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Abstract The contribution of neuronal nitric oxide
synthase (nNOS) to angiogenesis in human skeletal muscle
after endurance exercise is controversially discussed. We
therefore ascertained whether the expression of nNOS is
associated with the capillary density in biopsies of the
vastus lateralis (VL) muscle that had been derived from 10
sedentary male subjects before and after moderate training
(four 30-min weekly jogging sessions for 6 months, with a
heart-rate corresponding to 75% VO2max). In these biop-
sies, nNOS was predominantly expressed as alpha-isoform
with exon-mu and to a lesser extent without exon-mu, as
determined by RT-PCR. The mRNA levels of nNOS were
quantiWed by real-time PCR and related to the capillary-to-
Wbre ratio and the numerical density of capillaries speciWed
by light microscopy. If the VL biopsies of all subjects were
co-analysed, mRNA levels of nNOS were non-signiWcantly
elevated after training (+34%; P > 0.05). However, only
Wve of the ten subjects exhibited signiWcant (P · 0.05) ele-
vations in the capillary-to-Wbre ratio (+25%) and the
numerical density of capillaries (+21%) and were thus
undergoing angiogenesis. If the VL biopsies of these Wve
subjects alone were evaluated, the mRNA levels of nNOS
were signiWcantly up-regulated (+128%; P · 0.05) and cor-
related positively (r = 0.8; P · 0.01) to angiogenesis.
Accordingly, nNOS protein expression in VL biopsies
quantiWed by immunoblotting was signiWcantly increased
(+82%; P · 0.05) only in those subjects that underwent
angiogenesis. In conclusion, the expression of nNOS at

mRNA and protein levels was statistically linked to capil-
larity after exercise suggesting that nNOS is involved in the
angiogenic response to training in human skeletal muscle.
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Introduction

Skeletal muscles adapt to endurance exercise with charac-
teristic and coordinated changes in the expression levels of
many genes, which subsequently lead to multifaceted alter-
ations in muscular ultrastructure and function. There are
several established hallmarks of endurance exercise
(reviewed in CoVey and Hawley 2007; Hoppeler et al.
2007). The expression of mitochondrial genes and oxida-
tive enzymes is up-regulated, whereas glycolytic enzymes
are downregulated in the skeletal muscle Wbres. This shift
in metabolism is accompanied by a distinct increase in
density of capillaries surrounding the muscle Wbres due to
angiogenesis (reviewed in Egginton 2009; Hudlicka and
Brown 2009).

The molecular mechanisms underlying the exercise-
induced changes in skeletal muscle phenotype, particularly
of the microvascular system, are only incompletely under-
stood. Conceptually, information relating to the higher rates
of muscle contractility is translated into an up-stream
signalling event, which is subsequently transduced into the
extracellular environment surrounding the muscle Wbres.

Neuronal NO synthase (nNOS) is expressed in high con-
centrations at the sarcolemma of the muscle Wbres, where it
generates nitric oxide (NO), a diVusible gaseous radical
with impact on many processes in skeletal muscle
(reviewed in Stamler and Meissner 2001). As an autocrine
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signalling molecule, nNOS-derived NO promotes the relax-
ation of skeletal muscle Wbres to counteract their contrac-
tion (Kobzik et al. 1994) and participates in the regulation
of the redox state in skeletal muscle Wbres (Da Silva-Azevedo
et al. 2009; Jackson et al. 2007). As a paracrine signalling
molecule, nNOS-derived NO controls the cGMP-dependent
relaxation of vascular smooth muscle cells in skeletal mus-
cle, thereby contributing to vasodilation (Lau et al. 2000;
Melikian et al. 2009).

Several studies demonstrated that the availability of NO
is a critical factor for the implementation of angiogenesis in
skeletal muscle of rodents. Down-regulation of NOS activity
by chemical inhibition reduced the growth of the capillary
system in skeletal muscles of rats after chronic electric
stimulation (Hudlicka et al. 2000). Furthermore, sprouting
angiogenesis was abolished in nNOS-knockout-mice in
response to muscle overload induced by extirpation of a
functional agonist (Williams et al. 2006). In accordance
with this role of nNOS as modulator of angiogenesis,
nNOS protein levels and activity revealed to be
increased in skeletal muscles of rodents after chronic exer-
cise (Vassilakopoulos et al. 2003). In contrast, the regula-
tion and functional impact of nNOS to angiogenesis in
response to endurance exercise in skeletal muscle of
humans has been controversially discussed (Frandsen et al.
2000; McConell et al. 2007).

