory chain complex I, III, and IV activities,
providing evidence against a mitochondrial-based explanation
for enhanced muscle contractility. Interestingly, control exper-
iments designed to confirm that the effects of GSNOR inhibition
were cGMP independent showed that sGC activity was at-
tenuated in resting GSNOR-/- muscle. In addition, sGC in
GSNOR-/- muscle was more responsive to distinct agonist
classes, indicating a novel link between GSNOR and sGC and
that GSNOR inhibition could impact cGMP signaling. Collec-
tively, these data argue against the proposition that GSNOR
inhibition or RyR1 hypernitrosylation alone is sufficient to drive
skeletal muscle dysfunction. Importantly, these findings suggest
roles for GSNOR denitrosylase in muscle contractility, fiber
type specification, and mitochondrial respiratory chain function.

Results

GSNOR deficiency does not impair skeletal muscle
hypertrophy or induce atrophy

nNOS expression and function varies between muscles
(38, 49). Therefore, we investigated the possibility of muscle-
specific differences in GSNOR expression. Normalized
GSNOR protein expression was not significantly different
between all skeletal muscle types investigated (Fig. 1A and
Supplementary Fig. S1A; Supplementary Data are available
online at www.liebertpub.com/ars). Next, we evaluated
the impact of GSNOR deficiency on body and muscle mass.
Six-month-old GSNOR-/- mice exhibited a significant 18%
reduction in body mass, as previously reported (Fig. 1B and
Supplementary Table S1) (14, 43). Accordingly, there was a
reduction in glycolytic TA and oxidative soleus muscle masses
(Fig. 1C, E). However, when TA and soleus muscles masses
were normalized to body mass, no significant difference was
observed (Fig. 1D, F and Supplementary Table S1). These
results suggested that reductions in muscle mass occurred
because GSNOR-/- mice were smaller. Supporting this pos-
sibility was the finding that nose-to-tail lengths of GSNOR-/-

mice were significantly shorter than those of wild-type con-
trols (WT: 9.74 – 0.11 cm, GSNOR-/-: 9.17 – 0.1, p < 0.01).

To exclude atrophy as a causal factor in reduced muscle
size, we measured the expression of two muscle-specific E3
ubiquitin ligases MuRF1 and Atrogin-1 whose expression is
upregulated in atrophic muscles (9). Neither MuRF1 nor
Atrogin 1 mRNA expression was significantly affected in
GSNOR-/- muscle, arguing against the induction of muscle
atrophy (Fig. 1G). These data were corroborated by findings
that the cross-sectional areas and feret diameters of type IIB,
IIX, and IIA myofibers of GSNOR-/- TA muscles were similar

Innovation

Nitric oxide exerts its regulatory effects though
S-nitrosylation, which is balanced by denitrosylation by
enzymes such as S-nitrosoglutathione reductase
(GSNOR). GSNOR function in skeletal muscle remains to
be deciphered. Using GSNOR-/- mice, we provide evi-
dence that GSNOR may regulate type IIA fiber type
specification and soluble guanylate cyclase activity. Im-
portantly, we also provide evidence that GSNOR may act
as a ‘‘brake’’ on skeletal muscle contractility under
physiological conditions, potentially through modulation
of RyR1 S-nitrosylation. These data argue that GSNOR-
modulated denitrosylation/nitrosylation balance is an
important redox regulator of skeletal muscle contractile
performance under physiological conditions.
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to controls (Fig. 1H, I). Total muscle cell number was also not
significantly different between wild-type and GSNOR-/-

muscles (data not shown). Histological analyses of GSNOR-/-

muscle revealed no overt signs of myopathy or dystrophy, such
as increased myofiber central nucleation, a biomarker of

muscle degeneration/regeneration (Fig. 1J, K). Indeed,
GSNOR-/- muscles were histologically indistinguishable from
wild-type controls, supporting normal muscle integrity. Taken
together, these data suggest that muscle growth and integrity is
normal in the absence of active GSNOR.

FIG. 1. GSNOR is dispensable for hypertrophic growth of skeletal muscle, and its absence does not induce atrophy. (A)
Expression profile of GSNOR protein in oxidative and glycolytic skeletal muscles. Representative Western blots showing
GSNOR protein expression in 3 month-old quad (quadriceps), gas (gastrocnemius), TA (tibialis anterior), sol (soleus), and dia
(diaphragm) skeletal muscles. Representative Western blot confirming GSNOR antibody specificity using wild-type (WT, +/+)
and GSNOR-/- (-/-) gastrocnemius muscle. n = 3. B-K represent data from 6 month-old mice. (B) Body masses of GSNOR-/-

mice were significantly smaller than WT. n = 17. (C) TA masses were reduced in GSNOR-/- mice compared with WT controls.
(D) TA masses normalized to body mass were similar between WT and GSNOR-/- mice. For (C, D), n = 11 for WT and 13 for
GSNOR-/- mice. (E) Soleus masses were decreased in GSNOR-/- mice compared with WT. (F) Soleus mass normalized to body
mass did not differ between WT and GSNOR-/- mice. For (E, F), n = 6 for each group. (G) Normalized expression of MuRF1 and
Atrogin-1 mRNA (muscle-specific biomarkers of atrophy). MuRF1 and Atrogin 1 expression was affected by loss of GSNOR.
n = 6 for all groups. (H) Cross-sectional area of type IIB, IIX, and IIA fibers in TA muscles from GSNOR-/- mice was unaffected,
suggesting normal muscle hypertrophy. (I) Feret diameters of type IIB, IIX, and IIA fibers were also similar between WT and
GSNOR-/- TA. For (H, I), n = 5 for all groups. (J) Representative images of hematoxylin- and eosin-stained WT and GSNOR-/-

TA muscles. GSNOR-/- muscles exhibited no overt signs of myopathy or dystrophy. n = 10 and 11 for WT type and GSNOR-/-

mice, respectively. Scale bar: 50 lm. (K) The fraction of myofibers with centrally localized myonuclei, a biomarker of muscle
cells that have undergone degeneration/regeneration. The fraction of centrally nucleated fibers was similar between WT and
GSNOR-/- TA muscle, supporting normal muscle integrity. n = 5. Bars on graphs represent mean – standard error of the mean.
**p < 0.01, ***p < 0.001. GSNOR, S-nitrosoglutathione reductase; WT, wild type
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GSNOR denitrosylase inhibits skeletal muscle strength
and fatigue resistance in vivo

To gain the first insights into GSNOR function in skeletal
muscle contractility under physiological conditions, we deter-
mined the isometric tetanic and twitch properties of TA muscles
in anesthetized GSNOR-/- mice. There was no significant dif-
ference in maximal tetanic force output between GSNOR null

and control TA muscles (Fig. 2A). Remarkably, GSNOR-/-

muscles were significantly stronger than wild-type muscles,
with greater specific force output (maximal tetanic force nor-
malized to the muscle cross-sectional area) than wild-type
controls (Fig. 2B). These data indicated that denitrosylation by
GSNOR may negatively modulate muscle strength.

