©Journal of Sports Science and Medicine (2015) 14, 548-555
http://www.jssm.org

Research article

Effects of Nitric Oxide Synthase Inhibition on Fiber-Type Composition, Mito-
chondrial Biogenesis, and SIRT1 Expression in Rat Skeletal Muscle

Masataka Suwa *, Hiroshi Nakano 2, Zsolt Radak *and Shuzo Kumagai *°<

! Faculty of Life Design, Tohoku Institute of Technology, Taihaku-ku, Sendai, Japan; ? Faculty of Education, Nakamura
Gakuen University, Jonan-ku, Fukuoka, Japan; * Institute of Sport Science, Faculty of Physical Education and Sport
Science, Semmelweis University, Budapest, Hungary; * Faculty of Arts and Science, Kyushu University, Kasuga, Fu-
kuoka, Japan; ® Graduate School of Human-Environment Studies, Kyushu University, Kasuga, Fukuoka, Japan

Abstract

It was hypothesized that nitric oxide synthases (NOS) regulated
SIRT1 expression and lead to a corresponding changes of con-
tractile and metabolic properties in skeletal muscle. The purpose
of the present study was to investigate the influence of long-
term inhibition of nitric oxide synthases (NOS) on the fiber-type
composition, metabolic regulators such as and silent information
regulator of transcription 1 (SIRT1) and peroxisome prolifera-
tor-activated receptor y coactivator-lo. (PGC-1a), and compo-
nents of mitochondrial biogenesis in the soleus and plantaris
muscles of rats. Rats were assigned to two groups: control and
NOS inhibitor (N®-nitro-L-arginine methyl ester hydrochloride
(L-NAME), ingested for 8 weeks in drinking water)-treated
groups. The percentage of Type | fibers in the L-NAME group
was significantly lower than that in the control group, and the
percentage of Type IIA fibers was concomitantly higher in
soleus muscle. In plantaris muscle, muscle fiber composition
was not altered by L-NAME treatment. L-NAME treatment
decreased the cytochrome C protein expression and activity of
mitochondrial oxidative enzymes in the plantaris muscle but not
in soleus muscle. NOS inhibition reduced the SIRT1 protein
expression level in both the soleus and plantaris muscles,
whereas it did not affect the PGC-1a protein expression. L-
NAME treatment also reduced the glucose transporter 4 protein
expression in both muscles. These results suggest that NOS
plays a role in maintaining SIRT1 protein expression, muscle
fiber composition and components of mitochondrial biogenesis
in skeletal muscle.

Key words: Mitochondrial biogenesis, muscle fiber composi-
tion, nitric oxide; nitric oxide synthase, silent information regu-
lator of transcription 1.

Introduction

Skeletal muscle is a heterogeneous tissue, the contractile
and metabolic properties of which vary considerably. The
skeletal muscle fibers in rodents are generally categorized
as slow-twitch Type | and fast-twitch Type 1l fibers. Type
Il fibers are further subclassified into Type IIA, 11X and
1B fibers. The Type I, lI1A, 11X, and 1IB fibers express
myosin heavy chains (MHC) I, lIA, 11X, and IIB, respec-
tively (Pereira Sant’Ana et al., 1997). The fiber composi-
tion and metabolic capacity of skeletal muscle vary great-
ly (Gollnick et al., 1972). The basis of this variation in the
contractile and metabolic properties of skeletal muscle
fibers has been an important focus of research for several
decades.

Nitric oxide (NO) is an inorganic molecule that
acts as a signaling molecule in numerous cellular process-
es. NO has frequently been studied in the fields of physi-
ology, biochemistry, and biomedicine. NO is generated
mainly from the amino acid, L-arginine, by NO synthases
(NOS). There are three NOS isoforms: endothelial
(eNOS), neuronal (nNOS), and inducible NOS (iNQOS), all
of which are expressed in skeletal muscle fibers (Stamler
and Meissner, 2001). The eNOS and nNOS isoforms are
constitutively expressed, and are regulated by Ca®'-
calmodulin binding (Stamler and Meissner, 2001; Toledo
and Augusto, 2012). In contrast, iNOS is expressed dur-
ing the activation of defense mechanisms against inflam-
mation and infection, and is not regulated by the Ca?*-
calmodulin system (Ghafourifar and Nathan, 1994).

