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a b s t r a c t

Nitric oxide (NO) has been shown to increase skeletal muscle protein synthesis. However, the role of NO
during skeletal muscle regrowth after immobilization remains unknown. The purpose of this study was
to determine whether NO is required for muscle regrowth/recovery after a period of disuse by immo-
bilization. Male Wistar rats were divided into 4 groups: recovered, 1-(2-trifluoromethyl-phenyl)-imid-
azole (TRIM; 10 mg$kg body mass�1$day�1), NG-nitro-L-arginine methyl ester (L-NAME; 90 mg$kg body
mass�1$day�1), and control. The recovered, TRIM, L-NAME groups were submitted to a 7-d muscle re-
covery period (by remobilization), following a 10-d immobilization period (to induce plantaris [PLA]
muscle atrophy). After the experimental period, the PLA muscle was collected for morphometrical
(muscle fibers cross-sectional area [CSA]) and molecular (Phospho-mTORSer2448 protein expression)
analysis. After 7 d of recovery, the recovered group displayed complete muscle regrowth (CSA, recovered:
2.216 ± 214 vs. control: 2.219 ± 280 cm2; P > 0.05). However, CSA of the L-NAME (1.911 ± 267 cm2) and
TRIM (1.896 ± 219 cm2) groups were statistically (P < 0.05) lower than the recovered and control groups.
Additionally, there was a 29% increase in Phos-mTORSer2448 protein expression levels in the recovered
group compared to control group, and this increase was blocked in both TRIM and L-NAME groups. In
conclusion, our results indicate that NO is crucial for skeletal muscle regrowth after an immobilization
period, potentially via the mTOR signaling pathway.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The primary objective of many studies associated with skeletal
muscle wasting has been to understand the cellular and molecular
mechanisms that govern skeletal muscle mass during and in re-
covery from immobilization. The debilitating effects of immobili-
zation on muscle tissue include a reduction in cross-sectional area
(CSA), reduction of strength, increased protein degradation/syn-
thesis ratio, and a reduction oxygen supply (for review see Ref. [4]).
It has been suggested that these negative effects may be attenuated
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by activation of multiple anabolic signaling pathways, including the
insulin-like growth factor 1 (IGF-I) pathway [7,35].

IGF-I has been characterized as a crucial regulator of skeletal
muscle growth by 1) stimulating satellite cells to proliferate and
differentiate during the compensatory hypertrophy process [1],
and/or 2) by activating a cascade of signaling pathways via phos-
phatidylinositol 3-kinase (PI3K)/Akt/mTOR/p70S6 kinase (p70S6K),
resulting in the downstream activation of targets required for
protein synthesis [18,26]. The importance of IGF-I pathway in
regulating muscle growth was demonstrated by in vivo and in vitro
studies that used pharmacological treatment with rapamycin to
selectively inhibit the function of mTOR. For instance, the inhibition
of mTOR with rapamycin has been shown to reduce the activation
of p70S6K and completely block the compensatory PLA muscle
hypertrophy during synergist ablation [7]. In addition, treatment
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Fig. 1. Experimental design.
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with rapamycin inhibited the fiber growth and phosphorylation of
p70S6K in regenerating muscles [24]. The role of IGF-I/mTOR/
p70S6K pathway during muscle growth has also been investi-
gated in mice. Transgenic mice that overexpress IGF-I in skeletal
muscle exhibit greater hypertrophy [10], indicating that IGF-I/
mTOR/p70S6K pathway is a crucial regulator of muscle growth.

Although there is strong evidence to show that IGF-I/mTOR
pathway is a crucial regulator of muscle mass, it has recently
been suggested that nitric oxide (NO) may also be a common
regulator of this process. NO is a very small, freely diffusible
molecule produced at high levels in skeletal muscle [30] by
neuronal nitric oxide synthase (nNOS) that catalyzes the conver-
sion of L-arginine to L-citrulline and generates the NO [9]. In addi-
tion to nNOS, endothelial NOS (eNOS) is also expressed in skeletal
muscle [19,30], and the importance of these enzymes on muscle
tissue has been evidenced using pharmacological inhibitors (e.g.,
TRIM and L-NAME) [3,22,28] and NOS knockout mice [3]. For
example [3], showed that pharmacological inhibition of NOS ac-
tivity delayed the hypertrophy in mice skeletal muscle after injury,
suggesting that NO production may be crucial to muscle regener-
ation. In line with this observation, it has been shown that NOS
activity in skeletal muscle is associated with regulation of con-
tractile protein gene expression [28], mTOR phosphorylation [16],
muscle fiber density [21], force development [8], as well as role in
muscle regeneration [14]. It is therefore possible that NOS-derived
NO interacts with the IGF-I/mTOR pathway in control of skeletal
muscle mass. However, to date no study has examined the role of
NOS-derived NO and their possible interactions with mTOR
pathway during muscle regrowth process after immobilization-
induced atrophy in normal rats.