Our group has previously conducted a study with unex-
ercised male subjects undergoing a moderate training
enrolled in a 6-month jogging program (Suter et al. 1995).
Analysing biopsies of the vastus lateralis (VL) muscle by
means of morphometry, this training regime evoked a het-
erogenous structural response. While the mitochondrial
density was higher in all subjects after exercise, only some
study participants showed an alteration in the muscular
intracellular lipid content and capillarity (Suter et al. 1995).
To ascertain whether the expression of neuronal nitric
oxide synthase (nNOS) is associated with exercise-induced
angiogenesis in human skeletal muscle, we now quantiWed
the nNOS expression at the mRNA and protein levels in
these VL muscle biopsies. Statistical evaluation of the sets
of data revealed the mRNA and protein levels of nNOS to
be up-regulated in response to endurance exercise and to be
correlated with the degree of angiogenesis. These Wndings
suggest that nNOS is involved in the angiogenic response
to training in skeletal muscle of humans.

Materials and methods

Subjects and training protocol

Fine-needle biopsies of the vastus lateralis (VL) muscle
were derived from 10 male subjects in the context of an

earlier study (Suter et al. 1995). Previous to the study, the
participants had not been engaged in endurance activities.
The moderate, home-based training regime consisted of
four 30-min jogging sessions per week for 6 months, with
a heart-rate corresponding to a maximal oxygen uptake
(VO2max) of 75%. The heart rate of the subjects participat-
ing in this study was continuously recorded during the
training with a portable heart rate monitor as previously
reported (Suter et al. 1995). VO2max was determined in a
continuous incremental exercise test on a bicycle ergometer
(start at 75 W, followed by increments of 30 W every
2 min) to voluntary exhaustion. The study conformed with
the guidelines delineated by the Bernese Ethical Commis-
sion, and was conducted with its approval.

The male subjects had a mean age of 36.3 (§6.3) years,
a mean height of 181.0 (§7.1) cm and a mean weight of
85.6 (§16.0) kg and a mean body-mass index of 26.2
(§4.0) kg/cm2. The mean VO2max increased from a pre-
training value of 39.6 (§5.5) ml/kg min to a post-training
one of 41.3 (§6.3) ml/kg min, but the diVerence was not
signiWcant (P > 0.05). VL biopsies, 50–100 mg in weight,
were obtained using a Bergström Wne needle 48 h after the
last training session, as previously described (Suter et al.
1995).

Morphometric analysis

1-mm3 pieces of the VL biopsies were chemically Wxed for
several days at 4°C in an aqueous solution containing 2.5%
(v/v) glutaraldehyde and 2% (v/v) paraformaldehyde,
which was buVered with 0.1 M sodium cacodylate (pH 7.4)
as previously described (Hoppeler et al. 1985; Suter et al.
1995). 1-�m thick sections for light microscopy were
prepared and stained with toluidine blue to determine the
capillary-to-Wbre (C/F) ratio and the numerical density of
capillaries on light micrographs (Baum et al. 2004). This
approach represents the gold standard to quantitatively
assess the capillarity due to the direct visualization of the
microvasculature.

Transmission electron microscopy and morphometry to
quantify the mitochondrial volume density and the mean
Wbre cross-sectional area was performed as previously
described (Hoppeler et al. 1985).

RNA extraction and reverse transcription

For each biopsy, RNA was extracted from 100 25-�m thick
cryo-sections using an RNeasy Mini kit (Qiagen, Hilden,
Germany). The concentration of RNA was spectrophotomet-
rically determined (absorbance wavelength: 260 nm) using a
NanoDrop (Thermo ScientiWc, Wilmington, DE, USA).

First-strand DNA was synthesized from the RNA using a
Superscript VILO cDNA synthesis kit (Invitrogen, Basel,
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Switzerland) in accordance with the manufacturer’s
instructions.