NO is associated with the regulation of contractile
properties of skeletal muscle, such as the muscle fiber
composition and the pattern of MHC isoform expression
(Drenning et al., 2008; Martins et al., 2012; Smith et al.,
2002). Treatment with the NOS inhibitor, N“-nitro-L-
arginine methyl ester hydrochloride (L-NAME), has been
shown to prevent the chronic functional overload-induced
increase in Type | MHC and the decrease in Type IIB
MHC in rat plantaris muscle (Smith et al., 2002). In addi-
tion, L-NAME treatment partially blocks the chronic low-
frequency stimulation-induced fast-to-slow MHC trans-
formation in rat fast-twitch muscles (Martins et al., 2012).
In vitro experiments have also indicated that L-NAME
treatment prevents the calcium ionophore A23187-
induced increase in Type | MHC mRNA expression in
C2C12 myotubes (Nathan and Xie, 1994). Collectively,
these data have led to speculation that NOS/NO signals
mediate the fast-to-slow conversion induced by muscle
use, such as contraction and weight bearing, and the in-
creasing sarcoplasmic Ca®* concentrations. However,
whether NOS/NO signaling is also associated with the
muscle fiber composition under basal sedentary condi-
tions remains to be determined.

NO controls the metabolic properties in skeletal
muscle cells. Balon and Nadler (1994) first postulated that
NO has a role in modulating skeletal muscle metabolism.
They demonstrated that incubation of the rat extensor
digitorum longus muscle with the NOS inhibitor, N®-
monomethyl-L-arginine monoacetate (L-NMMA), signif-
icantly decreased both the basal 2-deoxyglucose transport
and NO efflux. NOS/NO signaling regulates glucose
metabolism, including glucose uptake (Higaki et al.,
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2001; Merry et al., 2010; Ross et al., 2007) and glucose
transporter 4 (GLUTA4) expression (Lira et al., 2007). In
addition, NO seems to promote mitochondrial biogenesis
and fatty acid oxidation. Treatment with the NO donor,
(2)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]
diazen-1-ium-1,2-diolate (DETA-NO), enhanced the
expression of transcriptional regulators controlling mito-
chondrial biogenesis and fatty acid oxidation, such as
peroxisome proliferator-activated receptor y coactivator-
la (PGC-1a), nuclear respiratory factor 1 (NRF1), and
mitochondrial transcriptional factor A (Tfam), as well as
mitochondrial components, in L6 muscle cells (Lira et al.,
2010; Nisoli et al., 2004). Furthermore, eNOS” mice
showed a decreased mitochondrial volume and reduced
expression of proteins related to mitochondrial -
oxidation (Le Gouill et al., 2007; Nisoli et al., 2004). In
contrast, the activity of citrate synthase (CS), a marker of
the mitochondrial tricarboxylic aid cycle, in skeletal mus-
cle, as well as that in brain, kidney, and liver, in mice
lacking nNOS is higher than that in wild-type mice
(Schild et al., 2006).