The purpose of this study was to determine whether NOS-
derived NO plays a role in muscle regrowth after a period of
immobilization in predominantly fast-twitch muscles. In addition,
we analyzed whether stimulation of the mTOR pathway is depen-
dent on NOS-derived NO presence. We tested the hypothesis that
NO inhibition via TRIM and L-NAME during recovery period would
attenuate muscle regrowth by attenuate the stimulation of the
mTOR pathway.

2. Methods

2.1. Animals

Thirty-nine male Wistar rats (350e400 g) were obtained from
Central Biotery of Londrina State University (UEL). They were
housed in collective polypropylene cages (4 animals per cage)
covered with metallic grids, in a temperature-controlled room
(22e24 �C with relative humidity of 55e66%), on a 12:12-h light-
edark cycle. All animals were provided with unlimited access to
standard rat chow and water. All experimental procedures involved
in this study were approved by the Ethics Committee for Animal
Experiments of the North University of Paran�a, Londrina, PR, Brazil
(Protocol No. 018/11). Animals received care in compliancewith the
“Principles of Laboratory Animal Care” formulated by the National
Society for Medical Research and the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Laboratory Animal
Research and published by the National Institutes of Health (NIH
Publications No. 8023, revised 1978).

2.2. Experimental protocol

Initially, the animals were divided into 2 groups: immobilized
(N ¼ 31) and age-matched control (N ¼ 8) (Fig. 1). The immobilized
groupwas submitted to a 10-d cast immobilization period to induce
PLA muscle atrophy, while the age-matched control group
remained in their cage and was free to move (uncasted). Subse-
quently, 7 animals from the immobilized group and all control
animals (N ¼ 8) were euthanized for validation of PLA atrophy.
Validationwas done by directly comparingmuscle fiber CSA in each
group. Finally, the remaining immobilized animals (N ¼ 24) were
randomly divided into 3 groups: recovered (N ¼ 6), TRIM (N ¼ 7),
and L-NAME (N¼ 7). The recovered, TRIM, and L-NAME groupswere
remobilized during a 7-d muscle recovery period, to examine the
possible effects of systemic inhibition of the NOS (nNOS and eNOS)
on muscle regrowth (Fig. 1). During the 7-d recovery period, the
animals remained in their cages and allowed to move freely. Some
rats (recovered: 2, TRIM: 1, and L-NAME: 1) were excluded during
the study due to behavior problems (i.e., aggression). One day after
the recovery period, the animals were anesthetized with pento-
barbital sodium (40 mg�1$kg, i.p) and euthanized by decapitation.
The PLA muscle of each leg was removed, frozen in liquid nitrogen-
cooled isopentane, and then stored at �80 �C until analysis. The
right and left muscles were collected for muscle fiber CSA and
Phospho-mTORSer2448 protein expression analyses, respectively.
The right muscle weight was used as an indirect indicator of atro-
phy to corroborate the CSA data. We analyzed the PLA muscle
because NOS is highly expressed in predominantly fast-twitch
muscle (e.g., EDL, gastrocnemius, PLA) rather than slow-twitch
muscles (e.g., soleus) [13,19,21]. Moreover, slow fibers showed
only weak NOS immunoreactivity [25] and nNOS was more
concentrated in the fast-twitch (type II) fibers than in the slow-
twitch (type I) fibers [30].
2.3. Cast immobilization

The cast immobilization of both hindlimbs was performed ac-
cording to an adapted version as described by Ref. [15]. Briefly,
animals were anesthetized with a mixture of ketamine
(50 mg�1$kg, i.p) and xylazine (10 mg�1$kg, i.p) to ensure complete
sedation during the procedure. Hindlimbs were immobilizedwith a
fast-drying plaster bandage from the hip to the ankle, to keep the
PLA muscle in a neutral position during the 10 d of immobilization
[11]. Animals were free to move using their forelimbs and ate and
drank ad libitum. Drinking water was replaced, and body weight as
well as food intake were recorded every two days throughout the
experimental period. Rats weremonitored daily for chewed plaster,
attritions, venous occlusion, and problems with ambulation.



