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NOS isoform-specific regulation of basal but not
exercise-induced mitochondrial biogenesis in mouse
skeletal muscle
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Nitric oxide is a potential regulator of mitochondrial biogenesis. Therefore, we investigated if

mice deficient in endothelial nitric oxide synthase (eNOS−/−) or neuronal NOS (nNOS−/−)

have attenuated activation of skeletal muscle mitochondrial biogenesis in response to exercise.

eNOS−/−, nNOS−/− and C57Bl/6 (CON) mice (16.3 ± 0.2 weeks old) either remained in their

cages (basal) or ran on a treadmill (16 m min−1, 5% grade) for 60 min (n = 8 per group) and were

killed 6 h after exercise. Other eNOS−/−, nNOS−/− and CON mice exercise trained for 9 days

(60 min per day) and were killed 24 h after the last bout of exercise training. eNOS−/− mice had

significantly higher nNOS protein and nNOS−/− mice had significantly higher eNOS protein

in the EDL, but not the soleus. The basal mitochondrial biogenesis markers NRF1, NRF2α and

mtTFA mRNA were significantly (P < 0.05) higher in the soleus and EDL of nNOS−/− mice

whilst basal citrate synthase activity was higher in the soleus and basal PGC-1αmRNA higher in

the EDL. Also, eNOS−/− mice had significantly higher basal citrate synthase activity in the soleus

but not the EDL. Acute exercise increased (P < 0.05) PGC-1α mRNA in soleus and EDL and

NRF2α mRNA in the EDL to a similar extent in all genotypes. In addition, short-term exercise

training significantly increased cytochrome c protein in all genotypes (P < 0.05) in the EDL. In

conclusion, eNOS and nNOS are differentially involved in the basal regulation of mitochondrial

biogenesis in skeletal muscle but are not critical for exercise-induced increases in mitochondrial

biogenesis in skeletal muscle.
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In skeletal muscle the regulation of mitochondrial
biogenesis is particularly important as mitochondria are
highly abundant and play a vital role in skeletal muscle
metabolism (for reviews see Schrauwen & Hesselink, 2004;
Lowell & Shulman, 2005; Hood et al. 2006).

There is emerging evidence that nitric oxide (NO) may
be an important regulator of the mitochondrial biogenesis
pathway (Nisoli et al. 2003; Nisoli et al. 2004). Although
the process is still unclear in skeletal muscle, NO may
be playing a role in the regulation of skeletal muscle
mitochondrial biogenesis since skeletal muscle expresses
several isoforms of nitric oxide synthase (NOS) (Hussain
et al. 1997; Lau et al. 2000) and NOS (from all isoforms)
is constitutively active at rest in rodent skeletal muscle
(Balon & Nadler, 1994; Roy et al. 1998; Roberts et al.
1999). Both endothelial (eNOS) and neuronal (nNOS)
isoforms are expressed within skeletal muscle fibres, with
eNOS more abundant in oxidative, and nNOS more

abundant in glycolytic rodent skeletal muscle (Kobzik
et al. 1995; Hussain et al. 1997; Kapur et al. 1997; Lau
et al. 2000). NO donors increase mitochondrial biogenesis
in L6 muscle cells (Nisoli et al. 2004) and our recent
short-term l-NAME study revealed some aspects of the
mitochondrial respiratory chain are decreased in rodent
skeletal muscle under basal (non-exercise) conditions
(Wadley & McConell, 2007). There is also evidence
of isoform specific alteration of basal mitochondrial
biogenesis in skeletal muscle from mice deficient in
eNOS (eNOS−/−) and nNOS (nNOS−/−) (Momken et al.
2002, 2004; Nisoli et al. 2004; Schild et al. 2006).
eNOS−/− mice have decreased PGC-1α mRNA levels and
reduced mitochondrial density (Nisoli et al. 2004). In
contrast, nNOS−/− mice display characteristics consistent
with increased skeletal muscle mitochondrial biogenesis,
such as increased citrate synthase activity (Schild et al.
2006), although the levels of the mitochondrial biogenesis
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markers (i.e. PGC-1α, NRF1, NRF2 and mtTFA) were not
measured.