Silent information regulator of transcription 1
(SIRT1) is an oxidized form of nicotinamide adenine
dinucleotide (NAD")-dependent protein deacetylase, and
plays an important role in a variety of pathways leading to
metabolic regulation and adaptation through its interac-
tions with, and deacetylation of, transcriptional regulators
(Boutant and Cantd, 2014). In skeletal muscle cells,
SIRT1 regulates mitochondrial biogenesis and fatty acid
oxidation via deacetylation and activation of PGC-la
(Gerhart-Hines et al., 2007; Rodgers et al., 2005). SIRT1
protein expression seems to be regulated by NOS/NO
signaling. A previous study demonstrated that SIRT1
protein expression was increased in white adipocytes by
treatment with NO donors including DETA-NO and S-
nitroso N-acetylpenicilamine (SNAP), and 8 Br-cGMP,
which is an analog of guanosine 3',5'-cyclic monophos-
phate (¢cGMP, a downstream molecule of NOS/NO signal-
ing) (Nisoli et al., 2005). In addition, caloric restriction-
induced enhancement of SIRT1 protein expression, as
well as mitochondrial biogenesis in white and brown
adipose tissue, brain, liver, and heart, are diminished or
prevented in eNOS™ mice (Nisoli et al., 2005). It was
speculated that NOS/NO signaling regulated SIRT1 ex-
pression, and that SIRT1 played a role in NOS/NO signal-
ing-promoted mitochondrial biogenesis in these tissues.
We hypothesized that chronic inhibition of NOS would
decrease SIRT1 expression and lead to a corresponding
reduction of mitochondrial biogenesis in skeletal muscle.

This study was designed to identify the role of
NOS in contractile and metabolic profiles under basal
sedentary conditions. In this study, we investigated the
effects of long-term NOS inhibition on muscle fiber com-
position. We also assessed the effects of NOS inhibition
on SIRT1 protein expression and metabolic modifications
in skeletal muscle.

Methods

Animals and design
Male Wistar rats (aged 8 weeks and weighing 279-304 g;

Kyudo, Tosu, Saga, Japan) were housed two per cage (42
x 25 x 20 cm deep) in a temperature- (22 £ 2°C) and
humidity- (60 + 5%) controlled room with a 12-h light
(7:00 to 19:00) and 12-h dark (19:00 to 7:00) cycle. All
experimental procedures were conducted strictly in ac-
cordance with the Nakamura Gakuen University guide-
lines for the Care and Use of Laboratory Animals and
were approved by the University Animal Experiment
Committee.

The rats were divided into control (n = 10) and
non-selective NOS inhibitor L-NAME-treated (n = 10)
groups. The rats in the L-NAME group were treated with
L-NAME (Cayman Chemical Company, Ann Arbor, M,
USA; 1 mg/mL) in their drinking water for 8 weeks (the
water was replaced daily). This dose of L-NAME was
previously shown to mediate strongly inhibition NOS
activity in skeletal muscle (Roberts et al., 1999; Wang et
al., 2001). The drinking water was provided ad libitum in
both groups. A preliminary experiment suggested that the
L-NAME-treated rats showed reduced (approximately
20%) food intake compared with freely fed untreated rats;
therefore, the rats in the control group were pair-fed to
match the quantity of food intake in the L-NAME-treated
group. On the day of sampling, the chow was withdrawn
for 30 min. Subsequently, the chow was returned to the
rats for 30 min. After an 8-h fast, the rats were anesthe-
tized with pentobarbital sodium (60 mg/kg body weight
intraperitoneally) and the soleus and plantaris muscles of
both legs were dissected rapidly. The muscles of the right
leg were used for western blotting analyses and enzyme
assays, and those of the left leg were used for histochem-
istry studies. The muscle tissues of the right leg were
immediately frozen in liquid nitrogen, and were then
stored at -80°C until the analyses were performed. Con-
cerning the muscles of the left leg, the complete cross-
sectional segments were cut at the muscle belly. Each
muscle piece was mounted on a specimen holder in Tis-
sue-Tek OCT compound (Sakura Finetechnical Co, To-
kyo, Japan), and was frozen in isopentane previously
cooled to a viscous fluid with liquid nitrogen. These mus-
cle pieces were also stored —80°C until the analyses were
performed. The epididymal fat pads were also excised and
weighed.