Skeletal muscle strength or force output is dependent on
stimulation frequency. Therefore, we examined the impact of

FIG. 2. Inhibition of GSNOR-mediated denitrosylation enhances skeletal muscle strength and fatigue resistance.
(A–D) The isometric tetanic force-generating capacity of TA muscles in anesthetized 6 month-old wild-type (WT, +/+) and
GSNOR-/- (-/-) mice. (A) Maximum tetanic force output was similar between GSNOR-/- and WT muscles. (B) Specific force
was significantly increased in GSNOR-/- TA, indicating increased muscle strength. For (A, B), n = 9 for both groups. (C)
Tetanic force output, normalized to initial force, was similar between WT and GSNOR-/- TA muscles at all stimulation
frequencies, suggesting normal neuromuscular synapse function. n = 8 for both groups. (D) Specific force was unaffected at
stimulation frequencies <50 Hz in GSNOR-/- muscle; however, GSNOR-/- muscles were significantly stronger than WT
controls at frequencies between 50 and 200 Hz. n = 8 for both groups. (E) Fatigue resistance and post–fatigue force recovery of
TA muscles. GSNOR-/- mice sustained significantly greater force output during the 60–160 s period (gray box), indicating
enhanced fatigue resistance. Force recovery after 1, 3, and 5 min was similar between WT and GSNOR-/- mice. n = 9 and 8 for
wild-type and GSNOR-/- groups, respectively. (F–I) Impact of GSNOR deficiency on the isometric twitch properties of TA
muscles in vivo. (F) Maximum isometric twitch force did not differ significantly between WT and GSNOR-/-. n = 9 and 8 for
wild-type and GSNOR-/- groups, respectively. (G) Specific isometric twitch forces were not significantly different between
GSNOR-/- and WT muscles. (H) The time taken to reach peak (maximum) twitch force in GSNOR-/- muscle was not
different from WT. (I) The time taken to return to half-maximum twitch force was significantly ( p < 0.05) longer in GSNOR-/-

muscle compared with WT, consistent with enhanced muscle fatigue resistance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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GSNOR deficiency on force output at different stimulation
frequencies. Normalized force output at frequencies between
10 and 200 Hz was indistinguishable between wild-type and
GSNOR-/- muscle, consistent with normal gross neuromus-
cular and motor neuron function (Fig. 2C). Interestingly, al-
though specific force was unaffected at stimulation frequencies
less than 50 Hz, it was significantly increased between 50 and
200 Hz in GSNOR-/- muscle (Fig. 2D). Higher force output at
lower stimulation frequencies may enhance fatigue resistance,
since muscles can operate at a lower fraction of their maximum
force generating capacity. Therefore, we tested whether loss of
GSNOR augmented muscle fatigue resistance. Indeed,
GSNOR-/- muscles exhibited a marked resistance to fatigue
relative to wild-type controls (Fig. 2E). After an initial decline
in force lasting *60 s, GSNOR-/- muscles sustained signifi-
cantly higher normalized force output between 60 and 160 s
relative to controls (Fig. 2E). Both control and GSNOR-/-

muscles exhibited normal force recovery at 1, 3, and 5 min after
the fatiguing period (Fig. 2E).

To further understand how GSNOR depletion enhanced
skeletal muscle strength and fatigue resistance, we investi-
gated TA muscle isometric twitch properties (Fig. 2F–I).
Twitch properties are a function of fiber type and intracellular
Ca2+ flux, both of which can modulate skeletal muscle force
output. Maximum twitch force, specific twitch force, and
time to peak (maximum) twitch force in GSNOR-/- muscles
did not differ significantly from wild-type controls (Fig. 2F–H,
respectively). However, twitch relaxation times were signifi-

cantly longer in GSNOR-/- muscles (Fig. 2I). Slower relax-
ation times are typically found in more fatigue-resistant
muscle types and may suggest changes in fiber type and/or
slowed Ca2+ return to the sarcoplasmic reticulum. Collec-
tively, these data support GSNOR-mediated denitrosylation
as a regulatory mechanism that negatively modulates skeletal
muscle exercise performance.

GSNOR deficiency leads to RyR1 hypernitrosylation

Next, we focused on investigating how GSNOR deficiency
may enhance TA muscle contractility. Skeletal muscle force-
generating capacity is determined, in part, by stimulatory NO
or GSNO-mediated RyR1 S-nitrosylation at low physiolog-
ical O2 tensions (33). Note that this stimulatory activity is
abrogated at high or normoxic O2 tensions as seen in in vitro
studies. Thus, increased RyR1 S-nitrosylation could con-
tribute to increased GSNOR-/- TA skeletal muscle contrac-
tility under physiological conditions. To test RyR1
hypernitrosylation as a potential causal factor in the enhanced
force output of GSNOR-/- TA skeletal muscle, RyR1 S-
nitrosylation was measured by S-nitrosothiol resin-assisted
capture (SNO-RAC) (25). Wild-type skeletal muscle exhibited
low levels of S-nitrosylated RyR1 in the presence of ascorbate,
as expected (Fig. 3A). In contrast, loss of GSNOR significantly
increased RyR1 S-nitrosylation in both gastrocnemius
(Fig. 3A, B) and TA muscles (Fig. 3C). RyR1 protein ex-
pression was unaffected in GSNOR-/- gastrocnemius (Fig. 3D)

FIG. 3. GSNOR negatively regulates RyR1 Ca21 channel S-nitrosylation. Determination of RyR1 S-nitrosylation
status using SNO-RAC assay. Ascorbic acid, which converts nitrosothiol groups to thiols, was included as a specificity
control. (A) RyR1 S-nitrosylation was increased in GSNOR-/- gastrocnemius. Upper panel: representative Western blot
showing two wild-type (+/+) control (lanes 1–4) and two GSNOR-/- gastrocnemius samples (lanes 5–8). Lower panel:
representative blot showing RyR1 input. (B) Quantitation revealed a marked approximately four-fold increase in RyR1 S-
nitrosylation in the gastrocnemius (gas). (C) RyR1 hypernitrosylation also occurred in GSNOR-/- tibialis anterior muscles.
(D) Gastrocnemius RyR1 protein expression was unaffected by loss of GSNOR. (E) Levels of nNOSl and activated (Ser1446

phosphorylated) nNOSl were determined. Representative Western blots showing expression of nNOSl and active ser1446

phosphorylated nNOSl in WT and GSNOR-/- TA muscle. (F) Quantitative analysis showed that the fraction of active
ser1446 phosphorylated nNOSl was unaffected by GSNOR depletion. (G) Quantitative analysis showed that nNOSl protein
expression was similar between WT and GSNOR-/- mice. A to D, n = 8 and 7, for WT and GSNOR-/- groups, respectively.
E to G, n = 6 for all groups. * p < 0.05. SNO-RAC, S-nitrosothiol resin-assisted capture.
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and TA muscles (not shown). These data support GSNOR as an
important negative regulator of RyR1 S-nitrosylation. Ex-
pression of the SERCA1 Ca2+ pump, another important player
in excitation–contraction coupling, was similarly unaffected in
GSNOR-/- muscle (Supplementary Fig. S2A).

Increases in RyR1-associated nNOSl activity may also
contribute to RyR1 hypernitrosylation (21, 39, 67). To test
the possibility that nNOSl was also driving RyR1 hyperni-
trosylation, we determined nNOSl protein expression and
the fraction of active serine1446 phosphorylated nNOSl (35,
52). nNOSl expression and the fraction of ser1446 phos-
phorylated nNOSl were unaffected in GSNOR-/- muscles,
suggesting that nNOSl was not driving RyR1 hyperni-
trosylation (Fig. 3E–G and loading controls, Supplementary
Fig. S1B). iNOS was undetectable in wild-type and
GSNOR-/- skeletal muscles and, thus, unlikely to play a role
in RyR1 hypernitrosylation (Supplementary Fig. S2B).
Equivalent low levels of eNOS were found in both wild-type
and GSNOR-/- muscle homogenates (Supplementary
Fig. S2C). Activation of phosphorylation of eNOS at serine
1177 was also undetectable in resting muscles (Supplemen-
tary Fig. S2D). These findings argue against increased
nNOSl, iNOS, and eNOS expression or activity in driving
RyR1 hypernitrosylation in GSNOR null mice. Taken to-
gether, these data suggest that RyR1 hypernitrosylation in
GSNOR-/- muscle was primarily due to increased GSNO.