NO production, total NOS activity and the downstream
messenger of NO, cGMP, increase during contraction in
rodent skeletal muscle (Balon & Nadler, 1994; Roberts
et al. 1999; Lau et al. 2000) and may therefore be involved
in the up-regulation of mitochondrial biogenesis by
exercise. However, the role(s) of the eNOS and nNOS
isoforms in the regulation of exercise-induced
mitochondrial biogenesis are limited and equivocal.
eNOS−/− mice have decreased cytochrome c oxidase
(COX) activity following voluntary wheel running,
suggestive of impaired mitochondrial biogenesis
(Momken et al. 2004). However it is unclear if the
effect of eNOS knockout is due solely to impairments
in COX following wheel running, or extends to the
mitochondrial biogenesis pathway per se, since other
mitochondrial enzymes such as citrate synthase activity
were not impaired (Momken et al. 2004). Thus it is
important to determine if mitochondrial biogenesis
markers (i.e. PGC-1α, NRF1, NRF2 and mtTFA) are
attenuated in eNOS−/− mice following either acute
exercise or exercise training. Also, a confounding factor
with eNOS−/− mice is that voluntary physical activity
levels are much lower than control mice, so the exercise
stimulus from voluntary running is not equal (Momken
et al. 2004). We have recently shown that 2 days of
total NOS inhibition via the non-specific NOS inhibitor
N G-nitro-l-arginine methyl ester (l-NAME) does not
attenuate the exercise-induced increase in PGC-1α mRNA
in rodent skeletal muscle subjected to the same acute
exercise stimulus (Wadley & McConell, 2007). Therefore,
it is unclear if eNOS or nNOS are involved in the
regulation of exercise-induced mitochondrial biogenesis
in skeletal muscle. Since several days of pharmacological
NOS inhibition results in a number of adverse effects
in rodents (i.e. reduced body and muscle mass and
development of hypertension) (Scrogin et al. 1998; Wang
et al. 2001) it is not possible to use the l-NAME treatment
model for short-term training studies. Furthermore, it
is not known if nNOS−/− mice have normal increases
in exercise-induced mitochondrial biogenesis. Thus, the
present study investigated the activation of
exercise-induced mitochondrial biogenesis following
acute exercise and short-term training in the skeletal
muscle of eNOS−/− and nNOS−/− mice.

We tested the hypothesis that NO derived from
either eNOS or nNOS or both plays a role in skeletal
mitochondrial biogenesis. Based on our previous findings
in rats following acute exercise and NOS inhibition
(Wadley & McConell, 2007), we hypothesized that
eNOS−/− and nNOS−/− mice would have normal increases
in mitochondrial biogenesis markers in skeletal muscle
following acute exercise and short-term exercise training.
We also tested the hypotheses that eNOS−/− mice would

have lower markers and nNOS−/− mice would have higher
markers of basal mitochondrial biogenesis in skeletal
muscle.

Methods

Animal care and dietary treatment

Mice homozygous for targeted disruption of the nNOS
gene (B6,129-NOS1tm1plh, nNOS−/−; Huang et al. 1993)
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA, stock no. 002633) and a colony was
established by backcrossing the nNOS−/− onto a C57BL/6
background for at least six generations and genotyped
from tail clippings taken at day 20 (Choate et al. 2001).
eNOS knock-out mice as developed in the C57BL/6
strain (Huang et al. 1995) were also purchased from
Jackson Laboratories (eNOS−/−; stock no. 002684).
Following establishment of the nNOS−/− and eNOS−/−

colonies, male laboratory bred homozygous (from sibling
matings) and C57BL/6 mice (CON) were used in all
experiments (16.3 ± 0.2 weeks old). Animals were housed
in an environmentally controlled laboratory (temperature
22◦C) with a 12 : 12 h light–dark cycle. Animals were
familiarized to treadmill running 2 weeks prior to being
killed, on two separate days for 20 min each day. The
University of Melbourne Animal Experimentation Ethics
Committee approved all experimental procedures.