Muscle histochemistry

Transverse sections (7 pm) were cut from each muscle
using a cryostat maintained at —20°C, and the sections
were then mounted on a cover slip. Myosin adenosine
triphosphatase (ATPase) staining was performed using the
previously described procedures (Suwa et al., 2002;
2003). Consecutive serial sections were processed using
three different pretreatments: preincubation at pH 4.3, 4.6
and 10.4. The muscle fibers were identified as Type I,
IIC, 1A, 11X and 1IB fibers on the basis of the myosin
ATPase staining intensity as described previously (Suwa
et al., 2003). Each section was photographed using an
Axioskop 2 plus microscope (Carl Zeiss, Hallbergmoos,
Germany) mounted with an Axiocam HRm CCD camera
(Carl Zeiss). The fiber type was identified and counted,
and then the muscle fiber composition was determined by
evaluating all countable fibers in both muscles. The per-
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centage of each fiber type was calculated as follows: % of
each fiber type = (number of each fiber type/number of all
fiber types) x 100.

Preparation of muscle samples for biochemical anal-
yses

The frozen muscle samples were homogenized in ice-cold
homogenizing buffer (1:10 wt/vol) (25 mM HEPES, 250
mM sucrose, 2 mM EDTA, 0.1% Triton X-100, and one
tablet/50 mL Complete™ Protease Inhibitor Cocktail
Tablets (Roche Diagnostics, Tokyo, Japan), pH 7.4. The
homogenate was centrifuged at 15,000 xg (4°C) for 25
min. The protein concentration of the supernatant was
determined using a protein determination kit (Protein
Assay 1l, 500-0006, Bio-Rad Laboratories, Richmond,
CA, USA). This muscle homogenate was used for the
western blotting analyses and enzymatic assays. The
muscle protein homogenate was solubilized in sample
loading buffer (50 mM Tris-HCI, pH 6.8, 2% sodium
dodecyl sulfate (SDS), 10% glycerol, 5% -
mercaptoethanol and 0.005% bromophenol blue) for the
western blotting analyses.

Gel electrophoresis and the western blotting analysis
The proteins (20 pg) present in these homogenates were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using 7.5% (SIRT1 and
PGC-1a), 10% (GLUT4), and 15% (cytochrome C) re-
solving gels. The proteins separated by SDS-PAGE were
then transferred electrophoretically to a polyvinylidene
difluoride membrane. The membrane was incubated with
a blocking buffer of casein solution (SP-5020; Vector
Laboratories, Burlingame, CA, USA) for 1 h at room
temperature. The membrane was incubated with the ap-
propriate primary detection antibodies [affinity-purified
rabbit polyclonal antibody to Sir2 (1:1,000 dilution; #07-
131; Upstate Biotechnology, Lake Placid, NY, USA),
PGC-1a (1:500 dilution; AB3242; Chemicon Internation-
al, Temecula, CA, USA), or GLUT4 (1:8,000 dilution;
AB1346; Chemicon International) or a mouse monoclonal
antibody to cytochrome C (1:200 dilution; ANNO0012,
clone 7H8.2C12, Biosource, Camarillo, CA, USA)] over-
night at 4°C. Subsequently, the membrane was incubated
with the biotinylated anti-rabbit/mouse 1gG (1:1,000 dilu-
tion; BA-1400; Vector Laboratories) secondary detection
antibody for 30 min. The bands on the membrane were
visualized by the avidin and biotinylated horseradish
peroxidase macromolecular complex technique (PK-6100;
Vector Laboratories). The band densities were determined
using the NIH Image 1.62 software package (National
Institute of Health, Bethesda, MD, USA).

Enzyme assay

Enzyme activities were measured spectrophotometrically.
All enzymatic assays were carried out at 30°C for 30 min
using saturating concentrations of substrates and cofac-
tors.

CS activity was measured at 412 nm to detect the
transfer of sulfhydryl groups to 5,5-dithiobis(2-
nitrobenzonic acid) (DTNB). The extinction coefficient
for DTNB, which is a reference for CS activity, was 13.6.