Fig. 2. Body (upper) and right muscle (lower) weight in the control (N ¼ 8), recovered
(N ¼ 6), L-NAME (N ¼ 7), and TRIM (N ¼ 7) groups. Values are mean ± SD. *P < 0.05
compared to control and recovered groups.
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2.4. Inhibition of NOS activity

The pharmacological inhibition of NOS was performed by
administering the non-isoform-specific NOS inhibitor L-NAME
(Sigma-Aldrich®) or the selective nNOS inhibitor TRIM (Cayman
Chemical®) during the 7-d recovery period. L-NAME was dissolved
in phosphate-buffered saline (PBS) and administrated via oral
gavage, once daily, at a dose of 90 mg$kg body mass�1$day�1. TRIM
was dissolved in PBS and injected i.p, once daily, at a dose of
10 mg$kg body mass�1$day�1 [28]. L-NAME and TRIM were chosen
because they have been validated in several studies [6,28,29,31],
and such doses have been shown to effectively inhibit systemic NO
production (i.e., lower nitrate plus nitrite levels) [28], NO synthesis
[31] and skeletal muscle NOS activity [6,29], without apparent
adverse effects. To control for possible stressor effects of the in-
jection and gavage needles, the other groups were also injected and
received gavage, with an equivalent vehicle amount.

2.5. Serum nitrate/nitrite

Systemic NOS inhibition was confirmed by measurement of
serum nitrate plus nitrite levels from each animal. Blood samples
were collected immediately after euthanation and then centrifuged
at 2000 g for 15min. Serumwas collected and stored at�80 �C until
analysis. Samples were thawed, diluted 1:1 with PBS, and filtered
with Millipore UltrafreeMC microcentrifuge filter cups (10,000
molecular weight cutoff). Aliquots from each sample were analyzed
in duplicate by using a fluorometric assay kit for nitrate plus nitrite
(Cayman Chemical®; Ann Arbor, Michigan, USA).

2.6. Cross-sectional area

PLA histological sections (10 mm thick) were obtained using a
cryostat (JUNG CM1800, Leica, Germany) at � 24 �C and stained
with hematoxylin and eosin (HE). The stained sections were used
for photographic documentation of 3 random histological fields
(20 � lens) of each animal, corresponding to ~500 muscle fibers.
The same blinded investigator was responsible for selecting his-
tological fields of each animal. Muscle fiber CSA was manually
outlined and calculated by the software (Leika QWin Plus,
Germany).

2.7. Western blot

Protein levels of Phospho-mTORSer2448 and GAPDH were quan-
tified by Western blot assays in PLA muscle extracts. Muscle sam-
ples were homogenized in lysis buffer (1% Triton X-100, 10 mM
sodium pyrophosphate, 100 mM NaF, 10 mg/mL aprotinin, 1 mM
phenylmethylsulfonylfluoride (PMSF), 0.25 mM Na3VO4, 150 mM
NaCl and 50mMTris-HCl pH 7.5). Protein homogenates weremixed
with 2X Laemmli's buffer and boiled. Denatured proteins were
separated by SDS-PAGE and transferred to a nitrocellulose mem-
brane (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were
blocked for 1 h in 5%milk in TBST solution at room temperature and
probed using specifics antibodies for Phospho-mTORSer2448

(1:1000) and GAPDH (1:1000) (Cell Signaling Technology; Beverly,
MA). Primary antibodies were incubated overnight at 40C in
blocking buffer followed by the appropriate secondary antibodies,
1:5000 dilution (Cell Signaling Technology; Beverly, MA), conju-
gated with horseradish peroxidase for 1 h at room temperature.
Finally, the proteins were detected using SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo Fisher Scientific, Rock-
ford, IL, USA), according to the manufacturer's instructions. The
chemiluminescent signal was visualized and quantified by densi-
tometry using the image analyzer ImageQuant 350 (GE Healthcare,
Little Chalfont, UK). The values were normalized by the values
obtained for GAPDH protein.

2.8. Statistical analysis

Data are expressed as means ± SD. Muscle weight, body weight,
food intake, and CSA datawere compared among groups using one-
way ANOVA tests. When significant differences were detected with
ANOVA, multiple comparison testing was performed using Bon-
ferroni post hoc two-tailed analysis. The significance level was set
at P � 0.05. Statistical analyses were performed using SPSS statis-
tical analysis software (SPSS version 20.0; Chicago, IL, USA).
Phospho-mTOR protein expression datawere compared among the
recovered groups (recovered, L-NAME, and TRIM) and control using
the effect size (ES) and confidence interval (CI).