GSNOR null lumbrical muscles exhibit normal force
output and Ca2+ handling in vitro

Enhanced contractility, RyR1 hypernitrosylation, and
longer twitch relaxation times in GSNOR-/- null muscle
suggested a possible change in Ca2+ handling. So, we si-
multaneously measured changes in force and intracellular
Ca2+ [Ca2+]i in intact paw lumbrical muscles in vitro to in-
vestigate increased Ca2+ flux as a contributing factor to the
enhanced contractile performance of GSNOR-/- null muscle

(66). Note that comparable methodologies for discerning
changes in force and Ca2+ flux in TA muscles in situ remain to
be developed. Representative data traces are shown in Sup-
plementary Fig. S3. Unlike the TA, specific force was unaf-
fected in GSNOR-/- lumbrical muscle (Fig. 4A). Both
normalized [Ca2+]i and force output were also unaffected at
all stimulation frequencies (Fig. 4B). To recapitulate fatigu-
ing conditions, lumbrical muscles were subject to 100 max-
imal tetanic stimulations separated by 0.5–8 s intervals.
Stimulus intervals from 0.5 to 5 s significantly decreased
force output in wild-type controls and GSNOR-/- muscle to a
similar degree, indicating that lumbrical muscle fatigue re-
sistance was unaffected by GSNOR loss (Fig. 4C). Also,
unlike force output, [Ca2+]i was similar between wild-type
and GSNOR-/- muscles under progressively more fatiguing
conditions (Fig. 4C). Therefore, in contrast to findings in the
TA, these data suggest that GSNOR does not, or cannot,
regulate force output and Ca2+ handling in lumbrical muscles
in vitro. These data may reflect differences between in vitro
and in situ environments of lumbrical and TA muscles, where
the in vitro environment fails to fully mimic the in situ en-
vironment. Alternatively, they may reflect muscle-specific
differences in GSNOR function.

GSNOR-/- muscles have decreased type IIA fiber
content, but normal capillary density

Skeletal muscle fatigue resistance is a function of not only
Ca2+ release but also other interdependent factors such as:
oxidative fiber composition, mitochondrial content and ac-
tivity, and blood vessel densities (2). Therefore, we investi-
gated these factors as possible mechanisms to explain the
enhanced fatigue resistance of GSNOR-/- muscle. To discern
whether GSNOR depletion increased oxidative fiber content,
which could increase fatigue resistance, we determined the
frequency of type IIX, IIB, IIA, mixed I/IIA, and type I
myosin-positive fibers in TA muscles. Type IIX and IIB, as

FIG. 4. GSNOR denitrosylase is dispensable for normal Ca21 handling, strength, and fatigue resistance in
lumbrical skeletal muscles in vitro. Force output and intracellular Ca2+ levels were simultaneously measured in intact
wild-type (WT, +/+) and GSNOR-/- (-/-) lumbrical muscles in vitro. n = 7 and 5 for WT and GSNOR-/- groups. (A)
Specific force was not affected by the loss of GSNOR. (B) Mean normalized tetanic force output was unaffected by GSNOR
deficiency at submaximal and maximal (100 Hz) stimulation frequencies. Similarly, mean normalized intracellular Ca2+

[Ca2+]
i concentrations in GSNOR-/- muscle were similar to WT controls at all stimulation frequencies. (C) The impact of

muscle fatigue on force output and Ca2+ transients in WT and GSNOR-/- lumbrical muscle. To induce muscle fatigue, WT
and GSNOR-/- lumbrical muscles were subjected to stimulation at progressively shorter intervals (0.5 to 8 s) between
stimuli. As expected, mean normalized force output in WT muscle decreased proportionately with a shorter stimulus
interval, indicating greater muscle fatigue. Unlike force, [Ca2+]i did not decrease significantly. Loss of GSNOR had no
impact on force output or [Ca2+]i compared with WT at all stimulus intervals.
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well as type I/IIA and I fiber types, were unaffected in
GSNOR-/- muscle (Fig. 5A). Interestingly, type IIA fiber
incidence was 41% lower in muscles from GSNOR-/- mice
than from wild-type mice. However, reduced numbers of type
IIA fibers would favor decreased fatigue resistance, and,
therefore, cannot explain enhanced fatigue resistance.

Enhanced fatigue resistance could be attributable to in-
creased capillary density in GSNOR-/- skeletal muscle, which
would facilitate oxygen delivery and extraction during con-
traction. Indeed, GSNOR negatively regulates vasculogenesis
in cardiac muscle via an HIF1a-dependent mechanism (40).
Therefore, we measured the density of CD31-positive capil-
laries and blood vessels in TA skeletal muscles. As expected,
capillaries were clustered at higher densities around the more
oxidative fiber types; however, no qualitative difference be-
tween wild-type and GSNOR-/- muscle was observed
(Fig. 5B). Quantitative image analysis showed that blood vessel

FIG. 5. Enhanced muscle fatigue resistance in GSNOR
null mice is not driven by increased oxidative fiber type
or blood vessel density. (A) Quantitation of fiber type in-
cidence (percent of total fiber number) in GSNOR-/- tibialis
anterior muscle. GSNOR deficiency had no impact on type
IIX, IIB, I/IIA, and type I incidence, but it significantly
decreased type IIA fiber content by 41%. Note that type I
and type I/IIX make up only a few percent of fibers in the
TA and were excluded from quantitation. n = 5 and 6, for
WT and GSNOR-/- groups, respectively. (B) To test whe-
ther enhanced fatigue resistance in GSNOR-/- muscle re-
sulted from increased vascularization, we determined CD31
positive blood vessel density in TA muscle cryosections.
Representative WT and GSNOR-/- images are shown, with
CD31 labeling large blood vessels and capillaries that were
more heavily concentrated around type IIX and IIA fibers.
(C) Quantitation of CD31-positive blood vessels per mm2 in
TA muscles. CD31-positive blood vessel density did not
differ between WT and GSNOR-/- TA muscles. n = 9 and 6
for WT and GSNOR-/- groups, respectively. Scale bar:
30 lm. (D) HIF1a transcript expression was similar between
WT and GSNOR-/- muscles. n = 6 for both groups. *p < 0.05.

FIG. 6. Mitochondrial respiratory complex activity in
GSNOR2/2 muscle. To test whether increased mitochondrial
activity could contribute to the enhanced contractility of
GSNOR-/- tibialis anterior (TA) muscle, the specific activities
and citrate synthase (activity)-normalized activities of mito-
chondrial respiratory chain complexes I, III, and IV were
measured in wild-type (+/+) and GSNOR-/- TA muscles. (A)
Complex I-specific activity. (B) Citrate synthase activity (CS)-
normalized complex I-specific activity. (C) Complex III-
specific activity. (D) CS activity-normalized complex III-
specific activity. (E) Complex IV-specific activity. (F) CS
activity-normalized complex IV-specific activity. n = 6 for
wild-type and GSNOR-/- groups, respectively. n = 6 for all
groups.
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density was comparable between wild-type and GSNOR-/-

muscle (Fig. 5C). HIF1a transcript expression was unaffected
by the loss of GSNOR, which was consistent with normal
vasculogenesis in GSNOR-/- muscle (Fig. 5D). Note that
HIF1a protein expression was undetectable in both wild-type
and GSNOR-/- muscle (not shown). These findings suggest that
GSNOR does not regulate vasculogenesis in skeletal muscle,
and that increased blood vessel density does not contribute to
the enhanced contractility of GSNOR-/- muscle in situ. Col-
lectively, these data strongly suggest that increased oxidative
fiber type and blood vessel density do not contribute to en-
hanced fatigue resistance of GSNOR-/- muscles.

Loss of GSNOR does not impact skeletal muscle
mitochondrial content or activity

Mitochondria play a crucial and firmly established role in
meeting the energy demands of skeletal muscles and are an
important target of NO (18, 27). Therefore, we tested whether
enhanced GSNOR-/- TA contractility could result from in-
creased mitochondrial function by determining the maximal
catalytic (specific) activities of respiratory complexes I, III,
and IV that can be modulated by NO (11, 16, 27). Loss of
GSNOR did not impact the specific activities of complex I,
III, or IV (Fig. 6A, C, E, respectively). Similarly, citrate
synthase-normalized complex I, III, and IV activities were
not significantly different between wild-type and GSNOR-/-

TA muscle (Fig. 6B, D, F, respectively). Together, these
findings suggest that GSNO may not regulate respiratory

complex activity and argue against increased mitochondrial
activity as a causal mechanism to explain enhanced TA
muscle strength and fatigue resistance.