Animals were assigned to one of three groups on the
basis of whether they (1) remained in their cage (basal;
n = 8), (2) ran on a motor driven treadmill at 16 m min−1

on a 5% incline for 60 min and were killed 6 h later (acute
ex; n = 8), or (3) exercise trained for 9 days and were
killed 24 h after the last training session (trained; n = 8).
The exercise training protocol consisted of running on a
treadmill for 60 min per day on a 5% incline for 9 days,
with 2 days rest between training day five and seven. On
the first 3 days of training mice ran at 16 m min−1 and the
speed was then progressively increased so that by the final
day of training mice ran at 19 m min−1.

For all mice, food was withdrawn for 1 h prior to
their being killed. Mice were then anaesthetized with an
intraperitoneal injection of pentobarbital sodium (Sigma,
St Louis, MO, USA; 170 mg kg−1) followed by cervical
dislocation. Soleus and EDL muscles were rapidly excised,
frozen and stored in liquid N2.

Preparation of mouse tissue

RNA was isolated from frozen mouse soleus and EDL using
Trizol (Invitrogen, Melbourne, Australia). For immuno-
blotting and enzyme activity, frozen muscle (30 μl of buffer
per mg of muscle) was homogenized in freshly prepared
ice-cold buffer (50 mm Tris at pH 7.5 containing 1 mm

EDTA, 10% v/v glycerol, 1% v/v Triton X-100, 50 mm NaF,
5 mm Na4P2O7, 1 mm DTT, 1 mm PMSF and 5 μl ml−1

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 585.1 Regulation of mitochondrial biogenesis by NOS 255

Table 1. Gene primer sequences

Gene Sense primer (5′–3′) Antisense primer (5′–3′) UPL probe#

PGC-1α GAGTCTGAAAGGGCCAAGC GTAAATCACACGGCGCTCTT 29
PGC-1β CTGACGGTGGAGCTTTGC TTGGTGTCTGGCTTGAAGG 25
NRF1 GCTGCTTTCAGTCCTTCTGG GTGTTCAGTTTGGGTCACTCC 25
NRF2α CTCGGAGCAGGTGACGAG TGGACCAGCGTATAGGATCA 66
mtTFA CAAAGGATGATTCGGCTCAG AAGCTGAATATATGCCTGCTTTTC 94
COX III TAGCCTCGTACCAACACATGA AGTGGTGAAATTCCTGTTGGA 66

UPL: Universal ProbeLibrary (Roche, http://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp).

Protease Inhibitor Cocktail (P8340, Sigma)). Tissue lysates
were incubated on ice for 20 min and then spun at 16 000 g
for 20 min at 4◦C. Protein concentration was determined
using a bicinchoninic acid (BCA) protein assay (Pierce,
Rockford, IL, USA) with BSA as the standard.

Gene expression

RNA integrity was verified and the concentration
determined on the Experion Automated Electrophoresis
System (Bio-Rad Laboratories, NSW, Australia). First
strand cDNA was generated from 0.5 μg RNA using AMV
Reverse Transcriptase (Promega, Madison, WI, USA)
as previously described (Wadley et al. 2001). Primers
and FAM-labelled probes were designed using the Roche
Universal ProbeLibrary (Roche, http://www.roche-
applied-science.com/sis/rtpcr/upl/index.jsp) from
gene sequences obtained from GenBank (PGC-1α:
BC066868.1; PGC-1β: NM 133249.1; NRF1:
NM 010938.2; NRF2α: M74515; mtTFA: NM 009360.2;
COX III: AK131579). With the exception of the
mitochondria-encoded COX III, all primer sequences
were intron-spanning. Also, primer sequences were
validated using BLAST (Altschul et al. 1990) to ensure
each primer was homologous with the desired mRNA
of mouse skeletal muscle. The primer sequences are
shown in Table 1. Real-time PCR was performed in
triplicate using the Rotor-gene 3000 system (Corbett
Research, Sydney, Australia). β2-Microglobulin (cat.
no. Mm00437762 m1) was assessed using predesigned/
prevalidated FAM-labelled Assays-on-Demand from
Applied Biosystems (Foster City, CA, USA). All genes
were normalized to β2-microglobulin using the 2−��C t