3. Results

3.1. Body (BW) and muscle (MW) weights

The BW and MW for each group are shown in Fig. 2. After 7 d of
recovery, the BWandMWwere significantly (P < 0.05) lower in the
L-NAME (control-relative % difference, BW: �21% and MW: �25%)
and TRIM (control-relative % difference, BW: �22% and MW: �30%)
groups, compared with the recovered and control groups. No sig-
nificant (P > 0.05) difference was observed between the L-NAME
and TRIM groups.

3.2. Food intake

There was no significant difference in daily food intake among
the groups (control: 147.4 ± 12.6 g; recovered: 155.4 ± 15.7 g; L-



Fig. 4. Effect size and confidential interval for the difference in Phospho-mTOR protein
expression between control (N ¼ 8), recovered (N ¼ 6), L-NAME (N ¼ 7), and TRIM
(N ¼ 7) groups. Note: The point “0” indicates the control group. There was an increase
in Phospho-mTOR expression in recovered group compared to control.
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NAME: 151.3 ± 16.0 g, and TRIM: 149.3 ± 13.9 g; P > 0.05). These
results indicated that the loss of body weight in the NAME and
TRIM groups were caused by physiological (e.g., muscle atrophy),
but not behavioral changes (e.g., decrease in food intake).

3.3. Cross-sectional area (CSA)

The CSA data for each group is shown in Fig. 3. After a 10-
d immobilization period, there was a significant (P < 0.05) 22%
reduction in muscle fibers CSA in the immobilized group compared
to control, confirming the efficacy of the immobilization protocol to
induce muscle atrophy. After 7 d of recovery, there was no signifi-
cant (P > 0.05) difference in CSA between the recovered and control
groups, indicating that the 7-d period was sufficient to promote
total muscle recovery. In addition, there were significant (P < 0.05)
decreases in CSA of the immobilized, L-NAME, and TRIM groups
compared to control and recovered groups. However, no significant
difference (P > 0.05) was observed in CSA among the immobilized,
L-NAME, and TRIM groups, suggesting that systemic inhibition of
NOS impaired muscle regrowth.

3.4. Protein expression

The protein expression data for each group is shown in Fig. 4.
After 7 d of recovery, there was a 29% increase in Phospho-
mTORSer2448 protein expression levels in the recovered group
compared to control group, and this increase was blocked with the
inhibition of NOS activity in both TRIM and L-NAME groups.

3.5. Serum nitrate/nitrite

Therewas a significant (P < 0.05) reduction in serum nitrate plus
nitrite levels in the L-NAME (3.28 ± 1.34 mM) and TRIM
(5.82 ± 1.57 mM) groups, compared to control group
Fig. 3. Cross-sectional area (CSA) of plantaris muscle in the control (N ¼ 8), recovered
(N ¼ 6), L-NAME (N ¼ 7), and TRIM (N ¼ 7) groups. Values are mean ± SD. *P < 0.05
compared to control and recovered groups.
(9.43 ± 1.61 mM). This result indicates that the drugs successfully
inhibited systemic NOS activity.
4. Discussion

To our knowledge this is the first study to examine the effects of
NOS inhibition during muscle regrowth following immobilization-
induced atrophy in rat skeletal muscle. We hypothesized that NOS
inhibition during recovery period would affect muscle regrowth by
influencing the stimulation of the mTOR signaling pathway. The
major findings of this study were that NOS inhibition: 1) impaired
skeletal muscle regrowth (during remobilization) following
immobilization, and 2) blocked the increase in Phos-mTOR
expression.

The 10-d immobilization protocol used in the present study was
effective at inducing atrophy in the PLA muscle. A direct statistical
comparison showed that immobilized group exhibited a 22%
reduction in the muscle fiber CSA compared to control group
(Fig. 3). These results were corroborated by body (immobilized:
354 ± 32 vs. control: 458 ± 63 g; P < 0.05) and muscle (immobi-
lized: 339.2 ± 57 vs. control: 448 ± 64 mg; P < 0.05) weight dif-
ferences (Fig. 2). Moreover, no significant difference was found in
daily food intake among the experimental groups, indicating that
the loss of body weight in the immobilized group was caused by
physiological (e.g., muscle atrophy), but not behavioral changes
(e.g., decrease in food intake). The muscle loss identified in our
study is perhaps not surprising considering previous studies that
showed reduction of sarcomere diameter in the PLA muscle [17]
and soleus muscle weight [11] following 10 and 7 d of unloading
(tail-suspended) and immobilization (with acrylic resin orthosis),
respectively. Therefore, it appears that a period between 7 and 10 d
of muscle inactivity is sufficient to induce a marked reduction in
muscle mass.