In addition to regulating respiration, NO may promote mi-
tochondrial biogenesis in skeletal muscle cells and other cell
types under some conditions (44, 45, 51). Therefore, we tested
whether loss of GSNOR could increase mitochondrial content.
Expression of the outer mitochondrial membrane protein
VDAC1 was similar between wild-type and GSNOR-/- TA
muscles (Fig. 7A, loading controls in Supplementary Fig. S1C).
Although complex II subunit SDHB expression was higher in
GSNOR-/- muscle, possibly reflecting a change in subunit
stoichiometry, expression of subunits from complexes I, III, IV,
and V was unaffected, arguing against increased mitochondrial
biogenesis in GSNOR-/- muscle. (Fig. 7B, loading controls in
Supplementary Fig. S1D). Similar results were seen in gas-
trocnemius muscle (Supplementary Fig. S4A–D). In addition,
citrate synthase activity, a measure of mitochondrial content,
was also unaffected by loss of GSNOR (Fig. 7C). Furthermore,
the ratio of mitochondrial DNA to nuclear DNA was similar
between control and GSNOR-/- TA muscle (Fig. 7D). In
agreement, expression of PGC1a, a transcriptional coactivator
activated by NO that promotes mitochondrial biogenesis, was
comparable between wild-type and GSNOR-/- TA muscles
(Fig. 7E). These data provide compelling evidence that loss of
GSNOR does not drive mitochondrial biogenesis, arguing
against biogenesis as a potential mechanism to explain the
enhanced contractility of GSNOR-/- TA muscle.

FIG. 7. GSNOR-deficient skeletal muscles have normal mitochondrial content. Mitochondrial biogenesis was in-
vestigated as a potential mechanism that could contribute to enhanced GSNOR-/- tibialis anterior (TA) muscle contractility.
(A) Representative Western blot and densitometric quantitation of mitochondrial outer membrane VDAC1 protein ex-
pression in wild-type (+/+) and GSNOR-/- TA muscles. (B) Representative Western blots and densitometric quantitation of
expression of subunits of mitochondrial respiratory chain complexes I through V in wild-type and GSNOR-/- TA muscles.
Although complex II subunit SDHB expression was significantly higher in GSNOR-/- TA muscle, expression of subunits
from all other complexes was unaffected, arguing against biogenesis. *p < 0.05. (C) Citrate synthase activity, a biomarker of
mitochondrial content, was similar between wild-type and GSNOR-/- TA muscle. (D) The ratio of ND1/b-actin DNA was
unaffected by GSNOR deficiency. (E) mRNA expression of PGC1a, an important transcriptional regulator of mitochondrial
biogenesis, was similar between WT and GSNOR-/- muscle. n = 6 for all groups.

172 MOON ET AL.



GSNOR modulates cGMP synthesis by sGC

As an important control to provide evidence that the im-
pact of GSNOR depletion on skeletal muscle was indepen-
dent of effects on cGMP-based signaling pathways, we
investigated sGC activity in GSNOR-/- muscles. If the pos-
itive impact of GSNOR depletion on muscle contractility in
situ was cGMP independent, then we would expect no change
in cGMP synthesis by sGC. GSNOR depletion significantly
decreased sGC activity by 44% in resting skeletal muscle
(Fig. 8A). a1 and b1 sGC subunit expression was unaffected
in GSNOR-/- muscle, suggesting that reduced sGC activity
was not due to decreased sGC protein expression (Fig. 8B, C,
loading controls in Supplementary Fig. S1E). Surprisingly,
sGC activity in GSNOR-/- skeletal muscle was more re-
sponsive than wild type to agonists, including the NO donor
DETANO, the sGC stimulator BAY 41-2272, and the sGC
activator BAY 58-2667 (Fig. 8D). Indeed, the increase in sGC
activity in GSNOR-/- muscle was 50% greater with DETANO
and BAY 58-2667, and 90% greater with BAY 41-2272. In-
creased sGC S-nitrsylation was not apparent by SNO-RAC
analysis (not shown). Nonetheless, these data suggest that
GSNOR is necessary for normal sGC activity in resting skel-
etal muscle and that GSNOR-mediated denitrosylation mod-
ulates the responsiveness of cGMP synthesis by sGC. These
data suggest that some phenotypes of GSNOR-/- muscles may
be partly due to altered cGMP signaling.

Discussion

A key finding of the present study is that GSNOR, and
denitrosylation more generally, may play an important role in
modulating skeletal muscle force output under physiological
conditions. Innervated and vascularized GSNOR-/- TA
muscles were 12–27% stronger at maximal (200 Hz) and
physiological submaximal (150 to 50 Hz) stimulation fre-
quencies. This increase in strength is highly physiologically
relevant considering that a difference of 22% represents the
margin between dystrophic and wild-type muscle (50).
GSNOR-/- TA muscles were also more fatigue resistant, with
a 17% increase in force output between 60 and 160 s compared
with controls and longer twitch relaxation times that are ste-
reotypical of higher fatigue resistance. These data suggest that
NO can modulate muscle fatigue resistance through an S-
nitrosylation-/denitrosylation-dependent mechanism and that
GSNOR acts as a brake on skeletal muscle force generation
under physiological conditions.

These data also support and extend previous studies, indi-
cating an important role for NO synthesized by nNOS in skel-
etal muscle fatigue (1, 19, 46, 48, 49). Using a similar approach,
nNOS deficiency (primarily the loss of nNOSb) substantially
decreased both TA muscle fatigue resistance and postexercise
force recovery (49). The findings in the present study support
the possibility that NO regulates muscle fatigue resistance
through S-nitrosylation-/denitrosylation-based mechanisms

FIG. 8. GSNOR modulates cGMP synthesis by soluble guanylate cyclase. To test whether loss of GSNOR could
impact cGMP-dependent NO signal transduction, soluble guanylate cyclase (sGC) expression and activity was measured in
gastrocnemius muscles. (A) Baseline sGC activity was significantly reduced by 44% in GSNOR-/- muscle compared with
wild-type controls. (B) Representative Western blot showing that a1 and b1 sGC subunit expression was unaffected in
GSNOR-/- muscle. (C) Densitometric quantitation confirmed that a1 and b1 sGC subunit expression was unaffected by loss
of GSNOR; therefore, reductions in activity were not due to reduced a1b1 sGC expression. For (A, B), n = 6 and 5 for WT
and GSNOR-/- groups, respectively. (D) Fold increase sGC activity relative to baseline in response to NO donor DETANO,
sGC stimulator BAY 41-2272 (BAY 41), or sGC activator BAY 58-2667 (BAY 58) in gastrocnemius muscle homogenates.
DETANO, BAY 41, and BAY 58 increased sGC-mediated cGMP synthesis to a significantly greater degree in GSNOR-/-

muscles than WT, suggesting enhanced responsiveness of sGC. For (C, D), n = 6 for both groups. **p < 0.01, ***p < 0.001.
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under physiological conditions. Interestingly, force recovery
after fatigue was normal in GSNOR-/- muscle, suggesting that
GSNOR, and S-nitrosylation/denitrosylation more generally,
does not play a role in postexercise force recovery.

The question then arises as to how GSNOR may modulate
force production. Skeletal muscle force production can be
enhanced by several factors such as increases in oxidative
fiber content, mitochondrial content or activity, vascular
density, and S-nitrosylation of the RyR1 Ca2+ channel. We
found that type IIX and IIB fiber (glycolytic) content was
unaffected in GSNOR-/- mice. However, oxidative type IIA
fiber content was decreased, which was unexpected since
greater fatigue resistance is often accompanied by increased
type IIA content. The significance of the reduction in type IIA
fibers remains unclear, but it may relate to metabolic changes
in GSNOR-/- muscles. nNOS can regulate fiber composition,
with nNOSl suppressing type IIX fiber content (15, 49).
Given that type IIX fiber composition was unchanged in
GSNOR-/- mice, it is likely that IIX content is modulated
through a cGMP-dependent nNOSl signaling mechanism.
However, these data do not support a role for altered fiber
type specification as an important factor in the enhanced
contractility of GSNOR-/- muscle.