method. β2-Microglobulin mRNA levels have been
reported not to change in response to an acute bout of
endurance exercise in skeletal muscle (Mahoney et al.
2004; Wadley & McConell, 2007). Furthermore, there was
no difference in β2-microglobulin mRNA levels measured
from the 2−C t values (2 way ANOVA genotype × exercise
intervention) for either the soleus or EDL muscles (data
not shown).

Immunoblotting

Total lysates for determination of PGC-1α, COX IV,
cytochrome c, p38 MAPK, AMP-activated protein kinase

(AMPKα), eNOS and nNOS were solubilized in Laemmli
sample buffer. Equal amounts of proteins were separated
by SDS-PAGE and electrotransfer of proteins from the
gel to PVDF membranes (25 mmol l−1 Tris, pH 8.3,
192 mmol l−1 glycine, and 20% v/v methanol) was
performed for 90 min at 95 V (constant). Blots were
probed with anti-PGC-1α rabbit polyclonal (Chemicon,
Temecula, CA, USA), anti-COX IV mouse monoclonal
(Molecular Probes, Eugene, OR, USA), anti-cytochrome
c mouse monoclonal (BD Biosciences Pharmingen, San
Diego, CA, USA), anti-p38 rabbit polyclonal MAPK
(Cell Signalling, Hartsfordshire, England), anti-AMPKα

rabbit polyclonal (Cell Signalling Technology), anti-eNOS
mouse monoclonal (BD Biosciences) and anti-nNOS
mouse monoclonal (BD Biosciences) antibodies. Binding
was detected with IRDyeTM 800-conjugated antirabbit
IgG (Rockland, Gilbertsville, PA, USA) or IRDyeTM

680-conjugated anti-mouse IgG (Molecular Probes)
secondary antibodies. As a loading control, blots were
then reprobed with anti-α-tubulin mouse monoclonal
antibody (Sigma). Data were normalized to the level of
α-tubulin and expressed as the ratio of integrated intensity
following infrared detection (Odyssey Imaging system,
LI-COR Biosciences, Lincoln, NE, USA). For p38 MAPK
and AMPKα signalling, membranes were then stripped
(2% SDS (w/v) in 25 mm glycine, pH 2.0) and re-probed
with anti-phospho-p38 MAPK rabbit polyclonal antibody
(Cell Signalling) or anti-phospho-AMPK Thr172 antibody
(Upstate Biotechnology, New York) and phosphorylation
was expressed relative to p38 MAPK or AMPKα protein
abundance.

To test if there was compensatory expression of iNOS
in the eNOS−/− and nNOS−/− mice, we performed
immunoblotting as described above using 90 μg of total
lysates from soleus and EDL of all genotypes with
anti-iNOS rabbit polyclonal antibody (BD Biosciences),
with mouse macrophage lysate used as a positive control
(BD Biosciences).