The activity of malate dehydrogenase (MDH), B-
hydroxyacyl-coenzyme A dehydrogenase (BHAD), hexo-
kinase (HK), pyruvate kinase (PK), and lactate dehydro-
genase (LDH) was measured at 340 nm by monitoring the
production or consumption of the reduced form of nico-
tinamide adenine dinucleotide (NADH) or the reduced
form of nicotinamide adenine dinucleotide phosphate
(NADPH). The extinction coefficient for NAD(P)H,
which is the reference for these enzyme activities, was
6.22. Further details of these methods have been de-
scribed previously (Suwa et al., 2008).

Statistical analysis

All data are expressed as the means + SE. The unpaired t-
test was used to compare the data between the groups. A
value of p < 0.05 was considered to indicate statistical
significance.

Results

Body composition

Table 1 shows the body composition of the rats. The pre-
and post-treatment body weights in the L-NAME group
were identical to those in the control group. The weights
of the soleus and plantaris muscles and the epididymal fat
tissue in the L-NAME group were not significantly differ-
ent from those in the control group.

Table 1. Body composition of the rats. Data are means
(£SE).

Control L-NAME

(n=10) (n=10)
Pre-treatment body weight, g 287 (2) 291 (2)
Post-treatment body weight, g 471 (9) 492 (14)
Soleus weight, mg 168 (5) 168 (7)
Plantaris weight, mg 443 (12) 466 (12)
Epididymal fat tissue weight, g 7.31(.32)  7.82 (.73)

Muscle fiber composition

In myosin ATPase (preincubation pH 4.3)-stained sec-
tions of soleus muscle (Figure 1a, i and ii), the proportion
of lightly stained Type Il fibers in the L-NAME group
was apparently higher than that in the control group. As
shown in Figure 1b, the percentage of Type | fibers in the
L-NAME group was significantly lower than that in the
control group (79.7 + 3.4 and 92.6 = 0.7%, respectively, P
< 0.01). The percentage of Type IIA fibers in the L-
NAME group was significantly higher than that in the
control group (18.1 = 3.2 and 6.2 + 0.5%, respectively, P
< 0.01). No Type 11X or 1IB fibers were observed in the
soleus muscle. In the plantaris muscle, no differences
were observed between the groups in the composition of
the any fiber types (Figure 1c).

Expression of metabolic components

L-NAME treatment decreased the expression of cyto-
chrome C protein in the plantaris muscle (-18%, P <
0.05), but not in the soleus muscle (Figure 2a). The ex-
pression levels of GLUT4 protein in the soleus and
plantaris muscles decreased significantly with L-NAME
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treatment (Figure 2b, —14% and —22%, respectively, com-
pared with the control, P < 0.05).
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Figure 1. Muscle fiber composition. (a) Representative
transverse sections of soleus muscles stained with myosin
ATPase preincubated at pH 4.3 from the control (i) and L-
NAME-treated (ii) groups. Dark and light fibers are Types |
and II, respectively. Scale bar, 500 pm. b and ¢, Percentages
of the fiber types of soleus (b) and plantaris (c) muscles in
the control (open columns) and L-NAME-treated (filled

columns) groups. Values represent means + SE; n = six to nine
muscles per group. * P < 0.05 vs. control group.

Enzyme activities

Figure 3 shows the metabolic enzyme activities in the
control and L-NAME groups. Concerning the mitochon-
drial oxidative enzymes, there was no difference between
the groups in the activity of CS, a marker of the tricar-
boxylic acid cycle, in any of the muscles (Figure 3a). The
activity of MDH, also a marker of the tricarboxylic acid
cycle, of the plantaris muscle in the L-NAME group was

significantly lower than that in the control group (-9%, P
< 0.05); however, the MDH activity in the soleus muscle
was not (Figure 3b). The activity of BHAD, a marker of -
oxidation, decreased with L-NAME treatment in the
plantaris muscle (-18%, P < 0.01), but not in the soleus
muscle (Figure 3c).