Enhanced GSNOR-/- TA muscle contractility also did not
appear to be driven by increased mitochondrial content or
respiratory chain complex activity. Expression of mito-
chondrial proteins, including VDAC1 and specific subunits
of respiratory complexes I through V, was unaffected by
GSNOR deficiency. In addition, citrate synthase activity,
mitochondrial DNA/nuclear DNA ratio, and PGC1a mRNA
expression were not significantly different from controls,
providing strong evidence for normal mitochondrial content
in GSNOR-/- muscle. Although complex I activity can be
regulated by NO and S-nitrosylation in other cell types, it was
unaffected in GSNOR-/- TA muscle, consistent with a pre-
vious report that complex I activity in TA muscle was un-
affected by loss of nNOSl (17, 19, 30, 57). Similarly,
complex IV activity, which is reversibly inhibited by NO,
was also unaffected in GSNOR-/- TA muscles. Also, GSNO
can inhibit complex III activity in cardiac sub-mitochondrial
particles, whereas GSNOR depletion did not impact complex
III activity in skeletal muscle, supporting differences in
GSNOR function between heart and skeletal muscles (37,
40). Taken together, these data argue against increased mi-
tochondrial respiratory chain activity as a mechanism to ex-
plain increased strength and fatigue resistance of GSNOR-/-

TA muscles.
Increased capillary density was also ruled out as contrib-

uting to enhanced TA muscle contractility. Increases in
capillary density in the vascular beds of skeletal muscle
augment O2 delivery and extraction, promoting fatigue re-
sistance. Indeed, GSNOR deficiency can increase capillary
density in cardiac muscle through mechanisms involving
VEGF and S-nitrosylation of HIF1a (40). However, we found
that capillary density was unaffected in GSNOR-/- TA
muscles and that HIF1a transcript was unaffected, whereas
HIF1a protein was undetectable (data not shown). These
findings agree with a recent study suggesting that the primary
source of skeletal muscle NO, nNOSl, is dispensable for
capillary density (6). These data suggest that angiogenesis is
differentially regulated by GSNOR during skeletal and car-
diac muscle development, and they argue against increased

capillary density as an important factor in the augmented
fatigue resistance of GSNOR-/- mice.

GSNOR depletion led to RyR1 hypernitrosylation in TA
muscles. Given compelling evidence that S-nitrosylation of
RyR1 positively regulates Ca2+ release and force develop-
ment under physiological oxygen tensions and that RyR1
S-nitrosylation is increased in GSNOR-/- muscle (Fig. 3A–C),
it is plausible that RyR1 hypernitrosylation could be a key
contributing factor to the enhanced force output in
GSNOR-/- TA muscle (5, 23, 24, 33, 59–62). Thus, our data
suggest RyR1 hypernitrosylation as the best mechanism to
explain the enhanced contractility of GSNOR-/- TA muscle,
and to explain how GSNOR may act as a brake on skeletal
muscle force generation under physiological conditions. It is
important to note that we cannot show cause and effect, only
association, between RyR1 hypernitrosylation and enhanced
contractility of TA muscles. In addition, the involvement of
other S-nitrosylated proteins cannot be ruled out as contrib-
uting factors. So, our interpretation of current evidence is that
GSNOR-mediated denitrosylation may serve as a mechanism
to modulate skeletal muscle exercise capacity by facilitating
removal of NO functional groups from the RyR1 receptor.

Under pathological conditions, RyR1 hypernitrosylation is
typically associated with skeletal muscle wasting and
weakness and may be a secondary pathogenic feature of di-
verse pathological states, including: malignant hyperthermia,
over-training, sarcopenia, rheumatoid arthritis, dystrophino-
pathy, and b-sarcoglycanopathy (3, 4, 7, 8, 21, 31, 39, 67). In
these states, RyR1-mediated Ca2+ leak from the sarcoplasmic
reticulum may aberrantly activate RyR1-associated nNOSl,
disrupting the tight temporal control of NO production and
driving nitrosative stress and further pathogenic RyR1 hy-
pernitrosylation (21, 31, 39, 67). In turn, pathogenic RyR1
hypernitrosylation induces further Ca2+ leak, leading to
progressively more severe muscle damage and weakness.
However, our data suggest that GSNOR inhibition, with
concomitant RyR1 hypernitrosylation, can have a positive
impact on muscle contractile performance. Collectively,
these data suggest a fundamental difference between the
impact of RyR1 hypernitrosylation resulting from inhibition
of denitrosylation and that from Ca2+ leak-driven nitrosative
stress. Since different sets of RyR1 cysteines may be modi-
fied by GSNO and nNOSl under normal and pathological
conditions, distinct RyR1 cysteine modification patterns may
differentially impact muscle integrity and contractility in
normal and diseased states (61). Therefore, RyR1 hyperni-
trosylation resulting from inhibition of denitrosylation may
be beneficial to skeletal muscle, whereas hypernitrosylation
resulting from nNOSl-mediated nitrosative stress is delete-
rious. The differences between the causes and consequences
of RyR1 hypernitrosylation under physiological and patho-
physiological conditions represent an important area for
further investigation.

However, in contrast to GSNOR-/- TA muscle, loss of
GSNOR in intact lumbrical muscle did not impact Ca2+

handling, strength, fatigue resistance or rates of muscle re-
laxation, and activation in vitro (Fig. 4 and Supplementary
Fig. S2). It is important to note that methods with comparable
sensitivity for simultaneously measuring changes in force
and Ca2+ in the TA or other intact muscles remain to be
developed, so it is not possible to determine whether RyR1
Ca2+ channel hypernitrosylation impacted Ca2+ flux. At
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present, it is unclear why GSNOR deficiency had different
effects in TA and lumbrical muscles, so we can only specu-
late at present about possible explanations. One explanation
is that GSNOR has muscle-specific functions where it mod-
ulates contractility in the TA, but not the lumbrical muscles.
This would suggest muscle-specific differences in the role of
denitrosylation, consistent with muscle-specific differences
in nNOS expression, activity, and function (38, 49). In
agreement, RyR1 S-nitrosylation was higher in gastrocne-
mius than in TA muscles. A second possibility is that there is
a critical difference in the environment of the lumbrical and
TA muscle that may abrogate the ability of GSNOR inhibi-
tion to impact contractility. Specifically, supraphysiological
O2 tensions found in the in vitro bath environment may
prevent stimulatory RyR1 S-nitrosylation, which is believed
to occur only under low O2 tensions (23, 24, 60–62). We were
unable to test this possibility due to the technical difficulty of
using SNO-RAC on tiny lumbrical paw muscles. A third
possibility is that GSNOR in a tissue outside of skeletal muscle
may indirectly modulate muscle contractility and this mecha-
nism of contractile control would be missing from in vitro
studies. For example, muscle fatigue resistance is also a func-
tion of blood-mediated O2 delivery and extraction, which is
closely matched to the O2 demands of contracting muscle (2).
So, it is conceivable that improved cardiac output in GSNOR-/-

mice could increase blood delivery to active muscles, pro-
moting fatigue resistance. The mechanisms by which GSNOR
inhibition promotes skeletal muscle strength and fatigue resis-
tance represent an important future research direction.

More importantly, our findings in both GSNOR-/- lumb-
rical and TA muscles challenge previous propositions that
inhibiting GSNOR or increasing GSNO or RyR1 S-
nitrosylation causes skeletal muscle wasting in vivo and
weakness in skinned skeletal muscles in vitro (22, 43).
However, the physiological relevance of the in vitro effects of
GSNO was questioned due to use of supraphysiological
GSNO doses (65). GSNOR-/- mice were reported to exhibit
neuromuscular dysfunction characterized by peripheral nerve
dysfunction and damage, heightened pain sensitivity, muscle
atrophy, and a reduction in grip strength (an indirect and
unreliable measure of muscle strength) that were interpreted
as evidence of myopathy or muscle weakness (43). As stated
earlier, GSNOR-/- TA and lumbrical muscles showed no
evidence of gross neuromuscular dysfunction or force deficits
in spite of potential peripheral nerve dysfunction. Im-
portantly, our data provide a compelling argument against
myopathy or skeletal muscle weakness resulting from the
absence of GSNOR. Therefore, it is likely that decreased grip
strength in GSNOR-/- mice resulted from other causes such
as reduced body size, lowered pain threshold, defective motor
coordination, and/or lack of will to grip.