RT-PCR

For the determination of the mRNA expression proWles of
nNOS in human VL by reverse transcription (RT)-PCR, the
GoTaq Hot Start Polymerase (Promega, Dübendorf,
Switzerland) was used. This analysis was performed on six
randomly selected biopsies taken prior to the exercise.
nNOS exon-speciWc primer pairs were designed using
Primer3 software and purchased from Microsynth (Balg-
ach, Switzerland): exon 1a: 5�-CAG ATG GCA GCA GAC
AGG TA-3�; exon 1c: 5�-CTG ACT GCC CTT GTC TCT
CC-3�; exon 1f: 5�-CCC ACA CCC ATA AAC CAG TC-3�;
exon 1 g: 5�-CGG GAG GAA GAG GAG GAG TA-3�,
exon 5 reverse: 5�-GGA GCC CATG CAG ATG TAC T-3�;
exon 4–11: 5�-ACG CTT CCT CAA GGT CAA GA-3�

and  5�-ACC GCG ATA TTG ATC TCC AC-3�; exon
10–15: 5�-CCC TTC AGT GGC TGG TAC AT-3� and
5�-TCA TGT TCC AGG TGC ACA AT-3�; exon 14–18:
5�-TAT GGC CAA GAG GGT GAA AG-3� and 5�-CGA
GGC CAA AAA CTG AGA AC-3�; exon 17–22: 5�-ACA
AGG TCC GAT TCA ACA GC-3� and 5�-CAG ACG CTG
CTT CTC CTT CT-3�; exon 21–26: 5�-TGG TGA AAG
TGG AAC TGC TG-3� and 5�-TGA AGA CCC CCT TGT
TCT TG-3�; exon 25–28: 5�-CGG CAA TTT GAT ATC
CAA CAC-3� and 5�-CTC AGA TCT AAG GCG GTT
GG-3�. The total reaction volume of 25 �l consisted of 5£
Green GoTaq BuVer, dNTP mix (10 mM), MgCl2 solution
(1 mM), primers (100 �M), GoTaq Hot Start Polymerase
(1.25 U), cDNA template (50 ng) and double-distilled
water. The following PCR cycling protocol was applied:
initial denaturation step at 94°C for 2 min, then 35 cycles
with denaturation at 94°C for 30 s, annealing at 58°C for
60 s, elongation at 72°C for 90 s and a Wnal elongation step
at 72°C for 10 min. PCR fragments were visualized by 1%
agarose gel electrophoresis supplemented with 0.5 �g/ml
ethidium-bromide.

Real-time PCR

Real-time PCR was performed using the ABI Prism 7900
HT sequence detection system (Applied Biosystems,
Rotkreuz, Switzerland) and SYBR Green PCR Master Mix
for quantitative PCR (Applied Biosystems). Primers were
designed using the software Primer Express (Applied Bio-
systems) and qPrimerDepot: nNOS primer pair: 5�-CAG
CCC AAT GTC ATT TCT GTT-3� and 5�-GAT CAC
GGG CGG CTT ACT-3�. For normalization, 18S rRNA
levels were measured using the following primer pair:
5�-GCT TAA TTT GAC TCA ACA CGG GA-3� and 5�-AGC
TAT CAA TCT GTC AAT CCT GTC-3�. The total

reaction volume of 15 �l consisted of 2£ SYBR Green
PCR Master Mix, primers (500 nM), cDNA (50 ng) and
double-distilled water. Following a 15-min denaturation
step at 95°C, speciWc cDNAs were ampliWed through 40
cycles at 94°C for 15 s, 55°C for 30 s and 70°C for 30 s.
For recording of the dissociation curves the following
protocol was used: 95°C for 15 s, 60°C for 15 s and 95°C
for 15 s. For analysis of the mRNA expression, cycling
reports and melting curves were evaluated after setting
of a baseline cycle threshold. Data were evaluated by the
relative quantiWcation method (2¡�CT).

Immunoblotting

Immunoblotting was performed using 50 �g of protein, as
previously described (Da Silva-Azevedo et al. 2009). A
polyclonal antibody (N-7280, Sigma), which speciWcally
identiWes amino acids 1409–1429 in the C-terminal region
of nNOS, was incubated in a 1:10,000 dilution in washing
buVer (0.1% (w/v) Tween 20 in PBS, pH 7.4) overnight at
4°C.