Citrate synthase activity

Citrate synthase activity was measured
spectrophotometrically on a 96-well plate at room
temperature by following the increase in 5,5′-dithiobis-2-
nitrobenzoate (DTNB) at 412 nm using the muscle
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Table 2. Anatomical data

CON eNOS−/− nNOS−/−

Body mass (g) 26.8 ± 0.2 26.6 ± 0.4 26.3 ± 0.4
Soleus mass (mg) 11.6 ± 5.8 13.4 ± 6.7 †# 7.7 ± 2.0 †
EDL mass (mg) 18.4 ± 0.9 16.9 ± 1.7 11.9 ± 0.8 †

Values are means ± S.E.M. n = 16 for CON, n = 11 for eNOS−/−

and n = 14 for nNOS−/−. †P < 0.05 versus CON, #P < 0.05 versus
nNOS−/− (one-way ANOVA).

homogenates and expressed in μmol min−1 g−1 of total
protein (Srere, 1969).

Statistical analyses

Results were analysed using either one-factor analysis
of variance (basal levels between genotypes) or
two-factor ANOVA (genotype × exercise intervention)
where appropriate. If these analyses revealed a significant
interaction, specific differences between mean values were
located using Fisher’s least significance difference test.
All data are presented as means ± s.e.m. The level of
significance was set at P < 0.05.

Results

Anatomical data

The mass of the soleus and EDL muscles were significantly
(P < 0.05) lower in nNOS−/− mice compared to CON and

Figure 1. Basal levels of nNOS (A and B) and eNOS
(C and D) protein abundance in the soleus and EDL
of CON and NOS knockout mice
Values are means ± S.E.M. Western blots are
representative from one mouse from each genotype.
n = 8 for all groups except n = 7 for the EDL of
eNOS−/− mice due to lack of available sample.
†P < 0.05 versus CON mice (one-way ANOVA).

eNOS−/− mice (Table 2). Also, the soleus mass of eNOS−/−

mice was significantly higher compared to CON and
nNOS−/− mice (Table 2). Body mass was not significantly
different between the genotypes (Table 2).

Compensatory effects of eNOS or nNOS knockout
on skeletal muscle

Compared to CON mice, soleus eNOS expression was
similar in nNOS−/− mice and nNOS expression was
similar in eNOS−/− mice (i.e. no compensation evident;
Fig. 1A and C, respectively). However in the EDL, nNOS
expression was significantly higher in eNOS−/− mice and
eNOS expression was significantly higher in nNOS−/−

mice (P < 0.05; Fig. 1B and D, respectively). We were not
able to detect the expression of the iNOS isoform in the
soleus or EDL muscles of any genotype (data not shown).

Effect of eNOS or nNOS knockout on basal levels
of mitochondrial biogenesis markers and
phosphorylation of p38 MAPK and AMPKα

In the EDL, basal levels of PGC-1α mRNA were higher in
the nNOS−/− mice than the two other groups (P < 0.05;
Fig. 2B). The basal mRNA levels of NRF-1, NRF-2 and
mtTFA were significantly higher in the soleus and EDL
of nNOS−/− mice compared to CON and eNOS−/− mice
(Fig. 2, P < 0.05). Although PGC-1β and COX III mRNA
appeared to be higher in the EDL of nNOS−/− mice,
these variables were not significantly different compared
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to CON and eNOS−/− mice (Table 3, P = 0.20 and
0.12, one-way ANOVA for basal PGC-1β and COX III
mRNA, respectively). Basal phosphorylation of p38 MAPK
and AMPKα Thr172 was not different among genotypes
in the soleus or EDL (Fig. 3). Basal citrate synthase
activity was significantly higher in the soleus of nNOS−/−

mice compared to CON and eNOS−/− mice (Table 3,
P < 0.05). Also, eNOS−/− mice had significantly elevated
basal citrate synthase activity compared to CON mice
(Table 3, P < 0.05). In the EDL, there were no differences
in the citrate synthase activity between the genotypes
(Table 3).