In addition, we found no atrophy in 6 month-old
GSNOR-/- mice in contrast to a previous study (43).
GSNOR-/- mice were smaller in absolute terms, with shorter
nose-to-tail lengths and reduced muscle masses. However,
when GSNOR-/- muscle masses were normalized to reduced
body size, they were similar to wild-type controls. In addi-
tion, muscle cell areas and feret diameters, and MuRF1 and
Atrogin 1 expression were normal in GSNOR-/- muscle,
which, in addition to enhanced contractility, provide very
strong evidence against atrophy. The reasons for this
discrepancy are unclear but could relate to differences in

iNOS expression between our study (where it was largely
undetectable) and that of Montagna et al., where iNOS was
expressed at relatively high levels in both controls and
GSNOR-/- muscle (43). An additional difference is that we
measured muscle cell size in a fiber-specific way to avoid
biasing our measurements. Nonetheless, our data argue
against skeletal muscle atrophy in GSNOR-/- mice.

Our data also suggest potential insights into the nature of
peripheral nerve dysfunction in GSNOR-/- mice. Peripheral
nerve dysfunction may result from impaired sensory and/or
motor neuron function. Montagna et al. showed that GSNOR-/-

mice exhibit signs of sensory neuron dysfunction, including
lowered pain thresholds to mechanical and thermal stimuli.
Consistent with our findings, sensory neuron dysfunction
would not necessarily impact muscle size, growth, or drive
atrophy. In anesthetized mice, we find that GSNOR-/- TA
muscles stimulated through the peroneal nerve are stronger and
more fatigue resistant. These data are consistent with normal
motor neuron function, because motor neuron defects typically
cause muscle weakness or paralysis. Taken together, these data
suggest that GSNOR deficiency may preferentially impair pe-
ripheral sensory neuron function.

Another interesting insight into the physiological roles of
GSNO in skeletal muscle came from evidence that GSNOR
inhibition impacted cGMP synthesis by sGC. These studies
were performed as a control to provide evidence that the
effects of GSNOR inhibition were independent of cGMP
signaling. Baseline sGC activity was reduced by 45% in
GSNOR-/- muscles, suggesting that GSNOR is required for
normal cGMP synthesis in resting skeletal muscle. However,
sGC-mediated cGMP synthesis was 50%, 90%, and 50%
more responsive to the NO donor DETANO, sGC stimulator
BAY 41, and sGC activator BAY 58 in GSNOR-/- muscles,
respectively. These findings agree with recent reports that
cGMP-dependent NO signaling may be modulated by S-
nitrosylation (53, 54). However, in contrast to the present
study, prolonged exposure to exogenous S-nitrosothiols de-
sensitized sGC in smooth muscle cells (53). These data
linking GSNOR and sGC activity, key players in ‘‘cGMP-
independent’’ and ‘‘cGMP-dependent’’ signaling, suggest
potential cross-talk or a close and necessary coordination
between these two important NO effector pathways. There-
fore, we cannot completely rule out a contribution of altered
sGC-cGMP signaling to some of the phenotypic character-
istics of GSNOR-/- mice.

In summary, we have used GSNOR-/- mice as a powerful
experimental platform to advance our understanding of
the physiological roles of GSNOR and denitrosylation in
skeletal muscle. We provide compelling evidence that in-
hibition of GSNOR-mediated denitrosylation augments TA
muscle contractility under physiological conditions, per-
haps through an RyR1 hypernitrosylation-based mecha-
nism. Our data also suggest new roles for GSNOR in type
IIA fiber specification. Our findings argue against the
proposition that GSNOR inhibition or RyR1 hyperni-
trosylation alone promotes myopathy and strengthen current
evidence for the divergent roles of RyR1 S-nitrosylation
under normal and disease conditions. Together, these data
strengthen the argument that NO, specifically, and deni-
trosylation/nitrosylation balance, more generally, are im-
portant redox regulators of skeletal muscle contractile
performance under physiological conditions.
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Materials and Methods

S-nitrosoglutathione reductase knockout mice

Mice in a congenic C57Bl/6J background carrying targeted
deletion of the coenzyme-binding domain of GSNOR, which
eliminates GSNOR activity, have been previously described
(41). Six-month-old male GSNOR-/- mice were used, unless
otherwise stated. Age, gender, and strain-matched wild-type
mice were used as controls. All experimental procedures
performed on mice were approved by the Institutional Ani-
mal Care and Use Committees of the University of Miami.

Gene expression analysis by quantitative
real-time PCR

Total RNA was isolated from frozen murine skeletal muscle
using TRIzol reagent (Invitrogen) following the manufactur-
er’s instructions. cDNAs were produced from 1 lg of total
RNA using the iScript� cDNA Synthesis Kit (Bio-Rad). Real-
time PCR was performed using Sso Advanced Universal
SYBR Green Supermix (Bio-Rad) on CFX Connect Real-
Time PCR detection system (Bio-Rad) and Bio-Rad CFX
Manager 3.1 software according to the manufacturer’s in-
structions. Gene expression data were normalized to the Rps18
housekeeping gene and analyzed using theDDCT method (42).
All primers and their sequences are listed in Supplementary
Table S2. Primer efficiency was determined by a standard
curve of cDNA samples in accordance with MIQE guidelines
(12) and listed in Supplementary Table S3.

Determination of mtDNA levels by quantitative
real-time PCR

Total DNA was isolated from TA muscle homogenates
using the NucleoSpin Tissue XS kit (Clontech) according to
the manufacturer’s instructions. Amplification of nuclear and
mtDNA was performed in a CFX96 real-time PCR system
(Biorad) using specific primers for nucleus-encoded b-actin
(ACTB) and mitochondrially encoded NADH Dehy-
drogenase 1 (ND1) genes, respectively. The amplification
reaction was carried out using 5 ng of DNA in a 20 ll reaction
mixture containing Sso Advance SYBR Green (Biorad) and
primers by following the manufacturer’s instructions. The
levels of nuclear and mtDNA were calculated using the DDCt
method, then normalized to wild-type controls, and expressed
as the ratio of ND1/ACTB (mtDNA/nDNA). Primers for
ND1-forward: 5¢CAGCCTGACCCATAGCCATA3¢; ND1-
reverse: 5¢ ATTCTCCTTCTGTCAGGTCGAA3¢; ACTB exon
6-forward: 5¢ GCGAAGTACTCTGTGTGGA3¢; ACTB exon
6-reverse: 5¢CATCGTACTCCTGCTTGCTG3¢.

Western immunoblotting

Freshly frozen muscle tissues were lysed in buffer con-
taining 2% sodium dodecyl sulfate, 50 mM Tris-HCl (pH
6.8), and protease and phosphatase inhibitor cocktail tablets
(Roche). Lysate protein content was quantified by BCA
Protein Assay (Thermo Scientific). Thirty micrograms of
protein was electrophoresed on 4–20% Mini-PROTEAN
TGX Stain-Free Precast Gels (Bio-Rad) to determine loaded
proteins on gels and to normalize immunoblotting signals by
total visualized proteins. Stain-Free gels contained trihalo
compounds that reacted with tryptophan residues after

ultraviolet (UV) exposure to produce fluorescence, and then
the loaded proteins were easily visualized by Bio-Rad Che-
miDoc MP imager. Proteins after gel activation under UV for
2.5 min were then transferred to polyvinylidene fluoride
membrane (Millipore). Transferred total protein on mem-
branes was used for normalization using Bio-Rad ImageLab
5.2.1 software (Supplementary Fig. S1). Membranes were
blocked with 5% (w/v) skim milk in Tris-buffered saline with
Tween 20 (25 mM Tris, pH 7.4, 140 mM NaCl, 3 mM KCl,
and 0.1% (v/v) Tween 20) for 1 h at room temperature and
then incubated with primary antibodies overnight at 4�C.
Primary antibodies used were as follows: rabbit anti-GSNOR
(Proteintech), mouse anti-RyR (Thermo Fisher Scientific),
rabbit anti-VDAC1, rabbit anti-phospho nNOS1412, rabbit
pan anti-nNOS, rabbit anti-a1 subunit of guanylate cyclase 1,
and rabbit anti-b1 subunit of guanylate cyclase 1 (Sigma
Aldrich). Note that ser1412 of nNOSa corresponds to ser1446

of nNOSl due to the 34-amino-acid l insert. MitoProfile�

total OXPHOS antibody cocktail (Abcam) was used, which
contains antibodies against NDUFB8 (Complex I or CI),
SDHB (CII), UQCRC2 (CIII), MTCO1 (CIV), and ATP5A
(CV). After incubation with donkey horseradish peroxidase-
conjugated secondary antibodies ( Jackson ImmunoResearch
Laboratories), chemiluminescence from bands was visual-
ized with SuperSignal West Femto substrate (Thermo Fisher)
on a Chemidoc MP imaging system (Biorad).