Statistics

All numerical data are expressed as mean values (§SEM).
Parameters pertaining to the anthropometric and molecular
analyses were compared using a paired Students t-test.
SigniWcance values relating to the real-time PCR data were
calculated by a two-way ANOVA (repeated measures). The
signiWcance level was set at P · 0.05.

Results

mRNA expression proWles of nNOS isoforms 
in human VL biopsies

The mRNA expression proWles of nNOS isoforms were
analysed in six randomly selected VL biopsies conducting
RT-PCR. The 5�-UTR of the mRNA for nNOS was deter-
mined by combining an exon 5 reverse primer with forward
primers derived from the four major mRNA variants of
5�-UTR (1a, 1c, 1f and 1g) that are generated by alternative
splicing of the nNOS gene. When exon 1c was used as the
upstream primer in the RT-PCR analysis, a single cDNA
band (1,500 base-pairs) was detected. When any of the
other three exon-variants (1a, 1f or 1g) were used as the
forward primer, no cDNA was ampliWed (Fig. 1a). Nucleo-
tide sequencing conWrmed the 1c–2–3–4–5 exon-composi-
tion of the PCR-ampliWcate (data not shown).

Six additional pairs of exon-speciWc primers were
designed, which covered the complete cDNA-coding
sequence of nNOS downstream from exon 4. Using Wve of
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the six primer-pair combinations, a single cDNA band was
ampliWed by RT-PCR (Fig. 1b). This Wnding indicates that
no alternative splicing of the mRNA for nNOS occurs
between exons 4–15 and exons 17–28. The molecular-
weight characteristics of the cDNA bands indicated that
they contained no introns; nucleotide sequencing conWrmed
this to be the case (data not shown). When using a primer
pair that covered the nNOS nucleotide sequence between
exons 14 and 18, two cDNA bands were ampliWed by
RT-PCR (Fig. 1b); each encoded an nNOS isoform with a
14–15–16–17–18 exon-composition, as determined by
nucleotide sequencing (data not shown). In the larger
molecular-weight band, an additional nucleotide segment,
102 base-pairs in length (exon mu), was inserted between
exons 16 and 17. Thus, two mRNA isoforms of nNOS are
co-expressed in the human VL. Both variants contain exons
1c and 2 and are thus alpha isoforms; they diVer in the
absence or the presence of the exon mu. Since the larger
molecular-weight band had an approximately tenfold
higher optical density than the smaller one, the mu isoform
of nNOS is more abundantly expressed in human VL than
the non-mu variant.

Angiogenesis as a function of nNOS expression 
and exercise in human VL biopsies

The quantiWcation analysis of VL biopsies in the light
microscope revealed exercise to elicit signiWcant
(P · 0.05) and concomitant increases in the C/F-ratio
(21–31%) and the numerical density of capillaries (4–42%)
in Wve of the ten individuals, who were assigned to the
so-called “angiogenesis responder” (AR) group (Table 1).
In the other Wve subjects [assigned to the “non-angiogenesis
responder” (NR) group comprising the subjects that
showed no numerical increase in capillarization with train-
ing], the pre- and post-exercise values for these parameters
did not diVer signiWcantly from each other (P > 0.05).

The mitochondrial volume density which is usually
increased after endurance exercise as an established hall-
mark of the oxidative metabolism was higher after training
(+14%; P < 0.05; AR: +14% and NR: +13%) and non-sig-
niWcantly related to VO2max (r = 0.2; P > 0.05) and capil-
larity (r = 0.2; P > 0.05) and nNOS mRNA levels (r = 0.4;
P > 0.05), if all 10 subjects of the study were included in
the analysis (data not shown). The corresponding correla-
tion coeYcients for the AR and NR groups are: oxidative
capacity and VO2max: AR: r = 0.50; P > 0.05 and NR:
r = 0.42; P > 0.05; oxidative capacity and capillarity: AR:
r = 0.30; P > 0.05 and NR: r = 0.53; P > 0.05; oxidative
capacity and nNOS mRNA expression: AR: r = 0.67;
P > 0.05 and NR: r = 0.72; P > 0.05. Albeit the mitochon-
drial volume density was increased after endurance exer-
cise, it was not signiWcantly related to nNOS expression in
both the AR and the NR cohorts.