Concerning the enzymes associated with the glucose
metabolism and glycolysis, the HK activity, which is an
indicator of blood glucose mobilization, did not differ
significantly between the groups in the muscles examined
(Figure 3d). In the plantaris muscle, the activity of PK, a
marker of glycolysis, was increased by L-NAME treat-
ment (+6%, P <0.05), while that in the soleus muscle was
not (Figure 3e). L-NAME treatment did not affect the
activity of LDH, also a marker of glycolysis, in either
muscle (Figure 3f).
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Figure 2. Expression levels of cytochrome C (a) and GLUT4
(b) proteins in the soleus and plantaris muscles in the control
(open columns) and L-NAME-treated (filled columns)

groups. Values represent means + SE; n = 10 muscles per group. * P <
0.05 vs. control group.

Expression of metabolic regulators

The expression levels of SIRT1 protein in the soleus and
plantaris muscles decreased significantly with L-NAME
treatment (Figure 4a, —15% and —10%, respectively, com-
pared with the control, P < 0.05). PGC-1a protein expres-
sion was not altered by L-NAME treatment in either mus-
cle (Figure 4b).
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Discussion

The current study demonstrates that treatment with the
NOS inhibitor, L-NAME, for 8 weeks significantly in-
creases the percentage of Type I1A fibers, with a concom-
itant decrease in the percentage of Type | fibers in the
slow-twitch fiber-rich soleus muscle. These data suggest
that NOS activity plays a role in sustaining the slow fiber
phenotype of the soleus muscle under basal conditions. In
contrast, L-NAME treatment does not affect the propor-
tion of any of the fiber types in the fast-twitch fiber-rich
plantaris muscle in rats. These results are consistent with
previous reports that did not demonstrate any change in
the proportion of the MHC isoforms in the plantaris mus-
cle of the sham-operated leg following L-NAME treat-
ment in rats (Sellman et al., 2006; Smith et al., 2002).

It can be speculated that the differences in the
muscle fiber composition of the soleus and plantaris mus-
cles following L-NAME treatment observed in this study
are associated with differences in muscle activity and/or
recruitment levels under sedentary conditions. The previ-
ous studies demonstrated that forced hyperactivity of the
plantaris muscle, such as chronic overload and chronic
low-frequency stimulation, induced fast-to-slow muscle
fiber-type conversion, whereas L-NAME treatment signif-
icantly blocked such changes (Martins et al., 2012; Sell-
man et al., 2006; Smith et al., 2002). The soleus muscle
works as a postural and anti-gravitational muscle. The
activity of the slow soleus muscle, evaluated by the blood
flow under basal sedentary conditions, is much higher
than that of fast-twitch muscle (Laughlin and Armstrong,
1982). Collectively, these findings indicate that NOS
activity promotes or maintains the slow muscle phenol-
type, especially in a chronically active state.
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A potential explanation for the observed changes
in the muscle fiber composition in the soleus muscle fol-
lowing L-NAME treatment is that the nuclear factor of
activated t-cells (NFAT) mediates such alterations. For
example, NO promotes the transcriptional activation of
NFAT in myotubes (Drenning et al., 2008). L-NAME
treatment significantly blocks the electrical stimulation-
induced dephosphorylation of NFAT in the extensor digi-
torum longus muscle in rats (Martins et al., 2012).
Dephosphorylated NFAT translocates to the nucleus, and
binds to specific sequences in the promoters of its target
genes related to the slow muscle fiber-specific phenotype
(Calabria et al., 2009; Meissner et al., 2007). It is, there-
fore, possible that L-NAME treatment induces transcrip-
tional activation of NFAT followed by alteration in the
fiber-type composition in the soleus muscle.