Histopathological and central nucleation analyses

Freshly isolated hindlimb muscles from adult mice were
placed in OCT embedding compound and flash frozen liquid
nitrogen cooled 2-methylbutane. Ten micron-thick cryosec-
tions were cut from muscle midbellies; they were then stained
with hematoxylin and eosin using standard methods. Muscles
were inspected for signs of muscle disease, including: central
nucleation, fiber size heterogeneity, and immune cell infil-
tration as described (29, 49, 50). The fraction of muscle cells
with centrally localized nuclei (a marker of a muscle cell that
has undergone a degeneration and regeneration event) was
quantitated as previously described (50).

Determination of skeletal muscle fiber composition,
fiber type area, and capillary density

To assess shifts in skeletal muscle fiber composition, 10-
lm-thick cryosections from the muscle midbelly were fixed,
blocked, and immunolabeled with a cocktail of monoclonal
antibodies against type I (BA-D5), type IIA (SC-71), and type
IIB (BF-F3) myosin heavy chains (Developmental Studies
Hybridoma Bank) as described (49). Anti-myosin antibodies
were detected using isotype-specific secondary antibodies:
Alexa Fluor 350–labeled donkey anti-mouse IgG2B (BA-D5),
Alexa Fluor 594–labeled donkey anti-mouse IgG1 (SC-71),
and Alexa Fluor 488 donkey anti-mouse IgM (BF-F3). The
incidence (number of positive muscle cells divided by the total
number of muscle cells in the entire section) of type I, type IIA,
and type IIB myosin heavy chain-positive muscle cells was
determined manually. Unlabeled fibers were designated type
IIX. Feret diameters and cross-sectional areas of 300 type IIX
myofibers, 400 type IIB, and 100 type IIA myofibers were
determined per mouse from spatially calibrated images using
Image J 1.46r software (55). Feret’s diameter is the longest
distance between any two points along the myofiber selection
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boundary and is a reliable measure of muscle cell size, because
it is less susceptible to sectioning angle than cross-sectional
area (10). To determine capillary blood vessel density, muscle
sections were immunolabeled with rabbit anti-CD31 poly-
clonal antibody (Abcam) and the total number of CD31 (an
endothelial cell marker)-positive capillaries in each cryosec-
tion were counted manually. Capillary densities were ex-
pressed as the number of CD31-positive capillaries per mm2.

Automated bright-field and immunofluorescence
microscopy

Automated capture of images covering the entire area of a
muscle cross-section was performed at 20 · magnification
using a DP80 digital camera (Olympus), and CellSens soft-
ware operated an automated tiling system comprising an
Olympus BX50 upright microscope fitted with a Prior Sci-
entific motorized x–y stage. Composite images of whole
muscle sections labeled with hematoxylin and eosin were
formed by stitching individual color images that were cap-
tured sequentially together into a single composite image. For
fluorescent images, individual images of Alexa 350, 488, and
594 fluorescence emissions (as appropriate) were captured
sequentially; they were then automatically stitched together
to form a composite image of the entire muscle cross-section.

sGC activity measurements

sGC enzyme activity was measured as previously described
(13). Briefly, gastrocnemius skeletal muscles were harvested
and homogenized in buffer containing 50 mM Tris.HCl (pH
7.6), 1 mM EDTA, 1 mM dithiothreitol, and 2 mM phe-
nylmethylsulfonyl fluoride. Extracts were centrifuged at 20,000
g for 20 min at 4�C. Supernatants containing 50 lg protein were
incubated for 10 min at 37�C with 50 mM Tris.HCl (pH 7.5),
4 mM MgCl2, 0.5 mM 1-methyl-3-isobutylxanthine, 7.5 mM
creatine phosphate, 0.2 mg/ml creatine phosphokinase, 1 mM
L-NAME, and 1 mM GTP with or without 10 lM of NO donor
DETA-NO, 100lM sGC activator BAY 58-2667 (cinaciguat),
or 1 mM of sGC stimulator BAY 41-2272. The reaction was
terminated with 0.05 M HCl. cGMP was measured by immu-
noassay (Cayman Chemical). sGC activity was expressed as
picomoles of cGMP synthesized per minute per milligram of
gastrocnemius muscle protein per minute.

In situ measurement of TA strength
and fatigue resistance

Tests of skeletal muscle strength and fatigue resistance were
performed on the TA muscle in vivo in anesthetized adult mice
as described with minor modifications (48). Blood delivery and
innervation to the muscle are maintained, providing ‘‘gold
standard’’ physiological conditions for the measurement of
fatigue resistance (2). Mice were anesthetized with intraperi-
toneal injections of Avertin and positioned on a 37�C heated
platform. The distal tendon of the TA muscle was attached to
the lever arm of a 305C-LR servomotor (Aurora Scientific
Instruments), and contractions were elicited by electrical bi-
polar stimulation of the peroneal nerve. The Dynamic Muscle
Control and Analysis Software Suite (Aurora Scientific
Instruments) was used for data collection and analysis. The
partially exposed muscle surface was kept moist for the
duration of the experiment by application of prewarmed

isotonic saline. The muscle was adjusted to an optimum length
(Lo) that produced the maximum isometric tetanic force (Po).
To investigate the force–frequency relationship and potential
dependence of force output on stimulation frequency, TA
muscles at Lo were tetanically stimulated over a range of
submaximal to maximal tetanic stimulation frequencies (10–
200 Hz), with 1 min intervals between stimulations to avoid
fatigue. Force outputs over the 5–200 Hz range were normal-
ized to the maximal tetanic force (Po) generation, which was
typically achieved at 200 Hz. Po was normalized to the cross-
sectional area of the muscle to generate a specific force (sPo)–
frequency curve. At the completion of testing, the greatest
specific force (sPo) value was used as a measure of the intrinsic
strength of the TA muscle. Isometric tetanic force and fiber
composition studies, the twitch properties of TA muscles were
also investigated. Maximum twitch force, specific twitch force,
time to peak twitch force, and time for twitch force to return to
half the maximum value were determined. To measure skeletal
muscle fatigue resistance, TA muscles were subjected to 4 min
of repeated maximal tetanic contractions as previously de-
scribed. Muscles were maximally stimulated (40 V, 200 Hz,
300 ms) every 2 s for 4 min. Force output was normalized to the
force produced by the first and strongest contraction. To ensure
fatigue-associated force loss was reversible and not due to
muscle damage, force recovery was assessed at 1, 3, and 5 min
after the completion of the fatigue protocol.