Fig. 1 mRNA expression proWles of nNOS isoforms in the human
vastus lateralis (VL) muscle. a A representative agarose gel after RT-
PCR on biopsies of human VL using nNOS-speciWc forward primers
for the human exons 1a, 1c, 1f and 1g and a reverse primer for exon 5.
A cDNA band (1,500 base-pairs in length) was ampliWed only when
using exon 1c as the forward primer. b Evaluation of the mRNA
expression patterns of nNOS isoforms using overlapping primers from
exons 4 to 28. The identity of each band was conWrmed by nucleotide
sequencing. Note that two bands were ampliWed when using the nucleo-
tide sequence between exons 14 and 18
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B Table 1 Morphometric data relating to structural parameters in the
human VL biopsies before and after moderate long-term exercise

Subjects in whom both the C/F-ratio and the capillary density were
concomitantly increased after the exercise were assigned to the angio-
genesis responder (AR) group, and those in whom no concomitant
exercise-induced increases in these parameters occurred to the group
showing no numerical increase in capillarization with training (NR)

C/F-ratio number of capillaries per number of Wbres, capillary density
number of capillaries per skeletal muscle area, MCSFA mean cross-
sectional Wbre area

Subject C/F-ratio 
(n)

Capillary 
density 
(mm¡2)

MCSFA 
(�m2)

Group

1 Pre-exercise 1.62 342 4741 AR

Post-exercise 2.00 484 4136

2 Pre-exercise 1.48 404 3663 AR

Post-exercise 1.82 519 3511

3 Pre-exercise 1.11 342 2926 AR

Post-exercise 1.45 355 4091

4 Pre-exercise 1.95 478 4080 NR

Post-exercise 1.70 408 4161

5 Pre-exercise 1.88 510 3688 NR

Post-exercise 2.26 504 4485

6 Pre-exercise 1.82 581 3125 NR

Post-exercise 1.72 515 3343

7 Pre-exercise 1.30 460 2814 AR

Post-exercise 1.70 599 2838

8 Pre-exercise 1.30 484 2686 NR

Post-exercise 1.29 482 2684

9 Pre-exercise 1.42 592 2400 AR

Post-exercise 1.72 638 2696

10 Pre-exercise 1.59 421 3787 NR

Post-exercise 1.35 390 3462
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The real-time PCR analysis of the VL biopsies disclosed
training to elicit no signiWcant increase (+34%; P > 0.05) in
the mRNA level of nNOS for the group of participants as a
whole (Fig. 2a). However, when the AR group was ana-
lysed separately, the nNOS gene revealed to be signiW-
cantly up-regulated (+128%; P · 0.05) in response to
exercise. In the NR group, the mRNA level of nNOS was
not signiWcantly increased (¡2%; P > 0.05) by exercise
(Fig. 2b). Quantifying the mRNA levels in the biopsies col-
lected before and after the training period, VEGF-A expres-
sion was only non-signiWcantly altered if referred to all 10
subjects, those of the AR or the NR group (data not shown).
As shown in Fig. 3, a signiWcant correlation existed
between the exercise-induced elevation in the mRNA level
of nNOS and the exercise-induced increase in the C/F-ratio
(r = 0.8; P · 0.01). The nNOS expression was also posi-
tively but non-signiWcantly correlated to VO2max (r = 0.2;
P > 0.05) and mitochondrial volume density (r = 0.4;
P > 0.05; data not shown).

Conducting immunoblotting, nNOS is predominantly
demonstrated as a 165 kDa band (Fig. 4a). If the VL biop-
sies were subjected to quantitative immunoblotting, the

nNOS protein levels were signiWcantly higher in the sam-
ples collected after than before the exercise in the subjects
of the AR group (+82%; P · 0.05) but not in those of the
NR group (¡16%; P > 0.05), as shown in Fig. 4b. The levels
of nNOS protein were positively correlated to C/F-ratio
(r = 0.52; P · 0.05; AR: r = 0.21; NR: r = 0.38) and to
those of nNOS mRNA (r = 0.86; P · 0.01; AR: r = 0.66;
NR: r = 0.66).