NOS/NO signaling can be associated with mito-
chondrial biogenesis in skeletal muscle cells. Previous
studies using cultured muscle cells showed that treatment
with NO donors, such as DETA-NO and SNAP, increases
the expression of mitochondrial components and tran-
scriptional regulators associated with mitochondrial bio-
genesis (Lira et al., 2010; McConell et al., 2010; Nisoli et
al., 2004), thus suggesting that NO is a potent signaling
molecule associated with mitochondrial biogenesis. In
this study, we found that 8 weeks of chronic NOS inhibi-
tion by L-NAME treatment significantly decreased the
expression of cytochrome C protein and the activity of
MDH and BHAD in the fast-twitch fiber-rich plantaris
muscle, but not in the slow-twitch fiber-rich soleus mus-
cle. These results suggest that NOS is necessary for sus-
taining the basal level of mitochondrial biogenesis in the
fast-twitch fibers in vivo. Although the mechanisms un-
derlying such differences between fast- and slow-twitch
fibers are unclear, one potential explanation is that the
different expression pattern of NOS isoforms between
fiber types is associated with the different results of meta-
bolic changes following L-NAME treatment. nNOS and
eNOS proteins are preferentially expressed in fast- and
slow-twitch fibers, respectively(Lau et al., 2000; Punkt et
al., 2006). Moreover, the two NOS isoforms appear to be
differentially involved in mitochondrial biogenesis under
basal conditions (Wadley et al., 2007). Based on these
results, it is likely that the effects of nNOS inhibition are
mainly observed in plantaris muscle while those of eNOS
inhibition dominantly occur in soleus muscle after L-
NAME treatment.

The current study provides the novel finding that
the inhibition of NOS by L-NAME treatment for 8 weeks
decreases SIRT1 protein expression in the soleus and
plantaris muscles. These observations suggest that NOS
regulates SIRT1 expression in skeletal muscle. Nisoli et
al. (2005) also demonstrated that the SIRT1 protein ex-
pression is associated with NOS/NO in other tissues,
evident by an increase of SIRT1 protein expression in
white adipocytes following treatment with NO donors,
such as DETA-NO and SNAP. Furthermore, a caloric
restriction-induced increase of SIRT1 protein expression
in the white and brown adipose tissues, brain, liver, and
heart was diminished or prevented in eNOS™ mice. Col-
lectively, these findings provide compelling evidence that

SIRT1 expression is partially controlled by NOS/NO
signaling in skeletal muscle, as well as other tissues. In
contrast, an in vitro study demonstrated that the treatment
of primary human myotubes with DATA-NO for 4 days
did not affect the SIRT1 expression (Civitarese et al.,
2007). These discrepancies might be related to the differ-
ences in the study designs.

Both NOS/NO and SIRT1 have been proposed as
regulators of mitochondrial biogenesis (Gerhart-Hines et
al., 2007; Lira et al., 2010; McConell et al., 2010; Nisoli
et al., 2004; Rodgers et al., 2005). The present study
demonstrates that chronic inhibition of NOS reduces
SIRT1 protein expression, with a concomitant decrease in
the mitochondrial components in the plantaris muscle. In
contrast, the inhibition of NOS reduces SIRT1 expression
with no changes in mitochondrial biogenesis in soleus
muscle. From these results, we can hypothesize that the
SIR1 protein expression level is not crucial for the
maintenance of mitochondrial biogenesis in soleus mus-
cle. Mitochondrial biogenesis was previously associated
with SIRT1 activity but not SIRT1 expression (Gurd et
al., 2011), suggesting that SIRT1 activity is more im-
portant for the regulation of mitochondrial biogenesis
than SIRT1 protein expression levels. It is likely that L-
NAME treatment decreases SIRT1 expression with a
coincidental decrease of SIRT1 activity in plantaris mus-
cle, but does not affect SIRT1 activity in soleus muscle.
Another possible explanation for the inconsistent results
between SIRT1 expression and mitochondrial biogenesis
is that unknown compensatory mechanisms sustain the
basal level of mitochondrial biogenesis in soleus but not
in plantaris muscle.