Measurement of intracellular Ca2+ and force
in lumbrical skeletal muscles in vitro

The murine lumbrical muscle model system was used to
simultaneously measure fluxes in force and intracellular Ca2+

as described with minor changes (66). Lumbrical muscles
were dissected from hindpaws into a Krebs–Henseleit solu-
tion containing 30 mM 2,3-butanedione monoxime that was
saturated with 95% O2–5% CO2. Intact lumbrical muscles
were then mounted in the Guth muscle research system
(Scientific Instruments) that can simultaneously measures
changes in myofiber force output and fluorescent emissions
from Ca2+-sensitive fluorescent indicators (66). For force
measurements, the distal lumbrical muscle tendon was at-
tached to a servomotor, whereas the proximal end was at-
tached to the force transducer. Mounted lumbrical muscles
were adjusted to optimal length (Lo), where maximum twitch
force output was obtained. The muscle was stimulated at
100 Hz, and changes in tetanic force output were recorded.
The values reported represent the mean force value of 100
successive stimulations. Specific force was calculated by
dividing the maximum tetanic force by lumbrical muscle
cross-sectional area. For intracellular Ca2+ transient mea-
surements, lumbrical muscles were loaded with high-affinity
5 lM fura 2-AM Ca2+ indicator (Invitrogen) in oxygenated
Krebs–Henseleit solution containing 0.5% cremophore to
increase fura solubility for 1 h. Fluorescent emissions from
the 340 nm and 380 nm excitation of fura-2-AM were sam-
pled by a signal sorter and recorded. The time resolution of
the 340/380 fluorescence ratio measurements was 4 ms.
Background fluorescence from 340 and 380 nm excitation of
unloaded lumbrical preparations was subtracted before the
fluorescence 340/380 was calculated and plotted along with
force. Corrected 340/380 ratios were used to calculate rela-
tive changes in intracellular Ca2+. The values reported

GSNOR FUNCTION IN SKELETAL MUSCLE 177



represent the mean intracellular Ca2+ value of the 100 suc-
cessive stimulations. All measurements were made at room
temperature (21�C). To investigate potential effects of the
frequency of stimulation on force output and intracellular
Ca2+ levels, force–frequency and Ca2+–frequency relation-
ships were investigated. Lumbrical muscles at Lo were te-
tanically stimulated over a range of stimulation frequencies
(5–100 Hz), with at least 8 s between stimulations to avoid
fatigue. Force outputs and Ca2+ levels were determined and
normalized to the maximal tetanic force (Po) generation,
which was typically achieved at 100 Hz. To mimic fatiguing
conditions, lumbrical muscles were subjected to a series of
100 maximal tetanic stimulations, with progressively shorter
intervals (ranging from 0.5 to 8 s) between successive stim-
ulations. The more strenuous fatiguing conditions occurred
with a 0.5 s interval between successive stimulations,
whereas single maximal tetanic stimulations every 8 s did not
cause muscle fatigue.

S-nitrosylation analysis by S-nitrosothiol
resin-assisted capture

RyR1 S-nitrosylation analysis by S-nitrosothiol resin-assisted
capture (SNO-RAC) assay was performed as described due to
its increased efficiency in detecting high-molecular-weight
S-nitrosylated proteins (25). All chemicals were purchased from
Sigma Aldrich, unless otherwise noted. Experiments were
conducted in a dark room or with opaque brown tubes where
appropriate. Skeletal muscle was homogenized in 2% sodium
dodecyl sulfate, 50 mM Tris-HCl (pH 6.8) with protease and
phosphatase inhibitor cocktails (Roche Applied Science) and
then briefly sonicated. Free cysteines were blocked with S-
methylmethane-thiosulfonate in the presence of sodium dodecyl
sulfate for 20 min. Then, the protein lysate was incubated with
100% acetone at -20�C for 20 min and centrifuged at 15,000 g
for 20 min. The pellet was washed with 70% acetone and re-
suspended in HENS buffer (250 mM Hepes, 1 mM EDTA,
0.1 mM neocuproine pH 7.7). Ten microliters of input samples
was taken from each tube. Thiol-reactive resin was activated by
incubating with water for 30 min. Sodium ascorbate was added
to reduce the SNOs to thiols (20 mM final concentration).
Omission of ascorbate served as a negative control. Newly
formed thiols of the protein lysate were captured by incubation
with thiol-reactive resin for 3–5 h in the dark. After incubation,
the resin-protein complex was washed five times with HEN
buffer. Resin-captured proteins were eluted with 50ll elution
buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 100 mM
b-mercaptoethanol) at room temperature with frequent agitation
and then heated at 95�C for 5 min in nonreducing SDS–PAGE
loading buffer.

Analysis of mitochondria respiratory complex
I, III, and IV activities

Frozen TA muscle tissue was resuspended in PBS con-
taining a protease inhibitor cocktail (Roche) and homoge-
nized (15–20 strokes) using a hand-held motorized
homogenizer. Samples were centrifuged at 1000 rpm for
5 min to remove tissue remnants, and the supernatant was
used to determine enzymatic activity of mitochondrial re-
spiratory chain complexes I, III, and IV. Respiratory complex
activity was determined spectrophotometrically with a
Synergy H1 plate reader (BioTek) using the kinetics mode of

Gen5 software (BioTek). Complex I activity was determined
by following NADH oxidation at 340 nm in a 200 ll reaction
mixture containing 20 mM KPO4 pH 8.0, 200 lM NADH,
300 lM KCN, 0.1 mg/ml BSA, and 100 lM CoenzymeQ1
with or without 10 lM rotenone to determine reaction spec-
ificity. Complex III activity was measured by following cy-
tochrome c reduction at 550 nm in a 200 ll reaction mixture
containing 50 mM KPO4 buffer pH7.5, 3 mM KCN, 1 mM
EDTA, 50 lM cytochrome c, 0.05% lauryl maltoside, and
10 lM CoQ2-H2 in the presence or absence of 10 lg/ml an-
timycin A to determine reaction specificity. Complex IV
activity was determined by following the oxidation of re-
duced cytochrome c at 550 nm in a 200 ll reaction mixture
containing 10 mM KPO4 pH 6.8, 40 lM reduced cytochrome
c, and 2.4 mM lauryl maltoside. The reaction was terminated
with 300 lM KCN. Enzymatic activities are represented in
mmol/min/mg of protein or as respiratory complex activity
normalized to citrate synthase.

Citrate synthase activity measurement

Citrate synthase activity was measured by determining the
change in absorbance of DTNB at 412 nm in a 200 ll reaction
mixture containing 50 mM Tris-HCl pH 7.5, 200 lM acetyl
CoA, 0.2% Triton-X100, 100 lM dithio-bis-nitrobenzoic
acid, and 1 mM oxaloacetate.

Statistical analyses

All values are reported as mean – standard error of the
mean. Protein and mRNA expression data were normalized
by dividing all values by the mean of the wild-type control
group. Significant differences between two group means
were discerned by unpaired t-tests for normally distributed
variables. Normality was determined using the D’Agostino–
Pearson test where appropriate. Two-way ANOVA followed
by Tukey’s multiple-comparison post hoc tests between
paired groups were used for analyses of muscle fatigue and
force–/Ca2+–frequency relationships. Statistical calculations
were performed using Prism v 6.07 (Graphpad Software,
Inc.); p values of <0.05 were considered significant.
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Abbreviations Used

ATP¼ adenosine triphosphate
ATP5a¼mitochondrial ATP synthase alpha-subunit

BSA¼ bovine serum albumin
cGMP¼ cyclic guanosine monophosphate

CoQ2-H2¼ coenzyme Q analog
DETA-NO¼ diethylenetriamine NONOate

Dia¼ diaphragm
DTNB¼ 5,5¢-dithiobis-(2-nitrobenzoic acid)

Gas¼ gastrocnemius
GSNO¼ S-nitrosoglutathione

GSNOR¼ S-nitrosoglutathione reductase
GTP¼ guanosine-5¢-triphosphate

HIF1a¼ hypoxia-inducible factor 1 alpha subunit
KCN¼ potassium cyanide

KPO4¼ potassium phosphate
L-NAME¼L-NG-Nitroarginine methyl ester
MTCO1¼mitochondrial Cytochrome C Oxidase I

NADH¼ reduced nicotinamide adenine dinucleotide
ND1¼mitochondrially encoded NADH

dehydrogenase 1
NDUFB8¼NADH dehydrogenase 1 beta subcomplex, 8

nNOS¼ neuronal nitric oxide synthase
NO¼ nitric oxide

PGC1a¼ peroxisome proliferative activated receptor,
gamma, coactivator 1, alpha

Quad¼ quadriceps
RyR¼ ryanodine receptor

SDHB¼ succinate dehydrogenase complex, subunit B
sGC¼ soluble guanylate cyclase

SNO-RAC¼ S-nitrosothiol resin-assisted capture
Sol¼ soleus
TA¼ tibialis anterior

UQCRC2¼ ubiquinol-cytochrome c reductase core
protein II

VDAC1¼ voltage-dependent Anion Channel 1
VEGF¼ vascular endothelial growth factor

WT¼wild type
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