Discussion

Since the signalling enzyme nNOS undergoes alternative
splicing in many tissues (Wang et al. 1999), we Wrst wished
to identify its isoform-speciWc expression pattern in the
human VL. The RT-PCR analysis revealed the expression
of two mRNA isoforms in these samples. Both mRNA vari-
ants express exon 2 and are thus nNOS alpha isoforms; they
diVer in the absence or presence of exon mu, which inserts
between exons 16 and 17 and consists of 102 base-pairs
(Silvagno et al. 1996). This Wnding indicates that exon 2
and exon mu might be simultaneously co-expressed within
an individual mRNA molecule of nNOS. Consequently,
alpha and mu isoforms of nNOS do not represent diVerent
proteins, as has been previously contended (Bradley et al.
2007; Laine and de Montellano 1998). In the real-time PCR
analysis, we did not discriminate between the various iso-
forms of nNOS since the variants do not diVer in either
their catalytic properties or their sites of localization
(Silvagno et al. 1996).

In Wve of the ten individuals, the C/F-ratio and the
numerical density of capillaries were concomitantly higher
after than before exercise, thereby indicating that the abso-
lute number of capillaries increased without a correspond-
ing increase in the mean Wbre cross-sectional area
(Hudlicka 1998). Hence, in these individuals (assigned to
the AR group), the VL responded to the moderate regime of

Fig. 2 Exercise-induced up-regulation of the nNOS mRNA expres-
sion in VL biopsies derived from subjects of the angiogenesis respond-
er (AR) group but not from the group showing no numerical increase
in capillarization with training (NR). a When the group of subjects was
considered as a whole, the mRNA levels of nNOS (determined by the
real-time PCR technique) were not signiWcantly elevated after exercise

(+34%, P > 0.05). b In the AR group subjects, exercise induced a sig-
niWcant elevation in the mRNA level of nNOS (+128%, P · 0.05),
whereas in the NR group of individuals, this parameter was not signiW-
cantly inXuenced by the training regime (¡2%, P > 0.05). Mean
values § SEM. a n = 10; b n = 5 in each of the two groups. The pre-
exercise values were set as 100%
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exercise with a process of angiogenesis. In the other Wve
subjects (assigned to the NR group), a similar regime of
exercise elicited no signiWcant change in either the C/F-
ratio or the numerical density of capillaries. According to
the available documentation, the 10 subjects showed diVer-
ent responses in capillarity, although they have underwent a
training of identical intensity and duration. The best way to
converge these observations is to hypothesize that the indi-
viduals exhibited a diVerent degree of malleability. Such a
heterogeneous response to the same training stimulus is a
well-documented phenomenon (Bouchard and Rankinen
2001; Bray et al. 2009; Timmons and Sundberg 2006), and
is presumed to reXect individual diVerences in genetic pre-
disposition. The overtly non-consistent reactivity of the
capillary system might also be inXuenced by the assortment
of the study participants (rather untrained) and the training
load (rather moderate), because an induction of angiogene-
sis in skeletal muscle is observed usually in response to
endurance exercise (Gavin 2009).

The real-time PCR analysis revealed a signiWcant exer-
cise-induced increase in the mRNA level of nNOS only in
the AR group of individuals, and in these subjects, this
parameter was signiWcantly positively correlated with the
capillarity. Accordingly, the nNOS protein expression was
signiWcantly increased in the VL muscle biopsies of speciW-
cally those subjects that underwent angiogenesis as deter-
mined by quantitative immunoblotting. On the basis of these
Wndings, we conclude that the expression of nNOS increases
at the mRNA and protein level only if the VL responds to
exercise with angiogenesis. Correspondingly, increases of C/
F-ratio were accompanied by an up-regulation of sarcolem-
mal nNOS expression in response to exercise performed dur-
ing bed rest (Rudnick et al. 2004; Salanova et al. 2008).