A novel and important finding from this study was that after 7 d
of recovery, the recovered group displayed a complete muscle
regrowth in relation to control group, but the TRIM and L-NAME
groups remained atrophied (Fig. 3). This negative effect of NOS
inhibition onmuscle regrowth supports the thesis that NOmay be a
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positive modulator of protein synthesis and consequently skeletal
muscle growth. In line with this hypothesis [22], showed that in-
hibition of the NOS isoforms eNOS and nNOS with L-NAME and
TRIM reduced sarcomere addition and muscle weight during
muscle regrowth (by remobilization) after a 3-wk immobilization
period. The authors also showed that supplementation with L-
arginine, a substrate for NOS and the main precursor of NO,
enhanced sarcomere addition during muscle regrowth, suggesting
that an increase in NOS-mediated NO productionmay be important
for this process. Additionally, it has been shown that NO partly
alleviates muscle dystrophy and improves muscle repair in mdx
mice [2,5,27,32], while the NOS inhibition can delay and restrict the
extent of repair in cells isolated from muscle after injury [3]. These
negative effects of NOS inhibition were associated with an
impairment in upregulation of contractile protein synthesis (e.g.,
alpha actin, and type I myosin heavy chain [MHC] mRNA) during
compensatory overload (by synergist ablation) in rat skeletal
muscle [28]. Therefore, it seems that NOS-derived NO may play an
important role in protein synthesis and consequently muscle
regrowth during recovery process in normal rats. Our results are
consistent with this assertion.

The exact mechanism(s) underlying the role of NO on skeletal
muscle recovery remain to be determined, but could potentially
involve the stimulation of mTOR pathway. In the current study, the
complete recovery of mass muscle observed in recovered group
(Fig. 3) was associated with an upregulation in mTOR protein
expression, compared to control group (Fig. 4). This result is
perhaps not surprising considering the important and well-
documented role of the mTOR pathway during muscle hypertro-
phy [7] and regeneration [36] process. However, a novel and
important finding from this study was that the NOS inhibition
impaired muscle regrowth and blocked the upregulation in mTOR
protein expression after 7 d of recovery. In line with our observa-
tions [12], showed that nNOS absence in NOS1�/� mice affected
myofibre growth and inhibited the mTOR signaling pathway, sug-
gesting a possible interaction between NO production and mTOR
activity in control of muscle mass. This premise was supported by a
previous animal study that stimulated NO production in skeletal
muscle [34]. The authors showed that increased NO production
with L-arginine supplementation enhanced muscle protein syn-
thesis and activation of mTOR signaling pathways in skeletal
muscle of neonatal pigs. Our findings, in conjunct with these above-
mentioned studies [12,34], indicate that NO derived from NOS may
be a positive regulator of the mTOR pathway, and that this com-
bined action is crucial for muscle regrowth/growth. Considering
this evidence, it seems likely that pharmacological therapies to
increase NOS synthesis and/or its substrates (e.g., L-arginine) may
prevent loss of muscle or ameliorate muscle regrowth in several
conditions associated with disuse and immobilization. However,
further research is required to clarify the relationship between NO
and mTOR pathway in human muscle before such conclusions can
be reached.

Although the present investigation provides novel information
for the literature, a few limitations must be acknowledged. Firstly,
we examined only the plantar muscle, which is composed pre-
dominantly of type II fibers, thus we cannot exclude the possibility
that inhibition of NOS could have another effect on predominantly
oxidative muscles (e.g. soleus). Secondly, we did not analyze other
possible NO actions on skeletal muscle, for instance, endothelial
vasodilation and activation of satellite cell (CS). NO release from
endothelial cells has been shown to promote vasodilation [23], and
activate the CS [33] in skeletal muscle. Given that vasodilation (i.e.,
increased blood flow) and CS activation are required to muscle
function, growth and regeneration [3,12,14,20] we cannot exclude
the possibility that NO inhibition impaired these factors, and
consequently muscle regrowth during remobilization. Further
studies are required to address these issues.

5. Conclusion

Our results indicate that NO is crucial for skeletal muscle
regrowth after a period of immobilization in rodents, potentially via
the mTOR signaling pathway. These results have significant clinical
implications for the design of effective therapeutic strategies to
improve regeneration/regrowth of skeletal muscle after disuse
conditions. However, further studies, particularly in humans, are
required to better understanding of the relationship between NO
and other anabolic pathways (e.g., CS) in different muscles (i.e.,
oxidative and glycolytic), and how NO interacts with nutrients and
exercise stimulus to expedite muscle repair.
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