Effect of eNOS or nNOS knockout on mitochondrial
biogenesis following acute exercise

The acute exercise bout resulted in significantly higher
PGC-1α mRNA levels 6 h following exercise in the soleus

Figure 2. Basal levels of PGC-1α (A and B), NRF1
(C and D), NRF2α (E and F) and mtTFA (G and H)
mRNA in the soleus and EDL of CON and NOS
knockout mice
Values are means ± S.E.M. n = 8 for all groups.
†P < 0.05 versus CON mice (one-way ANOVA).

and EDL for all genotypes (P < 0.05; main effect for
exercise, Fig. 4A and B). Six hours following acute exercise,
NRF2α mRNA levels were also significantly increased in all
genotypes in the EDL (P < 0.05; main effect for exercise,
Fig. 4C), but there was no change in any genotype in the
soleus (P > 0.05; Fig. 4D). NRF-1 mRNA was not changed
6 h following acute exercise in any genotype (data not
shown).

Effect of eNOS or nNOS knockout on mitochondrial
biogenesis following short-term exercise training

Short-term endurance training significantly increased
cytochrome c protein levels in the soleus of nNOS−/−

mice and in the EDL of CON, eNOS−/− and nNOS−/−

mice (P < 0.05; main effect for exercise, Fig. 5A and
B, respectively). Howver, short-term training did not
increase COX IV protein levels in the soleus or EDL of
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Table 3. Basal levels of mitochondrial biogenesis markers and citrate synthase activity in the soleus and
EDL of CON and NOS knockout mice

CON eNOS−/− nNOS−/−

SOLEUS
PGC-1β mRNA (arbitrary units) 1.24 ± 0.10 1.54 ± 0.12 1.53 ± 0.17
COX III mRNA (arbitrary units) 1.07 ± 0.10 0.92 ± 0.07 1.08 ± 0.13
Citrate synthase activity (μmol min−1 (g protein)−1) 778 ± 16 924 ± 62 † 1180 ± 41 †#

EDL
PGC-1β mRNA (arbitrary units) 0.75 ± 0.11 0.85 ± 0.15 1.17 ± 0.21
COX III mRNA (arbitrary units) 1.18 ± 0.14 1.07 ± 0.14 1.64 ± 0.29
Citrate synthase activity (μmol min−1 (g protein)−1) 772 ± 14 781 ± 16 818 ± 23

Values are means ± S.E.M. n = 8 for all groups. †P < 0.05 versus CON mice; #P < 0.05 versus eNOS−/− mice
(one-way ANOVA).

CON, eNOS−/− and nNOS−/− mice (Fig. 5C and D).
Furthermore, PGC-1α protein levels were not significantly
altered by short-term training in the soleus or EDL in any
genotype and neither were the levels of α-tubulin (data
not shown).

Discussion

A major finding of this study was that acute exercise
increased mitochondrial biogenesis markers to a similar
extent in CON, eNOS−/− and nNOS−/− mice. In addition,
a modest but similar increase in cytochrome c protein
abundance in CON, eNOS−/− and nNOS−/− mice was
observed following short-term exercise training. These
findings, when combined with our previous results using
l-NAME ingestion in rats (Wadley & McConell, 2007),
suggest that NO is not critical for increases in skeletal
muscle mitochondrial biogenesis that are associated with
exercise. Another important finding of the present study
was that basal levels of mitochondrial biogenesis markers
are elevated in the skeletal muscle of nNOS−/− mice. This

Figure 3. Basal levels of phosphorylated p38
MAPK (A and B) and phosphorylated AMPKα
Thr172 (C and D) in the soleus and EDL of CON and
NOS knockout mice
Values are means ± S.E.M. n = 8 for all groups. Western
blots are representative from one mouse from each
genotype.

finding would suggest a negative regulatory role for the
nNOS isoform on basal mitochondrial biogenesis.

In agreement with our hypothesis, we found
that ablation of either eNOS or nNOS in mice
does not attenuate the exercise-induced increase in
the mitochondrial biogenesis markers following acute
exercise. These findings are in line with our previous
study that found that pharmacological NOS inhibition
did not alter the increases in PGC-1α mRNA following
acute exercise in rat skeletal muscle (Wadley & McConell,
2007). Thus, eNOS and nNOS do not appear to be involved
in the regulation of acute exercise-induced mitochondrial
biogenesis in skeletal muscle.