In two previously published studies, exercise-induced
changes in the protein concentration of nNOS within homoge-

nates of VL biopsies that had been derived from subjects with
anthropometrically similar characteristics to ours were investi-
gated by immunoblotting (Frandsen et al. 2000; McConell
et al. 2007). In one of these studies (Frandsen et al. 2000), the
protein levels of nNOS and its catalytic activity were non-sig-
niWcantly up-regulated in response to exercise, whereas in the
other (McConell et al. 2007), a 10-day, high-intensity training
regime elicited a signiWcant 29% increase in the protein levels
of nNOS. The evidently contradictory observations made in
these two studies can be merged with the conclusion that the
expression of nNOS increases in human VL muscle in
response to endurance exercise only if angiogenesis is simul-
taneously noticeable, as we have drawn in this investigation.

However, our experimental data do not permit us to
ascertain whether the regulation of nNOS expression is a
cause or consequence of angiogenesis, or indeed an inde-
pendent coincidence. Although animal studies demon-
strated an up-stream signalling function of higher available
levels of nNOS-derived NO on exercise-induced angiogen-
esis in skeletal muscle (Vassilakopoulos et al. 2003;
Williams et al. 2006), it remains to be clariWed whether
nNOS exerts such a function in humans.

Two explanations of the inXuence of nNOS on exercise-
induced angiogenesis in skeletal muscle are plausible.
According to the Wrst, higher concentrations of nNOS-gen-
erated NO would directly or indirectly raise the expression
or activity of PGC-1alpha inside the skeletal muscle Wbres,
which, as an autocrine signalling molecule, would regulate
not only mitochondrial biogenesis but also VEGF-A-
dependent angiogenesis in response to exercise (Arany
et al. 2008; Chinsomboon et al. 2009; Leick et al. 2009).
Because VEGF-A mRNA is only transiently induced in
adaptation to exercise (Gustafsson et al. 2007), we suggest
that its expression was already down-regulated at the time
point the biopsies were taken.

Fig. 4 Exercise-induced up-regulation of the nNOS expression at the
protein level in VL biopsies derived from angiogenesis responder (AR)
group but not from the group showing no numerical increase in capil-
larization with training (NR). a Quantitative immunoblotting revealed
the nNOS band (165 kDa) to be markedly up-regulated in the VL mus-
cle biopsies of individuals of the AR but not the NR group collected

after (post) than before (pre) the exercise. b In the AR group subjects,
exercise induced a signiWcant elevation in the protein level of nNOS
(+82%, P · 0.05), whereas in the NR group of individuals, this
parameter was not signiWcantly inXuenced by the training regime
(¡16%, P > 0.05). Mean values § SEM. n = 4 in each of the two
groups. The pre-exercise values were set as 100%
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Alternatively, since all alpha isoforms of nNOS (either
with or without exon mu) are localized to the sarcolemma,
the NO-product of their catalysis diVuses into the extramy-
sial milieu, where, as a paracrine signalling molecule, it
would inXuence the contractility of vascular smooth muscle
cells (Lau et al. 2000). In consequence to this supposition,
up-regulated levels of the alpha isoforms of nNOS would
also increase the endomysial availability of NO, thereby
enhancing the vasodilation of larger feeding vessels
(Sarelius and Pohl 2010). The consequent increase in blood
Xow would then raise the shear stress in the downstream
capillaries. This mechanical signal would represent a rele-
vant one for angiogenesis (Baum et al. 2004), which is trig-
gered by endothelial VEGF-A (Da Silva-Azevedo et al.
2002). According to this assumed sequence of events,
nNOS would indirectly inXuence the degree of training-
induced skeletal muscle angiogenesis by promoting vasodi-
lation. In contrast, the chemical inhibition of nNOS activity
did not inXuence the muscle hyperaemic response to exer-
cise in rats (Copp et al. 2010) underling that the relation-
ship of nNOS/vasodilation in skeletal muscle has to be
further investigated.

Consistent with this hypothesis, the loss of sarcolemmal
nNOS from the dystrophic muscles of Duchenne muscular
dystrophy patients, as well as from the skeletal muscles of
mdx- and nNOS-knockout mice, was accompanied by exag-
gerated fatigue after exercise (Kobayashi et al. 2008; Percival
et al. 2008; Wehling-Henricks et al. 2009). In the light of the
data gleaned from these loss-of-function studies in dystro-
phic muscles, our observation that nNOS is up-regulated
after training might represent an additional evidence for the
functional impact of up-regulated nNOS on exercise-induced
angiogenesis in the skeletal muscles of healthy subjects.
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