PGC-la is a transcriptional coactivator that con-
trols mitochondrial biogenesis in skeletal muscle (Benton
et al., 2008; Lin et al., 2002; 2004). It has, therefore, been
speculated that PGC-1a expression levels are associated
with mitochondrial biogenesis in skeletal muscle. Previ-
ous studies suggest that PGC-1a expression is induced by
NOS/NO signaling in skeletal muscle cells, as well as in
other cells, with a concomitant increase in mitochondrial
biogenesis (Lira et al., 2010; Nisoli et al., 2003; 2004;
2005; Wadley and McConell, 2007). We hypothesized
that NOS inhibition reduces PGC-1a expression. Howev-
er, this study demonstrated that L-NAME treatment did
not affect the PGC-1a protein content in either the soleus
or plantaris muscles, whereas it decreased the mitochon-
drial enzyme activity and cytochrome C protein content in
the plantaris muscle. Presumably, redundant mechanisms
maintain the PGC-la level under such conditions of
NOS/NO signal attenuation. However, PGC-la is
deacetylated and functionally activated by SIRT1 (Ger-
hart-Hines et al., 2007; Rodgers et al., 2005). Therefore, it
can be postulated that reduced SIRT1 protein expression
leads to downregulation of the deacetylation/activation
levels of PGC-1a and a subsequent decrease in mitochon-
drial biogenesis, independent of the PGC-lo expression
level in the plantaris muscle of L-NAME-treated rats.

The current study demonstrates that NOS inhibi-
tion by L-NAME treatment reduces GLUT4 protein ex-
pression in the soleus and plantaris muscles of rats. These
results suggest that NOS/NO maintains the basal level of
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GLUT4 expression. A previous study demonstrated that
treatment with a cGMP analog, 8 Br-cGMP, and a NO
donor, SNAP, both promoted GLUT4 expression, leading
to AMPK phosphorylation, in L6 myotubes (Lira et al.,
2007). AMPK controls GLUT4 expression in skeletal
muscle (Ojuka et al., 2000; Suwa et al., 2011; 2015). It is
likely that NO plays a role in the regulation of GLUT4
expression through cGMP- and AMPK-dependent mech-
anisms. Interestingly, NO also regulates the translocation
of GLUT4 to the plasma membrane and promotes glucose
transport into skeletal muscle cells (McConell et al.,
2012). These results indicate that NO controls glucose
metabolism in skeletal muscle by promoting both the
expression and translocation of GLUTA4.

Conclusion

Eight weeks of treatment with the NOS inhibitor, L-
NAME, in rats induced the slow-to-fast fiber-type trans-
formation in the soleus muscle. In the plantaris muscle,
NOS inhibition reduced the levels of mitochondrial com-
ponents, such as oxidative enzyme activity and cyto-
chrome C protein expression. L-NAME treatment reduced
SIRT1 protein expression in both the soleus and plantaris
muscles. NOS inhibition also decreased GLUT4 protein
expression in both muscles. These results suggest that
NOS/NO signaling plays a role in maintaining the basal
levels of muscle fiber composition and components of
mitochondrial biogenesis in skeletal muscle. Additionally,
it can be speculated that such changes induced by L-
NAME treatment are partially associated with reduced
SIRT1 protein expression. It is likely that such roles of
NOS/NO contribute muscle metabolic capacity and en-
durance exercise performance.
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Key points

e NOS inhibition by L-NAME treatment decreased the
SIRT1 protein expression in skeletal muscle.

e NOS inhibition induced the Type | to Type I1A fiber
type transformation in soleus muscle.

e NOS inhibition reduced the components of mito-
chondrial biogenesis and glucose metabolism in skel-
etal muscle.
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