The present study also found that eNOS or nNOS
knockout in mice did not attenuate the small but
significant increase in skeletal muscle cytochrome c protein
content following short-term endurance training (Fig. 5A
and B). Somewhat surprisingly, COX IV protein (Fig. 5C
and D) and PGC-1α protein (data not shown) did
not increase following short-term training. However,
examination of the literature reveals that, unlike rats that
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Figure 4. PGC-1α (A and B) and NRF2α (C and D)
mRNA in the soleus and EDL of CON and NOS
knockout mice under basal conditions and 6 h
after 60 min of treadmill running (acute ex)
Values are means ± S.E.M. n = 8 for all groups.
∗P < 0.05 main effect for exercise, †P < 0.05 main
effect for genotype (two-way ANOVA).

have a robust increase in skeletal muscle mitochondrial
biogenesis markers following a few weeks of endurance
training (Murakami et al. 1998; Taylor et al. 2005), the
endurance training response of mice is modest (Ikeda et al.
2006; Jorgensen et al. 2007) and varies greatly between
strains (Massett & Berk, 2005). In particular, C57/Bl6
mice (i.e. same genetic background as the mice used
in the present study) display only modest increases in
cytochrome c protein content following 4 weeks of

Figure 5. Cytochrome c (A and B) and COX IV (C and D) protein abundance in the soleus and EDL of CON
and NOS knockout mice under basal conditions and after short-term training (trained)
Values are means ± S.E.M. n = 8 for all groups. ∗P < 0.05 main effect for exercise training, †P < 0.05 main effect
for genotype, #P < 0.05 versus basal (two-way ANOVA). Western blots are representative from one mouse from
each genotype.

treadmill running at a similar intensity and duration as
the protocol employed in the present study (Massett &
Berk, 2005). Others have also demonstrated that increases
in skeletal muscle mitochondrial cytochrome c protein
can occur following short-term exercise training in mice
without increases in PGC-1α protein (Ikeda et al. 2006).
Therefore, the normal increase in cytochrome c protein
following short-term training, taken with the normal
increases in PGC-1α and NRF2α mRNA following acute
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exercise in eNOS−/− and nNOS−/− mice, suggests that
neither eNOS nor nNOS are involved in exercise-induced
mitochondrial biogenesis.

An interesting finding of the present study was that in
the EDL, gene knockout of eNOS significantly increased
the level of nNOS and vice versa (Fig. 1B and D) when
compared to CON mice. This could suggest some type of
compensatory mechanism; indeed nNOS protein is also
elevated in the aorta of eNOS−/− mice (Biecker et al.
2004), although the effects observed in the present study
appear specific to the muscle examined, since there were
no differences in the soleus muscle. Our finding of higher
alternative NOS isoforms in the EDL of eNOS−/− and
nNOS−/− mice is in contrast to no differences found in
the EDL by Lau et al. (2000) despite age and genetic
background being similar for both studies. Thus, the
differences between the studies are difficult to reconcile.
However, the data for eNOS and nNOS protein in the
EDL reported by Lau et al. (2000) are quite variable,
with the standard errors ranging between 10% and 50%
of the mean. Furthermore, the statistical power reported
by Lau et al. (2000) is unclear as sample size was not
reported. Nevertheless, an important finding from the
present study is the need to always examine the expression
of the alternative isoforms following gene knockout and
not make too many assumptions based on the findings of
previous studies.

Our finding of increased basal citrate synthase activity
in nNOS−/− mice is in agreement with the findings of
Schild et al. (2006) and we extend these findings to
show numerous mitochondrial biogenesis markers are
up-regulated in the soleus and EDL muscles of these mice.
The mechanism for the increased basal mitochondrial
biogenesis in nNOS−/− mice is unclear. It is unlikely that
the increased basal mitochondrial biogenesis in nNOS−/−

mice could be due to the compensatory increase in
eNOS protein that was observed in the EDL (Fig. 1D),
since basal mitochondrial biogenesis markers were also
up-regulated in the soleus muscle of nNOS−/− mice
(Fig. 2) despite eNOS protein being unaltered in the
soleus (Fig. 1C). It is also unlikely that the increased
basal mitochondrial biogenesis in nNOS−/− mice is due
to elevated phosphorylation of p38 MAPK or AMPKα

Thr172. Elevated basal phosphorylation of p38 MAPK, a
key upstream mitochondrial biogenesis signalling kinase
(Akimoto et al. 2005), has been observed in the hearts of
nNOS−/− mice (Kinugawa et al. 2005), but in the current
study no elevation of basal phosphorylation of p38 MAPK
was observed in the skeletal muscle of nNOS−/− mice
(Fig. 3). AMPK is a known stimulator of mitochondrial
biogenesis in skeletal muscle (Suwa et al. 2003), although
basal levels of AMPKα Thr172 were not different for
any genotype in the soleus and EDL (Fig. 3). Therefore,
the mechanism whereby nNOS knockout increases basal
levels of skeletal muscle mitochondrial biogenesis is an
important question that remains to be answered.

A somewhat surprising finding in the present study
was that skeletal muscle mitochondrial biogenesis markers
were not significantly reduced in eNOS−/− mice compared
with CON mice. It is possible that previous findings of
reduced mitochondrial biogenesis in skeletal muscle of
eNOS−/− mice (Momken et al. 2002, 2004; Nisoli et al.
2003, 2004) may be explained by the confounding effects
of obesity. Indeed, Valerio et al. (2006) have observed
reduced mitochondrial biogenesis in adipose tissue and
skeletal muscle in several rodent models of obesity.
Previous studies by Momken et al. (2002, 2004) have
shown reduced oxidative capacity in the soleus of eNOS−/−

mice, consistent with impaired mitochondrial biogenesis,
although these were much older and obese mice. In
addition, Nisoli et al. reported reduced mitochondrial
biogenesis in several tissues of eNOS−/− mice (Nisoli
et al. 2003), including skeletal muscle (Nisoli et al. 2004).
Although the eNOS−/− mice used by Nisoli et al. (2003,
2004) were derived from the same line as ours (Huang
et al. 1995), for reasons we cannot explain they were also
obese at a similar age to our eNOS−/− mice (i.e. male mice
∼12 weeks old weigh ∼40 g) (Nisoli et al. 2003), whereas
others report similar body mass at a similar age to ours
(i.e. male eNOS−/− mice ∼12 weeks old weigh ∼24 g)
(Kubis et al. 2002; Morishita et al. 2005). In the present
study no differences in body mass were observed between
the three mice genotypes (∼26 g; Table 1) at ∼16 weeks
of age. However, the role of eNOS in skeletal muscle
mitochondrial biogenesis should not be discounted since a
recent study reported reduced mitochondrial content and
impaired β-oxidation in skeletal muscle from eNOS−/−

mice that have normal body and fat mass (Le Gouill et al.
2007), suggestive of impaired mitochondrial biogenesis.
However the eNOS−/− mice used by Le Gouill et al. (2007)
were generated using a different method of eNOS gene
disruption (Shesely et al. 1996) compared to the present
study (Huang et al. 1995), making comparisons difficult.

In conclusion, knocking out either the eNOS or the
nNOS isoform does not attenuate the exercise-induced
increase in mitochondrial biogenesis markers following
acute exercise or short-term training in mouse skeletal
muscle. These results indicate that neither nNOS nor
eNOS is critical for normal increases in skeletal muscle
mitochondrial biogenesis in response to exercise. In
contrast the present study observed increased basal levels
of several mitochondrial biogenesis markers in the skeletal
muscle of nNOS−/− mice, suggesting an inhibitory role
for nNOS in the basal regulation of mitochondrial
biogenesis.
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